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SUMMARY

The discovery of a Standard Model (SM)-like 125 GeV Higgs boson at the Large Hadron

Collider (LHC) [1], has more or less confirmed SM as the theory that accounts for almost all

known particle interactions. However there still remain various unexplained phenomena in

Nature which implore us to seek answers beyond the SM (BSM). Supersymmetry (SUSY)

is one of the most well motivated extensions of SM to address some of the issues [2]. Weak

scale SUSY allows rich phenomenology of signals to be tested at experiments. However, the

absence of any new physics signal is a source of exasperation to those in search of BSM

physics.

This lack of evidence for any low scale SUSY events prompted the idea of a compressed

sparticle spectrum [3–5], where the lightest SUSY particle (LSP) and the heavier sparticle

states may be nearly degenerate. The resulting final state jets and leptons from the decay

cascades of the parent particles are expected to be very soft, including the overall missing

transverse energy ( /ET ) which is a manifestation of the available visible transverse momenta.

Thus, such signals allow a much lighter SUSY spectrum compared to the conventional chan-

nels with hard leptons, jets and large missing transverse momentum [6].

In many recent studies, experimental as well as theoretical, the deciding factor is assumed

to be the mass splitting between the colored members such as gluino/squarks and the LSP.

However, given the manifold diversity of an MSSM spectrum, we have preferred to think not

in terms of some compression parameter(s) in a somewhat simplified spectrum but to work

with a wide assortment of benchmark points, which reflect as many different possibilities as

possible. We have presented results for some benchmark points where the entire spectrum

lies tightly compressed. After a detailed study of this variety of benchmarks, consistent with

the Higgs mass as well as collider and dark matter constraints, we reach the conclusion that

signals comprising multi-jets are likely to be more useful in the 13/14 TeV runs, as compared

to those depending upon mono-jets [7].

Such a compressed spectrum when augmented with a light gravitino (G̃) as the LSP,

as in gauge mediated SUSY breaking (GMSB) models [8], leads to significantly different

signatures. The χ̃0
1 is now the next-to-lightest SUSY particle (NLSP) which decays into a

G̃ and a gauge/Higgs boson depending on its composition. Taking a bino-dominated χ̃0
1

NLSP, one or more hard photons are expected in the final state. On the other hand, the
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presence of a higgsino-dominated NLSP leads to a preponderance of Z or Higgs bosons in the

final state.We investigate such signals at the 13 TeV LHC in presence of compressed SUSY

spectra [9, 10]. In the bino-dominated NLSP case, we analyse and compare the discovery

potential in different benchmark scenarios consisting of both compressed and uncompressed

SUSY spectra, considering different levels of compression and intermediate decay modes. Our

conclusion is that compressed spectra upto few TeV are likely to be probed even before the

high luminosity run of LHC. Kinematic variables are also suggested, which offer distinction

between compressed and uncompressed spectra yielding similar event rates for photons +

multi-jets + E/T . We also distinguish between a higgsino-dominated and gaugino-dominated

NLSP scenario using the polarisation information of the Z boson and new variables enhancing

the asymmetry in the angular distributions have been proposed in order to characterize a

longitudinally polarised Z boson in the former case in comparison to a transversely polarised

Z boson in the latter case.

Therefore, we observe that the presence of non-standard LSP candidates, such as a

light G̃, renders the χ̃0
1 to be the NLSP thereby providing alternate modes of discovery

of such scenarios. In the same spirit, a naturally occuring compressed sector in the MSSM,

namely the low-lying electroweakino sector dominated by higgsinos, may be probed in simple

extensions of the MSSM. In this direction, an extension of the MSSM with additional right-

handed singlet neutrino superfields opens up the possibility of having the right-sneutrinos

(ν̃R). It also provides a mechanism for generation of light neutrino masses. We give a detailed

account of how the decay of the light electroweakinos depend on the various supersymmetric

parameters that govern the mixing, mass-splitting and in which region of the parameter

space the decays are prompt. We also highlight how even the smallest gaugino admixture

plays a significant role in their decays. We then look at possible signals that arise from such

a spectrum and analyse them at LHC. The presence of a mixed right-sneutrino as the LSP

can lead to a very different signature from the compressed higgsino-like states, mostly due to

the leptonic decay of the light chargino (χ̃±1 ) leading to multi-leptonic channels along with

/ET [11].

In conclusion, this thesis primarily looks into ways of discovering largely as well as par-

tially compressed SUSY scenarios within the phenomenological MSSM framework and also

in its extensions yielding different LSP candidates such as χ̃0
1, G̃ or ν̃R. We analyse signals

of such spectra and observe that multi-jets, multi-leptons as well as photonic signals, with

appropriate event selection criteria, are promising signatures at LHC. We also observe that

using polarisation of gauge bosons, one can determine the nature of the parent NLSP.
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Chapter 1

Introduction

1.1 The Standard Model

Experiments have established the presence of fundamental spin-1
2

fermions, spin-1 gauge

bosons and a spin-0 scalar in the observable universe. The matter content of the universe

and three of the four fundamental forces in nature, electromagnetism, weak and the strong

force are described by gauge interactions in the framework of a quantum field theory known

as the Standard Model (SM) of Particle Physics. The SM has withstood rigorous experimen-

tal scrutiny over the years at experiments such as the Large Electron-Positron Collider (LEP)

and Tevatron, and now at the Large Hadron Collider (LHC), all making discoveries consis-

tent with the predictions of SM. It is amazing that we have not observed any appreciable

deviations from the SM predictions as yet.

The SM is a gauge theory where the underlying symmetry is described by the gauge

groups SU(3)C ×SU(2)L×U(1)Y corresponding to the color, weak isospin and hypercharge

gauge groups respectively. The matter content of the SM consists of six flavours of spin-1
2

quarks and leptons. The six fundamental quarks and leptons are divided into three gener-

ations, each generation being exact copies of one another under the SM gauge symmetry,

whereas the interactions between the matter particles are mediated by gauge bosons which

correspond to the generators of the SM gauge group. To begin with, all SM fermions and

gauge bosons are massless, respecting the gauge symmetry. They obtain mass after a phe-

nomenon called spontaneous symmetry breaking (SSB) occurs, commonly known as the

Higgs mechanism where the SU(2)L × U(1)Y symmetry breaks down to U(1)em.

The particle content of the SM and the quantum numbers under the gauge groups are
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summarized in Table 1.1. The left-handed quarks and leptons are doublets of SU(2)L and

are denoted by qiL and `iL respectively. The right-handed counterparts are singlets with the

quarks denoted by uiR and diR for the up-type and down-type quark respectively while the

leptons are denoted by eiR where i = 1, 2, 3 is the generation index. Note that there is no

right-handed neutrino (νiR) in the SM. All quarks participate in the strong interactions and

Name SU(3)C SU(2)L U(1)Y

qiL =

uiL
diL

 3 2 1/3

uiR 3 1 4/3

diR 3 1 -2/3

`iL =

νiL
eiL

 1 2 -1

eiR 1 1 -2

φ =

φ+

φ0

 1 2 1

Gµ 8 1 0

Wµ 1 3 0

Bµ 1 1 0

Table 1.1: The particle content of the SM.

are represented as color triplets of SU(3) whereas all leptons are color singlets. The massless

gauge bosons in the SM are the color octet gluons Gµ, SU(2)L triplet Wµ and U(1)Y singlet

Bµ.

The electric charge Q of the particles is defined as

Q = I3 +
Y

2
(1.1.1)

where I3 and Y represent the quantum numbers for third component of weak isospin and

hypercharge respectively. The up-type quark with I3 = 1
2

and Y = 1
3

has charge Q = 2
3

whereas the down-type quark with I3 = −1
2

and Y = 1
3

carry Q = −1
3
. Similarly, for

the charged leptons (ei) Q = −1 whereas the neutrinos are chargeless. In addition, SM

has a scalar φ, which is a color singlet SU(2)L doublet with weak hypercharge Y = 1 and
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is responsible for giving mass to all SM particles. The SSB happens when the neutral

component of this scalar doublet φ obtains a vacuum expectation value (vev) which breaks

the electroweak symmetry in vacuum (Higgs mechanism) leading to mass terms for the quarks

and charged leptons while the neutrinos remain massless. The massive spin-1 bosons, namely,

the W± and Z bosons correspond to the broken generators which mediate the electroweak

interactions while the massless gauge bosons corresponding to the unbroken generators are

photon and gluons which mediate the electromagnetic and strong force respectively.

The full gauge invariant SM Lagrangian is [12]

LSM = Lf + LG + LH + LY (1.1.2)

where Lf constitutes the fermionic Lagrangian, LG stands for the Lagrangian describing

the gauge bosons, LH constitutes the Higgs part of the Lagrangian, and LY describes the

Yukawa interactions involving the fermions and the Higgs doublet. The fermionic part of

the Lagrangian (generation and color indices are suppressed) is

Lf = q̄Li /DqL + ūRi /DuR + d̄Ri /DdR + ¯̀
Li /D`L + ēRi /DeR . (1.1.3)

Here Dµ is the covariant derivative.

Dµ = ∂µ + ig′
Y

2
Bµ + ig

~σ

2
. ~Wµ + i

gs
2
λaG

a
µ (1.1.4)

for the quark doublets, where ~σ = (σ1, σ2, σ3) refers to the Pauli matrices, λa refer to the

Gell-Mann matrices where a = 1, .., 8. The coefficients g′, g and gs refer to the gauge coupling

constants while Bµ, Wµ and Ga
µ refer to the massless gauge bosons of U(1)Y , SU(2)L and

SU(3)C respectively. Note that the last term in Eq. 1.1.4 is absent for the lepton doublets.

The covariant derivate for the SU(2)L and SU(3)C singlet fermions take a simpler form,

defined without the corresponding terms in Eq. 1.1.4. The Lagrangian for the gauge bosons

is

LG = −1

4
GaµνGaµν −

1

4
BµνBµν −

1

4
W kµνW k

µν (1.1.5)

where Gaµν is the gluon field strength tensor. It is defined as

Ga
µν = ∂µG

a
ν − ∂νGa

µ − gsfabcGb
µG

c
ν (1.1.6)

where a, b, c are the color indices and fabc refer to the totally antisymmetric structure con-

stants of SU(3)C . Also,
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Bµν = ∂µBν − ∂νBµ,

W k
µν= ∂µW

k
ν − ∂νW k

µ − gεijkW i
µW

j
ν

are the field strength tensors corresponding to the hypercharge and electroweak gauge fields,

while εijk represents the totally antisymmetric structure constants for SU(2)L and i, j, k =

1, 2, 3 are the SU(2)L indices.

The Higgs Lagrangian is defined as

LH = |Dµφ|2 + µ2φ†φ− λ(φ†φ)2 (1.1.7)

while the Yukawa Lagrangian is

LY = −yiju Q̄i.φ
cuRj − y

ij
d Q̄i.φ dRj − y

ij
l L̄i.φ eRj + h.c. (1.1.8)

where i, j = 1, 2, 3 are the family indices of the SM fermions. Here yf (f = u, d, e) refer to

the 3 × 3 matrices for the Yukawa couplings of the up-type quarks, down-type quarks and

the leptons. Note that all the quarks and leptons obtain masses after spontaneous symmetry

breaking (SSB) occurs when the neutral component of the Higgs doublet, i.e, φ0 obtains

vacuum expectation value (vev). Note that the down-type quarks and leptons obtain mass

from the Higgs doublet φ while the up-type quarks obtain mass from φc = iσ2φ∗ where φc

has Y = −1. The electroweak gauge bosons mix with one another and obtain mass from the

Higgs field after spontaneous symmetry breaking. We discuss the phenomena of SSB briefly

in the following section.

1.1.1 Spontaneous Symmetry Breaking

In this section, we briefly outline the phenomena of spontaneous symmetry breaking [13–15]

viz., the Higgs mechanism. The Higgs Lagrangian in Eq. 1.1.7 can be rewritten as

LH = |Dµφ|2 − VH

where VH is the Higgs potential given by

VH = −µ2φ†φ+ λ(φ†φ)2 . (1.1.9)

The complex Higgs doublet is defined as

φ =

(
φ+

φ0

)
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where φ+ and φ0 are complex scalars which can be written out in terms of real scalars

(φi ; i = 1, 2, 3, 4) as

φ =
1√
2

(
φ1 + iφ2

φ3 + iφ4

)
.

The term proportional to λ describes the self interaction of the Higgs field. Note that for

λ > 0 the Higgs potential is bounded from below. The minimum of VH corresponds to a

non-vanishing φ for µ2 > 0 given by

v√
2

=

√
µ2

2λ
(1.1.10)

where φ†φ = v2

2
. Writing φ in the unitary gauge as

φ =
1√
2

(
0

v + h

)

in the Higgs potential, one obtains the mass of the Higgs as

mh = v
√

2λ . (1.1.11)

The recent measurements of Higgs mass at LHC give mh ∼ 125 GeV [1,16] and using v = 246

GeV one gets the self-interaction strength of the Higgs boson as λ ∼ 0.13. Note that in SM

both µ2 and λ are free parameters. Once the Higgs field obtains a vev, the quarks and leptons

obtain mass through the Yukawa interaction terms, whereas the gauge bosons acquire mass

by absorbing the massless Goldstone bosons which constitute their longitudinal modes. The

mass of the fermions and gauge bosons after SSB are given by

mf = yf
v√
2

(1.1.12)

mW =
1

2
g v (1.1.13)

mZ =
1

2

√
(g2 + g′2) v (1.1.14)

where mf , mW and mZ are the masses of the fermions, W± and Z bosons respectively. Note

that the SU(2)L and U(1)Y gauge couplings get related after SSB as tan θW = g′/g where
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θW is the weak mixing angle. The SU(2)L coupling constant g = e
sin θW

where e is the electric

charge and the weak mixing angle is measured to be sin2 θW ∼ 0.231 [17].

Note that the above masses are predicted at the tree-level. However, SM being a quantum

theory would imply radiative corrections to these masses at higher orders in perturbation

theory. Large corrections are avoided for fermions and gauge bosons in SM by symmetry

principles. Chiral symmetry (i.e, invariance under ψ → eiαγ5ψ) plays an important role in

protecting the tree-level masses of quarks and leptons from large radiative corrections while

gauge bosons are also protected from radiative corrections by gauge symmetry. However,

scalars such as the Higgs boson are not protected under any such symmetry and therefore

susceptible to large quantum corrections to the Higgs mass which may lead to the instability

of the electroweak scale. We discuss this issue in the following section.

1.2 Going Beyond Standard Model

Despite its success, there are pertinent reasons to think beyond SM for a complete description

of Nature. We briefly review some of these reasons below:

1. Free parameters of the SM:

Although the SM provides an accurate description of Nature it is plagued by a number

of free parameters in the theory whose values do not have any underlying justification.

Among the 18 free parameters are the six quark masses, three lepton masses, three

gauge coupling constants, three quark mixing angles, one CP-phase for the quark

mixing matrix, Higgs mass and the QCD theta (θ) term. SM does not explain why

there are three generations of quarks and leptons and the reason for the observed mass

hierarchy among the quarks and leptons. The flavor mixing structure of the quarks is

also not explained within the SM and motivates one to think beyond SM.

2. Neutrino Mass:

Measurements of neutrino oscillation phenomena have established affirmatively that

neutrinos have a small (. O(0.1) eV) but non-zero mass [18]. However in absence of a

right-handed neutrino the SM does not account for a gauge invariant mass term for the

neutrinos. SM also fails to explain the mixing amongst the light neutrinos, namely the

Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix. However if one considers lepton

number non-conservation as observed in neutrino oscillation, a lepton number violating

(∆L = 2) effective dimension five operator 1
ΛM
L̄φφLc [19] gives rise to a Majorana mass
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Figure 1.1: Contribution from SM top quark and gauge bosons V = W±, Z, h to the Higgs

mass [27].

term for the neutrinos once the Higgs obtains a vev. Here, ΛM is the heavy scale after

which effects of the new physics giving rise to this operator should be accounted for.

Neutrino masses may be generated in minimal extensions of the SM such as in the

Type-I seesaw mechanism [20–22] using gauge singlet right-handed neutrinos, in Type-

II seesaw mechanism using a scalar triplet [23, 24] or in Type-III seesaw mechanism

using fermion triplets [25,26].

3. Naturalness problem:

Radiative corrections to the tree level Higgs mass, ∆m2
h, arises from contributions

involving the SM top quark, W± bosons, Z boson as well as self coupling of the Higgs

bosons [12] as seen in Figure 1.1 and expressed as

∆m2
h =

3

16

λ

π2
Λ2[m2

h + 2m2
W +m2

Z − 4m2
t ]. (1.2.1)

The quadratically divergent term is proportional to Λ2, where Λ is the cut off scale

at which new physics effects start appearing. This implies that the Higgs mass may

be radiatively raised to, say, the Planck scale, if the SM continues to hold all the way.
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Figure 1.2: Contribution from f̃(= t̃L, t̃R) to the Higgs mass [27].

However such a consequence may be avoided if there are cancellations up to 30 decimal

places among the various parameters contributing to the radiative contributions. Such

a large cancellation is rather fine-tuned and undesirable for a physical theory. This is

referred to as the naturalness problem. This primarily motivates us to think beyond

SM in order to resolve this issue. As an example, Supersymmetry, a symmetry between

fermion and bosons, is one of the best candidates to resolve the naturalness problem

of the Higgs mass. It provides two extra complex scalars in the theory corresponding

to the SM top, namely, the left-handed and right-handed superpartners of the top, t̃L

and t̃R respectively. Contribution from the Lagrangian term λS|t̃L|2|φ|2 to the Higgs

mass as seen in Figure 1.2 is

∆m2
h =

λS
16π2

[Λ2
S − 2m2

S log ΛS/mS + finite terms] (1.2.2)

where ΛS is the SUSY scale and mS the stop mass. Note that a judicious choice of the

couplings involved i.e, |y2
t | = λS for t̃L and t̃R leads to a cancellation of the quadratic

divergences retaining only the mild logarithmic divergent term. Such a cancellation

also occurs for the contribution arising from the W and Z bosons notably due to the

contributions of their fermionic superpartners to the Higgs mass at all loop orders

owing to the symmetry relating fermions and bosons.

4. Dark Matter and Dark Energy:

Observation of galactic rotation curves show that rotational velocity of the galaxies

remains rather flat as the distance of the star from the center of the galaxy increases

[28]. However, Newtonian gravity predicts that the velocity (v) must decrease as the

distance from the center of the galaxy increases such that

v ∝
√
M

R
(1.2.3)
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where M is the mass of the galaxy and R is the distance from the center of the galaxy.

Thus the observation of the flat rotation curves indicates that the mass of the galaxy

must also increase as one moves away from the center of the galaxy. Current observa-

tions show that the requisite mass is nearly five times the visible mass of the galaxy.

This unobserved mass is referred to as the dark matter (DM). On the other hand, obser-

vations from the Bullet cluster, a consortium of two galaxies which collided with each

other, has been experimentally observed using gravitational lensing techniques [29]. It

has been found to have a greater accumulation of mass as opposed to the observed

visible mass from stars at the edges of the Bullet cluster leading to a greater gravi-

tiational bending of light at the edges of the Bullet cluster. This is one of the best

known evidence of dark matter. Finally, analysis of the anisotropies of the cosmic mi-

crowave radiation (CMB) from the Big Bang together with baryon-acoustic oscillation

(BAO) data as measured by Planck [30] provides the most accurate measurement of

the relic abundance of the matter content of the universe showing that non-baryonic,

non-luminous dark matter is nearly five times that of the ordinary matter. The current

measurement of the DM relic density is [30]

Ωh2 = 0.1193± 0.00091 (1.2.4)

Observations from the Hubble telescope have unequivocally established that the uni-

verse is accelerating. The acceleration is attributed to the presence of dark energy,

which is hypothesized as a repulsive potential to counter the gravitational attraction

between the stars. It has been estimated from the CMB data that the current universe

has a preponderance of dark energy contributing nearly 71.4% of the total energy

content of the universe while dark matter forms nearly 24% and matter consists of

4.6% [31]. SM does not explain the dark matter and dark energy content of the uni-

verse. This forces one to think beyond the SM in order to incorporate dark matter and

dark energy.

5. Matter-Antimatter Asymmetry:

There is a predominance of matter over antimatter in the universe referred to as baryon

asymmetry. This asymmetry is quantified in terms of the parameter ηB defined as

ηB =
nB − nB̄

nγ
(1.2.5)

where nB, nB̄ and nγ refer to the number densities corresponding to matter, anti-matter

and photons. Experiments indicate 5.7×10−10 ≤ ηB ≤ 6.7×10−10 [32,33] as measured
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from the abundances of light elements produced during Big Bang Nucleosynthesis.

Since the Big Bang is expected to produce equal amount of baryons and anti-baryons,

a theory would require to obey Sakharov’s conditions [34] in order to explain the

observed baryon asymmetry. Sakharov’s conditions require

• Departure from thermal equilibrium

• Baryon number violation

• C and CP violation

Although SM does allow CP violation in the quark sector via the Cabibo-Kobayashi-

Maskawa (CKM) phases, the generated CP violation is insufficient to explain the re-

quired asymmetry parameter ηB [35]. This therefore forces one to think beyond the

SM in order to the explain the observed baryon asymmetry of the universe.

6. Gravity

Among the four fundamental interactions in Nature, namely, gravity, electromag-

netism, strong force and weak force, SM describes the latter three forces. It however

does not incorporate gravitational interactions. In order to motivate a complete the-

ory which encompasses all the four interactions, one must think of extensions to the

minimal version of SM. Such a theory would be desirable as it points towards a unified

picture of the fundamental interactions in Nature providing a complete description of

the current universe at all energy scales.

All of these outstanding issues implore us to think beyond the SM. In this regard, Su-

persymmetry, which is the topic of my thesis, has been one of the prime contenders of BSM

physics to answer some of these issues.
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Chapter 2

Supersymmetry Phenomenology

Supersymmetry (SUSY) has been one of the best motivated candidates for physics Beyond

the Standard Model (BSM). Several excellent articles [2,27,36] and text books [37–39] exist

on the subject, covering the basics and theoretical aspects of supersymmetry. As our fo-

cus in this thesis will be on SUSY phenomenology, we only discuss the relevant aspects of

SUSY formalism applicable for this thesis. Supersymmetry is a special symmetry connect-

ing fermions and bosons which postulates a superpartner for every SM particle, differing by

spin-1
2
. It addresses the naturalness problem, also known as the gauge hierarchy problem as

discussed in Chapter 1. R-parity, a discrete symmetry when conserved in SUSY also offers

a dark matter candidate which is the lightest of all SUSY particles and usually taken to be

the lightest neutralino χ̃0
1.

In this chapter we discuss briefly the Minimal Supersymmetric Standard Model (MSSM),

the supersymmetrized version of the SM. The MSSM retains the same gauge group as the SM,

i.e, SU(3)C×SU(2)L×U(1)Y . The SM particle and its superpartner are arranged in the form

of supermultiplets, namely, chiral supermultiplets for SM fermions and the Higgses whereas

vector (gauge) supermultiplets for the SM gauge bosons. SUSY algebra demands that the

number of fermionic and bosonic degrees of freedom are the same in a supermultiplet. In

addition, the members of the supermultiplet should have the same gauge quantum numbers

apart from spin, as well as same mass as its SM partner in the absence of SUSY breaking.

Table 2.1 and 2.2 summarise the particle content of MSSM [2]. We discuss the primary

motivations for SUSY in the following section.
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2.1 Motivations for Supersymmetrization of the Stan-

dard Model

The primary motivations for studying the MSSM as a potential BSM theory are [2, 27]:

• Resolving the naturalness problem: SUSY helps resolve the naturalness problem

as discussed in Chapter 1. Radiative contributions to the Higgs mass have quadratic

divergences which require large cancellations amongst the parameters involved to fit

the observed Higgs mass. However, in the presence of unbroken SUSY, contributions

from one of the superpartners of the top, namely stop (t̃) with mass mS to the Higgs

mass is as follows:

∆m2
h =

λS
16π2

[Λ2
UV − 2m2

S log ΛUV /mS + finite terms]

The top and stop contributions differ by an overall negative sign owing to the fermion

loop in the former case and in the magnitude of the couplings involved, i.e, λS and yt.

A judicious choice of the couplings such that they are correlated, namely, |yt|2 = λS,

would cancel the quadratic divergence piece of the radiative corrections. However

a mild dependence on the cut-off scale ΛUV which is the SUSY scale remains via

the logarithmic divergent pieces involving the mass of the particles in the loop and

the cut-off energy scale which suggest that the SUSY scale should not be very high.

This however applies to the scale when all SM particles and their superpartners are

degenerate. A mass-splitting will cause a consequent Higgs mass shift which is of the

order of the mass-squared difference between the fermions and bosons mediating the

mass corrections.

• Dark Matter candidate: As discussed at the end of the Chapter 1, experimental

observations unequivocally support the presence of dark matter in the universe. The

nature of dark matter remains however undetermined. If a particle nature of dark

matter is assumed, R-parity conserving SUSY provides a dark matter candidate, mostly

the lightest neutralino, χ̃0
1, as the lightest SUSY particle (LSP) where R-parity is

defined as

PR = (−1)(3B−L+2S) (2.1.1)

where B,L, S refer to baryon number, lepton number and spin quantum number re-

spectively. The SM particles have PR = +1 (R-even) whereas the sparticles, differing
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from the SM particles by spin 1
2
, have PR = −1 (R-odd). Hence the sparticles can

only be pair produced at the colliders. The heavier sparticles cascade down to the LSP

along with SM particles. If R-parity is conserved the LSP is stable and serves as a

dark matter candidate.

• Gauge coupling unification: The MSSM particle content contributes to the running

of the SM gauge couplings modifying their high-scale behaviour. MSSM provides a

mechanism for unification of the gauge couplings in SM at high scale thereby suggesting

a possible unification of all three fundamental forces [2].

This motivates one to look for SUSY as a new physics scenario to address at least some of

the unexplained phenomena in Nature. In the following subsections, we discuss the SUSY

algebra, followed by a brief introduction to the MSSM, its particle content and phenomeno-

logical implications. We conclude the chapter with an outline of some of the important

motivations which lead us to think beyond the minimal SUSY scenario and some alternate

DM candidates in such scenarios.

2.2 SUSY Algebra

Haag, Lopuzanski and Sohnius postulated that the spacetime symmetry could be extended

with fermionic generators by a combination of commutation and anticommutation relations

[40]. This was in response to Coleman-Mandula’s no-go theorem [41] which stated that it

was impossible to extend Poincare algebra with generators having commutation relations.

The SUSY generators Q and Q† transform a boson into a fermion and vice versa and thereby

are fermionic in nature. The algebra followed by the SUSY generators is

{Qα, Q
†
β̇
} = 2σµ

αβ̇
P µ

{Qα, Qβ} = {Q†α̇, Q
†
β̇
} = 0

[Qα, P
µ] = [Q†

β̇
, P µ] = 0

(2.2.1)

(Q,Q†) are the fermionic SUSY generators whereas P µ is the momentum four-vector and

σµ = (1, ~σ) where 1 is the 2×2 identity matrix and ~σ are the Pauli matrices. Here α, β̇ = 1, 2

are the dotted and undotted indices respectively referring to the left-handed Weyl spinor

and right-handed Weyl spinor components. From the above relations we see that SUSY

generators commute with P µ. Therefore they also commute with P 2. This leads to the fact
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Name spin-0 spin-1
2

SU(3)C SU(2)L U(1)Y

Qi Q̃ i
L =

ũiL
d̃iL

 Qi
L =

uiL
diL

 3 2 1/3

Ū i ˜̄U = ũ i cR Ū = u i cR 3 1 - 4/3

D̄i ˜̄D = d̃ i cR D̄ = d i cR 3 1 2/3

Li L̃i =

ν̃ iL
ẽ iL

 Li =

νiL
eiL

 1 2 -1

Ē i ˜̄Ei

= ẽ i cR Ēi = ei cR 1 1 2

Hu Hu =

H+
u

H0
u

 H̃u =

H̃+
u

H̃0
u

 1 2 1

Hd Hd =

H0
d

H−d

 H̃d =

H̃0
d

H̃−d

 1 2 -1

Table 2.1: Chiral supermultiplets in the MSSM. All the spin 1/2 Weyl fermions are left-

handed while the spin 0 particles are complex scalars [2] .

Name spin-1
2

spin-1 SU(3)C SU(2)L U(1)Y

G g̃ g 8 1 0

W W̃± W̃ 0 W± W 0 1 3 0

B B̃0 B0 1 1 0

Table 2.2: Vector supermultiplets in the MSSM. All the spin 1/2 superpartners of SM gauge

bosons are Weyl fermions [2].

that within a supermultiplet, formed by the SM particle and its superpartner differing by

spin-1
2
, the fermion and bosons are degenerate in mass. The SUSY generators also commute

with other internal symmetry operators such as gauge symmetry. Therefore the members of

a supermultiplet differ only in their spins but have all other quantum numbers the same as

the SM partners. We discuss the structure of a supermultiplet in the following section for

the MSSM.
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2.3 The Minimal Supersymmetric Standard Model

The simplest extension to the SM is the supersymmetrized version of the SM, namely the

Minimal Supersymmetric Standard Model (MSSM). This scenario has the bare minimum of

field content consistent with supersymmetry. In addition, all parameters related to SUSY

breaking (to be discussed later) are phenomenologically introduced and are not related apri-

ori. The MSSM consists of both chiral and gauge superfields in order to accomodate the SM

particle content as summarised in Table 2.1 and 2.2 along with their gauge quantum numbers.

Q and L are the left-handed chiral superfields for quarks and leptons respectively whereas

Ū , D̄, Ē are the the left-chiral fields corresponding to the right-handed up-type quarks, down-

type quarks and charged lepton superfields. The chiral supermultiplets in the MSSM with

their gauge quantum numbers are summarised in Table 2.1 with the index i denoting the

generation index where i = 1, 2, 3. Each of the SM particles has a SUSY partner differing

by spin-1
2
. Due to the construction of the SUSY invariant superpotential being holomorphic,

two Higgs doublets with opposite hypercharges are required to give masses to the up and

down quarks as well as leptons. Hu, Hd are the two Higgs doublets with opposite hyper-

charges, Y = 1,−1 respectively while Hu, Hd denotes the chiral superfields corresponding to

the Higgs doublets. For the quark and lepton superfields the tilde notation denotes the scalar

doublets and singlet superpartners of the corresponding SM partners while for the Higgses

it refers to the spin-1
2

higgsino doublets. Analogous to the SM, no right-handed neutrinos

are present to contribute to the neutrino mass term after EWSB occurs. Table 2.2 refers to

the set of gauge superfields in the MSSM. The partners of the gluons are the spin-1
2

gluinos

while that of the U(1)Y and SU(2)L gauge bosons are the binos and winos respectively.

In this section we focus on the R-parity conserving MSSM, where R-parity is defined as

PR = (−1)3B−L+2S (2.3.1)

The R-parity conserving MSSM Lagrangian consists of

LMSSM = LSUSY + Lsoft (2.3.2)

where LSUSY is the SUSY invariant part of the Lagrangian denoted by

LSUSY = Lchiral + Lgauge + Lint (2.3.3)

while Lsoft is the soft SUSY breaking part of the Lagrangian Lint. Note that the presence

of fermions and gauge bosons in the SM motivates the presence of both chiral and gauge

superfields in the MSSM.
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SUSY invariant Lagrangian

The SUSY invariant part of the Lagrangian LSUSY is specified in terms of the chiral super-

fields, gauge superfields and interactions between the chiral and gauge superfields as below.

LSUSY = Lchiral + Lgauge + Lint . (2.3.4)

Here

Lchiral = −1

2
W ijψiψj +W iFi + h.c. (2.3.5)

denotes the interactions of the chiral superfields in the MSSM where

W ij =
∂2WMSSM

∂φi∂φj
(2.3.6)

and

W i =
∂WMSSM

∂φi
(2.3.7)

and WMSSM is the superpotential with the generation indices suppressed [2]

WMSSM = yuQHuŪ − ydQHdD̄ − ylLHdĒ + µHuHd (2.3.8)

where yk are the 3 × 3 Yukawa coupling matrices ( k = u, d, l) for the quarks and leptons,

µ is the higgsino mass parameter. The chiral superfields Φi = (φi ψi Fi)
T where φi is the

bosonic degree of freedom, ψi is the fermionic degree of freedom of the chiral supermultiplet,

Fi is the auxilliary field required for SUSY algebra to close off-shell and i is the number of

such chiral superfields in the theory. In the MSSM, φi ≡ Q̃i, L̃i, Hu and Hd, ie., squarks,

sleptons and Higgs doublets.

The gauge part of the Lagrangian is

Lgauge = −1

4
F a
µνF

aµν + iλ†aσ̄µDµλ
a +

1

2
DaDa (2.3.9)

where Fµν is the field strength tensor, V is the vector boson, λ is the gaugino, D is the

auxilliary field required such that the SUSY algebra closes off-shell while a index is summed

over the gauge groups of MSSM. Note that the color and family indices are suppressed in

the Lagrangian definition for simplicity. T a are the generators of the gauge groups while ga

are the gauge couplings of the specific gauge group. The covariant derivative Dµ is given by

Dµλ
a = ∂µ + gafabcV b

µλ
c (2.3.10)
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where fabc are the totally antisymmetric structure constants of the gauge groups. The most

general renormalizable interaction terms involving the chiral and vector superfields are

Lint = −
√

2ga(φ∗T aψ)λa −
√

2gaλa†(ψ†T aφ) + ga(φ∗T aφ)Da (2.3.11)

Recall that both F and D are auxilliary fields with no kinetic terms. They contribute to the

scalar potential V given by

V = VF + VD = F iF ∗i +
1

2
DaDa (2.3.12)

where VF refers to the contribution from the F-term and VD refers to the contribution from

the D-term. After solving the equation of motions, the F and D are derivable directly from

the superpotential W i and Lint respectively as given below

Fi = −W ∗
i = −∂WMSSM

∂φ∗i
(2.3.13)

wheras

Da = −ga(φ∗T aφ) (2.3.14)

There is an additional contribution to the MSSM Lagrangian, namely the softly broken part

of the Lagrangian which we discuss next.

Soft SUSY breaking Lagrangian

If SUSY were to be an exact symmetry, masses of the SUSY particles would be the same

as their SM partners. Non-observation of such light SUSY particles requires the presence of

heavier sparticle states, thereby requiring breaking of supersymmetry. However this breaking

has to be such that the hierarchy problem is still resolved. Recall that in order to resolve the

naturalness problem the coupling of the superpartners and their SM partner were correlated,

which led to the cancellation of the quadratic divergent piece. In order to retain this feature

the couplings must still remain correlated while the masses may differ leading to finite

corrections to the Higgs mass proportional to the mass squared differences of the fermion and

bosons contributing to the Higgs mass. Therefore soft SUSY breaking is needed, i.e, SUSY

breaking via mass and not couplings of the superpartners. Therefore the mass dimension

of these soft SUSY breaking parameters must be positive and not dimensionless to avoid

worsening the naturalness problem. However the origin of SUSY breaking is not known yet.

SUSY breaking may occur via the F -term such that the auxilliary field F obtains a vev (
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< F > 6= 0 ) and/or via the D-term such that D obtains a vev (< D > 6= 0) [2]. In both

cases one requires to go beyond the MSSM [2].

Note that if one were to consider spontaneous SUSY breaking using renormalizable terms,

analogous to the Higgs mechanism in the SM, the SUSY breaking masses in a renormalizable

theory obey the supertrace theorem at tree level [2] which will not lead to a phenomenolog-

ically consistent spectrum. A useful way to bypass this issue would be by considering that

SUSY breaking occurs at the loop level and the fields responsible for SUSY breaking do not

couple to the MSSM sparticles at the tree-level. Another possibility for SUSY breaking to

occur is via non-renormalizable terms. Therefore SUSY breaking may be communicated to

the MSSM in the following ways so it may still survive the supertrace theorem if it occurs,

for example,

• via gravitational interactions of particles in a hidden sector to the MSSM particles, as

in Gravity Mediated SUSY breaking, commonly referred to as mSUGRA,

• via flavor blind interactions between particles in the hidden sector to the MSSM parti-

cles as in Gauge-Mediated SUSY Breaking (GMSB) where the SM gauge interactions

are responsible for mediating the SUSY breaking to the MSSM sector

Thus popular SUSY breaking scenarios are mSUGRA, where non-renormalizable gravita-

tional interactions mediate SUSY breaking or GMSB where SUSY breaking is communicated

to the visible sector radiatively using gauge interactions of the SM via members of a new

messenger sector. In both cases the supertrace theorem ceases to hold for reasons discussed

above.

A popular way of parametrizing the SUSY breaking parameters without making assump-

tions about how SUSY breaking occurs and is communicated to MSSM, is by adding the

SUSY breaking terms explicitly to the Lagrangian at the weak scale as free parameters of

the Lagrangian. In the MSSM the most general soft SUSY breaking terms added to the

Lagrangian at the weak scale are

Lsoft = (
1

2
M3g̃ g̃ +

1

2
M1B̃

0 B̃0 +
1

2
M2W̃ W̃ + c.c.)− Q̃†m2

QQ̃− L̃†m2
LL̃− ˜̄E†m2

Ē
˜̄E − ˜̄U †m2

U
˜̄U

− ˜̄D†m2
D
˜̄D + (BµHuHd + c.c.)−m2

HuH
†
uHu −m2

Hd
H†dHd + AuQ̃Hu

˜̄U + AdQ̃Hd
˜̄D + AlL̃Hd

˜̄E
where M1,M2,M3 are the soft SUSY breaking masses for the gauginos. The squarks and

sleptons have explicit mass terms involving squared-mass matrices m2
U , m

2
D , m

2
E , m

2
L and

m2
Q for the right handed up-type and down-type squarks, right-handed sleptons, left-handed

sleptons and left-handed squarks respectively. The soft SUSY breaking terms corresponding
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to the µ term and mass-squared parameters for the Higgs doublets are Bµ ,m2
Hu

and m2
Hd

respectively. Note that spin-0 squarks and sleptons also couple to the Higgs fields Hu, Hd via

the soft trilinear terms involving Au, Ad, Al respectively similar to the Yukawa interaction

terms and obtain masses after EWSB occurs. All in all, this introduces a multitude of free

parameters in the theory. Including masses, mixing angles and phases there are nearly 105

free parameters in the MSSM which is not desirable in a physical theory and therefore begs

for an underlying justification of the many free parameters.

In this thesis, we focus on scenarios with non-universal SUSY breaking, i.e, soft SUSY

breaking terms explicitly added to the MSSM Lagrangian with no underlying assumptions

about their behaviour at high scale and study their phenomenological consequences. In such

a generic extension, the SUSY preserving as well as soft SUSY breaking parameters are

specified at the weak scale. While such a soft breaking of SUSY maintains the cancellation

of quadratic divergences, the masses of the SUSY particles differ from their SM partners.

2.3.1 Sparticle spectrum of the MSSM

The MSSM consists of the SM particles and their SUSY partners commonly referred to

superpartners differing in spin by half-integer units. For example, spin-1
2

quarks have spin-0

superpartners known as scalar quarks or squarks. There are also sleptons corresponding to

leptons. Note that the Higgs sector of the MSSM is similar to a Type II two Higgs Doublet

Model (2HDM) [42,43] with two Higgs doublets, Hu and Hd respectively. The up-type quarks

obtain their masses from Hu while the down-type quarks and leptons obtain their masses

from Hd.

In MSSM the presence of two Higgs doublets necessitates the presence of their spin-
1
2

counterparts, namely the higgsinos, H̃u and H̃d. After EWSB the gauge bosons W±, Z

obtain masses while the photon (γ) remains massless. The gauginos which are spin 1
2

partners

of the SM gauge bosons mix with the higgsinos after EWSB. The mass eigenstates are χ̃±i

and χ̃0
i referred to as the charginos and neutralinos respectively, together constituting the

electroweakino sector of the MSSM. The superpartners of the gluons are color octet gluinos.

We discuss the MSSM spectrum as below.

Higgs sector

Motivated by the holomorphicity of the superpotential as required by the SUSY invariant

part of the Lagrangian, it is imperative that the up and down type quarks receive masses
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from two different Higgs doublets with opposite hypercharges. The MSSM has two SU(2)L

Higgs doublets, namely, Hu and Hd with hypercharge Y = 1 and −1 respectively. Hu and

Hd are defined as

Hu =

(
H+
u

H0
u

)

Hd =

(
H0
d

H−d

)
After electroweak symmetry breaking, two of the eight real degrees of freedom are the Gold-

stone bosons which are eaten up by the W± and Z bosons and constitute their longitudinal

modes while the other five degrees of freedom form five physical states: two CP-even Higgses

h and H, a CP-odd pseudoscalar Higgs A and a charged Higgs H±. The vev ’s of the Higgses

vu, vd

< Hu
0 >=

1√
2
vu , < Hd

0 >=
1√
2
vd (2.3.15)

constitute the electroweak vacuum expectation value v such that

v2
u + v2

d = v2 (2.3.16)

Note that vu = v sin β and vd = v cos β where tan β = vu
vd

is the ratio of the vev’s of the

Hu and Hd. Conventionally 0 < β < π/2 and α is the mixing angle between the CP-

even Higgses. In the decoupling limit, mA >> mh where h resembles the SM Higgs boson

properties, β − π/2 ' α. The masses of the physical Higgses at tree-level are as follows [2]

m2
A = 2Bµ/ sin(2β)

m2
H± = m2

A +m2
W

m2
h,H =

1

2
(m2

A +m2
Z ∓

√
(m2

A −m2
Z)2 + 4m2

Zm
2
A sin2(2β)).

where Bµ is the soft SUSY-breaking term in Lsoft corresponding to µ. The above relations

imply an upper bound on the light Higgs mass

mh ≤ mZ cos(2β) (2.3.17)

and therefore the light Higgs mass is bounded from above by the Z boson mass at the tree-

level in the MSSM. The observed mass of the Higgs at 125 GeV [1, 16] therefore indicates

that a substantial contribution to the Higgs mass arises from quantum corrections in the

form of logarithmic contributions from top-stop loops.
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Squarks

The six flavors of squarks mix amongst each other in case the mass matrices are non-diagonal.

In order to avoid stringent constraints from flavor violating decays, it is imperative that the

off-diagonal terms in the squark mixing matrix amongst the generations are small. In such a

case, the left-handed and right-handed squarks of a specific generation and flavor mix. The

mixing in the stop sector is the most appreciable due to the large top Yukawa coupling. The

mass term in the Lagrangian in the basis Q̃ = (ũL ũR) is as follows

LQ̃ = − Q̃†M2
Q̃u
Q̃

where M2
Q̃u

is the squark squared-mass matrix as follows

M2
Q̃u

=

(
m2
Qu

+m2
u + ∆uL v(A∗u sin β − µyu cos β)

v(Au sin β − µ∗yu cos β) m2
U +m2

u + ∆uR

)
in the flavor eigenbasis. The diagonal terms arise from the soft squared mass terms, F-term

and the D-term contributions (∆uL = (I3−Qu sin2 θW )m2
Z cos(2β), ∆uR = −Qu sin2 θWm

2
Z cos(2β)

where Qu is the charge of the squark while I3 is its isospin). The off-diagonal terms receive

contributions from both the SUSY respecting and SUSY breaking Lagrangian. The former

contributions are proportional to µyu while the latter come from the soft trilinear terms

proportional to Au. The presence of the off-diagonal terms induce mixing among the left-

right flavor eigenstates, with the mixing being most pronounced for the third generation

sector due to the large Yukawa couplings of the top quark as compared to the first and sec-

ond generation squarks. Therefore depending upon the choice of the soft mass parameters,

the lightest squark in the MSSM could be the lightest stop t̃1 while the first and second

generation squarks are heavy.

The mass matrix for the down type squarks sector is given by

M2
Q̃d

=

(
m2
Qd

+m2
d + ∆dL v(A∗d cos β − µyd sin β)

v(Ad cos β − µ∗yd sin β) m2
D +m2

d + ∆dR

)

with analogous terms as before. Since t̃L and b̃L form a doublet a light stop indicates the

presence of a light sbottom nearby in mass.

Sleptons

The left and right handed sleptons of a specific generation and flavor mix via the Yukawa

interaction terms. The mass term in the Lagrangian in the gauge eigen-basis L̃ = (l̃L l̃R) is
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given by

LL̃ = −L̃† M2
L̃
L̃ (2.3.18)

The slepton mass matrix is denoted as

M2
L̃

=

(
m2
L +m2

l + ∆lL v(A∗l cos β − µyl sin β)

v(Al cos β − µ∗yl sin β) m2
Ē

+m2
l + ∆lR

)

in the flavor eigenbasis with l = e, µ, τ . The diagonal elements of the mass matrix receive

contributions from the F-term, D-term and soft-mass squared terms while the off-diagonal

elements receive contributions from the SUSY invariant terms as well as the trilinear coupling

terms in the soft SUSY breaking part of the Lagrangian. The slepton mixing in the squark

sector is appreciable in the third generation τ̃ due to the large yτ as compared to ye or yµ.

Therefore, amongst the sleptons, for all the soft masses are chosen to be equal, the first and

second generation sleptons will be nearly degenerate whereas the lighter stau (τ̃) would be

the lightest amongst the sleptons.

