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Chapter I

Conventions, Notations and Abbreviations

Notations and Conventions

• Natural Units,ℏ=c=1.

• Cross section in units of barn. 1 barn= 10−28m2.

• In natural mass units 1 GeV= 109 eV. 1 TeV = 1012eV.

• Metric: ηµν = diag(1,−1,−1,−1).

• Levi-Civita tensor:εµνρσ with ε0123= 1.

• Pauli spin matrices =τ a.

• Commutator:[X,Y] = XY−YX, Anti-commutator :{X,Y}= XY+YX.

• Coupling constants :g1,g2,g3 for U(1),SU(2),SU(3).

• Fine structure constant =α .

• Strong coupling constant :αs =
g2

3
4π.

• Fermi constant=Gµ .

• Structure constants :f abc for SU(3). andεabc for SU(2).

• Generators of SU(N) algebra.Ta, a=1..N.

• Q = Electric charge,T3= weak isospin, Y=hypercharge.

• v= electroweak vacuum expectation value. Weinberg angle =θW. Yukawa couplings:λ i.

• Pµ andMµν are the generators of translation and angular momentum respectively.

• Grassmann variables =θa with a=1,2 in two component notation.

• (a,b) = Spinor indices in(1
2,0) notation.ȧ, ḃ= Spinor indices in(0, 1

2) notation.

• Projection operators : LeftPL = 1
2(1−γ5) and rightPR= 1

2(1+γ5).

• Two component Levi-Civita :ε12 = ε21=1. ε21 = ε12=-1
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Chapter I. Conventions, Notations and Abbreviations

• ∂a =
∂

∂θa , ∂a = ∂
∂θa

. ∂ȧ =
∂

∂θ ȧ , ∂ ȧ = ∂
∂θȧ

• Supercharges :Qa=- i(∂a+ iσµ
aḃ

θ†ḃ∂µ). Qȧ=+ i(∂†ȧ− iσµȧbθb∂µ)

• Superfield co-ordinates :z= (x,θ,θ†).

• Superfields : General=F . Chiral =Φ, Vector=V. Auxiliary fields : F,D.

• Super covariant derivative :Da = ∂a+ iσµ
aḃ

θ†ḃ∂µ .

• Integral measures :d4θ = d2θd2θ†.

• Chiral field strengths : Left chiral :Wa =−1
4D†D†DaV, Right ChiralW†

a =−1
4DDD†

aV.

• Rapidity=y= 1
2ln E+pz

E−pZ
, pseudorapidity=|η |= 1

2ln |p|+pz
|p|−pZ

.

Abbreviations

• ATLAS : A Toroidal LHC apparatus.

• BR: Branching ratio.

• BSM : Beyond Standard Model.

• CERN: Organization for European Nuclear Research.

• CKM : Cabibo Kobayashi Maskawa.

• c.m : Center of mass.

• CMS : Compact Muon Solenoid

• CMB : Cosmic Microwave Background.

• CMSSM : Constrained Minimal Supersymmetric Standard Model.

• EM : Electromagnetic.

• EW : Electroweak.

• FCNC : Flavor Changing Neutral Current

• FSR : Final State Radiation

• GMSB : Gauge Mediated Supersymmetry Breaking

• GUT : Grand Unified Theory.

• IRC : Infrared and Colinear.

• ISR : Initial State Radiation.

• LEP : Large Electron Positron Collider.

• LHC : Large Hadron Collider.

• LSP : Lightest Supersymmetric particle.
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Chapter I. Conventions, Notations and Abbreviations

• LO : Leading Order.

• ΛQCD : QCD scale.

• MSSM: Minimal Supersymmetric Standard Model.

• mSUGRA : Minimal Supergravity.

• NLSP : Next to Lightest Supersymmetric particle.

• NLO : Next to Leading Order.

• QCD : Quantum Chromodynamics.

• QED : Quantum Electrodynamics.

• Rp: R-parity.

• RGE : Renormalization Group Evolution.

• SLC : Stanford Linear Collider.

• SM : Standard Model.

• SSB : Spontaneous symmetry breaking.

• SUSY : Supersymmetry.

• VEV : Vacuum Expectation Value.

• WIMP : Weakly Interacting Massive Particle.

• WZ : Wess Zumino.
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Chapter II

Synopsis

II.1 Introduction

The standard model (SM) of particle physics, based on the principle of gauge invariance described
by the gauge group (SU(3)c × SU(2)L × U(1)Y), has been extremely successful in describing
physics at the electroweak scale, and has been well tested toremarkable precision at the LEP,
Tevatron and now at the LHC. The discovery of the Higgs like boson at 125 GeV [1,2], an integral
part of the SM that breaks the above symmetry down to SU(3)c×U(1)em and generates masses
for the leptons, quarks and the gauge bosons of the theory hascertainly vindicated the model.
However the discovery of the Higgs like boson has thrown up intriguing questions in this context.

One of the primary concerns is the problem of self energy corrections of the Higgs mass (Mh),
which develops quadratic divergences from SM particles running in the one loop diagrams, as one
tries to extrapolate the SM to the Planck scale (1018 GeV). The loop correction is dominated by
the top quark and can be expressed asδM2

h ∼ 3Λ2

8π2v2m2
t (where mt is the mass of the top quark,

and Λ is the cut off scale, taken at 1018 GeV). This requires a fine cancellation of parameters
between the bare and the re-normalized mass to achieve the correct Higgs mass at the electroweak
scale [3]. The problem of quadratic divergence is tackled by introducing new particles that differ
by spin half to that of SM particles. This symmetry namely supersymmetry(SUSY) has been one
of the prime candidates of a BSM theory for the last three decades. These new particles cancel
the divergent contributions from the SM particles. The unification of the three gauge couplings in
SUSY at a scale of 1016 GeV is an added motivation to consider it as a prime candidatefor BSM
physics. Additionally, SUSY also offers a suitable candidate for dark matter abundantly present in
the universe.

As noted earlier SUSY introduces partners to the SM particles which differ in spin by half. The
minimal version of SUSY, termed as the minimally supersymmetric standard model(MSSM), is a
straightforward extension of the SM by the following prescription:

• Introduction of sfermions, the superpartners of fermions.This includes sleptons and squarks
differing from their partners quarks and by leptons by spin half. The left handed supermulti-
plet contains the doublet squarks(Q) and sleptons(L), while the right handed singlets contain
(U,D,E).

• Introduction of gaugino fields, namely Bino (B̃), Wino (W̃i), and the gluino ( ˜ga), which trans-
form underU(1) and the adjoint representations of SU(2) and SU(3) respectively. These are
superpartners of the hypercharge gauge boson (Bµ), the weak gauge bosons (Wi

µ), and the

iv



Chapter II. Synopsis

gluon (ga
µ ) respectively.

• Along with these, there are two Higgs doublets as compared toa single Higgs doublet in
SM. This is required to cancel anomalies in the theory. Afterelectroweak symmetry breaking
we have 5 Higgs bosons, with 2 charged (H±) and 3 neutral bosons (h,H,A), along with
the corresponding superpartners termed as higgsinos(H̃0

i , H̃
±
i ). The ratio of the vacuum

expectation values(VEV) of the neutral components of the two Higgs doublets is parametrized
by tanβ .

The full SUSY particle content is as summarized in Table3.1.
The Lagrangian of the MSSM is invariant under the SM gauge symmetrySU(3)c×SU(2)L ×

U(1)Y. Furthermore one imposes aZ2 symmetry termed as R parity defined asRp = (−1)3B−L+2S,
where B is the baryon number, L the lepton number and S the spinof the particle. SM particles are
even under this symmetry while their SUSY counterparts are odd. This ensures that the lightest
SUSY particle(LSP), which is generally the lightest neutralino (χ0

1) is stable, and hence is an ideal
candidate for dark matter. Supersymmetry cannot be an exactsymmetry as it implies equal masses
for sferimons and the corresponding fermions which is not realized in nature. SUSY therefore has
to be broken. Low energy SUSY is manifested as "soft" SUSY breaking terms. The term "soft"
implies that no terms with mass dimension greater than 3 appear in the soft SUSY Lagrangian,
such that the quadratic divergences do not reappear in the theory. The soft SUSY Lagrangian can
be written as,

L = (
1
2

Maλ̄aλa+mi |φi |2+Ai jkφiφjφk++Bi j φiφj)+h.c, (II.1.1)

whereλa denotes the gauginos transforming under the the gauge groups U(1) (B̃), and the
adjoint representations of SU(2) (W̃i) and SU(3) (g̃a) respectively. The scalar mass terms include
the squarks (ũL , d̃L...), sleptons (̃νL , ẽL..), and the Higgs fields (Hi). Aijk , and Bij denotes the
trilinear and the bilinear couplings. The MSSM Lagrangian,once expanded has 124 parameters
including masses, phases and mixing angles as free parameters.

The exact nature of breaking is not well established and various models have been proposed to
this end. The general understanding is that SUSY is spontaneously broken in a hidden sector of
fields that is singlet to the SM gauge group. The effects of thebreaking is transmitted to the visible
sector by one or a group of fields known as mediators. In modelsof SUSY breaking like minimal
supergravity (mSUGRA)/constrained MSSM (CMSSM), the breaking takes place in the hidden
sector by higher dimensional operators. The CMSSM model is specified by universal parameters
at the GUT scale, and includes m0,m1/2,A0, the universal scalar mass, the universal fermion mass
and universal trilinear coupling respectively. Along withthis one has to specify tanβ , the ratio of
the vacuum expectation value(VEV) of the two Higgs doubletsand the sign ofµ. The sparticle
spectrum at the electroweak scale is determined by renormalization group evolution (RGE) from
the GUT scale to the electroweak scale.

After SUSY and electroweak symmetry is broken, sfermions and gauginos mix generically.
The left and right handed squarks and sleptons mix, and thus the resulting mass eigen states are a
combination of left and right handed components. This drives the phenomenology and decay rates,
and hence is important from the perspective of collider studies.

While mixing in the first two generation of squarks and sleptons are small due to the smaller
Yuakawa couplings, the third generation squarks and sleptons mix to a much larger extent owing
to the larger Yukawa couplings of the third generation. Thishas a significant impact from the point
of view of Higgs mass in SUSY, as we shall discuss later.
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Superfield Particle Spin Superpartner Spin

Q (u, d)L
1
2 (ũL, d̃L) 0

Matter Fields Uc ūR
1
2 ũ∗R 0

Dc d̄R
1
2 d̃∗

R 0

L (ν , e)L
1
2 (ν̃L, ẽL) 0

Ec ēR
1
2 ẽ∗R 0

V1 Bµ 1 B̃ 1
2

Gauge Fields V2 Wi
µ 1 W̃i 1

2

V3 Ga
µ 1 g̃a 1

2

H1 (H0
1 , H−

1 ) 0 (H̃0
1 , H̃−

1 ) 1
2

Higgs Fields H2 (H+
2 , H0

2) 0 (H̃+
2 , H̃0

2)
1
2

Table II.1: Field content of the MSSM.

The charged gaugino and higgsino mix, generating charged mass eigen states called charginos
(χ±

1,2). The neutral gauginos and the higssinos mix, with the mass eigen states termed as neutralinos

(χ0
1,2,3,4).
The constitution of the charginos and the neutralinos as a function of their component fields is

is also an important factor in driving the phenomenology of SUSY at colliders. Along with this
the higgsino mass parameterµ also plays an important role in the phenomenology of SUSY.

The manifestation of SUSY is twofold. Firstly as direct production of sparticles at colliders,
and secondly in effects through loops in low energy flavor physics processes. Both of the above
can be used to constrain the SUSY parameter space. The Higgs boson, which has indeed been
found also has a profound implication in SUSY.

The motivation of this work is to probe signatures of supersymmetry at the Large Hadron Col-
lider. While a significant amount of work has already been done in the literature in this regard [4,5],
we try to investigate if such strategies can be improved. Indeed as discussed in section4 we find
that with the use of the technique of event shape variables, which we introduce for the first time for
SUSY searches, the efficiencies of SUSY searches can be significantly improved at the LHC. In
section6, the constraints on the SUSY parameter space in the model framework of CMSSM from
flavor physics, collider search data and dark matter is discussed. In section7, Higgs signatures in
the context of SUSY and our work in probing Higgs signals in SUSY cascade decays with the help
of the novel method of jet substructure is discussed. We alsodiscuss our work on the possibility
of the Higgs decaying invisibly. In section5, the issue of third generation squarks and its connec-
tion with the Higgs mass in SUSY is discussed. In this contextwe discuss our work in probing
signatures of third generation squarks. Finally in section8 we conclude.

II.2 Supersymmetry at the Large Hadron Collider

The Large Hadron Collider(LHC), a proton proton collider atthe European Organization for Nu-
clear Research (CERN), Geneva, started its operation in 2009 and has recently concluded its 8 TeV
center of mass energy run delivering about 20 fb−1 of data. The early run of 7 TeV energy also
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Figure II.1: Examples of diagrams for gluino pair production via the strong interactions.

concluded in 2011 collecting about 5 fb−1 data. Being a proton proton collider the interactions at
the LHC are dominated by strong interaction processes mediated by quarks and gluons governed
by the theory of quantum chromodynamics (QCD), characterized by the strong coupling constant
αs.

The principal production for strongly interacting SUSY particles like squarks( ˜q) and gluinos( ˜g)
can be expressed as,

PP→ g̃g̃, q̃g̃, q̃ ˜̄q (II.2.1)

In the intermediate step, the squarks can decay to the higherchargino(χ±
2 ) and neutralino

states(χ0
3,4) (if kinematically allowed) or to the lighter chargino/neutralino (χ±

1 ,χ0
2). At the fi-

nal stage of the cascade decay the charginos (χ±
1 ) and heavier neutralinos (χ0

2) decay via the gauge
bosons (χ±

1 → χ0
1W) or via sleptons to the lightest stable particle (LSP), which is generally the

lightest neutralino, along with quarks and leptons. Note that Eq. II.2.1 is only a generic chain.
The exact decay will depend on the nature of squarks, mass differences among other factors. As
the lightest neutralino is extremely weakly interacting, it evades detection and thus the resultant
imbalance in momentum shows up as missing transverse momentum (p/T).

The generic SUSY signature is thus often designated by,

n− jets+m− leptons+p/T, n,m= 0,1,2.... . (II.2.2)

At the LHC the total leading order (LO) cross section is givenby,

σ(PP→ A B) =∑
a,b

∫
dxa

∫
dxb fa/P(xa,µ2

f ) fb/P(xb,µ2
f )σ̂(αs(µR))(ab→ A B). (II.2.3)

The functionsfa/P(xa,µ2
f ), fb/P(xb,µ2

f ), known as the parton density functions (PDF), represent
the probability of finding a parton "i" a inside the proton target with momentum fractionxi at a scale
µ f . HereµR,µ f are the renormalization and factorization scales respectively and in general set to
the hard scattering scaleQ whereQ2 = ŝ. The sample Feynman diagrams for the gluino production
are shown in Fig.7.1.

Note however that the next to leading order (NLO) cross sections can be significantly larger
than the LO cross section and hence can affect the mass exclusions significantly and reduce the
uncertainties in predictions. The inclusive SUSY cross sections at 8 TeV energy can be as large 50
pb for squarks and gluino masses of 400 GeV to 10 fb for squarksand gluino masses of 1 TeV.

In order to probe SUSY signals a huge suppression of the enormous SM background is required.
For a generic SUSY signature the principal background processes that mimic the SUSY signal is
as described below,

• QCD: The QCD background, which includes copious productions ofquarks and gluons in
the final state is the largest SM background in terms of cross section of about 108 pb at 8
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TeV. Thus this background should be estimated as one of the principal backgrounds to SUSY
search. The p/T in this case is generated from semileptonic B-meson decays,as well as from
detector mis-measurements. In this thesis we do not take detector effects into account.

• tt̄ + jets: The tt̄ production process can have semi-leptonic and fully hadronic final state.
Since the cross section is significantly large (∼ 220 pb at 8 TeV) and there is a significant
amount of p/T from the neutrinos in case of semi-leptonic decays this too is a significant
background for SUSY searches.

• Z+jets :This eletroweak background comprises of the irreducible part of the background in
SUSY searches for fully hadronic searches when the Z boson decays to a pair of neutrinos.
The cross section for this process is quite large (∼ 105 pb at 8 TeV) and hence this background
is one of the most severe backgrounds to SUSY searches.

• W+jets : This eletroweak background can be significantly large for leptonic and fully hadronic
searches as the cross section is enormously large (∼ 106 pb at 8 TeV).

• WW/WZ/ZZ : The SM electroweak backgrounds, although low on cross sections, as com-
pared to the previous ones can be serious backgrounds for a variety of SUSY searches.

Since the cross sections of SUSY production are miniscule incomparison to the SM back-
ground, a huge suppression of background cross section (∼ 108pb) is required while retaining a
significant fraction of the signal for discovery, which is a challenging task.

II.3 Tools used for analysis

Monte Carlo event generators and other software tools are anintegral part of any collider study and
here the essential tools are summarized. The monte carlo generators are used for two purposes.
Firstly it is used to calculate cross sections of hard scattering processes, by the monte carlo inte-
gration of the hard parton level process and then convoluting it with the PDF. Secondly it is used
for a realistic simulation of an actual experimental process where the hard scattering process is fol-
lowed by showering to include initial and final state radiation(QCD and QED) effects and finally
hadronization of the parton level objects. For SUSY signal processes, we generate events using
the software PYTHIA6 [6]. Note that PYTHIA6 computes only leading order matrix elements,
and for most purposes this suffices to make a prediction. The generation of leading order events in
PYTHIA6 is followed by showering and and hadronization implemented in PYTHIA6. Note that
although PYTHIA6 computes only leading order matrix elements, initial and final state radiation
(ISR/FSR) can generate additional quarks, gluons and photons.

Quarks and gluons finally hadronize to form color singlet objects (baryons and mesons), which
are ultimately clustered in detectors to form objects called jets. The procedure of defining a jet is
varied, and is sometimes subject to the requirement of a physics process. However one would like
to construct a jet such that it is infra-red and co-linear divergence safe, i.e, do not give unreliable
results when soft and co-linear gluons are present in the system. To this end modern recombination
algorithms to find jets are used as compared to the old cone algorithms which were infra-red and
co-linear unsafe. The most popular algorithm in current usein most experimental analysis is known
as anti-KT [7] which forms circular jets. We use the FastJet [8] package to find jets with a size
parameter of R=0.5.
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For background processes this however may not be enough, as multijet processes like t̄t+ jets,
and W/Z+ jets contribute a significant fraction to the total cross section. These however, are not
well modelled in PYTHIA as multijet processes in PYTHIA onlyoccur via ISR/FSR and hence
may not be a correct manifestation of the actual matrix element amplitude. Hence it is advisable
to generate proper matrix element events for the hard scattering process for these processes and
subsequently use PYTHIA for showering and hadronization. As a caution however one must
keep in mind not to double count events where parton showering and subsequent jet reconstruction
mimics an actual matrix element generated configuration andhence these events must be discarded.
In these studies we use ALPGEN [9] and Madgraph [10] to generate multijet background processes
wherever applicable with the double counting of matrix element and parton showering avoided by
a prescription termed as MLM matching [11].

To summarize, in the simulations as described below, all signal processes and backgrounds like
QCD,WW,WZ,ZZ and t̄t with no additional hard jets at parton level are simulated using PYTHIA6.
For background processes like Z+jets,W+jets, tt̄ + jets, ALPGEN or Madgraph is used with subse-
quent showering and hadronization performed by PYTHIA. Forparton distribution functions the
package LHAPDF [12] is used with CTEQ6L [13] used as the PDF set.

To generate SUSY spectrums one needs to evolve a generic highscale SUSY model defined at
the GUT scale down to the electroweak scale by renormalization group evolution (RGE). SUSY
spectrums and branching ratios are calculated using SUSPECT [14] with subsequent decay com-
puted using SUSYHIT [15]. SUSPECT implements two loop RGE while evolving from a generic
high scale SUSY breaking model to the electroweak scale where the all the masses and couplings
are computed. Flavor physics observables like the branching ratio(BR) ofBs → µ+µ−,B→ Xsγ
are computed using the public domain software SUPERISO [16].

For cross sections we use the software package PROSPINO [17] to calculate NLO cross sections
for various SUSY production processes.

II.4 Event shape variables in SUSY searches

The search for SUSY signatures started from the era of the early pp̄ colliders, and continued
during the running of LEP, and various strategies have been devised to effectively suppress the SM
backgrounds to find a signal. Some of the earliest phenomenological works in SUSY searches at
the start of the LHC run at 7 TeV was performed in [4,5]. These search strategies worked in the jets
+ p/T scenario as well as single and dilepton channels in association with jets and p/T. In general
these studies relied on the imposition of a hard p/T cut as a way to suppress the SM background.
Using their strategy they showed that they could probe squark and gluino masses up to∼ 900 GeV
when they are degenerate with each other.

As was the case with early phenomenological studies of SUSY searches we work in the frame-
work of the CMSSM as discussed earlier.

The signal in our case consists of the process mentioned in Eq.II.2.1, with the generic signature
given by Eq.II.2.2. The signal is characterized by hard jets and p/T. The CMSSM parameter space
can be characterized in two regions with respect to our search strategy, firstlym0 ∼m1/2, where the
gluino and the squark masses are close to each other, and secondly m0 >> m1/2, when the gluino
mass is much smaller than the squark mass. The number of hard jets in the latter case are expected
to be larger than the former.

The background process consists of the entire set as described in section2. The most severe
background in our case consists of thett̄+ jetsand the irreducibleZ(→ νν̄ + jets).
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To analyze the signal and background we use the strategy based on event shape variables. The
concept of event shape variables emerged withe+e− colliders, with the aim of defining the "shape"
of an event, whether it is planar, spherical or pencil like, etc. These variables are defined to be infra-
red safe against soft or co-linear gluon emission and invariant under the branching~pi → ~p j +~pk,
whenever the momenta are parallel or one of them is small. Quantities made of linear sums of
momenta always meet this criteria. The event shape variablewe put to use is transverse thrust
defined as [18],

T = max
∑ j |~p j

T .~nT |
∑ j |p j

T |
, (II.4.1)

where~p j
T is the jet j with momenta in the transverse direction, and~n is an arbitrary unit vector in

the transverse plane over which the maximization is performed. If the momenta~p j
T form co-linear

jets , the thrust axis after maximization lies parallel to the jet and hence the value of the T is equal
to 1. For a di-jet event with jets in the back to back configuration the value of T is again equal to
1, as can be readily seen from Eq.7.2.2. For an isotropically distributed configuration of jets, the
value is 2/π. The tail of the distribution is dominated by multi-jet events.

We use this feature to good use for SUSY searches. We realize that SUSY processes where the
heaviest particle (gluino or squark) cascades down to the lightest supersymmetric particle (LSP),
the final state can have a large number of jets along with a significant amount of p/T from the LSP.
A typical region of interest which produce these kind of events is in the region of moderate to high
m0 and relatively lowm1/2, leading to a low gluino mass and a high squark mass. In this case the
gluino (g̃) decay mode proceeds as ˜g → tbχ±

1 via off-shell squarks. The largest SM background
namely QCD produces mostly di-jet events, and therefore thethrust distribution in this case lies
close to 1. Along with these leptonic decays of the top quark which yield a di-jet configuration
in the final state , Z(→ νν̄)/W (→ lν)+1,2 jets, which produce di-jet configurations also has
values ofT (τ = 1−T) close to 1(0). Thus putting a cut ofτ > 0.1 suppresses a huge amount of
SM background leaving the signal mostly unaffected. The thrust distribution expressed in terms of
τ is presented in Fig.7.3. We can thus observe a clear distinction between signal and background
processes [19] particularly QCD which lies close to 0.

The p/T in QCD is generated from semileptonic B meson decays resulting in neutrinos at the
final state.

To supplement the above we use the following variables to suppress the remaining SM back-
ground.

Since the parent SUSY particle gluino or squark is fairly massive, the resulting jets and miss-
ing energy are hard. Additionally the fact that the process consists of multi-jets motivates us to
construct a ratio of the transverse momenta calledRT [19] and defined as,

RT =
∑

nmin
j

1 p j i
T

HT
, (II.4.2)

where the numerator runs over a minimum number of pre-selected jets (nmin
j ) depending on the

signal topology. The denominator HT is the scalar sum of the transverse momenta of all jets in a
given event. For events which peak at 1, nj = nmin

j , while values less than 1 are for events where

the number of jets are greater than nmin
j . In our study we choose RT4, implying nmin

j = 4.
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Figure II.2: Theτ = 1−T distribution(left panel) and theRT distribution(right panel) for 7 TeV LHC energy. The
benchmark signal point is in the CMSSM framework for m0 = 1500,m1/2 = 200, tanβ = 45,A0 = 0,sgn(µ)> 0. The
jet pT threshold is chosen to be 50 GeV within|η |< 3.

This is more than a naive implementation of a cut on the total number of jets, as this cut also
utilizes the hardness of the final state objects. This variable is most effective in suppressing the
W+ jets and the irreducible Z(→ νν̄ )+jets background. For SM backgrounds the sub leading jets
are expected to be much softer than the corresponding SUSY processes. Hence the tail ofRT
distribution in expected to fall to much lower values for thesignal process as compared to the
background process. This is illustrated in the right hand panel of the Fig.7.3where we put a cut
of 0.85.

This reduces most of the background coming from Z/W+ jets processes. Finally the remaining
background consists of tt̄+ jets which can have a significantly high number of jets along with p/T.
To suppress this we construct the variable with the leading two jets in the event as,

M j j
T =

√
2p j1

t × p j2
T (1−cosφ), (II.4.3)

whereφ is the angle between the leading two jets in the transverse direction. We note two facts
about this variable which helps us to suppress the large tt̄+ jets background. First of all note that
the leading two jets in t̄t production are relatively softer than that of the SUSY process where
the leading jets come from a relatively massive particle. Secondly for t̄t process the opening an-
gle between the leading jets is much larger as compared to thesignal process where the jets are
isotropically distributed.

Finally a significant p/T cut helps us to remove the remainder of the backgrounds.
After all cuts the background level was found to be negligible while retaining a significant

proportion of the signal events. The efficiency of the signalvaries from 10% for low gluino squark
masses to 25% at 1 TeV for the case of low gluino and high squarkmasses. The details of the
event summary of signal and background can be found in [19, 20] for 7 and 8 TeV LHC energy.
We deem a parameter space point to be discoverable if the total number of signal (S) events and
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Figure II.3: The discovery region in them0−m1/2(left panel) and the squark gluino plane(right panel) for tanβ=10,
A0 = 0, The CMSMT2, razor and ATLAS exclusion plots [21–23] are also overlayed at 95 % confidence level. The
green shaded region is excluded by theory and LEP constraints and red region is excluded byτ̃ LSP condition.

the background (B) events at a particular luminosity and energy is such that S√
B
> 5. Here we

present our results as a parameter space scan in them0-m1/2 plane for the CMSSM parameter
space for tanβ=10, A0 = 0 and sgn(µ) > 0, in Fig. II.3 at 8 TeV for 5 and 20f b−1 and 7 TeV
for 5 f b−1 luminosity. As a comparison we also present the exclusion curves from ATLAS and
CMS collaborations [21–23]. With our strategy we observe that for the CMSSM parameter space
we can discover gluino masses up to 1.4 TeV for degenerate squarks and gluinos and upto about
1.2 TeV when the gluino is much lighter than the squark at 8 TeVcenter of mass energy with 20
f b−1 luminosity.

As mentioned earlier, our strategy works best for regions with high multiplicity of hard jets,
which is reflected in the Fig.II.3, where we observe that our discovery reach is better than that
of CMS and ATLAS exclusion curves. In this region the gluino decays via off shell squarks as
g̃→ tbχ±

1 yielding hard multi-jets. It must be mentioned that we do notexplicitly impose a lepton
veto as is generally done by ATLAS and CMS collaborations.

Also it has to be noted that the ATLAS and CMS exclusion plots are at 95% C.L with systematic
uncertainities taken into account while our discovery plots are at 5σ without any systematic effects
taken into account.

Note that our study does not include detector effects. However since our variables (Thrust and
RT) are dimensionless ratios, the systematic errors are expected to be small.

We also emphasize that our strategy is not just limited to CMSSM but works whenever hard
multi-jets are present in the system. As a follow up we implemented our strategy for a non universal
gaugino mass model motivated by dark matter considerationsat 7 TeV LHC and showed that it was
possible to probe a significant fraction of parameter space with 5 f b−1 luminosity with our search
strategy [24].
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Figure II.4: The constraints on the CMSSM parameter space for tanβ=10. The different constraints are depicted in
different colors as quoted above.

II.5 Constraints on CMSSM

Figure II.5: Same as Fig.II.4 but for tanβ=40 and 50.

At the end of the 7 TeV run, it was imperative to look at the constraints from direct collider
searches and indirect constraints specially from flavor physics along with dark matter to identify
the CMSSM parameter space allowed by various observables.

The criteria that we considered to constrain the CMSSM parameter space are as follows [25],

• The first kind of constraints are from theoretical considerations. For tanβ , we require that the
Yukawa couplings of the top and the bottom quark remain perturbative between 1.2<tanβ <
65. Moreover very low values ofm0 andm1/2 are not allowed as then the RGE would drive
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electroweak symmetry breaking to occur too close to the GUT scale. For larger values of
m0 andm1/2, we require that under RGE running, the scalar potential remain bounded from
below and hence stable. The second requirement requires that the LSP should be neutral ,
which is demanded if it is to be the major component of the darkmatter. This rules out the
lightest stau (̃τ1) to be the LSP. The lighest neutralino is the favored LSP to satisfy the dark
matter requirements.

• The second kind of constraint is where SUSY can affect low energy flavor processes when
heavy superparticles enter at the loop level. The first type comes in the form where the
observed and expected SM processes match with each other andhence no SUSY induced
enhancement is expected. Such a constraint is Br(B→Xsγ) where the measured value(3.55±
0.24±0.09)×10−4 [26] is rather close to the SM prediction of(3.15±0.23)×10−4 [27].
The CMSSM contribution must satisfy,

−0.55×10−4 ≤ BR(B→ Xsγ)≤ 1.35×10−4 .

The second kind is where experimental measurements are awayfrom SM leaving enough
room for SUSY contributions to produce an actual enhancement or suppression.1 A prime
example is the recently measured BR(Bs→ µ+µ−). In MSSM the branching ratio is enhanced
by tan6β . Thus at large tanβ , a deviation from the SM expected value is predicted. While this
study was being conducted the measured experimental upper limit was set to 4.5× 10−9 [28],
against the SM prediction of (3.2±0.2)×10−9 [29].

While conducting this study we set the numerical upper limitto be 5.0×10−9. The CMSSM
contributon should thus satisfy,

BR(Bs→ µ+µ−)≤ 1.8×10−9 .

• We also look at direct searches on gluino and squark from ATLAS and CMS collaborations
that put bounds on the CMSSM parameter space. Here we take thelimits for 7 TeV energy 5
f b−1 luminosity run [21,30].

• At the time of this work the Higgs boson was not discovered andhence we did not impose
a condition on the lightest Higgs mass apart from LEP lower bound of 93 GeV for tanβ ≥ 6
and the chargino (χ±

1 ) lower bound of 94 GeV [31].

• Finally we consider dark matter constraints that requires that the dark matter relic density
of the universe to be within 0.1053≤ Ωdh2 ≤ 0.11932 [32]. In CMSSM which conserves
R-parity, the dark matter candidate is the lightest neutralino.

With the above constraints we analyzed the CMSSM parameter space. This is summarized
in the Fig. II.4 and Fig. II.5. We find that for low tanβ (10-30) the most stringent constraints
come from direct SUSY searches at the LHC. However at large tanβ the biggest constraint, as
expected, come from the flavor observableBs→ µ+µ−, which rules out a large swath of CMSSM
parameter space. Hence the bulk of parameter space allowed at large tanβ in CMSSM with R parity
conservation is generally out of reach of the LHC even at 14 TeV, unless very high luminosity is
obtained.

1 We do not consider the value of the anomalous magnetic momentof the muon(g−2)µ . This is primarily because of the large uncertainties in
theoretical calculations in this number.

2h is the Hubble constant, not to be confused with the Higgs boson.
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m1/2 µ mh mg̃ mq̃ mt̃1 mχ0
1

mχ0
2

mχ±
1

P1 300 1541 122.4 865 3000 1305 133 265 265
P2 380 1660 122.8 1046 3060 1335 168 332 332
P3 450 1653 123.2 1200 3096 1370 198 390 390

Table II.2: Masses of some of the sparticles for three benchmark points for [34]. In all the casesm0 = 3000, tanβ=30
andA0=-4500. All mass units are in GeV.

II.6 Implications of the Higgs boson in SUSY

As mentioned in the previous section, the Higgs mass which was not considered in the previous
work has indeed been found. This puts severe constraints on the SUSY parameter and in particular
the CMSSM parameter space.

At tree level the lightest Higgs mass (Mh) in SUSY is totally determined by MA and tanβ . At
tree level the lightest Higgs mass is bounded from above by the mass of the Z boson and is given
by the expression M2h ≤ M2

Zcos22β . Loop corrections can however increase the Higgs mass bound
significantly. The dominant contribution to the increase inHiggs mass comes from top-stop loops
and is given by the expression [33],

∆M2
h ≃

3GF√
2π2

m4
t

[
log

M2
SUSY

m2
t

+

{
X2

t

M2
SUSY

(
1− X2

t

12M2
SUSY

)}]
, (II.6.1)

whereMSUSY=
√

mt̃1mt̃2, the geometric mean of the two stop masses, andXt =At −µ cotβ , the
mixing parameter in the stop mass matrix. Thus to increase the Higgs mass either heavy scalars,
(so as to increaseMSUSY) or large negative values ofAt are required. Note that the above expression
is maximized for Xt =

√
6MSUSY and can lead to an enhancement of Higgs mass in SUSY up to

140 GeV. This may however be unsuitable from the perspectiveof fine tuning which do not prefer
unnaturally high values of the parameters of the theory.

A 125 GeV Higgs boson in the framework of SUSY can be analyzed from a variety of perspec-
tives. Here we discuss the prospects of the lightest Higgs inMSSM in two different scenarios.

A lightest Higgs in SUSY can be produced through the decay of heavier SUSY particles. We
investigate the decay mode,

χ±
1 χ0

2 → (Wχ0
1)(χ

0
1h)→ 1− lepton+bb̄+p/T, (II.6.2)

where leptons come from the W boson decay and the Higgs decaysash→ bb̄. For situations
where theµ parameter is fairly high, the lighter chargino (χ±

1 ) and the neutralinos (χ0
1,2) are gaug-

ino like and if the decay modeχ0
2 → χ0

1h is kinematically allowed, this mode dominates over
χ0

2 → χ0
1Z. This is particularly true for CMSSM, where RGE effects drive theµ parameter to large

values. As a demonstration we choose certain benchmark points for our simulation as shown in
Table9.4.

As the primary decay mode of the lightest Higgs is to a pair of b-quarks, one can observe a peak
at the Higgs mass by reconstructing the invariant mass of thebb̄ system. The largest background
to this process comes fromtt̄ production where the presence of two b-quarks in the final state can
lead to a similar fake mass peak. Since the tt̄ cross section is quite large this is the most significant
background, along with the standard model processes Wh and Zh which has a similar signature.
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Figure II.6: The Higgs Mass reconstruction for two methods of mass reconstruction. The red curve for substructure
method while the blue curve for b-like jet identification. The signal process is for the benchmark point P2 in Table9.4.

We probe the decay channel in Eq.II.6.2 by reconstructing the Higgs mass from the di-jet final
state in two ways. First, by identifying the b-like jets by matching b-quarks with jets within a
cone of∆R(b, j) = 0.5, where the jets are reconstructed using FastJet withp j

T ≥ 50 GeV and
|η | ≤ 3. The resulting b-like jets are used to reconstruct the invariant mass, and we demand that
the invariant mass should be within the Higgs mass window of 110-130 GeV. In the second case
we use the method of jet substructure prescribed by [35] to identify b-like subjets from a fatjet
to reconstruct the invariant mass. In Fig.II.6 the two methods of Higgs mass reconstruction are
presented and clearly show that the method of jet substructure works better. It can be observed
that thett̄ background can be reduced by a huge amount by applying the method of substructure;
the details of the simulations can be found in [34]. We also use the previously defined variable
RT [19] to good use to suppress some of the backgrounds. Our analysis shows that it is possible to
find a signal for the channel in Eq.II.6.2 with 8 and 14 TeV LHC energy at 100f b−1 with a signal
significance ofS/

√
B≥ 7, for chargino and neutralino masses in the range of 250-450GeV [34].

We also realize that the Higgs can decay to a pair of LSPs in SUSY. Since the LSP is extremely
weakly interacting it will evade the detector and hence willshow up as p/T. The invisible decay will
be manifested in the total decay width of Higgs. ATLAS and CMShas constrained the invisible
branching ratio of the Higgs to less than 0.64 from global fits[36]. The prospects of an invisible
Higgs signature at the LHC has been studied previously in a number of works [37]. In this work we
investigated the prospect of determining the invisible Higgs branching ratio by looking at the Higgs
production via vector boson fusion (VBF) process and the associated production of the Higgs at
the LHC. The VBF channel is probed in the final state,

pp→ qqh→ di− jet+p/T.

The VBF process is characterized by two jets moving in forward directions with large rapidity
gaps and hence a central jet veto is useful to suppress a huge amount of SM background. The
largest background to this decay mode is the Z (→ νν̄ )+ 2 jet process. To suppress the backgrounds
we use the criteria of large dijet invariant mass along with the central jet veto. We observed that it
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is possible to probe an invisible Higgs branching ratio downto 79 % at 8 TeV and down to 25 %
with 300 f b−1 luminosity at 14 TeV [38].

Along with this we revisited the di-lepton + missing energy signature in thepp→ Z(→ l+l−)h
channel for 8 and 14 TeV LHC previously studied in [39]. We however use a better optimization of
cuts as compared to the previous analysis and show that it is possible to observe a signal for 14 TeV
LHC energy with a luminosity of 50f b−1 with a significance of S/

√
B = 8 [38] corresponding to

an invisible Higgs branching ratio down to 62.5%.
Finally we also probed the possibility of detecting an invisible branching fraction in the as-

sociated productionpp→ Z(→ bb̄)h by identifying b-jets and using jet substructure methods as
before. We however find that since the jets are not boosted enough this procedure is not promising,
and only high luminosity options at 14 TeV can probe this channel in this decay mode.

II.7 Supersymmetry with third generation squarks

While the Higgs boson was found to the joy of particle physicists, no hint of SUSY was observed
at the end of the 8 TeV run. The non observation of SUSY signatures, particularly the first two gen-
eration of squarks and the gluino in the sub-TeV range lead tothe emergence of natural SUSY as
the motivating factor to approach SUSY. This is inspired by the observation that the most relevant
particles for the cancellation of quadratic divergences inSM that are third generation squarks, and
in particular stops. The second observation is that a Higgs mass of 125 GeV requires a large triliner
couplingAt (Eq.3.6.20), and hence even if the first two generation squarks are heavy, a largeAt
term will result in a large splitting in the stop mass eigen states resulting in the fact that one of the
stops could be light(200-500 GeV). Hence the light stop production cross section could be signif-
icantly large and its decay modes could be accessible at LHC energies. The emphasis has been to
move away from the framework of CMSSM and consider simplifiedmodels in the phenomenolog-
ical MSSM(pMSSM), which is specified by 19 parameters with simplified assumptions.The third
generation phenomenology at colliders have been studied inthe literature both from the point of
view of naturalness and collider searches extensively. ATLAS and CMS has also probed light third
generation squarks in a variety of final states [40–42].

In our work we study some of the decay modes of stop and sbottom. In a variety of situations
a light 3rd generation also implies a light sbottom along with a light stop. Since sbottom cross
sections are comparable to stop cross sections this too should be given equal priority. The sbottom
phenomenology at colliders has been dealt with by a variety of works most of which concentrate on
the sbottom co-annihilation scenariob̃1 → bχ0

1 [43], which is important also from the dark matter
perspective. This requires either a small mass gap between the lightest sbottom ( in this case the
next to leading supersymmetric particle (NLSP)) and the LSP, or an entirely right handed sbottom.
However there can be a large region of parameter space where the sbottom is predominantly left
handed and decays via the mode,

pp→ b̃∗1b̃1 → bb̄+2χ0
2 → bb̄+2χ0

1 +2Z → bb̄+4l +p/T. (II.7.1)

The branching ratio of̃b1 → bχ0
2 → χ0

1Z is close to 100 % in this case, assuming thatχ0
2 → χ0

1h
is kinematically closed. In this study we worked in the framework of pMSSM to find the appro-
priate parameter space which produces such a scenario. Thusfrom an sbottom pair production for
Eq.II.7.1, one can obtain as many as 4 leptons from the Z boson decay along with b-jets. Since
a 4 lepton +2 b-jets +p/T signal is rather clean, this can be a strong probe of the left handed sbot-
tom scenario. We analyzed the above decay mode and observed that although the backgrounds
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Figure II.7: TheαT (left) and theMT2(right) distribution for signal and background for 13 TeV LHC. The benchmark
point is for CMSSM parameter spacem0 = 2589,m1/2 = 695,A0 = −5849, tanβ=10 µ > 0. All energy units are in
GeV.

were negligibly small, the low branching ratio of the Z bosonto 4 leptons meant that our discovery
reach is cross section limited rather than being backgroundlimited. We find that with our discovery
strategy we can probe sbottom masses up to 550 GeV at 14 TeV with 100 f b−1 luminosity [44].

We also attempt to probe the lightest stop in the flavor violating channel̃t1 → cχ0
1 . This channel

is important from the perspective of dark matter related to the stop co-annihilation scenario. This
flavor violating decay depends on the mass difference between the stop and the lightest neutralino
and is dominant for small mass differences (∼ 10-40 GeV). A competing mode to this channel
is the four body decay modẽt1 → bff′χ0

1 . This channel however depends on tanβ , with the two
body decay preferred over the four body decay for larger values of tanβ [45]. We probe the decay
channel,

pp→ t̃1t̃∗1 → cc̄+2χ0
1 → di− jet+p/T. (II.7.2)

In this study we performed our analysis the framework of bothCMSSM and pMSSM.
The challenging aspect of analyzing this channel is the low mass difference betweeñt1 and

χ0
1 , which implies that the jets and missing energy are soft. Oneof the major backgrounds to

this channel is the QCD process, which, due to its large crosssection is quite problematic. The
second major background to this process is the irreducible Z(→ νν̄ ) + 2 jet. To suppress the QCD
background, we use the variableαT = pj2

T /mjj [46], where pj2T is the second hardest jet, and mjj
is the invariant mass of the di-jet system. It can be shown that for QCD processes dominated by
back to back di-jet configuration without a significant p/T this variable has an end point at 0.5. For
processes like SUSY with a di-jet with a substantial p/T in the final state, the tail of the distribution
for this variable can extend well beyond 0.5, and therefore we can put a selection cut of 0.55 to
suppress the QCD background. A plot ofαT for the signal and background is presented in the left
panel of Fig. 9.8. Note that t̄t process is not significantly affected by this variable as there is a
sufficient amount of p/T.

To suppress the tt̄ and the Z(→ νν̄ ) + 2 jet background we use the kinematic variableMT2 [47]
defined as,

MT2(j1, j2,p/T) = min [max{MT(j1,χ),MT(j2,χ)}], (II.7.3)
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where the minimization is performed over p/1
T+p/2

T = p/T, where p/1
T, p/2

T are all possible partitions
of p/T. Here χ is the invisible particle whose mass (Mχ ) is an undetermined parameter. The
kinematic variable MT is defined as,

M2
T = M2

j +M2
χ +2(Ej

TEχ
T − p̃j

T.p̃
χ
T),

where p̃jT is the transverse momentum vector of the jet and Ej
T the corresponding energy, while p̃χ

T
is the missing transverse momentum (p/T) vector. Since we expect the standard model processes to
have an end point at the respective parent masses, we set Mχ to 0 [48]. SUSY processes where the
parent particle (̃t1) is heavier, the tail is expected to extend to higher values.In Fig. 9.8, the signal
and background distribution for MT2 is displayed for 13 TeV LHC(right panel) for the choice of
benchmark point as described in the caption of the figure. We observe that a cut of 250 GeV is
effective in suppressing a huge amount of background from the Z (→ νν̄ ) + jets andtt̄ background.

We observed that with our choice of kinematic cuts it is possible to probe stop masses upto 450
GeV with 100f b−1 data at 13 TeV LHC. We are also investigating the possibilityof tagging charm-
like jets. The preliminary studies show that the signal significance can be drastically improved if
charm-like jets could be identified [49].

II.8 Conclusion and Outlook

In the works described in this synopsis the emphasis has beento probe various signatures of SUSY
at the LHC. We developed a new technique based on event shape variables to probe SUSY signals
which proved to be extremely useful in a large part of SUSY parameter space dominated by hard
multi-jets. In the above works we also constrained the SUSY parameter space in the framework
of CMSSM from flavor, dark matter and direct collider searches. After the discovery of the Higgs
boson, we analyzed the possibility of signatures of the Higgs boson in the framework of SUSY
and decays of SUSY particles. We used jet substructure methods to look for a Higgs signal in
neutralino decays at the LHC. We also looked at the potentialof the Higgs decaying invisibly into
a pair of stable weakly interacting particles, which is wellmotivated in the context of SUSY. We
probed the possibility of detecting such an invisible branching fraction. Finally we analyzed SUSY
signatures of third generation squarks which are well motivated from the point of view naturalness.
We probed third generation signatures in third generation NLSP scenarios and showed that a large
part of the third generation squarks can be discovered with our strategy at 13/14 TeV center of
mass energy.

The possibility of a SUSY signature is thus very much alive even if the early LHC run did not
produce any SUSY signal. Arguments of naturalness and thirdgeneration squarks are expected to
drive SUSY searches at the LHC in future. Only a small part of the SUSY parameter space has
been skimmed, and the exclusions are highly model dependent. Thus it is essential that we probe
signatures in all possible situations and improvements have to be made to access kinematically
challenging regions of the parameter space.

xix



Chapter II. Synopsis

II.9 List of Publications

1. Title : Event-shape selection cuts for supersymmetry searches at the LHC with 7 TeV energy.
Co-authors: M. Guchait.
Published: Phys.Rev. D84 (2011) 055010, arXiv:1102.4785[hep-ph].

2. Title : Probing a Mixed Neutralino Dark Matter Model at the 7 TeV LHC.
Co-authors : M. Guchait, D.P. Roy.
Published : Phys.Rev. D85 (2012) 035024,arXiv:1109.6529[hep-ph].

3. Title : Higgs Signal in Chargino-Neutralino Production at the LHC.
Co-authors : D. Ghosh, M. Guchait.
Published : Eur.Phys.J. C72 (2012) 2141, arXiv:1202.4937[hep-ph].

4. Title : How Constrained is the cMSSM?
Co-authors : D. Ghosh,M. Guchait, S. Raychaudhuri.
Published : Phys.Rev. D86 (2012) 055007,arXiv: 1205.2283[hep-ph].

5. Title: Probing Supersymmetry using Event Shape variables at 8 TeV LHC.
Co-authors: R.M. Chatterjee, M. Guchait.
Published : Phys.Rev. D86 (2012) 075014, arXiv:1206.5770[hep-ph].

6. Title : Searching the sbottom in the four lepton channel at the LHC.
Co-authors : D. Ghosh.
Published : Eur.Phys.J. C73 (2013) 2342, arXiv:1209.4310[hep-ph].

7. Title : Looking for an Invisible Higgs Signal at the LHC.
Co-authors : D. Ghosh, R. Godbole, M. Guchait, K. Mohan.
Published : Physics Letters B 725 (2013),arXiv:1211.7015[hep-ph].