Neutralinos

The higgsinos, bino and wino have the same SU(2)L × U(1)Y quantum numbers, and mix

amongst themselves after EWSB occurs to form the neutral mass eigenstates neutralinos. In

the neutral gauge eigenstate basis, ψ0 = (B̃0, W̃ 0, H̃0
d , H̃

0
u), the mass term for the neutralinos

in the Lagrangian is

LÑ = −1

2
(ψ0)T MÑ ψ0 + c.c. (2.3.19)

where MÑ , the mass matrix of the neutralinos is

MÑ =


M1 0 −MZ sin θW cos β MZ sin θW sin β

0 M2 MZ cos θW cos β −MZ cos θW sin β

−MZ sin θW cos β MZ cos θW cos β 0 −µ
MZ sin θW sin β −MZ cos θW sin β −µ 0

 .

(2.3.20)

The mass eigenstates are χ̃0
1, χ̃

0
2, χ̃

0
3, χ̃

0
4 such that mχ̃0

1
< mχ̃0

2
< mχ̃0

3
< mχ̃0

4
. The lightest

neutralino, χ̃0
1 is the most popular choice for the LSP in MSSM and preferred candidate

for cold dark matter. Depending on the composition of the neutralino, the LSP may be

predominantly bino-dominated, wino-dominated or higgsino-dominated.
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Charginos

In the charged gauge eigenstate basis, ψ+ = (W̃+, H̃+
u ) and ψ− = (W̃−, H̃−d ), the mass term

for the charginos in the Lagrangian is

LC̃ = −1

2
(ψ±)TMC̃ ψ

± + c.c (2.3.21)

where MC̃ , the mass matrix of the charginos is

MC̃ =

(
M2

√
2MW sin β

√
2MW cos β µ

)
.

where M2 and µ are the wino and higgsino mass parameters respectively. Diagonalising the

chargino mass matrix yields the mass eigenstates χ̃±1 , χ̃
±
2 where mχ̃±

1
< mχ̃±

2
. In general there

are higgsino-like and wino-like charginos.

Gluinos

The gluinos are color octets and SU(2)L × U(1)Y singlets and thereby couple only to quark-

squark pairs. The mass term in the Lagrangian for the gluinos is:

Lg̃ =
1

2
M3 g̃ g̃ (2.3.22)

2.3.2 Phenomenological Implications

Minimal models of SUSY such as mSUGRA and GMSB advocate relations amongst all the

soft parameters at the high-scale indicating a sense of universality amongst all the SUSY

breaking parameters. In mSUGRA, there are five free parameters of interest dictating the

MSSM spectrum: m0,m1/2, A0, tan β, sgn(µ), where m0 is the universal scalar mass, m1/2

universal fermion mass, A0 universal trilinear coupling, tan β = vu
vd

, ratio of the vev ’s of the

up-type and down-type Higgs doublets and sgn(µ) refers to the sign of the µ parameter.

The magnitude of the µ parameter is already fixed from the EWSB condition. This scenario

is also popularly known as the constrained MSSM (cMSSM) scenario due to the economy in

the number of parameters in the theory.

After renomalisation group running from high scale to low scale, the soft parameters give

rise to a hierarchical spectrum, as observed from the following relation [2]:

M3 : M2 : M1 = 6 : 2 : 1 (2.3.23)
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with M1/g
2
1 = M2/g

2
2 = M3/g

2
3 = κ where κ is a constant. Thus the kind of spectrum

advocated in mSUGRA has a large mass hierarchy amongst the sparticles. For compressed

spectrum such a mass hierarchy amongst the sparticles is not respected and leads to closely

spaced sparticles. Similar mass hierarchy is observed for gauge-mediated SUSY breaking

(GMSB) where one has the following free parameters: tan β, sign(µ), M , Λ, NM where Λ is

proportional to the SUSY breaking scale, M is the messenger mass scale whereas NM refers

to the number of messengers1. However note that the discovery of a light 125 GeV Higgs

boson stringently constrains the GMSB parameter space requiring stop masses to be as heavy

as 4-5 TeV in absence of large mixing values of At at the tree or one loop level [8, 44–46].

We now briefly review the general phenomenological implications of the MSSM part of

the spectrum in such scenarios. The heavier sparticle decays to lighter sparticles along with

SM particles, cascading down to the lightest SUSY particle. For R-parity conserving SUSY,

where R-parity is defined as PR = (−1)3B−L+2S, SM particles have PR = +1 whereas SUSY

particles have PR = −1. SUSY particles decay to the LSP which remains stable for a R-parity

conserving SUSY scenario. The large mass hierarchy amongst the sparticles has prompted

searches for SUSY in final states with large missing energy and hard jets and leptons at past

and present colliders. Although most SUSY searches are inspired by mSUGRA/GMSB-like

spectra to observe signals at experiments with high pT jets and/or leptons and large missing

transverse energy carried away by the LSP, such signatures differ drastically from SM since

the SUSY particles are heavier compared to the SM. However no signals of SUSY have

been observed at the LHC in such channels with multiple jets/leptons and large missing

transverse energy as predicted for conventional SUSY scenarios like mSUGRA and current

searches at LHC push the bounds on mSUGRA to the multi-TeV range. Bounds on cMSSM

are summarised in Fig. 2.1 with the particle spectrum being pushed up to ∼ 6 TeV for LSP

masses ∼ 500 GeV at the Run 1 of LHC with the centre-of-mass energy
√
s = 8 TeV by the

ATLAS experiment [47].

In the light of the current data being collected at LHC [48,49], it is imperative to inves-

1Note that both mSUGRA and GMSB have additional particle content beyond the MSSM. Namely,

both mSUGRA and GMSB accomodate gravity in SUSY by including a spin-2 graviton and its spin- 32

superpartner, the gravitino and therefore include a free parameter mG̃, namely the mass of the gravitino.

While in mSUGRA the SUSY breaking scale is near the Planck scale MPl, the gravitino is massive and

not a good candidate for LSP, in GMSB the SUSY breaking scale is low enough such that gravitino mass

mG̃ is light. In such a case the G̃ is the LSP [8]. The presence of such a LSP candidate would modify the

phenomenology of the MSSM sparticles significantly as we discuss in Chapter 4 and 5.
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Figure 2.1: Limits on mSUGRA from the ATLAS experiment at LHC [47].

tigate the underlying assumption of unification of soft parameters for cMSSM. The assump-

tion, although an economical choice, is not enforced from any underlying principle. This

prompted searches for alternate scenarios where the mass hierarchy amongst the sparticles

are not robustly enforced to be large. Such spectra have closely spaced sparticles and are

commonly referred to as compressed spectra which do not have large mass gaps amongst

the sparticles. Although the LSP is massive, since the ensuing daughter particles inherit

transverse momentum proportional to the available phase space, the absence of substantial

mass difference amongst the sparticles including the LSP leads to the presence of soft jets

and leptons as its characteristic feature. The missing transverse energy balancing the visible

transverse momenta of the particles is also degraded and consequently a compressed spec-

tra has low missing energy ( /ET ). Therefore, signals of a compressed spectra typically are

devoid of hard jets/leptons and large missing energy. This makes it particularly difficult to

investigate the collider signatures of the compressed spectra and leads to reduced limits from

searches optimized to signatues of mSUGRA-like spectra and thus lead to weaker limits on

compressed spectra. Therefore a much lighter SUSY spectrum is allowed from current limits

compared to the limits from searches for conventional channels with hard leptons, jets and

large missing transverse momentum.
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In the absence of hard visible objects to trigger upon, the traditional signature of a

compressed spectrum was thought to be monojet and missing energy. The source of the

monojet is the initial state radiation (ISR) or final state radiation (FSR) jet which recoils

against the system of the produced sparticles decaying to the soft visible particles and the

invisible massive LSP. It also helps boost the recoil system. In absence of hard triggerable

objects in the event, the hard ISR jet is tagged upon to balance the invisible new physics

sector thus leading to the presence of a large missing transverse energy. Thus monojet

and missing transverse energy has been traditionally the best channel for discovery of a

compressed spectra. Also, in most studies the compression in the mass is studied with

respect to simplified spectra with part of the spectrum decoupled.

The work in this thesis encompasses the following aspects of study:

• Scenarios where SUSY spectrum, fully or partially compressed, have been explored

indicating that the SUSY breaking masses are correlated and therefore one needs to

go beyond the MSSM particle structure.

• We have discussed implications of scenarios where the LSP is not an MSSM particle but

gravitino or a right-sneutrino. It is thus relevant to summarise below some motivations

for going beyond MSSM.

2.4 Motivations for going beyond MSSM

We briefly review some of the motivations for going beyond the MSSM:

• To bring order in chaos: The MSSM leads to a proliferation of free parameters

(>100). It is a legitimate aspiration to have them connected, using some overseeing

principle.

(a) mSUGRA: The most common example is the constrained MSSM (cMSSM) based

on a minimal supergravity (mSUGRA) scenario. There the breakdown of SUSY in a

’hidden sector’ gets communicated to the ’observable sector’ via gravitational inter-

action. One thus obtains high-scale universal scalar and gaugino as well as trilinear

soft breaking parameter A0. Upon evolution down to the TeV scale, these generate

the entire low-energy MSSM spectrum, buttressed by sgn(µ) and tan β, the ratio of

the vaccuum expectation values of the two Higgs doublets. This remains an appeal-

ing paradigm, although the current cosmological and collider data put rather strong

constraints on such scenarios.
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(b) Gauge mediation: In gauge-mediated SUSY breaking (GMSB) [8], SUSY breaking

occuring in the ’hidden sector’ is communicated to a ’messenger sector’ which in turn

transmits the breaking information to the observable sector via loop effects mediated

by SM gauge interactions. The messenger sector holds the SUSY breaking information

in the scalar and auxilliary component vev’s of some chiral superfield. The minimal

GMSB model with NM messenger superfields, consisting of vector-like quark and lep-

ton chiral supermultiplets, couple to a singlet superfield S whose scalar and auxilliary

fields obtain vev. After SUSY breaking is communicated to the visible sector, the gaug-

inos acquire masses at one-loop level (via contributions from the messenger fields in the

loop) while the scalars receive masses at two-loop level. Note that the soft trilinear cou-

pling is generated at the higher loop level at the messenger scale. Therefore the entire

low-energy spectrum is generated entirely from the free parameters Λ, NM ,M, sgn(µ)

and tan β where Λ is <FS>
<S>

, < FS > is the SUSY breaking scale while M ∼< S >.

Therefore GMSB also advocates an economy in the number of free parameters in the

theory. An attractive feature of GMSB is that the SUSY breaking scale may be much

lighter than the Planck scale (as in mSUGRA) depending on the model parameters,

i.e,
√
F ∝

√
mG̃MPl. This not only reduces the undesirable flavor-changing neutral

currents, but also enables the gravitino to be much lighter ( . keV) than the sparticle

masses and motivates it to be a possible LSP candidate. However, minimal models of

GMSB fail to fit the Higgs mass. This is because it fails to generate non-zero trilinear

couplings at the lower loop levels. Thus the protagonists of GMSB need to turn to

non-minimal scenarios.

• Mechanism for generating neutrino masses: The MSSM does not include right-

handed neutrinos thereby leading to massless neutrinos after electroweak symmetry

breaking. However, extensions to MSSM with right-handed neutrino superfields give

rise to potential mechanisms for generating neutrino masses via Type-I Seesaw mech-

anism [20–22].

• Alternate DM candidates: In the light of the current data disfavouring WIMPs

as cold dark matter candidates from direct searches [50, 51], it is worthwhile to study

alternate candidates for the LSP or alternate mechanisms of production of dark mat-

ter, focusing not only on thermal but non-thermal production mechanisms as well.

Gravitino, in the keV mass range, is a potential warm dark matter candidate [52, 53]

whereas the right-sneutrinos with masses close to the weak scale may serve as a thermal

or non-thermal DM candidates [54–63] depending on the left-right sneutrino mixing
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and mass-splitting with respect to the MSSM sparticles.

• µ problem: The naturalness of the Higgs mass demands that the value of the µ

parameter should be close to the electroweak scale in order to avoid large fine-tuning

amongst the parameters contributing to the Higgs mass. However µ being a SUSY

preserving parameter is not restricted to be near the electroweak scale as demanded

by the naturalness problem. This is commonly referred to as the µ problem and bears

no explanation in the MSSM.

• Spontaneous SUSY breaking: It is imperative to go beyond the MSSM if SUSY is

to be broken spontaneously analogous to the Higgs mechanism. Since the mechanism

of SUSY breaking is unknown it could very well be spontaneously broken and similar

to SSB as in SM. Therefore if spontaneous SUSY breaking is to occur via the F-term

or the D-term would require one to explore non-minimal SUSY scenarios [2]. This is

especially true in the light of the supertrace theorem which underlines the requirement

of non-renormalisable interactions, thus hinting that the MSSM is perhaps an effective

theory at best. It is also rather difficult to fit the Higgs data in the MSSM necessitating

the presence of at least one or more heavy stops or a large soft trilinear parameter At

leading to a large mixing in the stop sector and therefore challenging the naturalness

paradigm.

• R-parity conservation: Baryon and Lepton number conservation is an accidental

symmetry in the SM and the same is respected in the MSSM. However in the absence

of any dynamical principles to motivate the conservation of baryon and lepton number,

solely limiting ourselves to such specialised cases could be an oversimplification. R-

parity violating SUSY scenarios [64] respecting the upper limits on the lifetime of the

proton allows the LSP to be unstable. Although unstable the LSP may still be a valid

DM candidate if it has a lifetime larger than the age of the universe and the prospects

of observing such a SUSY scenario at the colliders in such cases can be completely

different from that in the R-parity conserving case.
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2.5 Alternate Candidates for LSP in Beyond MSSM

scenarios

The lightest neutralino has been the most preferred candidate for cold dark matter although

absence of signals at experiments indicates we should also think beyond and look for alternate

dark matter candidates for the LSP, such as gravitinos, axinos and right-sneutrino among

other possibilities. A light gravitino LSP candidate, for example, arises in GMSB-like models

where the SUSY breaking scale is low enough. This leads to new signatures of the MSSM

spectra and the limits on the MSSM sector are in turn affected. We first briefly discuss

few of the possible candidates for the lightest SUSY particle (LSP) and in the subsequent

chapters, probe alternate novel signatures of compressed and partially compressed spectra

in MSSM and its extensions. We discuss some of the alternate candidates for the LSP such

as gravitino and right-sneutrino relevant for my thesis as below.

Gravitino (G̃)

Local supersymmetric theories incorporate gravitational interaction by introducing a gravi-

ton (spin-2) and its superpartner gravitino (spin-3
2
). Spontaneuos breaking of local SUSY

gives rise to a massless Nambu Goldstone Weyl fermion, the goldstino, which subsequently

gets absorbed as the longitudinal component of the gravitino after EWSB similar to the

Higgs mechanism. For a light gravitino, at energies greater than the gravitino masses, the

longitudinal mode of the gravitino, i.e, the goldstino couples to an SM particle and its su-

perpartner with a coupling enhanced by a factor (mG̃)−1 as compared to the transverse

modes and hence dominates the interactions of a gravitino. In such a scenario, it is the

goldstino mode of the gravitino which plays an important role in collider phenomenology2.

The sparticle-particle-goldstino (G̃) Lagrangian is as follows [2]:

Lgoldstino = iG̃†σ̄µ∂µG̃−
1

< F >
G̃∂µj

µ + c.c (2.5.1)

where < F > refers to the vev obtained by the SUSY breaking auxilliary field F and jµ

refers to the current involving all other sparticles and SM particles. The couplings of the

gravitino are inversely proportional to (MPlmG̃) such that light gravitinos coupled with

stronger interaction strengths to particle-sparticle pairs. A light gravitino of mass in the

keV range is also a candidate for warm dark matter and favoured by structure formation.

2We use G̃ to refer to the gravitino henceforth.
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Such a light G̃ occurs as a LSP in gauge mediated SUSY breaking (GMSB) models

[8, 65–71]. Since GMSB fails to explain the Higgs mass in its minimal version [44–46], the

particle spectra we study in this thesis does not conform to the GMSB in its minimal form.

Also, a keV-scale gravitino, too, may not be easy to fit into a minimal GMSB structure.

We have therefore used a phenomenologically adapted spectrum including a light gravitino

DM, which is consistent with all observations so far. We discuss the relevant couplings and

interaction strengths of the gravitino to other MSSM sparticle-SM particles in Chapter 4

and 5.

Right-Sneutrino (ν̃R)

Neutrino oscillation experiments have affirmatively established the presence of light neutrino

masses. However neither SM nor its supersymmetric counterpart MSSM, in its simplest

reincarnation accomodates neutrino masses. There exist beyond MSSM scenarios which may

accomodate neutrino masses. One such case is that of extending the MSSM with a right-

handed neutrino superfield N [20–22]. In addition to providing a mechanism to incorporate

neutrino mass, it also opens up the prospect of the presence of an alternate dark matter

candidate, namely, the presence of a right-sneutrino as the lightest SUSY particle. This

aspect will be discussed in more detail in Chapter 6 while in the subsequent Chapters 3, 4

and 5 of this thesis we present our works with compressed scenarios in MSSM and beyond,

including different LSP candidates.
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Chapter 3

Revisiting Compressed

Supersymmetry with 125 GeV Higgs

3.1 Introduction

Despite the very pertinent candidature of TeV-scale SUSY as the solution to the Higgs

naturalness problem, and the possibility of solving the DM problem with its help, the LHC

experiment is yet to reveal any hint of SUSY. As we have discussed in Chapter 2, the conven-

tional SUSY scenarios like mSUGRA and GMSB, bearing the tell-tale signatures of SUSY

had garnered considerable attention over the past few decades however without success. Al-

though model independent results are published by the ATLAS and CMS collaborations,

the signal search strategies are mostly optimized using the characteric signatures of such

constrained scenarios and thus any departure from such conventional forms of SUSY may

not be captured efficiently by the current search strategies.

A way of retaining one’s hope in this direction is to think of some version(s) of SUSY,

broken around the TeV-scale, but with such spectra as can suppress the usually expected

signals. One such version is where the sparticle masses are compressed within a rather small

range, a situation whose theoretical justification and phenomenological analyses have already

generated some efforts [4, 5, 72, 73]. The compressed spectrum causes the jets and leptons

produced in SUSY cascades to be relatively soft, and also downgrades the missing transverse

energy ( /ET ) somewhat, thus potentially suppressing signals that pass the acceptance criteria

at the LHC. One can therefore envision allowed regions in the parameter space after the 8 TeV

run, with relatively low-lying superparticles but small spacing between the squark/gluino
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masses and that of the lightest SUSY particle (LSP)1.

It was initially thought that the best way to look for compressed SUSY was to focus on

the mono-jet + /ET signal [3,74–88]. Subsequent investigations in the context of run-I showed

that the ‘conventional’ multi-jet + /ET signals (with or without accompanying leptons) could

be more useful if appropriate event selection criteria were followed [76,77,79]. It is important

to see how such (multi-jet +/ET ) signals fare against the mono-jet +/ET ones in the 13 and

14 TeV runs of the LHC.

A few things, however, remain to be noted carefully in such an investigation. In many

recent studies, experimental as well as theoretical, the deciding factor is assumed to be the

mass splitting between the coloured members such as gluino/squarks and the LSP, the role

of the rest of the spectrum being relatively inconsequential. It is also sometimes customary

to focus on the mass gap between the LSP and the next-to-LSP (NLSP). This kind of an

approach has often been prompted by attempts to parametrize the spectrum in terms of

some ‘compression factor’ [4, 5] that straightjackets the entire spectrum in a little oversim-

plified manner. However, one should take an equally serious note of the rest of the minimal

SUSY standard model (MSSM) spectrum where even non-coloured particles (or third family

squarks) can have substantial splitting with the LSP, thus producing additional hard jets

and/or leptons after all.

Another vital issue that needs to be addressed is the undeniable presence of the lighter

CP-even Higgs boson around 125-126 GeV. In a SUSY extension of the standard model

(SM), one can only consider spectra where this mass value is replicated, its behaviour being

most likely SM-like. As we know, the mass of this scalar in the MSSM, taking radiative

corrections into account, is highly dependent on the two stop masses as well as the stop

left-right mixing angle. Hence the degree of compression of the entire MSSM spectra is

expected to be strongly constrained, if the lighter CP-even Higgs mass has to be in the right

value. Therefore, the compressed spectra proposed in the earlier works need to be revisited

in the aftermath of the Higgs boson discovery. This is not thoroughly done in most existing

studies; it is often implied that either the spectrum is only partly compressed [3, 74–88], or

some physics beyond MSSM is responsible for the observed value of the Higgs mass [1,16,89].

In contrast, we have proceeded assuming the intervention of only the MSSM fields in deciding

the Higgs mass(es).

In addition, the constraints from the relic density of the universe as well as those arising

from direct DM search experiments are important requirements of a SUSY spectrum. We

1The lightest neutralino (χ̃0
1) has been assumed to be the LSP in this study.
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have taken these constraints into account while selecting the benchmark points in the pa-

rameter space. For more detailed study of DM in the context of compressed SUSY scenario,

see [90–92].

On the whole, given the manifold diversity of an MSSM spectrum, we have preferred

to think not in terms of some compression parameter(s) in a somewhat simplified spectrum

but to work with a wide assortment of benchmark points, which reflect as many different

possibilities as possible. We have kept the heavier stop mass and/or the higgsino mass

parameter µ somewhat above the compressed spectrum in some cases. The latter choice

may perhaps be justified by the observation that µ does not have the same origin as the

SUSY-breaking mass parameters; it is in fact a SUSY-invariant parameter, though destined

to be in the TeV scale by the electroweak symmetry breaking requirement. In any case we

have also presented results for some benchmark points where the entire spectrum lies tightly

compressed. After a detailed study of this variety of benchmarks, we reach the conclusion

that signals comprising multi-jets are likely to be more useful in the 13/14 TeV runs, as

compared to those depending upon mono-jets. The contents of this chapter are based on the

work [7].

The subsequent sections are organized as follows. In section 3.2, we discuss the exist-

ing experimental limits on the MSSM parameter space. We further discuss the status of

compressed SUSY search at the LHC. Then we look for a truly compressed SUSY spec-

trum keeping the lightest CP-even Higgs boson mass in its allowed range around 125 GeV.

While doing so, we carry out a detailed scan of the relevant parameter space keeping all

the collider, DM and flavour physics constraints in consideration. We then provide some

benchmark points to showcase our results with different squark-gluino mass hierarchy keep-

ing the lightest neutralino as the LSP. In section 3.3, we explore the collider aspects of such

scenarios in the context of run II of the LHC. We look for both multi-jet +/ET and mono-jet

+ /ET final states arising from all possible squark-gluino production channels and compare

the sensitivities of these two signals to such compressed spectrum and conclude.

3.2 Status of SUSY search and a compressed spectrum

The generic SUSY search channels at the LHC involve the strongly interacting sector com-

prising of squarks (q̃) and gluino (g̃), all of which have large production rates. In the

CMSSM/mSUGRA scenario, the mass spectrum for the squarks, gluino and other sparti-

cles have a predetermined hierarchy dictated by the renormalization group (RG) evolutions,
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once the free parameters are chosen at the unification scale. Once a mass-ordering is thus

established, this simplifies the search strategies, since the observed jets or charged leptons

originating from the SUSY cascades would carry the imprint of the mass spectrum. One

usually associates the signal to contain jets and charged leptons with large transverse mo-

menta along with substantial missing transverse energy ( /ET ) carried away by the stable

lightest SUSY particle (LSP). As a result, the final states are easily separated from their

respective SM backgrounds and the exclusion limits derived on the coloured sparticles come

out stronger in this framework. Both CMS and ATLAS have put bounds which are close

to around 1 TeV on the squark masses and 1.4 TeV on the gluino masses respectively for

simplified models [93]. In the case of degenerate squarks and gluinos, the exclusion limit

extends up to 1.7 TeV in CMSSM models [94].

3.2.1 Current limits on MSSM from ATLAS and CMS

However, the MSSM in general poses a bigger challenge for LHC to put similar exclusion

limits. Since the number of free parameters increases many fold, possibilities for different

mass ordering of the SUSY particles open up. In such situations, it not only becomes very

difficult to put absolute bounds on the masses of the sparticles, but the guiding principles

to search for SUSY at LHC also become ambiguous. Because of this, the bounds are always

associated with some simplified assumptions for the decay pattern of the produced particles

and therefore, one has to be careful while implementing these limits. In such scenarios,

gluino mass (mg̃) is excluded upto 1.3 - 1.5 TeV when the lightest neutralino (LSP) mass

(mχ̃0
1
) is not heavier than 500 - 600 GeV [94], provided the first two generation squarks are

lighter than gluino. When the squarks are much heavier than the gluino, the mg̃ decays via

off-shell squarks. The decay to three-body final state comprising of two quarks and the LSP

leads to softer jets in the final state which dilute the mg̃ exclusion limit to about 1.4 TeV for

mχ̃0
1
≤ 300 GeV [94]. Just as above, all such available limits from run-I data of the LHC are

expected to weaken further if the mass difference between the parent and daughter particles

gets reduced as this would result in less /ET and softer jets/leptons in the final state. For

example, if mg̃ −mχ̃0
1

is very small, the exclusion limit on mg̃ reduces to 550-600 GeV [94].

Thus, a light spectrum with small mass gaps among the SUSY particles might have escaped

Run-I scrutiny, thereby prompting increased interest in a compressed SUSY scenario [4, 5].

Summarizing the other available bounds on MSSM, for a much heavier gluino, lighter

squark (first 2 generations) masses are excluded below 850 GeV when mχ̃0
1
≤ 350 GeV [94].

Lighter stop masses (mt̃1
) are excluded upto 600-700 GeV provided t̃1 decays into a top
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quark (t) and χ̃0
1 where mχ̃0

1
< 250 GeV [95, 96]. When the t̃1 decays into a bottom quark

(b) and the lighter chargino (χ̃±1 ), any mt̃1
below 500-600 GeV is excluded for mχ̃0

1
below

200-250 GeV [95, 97], the exact limits being dependent on the chargino mass. For other

decay modes of t̃1 (flavor violating or > 2-body modes), the exclusion limits reduce to 240-

260 GeV [95,97,98]. Similarly, a lighter sbottom mass (mb̃1
) below 620 GeV is excluded for

mχ̃0
1
≤ 150 GeV [99]. When mb̃1

−mχ̃0
1

is small, the exclusion limit on mb̃1
is lowered to 250

GeV [98].

Since for our present work we consider a relatively compressed spectrum, it turns out

that the weakly interacting sector of MSSM has a relatively less important role to play.

Therefore, we shall focus on the production and decay of the coloured sparticles. For a more

detailed discussion, we refer the readers, for example, to Ref. [100,101].

3.2.2 SUSY with the entire spectrum compressed

Compressed SUSY spectra has been studied in the context of LHC quite extensively with

special emphasis on the smallness of the mass gap between the coloured sparticles and the

LSP. A coloured NLSP (be it a squark or a gluino) is often assumed, and the role of the other

sparticles in SUSY signals is considered to be of secondary importance. In an un-compressed

spectrum one probably can accept that the significant contribution to the rates come from

lightest colour sparticle production (where the other coloured modes are heavier), but in

a compressed scenario contributions from the heavier modes cannot be ignored anymore.

Understandably, hard jets or leptons are difficult to obtain in the final state for small mass

gaps. This results in weaker limits on the parameter space, when compared to the standard

SUSY searches. However, such effects do not always presume the entire spectrum to be

compressed. In most cases, a part of the strongly interacting sector (for example, the third

family squarks) is ignored by decoupling it from the low lying spectrum. In addition, many

extant studies do not pay enough attention to parts of the coloured spectrum, which may not

be entirely decoupled, but whose participation vis-a-vis that of the gluino may have bearing

on the SUSY signals, especially on the kinematic profiling of the events arising out of sparticle

production. For example, the contribution to the final state may dominantly come from the

hard processes comprising of the production of squarks in association with gluinos. Now,

inspite of having a small gluino-LSP mass gap, the squarks may have a substantial mass gap

with the LSP. These sparticles will then start contributing to the final state giving rise to

harder jets or leptons along with relatively larger /ET .

Hence the question we really need to ask is, how would a really compressed SUSY spec-
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trum, with almost all sparticles rubbing shoulders with each other, play out at the LHC.

Such a SUSY spectrum, however, has to obey some guiding principles. The first of these

is to reproduce the lighter neutral CP-even Higgs mass in the neighbourhood of 125 GeV.

The next constraint to be taken into account is the contribution to the relic density of the

universe. These, in addition to various limits arising from flavour physics and/or direct search

results till date, guide one towards some allowed spectra that are either fully compressed or

have to leave out some relatively heavy states above the compressed band.

We discuss these issues in the next subsection, based on which we finally choose spe-

cific benchmarks from the viable parameter space which highlight different mass hierarchies

among the gluino and the squark states. We use the benchmarks to carry out a detailed col-

lider simulation for both multi-jet + /ET and mono-jet + /ET final states, to determine which

search strategy may help us better to discover or rule out various SUSY spectra that are

compressed to the utmost.

3.2.3 A spectrum constrained by Higgs mass and Dark matter

We recall that the tree-level mass of the lightest CP-even Higgs boson as obtained in the

MSSM framework has an upper bound:

mtree
h ≤ mZ | cos 2β| (3.2.1)

where tan β = vu/vd is the ratio of the two Higgs vev ’s. Since Eq. 3.2.1 cannot allow a Higgs

mass greater than the Z boson mass, one has to rely on substantial contribution through

higher order (loop) corrections to reach the neighbourhood of 125 GeV, the experimentally

measured mass of what could be the lighter CP-even neutral scalar in a SUSY scenario.

The dominant higher-order contribution comes from stops in the loop due to a large Yukawa

coupling of the Higgs boson with the top quark. The one-loop contribution to the mtree
h is

approximately [102]:

(∆m2
h)

1−loop ' 3m4
t

4π2v2

(
ln
M2

S

m2
t

+
X2
t

M2
S

− X4
t

12M4
S

)
, (3.2.2)

where v is the up-type Higgs VEV, MS =
√
mt̃L

mt̃R
is the geometric mean of the stop left-

right masses and Xt = At − µ cot β, which governs t̃L − t̃R mixing as well as the splitting

between the two stop mass eigenstates. Thus the radiatively corrected Higgs mass crucially

depends on two parameters, namely, MS and Xt, along with µ and tan β. We note that in

order to have one of the CP-even Higgs mass as 125 GeV Higgs boson in the theory, one

requires large stop masses and large stop mixing (Xt ' ±
√

6MS) [103,104].

47



One has the freedom to choose soft-breaking SUSY parameters in the MSSM for each

sfermion generation separately. Also, maximum mass splitting is possible in the third family

(due to the larger Yukawa couplings) which again contributes most significantly to the Higgs

mass correction. Thus one concludes that obtaining a significant compression in the entire

spectrum is difficult, since achieving mh ≈ 125 GeV requires (at least) one stop eigenstate

to be heavy.

At the same time, we find a somewhat large µ, too, is favourable in achieving mh ≈ 125

GeV. However, this also entails the possibility of having the higgsino-dominated chargino

and neutralinos on the heavier side, thus jeopardising the degree of compression in the entire

MSSM spectrum. This also affects the higgsino component in the LSP, which in turn may

reduce the annihilation rate far too much, leading to excess relic density.

We thus use the following constraints in our scan of the parameter space :

• The lightest CP-even Higgs mass should be in the range 122 < mh < 128 GeV [1,16,89].

• The LEP lower bound on the lightest chargino mass, viz. mχ̃±
1
> 103.5 GeV [105].

• Constraints from branching ratios of rare decays such as BR(b→ sγ) = (3.55± 0.24±
0.09)× 10−4 [106] and BR(Bs → µ+µ−) = (3.2+1.4

−1.2
+0.5
−0.3)× 10−9 [107,108].

• The LSP, χ̃0
1, which is the cold dark matter candidate, satisfies the observed thermal

relic density, 0.092 < Ωχ̃h
2 < 0.138 [109].

However, for our parameter scan we have considered only the upper limit of Ωh2, taking

the view that it is plausible to have multi-component DM. [110–118]. However, sub-

stantial portions in the parameter space have been identified, where a single-component

DM satisfies it. We also include the constraints from direct dark matter searches, as

obtained from the LUX data [119].

In order to achieve spectra which are as compressed as can be, consistent with the above

constraints, we have taken into consideration the following points in our prediction of the

LHC signal:

• The mass gap within the stop pair being large, overall compression can be reduced in

situations where one stop eigenstate, t̃1, lies just above the neutralino LSP.

• Gluino can be light and both cases are considered when gluino mass is above or below

the lighter stop.
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• The non-strongly interacting sfermions and gauginos are assigned various orders in the

compressed spectrum. Though they have less of a role in the LHC signals (except for

SUSY cascades which reduce rates of the signal consisting purely of jets), they may

have a bearing on the relic density as well as cascade decays.

• The heavier stop mass as well as µ are kept both outside and inside the most compressed

part of the spectrum. The latter possibility (i.e. no sparticle outside the compressed

region) works for relatively heavy spectra only.

We parameterize the compression using the mass gap between the LSP (mχ̃0
1
) and the

heaviest sparticle (X̃) in the spectrum, defined as ∆M = mX̃ −mχ̃0
1
, where X̃ ∈ g̃, t̃2, b̃2,

τ̃2, χ̃0
2 and χ̃±1

2. We scan over the relevant parameters shown in Table 3.1.

Parameters Ranges

M1, M2, M3 (100, 2500) GeV

At (-3000, 3000) GeV

tanβ (2, 50)

ML = MR (M1,M1 + 200) GeV(if M1 < M2)

(M2,M2 + 200) GeV(if M2 < M1)

Table 3.1: Ranges of the relevant parameters for the scan. M1, M2, M3 are the gaugino mass

parameters, varied in the same range but independent of each other. ML and MR are the

left-handed and the right-handed soft mass parameters of squarks and sleptons.

Here ML and MR represent the soft mass parameters of the left and right handed squarks

and sleptons respectively3. As Table 3.1 suggests, we chose same ML and MR for all flavours.

For our scan, we have used SPheno (v3.3.6) [120,121] which calculates all sparticle masses at

one-loop level while the Higgs mass is calculated at two-loop in order to generate the SUSY

spectrum and consequently micrOMEGAs (V 4.1.7) [122] to calculate the DM relic density and

direct-detection cross-section, flavour physics constraints and muon g-2. In Fig. 3.1, we plot

mχ̃0
1

as a function of ∆M . As evident, a µ-value close to or above 4 TeV allows a ∆M as low

2Note that the higgsino dominated states may lie outside our compressed spectrum when µ is chosen to

be very large.
3Although the soft mass parameters for the squarks and sleptons are kept equal by choice, this does not

significantly affect the hadronic signals.
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as 100 GeV. This figure gives a clear idea of the heaviness of the MSSM spectra as we keep

compressing the whole spectrum. To give some estimate, in order to restrict the spectrum

with ∆M ∼ 100 GeV, one obtains a lower limit on the LSP mass close to 1800 GeV for

µ = 5 TeV.

 0
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m
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Figure 3.1: Distribution of mχ̃0
1

as a function of ∆M at different µ values. The five colours

(yellow, cyan, brown, blue and green) indicate five different values of µ. The points in the

plot satisfy all the relevant constraints mentioned in the text.

We examine next how the the constraints from relic density(Ωh2) and the spin-independent

cross-sections (σSI) in direct search experiments affect the allowed parameter space. Since

we are considering a compressed MSSM scenario, there are always some sparticles whose

masses lie close enough to the LSP to produce sufficient co-annihilation to bring down the

relic density to permissible limits. For a wino-like LSP, the χ̃0
1 mainly co-annihilates with

the χ̃±1 . In addition, if there are sparticles nearby, e.g, g̃, t̃1, b̃1, τ̃1, in the spectrum, all the

annihilation channels combine to produce underabundance of the DM relic density. Similar

situation may occur in case of a bino-like or a bino-wino mixed LSP state. Hence Ωh2 is not

a very serious constraint for such a scenario.

Direct search limits, (σSI), however, can rule out some of the relevant parameter space.

Fig. 3.2 shows the distribution of σSI as a function of the DM mass(mχ̃0
1
). Note that in this
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Figure 3.2: The direct detection cross-section as a function of the LSP mass. Since we are

interested in small ∆M we have plotted the points only when ∆M ≤ 200 GeV. Colour labels

follow Fig. 3.1. The black dotted line represents the most updated LUX bound.

plot we only show those points in the parameter space, which produce ∆M ≤ 200 GeV.

Understandably, there are no points corresponding to µ = 1 TeV in the distribution, since

Fig. 3.1 clearly shows the maximum compression we can reach in this case is close to 220

GeV. The black dotted line represents the most recent bound on σSI provided by the LUX

experiment as a function of the DM mass [119]. As expected, all the points obtained in

the scan with µ ≥ 3 TeV lie well below the exclusion line, the LSP in these scenarios have

almost zero contribution from higgsino components and as a result, the Z-boson coupling

of the LSP is reduced to a very small value, resulting in such small DM-nucleon scattering

cross-sections. However, if we keep decreasing the µ value, σSI increases. When the bino

or wino mass parameters become comparable to the µ parameter, as happens in part of

the parameter space in the µ = 2 TeV case 4, the LSP turns out to be a mixed state with

substantial higgsino component. This results in enhancement of σSI which is manifested in

the few blue points in the figure which violate the LUX limit.

To demonstrate how the stop mixing parameters behave under the Higgs mass constraint,

4This is a result of our choice of the scan ranges of M1 and M2 as indicated in Table 3.1. In section. 3.2.4,

we show two such sample benchmark points with non-negligible higgsino component (e.g. 8% in BP6).

However, we have not considered higgsino-like LSP for our present work.
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we chose one particular LSP mass close to 1100 GeV (M1 = 1100 GeV) and vary At in

the range (−3000, 3000) GeV and t̃L and t̃R soft masses, MQ3

L and MU3
R , such that M1 <

M
Q3/U3

L/R < M1 +200 GeV.5 with M2 = 1200 GeV . We further impose the constraint that the

light stop mass (mt̃1
) is never heavier than the LSP by more than 30 GeV. Gluino mass and

all the other squark and slepton soft masses are kept fixed at a uniform value, about 100

GeV above the LSP mass. These other scalar masses and the gluino mass can be lower than

their fixed values. However, we are interested in minimising the mass gap between mt̃2
and

mt̃1
. This largely determines the compression factor in the whole SUSY parameter space.

We have, therefore, kept them at an intermediate value in order to reduce the number of

parameters to scan. The scan is carried out for two different values of tanβ, namely, 10

and 25 each for two different µ-values (2 TeV and 3 TeV) to ascertain their effect on the

compression of the relevant parameter space.

Fig. 3.3 showcases the correlation between the stop mixing parameters once the Higgs

boson mass constraint is implemented for two different µ values. As already discussed, the

mass difference between the two stop states, ∆mt̃, is an important factor in enhancing the

radiative Higgs mass correction. In Fig. 3.3 (a) and (b) we show the variation of ∆mt̃ with

At at two different tanβ values (Green and Blue points) for µ = 2 and 3 TeV respectively.

As expected, with the increase of tanβ smaller |At| is allowed from Higgs mass constraint

as a result of increased mixing in stop sector. Fig. 3.3 (b) indicates that slightly smaller

|At| values are permissible with increase in µ. In a nutshell, the minimum allowed value of

∆mt̃ decreases as we increase tanβ or µ indicating the possibility of getting more and more

compressed spectrum. The minimum ∆mt̃ obtained is about 180 GeV with mt̃1
close to 1400

GeV and µ = 2 TeV whereas with µ = 4 TeV this minimum value reduces to about 100

GeV.

Fig. 3.3 (c) and (d) show the distribution of mh as a function of ∆mt̃. These distributions

give a clear idea about the range of Higgs mass we obtaine for a certain value of ∆mt̃. Fig. 3.3

(d) shows one can squeeze ∆mt̃ to about 160 GeV. However, to ascertain the whole sparticle

spectrum mass window, one needs to look at the difference between the LSP mass and the

heaviest sparticle in the spectrum. Mass gap of the heavier stop/sbottom and the LSP is

denoted as ∆M . Fig. 3.3 (e) and (f) show the distribution of mh as a function of ∆M . As

evident from the plots, the minimum ∆mt̃ is almost similar to the minimum ∆M that is

obtained here indicating that at the periphery of this minima, mχ̃0
1
≈ mt̃1

.

5For this scan, we only consider bino-like LSP, i,e, M1 < M2.
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Figure 3.3: The various distributions obtained in our scan are shown. Fig. (a), (c) and (e)

are obtained with µ = 2 TeV while Fig. (b), (d) and (f) show the same set of plots obtained

with µ = 3 TeV. All the points shown in these plots respect the set of constraints mentioned

in the text. The scan is done for two different tanβ values: 25 (green points) and 10 (blue

points).
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3.2.4 Benchmark points

In choosing the benchmark points for our collider study, we have considered a range of LSP

masses varying from 840 GeV to 1862 GeV. The benchmark choices also take into account a

varied mass hierarchy for squarks and gluinos, thus allowing different possible decay cascades

down to the LSP. We also consider situations where the g̃ is the NLSP instead of t̃1. An

illustrative representation of our choice of benchmark points, keeping in mind the different

ways the sparticles can be arranged in their masses, is presented in Figure 3.4 where we

have classified the benchmarks into the four types of representations as shown. To study the

Figure 3.4: Different benchmark scenarios considered in our study: Type I (BP1,BP3, BP5,

BP10), Type II (BP4, BP7, BP8, BP9), Type III (BP2) and Type IV (BP6). (In all cases,

q̃iL/R=ũiL/R, d̃iL/R with i = 1, 2. Sleptons, χ̃0
2 and χ̃±1 not indicated in the figure, lie below t̃2

in all cases. Additionally, the mass gaps shown between different sparticles are not to scale).

signal from the above class of spectrum within a compressed SUSY scenario, we have chosen

ten benchmark points from the allowed parameter space in the model. The relevant input

parameters, mass spectra and the values of the constraints are summarised in Table 4.1.

Since having at least one heavy (∼ TeV) stop in the spectrum helps in achieving a

Higgs boson mass of 125 GeV, it is quite natural to expect more and more compression

in the whole SUSY spectrum if we keep increasing the LSP mass. In order to showcase

this, we have chosen benchmark points with different LSP masses for different choices of the

µ-parameter. BP2, with the lightest LSP mass at 842.4 GeV, gives ∆M ∼ 300 GeV while

BP6 has the heaviest χ̃0
1 at 1861.9 GeV and ∆M ∼ 184 GeV. However, note that in BP6,

we are able to even pull down the χ̃3/4 and the χ̃±2 masses within a 200 GeV mass window

from the LSP. A heavier spectrum with M1/M2 closer to µ may give rise to more compressed

spectrum, but they run into trouble with the DM direct detection constraint. In addition
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we note that spectra with very heavy squarks and gluino would be out of the 13/14 TeV

LHC reach with perhaps some hope for the very high luminosity run. We also take some

similar LSP masses with different squark-gluino mass hierarchies, like in BP1, BP5 and BP3,

BP9 to study how the different decay modes and hardness of jets are affected. It should be

noted here that we have focussed on final states with zero lepton; one-lepton, two-lepton and

three-lepton states have in general highly suppressed rates when they arise in cascade decays

of coloured sparticles. Besides, the leptonic final states often entail backgrounds with harder

lepton as well as /ET spectra, which survive the cuts in a relatively, more abundant manner.

Thus the exact location of the sleptons in our spectra are somewhat inconsequential, so far

as the multi-jet +/ET signal is concerned.

3.3 Probing a compressed spectrum at the LHC

We explore the possibility of finding such a scenario with jet(s) + /ET final state at the 13

TeV run of the LHC and also perform a detailed background simulation for the same. We

consider all possible squark/gluino production channels. We must point out that among all

the subprocesses contributing to the signal, the squark-gluino associated production channel

has the largest cross-section closely followed by squark pair production cross-section in most

of the cases. To study the signal we look at final states with both mono-jet + /ET and

multi-jets (≥ 2-jets) + /ET in order to compare the relative statistical significance factors.

Note that there have been some significant studies [4, 5, 74–79] that deal with collider

signatures of a compressed spectrum. However, all these studies consider either squark or

gluino pair production and their subsequent decays into the LSP neutralino. The compression

is highlighted through the mass gap between the squark/gluino and the LSP being small,

begging the explanation that the final state jets in such cases are too soft to be detected at

the colliders. In order to observe any signal, one then has to rely on the ISR-FSR jets and/or

photons. While such an observation may shed light on a somewhat fine tuned compression

in the SUSY spectrum, one cannot fathom that no other SUSY particle will be in similar

mass ranges. We believe that we have already highlighted that an equally probable spectrum,

where almost all SUSY particles are squeezed within a relatively small mass gap between the

LSP and the heaviest coloured sparticle, meets the strictest of experimental constraints there

is to offer. Such a scenario, therefore, presents a situation where one can envisage additional

contributions to the final states in consideration through production of the closely lying
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Parameters BP1 BP2 BP3 BP4 BP5 BP6 BP7 BP8 BP9 BP10

M1 1470.0 850.0 1107.0 1334.5 1476.3 1890.3 1200.0 1510.0 1105.0 1730.0

M2 1400.5 880.0 1200.0 1328.6 1402.6 1971.3 1250.0 1550.0 1150.0 1770.0

M3 1312.0 780.0 1015.0 1405.5 1387.7 1737.1 1180.0 1420.0 1080.0 1600.0

At 2200.8 -1650.0 1897.0 -1535.1 1840.8 2800.2 2050.0 2300.0 2000.0 2720.0

µ 2000.0 3000.0 2000.0 3000.0 3000.0 2000.0 2500.0 3000.0 3000.0 2000.0

tanβ 20.0 20.0 25.0 23.9 24.2 16.87 18.0 20.0 20.0 35.0

mg̃ 1430.0 861.6 1111.6 1497.4 1500.4 1882.0 1275.9 1534.7 1165.6 1737.8

mq̃L 1475.1 893.7 1159.0 1451.2 1532.8 1912.6 1271.4 1523.4 1127.5 1789.1

mq̃R 1473.6 887.4 1158.1 1450.9 1531.9 1909.9 1269.9 1520.4 1128.8 1789.1

mt̃1 1412.3 871.7 1097.9 1330.6 1426.1 1865.0 1192.4 1507.6 1100.4 1711.3

mt̃2 1595.9 1136.8 1300.4 1509.0 1581.3 2045.6 1390.5 1686.6 1308.3 1903.2

m
b̃1

1459.7 861.6 1125.1 1407.4 1493.5 1966.7 1241.9 1521.9 1130.4 1761.3

m
b̃2

1525.3 1044.1 1222.3 1494.5 1570.3 2011.6 1321.7 1619.5 1229.4 1838.4

m˜̀
L

1432.2 880.9 1121.2 1400.7 1482.7 1916.4 1221.5 1543.1 1132.5 1745.3

m˜̀
R

1426.2 871.0 1114.7 1400.7 1482.7 1907.6 1215.1 1535.5 1121.3 1736.9

mτ̃1 1430.3 890.3 1113.5 1353.2 1438.0 1893.7 1220.0 1529.1 1105.6 1725.4

mτ̃2 1483.8 1003.3 1209.5 1446.6 1526.0 1928.4 1289.1 1602.2 1198.2 1803.8

mν̃L 1429.8 876.5 1117.6 1398.6 1480.6 1914.4 1218.3 1540.5 1128.9 1743.1

mχ̃0
1

1406.7 842.4 1096.1 1323.9 1417.6 1861.9 1188.9 1496.3 1095.4 1709.3

mχ̃0
2

1453.9 889.1 1200.6 1342.9 1463.6 1934.7 1256.9 1559.0 1158.4 1764.9

m
χ̃±
1

1407.0 889.3 1200.8 1342.9 1417.6 1929.1 1257.1 1559.1 1158.5 1764.3

mh 122.6 122.0 122.2 122.5 122.8 123.9 122.0 122.4 122.1 124.6

Ωh2 0.092 0.032 0.036 0.113 0.099 0.113 0.062 0.105 0.073 0.110

σSI × 1011 (pb) 115.78 50.11 35.95 4.65 9.08 744.98 7.64 0.13 9.56 280.97

∆M (GeV) 189.2 294.4 204.3 185.1 163.7 183.7 201.6 190.3 212.9 193.9

∆Mi (GeV) 68.4 51.3 41.6 173.5 115.2 50.7 87.0 38.4 70.2 79.8

Table 3.2: Low scale input parameters and the relevant sparticle masses along with the

values of the relevant constraints for some of the chosen benchmark points satisfying all the

collider, DM and low energy constraints discussed in this section. All the mass parameters

are written in GeV unit. Here, ∆Mi = mi −mχ̃0
1
, where i represents a gluino or the 1st/2nd

family squarks (whichever is the heaviest).

coloured sparticles. Through this work we try to show how this could lead to modifications

in the signal topologies and what optimisations in kinematic selections may be required to

study such a compressed SUSY signal at the LHC.
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3.3.1 Analysis setup and simulation details

We consider all possible production channels of the coloured sparticles, i.e.

pp→ q̃i q̃j, q̃i q̃j
∗, g̃ g̃, q̃i g̃, q̃

∗
i g̃

where the respective sparticles would cascade down to the LSP, giving a multi-particle final

state comprising of leptons and quarks along with /ET associated with the invisible LSP. It

turns out that for the compressed spectrum, the jets and charged leptons originating from

cascade decays are expected to be quite soft. Therefore it becomes quite likely that events

observed from such productions could be observed through jets originating from initial-

state radiation (ISR). As a trigger threshold for such jets would naturally include situations

where the jets may actually be coming from hard partons produced in association with the

pair of SUSY particles at the parton-level. Hence one necessarily requires to produce hard

jet(s) at the parton level along with the coloured sparticles and match the events with the

ISR jet events. We perform a parton level event generation simulation using MadGraph5-

v2.2.3) [123,124]. For our analysis we have chosen CTEQ6L [125] as the parton distribution

function (PDF). The factorization scale is set following the default option of MadGraph5. The

generated events are passed through Pythia-v6.4 [126] to simulate showering and hadronisa-

tion effects, including fragmentation. The matching between shower jets and jets produced

at the parton level is done using MLM matching [127,128] based on shower-kT algorithm with

pT -ordered showers. The matching scale, defined as QCUT, differs for the signal where heavy

SUSY particles are produced in association with jets when compared to the scale chosen for

the SM background. Typical choice of this scale is set between ' 20 − 30 GeV for the SM

backgrounds, and ' 100 − 120 GeV for the MSSM processes after careful investigation of

the matching plots generated for different QCUT values. Then we pass the events through

Delphes-v3.2.0 [129–131] for jet formation, using anti-kT jet clustering algorithm [132] (via

FastJet [133]), and detector simulation with default ATLAS selection cuts.

As the signal under consideration is either mono-jet + /ET or multi-jet + /ET , we need to

identify the dominant SM subprocesses that can contribute to the above. For hadronic final

states, the most dominant contribution comes from the pure QCD processes such as multi-jet

production where /ET comes either from the jets fragmenting into neutrinos or simply from

mismeasurement of the jet energy. Other significantly large contributions can come from W

+ jets where the W decays leptonically and the charged lepton is missed, Z + jets where

the Z decays to neutrinos and tt̄ production. Additional modes that may also contribute

include t + jets and V V + jets where V = W±, Z. For reasons already stated in section
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3.2.4, a lepton veto in the final state helps to suppress quite a few of the above backgrounds.

The matching scheme has been also included for the SM background wherever necessary.

Primary selection criteria

To identify the charged leptons (e, µ), photon (γ) and jets, we put the following basic selection

criteria (C0) on the final state particles for both signal and background:

• Leptons (` = e, µ) are selected with p`T > 10 GeV, |ηe| < 2.47 and |ηµ| < 2.40,

excluding the transitional pseudorapidity region between the barrel and end cap of the

calorimeter 1.37 < |η`| < 1.52.

• Photons are identified with pγT > 10 GeV and |ηγ| < 2.47 excluding the same transition

window as before.

• We demand hard jets having pjT > 40 GeV within |ηj| < 2.5.

• All reconstructed jets are required to have an azimuthal separation with ~/ET given by

∆φ(jet, ~/ET ) > 0.2.

Once the primary selection criteria are set for the signal and background events, we now

need to identify specific kinematic characteristics that would differentiate the SUSY events

from that of the SM background. To highlight the differences, we choose for illustration

a few benchmark points, namely BP4, BP8 and BP10. In Fig. 3.5 we show the normalised

distributions of some relevant kinematic variables where one can expect significant differences

between the signal events of SUSY and the SM, after imposing the above selection criteria

C0. Note that events with all jet multiplicities have been included in these plots. As the

SUSY signal arises from production of heavy coloured sparticles and is expected to carry large

missing energy due to the invisible heavy LSP’s in the final state, the effective mass (MEff )

and /ET are expected to help in differentiating the SUSY events from SM. In Fig. 3.5(a) we

present the effective mass (MEff ) distribution for these channels where

MEff =
∑
i

|~pTi |+ /ET

and i runs over all the states present in the event including the reconstructed jets. This global

variable, without utilising any topology information, can be extremely efficacious from the

understanding that, contrary to most of the SM background processes, production of heavy

SUSY particles require significantly larger parton level center-of-mass (CM) energy. Thus
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Figure 3.5: Normalised differential distributions of a few relevant kinematic variables for

our analysis of compressed spectra after imposing the event selection cuts C0. For illus-

tration, signals BP4, BP8 and BP10 are compared to the SM Backgrounds. The scalar sum

of the transverse momenta of the jets, HT =
∑

j=jets

pTj . See the draft for the description of

MEff (jet).

one expects a larger MEff for all benchmark scenarios as shown in Fig. 3.5(a). In Fig. 3.5(b)

we show the expected missing transverse energy distributions for the SUSY signal and SM

background. Quite clearly, the distributions in both the above variables seem to peak at

lower values for the SM background (except tt̄+jets) when compared to the SUSY signal.

Note that we have plotted the normalized distributions which gives a qualitative idea on the

additional cuts required on these variables, rather than a quantitative one.

In addition we find two more kinematic variables of interest used by the ATLAS Collabo-

ration [88,94], viz. /ET/
√
HT and /ET/MEff (jet), which show clear difference between signal

and background. These are shown in Fig. 3.5(c) and Fig. 3.5(d) respectively. Here, HT
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represents the scalar sum of all isolated jet pT ’s while MEff (jet) is defined to be constructed

out of the first two leading jets and /ET :

MEff (jet) = pj1T + pj2T + /ET

These plots also show some distinct characteristic distributions for signals. We thus find

that appropriate cuts on the above variables, shown in Fig. 3.5, would serve to optimise the

signal vis-a-vis the SM background. We now proceed to analyse the multi-jets + /ET and

mono-jet + /ET signals in the next section.

3.3.2 Multi-jets +/ET

As discussed earlier, a compressed SUSY spectra such as ours can lead to high multiplicity

of jets in the final state. We observe that significant signal events are found when the

jet-multiplicity (nj) is at least two (nj ≥ 2) after selecting events using C0. This multi-jet

scenario is dependent on the hardness of the selected jets and therefore one requires optimised

event selection criteria to see how it stands against the SM background. We list below the

different cuts which help us in achieving an improved signal to background ratio:

• C1: Since we are only considering squark and gluino production channels, no hard

lepton or photon are expected in the final state. We, therefore, select final states with

two or more jets, vetoing any qualified lepton or photon in such events.

The multi-jet signal is defined for events that satisfy C0 + C1. Note that for a compressed

SUSY spectrum, the jet multiplicity would start falling when more hard jets are selected in

the final state. An optimised choice in our case is to have only a few very hard jets with the

following requirements on their transverse momenta:

• C2: The hardest jet should have pT (j1) > 130 GeV and the next hardest jet pT (j2) > 80

GeV.

We find that the above requirement does not affect the signal significantly while giving

appreciable suppression to the SM background (see Table 3.3 and Table 3.4).

• C3: We demand larger azimuthal separations between the leading two jets and ~/ET(
∆φ(jet, ~/ET ) > 0.4

)
. This requirement is necessary to reduce the chance of contami-

nation in the /ET coming from missing parts of these hard jets.
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Signal Effective cross-section after the cuts (in fb)

Benchmark Production C0 + C1 C2 C3 C4 C5 C6 C7

Points cross-section(fb)

BP1 155.56 87.38 24.32 23.34 11.49 11.29 8.28 8.22

BP2 4202.42 1877.45 588.58 564.81 260.89 255.29 176.81 175.21

BP3 835.49 414.61 126.64 121.58 58.32 57.12 40.96 40.66

BP4 126.93 118.79 62.85 59.72 20.74 19.84 9.99 9.93

BP5 93.77 81.83 41.58 39.57 13.64 13.17 7.18 7.13

BP6 29.66 14.39 5.49 5.30 2.76 2.71 2.03 2.01

BP7 364.38 248.29 82.04 77.54 32.81 31.99 20.16 20.04

BP8 95.58 40.62 12.86 12.45 6.34 6.24 4.72 4.68

BP9 731.08 453.91 117.84 112.37 55.17 53.86 35.92 35.62

BP10 29.60 19.21 5.20 4.99 2.37 2.33 1.65 1.64

Table 3.3: The cut-flow table for the (multi-jet + /ET ) final state, showing the change in

signal cross-sections for the ten different benchmark points. The cuts (C0 – C7) are defined

in the text in section 3.3.2.

We note that the above set of requirements (C0 – C3) not only helps in refining the signal

against the SM background but also helps us in determining more precise quantitive cuts on

the kinematic variables shown in Fig. 3.5 to improve the signal significance (see Table 3.3

and Table 3.4). Naively, Fig. 3.5(d) would suggest that an appropriate cut on /ET/MEff (jet)

itself can help us completely eliminate the background. However, on close inspection, we

find that the tail of the large QCD background still survives this cut. We, therefore, find a

more optimised cut flow to improve the signal significance as shown below.

• C4: We demand MEff > 800 GeV. This turns out to be quite crucial in significantly

suppressing almost all contributions for the SM background while moderately affecting

the signal events.

• C5: We demand /ET > 160 GeV which helps in completely eliminating the remnant

QCD multi-jet background while suppressing all the other SM background channels.

Note that this cut hardly affects the signal for any of the benchmark points.

• C6: Larger missing energy and softer jets in our scenario results in a larger /ET/
√
HT

ratio compared to the SM background channels. We find that with /ET/
√
HT > 15
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SM Backgrounds Effective cross-section after the cuts (in pb)

Channels Production C0 + C1 C2 C3 C4 C5 C6 C7

(in pb)

tt̄ +≤ 2 jets 722.94 542.67 167.2 141.63 15.54 2.47 0.16 0.151

t +≤ 3 jets 330.57 227.0 36.23 29.84 1.09 0.123 0.01 0.009

QCD(≤4 jets) 2E+08 1.8E+07 312747 251865 2765.52 ∼0 ∼0 ∼0

Z +≤ 4 jets 57088 6660.86 325.92 265.45 13.39 2.10 0.666 0.666

W + ≤4 jets 197271 14206.3 896.76 734.47 36.93 3.98 0.485 0.485

WZ + ≤2 jets 53.8 24.44 5.74 4.81 0.67 0.16 0.037 0.036

ZZ + ≤2 jets 13.69 5.77 0.79 0.66 0.069 0.019 0.00549 0.00548

Total

background 1.352

Table 3.4: The cut-flow table for the (multi-jet + /ET ) final state, showing the change in

cross-sections for the different subprocesses contributing to the SM background. The cuts

(C0 – C7) are defined in the text in section 3.3.2.

GeV1/2 the signal significance can be improved further.

• C7: The ratio /ET/MEff (jet) is shown to peak at smaller values for the SM background

and therefore we demand /ET/MEff (jet) > 0.35 which further improves our signal

significance.

We present the numerical results for the ten aforementioned benchmark points and the

SM background to the multi-jet + /ET signal at LHC with
√
s = 13 TeV. In Table 3.3 we

summarise the effects of the cuts (C0 – C7) on signal cross-sections. It is worth pointing out

here that we have used next-to-leading order (NLO) cross-section for the production rates

of squarks and gluinos in our signal analysis by multiplying the leading-order cross-sections

of MadGraph5 by NLO K-factors obtained using Prospino 2.1 [134–138]. The cut-flow table

for the same set of cuts is shown for the SM background processes in Table 3.4. Note

that we have also used the NLO cross-section for SM background processes provided in

MadGraph5 [123]. It is quite clear to see from Tables 3.3 and 3.4 that our choice of cuts is

quite efficient in suppressing a seemingly huge SM background such that the signal may be

observed at the LHC. The statistical significance (S) of the observed signal (s) over the total
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Statistical significance Required luminosity

(S) (in fb−1)

Signal mχ̃0
1
(GeV) L = 100 L = 500 L = 1000 S = 3σ S = 5σ

BP1 1406.7 2.23 4.99 7.06 180.98 502.72

BP2 842.4 46.67 104.37 147.60 0.41 1.15

BP3 1096.3 11.00 24.61 34.80 7.44 20.66

BP4 1323.89 2.70 6.03 8.53 123.46 342.94

BP5 1417.56 1.94 4.33 6.13 239.13 664.26

BP6 1862.2 0.55 1.22 1.73 2975.21 8264.46

BP7 1189.04 5.44 12.16 17.19 30.41 84.48

BP8 1496.3 1.27 2.84 4.02 558.00 1550.00

BP9 1095.38 9.65 21.57 30.50 9.66 26.85

BP10 1709.33 0.45 1.00 1.41 4444.44 12345.68

Table 3.5: Statistical significance of the signal for different benchmark points in the multi-jet

+ /ET analysis at 13 TeV LHC. The significance is estimated for three values of integrated

luminosity (L = 100, 500 and 1000 fb−1). We also estimate the required integrated luminosity

to achieve a 3σ and 5σ excess for each benchmark point at LHC with
√
s = 13 TeV.

SM background (b) has been calculated using

S =

√
2×

[
(s+ b)ln(1 +

s

b
)− s

]
. (3.3.1)

We show the significance of the signal for different benchmark points in the multi-jet +/ET

channel in Table 3.5. We choose three different values for the integrated luminosity (L =

100, 500 and 1000 fb−1) to highlight the significance for the benchmark points. We find

that the signal corresponding to BP6 and BP10 are practically scenarios within a compressed

SUSY spectrum which would be very hard to observe in the multi-jet +/ET channel. In fact

an integrated luminosity of over 3000 fb−1 would be required for any hope of observing a

notable excess for the SUSY spectrum given by the above benchmark points. This is however

understandable as the corresponding spectra is very heavy leading to smaller production rates

compared to the other benchmark points. The lightest spectrum amongst all the benchmark

points, viz. BP2 is the most robust of all and should be observable at the present run of
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LHC with luminosity as low as 1 fb−1. The rest of the benchmark points too lead to 3σ

and 5σ excess over the SM backgrounds with relatively nominal to slightly higher integrated

luminosities as shown in the last two columns of Table 3.5 6.

3.3.3 Mono-jet + /ET

The mono-jet +/ET signal is considered as a favourable channel to probe a compressed

spectrum at the LHC [3,74–81,86]. Therefore it is quite logical to explore how the mono-jet

final state in our scenario stands against the SM background. Both ATLAS and CMS have

investigated mono-jet signals in the context of compressed SUSY spectra [83–85,87,88]. Note

that, these analyses consider only such scenarios where the compression is between the NLSP

and LSP, and the signal arises through the NLSP pair production and its subsequent decay.

Since we consider almost the entire SUSY spectrum to be compressed, all SUSY processes

(dominated, of course, by coloured sparticle production channels) are of interest to us. Thus

our analysis requires revisiting the standard cuts suggested in the literature. As in the case

of multi-jet + /ET final state, we demand a leptonically quiet mono-jet final state (after C0)

where:

• D1: Events are selected having at least one hard jet in the final state with no charged

lepton or photon.

Since mono-jet searches rely on hard ISR jet, the leading jet is required to be considerably

hard with large transverse momentum and well separated from the direction of ~/ET :

• D2: The leading jet has pT (j1) > 130 GeV (as before) with a significantly larger

azimuthal separation with ~/ET given by ∆φ(j1,
~/ET ) > 1.0.

• D3: In order to accommodate a hard jet coming from ISR, but not rule out cases with

another jet arising due to its fragmentation, we demand the second hardest jet to have

pT (j2) < 80 GeV, but with ∆φ(j2,
~/ET ) > 1.0.

We thus define our mono-jet + /ET signal for events which satisfy cuts (C0, D1 – D3).

Moreover, for events where the leading jet is hard enough, a sizeable /ET is seen, which also

serves as an useful discriminator for the SUSY signal from the SM background.

• D4: We demand /ET > 160 GeV. In our case, this decreases the SM background

substantially, as opposed to the SUSY signals (see Table 3.6 and 3.7).

6The current LHC run 2 data [139] should have seen BP2, BP3, BP7 and BP9.
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Signal Effective cross-section after the cuts (in fb)

Benchmark Production C0 + D1 D2 D3 D4 D5

Points cross-section(fb)

BP1 155.56 136.11 51.85 14.19 11.64 3.01

BP2 4202.42 3262.38 1334.47 321.74 256.86 58.14

BP3 835.49 686.61 277.70 70.70 57.26 13.76

BP4 126.93 126.70 79.36 12.06 8.22 0.88

BP5 93.77 88.93 55.13 9.16 6.23 0.78

BP6 29.66 23.81 11.58 2.58 2.13 0.58

BP7 364.38 308.97 126.35 27.61 20.34 5.15

BP8 95.58 71.47 30.46 7.48 6.20 1.63

BP9 731.08 650.39 241.20 69.16 54.65 13.63

BP10 29.60 27.11 10.32 2.91 2.32 0.60

Table 3.6: The cut-flow table for the (mono-jet + /ET ) final state, showing the change in

signal cross-sections for the ten different benchmark points. The cuts (C0, D1 – D5) are

defined in the text in section. 3.3.3.

We also find that a hard effective mass (MEff ) cut is also quite efficient in suppressing the

SM background as compared to SUSY signal events for the mono-jet+ /ET channel.

• D5: We set MEff > 800 GeV for the analysis which again helps to remove the huge

QCD background as well as reduce the other dominant contributions. Although the

signal events are also reduced considerably, the signal-to-background ratio improves

significantly after the MEff cut.

Tables 3.6 and 3.7 summarise the effect of the cuts (C0, D1 – D5) on the SUSY

signals and SM background cross-sections respectively. For both signal and background, we

have used the NLO cross-sections as before. It is clear from Tables 3.6 and 3.7 that our

choice of cuts for the mono-jet + /ET final state, although quite helpful in suppressing the

SM background to improve the signal significance is however not an improvement over the

multi-jet +/ET channel. We show the significance of the signal for all the benchmark points

in the mono-jet + /ET channel in Table 3.8 with the same integrated luminosity (L = 100, 500

and 1000 fb−1).

For the mono-jet +/ET channel too, we find that the lightest spectrum, BP2 will be

discovered at the earliest. The heavier spectra, BP6 and BP10 are no more better observable
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SM Backgrounds Effective cross-section after the cuts (in pb)

Channels Production C0 + D1 D2 D3 D4 D5

(in pb)

tt̄ +≤ 2 jets 722.94 573.89 171.12 21.52 2.135 0.119

t +≤ 3 jets 330.57 278.05 41.14 6.17 0.355 0.011

QCD(≤4 jets) 2E+08 7.6E+07 417461 46034 2584 ∼0

Z +≤ 4 jets 57088 18924.1 446.41 52.25 6.66 0.255

W + ≤4 jets 197271 50478.5 1167.56 139.332 8.98 0.534

WZ + ≤2 jets 53.8 37.92 6.896 0.953 0.208 0.0161

ZZ + ≤2 jets 13.69 9.77 1.03 0.158 0.0498 0.00264

Total

background 0.938

Table 3.7: The cut-flow table for the (mono-jet + /ET ) final state, showing the change in

cross-sections for the different subprocesses contributing to the SM background. The cuts

(C0, D1 – D5) are defined in the text in section. 3.3.3.

in the mono-jet +/ET channel as they were in the multi-jet + /ET channel. Among others,

large number of signal spectra such as, BP4, BP5, BP8, have low significances even at 1000

fb−1 whereas BP3, BP9, BP7 and BP1 may be observed at moderate (∼45 fb−1) to high

(∼1000 fb−1) luminosities at the LHC. It is important to note that the squark-gluino masses

and hierarchy dictate the hardness of the cascade jets. As per our selection criteria, D2

rejects events with additional hard jets while retaining many more with softer accompanying

jets, thereby enhancing the significance in general. However, it adversely affects cases such

as BP4 which have larger mass gaps.

Thus, although the multi-jet + /ET channel provides increased signal significances for all

the benchmark points, mono-jet + /ET channel still remains a viable window for observing

compressed spectra. Overall, the efficacy of both these channels depends on the splitting

among the LSP, lighter stop, gluino and first two generation squark masses. The benchmark

points where the masses of the first two generation squarks and the gluino are separated

from the LSP by about 50 GeV at most are found to have better signal to background ratio

in the multi-jet + /ET final state when compared to mono-jet +/ET . However, two spectra

with similar q̃-g̃ masses resulting in similar production cross-sections, are expected to differ

in their relative sensitivities to the two final states depending upon the q̃-g̃-χ̃0
1 mass gaps.
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Statistical significance Required Luminosity

(S) (in fb−1)

Signal mχ̃0
1
(GeV) L = 100 L = 500 L = 1000 S = 3σ S = 5σ

BP1 1406.7 0.98 2.19 3.10 937.11 2603.08

BP2 842.4 18.98 42.44 60.02 2.50 6.94

BP3 1096.3 4.49 10.03 14.20 44.64 124.00

BP4 1323.89 0.29 0.64 0.91 10926.44 30351.22

BP5 1417.56 0.25 0.57 0.81 14400 40000

BP6 1862.2 0.19 0.42 0.60 24930.75 69252.08

BP7 1189.04 1.68 3.76 5.31 318.88 885.77

BP8 1496.3 0.53 1.19 1.68 3203.99 8899.96

BP9 1095.38 4.45 9.95 14.07 45.44 126.25

BP10 1709.33 0.20 0.44 0.62 22500 62500

Table 3.8: Statistical significance of the signal for different benchmark points in the mono-jet

+ /ET analysis at 13 TeV LHC. The significance is estimated for three values of integrated

luminosity (L = 100, 500 and 1000 fb−1). We also estimate the required integrated luminosity

to achieve a 3σ and 5σ excess for each benchmark point at LHC with
√
s = 13 TeV.

Let us consider BP5 and BP8 for example. Although the q̃’s and the g̃ masses are very

similar, ∆Mi in BP8 is much smaller than that in BP5 because of their different LSP masses.

Naturally, BP5 provides a better signal significance than BP8 when multi-jet + /ET final state

is considered but the situation is reversed when we do a mono-jet + /ET analysis. BP3 and

BP9 despite having similar LSP mass, are different in terms of the q̃-g̃ mass hierarchy. BP3,

as a consequence of having smaller gluino mass, has a larger production cross-section, but

due to the presence of more number of softer jets in BP9, it does slightly better than BP3 in

terms of signal significance in the mono-jet analysis. BP4 despite having smaller production

cross-section than BP1, has a better signal significance for multi-jet + /ET final state due to

the presence of more number of harder jets. On the other hand, BP1 does better if mono-jet

+ /ET final state is considered. BP2 prevails over all the other benchmark points in terms of

signal significance in both the final states due to its large production cross-section. BP6 and

BP10 having very heavy q̃-g̃ spectrum, are unlikely to be probed even at high luminosities.
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3.4 Summary and Conclusions

In this chapter, we have considered the compressed SUSY scenario within the phenomeno-

logical MSSM framework that is consistent with all the present collider and DM data. We

observe that achieving a substantial compression in the whole SUSY spectrum while be-

ing consistent with the observed Higgs boson mass requires relatively heavy masses for the

sparticles. Since at least one of the stop masses needs to be heavy (above TeV) in order

to enhance the lightest CP-even Higgs boson mass to the allowed range, better compression

in the parameter space is obtained as we consider heavier LSP masses which nonetheless

address the naturalness problem. Such mass ranges, we emphasize, are beyond the reach

of the 8 TeV run, and therefore, warrant a close investigation in the context of 13/14 TeV

LHC. We observe that having a large µ-parameter, too, can achieve tighter compression in

the remaining spectrum.

We select ten representative benchmark points from the currently allowed parameter

space with all kinds of mass hierarchies and explore their detection possibility at the 13 TeV

run of the LHC. Similar results can be expected if the upgrade to 14 TeV takes place. We

analyse both the conventional multi-jet +/ET channel and the mono-jet +/ET channel. We

observe that although mono-jet + /ET channel may be a viable option for this kind of scenario,

a multi-jet +/ET final state provides better statistical significance over the SM background

for all our benchmark points.
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Chapter 4

Search for a compressed spectrum

with gravitino LSP

4.1 Introduction

From our discussion in Chapter 3 we recall that the lack of evidence for any low scale SUSY

events had prompted the idea of a compressed sparticle spectrum where the LSP, mostly

the lightest neutralino χ̃0
1, and the heavier sparticle states may be nearly degenerate. In the

absence of hard leptons or jets arising from the cascade, one has to rely on tagging the jets or

photons originating from the ISR or FSR to detect such events where the available missing

transverse momenta are characterized by the stability of the LSP in the cascades. Thus,

such signals allow a much lighter SUSY spectrum compared to the conventional channels

with hard leptons, jets and large missing transverse momentum [6,83–85,87,88,94,140–143].

However, in the presence of a light gravitino (G̃) in the spectrum, the χ̃0
1 is quite often

the next-to-lightest SUSY particle (NLSP), which decays into a G̃ and a gauge/Higgs boson.

Search strategy for such scenarios, therefore, is expected to be significantly different. In

this case, one would always expect to find one or more hard leptons/jets/photons in the

final state originating from the χ̃0
1 decay, irrespective of whether the SUSY mass spectrum

is compressed or not. Hence detecting events characterizing such a signal is expected to be

much easier, with the preferred channel being the photon mode. Given the fact that the hard

photon(s) can easily be tagged for these events in a relatively compressed spectrum of the

SUSY particles with the NLSP, one need not rely on the radiated jets for signal identification,

thereby improving the cut efficiency significantly. If one considers a fixed gravitino mass,
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the photon(s) originating from the χ̃0
1 decay will be harder as χ̃0

1 becomes heavier. Hence

these hard photon associated signals can be very effective to probe a heavy SUSY spectrum

with a light gravitino as there would rarely be any SM events with such hard photons in the

final state.

While the light gravitino scenario yields large transverse missing energy (/ET ) as well

as hard photon(s) and jet(s), the question remains as to whether its presence obliterate

the information on whether the MSSM part of the spectrum is compressed or not. In this

chapter, the contents of which are based on [9], we have demonstrated how such information

can be extracted. Our study in this direction contains the following new observations:

• A set of kinematic observables are identified involving hardness of the photon(s), the

transverse momenta (pT ) of the leading jets and also the /ET , which clearly brings

out the distinction between a compressed and an uncompressed spectrum with similar

signal rates. We have studied different benchmarks with varied degree of compression

in the spectrum in this context.

• The characteristic rates of the n-γ (where n ≥ 1) final state in a compressed spectrum

scenario have been obtained and the underlying physics has been discussed.

• The circumstances under which, for example, a gluino in a compressed MSSM spectrum

prefers to decay into a gluon and a gravitino rather than into jets and a neutralino

have been identified. In this context, we have also found some remarkable effects of a

eV-scale gravitino though such a particle can not explain the cold dark matter (DM)

content of the universe.

The experimental collaborations have considered light gravitino scenarios and derived

bounds on the colored sparticles [144–150]. The ATLAS collaboration recently published

their analysis on a SUSY scenario with a light G̃ with the 13 TeV data accumulated at an

integrated luminosity of 13.3 fb−1 [150]. In this analysis, mχ̃0
1

is considered to be a bino-

higgsino mixed state decaying into γG̃ and(or) ZG̃ resulting in the final state “n1 γ + n2

jets + /ET” where the photon multiplicity n1 ≥ 1 and the jet multiplicity n2 > 2. The

13 TeV data puts a stringent constraint on the sparticle masses excluding mg̃ up to 1950

GeV subject to the lightest neutralino mass close to 1800 GeV [146, 149, 150], which is a

significant improvement on the bounds obtained after the 8 TeV run with 20.3 fb−1 integrated

luminosity [145,147]. We note that, in order to derive the limits from the collider data, the

experimental collaboration considers signal events coming from gluino pair production only,

while assuming the rest of the colored sparticles viz. squarks to be much heavier to contribute
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to the signal. The robustness of the signal however does not differentiate whether such a

heavy SUSY spectrum (leaving aside the gravitino) is closely spaced in mass or has a widely

split mass spectrum, and whether it is just a single sparticle state that contributes to the

signal or otherwise. We intend to impress through this work that such a signal would also

be able to distinguish such alternative possibilities quite efficiently.

In Chapter 3 while assuming a similar compression in the sparticle spectrum [7] we had

shown that in order to get a truly compressed1 pMSSM spectrum consistent with a 125

GeV Higgs boson and the flavour and dark matter (DM) constraints, one has to have the

mχ̃0
1

mass at or above 2 TeV with the entire colored sector lying slightly above. Such a

spectrum is now seemingly of interest given the present experimental bounds obtained in

G̃ LSP scenario2. In this work, we aim to extend our previous study by adding to the

spectrum, a G̃ LSP with mass, at most, in the eV-keV range. The rest of the pMSSM

spectrum lies above the TeV range to be consistent with the experimental bounds. This is in

contrast to existing studies done earlier for gravitino LSP which we compare by studying the

prospects of uncompressed spectra having relatively larger mass gaps between the colored

sparticles and mχ̃0
1
, but with event rates similar to that of the compressed spectra. Since the

kinematics of the decay products in the two cases are expected to be significantly different,

we present some kinematical variables which clearly distinguish a compressed spectrum from

an uncompressed one, in spite of comparable signal rates in both cases.

The subsequent sections are organised as follows. In section 4.2 we discuss about the

phenomenological aspects of a SUSY spectrum with gravitino LSP and then move on to

study the variation of the branching ratios of squark, gluino and the lightest neutralino

(predominantly bino-like) into gravitino associated and other relevant decay modes. In

section 4.3 we present some sample benchmark points representative of our region of interest

consisting of both compressed and uncompressed spectra that are consistent with the existing

constraints. Subsequently, in section 4.4 we proceed to our collider analysis with these

benchmark points and present the details of our simulation and obtained results. Finally, in

section 4.5 we summarise our results and conclude.

1Mass gap between the heaviest colored sparticle and the LSP neutralino has to be around 100 GeV.
2Note that the bounds on the squark-gluino masses in the compressed region with mχ̃0

1
LSP are still much

weaker. In such cases, the gluinos and first two generation squarks are excluded up to 650 GeV and 450

GeV respectively [142].
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4.2 Compressed spectrum with a gravitino LSP

The NLSP decaying into a gravitino and jets/leptons/photons give rise to very distinct

signals at the LHC. Both the ATLAS and CMS collaborations have studied these signal

regions for a hint of GMSB-like scenarios [144–151]. Note that, a pure GMSB like scenario is

now under tension after the discovery of the 125 GeV Higgs boson [44–46]. It is very difficult

to fit a light Higgs boson within this minimal framework, mostly because of small mixing in

the scalar sector. As a consequence, the stop masses need to be pushed to several TeV in

order to obtain the correct Higgs mass, thus rendering such scenarios uninteresting in the

context of LHC. However, some variations of the pure GMSB scenario are capable of solving

the Higgs mass issue and can still give visible signals within the LHC energy range [152,153].

Since we are only interested in the phenomenology of these models here, a detailed discussion

on their theoretical aspects is beyond the scope of this paper.

Although the lightest neutralino (χ̃0
1) is the more popular DM candidate in SUSY theories,

gravitino (G̃) as the LSP has its own distinct phenomenology. The G̃ is directly related to the

effect of SUSY breaking via gauge mediation and all its couplings are inversely proportional

to the Planck mass (∼ 1018 GeV) and thus considerably suppressed. The hierarchy of the

sparticle masses depend on the SUSY breaking mechanism and can result in G̃ getting mass

which is heavier, comparable or lighter than the other superpartners. Thus if it happens

to be the LSP in the theory, G̃ can also be a good DM candidate [154–159] making such

scenarios of considerable interest in the context of the LHC. In addition, having G̃ as a DM

candidate also relaxes the DM constraints on the rest of the SUSY spectrum by a great deal,

allowing them to be very heavy while being consistent with a light G̃ DM. However, a very

light G̃ is mostly considered to be warm DM. Present cosmological observations require a

light gravitino to have a mass close to a few keV [52,53] at least, if it has to explain the cold

DM relic density. However, the kinematic characteristics of events when the NLSP decays

into a gravitino are mostly independent of whether the gravitino is in the keV range or even

lower in mass. Some special situations where the difference is of some consequence have been

discussed in Section 4.4.3. Of course, the presence of a gravitino much lighter than a keV

will require the presence of some additional cold DM candidate.

Note that with G̃ as the LSP decay branching ratios (BR) of the sparticles can be

significantly modified since they can now decay directly into G̃ instead of decaying into

χ̃0
1, which may significantly alter their collider signals. The decay width (Γ) of a sparticle,

scalar(f̃) or gaugino(Ṽ ), decaying into their respective SM counterparts, chiral fermion(f)
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or gauge boson(V ), and G̃ is given by [37]

Γ(f̃ → fG̃) =
1

48π

m5
f̃

M2
Plm

2
G̃

1−

(
mG̃

mf̃

)2
2

(4.2.1)

Γ(Ṽ → V G̃) =
1

48π

m5
Ṽ

M2
Plm

2
G̃

[
1−

(
mG̃

mṼ

)2
]3

(4.2.2)

where MPl is the Planck scale. Thus it is evident that this decay mode starts to dominate

once the sparticles become very heavy and the G̃ becomes light.

4.2.1 Relevant Branching Ratios

In this section, we discuss the variation of the branching ratios (BR) of various sparticles

into the LSP gravitino. Since in this analysis we aim to study the production of the colored

sparticles and their subsequent decays into the G̃ via χ̃0
1, the decay modes of g̃, q̃ and χ̃0

1

are of our primary interest. While considering the decay modes, we focus on a simplified

assumption that the decaying colored sparticle is the next-to-next-lightest supersymmetric

particle (NNLSP) with χ̃0
1 as the NLSP and G̃ as the LSP. The BR computation and spectrum

generation was done using SPheno [120, 121, 160] for a phenomenological MSSM (pMSSM)

like scenario with one additional parameter, i.e, the gravitino mass (mG̃).

Variation of BR(g̃ → gG̃)

In Fig. 4.1 we show the variation of two relevant gluino decay mode channels viz. g̃ → gG̃

and g̃ → qq̄χ̃0
1 where all the squarks are heavier, as a function of ∆mg̃ −mχ̃0

1
= mg̃ −mχ̃0

1

and mG̃. The gluino mass has been fixed to mg̃ = 2500 GeV while mχ̃0
1

has been varied such

that ∆mg̃χ̃0
1

varies within 10-1500 GeV. Note that the χ̃0
1 is considered to be dominantly

bino-like. In the absence of its two-body decay mode into squark-quark pairs, the gluino can

only decay via g̃ → gG̃ or g̃ → qq̄χ̃0
1. The other two-body decay mode g̃ → gχ̃0

1 being loop

suppressed, remains mostly subdominant compared to these two decay modes. Hence, only

the two relevant channels are shown in the figure. Note that, BR(g̃ → qq̄χ̃0
1) includes the

sum of all the off-shell contributions obtained from the first two generation squarks which

in this case lie about 100 GeV above mg̃. As the gravitino mass gets heavier, BR(g̃ → gG̃)

decreases since, the corresponding partial width is proportional to the inverse square of mG̃.

Similarly, as mχ̃0
1

keeps increasing, BR(g̃ → qq̄χ̃0
1) goes on decreasing. Note that, the BR

for the 3-body decay mode can decrease further with increase in the corresponding squark
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Figure 4.1: Variation of BR(g̃ → gG̃) and BR(g̃ → qq̄χ̃0
1) shown color coded in ∆mg̃ χ̃0

1
−mG̃

plane.

masses. However, even for a keV G̃, BR(g̃ → gG̃) can remain significantly large provided

there is sufficient compression in the mass gap (∆mg̃χ̃0
1
∼10 GeV) as seen in Fig. 4.1.

Variation of BR(q̃L/R → qG̃)

Next we look into the relevant decay modes of the first two generation squarks3 when they

are the NNLSP’s. In this case, we assume that the gluino is heavier than the squarks, so that

the dominant two-body decay modes available to the squarks are q̃L/R → qG̃ and q̃L/R →
qχ̃0

1. Unlike the previous case, here the gravitino decay branching ratio has competition

from another two-body decay mode. Although the decay into G̃ does not depend on the L

and R-type of the squarks, BR(q̃L/R → qχ̃0
1) is expected to be different depending on the

composition of the χ̃0
1. For simplicity, we choose the χ̃0

1 to be purely bino-like as before. The

squark masses are fixed at mq̃ = 2500 GeV and the NLSP mass, mχ̃0
1

is varied as before such

that ∆mq̃χ̃0
1

= mq̃ −mχ̃0
1

varies in a wide range, 10-1500 GeV. The branching probabilities

are shown in Fig. 4.2 where the plots on the left (right) show the decay branching ratios

of uL/R (dL/R). As the coupling of q̃L with the SM-quark and bino-component of χ̃0
1 is

proportional to
√

2g tanθW (I3q− eq) while that of q̃R is proportional to
√

2g tanθW eq, where

3Since the production cross-section of the third generation squarks are substantially smaller than those

of the first two generations, we do not consider the production of the stop and sbottom states. Hence we

only discuss the decays of ũL/R and d̃L/R.
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Figure 4.2: Variation of BR(q̃L/R → qG̃) and BR(q̃L/R → qχ̃0
1) in the plane ∆mq̃m

χ̃01

- mG̃.

The plots on the left show the distributions corresponding to the up-squarks and the plots

on the right show the same for the down-squarks.

g, eq and I3q represents SU(2) gauge coupling, electric charge of the SM-quark and its isospin

respectively [37], we find a noticeable variation in decay probabilities of q̃L and q̃R for the

same choice of mass spectrum. This implies that the right-handed squarks couple more

strongly with the χ̃0
1 compared to the left-handed ones. As a result, although the partial

decay widths of the squarks decaying into gravitino and quarks are identical for squarks

of similar mass, the corresponding BR vary slightly depending on their handedness. This

feature is evident in Fig. 4.2. The coupling strength of ũR with χ̃0
1 is larger by a factor of four

compared to that of ũL. The same coupling corresponding to d̃R is larger by a factor of two

compared to that of d̃L. Hence the difference in the BR distributions is more manifest for

the up-type squarks. The magnitude of the coupling strengths corresponding to ũL and d̃L

are exactly same and hence we have obtained similar distributions corresponding to those.

The BR distributions indicate that as we go on compressing the SUSY spectrum, the
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gravitino decay mode becomes more and more relevant but only if its mass is around or

below the eV range. We, therefore, conclude that for a keV G̃, the decay mode g̃ → gG̃ may

be of importance but only for the cases where the gluino mass lies very close to the NLSP

neutralino mass. For the first two generation squarks and a keV G̃, the BR(q̃L/R → qG̃) is

very small and the decay of the squarks into χ̃0
1 dominates in the absence of a lighter gluino.

As evident, the gravitino decay mode can be of significance for LHC studies if mG̃ ∼ eV.

However, such a light G̃ is strongly disfavoured from DM constraints as mentioned before.

Variation of BR(χ̃0
1 → XG̃)

The last two subsections point out the situations where the NLSP can be bypassed in the

decay of strongly interacting superparticles. Such events tend to reduce the multiplicity

of hard photons in SUSY-driven final states. In contrast, in the case where the SUSY

cascades lead to a χ̃0
1 NLSP, the χ̃0

1 may further decay into gravitino along with a Z, γ or the

Higgs boson (h) depending upon its composition4. The h-associated decay width is entirely

dependent on the higgsino component of χ̃0
1 while Γ(χ̃0

1 → γG̃) depends entirely on the bino

and wino component of χ̃0
1 whereas the Z-associated decay width has a partial dependence

on all the components that make up the χ̃0
1. The functional dependence on the different

composition strengths of χ̃0
1 in its decay width can be summarised as [37]:

Γ(χ̃0
1 → γG̃) ∝ |N11 cos θW +N12 sin θW |2 (4.2.3)

Γ(χ̃0
1 → ZG̃) ∝

(
|N11 sin θW −N12 cos θW |2 +

1

2
|N14 cos β −N13 sin β|2

)
(4.2.4)

Γ(χ̃0
1 → hG̃) ∝ |N14 sinα−N13 cosα|2 (4.2.5)

where, Nij are the elements of the neutralino mixing matrix, θW is the Weinberg mixing

angle, α is the neutral Higgs mixing angle and β corresponds to the ratio of the up and

down type Higgs vacuum expectation values (VEVs). Note that the partial decay widths

are proportional to m5
χ̃0
1
/(M2

Plm
2
G̃

) and hence if mG̃ is too large, the total decay width of χ̃0
1

may become too small such that it will not decay within the detector. Although the decay

width is also dependent upon mχ̃0
1
, one finds that for a 2500 GeV χ̃0

1, and a MeV G̃ the

neutralino becomes long-lived. In Fig. 4.3 we show the variation of the three relevant BRs

with the composition of the χ̃0
1. Here we have varied M1, M2 and µ in the range [2 : 2.5] TeV

with the condition µ > M2 > M1 such that χ̃0
1 is bino-like most of the time with different

admixtures of wino and higgsino components. The other relevant mixing parameter tanβ is

4In principle, χ̃0
1 may decay into the other neutral Higgs states also which we assume to be heavier.