8. Title : Stop and sbottom search using dileptonic MT2 variable and boosted top technique at
the LHC.
Co-authors : A. Chakroborty, D.K. Ghosh, D. Ghosh.
Published : arXiv:1303.5776[hep-ph] (Accepted for publication at JHEP).

9. Title : Probing the flavor violating scalar top quark signal at the LHC.
Co-authors : G. Belanger,D. Ghosh, R. Godbole, M. Guchait.
Pre-print : arXiv:1308.6484[hep-ph] (In communication with PRD).

10. Conference Proceedings:
Title : Event shape variables in supersymmetry searches at 7-TeV LHC.
Published: Pramana 79 (2012) 1313-1315 . Conference proceedings for Lepton-Photon 2011.

xx





Chapter 1

Introduction

The Standard Model (SM) of particle physics began to take shape from the late 1960’s and was
a resounding triumph in explaining the known force and matter content of the universe (with the
exception of gravity). It provided a framework of gauge theories which was experimentally tested
to remarkable precision at the LEP, Tevatron and now at the LHC. The first vindications of the
SM came with the discovery of the neutral current interactions in the 1970’s and was formally
established with the discovery of the W and the Z boson in the 1980’s. The final frontier has
been conquered recently, with the discovery of the Higgs boson at 125 GeV. The success of the
SM in explaining physics at the electroweak scale not withstanding, several deficiencies prompt
us to look beyond. The hierarchy problem, the issue of neutrino masses, the absence of a dark
matter candidate are some the concerns that needs to be addressed in this context. Hence a wide
range of theories that attempted to resolve some of these issues began emerging as early as the late
1970’s, and more propositions are pouring in even today. Some of the robust attempts have been
supersymmetry, extra dimensional models and little Higgs models.

The emergence of the proposition that nature is likely to be supersymmetric, was borne out of
the need to address the deficiencies of the Standard Model (SM) and embed it within a structure
that that can be extended up to the grand unified scale. While the historic development followed
from a series of observations in string theory, QCD and latera mathematical construction leading to
a loophole in the Coleman Mandula theorem in the 1960’s, the realization that a phenomenological
model of supersymmetry (SUSY) was viable as an extension of SM was realized only in the 1980’s.
Over the last two decades this has served as the springboard to study SUSY in all its glory. What
started as a purely mathematical and theoretical construction has lingered on as the biggest hope
in the attempts to find signatures of new physics at collidersin the effort to find an unified theory.

The last two decades have seen the emergence of SUSY as the most attractive model of a
beyond Standard Model (BSM) theory. The unification of gaugecouplings, the resolution of the
gauge hierarchy problem, the presence of a viable dark matter candidate all pointed to SUSY as
the theory that could be a natural extension of the SM.

A phenomenologically viable model of SUSY required the theory to be broken at some scale.
As the breaking mechanism is not well established, a varietyof conditions and mechanisms of
SUSY breaking lead to a plethora of low energy spectrums at the electroweak scale.

The investigation of SUSY signals began alongside the Higgssearches at the LEP collider in the
late 1980’s. The searches at LEP provided limits on charginos and sleptons, and some of them still
serve as model independent limits in this regard. The searchfor a SUSY signal continued through
the era of the Tevatron and produced limits on strongly interacting sparticles (gluinos and squarks).

1



Chapter 1. Introduction

With the ushering of the LHC era the search for sparticles gathered momentum; and while the early
searches were conducted in the model context of the minimal supergravity(mSUGRA)/ constrained
minimal supersymmetric standard model(CMSSM), it was later expanded to encompass a whole
class of supersymmetric models.

An enormous amount of effort and work have been conducted to unearth the SUSY signal from
the humongous rubble of the SM background. The SM backgroundis gargantuan in terms of cross
section as compared to SUSY processes, and thus discerning asignal out of this debris amounts to
looking for a needle in the haystack. At a hadron collider like the Large Hadron Collider(LHC),
the ambient background from quantum chromodynamic(QCD), as well as electroweak processes
are huge, and therefore specialized techniques are required to be devised in order to suppress this
huge mess. To this end various strategies have been formulated to achieve this objective. Some of
these schemes have been fairly general, and have attempted to optimize the sensitivity of the signal
with the aim of covering a wide range of SUSY signatures and catering to different regions of the
SUSY parameter space in the context of various models. Thesestrategies generally rely on the
use of a large missing energy, a robust signature of SUSY in a class of models termed as "R-parity
conserving". There are other designs, which attempt to lookat specific properties of the SUSY
signal like end point characteristics of a kinematical distribution, end points in mass distributions,
and the topology of the SUSY signature. Some of these methodshave been extremely successful
in attempting to suppress the SM background in order to look for a SUSY signal. It is therefore an
important task to hatch strategies that attempt to cover more ground in the quest for a SUSY signal
in collider experiments.

The dawn of the LHC era has ushered in a whole new regime in the search for BSM physics
including SUSY. The early LHC data for 7 and 8 TeV center of mass energy have been used to
probe SUSY signatures. However no hints of a SUSY signature has been observed till date. This
should not be a concern, as we have only skimmed the surface ofthe vast SUSY parameter space.
After all if SUSY does exist, it will correspond to one particular point in this huge parameter space,
and thus negative searches will only narrow this real estate. It is therefore imperative to analyze the
constraints arising from existing data in order to get an indication of the kind of parameter space
one should be investigating in order to look for a SUSY signal. Low energy flavor constraints like
the branching ratios of the decaysBs → µ+µ−, B→ Xsγ, the anomalous magnetic moment of the
muon also constrain the SUSY parameter space. These constraints evolve as more data is analyzed,
such that experimental uncertainties in these numbers reduce, and therefore it is necessary that a
study of these constraints is conducted to delineate the regions of parameter space that survive
these bounds. We perform such a study in the framework of CMSSM by taking into account the
LHC search results on SUSY, the flavor and dark mark matter constraints.

With the discovery of the Higgs boson at 125 GeV, the triumph of the SM is now almost well
established. However the discovery of the Higgs boson has a significant impact on the SUSY
parameter space. The Higgs mass which was only required to satisfy the LEP lower bound of 114
GeV, is a much stricter contsraint for all SUSY spectrums now. However, as we argued earlier, this
should be taken as a boon, as it allows us to narrow down the parameter space in which to look for
a SUSY signal. Additionally, the Higgs boson can be used as a signal of SUSY, as one can obtain
the lightest Higgs boson in decays of heavier sparticles. Moreover the Higgs can invisibly to a pair
of sparticles, thus leading to an invisible decay width. We address both these issues in a couple of
studies in this thesis.

The aim of this thesis is to explore signatures of SUSY at the LHC, and to devise search strate-
gies that are efficient to quash the SM backgrounds. The endeavour is to improve the current
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schemes in use at the LHC and various phenomenological worksto access kinematically challeng-
ing regions of the SUSY parameter space. As we shall present in this thesis, it is indeed possible
to achieve this goal by a judicious choice of kinematic variables to dig out the signal out of the
debris of the background. In this thesis we will introduce the use of event shape variables in SUSY
searches for the first time and demonstrate that such a searchstrategy is capable of achieving a
better sensitivity than the existing search programmes in awide region of the SUSY parameter
space. It will be demonstrated that these variables are fairly simple, easy to implement and are
potentially prone to less systematic errors by construction.

The early SUSY searches at the LHC primarily looked for the gluino and the squarks of the first
two generations in the model framework of CMSSM. However thenegative searches have pushed
the gluino and the squarks of the first two generations above 1TeV. The focus therefore has shifted
to the third generation squarks as the primary sparticles ofinterest. This is well motivated from the
point of view of naturalness, as the third generation squarks are crucial for a natural SUSY theory.
Moreover, the connection of the third generation squarks with the mass of the light Higgs boson
has also aided to its emergence as the focal point of SUSY searches and phenomenology. In this
thesis we will present a couple of studies on the signatures of third generation squarks.

This thesis is organized as follows; In Chapter2 a brief description of the SM, along with the
discovery of the Higgs boson, the constraints on the SM and a motivation to SUSY is provided. In
Chapter3, a brief account of minimally supersymmetric standard model (MSSM) is provided. This
is by no means an exhaustive account; the attempt here is to merely make a connection between
theoretical ideas and experimental searches. The constraints on SUSY parameter space from flavor,
dark matter and collider searches is discussed in Chapter4. An analysis of the CMSSM parameter
space, taking these constraints into account is provided inChapter5. A brief overview of the
Large Hadron Collider (LHC), the kinematics, jets and montecarlo tools required for the works is
described in Chapter6. In Chapter7, we introduce event shape variables for SUSY searches for
7 and 8 TeV LHC energy. In Chapter8, we investigate Higgs signatures in the context of MSSM.
Here we study a Higgs signal in neutralino decays using jet substructure methods. Secondly, we
also probe the invisible decay of the Higgs at the LHC in vector boson fusion (VBF), and associated
production of Higgs with a Z boson. In Chapter9, we investigate signatures of third generation
SUSY (the lighter stop and sbottoms). Finally we conclude inChapter10.

3



Chapter 2

The Standard Model

This chapter briefly describes the Standard Model (SM) of particle physics . A brief summary of
the particle and force content along with the SM Lagrangian is introduced, followed by the Higgs
mechanism1. We also discuss the theoretical and experimental constraints on the SM Higgs boson,
followed by a brief description of the discovery of the Higgsboson and the shortcomings of the
SM. Finally, we introduce supersymmetry.

2.1 The Standard Model Lagrangian

The SM [50–53] is built on the three pillars of gauge theory. The first is quantum electrodynam-
ics (QED) described by the gauge groupU(1)em. QED describes the interaction of electrically
charged particles with its gauge boson, namely the photon.2. The second building block is the
theory of weak interactions expressed by the gauge group SU(2). This block describes the weak
gauge bosons (W1µ ,W

2
µ ,W

3
µ) and its interaction with the matter particles charged under the SU(2)

gauge group. The final block is the theory of strong interactions, namely Quantum Chromodynam-
ics(QCD) [54,55], described by the SU(3)c gauge group with the gauge bosons termed as gluons
(Ga

µ). The strong sector describes the interactions of quarks with gluons.
The synthesis of the three gauge groups is described by the Standard Model(SM). The elec-

troweak part, proposed by Sheldon Glashow, Abdus Salam and Steven Weinberg [50–53] requires
the theory to be invariant under the gauge groupSU(2)L×U(1)Y.

The entire structure provides a framework describing the known particle and the force content
of nature (with the exception of gravity).

The particle content of the theory, charged under various gauge groups is given by the following
clusters :

Weak Iso–doublet of leptons : Li =

(
νi

e−i

)

L
∼ (2,1c); (i = e,µ,τ ).

Weak Iso–singlet of leptons : ēiL = e−iR ∼ (1,1c); (i = e,µ,τ ).

Weak Iso–doublet of quarks :Qi =

(
ui
di

)

L
∼ (2,3c); (ui = u,c, t), (di = d,s,b).

Weak Iso–singlet of quarks : ūiL = u−iR ∼ (1, 3̄c); (ui = u,c, t).
1We use the notations followed by [3]. Some of the Feynman diagrams are also used from [3]
2The gauge field of QED is termedAµ by convention while the particle is calledγ. The gauge field of the U(1) group in the unbroken

SU(2)L ×U(1)Y phase is termed asBµ , which after electroweak symmetry breaking is reduced toU(1)em, as explained later.
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Weak Iso–singlet of quarks :̄diL = d−iR ∼ (1, 3̄c); (ui = d,s,b),

where the quantities in the parenthesis describe the isospin and the color assignments of the
respective particles.

The fermion hypercharge Y is related to the electric charge Qand the weak isospin T3 via
Q= T3+Y/2. Thus in terms of the unit charge +e the hypercharge assignments are given by,

YLi =−1, YeRi
=−2, YQi =

1
3
, YuRi

=
4
3
, YdRi

=−2
3
.

Note that∑Yf = ∑Qf = 0, ensuring the cancellation of chiral anomalies [56] and thus pre-
serving the renormalizability of the theory. The gauge invariant field strengths for the gluons
represented by the field strengths G1,··· ,8

µ , the weak gauge bosons W1,2,3µ and the U(1) gauge boson
described by Bµ , are given by,

Ga
µν = ∂µGa

ν −∂ν Ga
µ +g3 f abcGb

µGc
ν , a,b,c= 1, ...,8

Wa
µν = ∂µWa

ν −∂νWa
µ +g2εabcWb

µWc
ν , a,b,c= 1, ..,3

Bµν = ∂µBν −∂ν Bµ ,

whereg3, g2 andg1 are the coupling constants corresponding to the gauge groups SU(3)C, SU(2)L
and U(1)Y respectively. The quantities fabc,εabc, are the structure constants of the non-abelian
groups SU(3)c andSU(2)L respectively, described by the Lie algebra,

[Ta,Tb] = 2i f abcTc, [τ a,τ b] = 2iεabcτ c, (2.1.1)

where Ta andτ a are the generators of the respective gauge groups. The non–abelian nature of
the SU(2) and SU(3) groups leads to self–interactions between their gauge fields,Vµ ≡Wµ or Gµ ,
leading to the tripple gauge boson couplingsigi Tr(∂νVµ −∂µVν )[Vµ ,Vν ] and quartic gauge boson
couplings1

2g2
i Tr[Vµ ,Vν ]

2.
The SM Lagrangian can then be expressed in terms of the matterand the force content as,

LSM = −1
4

Ga
µνGµν

a − 1
4
Wa

µνWµν
a − 1

4
BµνBµν (2.1.2)

+L̄i iDµγµ Li + ēRi iDµγµ eRi + Q̄i iDµγµ Qi + ūRi iDµγµ uRi + d̄Ri iDµγµ dRi ,

where the first line of Eq.2.1.2describes the force content, captured in the kinetic terms of
the gauge fields, and the second line describes the fermionickinetic terms and the interaction of
matter fields with the gauge fields, charged under the respective gauge groups, encoded in the
covariant derivatives. The self interactions of the gauge bosons are encoded in the gauge kinetic
terms providing the three point and four point functions of the weak gauge bosons and the gluons.

The covariant derivative, that couples matter fieldsψ to gauge fields is given by (for left handed
quarks),

Dµψ =

(
∂µ − ig3TaGa

µ − ig2τaW
a
µ − ig1

Yq

2
Bµ

)
ψ, (2.1.3)

leading to unique couplings between the fermion and gauge fieldsVµ (V =Bµ ,Wi
µ ,G

a
µ) of the form

−giψVµγµψ. Analogous terms can be written for the other fermions with the covariant derivative
containing the fields charged under the corresponding gaugegroups.
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The left handed and the right handed sectors of the electroweak part of the SM, along with the
gauge fields transform under gauge transformations in the following way,

Li(x)→ L′
i(x) = eiαa(x)τ a+iβ(x)YLi(x) , Ri(x)→ R′

i(x) = eiβ(x)YRi(x)

~Wa
µ (x)→ ~Wµ

a(x)− 1
g2

∂µ~α (x)−~α (x)× ~Wa
µ (x) , Bµ(x)→ Bµ(x)−

1
g1

∂µβ(x). (2.1.4)

2.2 The Higgs boson in the Standard Model

2.2.1 Requirement of a Higgs scalar in the theory

Note that there are no explicit mass terms for gauge bosons and fermions in the above Lagrangian.
The legacy of the SM electroweak gauge symmetry ensures thatone cannot write down mass terms
of the form1

2M2
VWµWµ , without explicitly violating it. Similarly the electroweak gauge symmetry

ensures that fermionic mass terms of the form mψ̄ψ are forbidden as̄ψψ = ψ̄LψR, and hence is not
invariant underSU(2)L ×U(1)Y. However experimental observations contradict this as we have
observed massive electroweak gauge bosons and fermions. A SU(2) doublet scalar field comes to
the rescue here, generating mass terms for the SM particles,as explained in the next section.

Along with the above problem it was also known that the amplitude of the gauge boson scat-
tering processW±W∓ →W±W∓ diverges at high energies. At high energy the longitudinal com-
ponent of the W boson dominates the amplitude. With only the Zboson and the photon exchange
diagrams in the s and the t channels, the amplitude grows withthe energy E as∼ g2

2E2/M2
W, re-

sulting in a loss of unitarity at high energies. With the introduction of a scalarΦ in the exchange
of W±W∓ scattering, the∼ E2 behaviour is eliminated, with the resulting amplitude now propor-
tional to the mass of the scalar itself,∼ g2M2

Φ/M2
W. Thus a new scalar regulates theE2 growth of

the amplitude, thus preserving unitarity.

2.2.2 The Higgs mechanism and its interactions

The mechanism of generation of mass to gauge bosons and fermions in the SM was proposed in
a series of works by Higgs–Brout–Englert–Guralnik–Hagen–Kibble, which we know as the Higgs
mechanism [57–62] in the literature today. Instead of going into the full glory of the mechanism,
a brief description is provided here.

As a preamble we quote the Goldstone theorem [63,64] without an explicit proof : In a theory
where a continuous symmetry is spontaneously broken, the remnant of the broken symmetry con-
sists of massless scalars called Goldstone bosons. The number of such massless scalars equals the
number of broken generators of the gauge group.

As an example if we consider a theory with O(N) symmetry broken to O(N-1), the1
2N(N−1)

generators reduce to12(N−1)(N−2), leaving behind (N-1) massless Goldstones bosons.
In the SM spontaneous symmetry breaking (SSB) generates mass terms for the weak bosons

while leaving the U(1) gauge boson, namely the photon massless after the electroweak symmetry is
broken (EWSB) via the Higgs mechanism, as explained below. In the process the SU(2)L ×U(1)Y
gauge group is broken to U(1)em.

The electroweak part of the SM Lagrangian, as noted earlier is given by ,

LSM =−1
4
Wa

µνWµν
a − 1

4
BµνBµν +Li iDµγµ Li +eRi iDµγµ eRi + · · · . (2.2.1)
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Chapter 2. The Standard Model

To this we add the scalar potential,depicted in Fig.2.1. The Lagrangian containing the kinetic
and the potential term is given by,

0

�

2

> 0

>

�

V(�)

+v

0

�

2

< 0

>

�

V(�)

Figure 2.1:The potential V of the scalar fieldφ in the caseµ2 > 0 (left) andµ2 < 0 (right).

LS= (DµΦ)†(DµΦ)−µ2Φ†Φ−λ (Φ†Φ)2. (2.2.2)

whereΦ a complex doublet scalar of SU(2),

Φ=

(
φ+

φ0

)
, Yφ =+1. (2.2.3)

The scalar potential is given by,

V(Φ) = µ2Φ†Φ+λ (Φ†Φ)2. (2.2.4)

Clearly from Fig.2.1, it is evident thatµ2 > 0 leads to the trivial minima at the origin, and does
not facilitate the necessary breaking of the symmetry. Alsonote thatλ has to be positive to ensure
that the potential is stable. Withλ > 0 andµ2 < 0, the neutral component of the scalar potential
gets a vacuum expectation value (VEV) after the minimization of the potential. The choice of a
particular direction in the configuration space hence breaks the symmetry, with,

〈Φ〉0 ≡ 〈0|Φ|0〉=
(

0
v√
2

)
with v =

(
−µ2

λ

)1/2

. (2.2.5)

We expand the scalar potential around the vacuum in terms of four fieldsθ1,2,3(x) andh(x) ,

Φ(x) =

( θ2+ iθ1
1√
2
(v+h(x))− iθ3

)
= eiθa(x)τ a(x)/v

(
0

1√
2
(v+h(x))

)
, (2.2.6)

whereτ a are pauli spin matrices.
To remove unphysical degrees of freedom, the unitary gauge is used (also known as Kibble

parametrization), to rotate them away,

Φ(x)→ e−iθa(x)τ a(x)Φ(x) =
1√
2

(
0

v+h(x)

)
. (2.2.7)
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Chapter 2. The Standard Model

Note that the fieldsθ1,2,3(x) and h(x), vanish at the vacuum. We also understand that un-
der gauge transformations along the three broken directions, the fieldsθ1,2,3(x) transform in-
homogeneously but linearly. However, the field h(x) remains gauge invariant. We also observe
the Goldstone theorem in action. The Higgs potential had an O(4) symmetry broken down to
O(3) by the choice of the VEV. The 6 generators of O(4) are reduced to 3, leaving behind three
Goldstone bosons.

The kinetic term of the scalar potential by an explicit expansion of the termLS gives:

|DµΦ)|2 =
∣∣∣∣
(

∂µ − ig2
τa

2
Wa

µ − ig1
1
2

Bµ

)
Φ
∣∣∣∣
2

=
1
2

∣∣∣∣∣

(
∂µ − i

2(g2W3
µ +g1Bµ) − ig2

2 (W1
µ − iW2

µ )

− ig2
2 (W1

µ + iW2
µ ) ∂µ +

i
2(g2W3

µ −g1Bµ)

)(
0

v+h

)∣∣∣∣∣

2

=
1
2
(∂µh)2+

1
8

g2
2(v+h)2|W1

µ + iW2
µ |2+

1
8
(v+h)2|g2W3

µ −g1Bµ |2.

We make the following field redefinitions, so as to express theweak eigen states (Wiµ ) in terms
of the mass eigen states as,

W±
µ =

1√
2
(W1

µ ∓ iW2
µ ) , Zµ =

g2W3
µ −g1Bµ√
g2

2+g2
1

, Aµ =
g2W3

µ +g1Bµ√
g2

2+g2
1

. (2.2.8)

The mass terms forW±, and Z boson are now given by, M2WW+
µ W−µ + 1

2M2
ZZµZµ + 1

2M2
γAµAµ ,

with,

MW =
1
2

vg2 , MZ =
1
2

v
√

g2
2+g2

1 , Mγ = 0. (2.2.9)

The value of the vacuum expectation value v is fixed in terms ofthe mass of W boson or the Fermi
constantGµ ,

MW =
1
2

g2v =

(√
2g2

2

8Gµ

)1/2

⇒ v =
1

(
√

2Gµ)1/2
≃ 246 GeV. (2.2.10)

The mass ofMW is measured to be 80.399±0.023 GeV, while the mass ofMZ is measured to be
MZ = 91.1875±0.0021 GeV [65]. In acquiring masses, the longitudinal degrees of freedomof
the W and the Z boson have eaten away the Goldstone bosons. Thegauge symmetry SU(3)c×
SU(2)L ×U(1)Y, is broken down to SU(3)c×U(1)em. The unbroken part of the EW Lagrangian,
namely the U(1)em, ensures that the photon is massless.

The Weinberg angle is defined as,

cosθW =
g2√

g2
1+g2

2

,
M2

W

M2
Z

= cos2θW,

with the global fitted value sin2θW = 0.2312±0.00015 [65]. The electric charge is given by,

e=
g1g2√
g2

1+g2
2

,

8



Chapter 2. The Standard Model

such that, √
g2

1+g2
2 =

e
cosθWsinθW

.

The parameterρ, which is a measure of the relative strengths of charged and neutral currents is
defined as,

ρ =
M2

W

cos2θWM2
Z

,

and is equal to 1 in the SM at the tree level.
Thus far a mechanism is introduced to generate the mass termsfor gauge bosons by adding a

Higgs field. We can generate mass terms for charged fermions using the same field by introduction
of Yukawa terms to supplement the SM Lagrangian. To these endwe introduce theSU(2)L×U(1)Y
invariant Yukawa Lagrangian,

LYu =−yei L̄ i ΦeRi −ydQ̄i ΦdRi −yuQ̄i Φ̃uRi + h.c., (2.2.11)

whereΦ̃= iτ 2Φ, and is required to give masses to up type quarks.
After electroweak symmetry is broken we have (choosing the Yukawa couplings to be real),

LYu = − 1√
2

yei (ν̄ei ēLi )

(
0

v+h

)
eRi + · · ·

= − 1√
2

λei (v+h) ēL ieRi + · · · , (2.2.12)

We thus have the fermion masses as,

me=
yev√

2
, mu =

yuv√
2

, md =
ydv√

2
.

Note that the upper component of the lepton doublet namely the neutrinos have no mass. The
original leptonic kinetic terms had aU(3)×U(3) global symmetry, which is broken to three global
vectorial transformations, corresponding to three leptonnumbers, Li → eαi L i , ēi → e−iαi ēi .

We now turn our attention to the Higgs part of the Lagrangian itself. We note that after EWSB,
the scalar potential can be written as,

V =
µ2

2
(0, v+H)

(
0

v+h

)
+

λ
4

[
(0, v+h)

(
0

v+h

)]2

.

Thus the self interaction and kinetic terms read;

Lh =
1
2
(∂µh)(∂ µh)−V

=
1
2
(∂ µh)2−λ v2h2−λ vh3− λ

4
h4. (2.2.13)

The mass of the Higgs boson is given by m2
h = 2λ v2 =−2µ2, with the interaction vertices,

gh3 = (3!)iλ v = 3i
m2

h

v
, gh4 = (4!)i

λ
4
= 3i

m2
h

v2 .
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•h

f

f̄

gh f f = mf /v = (
√

2Gµ)
1/2mf × (i)

•h

Vµ

Vν

ghVV = 2M2
V/v = 2(

√
2Gµ)

1/2M2
V × (−igµν )

•h

h

Vµ

Vν

ghhVV = 2M2
V/v2 = 2

√
2Gµ M2

V × (−igµν )

•h

h

h

ghhh = 3m2
h/v = 3(

√
2Gµ)

1/2m2
h × (i)

•h

h

h

h

ghhhh= 3m2
h/v2 = 3

√
2Gµ m2

h × (i)

Figure 2.2: The interactions of the Higgs boson to fermions and gauge bosons and the Higgs self–couplings in the SM,
along with relevant Feynman rules. Figure used from [3].
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Note that the mass of the Higgs boson cannot be predicted in this theory and has to be deter-
mined experimentally. The couplings to gauge bosons and fermions are given by (Fig.2.2),

ghff = i
mf

v
, ghVV =−2i

M2
V

v
, ghhVV =−2i

M2
V

v2 .

2.3 Global symmetries and the Yukawa sector of the Standard Model.

As mentioned earlier the fermionic part of the Lagrangian isinvariant under the globalU(3)L ×
U(3)R×U(3)R symmetry for the quarks and globalU(3)L×U(3)R symmetry for the leptons.

These are explicitly broken by Yukawa interactions. In general the Yukawa matrices are neither
hermitian nor real.

For the left handed fermions,the following rotations can bemade,

L
′i
L →

3

∑
j=1

Uij
e,LL

′j
L , Q

′i
L →

3

∑
j=1

Uij
u,LQ

′j
L ,

while for right handed fields,

e
′ i
R →

3

∑
j=1

Uij
e,Re

′ j
R, u

′i
R →

3

∑
j=1

Uij
u,Ru

′j
R, d

′i
R →

3

∑
j=1

Uij
d,Rd

′j
R,

whereU are the unitary matrices that diagonalize the Yukawa matrices for the respective gauge
group. As a consequence the Yukawa matrices transform as,

ye = Ue,Ly
′
eU

†
e,R, yu = Uu,Ly

′
uU†

u,R yd = Ud,Ly
′
dU†

d,R.

These relations imply that it is possible to simultaneouslydiagonalize eithery
′
e,y

′
u, or y

′
e,y

′
d by a

suitable choice of chiral transformations. Assuming that the first of these possibilities is realized,
the transform ofy

′
d is neither real nor diagonal. Instead we can write,

VDd = Uu,Ly
′
dU†

d,R,

where Dd = Uu,Ly
′
dU†

d,R and,

V =Uu,LU†
d,L,

is the Cabibo-Kobayashi-Maskawa (CKM) mixing matrix. In the process of rephrasing the
fermionic fields, we may diagonalize the Yukawa couplings bychoosing a new basis leptons and
quarks. This is the physical basis , since it is the basis in which mass matrices are diagonalized.
This 3×3 unitary matrix has 4 independent parameters, 3 of which aremixing angles (θi j ), and the
other being an overall phase (δ13). This phase is the CP violating complex phase. The currently
known values for these parameters are [66],

θ12 = 13.04±0.05◦, θ13 = 0.021±0.011◦, θ23 = 2.38±0.06◦, δ13 = 1.20±0.08 rad.

An analogous mixing pattern also occurs in the neutrino sector, with the mixing matrix known
as Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix.
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Chapter 2. The Standard Model

2.4 Theoretical constraints on the Higgs boson

The requirement of the SM to be valid in the perturbative regime restricts the mass range in which
the Higgs boson is likely to be present. Arguments of constraints from unitarity of scattering
amplitudes and perturbativity of Higgs self coupling set upper limits on the mass of the Higgs
boson. The first problem is related to the growth of the longitudinal componentsWL andZL at high
energies leading to a violation of unitarity at some scale intheW+W− scattering. A partial wave
decomposition of the amplitude and the use of optical theorem leads to the following result,

a0
s≫m2

h−→ − m2
h

8πv2 for the j= 0 state,

wherea j are the partial waves for the orbital angular momentum statej. Preservation of unitarity
from the above relationship leads to m2

h < 870 GeV [67–70].
The second type of constraint, namely perturbativity arises from decay of the Higgs boson

to gauge bosons. The partial decay width of the Higgs decay toa pair of Z bosons is given by

the expression,Γ(h→ ZZ)∼ m3
h

32πv2 . Higher order loop corrections to the Born term is significantly
large. For a large Higgs mass (∼ 1 TeV), two loop contributions to this term becomes as significant
as the one loop term [71,72]. One would therefore expect the Higgs boson to be below the TeV
scale for perturbation theory to be valid. Additionally, asthe partial decay width is proportional to
the cube of the Higgs mass itself, for large Higgs masses the decay width becomes comparable to
the Higgs mass itself (∼ 1.3 TeV). Thus the Higgs mass is said to be ’obese’ and cannot be treated
as a true resonance.

The recently observed 125 GeV Higgs boson certainly passes these upper limits, and the atten-
tion turns to the lower end, where we shall encounter some cause for concern.

Constraints from vacuum stability

The quantum corrections to the running of the quartic coupling λ includes contributions from
fermions and gauge boson loops. For the fermions, the top quark with the largest mass makes the
most significant contribution.

For quartic couplings much smaller with respect to the top Yukawa and the gauge boson cou-
plings,λ << λt ,g1,g2, the RGE is approximated by [73–79],

dλ
dlogQ2 ≃ 1

16π2

[
−12

m4
t

v4 +
3
16

(
2g4

2+(g2
2+g2

1)
2)
]
, (2.4.1)

leading to,

λ (Q2) = λ (v2)+
1

16π2

[
−12

m4
t

v4 +
3
16

(
2g4

2+(g2
2+g2

1)
2)
]

log
Q2

v2 . (2.4.2)

If the quartic coupling is small, the top quark can drive the quartic coupling to negative values
(λ (Q2)< 0), leading to an unstable vacuum. Since the Higgs mass is givenby m2

h = 2λ v2, to keep
the vacuum stable the Higgs mass should satisfy [80–85],

m2
h >

v2

8π2

[
−12

m4
t

v4 +
3
16

(
2g4

2+(g2
2+g2

1)
2)
]

log
Q2

v2 . (2.4.3)

Assuming that the SM is valid upto a grand unification scaleΛGUT ≃ 1016 GeV, the lower bound
on the Higgs mass from Eq.2.4.3turns out to be∼ 130 GeV.
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W,Z,h
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Figure 2.3: Feynman diagrams for the one–loop corrections to the SM Higgs boson mass.

It should also be noted that the SM effective potential can have a true minimum which is deeper
than the electroweak minimum. The latter can have a lifetimegreater than that of the universe.
Thus it is possible to have a situation where the universe falls in the false vacuum in its early hot
phase and is stuck there as the universe cools off. This results in the metastability bound [85–88].

Recently the two loop calculation has been performed and sets the limit on the Higgs mass to
be [89],

mh ≥ 129.2+1.8×
(

mpole
t −173.2 GeV

0.9 GeV

)
−0.5×

(
αs(MZ)−0.1184

0.0007

)
±1.0 GeV. (2.4.4)

The top mass of 173.2± 0.9 GeV is measured at Tevatron by the collaborations CDF andD0.
The error± 1 GeV reflects the theoretical uncertainties in the Higgs mass bound which takes into
account the differences in computation of results from NLO to NNLO.

The vacuum stability of the Higgs potential thus crucially depends how precisely one can mea-
sure the top mass.

We thus find that if we expect the SM to be the theory that can be extrapolated to a high scale,
the vacuum stability bounds pose serious constraints for a 125 GeV Higgs.

However if there is some new physics that takes over at a lowerenergy scale, this bound is
relaxed significantly. For example if we take the scale of thenew physics to be 103 GeV, the
vacuum stability arguments requires the mass of the Higgs boson to be mh > 70 GeV [3].

The hierarchy problem

The fine tuning argument has often been one of the principal reasoning for the demand of physics
beyond SM.

The problem arises because of self energy corrections to theHiggs mass. The most important
corrections originate from gauge bosons and fermion loops (Fig 2.3). The fermionic loop contri-
bution is dominated by the top quark with the following loop integral,

Πt
hh(0) = (−1)

∫
d4k
2π4 Tr

(
−iyt√

2

)
i

6 k−mt

(
−iyt√

2

)
i

6 k−mt

= −2y2
t

∫
d4k
2π4

k2+m2
t

(k2−m2
t )

2

= −2y2
t

∫
d4k
2π4

[
1

k2−m2
t
+

2m2
t

(k2−m2
t )

2

]
, (2.4.5)
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whereyt is the top quark Yukawa coupling. The first term in Eq.2.4.5is quadratically divergent.
If we demand the SM to be an effective theory upto the Planck scaleΛ = 1018 GeV, the one loop
correction is about 30 orders of magnitude more than the baremass. Since this loop correction
is independent of the Higgs mass, setting it to zero does not increase the symmetry of the theory.
Thus there is no symmetry that protects the Higgs mass. Adding the contribution of the gauge
bosons the one loop contribution to the Higgs mass is given by,

m2
h = (m0

h)
2+

3Λ2

8π2v2

[
m2

h+2M2
W +M2

Z−4m2
t

]
, (2.4.6)

where the reference scale is set to the electroweak minimum v. It is interesting to note that there
can be an accidental cancellation provided,

m2
h = 4m2

t −2M2
W −M2

Z ∼ (320 GeV)2. (2.4.7)

This cancellation, called the Veltman cancellation [90] also serves as a prediction for the Higgs
mass. However this is only a one loop result, and higher loopscomplicate this result significantly.

One could cancel divergences in Eq.2.4.5consistently in quantum field theory by adding suit-
able counter terms. However one would have to arrange for a very precise cancellation (1 part in
1026) between the bare mass squared and the renormalized mass to keep the Higgs mass to the
electroweak scale. One can define a measure of this fine tuningby [91],

∆FT =

∣∣∣∣
∆m2

h(Λ)
m2

h

∣∣∣∣ . (2.4.8)

Therefore the weak scale is fine tuned to one part in∆FT , with no fine tuning for∆FT ≤ 1.

2.5 Standard Model at LEP and Tevatron

The electroweak theory has been tested to remarkable precision at the Large Electron Positron(LEP)
collider and later at the Tevatron [65]. The first vindications of the electroweak theory came with
the discovery of the neutral current interactions in 1973 inbubble chamber experiments, which
photographed electrons suddenly starting to move, seemingly of their own accord. This was inter-
preted as a neutrino interacting with the electron by the exchange of an unseen Z boson. The formal
discovery of the W and the Z bosons were observed in the experiments UA1 (lead by Carlo Rubia)
and UA2 (lead by Peter Jennni) [92,93]. The W and Z bosons were copiously produced at the LEP
collider. Along with LEP, Tevatron (which ended its operation in 2011), also produced an enor-
mous amount of W and Z boson. The obtained masses and decay widths from these experiments
for the Z boson is found to be [65],

MZ = 91.1875±0.0021 GeV, ΓZ = 2.4952±0.0023 GeV,

while for the W boson it is [65],

MW = 80.399±0.023 GeV, ΓW = 2.085 ±0.042 GeV.

The top quark discovered at the Tevatron in 1995 [94,95]. The measured mass of the top quark,
was to be 173.18± 0.56(stat)± 0.75(sys) [65]. The mass of the top quark is an extremely important
ingredient to the electroweak precision fits.
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Figure 2.4: The Feynman diagrams for electroweak radiativecorrections. a) (Top row) The fermionic contributions to
the self energy correctionsV = W/Z bosons, b)(Middle row) The Higgs contributions to the self energy corrections
and c) (bottom row) The vertex and box diagrams. Feynman diagrams from [3].

The masses of the fermions and gauge bosons obtained in LEP and Tevatron allows us to calcu-
late any observable in the framework of SM. While the tree level approximations serve the purpose
to a large extent, radiative corrections are required for comparison with accurate high precision
experimental measurements. The sensitivity of LEP and Tevatron to these quantum measurements
also serve as stringent tests of SM. Along withαs,Gµ andMZ, the following electroweak observ-
ables have been measured with a high degree of accuracy [65]:

• Lineshape measurements of Z: The total (ΓZ) and partial decay widths (Z → l±l∓,cc̄..) of Z
boson.

• The forward backward(Af
f b) and theτ polarization asymmetryAτ

pol, which provide a deter-

mination ofsin2θW.

• The longitudinal polarization asymmetryAf
L,R providing the best measured value ofsin2θW

at 0.2312±0.00015 .

• The mass(MW) and the widthΓW of the W boson.

• The effective mixing angle and theρ parameter, with the two loop QCD correction∆ρQCD=

−2
3

αs
π

(
π2

3 +1
)
−14.59

(αs
π
)2

[3], whereαs is the strong coupling constant. Note that the two

loop QCD correction is essentially a QCD correction on top ofa electroweak correction.

• In addition there are top quark mass measurements, the measurement of the fine structure
constantα , and the value of the quantum corrections∆α due to leptonic and hadronic contri-
butions.

Overall it has been seen that these measurements vindicate the case for theSU(2)L ×U(1)Y
gauge theory. The electroweak couplings of leptons and quarks to gauge bosons, the trilinear
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Figure 2.5: Left Panel : The∆χ2 of the fit to the electroweak precision data as a function ofmh. Right Panel
:Constraints on the mass of the Higgs boson from electroweakprecision data from [65].

couplings of gauge bosons have been measured and is in tune with the principle of gauge symmetry.
In addition the strong coupling constantαs, and other features of strong interactions have also been
fairly well measured and is in agreement with the theory of strong interactions [31].

Although the Higgs boson was not observed at LEP, constraints from electroweak observables
narrowed the parameter space to a large extent. The Higgs contributes to radiative corrections of
electroweak precision observables providing indirect constraints on its mass (Fig. 2.4). Combining
the W mass measurements, measurements on the weak mixing angle, measurements of forward
backward asymmetries and combined fits to these measurements, one can obtain the likely mass
range in which the Higgs boson is expected to be observed. Thelikely range of the Higgs boson
mass, taking the electroweak precision observations into account is presented in the right panel of
Fig. 2.5.

The∆χ2 fit to all precision measurements, taking into account the uncertainties onαs(MZ),α ,mt
andMZ is presented in the left hand panel of Fig.2.5. The projected upper limit turns out to be
mh < 158GeV at 95 % confidence level [65].

As far as direct searches are concerned, the lower limit on the Higgs boson mass was obtained
from the negative searches at LEP-II with center of mass(c.m) energy of 209 GeV. At LEP the
dominant production mechanism for the Higgs was the Higgs-strahlung process, namely,e+e− →
Z∗ → Zh. The Higgs searches were conducted in the channele+e− → Z(→ νν̄)h(→ bb̄), e+e− →
Z(→ l l̄)h(→ bb̄), e+e− → Z(→ l l̄)h(→ τ τ̄ ) ande+e− → Z(→ τ τ̄ )h(→ bb̄). The four experiments
in LEP did not observe any excess over the background, and thelower limit was set to 114.4 GeV.
The Tevatron searched for Higgs boson, both for the high massand low mass. At the end of its
run, it collected about 10 fb−1 data, and reported an excess of events with 3σ local significance for
mh = 125 GeV [96].
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2.6 The discovery of the Higgs boson at the LHC

The search for the Higgs boson continued through the era of the Tevatron, ruling out a wide swath
of parameter space in various channels, specially in the high and intermediate mass region. How-
ever it was widely speculated that the Higgs boson was likelyto be light. This was mainly driven
by the theoretical considerations and from the indirect hints of electroweak precision measure-
ments. The search for the light Higgs boson gathered pace with the 7 TeV run of the Large Hadron
Collider(LHC). The early hints of a resonance in theh→ γγ, channel at 125 GeV was observed at
the end of 7 TeV run with 5f b−1 data [97,98]. The observation of a new particle was announced
on July 4th 2012, by combining data worth 5f b−1 luminosity at 7 TeV and 5 fb−1 luminosity for
8 TeV LHC energy. The persistence of the resonance across various channels [1,2] was observed.
The reported resonance was claimed to be a Higgs like boson rather than the Higgs itself, as mea-
surements of coupling and spin is expected to finally confirm whether the discovered particle is
indeed the SM Higgs.

At the LHC the production cross section of the Higgs boson is dominated by the gluon fu-
sion(ggF) process followed by the vector boson fusion process(VBF), with theZh andtt̄h being
the sub-dominant processes [45,99–137]. The Feynman diagrams for the processes are presented
in Fig. 2.6. The left panel of Fig.2.7 shows the Higgs cross sections at 8 TeV. The branching
ratios for the Higgs decay to various channels are shown in the right panel of Fig2.7.

W/Z

(a) (b)

(c) (d)

W/Z

H
H

H

H

t̄

t

Figure 2.6: Feynman diagrams for Higgs production at the LHC, a)Gluon fusion, b) VBF fusion, c) associated pro-
duction and d)tt̄h process respectively.

The primary decay mode of the Higgs at 125 GeV is via a pair of b quarks [138]. However
this channel is plagued bytt̄,QCD and other backgrounds. One of the primary channels for an
observation of the 125 GeV Higgs turns out to beh → γγ. With the completion of the 8 TeV
LHC run, the results for the 20f b−1 luminosity data were obtained. The Higgs resonance for the
di-photon channel as measured by the ATLAS collaboration [139] is presented in the left panel of
Fig. 2.8.

The combined fit of the measurements in various channels is estimated to be 125.5± 0.2+0.6
−0.5,

with a combined signal strength, defined asµ = σ×BR
(σ×BR)SM

, of 1.43±0.16(stat)± 0.14(sys) [139].
The CMS collaboration reports the combined best fit mass value to be 125.7±0.3(stat)± 0.3(sys)
corresponding to the channelsγγ,ZZ,WW,bb̄,τ τ̄ . The reported signal strength is quoted to be
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Figure 2.8:The Higgs mass discovery plot for ATLAS (left panel) in theh→ γγ, and the signal strength for various
channels [139].

0.8±0.14 [140].

2.7 Beyond Standard Model and supersymmetry

2.7.1 Shortcomings of the Standard Model

In spite of the success of the electroweak theory several deficiencies prompt us to look beyond.
Some of the key problems are raised below,

• The hierarchy problem : As observed earlier, the one loop self energy corrections lead to an
unnaturally large value of the Higgs boson mass, if SM is extrapolated till the Planck scale. To
achieve the correct Higgs mass at the electroweak scale one needs a fine cancellation between
the bare Lagrangian and the renormalized Lagrangian, thus leading to a fine tuning of the
theory.
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• It is now well known that the universe contains a significant proportion of dark matter and
dark energy. SM does not offer any candidate particle to explain such a large amount of dark
matter.

• An aesthetic wish is that the gauge couplings of SM should unify at some high scale at which
a hitherto unknown theory would take over. In SM the gauge couplings do not unify at any
scale.

• The SM does not explain the observed asymmetry of matter anti-matter in the universe.

• The SM does not explain the masses of neutrinos.

Due to the above deficiencies of the SM one would like a theory which explains these issues.
There are several examples of BSM theories that have attracted attention over the last few decades,
each with its pros and contras. Some of the most widely studied BSM scenarios are listed below.

• Supersymmetry: This possibility attempts to solve the fine tuning problem by introduction
of new particles which differ by spin half from their SM counterparts. SUSY advocates gauge
coupling unification at a scale of 1016 GeV, as well as provides a dark matter candidate in a
wide class of models.

• Extra Dimensions: These come in various varieties. The first of these is the Arkani-Hamed-
Dimopoulous-Dvali(ADD) model [141], which advocates that the SM fields are confined to
four dimensions, while gravity propagates in additional spatial dimensions that are large com-
pared to the Planck scale. The second of these is the Randall-Sundrum model [142], which
assumes that the universe is part of a 5 dimensional anti-desitter brane in which SM fields live
in the (3+1) dimension, while the graviton propagates in the"warped" 5’th dimension. These
models bring the scale of the new physics to a lower value.

• Little Higgs Models : This is based on the idea that the Higgs boson is a pseudo Nambu-
Goldstone boson that arises from the breaking of a global symmetry at the TeV scale [143–
145].

The most popular of these, in terms of simplicity and the ability to explain a wide range phe-
nomenological consequences is supersymmetry. The minimalversion, termed as the minimally su-
persymmetric standard model(MSSM), has been widely studied and is the one of the most sought
after BSM model at the LHC. In this thesis we will work entirely in the framework of MSSM.

2.7.2 Motivation for supersymmetry

As the first motivation we revisit the fine tuning problem again. We add a pair of complex scalar
field to the Higgs potential such that that the quadratic partrelevant Lagrangian can now be written
as,

L = λ f |h|2(|φl |2+ ..... (2.7.1)

Schematically this can be represented by Fig.2.9. The contribution from these loops can be
summarized as,

Πφ
hh(0) = λφ

∫
d4k
2π4

[
1

k2−m2
φl

+
1

(k2−m2
φr
)

]
+ ... . (2.7.2)
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Figure 2.9: Diagrams for the contributions of a)fermions and b)scalars to the self energy corrections of the Higgs
boson.

The first term, which is quadratically divergent can be cancelled with the SM fermionic contribu-
tion i.eΠ f

hh(0)+Πφ
hh(0)=0, if the coupling constantsλφ =−λ 2

f .
The remaining part of the divergence includes logarithmic terms. Requiringmφl = mφr , the one

loop contribution can be written as,

Π f
hh(0)+Πφ

hh(0) = −i
λ 2

f

16π2

[
−2m2

f

(
1− ln

m2
f

µ2

)
+4m2

f ln
m2

f

µ2

+2m2
φ

(
1− ln

m2
φ

µ2

)
−4m2

φln
m2

φ

µ2

]
,

which vanishes ifmf = mφ. If we have scalar counterparts to fermions, with fermion Yukawa
couplings equal to the quartic couplings to these scalars, the one loop quadratic divergence vanishes
exactly. Thus the fine tuning problem in standard model is cured or in the worst case if SUSY is
badly broken, the level of fine tuning is modest. The essence of this exercise, is to introduce
supersymmetry(SUSY), the details of which are described inChapter3.
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The Minimally Supersymmetric Standard
Model

3.1 Formal Aspects

Historically the first attempts to construct a theory with a symmetry relating bosons to fermions
were studied in [146–148]. The algebraic aspects were developed in [148, 149]. The first su-
persymmetric field theories were developed by Wess and Zumino [150] along with Salam and
Stratdhee [151]. The mathematical construction leading to the violation of the Coleman-Mandula
theorem [152] was provided by Haag, Lopuzanski and Sohnius [153]. The formulation of the
Minimally Supersymmetric Standard Model(MSSM) was first studied in [154]. The successful
resolution of problem of gauge hierarchy was addressed in [155–157]. The subject of SUSY has
found its way into the textbooks [158–161] and is too rich a subject to be covered in this thesis in
detail. The attempt here is to follow the theoretical development to a phenomenological approach
and finally make a connection with the experimental searches. In the following section a brief
description some of these formal aspects is discussed. Since the amount of literature in the subject
is enormously large to be covered here, we refer to [158–161] and references therein with due
apologies.