76



Figure 4.3: Vatiation of the three relevant BRs of χ̃0
1 decay modes with its bino, wino

and higgsino components. The red, green and blue lines correspond to BR(χ̃0
1 → γG̃),

BR(χ̃0
1 → ZG̃) and BR(χ̃0

1 → hG̃) respectively.

kept fixed at 10. The red, green and blue colors correspond to BR(χ̃0
1 → γG̃), BR(χ̃0

1 → ZG̃)

and BR(χ̃0
1 → hG̃) respectively. |N11|2 indicates the bino-fraction in the composition of χ̃0

1.

Similarly, |N12|2 and |N2
13|+ |N14|2 represent the wino and higgsino components respectively.

As can be clearly seen from the plots, obtaining 100% BR(χ̃0
1 → γG̃) is not possible even

if the bino and(or) wino components are close to 1, since the Z-mode is always present.

However, the h-associated decay channel can be easily suppressed with a relatively larger µ.

Motivated by this behaviour of the BRs, we choose to work with a signal consisting of at

least one photon for our collider analysis. In our case, the χ̃0
1 being dominantly bino-like,

it decays mostly into a γ and a G̃. However, the ZG̃ decay mode has a substantial BR

(∼ 25%). The higgsino admixture in χ̃0
1 being small, the hG̃ decay mode is not considered

in this work. However it is worth noting that this particular channel can be the dominant

mode for a higgsino-dominated NLSP and could also be an interesting mode of study, which

we leave for future work.

4.3 Benchmark Points

For our analysis we choose a few benchmark points that would represent the salient features of

a compressed sparticle spectrum with varying compression strengths while also categorically

defining a few points that are more in line with current SUSY searches with G̃ LSP by

the CMS and ATLAS collaborations at the LHC. We insure that our benchmark choices

are consistent with all existing experimental constraints. We consider both compressed and

77



uncompressed spectra, with bino-like χ̃0
1 as the NLSP and a keV gravitino as the LSP and

warm dark matter candidate. For one of the benchmarks, we also show the effect of an eV

mass gravitino LSP. The final benchmarks used in this study are shown in Table 4.1.

The mass spectrum and decays of the sparticles are computed using SPheno (v3.3.6)

[120, 121, 160]. We restrict the light CP-even Higgs mass to be in the range 122-128 GeV,

i.e, within 3-σ range of the measured Higgs mass [1, 16, 89, 161] and including theoretical

uncertainty of ∼ 4 GeV. Note that when the mass spectrum is compressed, all squark/gluino

(which are nearly degenerate in mass) production channels contribute significantly to the

signal. For all the benchmark points, the squarks and gluino decay directly or via cascades

to the bino-like χ̃0
1 NLSP. The χ̃0

1 then dominantly decays to a photon and gravitino and, to

a lesser extent, a Z boson and gravitino. This leads to either a mono-photon or a diphoton

signal with jets and /ET which defines our signal. To evade constraints from photon(s)

searches at the LHC for simplified models [144–150, 162], we require the sparticles in a

compressed spectrum such as ours, to be much heavier than the existing experimental limits.

We have checked this for our spectra represented by the benchmark points, with the NLSP

mass lying in the range 2.4 − 2.6 TeV with varied masses and hierarchy of the colored

sparticles with respect to the NLSP. Amongst them, C6 is the utmost compressed spectra,

with a mass gap, ∆Mi ∼ 6 GeV between the colored sparticles and the NLSP of mass 2462

GeV, followed by C2, C5 where the mass gap is in the range of 40-50 GeV and the NLSP

masses are 2428 and 2526 GeV respectively. We have also considered benchmarks C1, C3

and C4 such that the mass gap between the colored sparticles and NLSP are slightly higher

and lie in the range of 100-200 GeV.

We also choose various possible mass hierarchical arrangements of the squarks and gluino

to accommodate different cascades contributing to the signal. For example, C1 and C3

have different squark-gluino mass hierarchical stuctures in the strong sector. This leads to

different jet distributions in the two cases. C2 and C5, on the other hand, are similar in

the arrangement of the sparticles, however placed within 50 GeV from the NLSP, which

represents a much more compressed scenario. Finally we consider two uncompressed spectra

U1, U2 with NLSP mass ∼ 700 GeV and ∼ 1200 GeV and gluinos with mass ∼1.4 TeV

and ∼1 TeV above the NLSP respectively. Since the photons arise from the NLSP decays,

a heavier NLSP gives rise to a harder photon, having better chances of passing the analysis

cuts. Thus the difference in the signal cross-sections differ on account of the difference in

hardness of the photons and the resulting cut efficiencies in these two cases.

Benchmark points U1, U2 are in fact replications of the simplified scenarios that are
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considered by experimental collaborations to put limits on SUSY particle masses. For for

both these benchmark points, we have kept the squarks very heavy (∼ 4−5 TeV) so that the

gluino pair production is the only dominant contributing channel. However, we have only

focussed on uncompressed spectra with event rates comparable to those of the compressed

spectra. Since the large mass gap between the gluino and NLSP allow for multiple hard

jets to be produced as opposed to the compressed case, we further exploit this feature to

differentiate compressed from uncompressed scenarios with comparable event rates during

signal analysis.

4.4 Collider Analysis

We look for multi-jet signals associated with very hard photon(s) and missing transverse

energy (/ET ) in the context of SUSY with gravitino as the LSP. For such GMSB kind of

models with a keV gravitino, a very clear signature arises from the decay of the NLSP

neutralino into a photon and a gravitino. If the NLSP-LSP mass difference is large enough,

two hard photons would appear in the final state at the end of a SUSY cascade. The lightest

neutralino, if bino-like, decays dominantly into a photon and gravitino (∼75%) while a small

fraction decays into Z boson and gravitino (∼ 25%). For cases with χ̃0
1 having a significant

higgsino component, we get comparable branching fractions for its decay into Z boson or a

Higgs boson, besides photons, along with G̃. For simplicity, we have considered a bino-like

χ̃0
1 as the NLSP. Note that the signal strength consisting of very hard photons in the final

state can be affected by the composition of the NLSP as we have discussed before. The χ̃0
1

decay into a Z G̃ however still remains relevant for the bino-like χ̃0
1 and as a result, gives

rise to a monophoton signal at the LHC along with the diphoton channel, associated with

large missing transverse energy. The existing LHC constraints in such scenarios have already

pushed the χ̃0
1-q̃-g̃ mass bounds above 1.5 TeV which automatically result in a large mχ̃0

1
-

G̃ mass gap. This gives rise to very high pT photons in the final states, which are very easy

to detect and also highly effective to suppress the SM background events.

In this work, we consider six benchmark points for compressed spectra (C1 - C6) such

that the entire colored sector (apart from t̃2 and b̃2) lie within 200 GeV of the χ̃0
1 (mχ̃0

1
∼

2.4 - 2.6 TeV). We then estimate signal rates of final state events with at least one or more

hard photons arising from all possible squark-gluino pair production modes. We also study a

couple of uncompressed spectra (U1,U2) such that both the compressed and uncompressed
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Compressed spectra Uncompressed spectra

Parameters C1 C2 C3 C4 C5 C6 U1 U2

M1 2623 2451 2671 2608 2550 2486 704 1200

M2 2710 2610 2710 2710 2610 2610 2310 2310

M3 2480 2280 2560 2601 2380 2285 1747 1747

At 2895 2895 -3295 -3750 -3197 -2895 2895 2895

µ 4000 4000 4000 4000 3500 4000 3000 3000

tanβ 15 15 9 6 25 15 15 15

MA 2500 2500 1800 1800 2500 2500 2500 2500

mg̃ 2678 2456 2746 2783 2562 2468 2102 2102

mq̃L 2729 2468 2734 2753 2571 2467 4721 4721

mq̃R 2727 2466 2730 2751 2574 2468 4742 4742

mt̃1
2707 2457 2652 2625 2532 2543 4680 4678

mt̃2
2837 2593 2857 2863 2718 2725 4767 4765

m
b̃1

2787 2501 2782 2778 2594 2598 4560 4558

m
b̃2

2846 2570 2846 2846 2677 2669 4746 4744

m˜̀
L

2703 2452 2703 2703 2572 2503 4335 4336

m˜̀
R

2700 2455 2700 2700 2585 2495 4365 4366

mτ̃1 2706 2443 2707 2709 2600 2576 4332 4332

mτ̃2 2882 2514 2882 2881 2671 2622 4375 4375

mν̃L 2701 2450 2701 2701 2570 2501 4335 4335

mχ̃0
1

2600 2428 2646 2585 2526 2462 699 1191

mχ̃0
2

2726 2614 2724 2724 2619 2617 2383 2383

mχ̃±
1

2726 2614 2725 2724 2619 2617 2382 2382

mh 123 123 124 124 125 124 125 125

∆Mi 129 40 100 198 48 6 1403 911

Table 4.1: Low energy input parameters and the relevant sparticle masses, (in GeV), for the

compressed (Ci, i = 1,...,6) and uncompressed (U1, U2) benchmarks. Here, ∆Mi = mi−mχ̃0
1

where mi represents the mass of the heaviest colored sparticle (g̃/q̃k, (k = 1,2)) and mχ̃0
1
, the

mass of the NLSP. For all benchmarks, the gravitino mass, mG̃ = 1 keV.
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spectra produce similar event rates for our signal. In these spectra, the NLSP mass is around

700 and 1200 GeV respectively and the gluino is the lightest colored sparticle having a large

(∼ 1-1.4 TeV) mass gap with the NLSP. The squarks are chosen to be heavier (4-5 TeV) and

are essentially decoupled from rest of the spectrum. The large mass gap between the NLSP

and the colored sector ensures multiple hard jets from their decay cascades besides the hard

photons. Thus with different mass gaps and squark-gluino hierarchy among the compressed

and uncompressed spectra, the jet profiles are expected to be significantly different for the

benchmark points. Following the existing ATLAS analysis [150], which provides the most

stringent constraint on the SUSY spectrum with a light gravitino LSP, we determine the

signal event rates for our choice of benchmark points. Since we have also chosen compressed

and uncompressed spectra such that the final state event rates are equal or comparable after

analysis, it is a priori difficult to determine which scenario such a signal reflects. Keeping

this in mind, we propose a set of kinematic variables, besides the usual kinematic ones like

/ET and MEff , which highlight the distinctive features of compression in a SUSY spectra

over an uncompressed one with G̃ as the LSP, although both have comparable signal rates.

4.4.1 Simulation set up and Analysis

We consider the pair production and associated production processes of all colored sparticles

at
√
s = 13 TeV LHC. Parton level events are generated using Madgraph5 (v2.2.3) [123,124]

for the following processes with upto two extra partons at the matrix element level:

p p→ q̃∗ q̃, q̃ g̃, q̃ q̃, q̃∗ q̃∗, q̃∗ g̃, g̃ g̃

We reject any intermediate resonances at the matrix element level, which may arise in

the decay cascades of the sparticles from two or more different processes, to avoid double

counting of Feynman diagrams to the processes. The parton level events are then showered

using Pythia (v6) [126]. To correctly model the hard ISR jets and reduce double counting

of jets coming from the showers as well as the matrix element partons, MLM matching

[127, 128] of the shower jets and the matrix element jets have been performed using the

shower-kT algorithm with pT ordered showers by choosing a matching scale (QCUT) 120

GeV [163]. The default dynamic factorisation and renormalization scales [164] have been used

in Madgraph whereas the PDF chosen is CTEQ6L [125]. After the showering, hadronisation

and fragmentation effects performed by Pythia, subsequent detector simulation of the hadron

level events are carried out by the fast simulator Delphes-v3.3.3 [129–131]. The jets are

reconstructed using Fastjet [133] with a minimum pT of 20 GeV in a cone of ∆R = 0.4
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using the anti-kt algorithm [132]. The charged leptons (e, µ) are reconstructed in a cone of

∆R = 0.2 with the maximum amount of energy deposit allowed in the cone limited to 10%

of the pT of the lepton. Photons are reconstructed in a cone of ∆R = 0.4, with the maximum

energy deposit in the cone as per ATLAS selection criteria [150].

For background estimation, we focus on the most dominant SM backgrounds for photon(s)

+ jets + /ET signal at 13 TeV LHC, such as: γ+ ≤ 4 jets, γγ+ ≤ 3 jets, Wγ+ ≤ 3 jets,

Zγ+ ≤ 3 jets and tt̄γ + jets. The sort of extremely hard pT photons that we expect in

our signal events, are unlikely to be present in SM processes in abundance and the hard

photons will arise mostly from the tails of the pγT distributions. Hence in order to obtain a

statistically exhaustive event sample, we choose a hard pTγ > 200 GeV cut as a preselection

for the parton level events for the leading photon while generating the background events.

For MLM matching of the jets, the matching scale was chosen in the range 30-50 GeV as

applicable for electroweak SM processes.

Some other SM processes, such as QCD, tt̄+jets, W+jets, Z+jets, in spite of having no

direct sources of hard photons, may also contribute to the background owing to their large

production cross-sections coupled with mistagging of jets or leptons leading to fake photons.

However, the cumulative effect of hard pγT as well as /ET and MEff requirement renders these

contributions negligible.

Primary Event selection criteria

We identify the charged leptons (e, µ), photons and jets as per the following selection criteria

(A0) for signal and background events alike:

• Leptons (` = e, µ) are selected with p`T > 25 GeV, |ηe| < 2.37 and |ηµ| < 2.70 and

excluding the transitional pseudorapidity window 1.37 < |η`| < 1.52 between the ECAL

barrel and end cap of the calorimeter.

• Photons are identified with pγT > 75 GeV and |ηγ| < 2.47 excluding 1.37 < |ηγ| < 1.52.

• Reconstructed jets have pjT > 30 GeV and lie within |ηj| < 2.5.

• All reconstructed jets have a large azimuthal separation with ~/ET , given by ∆φ( ~jet, ~/ET ) >

0.4 to reduce fake contributions to missing transverse energy arising from hadronic en-

ergy mismeasurements.

• The jets are separated from other jets by ∆Rjj > 0.4 and from the reconstructed

photons by ∆Rγj > 0.4.
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With these choices of final state selection criteria we now proceed to select the events for

our analysis.

Signal Region: ≥ 1 γ + > 2 jets + /ET

We look into final states with at least 1 photon, multiple jets and large /ET . Amongst the

existing analyses for the same final state carried by the experimental collaborations, the

ATLAS analysis imposes a more stringent constraint on the new physics parameter space

and hence we have implemented the same set of cuts as enlisted below for our analysis:

• A1: The final state events comprise of at least one photon and the leading photon (γ1)

must have pγ1T > 400 GeV.

• A2: There should be no charged leptons in the final state (N`=0) but at least 2 hard

jets (Nj > 2).

• A3: The leading and sub-leading jets must be well separated from ~/ET , such that

∆φ(j, ~/ET ) > 0.4.

• A4: The leading photon must also be well separated from ~/ET with ∆φ(γ1,
~/ET ) > 0.4.

• A5: As the light gravitinos would carry away a large missing transverse momenta, we

demand that /ET > 400 GeV.

• A6: We further demand effective mass, MEff > 2000 GeV, withMEff = HT+GT+ /ET ,

where HT = Σi pT (ji) is the scalar sum of pT of all jets and GT = Σj pT (γj) is the

scalar sum of pT of all photons in the event.

In Table 4.2 below we have summarised the effect of the cuts A0-A6 for our signal on the

respective benchmark points. All the production cross-sections in the table is scaled using

NLO+NLL K-factors obtained from NLL Fast [138,165–168].

As evident from Table 4.2, cut efficiencies vary depending on the compression in the

spectra. For example, the jet requirement affects the signal cross-section of C6 the most,

since it is the most compressed spectra among all. Naturally, one would expect jet mul-

tiplicity to be smaller in this case compared to the others. As a result, the requirement

Nj > 2 reduces the corresponding signal cross-section by a significant amount, whereas, for

the uncompressed spectra, U1 and U2, this cut has no bearing. The hard photon(s) in the

signal events and the presence of direct source of /ET ensure that the /ET and MEff cuts are

easily satisfied by the selected events.
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Signal Effective cross-section (in fb) after the cuts

Benchmark Production A0 + A1 A2 A3 A4 A5 A6

Points cross-section(fb)

C1 0.26 0.22 0.18 0.14 0.14 0.13 0.12

C2 0.80 0.68 0.37 0.30 0.30 0.28 0.26

C3 0.23 0.18 0.10 0.08 0.08 0.08 0.08

C4 0.21 0.15 0.12 0.08 0.08 0.08 0.07

C5 0.49 0.34 0.15 0.13 0.13 0.12 0.11

C6 0.77 0.61 0.13 0.11 0.11 0.10 0.09

U1 0.20 0.10 0.09 0.08 0.07 0.05 0.05

U2 0.20 0.13 0.12 0.10 0.09 0.08 0.08

Table 4.2: Signal Cross-sections (NLO+NLL) for all the benchmark points listed in Table 4.1

corresponding to (≥ 1 γ + > 2 jets + /ET ) final state. For all the points, mG̃ = 1 keV.

For the corresponding background events, we use the observed number of background

events at ATLAS, which is 1, for the same final state studied at an integrated luminosity of

13.3 fb−1 at 13 TeV [150]. The statistical signal significance is computed using

S =

√
2[(s+ b) ln(1 +

s

b
)− s]

where s and b represent the remaining number of signal and background events after imple-

menting all the cuts. In Table 4.3 below, we have shown the required integrated luminosity to

obtain a 3σ and 5σ statistical significance for our signal corresponding to all the benchmark

points.

The required luminosity for 3σ and 5σ statistical significance varies depending on the

relative compression and heaviness of the spectra. As evident, C2 has the best discovery

prospects and is likely to be probed very soon. C6 on the other hand, despite of having

a similar squark-gluon spectra and a very similar production cross-section to that of C2,

requires a much larger luminosity (∼ 112 fb−1) to be probed. This is because the high

amount of compression in the spectra reduces the cut efficiency significantly due to the

5 On the face of it, this benchmark may be ruled out by the current searches at LHC. However, this is

to be taken with some caution, since the search criteria suggested by us are slightly different from the ones

used in the current experimental searches.
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Signal Luminosity L (in fb−1) for

S = 3σ S = 5σ

C1 68 189

C2 5 19 52

C3 139 385

C4 176 489

C5 79 219

C6 112 312

U1 326 904

U2 139 385

Table 4.3: Required luminosity (L) to obtain 3σ and 5σ statistical Significance (S) of the

signal at the 13 TeV run of the LHC corresponding to the benchmark points.

jet multiplicity requirement. The required integrated luminosity for C1 and C5 is very

similar although C5 has a relatively lighter colored sector and thus a larger production

cross-section compared to C1, as can be seen from Table 4.2. However, the photon and jet

selection criteria reduces the C5 cross-section making it comparable to that of C1. The

situation is different for U1 which despite of having the lightest gluino, requires the largest

luminosity (∼ 326 fb−1) among all the benchmark points in order to be probed. The reason

is two-fold. Firstly, the production cross-section in this case (and also for U2) is comprised of

just the gluino-pair since the squarks are far too heavy to contribute. Secondly, the χ̃0
1 being

∼ 700 GeV, the photons arising from χ̃0
1 decay are relatively on the softer side and hence

the photon selection criteria further reduces the signal cross-section. A similar squark-gluon

spectra in presence of a heavier χ̃0
1 (U2) therefore is likely to be probed with a much smaller

luminosity (∼ 139 fb−1) than U1. Thus it is evident from Table 4.2 and 4.3, that given the

present experimental constraints, a compressed spectra, unless it is too highly compressed

such that the cut efficiency is reduced significantly, can improve the squark-gluino mass

limits by a significant amount. For example, C2 can be probed with slightly little more

luminosity than 13.3 fb−1 but with a colored spectra that lies in the vicinity of 2.5 TeV. This

clearly suggests that a compressed spectra becomes much more quickly disfavoured over an

uncompressed spectra with a gravitino LSP contrary to the case where a compressed SUSY
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spectrum appears as a saviour of low mass SUSY with a neutralino LSP. This is because of

the hard photons that themselves act as a clear criterion to distinguish the signal over the

SM background.

4.4.2 Distinction of Compressed and Uncompressed spectra

Given the inclusive hard photon + /ET signals, supposedly due to a light gravitino, can one

ascertain whether the MSSM part of the spectrum is compressed or uncompressed? With

this question in view, it is worthwhile to compare signals of both types with various degree

of compression in presence of a light (∼ keV) gravitino as the LSP. We show that the kind

of compressed spectra we have used enhances the existing exclusion limit on the colored

sparticles. We consider different squark-gluino mass hierarchy represented by our choice of

some sample benchmark points presented in Table 4.1. The G̃ being almost massless in

comparison to the χ̃0
1 in consideration, the photons generated from the χ̃0

1 decay into G̃ are

always expected to be very hard for both the compressed and uncompressed scenarios. This

feature can be used to enhance the significance of the signal irrespective of the associated jets

in the event. We provide a framework where one can use the properties of these jets in a novel

way to distinguish between the two different scenarios in consideration even if they produce

a similar event rate at the LHC. For illustration, let us consider the benchmark points, C5,

C4 and U2 all of which result in nearly identical event rates for our signal and thus it is

difficult to identify whether it is a signature of a compressed or an uncompressed spectra. It

would be nice to have some kinematic variables which could be used to distinguish among

the different kind of spectra. Subsequently, we have proposed few such variables which show

distinctive features in their distributions depending on the relative hardness and multiplicity

of the final state photon(s) and jets.

An uncompressed spectrum, such as U2 is characterized by a large mass gap between the

strong sector sparticles and the NLSP (χ̃0
1). This ensures a large number of high pT jets from

the cascades as compared to C5 and C4. The difference in jet multiplicity in the two cases

is clearly visible in Fig. 4.4 where we have presented both the jet and photon multiplicity

distributions for some sample compressed and uncompressed spectra. The hard photons in

the event are originated from the χ̃0
1 decay and since for all our benchmark points the χ̃0

1 is

sufficiently heavy, the photon multiplicity peaks at a similar region for both the compressed

and uncompressed spectra. However, the jets in the case of U2 are generated from the three

body decay of the gluino into a pair of quarks and χ̃0
1. As evident from Fig. 4.1, for the

choices of the sparticle masses of U2, the other decay mode is highly suppressed. Hence
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one would naturally expect to obtain a large number of jets in the final state as shown in

Fig. 4.4. C5 having a high degree of compression (∆Mi = 48 GeV) in the parameter space

results in least number of jets in the final state. C4, on the other hand, has a more relaxed

compression (∆Mi = 198 GeV) that gives rise to slightly harder cascade jets passing through

the jet selection criteria resulting in a harder distribution than C5.

Figure 4.4: Normalized distributions for jet and photon multiplicity for the benchmark points

C4, C5 and U2 representing moderately compressed, highly compressed and uncompressed

scenarios respectively. Figure (a) has been prepared after implementing the selection cuts

A0+A1 and figure (b) after A0.

The relative differences in the compression factor (∆Mi) among the three benchmark

points are also visible in the jet pT distributions shown in Fig. 4.5. As expected, the leading

(Fig. 4.5(a)) and subleading (Fig. 4.5(b)) jet pT distributions predominantly show a harder

peak for U2 as compared to C4, C5. However, hard jets may also arise from the χ̃0
1 decaying

to a Z boson and gravitino (BR ∼ 25%) as the Z decays dominantly into two jets. The Z

boson is expected to be highly boosted and thus one can easily obtain additional hard jets

from its decay. These jets populate a small fraction of the total number of events and thus

for a compressed spectra one of these jets can turn out to be the hardest jet in the event.

This feature can be observed by the subdominant peak at ∼ 1000 GeV for the leading jet

pT distribution in Fig. 4.5.

Fig. 4.5(c) and (d) show the leading and subleading photon pT distributions respectively

for C4, C5 and U2. The χ̃0
1 mass in C4, C5 being ∼ 2.5 TeV, the photons produced
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Figure 4.5: The leading and subleading jet and photon pT distributions for some of the

benchmark points representing various compressed (C4), more compressed (C5) and un-

compressed (U2) spectra after implementing the selection and analysis cuts A0-A6.

from their decay are much harder than the leading jets in the spectra as opposed to the

uncompressed spectra (U2) and hence, the peak in the photon pT distribution is significantly

shifted to lower values. Thus while the total hadronic energy, HT (Fig. 4.6(a)) peaks at a

higher value for the uncompressed case owing to a large number of hard jets, GT (Fig. 4.6(b))

which is the scalar sum of all photon pT , peaks at a lower value for the uncompressed case

than the compressed cases. Among other kinematic variables, one can also look into the

/ET and MEff distributions to distinguish the compressed and uncompressed scenarios as

shown in Fig. 4.6(c) and (d) respectively. Since the photons are almost always harder for

the compressed spectra compared to the uncompressed cases, we have observed that the

88



Figure 4.6: Normalized distributions of total hadronic energy deposit HT ,total photon energy

deposit GT , missing transverse energy /ET and Effective Mass MEff , for benchmark points

representing various compressed (C4), more compressed (C5) and uncompressed (U2) spec-

tra after implementing the selection and analysis cuts A0-A6.

/ET , required to balance the total visible transverse energy, is much harder for the former.

Effective mass, MEff defined as the sum of HT , GT and /ET , also shows some small difference

in the peak value for both cases. In U2, GT and /ET are softer than that for C4, C5 but HT

is much harder resulting in the MEff peaking at similar values for the both cases. However,

since the photons are considerably harder than the jets in all cases, the effect being more

pronounced for the compressed over the uncompressed case, the MEff distribution falls faster

for U2 than C4 and C5 as can be seen from Fig. 4.6(b) and 4.6(d) respectively.

Taking cue from the kinematic distributions in Fig. 4.5 and Fig. 4.6, we now proceed to
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formulate two observables

r1 =
pT (j1)

pT (γ1)
and r2 =

pT (j2)

pT (γ1)

which capture the essence of the jet and photon transverse momenta behaviour in a way

as to distinctly distinguish between the compressed and uncompressed scenarios. As seen

in Fig. 4.7, for the compressed case, r1 (Fig. 4.7(a)) peaks at rather small values (∼ 0.1 )

than the uncompressed case (∼ 1.0) since the leading jet pT is almost always softer than the

leading photon for compressed spectra whereas for the uncompressed case there are hard jets

with pT values comparable to the leading photon pT . However for the compressed spectra,

the collimated hard jet from the highly boosted Z boson produced in the decay of the χ̃0
1,

lead to a subdominant peak at ∼ 0.7 in r1. The observable r2 (Fig. 4.7(b)) constructed with

the sub-leading jet and leading photon pT , peaks at lower values (∼ 0.1) for C4 and C5 since

the sub-leading jet, coming from the cascades or ISR in the compressed case is expected to

be much softer than the photon. For U2, r2 peaks at ∼ 0.5 since the sub-leading jet also

coming from the cascade is softer than the hardest photon. Thus we find that the above

ratios seem to enhance the two major distinctive features between a compressed and an

uncompressed scenario, namely the high/low pT for the photon/jet for the compressed as

compared to the low/high pT of the photon/jet for the uncompressed case.

We further note that the jet multiplicity is another variable which shows a difference in the

distributions for compressed spectra C4 and C5 when compared to that of the uncompressed

spectra U2 (Fig. 4.4(a)). Although the choice of our signal region involves Nj > 2, the

compressed spectra, C4 and C5, still retain a sufficient fraction of events with higher number

of jets. In contrast, the uncompressed spectra U2 has larger number of hard jets for all

events, and thereby remains mostly unaffected by this selection criterion. We therefore

define a modified ratio (scaled by the jet multiplicities) as

r′1 = Nj r1 and r′2 = Nj r2.

Notably the new variables r′1 and r′2 are able to significantly enhance the differences between

a compressed and uncompressed spectra. Since the scale factor, Nj, is always greater for the

uncompressed spectra U2 than for the compressed spectra C4 and C5, we find the peak

values of r′1 (∼ 4.0) and r′2 (∼ 2.5) of the uncompressed spectra are shifted further away

from that of compressed ones (r′1 ∼ 0.2-0.5 and r′2 ∼ 0.1-0.3). Quite importantly the visible

overlap seen in r1 for the sub-dominant peak is now completely disentangled in the new

variable r′1 as seen in Fig. 4.7(c). This is significant in the sense that when the event samples
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would retain a much harder criterion for the leading jet then the events for U2, C4 and C5

would all feature the overlap observed for the sub-dominant peak while the difference for low

r1 might be washed away for this particular choice of event selection.

Figure 4.7: Normalized distributions of different kinematic variables r1, r2, r′1 and r′2 to

distinguish compressed and uncompressed scenarios for some of the benchmark points rep-

resenting various compressed (C4), more compressed (C5) and uncompressed (U2) spectra

after implementing the selection and analysis cuts A0-A6.

Besides enhancing the differences between the compressed and uncompressed spectra, the

differential distributions in ri and r′i can also be used to highlight the differences amongst

the different compressed spectra themselves, depending on the level of compression in mass.

For example, C4, has a larger mass separation ∆Mi than C5, and shows a peak in the jet

multiplicity at Nj = 3 while for C5, the peak value of the differential cross section is at Nj
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= 2. Thus a larger fraction of events survive after analysis for C4 than C5. Again, since

C5 is relatively more compressed than C4, the jets from C4 are considerably harder than

the latter. However the NLSP mass for C4 is larger than C5, since to probe lower values of

compression, we require a heavier NLSP to meet current LHC bounds. This results in the

photons being harder for C4 than for C5. The combined effect of the two seem to be more

prominent for both r1 and r′1, where the leading jet is either the ISR jet or cascade jet in

case of C4. For r2 this effect seems neutralised, owing to the sub-leading jets for both cases,

being much softer than the leading photon pT . However the scale factor Nj shifts the peak

value of r′2, thus efficiently distinguishing amongst the two compressed spectra of varying

degree of compression.

4.4.3 eV Gravitino

As pointed out earlier that the kinematic characteristics of events when the NLSP decays into

a gravitino are independent of whether the G̃ is in the keV or eV range. An eV gravitino

cannot be the usual cold/warm DM candidate. Therefore such a scenario pertains to a

situation where there is some other cold dark matter candidate. For an NLSP decaying

into a G̃ and a SM particle, the G̃ remains practically massless. However, as discussed in

Section 4.2.1, a lighter gravitino has a stronger coupling strength to the sparticles. Thus the

decay of the sparticles into a SM particle and gravitino dominates over their decay to the

NLSP. For a gravitino of mass 1 eV, we find that the gluino/squark almost always directly

decays to the gravitino rather than to the NLSP. The branching fractions also depend on

the mass gap between the colored sparticles and the NLSP. These features are highlighted

in Figs. 4.1 and 4.2 where both compressed and uncompressed mass gaps are shown.

Therefore, an eV G̃ does affect the overall event rates of the signal in the photon channel

when compared to the keV G̃ case. An immediate consequence which has gone unnoticed

for such light eV G̃ case would be a new competing signal which can become more relevant

than the more popular photonic channel. This can be easily understood by taking a look at

the resulting BR(g̃ → gG̃) for some of our benchmark points in presence of an eV gravitino.

As indicated by Fig. 4.1, this branching ratio is supposed to go up if the spectrum is more

compressed. For the same benchmark points as in Table 3.1, now in the presence of an eV G̃,

we have observed that BR(g̃ → gG̃) ∼ 13%, 41% and 99% for U1 (∆mg̃χ̃0
1

= 1403 GeV), U2

(∆mg̃χ̃0
1

= 911 GeV) and C1 (∆mg̃χ̃0
1

= 78 GeV) respectively. As a consequence, C1 with an

eV gravitino, is unlikely to yield a good event rate in the photonic channel since the gluino

avoids decaying into the NLSP altogether. However, a small fraction of the squarks may
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still decay into the NLSP, ∼ 4% and ∼ 24% precisely for left and right squarks respectively.

Hence, one would still expect a photon signal for such a scenario, but a much weaker one as

presented in Table 4.4.

Signal Production Cross-section (in fb) after cuts:

cross-section (in fb) A0+A1 A2 A3 A4 A5 A6

C1 0.26 0.038 0.035 0.031 0.03 0.028 0.028

Table 4.4: Signal Cross-sections (NLO+NLL) for benchmark C1 for ≥ 1 photon + > 2 jets

+ /ET final states (mG̃ = 1 eV).

As expected, the photon signal weakens considerably when compared to one with a keV

gravitino and requires an integrated luminosity ∼ 1000 fb−1 for observation at the LHC.

However, much stronger signal would be obtained in the “n-jet+ /ET” (n ≥2) channel as the

final state would have at least two very hard (pT ’s exceeding more than a TeV) jets and an

equally hard /ET signal for the eV-gravitino case. The conventional multi-jet search [169] rely

upon the usual /ET , MEff ,
/ET√
HT

and ∆φ(j, ~/ET ) cuts and in some cases, razor variables [143]

to reduce the SM backgrounds. We have checked that with these cuts, a 3σ significance

can be achieved for C1 in the “n-jet+/ET” (n ≥2) final state at an integrated luminosity

of ∼ 1000 fb−1. However, in the presence of an eV gravitino, one can demand harder pT

requirements of the jets and harder /ET , MEff along with the other conventional cuts to

increase signal significance further. We have checked that one can easily bring down the

required luminosity to ∼ 728 fb−1 for a 3σ significance, which is a big improvement over

the results obtained for the photon-associated final state. Thus the multi-jet channel is the

more favorable one in order to explore an eV gravitino in presence of a ∼ TeV compressed

color sector. However, as mentioned earlier, such a light gravitino may not be a viable dark

matter candidate and would necessarily require the presence of other candidates to satisfy

the constraints.

4.5 Summary and Conclusions

In this chapter, we have explored the compressed SUSY scenario in the presence of a light

gravitino LSP within the framework of phenomenological MSSM. The question asked is:
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since the light gravitino produced in the (neutralino) NLSP decays generates as much /ET

for compressed spectra as for uncompressed ones, are the former discernible?

The existing collider studies for such scenarios mostly account for the uncompressed

parameter regions, and in some cases the NNLSP-NLSP compressed regions. However,

compression in the entire colored sector of the sparticle spectrum can result in significantly

different exclusion limits on the masses of squark, gluino and the lightest neutralino. The

presence of a light gravitino in the spectrum affects the branching ratios of the colored

sparticles into χ̃0
1. We have studied the interplay of these relevant branching ratios for

varying G̃ mass and different amount of compression in the rest of the sparticle spectrum

for a bino-like χ̃0
1. Dictated by the DM constraints, we have mostly concentrated on the

keV G̃ scenario and have performed a detailed collider simulation and cut-based analysis

for ≥ 1 photon + > 2 jets + /ET final states arising from the squark-gluino pair production

channels in the context of the LHC. In our case, the squarks and the gluinos dominantly

decay into the χ̃0
1 which further decay into a G̃ along with a γ or a Z resulting in the above

mentioned final state. Hard pT photon requirement can be used along with other kinematic

cuts to suppress the SM background very effectively. We have followed the existing ATLAS

analysis for the same final state with the help of some benchmark points. We have shown

that with the existing experimental data, the exclusion limits on the colored sparticle masses

can increase by ∼ 500 GeV for a highly compressed sparticle spectra. It is understood that

similar signal event rates can be obtained from both uncompressed and compressed spectra

depending on the choices of masses of squark, gluino and the lightest neutralino. However,

the difference in the compression will be reflected in the kinematic distributions of the final

state jets and photons. We have exploited this fact to construct some variables which can

be used to good effect to differentiate between the two scenarios. We have also studied the

collider prospects of SUSY spectra in the presence of sub-keV gravitinos. It turns out that in

such cases, the G̃-associated decay modes of the heavy (∼ 2.5 TeV) colored sparticles start to

become relevant in the presence of high compression between the NNLSP and NLSP. Then

the most suitable final state to look for such spectra would be multi-jets + /ET . However, the

existing DM constraints strongly disfavour presence of such light gravitino in the spectrum.
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Chapter 5

Identifying a Higgsino-like neutralino

with a keV-scale dark matter

5.1 Introduction

We observe in Chapter 4 that the presence of non-standard LSP candidates, such as a light G̃

as the lightest SUSY particle relaxes the DM constraints on the composition of the lightest

neutralino χ̃0
1, which now serves as the next-to-lightest sparticle (NLSP). Besides, it also

provides additional channels of discovery of the MSSM part of the spectrum. For instance, a

primarily bino-dominated χ̃0
1 NLSP decays dominantly to a hard photon and G̃ with a small

fraction to a Z boson and the light gravitino. This gives rise to hard photon signals along

with large missing transverse energy carried away by the keV-scale LSP as was the subject

of discussion in the last Chapter. However the final state signals are largely dependent on

the composition of the NLSP. Therefore besides photon signals, there may be Higgs and/or

Z bosons in the final state as well for higgsino and/or gaugino dominated χ̃0
1 NLSP’s. In this

chapter, we consider the LHC signals of a higgsino-dominated NLSP with a gravitino LSP.

Our study would also apply to scenarios where an axino is the dark matter candidate. Such

signals have been studied at the LHC by the experimental collaborations extensively. Since

the light standard model (SM) like Higgs has the largest decay probability to b b̄, this leads to

a final state dominated by hard b-tagged jets along with large missing transverse momentum

(MET) /ET and additional light jets/leptons arising from accompanying Z boson. Signatures

for the higgsino-like NLSP’s have been studied in the context of Tevatron [170, 171] and at

the LHC where both CMS [172] and ATLAS [173] have looked at multiple b-jets + MET,
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dilepton and multilepton states to constrain a higgsino-like NLSP scenario.

We aim to study signatures of a low-lying higgsino sector in the presence of a light grav-

itino LSP with particular emphasis on determining how the NLSP nature can be convincingly

identified. To do this one would like to reconstruct the decay products of the NLSP. As the

higgsino NLSP would decay to a light Higgs or a Z boson, we may be able to observe their

properties by appropriately reconstructing the Higgs through the b-jets arising from its de-

cay as well as the Z boson through the opposite sign dilepton pair from the gauge boson’s

decay respectively. We note here a very important and interesting feature of the decay of

the NLSP. It is expected that the Z boson arising from the higgsino-like χ̃0
1 decay would

be dominantly longitudinal (Goldstone boson), primarily following the equivalence theorem

where, after electroweak symmetry breaking the neutral Goldstone boson constitutes the

longitudinal mode of the Z boson responsible for its mass. This property if observed in the

decay of the NLSP would exclusively point towards the presence of a higgsino-like χ̃0
1, help-

ing us identify the nature of the NLSP. The direct production of the electroweak neutralino

NLSP would be limited at the LHC as their mass becomes larger. However, the property of

the NLSP could still be studied if they are produced in cascade decays of strongly interacting

sparticles. We therefore study the effect of including the strong sector in exploring the com-

positions of the NLSP as well as from the direct production of the low-lying electroweakinos

(still allowed by experiments) and propose some new kinematic variables which help identify

the NLSP. Thus, the salient points of our study as discussed in this chapter, the contents of

which are based on [10], are as follows:

• We consider a naturally compressed low-lying higgsino sector as well as partially and/or

fully compressed spectra with the strongly interacting sparticles sitting above the

NLSP. The sparticles decay via cascades to the NLSP which further decays to a Higgs

and a Z boson thereby giving rise to at least 1 b-jet and opposite-sign same flavour

dileptons along with missing transverse energy in the final state.

• The characteristic features of a longitudinal Z boson arising from decay of the higgsino-

like χ̃0
1 are studied by utilising angular variables of the negatively charged lepton.

In order to distinguish it from transversely polarised Z bosons coming from other

sources, we compare our results with the complementary admixture of NLSP, especially

gaugino-dominated neutralinos as well as the SM background.

• We observe that for spectrum with a heavy NLSP, reflecting overall compression with

respect to the strong sector leads to an increased fraction of the longitudinal mode in
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the Z boson arising from the NLSP decay.

• New variables enhancing the asymmetry in the angular distributions of the negatively

charged lepton have been proposed in order to characterize a longitudinally polarized

Z boson in comparison to a transversely polarized Z boson. Such asymmetry variables

distinctly vary depending on the higgsino-gaugino admixture of the NLSP and cru-

cially capture the effect of the equivalence theorem for a heavy NLSP in a somewhat

compressed spectrum.

The subsequent sections are organized as follows. In section 5.2 we discuss the current

scenario with the higgsino NLSP and gravitino LSP followed by the decay properties of the

higgsinos in section 5.3. In section 5.4, we discuss the experimental status of a higgsino-like

NLSP with a light gravitino LSP at LHC. In section 5.5, we choose some benchmarks to

study the available parameter space. We perform the collider study and discuss our results

at the high luminosity run of LHC in section 5.6. In section 5.7, we distinguish between

the features of longitudinal and transverse gauge bosons. Section 5.8 summarises the main

conclusions of our work.

5.2 Higgsino-dominated NLSP with keV LSP

In the earlier chapters we have discussed signals of a predominatly bino-dominated NLSP.

In this chapter, we discuss light higgsino-like NLSP as a possible consequence of general

phenomenological MSSM. Since no hint of SUSY has yet shown up at direct searches, various

possible configurations of the lightest neutralino, χ̃0
1, leading to distinct signals at colliders

are of interest. Such a light higgsino-like χ̃0
1 is characterized by a light µ parameter and

heavy bino, wino soft mass parameters, i.e, |µ| << M1,M2. Besides, low µ parameter is

also a preferred choice from naturalness perspective [174–179]. However χ̃0
1 may not be the

LSP in many situations. In such cases there can be several other candidates for LSP such

as gravitinos, axinos, sneutrinos etc.

The gravitino is the spin-3
2

superpartner of the spin-2 graviton in local SUSY. Upon

spontaneous SUSY breaking, there arises a massless Weyl fermion known as the goldstino

(G̃), owing to the breaking of the fermionic generators of SUSY. After electroweak symmetry

breaking, the gravitino acquires mass by absorbing the goldstino which form the spin 1/2

components of the massive gravitino.

It is in fact the goldstino (which constitutes the longitudinal part of the gravitino) that
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is produced in processes at energy scales much higher than the gravitino mass. For a light

gravitino, a TeV-scale sparticle then decays to an SM particle and the goldstino with a

coupling enhanced by a factor of (MPlmG̃)−1 and hence may decay within the collider [38].

Hence, it is the goldstino mode of the gravitino that is important for collider phenomenology.

The goldstino (G̃) Lagrangian is [2]:

Lgoldstino = iG̃†σ̄µ∂µG̃−
1

< F >
G̃∂µj

µ + c.c (5.2.1)

where < F > refers to the vev obtained by the SUSY breaking auxilliary field F and jµ

refers to the current involving all other sparticles and SM particles. The couplings of the

gravitino to fermion-sfermion, gauge boson-gauginos are computed in Ref. [38].

We now discuss the couplings and decays of a higgsino-like χ̃0
1 NLSP in the presence of a

gravitino (G̃)1 LSP before moving on to a numerical analysis in section 5.3. In addition, we

briefly discuss the parameter space region where higgsinos could give rise to a prompt decay.

Non-prompt searches (such as searches for charged tracks [180, 181]) for higgsinos would be

relevant for χ̃±1 NLSP.2

Such a scenario is phenomenologically analogous to a scenario with axino LSP. However

since axino couplings to MSSM particles differ from gravitino couplings, similar signals may

arise for axino LSP depending on the NLSP masses. For similar mass values of an axino

and gravitino, the NLSP decay width is much smaller for an axino LSP which may lead to

a long lived NLSP signature, for e.g, charged tracks for χ̃±1 in the colliders [159].

5.3 Higgsino NLSP decays

A higgsino-like χ̃0
1 is characterised by a large higgsino fraction with suppressed wino and

bino fractions i.e, µ < M1,M2. In the presence of a light G̃ LSP, the higgsino-like χ̃0
1 NLSP

decays to either a Higgs (h) or a Z boson and G̃.3 Absence of a large bino component

leads to a rather suppressed photon mode unless there is substantial gaugino-bino-higgsino

admixture [171]. However the photon mode may dominate in case of very light higgsinos

where the decay to the Higgs or Z boson is phase space suppressed. As the coupling of a

1We use G̃ for the gravitino in the remaining part of the manuscript.
2Searches for displaced jets and leptons could be relevant for neutral higgsinos: χ̃0

2, χ̃
0
1 in the presence of

non-standard LSP candidates [159,182].
3In presence of MA < µ, the NLSP may also decay into the heavy Higgses [156]. In this study, for

simplicity the heavy Higgs masses are kept above the spectrum of interest.
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gravitino to other particles are inversely proportional to its mass(mG̃), a lighter gravitino has

stronger couplings as compared to a heavier one. The decay width is proportional to m5
X̃

,

where mX̃ is the mass of the parent sparticle. Hence for a fixed gravitino mass and increasing

NLSP mass, the decay width increases and leads to prompt decays. For any sparticle X̃, its

two-body decay to X and a gravitino is given as [2]:

Γ(X̃ → XG̃) =
m5
χ̃0
1

48πM2
Plm

2
G̃

(1− m2
X

m2
X̃

)4 (5.3.1)

where mX refer to the mass of the SM partner of X̃. As we are interested in the decay of

the neutralino NLSP to the gravitino, the composition of the lightest neutralino becomes

an essential characteristic as it would determine what the NLSP finally decays to. The

neutralino mass matrix in the basis (B̃, W̃3, H̃
0
d , H̃

0
u) is MÑ as defined in Chapter 2, Eq.