The free Wess–Zumino model and Superspace

We start by analyzing the free Wess–Zumino model consistingof a complex scalar and one fermion.
In all our subsequent discussion, the two component notation shall be used. The Lagrangian for
the Wess–Zumino model can be written as,

L = (∂µφ)(∂µφ)∗+ iξσ µ∂µξ †−m2φ∗φ− m
2
(ξξ + ξ †ξ †). (3.1.1)

In the above equation spinorial indices have been suppressed with the contractions defined
as ψχ = ψaχa and ψ†χ† = ψ†

ȧχ†ȧ. The Lagrangian in Eq.3.1.1 is invariant under the SUSY
transformations,

δφ= εξ , δξ =−iσµ∂µε†−mφ∗ε, (3.1.2)

whereε is a constant two component spinor1. Sinceφ andξ have mass dimensions of 1 and 3/2
respectively, the spinorε has a mass dimension of -1/2. These transformations imply that these

1The two componentε is defined asεab =

(
0 1
−1 0

)
, εab =

(
0 −1
1 0

)
.
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fields acquire infinitesimal components in each others direction, thus providing a framework of
"superspace" with fermions and scalars2. To find the algebra of SUSY, we construct the commu-
tator[δε1,δε2]φ. This can be worked out using the SUSY transformations in Eq.3.1.2to obtain,

[δε1,δε2]φ = iα µPµφ, (3.1.3)

whereα µ = i(ε1σµε†
2 − ε2σµε†

1). This is reminiscent of the ordinary space time translationwith
the infinitesimal parameter given byαµ . Noting thatαµ is real, one could extend the notion of
ordinary spacetime to superspace to include "fermionic dimensions" as(xµ ,θa,θ†

ȧ), whereθ is the
spinorial dimension of the superspace. They obeyθ1θ2 = θ2θ1, andθ2

1 = 0. As a consequence no
function of fields expanded in terms of these Grassmann valued quantities can have more than four
θ. The superspace transformations are implemented by demanding,

xµ → xµ − iθσµε†+ iεσµθ†,

θa → θa+ εa,

θ†
ȧ → θ†

ȧ + ε†
ȧ . (3.1.4)

The commutator of two translations can now be written as,

[δε1,δε2]x
µ = 2i(ε2σµε†

1 − ε1σµε†
2). (3.1.5)

The above equation is the geometrical realization of the superspace with the co-ordinates(xµ ,θa,θ†
ȧ).

Note that[δε1,δε2]θ = 0, implying that the translation is only in the bosonic part of the theory. The
charges that generate SUSY are defined as,

Qa =−i(∂a+ iσµ
aḃ

θ†ḃ∂µ), Q†
ȧ = i(∂ȧ− iθ ḃσµ

ḃa
∂µ),

with the algebra,
{Qa,Q

†
ḃ
}= 2iσµ

aḃ
∂µ . (3.1.6)

A generic SUSY transformation can therefore be denoted by,

Q|Fermion〉= |Boson〉, Q|Boson〉= | f ermion〉. (3.1.7)

Superfields

The consequence that a general function cannot have more than four anti-commutingθ s, leads to
the fact that the Taylor expansion is finite. We can thereforeexpand a general "superfield" as,

F (x,θ,θ†) = φ(x)|θ=θ†=0+
√

2θξ (x)+
√

2θ†χ†(x)+θθM(x)+θ†θ†N(x)

+θσµθ†Aµ(x)+θθθ†λ †(x)+θ†θ†θη(x)+
1
2

θθθ†θ†D(x). (3.1.8)

One would also like to define analytic superfields to truncatethe above general expression by
demanding thatF is independent ofθ†(or equivalentlyθ), i.e , ∂

∂θ†
ȧ
F = 0. Under this constraint,

F = φ(x)+
√

2θξ (x)+θθF(x). (3.1.9)
2The bilinearσµν = 1

4 [σ
µ ,σν ].
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Note however that in this case, the constraint operator∂
∂θ† fails to commute with the chargesQ,Q†.

Thus the operator cannot be deemed to be supercovariant. Defining the "supercovariant" derivative
as,

Da =
∂

∂θa − i(σµθ†)a∂µ , D
†
ȧ =− ∂

∂θ ȧ† + i(θσµ)ȧ∂µ ,

the following relations are obtained,

{D ,Q}= {D ,Q†}= {D†,Q}= {D†,Q†}= 0,{Da, D
†
ḃ
}= 2iσµ

aḃ
∂µ . (3.1.10)

ThusD
†
ȧΦ = 0 is a supercovariant constraint. Thus a superfieldΦ is deemed to be chiral if it

satisfiesD†
ȧΦ = 0, and antichiral if it satisfiesDaΦ† = 0. We can also shift co-ordinates fromxµ

to yµ = xµ − iθσµθ†, to observe thatDayµ† = D
†
ȧyµ = 0.

The chiral superfieldΦ(y,θ) can be expanded as,

Φ(y,θ) = φ(y)+
√

2θξ (y)+θθF(y), (3.1.11)

where F is an auxiliary field.

Sueprspace action

The ordinary space-time action is written asS=
∫

d4x L . In superspace the action is given by,

SD =

∫
d4x d2θ d2θ†

L (Φ,Φ†). (3.1.12)

The integral overθ,θ† can be performed by the rules of Grassmann (Berezin) integration 3. The
action for chiral or antichiral fields can be summarized as,

SF =

∫
d4x d2θL (Φ)+c.c. (3.1.13)

For the free theory a suitable kinetic term is the quadratic expressionΦΦ†. Note that this is a
general superfield. The action for this quadratic can be written as ,

S=
∫

d4x d2θ d2θ† [ΦΦ†]D. (3.1.14)

as only the D term in the expansion ofΦΦ† remains after integration. Also note that the since the
dθ has mass dimensions of +1/2, the whole expression is dimensionless without a coefficient. The
mass term originates from the F term action,

SF =
∫

d4x m2[d2θ Φ2+d2θ†Φ†2]. (3.1.15)

Note that the fields F and D are auxiliary and have no dynamics in them. It should therefore be
integrated out using the equations of motion. It is necessary to maintain the on-shell and off-shell

3To integrate a general functionF (t,θ) = f (t)+θg(t),

∫
F (t,θ) =

∫
dθ( f (t)+θg(t))

= f (t)
∫

dθ .1+g(t)
∫

dθθ.
∫

dθθ =
∫

d(θ + ε)(θ + ε)⇒
∫

dθ .1= 0. Normalization gives
∫

dθθ = 1
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degrees of freedom in a superfield. It can be observed that on-shell, the complex scalar field, which
has two degrees of freedom matches the two spin polarized state of the fermion. However an off-
shell Weyl fermion is a two component object with four real degrees of freedom. Therefore the F
and the D terms are required to close the SUSY algebra.

For interacting theories involvingΦ,Φ†, the D term action can be written as,
∫

d4x d2θ d2θ†
K (Φi ,Φ†

i ).

The functionK (Φi ,Φ†
i ), is a real function of the superfields termed as the Kahler potential. Simi-

larly the most general F term is a holomorphic function and can be written as
∫

d4xd2θW (Φ)+c.c
. The free theory is given by,

K (Φi ,Φ†
i ) = Φ†Φ.

Additionally the functionW (Φ) = 1
2Φ2 contains mass terms and auxiliary fields. The functions

K ,W should have a sensible expansion inΦ in an interacting theory. Written in terms of ordinary
fields, a Taylor expansion yields,

∫
d2θd2θ†

K (Φi,Φ†
i ) = K,i j (φ,φ∗)∂µφi∂ µφ∗i + ...,

where the notationK,i j (φ,φ∗) implies a double differential with respect to the fieldsφ.

Vector Superfield

One can define a vector superfield by demanding the condition of reality from Eq.3.1.8, F =F †=
V(x,θ,θ†). Therefore,

V(x,θ,θ†) = C(x)+
√

2(θξ +θ†ξ †)+ [θθM(x)+θ†θ†M∗(x)]

+θσµθ†Aµ(x)+ [θθθ†λ †(x)+θ†θ†θ(x)λ (x)]+
1
2

θθθ†θ†D(x).(3.1.16)

Observe that ifΦ is a chiral superfieldΦ + Φ† is a vector superfield. ExpandingΦ(yµ ,θ) and
adding its complex conjugate we obtain,

Φ+Φ† = 2Re(α )+
√

2(θχ +c.c)+(θθF +c.c)−2θσµθ†∂µ(Im(α ))−
i√
2
(θθσµθ†∂µχ +c.c)− 1

2
� Re(α ). (3.1.17)

To investigate a possible gauge invariance on the superfield, consider,V →V + Φ + Φ†. One
can make the following transformations,

C→C+2Re(α ), ξ → ξ +χ ,
M → M+F, Aµ → Aµ −2∂µ(Im(α )),

D → D−�Re(α ), λ → λ − i√
2

σµ∂µ χ†. (3.1.18)

Therefore the fields C,ξ , M can be gauged away by an opportune choice ofRe(α ), χ , F. This
gauge is known as Wess-Zumino gauge. However it is not possible to gauge awayAµ with one
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parameterα . We realize that C,ξ , M are not physical degrees of freedom and hence can be gauged
away. One can also realize thatAµ is a U(1) gauge field. Redefiningβ(x) =−2Im(α ), one has the
gauge transformation,Aµ → Aµ +∂µβ . Finally defining,

λ → λ +
i√
2

σµ∂µξ †, D → D+�C,

it can be realizedλ , D are gauge invariant fields. Thus the fieldsRe(α ), χ , F can be used to
fix the Wess–Zumino gauge. We can perform U(1) gauge transformation in Wess–Zumino gauge
usingΦ+ Φ†, with Re(α ), χ , F = 0. Thus after the redefinition we can chose the fields such that
Aµ → Aµ +∂µβ while λ → λ , D → D remain unchanged. The gauge part of the vector superfield
is,

V = ....+θσµθ†Aµ + ....+θθθ†λ †. (3.1.19)

The kinetic term for V can be written as,

1
8

∫
d2θ

∫
d2θ†

DDVD
†
D

†V.

Plugging V in component fields it can be shown that the kineticterm can be reduced to,

1
2

D2− 1
4

Fµν Fµν +
i
2

λσ µ ↔
∂ µ λ .

It is easy to see that V is an invariant of the superspace action under the transformationV →
V + i(Λ−Λ†), whereΛ(Λ†) is a chiral (antichiral) superfield.

The kinetic term can be expressed in a slightly asymmetric fashion as,

1
16

∫
d2θd2θ†(D†

D
†
DaVDaV +c.c)D,

where integration over the Grassmann co-ordinates leaves only the D term of the above expression.
DefiningWa =−1

4D†D†DaV, and the corresponding conjugate, the kinetic term is,

−1
4

∫
d2θd2θ(Wa

DaV +c.c).

Wa thus has mass dimensions of 3/2. We immediately recognizeWa (W†
a ) as a chiral (antichiral)

superfield asD†aWa = DbW†b = 0. Wa can be expanded as a chiral superfield with a spinor index
in the following way,

Wa(y,θ) = λa(y)+D(y)θa− (σµθ)aFµν + iθθ(σµ∂µλ †)a. (3.1.20)

Thus it can be observed that the D term has appeared as the co-efficient of θ, while the gauge field
Aµ appears as its curl, namelyFµν . ThereforeWa is itself gauge invariant, with,

V →V + i(Λ−Λ†), Wa →Wa−
i
4
D

†
D

†
Da(Λ−Λ†).

HenceWa and its conjugate play the role of gauge invariant field strengths. In abelian gauge
theories this mimicsAµ , where the gauge potential just shifts by a derivative. It can be checked by
expandingWa in component fields that the F term of the following is given by,

1
4
[WaWa+c.c]F =

1
2

D2− 1
4

Fµν Fµν +
i
2

λσ µ ↔
∂ µ λ . (3.1.21)

25



Chapter 3. The Minimally Supersymmetric Standard Model

Therefore modulo surface terms the following identity holds between the F and D terms,
∫

d4x[WaWa+c.c]F =

∫
d4x(Wa

DaV +c.c)D. (3.1.22)

Notice that there is no mass term for the abelian gauge field.

Construction of the interacting SUSY Lagrangian

We know that ordinary matter fields transform under U(1) by a phase,φi → eigti β(x) φi(x), where
g is the coupling constant,ti are the charges of the fieldsφi andβ(x) is the infinitesimal parameter
of local gauge transformation. In superfield formalism, thetransformation can be written as,

Φi → e−2igti Λ(y,θ)Φ(y,θ), Φ†
i → e+2igti Λ†(y†,θ†)Φ(y†,θ†),

where bothΦ (Φ†) andΛ (Λ†) are chiral(anti-chiral) superfields. SinceΦ (Φ†) is chiral (an-
tichiral) superfield, after a gauge transformation it has toremain a chiral (antichiral) superfield and
henceΛ (Λ†) has to be a chiral (antichiral) superfield. The phase is thussuperfield valued. Observe
that the combinationΦ†

i Φi is not supergauge invariant asΦ†
i Φi → e2igti(Λ†−Λ)Φ†

i Φi . We are thus
obliged to put an exponential coupling in V to express the gauge invariant kinetic term as,

Φ†
i e2gtiVΦi ,

and hence the kinetic term is invariant under the gauge transformationsV → V + i(Λ−Λ†),
while Φ andΦ† transforms as noted above. The full action for an abelian interacting theory can be
written,

Sabelian=

∫
d4x

[∫
d2θd2θ†(Φ†

i e2gtiVΦi)+
1
4

(∫
d2θWaWa+c.c

)
+

(∫
d2θW (Φi

)
+c.c}+η [

∫
d2θd2θ†V]D

(3.1.23)
where the last term is known as the Fayet Illiopoulous D term.Expanding in component fields and
integrating over the Grassmann co-ordinates yields the Lagrangian density,

L =
1
2

D2− 1
4

FµνFµν +
i
2

λσ µ ↔
∂ µ λ +ηD+ iξiσµ(∂µ − igtiAµ)ξi + |(∂µ + igtiAµ)φi|2+

FiF
∗
i +(W Fi +c.c)− (

1
2

ξiξ jW,i j +c.c)+
√

2gti(λ †ξ †
i φi +c.c)+gti|φi |2D. (3.1.24)

Thusξ is conventional fermion ,λ is the gaugino andφ is the sfermion. Ifφi gets a vaccuum ex-
pectation value(VEV), the Yukawa term would generate a massterm with generic mixing between
gauginos and matter fermions. The other mass terms originate from superpotential derivatives
coupling toξ . The auxiliary fields can be integrated to yield,

F∗
i =−W,i ; D =−gti|φi |2−η .

Substituting back in the Lagrangian (Eq3.1.24), the scalar potential can be written as,

V(φ,φ∗) = FiF
i +D2 = |W,i(φ)|2+

1
2
(η +gti|φi |2)2. (3.1.25)

The first term in the Eq.3.1.25is generated from the F term contribution while the second from
the D term. Clearly the scalar potential is positive definite.
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The non-abelian gauge fields can be constructed in analogy with the Yang-Mills theory, i.e,
Aµ → Aa

µ , where a runs over the adjoint of the group in question.
The vector superfield for the non abelian case is an extensionof the abelian one, with,Va(x,θ,θ†),

where a =1,... dim(G), where dim(G) is the dimensionality ofthe gauge group. The generators sat-
isfy [Ta,Tb] = fabcTc, with normalizationTr(TaTb)=T(R)δab in the representationR. Therefore
the matrix valued superfield V is defined as as~V = 2g∑VaTa. The non abelian gauge transforma-
tion eiβa(x)Ta

in ordinary space is extended to the superspace by replacingthe former withe2igΛaTa
.

DefiningΛ = 2igΛaTa, it can be observed that the group element isei~Λ. The vector superfield V
thus transforms as,

e
~V → e−iΛ†

e
~VeiΛ.

The non abelian field strength is given by,

~Wa =
1
4
D

†
D

†e−V
DAeV .

Noting that V transforms ase~V → e−iΛ†
e~VeiΛ†

, ~Wa transforms as,

~Wa → e−i~Λ~WaeiΛ.

Thus the choice of~Wa preserves the chirality of~Wa. In the Wess Zumino gauge~Wa is given by,

~Wa =~λa(y)+~D(y)θa− (σµνθ~Fµν (y)+ iθθ(σµDµλ †(y))a,

where~Fµν is the non abelian field strength and,

Dµλ † = ∂µλ †+ ig[Aµ ,Aν ],

whereλ is in the adjoint representation of the gauge group.
The gauge invariant action for the non-abelian gauge theorycan be expressed as,

1
16T(R)

∫
(d2θTr(~WIa~WI

a +c.c)+
∫

d2θd2θ†ΦI†
i (eV)i j ΦI

j , (3.1.26)

where the index I runs over any number of copies of non-abelian gauge groups. For SM
fermions this index runs over 3 generations of fermions while i is the spinor index.

Note that for an SU(N) gauge theory Tr(Ta)=0, and hence the trace over the Fayet Illipoulous
D term of the vector superfieldTr(~D) = Tr(TaDa) = 0.

3.2 The Minimally Supersymmetric Standard Model(MSSM)

3.2.1 Field and particle content

To build the MSSM the following superfields are introduced toincorporate particles and "sparti-
cles". Note however that for sfermions, which are scalars, the term chirality is a misnomer and only
denotes that they are superpartners of the corresponding chiral fermion. In the next few sections,
spinor indices will be ruthlessly suppressed unless explicitly required.

The following prescription for the fields is followed,
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• Chiral Superfields : For the left handed doublet sleptons,

Le = ẽL +
√

2θeL +θθF,

where the superfieldLe has an index that makes it the lower component of the left handed
doublet. The left handed positron superfield is similarly called Ē1, which means antiparticle
but not complex conjugation. Similarly for the left handed doublet squarks we have the
following superfield

Qu = ũ+
√

2θũL +θθF

along with the left handed̄U1.

• Gauge Superfields: These fields transform in the adjoint representation of therespective
gauge group. The first of these is theU(1)Y gauge superfield, i.e (Bµ) and the Bino(̃B).
The electroweakSU(2)L sector contains the SM gauge bosonsWa

µ and the corresponding
Wino(W̃a). Finally the SU(3) sector contains gluons (ga

µ) and the gluinos ( ˜ga). These fields
are embedded in the vector superfieldsVy,Va(2),Va(3) respectively.

• Finally the Higgs sector of the theory, which has two doubletsuperfields as compared to 1
doublet field in the SM. The Higgs sector is explained below.

In contrast to SM where there is a single Higgs doublet field, MSSM requires at least two Higgs
doublets. To realize this necessity, notice that in SM the Yukawa couplings for quarks can be
written as,

−( f d(q̄)Lφcd̄L+ f ∗(d)(q̄)Rφd̄R)− ( f uq̄LφūL + f ∗(u)(q̄)Rφ(c)ūR),

for the down type and the up type quarks respectively. To find the corresponding SUSY ana-
logue, note thatqL is contained inQ1, while d̄L, ūL is contained inD̄1 and inŪ1 respectively.
Yukawa interactions in SUSY originate from chiral superfields and thus ifφc is in a chiral super-
field, φ must be a part of an antichiral superfield, and the two are clearly mutually incompatible.
Thus the only way to reconcile the two is to put them in separate chiral superfieldsH1 andH2 such
that the Yukawa couplings can be written as,

− f d
∫

d2θ Q1H1D̄1+c.c− f ∗u
∫

d2θ Q1H2Ū1+c.c,

where H2 =

(
h+2
h0

2

)
and H1 =

(
h0

1
h−1

)
.

The second reason as to why two Higgs doublets are required isfrom considerations of anomaly
cancellation. With one Higgs doublet and its counterpart higgsino fields the anomaly, proportional
to the cube of the hypercharges (∑h̃Y3

h̃
), is non vanishing. Note that the superfields contain the two

scalar Higgs doublets and its SUSY counterparts, namely thehiggsinos which are chiral fermions
with opposite hypercharge assignments, hence ensuring cancellation of the anomalies. Note how-
ever that the gauginos do not contribute to the anomaly as they are in the adjoint representation of
the gauge group and hence are real like the corresponding gauge partners. The particle content is
summarized in Table3.1.

Therefore assuming no SUSY breaking the MSSM Lagrangian canbe written as (extending
Eq.3.1.26),

Lgauge=
1
4

∫
d2θ (W(y)W(y)+Tr(~W2~W2)+Tr(~W3~W3)), (3.2.1)
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Superfield Particle Spin Superpartner Spin

Q (u, d)L
1
2 (ũL, d̃L) 0

Matter Fields Uc ūR
1
2 ũ∗R 0

Dc d̄R
1
2 d̃∗

R 0

L (ν , e)L
1
2 (ν̃L, ẽL) 0

Ec ēR
1
2 ẽ∗R 0

Vy Bµ 1 B̃ 1
2

Gauge Fields Va(2) Wi
µ 1 W̃i 1

2

Va(3) Ga
µ 1 g̃a 1

2

H1 (H0
1 , H−

1 ) 0 (H̃0
1 , H̃−

1 ) 1
2

Higgs Fields H2 (H+
2 , H0

2) 0 (H̃+
2 , H̃0

2)
1
2

Table 3.1: Field content of the MSSM.

Lmatter=
1
4

∫
d2θd2θ† (L†e(g1Vyy+~V2)Li)+ Ē†

i e (g1Vyy) Ei +Q†
i e(g1Vy+~V2+~V3)Qi + ..., (3.2.2)

LHiggs=
∫

d2θ d2θ†
2

∑
i=1

H†
i e(g1Vyy+~V2)Hi . (3.2.3)

Eq. 3.2.1contains the gauge kinetic terms for the U(1), SU(2) and SU(3) part of the theory.
The matter sector in Eq,3.2.2contains the kinetic terms for lepton doublet(Li), invariant under

the SU(2)L ×U(1)Y part, while the corresponding kinetic part involvinḡEi in Eq. 3.2.2is invariant
only under the U(1)Y part. The quark-squark follows the similar pattern analogous to SM. The
Higgs sector in Eq.3.2.3runs over the two Higgs doublet superfieldsH1,H2.

Finally the Yukawa and the interaction terms in the Higgs doublet is written with the following
superpotential term,

Lsuperpotential=−
∫

d2θ(−µH1.H2− f (2)i j LiH1Ēi − f (d)i j Qi .H2D̄ j − f (u)QiH2Ū j)+c.c, (3.2.4)

whereH1.H2 = εabHa
1Hb

2 . Note that the Yukawa structure necessarily implies that the quarks
and squarks within the same superfield obtain the same masses. Also theH1.H2 term is hyper-
charge neutral as the two chiral superfields have opposite hypercharges. Notice that objects like
H1.H1, H2.H2 vanish once indices are contracted.

In the SUSY Lagrangian we have ignored certain types of interactions. These are terms like
Li .H2, Li .L j Ēk, ŪiD̄ jD̄k or Li .Q jD̄k which respect SUSY gauge invariance and have no analogous
SM counterpart.

We would however like to suppress these interactions in the minimal version of SUSY as they
do not appear in the SM. These terms also lead to rapid proton decay. The suppression is achieved
by a discreteZ2 symmetry known as R parity under which̄Li , Ēi ,Qi, D̄i are odd andH1,H2 are
even.
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The idea is to realize that since superspace contains complex fermionic co-ordinatesθ, it’s
natural to consider phase transformations,

θa → eiα θa, θ†
ȧ → e−iα θ†

ȧ .

This is a spacetime symmetry in superspace, and an internal symmetry in ordinary space as the
co-ordinatesθ lie entirely in superspace. Therefore we can implement a global U(1) symmetry
termed as R symmetry by the following,

Φ(x,θ,θ†)→ Φ
′
(x,θ,θ†) = e(iαRφ)Φ(x,eiα θ,e−iα θ†),

whereΦ= φ+
√

2θξ +θθF .
Thus to implement the above symmetry, the component fields must satisfy,

φ → eiαRΦφ, ξ → eiα (RΦ−1)ξ , F → eiα (RΦ−2)F (3.2.5)

with the transformation of the measure beingd2θ → e−2iα d2θ.
As an example, the interaction,m

∫
d2θΦ2 is invariant under R symmetry with the assignment,

RΦ = 1. The component fields therefore transform as,

φ → eiα φ, ξ → ξ , F → e−iα F.

After removal of the auxiliary field this reduces to,

(m2φ∗φ+mξξ +c.c),

which is clearly invariant under the phase rotation and is non anomalous as the phase rotation does
not act onξ .

However the following problems are integral to imposing an Rsymmetry,

• R-symmetry is generically anomalous once we have gauge fields.

• Vector multiplets are neutral, implying that gaugino transforms with a phaseλ → eiα λ . This
forbids Majorana mass terms likeλλ for gauginos once SUSY is broken.

Hence R symmetry as an U(1) global symmetry is constrained. However theZ2 subgroup,
termed as R-parity is non anomalous and can be imposed as a symmetry. In MSSM R parity is
implemented asR= (−1)(3B−L+2s) where B is the baryon number, L the lepton number and s the
spin of the particle.

Quantities likeLi , Ē j , .. are odd under R-parity whileH1,H2 are even. Hence it forbids unwanted
couplings likeLiQ jEk. We thus assert that MSSM preserves R-parity4. As a consequence the
lepton doublet superfieldLe, which is odd under R parity has the scalar component, namelythe
selectron as odd and the SM fermion even. Thus SM particles are even under R parity while the
corresponding sparticles are odd. Since the Higgs superfield is even under R parity, the scalar
component is even while the higgsino is odd. Under R-parity,the vector superfield transforms
Aµ → Aµ , while the corresponding gaugino transforms asλ → −λ . The consequence of this is
that superpartners must be produced in pairs and hence the lightest superparticle must be stable as
it is the lightest R-odd state.

4 Note that R-parity is imposed by hand, and does not follow from any deep underlying principle. R-parity violating MSSM models have also
been widely studied in the literature.
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3.3 SUSY breaking

Notice that the formalism of MSSM thus developed predicts that the chiral multiplets that occur
in the same superfield must necessarily have the same mass. This is in clear contradiction with
experiments and thus SUSY must be broken. SUSY breaking comes under two broad classes;
firstly classical, which implies that the SUSY is broken spontaneously by the minimization of the
classical potential analogous to the SM. The second option is to achieve it dynamically by quantum
corrections.

However if neither of the above turn out to be the correct way of breaking SUSY, the other
option is explicit breaking by adding terms in the SUSY Lagrangian which are manifestly non
supersymmetric due to some unknown mechanism in the underlying theory.

3.3.1 General aspects of SUSY breaking

Note that the SUSY algebra can be written as [158], Pµ = 1
42σ ḃa†

µ {Qa,Q
†
ḃ
}. The Hamiltonian can

be expressed as,

H = P0 =
1
4
{Q1,Q

†
1̇
}+ 1

4
{Q2,Q

†
2̇
}.

Thus for any state|α 〉 the expectation value of the Hamiltonian can be written as,

〈α |H|α 〉= 1
4

2

∑
a=1

∑
n
(|〈α |Qa|n〉|2+ |〈α |Q†

ȧ|n〉|2).

The total energy is thus positive definite and invertible as long as SUSY algebra is intact. The
SUSY vacuum state can be defined as|Ω〉, with the condition that it remains invariant under SUSY
transformations namely under the infinitesimal transformation,

δ|Ω〉= i(εaQa+ ε†
ȧQ†ȧ)|Ω〉= 0,

implying Qa|Ω〉 = Qȧ|Ω〉 = 0. Therefore the SUSY vacuum must have vanishing total energy.
The scalar sector of the theory which is described by a complex scalar field has a physical vacuum
configuration corresponding to a minimum of the effective potential V(φ), including quantum
corrections. We thus assert that SUSY breaking correspondsto a global minima ofV(φ) such that,
SUSY is broken either when,

Qa|Ω〉 6= 0 or Q†
ȧ|Ω〉 6= 0

.
As a digression we mention a toy SUSY breaking scenario. Consider the chiral superfield

Φ = φ+
√

2θξ + θθF , and the SUSY transformations that leave it invariantδφ ∼ εξ , δξ ∼
ε†σµ∂µφ+ εF andδF ∼ ε†σµ∂µξ .

It is obvious that to break SUSY one of the terms in the chiral superfield must have a VEV,
such that the variation ofΦ does not leave it invariant.ξ cannot get a VEV as it destroys Lorentz
invariance,

while if φ gets a VEV it has to be a constant VEV and hence∂µφ = 0. Hence the only quantity
left is F which develops a VEV to break SUSY. We note thereforethat for a chiral superfield, the
only term that can get a VEV is the F term, and thus the configuration |〈Ω|F|Ω〉 > | = Λ2

s 6= 0,
leads to SSB in SUSY. Since F has mass dimensions of 2,Λs can be identified by a mass scale. For
the vector multiplet, we must have|〈Ω|D|Ω〉> |= Λ2

s 6= 0.
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To construct a superpotential with a set of interacting superfieldsΦi , note that any superpotential
of the formW = 1

2mi j ΦiΦ j +
1
6 fi jkΦiΦ jΦk without a linear term inΦ fails to produce a suitable F

term required for SUSY breaking. In such a caseF∗
i =−∂W

∂Φi
, can be made 0 with the choice of all

expectation values〈Φi〉= 0.
A widely studied SUSY breaking scenario is the O’Raifeartaigh’s model [162]. This is given

by the superpotential,
W (Φ1,Φ2,Φ3) = mΦ2Φ3+λ Φ1(Φ2

3−µ2).

For simplicity m,λ ,µ are assumed to be real. The equations of constraint are givenby,

F∗
1 =−λ (φ2

3 −µ2), F∗
2 =−mφ3, F∗

3 =−mφ2−2λφ1φ3.

It can be observed that there is no consistent set of solutions which can make all the F’s vanish
simultaneously. Thus F is always non zero everywhere in theφ space including the minima of
V(φ), thus breaking SUSY. The scalar potential in O’Raifeartaigh’s model is given by

V(φ1,φ2,φ3) = |λ (φ2
3 −µ2)|2+m2φ2

3 + |mφ2+2λφ1φ3|2.

In this model however model the supertrace, defined asSTr(m
˜

2) =∑1/2
J=0(−1)2J(2J+1)m2

J, (where
J is the spin and the sum runs over all the fields in the chiral multiplet) vanishes. It will be later
shown explicitly that the vanishing of the supertrace leadsto phenomenologically inconsistent
results, and in order for SUSY to be broken the supertrace must be non zero.

SUSY breaking can also be triggered by the D term in a vector superfield or a combination of F
and D term with coupled chiral and vector superfield. We take this up in the next section with the
connection to the supertrace formula.

3.3.2 The general mass sum rule

We remind ourselves that the scalar potential can be writtenas,

V = ∑
i
|W,i|2+

1
2∑(η +φ†Taφ)2

= ∑ |Fi|2+
1
2∑DaDa. (3.3.1)

A minimization of the scalar potential leads to mass terms for the fermions and scalars (both
left handed and right handed sectors). The squared mass matrix have components consisting of
superpotential derivatives and derivatives of D terms. Summing up the contributions from the
scalar fermion and the vectors the supertrace formula can bewritten as,

S Tr(m̃2) = Tr(m2)s−Tr(m†
f mf +c.c)+3Tr(m2

v)

= −2Tr Ta〈Da〉.

However it turns out that even this violation of the sum rule is not enough to realize MSSM
with spontaneous SUSY breaking.

In MSSM this sum rule amounts to taking the trace over the gauge groups of SU(2)L and U(1)Y.
Thus,

S Tr(m̃2) =−2(g2T3〈D3〉+g1
Y
2
〈Dy〉).
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Summing over the hypercharges and isospin of the lepton and the neutrino superfields and
similarly quark superfields,

STr(M2
e) = g2〈D3〉+g1〈Dy〉−2gy〈Dy〉

= g2〈D3〉−g1〈Dy〉,
STr(M2

ν) = −g2〈D3〉+g1〈Dy〉,
STr(M2

u) = −g2〈D3〉+g1〈Dy〉,
STr(M2

d) = g2〈D3〉−g1〈Dy〉.

Therefore the supertrace over the lepton and the quark superfield reads,

STr(M2
e)+STr(M2

ν) = m2
e−m2

ẽ+m2
ν −m2

ν̃ = 0,

STr(M2
u)+STr(M2

d) = m2
e−m2

ũ+m2
d −m2

d̃ = 0.

The above statement is true even after D term SUSY breaking. Thus, although asserting that this
was the most general D term breaking and in spite of the fact that the D term breaking did split the
individual multiplet, the supertrace over the full multiplet vanishes. Thus in every generation some
squark/slepton is lighter than the corresponding quarks and leptons and contradicts experimental
observations.

3.3.3 Soft SUSY breaking

The only remaining option therefore is to add SUSY breaking terms in the Lagrangian by construc-
tion. These terms are not manifestly supersymmetric but arechosen specifically so that they don’t
destroy the high energy properties of SUSY, in particular that it does not bring back the quadratic
divergences which we struggled to eliminate.

The general idea is to assume that there is a hidden sector of fields in some high scale unbroken
theory which are singlets under the SM gauge group. SUSY can be spontaneously broken there at
a scaleΛs. SUSY breaking is then transmitted to the visible sector(SM) by a set of fields called
"messengers". Thus instead of abandoning the SSB altogether it is passed on to a higher scale
theory. It is generally true that the scale of the messenger fields must be at least two orders of
magnitude higher than the SM scale. Hence if we integrate outthe hidden sector fields from the
gravity mediated interactions what remains of the theory contains the MSSM Lagrangian with the
addition of soft SUSY breaking terms. As it turns out the termsoft refers to the fact that the
Lagrangian should only consist of terms with mass dimensions less than or equal to 3 so that we
do not introduce terms that bring back quadratic divergences into play. With these the most general
soft SUSY breaking terms can be written as,

Lso f t = φ∗m2
i j φj +(ciφi −

1
2

Bi j φiφj +
1
3!

fi jkφiφjφk)+c.c

−1
2
(Mλ aλ a+c.c). (3.3.2)

The first line in Eq.3.3.2involves mass term for scalars and interactions of scalars while the
second line has Majorana mass terms for gauginos. Note that there are no mass terms for ordinary
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fermions. A bilinear likeξiξ j +c.c can be obtained from the scalar bilinear and a bilinear involving
chiral superfields. It can be shown that if chiral gauge superfields are present the mass terms for
chiral fermions no longer happen to be soft. Note also that there are no terms of the formφ∗φφas
they tend to generate quadratic divergences from tadpole diagrams.

In component form the content ofLso f t in MSSM has contributions from the squark/slepton
mass terms in the sfermion sector along with the gaugino and the Higgs mass terms. In addition
there are trilinear terms involving the Higgs and the sfermions. Note that there are no single scalar
terms of the formCiφi as there are no such gauge invariant terms in the SM. The content of Lso f t
can be written as,

−Lso f t = q̃∗iL(M
2
q̃ )i j q̃ jL + ũiR

∗(M 2
ũ )i j ũ jR+ d̃iR

∗(M 2
d̃ )i j d̃ jR+ ˜l iL

∗(M 2
l̃ )i j l̃ jL

+ẽiR
∗(M 2

ẽ )i j ẽjR+[h1.l̃ iL( f eAe)i j ẽ
∗

jR+h1.q̃iL( f dAd
i j d̃

∗
jR

+q̃iL .h2( f uAu)i j ũ
∗

jR+h.c]+m2
1|h1|2+m2

2|h2|2+(Bµh1.h2+h.c)

+
1
2
(M1B̃B̃+M2W̃

aW̃a+M3g̃ag̃a) (3.3.3)

The unfortunate consequence of the above Lagrangian is in the vast number of free parameters
that emerge out of these soft terms. Adding up the masses, trilinear terms and the phases the total
number turns out to be 105. With the contribution of the SM parameters, this amounts to over 120
undetermined quantities. Simplifying assumptions like flavor diagonal mass matrices and no extra
sources of CP violating phases beyond SM reduces the number significantly. This model is termed
as the phenomenological MSSM(pMSSM).

3.4 Hidden Sector models

A number of hidden sector SUSY breaking scenarios are present in the literature each with its pros
and contras. We list the three most widely studied models of hidden sector SUSY breaking.

• Gravity Mediation : SUSY is broken in the hidden sector of fields by higher dimensional oper-
ators. In terms of economy and simplicity, this is the most widely studied model. Throughout
this thesis we will be working in the framework of this model.

• Gauge mediation (GMSB): SUSY is broken in the hidden sector by a set of gauge fields. The
lightest SUSY particle in this case turns out to be the gravitino.

• Anomaly mediation (AMSB): SUSY is broken in the hidden sector by Super Weyl anomalies.
The LSP in this case can either beχ0

1 , which is almost degenerate with the next to leading
SUSY particle, or the sneutrino (ν̃L).

3.4.1 Minimal Supergravity(mSUGRA)/Constrained MSSM(CMSSM)

In terms of economy and simplicity, the most widely utilizedmodel of hidden sector SUSY break-
ing is the gravity mediated breaking, namely the minimal supergravity model [163–168]. So far we
have considered N=1 SUSY under invariant under a global symmetry. Elevating the infinitesimal
parameters of transformation to being local functions of spacetime coordinates requires to treat
the spacetime metric as a dynamical object. The simplest theory which achieves this is Einstein’s
theory of General Relativity.
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The supergravity multiplet for N=1, D=4 consists of the spin2 quantized particle of gravity, namely
the graviton , and a vector-spinor of spin 3/2 denoted byψα

µ known as the gravitino. The problem
of constructing locally supersymmetric Lagrangians for the supergravity multiplet can be tack-
led in two stages, namely to construct the globally supersymmetric Lagrangian and then use the
Noether procedure to turn the global symmetry into a local one.

A detailed derivation is beyond the scope of this thesis5, and merely the salient features are
sketched. The supergravity multiplet is constructed out ofthe Einstein-Hilbert action for the gravi-
ton and the Rarita-Schwinger action for the gravitino written in terms of the affine connections
and vielbein quantities defined in terms of the spin connection 6 . The interactions involving
chiral (matter) and vector (gauge) superfields are written in terms of the Kahler potentialG , a
gauge singlet function of complex scalar fields and the gaugekinetic functionfab, where the gauge
group indices a and b transform as the symmetric product of two adjoint representations. The
second derivatives ofG determine the form of kinetic energy for chiral superfields while fab deter-
mines terms for the gauge superfields. Canonical kinetic energy terms correspond toG j

i = δ j
i and

fab = δab. In general the supergravity Lagrangian is not a renormlizable one.
A SSB in these locally supersymmetric models take place if the F term of the superfield develops

a non zero VEV. This results in a massless fermion, the goldstino which is subsequently eaten by
the gravitino to acquire a mass given bym3/2 = Mple−〈G 〉/(2M2

Pl), thus increasing the degrees of
freedom of the gravitino from two to four. The masses for the scalar and the fermion sectors can
then be computed, by treating low energy supergravity in thelimit of MPl → ∞ holdingm3/2 fixed.
Thus one can follow the following ansatz for the minimal supergravity model. The first of these
assume universal SUSY breaking parameters for the scalar sector derived from the Kahler metric,
namely,

m2
i j = m2

0δi j , Ai jk = A0, Bi j = B0 (3.4.1)

Since RGE of the soft parameters evolve differently, the above relations do not hold at all
scales once quantum corrections are taken into account. Theabove relations therefore should be
interpreted as boundary conditions at scales just belowMPl. For the gaugino masses, since gauge
couplings unify at a scale close toMGUT ∼ 1016 GeV, it is reasonable to assume that the gauge
kinetic function fab at this scale is proportional toδab. This implies that all gaugino masses can be
assumed to acquire an universal value ofMα (MGUT) = m1/2. Therefore these universal boundary
conditions when evolved with RGE equations yield the low energy spectrum. In general spectrum
calculators like SUSPECT use a two loop RGE to evolve a generic high scale SUSY breaking
model down to the electroweak scale.

A characteristic relationship in mSUGRA is the following relationship at the electroweak scale,

M1(100GeV)≃ 0.41m1/2, M2(100GeV)≃ 0.82m1/2 M3(500GeV)≃ 2.6m1/2. (3.4.2)

The gaugino masses therefore follow the relationship (forµ ≫ M1,M2),

mχ0
1
≃ 1

2
mχ0

2 ,χ
±
1
≃ 1

6
mg̃. (3.4.3)

5 For a detailed discussion consult [163–168] and [169–171]
6 The Lagrangian for the mSUGRA multiplet can be written asL0 = LEH+LRS, whereLEH,LRSare the Einstein Hilbert and the Rarita Schwinger

contribution respectively. Written in terms of the vielbeins quantities this reads,

L0 =−1
4
|e|eµ

a eν
bRab

µν [ω]+
1
2

εµνρλ ψ̄ν γ5γµ Dρψλ

.
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The gluino mass is approximately 2.5-2.8 timesm1/2, depending on the choice of scale. The gluino
pole mass receives corrections from the squark sector and isroughly given by [158],

mpole
g̃ ≃ M3(M3)

[
1+

α3(M3)

4π

(
15+∑̃

q

mq̃

M3

)]
. (3.4.4)

On the other hand slepton and the squark masses receive significant corrections from the gaugino
sector. As an example, the selectron and squark masses are given by [158],

m2
ẽR
(100GeV) = m2

0+0.15m2
1/2 + D terms (3.4.5)

m2
ẽL
(100GeV) = m2

0+0.53m2
1/2 + D terms (3.4.6)

m2
q̃L
(500GeV) = m2

0+5.6m2
1/2 + D terms (3.4.7)

m2
q̃R
(500GeV) = m2

0+5.2m2
1/2 + D terms (3.4.8)

The D term contributions are not significantly large. In the largem1/2 region, the squarks and
the gluino are almost degenerate to each other. This has important consequences in collider phe-
nomenology, as we shall explore in Chapter7. Note that although the Yukawa couplings of the
first two generations of squarks can be neglected, the third generation Yukawas are significant and
play a role in radiative electroweak symmetry breaking. Thelarge hierarchy between the unifica-
tion scale and the electroweak scale (lnMU

MZ
= 33), also make it easy to obtain values of a negative

eigen value in the Higgs mass matrix (see3.6.1) by RGE running, required for EWSB. Generally
the soft parameterB0 is traded fortanβ and thus the set of parameters that completely determine
mSUGRA/CMSSM arem0,m1/2,A0, tanβ ,sgn(µ). The EWSB conditions can be expressed as,

1
2

M2
Z =

m2
1−m2

2tan2β
tan2β

−|µ|2. (3.4.9)

In terms of the mSUGRA parameters this is given by,

1
2

M2
Z = c0m2

0+c1m2
1/2+c2A2

0+c3m1/2A0−|µ|2, (3.4.10)

wherec0,c1,c2,c3 are numerical coefficients. Thus given the high scale valuesof m0,m1/2,A0,
the higgsino mass parameterµ2 is determined from the EWSB condition at the electroweak scale.
The sign ofµ however has to be fixed by hand. Low energy constraints like the anomalous mag-
netic moment of the muon ((g−2)µ) favor the sign to be positive. Observe that the electroweak
symmetry breaking condition also has a quadratic dependence on the parameterA0. This is partic-
ularly important, since the third generation trilinear coupling At derived from RGE running ofA0
controls the loop corrections to the Higgs mass. Typically alarge negative value ofAt is required
to achieve the correct Higgs mass of 125 GeV. This however forcesA0 to take up large negative
values thus reintroducing some amount of fine tuning in the theory.

Apart from the economy of the model, (which also results in a large predictive power of the
model) the mSUGRA/CMSSM also is a favorable model for the suppression of large FCNC con-
tributions. Along with this it also predicts a viable dark matter compatible regions in certain parts
of the parameter space as we shall explore in Chapter5.

The perturbativity of the Yukawa couplings require tanβ <
mt(Q0)
mb(Q0)

≃ 60. The boundA0 >

−4m0 follows from the fact that scalar potential should not have aminimum that breaks electro-
magnetic charge (U(1)em) or color charge SU(3)c. Since the scalar potential contains soft terms
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of the form ftAt t̃L t̃Rh0
2, a choice of phases can be made such that these terms are negative. One

generally expects only the neutral Higgs to acquire a non-zero VEV at the minima. However it is
possible that for large values of|At | the left and right stop states can acquire non-zero VEVs.

3.5 Masses and mixing in MSSM

3.5.1 Gaugino-higgsino-mixing

The mass terms in the MSSM Lagrangian come from two sources, namely the D terms and the
soft terms. The key term responsible in the MSSM Lagrangian are terms likeW̃h̃h∗ from the D
term in H†e2g2VH(Eq.3.2.3) and from the soft mass term (Eq.3.3.3). After EWSB the gauginos
and higgsinos charged under U(1) mix with the relevant Lagrangian given by,

Lchargino=− g2√
2
(v1W̃

+H̃−
1 +v2W̃

−H̃†
2)− (M2W̃

+W̃−+c.c)+(µH̃+
1 H̃−

2 +c.c).

7 The weak eigen statesψ are given by ,

ψ =

(
W̃+

H̃+

)
8. (3.5.1)

In terms of the mass of the W boson and the weak mixing angleθW, the mass matrix can be
read off from Eq.3.5.1,

Mc =

(
M2

√
2MW sinβ√

2MW cosβ µ

)
. (3.5.2)

Note that in general bothM2 andµ are not real. For complexM2 andµ the relative phases between
M2 andµ and betweenM2 andM1 may be important. However in the subsequent discussions, we
shall assume the relative phases to be zero. Since the two basis (W̃+ H̃+) and its complex conjugate
are different, two different unitary transformations on the two matrices are required to diagonalize
the mass matrix. This bi-unitary transformation can be usedto diagonalize the hermitian matrix
Mc†Mc. Thus,

U MV
−1 = MD

c ,

whereU ,V are the unitary matrices that diagonalize the chargino massmatrix.
The eigen states conventionally known as charginos (χ±

1,2),

|χ+〉= Vkmψ+
m , |χ−〉= Ukmψ−

m .

The matrixMc†Mc can be written as,

Mc†Mc =

(
|M2|2+2M2

Wcos2β
√

2MW(M∗
2 sinβ −µ cosβ)√

2MW(M2sinβ −µ∗ cosβ) |µ|2+2M2
Wsin2β

)
. (3.5.3)

The eigen values of the above equation are given by,

M2
1,2 =

1
2

[
M2

2 +µ2+2M2
W ∓

√
(M2

2 −µ2)2+4M4
W cos22β +4M2

W(M2
2 +µ2+2M2µ sin2β)

]
.

(3.5.4)
7 Note of course that the Majorana gluinos(λa,a= 1,2, . . . ,8 ) being part of SU(3) don’t mix.

8 We adopt the following convention, following [158]. H̃+ =

(
h̃1

2

h̃
2 T
1

)
, W̃+ =

(
λ+

λ̄− T

)
.
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It is interesting to look at limits of Eq.3.5.4, In the limit |µ| ≫ M2,MW, with εµ = µ
|µ| being

the sign ofµ,

mχ±
1
≃ M2−

M2
W

µ2 (M2+µ sin2β) , mχ±
2
≃ |µ|+ M2

W

µ2 εµ (M2sin2β −µ)

such that for largeµ, the lighter chargino is gaugino like, while the heavier chargino is higgsino
like. In the opposite limit, i.e for|µ| ≪ M2,MW, the above pattern is reversed.