2.3.20. Diagonalising the symmetric mass matrix using a unitary matrix N lead to the

neutralino mass eigenstates χ̃0
i (i = 1, .., 4).

NMÑN
T = diag(mχ̃0

1
,mχ̃0

2
,mχ̃0

3
,mχ̃0

4
) (5.3.2)

where mχ̃0
1
< mχ̃0

2
< mχ̃0

3
< mχ̃0

4
.

The chargino mass matrix M c in the basis (W̃+, H̃+
u ) is as given in Chapter 2 Eq. 2.3.1.

Since, MC̃ is not a symmetric matrix, we need two unitary matrices U and V to diagonalize

the matrix. Hence,

U∗MC̃V
−1 = diag(mχ̃±

1
,mχ̃±

2
) (5.3.3)

where mχ̃±
1
< mχ̃±

2
. Thus, in the limit where µ << M1,M2, ie. the lightest neutralino

is dominantly higgsino-like with small gaugino fractions, there are two nearly degenerate

higgsino-like neutralinos χ̃0
1, χ̃

0
2 and higgsino-like chargino, χ̃±1 . Thus, a low-lying higgsino

mass parameter leads to a naturally compressed spectra consisting of three closely lying

particles χ̃0
1, χ̃0

2 and χ̃±1 . The mass eigenvalues for the higgsinos at the tree-level are [183,184]:

mχ̃±
1

= |µ|
(

1− M2
W sin 2β

µM2

)
+O(M−2

2 )

mχ̃0
1,2

= ±µ− M2
Z

2
(1± sin 2β)

(
sin θ2

W

M1

+
cos θ2

W

M2

)
(5.3.4)

In the MSSM, the χ̃0
1 is primarily the LSP with different mass hierarchies amongst the

higgsinos. Owing to the natural compression in mass amongst the higgsinos, χ̃0
2 and χ̃±1

primarily decay via off-shell gauge bosons (W±, Z) to the LSP. χ̃0
2 may also decay via a
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photon to the LSP at one-loop level. In cases, where χ̃0
2 is the heaviest amongst all the

higgsinos, the following are the relevant decay modes of the higgsinos:

χ̃0
2 → ff̄ χ̃0

1, f f̄
′χ̃±1 , γχ̃

0
1

χ̃±1 → ff̄ ′χ̃0
1

(5.3.5)

where f and f ′ are SM fermions. There may be regions in the parameter space where χ̃±1 is

heavier than χ̃0
2, the decays of the χ̃0

2 and χ̃±1 are modified as follows:

χ̃±1 → ff̄ ′χ̃0
1, f f̄

′χ̃0
2

χ̃0
2 → ff̄ χ̃0

1, γχ̃
0
1

(5.3.6)

In some regions of the parameter space, χ̃±1 may become the lightest of all the higgsinos [183],

thereby opening up the following are the decay modes of χ̃0
1, χ̃

0
2:

χ̃0
2 → ff̄ χ̃0

1, f f̄
′χ̃±1 , γχ̃

0
1

χ̃0
1 → ff̄ χ̃±1

(5.3.7)

However with the charged state being the lightest an alternative light LSP candidate is

preferred, which in our case happens to be the gravitino. In the presence of G̃ LSP, new

decay modes open up for the higgsinos. The presence of a non-zero higgsino fraction in

χ̃0
1 and h̃ − h − G̃ vertex ensures the presence of a Higgs boson arising from the decay

of χ̃0
1 to a Higgs and G̃. Suppressed gaugino fractions imply reduced decay to photons

or Z along with the gravitino which would otherwise proliferate for bino/wino dominated

NLSP. However there is substantial branching fraction of χ̃0
1 into Z and G̃ in the case of a

higgsino-like NLSP as well [170,171]. This is because after electroweak symmetry breaking,

the Goldstone boson forms the longitudinal component of the Z boson. Similarly, χ̃±1 may

also decay to a longitudinal W along with the G̃ in cases where χ̃±1 is the NLSP. Thus,

depending on the various possible hierarchies amongst the higgsinos, the following are the

possible decay channels of the higgsino-dominated electroweakinos:

χ̃0
2 → ff̄ χ̃0

1, f f̄
′χ̃±1 , hG̃, ZG̃

χ̃±1 → ff̄ ′χ̃0
1, f f̄

′χ̃0
2,W

±G̃

χ̃0
1 → hG̃, ZG̃

(5.3.8)

where the Z boson from neutralino decay is mostly longitudinal. The couplings of the neutral

higgsinos χ̃0
1, χ̃

0
2 and charged higgsino, χ̃±1 , to the gravitino (G̃) LSP are [43]:

|gG̃χ̃0
iHk
|2 = |ekNi3 + dkNi4|2(MPlmG̃)−2,

|gG̃χ̃±
1 H

±
k
|2 = (|V 2

12| cos2 β + |U2
12| sin2 β)(MPlmG̃)−2

(5.3.9)
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for i = 1, 2 corresponding to χ̃0
1, χ̃0

2 and k = 1, 2, 3 corresponding to the CP-even scalars

h,H and CP-odd pseudoscalar A. The coefficients ek and dk are as below:

e1 = cosα, e2 = − sinα, e3 = − sin β

d1 = − sinα, d2 = − cosα, d3 = cos β
(5.3.10)

and Nij refer to the (ij)th entry of the neutralino mixing matrix N , α is the mixing angle

between the CP-even Higgses, h and H. In the decoupling limit, i.e, mA >> mh, β−α ∼ π/2

( where, 0 < β < π and −π < α < 0 ), the lightest CP-even Higgs (h) behaves like the SM

Higgs boson [2]4. The coupling of the Z boson to χ̃0
1 and G̃ is as follows:

|gG̃χ̃0
iZ
|2 = (|N11 sin θW −N12 cos θW |2 +

1

2
|Ni4 cos β −Ni3 sin β|2)(MPlmG̃)−2 (5.3.11)

for i = 1, 2. Thus, the partial decay widths of a higgsino-like neutralino χ̃0
1 are as follows

[2, 156,170]:

Γ(χ̃0
1 → ZG̃) ∝ (|N11 sin θW −N12 cos θW |2 +

1

2
|N14 cos β −N13sinβ|2)(MPlmG̃)−2

Γ(χ̃0
1 → hG̃) ∝ |N14 sinα−N13 cosα|2(MPlmG̃)−2

The terms proportional to N14 and N13 denote the Goldstone couplings; which we discuss in

detail later in section 5.7. In the decoupling limit, sinα = − cos β and cosα = sin β, thus

Γ(χ̃0
1 → hG̃) ∝ |N14 cos β +N13 sin β|2(MPlmG̃)−2 (5.3.12)

For |N11|, |N12| << |N13|, |N14|, Γ(χ̃0
1 → hG̃) ∼ Γ(χ̃0

1 → ZG̃). For the higgsino-like χ̃0
1,

N13 ' N14 for µ > 0, whereas for µ < 0, ie, N13 ∼ −N14 [170]. This leads to an increase in

Γ(χ̃0
1 → hG̃) as evident from Eq. 5.3.12.

Branching Ratios

We consider a higgsino-like χ̃0
1 as the NLSP with a light G̃ LSP. As discussed in section 5.3,

the branching ratios of the NLSP are governed by the composition of the NLSP as well as

the values of tan β and µ. In Fig. 5.1 we plot the branching ratios of χ̃0
1’s decay to a

h G̃ or a Z G̃ as a function of tan β and µ. Among other parameters, the bino, wino and

gluino soft mass parameters are M1, M2,M3 ∼ 2 TeV respectively, whereas squarks and

sleptons masses are kept at ∼2 TeV. The light stop masses are kept at 2.8 TeV to fit the

lightest CP-even Higgs mass in the range 122-128 GeV [16,185] for µ parameter values in the

range [0.2:1.5] TeV. The relevant parameter ranges for the scan which is carried out using

SPheno-v3.3.6 [120,121] are summarised in Table 5.1.

4We assume MA >> µ for simplicity, therefore disallowing decays of χ̃0
i to heavy Higgses.
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Parameters |µ| (GeV) sign(µ) tan β

Values 0.2-1.5 ±1 2-45

Table 5.1: Relevant range of the input parameters for the parameter-space scan to study

the decay probabilities of the lightest neutralino is shown. We keep other parameters at

fixed values which include: M1 = 2 TeV, M2 = 2 TeV, M3 = 1.917 TeV, MQ3 = 2.8 TeV,

MU3 = 2.8 TeV, MA = 2.5 TeV, At = 3 TeV and mG̃ = 1 keV.
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Figure 5.1: Variation of χ̃0
1 decay into a Higgs (top panel) or Z boson (bottom panel) along

with the G̃ LSP with µ and tan β in the coloured palette. The parameters of the scan are

listed in Table 5.1.

The decay branching ratios of the higgsino-dominated χ̃0
1 NLSP are governed mainly by

values of µ and tan β and hence the composition of the NLSP. Fig. 5.1 clearly shows that

there exist three distinct regions of the parameter space, namely the Higgs dominated region,

the Z boson dominated region and the region of parameter space where both the Higgs and
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the Z boson modes are comparable. The Higgs dominated BR(χ̃0
1 → hG̃) ' 0.8 occurs for

negative values of the µ parameter whereas the Z boson dominated BR(χ̃0
1 → ZG̃) ' 0.8 is

for positive µ parameter, both at low tan β values. In the former case, N13 = N14 whereas in

the latter case there is a relative sign between N13 and N14 in a small region of the parameter

space where the Higgs mode takes over the Z mode. Although the Higgs mode dominates

over the Z mode throughout the negative µ parameter space (see Eq. 5.3.12), it decreases

with increase in the gaugino admixture in the NLSP at higher values of µ and tan β (as µ

gets closer to the choice of M1 and M2 shown in Table 5.1), which defines a range of the

parameter space with comparable branching ratios for the Higgs and Z boson decay modes

of the χ̃0
1 NLSP. In addition, as the χ̃0

1 becomes more gaugino-like the additional decay mode

of γ G̃ would also open up and subsequently dominate the branching probabilities.

5.4 Existing LHC limits

The current bounds on the light higgsinos as NLSP and G̃ LSP are well studied at LHC

for a light gravitino ( mG̃ = 1 GeV) assuming prompt decays. The relevant analyses are

summarised in Table 5.2. We discuss in detail the implications of the constraints from LHC

on the higgsinos as well as on the strong sector sparticles as relevant for our study below:

• Higgsinos: ATLAS and CMS impose stringent limits on the mass of the higgsinos

from searches involving multible b-jets/leptons along with large missing transverse

energy /ET assuming specific branching probabilities for its decay. The following are

the exclusion limits on the higgsino masses [172,186] :

BR(χ̃0
1 → hG̃) ∼ 1.0 : mχ̃0

1
≥ 880 GeV (ATLAS); mχ̃0

1
≥ 760 GeV (CMS).

BR(χ̃0
1 → ZG̃) ∼ 1.0 : mχ̃0

1
≥ 340 GeV (ATLAS).

Combined exclusion limits on the higgsino mass from multiple searches at CMS are as

follows [172]:

BR(χ̃0
1 → hG̃) ∼ 1.0 : mχ̃0

1
≥ 775 GeV (CMS).

BR(χ̃0
1 → ZG̃) ∼ 1.0 : mχ̃0

1
≥ 650 GeV (CMS).

• Strong Sector: Direct limits for a massless gravitino LSP scenario are placed on

strong sector sparticles with G̃ LSP from opposite-sign dilepton + missing energy

searches in ATLAS [191] excluding mg̃ ≤ 1.8 TeV for mχ̃0
1
< 600 GeV. Stringent limits
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Final State Production mode ATLAS CMS

2/3/4b+ /ET χ̃0
1χ̃
±
1 , χ̃

0
2χ̃
±
1 , χ̃

∓
1 χ̃
±
1 , χ̃

0
1χ̃

0
2 [186] [172]

`+`− + /ET χ̃0
1χ̃
±
1 , χ̃

0
2χ̃
±
1 , χ̃

∓
1 χ̃
±
1 , χ̃

0
1χ̃

0
2 [172]

≥ 3`+ /ET χ̃0
1χ̃
±
1 , χ̃

0
2χ̃
±
1 , χ̃

∓
1 χ̃
±
1 , χ̃

0
1χ̃

0
2 [172]

hh+ /ET g̃g̃ [187]

4`+ /ET χ̃±1 χ̃
±
1 , χ̃

±
1 χ̃

0
2 [188]

≥ 2j + /ET g̃g̃, q̃q̃ [189]

bb̄+ /ET χ̃0
2χ̃
±
1 [190]

1`+ bb̄+ /ET χ̃0
2χ̃
±
1 [190]

3`+ /ET χ̃0
2χ̃
±
1 [190]

`±`± + /ET χ̃0
2χ̃
±
1 [190]

Table 5.2: List of experimental searches from LHC relevant for our current study with G̃

LSP.

also arise from boosted Higgs searches [192] interpreted in terms of a simplified scenario

with a light χ̃0
1 LSP excluding mg̃ ≤ 2.2 TeV for mχ̃0

1
= 1 GeV. Other indirect searches

which constrain the above mentioned scenario are multi-jets and/or multileptons + /ET

searches [188,189], owing to the presence of h/Z from the NLSP decay which give rise

to leptons or jets in the final state.

5.5 Benchmarks for our analysis

We choose representative benchmark points of the allowed parameter space to probe a low-

lying higgsino-like χ̃0
1 NLSP with light G̃ LSP, focusing primarily on promptly decaying

χ̃0
1 signals. Our choice of benchmarks is motivated by the underlying aim of uncovering

the characteristics of a higgsino-like χ̃0
1 NLSP in the presence of a light G̃ LSP. Decays of

the strong sector sparticles occur via the following decay modes for a keV G̃ as discussed

in Chapter 4: for gluinos, with squarks and electroweakinos decoupled, the possible decay

modes to the NLSP,

g̃ → tt̄χ̃0
1, bb̄χ̃0

1, tb̄χ̃−1 , qq̄χ̃−1 , qq̄χ̃
0
1
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Among these decay modes, owing to the higgsino-like nature of the NLSP, the interaction

strengths are governed by the Yukawa couplings. Hence the third generation squark channels

dominate. Whereas for the first and second generation squarks, the possible decay modes

are:

q̃ → qχ̃0
1, qχ̃0

2, q′χ̃±1

As discussed in section 5.3, the dominant decay mode of the χ̃0
1 NLSP is to either a Higgs or

a Z boson along with the G̃ LSP which constributes to the missing energy. This is because,

for a keV G̃ the sparticles decay primarily to the χ̃0
1 NLSP, either directly or via cascade

decays through the intermediate sparticles [9]. We wish to study the collider prospects of

observing the final state: ≥ 1b+ `+`− + /ET in the context of the upcoming high luminosity

run of the LHC and explore kinematic variables reflecting the composition of the NLSP. We

discuss below the characteristic features of each of the chosen benchmarks which follow:

• Squarks and keV G̃ (BP1) with higgsino-like χ̃0
1 NLSP.

• Squarks and keV G̃ (BP2) with gaugino-like χ̃0
1 NLSP.

• Light higgsinos only and keV G̃ (BP3) with χ̃0
1 NLSP.

• Squarks and keV G̃ (BP4) with a heavy gaugino-higgsino mixed χ̃0
1 NLSP.

For simplicity, M1,M2 ∼ 2.3 − 2.4 TeV such that their contribution directly or via

cascade decays of strong sector sparticles to the signal region under study is negligible.

Among the constraints on the parameter space, light Higgs mass is within the range 122-128

GeV [16,185]. In all cases, both t̃1 and/or t̃2 are heavy or the trilinear coupling, At, is large

to fit the lightest CP-even Higgs mass, mh in the range 122-128 GeV [16, 185, 193]. Also,

mχ̃±
1

adheres to LEP limit of 103.5 GeV [105]. We focus primarily on the following cases:

• BP1: We choose this benchmark with squark lighter in mass than the gluinos, i.e,

mq̃ = 2.3 TeV while mg̃ ∼ 2.8 TeV respectively. We choose µ = 800 GeV and

tan β = 25 such that BR(χ̃0
1 → hG̃) ∼ 0.45 whereas BR(χ̃0

1 → ZG̃) ∼ 0.55. The

lightest chargino, χ̃±1 decays primarily via χ̃0
1, i.e, BR(χ̃±1 → ff̄ ′χ̃0

1) ∼ 0.98.

• BP2: This benchmark is quite similar to BP1 except with a major difference in the

composition of the NLSP. Here the χ̃0
1 NLSP is dominantly zino-like, i.e, M1 = M2 =

800 GeV and µ = 2 TeV. Thus, χ̃0
1 → γG̃ ∼ 0.75 and χ̃→ ZG̃ ∼ 0.25. The sole pupose

of choosing this benchmark is to compare the difference in distributions referred to in
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section 5.7 which gives a clear indication of the NLSP composition. Note that the

dominant signal for this benchmark is via hard photon signals along with jets and

large missing energy, as discussed in Chapter 4.

• BP3: For this benchmark we consider a more simplified spectra with only a light

higgsino sector where we have decoupled squarks and gauginos by making them ultra

heavy and out of reach of the LHC. To achieve this we choose µ = 700 GeV whereas

M1,M2 ∼ 7 TeV and M3,MQ ∼ 7 TeV. We have chosen tan β = 25 which gives a

BR(χ̃0
1 → hG̃) ∼ 0.45 and BR(χ̃0

1 → ZG̃) ∼ 0.55 as in BP1.

• BP4: We choose here an overall heavy spectra with a significantly heavier NLSP with

µ = 2.2 TeV and with M1,M2 = 2.3 TeV. This makes the gauginos out of direct reach

of LHC but accessible via cascades of strongly produced squarks which are around

2.3 TeV too. This benchmark also ensures a large gaugino-higgsino admixture in the

χ̃0
1 as compared to BP1 which can test the efficacy of our analysis in unravelling the

composition of the NLSP.

Finally we also include a benchmark BP5 similar to BP1 with a larger branching fraction

into the Higgs boson and gravitino mode which would represent the low tan β and negative

µ region of the parameter space. We choose the benchmarks after passing them through

the public software CheckMATE [194]. Among the searches implemented in CheckMATE, strin-

gent constraints come from multijet searches by ATLAS [189]. The benchmark points are

generated using the spectrum generator SPheno-v3.3.6 [120,121] and shown in Table 5.3.

5.6 LHC Signals

We now discuss in detail the possible LHC signals arising in the current scenario with a

higgsino-like χ̃0
1 NLSP and keV G̃ LSP. Strong sector sparticles pair produced at

√
s = 13

TeV LHC cascade down to the χ̃0
1 NLSP along with additional jets arising from the cascade.

In situations where the strong sector is not kinematically accessible, it is worthwhile to

explore signals from the direct production of the low-lying higgsinos decaying promptly to

the NLSP χ̃0
1 which then further decays to a Higgs/Z gauge boson and the G̃ LSP. As

discussed in section 5.3, such a scenario would lead to hh/hZ/ZZ final states with/without

extra hard jets arising from the strong sector cascade.

Motivated by the characteristics of a higgsino NLSP spectra, among the multifarious

signatures possible we focus on a final state consisting of a Higgs and Z boson along with
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Parameters BP1 BP2 BP3 BP4 BP5

M1 2400 800 7000 2300 2400

M2 2400 800 7000 2300 2400

µ 800 2400 700 2250 -800

tan β 25 25 25 25 3.8

At 3200 3200 100 3200 3740

mA 2500 2500 2500 2500 3000

mh 125.3 125.3 127.1 124.5 122.2

mg̃ 2806.4 2807.1 7271.2 2840.1 2663.3

mq̃L 2303.3 2300.2 7156.4 2313.3 2280.6

mq̃R 2302.2 2302.5 7155.4 2312.5 2283.7

mt̃1
2357.5 2184.8 7057.0 2509.1 1581.1

mt̃2
2340.9 2370.8 7104.0 2666.0 2271.4

mb̃1
2260.9 2266.4 7102.2 2583.4 2237.5

mb̃2
2299.0 2323.9 7129.0 2630.3 2295.6

ml̃L
3331.8 3326.8 7337.2 3332.6 3329.4

ml̃R
3335.6 3333.7 7336.3 3336.3 3334.1

mχ̃0
1

810.9 797.9 718.8 2211.0 1214.8

mχ̃0
2

-814.4 837.8 -723.7 -2254.8 -1217.2

mχ̃±
1

812.5 837.9 720.9 2223.1 1216.4

mχ̃±
2

2415.7 2397.3 1925.9 2350.5 2420.9

mχ̃0
3

2386.3 -2394.8 1923.6 2290.1 2392.2

mχ̃0
4

2415.6 2397.4 1925.8 2350.5 2420.9

mG̃ (keV) 1.0 1.0 1.0 1.0 1.0

BR(χ̃0
1 → hG̃) 0.45 0.0 0.44 0.23 0.27

BR(χ̃0
1 → ZG̃) 0.55 0.25 0.56 0.75 0.73

BR(χ̃0
1 → γG̃) 0 0.75 0 0.02 0

BR(χ̃±1 → WG̃) 0.024 0.0 0.003 0.0001 0.15

BR(χ̃±1 → W ∗χ̃0
1) 0.976 1.0 0.997 0.9999 0.85

Table 5.3: List of benchmarks chosen for our study. Mass parameters are in GeV unless

specified otherwise. 107



large /ET as the primary signature of such a scenario. Although both Higgs and Z domi-

nantly decay to hadronic final states, (i.e, BR(h → bb̄) ∼ 0.58 and BR(Z → jj) ∼ 0.67),

the corresponding hadronic background would be clearly overwhelming for the all hadronic

signal. In addition, to study the characteristic polarization of the Z boson coming from the

decay of the NLSP we require an efficient and cleaner mode of reconstruction which can

only come through the leptonic decay of the weak gauge boson. We therefore choose a final

state that includes atleast one b-jet and two same flavour opposite-sign leptons along with

/ET . Owing to the presence of leptons in the final state, this is a relatively clean channel to

observe at LHC as compared to an all hadronic final state. Since the LSP is a very light

G̃, the ensuing h/Z from the NLSP decay and hence, the b-jets and/or leptons have large

transverse momentum (pT ), thereby leading to a large /ET , where ~/ET = −~pTvis (balancing

the net transverse momenta, ~pTvis of the visible particles). No specific criteria is imposed on

the number of light jets in the scenario as will be present if the signal arises from the decay

of the squarks or gluinos to the NLSP. This is because our choice of an inclusive final state

signal would be able to highlight the presence of a higgsino-like NLSP irrespective of the

rest of the underlying MSSM spectrum, i.e. with/without the strong sector placed above

the low-lying higgsinos.

Signal, Background and Event selection criteria

We consider the following SUSY production processes involving the first and second gen-

eration squarks as well as the low-lying higgsinos to be pair produced when kinematically

accessible:

pp→ q̃iq̃j, q̃iq̃
∗
j , q̃
∗
i q̃
∗
j , χ̃

0
1χ̃

0
2, χ̃

±
1 χ̃

0
1, χ̃

±
1 χ̃

0
2, χ̃

±
1 χ̃
±
1

For a keV G̃ LSP with substantial mass difference between the NLSP and LSP, the following

decay modes are in order:

q̃ → qχ̃0
1, χ̃0

1 → h/Z G̃

q̃ → qχ̃0
2, χ̃0

2 → ff̄ χ̃0
1

q̃ → q′χ̃±1 , χ̃±1 → ff̄ ′χ̃0
1

where fand f ′ refer to the SM fermions. Thus when the signal is generated from the pair

production of the strongly interacting sparticles, the final state consists of at least two hard

jets in the hh/hZ/ZZ final state along with a pair of invisible gravitinos which contribute
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to the large /ET . Among the possible combinations of the decay products of h and Z, we

primarily focus on the ≥ 1b+`+`− final state along with /ET . Since the Z decays leptonically,

it gives a cleaner channel and better control over the SM backgrounds as compared to a

hadronic final state.

We generate the signal events in Madgraph v5 [123] using the model UFO files available

from Feynrules [195]. Subsequently, parton level events are showered and hadronised using

Pythia [126,196] and detector simulation is performed using Delphes [129]. Jets (including

b-jets) are reconstructed using the anti-kT algorithm [132] using Fastjet [133] with mini-

mum transverse momentum, pT > 20 GeV within a cone ∆R = 0.4. Charged leptons are

reconstructed in a cone of ∆R = 0.2 with a maximum energy deposit in the cone from all

other particles limited to 10% of the pT of the lepton. The significant contributions to the

SM background for the given final state come from

• tt̄, (t→ bW+, W+ → `+ν)

• hZ+ jets, ( h→ bb̄, Z → `+`−)

• tt̄Z, ( Z → `+`−)

• ZZ, ( Z → bb̄, Z → `+`−)

• W±W±Z, (Z → `+`−)

• Zbb̄+ /ET , (Z → `+`−)

Although the QCD background has a large cross-section, it has negligible contribution to the

signal region characterized by large /ET as well as effective mass, MEff which helps probe

the heavy mass scale of the SUSY particles and would serve as an effective discriminator

between the SUSY signal and SM background. For SM background, we have performed

showering and hadronisation using Pythia [126, 196] and perform MLM matching [123] when

needed with QCUT=20−30 GeV.

Primary selection criteria

We choose the following basic selection criteria to identify leptons (e−, µ−) and (b)-jets in

the signal and background:

• The charged leptons are identified with pT > 10 GeV and |η| < 2.5.
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• All reconstructed jets and b-jets have pT > 30 GeV and |η| < 2.5.

• Jets and leptons are isolated with ∆Rij > 0.4 and ∆R`` > 0.2.

Signal Analysis

We look at final states with at least one b-jet and a pair of opposite-sign same flavour leptons

(e−, µ−) along with large /ET carried away by the LSP. We also veto events with a photon

with pT > 10 GeV and |η| < 2.5. The missing transverse energy, /ET = |~pTvis|, where

~pTvis =
∑

j ~pT (j)+~pT (`+)+~pT (`−) is the net transverse momentum of the signal (b)-jets and

charged leptons in the final state. Since the NLSP-LSP mass gap is large, the transverse

momenta carried by the decay products are large thereby ensuring a large amount of /ET in

the event.

Fig. 5.2 shows the normalized differential distrubution of a few kinematic variables (MEff

and /ET ) for BP1 and BP4 along with the background. The SUSY signal distributions for

the missing transverse energy ( /ET ) and effective mass (MEff ) are widely separated from

the SM background for BP4 in the presence of a heavy NLSP. However the signal events

peak at a much lower value ∼ 600 GeV for BP1 while significant events of the signal are

found at large MEff values ∼ 2.0 TeV for BP4. Note that for BP4 this is due to the

high transverse momentum of the jets, and leptons arising from the decay cascades of the

heavy O(2) TeV range sparticles. However for BP1 with a light NLSP, there is considerable

overlap of the kinematic distributions with the background while differing in the tail of the

distribution. This happens because the dominant contribution to the signal comes from the

direct production of the light higgsino sector as compared to the strong production cross-

section. We break our analysis in two parts to study different scenarios that can present

themselves at LHC. The signal from a heavy spectrum of O(2) TeV including the NLSP,

that can only have relevant signal contribution through the production of strongly interacting

sparticles at the LHC is optimised using cuts in Analysis 1 while the signal for relatively

lighter electroweakino states being directly accessible at LHC with smaller contributions from

the strong sector is analysed in Analysis 2. Appropriate cuts on the relevant kinematic

variables will be crucial to remove SM background in the subsequent collider analyses to

study the two scenarios discussed above.
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Figure 5.2: Distribution of few useful kinematic variables before application of any selection

cuts.

Analysis 1

As a crucial part of our analysis is dependent on the reconstruction of the Z boson in

the events through the dilepton mode, the event rate for the signal will suffer due to the

small brancing fraction of the gauge boson to charged leptons. In addition, if we intend to

reconstruct the light Higgs boson too using double b-tag jets, we will end up restricting our

search sensitivity significantly. We therefore need to select events using proper cuts to be

able to identify the Z boson as well as imply a Higgs like event. In order to select such a

final state we implement the following event selection criterion to retain a significant amount

of signal against the SM background:

• D1: We select a final state with up to two opposite sign leptons of same flavour (N` = 2

with pT > 20 GeV) and at least one b-jet with pT > 30 GeV.

• D2: To reconstruct the Z boson we demand that the invariant mass of a dilepton

pair (opposite-sign same-flavour) in the signal events is within the Z mass window

satisfying 76 < M`+`− < 106 GeV.

Another kinematic variable of importance is the stransverse mass MT2 [197]. It is recon-

structed using the leading and sub-leading lepton pT along with /ET . For SM processes such

as tt̄, MT2 shows an end point value ∼MW , the mass of the W boson decaying leptonically

thereby yielding an invisible neutrino. For SUSY processes, the end-point is determined by

the mass difference between the NLSP and LSP. For a light keV scale LSP and TeV NLSP,

the end-point is large compared to MW and can serve as an effective discriminator between

SUSY signals and the dominant SM background subprocesses.
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• D3: We demand a cut on the kinematic variable MT2 > 90 GeV to remove backgrounds

from tt̄.

An important kinematic variable is the effective mass, MEff = pT (`+) + pT (`−) + /ET +∑
pTi(j), the scalar sum of the transverse momenta of the visible jets, leptons and /ET

in the event. MEff reflects the mass scale of the heavy SUSY particles and hence is an

efficient variable to suppress SM background. However a strong cut on MEff would choose

to retain contributions from a very heavy spectrum and therefore in this case we focus on the

benchmarks that contribute mainly through the production of the strong sector sparticles,

viz. BP4 and BP5. Note that the strong sector for BP1 is of similar value to BP4 and BP5

and therefore the signal rates coming from the strong sector would be very similar. However,

as the dominant fraction of signal events would be from the light higgsino production, the

cuts given below are not particularly optimised to study BP1 while BP3 signal becomes

very small. We shall discuss these benchmarks in Analysis 2.

• D4: Since nearly all the SUSY particles except LSP are very heavy for BP4 and BP5,

a large MEff is expected for the signal over the SM background as shown in Fig. 5.2.

We therefore demand a strong cut of MEff > 2 TeV. This cut renders the signal for

other benchmarks to a relatively smaller value.

• D5: In addition we also put a strong cut on missing transverse energy, /ET > 300 GeV

to further remove remaining contributions from SM background processes.

We show the cut-flow result of our analysis for the signal and SM background in Table 5.4.

As expected the signal rates coming from a 2 TeV squark sector yields quite small numbers,

even with an integrated luminosity of 3000 fb−1. The overwhelmingly huge SM background

is brought in control by primarily using the MT2 cut and is then rendered negligibly small

using the combination of MEff and /ET cuts. We find that the sequence of cuts shown in

Table 5.4 affects the signal slightly with a suppression of the signal rate of less than 50% for

BP4 and BP5. Thus we find a significant number of SUSY signal events surviving the event

selection. Note that the relative suppression of events in BP1 after the cuts is less compared

to BP3. However the number of events after cuts in BP1 is still quite large compared to

the SM background.

We compute the statistical significance (S) of the above signals using the formula in

Chapter 3 Eq. 3.3.1 and show the required integrated luminosities to observe and discover

the signal in Table 5.5:

S =

√
2×

[
(s+ b)ln(1 +

s

b
)− s

]
.
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Signal D1 D2 D3 D4 D5

BP1 112 92 81 24 21

BP3 98 83 74 2 2

BP4 15 12 12 10 10

BP5 24 17 15 15 14

SM Background D1 D2 D3 D4 D5

tt̄ 365125 64968 186 - -

hZ 29348 28360 781 1.76 0.16

ZZ 178581 172636 2124 15 2.3

tt̄Z 3043.3 2111 287 6.14 0.98

tt̄W 9121 1802 13.6 - -

WWZ 159 153 13 0.65 0.074

Total Background 3

Table 5.4: Number of signal and background events for ≥ 1 b + `+`− + /ET at
√
s = 13

TeV LHC for L = 3000 fb−1 using cuts D1-D5. Note that the events have been rounded-

off to the nearest integer. Cross-sections for SUSY signals have been scaled using NLO

K-factors [134] and wherever available, NLO+NLL K-factors [168]. Cross-sections for SM

background processes have been scaled using NLO K-factors [123] and wherever available,

NNLO K-factors [198–202] have been used.

where s and b refer to the number of signal and background events respectively. We observe

Benchmark L (in fb−1) for 3σ excess L (in fb−1) for 5σ excess

BP1 508 1409

BP4 1647 4575

BP5 956 2654

Table 5.5: Required luminosities for observing the SUSY signal for the different benchmarks

at
√
s = 13 TeV LHC run.

that benchmarks BP4 and BP5 require large integrated luminosities whereas BP3 with

113



a decoupled squark sector is out of reach of LHC. Although BP1 is observable at LHC,

the large MEff cut reduces the contribution from the light higgsino sector which is directly

accessible at LHC. Therefore, this analysis is more sensitive to the case of heavier spectra

that also includes the NLSP to be quite heavy, such as BP4 and BP5. However with a light

higgsino sector and similar squark masses to BP4 such as in BP1 we are still able to get a

relatively healthy number for the signal albeit after losing a large part of the signal events.

A more optimised set of cuts is used in Analysis 2 to study the scenario with lighter NLSP

mass.

Note that for simplicity we have looked at the presence of light squarks in the spectrum.

Significant contribution to the signal region under study may also arise in the presence of

gluinos from a compressed q̃g̃ sector mainly from squark-gluino associated production. The

gluinos decay via the NLSP leading to a large number of b-jets in the final state besides the

contribution from the NLSP decay to the LSP. Since we have studied an inclusive final state,

≥ 1b + `+`− + /ET , the contribution from the gluino will enhance the SUSY signal cross-

section. We also comment on the prospect of multijet searches as discovery channels for our

scenario. Using the SM backgrounds of the multijet analyses [189] we estimate the reach of

the squark masses to be 2.78 TeV to achieve a 5σ discovery at an integrated luminosity of

3000 fb−1 at LHC. For such heavy spectra the final state channel of ≥ 1b+ `+`−+ /ET would

not be within the LHC reach and therefore multijet channel would be the best discovery

channel.

Analysis 2

We now focus on the signal contribution arising dominantly from the electroweak sector

of sparticles with/without the strong sector when accessible, as for benchmark BP1 and

BP3. Since the electroweakino sector is lighter, a strong cut on MEff as used in D4 will

deplete the signal significantly in this case. Therefore, we employ a different set of cuts

for investigating the signal region ≥ 1 b + `+`− + /ET arising from the low-lying higgsino

sector. We consider the contributions from the electroweak sector in addition to the strong

sector for the benchmarks in our study when they are kinematically accessible and study

the benchmarks BP1 and BP3. The following cuts are implemented on both signal and

background:

• E1: As in Analysis 1, we select a final state with up to two opposite sign leptons of

same flavour (N` = 2 with pT > 20 GeV) and atleast one b-jet with pT > 30 GeV.
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• E2: To reconstruct the Z boson we demand that the invariant mass of the dilepton

pair in the signal events is within the Z mass window satisfying 76 < M`+`− < 106

GeV.

• E3: As before, MT2 is an efficient cut to reduce background contributions from tt̄ to

the signal region. We demand a slightly stronger cut of MT2 > 120 GeV in this case

as it helps improve the signal-to-background ratio.

• E4: The large mass scales of SUSY particles again lead to a higherMEff as compared to

the backgrounds. Since µ ∼ 700−800 GeV, MEff > 300 GeV helps reduce background

dominantly compared to signal.

• E5: The SUSY signal has a larger /ET as compared to the SM background. Hence

/ET > 300 GeV cut helps reduce a significant part of the remnant contributions from

SM background.

The cut-flow table for the signal and SM background are as shown in Table 5.6. Since

the higgsinos, with masses in the range µ = 700− 800 GeV are rather light compared to the

heavy squarks, a large cut on variables such as MEff ∼ 2 TeV is quite ineffective to search

for a spectrum with a lighter higgsino sector since the signal will be depleted significantly.

Therefore, in this case we rely on a much relaxed cuts on MEff and a slightly stronger

cut on MT2 to ensure substantial removal of the tt̄ background while retaining the signal

events. However other background contributions remain with a softer MEff cut such as that

from Zbb̄ + /ET . This still gives a significantly large event rate for the signal as compared

to Analysis 1 and thereby allowing a ∼ 8.6 (10)σ discovery possible with L = 3000 fb−1.

Since both the benchmarks have similar branching fractions into the Z and Higgs mode, the

difference in the required integrated luminosity is primarily owing to the fact that the NLSP

mass is heavier in BP1 than in BP3. The required luminosity for observing a 3σ and 5σ

significance at LHC are shown Table 5.7. We conclude that both BP1 and BP3 are well

within the discovery reach of the high luminosity run of LHC.

We now are set to study the efficacy of the signal that we have analysed to identify

the nature of the NLSP and its inherent composition with respect to the gaugino-higgsino

admixture in the following section.
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BP1 E1 E2 E3 E4 E5

χ̃±1 χ̃
±
1 16 13 11 11 9

χ̃±1 χ̃
0
1/2 65 54 47 47 36

χ̃0
2χ̃

0
1 16 14 12 12 9

q̃q̃ 30 24 19 19 18

Total 73

BP3 E1 E2 E3 E4 E5

χ̃±1 χ̃
±
1 33 27 24 24 18

χ̃±1 χ̃
0
1/2 126 107 87 87 65

χ̃0
2χ̃

0
1 33 28 24 24 18

Total 101

SM Background E1 E2 E3 E4 E5

tt̄ 365125 64968 - - -

hZ 29348 28360 298 298 0.67

ZZ 178581 172636 774 774 6.61

tt̄Z 3043 2111 151 151 8.6

tt̄W 9121 1802 1 1 -

WWZ 159 153 6 6 0.23

Zbb̄+ /ET 2933 2905 312 311 34.7

Total 51

Table 5.6: Number of signal and background events for ≥ 1 b + `+`− + /ET at
√
s = 13

TeV LHC for L = 3000 fb−1 using cuts E1-E5. Note that the events have been rounded-

off to the nearest integer. Cross-sections for SUSY signals have been scaled using NLO

K-factors [134] and wherever available, NLO+NLL K-factors [168]. Cross-sections for SM

background processes have been scaled using NLO K-factors [123] and wherever available,

NNLO K-factors [198–202] have been used.

116



Benchmark L (in fb−1) for 3σ excess L (in fb−1) for 5σ excess

BP1 373 1034

BP3 208 577

Table 5.7: Required luminosities for observing the SUSY signal for the different benchmarks

at
√
s = 13 TeV LHC run.

5.7 A Distinguishing Feature: Longitudinal vs Trans-

verse Gauge bosons

The Goldstone boson equivalence theorem states that, at very high energies, i.e,
√
s >> MV ,

(where V = W±, Z), the longitudinal components of the weak gauge bosons can be approx-

imated by the corresponding Goldstone bosons (with corrections up to factors MV

EV
,where

mass MV and energy EV are the mass and energy of the gauge bosons respectively). In

this limit, W±, Z bosons are primarily produced in the transverse polarised state for SM

processes. This is because for SM gauge bosons, couplings of the longitudinal modes are

suppressed by factors MV /EV at high energies (since EV >> MV for V = W±, Z). How-

ever vector bosons arising from decay of heavy particles (say, X where X may be a heavy

Higgs, or heavy gauge boson or heavy fermion) have enhanced couplings of the longitudinal

mode by factors (MX/MW )2 [203]. Therefore distinguishing the properties of longitudinal

gauge bosons from SM processes giving rise to dominantly transverse gauge bosons is a clear

signature of Beyond Standard Model (BSM) scenarios.

After electroweak symmetry breaking, the three massless Goldstone bosons are absorbed

by the W± and Z bosons contributing to their longitudinal modes. The other five degrees

of freedom form the physical Higgs bosons: h, H, A0 and H±. From section 5.3, we observe

that there exists a substantial parameter space where the decay of the higgsino into a Z and

gravitino is comparable to the decay branching into a Higgs and gravitino as also discussed in

earlier works [170,171]. Since the Goldstone boson from the Higgs doublet (which obtains a

vev after electroweak symmetry breaking) is responsible for the longitudinal component of the

Z boson, a higgsino-like NLSP decays predominantly to a longitudinally polarised Z boson.

This is evident from Eq. 5.3, where for a higgsino-like NLSP, |N13|, |N14| >> |N11|, |N12|.
The higgsino fractions thus drive the χ̃0

1 → ZG̃ decay, where Z is dominated by the neutral

Goldstone boson. It is important to note that the polarisation information of such a Z
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boson can be a signature for the presence of a higgsino-like χ̃0
1. Conversely, for a gaugino-

like NLSP (a photino or zino-like) χ̃0
1 NLSP, |N11|, |N12| >> |N13|, |N14|, thereby leading to a

dominantly transverse Z boson being produced from the NLSP decay. Thus, the polarisation

of the Z boson could be an efficient discriminator between a higgsino-like and gaugino-like

NLSP.

Although our focus is on the polarisation of Z boson in the context of SUSY in this work,

the polarisation information of vector bosons may be extremely useful even for non-SUSY

scenarios where a polarised gauge boson is likely to be produced from the decay of a heavy

particle. Thus, the features of the longitudinal Z boson which will be discussed in detail

in this work are also applicable for other scenarios as well. For example, the presence of

longitudinal gauge bosons from heavy Higgs decays have been studied in earlier works in the

context of Tevatron [204]. LHC analyses have also looked at features of longitudinal gauge

bosons in the SM [205]. In case an excess over SM is observed, it is of crucial importance to

extend current search strategies to characterize BSM scenarios by studying variables sensitive

to the polarisation information of the gauge bosons via their decay products. Although there

have been several studies in the context of e+e− colliders focusing on studies of polarisations

of the incoming electron-positron beams or polarisation of the final state particles, there

are few analogous studies with respect to the LHC utilising these techniques [206]. The

polarisation of a Z boson has been studied briefly in [206] with respect to the LHC in a similar

scenario however in displaced dilepton final states arising from the Z boson decay using the

angular variable cos θ∗ discussed below. We discuss analytically some basic variables found in

the literature, which distinguish longitudinal and transverse gauge bosons. The differential

decay rates for the transversely polarized and longitudinally polarized Z boson in the rest

frame of Z boson are [204]:

dΓT
d cos θ∗

∝ (1± cos θ∗)2 (5.7.1)

dΓL
dcos θ∗

∝ sin2 θ∗ (5.7.2)

where ΓT = Γ(χ̃0
1 → ZT G̃) and ΓL = Γ(χ̃0

1 → ZL G̃) are the partial decay widths of the χ̃0
1

to a transverse Z boson (ZT ) and longitudinal Z (ZL) boson respectively. The angle θ∗ is

defined as the angle the outgoing lepton (arising from the Z boson decay) makes with the Z

boson in its rest frame with the reference direction being the boost direction of the Z boson

in the laboratory frame. The dependence of the decay width, i.e. (1± cos θ∗)2 corresponds

to k = ∓1 state and sin2 θ∗ corresponds to k = 0 state, where k is the helicity of the Z
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Figure 5.3: Normalized distribution of cos θ∗ of the negatively charged lepton (`−) arising

from the χ̃0
1 NLSP decay at rest corresponding to the benchmarks BP1, BP2 and BP4

with the isolation variable ∆R > 0.2 for the leptons.

boson. To highlight the difference we choose the NLSP from a few of the benchmarks we had

chosen for our analysis and generate a normalized distribution for cos θ∗ where the NLSP

is decaying at rest and gives the Z boson as its decay product. The simple illustration of

this reconstruction is shown in Fig. 5.3 where BP1 represents a dominantly higgsino-like

NLSP, BP2 represents a dominantly gaugino-like NLSP while BP4 represents a somewhat

democratic admixture of higgsinos and gauginos in the NLSP.

We now go ahead and consider the full analysis for the signal ≥ 1 b + `+`− + /ET and

focus on the negatively charged lepton. Note that we expect the nature of the NLSP as

highlighted in Fig. 5.3 for the Z polarisation to be robust against the energy smearings in

the detector and the full detector simulation. To show this we compare both parton-level

analysis to the signal events obtained after detector simulations. We plot the normalized

distributions for cos θ∗ of the negatively charged daughter lepton of the Z boson in Fig. 5.4

at the parton level (left) and detector level (right-panel) for our benchmarks BP1, BP2 and

BP4 where one NLSP decays to a Z boson along with a G̃. Recall, BP1 a purely higgsino-

like NLSP (∼ 99%), BP2 purely gaugino-like NLSP (∼ 100%) and BP4 has ∼ 31% gaugino

admixture in the NLSP. Note that charge identification of the lepton (`−) is important in

determining the polarisation information of the parent Z boson. We observe in Fig. 5.4

that the distributions for the negatively charged lepton (for BP1 and BP2) bear significant

resemblance at both parton and detector level simulations, to the expected distributions as

shown in Fig. 5.3 and follows Eq 5.7.1 and Eq. 5.7.2 for the longitudinally polarised Z boson
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Figure 5.4: Normalized distribution of cos θ∗ of the negatively charged lepton (`−) arising

from the χ̃0
1 NLSP at the parton level (top left panel) and after detector simulation (top

right panel) using Analysis 1, corresponding to the benchmarks BP1, BP2 and BP4. In

the bottom panel we present the plots for BP4 at the parton level (left) and at the detector

level (right) for various ∆R values as discussed in the text.

(cos θ∗ = 0) and the transversely polarised Z boson (cos θ∗ = ±1). For BP4 where the

NLSP is a more democratic superposition of the higgsino and gaugino states, owing to the

presence of a considerable fraction of gaugino admixture in the NLSP gives rise to a slightly

flat and broad peak for cos θ∗ in Fig. 5.3. In addition, the NLSP mass is around 2 TeV

which results in a very boosted Z boson in the final state. The event selection criteria can

in principle have adverse effects in this case and modify the distributions. The most notable

effect for BP4 that we find is that the distribution starts to resemble features similar to the

gaugino-like NLSP (BP2) at both parton and detector-level simulations. This we find is

due to the fact that when the Z boson is highly boosted, the pair of charged leptons coming

from the Z boson decay get more collimated with a very small opening angle. This in turn
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would mean that a larger isolation requirement for the charged leptons would lead to loss

of events and also affect the cos θ∗ distribution. Note that in our analysis we have used the

default Delphes card using a small cone radius R = 0.2 and a maximum energy deposit in

the cone being 10% of the pT of the lepton as used for electron identification. An isolation

cut on ∆R > 0.2 when used seems to reduce the peak of the cos θ∗ plot due to the leptons

getting rejected under the isolation cut. To counter this, for BP4 we find that a much loose

lepton identification criterion can be useful for our purpose. To highlight this we identify the

charged leptons with a much larger cone radius of R = 0.5 for lepton identification and also

demand that a large energy deposit with respect to the pT of the lepton is allowed in the

cone (∼ 12% for electrons and 25% for muons). The distribution still retains the gaugino-like

behaviour for an isolation of ∆R > 0.2 as in the parton level but starts agreeing with the

higgsino-like feature (as in the parton-level case) when the separation between the charged

leptons is chosen to be loose with ∆R > 0.05 or ∆R > 0.1 as can be seen in the bottom-right

panel of Fig. 5.4.

The qualitative differences observed in the distributions of the negatively charged lepton

as the gaugino admixture increases in the NLSP amongst the three cases may be effec-

tively captured by defining asymmetry variables in cos θ∗ which could clearly discriminate

between a dominantly longitudinal and dominantly transverse Z boson. Taking a cue from

the features of cos θ∗, we construct a variable which enhances this difference through an

asymmetry amongst the observed cos θ∗ values for the higgsino-like and gaugino-like NLSP.

The asymmetry variable, CθZ , as defined in Eq. 5.7.3, serves to enhance the features of

the longitudinally polarised Z boson in comparison to the transversely polarised Z boson

such that they would be less affected if detector simulation effects smear the polarisation

dependence of the angular or energy observables. We define

CθZ =
NA −NB −NC

NA +NB +NC

(5.7.3)

where NI ’s stand for events whereas the subscript I = A,B,C represent the angular regions

in θ∗ given by A = [π/3, 2π/3], B = [0, π/3] and C = [2π/3, π]. The numerator focuses

only on the asymmetry features while the denominator is the total number of events for

−1 < cos θ∗ < 1. Based on the construction of CθZ a positive value is indicative of a higgsino-

like NLSP whereas negative values indicate a gaugino-like NLSP. Since CθZ is the normalised

difference in the number of events corresponding to | cos θ∗| < 0.5 and | cos θ∗| > 0.5, a

higgsino-like NLSP which gives larger events around cos θ∗ = 0, NA > (NB + NC) whereas

for the gaugino-like NLSP the distribution peaks around cos θ∗ ∼ ±0.8 i.e. (NB+NC) > NA.

Therefore the latter shows a negative sign as compared to the former. We list the values
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Benchmark mχ̃0
1

higgsino Gaugino C rest
θZ

C parton
θZ

CθZ CZ

(GeV) admixture (%) admixture (%)

BP1 810.9 99.83 0.17 0.378 0.332 0.346 0.377

1606.4 99.35 0.65 0.368 0.268 0.286 0.279

1995.8 97.58 2.42 0.19 0.120 0.198 0.169

BP4 2211.0 68.31 31.69 0.021 -0.309 -0.214 -0.209

BP2 797.9 0.05 99.95 -0.18 -0.078 -0.054 -0.025

Table 5.8: Variation of the asymmetry variables C rest
θZ

, C parton
θZ

, CθZ and CZ as defined in the

text, at the parton-level and detector level after cuts D1-D5 for benchmarks BP1, BP2,

BP4 and some intermediate points with different gaugino-higgsino admixture.

of CθZ for cases when the NLSP decays at rest (C rest
θZ

) and compare this with parton-level

(C parton
θZ

) results and full detector-level simulation (CθZ ) of our Analysis 1 in Table 5.8 for

the benchmarks BP1, BP2 and BP4. We also include results for a few intermediate points

with varying NLSP mass and compositions, after the selection cuts D1-D5 are applied.5

Note that the values of CθZ are in good agreement with the parton level C parton
θZ

results,

from squark pair production. They also agree to almost all results from the NLSP decaying

at rest as discussed in Fig. 5.3 with slight variations arising due to isolation cuts and

smearing effects at the detector level, except for BP4. At the parton level, C parton
θZ

values

range from [-0.08 : 0.33] as one varies the gaugino-higgsino admixture in the NLSP. For

the pure higgsino-like NLSP (BP1), CθZ is large and positive owing to the large higgsino-

fraction in the NLSP whereas the pure gaugino-like NLSP BP2 shows a negative value. For

BP1, CθZ is large and positive with the value decreasing as the gaugino admixture starts

increasing. We illustrate this variation upon choosing a similar benchmark as BP1 differing

in the choice of µ ranging from 1.6 - 1.8 TeV to illustrate this effect. As one considers a

dominantly gaugino-like NLSP as in BP2, CθZ turns negative. Thus, with increasing gaugino

admixture, the asymmetry value is negative and may be used as an estimate to determine the

composition of the NLSP. The detector level estimates for CθZ are similar to their parton

level estimates. The most notable change is observed for the BP4 with an intermediate

gaugino-higgsino admixture. CθZ value is ∼ 0.021 when the NLSP decays at rest with the

5The results in Table 5.8 are produced by using only squark pair production. However the generic feature

remains unchanged even when all production modes are included.
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Figure 5.5: Normalized distributions of the kinematic variables ZD and ZR as defined in the

text for distinguishing between a higgsino and gaugino-like χ̃0
1 NLSP before cuts D1-D5 The

variables are as defined in the text. Here, we have plotted the observables for the process q̃q̃

with one of the squarks decaying as: q̃ → qχ̃0
1 → qZG̃, Z → `+`−.

small positive value still hinting at a larger higgsino admixture. However it turns negative for

the analysis where the NLSP appears from cascade decays of the squark, both at the parton

and the detector level owing largely to the effect of isolation cuts and detector smearing

effects which modify the cos θ∗ distribution as seen in Fig 5.4 and discussed earlier. We note

that the C parton
θZ

value becomes positive giving C parton
θZ

= 0.04, 0.05 for the loose isolation

requirement and identification of the charged lepton with ∆R > 0.05, 0.1 as expected from

Fig. 5.4 as against C parton
θZ

= −0.214 for the tighter isolation cut of ∆R > 0.2. We expect

that the same would be true when the events are passed through detector simulations which

would be consistent with observations made in the lower panels of Fig. 5.4.

It is worth pointing out here that BP4 has a very heavy higgsino NLSP, and the equiv-

alence theorem [203] suggests that the couplings of the longitudinal mode are enhanced as

the mass of the NLSP increases (which ensures a large fraction of the longitudinal polari-

sation mode in the Z boson), the asymmetry variable is expected to capture this effect as

one increases the mass of the NLSP. However, as the mass splitting becomes too large the

Z boson gets more boosted which makes the opening angle between the charged lepton pair

very small leading to reduction of isolated dilepton events. Thus the asymmetry values in

Table 5.8 for the heavier NLSP values are unable to reflect this feature.

An additional kinematic feature that can be used to study the polarisation of the Z boson

which in effect highlights the composition of the NLSP is the charged lepton energy. Among

others, the ratio of the energy carried by the charged lepton and antilepton also show a

123



dependence on the polarisation of the Z boson with an energy E, via dependence on the

angle θ∗. The energy (E`) of the leptons emitted at an angle θ∗ with respect to the boost

direction β of the Z boson in the laboratory frame [204] follows:

E` ∝
E

2
(1± β cos θ∗) (5.7.4)

Using this we define two kinematic variables ZD and ZR (variations of such variables have

been pointed out in earlier papers [207, 208] using jet substructure to study hadronic final

states) :

ZD = (E`− − E`+)/(E`− + E`+); ZR = E`−/(E`− + E`+) (5.7.5)

We study the feasibility of these variables using simple cuts on kinematic variables and

ascertain their efficacy after detector simulation effects are taken into account. Note that

the energies of the leptons from Z decay also carry the information of the polarisation of the

parent. For a predominantly longitudinal Z boson, there is an equal sharing of energy of the

parent among its daughter particles whereas for a transverse Z boson, the energy sharing

is unequal. The asymmetry is evident in Fig 5.5 where the higgsino-like NLSP peaks at

ZD = 0.1 as compared to ZD = 0.8 for the gaugino-like case. Similar effects are observed

in the variable ZR which denotes the fraction of net leptonic energy carried away by the

negatively charged lepton. The ratio peaks at ZR ' 0.5 for BP1 as compared to ZR ' 0.1

and ZR ' 0.8 for the BP2 since for the former case, the leptons mostly have equal energy

sharing whereas unequal energy sharing occurs for the latter case. We define an asymmetry

variable similar to CθZ , now referred to as CZ to capture the asymmetry in the values of ZD

at the detector level.

CZ =
NA −NB

NA +NB

(5.7.6)

where NA refers to the number of events for ZD < 0.5 and NB represents events for ZD > 0.5

respectively. We list the CZ values in Table 5.8 and observe that CZ is positive for the

higgsino-like NLSP and negative for gaugino-like NLSP. Note that the effect observed for

the highly boosted Z boson in CθZ also shows up for CZ highlighting the consistency and

importance of the isolation of the charged leptons.

Therefore we emphasise that the distribution of cos θ∗ using charge identification of the

leptons arising from the Z boson decay as well as the associated asymmetry variables, CθZ

and CZ prove quite efficient in identifying the nature of the NLSP. The distinctive features of

the variables discussed for distinguishing a longitudinal and transversely polarised Z boson

are also applicable for new physics scenarios where a polarised gauge boson is likely to be

produced, and therefore can prove very important in studying BSM physics.
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5.8 Summary and Conclusions

In this work, we have considered higgsino-like χ̃0
1 NLSP in the presence of a light keV G̃

LSP in the framework of phenomenological MSSM. The keV scale G̃ serves as a warm dark

matter candidate, significantly relaxing constraints from dark matter searches on the MSSM

spectra and thereby allowing low µ parameter values. In addition, presence of a light G̃

allows decay of χ̃0
1 NLSP to a Higgs/Z boson and G̃ leading to hard b-jets and charged

leptons in the final state along with large /ET carried away by the G̃. Such a scenario has

been extensively explored by experiments, including the LHC with primary focus on the

low-lying electroweak sector, leading to stringent constraints on the parameter space. The

question that one ventures to answer in this study is as follows: What are the future prospects

of detecting a higgsino-like χ̃0
1 NLSP at LHC? If detected, how can we ascertain the nature

of the NLSP?

We address this question by studying a specific final state: ≥ 1b + `+`−+ /ET at
√
s = 13

TeV motivated by the presence of at least a couple of b-jets from the Higgs and an opposite-

sign same flavour lepton pair from Z boson decay besides large /ET . We choose a few rep-

resentative benchmark points encompassing a light and heavy higgsino sector with/without

strong sector sparticles within the reach of LHC. We find that such a signal is discoverable in

the upcoming runs of the high luminosity LHC after suitable cuts are applied. It is important

to emphasise that such a semi-leptonic channel will prove crucial in identifying the nature

of the NLSP, being relatively clean compared to an all hadronic final state which may have

a better discovery prospect since the semi-leptonic channel has a lower branching fraction.

Thus simultaneous use of both channels could be advocated for the purpose of discovery and

identifying the nature of the NLSP. We focus on the presence of a dominantly longitudinal

Z boson arising from the decay of a higgsino-like χ̃0
1 owing to the presence of the Goldstone

boson as the longitudinal mode of Z after electroweak symmetry breaking. This is quite a

striking identification criteria if observable for a higgsino-like NLSP in sharp contrast to a

dominantly gaugino-like NLSP, which would dominantly decay to a transversely polarised

Z. It is thus important to characterise the features of the longitudinally polarised Z boson

to ascertain the composition of the parent χ̃0
1. The effects of polarisation of the Z boson are

carried by its decay products, namely, the leptons through their angular distributions. We

construct several kinematic variables using the negatively charged lepton as reference and

highlight its importance in observing the polarisation of the parent gauge boson. We also

propose new variables which utilise the observed asymmetries between the angular variables

for the charged lepton coming from a parent longitudinal and transverse Z boson. We do a
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full detector level simulation of the events and study the asymmetries that show the char-

acteristic features of a longitudinal Z boson and observe substantial differences between a

higgsino and gaugino-like NLSP, which highlights the robustness of the constructed asym-

metries. Our analysis is equally applicable to other BSM scenarios and will prove useful in

studying scenarios which project out the longitudinal nature of the weak gauge bosons and

in the process highlight the veracity of the equivalence theorem in a relatively nonchalant

way.
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Chapter 6

Light Higgsinos at LHC with

Right-Sneutrino LSP

6.1 Introduction

The TeV scale limits from LHC searches on the masses of strongly interacting supersymmetric

particles have already set a dismal tone for naturalness concerns, a prime motivation for

invoking SUSY in particle physics studies. While several studies in the literature attempt to

quantify “naturalness” in a supersymmetric scenario, the interpretation and the measure of

naturalness are often debated [174, 176, 209–212]. Nevertheless, in minimal supersymmetric

extensions of the standard model (MSSM), a small value of the higgsino mass parameter

µ and light stop squarks and gluinos (. 1.5 TeV) [174–177, 209–212] remain desirable in

“natural” scenarios at the electro-weak (EW) scale. However, even with not-so-light strong

sector [213,214], “natural” scenarios without much fine-tuning is possible impressing the fact

that low |µ| is of more essence to the “natural” scenarios at EW scale.

While the constraints on stop squarks and gluinos are rather stringent due to their large

production cross-section at the LHC, the weakly interacting sector with rather light elec-

troweakinos in general, and higgsinos in particular, remain viable [215, 216]. There have

been several analyses on light electroweakinos, assuming a simplified spectra with one or

more specific decay channels [217–230]. Further, the constraints on the mass of the light

higgsino-like states have been studied in detail because of their importance in a “natural”

supersymmetric scenario [178, 223, 231–236]. However, note that these analyses assume the

lightest neutralino as the LSP. In scenarios with conserved R-parity, the search strategies,
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and therefore the limits of various sparticle masses, depend on the nature of the LSP. This

is because in such scenarios the LSP appears at the end of the decay chain of each sparticle,

therefore dictating the possible search channels. This warrants investigation of supersym-

metric scenarios with different types of LSP. While within the paradigm of the MSSM, the

lightest neutralino is the LSP, and most supersymmetric searches are based on the same as-

sumption. There have been studies with gravitino LSP, discussing implications on cosmology

and signatures at the LHC [9,67,69,158,237–252]. In other simple extensions, axion and/or

axino as the LSP [253–257] and right-sneutrino LSP have also been considered in minimal

extensions of the MSSM [54–57, 61–63, 258–263]. While the former sets out to resolve the

strong CP-problem, the latter provides a weak-scale solution to the neutrino mass generation

issue, an important aspect missing in the MSSM.

In the same spirit as we have discussed in Chapter 4 and 5 that the study of alternate

DM candidates opens up an avenue to study new signals of discovery for the MSSM spectra,

we venture into an extension of the MSSM with a right-sneutrino as the LSP instead of

a light gravitino. Note that while the presence of a light gravitino as the LSP serves to

incorporate gravity in SUSY, the presence of a right-sneutrino in the spectrum incorporates

masses for active neutrinos. Recall from our discussion in Chapter 2, Section 2.4, the MSSM

in its minimal form does not explain light neutrino masses although simple extensions to

the MSSM including right-sneutrino superfields resolve this issue and also accommodate a

right-sneutrino as the LSP. For the former case, we look into hadronic and photonic signals

as studied in Chapters 4 and 5 while in the latter case multileptonic channels dominate.

In this chapter, based on [11], we consider an extension to the MSSM with three gener-

ations of right-neutrino superfields. This scenario, which provides a weak-scale solution to

the neutrino mass generation issue, has been widely studied in supersymmetric extensions.

While the left-sneutrinos have been ruled out as a DM candidate long ago, thanks to the

stringent limit from direct detection experiments (and also relic density constraints) [58],

right-sneutrinos continue to be widely studied as a candidate for DM in simple extensions

of the MSSM [55–57,60–62,258,260,261,264]. In its simplest incarnation as ours, the right-

sneutrinos at EW scale remain very weakly interacting, thanks to the small Yukawa coupling

O(10−6−10−7) determining their coupling strength to other particles. However, as in the case

of charged sfermions, a rather large value of the corresponding trilinear soft supersymmtry

breaking parameter can induce significant left-admixture in a dominantly right-sneutrino and

therefore can substantially increase the interaction strengths [60, 61, 261]. In both of these

scenarios, DM aspects as well as search strategies at LHC have been studied for certain

128



choices of the SUSY spectra [259,265–271].

We note that in the light of “naturalness”, it becomes equally important to investigate

the supersymmetric spectrum in such a scenario. In particular we focus on a minimalistic

spectrum, motivated by “naturalness” at the EW scale, with light higgsino-like states and a

right-sneutrino LSP. However, analysing collider signatures from the third generation squarks

and gluinos will be beyond the scope of the present work and will be addressed in a subsequent

extension. For the present case, the strongly interacting sparticles have been assumed to be

very heavy adhering to the “naturalness” scheme proposed in Ref. [213, 214]. Further, we

will also assume the gaugino mass parameters to be large enough (& O(1) TeV). Thus the

light electroweakinos are higgsino-dominated states. Note that the presence of a mixed right-

sneutrino as the LSP can lead to a very different signature from the compressed higgsino-like

states, mostly due to the leptonic decay of the light chargino. Although leptonic channels

provide a cleaner environment for new physics searches at a hadron machine such as the LHC,

one expects that the level of compression in the mass spectra of the electroweakinos would

also play a major role in determining the efficacy of the leptonic channels. We investigate

the prospects of discovery of such channels at the 13 TeV run of LHC. We focus on the

following apsects in our study:

• We consider a right-sneutrino LSP along with a compressed electroweakino sector sit-

ting above the LSP, where the lighter states are almost higgsino-like with a very small

admixture of gauginos.

• We give a detailed account of how the decay of the light electroweakinos depend on

the various supersymmetric parameters that govern the mixing, mass splitting and, in

which region of the parameter space the decays are prompt. We also highlight how

even the smallest gaugino admixture plays a significant role in their decays.

• We comment on the DM predictions for a thermal as well as non-thermal nature of the

right-sneutrino DM candidate in regions of parameter space of our interest.

• We then look at possible leptonic signals that arise from such a spectrum and analyze

the signal at LHC.

The subsequent sections are organized as follows. In section 6.2 we discuss the model and

the underlying particle spectrum of interest in detail. In the following section 6.3 we focus

on identifying the parameter space satisfying relevant constraints as well as implications on

neutrino sector and a sneutrino as DM. In section 6.4 we discuss the possible signatures at
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LHC and present our analysis for a few representative points in the model parameter space.

We finally conclude in Section 6.5.

6.2 The Model

We consider an extension to the MSSM by introducing a right-chiral neutrino superfield for

each generation. This extension addresses the important issue of neutrino mass generation

which is otherwise absent in the MSSM. In particular, we adopt a phenomenological approach

for “TeV Type-I seesaw mechanism”. The superpotential, suppressing the generation indices,

is given by [60,258,272]:

W ⊃WMSSM + yνL̂ĤuN̂ c +
1

2
MRN̂ cN̂ c (6.2.1)

where yν is the neutrino Yukawa coupling, L̂ is the left-chiral lepton doublet superfield, Ĥu

is the Higgs up-type chiral superfield and N̂ is the right-chiral neutrino superfield. Besides

the usual MSSM superpotential terms denoted by WMSSM, we now have an added Yukawa

interaction term involving the left-chiral superfield L̂ coupled to the up-type Higgs superfield

Ĥu, and N̂ . SM neutrinos obtain a Dirac mass mD after electroweak symmetry breaking once

the neutral Higgs field obtains a vacuum expectation value (vev) vu, such that mD = yνvu.

The third term 1
2
MRN̂ cN̂ c is a lepton-number violating (/L) term (4L = 2).

In addition to the MSSM contributions, the soft-supersymmetry breaking scalar potential

receives additional contributions as follows:

Vsoft ⊃ VsoftMSSM +m2
R|Ñ |2 +

1

2
BMÑ

cÑ c + (TνL̃.HuÑ
c + h.c.)

where m2
R is the soft-supersymmetry breaking mass parameter for the sneutrino, BM is the

soft mass-squared parameter corresponding to the lepton-number violating term and Tν is the

soft-supersymmetry breaking L-R mixing term in the sneutrino sector. We have suppressed

the generation indices both for the superpotential as well as for the soft supersymmetry-

breaking terms so far.

Note that a small µ-parameter is critical to ensure the absence of any fine-tuning at the

EW scale (∆EW) [174–177]. Fine-tuning arises if there is any large cancellation involved at

the EW scale in the right hand side of the following relation [209,210] :

M2
Z

2
=
m2
Hd

+ Σd − (m2
Hu

+ Σu) tan β2

tan β2 − 1
− µ2, (6.2.2)
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where m2
Hu
, m2

Hd
denote the soft-supersymmetry breaking terms for the up-type and the

down-type Higgses at the supersymmetry breaking mass scale (which is assumed to be the

geometric mean of the stop masses in the present context) and tan β denotes the ratio of

the respective vevs while Σu and Σd denote the radiative corrections. Note that, since we

are not considering any specific high-scale framework in the present context, we are only

concerned about the EW fine-tuning. Typically ∆EW . 30 is achieved with |µ| . 300

GeV [174–177]. The assurance of EW naturalness is the prime motivation in exploring small

µ scenarios. However it is quite possible that obtaining such a spectrum from a high-scale

theory may require larger fine-tuning among the high-scale parameters and the corresponding

running involved, especially considering that mHu evolves significantly to ensure radiative

EW symmetry breaking. Therefore, ∆EW can be interpreted as a lower bound on fine-

tuning measure [174–177]. Note that, stop squarks and gluinos contribute to the radiative

corrections to mHu at one and two–loop levels respectively. It has been argued [213, 214]

that an EW fine-tuning of less than about 30 can be achieved with µ . 300 GeV and with

stop squarks and (gluinos) as heavy as about 3 TeV (4 TeV). It is, therefore, important to

probe possible scenarios with low ∆EW and therefore with low |µ|.

6.2.1 The (s)neutrino sector

In presence of the soft-supersymmetry-breaking terms BM , a split is generated between the

CP-even and the CP-odd part of right-type sneutrino fields. In terms of CP eigenstates

we can write: ν̃L =
ν̃eL + iν̃oL√

2
; ν̃R =

ν̃eR + iν̃oR√
2

, where superscripts e, o denote “even” and

“odd” respectively. The sneutrino (ν̃) mass-squared matrices in the basis ν̃e = {ν̃eL, ν̃eR}T

and ν̃o = {ν̃oL, ν̃oR}T are given by,

Mj 2 =


m2
LL mj2

LR

mj 2
LR mj 2

RR

,

where,

m2
LL = m2

L +
1

2
m2
Z cos 2β +m2

D,

mj 2
LR = (Tν ± yνMR)v sin β − µmD cot β,

mj 2
RR = m2

R +m2
D +M2

R ±BM , (6.2.3)

with j ∈ {e, o} and the ‘+’ and the ‘-’ signs correspond to j = e and j = o respectively,

and v =
√
v2
u + v2

d = 174 GeV, where vu, vd denote the vevs of the up-type and the down-
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type CP-even neutral Higgs bosons. Further, we have assumed Tν to be real and with no

additional CP-violating parameters in the sneutrino sector. The physical masses and the

mass eigenstates can be obtained by diagonalizing these matrices. The eigenvalues are given

by :

mj 2
1,2 =

1

2

(
m2
LL +mj 2

RR ±
√

(m2
LL −m

j 2
RR)2 + 4mj 4

LR

)
. (6.2.4)

The corresponding mass eigenstates are give by,

ν̃j1 = cosϕj ν̃jL − sinϕj ν̃jR

ν̃j2 = sinϕj ν̃jL + cosϕj ν̃jR. (6.2.5)

The mixing angle θ = π
2
− ϕ is given by,

sin 2θj =
(Tν ± yνMR)v sin β − µmD cot β

mj2
2 −m

j2
1

, (6.2.6)

where j denotes CP-even (e) or CP-odd (o) states.

The off-diagonal term involving Tν is typically proportional to the coupling yν , ensuring

that the left-right (L-R) mixing is small. However, the above assumption relies on the

mechanism of supersymmetry-breaking and may be relaxed. The phenomenological choice

of a large Tν ∼ O(1)GeV leads to increased mixing between the left and right components

of the sneutrino flavor eigenstates in the sneutrino mass eigenstates [60, 61,261]. Further, if

the denominator in Eq. (6.2.6) is suitably small, it can also lead to enhanced mixing.

As for the neutrinos, at tree-level with MR � 1 eV, their masses are given by mν '
y2
νv

2
u

MR

,

as in the case of Type-I seesaw mechanism [20–22]. Thus, with MR ∼ O(100) GeV, neutrino

masses of O(0.1) eV requires yν ∼ 10−6− 10−7. Although we have ignored the flavor indices

in the above discussion of the sneutrino sector, the neutrino oscillation experiments indicate

that these will play an important role in the neutrino sector. We will assume that the leptonic

Yukawa couplings are flavor diagonal, and that the only source of flavor mixing arises from

yν [273]; see also [274,275].
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Figure 6.1: Schematic diagram showing the leading one-loop contribution to the light neu-

trino mass.

Further, at one-loop, flavor diagonal BM can also contribute to the neutrino mass matrix

[272, 276] which can be quite significant in the presence of large Tν in particular.1 The

dominant contribution to the Majorana mass of the active neutrino arises from the sneutrino-

gaugino loop as shown in Fig. 6.1. The contributions from the loop are proportional to the

mass splitting between the CP-even and the CP-odd left-sneutrino state which makes it

significant in the presence of a rather large Tν which is responsible for left-right mixing in

the sneutrino sector (see Eq. 6.2.6). These additional contributions to the neutrino mass

give significant constraints in the {Tν , BM} parameter space.

Finally, some comments on the scenario with MR = 0 and BM = 0 are in order. With

MR = 0 (and BM = 0), only Dirac mass terms would be present for neutrinos, which is given

by yνvu. The oscillation data for neutrinos can only be satisfied by assuming yν (and/or

Tν , at one-loop order) to be flavor off-diagonal. In addition, O(0.1) eV neutrino mass, then,

requires a very small yν ' 10−11.

In the sneutrino sector, the relevant mass eigenstates may be obtained simply by sub-

stituting MR = 0 = BM in Eqs. (6.2.1, 6.2.3, 6.2.4). Since the mass matrices for both

CP-even and the CP-odd sneutrinos are identical in this scenario, any splitting between

the corresponding mass eigenstates would be absent. Consequently there will be only two

complex-scalar mass eigenstates ν̃1, ν̃2. Also, there will be no large one-loop contribution to

the Majorana neutrino mass, relaxing the constraint on large Tν significantly.

1Note that flavor off-diagonal terms in BM can lead to flavor mixing in the neutrino sector via higher

order effects which we avoid in our discussions for simplicity.
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6.2.2 The Electroweakino sector

The other relevant sector for our study is the chargino-neutralino sector, in particular the

higgsino-like states. This sector resembles the chargino-neutralino sector of the MSSM. The

chargino mass matrix MC̃ is as given in Chapter 2 Eq. 2.3.1 with the eigenstates ordered in

mass such that mχ̃±
1
≤ mχ̃±

2
. The left– and right–handed components of the corresponding

Dirac mass eigenstates, the charginos χ̃+
i with i ∈ {1, 2}, are

PLχ̃
+
i = Vijψ

+
j , PRχ̃

+
i = U∗ijψ

−
j , (6.2.7)

where PL and PR are the usual projectors, ψ−j = ψ−†j , and summation over j is implied.

For the electrically neutral neutralino states, the neutralino mass matrix MÑ can be

written as discussed in Chapter 2 Eq. 2.3.20. Without loss of generality, we order the

eigenvalues such that mχ̃0
1
≤ mχ̃0

2
≤ mχ̃0

3
≤ mχ̃0

4
.

The left–handed components of the corresponding mass eigenstates, described by four–

component Majorana neutralinos χ̃0
i with i ∈ {1, 2, 3, 4}, may be obtained as,

PLχ̃
0
i = Nijψ

0
j , (6.2.8)

where summation over j is again implied; the right–handed components of the neutralinos

are determined by the Majorana condition χ̃ci = χ̃i, where the superscript c stands for charge

conjugation.

Since the gaugino mass parameters do not affect “naturalness”, for simplicity we have

assumed M1, M2 � |µ|. In this simple scenario there are only three low-lying higgsino-like

states, χ̃0
1, χ̃0

2 and χ̃±1 . The EW symmetry breaking induces mixing between the gaugino and

the higgsino-like states, via the terms proportional to MZ , MW in the mass matrices above.

The contributions of the right-chiral neutrino superfields to the chargino and neutralino mass

matrices are negligible, thanks to the smallness of yν (' 10−6). Thus lightest neutralino and

charginos are expected to be nearly the same as in the MSSM. Following [183] (see also [184])

in the limit M1, M2 � |µ|, as discussed in Chapter 5, recall the analytical expression for

the masses below,

mχ̃±
1

= |µ|
(

1− M2
W sin 2β

µM2

)
+O(M−2

2 ) + rad.corr.

mχ̃0
a,s

= ±µ− M2
Z

2
(1± sin 2β)

(
sin θ2

W

M1

+
cos θ2

W

M2

)
+ rad.corr.

where the subscripts s (a) denote symmetric (anti-symmetric) states respectively, and the

sign of the eigenvalues have been retained. For the symmetric state Ni3, Ni4 share the same
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sign, while for the anti-symmetric state there is a relative sign between these two terms.

Although the leading contribution to the mass eigenvalues are given by |µ| (which receives

different radiative corrections in Mn and M c), M1, M2 and tan β affects the mass splitting

between the three light higgsino-like states due to non-negligible gaugino-higgsino mixing.

The radiative corrections, mostly from the third generation (s)quarks, contribute differently

for mχ̃±
1

and mχ̃0
1,2

and have been estimated in [183, 277–279]. As we are interested in a

spectrum where the lighter chargino and the neutralinos play a major role and the knowledge

of their mass differences would become crucial, it is necessary to explore what role the relevant

SUSY parameters have in contributing to the masses of the higgsino dominated states. It is

quite evident for our choice of large M1 and M2 the three states would be closely spaced.

We now look at how the variation of the the above gaugino parameters affect the shift

in mass of mχ̃±
1

and mχ̃0
1,2

. Assuming µ = 300 GeV, tan β = 5, in Fig. 6.2 we show the
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Figure 6.2: The left (right ) panel shows the variation of the mass difference ∆m1 = mχ̃±
1
−

mχ̃0
1

(∆m2 = mχ̃0
2
−mχ̃±

1
) between χ̃±1 and χ̃0

1 [χ̃0
2] for tan β = 5 with respect to M1, with

M2 on the palette.
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variation of the mass differences ∆m1 = mχ̃±
1
−mχ̃0

1
and ∆m2 = mχ̃0

2
−mχ̃±

1
as a function of

the gaugino mass parameters. M1 and M2 have been varied from 500 GeV to 3 TeV. Further,

we have set Tt = 2.9 TeV, MQ3 = 1.3 TeV, MU3 = 2 TeV and M3 = 2 TeV. We have used

SARAH [280, 281] to generate model files for SPheno [120, 121], and have used the same to

estimate the masses. Since SLHA [282] convention has been followed, the input parameters,

as shown in the figures above, are interpreted as DR parameters at ∼ 1.6 TeV. Note that

the same model and spectrum generators have been used for all subsequent figures. The

following features are noteworthy from Fig. 6.2 :2

• For µ > 0; M1,M2 � µ: Here χ̃0
2 is the heaviest higgsino-like state while χ̃±1 remains

between the two neutralinos. For a fixed M1 � |µ|, the mass difference ∆m1 increases

as M2 decreases. This feature can be simply understood from Eq. 6.2.9. A similar

conclusion also holds for ∆m2. Further, as shown in panels (a) and (b) of Fig. 6.2, the

variation in ∆m2 is larger compared to ∆m1 in this case.

• For µ > 0;M1 < 0: We find that negative M1 can lead to negative ∆m1, since the

lightest chargino can become lighter than this state for a wide range of M2 [233, 234,

241]. As shown in Fig. 6.2(a), such a scenario occurs for large M2 values (& 2 TeV)

with |M1| . 1 TeV. Further, for |M1| �M2, as |M1| decreases one observes an upward

kink in the ∆m1 and ∆m2 plots as shown in Figs. 6.2(a) and 6.2(b) which can be

attributed to the change in nature of the lightest neutralino state from anti-symmetric

to the symmetric state.

• For µ < 0; M1 > 0: As shown in Figs. 6.2(c) and 6.2(d), similar to the µ > 0 case,

∆mi smoothly increases with decreasing M2 in this region as well.

• For µ < 0; M1 < 0: In Fig. 6.2(c) we again see (due to the change in nature of LSP)

a sharp rise of ∆m1 for large M2 & 2 TeV and |M1| . 1.5 TeV. Note that in this case

the χ̃±1 can be the heaviest higgsino-like state in a substantial region of the parameter

space for M2 & 2 TeV, as shown in Fig. 6.2(d).

2Although our numerical analysis, as shown in figure 6.2, includes radiative corrections, the generic

features also appear at the tree-level for |µ| = 300 GeV, M1, M2 � |µ| and tanβ = 5.We have checked this

using a Mathematica code.
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6.2.3 Compressed higgsino spectrum and its decay properties

As we have already emphasized, the focus of this work is on higgsino-like NLSPs in a scenario

with a right-sneutrino LSP where the choice of small |µ| is motivated by the “naturalness”

criteria [175, 176, 213]. Thus we will restrict our discussions to scenarios where the higgsino

mass parameter |µ| . 500 GeV. The gaugino mass parameters have been assumed to be

heavy for simplicity; thus the light higgsino-like states are quite compressed in mass (Fig.

6.2).

Figure 6.3: Schematic description of the mass spectrum with |M1|,M2 � |µ|, and mν̃1 < |µ|.

Here |mχ̃0
2
| −mχ̃±

1
= ∆m2, mχ̃±

1
− |mχ̃0

1
| = ∆m1.

Note that since the gaugino mass parameters are much heavier, the gaugino fraction in

the higgsino–like states are small (O(10−2)). However, M1 and M2 play significant role in

determining ∆m1 and ∆m2 and also the hierarchy between the higgsino–like states. While

for most parameter space the spectra shown in the left panel of Fig. 6.3 is realized, for M1 < 0

(i.e. sign(M1M2) = -1), it is possible to achieve the chargino as the lightest higgsino-like state

which leads to a spectra as shown in the right panel of Fig. 6.3. Further, with µ,M1 < 0

one can also have the chargino as the heaviest of the three higgsino-like state. However, as

we will discuss subsequently in section 6.4, this does not contribute to any new signature.

Fig. 6.3 schematically shows the mass hierarchies of our interest.

For the electroweakinos which are dominantly higgsino-like, their production rates and

subsequent decay properties would have serious implications on search strategies at accel-

erator machines like LHC. This in turn would play an important role in constraining the

higgsino mass parameter µ in the natural SUSY framework.

We now try to briefly motivate the compositions of the LSP as well as the higgsino-like
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Figure 6.4: Variation of the partial decay width of χ̃±1 → l ν̃ versus sin(θj) in logarithmic

scale for M1 = −1.5 TeV, M2 = 1.8 TeV and gaugino fraction ∼ O(10−2). Further, MR =

100 GeV, ML1/2
= 600 GeV, msoft

ν̃ = 100 GeV, µ = 300 GeV and tan β = 5. The colored

palette corresponds to Tν , the soft left-right mixing parameter in the sneutrino sector. The

plot shows the required Tν and mixing angle sin(θj) for prompt decay of the chargino. We

focus on the values of Tν in our study ensuring prompt decays of the chargino.

states of our interest and their decay properties. In the presence of χ̃0
1 as the lightest higgsino–

like state, the decay modes available to the chargino are χ̃±1 → l ν̃jk and χ̃±1 → χ̃0
1W

±∗, where

j, k corresponds to a particular lighter sneutrino species. The partial width to the 3-body

decay modes, mostly from the off-shell W boson mediated processes, are suppressed by the

small mass difference while small yν(. 10−6) suppresses the 2-body decay mode. In such a

scenario, the gaugino fraction in χ̃±1 , can contribute to the 2-body mode significantly in the

presence of small left-right mixing (∼ O(10−5)) in the sneutrino sector.

We illustrate the decay properies of χ̃±1 based on the composition of the LSP in Fig. 6.4.3

As shown in Fig. 6.4, for small Tν and therefore for small left admixture in the sneutrino

sector, yν dominates the decay of χ̃±1 . As Tν increases past O(10−2), the gaugino fraction

plays a crucial role, which explains the rise of the partial width in the 2-body leptonic decay

mode. With yν ∼ 10−6 prompt decay of the lightest chargino to the sneutrino and lepton is

always ensured. However, for yν ∼ 10−7 prompt decay of the chargino in the leptonic channel

3The particular choice of gaugino mass parameters correspond to ∆m1 . 1 GeV, and the partial width in

the corresponding hadronic channel is quite small (' 10−16 GeV). Thus, the leptonic partial width resembles

the total width of χ̃±
1 .
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is not viable in the absence of adequate left admixture; Tν & O(10−2) GeV is required to

ensure prompt decay in the leptonic channel. The dip in Fig. 6.4 appears as a consequence of

possible cancellation between the gaugino and the higgsino contributions to the vertex factor

(e.g. ∝ (g2V11 sin θj − yνV12 cos θj), g2 is the SU(2) gauge coupling). It is of our interest to

study the scenario where the 2-body decay mode into l ν̃ competes with the 3-body decay

mode. Since the present work focuses on prompt decays, we ensure small left admixture with

Tν & O(10−2) GeV in the dominantly right-sneutrino LSP to ensure prompt decay of χ̃±1 in

the 2-body leptonic decay mode. The mass splitting ∆m1 & 1 GeV has been considered to

ensure a competing 3-body mode.

Since we have assumed a compressed higgsino spectrum, together with a mostly right-

sneutrino LSP, the light higgsino states include χ̃0
1, χ̃

0
2, χ̃

±
1 and at least one generation

of CP-odd and/or CP-even sneutrino LSP as described in section 6.2. In Fig. 6.2 we

showed that for a fixed |µ|, the hierarchy and the mass differences between the higgsino–

like states are affected significantly by the choice of the gaugino mass parameters M1, M2,

and sign(µ). In a similar compressed scenario within the MSSM, the higgsinos χ̃0
2 and χ̃±1

decay into soft leptons or jets [283] and χ̃0
1, producing /ET . Scenarios with compressed

higgsinos in MSSM have been studied in the light of recent LHC data [178, 231, 233–236].

For smaller mass differences, 130 MeV . ∆m1 . 2 GeV, the effective two-body process

χ̃±1 → π±χ̃0
1 [284–286] can dominate the hadronic branching fraction. Further, when χ̃0

2 is

also almost degenerate with χ̃±1 , for an even smaller mass difference ∆m2, χ̃0
2 → γχ̃0

1 can

become significant [287–290]. Note that while the three-body decay modes (soft leptons/

jets and χ̃0
1) suffer from phase space suppression ((∆m)5), the two-body mode (γχ̃0

1) is also

suppressed by a loop factor.

In addition to the above decay channels of the compressed higgsino-like states, the present

scenario with a sneutrino LSP offers additional decay channels to the lighter sneutrinos.

While a χ̃0
1 → ν ν̃ would lead to missing transverse energy (as in the case for MSSM) without

altering the signal topology if the neutralino was the LSP, χ̃±1 → l ν̃ would have a significant

impact on the search strategies. For a pure right-sneutrino LSP this decay is driven by yν .

In the presence of large Tν and therefore a large left-right mixing in the sneutrino LSP, a

gaugino fraction of & O(10−2) in the higgsino-like chargino begins to play a prominent role

as the decay is driven by a coupling proportional to gδε where δ represents the gaugino

admixture and ε represents the L-R mixing in the sneutrino sector. The presence of multiple

flavors of degenerate sneutrinos would lead to similar decay probabilities into each flavor and

would invariably increase the branching to the two-body leptonic mode when taken together.
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Parameters |M1| (GeV) |M2| (GeV) |µ| (GeV) tanβ Tν(GeV )

Values (500-3000) (500-3000) 300 5 0.5

Table 6.1: Relevant input parameters for the parameter-space scan have been presented.

Other parameters kept at fixed values include : MR = 100 GeV, BM = 10−3 GeV2, M3 = 2

TeV, MQ3 = 1.3 TeV, MU3 = 2 TeV, Tt = 2.9 TeV, ML1/2
= 600 GeV, msoft

ν̃ = 100 GeV,

MA = 2.5 TeV, and yν = 10−7.

In the present context, as has been emphasized, only prompt decays into the leptonic

channels such as χ̃±1 → l ν̃ and χ̃0
i → χ̃±1 jsj

′
s, where js, j

′
s denote soft-jets or soft-leptons

can give us a signal with one or more hard charged leptons in the final state. Since the

latter consists of χ̃±1 in the cascade, it can also lead to leptonic final states. These branching

fractions would be affected by any other available decay channels and therefore it is important

to study the different regions of parameter space for all possible decay modes of the light

electroweakinos. As shown in Fig. 6.2, while in most of the parameter space χ̃0
1 is the lightest

higgsino-like state, and χ̃±1 is placed in between the two neutralinos (i.e. mχ̃0
1
< mχ̃±

1
< mχ̃0

2
),

it is also possible to have χ̃±1 as the lightest or the heaviest higgsino-like state. The important

competing modes for χ̃±1 and χ̃0
2 where mχ̃0

1
< mχ̃±

1
< mχ̃0

2
include

(a) χ̃±1 → χ̃0
1jsj

′
s/π

±, (b) χ̃0
2 → χ̃0

1jsjs/γ, (c) χ̃0
2 → χ̃±1 jsj

′
s/π

∓

where (c) is usually small. However, if χ̃±1 is the lightest higgsino-like state, decay modes (b)

and (c), together with χ̃0
1 → χ̃±1 jsj

′
s/π

∓ can be present. Similarly, when χ̃±1 is the heaviest

higgsino-like state, decay modes (a), (b) and χ̃±1 → χ̃0
2jsj

′
s/π

± can be present, although the

latter would be sub-dominant.

In figures 6.5 (µ > 0) and 6.6 (µ < 0) we show the variation of branching fraction in the

leptonic decay channels χ̃±1 → l ν̃i and χ̃0
i → l ν̃iW

∗. The relevant parameters for the scan

can be found in table 6.1.

Since the sneutrino masses and mixing matrices do not change in the scan, the two

body partial decay widths Γ(χ̃±1 → l ν̃i) and Γ(χ̃0
i → νν̃j) are only affected by the variation

of the gaugino-admixture in the higgsino-like states. However, the choice of gaugino mass

parameters do affect the mass splittings ∆m1 and ∆m2 through mixing and can even alter

the hierarchy. These alterations in the spectrum mostly affect the 3-body decay modes

described above which has a significant effect on the branching ratio.
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Figure 6.5: Variation of the leptonic branching ratios of χ̃±1 → lν̃ and χ̃0
2 → lν̃W ∗ against

the bino soft mass parameter, M1 for the higgsino mass parameter, µ = 300 GeV. The wino

soft mass parameter M2 is shown in the palette.
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Figure 6.6: Variation of the leptonic branching ratios of χ̃±1 → lν̃ and χ̃0
2 → lν̃W ∗ against

the bino soft mass parameter, M1 for the higgsino mass parameter, µ = −300 GeV. The

wino mass parameter M2 is indicated in the palette.

As shown in Fig. 6.2(a), for sgn(µ) = + (i.e. µ = 300 GeV) and for M1 < 0, ∆m1 is

almost entirely . 1 GeV. With large M2 and |M1| . 2 TeV, χ̃±1 can become the lightest

higgsino-like state making its leptonic branching probability close to 100% as shown in Fig.

6.5(a). However, for small |M1|, and large M2, where ∆m1 increases, this branching is

somewhat reduced to about 0.8 and the 3-body decays start becoming relevant. For M1 > 0

region the branching ratio increases as M1 increases. This can be attributed to the consistent

decrease in ∆m1 (Fig. 6.2(a)) and therefore of the three-body partial decay width.