The Lagrangian for the neutral gauginos and the higgsinos come from the soft mass terms for
the gauginos (Eq.3.3.3), from the superpotential termµH1.H2, and finally from the Higgs part of
the Lagrangian (Eq.3.2.3) with matter-gauge-Higgs couplings. Schematically the Lagrangian for
the neutral gaugino sector can be written as,

LGaugino−higgsino=−1
2

M3g̃ag̃a−
1
2

χ̄M(0)χ . (3.5.5)

The matrixχ is given by,

χ =




B̃0

W̃3

H̃0
1

H̃0
2


 . (3.5.6)

The neutralino mass matrix is,

M(0) =




M1 0 −MZ cosβ sinθW MZ sinβ sinθW
0 M2 MZ cosβ cosθW −MZ sinβ cosθW

−MZ cosβ sinθW MZ cosβ cosθW 0 −µ
MZ sinβ sinθW −MZ sinβ cosθW −µ 0


 .

The mass eigen statesχ0
i , termed neutralinos are obtained by diagonalization as,

|χ0
l 〉= Zlnψ0

n , Z∗MnZ−1 = MD
n .

In general the entries of the matrix Z can be purely real or purely imaginary. For real Z, the eigen
values of the neutralino matrix can sometimes be negative. These have to be then redefined by
chiral rotations to make them positive.

In the limit |µ| ≫ |M1,2|>> MW,MZ the mass eigen states are given by,

mχ0
1

≃ M1−
M2

Z

µ2 (M1+µ sin2β)sin2θW

mχ0
2

≃ M2−
M2

Z

µ2 (M2+µ sin2β)cos2θW

mχ0
3

≃ |µ|+ 1
2

M2
Z

µ2 εµ(1−sin2β)
(
µ +M2sin2θW +M1cos2θW

)

mχ0
4

≃ |µ|+ 1
2

M2
Z

µ2 εµ(1+sin2β)
(
µ −M2sin2θW −M1cos2θW

)
,

such that for largeµ, the two lightest neutralinos are gaugino like, while the heavier neutralinos
are higgsino like.

In the opposite limit|M1|≫ |µ|≫MW,MZ, the lightest chargino and the two lighter neutralinos
are higgsino like while the heavier ones are gaugino like.
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3.5.2 Sfermion mixings

Fo the sleptons, the relevant contributions come from the F and D terms of−µH1.H2− f e
i j Li .H1Ē j ,

the slepton mass term̃l iL∗(M 2
l̃
)i j l̃ jL + ẽiR

∗(M 2
ẽ )i j ẽjR and the termh1.l̃ iL( f eAe)i j ẽ∗ jR in the soft

Lagrangian. These terms contribute to the sfermion mass matrix after the Higgs field have acquired
a VEV. The analogous terms can be written for squark mixings as well.

The general six component sfermion vector can be written as,

f̃ =

(
f̃L
f̃R

)
(3.5.7)

where f̃L and f̃R are three component vectors in the generation space withf̃iL and f̃iR as the
superpartner of the quark or the lepton field.

The squared mass matrices can be written as,

M2
f̃ =

(
M2

f̃LL
M2

f̃LR

M2
f̃RL

M2
f̃RR

)
. (3.5.8)

It is instructive to consider to limits to this above generalmixing structure. In the limit of no
L–R mixing the mass matrices are diagonal, and the unitary matrix diagonalizing the mass matrix
can be brought into a chiral block diagonal form.

The second limit to consider is the limit of no flavor mixing, but general L-R mixing. In this
situation the 6×6 mixing matrix couples the left and right states of a given flavor.

We consider the special case of third generation where it is reasonable to take them as decoupled
from the first two generations. However due to large Yukawa couplings there can be a significant
L–R mixing.

The third generation mass matrices can be summarized by the following,
(

m̃2
tL mt(At −µ cotβ)

mt(At −µ cotβ) m̃2
tR

)
, (3.5.9)

(
m̃2

bL mb(Ab−µ tanβ)
mb(Ab−µ tanβ) m̃2

bR

)
, (3.5.10)

(
m̃2

τL mτ (Aτ −µ tanβ)
mτ (Aτ −µ tanβ) m̃2

τR

)
(3.5.11)

with,

m̃2
tL = m̃2

Q+m2
t +

1
6

(
4M2

W −M2
Z

)
cos2β ,

m̃2
tR = m̃2

U +m2
t − 2

3(M
2
W −M2

Z)cos2β ,
m̃2

bL = m̃2
Q+m2

b− 1
6(2M2

W +M2
Z)cos2β ,

m̃2
bR = m̃2

D +m2
b+

1
3(M

2
W −M2

Z)cos2β ,
m̃2

τL = m̃2
L+m2

τ − 1
2(2M2

W −M2
Z)cos2β ,

m̃2
τR = m̃2

E +m2
τ +(M2

W −M2
Z)cos2β .

The eigen values for the stop sector are given by,

(mt̃1,t̃2)
2 =

1
2
{m2

t̃L +mt̃2
R
±
√

[(m2
t̃L
−m2

t̃R
)2+4X2

t m2
t ]} (3.5.12)

where Xt = At −µcotβ .
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3.6 The Higgs sector of MSSM

3.6.1 The potential and stability

Recall that MSSM was constructed to have two Higgs doublets,whose scalar parts are given by,

hD
1 =

(
h0

1
h−1

)
, hD

2 =

(
h+2
h0

2

)
(3.6.1)

The hypercharge assignments forhD
1 and hD

2 are Y=-1,1 respectively thus fixing the isospin
assignments of the doublet. Note that the first doublet (hD

1 ) provides masses to the down type
quarks while the second doublet (hD

2 ) gives masses to the up type quarks.
After the Higgs mechanism, the neutral parts of the scalar components is assigned a VEV,

< h2 >=
1√
2

(
0
v2

)
;< h1 >=

1√
2

(
v1
0

)
.

The doublets are complex and hence in components adds up to 8 real fields. 3 of these fields are
expected to be used up to generate masses for the W and the Z bosons leaving behind 5 physical
Higgs bosons. Out of these, 3 are neutral from the neutral components of the doublet while we
have 1 charged Higgs field and its complex conjugate counterpart.

The contribution to the Higgs potential comes from 3 sources, the F term, originating from the
superpotential with F∗k =− ∂ WMSSM

∂ Φ†
k

, the D term from the kinetic term in the MSSM Lagrangian,

and finally from the soft term. The F, D and the soft term contributions are summarized as,

VF = |µ|2(|h1|2+ |h2|2),

VD =
g2

1+g2
2

8
(|h1|2−|h2|2)2+

g2
2

2
|h†

1h2|2,

Vso f t = m2
1|h1|2+m2

2|h2|2− (m2
3h1.h2+h.c),

where the coefficientsm2
1, m2

2 andm2
3 =−Bµ have dimensions of mass squared.

Observe that the D term contribution is reminiscent of the quartic couplingλ in the SM La-
grangian. However unlike the SM whereλ was a free parameter the quartic term is totally deter-
mined by the value of the gauge couplings which are fixed experimentally. It can also be observed
that all the quartic dependence only appear in the D term and nowhere else.

Thus the tree level scalar potential can be written down as,

Vtree=m2
1|h1|2+m2

2|h2|2−m2
3(h1.h2+h.c.)+

g2
2+g2

1

8
(|h1|2−|h2|2)2+

g2
2

2
|h†

1h2|2+|µ|2(|h1|2+|h2|2).
(3.6.2)

To minimize Eq. 3.6.2, we differentiate with respect toh0
1,h0

2 and set the VEV of the neutral
components of the two Higgs doublets tov1 andv2. The resulting equations of constraint are given
by,

−2Bµ = 2m2
3 = (m2

1−m2
2) tan2β +M2

Z sin2β , (3.6.3)

|µ|2 =
1

cos2β
(m2

2sin2β −m2
1cos2β)− 1

2
M2

Z, (3.6.4)

with,
〈h1〉 ≡ v1 = vcosβ , 〈h2〉 ≡ v2 = vsinβ ,
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v2 = v2
1+v2

2, tanβ ≡ v2

v1
,

such that,

M2
W =

g2
2

2
v2, M2

Z =
g2

1+g2
2

2
v2.

Finally the tree level potential in the component form for the neutral Higgs can be written as,

V = (m2
1+ |µ|2)|h0

1|2+(m2
2+ |µ|2)|h0

2|2−

Bµ(h0
1h0

2+
g2

2+g2
1

8
h̄0

1h̄0
2)(|h0

1|2−|h0
2|2)2. (3.6.5)

Settingh0
1 =±h0

2, the tree level potential can be written as,

V ∼ [(m2
1+m2

2+2|µ|2±Bµ)]|h0
1|2. (3.6.6)

The positivity of the potential thus requires,

m2
1+m2

2+2|µ|2 > 2B|µ|. (3.6.7)

On the other hand quadratic part of the tree level potential can be put in matrix form to obtain,
(

m2
1+ |µ|2 −Bµ
−Bµ m2

2+ |µ|2
)
. (3.6.8)

in the h1, h2 space and is to be worked out before the Higgs mechanism. Clearly the trace is
positive, and hence for non zero VEV’s to develop (i.e , for EWSB), one eigen value must be
negative, implying that the determinant must be negative. Therefore,

(m2
1+ |µ|2)(m2

2+ |µ|2)< (Bµ)2. (3.6.9)

In the limit wherem2
1 = m2

2 = µ, the simultaneous requirement of the positivity of the potential
(Eq. 3.6.7) and the negative determinant (Eq.3.6.9) are in contradiction to each other. These
equations are therefore mutually incompatible at the GUT scale and at tree level leads to the con-
clusion that spontaneous breaking of SU(2) gauge symmetry,a necessity in SM does not happen in
MSSM. This is potentially bad news; however note that this isonly a tree level result and is valid
only at the GUT scale with universal soft parameters. As we run down in RGE these relations
indeed change as the parameters get renormalized, and the large hierarchy between the EW scale
and the GUT scale is sufficient to drive one of the eigen values(Eq . 3.6.9) to be negative.

3.6.2 Masses for the Higgs sector

The charged Higgses acquire masses from the usual suspects,namely, the F term in the superpoten-
tial, the D term from the kinetic term, and finally from the soft terms. In the basis of(h+1 h+2 ) and
its complex conjugate the charged Higgs mass matrix can be expressed as (noting thatv2

v1
= tanβ),

M2
H± =

{
Bµ

v2

v1
+

g2
2v2

2

4

}(
tanβ 1

1 cotβ

)
. (3.6.10)
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Clearly there is a zero eigen vector which corresponds to thecharged Goldstone bosons which
will finally be eaten up to give masses to theW± bosons. The eigen values and eigen vectors of
the matrix are thus,

H±= sinβh±1 +cosβh±2 , m2
H± =(Bµ

v2

v1
+

g2
2v2

2

4
)(2cosec 2β) : G±=−cosβh±1 +sinβh±2 , m2

G± =0.

(3.6.11)
We next turn our attention to the neutral Higgs bosons. The imaginary parts of the neutral Higgs

bosonsI m h0
1,h

0
2 mix, thus generating the massless Goldstone boson ( which finally gets eaten up

to provide mass to the Z boson after EWSB), and the CP odd (being a linear combination of the
imaginary parts of the neutral Higgs fields) Higgs A. The massmatrix can be expressed as,

M2
I m h0 = (Bµ

v2

v1
)

(
tanβ 1

1 cotβ

)
. (3.6.12)

with eigen values m2G0 = 0, and m2
A = |Bµ|cosec 2β . The corresponding eigen vectors are given

by,

G0
√

2
= sinβI m h0

1+cosβI m h0
2,

A√
2
=−cosβI m h0

1+sinβI m h0
2.

Finally theRe h0
1,h

0
2 mix to give the neutral CP even Higgs bosons. In the above basis the mass

matrix can be expressed as,

M2
Re h0 =

(
m2

Asin2β +M2
Z cos2β −(m2

A+M2
Z)sinβ cosβ

−(m2
A+M2

Z)sinβ cosβ m2
Acos2β +M2

Z sin2β

)
. (3.6.13)

The eigen values are given by,

m2
H,h =

1
2

[
m2

A+M2
Z±
√

(m2
A+M2

Z)
2−4m2

AM2
Z cos22β

]
, (3.6.14)

with H being the heavier Higgs boson by convention. As usual the eigen vectors are given by,

H√
2
=(Re h0

1−
v1√

2
)cosα +(Re h0

2−
v2√

2
)sinα ,

h√
2
=−(Re h0

1−
v1√

2
)sinα +(Re h0

2−
v2√

2
)cosα .

The mixing angleα in the neutral Higgs sector can be read off from the mass matrix and is
given by,

sin2α =−m2
H +m2

h

m2
H −m2

h

sin2β . (3.6.15)

Note 0≤ β ≤ π
2 thus restrictingα to the interval−−π

2 ≤ α ≤ 0.
The following tree level relations that emerge out of the above discussion,

m2
H± = m2

A+M2
W > max(M2

W,m2
A), (3.6.16)

m2
h+m2

H = m2
A+M2

Z. (3.6.17)

mh < min(MA,MZ)|cos2β |< min(MA,MZ), (3.6.18)

mH > max(MA,MZ)

cos2(β −α ) =
m2

h(M
2
Z−m2

h)

m2
A(m

2
H −m2

h)
. (3.6.19)
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As passing comments we note that asmA → 0, mh → 0. In the other extreme limit,mA → ∞ (the
decoupling limit)9, the mass of the lightest Higgs bosonmh → MZ cos2β . In this limit thus we
havemA ∼ mH ∼ mH± while cos(β −α ) = 0. The lightest Higgs boson is thus bounded by the
mass of the Z boson while the rest are uniformly heavy. Thus inthis limit the MSSM decouples
from the SM and it can be shown that the couplings of the lightest higgs to SM fermions are not
different between SM and MSSM.

The radiative correction to the lightest Higgs mass can be significantly large. The one loop
correction can be summarized by,

δm2
h =

3GF√
2π2

m4
t

[
log

M2
SUSY

m2
t

+

{
X2

t

M2
SUSY

(
1− X2

t

12M2
SUSY

)}]
, (3.6.20)

whereXt = At −µcotβ , the mixing in the stop mass matrix andMSUSY=
√

t̃1t̃2. The expression
is maximized whenXt =

√
6MSUSY, and the Higgs mass can be as large as∼ 135 GeV. Note that the

Higgs like particle discovered at LHC has a mass of 125 GeV andthus can be easily incorporated
in this scenario. We thus observe that the stop sector has important consequences for the Higgs
sector.

3.7 Interactions in MSSM

The MSSM Lagrangian , Eq.3.2.1-3.2.3, and the soft SUSY breaking terms, once deconstructed
reveal the interactions between various sparticles and theSM counterparts. Some of the main
interactions are summarized below,

• Strong interactions: These are interactions between the gluino, gluon along with the squarks
and quarks, following the laws of QCD characterized by the strong coupling constantg3.

Some of the principal strong interaction vertices are listed below,

1. Lgg̃g̃ =− 1
2g3g̃ag̃cfabcγµgb,

2. Lgq̃L,Rq̃L,R =− g3gaq̃L,RTa∂µ ¯̃qL,R + h.c ,

3. Lg̃q̃L,Rq =−
√

2g3 q̄TaPL g̃aq̃+
√

2g3 q̄TaPRg̃aq̃ + h.c.

In terms of the quark/squark flavor rotation matrices U,W theabove can be expressed as,

Lg̃q̃L,Rq =
√

2g3 ∑
q=u,d

q̄i [U
qR
ji Wq̃

j+3 sPL −UqR
ji Wj sPR]T

ag̃aq̃s + h.c,

where the subscript on the squark denotes the mass eigen state and the squark fields are
written in the vector color space. In Fig.3.1 the production of the gluino pair and the
squark gluino is presented illustrating the relevant Feynman rules.

• Weak interactions between sfermions and gauginos: Writtenin terms of the two component

spinorsξ 1(2)
Qi

andξ 1(2)
Li

for left handed quarks(Qi) and leptons(Li) respectively, the following

9 AlthoughmA → ∞ is the definition of the decoupling limit, for all practical purposesmA > 250 GeV can be taken as the decoupling limit.
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terms emerge,

Lff̃′∗χ± = −g2(λ̃ −ξ 1
Qi

d̃∗
iL + λ̃ +ξ 2

Qi
ũ∗iL + λ̃ −ξ 1

Li
ẽ∗iL + λ̃ +ξ 2

Li
ν̃∗

iL)

+
g2(m∗

u)i j√
2MW sinβ

(h̃1
2ξ 2

Qi
ũ∗jR+ h̃1

2ξŪ j
d̃iL)

+
g2(m∗

d)i j√
2MW cosβ

(h̃2
2ξ 2

Qi
d̃∗

jR+ h̃2
2ξD̄ j

ũiL)

+
g2(m∗

e)i j√
2MW cosβ

(h̃2
2ξ 2

Li
ẽ∗jR+ h̃2

2ξĒ j
ν̃iL)+h.c. (3.7.1)

g̃(P4, s4, d)

−ıgsT
a(q = P1 − P3)

q(P2, s2, b)

q̃

−ı
√

2gs(L − R)T f

q̃(P3, s3, c)g(P1, s1, a)

Figure 3.1:The gluino production (left panel) and the squark gluino production (right ) panel with Feynman rules

In the above expression the first line describe the the gaugino-fermion-sfermion interactions,
while the last three lines describe the higgsino-fermion-sfermion interaction. It can be ob-
served that the higgsino interactions are proportional to the masses, so that in the limit of
massless fermions the higgsinos decouple from the matter sector. In terms of the physical
basis of chargino mass eigen states, and a sum over all fermions fui , fdi (quarks/squarks and
leptons/sleptons with generation indices i and j), the above equation can be written as,

Lff̃′∗χ± = −g2[Uk1 f̄ui PRχ±
k f̃diL +Vk1 f̄di PR(χ±

k )C f̃uiL]

+
g2(mfd)i j√
2MW cosβ

Uk2[ f̄ui PRχ±
k f̄d jR+ f̃ ∗uiL(χ

±
k )CPR fd j ]

+
g2(mfu)i j√
2MW sinβ

Vk2[ f̄di PR(χ±
k )C f̄u jR+ f̃ ∗uiL(χ

±
k )PR fu j ] + h.c. (3.7.2)

• The sfermion-fermion-neutralino interactions : In the physical basis of neutralino eigen states,
the relevant Lagrangian can be written as,

L f f̃ ′∗χ0 = ∑
f=u,d,e,ν

χ0
l (G

fL
l f̃ ∗iLPL +GfL

l f̃ ∗iLPR) fi

− g2√
2MW sinβ

[(m∗
u)i j Z

∗
l4ũ†

jRχ0
l PLui +(mu)i j Zl4ũ†

iLχ0
l PRu j ]

− g2√
2MW cosβ

[(m∗
d)i j Z

∗
l3d̃†

jRχ0
l PLdi +(md)i j Zl3d̃†

iLχ0
l PRd j ]

− g2√
2MW cosβ

[(m∗
e)i j Z

∗
l3ẽ†

jRχ0
l PLei +(me)i j Zl3ẽ†

iLχ0
l PRej ] + h.c,(3.7.3)
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where the coupling strengthsGfL
l ,GfR

l is given by,

GfL
l = −

√
2g2[T

f
3LZ∗

l2+ tanθW(Qf −T f
3L)Z

∗
l1]

GfR
l =

√
2g2 tanθWQf Zl1. (3.7.4)
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Chapter 4

Direct and indirect constraints on the SUSY
parameter space

SUSY parameter spaces are constrained from a variety of sources. The constraints on the SUSY
parameter spaces can be divided in three categories. The first category are theoretical constraints,
and some of them are listed as follows

1. As described in Chapter3, the SUSY vacuum must be stable even after quantum corrections.

2. Secondly the RGE must be convergent at all scales while evolution from a high scale theory.

3. The SUSY vacuum must not breakU(1)emor SU(3)c(color charge breaking).

The second type of constraints are purely experimental, andcan be divided in two parts.

1. Firstly constraints from direct searches of supersymmetric particles in colliders. This is by
far the most robust direct experimental constraint on SUSY.The experimental searches at
LEP and Tevatron, along with LHC have looked for SUSY signatures, and in the absence of
any signal have put limits on the sparticles which have been translated into constraints on the
SUSY parameter space in the framework of certain specific models.

2. Secondly, where SUSY particles appear in loops in low energy processes, in particular flavor
processes. The sources of flavor violation in SUSY occur mainly from the soft SUSY break-
ing terms. This leads to the fact that squarks and slepton mass matrices are not diagonal.
The size of these off diagonal contributions can be significantly large thus leading to sizeable
enhancement or suppression of branching ratios of rare decays. The size of these off diag-
onal terms are strongly restricted by experimental data. Anusual simplifying assumption is
that these matrices are diagonal, although there is no compelling theoretical reasoning behind
this. In general the indirect constraints point to the region of parameter space that one should
probe in order to look for SUSY signatures.

The third type, which should be taken as a pointer rather thanan explicit constraint is from dark
matter. The SUSY parameter space satisfying the dark matterrelic density constraint is limited,
and depends crucially on the interplay of various parameters. The assertion that the observed dark
matter in the universe only consists of one candidate is alsoa simplified one. It should therefore
be taken as wishful requirement rather than a hard constraint.

A detailed description of these constraints is beyond the scope of this thesis. A brief outline
of various constraints is described below. A detailed analysis of the constraints on the CMSSM
parameter space is provided in Chapter5.
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4.1 Constraints from flavor physics

The origin of the flavor problem in MSSM is in the occurrence large FCNC amplitudes due to
sizable mixings in the sfermion mass matrices.

An example of the flavor problem in MSSM is theK0− K̄0 mixing, with the mass eigen states
given byKL andKS. In standard model theK0− K̄0 occurs via the diagram in the Fig.4.1.

Figure 4.1:Diagrams for K0− K̄0 mixing for SM contribution (Left panel ) and MSSM contribution (right panel).

The experimental value for the difference in the masses of mKL −mKS = 3.5×10−6 eV [31],
which is close to the SM expectation. In MSSM the extra contribution originates from the right
panel diagram in Fig.4.1. The contribution is summarized by the amplitude,

g4
3

m̃6 |∑ U d̃L
1i U

d̃†
L

i2 ∆ m2
d̃i
|2, (4.1.1)

whereg3 is the strong coupling constant, U the unitary matrices thatdiagonalize the sfermion
mass matrices while m̃= max(mq̃,mg̃). If the difference in the squark masses areO(100) GeV,
this contribution yields a value 3 orders of magnitude larger than the SM contribution.

To suppress the unwanted large FCNC contribution in MSSM, the first choice is to make m̃6

large, i.e to make the first two generations of squarks fairlyheavy. The second solution is to align
the sfermion mixing matrix to make it proportional to the fermion mixing matrix, such that the
fermion and sfermion mass matrix can be diagonalized in the same basis leading to U1iU

†
i2 = 0.

The last option is to make all the sfermions degenerate such that∆m2
d̃i
= 0.

Thus any measurement of a low-energy process which (a) gets contributions from these sparti-
cles, and (b) is measured with sufficient accuracy to access these usually small effects, will impose
a constraint on the MSSM. Based on these two criteria, we can now discernthreedistinct types of
low-energy constraints.

1. The first type is where the low-energy effect is observed and the measurement is consistent
with the SM prediction. In this case, any contributions fromthe MSSM will have to be
small enough to fit into the small leeway allowed by the error bars. Such constraints have a
tendency to get tighter and tighter as more data are collected in an experiment and the error
bars shrink.The relevant example of this is the radiativeB decayB→Xsγ, where the measured
value of the branching ratio BR(B→ Xsγ) is (3.55±0.24±0.09)×10−4 [26] against an SM
prediction of(3.15±0.23)×10−4 [27,172–175].
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Figure 4.2:The SM and MSSM diagrams for the transition B→ Xsγ. The first two diagrams represent the SM contri-
bution while the last three includes the MSSM contribution.

The SM contribution, which comes from the first two diagrams in Fig. 4.2is proportional to,

Br(B→ Xsγ) ∝

∣∣∣∣∣
V∗

tsVtb

Vcb

∣∣∣∣∣

2

. (4.1.2)

The MSSM contribution comes from the last three diagrams shown in Fig. 4.2. The correc-
tions are enhanced by tanβ and are dominated by the diagrams with the chargino and charged
Higgs contributions. The tanβ-enhanced chargino contributions toBRMSSM(B→ Xsγ) can be
expressed as [176,177],

BRMSSM(B→ Xsγ)
∣∣∣
χ±

∝ µAt tanβ f (m2
t̃1,m̃

2
t̃2,mχ±)

mb

v(1+δmb)
, (4.1.3)

Here all dominant higher-order contributions are includedthroughδmb, and f is the integral
appearing in the one-loop diagram. The charged-Higgs contributions to BRMSSM(B → Xsγ),
which is enhanced for large tanβ is [176,177] ,

BRMSSM(B→ Xsγ)
∣∣∣
H±

∝
mb(yt cosβ −δyt sinβ)

vcosβ(1+δmb)
g(mH±,mt), (4.1.4)

whereg is the loop integral appearing in the diagram.

2. The second type is where the SM effect is not consistent with the existing experimental up-
per bound, which leaves room for reasonably significant contributions from the MSSM. Even
more than the previous case, these constraints get tighter as the experimental bounds are
tightened, but often, even with improvements in experimental techniques, this bound remains
significantly above the SM prediction, so that there is always some room for a MSSM con-
tribution. A good example of this was the decayBs→ µ+µ−, where the experimental upper
bound on BR(Bs → µ+µ−) has been recently improved to 4.5× 10−9 [28] against a SM
prediction of(3.2±0.2)×10−9 [29].1 Thus, the MSSM contribution must satisfy,

BRMSSM(Bs→ µ+µ−)≤ 1.8×10−9 .

In MSSM the largest contribution with an enhancement of tan6β comes from the diagram on
the extreme right panel of Fig.4.2.

1At the time of writing this thesis the evidence for the decayBs → µ+µ− has been reported by LHCb [178] and CMS [179]. The branching
ratio obtained by CMS is(3.0+1.0

−0.9)×10−9 while the LHCb reported is(2.9+1.1
−1.0)×10−9.
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Figure 4.3:The SM and MSSM diagrams for the transition Bs → µ+µ−. The first two diagrams represent the SM
contribution, while the last diagram includes the MSSM contribution.

The MSSM contribution to the branching ratio forBs → µ+µ− has been calculated in [180,
181],

BRMSSM(Bs→ µ+µ−) =
2τBM5

B

64π
f 2
Bs

√
1− 4m2

l

M2
B

(4.1.5)

×



(

1− 4m2
l

M2
B

)∣∣∣∣∣
(CS−C′

S)

(mb+ms)

∣∣∣∣∣

2

+

∣∣∣∣∣
(CP−C′

P)

(mb+ms)
+2

mµ

M2
Bs

(CA−C′
A)

∣∣∣∣∣

2

 ,

where fBs is theBs decay constant,MB is theB-meson mass,τB is the mean life time andml is
the mass of the lepton. The quantitiesCS, C′

S, CP, C′
P represent the SUSY loop contributions

due to the diagrams involving stop, chargino, sneutrino, Higgs. The dominant contribution to
CS is given approximately by [180,181],

CS≃
GFα√

2π
VtbV

∗
ts

(
tan3β

4sin2θW

)(
mbmµmtµ

M2
WM2

A

)
sin2θt̃

2




m2
t̃1

log
(

m2
t̃1
/µ2

)

µ2−m2
t̃1

−
m2

t̃2
log
(

m2
t̃2
/µ2

)

µ2−m2
t̃2


 ,

(4.1.6)
whereθt̃ is the mixing angle in the stop mass matrix. Evidently the amplitude grows as
tan6β . Thus if the experimental value is consistent with the SM expected result, the large
tanβ scenario in MSSM will be constrained. It can be observed, however, that the tanβ
dependence can be suppressed if the stop masses become equal.

3. There exists a third – and rare – type of low-energy processwhere the experimental result is
not consistent with the SM prediction at some level between 1–2σ . The experience of the
past few decades has generally been that a more accurate measurement of the process, or a
more sophisticated computation of the SM prediction generally brings the two into perfect
consistency, but there are results which have till date defied this comfortable precedent. An
example of this is the anomalous magnetic moment of the muon(aµ = (g−2)µ/2).

A review on the theoretical value of(g−2)µ can be found in [182], which is in agreement
with the latest values from [183]. The measurement of the anomalous magnetic moment of
the muon indicates a small deviation from the SM of the order of 3 σ [184]:

aexp
µ = 11 659 2080(63)×10−11,

aSM
µ = 11 659 1790(64)×10−11,

∆aµ = aexp
µ −atheor

µ = (290±90)×10−11,
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Figure 4.4:The diagrams contributing to aµ in the SM and in the MSSM.

where the SM contributions can be summarized as,

aQED
µ = 11 658 4718.1 (0.2)×10−11,

aweak
µ = 153.2 (1.8)×10−11,

ahadron
µ = 6918.7 (65)×10−11.

The accuracy of the experiment is close to the QED contribution predicted by theoretical
calculation. The SM diagrams contributing to(g−2)µ/2 are presented in in Fig.4.4.This
apparent discrepancy can be reconciled by the SUSY contributions arising from the last two
diagrams of Fig.4.4.

The MSSM contribution toaµ from Fig. 4.4 has been calculated in [185]. The dominant
contribution originates from chargino induced diagrams and is enhanced by tanβ [186]. The
MSSM contribution favors the sign ofµ to be positive [187]. It must be noted that in order
to reconcile the experimental and theoretical values, the MSSM spectrum is expected to be
light.

4.2 Dark matter relic density constraints

It is now a well established fact that only about 4% of the total energy budget of the universe is
composed of baryonic matter. The relic density (Ω) values for the matter content of the universe
can be summarized as [32],

Ωtotal = 1.02±0.02,

Ωvacuum= 0.73±0.04,

Ωmatter= 0.23±0.04,

Ωbaryon= 0.044±0.004.

The evidence of dark matter is manifested in rotation curvesof galaxies, as well as gravita-
tional lensing studies in Bullet clusters, and large scale structure formation. Since the dark matter
candidate acts only via gravity and weak interaction it is incapable of producing compact objects.
In terms of the thermal evolution of the early universe a situation can arise when some species of
particles decouple from the thermal bath of the others. We asserted that MSSM with exact R-parity
with the lightest neutralino as the LSP was a potential dark matter candidate [188].
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Figure 4.5: Some of the most important Feynman diagrams for neutralino annihilation.
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The dark matter relic density is calculated using the Boltzmann equation [189],

dnχ

dt
+3Hnχ =−〈σv〉(n2

χ −n2
χ ,eq), (4.2.1)

whereH = Ṙ/R is the Hubble parameter,nχ ,eq the equilibrium concentration of the LSP,〈σv〉
the thermally averaged annihilation cross section over thevelocity v. In early universe, when the
temperature was much higher than the mass of the LSP (mχ ), the creation and annihilation of the
LSP occurred at equal rates. With the Hubble expansion of theuniverse, and the depletion ofχ
particles by annihilation, the number density ofχ particles became sufficiently small such that they
ceased to interact with each other, and hence surviving tillthe present day. The relic abundance is
expressed in terms ofnχ as [189],

Ωχh2 =
mχnχ

ρc
≈ 2 ·10−27 cm3 sec−1

〈σv〉 , (4.2.2)

The above cross section is in the ball park of the electroweakcross section. This leads to the
speculation that the dark matter candidate is a weakly interacting massive particle (WIMP). The
above calculation however does not take into account the effect of co-annihilations. In these cases,
particles other than the WIMP itself can play an important role in the freeze-out process. Such a
situation can arise when a particle is quasi-degenerate with the WIMP and hence can co-annihilate
with it.

The WIMP candidate must be electrically neutral and stable for it to satisfy all the known facts
about the known dark matter relic abundance in the universe.SUSY as advocated earlier offers the
lightest neutralino as the candidate for dark matter. The lightest neutralinoχ0

1 is a combination of
(Eq. 3.5.7),

|χ̃0
1〉= N1|B̃0〉+N2|W̃3

0 〉+N3|H̃1〉+N4|H̃2〉.
Over much or most of the supersymmetric parameter space, therelic abundance of neutralinos

is predicted to be in excess of the observed dark matter density and hence we are forced to constrain
ourselves to specific regions of parameter space. The following scenarios emerge in this context.

• Bulk region : The lightest neutralino has a higgsino or wino fraction: In this case the cou-
plings can be fairly large and, as a result, annihilate very efficiently.

• Funnel Region : Resonance with the CP-odd Higgs A. If the massof the lightest neutralino
is near this resonance, then with small couplings it can annihilate efficiently.

• τ̃ co-annihilation region, where the lightτ̃ is nearly degenerate with the LSP.

In Fig. 4.5some of the most important diagrams for neutralino annihilation are presented.

4.3 Constraints from collider experiments

The quest for SUSY signatures in colliders began at the UA1, UA2 experiments and followed by
the LEP experiment. Te LEP collider being ane+e− collider, the production proceeds through
electroweak interactions. Hence the primary sparticles ofinterest were charginos and sleptons.
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In addition the signatures of lightest stop and the sbottom was also studied. In absence of any
signal the following limits were imposed on the sparticle masses from LEP II [31],

mẽ≥ 105 GeV, mt̃ ≥ 90 GeV

mχ±
1
≥ 100 GeV, mµ̃ ≥ 100 GeV, mb̃ ≥ 80 GeV, mτ̃ ≥ 80 GeV.

An extensive detail of SUSY signatures at LHC and recent results on various channels is dis-
cussed in Chapter7. Here we only summarize the results from the Tevatron run II on squark
and gluino which stands atmq̃ ≥ 300 GeV,mg̃ ≥ 195 GeV [190]. At the LHC, the current limits
on the squarks of the first two generations and the gluino in the framework of CMSSM stand at
mg̃ >∼ 1.5 TeV for almost degenerate gluino and squarks and mq̃ > 1.4 TeV for very high squark
masses, [191,192].

An analysis of the CMSSM parameter space is discussed in Chapter5 taking flavor, dark matter
and direct collider search constraints into account with the 7 TeV LHC data.

We conclude this chapter with few comments. Apart from the direct searches in colliders,
most of the constraints on the MSSM parameter space are subject to various assumptions on the
parameter spaces and the model in question, which when relaxed can lead to significantly different
interpretations. Some of the constraints like(g− 2)µ are subject to uncertainties in theoretical
calculations and hence the interpretations should be treated with caution. Flavor constraints like
B → τν are also important in this regard and constraints on MSSM parameter space have been
studied in the literature [193].
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Chapter 5

Constraining the CMSSM parameter space
with LHC data

As discussed in detail in Chapter4 the SUSY parameter space is constrained by theoretical and
low energy constraints from flavor physics, collider searchbounds and from the dark matter relic
density. In this work we constrain the CMSSM parameter spaceat the end of the 7 TeV run at
the LHC as well as results from recent flavor physics data [25]. It has to be noted of course
that as more data was collected and analyzed some of these constraints are updated. As noted
earlier the evidence of the decayBs → µ+µ− has been observed by the CMS and the LHCb
collaborations [178,179]. Moreover, the Higgs boson which was not observed during the time of
this work has been discovered. These facts have been taken into account in a wide range of works
post this study [33,194–219].

5.1 Constraints on the model

Till some time ago, the mSUGRA/CMSSM was often dubbed as the ‘standard model’ of physics
beyond the Standard Model (SM), but perhaps because of the string of negative results obtained so
far, there has lately arisen a tendency to disparage the CMSSM as a model which makes too many
arbitrary assumptions and hence is — not-surprisingly — on the verge of getting ruled out by the
LHC data [220,221]. Such views, are however, less than fair to the CMSSM, for, in many ways,
the CMSSM may be regarded as the most simple and economical model of supersymmetry, and
the one which would most obviously suggest itself in the absence of contradictory experimental
evidence. In fact, if one thinks about it, we should rather regard the multifarious alternatives to
the CMSSM which appear in the literature as the ones where extra assumptions are introduced.
Moreover, the mere fact that the CMSSM parameter space is getting reduced by experimental
searches should not be regarded as a setback for the model, for, after all, Nature corresponds to but
a single point in the parameter space. The example of the top quark (and maybe the Higgs boson)
serves to clearly illustrate this kind of shrinkage of the parameter space to the actual value. Note
however, the Higgs boson was still undiscovered during the time of this work.

The purpose of this work was not, however, to pontificate in defence of the CMSSM, but rather
to investigate the status of different experimental constraints on this model. Among others, we
take up the recent measurement of the processBs → µ+µ− by the LHCb Collaboration [28] and
study its impact on the CMSSM parameter space in conjunctionwith other low energy constraints.
Since the precision of this particular measurement has increased considerably, one would expect it
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to rule out a wide swath of the parameter space. We quantify this expectation and find, that while
the last statement is certainly true at large values of tanβ , the constraint weakens and disappears
as tanβ is lowered. We shall demonstrate that even in the large tanβ region, the CMSSM is still a
possible explanation of not just the hierarchy problem, butalso of the dark matter problem.

To analyze the impact of the constraints on the CMSSM parameter space we impose the fol-
lowing criteria:

1. The ranges of the CMSSM parameters are:

0≤ m0 ≤ 4 TeV 0≤ m1/2 ≤ 1 TeV −1 TeV≤ A0 ≤+1 TeV 1≤ tanβ ≤ 60

with µ > 0, sinceµ < 0 is strongly disfavoured not only by(g−2)µ/2 but also byB→ Xsγ.

As noted in section3.4.1, note that except for rather loose naturalness considerations, there
are noa priori theoretical guidelines for the choice at the GUT scale of values ofm0, m1/2
andA0, or the sign ofµ. For tanβ , however, we note that the Yukawa couplings of the top
and bottom quarks remain comfortably perturbative so long as 1.2<∼ tanβ <∼ 65 [222].

Very small values ofm0 andm1/2 (∼ few GeV) are not viable in the CMSSM, for then the
RGE would drive the electroweak symmetry-breaking to happen rather close to the GUT
scale, and this would imply a much lower GUT scale than appears to be indicated by the
measured running of the gauge coupling constants. For larger values ofm0 andm1/2, there
arise two kinds ofa posterioriconstraints which act collectively on the parametersm0, m1/2
andA0 when the CMSSM spectrum is run down from the GUT scale to the electroweak scale.
One is the requirement that the scalar potential in the theory remain bounded from below –
this is referred to as thevacuum stabilityconstraint [223]. The other is the requirement that
the lightest SUSY particle (LSP) be a neutral particle – which is demanded if it is to be the
major component of dark matter. This is found to rule out a region of the parameter space
where the RGE evolution makes the lighter stauτ̃1 the LSP.

Another consideration, which is not a constraint but may be regarded as some sort of wishful
thinking, is a requirement that the parametersm0, m1/2 and A0 not be much more than a
few TeV. This is because higher values of these parameters – especially the first two – tend
to drive the masses of all the SUSY particles outside the kinematic range of the LHC (and
even its foreseeable successors), while the lightest Higgsboson mass gets pushed close to a
value around 120 GeV.1 In this, so-calleddecoupling limitthe CMSSM Higgs boson would
be indistinguishable, for all practical purposes, from itsSM counterpart. Such a scenario,
though by no means impossible, would be a great disappointment for seekers of new physics,
as it would leave the existence of SUSY as a wide open questionwithout a hope of solution
in the near future. Of course, requiring them0, m1/2 andA0 to be in this convenient range is
essentially dogma, but it is what renders studies of the present kind worth carrying out.

2. The entire set of constraints from the CERN LEP-2 colliderdata is imposed. The most re-
strictive among these are the requirements that

• the mass of the lighter chargino must satisfym(χ̃±
1 )≥ 94.0 GeV [66], and

• the mass of the lightest Higgs bosonmh ≥ 93.0 GeV for tanβ >∼ 6, andmh ≥ 114.0 GeV
[66] for tanβ <∼ 6, with a range of intermediate values in the neighbourhood of tanβ ≃ 6.

1At the time of this work as emphasized, the Higgs boson was notdiscovered.
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Constraints arising from other considerations (such as, for example, the mass of the lighter
stop and the lighter stau) are generally subsumed in the disallowed parameter space due to
these two major constraints, but we impose them nevertheless. Like the previous case, these
constraints have been in place for some time now, ever since the final data analyses from the
LEP Electroweak Working Group became available.

3. The area of parameter space disallowed by direct searchesat the LHC is taken over from the
ATLAS and CMS Collaborations [220,221]. These are obtained by combining the negative
results of searches in many channels, but the most importantof these is the search in the jets
+ MET channel.

4. Constraints on the CMSSM from the rare decayB → Xsγ [26] are imposed. The specific
requirement is that the CMSSM contribution to the decay width should satisfy

−0.55×10−4 ≤ BRCMSSM(B→ Xsγ)≤ 1.35×10−4 ,

at 95% C.L..

5. Constraints on the CMSSM from the recently-measured upper bound on the rare decayBs→
µ+µ− [28] are imposed. This measurement has recently been substantially improved by the
LHCb experiment and their updated result has been used in this work.The specific require-
ment is that the CMSSM contribution to the decay width shouldsatisfy

BRCMSSM(Bs→ µ+µ−)≤ 1.8×10−9 ,

at 95% C.L..

6. Finally, we have mapped the part of the CMSSM parameter space which is compatible with
the requirement that the observed dark matter component of the Universe be purely a relic
density of LSPs̃χ0

1 . The specific requirement is that

0.1053≤ Ωdh2 ≤ 0.1193

at 95% C.L. [32] and the stable value ofΩdh2 is calculated by solving the relevant Boltzmann
equation for the time evolution of the relic density. We do not treat this as a constraint, but
merely show the allowed region alongside that permitted by all other considerations.

Apart from the requirement thatµ > 0, we have not imposed any specific constraint from
the data on(g−2)µ/2, and we have chosen not to consider low-energy constraintsarising from
B+ → τ+ντ . This last has not been taken into account because we feel that the situation vis-a-vis
the SM has not yet stabilised and it may be premature to use this to constrain new physics. But
all this is not to say that other constraints on the CMSSM parameter space from low-energy data
do not exist — in fact, every measurement which is compatiblewith the SM prediction and has
a CMSSM contribution will impose a constraint. However, we find that, except for(g− 2)µ/2
andB+ → τ+ντ , none of these are as restrictive on the CMSSM parameter space as the set of
constraints listed above: the range of parameter space affected by these is always a subset of that
ruled out by the combination of those from the above-listed set.

At this juncture, we note that several papers [224–228] have appeared in which the constraints
on the CMSSM from the decaysB→ Xsγ andBs→ µ+µ− have been studied, both independently,
and in conjunction with the LHC constraints from direct searches. Some of these have been used to
predict the most likely values of the CMSSM parameters. We have chosen the more conservative
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approach of mapping out the parts of the parameter space which are disallowed, and assuming
equala priori probability for the rest. Our presentation of the constraints is, therefore, very close
to the way in which direct constraints from the experimentaldata are available.

5.2 Update on the CMSSM parameter space
Once we have fixed the sign ofµ to be positive, as explained above, the CMSSM parameter space
is a four-dimensional space, with the parameters beingm0, m1/2, A0 and tanβ , as described above.
Since one can plot only two of them at a time, it is traditionalto pick two of these parameters and
keep the others either fixed, or floating. The most common plots are made in them1/2–m0 plane,
with A0 and tanβ fixed. This is because the masses of the superparticles depend most directly
on these two parametersm0 andm1/2, with the other two contributing mostly through mixing that
occurs between pure superparticle states when the electroweak symmetry is broken. For our first
plot, therefore, we choose them1/2–m0 plane, for three separate values ofA0 = 0 and±1 TeV,
with tanβ = 10, the last choice being influenced by the latest plots available from the ATLAS and
CMS Collaborations. We shall later have occasion to varyA0 and tanβ , so this particular choice
may be regarded merely as an opening gambit. We generate the CMSSM spectrum using SUS-
PECT [14] and calculate the low-energy observables (including the dark matter relic density) using
SUPERISO [16]. Our results are shown in Fig.5.1. It may be noted that these plots correspond to
a top quark mass of 172.9 GeV [66].

The three panels in Fig.5.1 correspond, from left to right, to choices ofA0 = +1 TeV, 0 and
−1 TeV respectively. In each panel, we have plottedm1/2 in the range 0−1 TeV, andm0 in the
range 0−4 TeV, keeping tanβ = 10 as mentioned above. It is worth recalling, at this juncture,
that the superparticle masses tend to grow with bothm0 andm1/2. Thus increased energy of the
machine will increase the discovery reach of these plots, and this is what is, in fact seen.

Figure 5.1:Illustrating constraints on them0–m1/2 plane in the CMSSM for tanβ = 10, as well as the region which explains the observed relic
density of dark matter. The details are marked on the different panels or in the key above. The dotted line is the contour for a gluino mass of 2 TeV.
Note thatµ > 0 for all the plots. The ATLAS and CMS exclusion curves correspond toA0 = 0 but are not very sensitive toA0 or even tanβ .

In each plot, the region shaded yellow is ruled out by ‘theoryconstraints’. Of these, the re-
quirement of vacuum stability is the dominant constraint inthe region close to the abscissa and
the stau-LSP is the dominant contribution in the region close to the ordinate. For large values of
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m0 some of the points are disallowed simply because the renormalisation group equations (RGE)
used to calculate the CMSSM spectrum at the electroweak scale have no real solutions. Shapes
vary somewhat between the three panels, illustrating the influence of the parameterA0 on the RGE
running of the CMSSM parameters, but the basic features are common, with small values ofm0
andm1/2 being ruled out in every case. The regions shaded blue in the three panels of Fig.5.1cor-
respond to constraints arising from LEP-2 data. These are generally stronger than the theoretical
constraints, except for extreme values ofm1/2. Most of the LEP-2 disallowed region arises from
the chargino mass constraint. The small sliver of space ruled out by LEP-2 for very low values of
m0 at relatively large values ofm1/2 corresponds to negative searches for light stau states at LEP-2.

In Fig. 5.1, constraints arising from the non-discovery of CMSSM signals in 4.7 fb−1 of data
at the ATLAS (CMS) detector are shown by the solid black (red)line, with the regionbelowthe
curve getting ruled out. The ATLAS exclusion curve arises from a combination of all processes,
whereas the CMS exclusion plot arises only from searches forthe 0 lepton + jets + MET final states
made using ‘razor variables’ [21]. These published analyses both chooseA0= 0. Strictly speaking,
therefore, this constraint should appear only in the central panel. However, the constraints from
a jets + MET search are not very sensitive to the choice ofA0, and hence, we have made bold to
use the same curve for all the three cases. Differences, if any, will be marginal, and should not
make any qualitative impact on our discussions regarding these plots. The most important quali-
tative feature of these constraints is that, unlessA0 is strongly negative, they represent significant
improvements over the LEP-2 bounds. As more data is collected and analysed, one may expect
the LHC constraints to become stronger, and eventually cover most of the parameter space marked
in the panels of Fig.5.1. It may be noted that though we have not marked any projected reach
of the LHC on these plots, a ballpark estimate may be formed from the contour of gluino mass
2 TeV, which is shown by the dotted line near the top of each panel. Therefore, we may conclude
that eventually the LHC will be able to explore 80–90% of the parameter space shown in Fig.5.1,
barring the uppermost regions of each panel. Of this, roughly one half is already ruled out, but this
is equivalent to saying that roughly one half is still allowed.

The constraints from low-energy data are marked on the graphin green forB→ Xsγ and pink
for Bs → µ+µ−. What immediately strikes the eye is the fact that these are rather weak – at
least, in the three panels of Fig.5.1— where the strongly tanβ dependentBs → µ+µ− constraint
(see below) makes no appearance at all, while theB → Xsγ data adds on a little to the LEP-2
constraint forA0 = −1 TeV. Even this is totally subsumed in the LHC constraints. One may be
tempted to conclude that low-energy measurements are not competitive with the direct searches in
constraining the CMSSM parameter space, but we must remember that the plots of Fig.5.1are for
a fixed value of tanβ . The situation changes, quite dramatically, when we go to larger values of
tanβ .

Before we go on to discuss high tanβ results, however, let us note that the regions in Fig.5.1
which are consistent with the dark matter (DM) relic densityare marked by narrow black bands on
all the three plots. This allowed band appears only as the so-called ‘stau co-annihilation region’,
i.e. very close to the region disallowed by the stau-LSP constraint, and again for large values of
m0, in the so-called ‘focus point region’. Nevertheless, it isheartening to see that there is always
a region of the parameter space which can be the explanation of the dark matter phenomenon in
the CMSSM. This model has not, therefore, lost its most attractive phenomenological feature, and
the continuation of at least one small portion of the black bands into the regions inaccessible to the
LHC tells us that even if the LHC completes its run without finding any signatures of the CMSSM,
we will still be able to argue that the neutralino (albeit a heavier one than we now think) is the main
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component of the dark matter.
To sum up this part of the discussion, then,for low values oftanβ , for which the value tanβ =10

serves as a benchmark, the CMSSM is under no serious threat (unless, as we have seen, constraints
from (g−2)µ/2 andB+ → τ+ντ are imposed [193]) from a combination of low-energy data and
direct searches. Even if the next round of direct searches throws up a negative result, constraining
the parameter space still further, it should not be regardedas the death-knell of the CMSSM, for all
that may be happening is that we are in the process of eliminating a barren region in the parameter
space as we approach the actual region of interest.

We have seen thus that for tanβ = 10, the only effect of including low-energy constraints is to
marginally extend the LEP-2 bound [66], and that too, only forA0=−1 TeV. This feature continues
to hold all the way up to for tanβ = 35, which covers a substantial fraction of the theoretically
allowed range, (viz. up to 60). Around tanβ = 40, however, the low-energy constraints begin to
become significant, and for tanβ = 50, they outstrip the direct searches and constrain a significant
extra part of the parameter space. This is illustrated in Fig. 5.2.

Figure 5.2:Illustrating constraints on them0–m1/2 plane in the CMSSM for high values tanβ = 40,50. All notations and conventions are the
same as in Fig.5.1. In these plotsB-physics constraints become significant, especially forA0 ≤ 0. Note that the dark matter-compatible band always
lies in the allowed region. Some of the (yellow) islands indicated as theory-disallowed for large values ofm0 represent numerical instabilities in the
spectrum generator SUSPECT.

The conventions followed in Fig.5.2are exactly the same as those followed in Fig.5.1, and are
indicated, as in Fig.5.2, by the little key on the top. The three panels in the first row correspond
to tanβ = 40, while the three panels in the second row correspond to tanβ = 50. In each row, the
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three panels correspond to choices ofA0 = +1 TeV, 0 and−1 TeV (from left to right). Regions
shaded yellow (blue) correspond to constraints from theory(LEP-2), and solid lines marked in
black (red) correspond to the exclusion plot of the ATLAS (CMS) Collaboration2. The black strips
correspond to regions which are consistent with the neutralino interpretation of dark matter, and the
dotted line near the top of each panel corresponds to the contour ofM(g̃) = 2 TeV. For large values
of m0, some of the yellow islands indicating theory-disallowed regions, especially in the bottom
right panel, represent numerical instabilities in the spectrum generator SUSPECT, and would be
allowed if a different spectrum generator had been used.

Let us begin by discussing the situation for tanβ = 40, i.e. the upper row of panels in Fig.5.2.
The first thing that strikes the eye is that the theoreticallyconstrained area is larger than in the
case of tanβ = 10, not only in the region which is identified as due to a stau LSP, but over a
very large region for higher values ofm0. The first part is easy to understand, since the off-
diagonal terms in the mass matrix for stausτ̃1, τ̃2 are proportional to tanβ . Larger values of tanβ
can be interpreted as causing a larger splitting between themass of the heavier and lighter stau,
thus pushing the mass of the lighter stauτ̃1 downwards, below the mass of the neutralinoχ̃0

1 .
This last is not much changed by increasing tanβ — a statement which is generically true for
all gauginos, including the lighter charginõχ±

1 , as a result of which the constrained region from
the LEP-2 data remains much the same as before. For large values ofm0, the RGE evolution is
simply not enough to drive one of the scalar mass parameters to negative values, and this manifests
as non-convergence of the RGE when we demand such negative values. Alternatively we can
simply say that for such parameter choices the electroweak symmetry remains unbroken. Even
more than the theoretical constraints, however, for large values of tanβ the constraints from low-
energy measurements become much more significant. For example, the constraints fromB→ Xsγ,
which made such a modest appearance in the case of tanβ = 10, now begin to outstrip the LHC
exclusion boundaries, especially forA0 ≤ 0. Even more dramatic than the growth of theB→ Xsγ
constrained region is the appearance of a significant (pink-shaded) region which is now disallowed
by theBs → µ+µ− constraint. For tanβ = 40, this is still a smallish appendage to the region
already disallowed by other constraints, but if we now look at the lower set of three panels in
Fig. 5.2, where tanβ = 50, it is clear that this new constraint affects large parts of the parameter
space which are allowed by all other constraints. This growth in importance of theBs → µ+µ−

constraint can be readily understood in terms of an enhancedCMSSM contribution from the lighter
stopt̃1. Indeed, for large tanβ , the CMSSM contribution is known [225] to scale as tan6β/(MA)

4.
If we take a quick glance at the lower three panels in Fig.5.2, one might be tempted to say

that a value of tanβ as large as 50 seems to be disfavoured because the low-energyconstraints
combine with the existing ones from theory and direct searches to choke off most of the parameter
space accessible to the LHC. However, large tanβ values are interesting as they led to distinctive
sparticle decay signatures, especially those involving tau final states. It is apparent from the very
same figure that the black bands, denoting consistency with the dark matter relic density, go right
through the allowed ‘focus point region’ in every panel, showing that a high tanβ solution of the
dark matter problem is very much a viable one.

Fig. 5.3 illustrates the constraints in the upper three panels of Fig. 5.2 (i.e. tanβ = 40), when
translated into the squark-gluino mass plane. Once again, we use the conventions and notations
of Fig. 5.1. The most important feature of this graph is the large yellowarea ruled out by theory
considerations. This arises because the squarks (except inthe third generation) are generally heav-

2We reproduce the exclusion plots already exhibited in Fig.5.1, which, strictly speaking, are valid only for tanβ = 10 GeV. However, as we
have taken the combined exclusion plot from ATLAS and the purely hadronic exclusion plot from CMS, the larger values of tanβ in these plots will
not make a significant difference.
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Figure 5.3: Illustrating the same constraints as in Fig.5.2, but now in the squark and gluino mass plane (Mq̃–Mg̃ plane). All notations and
conventions are the same as in Fig.5.2. However, only the tanβ = 50 cases are shown.

ier than the gluino in scenarios where the lighter stau is heavier than the lightest neutralino. Light
gluinos up to a couple of hundred GeV appear to be ruled out by the requirement of vacuum sta-
bility. Higher values of the squark mass cannot break the electroweak symmetry unless the gluino
is also comparably heavy. There is, then, for all values ofA0, a funnel-shaped region which is al-
lowed by theoretical considerations. Note that theoretically the gluino can be substantially lighter
for A0 ≤ 0 than it is for theA0 =+1 TeV case.

As in the previous two figures, we have shown bounds arising from the LEP-2 data by blue
shading. As we have seen, this arises principally from the non-observation of chargino pairs, and
this bound on the lighter chargino mass translates more-or-less to a constant bound on the gluino
mass in the ballpark of 300−400 GeV. However, the LHC bounds, shown by solid black (ATLAS)
and red (CMS) lines as before, are much stronger, and they push both the squark and the gluino
mass to values around a TeV or more. The effect of the low-energy constraints (the green and
pink-shaded regions) is to marginally constrain some of theremaining parameter space. No extra
constraint is obtained forA0 =+1 TeV, but modest constraints appear forA0 ≤ 0, where the squark
mass is pushed up to at least 1.5 TeV. However, if we consider tanβ = 50 (not shown) most of the
allowed region is shut off, and for even higher values of tanβ , nothing is left of it.

The lesson which is learned from the above studies is that while direct searches for squarks and
gluinos at the LHC produce the same kind of constraints for both low and high values of tanβ and
A0, the situation is different for the indirect constraints from low-energy measurements, which are
generally stronger as tanβ increases andA0 is driven more strongly negative. To illustrate the full
extent of this constraint, in Fig.5.4, we have plotted the disallowed regions in the plane of tanβ
andMA, whereMA is the mass of the physical pseudoscalarA0. In this figure, as in the earlier ones,
we show three panels forA0 = +1,0 and -1 TeV respectively (from left to right) and setµ > 0
throughout. The values ofm0 andm1/2 are allowed to range from 0−4 TeV and 0− 2 TeV as
before. Of course, for a given value ofA0 and tanβ , these cannot vary independently. In fact,
as the variation ofMA is more directly related to that ofm0, one can imaginem1/2 as the floating
variable. Thus, if a point in the tanβ–MA plane is marked as disallowed, that means that it is
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Figure 5.4:Illustrating the same constraints as before, but now in the tanβ–MA plane. All notations and conventions are the same as in Figure5.2,
except thatm0 andm1/2 are allowed to float in the same ranges as shown in Figure5.2. In each panel, regions above and to the left of the red line
are disallowed by direct LHC searches by the CMS Collaboration.

disallowed forall values ofm0 andm1/2 in the boxm0 = 0−4 TeV andm1/2 = 0−2 TeV.
In Fig. 5.4, as before, the region shaded yellow indicates that it is ruled out by theoretical

considerations, or is not accessible for the given ranges ofm0 andm1/2. It is interesting that the
disallowed region is very small whenA0 = 0, but is significantly larger whenA0 6= 0. This may be
traced, as earlier, to a larger mixing among the stau gauge eigenstates, leading to a stau LSP. The
LEP-2 constraints do not change much from panel to panel, which is expected, since we have seen
that their dependence onm0 is somewhat weak. What is of greatest interest in Fig.5.4, however, is
the regions ruled out by the low-energy constraints. In eachcase, it is clear that for tanβ ≥ 50, the
constraint fromBs→ µ+µ− is highly restrictive, effectively pushing theA0 mass to the decoupling
limit in the Higgs sector. However, this constraint becomesineffective when the value of tanβ is
lowered, as we have already seen. In this case, however, the constraint fromB → Xsγ comes
into play unlessA0 is large, and this has the effect of driving the mass ofMA to larger values for
intermediate values of tanβ around 20 – 45. For low values of tanβ , the low-energy constraints
disappear, as we have seen in Fig.5.1, and we fall back to the LEP-2 constraints. Finally, there is
a sort of wedge around tanβ = 50 whereMA as low as 500 GeV is allowed by all the constraints.
Direct searches for theA0 and the charged Higgs bosonsH± at the LHC [229] lead to the exclusion
of points above and to the left of the solid red curve — this is,however, less restrictive than the
indirect constraints3. If we consider all the diagrams together, we have an absolute minimum of
around 300 GeV for theA0. This means that the charged Higgs boson, which is easier to detect, is
of mass around 310 GeV. In fact, all the heavy scalar states inthe CMSSM will now have masses
of 300 GeV or above, which already makes them difficult to detect. In this sector, if not in the
sector for SUSY particles, the CMSSM is fast approaching thelimit where detection at the LHC
will no longer be possible.

What about the light scalar state? Obviously, if the heavierscalars start approaching their
decoupling limit, the lightest scalarh will also approach its decoupling limit, viz. around 119−
120 GeV. The exact situation is illustrated in Fig.5.5, where we plotmh instead ofMA, keepingm0

3It is also relevant to note that these constraints were derived in the so-calledmh-max scenario, which is more restrictive than the CMSSM.
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Figure 5.5: Illustrating the same constraints as before, but now in the tanβ–mh plane. All notations and conventions are the same as before,
except thatA0 floats as well asm0 andm1/2. Note that this region is unaffected by the limits fromWW∗ searches at the LHC.

andm1/2 floating as before. For this plot, we allowA0 also to float over all values from−1 TeV to
+1 TeV. As before, a point is marked as disallowed if this is valid for all values ofm0, m1/2 and
A0 in the given ranges (only two of these are independent, for reasons explained before).

In Fig. 5.5, as in the others, the region shaded yellow corresponds to the region which is the-
oretically inaccessible in the CMSSM. Of these, the yellow region on the left of the figure arises
because of the requirement of vacuum stability and convergence of RGE’s, whereas the yellow
region on the right is simply not accessible for the parameter range chosen for our study. After
all, we must recall thatmh ≤ MZ at the tree-level, and hence much of the region shown in this
plot corresponds to radiative corrections tomh. We shall come back to this issue presently. Of
the remaining theoretically-accessible region in Fig.5.5, a small portion is ruled out by the LEP-2
searches, and comparatively larger regions by the low-energy constraints, especially for large val-
ues of tanβ . However, for tanβ in the range 6−30, these constraints allow formh anywhere in
the region between 93 GeV to about 123 GeV. The lower range in tanβ is essentially shut off by a
combination of theoretical constraints and LEP-2 bounds.

Much of the above is already well known. The most interestingfeature of Fig.5.5, however, is
the cluster of black dots, which indicates the regions compatible with the dark matter requirement.
Obviously, these favour a Higgs boson mass in the neighbourhood of 120−122 GeV, and strongly
disfavour the lighter end of the permitted region. Interestingly, the favoured region is also close to
the decoupling regime for the sparticles, and hence, we seemto be looking at a strong hint that the
sparticles, if found, will turn out to have masses well in theballpark of a few TeV.

To conclude this section, let us highlight the main results of our analysis of the CMSSM param-
eter space. The main features are

• The CMSSM is still viable in large parts of the parameter space. This is especially so for
tanβ in the range from 10 - 35 andA0 > 0, though there are patches which are allowed even
outside these ranges. There is no imperative reason, therefore, to write off the CMSSM and
invoke one or other of its variants.

• The constraints from low-energy processes such asB → Xsγ andBs → µ+µ− are marginal
for large positiveA0 and only become really effective for large negativeA0 and large tanβ .
Other low-energy processes yield even weaker constraints.The two exceptions are the muon

63



Chapter 5. Constraining the CMSSM parameter space with LHC data

anomalous magnetic moment and the rare decayB+ → τ+ντ , which together rule out practi-
cally all of the CMSSM parameter space, except a small regionwhich would be accessible to
the next set of LHC data analyses.

• Even when all the constraints are imposed, there are enough allowed regions where the
CMSSM is compatible with the observed dark matter relic density. This will remain true
even if the LHC completes its run without finding signatures of superparticles. However, if
the LHC fails to find a light Higgs boson the CMSSM — as indeed the SM and most other
supersymmetric models — will be ruled out.

• The heavy scalars of the CMSSM are likely to be too heavy to be seen at the LHC, at least in
the early runs. The light scalar should have a mass less than 123 GeV if the SUSY particles are
light enough to be seen at the LHC. A light scalarh with mass around 125 GeV is consistent
with the CMSSM only in some corners of the parameter space, where the superparticles may
well turn out to the too heavy to be seen at the the LHC. In this case, the CMSSM will still
be a possibility, and will still constitute and explanationfor dark matter, but we will have to
await a new machine to furnish the experimental proof.
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Chapter 6

The Large Hadron Collider: Kinematics
and Jets

6.1 The Large Hadron Collider

The Large Hadron Collider (LHC) [230] is a proton proton collider located at CERN, Geneva. A
circular tunnel contains the collider, with a circumference of 27 km, at a depth ranging from 50 m
to 175 m. The tunnel was originally commissioned for LEP and then recommissioned for the LHC
after the LEP-II run ended. Two adjacent parallel beam linesare contained in the tunnel, intersect-
ing at four points, each containing a proton beam travellingin opposite directions. There are 1232
dipole magnets that keep the beams on their circular path while there are 392 quadrupole magnets
that focus the beam. Over 1600 superconducting magnets wereinstalled with about 96 tonnes of
liquid helium required to keep the magnets at their operating temperature of 1.9K(−271.25◦C).
The design energy of the LHC is 14 TeV; although the early runswere conducted at 7 (April
2010–December 2011) and 8 TeV (April 2012–December 2012) center of mass energy. It is now
in a phase of upgradation for the design energy run of 14 TeV. Although the LHC programme is
mainly focused on p p collision, there is a slot for heavy ion collision with lead ions at 2.76 TeV
per nucleon.

There are 7 detectors that have been constructed at LHC; two of them ATLAS [231] and CMS
[232] are general purpose detectors while LHCb [233] and ALICE [234] are dedicated to heavy
ion collisions. The smaller detectors meant for specialized purposes include TOTEM,MoEDAL
and LHCf.

The primary physics goal of the LHC is to probe the nature of electroweak symmetry breaking,
in particular the search for the SM Higgs boson. The other major goal is to look for signatures of
physics beyond the standard model. A major LHC programme in this regard is the search for SUSY
signatures at LHC. These general searches are conducted mainly from the data gathered from the
general purpose detectors ATLAS and CMS. Additionally the detectors LHCb and ALICE are
designed for flavor physics studies and the study of quark gluon plasma respectively.

6.2 Kinematics at LHC

The LHC is a proton proton collider and hence the primary interactions are governed by the laws
of QCD. In particular we use the notions of perturbative QCD (pQCD) [18] to describe the hard
interaction, while models of non perturbative QCD are used to describe the hadronization of the
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partons into subsequent hadrons (baryons and mesons) whichare the final observable particles. At
high enough energies we are essentially probing the nucleonstructure. The reference frame in this
case is chosen such that the Z axis is taken to be the beam axis.The lab frame is described by the
co-ordinates (E,P(px,py,pz)), while the center of momentum frame moves along the Z direction
with some boost described by (E′,P̃′(p′x,p

′
y,p

′
z)). Therefore it is convenient to describe the picture in

terms of boost invariant quantities. Note that although thephase space element dΓ = d3p
E =

dpxdpydpz
E

is Lorentz invariant, but is not boost invariant. Since the beam axis is along the Z direction, the
quantities E andpz (and hencedpz

E ) are not boost invariant while the transverse components px,py
are indeed boost invariant. Therefore for convenience co-ordinates can be defined such that they
are boost invariant. Hence one can choose the transverse momenta pT, and the azimuthal angleφ
as the boost "invariant" transverse components. The other component is chosen as rapidity (y) or
the pseudorapidity (η ) defined as,

y =
1
2

ln

{
E+ pz

E− pz

}
,

η =
1
2

ln

{
|~p|+ pz

|~p|− pz

}
. (6.2.1)

Note that the pseudorapidity can also be written asη =−ln (tanθ/2), whereθ is the angle be-
tween a particle with momentum~p and the beam axis. The rapidity as a function of pseudorapidity
is given by,

y = ln

√
m2+p2

Tcosh2η +pTsinhη
√

m2+p2
T

. (6.2.2)

Note that for a massless particle y= η . For a boostβ along the Z axis the rapidity transforms as
an additive quantity given by y

′
= y + yb where yb = ln{γ(1+β)}, with γ = 1/

√
1−β2 being

the Lorentz factor. Thus the difference of rapidity∆y is a boost invariant quantity. The Lorentz
invariant phase space element can also be written as,

dΓ =
d3p̃
E

=
1
2

dp2
Tdφdy.

For two partons with four momentaq1 andq2, with momentum fraction x1,x2 respectively from
the two protons the four vectors can be written as (aligning the beam axis to be the Z axis),

q1 =
1
2

√
s(x1,0,0,x1),

q2 =
1
2

√
s(x2,0,0,−x2), (6.2.3)

where E=
√

s is the center of mass energy. The rapidity of the system q1 + q2 is thus,

y =
1
2

ln

{
E+pz

E−pz

}
=

1
2

ln
x1

x2
. (6.2.4)

Hence x1 = x2 e2y. If the partonic center of mass is denoted as ŝ= M2 = x1x2s, thenx1 =
(M/

√
s)ey, x2 = (M/

√
s)e−y. Therefore different values of M and y probe different values of

x1,x2.
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In terms of the angleθ defined earlier, the rapidity can be expressed as,

y =
1
2

ln
(1+β cosθ)
(1−β cosθ)

.

Simple algebra shows thatβ cosθ = tanhy, and hence,

pz = |~p|cosθ = E tanhy

E2
T = m2

T = p2
T +m2 = E2− p2

z = E2[1− (tanhy)2] = E2/(coshy)2, (6.2.5)

wherep2
T = p2

x+ p2
y. Hence E= ET coshy= mT coshy, where E2T = m2+p2

T while pz = mT sinhy.
In the lab frame therefore, the four momenta of the final statepartons are,

q1 = (mT coshy1,pT cosφ,pT sinφ,mT sinhy1),

q2 = (mT coshy2,−pT cosφ,−pT sinφ,mT sinhy2). (6.2.6)

In the center of mass frame of the two partons a boost in the Z direction is effectively a transla-
tion in the rapidity axis, with the rapidities of the two partons being±y with y = y2 − y1. Thus in
the center of mass frame,

q
′
1 = (mT coshy,pT cosφ,pT sinφ,mT sinhy),

q
′
2 = (mT coshy,−pT cosφ,−pT sinφ,−mT sinhy). (6.2.7)

This discussion on the kinematics thus provides the geometrical picture of the collider environment
against the backdrop of which our studies will be based. Since the net momentum transverse to the
direction of the beam axis is zero, it is convenient to describe the picture in the transverse plane.

Having described the collider environment, the next important issue in a hadron collider is the
estimation of the hard scattering cross section.

The cross section of the hard scattering process at a hadron collider between two partons (say
a,b ; e.g gluons) to produce final state particlesA andB is given by,

σ(P(a)P(b)→ A B) = ∑
a,b

∫
dxa

∫
dxb fa/P(xa,µ2

f ) fb/P(xb,µ2
f )σ̂(αs′(µR))(ab→ A B). (6.2.8)

The functionsfa/P(xa,µ2
f ), fb/P(xb,µ2

f ), known as the parton density functions (PDF), repre-
sent the probability of finding a parton "i" a inside the proton target with momentum fractionxi at
a scaleµ f . HereµR,µ f are the renormalization and factorization scales respectively. The PDF is
constrained from the deep inelastic scattering process, and its evolution is governed by the solu-
tions of Dokshitzer-Gribov-Lipatov-Altarelli-Parisi(DGLAP) equation or commonly known as the
Altarelli-Parisi equations. The above equation for the cross section is a result of the factorization
theorem in QCD, the essence of which is to separate the short distance hard scattering process
described by pQCD and the long distance non-perturbative interaction. Once parton densities and
the value of the strong coupling constant is known from experiments, the cross section can be
calculated without much ambiguity.

The hard scattering process is followed by showering to include QCD and QED radiation. The
final components in a generic proton proton collision includes along with the hard scattering pro-
cess, soft QCD and QED radiation, beam remnants. Thus the overall picture is quite noisy. The un-
derlying event can be defined as all the activity of a single proton proton collision superimposed on
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the hard scattering. This includes initial and final state radiations(ISR/FSR), beam remnants, and
multi parton interactions. It is therefore extremely important to model such effects and compare
them with experiments, to get a picture of the physics. Montecarlo generators like PYTHIA [6]
and Herwig [235] provide an efficient description of some of the above mentioned effects.

The process of showering is followed by the process of hadronization. It is well known that
QCD below energy scales ofΛQCD (∼ 200 MeV), is a confining theory, and hence quark and
gluons finally form color singlet objects like baryons and mesons. The process of hadronization
is non-perturbative and models of hadronization are used tothis end. For example the process
of hadronization is done by the method of string fragmentation in PYTHIA, which relies on the
assumption of linear confinement, pictured as color flux tubes between partons(e.g q q̄ frome+e−)
as they move away from each other.

6.3 Jets

As discussed in the previous section, quarks and gluons finally hadronize to form color singlet
objects like baryons and mesons. In a collider experiment, the hadrons are collected in detectors
and clustered to form jets. The definition of jets depends on the algorithm. A "good" algorithm
must be experimentally easy to use and must be theoreticallystable and robust. In terms of the
snowmass accord [236] the following criteria of jets should be met:

• It should be simple to implement in an experimental analysis.

• It should also be simple to implement in a theoretical calculation.

• The definition should be valid to all orders of perturbation theory.

• It should yield finite cross sections at any order of perturbation theory.

• The cross section should be insensitive to the process of hadronization.

Historically the first jet algorithms were constructed at the e+e− colliders, by Sterman and
Weinberg [237], along with Ellis [238]. In Sterman Weinberg jets, an event was classified as
having two jets if at least a fraction 1− ε of the total energy was contained in two cones with
a half opening angleδ. These algorithms are known as cone algorithms. The widely used cone
algorithms are iterative cones, where a particle i is taken as a seed, and all particles j within a cone
of radius R are clustered such that,

∆R2
i j = (yi −y j)

2+(φi −φj)
2 < R2.

This process is repeated with the above resultant as a seed, till the direction of the resultant is
stabilized. The problem with cone algorithms are however inthe fact that they are not infrared or
collinear (IRC) safe. The infrared and colinear safety can be summarized by the following criteria:

• Colinear splittings, soft particle emission in QCD are a part of any hadronic interaction. In
a tree level fixed order perturbative calculation these processes are reflected as soft and co-
linear singularities. These singularities are however cancelled by corresponding loop level
diagrams. In an IRC unsafe algorithms, tree level and loop level splittings may lead to differ-
ent sets of jets, breaking the cancellation. A jet algorithmshould thus be free of these IRC
problems and should be insensitive to all these effects.
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• Since the experimental detectors have non-zero momentum resolution they provide some reg-
ularization of infrared and colinear safety but this depends on the electronics of the detector.
IRC unsafe algorithms can be ambiguous in providing a correct picture of the above.

It turns out that iterative cone algorithms are IRC unsafe, and IRC unsafety impacts observables
in question.

Modern day algorithms use sequential recombination algorithms, which has its roots ine+e−

colliders. The first of these algorithms was known as the JADEalgorithm used by the Jade collab-
oration in the 1980’s [239,240]. Here we describe the three major algorithms currently in use at
the LHC. The first of these is termed as kt algorithm [241]. The procedure is summarized as,

• Define the distance measures between particles i,j (di j ) and the beam B (diB).

di j = min(p2
ti , p

2
t j)

∆R2
i j

R2 , ∆R2
i j = (yi −y j)

2+(φi −φj)
2 , diB = p2

ti ,

where R is the cone size of the jet.

• Calculate all thedi j and diB , and find the minimum.

• If the minimum isdi j , recombine i and j and return to step 1.

• If the minimum isdiB, declare i to be a jet, and remove it from the particle list.

• Stop when no particles remain.

Hence all the stable particles are included in final state jets, there is no concept of a beam jet.
The second set is known as the anti-kt [7] algorithm, where the distance measure is defined as,

di j = min(p−2
ti , p−2

t j )
∆R2

i j

R2 , ∆R2
i j = (yi −y j)

2+(φi −φj)
2 , diB = p−2

ti . (6.3.1)

The anti-kt algorithm clusters the hardest particle as the seed and grows around this seed. It must
be noted however that since collinear splittings get clustered at the very beginning the algorithm
is collinear safe. The advantage of anti-kt is in the fact that this algorithm gives circular jets and
hence is preferred by experimental collaborations.

The final algorithm of interest is the Cambridge/Aachen (C/A) [242] algorithm, originally in-
troduced as the Cambridge algorithm for thee+e− collider. This introduces the distance measures
defined in Eq.6.3.1and the angular measure vij = (1−cosθ). Along with this it introduces the

measure yij =
2EiEj(1−cosθ)

Q2 where Q is the total energy of the system and follows the following
steps :

• If only one particle is left deem it as a jet.

• If not, calculate the measure vij , and find the smallest pair.

• If the corresponding yij is smaller than some predefined ycut, replace i,j with the recombined
one and go back to step 1.

• Else call the less energetic of i and j to be a jet, remove it from the particle list and go back to
step 1.
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The motivation of this algorithm was to obtain angular ordered jets in combination with the
kt measure. The improved version of the Cambridge algorithm, designed for hadron colliders
is the Cambridge/Aachen algorithm which replaces theyi j cut by the smallest∆Ri j measure and
repeating the kt algorithm procedure.

Finally we proceed to discuss some aspects of jet substructure methods. For a highly boosted
particle, the resulting decayed partons are highly collimated, and thus in the process of jet forma-
tion, it is possible that these particles are clustered as part of the same jet instead of two separate
ones. The method of jet substructure attempts to resolve this "fat-jet" containing two subjets. The
first of these is the method to resolve the subjets for a boosted Higgs decaying to a pair of b quarks.
This was first introduced in [35], and subsequently improvements have been made. Here the salient
features of this technique is discussed. For a highly boosted Higgs decaying to a pair of b-quarks,
the decay products are extremely collimated and may not result in two separate b-jets. The angular
resolution ispT dependent and is roughly given by,

Rbb̄ ≃
1√

x(1−x)

mh

pT
. (6.3.2)

where x, (1-x) are the momentum fractions carried by the two bquarks. Along with the resolu-
tion of the b jets, any gluon emission should be captured, while the contamination from underlying
events has to be rejected. To look for subjets a jet algorithmis required that captures the angular
resolution and clusters the hardest particles at the last stage of jet formation. The anti-kt algorithm
is not suitable for this purpose as it clusters the hardest jets first. The best suited algorithm for this
process is the Cambridge-Aachen (C/A) which produces angular ordered jets. The jet substructure
algorithm for boosted Higgs scenario is described below following [35]:

• A jet j clustered with C/A algorithm is declustered into two jets j1, j2 with massesmj1,mj2,
by undoing the last stage of clustering.

• With a pre-defined quantityµ, check if there was a significant mass drop in the systemmj1 <

µmj . Along with the above also check the asymmetry criteria, i.e, y =
min(p2

Tj1
,p2

Tj2
)

m2
j

∆R2
j1,j2

>

ycut, where ycut is a predefined value. If the above two criteria are met, then deem j to be the
heavy particle neighbourhood and exit.

• If the above criteria is not satisfied replace j byj1 and repeat.

If the final jet has two subjets with b -tags, then it can be considered as a Higgs candidate within
a pre-defined Higgs mass window. If there is a gluon radiationthen the effective size of the jet j is
just sufficient to capture it. For the values ofµ, it is noted that ifµ ≥ 1/

√
3, and the Higgs decays

producing a mercedes-benz configuration of jets consistingof a pair of b quarks along with the
gluon radiation, the mass drop criteria is triggered. The ycut is used to reject fake jets satisfying the
mass drop criteria. It is observed that a ycut of 0.15 is optimal to improve the signal to background
ratio. The mass peak is then obtained by demanding that the mass window is within a predecided
value (typically within 10 GeV of the central value of the Higgs mass).

The mass peak is however subject to degradation from underlying events. This is reduced by
the process of filtering the Higgs neighbourhood, in which the parameter Rfilt < Rbb̄ is chosen such
that only the dominantO(αS) radiation is captured while rejecting the underlying events. A value
of Rfilt < min(0.3,Rbb̄/2) was found to be effective by [35].

It was observed that in general the kt algorithm has a better background rejection than the C/A
algorithm, but suffers from a poorer mass resolution [35].
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The second substructure algorithm is to tag boosted tops. The boosted top regime occurs in a
variety of beyond standard model processes, and thus is extremely well motivated. The algorithm
proceeds with a similar philosophy as that of the boosted Higgs algorithm. In this case however,
3 subjets (the b-jet and the two jets from the W decay) are required to be tagged. At the first
step of iteration the C/A jet is declustered by undoing the last step, and rejecting the softer jet
if the transverse momentum divided by the transverse momenta of the parent jet is less than a
predetermined value ofδp [243]. The value ofδp is pT dependent, and the typical values found
to be efficient in [243] areδp = 0.1,0.05,0.05 for pT = 1000,1600,2000 GeV respectively. This
procedure is repeated till 3 subjets are found in the original jet. The resultant subjets then must
have 1 b-tagged jet and two non b-tagged jet with the invariant mass of the non b-tagged jet within
the W mass corridor (65-95 GeV) while the invariant mass of the 3 subjet system to be within the
top quark mass corridor (145-205 GeV).

6.4 Monte carlo, jet finding and matrix element generator tools

Monte carlo tools are an essential necessity for a realisticsimulation of the experimental condi-
tions at a collider. In earlier days, parton level monte carlo modules were used, that estimated
only the hard scattering process and made a crude assessmentof a hadron collider environment.
However this is not the correct picture in most scenarios. The process of QCD and QED radiation,
which become exceedingly complex at each order of perturbation theory, and finally the process of
fragmentation and hadronization which follow extremely complicated non-perturbative dynamics
make the hadron collider environment extremely noisy. Thusthe simple kinematics of the two
body partonic hard scattering process ends up with a large number of final state partons. Event
generators that simulate this entire sequence come to the rescue here, by dividing the entire pro-
cess into components, where the output of the first process isused as the input of the next. The
event generator gives a realistic feeling of the kind of events that one can expect in an experimental
process and the rates at which they occur.

The two popular event generators in wide use are PYTHIA [6] and Herwig [235]. In all the
subsequent work described in this thesis, PYTHIA is used forgenerating events. The origin of
PYTHIA have the foundations in the LUND string model [244] which provided the earliest frame-
work of hadronization and string fragmentation.

The main steps of event generation from the initial state radiation to the final stage of hadroniza-
tion in PYTHIA is summarized below,

• The initial state radiation (ISR): The incoming beam particles are composed of partons
which take part in the hard scattering process. Before the hard scattering process, the in-
coming partons may shower and initiate a sequence of branchings which build up the ISR.

• The hard scattering process: Two partons from the two beams enter the hard process and
produce two partons in the final state. As discussed earlier this is done by convoluting the
PDF with hard scattering cross section1. Note that PYTHIA only calculates leading order
matrix elements. If the final particles are resonances like Z/W or a heavy quark like top
or short lived BSM particles, they decay to normal particleswith decay widths taken into
account.

1Note that the total proton proton collision cross section at7 TeV center of mass energy is about 110 millibarns [245]. Out of this the inelastic
cross section is about 60 millibarn, the single diffractivecross section is about 12 millibarn, while the elastic scattering is about 40 millibarn. The
hard scattering process is dominated by the QCD cross section, which is about 107 pb at 7 TeV center of mass energy.
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• The final state showers(FSR) are built by branching the final state partons from the hard
interaction. Along with the hard interactions there are also semihard interactions.

• The beam remnant: is composed of everything that is left behind once the hard interaction
process is removed.

• The process of hadronization takes place at this stage producing color neutral hadrons.
Some of these hadrons are unstable and may decay further to give stable hadrons. At the end
of the process stable hadrons, leptons and photons are left as final state stable particles.

As was earlier discussed, the final state hadrons are clustered in detector to form jets. Although
PYTHIA has built in cone algorithms for this purpose, cone algorithms suffer from inherent issues
of soft and colinear divergences. Instead, recombination algorithms likekt [241], anti-kt [7] and
C/A [242] are used as IRC safe algorithms. The most widely used jet finding package is FASTJET
[8] and this is used with an interface to PYTHIA in works described in this thesis. The general
algorithm used is anti-kt with a size parameter R=0.5, while for boosted objects C/A algorithm is
used.

We noted earlier that PYTHIA only computes leading order matrix elements. The real correc-
tions of higher order effects are taken care to some extent byparton showering in the final state.
While this may suffice for some processes, specially for processes with low cross sections at the
leading order, it may give unreliable prediction for a variety of processes with large cross sections
like QCD, W/Z+jets. In these cases parton showering to include higher order effects may not be
the realistic estimate of the actual matrix element hard scattering process. Hence generating matrix
elements for these processes becomes an absolute necessity. Some of these processes can be quite
complex as the number of diagrams one has to calculate with every order of perturbation theory
grows quite fast.

In this thesis we use the software packages ALPGEN [9] or Madgraph [10], to compute multi-
parton final state processes like tt̄+ jets, W/Z +jets processes wherever required.

This is then passed to PYTHIA for showering and hadronization. The additional complication
arises because of double counting of events. Note that the matrix element method works best for
large momentum regions of the phase space while low momenta region is best described by parton
shower methods which takes into account soft and colinear emissions. Hence it is useful to merge
the two to get a correct feeling for the entire region of phasespace. A given configuration of (N+1)
jet event in a process can be obtained either by the collinear/soft parton evolution of a (N+1) parton
state, or by a large angle emission of a hard jet from a N partonsystem. Therefore a scheme is
required which decides , on an event by even basis which of thetwo is to be followed. Furthermore
parton showering may mimic an actual matrix element generated configuration in certain regions
of phase space. Therefore a double counting of events occur in the process of merging matrix
elements with parton showers. This therefore must be avoided by a judicious procedure of merging
such that parton shower and matrix element events representthe relevant regions of phase space.
This is done by the procedure of MLM matching [11]. The partons from the matrix element level
calculation is defined with a minimumpmin

T and a separation∆Ri j > Rmin. After showering a jet
defined within a coneRmin, with a threshold ofpmin

T , is applied to the final state partons. The
partons are then matched with the closest jet in the(η ,φ) plane, and if the distance less thanRmin,
the jet and parton is said to be matched, with the matched jet removed from the jet list. These
procedure is repeated for all partons. The double counting is removed by demanding that there is
exactly one parton that matches with a particular jet. For configurations in which there are two
partons that satisfy the matching criteria, the event is removed. Any event below the transverse

72



Chapter 6. The Large Hadron Collider: Kinematics and Jets

momenta threshold is considered a part of the parton shower process, while the ones above are
described by matrix element process. The final matched sample thus contains events where the
low momentum end of the phase space are described by parton shower process, while the high
momenta regime is described by matrix element generated events.
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Chapter 7

Probing generic SUSY signals at the LHC

In this chapter we describe the generic SUSY signals at LHC and the ways to probe such signals
by an effective selection of certain kinematic variables. We introduce SUSY searches based on
event shape variables for the first time. Indeed, it is shown that such a strategy can be more
efficient than existing search strategies, employed by bothphenomenological studies as well as by
the experimental collaborations.

7.1 Signatures of SUSY at the LHC

If one assumes R-parity conservation, the signatures of SUSY follows that of SM, but two of the
particles at each vertex are replaced by superpartners. TheLHC is essentially a hadronic machine,
where the gluon flux can be large and hence the sparticle production at LHC is dominated by strong
production processes governed by QCD. The SUSY electroweakinteractions initiated by quarks
at the initial state mediated by W/Z and the photon are sub dominant. However for low masses
the cross sections for chargino and neutralino can still be significant. Fig. 7.1 presents some of
the Feynman diagrams for sparticle production. The first rowin the Fig. 7.1, presents the gluino
production from s and t channel gluon initiated process, andthe s and t channel quark initiated
process. The second and third rows display the squark pair and the squark gluino pair production
processes, and finally the last row presents the electroweakgaugino pair productions.

The parton level gluino pair production cross section (σ̂) from gluon initiated process at leading
order (LO) is given by [246,247],

dσ̂(g(p1)g(p2)→ g̃(p3)g̃(p4))

dt
=

9πα2
s

4s2

[
2(M2− t)(M2−u)

s2 +
(M2− t)(M2−u)−2M2(2M2+ t)

(M2− t)2

+
(M2− t)(M2−u)−2M2(2M2+u)

(M2−u)2 +
M2(s−4M2)

(M2− t)(M2−u)
−

(M2− t)(M2−u)+M2(u− t)
s(M2− t)

− (M2− t)(M2−u)+M2(t −u)
s(M2−u)

]
,

where s,t and u are the Mandelstam variables defined ass= (p1 + p2)
2 = (p3 + p4)

2, t =
(p1− p3)

2 = (p2− p4)
2, u= (p1− p4)

2 = (p2− p3)
2. αs is the strong coupling constant and M is

the mass of the gluino.
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The total cross section (σ) is obtained by convoluting Eq.7.1.1with the parton density function,

σ(PP→ g̃g̃) =
∫

dt
∫

dx1

∫
dx2 fg/P(x1,µ2

f ) fg/P(x2,µ2
f )

dσ̂
dt

(gg→ g̃g̃), (7.1.1)

where only the gluon dominated process is presented in Eq.7.1.1.
The functionsfg/P(x1,µ2

f ), fg/P(x2,µ2
f ), known as the parton density functions (PDF), represent

the probability of finding a parton a inside the nucleon target with momentum fraction x at a scale
µ f . Hereµ f is the factorization scale respectively and in general set to the hard scattering scaleQ,
whereQ=

√
ŝ is the center of mass energy in the parton frame.

The next to leading order(NLO) cross sections can be quite large as compared to the LO cross
sections. The NLO cross sections have been calculated in theliterature in a wide range of works
[248–251]. The SUSY QCD corrections generally consists of two parts;QCD corrections due
to the real correction of gluon and quark radiation and the virtual correction due to gluon loops,
and secondly the virtual corrections due to the squark and the gluino loops. The virtual SUSY
corrections are sub dominant at large squark and gluino masses. In general cross section calculators
like Prospino [17] make the assumption of degenerate left and right squarks for the first five flavors.
In addition, electroweak corrections have also been calculated in the literature [252,253].

The inclusive cross section is dominated by the strong production processes and varies from as
much as 50 pb for gluino and squark masses of 400 GeV toO ∼ 1 fb for gluino and squark masses
of 1 TeV at 7 TeV center of mass energy. The cross section for various supersymmetric processes
is presented in Fig.7.2, where the gluino and squark masses are assumed to be degenerate. It
can be observed that the largest contribution to the cross section comes from the squark gluino
process, while the sub dominant strong sparticle productions are the squark pair, and the gluino
pair production. Notice that the fall of the cross section israpid with increasing mass, with the net
strong particle production falling to about∼ 1 fb at about 1 TeV squark and gluino masses.

Once produced the squarks and gluinos cascade decays immediately to lighter states and finally
to the lightest neutralino. The decay widths of the gluino and the squarks depend on the masses of
the parent and the decaying particle and the nature of the coupling. As an example the decay width
for the gluino decaying into a squark and a quark is given by [159],

Γ(g̃→ q̃1 + q) =
αsλ

1
2 (m2

q̃1
,m2

g̃,m
2
q)

m3
g̃

(
m2

g̃−m2
q̃1
+m2

q−2sin2θq̃mg̃mq
)
, (7.1.2)

Γ(g̃→ q̃2 + q) =
αsλ

1
2 (m2

q̃2
,m2

g̃,m
2
q)

m3
g̃

(
m2

g̃−m2
q̃2
+m2

q+2sin2θq̃mg̃mq
)
, (7.1.3)

where q̃1,2 denote mass eigen states corresponding to the flavor eigen states ˜qL,R, θq̃ is the
mixing angle between the left and right squark states, andλ is the challan variable defined as
λ (x,y,z) = x2+y2+z2−2xy−2xz−2yz.

Similarly the squark decay widths are given by [159],

Γ(q̃1 → g̃ + q) =
2αsλ

1
2(m2

q̃1
,m2

g̃,m
2
q)

3m3
q̃1

(
m2

q̃1
−m2

g̃−m2
q+2sin2θq̃mg̃mq

)
,

(7.1.4)
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Figure 7.1: Examples of diagrams for the SUSY particle production via the strong interactions (top rows for ˜gg̃, q̃q̃
andg̃q̃, respectively) and the electroweak interactions (the lowest row).

Γ(q̃2 → g̃ + q) =
2αsλ

1
2 (m2

q̃2
,m2

g̃,m
2
q)

3m3
q̃2

(
m2

q̃2
−m2

g̃−m2
q−2sin2θq̃mg̃mq

)
.

(7.1.5)

If the mass hierarchy ismg̃ > mq̃ > mχ±
1
,mχ0

2
> mχ0

1
, the first step of the cascade decay initi-

ated by the gluino is governed by QCD processes, which dependprimarily on the masses of the
initial and final state particles. In general a large mass gapbetween the parent and the daughter
particles results in large boosts carried by the daughter particles. The second step of the cascade
involves decays via weak interactions, to charginos and neutralinos. Contrary to the decay via
strong processes, the decays via weak interaction depend onthe exact nature of couplings and the
composition of the charginos and neutralinos. These couplings dictate the branching ratios of var-
ious weak decays in SUSY. The decay of SU(2) doublet squarks to the chargino states contribute
about 55−60% of the total branching ratio, while the rest is via the decay to neutralinos. If the
gluino is lighter than the squarks, the gluino decays off-shell as,

g̃→ qq′χ±
1 , qq̄χ0

2,

while the chargino and neutralino decays as,

χ±
1 →Wχ0

1 → f f ′χ0
1 , χ0

2 → Zχ0
1 → f f̄ χ0

1 .

These decays however depends on the nature of the squarks andthe charginos and neutralinos.
An entirely right handed squark will decay to a quark and the lightest neutralino. Similarly ifχ±

1
andχ0

2 is gaugino like, the mass gapχ±
1 ,χ0

2 − χ0
1 , is large, resulting in hard final state jets and

leptons. In the other limit, whenχ±
1 andχ0

2 are higgsino like,χ±
1 , χ0

2 andχ0
1 are almost degenerate
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Figure 7.2: The cross sections for various supersymmteric processes by strong processes at 7 TeV LHC energy.

Production Decay Modes Signatures

• g̃g̃, q̃q̃, g̃q̃
g̃→ qq̄χ̃0

1,2
qq̄′χ̃±

1
gχ̃0

1

/
p/T +multijets

(+leptons)

q̃→ qχ̃0
i

q̃→ q′χ̃±
i

• χ̃±
1 χ̃0

2 χ̃±
1 → χ̃0

1 l±ν Trilepton+
/
p/T

χ̃0
2 → χ̃0

1 ll

χ̃±
1 → χ̃0

1qq̄′ Dilepton+ jet+
/
p/T

χ̃0
2 → χ̃0

1 ll

Table 7.1: Some of the production processes, decay modes andsignatures of sparticles at a hadron collider like LHC.

and hence the final state objects are soft. At the end of the decay chain, a collection of leptons,
quarks and missing transverse momentum (p/T) originating from the LSP is obtained. The p/T in
the system occurs from the fact that the lightest neutralino, being extremely weakly interacting,
evades detection. The resultant imbalance in momentum shows up as p/T. Some of the SUSY
signals initiated by strong/weak production processes aretabulated in Table7.1,

Thus the generic SUSY signature, is often designated by,

m− leptons+n− jets+p/T n,m= 0,1,2... . (7.1.6)

The task of extracting the SUSY signal at the LHC boils down tosuppressing the enormous
SM backgrounds. The SM background consists of two major components; the QCD background
which is the largest background in terms of cross section andwith no or insignificant p/T, and
secondly the electroweak and thett̄ background which has large cross sections and associated p/T
from the neutrinos. Thus the principal backgrounds to a generic SUSY search can be summarized
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as follows [254]:

• QCD: The QCD background, which includes copious productions ofquarks and gluons in
the final state is the largest SM background in terms of cross section of about∼ O 107 pb at
7 TeV. The p/T in the QCD background comes from semileptonic B meson decays, as well as
non physics sources like detector effects. In the works described in this thesis, we do not take
detector effects into account.

• tt̄ + jets: The tt̄ production process can have semi-leptonic and fully hadronic final state.
Since the cross section is significantly large (∼ 160pb at 7 TeV) and there is a significant
amount of missing energy from the neutrinos in case of semi-leptonic decays along with
associated jets this too is a major background for SUSY searches.

• Z+jets :This electroweak process comprises of the irreducible part of the background in
SUSY searches for fully hadronic final states when the Z bosondecays to a pair of neu-
trinos. The cross section for this process is quite large (∼ 104 pb at 7 TeV) and hence this
background is one of the most severe backgrounds to SUSY searches. This background also
contributes significantly for dileptonic SUSY searches when the Z bosom decays to a pair of
opposite sign leptons.

• W+jets : This electroweak background can be significantly large forleptonic and fully
hadronic searches as the cross section is enormously large (∼ 105 pb at 7 TeV). For fully
hadronic searches this is a major background in the situation when the lepton is not identified,
or when the W decays hadronically via the tau lepton. This is also a significant background
for single lepton searches for W→ lν .