Fig. 6.5(b) shows the variation of Br(χ̃0
2 → χ̃±1 W

∓∗) as a function of M1 and M2. For
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M1 < 0, generally the branching grows for larger ∆m2 (Fig. 6.2(b)) and decreases for

smaller M2 as the mass splitting goes down. It is again worth pointing out here that for

large M2 and with |M1| . 2 TeV, ∆m1 < 0 and χ̃±1 becomes the lightest state. Thus in this

region the three-body mode into χ̃0
1 is more phase-space suppressed compared to the decay

mode into χ̃±1 .4 Further, as |M1| approaches µ, the symmetric state, which mixes well with

the bino, acquires larger bino fraction and there can be a cancellation in the vertex factor

∝ g2(N22 − tan θWN21) for the two-body decay width into sneutrino. This can reduce the

corresponding width and then increase again as |M1| decreases. Thus the branching ratio

for the three-body decay shows a discontinuous behavior in such regions. For positive M1,

the branching ratio shows similar pattern as ∆m2 variation, as expected. Larger ∆m1 in

this region implies that the three-body decay (χ̃0
2 → χ̃0

1jsjs) can be larger, and consequently

Br(χ̃0
2 → χ̃±1 jsj

′
s) is rather small.

For µ = −300 GeV, there are marked differences in the decay probabilities as the χ̃±1 can

become the heaviest when M1 < 0, for large regions of the parameter space in contrast to

what was observed for µ > 0. Figure 6.6(a) shows the branching ratio of χ̃±1 → l ν̃j which

decreases as M2 increases. Although, for large M2, the gaugino fraction in χ̃±1 would be

small, thus possibly reducing the partial width in this two-body decay mode; smaller ∆m1

in this region ensures that the competing three-body mode decreases even more. Therefore,

the branching ratio in the two-body mode is enhanced. This holds true for almost the entire

range of M1. The feature in the negative M1 region, as |M1| approaches |µ|, where the

branching ratio rises faster for larger M2 values, corresponds to a similar fall in ∆m1 (see

Fig. 6.2(c)).

In figure 6.6(b) we show the variation of Br(χ̃0
2 → χ̃±1 jsj

′
s) with M1, M2. For negative M1,

this branching ratio increases with decreasing M2, since the corresponding mass difference

∆m2 also increases (see figure 6.2). The larger M2 values are not shown for M1 < 0, since

χ̃±1 becomes the heaviest higgsino-like state in this region. Thus, ∆m2 < 0 as shown in

see Fig. 6.2(d), and this decay mode does not contribute. For M1 > 0 smaller M2 values

correspond to larger branching fractions, since ∆m2 becomes larger, increasing the partial

width. However, for large M2 values, the partial width decreases rapidly as ∆m2 decreases.

4Note that, because of ∆mi . 1.5 GeV, decay modes involving π± can dominate the hadronic branching

fractions in this region. While we have estimated the same to be significant using routines used in SPheno-v4

[120, 121], see also ref. [284–286], the presence of large Tν typically ensures that the two-body decay mode

shares rather large branching fraction in these regions. In the plot we have only included three-body partial

widths. A similar strategy has been adopted for regions with small ∆m2 as well.
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Note that Tν = 0.5 GeV has been used in the figure. For smaller values of Tν the leptonic

branching ratio of χ̃±1 would generally be reduced when it is not the lightest higgsino-like

state. However, the generic features described above would remain similar. Note that,

yν ∼ 10−6 can lead to prompt decay even in the absence of large left-admixture, as induced

by large Tν . Therefore, even for small Tν . O(10−2), for certain choice of the gaugino mass

parameters, the leptonic branching can be competing, and thus would be relevant to probe

such scenario at collider. The prompt region of decay for the charginos remain unchanged

if Tν is negative. For the non-prompt region there is some increase in the mixing angle for

negative Tν .

6.3 Survey of the relevant parameter space

We now consider the model parameter space in light of various constraints.

6.3.1 General constraints

We implement the following general constraints on the parameter-space:

• The lightest CP-even Higgs mass mh has been constrained within the range : 122 ≤
mh (GeV) ≤ 128 [1, 16, 89]. While the experimental uncertainty is only about 0.25

GeV, the present range of ±3 GeV is dominated by uncertainty in the theoretical

estimation of the Higgs mass, see e.g. [104] and references there.5

• The lightest chargino satisfies the LEP lower bound: mχ̃±
1
≥ 103.5 GeV [105]. The

LHC bounds, which depend on the decay channels of the chargino, will be considered

only for prompt channels in more detail in section 6.4.

• The light sneutrino(s) (with small left-sneutrino admixture) can contribute to the non-

standard decay channels of (invisible) Higgs and /or Z boson. The latter requires

the presence of both CP-even and CP-odd sneutrinos below ' 45 GeV. Constraints

from the invisible Higgs decay (' 20%) [291] and the Z boson invisible width (' 2

MeV) [292] can impose significant constraints on the parameter space where these are

kinematically allowed.

• We further impose Bs → µ+µ− [293] and b→ sγ constraints [106].

5Note that, besides the MSSM contributions, rather large Tν can induce additional contributions to the

Higgs mass [261]. Our numerical estimation takes this effect into account.
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Implication from neutrino mass

Recent analyses by PLANCK [294] impose the following constraint on the active neutrino

masses:
∑
mi
ν . 0.7 eV.

Figure 6.7: Allowed regions of BM and Tν plane for M1 = 1.5 TeV, M2 = 1.8 TeV and

gaugino fraction ∼ O(10−2). The colored palette denotes the mass of the heaviest neutrino.

In the present scenario, the neutrinos can get a tree-level mass, as is usual in the Type-I

see-saw scenario. For yν ∼ 10−6, and MR ∼ 100 GeV, the active neutrino mass is of O(0.1)

eV. Further, as discussed in section 6.2.1, a non-zero Majorana mass term MR, and the

corresponding soft-supersymmetry breaking term BM introduce a splitting between the CP-

even and CP-odd mass eigenstates of right-sneutrinos. In the presence of sizable left-right

mixing, significant contribution to the Majorana neutrino mass can be generated at one-loop

level in such a scenario, the details depend on the gaugino mass parameters [272,276]. Thus,

regions of large BM , in the presence of large left-right mixing in the sneutrino sector (induced

by a large Tν) can be significantly constrained from the above mentioned bound on (active)

neutrino mass. In Fig. 6.7 we show the allowed region in the Tν − BM plane. We consider

yν ∈ {10−6, 10−7} while the other parameters are fixed as follows: µ = 300 GeV, M3 = 2

TeV, MQ3 = 1.5 TeV, Tt = 2.9 TeV, ML1/2
= 600 GeV, msoft

ν̃ = 100 GeV and MA = 2.5 TeV.

While in the former case the tree-level and radiative contributions to the neutrino mass can

be comparable (with each being O(0.1) eV), the radiative corrections often dominate for the

latter. As shown in the figure, clearly larger Tν values are consistent with neutrino mass for

smaller BM .
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Implications for Dark Matter
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Figure 6.8: In the left panel, the dependence of the relic abundance of ν̃1 has been shown

on its mass and left-fraction. The right panel shows the allowed region respecting the direct

detection constraint from XENON-1T.

Within the paradigm of standard model of cosmology the relic abundance is constrained as

0.092 ≤ Ωh2 ≤ 0.12 [294]. Stringent constraints from direct search constraints require the

DM-nucleon (neutron) interaction to be less than about 10−9 pb, which varies with the mass

of DM, see e.g. LUX [51], PANDA-II [295] and Xenon-1T [50].

In figure 6.8, with yν ∈ {10−6, 10−7}, tan β ∈ {5, 10}, µ = −450 GeV, mA = 600 GeV

and all other relevant parameters are fixed as before, we scan over the set of parameters

{Tν , mν̃ , BM} (first generation only). We plot the left-admixture (sin θj) in the LSP re-

quired to obtain the thermal relic abundance and direct detection cross section against its

mass in the left and the right panel respectively. We have used micrOMEGAs-3.5.5 [122] to

compute the thermal relic abundance and direct detection cross-sections.

With Tν & O(10−3), which is the region of interest to allow left-right mixing in the

sneutrino sector, the right-sneutrino LSP thermalizes with the (MS)SM particles via its

interaction with left-sneutrino and Higgs bosons. The important annihilation processes in-

volve s-channel processes mediated by Higgs bosons, as well as four-point vertices leading

to hh, W±W∓, ZZ, tt̄ the final states. However, large left-right mixing induces large di-

rect detection cross-section. In Fig.6.8 we have only shown parameter regions with a mass

difference of at least 1 MeV between the CP-even and the CP-odd states to prevent the

Z boson exchange contribution to the direct detection [59, 258, 296].6 There are t-channel

6We have checked that with 1 MeV mass splitting and a left-admixture of O(10−2), as is relevant for
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contributions mediated by Higgs bosons, mostly from the D-term, as well as the tri-linear

term Tν , and they are proportional to the left-right mixing (sin θ) in the sneutrino sector.

Note that, we have only shown points with spin-independent direct detection cross-section

less than 10−9 pb.

As shown in the left panel of Fig.6.8, sin θ of O(0.1) is required to achieve the right

thermal relic abundance. The right relic abundance is achieved soon after the dominant

annihilation channels into the gauge bosons (and also Higgs boson) final states are open (i.e.

mDM & 130 GeV), while at the Higgs resonances (mh = 125 GeV and mA ∼ 600 GeV) a

lower admixture can be adequate. Further, co-annihilation with the low-lying higgsino-like

states (|µ| ∼ 450 GeV), when the LSP mass is close to 450 GeV, can also be effective. As

shown in the right panel of the same figure, for mDM . 450 GeV, most parameter space giving

rise to the right thermal relic abundance is tightly constrained from direct searches (spin-

independent cross-sections) from Xenon-1T [50] (similar constraints also arise from LUX [51],

PANDA-II [295]), the exceptions being the resonant annihilation and co-annihilation regions.

Note that for very small Tν and yν . 10−6, the effective interaction strength of right-

sneutrinos may be smaller than the Hubble parameter at T ' mDM. In such a scenario,

non-thermal production, especially from the decay of a thermal NLSP, can possibly generate

the relic abundance [54–57]. Further, non-thermal productions can also be important in

certain non-standard cosmological scenarios, e.g. early matter domination or low reheat

temperature, see e.g. [297,298]. In addition, large thermal relic abundance can be diluted if

substantial entropy production takes place after the freeze-out of the DM. For such regions

of parameter space our right-sneutrino LSP is likely to be a non-thermal DM candidate.

6.4 Signatures at LHC

We now focus on the LHC signal of the higgsino-like electroweakinos in the presence of

a right-sneutrino LSP. As discussed, the various decay modes available to χ̃±1 , χ̃0
2 and χ̃0

1

in presence of a right-sneutrino LSP depend not only on the mixing among the various

sparticle components but also crucially on the mass splittings. The LHC signals would

then reflect upon the above dependencies on the parameter space. We therefore look at all

thermal relic, the heavier of the CP-even and the CP-odd state has a decay width of ∼ 10−20 GeV, mostly

into the LSP and soft leptons/quarks via off-shell Z boson. This corresponds to a lifetime of . 10−3 s. Thus

it would decay well before the onset of Big Bang Nucleosynthesis (BBN) and is consistent with constraints

from the same.
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possible signals for different regions of ∆m1/2 and Tν . While there are regions of ∆m1/2

where the chargino decays non-promptly to pions that lead to the chargino traveling in the

detector for some length and then decay into a soft pion and neutralino. In such cases, since

both decay products are invisible, the relevant search channel at LHC is the disappearing

tracks [235,236,299]. In cases where the chargino decay is long-lived, signals involving heavy

stable charged tracks are of relevance [266,271,300,301,301]. Our focus however, is primarily

on the prompt decay of the chargino to hard leptons (small ∆m1/2 and large Tν) which would

be clean signals to observe at LHC.

The following production channels are of interest to us:

p p→ χ̃±1 χ̃0
2, χ̃

±
1 χ̃0

1, χ̃
+
1 χ̃−1 , χ̃

0
1 χ̃

0
2, χ̃

0
1 χ̃

0
1 χ̃

0
2 χ̃

0
2, l̃ l̃, l̃ l̃

∗, l̃ ν̃, ν̃ ν̃ (6.4.1)

where the sleptons and sneutrinos are heavier than the electroweakinos here. The LSP pair

production is excluded in the above list. The processes as given in Eq. 6.4.1 are in decreasing
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Figure 6.9: LO cross-sections of the different production channels at
√
s = 13 TeV. Here, A

= χ̃+
1 χ̃
−
1 , B = χ̃±1 χ̃

0
1, C = χ̃±1 χ̃

0
2 and D = χ̃0

1χ̃
0
2. t̃1 and b̃1 are of mass ∼ 1.4 TeV. The NLO

cross-sections can be estimated by using a K factor ∼ 1.25.

order of production cross-sections as obtained from Prospino [134–136]. The associated

chargino neutralino pair, i.e χ̃±1 χ̃0
1/2 production has the largest cross-section followed by the
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chargino pair production, χ̃+
1 χ̃−1 . In the pure higgsino limit, the pair production cross-section

of χ̃0
1 χ̃

0
1 and χ̃0

2 χ̃
0
2 are negligible compared to the other processes. Since the strong sector

is kept decoupled and the compressed higgsino sector leads to soft jets and leptons, the only

source of hard jets are from initial-state radiations (ISR). The suppressed jet multiplicity in

the signal could prove to be a potent tool for suppressing SM leptonic backgrounds coming

from the strongly produced tt̄ and single top subprocesses which would give multiple hard

jets in the final state in association with the charged leptons. Therefore we shall focus on

the following leptonic signals with low hadronic activity:

• Mono-lepton + ≤ 1 jet + /ET

• Di-lepton + 0 jet + /ET

The mono-lepton signals would come from the pair production of χ̃+
1 χ̃
−
1 , (χ̃±1 → l ν̃ and

χ̃±1 → χ̃0
1 W

∗±), and associated pair production, χ̃±1 χ̃0
i with i = 1, 2 (χ̃±1 → l ν̃ and χ̃0

i →
νν̃). A smaller contribution also comes from the production of χ̃0

1 χ̃
0
2 (χ̃0

2/1 → χ̃±1 W ∗∓

and χ̃0
1/2 → νν̃) leading to missing energy. Among the di-lepton signals we look into both

opposite sign leptons and same sign lepton signal with missing energy. Opposite sign leptons

arise from the pair produced χ̃±1 χ̃±1 , with the chargino decaying leptonically as χ̃±1 → l ν̃.

In regions of the parameter space where χ̃0
2/1 is heavier than χ̃±1 , χ̃±χ̃0

i , i = 1, 2 process may

contribute to the di-lepton state via χ̃0
i → χ̃±1 W ∗∓ followed by χ̃±1 → l ν̃. In such cases,

there could be either opposite sign di-lepton signal or same-sign di-lepton signal owing to

the Majorana nature of the neutralinos (χ̃0
i ). A similar contribution to both channels come

from χ̃0
1χ̃

0
2 with χ̃0

1/2 → χ̃±1 W ∗∓. Also there are sub-leading contributions from slepton pair

productions which can become relevant if light sleptons are also present in the spectrum.

It is worth pointing out that in very particular regions of the parameter space χ̃±1 is the

NLSP and therefore always decays to a hard lepton and sneutrino LSP. In such cases, signal

rates for the di-lepton channel would be most interesting and dominant rates for same-sign

di-lepton would be a particularly clean channel which will be important to probe high values

of µ very effectively. This is very particular of the parameter region when M1 is negative

and one has a sneutrino LSP.

6.4.1 Constraints on electroweakino sector from LHC

Before setting up our analysis on the above signals we must consider the role of existing LHC

studies that may be relevant for constraining the parameter space of our interest. LHC has
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already looked for direct production of lightest χ̃±1 , χ̃0
2 and χ̃0

1 in both run 1 and run 2 searches

at 7, 8 and 13 TeV respectively albeit assuming simplified models. Search results have been

reinterpreted both in terms of non-prompt as well as prompt decays of the higgsinos. Since

the focus of our study is on prompt decays of χ̃±1 , we consider the prompt search results only.

The LHC results have been reinterpreted assuming simplified models with and without

intermediate left and right sleptons with χ̃0
1 LSP contributing to /ET (see Table 6.3).

• Assuming 100% leptonic branching of the sparticles and an uncompressed spectra,

CMS has ruled out degenerate wino-like mχ̃±
1

, mχ̃0
2
< 1.2 TeV for a bino-like mχ̃0

1
<

600 GeV from same-sign di-lepton, three lepton and four lepton searches with at most

1 jet [302]. The limits vary slightly depending on the choice of slepton masses. For

the nearly compressed higgsino sector and assuming mass degeneracy of the lightest

chargino (χ̃±1 ) and next-to-lightest neutralino (χ̃0
2) the alternate channels probed by

LHC are soft opposite sign di-leptons searches [303]. The mass limits on the compressed

higgsino sector relax to ∼ 230 (170) GeV for mχ̃0
1
∼ 210 (162) GeV.

• ATLAS has also extensively looked for compressed higgsinos in opposite sign dilepton

and trilepton final states excluding mχ̃0
2
∼ 150 GeV for splittings as low as ∆m(χ̃0

2 −
χ̃0

1) = 3 GeV while the limit further improves by 20 GeV for degenerate χ̃0
2 and χ̃±1

[304]. For the uncompressed case, searches with low hadronic activity [305] look for

di-lepton and trilepton signal with up to 0 or 1 jet. The di-lepton search with no

jet from chargino pair production, with charginos decaying to the neutralino LSP via

intermediate sleptons sets a limit on the mχ̃±
1
> 720 GeV for mχ̃0

1
< 200 GeV. The

trilepton channel excludes mass degenerate mχ̃0
2
, mχ̃±

1
∼ 1.15 TeV for mχ̃0

1
up to 580

GeV.

In Table 6.2, we list all relevant searches implemented in the public reinterpretation soft-

ware CheckMATE. The ones, not implemented in CheckMATE have been recast in Madanalysis-v5

as shown in table 6.3 and benchmarks have been chosen to pass all the relevant searches.

Alternate results from LHC which constrain the compressed higgsino sector is the monojet

+ /ET channel [306]. However no limits on the electroweak sector are yet placed from it. We

ensure that our chosen benchmarks pass all of these discussed analyses.

6.4.2 Impact of additional related searches at LHC

For monolepton signal, multiple searches in both ATLAS and CMS look for single lepton

final states with multiple (b) jets (refer Table 6.2 B.5) thus focussing on the production of
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coloured sparticles. However, there are not many dedicated SUSY search results for exploring

low hadronic jet activity and low /ET . One of the closest analysis is [307], however employing

a large cut on /ET > 300 GeV. Such a large cut on missing energy depletes the SUSY signal

for low higgsino masses, ie., µ ∼ 300−500 GeV. Both ATLAS and CMS have also looked into

resonant searches for heavy gauge bosons and considered monoleptonic channels with missing

energy and placed limits on mass of heavy gauge bosons [308,309]. Since no reinterpretation

exists on SUSY models in run 1 or run 2 so far, we reinterpret and take into account these

limits in the context of our study and impose any constraints that apply on our parameter

space. Few studies on soft leptons [307,310], involve high cuts on missing transverse energy

( /ET ) and hadronic energy (HT ) even though requiring up to two light jets and atmost one

b jet. It is important to point out that since the signals from the higgsino sector here are

devoid of sources of b jets, and only ISR jets are present, signal efficiency reduce substantially

with cuts on large values of hadronic energy and hard b jet requirements. Further, owing to

a light µ parameter, and consequently a low-lying higgsino state, a large missing energy cut

of ∼ µ reduces signals significantly. Hence, these searches would require large luminosity to

probe the compressed higgsino sector. Reducing the hard cuts on /ET , b-veto and number of

jets coupled with hadronic energy would allow better sensitivity to such signals and we have

attempted to give an estimate of the results for the run 2 of LHC.

For di-lepton final states, both ATLAS and CMS have looked at stop searches or gluino

searches giving rise to opposite sign or same sign leptons accompanied with multiple jets

and b jets along with missing energy [191, 311]. As argued above, these searches weakly

constrain the scenario we are interested in this study. However there are some searches

specifically for soft leptons studied in 8 TeV [310] against which we check our benchmarks

using Madanalysis-v5. For opposite sign dileptons, important searches from LHC which

constrain our scenario are from ATLAS [305] and CMS [312]. Among other kinematic vari-

ables such as high lepton pT cuts, both studies focus on using large cuts on MT2 (≥ 90 GeV).

We implement these analyses in Madanalysis-v5 and choose benchmarks such that they

are not excluded by current data. For same sign dilepton, the most constraining limit comes

from CMS [313] with at most 1 jet. Other searches usually focus on the strong sector thus

requiring large number of jets.
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A
√
s = 8 TeV

S.No. Final State Luminosity (in fb−1) ATLAS CMS

1 3 leptons + /ET 20.3 [314] -

2 Stop search with 2 leptons + /ET 20.3 [97] -

3 Stop search with Z boson and b jets + /ET 20.3 [315] -

4 2 same-sign leptons or 3 leptons + /ET 20.3 [316] -

5 1 lepton + (b) jets + /ET 20.3 [95] -

6 2 leptons + jets + /ET 20.3 [317] -

7 Monojet + /ET 20.3,19.5 [47] [87]

8 2 leptons + 2 b jets + /ET 20.3 [318] -

9 1 lepton + ≥ 4 jets + /ET 20.5 [319] -

10 3 leptons + /ET 20.3 [320] -

11 2 leptons + /ET 20.3 [321] -

12 0−1 lepton + ≥ 3 b jets + /ET 20.1 [322] -

13 2 leptons + jets + /ET 20.3,19.5 [323] [324]

14 1 lepton + ≥ 3 jets + ≥ 1 b jet+ /ET (DM + 2 top) 19.7 - [325]

15 Opposite sign leptons + 3 b tags 19.5 - [326]

B
√
s = 13 TeV

S.No. Final State Luminosity (in fb−1) ATLAS CMS

1 2 same-sign or 3 leptons + jets + /ET 3.2 [327] -

2 Mono jet + /ET 3.2 [328] -

3 1 lepton + jets + /ET 3.3 [329] -

4 0−1 lepton + 3 b jets + /ET 3.3 [330] -

5 1 lepton + (b) jets + /ET 3.2 [331] -

6 2 leptons(Z) + jets + /ET 3.2 [332] -

7 1 lepton + jets 3.2 [331]

8 2 leptons + jets + /ET 13.3 [333] -

9 1 lepton + (b) jets + /ET 13.2 [334] -

10 2 leptons + jets + /ET 2.2 - [335]

Table 6.2: List of LHC analyses at
√
s = 8,13 TeV implemented in the public software Check-

MATE. All the benchmarks considered in our study pass these analyses, without showing

any excess above the observed number of events at 95% CL.
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Final State ATLAS CMS Madanalysis−v5

1 lepton + /ET [308] [307,309] Yes

2 leptons + /ET [304,305] [312,336,337] Yes

2 same-sign leptons + /ET - [313] Yes

3 or more leptons + /ET [305,338,339] [172,313,340] Not relevant for this study

Table 6.3: Leptonic searches at
√
s = 13 TeV LHC with few jets (i,e, Nj ≤ 2), as relevant

for this study.

6.4.3 Benchmarks

In the context of natural supersymmetry with degenerate first and second generation sneu-

trino as LSP, we look into regions of parameter space allowed by neutrino physics con-

straints, LHC data and direct detection cross-section constraints. We select five represen-

tative points of the parameter space and analyze their signal at the current run of LHC.

We check the viability of the chosen benchmarks for multi-leptonic signatures by testing

the signal strengths against existing experimental searches implemented in the public soft-

ware CheckMATE [194, 341]. Amongst the searches implemented in CheckMATE, mono-jet

along with missing energy search [328] provides the most stringent constraint. Among the

other 13 TeV searches as listed in Table 6.3, same-sign di-lepton and opposite-sign di-lepton

searches also impose a stringent constraint on the current scenario. The allowed same-sign

di-lepton branching is restricted to 4% or lower for µ = 300 GeV for uncompressed scenar-

ios. A higher value of µ and hence a lower production cross-section allows a larger same-sign

di-lepton branching thereby allowing us to probe a wider range of the parameter space.

We choose parameters with |µ| in the range 300-500 GeV, M1/2 ∼ 2 TeV and tan β ∼
5 − 10 GeV as listed in Table 6.4. The choice of the benchmarks ensure prompt decay of

the chargino to a hard lepton and LSP, i.e., Γ > 10−13 GeV. The gaugino mass parameters

M1 and M2 are large such that the spectrum consists of two light higgsino-like neutralinos

χ̃0
1, χ̃

0
2 and a nearly degenerate light higgsino-like χ̃±1 within O(2-4) GeV. However there

is considerable amount of freedom in choosing the relative sign among the soft parameters

M1, M2 and µ. Both the first and second generation squarks as well as gluino soft mass

parameter are set to ∼ 2 TeV. The stops are also kept heavy to ensure the light CP-even

Higgs mass and signal strengths to be within the allowed experimental values. Both the first
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two generation left and right sleptons are kept above the higgsino sector and when possible

within the reach of LHC, in the range 360−600 GeV, in the different benchmark points

studied. Following our discussion in section 6.2.2 on the M1−M2 dependence of the masses,

the benchmarks represent points in the following regions of parameter space:

• Region A: M1 > 0, M2 > 0 and µ > 0, with χ̃0
1 as NLSP (BP1).

• Region B: M1 > 0, M2 > 0 and µ < 0 , with χ̃0
1 as NLSP (BP2−a and BP2−b).

• Region C: M1 < 0, M2 > 0 and µ > 0, with χ̃±1 as NLSP (BP3 and BP4).

BP1 represents a point in the M1M2 > 0 and µ > 0 plane with M1 = 1.5 TeV, M2 = 1.8

TeV, tan β = 5 and ∆m1/2 ∼ 2 GeV. The LSP mass is ∼ 140 GeV and therefore there is

a large mass gap between the higgsinos and the LSP, ∆M(= mχ̃±
1
− mν̃LSP ) ∼ 162 GeV.

The first two generation sleptons are of masses ∼ 360 GeV to facilitate left-right mixing in

the sneutrino sector. The mixing in the left-right sneutrino is O(10−5), such that for BP1

the three body decay of χ̃±1 , i.e. BR(χ̃±1 → χ̃0
1 W

±∗) dominates (∼ 88%) over the two-body

decay, BR(χ̃±1 → l ν̃) (∼ 12%). For a heavier slepton mass, a larger Tν value is required

for a similar left-right mixing angle and vice versa. Thus, we can fix the leptonic branching

of the chargino either by lowering the left slepton mass or increasing Tν , and hence the

left-right mixing in the sneutrino sector. Since the softer decay products from the three

body decay produced from the off-shell W pass undetected owing to the compression in the

electroweakino sector, the two body leptonic decay is of interest, although subdominant. χ̃0
1

and χ̃0
2 dominantly decay to a ν ν̃ pair contributing to missing energy signal. The dominant

signals to look for in this case are mono-lepton + /ET and to a lesser extent opposite-sign

and same-sign di-lepton events owing to the small leptonic branching of chargino.

Further, we choose a benchmark BP2−a, consistent with current data and similar to

BP1, but with an increased left-right mixing in the sneutrino sector and satisfying thermal

relic density in presence of heavy Higgs resonance, of mass ∼ 824 GeV. It represents a point

in the sgn(M1M2) > 0 and µ < 0 plane with M1 = 1.5 TeV and M2 = 1.8 TeV with the

chargino decaying completely to the lepton and sneutrino mode. Here ∆m1 = 2.5 GeV,

∆m2 = 3.8 GeV. We focus only on signals from the electroweakino sector and choose to keep

the first and second generation left and right sleptons ∼ 600 GeV such that their production

cross-sections are negligible at 13 TeV LHC, thus reducing any additional contributions to

the leptonic final states. Owing to the large left-right mixing in the sneutrino sector, the

higgsinos decay entirely to the sneutrino final state. Thus, the dominant signals from this

scenario are monolepton and opposite sign dileptons along with missing energy.
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Parameters BP1 BP2−a BP2−b BP3 BP4

µ 300 -500 -300 300 400

tanβ 5 5 10 5 6.1

M1 1500 1500 2000 -860 -1150

M2 1800 1800 1000 2500 2500

M3 2000 2000 2000 2000 2000

MA 2500 803.2 2500 2500 2500

Tt 2900 2900 -2500 2950 2750

MR 100 100 100 100 100

BMR (GeV2) 10−3 10.7 143 10−3 10−3

mν̃ 100 404 245 245 316.2

Yν(×10−7) 1 10 1 1 1

Tν 0.02 140 0.8 4.0 0.06

m
χ̃±
1

303.6 510.9 307.5 305.4 407.2

mχ̃0
1

301.7 508.4 303.5 305.5 407.3

mχ̃0
2

305.8 512.2 311.5 305.8 407.5

mt̃1 1034.6 1528.3 1024.7 1514.8 1523.5

m
b̃1

1064.3 1568.6 1057.8 1552.1 1555.2

m
l̃L

380.3 627.3 617.5 617.9 618.7

m
l̃R

364.5 611.8 606.7 608.5 610.6

mν̃L 372.4 624.5 611.7 612.9 613.5

mν̃R 141.4 412.2 264.1 264.6 331.7

mh 124.6 124.1 126.1 124.5 124.7

∆mCP (MeV) 0.004 25.7 900 0.004 0.003

∆m1 1.9 2.5 4.0 -0.1 -0.1

∆m2 2.2 3.8 4.0 0.4 0.2

∆M 162.2 96.2 43 40.9 75.5

Ωh2 0.11

σSI (pb) 1.4×10−10

sin θj(×10−2) 0.002 10.9 0.046 0.224 0.004

BR(χ̃±
1 → l ν̃) 0.13 1.00 0.34 1.0 1.0

BR(χ̃0
2 →W∓∗ χ̃±

1 ) 0.12 0.0 0.0 0.0001 0.10

BR(χ̃0
2 →W∓∗ χ̃±

1 → lν̃ W ∗∓) 0.015 0.0 0.031 0.0001 0.10

Table 6.4: Low energy input parameters and sparticle masses for the benchmarks used in the

current study. All soft mass parameters and mass differences are in GeV. Mass differences

amongst the different higgsino sector sparticles, ∆m1 and ∆m2, are as defined in Section

6.2.2. Additionally, ∆M = mχ̃±
1
− mν̃ represents the mass gap between the chargino and

the sneutrino LSP and θj represents the mixing angle between the lightest left and right

sneutrinos. The mass difference, ∆mCP = mν̃e −mν̃o refers to the mass difference between

the lightest CP-even and CP-odd sneutrino eigenstates.
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We choose another spectrum BP2−b similar to BP2−a but for a lighter µ = 300 GeV

and LSP mass ∼ 264 GeV such that ∆M ∼ 40 GeV. Thus, we choose a nearly compressed

spectrum BP2−b where the leptons are much softer as compared to those of BP2−a in

order to study the prospects of such a spectrum in presence of a ν̃ LSP. The dominant

signals to look for are mono-lepton, opposite-sign di-lepton and same-sign di-lepton along

with missing transverse energy.

Luminosity (in fb−1) for 3σ excess

Analyses Reference BP1 BP2−a BP2−b BP3 BP4

l±l∓ (SF)+ 0 jet + /ET [305] 13397 812 - - 958

l±l∓ (DF)+ 0 jet + /ET [305] 2191 162 - - 104

l±l∓ + 0 jet + /ET [312] - 2223 - - 385

l±l± + 0 jet + /ET [313] - - 1997 - 2726

l±l± + 1 jet + /ET [313] - - 4039 - 4901

Table 6.5: Forecast for luminosity for 3σ excess using present experimental searches using

36 fb−1 of data at LHC. The blank spaces indicate that the benchmark is not sensitive to

the final state analysis. We do not show the forecast from current monoleptonic searches as

they show much weaker sensitivity to our scenario.

BP3 and BP4 represent spectra with M1M2 < 0 and µ > 0 with M1 = −860(−1150)

GeV, M2 = 2.5 TeV and tan β = 5 such that the NLSP is the χ̃±1 . For BP3 we also choose

a large left-right sneutrino mixing (O(10−3) while the LSP mass is 264 GeV. This leads

to a tightly compressed electroweakino sector with χ̃±1 as the NLSP as discussed in section

6.2.2. Hence the only allowed decay of the chargino is the two body leptonic decay to the

LSP with BR(χ̃±1 → lν̃) = 100%. Thus this region of parameter space favors the di-lepton

channel with missing energy from chargino pair production. However the di-lepton channel

suffers from a huge SM background and is much difficult to observe. Again the larger cross

section for chargino-neutralino production only contributes to the mono-lepton channel as

the decay of the heavier neutralinos to the chargino is rather suppressed for BP3 in order

to respect the bounds from existing same-sign di-lepton searches. Hence for this particular

benchmark the dominant signal to look for is mono-lepton + /ET and, to a lesser extent,

opposite sign di-lepton + /ET . However, other choices of benchmark points in this region of

155



parameter space would allow same-sign di-lepton signal along with missing energy making

it very interesting and clean mode for discovery. This can be the preferred channel for much

larger µ. We demonstrate a single benchmark, BP4, with µ = 400 GeV for this purpose.

Note that BP2−a is the only benchmark shown with the correct relic density (Ωh2 =

0.11) suggesting that the LSP in this case is a thermal DM candidate. While the other

benchmarks are assumed to have non-thermal DM we could have made them thermal by

adjusting the mass of one of the heavy Higgs to achieve resonant annihilations and satisfy

the relic density criterion. However, from the collider point of view the relic value will

not affect the signals at LHC for any of the benchmark points and in the process neither

differentiate a thermal relic from a non-thermal one.

Before we propose our analysis for observing the signal at LHC we use the existing

analyses and forecast the integrated luminosity that would be required to observe a 3σ excess

at LHC for each of the benchmark points. We summarize our observations in table 6.5. For

the above estimates, we have used the SM background events from the given references

for respective analyses as shown in the table while we have computed the signal events in

Madanalysis-v5.

6.4.4 Collider Analyses

Simulation set-up and Analyses

Our focus in this study is on leptonic channels with up to one ISR jet (pT > 40 GeV). We

consider no extra partons at the matrix element level while generating the parton-level events

for the signal using MadGraph-v5 [123, 124, 126]. Following the event generation at parton-

level, showering and hadronisation of the events are performed using Pythia-v8 [342, 343].

Subsequently detector simulation is performed using Delphes-v3 [129–131]. Default dynamic

factorization and renormalization scales of MadGraph-v5 have been used with CTEQ6L [125] as

the parton distribution functions (PDF). Jets are reconstructed using Fastjet [133] with a

minimum pT of 20 GeV in a cone of ∆R = 0.4 using the anti-kt algorithm [132]. The charged

leptons (e, µ) are reconstructed in a cone of ∆R = 0.2 with the maximum amount of energy

deposit from other objects in the cone limited to 10% of the pT of the lepton. Photons are

also reconstructed similar to the leptons in a cone of ∆R = 0.2, with the maximum energy

deposit from other objects in the cone being at most 10% of the pT of the photon.

SM backgrounds have also been generated using MadGraph-v5, Pythia-v6 [126] and

visible objects reconstructed at the detector level using Delphes-v3 [129–131]. Dominant

156



SM backgrounds such as lν + 0, 1j and Drell Yan (l+l−+ 0, 1 j) with large production cross-

sections have been generated up to 1 extra parton. The matching between shower jets and

jets produced at parton level is done using MLM matching with showerKT algorithm using

pT ordered showers and a matching scale QCUT = 20 GeV. Signal and background analysis

has been performed using MadAnalysis-v5 [344–346].

Primary Selection Criteria

We choose the following basic criteria for leptons (only e± and µ±), jets and photons for

both signal and background:

• We select leptons (e, µ) satisfying pT > 10 GeV and |η| < 2.5.

• We choose photons with pT > 10 GeV and |η| < 2.5.

• Reconstructed jets are identified as signal jets if they have pT > 40 GeV and |η| < 2.5.

• Reconstructed b-tagged jets are identified with pT >40 GeV and |η| < 2.5.

• Jets and leptons are isolated such that ∆Rlj > 0.4 and ∆Rll > 0.2.
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Figure 6.10: Normalized distributions for lepton and jet multiplicity for benchmark BP2

and dominant SM backgrounds channels, respectively.
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6.4.5 Mono-lepton + ≤ 1 jet + /ET signal

The presence of a sneutrino LSP opens up decay channels of the lightest chargino (neutralino)

to a lepton (neutrino) and sneutrino. In such cases, mono-lepton signals with missing energy

and few jets (mainly from ISR) arise dominantly from χ̃±1 χ̃
0
1, χ̃±1 χ̃

0
2 with χ̃±1 → l ν̃ and χ̃0

1/2 →
νν̃. Sub-dominant contributions to the signal may also arise from χ̃±1 χ̃

±
1 pair production when

one of the chargino decays to a soft lepton (via the three body decay to the neutralino) and

the other one decays to a hard lepton and the LSP. Smaller contributions to the signal also

come from χ̃0
1χ̃

0
2 production with χ̃0

2 decaying to a chargino and soft decay products while

χ̃0
1 decays invisibly or vice versa if the chargino is the lightest among the higgsinos.

Dominant background to this signal come from SM processes:

• l±ν+0,1 jets (including contributions from both on-shell and off-shell W boson),

• tt̄ (where one of the top quark decays hadronically and the other semi-leptonically).

• Single top quark production (t(t̄) j, tW ).

• W+W−+ jets (W → lν, W → jj).

• tt̄W+ jets (when both top quarks decay hadronically and W → lν) and

• WZ (with W → lν, Z → νν̄/jj).

Other subdominant contributions come from tt̄ (where both top quarks decaying semi-

leptonically), Drell Yan process (l+l−+0, 1j) and ZZ, (Z → l+l−, Z → νν̄/jj) from misiden-

tification if one of the leptons fail to meet the isolation cuts required to identify signal leptons

or even hadronic energy mismeasurements leading to jets faking leptons. Smaller contribu-

tions may also arise from triple gauge boson production with one of the gauge boson decay-

ing leptonically and the others hadronically. However, these are negligible compared to the

lν+jets contribution. Other indirect contributions may arise from energy mismeasurements

of jets as missing energy.

In order to select one lepton + missing energy signal, we implement the following criteria

for both signal and backgrounds:

• M1: The final state consists of a single lepton with pT > 25 GeV and no photons.

• M2: Since the dominant background contributions arise from W bosons, a large cut

on the transverse mass, MT (l, /ET ) > 150 GeV, where

MT (l, /ET ) =
√

2pT (l) /ET (1− cos(∆φ)). (6.4.2)
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Figure 6.11: Normalized distribution for MT (l1), the transverse mass of the leading lepton for

SUSY signal BP2−a and BP2−b against the dominant SM backgrounds after preselection

cut M1.

∆φ denotes the azimuthal angle separation between the charged lepton ~pT and ~/ET . A

large cut on MT reduces SM background contributions from lν + 0, 1 jet, WZ, WW

and tt̄ substantially as compared to the signal as seen in cut flow Table 6.6 and 6.7 .

Signal Number of events after cut

Preselection(M1) M2 M3 M4 M5 M6

BP1 2543 1987 1946 1936 1601 1429

BP2−a 1495 944 922 916 706 611

BP2−b 6252 3194 3128 3118 2462 2215

BP3 1.06×104 1664 1614 1601 1138 919

BP4 3919 1793 1751 1740 1258 1074

Table 6.6: Mono-lepton + missing energy signal final state number of events at 100 fb−1 for

SUSY signals. Note that the events have been rounded-off to the nearest integer. Cross-

sections have been scaled using NLO K-factors obtained from Prospino.

• M3: Events with atleast one b-tagged jet with pT > 40 GeV are rejected in order

159



to reduce contribution from channels involving top quarks while leaving SUSY signals

mostly unaffected.

• M4: As seen from Figure 6.10 the weakly produced SUSY signals have a compara-

tively lower jet multiplicity compared to SM background processes involving strong

production such as tt̄ or single top. Thus a cut on the jet multiplicity in the signal

events help to suppress the large SM background from these sources. Thus, we demand

jet multiplicity, Njet ≤ 3.

• M5: Since SUSY signals have a large missing energy compared to the SM background,

/ET > 100 GeV helps to reduce contributions from background.

• M6: In addition the events are made quiet from hadronic activity by demanding at

most 1 jet in the final state. This helps to further reduce backgrounds events from tt̄

and single top production.

SM Number of events after cut

Backgrounds Preselection(M1) M2 M3 M4 M5 M6

lν + 0, 1j 1.07×107 1.09×106 1.08×106 1.08×105 5.77×105 5.49×105

Drell Yan 3.52×107 3.47×104 3.34×104 5991 5272 3674

WW 8.04×105 5696 5485 5446 1329 1130

WZ 1.56×105 2.54×104 2.48×104 2.20×104 1.55×104 11523

ZZ 4938 912 900 899 551 492

tt̄ 2.04×106 5.97×104 1.79×104 1.68×104 1.17×104 6399

Single top 3.68×106 2.05×104 8517 8088 2659 1603

Total 5.74×105

Table 6.7: Mono-lepton + missing energy signal final state number of events at 100 fb−1 for

SM background. Note that the events have been rounded-off to the nearest integer. Cross-

sections scaled with K-factors at NLO [123] and wherever available, NNLO [199–201,347–349]

have been used.

In Table 6.6 and 6.7 we list the number of events observable at 13 TeV LHC at 100

fb−1, for the signal and SM background respectively. Although most of the SM background

events could be suppressed, the continuum background from l ν + 0, 1 j survives most of the

cuts. The required luminosities for observing a 3σ and 5σ excess for the mono-lepton + /ET
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channel are given in Table 6.8. The statistical significance is computed using:

S =

√
2[(s+ b)ln(1 +

s

b
)− s]

where s and b refer to the number of signal and background events after implementing the

cuts M1-M6 respectively.

Signal L3σ (fb−1) L5σ(fb−1)

BP1 254 704

BP2−a 1384 3485

BP2−b 106 293

BP3 613 1701

BP4 448 1245

Table 6.8: Required luminosities for discovery of mono lepton final states with missing energy

at
√
s = 13 TeV LHC.

We find that the best signal significance is obtained by retaining at least one jet in the

signal for all the benchmarks since the dominant background lν+ 0, 1j and signal both have

only ISR jet contributions. We note that requiring large MT , /ET and one jet in the final state

helps to improve the signal significance. Among all the benchmarks, BP2−a and BP4 have

highest leptonic branching fraction for the chargino (100%) as well as a large mass gap ∆M

between the chargino and LSP. This leads to a relatively high cut efficiency for the signal.

However since BP2−a corresponds to |µ| = 500 GeV, the overall required luminosity for

3σ excess is ∼ 1400fb−1. For BP4 with µ = 300 GeV and thus a higher production cross-

section, the required luminosity is ∼ 500fb−1. BP1, having a large ∆M but lower chargino

leptonic branching fraction, i.e., ∼ 12% would require 254 fb−1 of data for observing a 3σ

excess at LHC. The relatively compressed spectra BP2−b and BP3 although with large

leptonic branching fractions of the chargino, i.e. ∼ 34% and 100% respectively, have a lower

cut efficiency owing to a smaller ∆M ∼ 40 GeV. Thus the corresponding leptons would be

soft compared to BP1 and BP2−a. Therefore BP2-b requires 106 fb−1 for observation.
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6.4.6 Di-lepton + 0 jet +/ET signal

The challenge in having a multi-lepton signal from the production of compressed higgsino-

like electroweakinos comes from the fact that the decay products usually lead to soft final

states. However, a sneutrino LSP and the possibility of the decay of the chargino to a hard

lepton and the LSP lead to a healthy di-lepton signal with large missing energy (from χ̃+
1 χ̃−1

as well as χ̃±1 χ̃0
2 pair production, provided the next-to-lightest neutralino decay yields a

lepton via the chargino). A sub-dominant contribution also arises from χ̃0
1 χ̃

0
2 with each

of the neutralino decaying to a chargino and an off-shell W boson which gives soft decay

products. The chargino then decays to a charged lepton and sneutrino LSP. This happens

most favorably when chargino is the lightest of the higgsinos. Owing to the Majorana nature

of χ̃0
i we can have signals for opposite-sign and same-sign di-lepton final states with large

missing transverse energy. Hence we look into both the possibilities:

• Opposite sign di-lepton + 0 jet + /ET

• Same sign di-lepton + 0 jet + /ET

Opposite Sign di-lepton + 0 jet + /ET signal

Opposite sign di-lepton signal arises mainly from χ̃+
1 χ̃
−
1 production process. Sub-dominant

contributions arise from χ̃±1 χ̃0
1, χ̃±1 χ̃0

2 and χ̃0
1 χ̃

0
2 as discussed before. The dominant SM

contributions to the opposite sign di-lepton signal with missing energy come from tt̄, tW

and Drell-Yan production. Among the di-boson processes, W+W− (W+ → l+ν,W− →
l−ν̄) , ZZ ( Z → l+l−, Z → jj/νν̄ ) and WZ+jets (W → jj, Z → l+l−) also contribute

substantially to the opposite sign di-lepton channel. The triple gauge boson processes may

also contribute. However, these have a small production cross-section and are expected to

be subdominant. There could also be fake contributions to missing energy from hadronic

energy mismeasurements.