• WW/WZ/ZZ : The SM electroweak processes, although low on cross sections as compared
to the previous ones, can be serious backgrounds for a variety of SUSY searches, for both
hadronic and leptonic final states.

• tbW/tW/ ννqq′ : These background processes can be significant for hadronicas well as
leptonic SUSY searches.

The SUSY signal cross sections are thus miniscule (∼ O(1 pb)) as compared to the SM back-
grounds and therefore the challenging task at hand is to extract the signal out of this haystack. The
amount of suppression required is of the order of 1 part in 108, which is quite a daunting task.

The first works in probing SUSY signatures for the early LHC run with 7 TeV energy were
conducted by [4,5,255]. In general these search strategies probed the following channels :

• jets + p/T.

• 1-lepton(1l) + jets + p/T.

• two opposite(OS)/same sign(SS) leptons + jets + p/T.

• three leptons + jets + p/T.

The general strategy employed in these searches relied on the use of a hard p/T cut along with
other standard cuts on the number of jets and hardness of the leading jets. This is well motivated
since in a large region of the SUSY parameter space dominatedby strong particle production,
the leading jets and p/T is expected to be hard. This provides an excellent handle to suppress the
backgrounds. Using their strategy the authors in [4] found that they can probe up to 950 GeV in
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gluino mass when the squark is degenerate with the gluino and500 GeV when the gluino mass is
much less than the squark mass.

In addition some specialized techniques likeαT [256], razor [257], MT2 [47] were also investi-
gated in a wide range of the MSSM parameter space.

At the end of the 7 TeV and the 8 TeV runs at the LHC data worth 5f b−1 and 20 f b−1 lumi-
nosity was acquired respectively. Most of the early searches in ATLAS and CMS were conducted
in the model framework of CMSSM parameter space [21,258]. The general strategy relied on the
use of a highHT and a high p/T cut to suppress the backgrounds.

It was also observed that, these search strategies did not cover certain regions of parameter
spaces with relatively low p/T. A typical example is the highm0 and lowm1/2 region in CMSSM,
where the squark masses are much higher than the gluino mass.In this case, although the p/T is
lower, this region is rich in jet activity, as the gluino undergoes a three body decay in the heavy
flavor channel via off shell squarks. The multiplicity of jets in this case is expected to be high,
as is the momentum of these jets. In this region the limits from ATLAS and CMS were observed
to be weaker than the highm1/2 region, where the gluino and the squark have almost degenerate
masses. This region thus requires special treatment, and inthe following section we take up the
subject of event shape variables in supersymmetry searches[19,20] to show that such kinematically
challenging regions can be probed more efficiently than the existing search strategies.

7.2 The event shape analysis for 7 TeV LHC energy

As was mentioned earlier the sparticle production at the LHCis dominated by the strong production
process. The final states with the generic signature of jets,leptons and p/T (Eq. 7.1.6) were studied
in the following channels [19],
• a single lepton + jets(1ℓ) + p/T,
• di-leptons+ jets(2ℓ),
• jets + p/T.

It must be noted that the jets + p/T channel offers the largest reach, as leptonic branching ratios
in the cascade decay are much smaller.

The background processes consists of the entire set described in in the previous section. The
most severe backgrounds consist of thett̄ + jetsand the irreducibleZ(→ νν̄ + jets). Along with
this, the single lepton and the jets + p/T channel is plagued by the W(→ ℓν ) + jets and QCD due to
its large cross section. In addition sub dominant backgrounds like WW/WZ/ZZ and tbW, t̄tW also
make a significant contribution to the final background.

The event generatorPYTHIA6 [6] is used to generate signal events and background processesdue
to tt̄, WW,WZ,ZZ and QCD. Thett̄ and QCD backgrounds are generated by slicing the entire phase
space in various ˆpT bins, where ˆpT stands for the transverse momentum of final state partons in
the partonic center-of-mass frame. For tt̄+ jets, W/Z+ jets , hard parton level events are generated
usingALPGEN [9] and subsequently passed throughPYTHIA6 for parton showering(PS). Jets are
reconstructed using FastJet [8] with an anti−KT [7] algorithm using a size parameter R=0.5. Jets
are selected with a cut ofp j

T ≥ 50 GeV and|η | ≤ 3.0. The total p/T of the event is calculated out
of the momentum of all visible particles present in the event. We pre-select events consisting jets
and missing energy by imposing the following selection:

p j
T > 50 GeV, |η |< 3.0 and p/T > 50 GeV, nj > 1. (7.2.1)
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For the analysis with single and dilepton channels, leptons, both electron(e) and muon(µ) are
selected withpT ≥10 GeV and|η | ≤3. In the case of the single lepton final state, we apply
pT ≥ 20GeV.

To analyze the signal and background we use the following strategy based on event shape vari-
ables with the selection variables as described below:

• Transverse thrust :The concept of event shape variables emerged withe+e− colliders, with
the aim of defining the "shape" of an event, whether it is planar, spherical or pencil like, etc.
These variables are defined to be infra-red safe against softor colinear gluon emission and
invariant under the branching~pi → ~p j +~pk, whenever the momenta are parallel or one of
them is small. Quantities made of linear sums of momenta always meet this criteria. The
event shape variable we put to use is transverse thrust defined as [18],

T = max
∑ j |~p j

T .~nT |
∑ j |p j

T |
, (7.2.2)

where~p j
T is the jet with momenta in the transverse direction, and~n is an arbitrary unit vector

in the transverse plane over which the maximization is performed. If the momenta~p j
T form

colinear jets, the thrust axis after maximization lies parallel to the jet and hence the value of
the T is equal to 1. For a di-jet event with jets in the back to back configuration the value of
T is again equal to 1, as can be readily seen from Eq.7.2.2. For an isotropically distributed
configuration of jets, the value is close to 2/π. The tail of the distribution is dominated by
multi-jet events.

We use this feature to good use for SUSY searches. We realize that SUSY processes where
the heaviest particle (gluino or squark) cascades down to the lightest supersymmetric particle
(LSP), the final state can have a large number of jets and leptons along with a significant
amount of p/T from the LSP. A typical region of interest which produce these kind of events
in the framework of CMSSM is the region of moderate to highm0 and relatively lowm1/2,
leading to a low gluino mass and a high squark mass. In this case the gluino ( ˜g) decay mode
proceeds as ˜g→ tbχ±

1 , tt̄χ0
2 via off-shell squarks. The largest SM background namely QCD

produces mostly di-jet events, and therefore the thrust distribution in this case lies close to 1.
Thus putting a cut ofτ > 0.1 suppresses a huge amount of the QCD background leaving the
signal mostly unaffected. The thrust distribution expressed in terms ofτ = 1−T, subject to
the cuts described in the figure is presented in Fig.7.3. We can thus observe a clear distinction
between signal and background processes [19] particularly QCD which lies close to 0.

• RT : The remaining major background consists of the irreducible Z(→ νν̄) + jets and the
W+ jets background. Note that since the parent SUSY particle(gluino or squark) is fairly
heavy the resulting jets are hard. Additionally the fact that the process consists of multi-jets
motivates us to construct a ratio of the transverse momenta calledRT [19] and defined as,

RT =
∑

nmin
j

1 p j i
T

HT
, (7.2.3)

where the numerator runs over a minimum number of pre-selected jets (nmin
j ) depending on

the signal topology. The denominator HT is the scalar sum of the transverse momenta of all
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Figure 7.3: Theτ = 1−T distribution(left panel) and theRT distribution(right panel). The benchmark signal point is
in the CMSSM framework for m0 = 1500,m1/2 = 310, tanβ = 10,A0 = 0,sgn(µ)> 0 for 8 TeV LHC energy. The jet
pT threshold is chosen to be 50 GeV within|η |< 3. The figure is normalized to luminosity.

jets in a given event. For events which peak at 1, nj = nmin
j , while values less than 1 are for

events where the number of jets present in the event are greater than nmin
j . In our study we

choose RT4, implying nmin
j = 4. This is illustrated in theRT distribution in the right hand

panel of the Fig.7.3, where the peak at 1, represents events with nmin
j = nj = 4, while events

at the tail of the distribution are corresponds to where nj ≫ nmin
j .

This is more than a naive implementation of a cut on the total number of jets, as this cut also
utilizes the hardness of the final state objects. This variable is most effective in suppressing
the W(→ lν) + jets and the irreducible Z(→ νν̄ )+jets background. For SM backgrounds
the sub leading jets are expected to be much softer than the corresponding SUSY processes,
where the jets originate from a fairly massive parent particle. Hence the tail ofRT distribution
is expected to fall to much lower values for the signal process as compared to the background
process.

Notice from Fig.7.3, almost all the SM backgrounds, withn j > nmin
j , falls close to 1, while

the SUSY processes fall to values as low as 0.55. We put a cutRT < 0.85 to optimize the
signal to background ratio.

• M j j
T : Finally the remaining background consists of tt̄+ jets which can have a significantly

high number of jets along with p/T. To suppress this we construct the variable with the leading
two jets in the event as,

M j j
T =

√
2p j1

t × p j2
T (1−cosφ), (7.2.4)

whereφ is the angle between the leading two jets in the transverse direction. We note certain
facts about this variable which helps us to suppress the large t̄t+ jets background. Thett̄
process, after theRT cut is always in the highHT region implying that the top pairs are in the
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T ) for tt̄ and SUSY signal events subject to pre-selection cuts(Eq.7.2.1) and with√

S=8 TeV. Parameter space P1 from Table7.4 is used for SUSY.

boosted regime and hence the leading two jets are quite boosted and hard. Thus the opening
angleφ between the two leading jets in this case is quite small, leading to a smaller value of
M j j

T . However in the SUSY signal, the leading jets are isotropically distributed, leading to a
larger value ofM j j

T as the opening angleφ between the leading two jets are larger. This can be
observed in Fig.7.4 (subject to preselection cuts as described in the figure at 8 TeV), where
we observe that the the distribution for thett̄ process peaks at 200 GeV, while the SUSY
process peaks at 400 GeV and the tail extends to more than 1 TeV. There are other processes
(not shown in the figure just for the sake of presentation), like the remaining fraction of W+
jets and Z+jets, which also suffer significantly To optimizethe signal and the background
where a cut ofM j j

T > 450 GeV can be applied at 8 TeV.

• HT : In addition we also employ theHT cut to reduce a certain fraction of the background.

• MT : For the single lepton case, in all backgrounds, the lepton mainly comes fromW decay,
and hence the transverse mass between the lepton and p/T is expected to be bounded by theW
mass. Hence, events with a single lepton case is expected to suffer due to a cut on transverse
mass [259],

MT =
√

2Eℓ
Tp/T(1−cosφ(ℓ,p/T))≥ 60GeV,

whereφ is the azimuthal angle between the lepton and the p/T direction.

• mℓ+ℓ−: For the dilepton case we use the additional cut onmℓ+ℓ− ≥10 GeV andmℓ+ℓ− 6=70-
120 GeV to remove theZ(→ l+l−) + jets background as the dilepton invariant mass is ex-
pected to give a peak at the Z boson mass. The cutmℓ+ℓ− ≥10 GeV is used to suppress
dilepton mass peaks originating from a soft ISR photon splitting into dileptons.

• p/T : A p/T > 150 GeV is applied for all the search channels.
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The left panel of Table7.3summarizes the cuts for various search channels.
As was the practice in the early analysis of SUSY search strategies at the LHC the model

framework of CMSSM [4,5,255] was used to probe SUSY signatures.
As a recap we remind ourselves that the model is described by 4parameters and a sign. These

arem0,m1/2 anA0, namely the universal scalar mass, the universal fermion mass and the universal
trilinear coupling respectively, specified at the GUT scale. The remaining two parameters include
tanβ , the ratio of the VEVs of two Higgs doublets and sgn(µ), whereµ is the higgsino mass
parameter, determined at the electroweak scale. The sparticle spectrum at the electroweak scale is
determined by renormalization group evolution(RGE) from the GUT scale to the electroweak scale.
The software package SUSPECT [14] is used to generate the sparticle spectrum. SUSPECT uses
two loop RGE while evolving from a generic high scale SUSY breaking model to the electroweak
scale, where all the masses and mixing angles are calculated. The subsequent branching ratios
were computed using the interface SUSYHIT [15].

For the 7 TeV analysis where event shape variables were used for the first time in SUSY
searches [19], the values ofA0, tanβ , sgn(µ) were fixed to 0, 45 and +1 respectively. Table7.2
shows the benchmark points used for this analysis.

P1 P2 P3 P4
m0 500 1500 500 450
m1/2 200 200 400 500
mg̃ 524 575 954 1161
mq̃ 660 1535 981 1133
mχ̃±

1,2
142,296 126,241 308,515 391,623

mχ̃0
1,2

78,143 76,130 164,309 207,392

mχ̃0
3,4

274,295 196,240 499,514 610,623

µ 266 208 495 607
σ(pb) 2.5 0.32 0.08 0.018

Table 7.2: Masses(in GeV) of SUSY particles for four sets ofm0,m1/2 and fixed values ofA0=0, tanβ=45, sign(µ)=+1.
The leading order cross sections(σ) for SUSY particle production are in the last row. The mass ofthe top quark is set
to 173.2 GeV

1-lepton di-lepton jets+ p/T
lepton 1 2 no-veto

T < 0.9 <0.9 <0.9
RT <0.85 < 0.85 < 0.85
M j j

T - - 450 GeV
Mlν

T > 60 GeV - -
ml+ l− - 70-110 GeV -
HT 900 GeV 900 GeV 1 TeV
p/T 150 GeV 150 GeV 150 GeV

Total Bg P1 P2 P3 P4
1ℓ(σ0p/T

) 101 179 20 7 2
1ℓ(σp/T

) 2.65 70. 8 5 1.3
2ℓ(σ0p/T

) 5.43 56 7 2 0.5
2ℓ(σp/T

) 0.97 31 4 1.8 0.5
Jets(σp/T

) 3.7 271 32.5 21.8 4.63

Table 7.3: The summary of cuts for 7 TeV event shape analysis(left hand side). Total signal(P1-P4) and background
cross sections(fb) before and after p/T cut (σ0p/T

,σp/T
respectively) for the single lepton(1ℓ), di-lepton(2ℓ) and jets plus

p/T case(right hand panel).

The event summary for the single lepton case can be found in [19]. In the right panel of Table
7.3, the final cross sections after all cuts for 7 TeV for all the channels is summarized. The con-
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servative estimate predicts that in the single lepton channel and as well as the jets + p/T channel, it
is possible to achieve a reasonable signal-to-background ratio for g̃ andq̃ masses up to∼ 1.1 TeV
whereas the di-lepton channel alone is not very encouraging. It has to be noted that this conclusion
is based on LO signal cross sections whereas in background evaluation the higher order effects
are taken into account to a certain extent by considering hard emission of partons(jets), which is
the real part of the NLO correction. Clearly, the discovery reach is signal rate limited rather than
background limited, which is quite small after all cuts.

7.3 The updated event shape analysis at 7 TeV and 8 TeV LHC energy.

After scrutinizing the previous selection strategy and correlation of cuts [19] very closely, it was
realized that theHT cut was redundant and can be removed entirely. In addition, we also updated
our study for 8 TeV LHC energy. In order to find the sensitivityof our search strategy we scan
the entire region of CMSSM parameter space and predict the discovery reach of SUSY signal.
Moreover, we also compare our results with the CMS and ATLAS results for 7 TeV with 5 fb−1

data .
In SUSY events theHT distribution in signal is expected to be on the higher side asjets emerging

from cascade decays of heavier particles are more energeticthan their SM counterparts and hence,
it is used as one of the background rejection tool. Followingthis observation, in our previous
analysis we also adopted thisHT variable to eliminate SM backgrounds [19].

Therefore in the later work [20] where we probed SUSY signatures at 7 TeV with 5f b−1 and
8 TeV with 5 and 20f b−1 luminosity this issue was investigated further for the jets+ p/T channel.
For this analysis , the following sets of cuts were imposed,

τ > 0.1, RT(4)< 0.85,

M jj
T > 450 GeV,p/T > 250 GeV. (7.3.1)

In Fig. 7.5, we present the interplay of cuts by making a two dimensionalplot in p/T−HT plane
imposing selection onτ andRT(4), as Eq.7.3.1, requiring at least 4 jets in the event for both signal
and all SM backgrounds. The signal benchmark point chosen inthis case corresponds to P1 in
Table7.4. The p/T−HT distribution shown in Fig.7.5clearly reveals that signal events are located
at the highHT ( >∼ 750 GeV) region and in addition, requiring p/T >250 GeV, it is possible to get
rid of contamination due to the SM backgrounds. This exercise justifies the claim of dropping
HT cut from our selection strategy. These features are in starkcontrast to almost all multijet
search strategies which requires a largeHT cut in their analysis [260]. One of the most important
background to SUSY searches is the irreducibleZ(→ νν̄)+jets background with multijets and a
large amount of p/T [254]. UsingRT(4) we have successfully managed to suppress this background

Model µ At,b,τ g̃ q̃ t̃1 t̃2 b̃1 b̃2 ẽl τ̃1 χ̃0
1 χ̃0

2 χ̃+
1 χ̃+

2
P1 408 541,803,184 825 1609 1004 1349 1155 1257 1507 1489 127 228 227 354
P2 645 909,1342, 308 1217 1238 916 1150 1120 1198 707 641 215 406 406 663

Table 7.4: Mass spectrum for benchmark point (P1)m0 =1500 GeV,m1/2=310 GeV tanβ=10.A0=0, sgn(µ)≥0,
(P2)m0 = 620 GeV,m1/2 =520 GeV, tanβ=10. A0=0, sgn(µ)≥0 for the 8 TeV analysis. The top massmt is set to
173.2 GeV.
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to a rather small level. It must also be emphasized that this variable being a dimensionless quantity
is prone to less systematics, and is a fairly simple variableto implement in experiments.
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Figure 7.5: Distribution of signal and background events with τ > 0.1, RT(4) < 0.85, M j1, j2
T > 450 GeV along with

pre-selection cuts, Eq.7.2.1. Parameter space P1 in Table7.4 is used for SUSY.

In order to understand the impact of our selection strategy as discussed in the previous section,
we analyzed SUSY signal for two benchmark points shown in Table 7.4. One of the points(P1)
corresponds to a lower gluino mass and a relatively higher squark mass in contrast to the other
point(P2) where gluino and squark masses are almost equal. In Table7.5, we summarize the
cumulative effect of cuts for a center of mass energy 8 TeV. The production cross sections (CS)
are presented in the second column of Table7.5. It is to be noted that the signal cross sections
are at the next-leading-order [17] level where as partially higher order corrections are taken into
account by considering associated jets in the background processes. The 3rd column shows the
number of events(N) generated and it is made sure that it corresponds to at least 5f b−1 integrated
luminosity. From the 4th column onwards the number of eventsdue to cumulative effect of cuts
are presented. Finally, in the last column, the number of events selected after all cuts including
matching efficiencies(Eq.7.3.1) are shown normalized to cross section for 5f b−1 luminosity. In
addition we also simulate signal and backgrounds with proper statistics for 20f b−1 luminosity for
which only final results are presented.

The benchmark points(P1 and P2) are so chosen as to reveal thedifference in the type of event
distribution for the two points. The first point P1( Table7.4) has a lower gluino mass and a compar-
atively higher squark mass which implies that the primary decay mode of gluino will be through
g̃→ tbχ±

1 , tt̄χ0
1,2 via virtual top squarks. With top decaying in the hadronic mode for about 2/3, it

yields a large number of jets. We find as expected that the suppression due to the thrust cut(τ > 0.1)
for the signal is about 20% whereas for background it is the close to 90% for some cases, QCD
in particular. The RT4 selection variable is effective for multijet backgrounds and is reflected in
the 5th column of Table 2. Eventually, the Mjj

T cut as discussed previously is useful to get rid of
the remaining top background. However, in case of parameterspace P1 i.e for highm0 and low
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Process C.S(pb) N τ RT4 M j j
T p/T # of Events

> 0.1 ≤ .85 ≥ 450 GeV ≥ 250 GeV L = 5 f b−1

P1
g̃g̃ 0.087 20K 16809 9186 3840 1025 22.3
q̃g̃ 0.023 20K 16474 9776 7363 3458 19
P2
g̃g̃ 0.002 20k 17781 13650 6227 3810 1.73
q̃g̃ 0.015 20K 14895 5286 3490 2883 10.5
q̃q̃ 0.02 20k 10713 1068 451 299 1.3
tt̄

5-200 85 0.3M 147181 5738 133 0 0
200-500 10 0.1M 29490 4518 328 2 1
500-inf 0.13 20k 1986 248 147 9 0.3
tt̄ +1 j 79.6 136083 68854 3354 20 0 0
tt̄ +2 j 39.6 192983 11110 1180 14 0 0
tt̄ +3 j 14.7 14993 9802 2239 110 0 0
tt̄ +4 j 4.5 12439 9192 3724 433 6 1.6
QCD

300-500 1267 2M 263823 11765 4409 0 0
500-800 67 0.3M 32646 1720 1439 0 0
800-1500 3 0.1M 8110 412 394 0 0
1500-inf 0.01 10k 496 10 10 0 0

W+2j 1665 220879 122079 2 0 0 0
W+3 j 436.2 99616 43712 3 0 0 0
W+ 4j 105.3 68923 25324 342 36 0 0
Z+2j 1670 120199 67406 0 0 0 0
Z+3j 450 241202 106864 6 0 0 0
Z+4j 110 39203 17706 133 10 0 0

Table 7.5: Number of events after each set of cuts for signal and background for
√

S=8 TeV. In the the last column,
number of events are normalized for 5 fb−1 luminosity.

m1/2, the mass differences amongχ±
1 , χ̃0

2 andχ0
1 are comparatively small resulting in less available

energy for final state particles leading to a softer spectrumincluding soft p/T. As a consequence,
the effect of p/T(>250 GeV) cut is severe for signal in this case, as reflected in the penultimate
column in Table7.5. Hence, total acceptance efficiency turns out to be small yielding low signal
sensitivity in this region.

The benchmark point P2 withm0 andm1/2 nearly equal, is different in the fact that the gluinos
will preferentially decay tõt t with physical top squarks decaying further tot χ0

1,2. Hence the gluino
decay will still yield a fair number of jets in the final states. The 1st two generation squarks will
however decay predominantly to qχ±

1 with charginos decaying toWχ0
1 . This channel therefore

yields a less jet activity in most cases which is suppressed by the RT(4) < 0.85, as can be seen
from Table7.5. In Table7.6, we show the total number of background and signal events after all

selection cuts for two parameters points P1 and P2 normalizing to cross section at 5f b−1 luminos-
ity. We observe about 4(3) background events for integratedluminosity 5f b−1 at 7(8) TeV energy
against a handful of signal events yieldingS/

√
B more than 5 for two selected representative signal

parameters points P1 and P2. The suppression of background events indicate the robustness of our
selection strategy.
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Figure 7.6: Discovery reach requiring S/
√

B ≥5 for tanβ= 10, A0 = 0, sign(µ)=+1. The two CMS(MT2 and Ra-
zor) [21,258] and ATLAS [260] exclusion plots are at 95% C.L. The green shaded region is disallowed by theory and
LEP constraints, red shaded region is forbidden byτ̃1 LSP condition.
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Figure 7.7: Same as Fig.7.6, but for tanβ=50.
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Armed with this selection strategy, we attempt to find the potential discovery region in the
m0−m1/2 plane. We scan them0−m1/2 parameter space settingA0=0, sign(µ)=+1, tanβ=10, 50

and estimate the signal rates applying cuts, Eq.7.2.1and7.3.1. We require S/
√

B ≥5 to claim
discovery of SUSY signal for each set of parameters points for a given energy and luminosity. In
Fig. 7.6 and Fig.7.7 we present the discovery reach in them0−m1/2 plane for tanβ = 10 and
tanβ = 50 respectively. In both the figures the shaded area along thex-axis are mainly disallowed
by no-EWSB breaking condition as well as the limit on chargino mass(>102 GeV) from LEP ex-
periments [66]. On the other hand the shaded region along the y-axis are ruled out becausẽτ1
appears to be LSP which is assumed to be forbidden because of offering LSP as a dark matter
candidate which has to be neutral. We present our results for7 TeV with 5 f b−1 luminosity and
8 TeV energy with 5f b−1 and 20 f b−1 luminosity. The total background and signal cross sec-
tions are presented in Table7.6. It is expected that the discovery reach for 8 TeV is higher and
this enhancement occurs mainly due to the enhancement of sparticle production cross sections,
approximately by a factor of 2. Notice that in the same plane we also delineate regions excluded
at 95% C.L. by CMS and ATLAS at 7 TeV energy with 4.4f b−1 and 4.7f b−1 luminosity respec-
tively. Note that for tanβ =50 case, exclusion plots are not available from both the experiments
at this integrated luminosity. Notice that the two CMS exclusion plots are due to the two methods

√
S L ( f b−1) tt̄ W+jets Z+jets QCD Total Bg SUSY

TeV P1 P2
7 5 2.83 <1 1.32 < 1 4.15 20.7 5.24
8 5 2.9 <1 < 1 < 1 2.9 41.3 13.53
8 20 7.2 <1 < 1 < 1 7.2 165 54

Table 7.6: First two rows(last row) present the number of signal and background events for 5f b−1(20 f b−1) luminosity
subject to all selection cuts, (Eq.7.2.1,7.3.1) corresponding to center of mass energies as shown.

MT2 [258] and Razor [21] with almost same luminosity. The ATLAS exclusion plot is obtained
by demanding the number of jets≥6 to ≥9 along with p/T in the final states [260], which is the
similar type of final states where our search strategy is mostsensitive.It is to be emphasized that in
both CMS and ATLAS analysis, no isolated leptons, electronsor muons are required. It helps to
suppress backgrounds, mainly due tott̄ and W+jets. However, in our analysis we do not require to
veto any such events to suppress these backgrounds. It seemsfrom these figures that our selection
strategy works better for highm0 values where as for lowm0 case it is comparable with other re-
sults. A naive comparison of our results with a recent paper of Ref. [4] which predicts the gluino
mass up to∼800 GeV whereas our analysis claims it∼1 TeV for 7 TeV 5 fb−1 luminosity in the
high m0(>1500 GeV) region. It is to be noted that the signal rates in thepaper [4] correspond to
inclusive channel, but in our case it is due to the jets plus p/T channel. It is true that at the high
m0, as discussed before, the p/T in the events is softer and hence signal selection based on tight cut
on p/T suffers and sensitivity degrades very fast. However, in ourcase, instead of high p/T cut, we
exploit the multiplicity of jets in the events, which is on higher side in this highm0 region due to
the presence of heavy flavors(t,b quarks) in ˜g, q̃, cascade decay chains as discussed previously. As
a consequence, selections based on our strategy achieves better significance than the others which
are based on very hard cut on p/T andHT . On the other hand, towards the higher side ofm1/2 and
comparatively lowm0 values, the masses of gluinos and squarks are close to each other,

multiplicity of jets is relatively lower and hence our strategy suffers to some extent.We observed
that the difference in tanβ does not make a significant impact in the discovery reach, which is ex-
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Figure 7.8: Discovery reach for tanβ = 10,A0 = 0, sign(µ=+1).
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Figure 7.9: Same as Fig.7.8, but for tanβ = 50.
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pected as rates in the hadronic channel is controlled by the cascade decays of the strong production
process whereas tanβ affects the electroweak processes. However, the differences are subtle and
appear only in parts of parameter space which hasτ̃1 as the next to LSP due to large tanβ and hence
yield τ leptons in the final state. This yields a lesser number of jetsin some parts of parameter
space which in our search strategy translates to a lower reach in large tanβ region.

In order to understand the implication of this discovery region in m0−m1/2 planes, we translate
Figs.7.6 and7.7, to Figs.7.8 and7.9, which are in the physicalmg̃−mq̃ mass planes (see3.4.2
for mass relations betweenm0,m1/2 andg̃, q̃). Clearly, both the figures display the discovery reach
of masses of ˜g for the corresponding ˜q masses and vice versa for a given set of SUSY parameter
space. We find that for nearly degenerate case,mg̃ ∼ mq̃, it is possible to find SUSY signal for
mg̃ up to 1.2 TeV(1.35 TeV) for 7 TeV(8 TeV) energy with 5f b−1 luminosity where as for larger
masses of ˜q, this reach goes down to 1 TeV(1.1 TeV) for the same energy range. This conclusion
remains true for high tanβ , case as well. For higher luminosity options, say 20f b−1 for 8 TeV
energy this reach extends to∼1.5 TeV. Note that our predictions are based purely from generator
level analysis without taking care of any detector effects.

It is imperative to design search strategies that will access the edges of the SUSY parameter
space. This will involve optimizing the signal to background ratio in large parts of the parameter
space where the signal cross section is miniscule. In this study we have provided such a search
strategy with its own merits of suppressing SM backgrounds to a rather small level. It must be
emphasized that our strategy is not limited to CMSSM but expected to work also in other models
which yield a large number of jets, for instance non-universal gaugino mass model [24] or the no
scale F-SU(5) models which yield hard high multiplicity jets [261].
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Higgs signatures in MSSM

The observation of the Higgs boson is indeed the most important discovery in the MSSM frame-
work in absence of any SUSY signal, as the lack of a Higgs bosonwould have ruled out MSSM. In
section3.6.2, it was shown that the tree level Higgs mass was bounded by themass of the Z boson.
However, it was also noted that loop corrections, dominatedby top stop loops can significantly lift
the mass of the lightest Higgs boson up to 135 GeV (Eq.3.6.20). Therefore the 125 GeV Higgs
boson can be accommodated in the framework of MSSM with certain choices of parameters.

The discovery of the Higgs boson puts a significant amount of restriction on the MSSM param-
eter space. Any spectrum of MSSM is required to have the correct Higgs mass, and hence this
would rule out some of the available real estate in the MSSM landscape. The constraints on the
MSSM parameter space post Higgs discovery has been carried out in a number of studies in various
model contexts like CMSSM, non universal Higgs mass(NUHM),the next to MSSM(NMSSM),
as well as in the framework of a general MSSM scenario [25,33,194–219].

While prima facie the large constraints imposed by the Higgsmass, and the inability to distin-
guish the lightest Higgs between SM and MSSM might seem a blowin its face, the discovery does
indicate the region of parameter spaces,

(i.e regions with large scalar masses or light third generation squarks with maximal mixing
scenarios) that one should be probing to find a SUSY signal.

On the practical side, the discovery of the Higgs boson allows us to study Higgs signatures
in the framework of SUSY. Firstly, a Higgs signature in cascade decays of SUSY particles can
be observed, increasing the production rate of the lightestHiggs boson. In this context we study
the production ofχ±

1 χ0
2 , and the subsequent decay ofχ0

2 → χ0
1h, at 8 and 14 TeV LHC energy.

Secondly, the decay of the lightest Higgs to a pair of SUSY particles can be a signal of MSSM.
The prime example is the decay to a pair of LSP’s which would evade the detector. This would
result in an invisible branching ratio in the total Higgs decay width. In the following works we
discuss both of the above possibilities.

8.1 Higgs signal from electroweak gaugino decays

In this section the prospects of a Higgs signal in sparticle decays is investigated. We study the
production of chargino neutralino pairs and the subsequentdecay of the neutralino to the lightest
Higgs boson.
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8.1.1 The production and decay of electroweak gauginos

Although the sparticle production at a hadron collider are dominated by strong interactions, the
production of the electroweak gauginos can be significant for low masses(<∼ 600 GeV ). The
production modes for these channels are schematically given by,

pp→ χiχ j +X, (8.1.1)

where i and j refer to chargino pairs, neutralino pairs or chargino-neutralino production processes.
The production proceeds primarily through s channel quark annihilation and t channel squark ex-
change diagrams. The Feynman diagrams for the production modes are presented in Figure8.1.

(a)

q

q
–

γ,Z,W
χ̃i

χ̃j

q̃

(b)

g̃
q̃

g

Figure 8.1: Feynman diagrams for the production of chargino/neutralino pairs at hadron colliders in quark-antiquark
collisions;a ) real diagrams, andb) NLO corrections.

The s channel process proceeds mainly through the coupling of the vector bosons to the gaugino(W̃)
and the higgsino(̃H) components of the chargino and neutralino eigen states, while the squark ex-
change u and t channel diagrams are dominated by only the gaugino components. In terms of the
unitary matricesV ,U and Z that diagonalize the chargino and the neutralino mass matrices, the
eigen states can be written as (Eq.3.5.1),

χ+
i = Vi j ψ+

j , basis: ψ+
j =

(
W̃+, H̃+

2

)
,

χ−
i = Ui j ψ−

j , basis: ψ−
j =

(
W̃−, H̃−

1

)
,

χ0
i = Zi j ψ0

j , basis: ψ0
j =

(
B̃0,W̃3, H̃0

1 , H̃
0
2

)
. (8.1.2)

The matrix element for the transition amplitudes are generally expressed in terms of bilin-
ear charges defined in terms of the above unitary matrices after Fierze transformations. For the
chargino neutralino pair production these are given by [262],

QLL =
1√

2 sin2θW

[
Z∗

j2Vi1−Z∗
j4Vi2/

√
2

s−M2
W

+
Vi1

cosθW

Z∗
j1(eq̃− I3q̃)sinθW+Z∗

j2 I3q̃cosθW

u−m2
q̃

]
,

QLR=
1√

2 sin2θW

[
Z j2U ∗

i1 +Z j3U ∗
i2/

√
2

s−M2
W

− Z∗
i1

cosθW

Z j1(eq̃′ − I3q̃′)sinθW +Z j2 I3q̃′ cosθW

t −m2
q̃′

]

QRL= QRR= 0, (8.1.3)
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with s= (pq+ pq̄′)
2, t = (pq− pχ̃i )

2 andu= (pq− pχ̃ j )
2.

The leading order parton level cross section is given by [262],

dσ̂
dt

[qq̄( )′ → χiχ j ] =
πα2

3s2

[
(|QLL|2+ |QRR|2)uiu j +(|QLR|2+ |QRL|2) tit j

+2Re(Q∗
LLQLR+Q∗

RRQRL)mχ̃i mχ̃ j s
]
, (8.1.4)

whereti, j = t −m2
χ̃i, j

andui, j = u−m2
χ̃i, j

.

At the NLO level SUSY-QCD corrections, qqV and qt̃χ vertex corrections enhance the leading
order cross sections by K factors ranging from 1.2 to 1.35 [262]. The electroweak corrections are
sub dominant and increase the Born cross section by about 5% [263]. At 14 TeV the NLO cross
sections for theχ±

1 χ0
2 pair production varies from as large 10 pb for masses of 100 GeV( assuming

the masses ofχ±
1 ,χ0

2 to be degenerate) to about 500 fb for 500 GeV.
The decay of charginos and neutralinos to gauge bosons and the Higgses are governed by the

couplings of vertices,χ0
i −χ+

j −W, χ0
i −χ0

j −φ(φ = Z/h/H/A).
• The relevant couplings for the decays of charginos and neutralinos to the weak gauge bosons
W±,Z are expressed as [158]:

GL,R
χ0

i χ+
j W+ = GL,R

i jW with
GL

i jW = 1√
2sinθW

[−Zi4V j2+
√

2Zi2V j1]

GR
i jW = 1√

2sinθW
[Zi3U j2+

√
2Zi2U j1],

(8.1.5)

GL,R
χ0

i χ0
j Z

= GL,R
i jZ with

GL
i jZ =− 1

2sinθWcosθW
[Zi3Z j3−Zi4Z j4]

GR
i jZ =+ 1

2sinθWosθW
[Zi3Z j3−Zi4Z j4].

(8.1.6)

If χ±
1 is gaugino like (forµ ≫ M1,M2), the primary decay mode isχ±

1 → W±χ0
1 , via on or

off shell W depending on the mass differenceχ±
1 − χ0

1 . If there are squarks and sleptons that
are lighter thanχ±

1 , the decay of charginos to sfermions are kinematically open, and hence the
charginos decay asχ±

1 → f̃ f ′ → f f ′χ0
1 .

• The couplings of the neutralinos to the Higgs bosons:

GL,R
χ0

i χ0
j Hk

= GL,R
i jk with

GL
i jk = 1

2sinθW

(
Z j2− tanθWZ j1

)
(ekZi3+dkZi4) + i ↔ j

GR
i jk = 1

2sinθW

(
Z j2− tanθWZ j1

)
(ekZi3+dkZi4)εk + i ↔ j,

(8.1.7)

whereε1,2 =−ε3 = 1 and the coefficientsek anddk are given by,

e1/d1 =−tanα , e2/d2 = tanα , e3/d3 =−tanβ , (8.1.8)

where alpha is the mixing angle in the Higgs sector defined in Eq. 3.6.15, and tanβ is the usual
ratio of the VEV s of the two Higgs doublets.

It should be noted that the W boson couples to both gaugino andhiggsino components of the
charginos. The Z boson on the other hand couples only to the Higgsino. We are interested in
the decay modeχ0

2 → χ0
1h. The decayχ0

2 → χ0
1h is kinematically allowed when the condition

M2−M1 > mh is satisfied. The decay mode that competes in this region of parameter space is the
decay to the Z boson, namelyχ0

2 → χ0
1Z. The coupling of the neutralinos to the Z boson depends

crucially on the up type and the down type higgsino components and is given by Eq.8.1.6,

Zi3Z j3−Zi4Z j4.
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In this case, the decayχ0
2 → χ0

1Z is strongly suppressed, as compared toχ0
2 → χ0

1h in which the
couplings depend on the product of gaugino and the higgsino components. In this region the decay
χ0

2 → χ0
1h can be as large as 95% [264] for 125 GeV.

8.1.2 Collider strategy and analysis of the signal

As mentioned in the previous section (8.1.1), we probe the decay channel [34],

pp→ χ+
1 χ0

2 →W(→ lν)h(→ bb̄)+2χ0
1 → ℓ+bb̄+p/T, (8.1.9)

in the framework of CMSSM. To get a reasonable branching ratio for the decay,χ̃0
2 → χ̃0

1h, |µ|,
the higgsino mass parameter is chosen to be large leading to theχ̃±

1 , χ̃0
2 andχ̃0

1 states being gaugino
like. Therefore, for very high values of|µ| (i.e., |µ| >> M2,M1), mχ̃±

1
, mχ̃0

2
∼ M2 ∼ Mg̃/3 (see

3.5.1and3.4.1).
Hence, taking into account the limit on the ˜g mass,1 mχ̃±

1
andmχ̃0

2
were expected to be around

250 GeV or more. For the sake of presentation of our results weselect three benchmark points(P1-
P3) corresponding to progressively higher values of gaugino masses which are presented in Table
8.1.

m1/2 µ mh mg̃ mq̃ mt̃1 mχ̃0
1

mχ̃0
2

mχ̃±
1

P1 300 1541 122.4 865 3000 1305 133 265 265
P2 380 1660 122.8 1046 3060 1335 168 332 332
P3 450 1653 123.2 1200 3096 1370 198 390 390

Table 8.1: Masses of some of the sparticles for three benchmark points. In all the casesm0 = 3000, tanβ=30 and
A0=-4500. All mass units are in GeV.

We investigate the Higgs signal in SUSY cascade decay, givenby Eq. 8.1.9, leading to a final
state with a hard lepton(e,µ) from W decay and two b-jets from Higgs decay and a large p/T due
to the presence of̃χ0

1 andν , but without any additional jet. The identical final state may also come
from t̄t, Wbb̄, Zbb̄, WZ, Wh, Zh, tb, tbW processes. Recall that theχ̃±

1 χ̃0
2 pair production cross

sections(C.S.) for our considered parameter space are about 30-175 fb (LO) for 8 TeV in contrast
to background cross sections which vary from few picobarn(pb) to more than 100 pb. Thus a huge
suppression of background events is required to achieve a reasonable signal sensitivity, which is a
challenging task. The added advantage is that the invariantmass constructed out of two b jets is
expected to show a peak at the Higgs mass, which can be exploited to identify the signal region.
Therefore, a good reconstruction of Higgs mass out of two b jets is one of the crucial issue to be
studied in this analysis. In this analysis we report about the simulation of signal and backgrounds
adopting two methods for Higgs reconstruction. In the first method(Method A) we identify two b-
jets out of all jets in the events and obtain the Higgs mass by calculating their invariant mass. In the
second method(Method B) reconstruction of Higgs mass is performed by using the jet substructures
which will be discussed later. In this paper we present our results for both cases, method A and B.

In our simulation, events are generated usingPYTHIA [6] for the signal andtt̄,WZ,Wh, Zhback-
grounds whereasALPGEN [9] interfaced withPYTHIA has been used for the generation oftb, tbW,
Wb̄b andZbb̄ backgrounds. We adopt MLM matching [11] to avoid double counting while per-
forming parton showering after matrix element calculations in ALPGEN. We useFastJet for jet

1Corresponding to 8 TeV 5f b−1 data
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Figure 8.2: The reconstructed Higgs mass for method A (blue)and method B (red) for
√

s= 8 TeV. The y-axis is
normalized to unity.

reconstruction using built-in anti-kT algorithm [7] with ∆R=0.5 in method A, whereas Cambridge-
Aachen [242] algorithm is used for method B. We use CTEQ6L parton distribution function while
calculating cross sections [13]. SuSpe
t interfaced withSUSYHIT [15] is used to calculate SUSY
mass spectrum and corresponding branching ratios.

We observe that use of Higgs mass reconstruction alone is notenough to eliminate backgrounds
substantially. A certain set of selection cuts described below are necessary to reject backgrounds.
• Lepton : Leptons (e andµ) are selected withpℓT ≥ 20 GeV and|η | ≤ 2.5. Isolation of leptons are
ensured by estimating the total transverse energypAC

T .20% of pℓT , wherepAC
T is the scalar sum of

transverse energies of jets close to leptons satisfying∆R(ℓ, j)≤0.2. We veto events if there exists
a second lepton with a loose criteria ofpℓT ≥ 10 GeV, primarily to suppress top background.
• Jets: Jets are selected usingFastJet [8] with a pT ≥50 GeV and|η | ≤3(|η | <2.5 for method
B).
• b-Jets: b like jets are identified by performing a matching ofjets with b quarks assuming a
matching coneR(b, j) =0.5. In addition, we require that the matched b jet transverse momentum
should have at least 80% of the b quark transverse momentum. Aproper method of b-tagging
using displaced vertex is beyond the scope of this analysis.Finally, we multiply by a b-tagging
efficiency(εb) of 70% [265] for each b-tagging i.eε2

b=0.5 for two b-tagged jets while estimating
total event rates.
• p/T : Missing transverse momentum is calculated out of all visible stable particles. The p/T in the
signal arises due to the massiveχ̃0

1 andν as well, whereas in background events, it solely arises
from ν in W decay. Nevertheless, the hardness of p/T in signal is not significantly different than
the largett̄ background making it very difficult to distinguish the signal from the background.
• Rbb̄

T : We define a very robust variable which is extremely efficientin eliminating backgrounds
by huge fraction as discussed in a previous analysis [19]. It is defined as,

Rbb̄
T =

pb1
T + pb2

T

HT
,

where the numerator is the scalar sum ofpT of the two b-jets andHT is the scalar sum ofpT
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of all jets passing our pre-selection criteria. We define this variable keeping in mind that in the
signal process no hard jets are expected except two b-jets from Higgs decay. Of course, few jets
may arise from initial and final state radiations, but the number of such jets withpT ≥ 50 GeV is
expected to be low. HenceRbb̄

T turns out to be∼ 1 for signal. In backgrounds, particularly in top
pair production there are additional hard jets arising due to the hadronic decay of W(since we are
giving a veto on the second lepton) resulting inRbb̄

T < 1. Thus a judicious choice of a upper cut on
Rbb̄

T suppresses backgrounds enormously without affecting the signal much.
• φbb̄: The azimuthal angleφbb̄ is defined as the angle between two b-jets in the transverse plane.
In the signal process the angle is expected to be small, but inbackgrounds, for example in top
pair production they are in general widely separated. It hasto be emphasized here that with the
increase inχ̃0

2 mass, theh→ bb̄ system gets more and more boosted and hence the b jets become
more and more collinear which is an ideal situation for the jet substructure analysis described in
the following section. We find that a reasonable cut onφbb̄(φbb̄ ≤ 2) suppresses the backgrounds
from Wb̄b andtt̄ processes considerably.

• MT(ℓ,p/T): The transverse mass is defined asMT =
√

2pℓTp/T(1−cosφ(ℓ,p/T)), whereφ(ℓ,p/T)

is the azimuthal angle between the lepton and p/T direction. The value ofMT(ℓ,p/T) is expected
to be restricted by W mass if both leptons and p/T originate from W decay, which is the case for
backgrounds, particularly fortt̄ andWb̄b channels. Therefore, a reasonable cut onMT(ℓ,p/T) is
found to be extremely effective to reduce the background level.
• mbb̄: As mentioned above the invariant mass of two b-jets is very useful in isolating the signal
region. In method A, this reconstruction is straight forward and is performed using two b-jets mo-
menta obtained by matching b-jets with b-quarks. However, in method B, we use jet substructures
to find b-jets inside a "fat-jet" from the Higgs decay. The useof jet substructure for the reconstruc-
tion of hadronic decays of boostedW, Z, Higgs boson and top quark has received considerable
attention in recent years and the available literature is steadily increasing [266]. In our present
study this method was motivated following the work of Ref. [35] where the authors reconstructed
the Higgs mass using jet substructures to increase the signal sensitivity. The efficiency of jet sub-
structure technique depends on the boost factor of the decayed object. A highly boosted system
ensures that decay products are well collimated and appear as a "fat-jet". However, in the scenario
of interest to us Higgs is moderately boosted as itspT depends on∆m= mχ̃0

2
−mχ̃0

1
. In our analysis

we first cluster all the stable final state particles into a “fat jets” using the C/A algorithm [242] with
R =1.2 as implemented in Fastjet [8]. We select "fat jets" withpT ≥100 GeV and|η |<2.5 and then
perform jet substructure analysis. There are various methods of finding jet substructures [266]. We
use the mass drop(MD)2 method [35](built in theFastJet package [8]) in our analysis optimizing
the two input parameters,µ = 0.4 (the mass drop criteria) and ycut = 0.1(the asymmetry value).
In the simulation we use PYTHIA event generator by setting Tune Z2∗ parameters described in
Ref. [267] for underlying event modeling. In Figure.8.2, we show the reconstructed Higgs mass
following method A(blue/light) and B(red/dark shaded) corresponding to parameters P2. This
figure clearly demonstrates the usefulness of the jet substructure technique for Higgs mass recon-
struction. In case of method A, some of the soft jets are incidentally passing the matching criteria
resulting in a spread towards the lower side, whereas in the jet substructure method this type of
contamination is avoided by the filtering procedure described in [35].

Method A:
In this section we discuss the simulation strategy of signaland backgrounds by reconstructing

2see discussion on MD method in6.3
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Process σ(pb) NEV 1ℓ Rbb̄
T mbb̄ p/T φbb c.s.

2b-jets ≥0.7 110-130 ≥175 ≤2 (fb)
P1 0.175 0.1M 1392 1162 723 92 76 0.065
P2 0.065 0.1M 1767 1478 933 217 178 0.06
P3 0.03 0.1M 2142 1774 1122 424 391 0.055
Wh 0.58 50K 702 594 394 8 2 0.01
Zh 0.3 50K 210 162 51 1 1 0.003
Wbb̄ 3 619685 26841 24513 2269 8 3 0.014
Zbb̄ 5.1 378098 3863 2937 269 < 1 < 1 < 1
tt̄
5-100 48.2 4M 207335 94337 10145 < 1 < 1 < 1
100-200 36.3 2M 158450 50967 1205 8 1 0.01
200-500 9.5 1M 134238 22473 116 42 4 0.02

Table 8.2: Event summary for signal and backgrounds(methodA) for 8 TeV after each set of cuts described in the
text. Thett̄ events are simulated for different ˆpT bins as shown. The energy units are in GeV.

Process σ(pb) NEV 1ℓ Rbb̄
T mbb̄ p/T φbb c.s.

2b-jets ≥0.7 110-130 ≥175 ≤2 (fb)
P1 0.502 0.1M 3867 2500 1213 89 73 0.18
P2 0.202 0.1M 4391 2756 1381 273 229 0.23
P3 0.104 0.1M 4517 2824 1431 373 323 0.17
Wh 1.26 0.1M 3002 1639 750 21 15 0.09
Zh 0.69 0.1 M 799 280 85 1 1 0.004
Wbb̄ 4.5 362018 57764 47883 44160 3948 9 0.055
Zbb̄ 7.2 406110 442 380 322 < 1 < 1 < 1
tt̄
5-100 188 10M 1163903 188856 16910 7 4 0.04
100-200 156 10M 1202319 82970 4367 70 32 0.25
200-500 48.5 1M 133840 2020 252 61 32 0.8

Table 8.3: Same as8.2but for 14 TeV. The same conventions as in Table8.2are used.

the Higgs mass out of two identified b-jets obtained by matching techniques as discussed above.
In order to eliminate SM backgrounds additional cuts are applied with the following requirements:
• Rbb̄

T ≥0.7,
• mbb̄=110-130 GeV,
• p/T ≥175 GeV,
• φbb̄ ≤2.
In Table8.2we present event summaries of signal for three benchmark points shown in Table8.1,
along with backgrounds after applying these set of cuts. Thesecond and third column present
the raw leading order(LO) cross section and number of eventsNEV simulated respectively. In
the fourth column, we present the number of events requiringone single hard lepton along with
two identified b-jets and veto the second lepton as well. Although we simulated all possible SM
backgrounds including QCD,tb, tbW, but we present results only for non-negligible contributing
channels. It clearly demonstrates that theRbb̄

T cut is very effective in reducing backgrounds by an
enormous amount, but except for channels, likeWb̄bandWh. Selection of events in the Higgs mass
window between 110-130 GeV is also useful to remove backgrounds keeping almost more than
50% of signal events. Finally, a very strong p/T cut is used to eliminate remaining backgrounds,
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but at the cost of a sizable signal cross section; nevertheless we retain a good number of signal
events. After all cuts, we find the total background cross section is about 0.057 fb with dominant
contribution fromtt̄, whereas signal cross sections are in the range 0.065-0.055fb. In both cases
we use LO production cross sections. However, if we use NLO cross sections by multiplying
K-factors which is∼ 1.5 for signal [17] and about 1.6 fortt̄ [268], then assuming a luminosity
100 fb−1, one can expect S/

√
B about 3.5 for these mass ranges ofχ̃±

1 andχ̃0
2 .

In Table8.3, we present results for 14 TeV energy corresponding to the same set of benchmark
points along with the SM background. We observe that the signal efficiency remains fairly the
same as 8 TeV with the enhancement occurring only due to the increase in cross section. The top
background however increases significantly due to a presence of a stronger missing momentum
and more reconstruction of Higgs mass from thebb̄ system. The total background cross section at
14 TeV turns out to be 1.23 fb as compared to the signal cross sections which are between 0.18 fb
and 0.25 fb. As a consequence it becomes difficult to observe asignal with low luminosity options
in this approach. However for an integrated luminosity of 1000fb−1 it may be possible to observe
a signal in this method at a 5σ level.

Process C.S. NEV mbb̄ Lepton MT(ℓ,p/T) Rbb̄
T p/T C.S.

(pb) ≥20 ≥ 90 ≥0.9 ≥ 125 (fb)
P1 0.175 25K 179 55 24 19 12 0.042
P2 0.065 10K 168 42 23 18 12 0.04
P3 0.03 10K 273 75 44 36 31 0.045
Wh 0.58 0.1M 871 239 12 11 < 1 < 1
Zh 0.3 0.2M 1698 37 < 1 < 1 < 1 < 1
Wbb̄ 3 619671 191 111 10 8 < 1 < 1
Zbb̄ 5.1 378086 81 13 < 1 < 1 < 1 < 1
tt̄
5-100 48.2 5M 1669 454 38 1 < 1 < 1
100-200 36.3 4M 1583 440 42 3 1 0.005
200-500 9.5 1M 315 98 9 2 < 1 < 1

Table 8.4: Event summary for signal and backgrounds(methodB) for 8 TeV after each set of cuts described in the
text. The same conventions as in Table8.2are used.

Method B: In this method we apply jet substructure technique in reconstructing mass of Higgs
within the mass window between 117 - 128 GeV and with additional cuts as before to control
background events,
• MT(ℓ,p/T)≥ 90 GeV3,
• Rbb̄

T ≥0.9,
• p/T ≥ 125 GeV(150 GeV for 14 TeV).
After the Higgs mass reconstruction the remaining stable particles are used to find jets with C/A
algorithm with∆R= 0.5, pT ≥ 50 GeV,|η | ≤ 2.5. The Table8.4 displays the robustness ofRbb̄

T
cut along withmT(ℓ,p/T) leading to a suppression of backgrounds to a negligible level without
affecting signal significantly.

Notice that after cuts signal cross sections remain the samefor all cases although production
cross sections decrease with the increase of gaugino masses, which is compensated by the increase
of acceptance efficiencies. The total background cross section turn out to be 0.007 fb, an order of

3Note that we have taken the finite width effects of W boson intoaccount in our simulation. This results in a tail in the mT(ℓ,p/T) distribution in
processes like Wh and tt̄. Thus forced us to opt for a higher value for mT(ℓ,p/T) selection cut.
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Process C.S. NEV mbb̄ Lepton MT(ℓ,p/T) Rbb̄
T p/T C.S.

(fb) ≥20 ≥ 90 ≥0.9 ≥ 150 (fb)
P1 504 25K 242 55 23 16 5 0.05
P2 204 25K 461 113 55 43 26 0.1
P3 104 25K 713 197 116 67 46 0.095
Wh 1.3 0.1M 946 289 17 11 4 0.026
Zh 704 0.1M 866 13 1 < 1 < 1 < 1
Wbb̄ 5.5 431062 159 92 8 7 < 1 < 1
Zbb̄ 7.2 571166 150 < 1 < 1 < 1 < 1 < 1
tt̄
5-100 190 10M 4178 1016 121 12 < 1 < 1
100-200 158 1M 4463 1181 137 11 2 0.01
200-500 49 0.25M 867 296 25 7 1 0.02

Table 8.5: Same as Table8.4but for for 14 TeV. The same conventions as in Table8.2are used.

magnitude less than the method A whereas signal cross sections are of the same level. Assuming
100 fb−1 luminosity, one can expect signal to background ratio S/

√
B∼ 7 using NLO cross sections

as before. It implies that probing the Higgs signal in this channel is promising with 8 TeV LHC
energy and high luminosity options. In both cases signal sensitivity is low because of the tiny
production cross section in comparison with the backgrounds.

P1 P2 P3
mχ0

2
,mχ0

1
(GeV) 265,133 332,168 390,198

Method A 8 TeV 2.7 2.5 2.3
14 TeV 1.6 2.1 1.6

Method B 8 TeV 6 6 6.1
14 TeV 2.1 4.2 4

Table 8.6: The signal sensitivitiesS/
√

B with 100 f b−1 luminosity for 8 and 14 TeV energies for method A(top row)
and method B(bottom row) for the three benchmark points described in Table8.1. The cross section after all cuts are
normalized to NLO cross sections, for signal andtt̄.

For 14 TeV energy, as presented in Table8.5, we find that the results are not significantly
different for method B. Comparing Table8.4 and Table8.5 we observe a better reconstruction of
the Higgs mass because of the enhanced boost of thebb̄ system at 14 TeV energy. However this
gain is diluted due to an increase in p/T cut compared to 8 TeV to suppress the backgrounds. It has
to be noted that at 14 TeV we receive a finite background contribution from Wh process due to an
increase in p/T. We find that after all cuts the total background cross section is 0.05 fb while the
signal cross sections vary between 0.05 fb to 0.1 fb. It is therefore possible to discover a signal for
this type of parameter space at the∼ 5 σ level at 100f b−1 luminosity. The signal sensitivities for
8 and 14 TeV LHC energies for both methods is presented in Table8.6.

8.2 Probing signatures of an invisible Higgs decay

The current measurements of the Higgs decay widths by the LHCare compatible with SM predic-
tions within experimental errors. However this does not rule out the presence of any non standard
decay mode of Higgs. A large number of such models allow for a significant branching frac-
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tion for the decay of the Higgs to a stable weakly interactingparticle providing a channel where
the Higgs decay is “invisible” to the detector. In the SM the Higgs can decay invisibly through
H → ZZ∗ → 4ν , which can only contribute to roughly 0.1% of the branching ratio [269]. There-
fore, the observation of a sizable invisible branching ratio (Brinv) of the Higgs will be a strong in-
dication for BSM physics. Strong cosmological evidence supporting the existence of Dark Matter
(DM) means that almost all extensions of SM must include in their spectra a candidate for it which
is supposed to be neutral and weakly interacting. There exist several examples of BSM physics
models where the Higgs can have an invisible decay, such as, the decay of the Higgs to the lightest
supersymmetric particle (LSP) [270], decay to graviscalars in extra-dimensional models [271,272]
in gauge extensions of the SM [273, 274] and in models for neutrino masses [275–277]. It has
been noticed in various analysis [278–281] that if this resonance is interpreted as a Higgs boson,
the currently available information on its properties can allow non trivial values of Brinv. In fact
a recent analysis by the CMS collaboration performing a global fit to the LHC data, suggests that
an invisible branching ratio of the Higgs of mass∼125 GeV in non SM channel as large as 62%
at 95% confidence level is still allowed [36] 4. In fact detailed analysis of LEP data showed no
evidence for an invisibly decaying Higgs of mass less than 112.1 GeV [283].

The feasibility of finding an invisible branching fraction of the Higgs for
√

s= 7 TeV,8 TeV and
14 TeV at the LHC has been studied in various production modesof the Higgs [37,39,284–292].

We look at the production of Higgs in association with a electroweak gauge boson as well as
through Vector Boson Fusion (VBF) in detail. In earlier studies, the leptonic decay of theZ boson
was used to identify the invisible decay of a Higgs produced in association with aZ boson [39]. In
the present study we update the analysis in the leptonic channel and also probe the possibility of
detecting an invisible decay of the Higgs by identifying theassociatedZ boson through b-tagged
jets both for 8 TeV and as well as 14 TeV LHC. We also apply the jet-substructure algorithm [35]
for b-tagged final states which marginally help in improvingsignal acceptance efficiencies. In
addition, we study how the invisible decay channel can be probed in the production of the Higgs
via vector boson fusion for both 8 TeV and 14 TeV LHC energy.

8.2.1 The invisible decay width of the Higgs in MSSM

As noted above invisible Higgs decay is viable in a vast rangeof BSM models, including Gravis-
calars, Higgs portal models, extra dimensional theories among others. Each of these models have
an LSP to which the Higgs boson can decay. In this section however we will only discuss the case
of the lighest stable neutralino in R-parity conserving SUSY models, although the discussion can
easily be extended to other models. The Higgs decay to neutralinos has been widely studied in
the literature. If kinematically allowed, the branching ratio for this decay can be quite large. In
the simplest assumption, one assumes that the production cross section of the Higgs boson is SM
like, i.e the gluino, the sfermions and the charged Higgs aresufficiently heavy such that they do
not contribute to the Higgs production cross section in loops. This is likely to be true given the
current limits on the gluino and the squarks of the first two generations. The Higgs decay width to
the lighest neutralino is given by [293],

Γ(h→ χ0
1χ0

1) =
GFM2

Wmh

2
√

2π

(
1−4m2

χ0
1
/m2

h

)3/2 ∣∣Nhχ0
1χ0

1

∣∣2 , (8.2.1)

4Similarly ATLAS also obtained a upper bound of 84% at 95 % confidence level on the invisible branching ratio of the Higgs without any
assumption on the total decay width [282].
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where the quantityNhχ0
1 χ0

1
is given by,

Nhχ0
1χ0

1
=
(
Z12− tanθW Z11

)(
sinβ Z14−cosβ Z13

)
, (8.2.2)

where Z is the usual matrix that diagonalizes the neutralinomass matrix. The constraint to the
above scenario comes from the invisible decay of the Z boson,which has been measured to the
precision ofΓZ

inv = O(1)MeV. However, since this is comparable to the total Higgs decay width,
O(1) invisible decay of Higgs is comparable to the Z pole data. Forcompletion, we note that the
decay width ofZ → χ0

1χ0
1 with the LEP constraint (95% C.L) is given by [294],

Γ(Z → χ0
1χ0

1) =
α
3

MZ

(
1−4m2

χ0
1
/M2

Z

)3/2 ∣∣NZχ0
1χ0

1

∣∣2 < 3 MeV , (8.2.3)

where,

NZχ0
1χ0

1
=

1
2cosθW sinθW

(
Z2

14−Z2
13

)
. (8.2.4)

From the above equations it is obvious that the invisible decay widths of both vanish in the
pure bino limit. For a typical value,tanβ = 10, the Higgs decay is dominated by the higgsino
componentZ14, while the Z boson decay is a democratic combination ofZ14 andZ13. With an
increase inM1(increase in bino mass), theZ13 component remains significantly large whileZ14
decreases, thus making the LEP constraint even more relevant. Above the kinematic boundary of
Z → χ0

1χ0
1 , the invisible Higgs width can be comparable to the SM Higgs width without violating

the LEP bound [295].

8.2.2 Signatures of an invisibly decaying Higgs

There are four main production mechanisms of the Higgs bosonin a hadron collider. The most
dominant one is gluon-gluon fusion via a top quark loop (ggF)(gg→ H) followed by VBF(qq̄→
qq̄H), then Higgs production in association with vector bosons (VH) (qq̄→ ZH/WH) and finally
in association with top quark pairs (ttH)(gg/qq̄→ tt̄H)with the lowest cross section [45,99–137].
The various production channels are shown in Fig.2.6. Needless to say that the signatures of the
Higgs particle are characterized by the pattern of the Higgsdecay channels [3]. Recall that the
BR of the Higgs decay in the invisible channel in the framework of SM is too low to be observed,
therefore, any observation of invisible decay channel of the Higgs will shed some light about
BSM physics. On the other hand the production cross section of the Higgs can vary in various
models due to the presence of new particles inside loops and modified couplings of Higgs with
gauge bosons and fermions. For example, supersymmteric (SUSY) particles may alter the loop
contribution in ggF channel [223,296–312]. Consequently signal in the invisible decay channel
will be a combined effect due to the modified Higgs productioncross section and its branching
ratio in the invisible channel. Hence this makes it difficultto constrain only the invisible decay
branching ratio of the Higgs BRinv(H → inv). Instead what can be constrained is in fact

Rinv ≡ σBSM
H BR(H → inv)/σSM

H (8.2.5)

whereσBSM
H and σSM

H stand for the Higgs production cross sections in the framework of cor-
responding BSM and SM respectively. At leading order, the Higgs produced through ggF and
decaying invisibly would be hard to detect because of soft missing transverse momentum (p/T).
However, at higher orders in QCD for ggF, the Higgs can be produced in association with a sin-
gle jet and one can then look for a considerably large missingtransverse momentum along with
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a jet. Interestingly, such final states with a mono-jet have been analyzed with 1 fb−1 of data at√
s= 7 TeV for both CMS [313] and ATLAS [314]. Using those results,Rinv in eq. 8.2.5can

be constrained and is found to be more than 10 at 95% CL with 1fb−1 data [290]. Moreover, the
mono-jet search has also been analyzed by including a secondhard jet [313] thus also including
events from VBF and VH processes in the signal. It has been argued recently that at 4.7 fb−1 data
at
√

s= 7 TeV, this can be reduced toRinv < 2 and for 15 fb−1 of data at 8 TeV this can be further
reduced toRinv < 0.9 [291]. One should note here that even though the production cross-section is
large the mono-jet searches are plagued by largeV+jets (V =W,Z) background (Bg).

The most promising channel for the detection of an invisiblydecaying Higgs is VBF since it
has a relatively large cross section and has an unique event topology that can be used to effectively
remove backgrounds [286,288,292]. The signal consists of jets moving in opposite directionswith
large rapidity gaps. A recent study has shown thatRinv as low as 0.21 can be probed with 30 fb−1

data at
√

s= 14 TeV and for
√

s= 7 TeV with 20 fb−1 it can be probed to as low as 0.4 with 95%
CL [37].

We revisit this analysis for 8 TeV and 14 TeV energies [38]. In our current analysis we employ
a different set of kinematic selection cut values to that used in Ref [37]. Moreover, in this analysis
a precise method of jet reconstruction with anti−kt [7] algorithm built in the FastJet [8] package
is implemented. It has to be noted that in our analysis we consider the additional W/Z+3 jets
backgrounds which were not considered in earlier works [37, 315]. These additional modes do
contribute a sizable fraction to the total background crosssection, in particular Z+3 jets channel.
As a consequence, our conclusion appears to be different than previous works [37,315] which is
discussed in Sec.3. However, the main drawback of VBF channels is that it has large systematic
uncertainties and it is difficult to estimate the QCD background [288,292].

Thett̄H channel has been studied in detail [316] for
√

s=14 TeV LHC in both the semileptonic,
tt̄ → WbWb→ lνbqq̄b, and as well as in the hadronic mode→ qq̄bqq̄b. The complex final state
and the combinatorial background requires a very sophisticated analysis.

The cleanest channel by far is the associated production channelVH(V =W,Z). Incidentally,
the couplings between gauge boson and Higgs are not expectedto deviate from the SM signifi-
cantly because of the unitarity of the theory and restrictions from electroweak precision tests. As a
consequence, in any BSM model, the parton level cross sections for VBF and ZH channels turn out
to be very close to SM values. Under the assumption that the Higgs gauge couplings do not deviate
from standard model couplings, these channels therefore give a direct probe of the invisible branch-
ing ratios, unlike ggF. However, theWH channel is diluted by the inclusiveW background which
makes it difficult to use for detecting an invisible Higgs decay [317] where as theZH channel is
more promising because of the presence of two leptons from the Z boson decay. We study here
the efficacy of this channel in detecting invisible branching ratio at

√
s= 8 TeV and

√
s= 14 TeV

energies. Like earlier studies of this channel [37,39,317] for 14 TeV energy, we use the leptonic
decay to identify theZ boson. In addition to revisiting this channel for 14 TeV energy, we analyze
it for 8 TeV energy which are the new results for this channel.Moreover, we consider the hadronic
decay mode, specifically decay tob quarks and investigate the viability of use of jet substructure
and clustering methods for detection ofb jets in reducing backgrounds.

8.2.3 Invisible Higgs signal via VBF

In this section we study the feasibility of finding the invisible Higgs signal through the VBF process
which is the sub dominant process for the Higgs production inhadron colliders. This channel has
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been studied previously for 14 TeV LHC [286, 288, 291,317] and very recently for 7 TeV and 8
TeV [37]. We also revisit this analysis for 8 TeV and 14 TeV LHC energyfor the Higgs mass of 125
GeV using a different set of selection cut values. In this channel, the Higgs is produced through
vector boson fusion, where vector bosons originate by radiating off two initial quarks along with
two jets,

pp → qqh → 2jets+p/T . (8.2.6)

The final state consists of two jets in the forward and backward directions with a wide sepa-
ration in rapidity and a reasonably large p/T due to the presence of non-interacting particles from
Higgs decay. In addition to this pure VBF processes, there are some non VBF processes which
also provide the same final state consisting of 2 jets and p/T. For instance, higher order QCD
effects in ggF process can give rise to two jets in the final states because of a hard emission of
partons from the initial states with a non negligible cross section. The dominant SM background
processes for this signal are due to (W → ℓν )+jets, (Z → νν̄ )+jets,tt̄ (tbW) and QCD. ForW+jets,
a significant background can arise if the lepton is not detected. Note that the background cross
sections mimicking the signal are significantly large, and hence a sizable reduction is required
to achieve a reasonable signal sensitivity. The signal and background processes are simulated
usingMadGraph/Madevent [10] and subsequently passed throughPYTHIA6 [6] for parton show-
ering. In this study for all numerical calculations we use CTEQ6L [318] for parton distribution
functions. In the process of showering, we adopt MLM matching [11] using default values set
by theMadGraph/MadEvent suite to avoid double counting of jets. Jets are reconstructed using
FastJet [8] with anti-KT [7] algorithm using size parameterR= 0.5 and applying a jetpT thresh-
old of 40 GeV and|η | < 4.5. Notice that the signal is completely free from leptonic activities
whereas background channels may contain leptons in the finalstate. Therefore, a leptonic veto
might help to eliminate certain fraction of backgrounds. Leptons are selected withpℓT >10 GeV,
|ηℓ| <2.5. We compute missing transverse energy from the momenta of all visible particles. The
following set of cuts are used in the simulation :

1. VBF selections: The leading jets in Higgs production through the VBF process are produced
in the forward and backward direction and hence is expected to have a large rapidity gap.
Therefore, we select events where the absolute rapidity difference between the two leading
jets is |η j1−η j2| = |∆η | >4. To ensure that the two jets are in the opposite direction, the
product of rapidity of two jets are required to be,η j1×η j2 <0.

2. Central Jet veto: For a pure VBF process, no jets withpT > 40 GeV are expected in the
rapidity gap region between two reconstructed jets. Therefore we discard events if there be
any jets in central region.

3. Lepton veto(LV): Since the signal has a pure hadronic topology, events with any lepton are
vetoed out.

4. Selection ofp/T : Events are required to have at least p/T >100 (170) GeV for 8 (14) TeV
energy.

5. Dijet invariant massM j j : The invariant mass of two leading jets is expected to be verylarge
and hence we demand,M j j >1400 (1800) GeV for 8 TeV (14 TeV) energy.
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Process 8 TeV 14 TeV
Production After cuts Production After cuts
CS[pb] CS[fb] CS[pb] CS[fb]

W+2jets(VBF) 76.5 4.5 167.9 6.3
W+2jets 18700 5.8 45900 18.7
W+3jets 10260 < 1 21000 13
Z+2jets(VBF) 19 6 43.2 6.7
Z+2jets 6000 16.5 14000 11.2
Z+3jets 2772 8.3 7300 17.8
tbW 140 < 1 611 < 1
Total Background 41.1 74
hjj(VBF) 1.73 7.3 4.3 8.7
hjj 6.7 1.2 24.5 1.3
Signal 8.5 10

Table 8.7: Event summary of the signal and backgrounds for the final state with two jets and p/T via VBF channel for 8
TeV and 14 TeV LHC energies. In the second column the cross sections corresponding to production and after all cuts
are shown for signal and background processes respectivelyfor 8 TeV energy. The third column presents the same for
14 TeV energy.

We notice that p/T andM j j cuts are extremely useful to suppress the backgrounds with amarginal
effect in the signal cross section. We have also checked thatthe background contribution due
to QCD is negligible because of a strong p/T and a large di-jet invariant mass cut(M j j ); this is
why results for QCD are not presented here. In our simulation, the rejection efficiencies due
to the central jet veto for QCD Wjj and QCD Zjj are about 20% forboth energies. Note that
this efficiency depends crucially on the detector effects like calibrations, electronic noise, pile up
effects etc. [315], which are not taken into account in this analysis. In Table8.7 we present the
event summary for signal and all background processes subjected to the above set of cuts. The first
column represents the production cross section at the leading order obtained fromMadGraph [10].
The contribution due to the pure VBF type and non-VBF type of processes are shown separately. In
the subsequent columns, the cross sections subject to all cuts are presented. Notably, there exists a
non negligible possibility thatW/Z+3jet channel may contribute to the background cross section, if
the third jet is not detected. Here we present our results forboth the 8 TeV and 14 TeV energies. At
8 TeV energy, the total signal cross section turns out to be 8.5 fb, consisting of 14 % contribution
from ggF and the rest due to VBF process. At 8 TeV energy, forL =20 fb−1, it is possible to
observe signal with S/

√
B ∼5.9 leading to a detection of invisible BR∼84% or above assuming

σSM = σBSM in Eq.8.2.5. On the other hand, for 14 TeV energy, results are more encouraging where
one can find a signal with a better sensitivity yielding S/

√
B∼ 6.3 (20) for 30 (300) fb−1 integrated

luminosity which predicts a measurement of BR≥ 0.79(0.25). In our estimation the signal purity
S/(S+B) is approximately 40% lower than the results obtained by the Ref. [37]. As mentioned
earlier, we use a more reliable method of jet reconstructionby using FastJet [8] with anti−Kt
algorithm [7], and consider an additional W/Z+3jets background. It is tobe noted that in our
calculation we used LO cross sections for both signal and backgrounds. However the K-factor for
the signal is∼0.95 [319] and forW/Z+jets it is also very close to 1(∼1.1) [320,321]. Therefore,
inclusion of K-factors in the above calculation will not alter the conclusions significantly. Note
however that we have not taken systematic uncertainities into account.
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8.2.4 Invisible Higgs signal viaZH

Here we study the signature of the invisible decay of Higgs via theZH channel, whereZ can decay
both leptonically and hadronically,Z→ ℓℓ̄,bb̄. It is well known from an experimental point of view
that the leptonic channel is comparatively cleaner than thehadronic channel consisting of b-jets.
However we simulate both these channels to find the detectability of an invisible Higgs decay. In
the following, we describe our simulation for both the final states.
(a) Z→ ℓℓ̄
Here the final states consist of two leptons with opposite charge and same flavor and with a con-
siderable amount of missing transverse momentum due to the Higgs decay into invisible particles.

The main dominant SM backgrounds are expected from the following processes,

1. ZZproduction with oneZ decaying to neutrinos and the otherZ decaying leptonically. Clearly,
this background has exactly identical characteristics to the signal.

2. WZ production followed by the leptonic decays of both theW andZ, giving rise toℓνℓℓ̄ℓ
where one of the leptons is lost.

3. WW production with both W bosons decaying leptonically,W → ℓνℓ.

4. Top pair production,tt̄ →WWb̄b→ lνl l̄ ν̄lbb̄ which may appear signal-like if the b-jets escape
detection.

The Higgs being heavier in comparison to the particles in thebackground processes other than the
top quark, gives rise to a harder p/T. Therefore, by demanding a large p/T one can efficiently reduce
backgrounds. In the signal topology, an added advantage is that the invariant mass of two leptons
peaks around the mass of theZ boson. Hence requiring the di-lepton invariant mass to be around
the mass of theZ boson, it is possible to suppress backgrounds partially except for theZZ process.
Since theZ boson and the Higgs are more likely to be produced back to back, the transverse mass
of the di-lepton system and the p/T, defined as,

Ml l̄
T =

√
pll

Tp/T

(
1−cosφ(Ell

T,p/T)
)
, (8.2.7)

has a softer distribution for all background processes. Therefore, demanding a large value for this
variable enables us to eliminate backgrounds substantially.

As before, we useMadGraph [10] to generate both the signal and background processes which
are subsequently passed throughPYTHIA6 [6] for event generation including showering. We apply
the following set of cuts in our simulation for the event selection and as well as suppressing the
background events.

1. Select leptons withpℓT > 10 GeV and|ηl |< 3. The isolation of lepton is ensured by looking
at the total transverse energyEac

T ≤ 20% of thepT of lepton, whereEac
T is the scalar sum of

the transverse energies of jets within a cone of size∆R(l , j) ≤ 0.2 between the jet and the
lepton.

2. Since final states are hadronically quiet, vetoing eventsconsisting jets, withpT > 30 GeV
and|η |< 4 are useful in eliminating certain fraction of backgrounds.

3. Azimuthal angle between two leptons, cosφℓℓ̄ > 0 and transverse mass between two leptons
and p/T, Ml l̄

T > 150 (200) GeV for 8 (14) TeV energies.
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Process 8 TeV 14 TeV
Production After Cuts Production After Cuts
C.S[pb] C.S[fb] C.S[pb] C.S[fb]

ZZ 4.79 6.7 10.1 17.6
WZ 12.6 1.8 26.7 3.8
WW 33.8 0.3 69.4 2.3
tt̄ 115 0.1 480 0.95
Total Bg 8.9 24.7
ZH 0.3 2.3 0.64 5.6

Table 8.8: Event summary for the dilepton+p/T final states. In the second and third columns, the cross sections for
signal and backgrounds before and after selection cuts, as described in the text, are presented for 8 TeV and 14 TeV
center of mass energies respectively. We assume that the invisible branching fraction is 100 %.

4. Missing transverse momentum, p/T >100 GeV.

5. Di-lepton invariant mass,|MZ−mℓℓ̄|< 10 GeV.

For 14 TeV LHC energy, the strategy of simulation is not significantly different as no additional
effects occur. The same set of cuts with similar thresholds are used with the only exception ofMℓℓ̄

T
where 200 GeV is used instead of 150 GeV. In Table8.8, we display cross sections for both signal
and backgrounds for 8 and 14 TeV energies before and after cuts. In each column, numbers on
left stand for the production cross sections correspondingto energies as shown in the respective
columns. For both energies, we find thatMl l̄

T and p/T play a very useful role in suppressing the
backgrounds. The kinematics ofZZ process is identical to that of the signal process although
there is a moderate mass difference (35 GeV) between theZ and the Higgs boson, resulting in a
similar effect of cuts on both signal andZZ background. As a consequence,ZZ turns out to be the
dominant irreducible background. This channel was studiedextensively in an earlier study for 14
TeV LHC energy [39]. Here we have revisited the analysis for 14 TeV LHC energy and performed
an optimization of cuts. The numbers on the right hand side ofeach column show the final cross
sections after being multiplied by acceptance efficiencies. For 8 TeV energy with an integrated
luminosity ofL =20 fb−1 we find S/

√
B∼ 3.5 which implies a hint of the invisible Higgs signal.

However, for 14 TeV energy withL =50 fb−1 one can observe the invisible signal with signal
significance of∼8. Note that the estimations are based on LO cross sections. However, we note
that the K-factors for vector boson production and tt̄ are 1.6-1.7 [268, 322] while for the signal
process it is 1.3 [122, 125, 126] respectively. Hence we do not expect any major changes in our
results. Note again, that a study of systematic errors is beyond the scope of this work.

(b)Z→ bb̄
In this section we explore the possibility of detecting invisible Higgs decay channel by identifying
two b-jets arising fromZ boson decay. We analyze this channel following two methods.In the
first method, b-jets are identified by using the standard jet clustering algorithm and in the second
method, the jet substructure technique [35] is used to reconstruct . However, in both cases the
dominant SM backgrounds arise from:

1. irreducible background fromZZ production with oneZ decaying to neutrinos and the otherZ
decaying to b quarks.

2. The production ofZ boson in association with two b quarks and theZ boson decaying to
neutrinos,(Zbb̄→ νν̄bb̄). A generator level cut ofpb

T ≥ 10GeVwas used to while generating
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these events.

3. WZ production with the W decaying leptonically, and theZ decaying to b-quarks and the
lepton is lost,(WZ→ lνlbb̄).

4. tt̄ production where two b-jet from top decays are identified andrest of the event objects are
lost.

5. W boson produced in association withb quarks (Wb̄b) where W decays leptonically and the
lepton is not identified.

The event topology of this channel is not significantly different from the di-lepton final state as
discussed above, and hence we apply similar type of cuts. Absence of any detectable hard lepton
in the final state leads us to apply a lepton veto to reduce backgrounds, in particular fromtt̄, WZ
andWb̄b production. As before,Mbb̄

T , the transverse mass between two b-jets and p/T distributions
of the backgrounds are soft. Therefore, selection of signalevents corresponding to large values of
these kinematic variables helps to remove significant fraction of the backgrounds. Moreover, we
construct another useful variable,RT , to remove large amount of the QCD. [19]. This variable is
defined as,

RT =
pTbj1

+ pTbj2

HT
, (8.2.8)

whereHT is the scalar sum of the transverse momenta of all detected jets including all non-tagged
jets. Since one expects less non-tagged jet activity in the signal,RT would tend to have larger values
(∼ 1) as compared to the events arising from QCD and other backgrounds. Naturally, requiring
RT to have a large value(∼ 1), leads to a substantial suppression of backgrounds, particularly for
those due to QCD processes.

We simulate as before the signal and backgrounds usingMadGraph [10] applying the following
set of selection cuts:

1. Select b-jets by performing a matching between b quarks and jets using matching cone∆R=
0.3 and finally multiply a b-tagging efficiency of 0.6 [265] for each of the b-jets. In the jet
substructure method we employ mass drop techniques described in [35] to find the subjets
which are also identified as a b-like jets by flavor matching.

2. Veto events with leptons, wherepl
T > 10 GeV and|ηl |< 3.

3. Select dijet events with both jets b-like and ensure that|Mbb̄−MZ|< 30 GeV.

4. p/T > 70 GeV.

5. MT(bb̄,p/T)>200 GeV.

6. RT > 0.9.

In Table8.9we present the final results of the simulation for both methods for 8 TeV energy. The
second column presents the total production cross sectionscorresponding to each processes and
subsequent columns show cross sections after applying the above set of cuts. However, in both
cases, for an integrated luminosity ofL = 20 fb−1 the best we can achieve is S/

√
B ∼ 2. In

Table8.10as before, we present results for 14 TeV LHC energy. Here alsowe find that we can
achieve a modest S/

√
B ∼ 4 with an integrated luminosity ofL =100 fb−1. However, for a very

high luminosity option, e.gL =300 fb−1, for a moderate value of signal events, one can expect
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Process Production C.S[pb] After Cuts C.S [fb] After cuts C.S[fb]
b jet cluster b jet substructure

ZZ 4.79 2.26 1.92
WZ 12.6 0.38 0.36

νν̄bb̄ 16 3.1 1.33
tt̄ 115 0.48 0.52

Wbb̄ 50.5 0.54 0.16
Background 6.76 4.29

ZH 0.3 0.8 0.72

Table 8.9: Event summary for the final states with b jet pairs and p/T for 8 TeV energy. The last two columns show the
final cross sections after all cuts as described in the text.

Process Production C.S[pb] After Cuts C.S [fb] After cuts C.S[fb]
b jet cluster b jet substructure

ZZ 10 5.56 2.47
WZ 26.7 3.5 1.44

νν̄bb̄ 47.3 12.9 3.04
tt̄ 476 3.92 0.16

Wbb̄ 112 4.2 1.08
Background 30. 8.19

ZH 0.64 2. 1.1

Table 8.10: Same as Table8.9, but for 14 TeV LHC energy.

to observe an invisible BR of Higgs∼75% or more. Note that because of low b-jet acceptance
efficiency and irreducible ZZ backgrounds this final state yields a marginal sensitivity. As we see
jet substructure method does not give substantially betterresults because of the fact that theZ
boson is not sufficiently boosted. Like the dilepton scenario as explained before, our results do
not change significantly with the inclusion of higher order cross sections by using appropriate K
factors for Wb̄b, Zbb̄ [323,324],tt̄ [268] and for the signal [122,125,126].

8.2.5 Summary

Recent discovery of a Higgs like resonance by both the experimental groups: CMS and ATLAS
has now spurred a series of investigations to determine whether it is ‘a’ Higgs boson and if so it is
‘the SM’ Higgs boson. Assuming that it is ‘a’ Higgs boson the current experimental information
still does not rule out the possibility of BSM physics. Many BSM models predict decay of the
Higgs in the invisible channel along with the usual SM decay modes. Such invisible decay modes,
if confirmed or ruled out, will allow us to indirectly probe BSM physics. In this note we revisit
the possibility of looking for a Higgs boson decaying invisibly, for two production channels of the
Higgs : the vector boson fusion channel (VBF) as well as the associated production of Higgs with
Z (ZH), for two different LHC energies: 8 and 14 TeV. In theZH case, we also investigate the
possibility of using theZ → bb̄ channel.

In Table8.11we summarize the lower limits of BRinv that can be probed for various channels
and for different energy and luminosity options. We find thatfor the Z(→ bb̄)H channel we fail
to set any limits for 8 TeV with 20 fb−1 and 14 TeV with 30 fb−1 luminosity. We note that in
the VBF channel the sensitivity is more than 5σ for both the energies : 8 and 14 TeV for large
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Process 8 TeV(20 fb−1) 14 TeV(30 fb−1) 14 TeV(100 fb−1)
VBF 0.34 0.32 0.17

Z(→ l+l−)H 0.58 0.32 0.18
Z(→ bb̄)H(substructure) – – 0.5
Z(→ bb̄)H(b-jet cluster) – – 0.55

Table 8.11: The 95 % exclusion limits for BRinv corresponding to various channels at 8 and 14 TeV LHC energies and
luminosities.

invisible branching ratios (> 0.8) for integrated luminosity of 20 fb−1 and 30 fb−1, whereas at 14
TeV with 300 fb−1 one can reach an invisible branching ratio as low as 0.25. In the ZH channel
with dileptonic decay of the Z, the sensitivity with the planned luminosity of 20 fb−1 is limited
at 8 TeV and rises to 8σ at 14 TeV with 50 fb−1. With the bb̄ final state, with 20fb−1 we can
only reachS/

√
B∼ 2 at 8 TeV energy, where as with high luminosity (∼ 300 fb−1) and at 14 TeV

energy we can probe the invisible decay at 5σ level, for an invisible branching ratio above 0.75.
As observations indicate that the determination of an invisible branching fraction of the Higgs at
the LHC is difficult to achieve, specially for small invisible branching ratios, an electron-positron
linear collider with the associated production of the Higgsalong with aZ boson can provide an
extremely clean channel in this regard [325,326].
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Chapter 9

Supersymmetry with third generation
squarks

9.1 Motivation for third generation squarks

As was emphasized earlier, the focus of early SUSY searches at the LHC was on the production
of the gluino and the squarks of the first two generations driven by strong interaction processes.
After the 7 TeV run, the non-observation of the gluino and thefirst two generation of squarks in the
sub-TeV range, and the miniscule cross section of the gluinoand the squark pair productions at the
TeV mass range prompted experimentalists and theorists to look for signatures beyond this narrow
range. The attention therefore switched to the search for third generation squarks, and the emphasis
shifted from a specific model scenario like CMSSM to a more phenomenological approach. While
this was driven by experimental considerations, the motivation for third generation squarks also
has a sound theoretical ground. The argument of naturalnessand the connection of the Higgs mass
has certainly played a significant role in this regard.

The idea of naturalness [201, 209, 256, 327–330] stems from the fact that the most important
particle responsible for the cancellation of the quadraticdivergences in the one loop Higgs self
energy corrections are the light stops. As noted earlier in section2.7.2, the quadratic divergence
to the Higgs one loop potential is dominated by the top quark,and it requires the stops to cancel
these divergences. The remnant of the divergence is logarithmic and vanishes in the limit of exact
SUSY, i.e when the mass of the top and the stop are equal. We noted in section8, that although the
tree level mass of the lightest Higgs boson is bounded by the mass of the Z boson, loop corrections
dominated by stop-top loops can significantly increase the Higgs mass up to 140 GeV. The fact that
the Higgs boson has been discovered to have a mass of 125 GeV thus necessarily requires large
positive loop corrections to the tree level MSSM Higgs mass.

It must be noted here that there is a little hierarchy problemwith the measurements of the Higgs
mass. To have a Higgs mass of 125 GeV the induced loop corrections would require the light stops
to be 300 GeV−1TeV, thus contributing tom2

Hu
and introducing some fine tuning.

In MSSM, the argument of naturalness is summarized by the tree level electroweak symmetry
breaking condition (in the moderate tanβ regime),

− m2
Z

2
∝ |µ|2+m2

Hu
−m2

Hd
(9.1.1)

where we have renamedH2 as Hu andH1 asHd, to denote the Higgs doublet that provides
masses to the up type and down type squarks respectively. In general the contribution frommHu
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is dominant, although if the sbottom masses and the trilinear couplingAb is large, the contribution
from m2

Hd
to the above can also be significant. If sparticles are too heavy the quantity on the right

hand side needs to be fine tuned against one another to achievethe correct electroweak symmetry
breaking. Since the mass of the EW gauginos are controlled byµ, they are expected to be light.
Since the loop contributions toδmH2

u
have contributions from the stop and the gluino, they are also

not expected to be heavy. The rest of the sparticle spectrum including the sleptons, squarks of the
first two generations do not contribute much to fine tuning andcan be heavy.

In a natural theory(of EWSB) one expects the parameters of the theory to be comparable to each
other and to the value of the electroweak VEV. In a SUSY theorythe key observables as pointed
that contribute to this argument areµ andmHu. As argued earlier the requirement of a tolerableµ
for fine tuning ( where the measure of the fine tuning is defined in Eq.2.4.8) requires the Higgsinos
to be light. The radiative corrections tomH2

u
are dominated by top stop loops and is given by,

δmH2
u
=− 3

8π2y2
t (m

2
Q3

+m2
u3
+ |At |2)log

(
|Λ|
TeV

)
(9.1.2)

whereQ3 andu3 the left and right handed third generation squarks. This equation thus provides a
guideline to the amount of fine tuning in the theory.

The third contributor to the fine tuning is the gluino which induces a large loop correction in
the stop mass and thus induces a large 2 loop correction to theHiggs mass. Again the requirement
of a modest fine tuning requires the gluino to be less than 1 TeV.

To summarize, the requirement of naturalness indicates thefollowing constraints on the sparti-
cle spectrum [201,329–331] .

• The stops and the sbottoms to be below 1 TeV.

• The two Higgsinos, i.e the lightest chargino and the two lighter neutralino should be light.

• The gluino should not be significantly heavy (1-1.5 TeV).

Fig. 9.1from [201] depicts the various level of fine tuning as a function ofXt/At for a common
stop massmQ3 = mu3 = mt̃ , tanβ = 20. The left panel shows the contours of fine tuning for the
Higgs mass, while the right panel presents contours for the light stop mass. The red/blue band
corresponds to a Higgs mass of 124-126 GeV.

A wide range of works probing the naturalness aspect and the collider signatures has been
conducted in the recent times and is likely to continue in thefuture [44,327,328,332–349]. The
collaborations ATLAS and CMS has also probed third generation squarks in a variety of final
states. The limits quoted in this thesis are at the time of these works and are updated as more data
is analyzed.

Here we summarize some of the studies conducted by phenomenological groups, ATLAS and
CMS for sbottoms and stops.

Studies on the prospect of an sbottom search at the LHC, although not neglected in literature,
are rather sparse. Some of the earliest studies of sbottom phenomenology at colliders were per-
formed in [350–353]. A study on the possibility of determining the sbottom spinat the LHC using
angular correlations was performed in [354]. It should be noted that the sbottom pair production
cross section is at par with that of stop and hence sbottom search should be conducted with the
same priority as stop searches. In fact, differing topologies in various scenarios (leptons, b-jets
etc.) can be used to distinguish between stop and sbottom andcan provide useful information
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Figure 9.1: Fine tuning contours formh (left panel), and for stop (right panel) assuming a common stop mass from
[201]. The red/blue band corresponds to a Higgs mass of 124-126 GeV.

about the nature of SUSY parameter space in question. Hence sbottom search at the LHC can
be complementary to stop quark searches. Study of the prospect of a SUSY signal in a scenario
where the sbottom is the NLSP has been performed in the literature in the channel̃b1 → bχ̃0

1 in the
context of both LHC and ILC [43,355–358].

Recently the CMS collaboration ruled out sbottom mass up to 500 GeV with 4.98 fb−1 of 7
TeV data assuming the branching ratio BR(b̃1 → bχ̃0

1) to be 100% and the LSP mass of about
175 GeV [359]. This exclusion was also crucially dependent on the LSP mass and there was no
exclusion limit for the LSP mass of about 200 GeV or higher.

However, in a large part of the MSSM parameter space the sbottom is not the NLSP. As a con-
sequence, the branching ratios (BR) to channels other thanb̃1 → bχ̃0

1 may be significant. Recently
both the ATLAS and CMS collaborations have also searched forsbottoms in the leptonic channel
in the decay modẽb1 → t χ̃1

± and in the hadronic mode with b-tagged jets in theb̃1 → bχ̃0
1 channel

and have constrained a narrow region of parameter space assuming specific mass relations among
b̃1, χ̃0

1 andχ̃±
1 [40,360]. For the leptonic channel thẽb1 exclusion limits are∼ 360-370 GeV for

a χ̃±
1 mass∼ 180-190 GeV, and ãχ0

1 mass of 50 GeV. For the hadronic mode the exclusion limits
are given in a model with gluino decaying into sbottom pairs with further decay into b-jets and
lightest neutralino. The search excludes gluino masses around 1.1 TeV for sbottom masses in the
range∼ 400−800 GeV and ãχ0

1 mass of 60 GeV.
Most of the studies on third generation squarks, especiallyin the context of colliders have

focused on the decay of lighter stop(t̃1) and sbottom(̃b1), t̃1 → tχ0
1 andb̃1 → bχ0

1 respectively. It
has been observed that the feasibility of these channels depend critically on the mass difference

∆m= m̃t1(b̃1)
−mχ0

1
, (9.1.3)

since it determines the hardness of the final state particles. A large value of∆m leads to large
jet momentum and a sizable missing transverse momentum (p/T), both of which are imperative to
suppress the SM backgrounds. Interestingly in the large∆m scenario, the use of jet-substructure
and top tagging is also an important tool to suppress backgrounds [266, 361]. To alleviate the
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problem of low mass differences shape analysis with variouskinematic variables have also been
considered [346].

As noted earlier the non-observation of a light sparticle instrongly interacting sector, i.e, a
gluino and/or a squark of first two generation, in the sub-TeVregime along with the observation
of a light Higgs have prompted ATLAS and CMS to perform dedicated searches for the third
generations squarks. Note that, the limits on the masses of the squarks of first two generations
using the generic SUSY searches are not applicable to the case of third generation squarks. The
dedicated searches look for third generation squarks produced directly via QCD processes as well
as those produced indirectly in gluino decays, in a plethoraof final states coming from a variety of
decay channels of̃t1 assuming specific mass relationships amongg̃ , t̃1, χ±

1 and theχ0
1 , assumed

to be the lightest SUSY particle(LSP). The principle decay channels studied arẽt1 → tχ0
1 and

t̃1 → bχ±
1 , with leptons and b jets in the final state from top quark decay. ATLAS searched for̃t1 in

the decay channel,t̃1 → tχ0
1 , from direct stop pair production using 8 TeV LHC data with 13fb−1

luminosity and ruled outmt̃1 between 225 GeV- 575 GeV for an LSP mass up to 175 GeV [362].
ATLAS also probed̃t1 in the channel̃t1 → bχ±

1 → bχ0
1 ff ′ assuming∆m= mχ±

1
−mχ0

1
to be 5 GeV

and 20 GeV. For∆m= 5 GeV they ruled out stop masses of about 600 GeV in a corridor of lightest
neutralino mass [41]. With the use of the kinematic variable MT2, ATLAS also excludedmt̃1 in
the range of 150 GeV-450 GeV for the channelt̃1 → bχ±

1 , where the chargino is nearly degenerate
with thet̃1 state [363]. Similarly, CMS searched for̃t1 in the channels̃t1 → tχ0

1 and̃t1 → bχ±
1 , and

excluded it with a mass between 160 GeV -430 GeV for a LSP mass up to 150 GeV [364].
In the following set of works, the emphasis is to probe various signatures of third generation

squarks [44,49].

9.2 Probing the left handed lightest sbottom in the four lepton channel

9.2.1 The left handed sbottom parameter space

In this work we consider the possibility of a light third generation of squarks, in particular we focus
on a light sbottom and investigate the viability of its signal at the LHC with 14 TeV c.m. energy.
We do not confine ourselves to a particular SUSY breaking scenario and perform our study without
assuming any relations among the soft SUSY breaking parameters at the electroweak scale.