In Figure 6.12 we show the normalized distributions for important kinematic variables

for two benchmarks BP2−a and BP2−b with ∆M = 100, 40 GeV respectively along with

the dominant SM backgrounds after selecting the opposite sign-di-lepton state (D1). We

find that as expected the lepton pT distribution for BP2−a is much harder than the SM

backgrounds processes whereas for BP2−b with a lower mass gap between the chargino and

LSP, the leptons are much softer and the distributions have substantial overlap with the

backgrounds. We further use the other kinematic variables,

/ET = |Σi~pTi | and M2
l+l− = (pl1 + pl2)

2 (6.4.3)
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(where i runs over all visible particles in the final state) represent the transverse missing

energy and invariant mass-squared of the di-lepton final state respectively which peak at

higher values for SUSY signals over backgrounds in BP2−a whereas BP2−b still retains a

large overlap with the SM backgrounds. However, the largest source of background for the

di-lepton background coming from Drell-Yan process can be removed safely by excluding the

Z boson mass window for Ml+l− . Since the SUSY signals do not arise from a resonance the

exclusion of the Z mass window is expected to have very little effect on the signal events. We

further note that removing b-tagged jets would also be helpful in removing SM background

contributions from the strongly produced top quark channels which have huge cross sections

at the LHC.

Another kinematic variable of interest to discriminate between SUSY signals and SM

backgrounds is the MT2 variable [197] constructed using the leading and sub-leading lepton

~pT and ~/ET . For processes with genuine source of /ET there is a kinematic end point of

MT2 which terminates near the mass of the parent particle producing the leptons and the

invisible particle. In SM, channels such as tt̄, tW,W+W− involving a W boson finally giving

the massless invisible neutrino in the event, the end-point would be around 80 GeV. For

SUSY events the invisible particle is not massless and therefore the visible lepton pT will

depend on the mass difference. Thus the end-point in the signal distribution would not have

a cut-off at the parent particle mass anymore. For BP2−a which has a large ∆M the end

point is expected at larger values (∼ 200) GeV. However for BP2−b, where the available

phase space is small for the charged lepton due to smaller ∆M the MT2 distribution is not

very wide and has an end-point at a much lower value. Thus a strong cut on this variable is

not favorable when the sneutrino LSP mass lies close to the electroweakino’s mass.

Following the features of the kinematic distributions, we implement the following optimal

selection criteria as follows for both signal and backgrounds:

• D1: The final state consists of two opposite sign leptons and no photons.

• D2: The leading lepton has pT > 20 GeV and the sub-leading lepton has pT > 10

GeV.

• D3: Ml+l− > 10 GeV helps remove contributions from photon mediated processes

while the Z mass window is also removed by demanding that the opposite-sign same

flavor di-lepton invariant mass does not lie within the range 76 < Ml+l− < 106 GeV.

This helps to reduce a large resonant contribution form the Z exchange in Drell-Yan

process.
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Figure 6.12: Normalized distributions of several kinematic variables after cut D1.
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• D4: We reject any b-jet by putting a b-jet veto (for pT > 40 GeV). This helps in

suppressing background events coming from top quark production.

• D5: We demand a completely hadronically quiet event by choosing zero jet multiplicity

(Njet = 0) in the signal events. This is effective in suppressing contributions from

background processes produced via strong interactions.

• D6: We demand /ET > 80 GeV to suppress the large Drell-Yan contribution.

• D7: We demand MT 2 > 90 GeV which helps reduce a majority of the other SM

backgrounds.

• D8: /ET > 100 GeV is implemented to further reduce the SM backgrounds.

Signal Number of events after cut

Preselection (D1) D2 D3 D4 D5 D7 D8

BP1 130 129 112 109 68 22 21

BP2−a 306 271 265 161 108 76 72

BP4 209 298 246 241 153 81 40

Signal Number of events after cut

Preselection (D1) D2 D3 D4 D5 D6

BP2−b 455 452 351 345 230 45

BP3 2424 2394 1840 1805 1186 189

Table 6.9: Opposite Sign di-lepton + /ET final state number of events at 100 fb−1 for SUSY

signals. Note that the events have been rounded-off to the nearest integer. Cross-sections

have been scaled using NLO K-factors obtained from Prospino.

In Table 6.9 we show the signal events that survive the above listed kinematic selections

(cut-flow). We find that among all benchmarks, BP2−a is the most robust followed by

BP4. Note that we avoid using the MT2 cut on the benchmarks where the mass splitting

between the chargino and the sneutrino LSP is small as D7 cut makes the signal events

negligible. As pointed out earlier, the end-point analysis in MT2 is not favorable for small

∆M as seen in the signal and background distributions in Fig. 6.12. Thus BP2−b and BP3
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have cuts D1-D6. In Table 6.10 we give the SM background events after each kinematic

cuts. Quite clearly up to cut D6 the SM background numbers are quite large, and then

drastically reduce after the MT2 cut (D7) is imposed.

In Table 6.11 we give the required integrated luminosities to achieve a 3σ and 5σ statis-

tical significance for the signal events of the benchmark points. BP2−a requires the least

integrated luminosity and gives a 3σ significance for much lower luminosity compared to

mono-lepton signal. However for the rest of the benchmarks mono-lepton channel is more

favorable while the opposite-sign di-lepton can act as a complementary channel for BP1

with higher luminosity and BP3 with the very-high luminosity option of LHC. BP2−b

type of spectrum for the model is strongly suppressed in the di-lepton channel. The signal

rates can be attributed to the fact that the leptonic branching of the chargino is much larger

for BP2−a (∼ 100%) than BP1 (∼ 12%) and hence the signal is much more suppressed for

BP1 than in BP2−a. For BP4 where the NLSP is the chargino, the opposite sign dilepton

signal is a robust channel for discovery.

Signal Number of events after cut

Preselection (D1) D2 D3 D4 D5 D6 D7 D8

Drell Yan 1.16×108 1.14×108 8.89×106 8.80×106 6.89×106 506 293 53

W+W− 1.44×105 1.43×105 1.13×105 1.13×105 1.00×105 5813 24 12

ZZ 1.71×104 1.71×104 656 651 504 117 50 45

WZ 6.0×104 6.0×104 5399 5208 1554 92 6 4

tt̄ 6.19×105 6.16×105 4.96×105 1.48×105 3.5×104 2.63×104 132 106

tW 1.77×105 1.74×105 1.40×105 6.76×104 2.99×104 8181 114 51

Total 41009 271

Table 6.10: Opposite Sign di-lepton + /ET final state number of events at 100 fb−1 for

Standard Model backgrounds. Note that the events have been rounded-off to the nearest

integer. Cross-sections scaled with K-factors at NLO [123] and wherever available, NNLO

[199–201,347–349] have been used.

Thus this channel is not a likely probe for benchmarks with a smaller phase space, like

BP2−b and BP3 in which cases, as seen in the previous section, mono-lepton signals fare

better over di-lepton signals. Whereas for spectra like BP2−a and BP4, with a large phase

space available, opposite sign di-lepton signals are much more sensitive than mono-lepton
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signals. In contrast spectra like BP1 with a lower leptonic branching of the chargino, mono-

lepton + missing energy signal is still a better channel to look for than opposite sign di-lepton

channel.

Signal L3σ (fb−1) L5σ(fb−1)

BP1 568 1576

BP2−a 51 142

BP2−b 1.83× 104 5.07×104

BP3 1035 2875

BP4 160 444

Table 6.11: Required luminosities for discovery of opposite sign di-lepton + /ET final states

at
√
s = 13 TeV LHC.

Same Sign di-leptons + 0 jet + /ET signal

A more interesting and unique new physics signal at LHC in the di-lepton channel is the

same-sign di-lepton mode. The same-sign di-lepton in the absence of missing transverse

energy is a clear signal for lepton number violation and forms the backbone for most studies

of models with heavy right-handed Majorana neutrinos. Even with missing energy, the same-

sign di-lepton is a difficult final state to find within the SM and therefore a signal with very

little SM background. Thus finding signal events in this channel would give very clear hints

of physics beyond the SM.

In our framework of SUSY model the same-sign di-lepton signal with missing energy

and few jets come from the production modes χ̃±1 χ̃
0
2 and/or χ̃±1 χ̃

0
1 where the lepton number

violating contribution comes from the decay of the Majorana-like neutralinos given by χ̃0
2 →

W∓∗χ̃±1 with χ̃±1 → lν̃. We note that same-sign di-lepton backgrounds are rare in SM, with

some small contributions coming from processes such as p p→ WZ,ZZ,W+W+/W−W−+jets,

tt̄W and tt̄Z as well as from triple gauge boson productions such as WWW where with two

of the W bosons being of same sign and the other decaying hadronically. Other indirect

backgrounds can arise from energy mismeasurements, i.e, when jets or photons or opposite

sign leptons fake a same sign di-lepton signal.7

7There may be additional contributions for same-sign di-lepton coming from non-prompt and conversions

which we have not considered [302].
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Signal Number of events after cut:

Preselection (S1) S2 S3 S4 S5

BP1 5 5 5 4 2

BP2−a 3 2.5 2.3 1.6 1

BP2−b 32 23 22 15 8

BP3 2 0.5 0.5 0.2 0.1

BP4 30 23 23 13 7

Table 6.12: Same sign di-lepton + /ET final state number of events at 100 fb−1 for SUSY

signals. Note that the events have been rounded-off to the nearest integer where relevant.

Cross-sections have been scaled using NLO K-factors obtained from Prospino.

For our analysis we select the same-sign di-lepton events using optimal cuts for both

signal and background using the following kinematic criteria:

• S1: The final state consists of two charged leptons with same-sign and the leading

lepton in pT must satisfy pT > 20 GeV with the sub-leading lepton having pT > 15

GeV. Additionally we ensure that there are no isolated photon and b-jets in the final

state.

• S2: A minimal cut on the transverse mass constructed with the leading charged lepton

(l1), MT (l1,
~/ET ) > 100 GeV is chosen to reject background contributions coming from

W boson.

• S3: To suppress background from W±W±jj as well as those from tt̄W , tt̄Z with higher

jet multiplicities than the SUSY signal, we keep events with only up to 2 jets.

• S4: A large missing energy cut, /ET > 100 GeV is implemented to reduce SM back-

grounds.

• S5: Finally we choose the events to be completely hadronically quiet and demand zero

jets in the event.
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SM Backgrounds Number of events after cut

Preselection (S1) S2 S3 S4 S5

WZ 3856 1053 930 194 39

ZZ 94 6 5 0.5 0.2

WWW 60 29 21 7 0.6

W+W+jj 416 175 116 56 2

W−W−jj 188 82 57 18 0.5

tW 40 20 19 7 4

tt̄W 128 60 30 13 1

tt̄ 90 65 50 28 8

Total background 55

Table 6.13: Same sign di-lepton + /ET final state number of events at 100 fb−1 for SM

background. Note that the events have been rounded-off to the nearest integer where rel-

evant. Cross-sections scaled with K-factors at NLO [123] and wherever available, NNLO

[199–201,347–349] have been used.

In Tables 6.12 and 6.13 we show the signal and backgrounds events after each selection

cuts are imposed. As the same-sign signal is strongly constrained by existing LHC data,

our benchmarks have been chosen to comply with the existing limits. Thus we find that

our benchmark choices do not seem too robust in terms of signal rates, especially BP3 and

BP4 which has the chargino as the NLSP. It is therefore important to point out that BP1

and BP2−a like spectra is naturally not favored to give a same-sign di-lepton signal while

BP3 and BP4 are the most probable to give the same-sign signal but have been chosen to

suppress the signal to respect existing constraints (by choosing very small branching for the

neutralinos to decay to chargino) for two different µ values. However the spectra as reflected

by BP2−b and BP4 satisfying existing constraints do present us with a significant number

of event rates when compared to the background after cuts.

From the above cuts, we find that a large MT (l1) cut coupled with a large /ET and the

requirement of jet veto removes a large fraction of the dominant WZ background as well

as other fake contributions coming from tt̄. Other genuine contributions to this channel

from W±W± jj, tt̄W and WWW having a lower production cross-section and are efficiently

suppressed by cuts on /ET , MT and applying a jet veto. Amongst all benchmarks, the most
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sensitive to the same sign di-lepton analysis are BP2−b where BR(χ̃0
2 → χ̃±1 W

∓ → lν̃) ∼
3.3% and BP4 with BR(χ̃0

2 → χ̃±1 W
∓ → lν̃) ∼ 10%. Note that BP2−b, with a smaller

∆M gives soft leptons and is therefore slightly suppressed and requires larger integrated

luminosity ∼ 810 fb−1 of data. Although BP4 has a larger branching fraction, it requires

1052 fb−1 of data at LHC for observing a 3σ excess owing to a higher µ value compared

to BP2−b. Thus the same-sign di-lepton can be a complementary channel to observe for

benchmarks of BP2−b and BP4.

Signal L3σ (fb−1) L5σ(fb−1)

BP2−b 811 2251

BP4 1052 3845

Table 6.14: Required luminosities for discovery of same sign di-lepton final states with

missing energy at
√
s = 13 TeV LHC.

We must again point out here that for BP3-like spectra with χ̃±1 NLSP the same-sign

di-lepton would be the most sensitive channel of discovery, for large |µ| and small M2, where

the neutralino decay to chargino NLSP becomes large (see figs. 6.5 and 6.6) because of the

small SM background. In such a case both χ̃0
1 and χ̃0

2 will decay to the NLSP along with soft

jets or leptons. Thus both χ̃±1 χ̃
0
2 and χ̃±1 χ̃

0
1 production channels would have contributed to

the signal leading to a two-fold increase of the number of signal events and would be more

sensitive to detect a sneutrino LSP scenario.

We conclude that conventional channels such as mono-lepton or opposite sign di-lepton

channels however with low hadronic activity, i.e, with at most 1 jet or no jet would be

extremely useful channels to look for cases of a sneutrino LSP. Detecting same sign di-lepton

signals at higher luminosities would further serve as a strong confirmatory channel for a

sneutrino LSP scenario over a χ̃0
1 LSP scenario as in the MSSM from the compressed higgsino

sector and can exclude large portions of the regions with M1 < 0. Our analyses also shows

better signal significance for a given integrated luminosity, when compared to the forecast

shown in table 6.5. Note that our estimates do not include any systematic uncertainties

that may be present and would be dependent on the specific analysis of event topologies.

However it is worthwhile to ascertain how our results fare in presence of such systematic

uncertainties. To highlight this we assume a conservative 10% systematic uncertainty in

each case. We find that the required integrated luminosities follow a similar scaling and our
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results for the luminosity vary by atmost 10% in most cases.

Dependence on flavor of ν̃R LSP

LHC searches explore different search channels involving the flavor of the leptons owing to

their high reconstruction efficiency at the detector, for instance, e+ /ET , µ + /ET [308, 309],

ee/µµ/eµ final states associated with /ET [303, 305]. As we have considered both first and

second generation sneutrinos to be light in this study, we qualitatively analyze the prospects

of the signals studied by tagging the flavor of the leptons as well as consequences of a single

light generation of sneutrino LSP assuming the net leptonic branching to be the same in

both cases.8 Hence, for a single light sneutrino LSP, the observed events in the mono-lepton

and di-lepton signals contribute to only a single choice of lepton flavor and vanish for the

rest. We compare the signal and background in this case for the same luminosity as before

and comment on the results obtained for our benchmarks.

For mono-lepton signals with degenerate sneutrino LSP (first two generations), say, we

look at only an electron in the final state. This would lead to reduction of both signal and

background in Table 6.6 and 6.7 by half such that the significance falls by a factor of
√

2. If a

single generation of right-sneutrino was light, say ν̃e, then only the background would reduce

by a factor 1/2. Since the signal remains unchanged as the chargino now decays completely

to an electron and the lightest sneutrino the signal significance increases by a factor of
√

2.

Consequently no signal is observed for the other flavor lepton channel, in this case µ, where

although the background decreases by half, no signal events are present.

For the di-lepton signal there are three possible channels ee, µµ and eµ with net branch-

ing fraction of around 1/4, 1/4 and 1/2 respectively. We consider first the opposite-sign

di-lepton channel. For eµ final states, only different flavor lepton backgrounds such as from

WW, tt̄ or tW contribute with a BR ' 2/3. However contributions from same flavor di-

lepton sources such as involving Z boson fall. The total background thus reduces to nearly

70%. Since signal in this channel also reduces to half thereby the significance falls. For chan-

nels with same flavor (SF) leptons, i.e, ee/µµ, dominant SF contributions are from Z boson

whereas sub-dominant contributions from top quark production channel reduce. Although

SM background reduces so does the signal statistics and hence the significance. However, in

presence of a single generation of light sneutrino we find that the signal significance improves

8This may not correspond to the same parameter point since the presence of the other decay modes of

χ̃±
1 affect the leptonic branching for the single light sneutrino LSP case. However, when χ̃±

1 is the NLSP,

the net leptonic branching is the same in both cases.
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by a factor of about
√

2. Note that if the LSP is ν̃e then the chargino decays to an electron

and the LSP. Therefore ee+ /ET channel significance improves whereas µµ and eµ channels

vanish. Similarly, for an ν̃µ LSP, µµ+ /ET channels improve whereas the rest vanish. Similar

conclusions may be drawn for same sign di-lepton channel, where the dominant backgrounds

are WZ and W±W±, the significance is expected to improve only for a single light generation

of sneutrinos.

Some comments on the prospect of τ flavor searches and other channels

In this context, we also explore the discovery prospects of a natural higgsino sector and

a single light ν̃τ as the LSP. LHC has looked at final states with tau leptons, decaying

hadronically, in the context of electroweakino searches. The electroweakino mass limits

considerably reduce for tau lepton searches owing to the reduced reconstruction efficiency of

hadronically decaying τ leptons (∼ 60%) [350] compared to that of the light leptons (e,µ)

(∼ 95%). Searches with one or two hadronically decaying tau leptons associated with light

leptons lead to stronger limits from χ̃±1 ,χ̃0
2 production on mχ̃±

1
,mχ̃0

2
> 800 GeV for a bino-like

mχ̃0
1
< 200 GeV for stau mass midway between the χ̃±1 and χ̃0

1. For stau closer to the χ̃±1 , the

limit [302], mχ̃±
1
,mχ̃0

2
∼ 1000 GeV for mχ̃±

1
∼ 200 GeV. Limits on electroweakino searches

from three tau lepton searches exclude wino-like degenerate mχ̃0
2
,mχ̃±

1
> 600 GeV for a

bino-like mχ̃0
1
< 200 GeV [302] for stau mass midway between the χ̃±1 and χ̃0

1. Limits from

opposite sign tau lepton searches [351] reinterpreted from χ̃±1 χ̃
0
2 production and decaying via

intermediate sleptons lead to mχ̃0
2
,mχ̃±

1
> 760 GeV for mχ̃0

1
< 200 GeV. Opposite sign di-tau

searches reinterpreted in context of chargino pair production lead to a bound close to 650

GeV on chargino for LSP masses up to 100 GeV [351] .

For the current scenario of a compressed electroweakino sector in presence of a light ν̃τ

LSP, the signals from the low-lying compressed higgsino sector would be:

• Mono-τ jet + /ET

• Di τ jets + /ET

For the mono-tau channel, both signal and background scale by the tau reconstruction

efficiency, εR = 0.6 is the tau reconstruction efficiency. Further a factor of 1
2

comes in for the

background since the branching of W or Z boson to light leptons is roughly twice that to the

tau lepton as for a ν̃e/µ LSP. However, owing to the reduced tau reconstruction efficiency, the

signal significance falls by ∼ √εR ∼ 0.78. Similarly, for the di-tau channels, the significance
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scales by εR ∼ 0.6. Hence, the estimated reach of the higgsino mass parameter, µ is expected

to weaken for a ν̃τ LSP compared to ν̃e/µ LSP.

Note that, the pionic decay modes of the χ̃±1 and χ̃0
2 can dominate among the hadronic

modes as the respective mass differences become less than about a GeV. While we have

used form factors to estimate the pionic branching fractions, we have not considered the

possibility of late decay into pions in this work. This is because we have ensured that in

the parameter space of our interest the two body mode to the lightest sneutrino(s) always

remain prompt. Further, the potential of the loop-induced channel χ̃0
2 → χ̃0

1γ in deciphering

the scenario has not been explored in the present work. While the photons, thus produced in

the cascade, would be soft in the rest frame of χ̃0
2, it may be possible to tag hard photons in

the lab frame. Note that the choice of light higgsinos are motivated by “naturalness” at the

electroweak scale and we do not discuss the discovery potential for stop squarks and gluino

in the present work which we plan to do in a subsequent extension.

6.5 Summary and Conclusions

Motivated by “naturalness” criteria at the electroweak scale, we have studied a simplified

scenario with low µ parameter in the presence of a right-sneutrino LSP. For simplicity,

we have assumed the gaugino mass parameters to be quite heavy & 1 TeV. In such a

scenario, with O(100) GeV Majorana mass parameter the neutrino Yukawa coupling can

be as large as 10−6 − 10−7. In contrast with the MSSM with light-higgsinos, in the present

context, the higgsino-like states can decay to the sneutrino LSP. While the neutral higgsinos

can decay into neutrino and sneutrino, the lightest chargino can decay into a lepton and

sneutrino. We have demonstrated that the latter decay channel can lead to various leptonic

final states with up to two leptons (i.e. mono-lepton, same-sign di-lepton and opposite-sign

di-lepton) and missing transverse energy at the LHC, which can be important in searching

for or constraining this scenario. We have only considered prompt decay into leptons, which

require yν > 10−7 and/or small O(10−5 − 10−1) left-right mixing in the sneutrino sector.

For smaller values of yν , contribution from the latter dominates and the leptonic partial

width on small gaugino-higgsino mixing (. O(10−2)). Further, the mass split between the

three states, the lightest chargino and the two lightest neutralinos depend on the choice of

the gaugino mass parameters, as well as on one-loop contributions. We have shown how

these mass differences significantly affect the three-body partial widths, thus affecting the

branching ratios to the sneutrino. Therefore, even assuming the gaugino-like states to be
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above a TeV, as in our benchmark scenarios, the viability of a low µ parameter depends

crucially on the choice of M1, M2. This has been emphasized in great detail. Consequently,

there are regions of the parameter space where BR(χ̃±1 → l ν̃) ∼ 100% especially in the

negative M1 parameter space. Such regions of parameter space would lead to enhanced

leptonic rates, thereby a large fraction of negative M1 parameter space can be excluded

from current leptonic searches at LHC. For a given |µ|, we check the existing constraints

by recasting our signal in CheckMATE against existing LHC analysis relevant for our model

parameters to search for a viable parameter region of the model. We then choose some

representative benchmarks and observe that mono-lepton signals with large /ET and little

hadronic activity could successfully probe µ as low as 300 GeV at the ongoing run of LHC

with 106 fb−1 of data at 3σ. Additional confirmatory channels for the ν̃ LSP scenario are

opposite-sign di-lepton and same-sign di-lepton signal which require ∼ 50 fb−1 and ∼ 800

fb−1 for observing 3σ excess at LHC. While our benchmarks assume the first two generations

of sneutrinos to be degenerate and consider only e, µ for the charged leptons which can be

detected efficiently at the LHC, the reach may be substantially reduced if only tau-sneutrino

appears as the lightest flavor due to the low tau reconstruction efficiency.
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Chapter 7

Conclusions

In this thesis we have studied the phenomenological signatures of the MSSM and its different

extensions, focusing on scenarios where the sparticles have significant compression as well as

partial compression in their mass spectra. We present our study considering different LSP

candidates. Among the potential candidates for LSP as well as cold/warm DM candidate,

the ones chosen in this thesis are the lightest neutralino (χ̃0
1), a light gravitino (G̃) and

a right-sneutrino (ν̃R). Each of these scenarios have specific motivations to alleviate issues

beyond the SM as discussed in Chapter 2. It turns out that the presence of χ̃0
1 as the LSP and

WIMP cold dark matter candidate allows contributions to the DM content of the universe,

either fully or partially whereas a light G̃ in the keV mass range is a more likely candidate for

warm dark matter. Meanwhile a right-sneutrino LSP, invoked by adding an additional singlet

chiral superfield in the MSSM fold, may behave as a thermal or non-thermal DM candidate

in the O(100) GeV mass range depending on the model parameters. Besides being the dark

matter candidate, the alternate LSP candidates provide complementary probes of the MSSM

and its extensions. We study the prospects of discovering such scenarios by analysing signals

comprising of multiple jets, monojets, multileptons as well as photonic channels along with

missing energy after appropriate signal selection criteria have been implemented. We briefly

summarise the salient features of the work done in the thesis as below.

The first chapter of the thesis deals with a brief introduction to the existing Standard

Model of Particle Physics and the need to think beyond the SM. Although SM is successful in

explaining most of the known phenomena in Nature, such as observed matter and the three

fundamental forces, there are compelling reasons to believe that a complete underlying theory

must exist. Supersymmetry is a prime BSM candidate and provides an elegant solution to

the naturalness problem. In Chapter 2 we briefly introduce SUSY and discuss the MSSM. We
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conclude the chapter with a discussion on the phenomenological implications of MSSM and

in cases one needs to think beyond the minimal version of SUSY. My thesis encompasses the

phenomenological implications of both MSSM as well as extensions to the MSSM providing

suitable dark matter candidates. Notably we do not rely on any underlying SUSY breaking

mechanism in this thesis and focus on the phenomenological MSSM with 19 free parameters

along with additional parameters in the extensions to the MSSM.

In Chapter 3, we explore the prospects of observing a compressed spectra in the MSSM

with the full MSSM spectra within the compressed band. The presence of a light 125 GeV

Higgs boson demands the presence of at least one heavy stop or large mixing in the stop sector

and plays a crucial role in assessing the level of compression in the spectrum. We perform an

exhaustive analysis of such compressed SUSY scenarios for the 13 TeV run of LHC, keeping

the level of compression in the spectrum as high as possible. The rates of observable events

in the high-energy run are obtained through detailed simulation of signal and backgrounds.

We find that the multijet+ /ET signal is a more robust channel for discovering compressed

spectra besides the monojet and missing energy channel.

Although the MSSM in itself addresses issues like naturalness and provides a DM can-

didate, one needs to think beyond the MSSM for reasons already discussed in Chapter 2.

We consider a simple extension to the MSSM with a light keV scale gravitino as the LSP.

Such a light gravitino serves as a warm dark matter candidate. Chapter 4 studies the ef-

fects of including a light gravitino in the spectrum as the LSP candidate and keeping a

bino-dominated χ̃0
1 as the NLSP. The presence of the light gravitino as the LSP opens up

interesting collider signatures consisting of one or more hard photons together with multiple

jets and missing transverse energy from the cascade decay of the sparticles. We investigate

such signals in the presence of both compressed and uncompressed SUSY spectra consistent

with Higgs mass, collider and dark matter constraints. We analyse and compare the discov-

ery potential in different benchmark scenarios consisting different levels of compression and

intermediate decay modes. We find that a compressed spectrum is much more stringently

constrained in such a scenario compared to the uncompressed case. We find through our

analysis that compressed spectra up to ∼ 2.5 TeV are likely to be probed even before the

high luminosity run of the LHC. Some new kinematic variables are suggested to discriminate

between an uncompressed and compressed spectra yielding similar event rates for photons

+ multi-jets + /ET by probing the interplay between the transverse momentum associated

with the hard photons and jets as well as the multiplicity of jets in the uncompressed case

over the compressed scenario.
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In Chapter 5 we further explore variants of the above scenario with the NLSP being a

dominantly higgsino-like χ̃0
1. Such a spectra may arise as a possible consequence of general

phenomenological MSSM. The presence of a higgsino-like NLSP ensures the production of

a large fraction of Higgs and/or Z bosons along with missing energy in the final state. We

focus on the prospects of observing ≥ 1b + l+l− + /ET signal at the LHC. A distinguishing

feature of this scenario is the production of longitudinal Z bosons in neutralino decays, unlike

in the case of gaugino-like neutralinos, where the Z is mostly transverse. The polarisation

information of the parent Z boson is reflected in the angular distributions of the decay

leptons and in some other variables derived therefrom.

Chapter 6 deals with an extension to the MSSM with additional right-handed neutrino

superfields. A prime motivation for such an extension to the MSSM is the possibility of

generation of light neutrino masses via the Type-I Seesaw mechanism. It also opens up the

possibility of a right-sneutrino LSP candidate. We focus on the viability of a light higgsino

sector noting that in the light of “naturalness“, it becomes equally important to investigate

the supersymetric spectrum in such a scenario. The presence of small left-right mixing in the

LSP can lead to a very different signature from the compressed higgsino-like states, mostly

due to the leptonic decay of the light chargino leading to multileptonic channels along with

/ET strongly governed by the level of compression in the mass spectra of the higgsinos.

In conclusion, this thesis primarily looks into prospects of discovering largely or par-

tially compressed spectra in the presence of different LSP candidates by analysing some

phenomenological signals at the LHC as a possible probe of SUSY. Whether SUSY is a re-

alistic theory remains to be observed as yet, however one must carry on a thorough search

with the wealth of data produced and expected in the current and upcoming runs at LHC.

We are continuing our work in this direction by working on some extensions of the work

done in the thesis. We are working on signatures of late decaying higgsinos to the sneutrino

LSP ( i.e, Tν < 0.02 region). Although in this thesis our focus has mainly been on SUSY

phenomenology, certain aspects may be useful in search of non-SUSY BSM searches as well

especially utilising the polarisation information of the final state gauge bosons as an indi-

cator of the nature of the parent. We also intend to use machine learning techniques for

further improvements in future studies.
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[78] H. Dreiner, M. Krämer, and J. Tattersall, Exploring QCD uncertainties when setting

limits on compressed supersymmetric spectra, Phys. Rev. D87 (2013), no. 3 035006,

[arXiv:1211.4981].

[79] B. Bhattacherjee, A. Choudhury, K. Ghosh, and S. Poddar, Compressed

supersymmetry at 14 TeV LHC, Phys. Rev. D89 (2014), no. 3 037702,

[arXiv:1308.1526].

[80] G. Belanger, M. Heikinheimo, and V. Sanz, Model-Independent Bounds on Squarks

from Monophoton Searches, JHEP 08 (2012) 151, [arXiv:1205.1463].

[81] T. Cohen, T. Golling, M. Hance, A. Henrichs, K. Howe, J. Loyal, S. Padhi, and J. G.

Wacker, SUSY Simplified Models at 14, 33, and 100 TeV Proton Colliders, JHEP 04

(2014) 117, [arXiv:1311.6480].

[82] ATLAS Collaboration, Search for squarks and gluinos with the ATLAS detector in

final states with jets and missing transverse momentum and 20.3 fb−1 of
√
s = 8 TeV

proton-proton collision data, Tech. Rep. ATLAS-CONF-2013-047, CERN, Geneva,

May, 2013.

184

http://arxiv.org//abs/1206.4993
http://arxiv.org//abs/1302.3332
http://arxiv.org//abs/1008.0407
http://arxiv.org//abs/1204.5182
http://arxiv.org//abs/1207.1613
http://arxiv.org//abs/1207.6289
http://arxiv.org//abs/1211.4981
http://arxiv.org//abs/1308.1526
http://arxiv.org//abs/1205.1463
http://arxiv.org//abs/1311.6480


[83] CMS Collaboration, S. Chatrchyan et al., Search for New Physics with a Mono-Jet

and Missing Transverse Energy in pp Collisions at
√
s = 7 TeV, Phys. Rev. Lett. 107

(2011) 201804, [arXiv:1106.4775].

[84] ATLAS Collaboration, G. Aad et al., Search for new phenomena with the monojet

and missing transverse momentum signature using the ATLAS detector in
√
s = 7

TeV proton-proton collisions, Phys. Lett. B705 (2011) 294–312, [arXiv:1106.5327].

[85] ATLAS Collaboration, G. Aad et al., Search for squarks and gluinos with the

ATLAS detector in final states with jets and missing transverse momentum using 4.7

fb−1 of
√
s = 7 TeV proton-proton collision data, Phys. Rev. D87 (2013), no. 1

012008, [arXiv:1208.0949].

[86] S. Mukhopadhyay, M. M. Nojiri, and T. T. Yanagida, Compressed SUSY search at

the 13 TeV LHC using kinematic correlations and structure of ISR jets, JHEP 10

(2014) 12, [arXiv:1403.6028].

[87] CMS Collaboration, V. Khachatryan et al., Search for dark matter, extra

dimensions, and unparticles in monojet events in proton–proton collisions at
√
s = 8

TeV, Eur. Phys. J. C75 (2015), no. 5 235, [arXiv:1408.3583].

[88] ATLAS Collaboration, G. Aad et al., Search for new phenomena in final states with

an energetic jet and large missing transverse momentum in pp collisions at
√
s =8

TeV with the ATLAS detector, Eur. Phys. J. C75 (2015), no. 7 299,

[arXiv:1502.01518]. [Erratum: Eur. Phys. J.C75,no.9,408(2015)].

[89] ATLAS, CMS Collaboration, G. Aad et al., Combined Measurement of the Higgs

Boson Mass in pp Collisions at
√
s = 7 and 8 TeV with the ATLAS and CMS

Experiments, Phys. Rev. Lett. 114 (2015) 191803, [arXiv:1503.07589].

[90] S. P. Martin, Compressed supersymmetry and natural neutralino dark matter from

top squark-mediated annihilation to top quarks, Phys. Rev. D75 (2007) 115005,

[hep-ph/0703097].

[91] S. P. Martin, The Top squark-mediated annihilation scenario and direct detection of

dark matter in compressed supersymmetry, Phys. Rev. D76 (2007) 095005,

[arXiv:0707.2812].

185

http://arxiv.org//abs/1106.4775
http://arxiv.org//abs/1106.5327
http://arxiv.org//abs/1208.0949
http://arxiv.org//abs/1403.6028
http://arxiv.org//abs/1408.3583
http://arxiv.org//abs/1502.01518
http://arxiv.org//abs/1503.07589
http://arxiv.org//abs/hep-ph/0703097
http://arxiv.org//abs/0707.2812


[92] H. Baer, A. Box, E.-K. Park, and X. Tata, Implications of compressed supersymmetry

for collider and dark matter searches, JHEP 08 (2007) 060, [arXiv:0707.0618].

[93] ATLAS Collaboration, G. Aad et al., Search for strong production of

supersymmetric particles in final states with missing transverse momentum and at

least three b-jets at
√
s= 8 TeV proton-proton collisions with the ATLAS detector,

JHEP 10 (2014) 024, [arXiv:1407.0600].

[94] ATLAS Collaboration, G. Aad et al., Search for squarks and gluinos with the

ATLAS detector in final states with jets and missing transverse momentum using
√
s = 8 TeV proton–proton collision data, JHEP 09 (2014) 176, [arXiv:1405.7875].

[95] ATLAS Collaboration, G. Aad et al., Search for top squark pair production in final

states with one isolated lepton, jets, and missing transverse momentum in
√
s =8 TeV

pp collisions with the ATLAS detector, JHEP 11 (2014) 118, [arXiv:1407.0583].

[96] ATLAS Collaboration, G. Aad et al., Search for direct pair production of the top

squark in all-hadronic final states in proton-proton collisions at
√
s = 8 TeV with the

ATLAS detector, JHEP 09 (2014) 015, [arXiv:1406.1122].

[97] ATLAS Collaboration, G. Aad et al., Search for direct top-squark pair production in

final states with two leptons in pp collisions at
√
s = 8TeV with the ATLAS detector,

JHEP 06 (2014) 124, [arXiv:1403.4853].

[98] ATLAS Collaboration, G. Aad et al., Search for pair-produced third-generation

squarks decaying via charm quarks or in compressed supersymmetric scenarios in pp

collisions at
√
s = 8 TeV with the ATLAS detector, Phys. Rev. D90 (2014), no. 5

052008, [arXiv:1407.0608].

[99] ATLAS Collaboration, G. Aad et al., Search for direct third-generation squark pair

production in final states with missing transverse momentum and two b-jets in
√
s =

8 TeV pp collisions with the ATLAS detector, JHEP 10 (2013) 189,

[arXiv:1308.2631].

[100] CMS, Summary of cms susy results in sms framework, . https://twiki.cern.ch/

twiki/pub/CMSPublic/SUSYSMSSummaryPlots8TeV/barplot_ICHEP2014.pdf.

[101] ATLAS, Summary of atlas susy searches, .

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CombinedSummaryPlots/

SUSY/ATLAS_SUSY_Summary/ATLAS_SUSY_Summary.png.

186

http://arxiv.org//abs/0707.0618
http://arxiv.org//abs/1407.0600
http://arxiv.org//abs/1405.7875
http://arxiv.org//abs/1407.0583
http://arxiv.org//abs/1406.1122
http://arxiv.org//abs/1403.4853
http://arxiv.org//abs/1407.0608
http://arxiv.org//abs/1308.2631
https://twiki.cern.ch/twiki/pub/CMSPublic/SUSYSMSSummaryPlots8TeV/barplot_ICHEP2014.pdf
https://twiki.cern.ch/twiki/pub/CMSPublic/SUSYSMSSummaryPlots8TeV/barplot_ICHEP2014.pdf
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CombinedSummaryPlots/SUSY/ATLAS_SUSY_Summary/ATLAS_SUSY_Summary.png
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CombinedSummaryPlots/SUSY/ATLAS_SUSY_Summary/ATLAS_SUSY_Summary.png


[102] L. J. Hall, D. Pinner, and J. T. Ruderman, A Natural SUSY Higgs Near 126 GeV,

JHEP 04 (2012) 131, [arXiv:1112.2703].

[103] A. Djouadi, Implications of the Higgs discovery for supersymmetry, EPJ Web Conf.

95 (2015) 03006.

[104] M. Carena, S. Heinemeyer, O. Stál, C. E. M. Wagner, and G. Weiglein, MSSM Higgs

Boson Searches at the LHC: Benchmark Scenarios after the Discovery of a Higgs-like

Particle, Eur. Phys. J. C73 (2013), no. 9 2552, [arXiv:1302.7033].

[105] LEP2SUSYWG et al., Lep2 joint susy working group, .

http://lepsusy.web.cern.ch/lepsusy/,~bhttp://lepsusy.web.cern.ch/

lepsusy/www/inoslowdmsummer02/charginolowdm_pub.html,~bhttp:

//lepsusy.web.cern.ch/lepsusy/www/inos_moriond01/charginos_pub.html.

[106] Heavy Flavor Averaging Group Collaboration, Y. Amhis et al., Averages of

B-Hadron, C-Hadron, and tau-lepton properties as of early 2012, arXiv:1207.1158.

[107] LHCb collaboration Collaboration, R. Aaij et al., Measurement of the B0
s → µ+µ−

branching fraction and search for B0 → µ+µ− decays at the LHCb experiment,

Phys.Rev.Lett. 111 (2013) 101805, [arXiv:1307.5024].

[108] CMS Collaboration, S. Chatrchyan et al., Measurement of the B(s) to mu+ mu-

branching fraction and search for B0 to mu+ mu- with the CMS Experiment,

Phys.Rev.Lett. 111 (2013) 101804, [arXiv:1307.5025].

[109] WMAP Collaboration, G. Hinshaw et al., Nine-Year Wilkinson Microwave

Anisotropy Probe (WMAP) Observations: Cosmological Parameter Results,

Astrophys.J.Suppl. 208 (2013) 19, [arXiv:1212.5226].

[110] Z. Berezhiani and M. Y. Khlopov, Cosmology of Spontaneously Broken Gauge Family

Symmetry, Z.Phys. C49 (1991) 73–78.

[111] C. Boehm, P. Fayet, and J. Silk, Light and heavy dark matter particles, Phys.Rev.

D69 (2004) 101302, [hep-ph/0311143].

[112] E. Ma, Supersymmetric Model of Radiative Seesaw Majorana Neutrino Masses,

Annales Fond.Broglie 31 (2006) 285, [hep-ph/0607142].

187

http://arxiv.org//abs/1112.2703
http://arxiv.org//abs/1302.7033
http://lepsusy.web.cern.ch/lepsusy/, http://lepsusy.web.cern.ch/lepsusy/www/inoslowdmsummer02/charginolowdm_pub.html, http://lepsusy.web.cern.ch/lepsusy/www/inos_moriond01/charginos_pub.html
http://lepsusy.web.cern.ch/lepsusy/, http://lepsusy.web.cern.ch/lepsusy/www/inoslowdmsummer02/charginolowdm_pub.html, http://lepsusy.web.cern.ch/lepsusy/www/inos_moriond01/charginos_pub.html
http://lepsusy.web.cern.ch/lepsusy/, http://lepsusy.web.cern.ch/lepsusy/www/inoslowdmsummer02/charginolowdm_pub.html, http://lepsusy.web.cern.ch/lepsusy/www/inos_moriond01/charginos_pub.html
http://arxiv.org//abs/1207.1158
http://arxiv.org//abs/1307.5024
http://arxiv.org//abs/1307.5025
http://arxiv.org//abs/1212.5226
http://arxiv.org//abs/hep-ph/0311143
http://arxiv.org//abs/hep-ph/0607142


[113] P.-H. Gu, Unified mass origin at TeV for dark matter and Dirac neutrinos,

Phys.Lett. B661 (2008) 290–294, [arXiv:0710.1044].

[114] T. Hur, H.-S. Lee, and S. Nasri, A Supersymmetric U(1)-prime model with multiple

dark matters, Phys.Rev. D77 (2008) 015008, [arXiv:0710.2653].

[115] Q.-H. Cao, E. Ma, J. Wudka, and C.-P. Yuan, Multipartite dark matter,

arXiv:0711.3881.

[116] T. Hambye, Hidden vector dark matter, JHEP 0901 (2009) 028, [arXiv:0811.0172].

[117] M. Aoki, M. Duerr, J. Kubo, and H. Takano, Multi-Component Dark Matter Systems

and Their Observation Prospects, Phys.Rev. D86 (2012) 076015, [arXiv:1207.3318].

[118] J. Heeck and H. Zhang, Exotic Charges, Multicomponent Dark Matter and Light

Sterile Neutrinos, JHEP 1305 (2013) 164, [arXiv:1211.0538].

[119] LUX Collaboration Collaboration, D. Akerib et al., First results from the LUX

dark matter experiment at the Sanford Underground Research Facility, Phys.Rev.Lett.

112 (2014), no. 9 091303, [arXiv:1310.8214].

[120] W. Porod, SPheno, a program for calculating supersymmetric spectra, SUSY particle

decays and SUSY particle production at e+ e- colliders, Comput. Phys. Commun.

153 (2003) 275–315, [hep-ph/0301101].

[121] W. Porod and F. Staub, SPheno 3.1: Extensions including flavour, CP-phases and

models beyond the MSSM, Comput. Phys. Commun. 183 (2012) 2458–2469,

[arXiv:1104.1573].

[122] G. Belanger, F. Boudjema, A. Pukhov, and A. Semenov, micrOMEGAs-3: A

program for calculating dark matter observables, Comput. Phys. Commun. 185 (2014)

960–985, [arXiv:1305.0237].

[123] J. Alwall, R. Frederix, S. Frixione, V. Hirschi, F. Maltoni, O. Mattelaer, H. S. Shao,

T. Stelzer, P. Torrielli, and M. Zaro, The automated computation of tree-level and

next-to-leading order differential cross sections, and their matching to parton shower

simulations, JHEP 07 (2014) 079, [arXiv:1405.0301].

[124] J. Alwall, M. Herquet, F. Maltoni, O. Mattelaer, and T. Stelzer, MadGraph 5 :

Going Beyond, JHEP 06 (2011) 128, [arXiv:1106.0522].

188

http://arxiv.org//abs/0710.1044
http://arxiv.org//abs/0710.2653
http://arxiv.org//abs/0711.3881
http://arxiv.org//abs/0811.0172
http://arxiv.org//abs/1207.3318
http://arxiv.org//abs/1211.0538
http://arxiv.org//abs/1310.8214
http://arxiv.org//abs/hep-ph/0301101
http://arxiv.org//abs/1104.1573
http://arxiv.org//abs/1305.0237
http://arxiv.org//abs/1405.0301
http://arxiv.org//abs/1106.0522


[125] J. Pumplin, D. R. Stump, J. Huston, H. L. Lai, P. M. Nadolsky, and W. K. Tung,

New generation of parton distributions with uncertainties from global QCD analysis,

JHEP 07 (2002) 012, [hep-ph/0201195].

[126] T. Sjostrand, S. Mrenna, and P. Z. Skands, PYTHIA 6.4 Physics and Manual, JHEP

05 (2006) 026, [hep-ph/0603175].

[127] M. L. Mangano, M. Moretti, F. Piccinini, and M. Treccani, Matching matrix

elements and shower evolution for top-quark production in hadronic collisions, JHEP

01 (2007) 013, [hep-ph/0611129].

[128] S. Hoeche, F. Krauss, N. Lavesson, L. Lonnblad, M. Mangano, A. Schalicke, and

S. Schumann, Matching parton showers and matrix elements, in HERA and the LHC:

A Workshop on the implications of HERA for LHC physics: Proceedings Part A,

2006. hep-ph/0602031.

[129] DELPHES 3 Collaboration, J. de Favereau, C. Delaere, P. Demin, A. Giammanco,
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