In this work we consider the decay of sbottom to the channelsb̃1 → bχ̃0
2 andb̃1 → t χ̃1

±. The
subsequent decays ofχ̃2

0 → χ̃1
0Z andχ̃1

± → χ̃1
0W can now produce a number of hard leptons in

the final state. A sample Feynman diagram is shown in Fig.9.2.
The merits of considering the leptonic final state in particular, the 4 lepton channel is that it is

rather clean and has minimal background. As we shall demonstrate below, it is possible to discover
a SUSY signal for a substantial range of sbottom mass at 14 TeVLHC.

If no specific mechanism for the SUSY breaking is assumed thenthe total number of unknown
parameters (the so called soft SUSY breaking terms) reachesa huge number (105) and it is almost
impossible to carry out any phenomenological analysis withsuch a large number of free parame-
ters. Many of these parameters in particular the intergenerational mixing terms and the complex
phases are rather constrained from various measurements ofboth Charge-Parity (CP) conserving
and CP-violating observables inK,B andD decays as well as lepton flavor violating decays [222].
It is then phenomenologically useful to make a few assumptions (which are indeed supported by
experiments) like no new source of CP violation, diagonal sfermion mass matrices and tri-linear
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Figure 9.2: A sample Feynman diagram for the processpp→ bb̄ℓ+ℓ+ℓ−ℓ−+p/T in MSSM.

couplings etc. to reduce the number of free parameters. Thisrather simplified version of MSSM is
called a phenomenological MSSM (pMSSM) [365]which has 22 free parameters. These parame-
ters include

• The gaugino (bino, wino and gluino) mass parametersM1, M2 andM3.

• The Higgs mass parametersmHu, mHd( which can be traded asµ andMA) and the ratio of the
Vacuum Expectation Values (VEV) of the two Higgs doublet namely tanβ .

• Common first and second generation sfermion mass parametersmQ̃,mŨ ,mD̃,mL̃,mẼ and the
third generation sfermion mass parametersmQ̃3

,m˜tR,mb̃R
,mL̃3

,mτ̃R.

• The common first and second generation tri-linear couplingsAu, Ad andAe. The third gener-
ation tri-linear couplingsAt , Ab andAτ .

In this work we take the pMSSM as our model framework and consider the constraints on the
parameters coming only from the LEP exclusion limits [66], theoretical considerations like correct
electroweak symmetry breaking, electric and color neutralLSP etc. and the lightest Higgs mass in
the range 123 -128 GeV.

In Fig.9.3we show the production c.s. of a sbottom pair at the 14 TeV LHC.The cross sections
are calculated using PROSPINO [17] in the limit where 1st two generation squarks are∼ 5 TeV,
the gluino mass is around∼ 1.2 TeV and the stop mass is around 400 GeV. The Renormalization
and Factorizations scales are set to the their default values in PROSPINO and the CTEQ6L parton
distribution function has been used for the c.s. calculation. It can be seen that the cross section falls
sharply from∼ 10pb at 300 GeV to∼ 10fb at 1TeV. It must be noted that the NLO cross section
depends on the squark and gluino masses to some extent. In ourscenario the first two generation
of squarks and the gluino is decoupled from the thrid generation squarks.

The direct decay of sbottom to the LSP is always kinematicalyfavored, and for right-handed
squarks it can dominate if̃χ0

1 is bino like. This is generally the case with models like CMSSM
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Figure 9.3: The central value of the Next to Leading Order (NLO) c.s. for the sbottom pair production at the 14 TeV
LHC.

which has a large right handed component in the third generation mixing matrix. The bino co-
annihilation case where the bino can co-annihilate with theNLSP sbottom is also an important
scenario and has been considered in [43]. The interplay of sbottom and stop in the context of nat-
ural SUSY has been discussed in [356], where the authors argue that direct searches on sbottom
can set limits on the stop sector from below causing a tensionbetween naturalness which sets the
stop scale from above and direct searches which constrain itfrom below.They also suggest that the
limits on direct searches should depend on the admixture of left and right handed components of
sbottom. The left handed nature of sbottom has been searchedby CMS in [360], for 7 TeV LHC
where they investigate the channelb̃1 → t χ̃1

± in the dilepton + b-jets channel. This motivates us
to investigate the scope of MSSM to admit a large left handed sbottom and ways to detect such a
scenario. If the sbottom is left handed then it may prefer to decay strongly into heavier charginos
or neutralinos instead, for exampleb̃1 → bχ̃0

2 andb̃1 → t χ̃1
±. This is because the relevant squark-

quark-wino couplings are much bigger than the squark-quark-bino couplings. Squark decays to
higgsino-like charginos and neutralinos are less important for sbottom (than stop) because of its
relatively smaller Yukawa coupling. A light left-handed sbottom can be achieved by a large split-
ting between the left-handed and the right-handed components (mQ̃3

andmb̃R
), in particular a light

left-handed component (mQ̃3
) and a heavy right-handed component (mb̃R

). This ensures that once
diagonalized the lighter sbottom remains predominantly left handed while the heavier sbottom re-
mains mostly right handed. The sbottom mixing matrix in sucha scenario is diagonal with the
mixing angleθb ∼ 0. For our purpose therefore, the relevant parameters are the third generation
squark mass parameters (mQ̃3

,m˜tR,mb̃R
), the tri-linear couplingsAt andAb, the SU(2) and U(1)

gaugino mass parameters (M1 andM2) and the Higgs sector parametersµ and tanβ .
To show that the situation we are considering is not a very finetuned parameter space we vary

the four parametersmQ̃3
,m˜tR,mb̃R

in the range [100,3000] GeV andAt in the range [-3000, 3000]
GeV and calculate the branching ratios of sbottom to different channels. We keep tanβ = 10,
M1 = 150GeV andM2 = 250GeV in the scan.

The first two generation squarks, and the three slepton generations are fixed at 5TeV along with
M3 = 1TeV, andAu = Ad = Aτ = 100GeV as they are irrelevant for our study. Theµ parameter is
set to 1000 GeV which implies that the lighter neutralino is gaugino like. We generate the physical
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mass spectrum using the spectrum generator SuSpect [14]. A different set of choices for M1 and
M2 do not significantly alter the collider results significantly as long asχ0

2 → χ̃0
1Z is kinematicaly

allowed as can be observed in the next section.
We chooseAb = 0 GeV in our scan but other values do not change the result in a significant

manner. Fig9.4shows the maximum values of the branching ratios for the channelsb̃1 → bχ0
2 and

b̃1 → tχ±
1 as a function of the sbottom mass when we vary the parameters in the ranges mentioned

above. It can be seen that significant branching ratios to these channels are allowed.
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Figure 9.4: Maximum branching ratios ofb̃1 → bχ0
2 (red/continuous) and̃b1 → tχ±

1 (blue/dotted) as a function ofb̃1

mass.

9.2.2 Signal and Background

We choose a few benchmark points to carry out the collider analysis. The parameters for these
benchmark points along with the relevant BRs are shown in Table. 9.3.

At mQ̃3
mt̃R mb̃R

mt̃1 mb̃1
mχ̃0

1
mχ̃0

2
mχ̃±

1
BR(b̃1 → bχ0

2) BR(b̃1 → tχ±
1 )

P1 -2060 308 1922 1041 392 350 153 272 272 86 % —
P2 -2335 401 1907 2626 470 450 153 272 272 71% 24 %
P3 -2680 492 2232 1904 573.1 550 152 271 271 44.5% 54.5%
P4 -2680 492 2232 1904 573.1 550 254 377 377 95% -

Table 9.1: Masses of some of the sparticles for three benchmark points. In all the cases the other pMSSM parameters
are fixed to values as described in the text.

In these parameter points the decay of sbottom proceeds mostly through the channels̃b1 → bχ0
2

and/orb̃1 → tχ±
1 following the deacys̃χ0

2 → χ̃0
1Z → l+l−χ̃0

1 and χ̃±
1 → χ̃0

1W± → l±νl χ̃0
1 from

both sides which finally yield a 4-leptons + 2 b-jets + p/T signal in the final state.
A look at the spectrum and the decay branching ratios point out that in absence of a sufficient

mass gap for the top decay to open up, the principal decay modeis b̃1 → bχ̃0
2 . When the mass

difference is sufficient for the top channel the branching ratio is fairly equally divided between the
two channels. This feature is also demonstrated in Fig9.4.
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As mentioned earlier, in order to show that a different choice of M1 andM2 do not change our
results significantly as long as the decayχ̃0

2 → χ̃0
1Z opens up we choose the benchmark point P4

in Table9.3in whichM1 andM2 are changed to 250 GeV (from 150 GeV in P1 - P3) and 350 GeV
(from 250 GeV in P1 - P3) respectively.

We mentioned earlier that the signal cross sections falls sharply with increasing̃b1 mass. In
particular, for an sbottom of 550 GeV (P-3) the NLO cross section reduces to 385 fb which, because
of the very low branching ratio for the leptonic decay modes of Z, yields a miniscule final cross
section. However since the background is miniscule and we are optimistic about high luminosity
options for a 14 TeV LHC, this channel still offers some hope even for such high sbottom mass.

In our simulation of events, we have used PYTHIA6 [6] for both the signal as well as the
backgrounds. We construct jets using the FastJet [8] package employing the anti-kT [7] algorithm
with a cone size∆R= 0.5. We use the CTEQ6L [13] parton density function from the LHAPDF
[12] package. The scale is set atQ2 = ŝ. We then use the following selection criteria for the final
events:

1. We demand four isolated leptons (electron and muon) with the transverse momentumpℓT ≥ 25
GeV and the pseudo-rapidity|η | ≤ 2.5. Isolation of leptons are ensured by demanding the
total transverse energypAC

T ≤ 10% of pℓT . HerepAC
T is the scalar sum of transverse momenta

of jets close to leptons satisfying∆R(ℓ, j)≤ 0.2 with a jetpT threshold of 30 GeV and|η | ≤ 3.
We ensure that the sum total charge of the 4 lepton system is 0 to avoid contamination from
background.

2. Jets are selected withp j
T ≥ 30 GeV and|η | ≤ 3. We demand at least 2 jets withb tags. The

b-tagging is implemented by performing a matching of the jets with b quarks assuming a
matching cone∆R(b, j) = 0.3.

3. In addition we demand p/T > 50 GeV.

The effects of the above selection cuts are summarized in Table. 9.4. The potential SM back-
grounds in our case arett̄, Z Z, W Z, and QCD. In Table.9.4 we show only the non-vanishing
background which in our case is thett̄.

Process Production c.s. Simulated Events 4 isolatedℓ 2 b-tagged jets p/T > 50 GeV S√
B

(pb) (50 fb−1)

P1 4.75 0.5M 5.1 1.4 1.1 26
P2 1.22 0.1M 1.5 0.5 0.4 10
P3 0.39 0.1M 0.5 0.2 0.2 4
P4 0.39 0.1M 0.6 0.2 0.2 4
t t̄ 918 40M 2.8 0.09 0.09

Table 9.2: Efficiency of the selection cuts for the signal in the three benchmark points and the top background for 14
TeV LHC. The cross-sections after each of the cuts (column 4 -6) are given in femtobarns. Efficiency for 2b-tagging
has been multiplied in the 5th column. The significance has been quoted at a projected luminosity of 50 fb−1 in the
last column.

The second column represents raw production c.s. forb̃1
¯̃b1 calculated at NLO using PROSPINO

[17]. We have used the top pair production cross section at 14 TeVas quoted in Ref [366]. The
third column represents the number of events simulated for each of the processes. From the fourth
column the cumulative effects of the selection cuts are shown. In demanding b-jets we assume an
optimistic b-tagging efficiency of 70% for each b-jet [367]. We find that even for the signal the
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requirement of four isolated hard leptons with vanishing total lepton charge of the system leaves
a small signal cross-section. On the other hand, this takes care of all the other backgrounds with
the exception oftt̄. The transverse momentum distribution of the 3rd hardest isolated (and|η | <
2.5) lepton is shown in the left panel of Fig.9.5 where a clear distinction can be made between
the signal and the background. The lepton multiplicities for both the signal (benchmark-2) andtt̄
background are also shown in the right panel of Fig.9.5. Note that, though in the parton level a 3rd

hard lepton is not expected fromtt̄ events, in real situation such leptons can come from the hadron
decays for example, semileptonic decays ofB hadrons.
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Figure 9.5: ThePT distribution of the 3rd hardest isolated (and|η |< 2.5) lepton (left panel) and the lepton multiplicities
(right panel) for both the signal (benchmark-2) and the top background.

The demand of twob-like jets in addition to the four isolated hard leptons alsoremoves a
significant fraction of the top background. Since the p/T is rather soft in the signal due to a low
mass difference betweeñχ0

2 and χ̃0
1 , only a low p/T cut could be used in selecting events. Our

results are summmarized in the last column of Table.9.4. The signal significance is obtained
in terms of Gaussian statistics, given by the ratioS/

√
B of signal and background events for a

particular integrated luminosity. We project our significance (S/
√

B) at 50 fb−1 at 14 TeV LHC.
We find that for low sbottom masses (up to 450 GeV) a reasonablesignificance (S/

√
B≥ 5) can be

achieved at relatively low luminosities (∼ 20 fb−1). For masses of∼ 500 GeV a higher luminosity
of 50 fb−1 will be required. For even higher masses the sbottom production c.s. is miniscule and
it will require at least 100 fb−1 luminosity to get any hint of a signal at LHC. As noted earlierwe
find that the change in LSP mass does not significantly change our signal significance. This can be
seen in the event summary given in Table9.4.

9.2.3 Summary and Conclusion

In this work we probed the prospect of a light sbottom search in the 4 lepton + jets (with two
b-tagged jets) + p/T channel in the context of pMSSM at 14 Tev LHC. We considered the scenario
where the lighter sbottom is predominantly left handed and can decay into the second lightest
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neutralino or lighter chargino which eventually yields 4 leptons and b jets. We find that in pMSSM
there is a large part of parameter space where such a scenariois feasible and can be useful to look
for sbottom signatures. We also find that such a parameter space is compatible with a Higgs mass
of 125 GeV and is in tune with the ongoing motivation for a light third generation scenario.

Additionally we analyzed the signal and background for suchregions of parameter space and
found that it is possible to discover a substantial range of sbottom masses. In particular we find
that for sbottom masses∼ 450 GeV it is possible to find a viable signal at the level ofS/

√
B≥ 5

even at 20 fb−1 luminosity. For masses∼ 550 GeV and higher it will require higher luminosity
LHC options which is achievable in the near future. It has to be noted that the channel has minimal
background and the discovery reach is only cross section limited. We have demonstrated that
as long as the studied decay channel is kinematically allowed our signal significance primarily
depends on the signal cross section. Hence in our study the LSP mass plays a less significant role
as compared to the NLSP sbotttom searches at the LHC which rely on a significant mass splitting
between the sbottom and the LSP. In order to show this we calculated the signal using two different
values of LSP mass viz. 152 GeV and 254 GeV.

9.3 Probing the flavor violating decay of the stop quark

In this work we turn our attention to stop quark. The LHC constraints on the third generation
squarks, stops(t̃1,2) and sbottoms(̃b1,2) are weaker because of the lower production cross-section
for a squark pair of a single flavor and are weakened even further when there is a small mass
difference between the squark and the neutralino. The negative results in the initial searches for
the gluino and first two generations of squarks, together with the discovery of the Higgs boson
has prompted the consideration of natural SUSY as an attractive framework for phenomenological
studies.

When the lighter stop becomes next to lightest SUSY particle(NLSP), the stop searches at
colliders are quite different and become challenging. In this scenario, the dominant decay modes
are via the flavor changing decays and the four body decay [368–370],

t̃1 → cχ0
1 (9.3.1)

→ b f f ′χ0
1 . (9.3.2)

Stop pair production followed by these decays leads to final states containing a heavy quark pair
cc̄ or bb̄ respectively and are given by:

pp→ t̃1t̃∗1 → c c̄+2χ0
1 , (9.3.3)

pp→ t̃1t̃∗1 → bb̄+2χ0
1 +2 f f ′. (9.3.4)

The flavor violating decay mode yields precisely two jets andmissing transverse momenta(p/T) due
to the presence ofχ0

1 . The relative decay rates into the above two channels are extremely sensitive
to the model parameters [370, 371]. The signal sensitivity for the four body decay channels has
been studied for different parameters [372].

For very low values of∆m (Eq. 9.1.3) it is rather difficult to obtain a reasonable signal sensi-
tivity. In this case, the strategies have been to look at the mono-jet + p/T [333, 334] and mono-
photon+p/T final state [373,374]. The experimental limits on these channels come from reinterpre-
tation of the monojet searches in ATLAS and CMS [375,376]. With the available data at 7 TeV,
lighter stops of mass below about 200 GeV are excluded for theabove mentioned decay channels.
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Thus the limits on the mass of the lightest stop from these channels are rather weak. This is
because the final state objects are soft due to the low value of∆m leading to a lower acceptance of
signal events. Therefore, it is a challenging task to probe these channels for very low∆m cases.

In this work we explore the possibility to find a signal fort̃1 in the flavor violating decay,
Eq. 9.3.3, resulting in a di-jet +p/T signature. Note that the flavor violating decay mode is also
important in the dark matter context in the stop co-annihilation scenario [370]. The correct relic
density abundance in this case crucially depends on∆m. In analyzing this signal we apply different
types of kinematic selection cuts which are described in thefollowing sections. For the case of
flavour violating decay mode, the presence of c-quarks can beexploited by tagging c-jets. It is
known that tagging c-jets is not easy because of the low mass of c quark and the low decay length
of the charmed mesons. However, development of a strategy totag the c-jets, even with a modest
efficiency will be helpful to suppress the SM backgrounds by an enormous amount and hence
needs to be pursued.

9.3.1 CMSSM and PMSSM

We simulate the signal (Eq.9.3.2) for the parameter space of our interest in the context of both
CMSSM and the phenomenological MSSM (pMSSM) with 19 parameters [365]. The CMSSM
has been the most popular model of SUSY breaking in the context of collider phenomenology
and experimental searches over the last two decades. This isprimarily driven by the economy
of the model which requires 4 parameters and a sign, as compared to the cornucopia of over 100
parameters in the MSSM. These parameters defined at the GUT scale, include the common scalar
mass(m0), the common gaugino mass(m1/2) and the common trilinear coupling A0, along with
tanβ , the ratio of vacuum expectation values(VEV) of the two Higgs doublets and the sign ofµ,
the Higgsino mass parameter, at the weak scale. The sparticle spectrum at the electroweak scale is
obtained by renormalization group running from the GUT scale to the electroweak scale.

It is a well known fact the Higgs mass receives a substantial quantum correction resulting an
enhancement of its mass from its tree level values which is bounded by mass of Z boson, viz,
M2

H ≤M2
Zcos22β . In order to accommodate the Higgs mass of 125 GeV in the CMSSMframework

one necessarily requires heavy scalars and a large trilinear coupling At. Loop corrections can
increase the tree level Higgs mass up to∼ 140 GeV, due to stop-top loops and a large value of the
trilinear coupling At [194,195]. However it has also been noted that such large trilinear coupling
introduces a significant amount of fine tuning in the theory. On the other hand a large A0 results
in a large splitting in the stop mass matrix. This means that lighter stops are accessible at LHC
energies even in CMSSM [195]. Hence it is worth investigating, in the CMSSM, the available
parameter space, which provides mH ≃ 125 GeV and where we have imposed various experimental
and theoretical constraints as described below.

9.3.2 Constraining CMSSM

With this goal, we perform a numerical scan of the relevant part of the CMSSM parameter space,
varying the range of parameters such as,

m0 : [0−3 TeV],m1/2 : [0−1 TeV],A0 : [−2 :−10 TeV], (9.3.5)

and setting the top quark mass to be 172.9 GeV. We generate 5×105 random parameter points
for a fixed value of tanβ . We fix the sign of the Higgsino mass parameterµ to be positive. We use
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the SusPect [14] spectrum generator to generate the masses of the supersymmetric particles for a
fixed set of input parameters along with SuperIso [16] for the calculations of the branching ratios
of rare B-meson decays.

We refer to a point in the CMSSM parameter space as allowed if it survives the following
constraints:

(i) The lightest Higgs boson massMH falls in the window 122.5 GeV< MH < 129.5 GeV.
Note that this range also includes a 1.5 GeV theoretical uncertainty over and above the 95% C.L.
uncertainties quoted by the ATLAS and CMS collaborations [1,2].

(ii) The branching ratio (B) of the radiative decayB → Xsγ satisfies the following 95 % C.L.
bound [26],

2.6×10−4 < B(B→ Xsγ) < 4.5×10−4 .

(iii) The branching ratio ofBs → µ+µ− [178,179] lies in the 95 % C.L. allowed range

1.5×10−9 < B(Bs→ µ+µ−)< 4.3×10−9 .

Fig 9.6 - 9.7 show the results of our numerical study. A point is green if itsatisfies only the
constraint (i) but none of the other two. The blue colour is used to mean that the point satisfies
both the constrains (i) and (ii) but not (iii). If a point is allowed by all of the three constraints above
then the point is plotted in magenta. Note that all the points(except the red points in them0−m1/2
plane) have been checked to satisfy the requirements of electroweak symmetry breaking, electric
and colour neutral LSP, the LEP lower bounds on the masses andother theoretical consistencies
e.g., absence of tachyonic states and so on. Moreover, we also show the allowed values ofmt̃1 for
a wide range ofm1/2 andA0 values ( in the second row).

From these figures it is quite clear that even in the CMSSM, there exists regions in the parameter
space where a light stop below a TeV scale is allowed

9.3.3 Stop decay and benchmarks

While it is certainly interesting to find a large region of parameter space pertaining to lighter stops
and allowed by the Higgs mass constraint, the specific mass relations in CMSSM ties our hands to
a large extent. In the context of natural SUSY it is enough to consider only the third generation
squarks (stops and sbottoms), the third generation trilinear couplings along with charginos and
neutralinos. The rest of the spectrum is mostly unimportantand can be decoupled from this set.
This rather simplified approach, in the framework of the phenomenological MSSM (pMSSM)
brings out the relevant physics with the minimal number of input parameters.

The parameter space of our interest is guided by the region where the flavor violating decay
t̃1 → cχ0

1 , is kinematically dominant for relatively small mass differences corresponding to Eq.
9.1.3. The decay width is given by [368,369],

Γ =
1
2

α |ε|2mt̃1

[
1−

m2
χ0

1

m2
t̃1

]2

, (9.3.6)

where the loop factorε is directly proportional to A2b and tan2β with α being the strong coupling
constant1.

A competing decay mode to the two body is the four body decay(t̃1 → bχ0
1 f f ′) [368, 369,

371], dominantly via an off shell chargino into fermions. The two body decay mode, which is
1For an exact one-loop calculation of this decay width see [369].
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quadratically dependent on tanβ and Ab dominates over the four body decay for moderate to high
tanβ . In the large tanβ scenario, the two body decay mode dominates over the four body decay
mode, for similar mass differences as compared to lower tanβ .

Figure 9.6: The allowed parameter points in them0 −m1/2 (top left panel),m0 −mt̃1 (top right panel),m1/2−mt̃1
(middle left panel),A0−mt̃1 (middle right panel), in the CMSSM scenario for tanβ = 10.

We choose two benchmark points in the CMSSM and four points inthe 19 parameter pMSSM
for our collider analysis. The representative points are shown in Tables9.3 and9.4, indicating
the relevant branching ratios and other sparticle masses. All points in CMSSM (P1,P2) and three
points in pMSSM(P3,P4,P5) are chosen to have tanβ = 10. We choose one additional benchmark
point with tanβ=30 in pMSSM(P6).

For the pMSSM benchmarks in Table9.4, we set the first two generation of squarks and all
slepton generations to 5 TeV and the gluino to 1.5 TeV as they are irrelevant for our study. The
parameterM2 is set to 900 GeV. The trilinear couplings with the exceptionof At are all set to zero.
The pseudoscalar massmA is set to 500 GeV. All the benchmark points have been checked against
the constraints mentioned in Sec.9.3.2.
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Figure 9.7: The allowed parameter points in them0 −m1/2 (top left panel),m0 −mt̃1 (top right panel),m1/2−mt̃1
(middle left panel),A0−mt̃1 (middle right panel), in the CMSSM scenario for tanβ = 30.

9.3.4 Signal and background

We simulate the collider signatures of the stop pair production (Eq .9.3.3) for the benchmark points
as shown in Tables9.3and9.4in the dijet + p/T scenario and the corresponding SM background at
the LHC.

As pointed earlier, the final state objects like jets and p/T are expected to be soft because of low
∆m making it difficult to obtain a reasonable acceptance after suppressing the SM backgrounds.
The signal cross section is rather small at 8 TeV and falls to∼ 50 fb for a stop mass of 500 GeV.
Most of the search strategies proposed have taken recourse to monojet + p/T or monophoton + p/T
searches, where a hard QCD jet is used along with a large p/T [334]. It was demonstrated in [334]
that with this strategy it is possible to use this channel forstop discovery, for stop masses up to∼
300 GeV at 14 TeV LHC, with 100 fb−1 luminosity.

Corresponding to the signal the principal SM backgrounds that can mimic the signal process
are:

• QCD : The final state is swamped by the QCD dijet events, since the QCD cross section at
hadron colliders is enormous. The p/T source in this case comes from semileptonic B-decays.
There are non physics sources due to mismeasurement of jets,detector noise which are out of
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tanβ m0 m1/2 A0 mH mt̃1 mχ0
1

∆m Br( t̃1 → cχ0
1) Br(t̃1 → b f f ′χ0

1)

% %
P1 10 1848 457.6 -4069 126.0 241 198 43 74 25
P2 10 2589 695 -5849 126 331 306 25 97 2

Table 9.3: Masses and branching ratios of some of the particles in the CMSSM scenario. All energy units in GeV.
sgn(µ) is set to be positive.

At tanβ µ M1 mH mQ̃3
m̃tR

m̃bR
m̃t1

mχ0
1

∆m BR(̃t1 → cχ0
1) BR(t̃1 → b f f ′χ0

1)

% %
P3 -1900 10 800 280 123.0 380 1500 2000 355 285 70 98 2
P4 -2800 10 800 425 124.6 450 1800 1800 458 432 26 96 3
P5 -2800 10 800 510 126.6 530 1800 1800 548 517 31 95 4
P6 -2800 30 800 425 128 500 1800 1800 520 432 88 98 2

Table 9.4: Masses of some of the sparticles for the benchmarkpoints in the pMSSM scenario. In all cases , the
remaining parameters are as described in the text. All energy units are in GeV.

the scope of this study.

• Z(→ νν̄ ) + jets : This makes up the irreducible part of our background that looks exactly
like the signal. Although the principal part of this background is Z + 2 jets, contribution from
higher jet multiplicities are not negligible if some of the jets are not identified.

• W(→ lν̄ ) + jets : This process contributes dominantly to the background when the lepton
is not identified. Since the cross section for W + jets is rather large this also contributes
significantly to the background.

• tt̄ : This is primarily dominant when either the leptons from the W decay and/or some of the
final state jets are not identified leading to the same configuration as the signal.

• WW : This process contributes to the background when one W decays hadronically while
the other leptonically.

• WZ : This again contributes substantially to the background when W decays leptonically
and Z decays hadronically with the lepton not being identified, or when Z decays toνν̄ and
W hadronically.

• ZZ : This irreducible background mimics the signal in the situation Z(→ νν̄ )Z(→ qq̄).

We simulate the signal and the background processestt̄, WW,WZ,ZZ using PYTHIA6 [6].
For the background processes W/Z+jets, parton level eventsare generated using ALPGEN [9]
and subsequently passed on to PYTHIA6 for showering and hadronization. Jets are reconstructed
using FastJet [8] with anti-kT [7] algorithm setting a size parameter R=0.5. Jets are selected with
the following criteria,

pj
T ≥ 30(60) GeV∀ 8(13) TeV, |η | ≤ 3. (9.3.7)

MLM matching [11] is performed while showering parton level events using PYTHIA for W/Z+
jets with a matching cone of∆R =0.7 and a jetpT threshold of 30 GeV within|η | ≤ 2.5. We use
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CTEQ6L [13] as parton density function(PDF) from the LHAPDF [12] package and setQ2 = ŝ.
Leptons are selected with,

pl
T ≥ 10 GeV, |η | ≤ 2.5, (9.3.8)

which are used to veto events.
In order to suppress these backgrounds, in particular the large QCD di-jet background, we use

kinematic variable,
αT = pj2

T/mjj
T, (9.3.9)

where pj2T is the transverse momentum of the second hardest jet and mjj
T is the transverse mass of

the two jet system [46]. It can be observed that for pure dijet events, without any hard p/T like
QCD, the jets are back to back in the transverse plane. Therefore the minimum value ofmj j

T in the
limit when jet masses can be ignored turns out to be 2p j

T and thus the distribution ofαT has a sharp
end point at 0.5. However for dijet events in association with a significant amount of p/T, as is the
case for the signal in Eq.9.3.3, the two jets are not back to back, leading to large values ofαT . We
present theαT distribution for signal and background in Fig.9.8subject to the jet selection cuts (
Eq. 9.3.7) along with lepton veto. The signal process is for P2 in Table1 with mt̃1,mχ0

1
masses of

331 and 306 GeV respectively. It can be seen in the figure, thatas predicted, the QCD process has
a sharp fall at≈ 0.5 and therefore we impose a selection cut [46],

αT > 0.55. (9.3.10)

In addition we also use the kinematic variableMT2 [47,377] defined as,

MT2(j1, j2,p/T) = min [max{MT(j1,χ),MT(j2,χ)}], (9.3.11)

the minimization being performed over p/1
T +p/2

T = p/T where p/1
T,p/

2
T are all possible partitions of

invisible transverse momentum(p/T), which is due to the presence of LSP for signal and neutrinos
for SM backgrounds. Hereχ is the invisible particle whose mass (Mχ ) is an unknown parame-
ter. The kinematic variable transverse mass(MT) between the jet and the accompanying missing
particle is,

M2
T = M2

j +M2
χ +2(E j

TEχ
T −~p j

T .~p
χ
T), (9.3.12)

where~p j
T is the transverse momentum vector of the jet andE j

T the corresponding energy, while~pχ
T

is the missing transverse momentum (p/T) vector.
Since the maximum value ofMT is restricted to the mass of the parent particle,MT2 is also

expected to be bounded by the respective parent particle mass. HereMT2 is calculated by setting
Mχ=0 without any loss of generality [48]. This assumption is clearly valid for SM processes where
the missing momentum is mainly due to neutrinos. Furthermore, we found no significant difference
to the population of events near the end points for the signalwith massiveχ when we make this
assumption. However, there may be a difference in acceptance for the two cases which we will
consider as a systematic uncertainty in the acceptance efficiency. In the SUSY processes where the
parent particle(̃t1) is heavier than SM particles, the tail in theMT2 distribution is expected to extend
up to a larger value. This variable thus provides an excellent handle to suppress the remainder of
the background rates.

In Figure9.9, the signal and background distributions for MT2 are displayed for 8 (left) and
13(right) TeV LHC energies. The distribution is subject to adi-jet criteria along with a lepton veto
with jet and lepton selection criteria(Eq.9.3.7and9.3.8) . The signal distribution displayed in the
figure corresponds to the benchmark P2 in Table9.3.
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We observe that for the signal process at 8 TeV the tail extends beyond the background processes
and further reaches beyond the stop mass while for the background the end point of the distributions
correspond to lower values of MT2. As the missing energy in Z+jets comes from Z decaying to a
pair of neutrinos from the same side of the configuration, theMT2 distribution is not expected to
have an end point at the Z mass which is reflected in this plot [48].

Similarly in case oftt̄ and in signal, the distribution extends beyond the end pointwhich is
expected to be at the parent particle mass. The contributionof events in this region is dominantly
due to the jets from hard radiations, in particular from finalstate radiations [48]. This phenomena
is more evident at 13 TeV energy where objects are kinematically heavily boosted. By observing
the distributions, we apply a cut at,

MT2 > 130 GeV(250 GeV) for 8(13) TeV. (9.3.13)

This fact can be exploited to suppress backgrounds when the signal is in unfavourable condition
kinematically (eg. for small∆m). For example, for very small∆m, t̃1 mostly decays invisibly, and
henceMT2 constructed out of this hard p/T and jets originating from initial and final state radia-
tion(ISR/FSR) which are un-correlated with the p/T has a much larger tail. For larger values of∆m,
the longer tail is not observed due to the fact thatt̃1 will have both visible and the invisible (LSPs)
decay products for which the momenta are correlated. In Fig.9.10we present the distribution for
these two cases, with∆m=10 and 140 GeV. ClearlyMT2 gives some handle to recover sensitivity
for the low ∆m scenario. It is to be noted here also that for the case∆m= 140 GeV, the decay
t̃1 → bWχ0

1 may open up, competing with the flavor violating decay mode. Clearly the flavour
violating decay mode with very low∆m have some benefits due to ISR/FSR effects. However,
it is clear that these effects have a dependence on the modelsemployed in the event generators.
Therefore, in order to understand its effect in our signal sensitivity in a more precise manner one
needs to do more detailed investigation which is postponed to a future work.

Finally, considering signal and background characteristics, we use the following cuts to sup-
press the backgrounds.

• Lepton Veto (LV) : In the signal process leptonic activity is absent. However background
processes likett̄, W+jets, WW,WZ contain a significant fraction of leptons from W/Z decays
accompanied by p/T. The use of lepton veto thus helps to suppress the backgrounds efficiently.
Leptons are selected using cuts described in Eq.9.3.7.

• 2 jets (2J) : We select exclusively dijets with the jet pT thresholds as described in Eq.
9.3.8. Note that after the lepton veto, thett̄ background contribution is expected to be rich in
hadronic activity and have more than 2 jets in the event. Hence a strict imposition of the dijet
criteria is expected to reduce the background coming from the tt̄, W/Z + jet processes.

• b-jet veto (bJV) : This veto is extremely efficient in suppressing the top background. The b-
jet identification is implemented by performing a matching of the jets withb quarks assuming
a matching cone∆R(b, j) = 0.2.

• αT ≥ 0.55 as discussed in Eq.9.3.10.

• MT2 ≥ 130 GeV (250 GeV for 13 TeV) as given by Eq.9.3.13.

• p/T/HT ≤ 0.9 : For signal processes we expect this ratio to be less than 1, while in back-
ground processes this is expected to be close to 1. The difference in azimuthal angle between
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Figure 9.8:αT distribution for signal and background at 8 TeV LHC energy. The signal corresponds to P2 from Table
9.3.

Figure 9.9:MT2 distribution for signal and background for 8 TeV(left) and 13 TeV(right). The signal corresponds to
P2 in Table9.3.
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Proc mt̃1,mχ0
1

C.S LJV+2J+bJV αT MT2 ≥ p/T
HT

C.S C.S

GeV ≥ 0.55 130 ≤ 0.9 (c-like)
P1 241,198 6330 1996.2 262.3 4.7 2.1 2.1 0.45
P2 331,306 1060 227.4 28.1 2.3 0.9 0.9 0.1
P3 355,285 700 262 46 0.6 0.25 0.25 0.12
P4 458,432 150 33.1 4.2 0.3 0.14 0.14 0.01
P5 548,517 45 11.5 1.42 0.1 0.04 0.04 0.007
P6 520,432 63 23.5 4.1 0.085 0.04 0.04 0.02

tt̄-5-200 85000 6063.4 80.24 8.9 0.46 0.46 0.17
tt̄-200-500 9500 13.9 3.9 1.5 0.38 0.38 1
tt̄-500-∞ 130 2.1 0.005 0.003 0.003 0.003 < 1

qcd-300-500 1.3×106 37512.7 < 1 < 1 < 1 < 1 < 1
WW 35000 7462.2 380.2 2.94 0.84 0.84 0.14
WZ 13000 2547.8 189.3 3.1 0.76 0.76 0.21
ZZ 5400 1050.1 78.12 1.62 0.3 0.3 0.02

Z(→ νν̄ )+2jet 105 71215.2 6877.4 67.07 29.4 29.4 < 1
Z(→ νν̄ )+3 jet 16500 5349.6 637.0 9.9 4.5 4.5 0.13
Z(→ νν̄ )+4 jet 4240 361.4 41.3 0.75 0.6 0.6 < 1
W(→ lν )+2jet 5.8×105 117335.6 10752.1 63.4 35.3 35.3 2.1
W(→ lν )+3jet 105 14100.0 1240.8 9.1 6.1 6.1 < 1
W(→ lν )+4jet 16300 785.6 68.9 1.5 1.1 1.1 < 1

Table 9.5: The cross sections(fb) for signal and backgrounds after each cuts. The last two columns present normalized
cross section(fb) after all cuts without and with identification of c-like jets respectively. All energy units are in GeV.

the two jet system and missing energy in signal and background being primarily responsi-
ble for this behaviour. We find that this selection is extremely effective in suppressing thett̄
background.

At the end, we explore the possibility of an improvement by somehow tagging charm jets which
are a part of the signal. The identification of charm jet is quite challenging. Recently however,
attempts have been made to measure W + c jets cross-section where c-jets are identified [378].
Note that the channelt̃1 → cχ0

1 , has been recently searched by ATLAS by trying to identify charm
jets in the final state [379]. Although the method we employ is rather simplified, it still points out
that charm like jet identification can prove to be extremely effective in this case. To identify charm
jets we match jets with charm quarks, using a matching cone ofR=0.2. To find the presence of
charm jets one can further check the presence of D-meson among the jet constituents, which we
postpone to a future work.

Simulating the signal and background processes using the selection cuts as described above, we
present results for 8 and 13 TeV LHC energies in Tables9.5 and9.6 respectively. The first three
columns present the processes(Proc), the masses of the lightest stop(mt̃1) and LSP(mχ0

1
) and the

cross section(C.S) respectively. We compute the next to leading order signal cross section using
PROSPINO [17]. The subsequent columns display the cumulative effects ofcuts. In the penul-
timate column the cross sections after all cuts are presented. The top and the QCD backgrounds
are simulated by slicing the entire phase space into p̂T bins, where ˆpT is the transverse momenta
of the produced partons in the partonic frame. In both Tableswe notice that the combined effects
of lepton veto, b-jet veto and the dijet criteria (LV+2J+bJV) reduces the top background by an
enormous amount (∼ 95%) while reducing the signal process by about a third. As pointed out
earlier, theαT cut successfully isolates the entire QCD background as expected. For the sake
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Figure 9.10:MT2 distribution for two values of∆m of 10 GeV for solid(red) and 140 GeV for broken(blue) for amt̃1
of 240 GeV at 13 TeV LHC energy.

of simplicity we have quoted numbers corresponding to only one p̂T bin for QCD. The rest of
the backgrounds, particularly from top and the WW/WZ/ZZ arealso suppressed by a significant
amount, costing a significant fraction of signal cross section as well. The MT2 cut, as pointed out,
removes a substantial fraction of tt̄, WW/WZ/ZZ as well as W/Z+jets processes. Clearly theMT2
cut plays an important role in isolating backgrounds efficiently. Finally the cut p/T/HT suppresses
the WW/WZ/ZZ backgrounds and brings it down to a negligible level. Even after a huge suppres-
sion of the irreducible backgrounds W/Z+2,3 jets, the remaining fraction is non negligible because
of the large production cross section. Note that even after suppressing the SM backgrounds sub-
stantially, since signal cross section is miniscule, the prospects of discovering a signal at 8 TeV
LHC is very limited. In the last column cross sections are presented requiring that out of the two
jets in the final state one is a c-like jet. As mentioned earlier, c-like jets are identified by naively
matching partonic c-quarks and reconstructed jets. Clearly, it shows that identification of c-like
jets does help in reducing the background to a large extent. This happens as the signal is likely to
have a larger fraction of identified charm jets than the background.

At 13 TeV the results improve significantly as can be seen fromTable9.6. The larger stop pair
production cross section significantly helps in enhancing the event rates. On the other hand an
increased boost in the system helps to effectively use theMT2 variable by applying a much larger
cut value of 250 GeV to isolate the backgrounds. As can be observed from the right panel of Fig
9.9, a cut of 250 GeV is extremely effective in suppressing the irreducible Z+jets background. We
observe from the last column of Table9.6 that at 13 TeV energy, the signal and background cross
sections are comparable as compared to 8 TeV where the background cross sections are dominant.

Table9.7 summarizes cross sections of the signal and background after all cuts for 8 and 13
TeV LHC energy. Thett̄ cross section has been multiplied in the table by a k factor of2 to take
into account NLO effects [268]. Note that the k-factors for W/Z + jets processes are very close
to 1 [320, 321], and hence do not change our results significantly. From Table 9.7 we find that
at 8 TeV the total background is 70.6 fb in which the dominant contribution comes from W/Z +
jets, while the signal cross section varies from 2.1 fb for P1to 0.04 fb in P6. Therefore for P1
with 20 f b−1 luminosity we obtainS/

√
B = 1.1, while the significance drops substantially with

the increase ofmt̃1. At 13 TeV the total background cross section turns out to be 2.6 fb while
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Proc mt̃1,mχ0
1

C.S LJV+2J+bJV αT MT2 ≥ p/T
HT

C.S C.S

GeV ≥ 0.55 250 ≤ 0.9 (c-like)
P1 241,198 24100 3113.2 311.6 8.1 4.4 4.4 0.45
P2 331,306 4800 440.2 82.0 5.8 3.2 3.2 0.18
P3 355,285 3280 725.5 83.27 1.95 0.7 0.7 0.14
P4 458,432 820 84.7 16.8 1.63 0.75 0.75 0.03
P5 548,517 290 34.2 6.2 0.5 0.29 0.29 0.023
P6 520,432 400 121 17.8 0.29 0.1 0.1 0.04

tt̄-5-200 291,000 18690.2 2011.1 0.15 0.15 0.15 < 1
tt̄-200-500 39800 492.2 85.2 < 1 < 1 < 1 < 1
tt̄-500-∞ 900 12.4 0.13 < 1 < 1 < 1 < 1

WW 69800 11858.3 376.2 0.14 < 1 < 1 < 1
WZ 26300 4144.9 231.5 0.5 0.15 0.15 < 1
ZZ 10900 1812.6 128.9 0.46 0.06 0.06 < 1

Z(→ νν̄ )+2jet 241,800 34572.5 2643.4 12.4 1.3 1.3 < 1
Z(→ νν̄ )+3 jet 48000 14282.9 115.9 3.15 0.45 0.45 < 1
Z(→ νν̄ )+4 jet 11200 3477.7 294.1 3.1 0.35 0.35 < 1
W(→ lν )+2jet 1,185,000 76017.1 3529.8 8.4 < 1 < 1 < 1
W(→ lν )+3jet 229,000 27524.6 1490.2 3.0 < 1 < 1 < 1
W(→ lν )+4jet 47200 6278.9 400.1 1.2 < 1 < 1 < 1

Table 9.6: Same as Table9.5but for 13 TeV LHC.

the signal cross section varies from 4.4 fb in P1 to 0.1 fb in P6. Thus for the points P1 and
P2 we obtainS/

√
B = 6.1 and 4.4 respectively for 5f b−1 which implies that P1 is discoverable

while an evidence of a signal can be obtained even with low luminosity options for P2. With 100
f b−1 luminosity we find that the benchmarks P3 and P4 have significance values of 4.7 and 4.3
respectively.

With this strategy we attempt to explore the sensitivity in∆m for various values ofmt̃1 at a
given luminosity. We present our findings in Fig.9.11 where the accessible region below the
curves are shown in themt̃1 − ∆m plane for two luminosity options 5 fb−1 and 100 fb−1 with
S
√

B≥ 5. This plot is presented with the assumption ofBR(t̃1 → cχ0
1) = 100%. We find that even

for low luminosity a light stop up to a mass of∼ 350 GeV could be explored for∆m= 20GeV.
As mentioned earlier this search strategy is very sensitiveto lower values of∆m and it is reflected
in the figure. For a luminosity of 100f b−1 we find that a light stop up to a mass of 450 GeV
can be probed for∆mas low as 35 GeV. The solid horizontal line demarcates the kinematic region
mt̃1 < mt +mχ0

1
, over which the the decaỹt1 → tχ0

1 opens up and dominates.

9.3.5 Implications for dark matter

In scenarios with a small stop-neutralino mass splitting and a bino(̃B) LSP, stop-coannihilation can
play an important role in determining the relic dark matter abundance. This is the case especially
for small∆m, i.e, where the decaỹt1 → cχ̃0

1 is dominant. Hence it is important to investigate the
implications of our studies for probing the stop coannihilation scenario at the LHC.

The relic density crucially depends on the stop-neutralinomass difference as well as on other
parameters that will be discussed in the next paragraph. Forthe benchmarks considered, the value
of the relic density as shown in Table9.8is either above (P1,P3,P6) or below (P2,P4,P5) the central
value for PLANCKΩDMh2 = 0.1199 [380]. However it is well known that the value of the relic
density in coannihilation scenarios depends critically onthe NLSP-LSP mass difference, hence
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P1 P2 P3 P4 P5 P6 Total Bg
mt̃1,mχ̃0

1
(GeV) 241,198 331,306 355,285 458,432 548,517 520,432

8 TeV 2.1 0.9 0.25 0.14 0.04 0.04 70.6
S/

√
B(20f b−1) 1.1 0.5 0.13 0.07 0.02 0.02
13 TeV 4.4 3.2 0.7 0.75 0.29 0.1 2.6

S/
√

B(30 fb−1) 15 11 2.4 2.5 1 0.3

Table 9.7: The signal and backgrounds cross sections(cs) for benchmark points. The signal significances(S/
√

B) for
different energies and luminosities are also shown.

a small decrease (increase) in the stop-neutralino mass difference will lead to a large decrease
(increase) in the value of the relic density. We have therefore searched for modified benchmarks
for which the relic density was in agreement with the centralvalue of PLANCK. For this, we vary
only the mass of the lightest neutralino by changingM1, while keeping all other parameters of each
benchmark P1-P6 to their value at the EWSB scale. The modifiedbenchmarks, P1’-P6’, with the
corresponding stop and neutralino masses are listed in Table 9.8. The relic density is calculated
using micromegas3 [381]. Furthermore, their position in the∆m−mt̃1 plane is displayed in Figure
9.11. We find that for the benchmark points that satisfy the PLANCKconstraint our search strategy
works very well indeed. We achieve reasonable sensitivity for stop masses below 400 GeV with
an integrated luminosityL = 100 fb−1 at 13 TeV LHC as can be seen in Fig.9.11. In fact the
5σ significance contours forL = 5 fb−1 even covers the relevant∆m for stop masses below 280
GeV.

A few comments are in order to ascertain the generality of this result since the relic density
depends not only on the stop-neutralino mass difference butalso on the nature of the neutralino
LSP, the nature of̃t1 (whether it is dominantly LH or RH), and on the value ofMA. First note that
the mass splittings associated with the modified benchmarksof Table 9.8are typical of scenarios
where the LSP is a bino, and these are precisely the ones wherestop coannihilation plays an
important role in obtaining a low enough relic density. Second, the mass splitting required to satisfy
the PLANCK constraint - for a given stop mass - should depend on whether the stop is LH (P3’-
P6’) or RH (P1’-P2’). The reason is the following: co-annihilation processes such̃χ1t̃1 → tg, th
have a larger cross-section for a RH stop than for a LH stop of the same mass since the coupling
to the bino LSP is proportional to the top hypercharge (whichis larger for the RH top/stop), hence
one would expect the required∆m to be larger for a RH stop. Furthermore the QCD processes
involving pairs of squarks̃t1t̃1 → tt, t̃1b̃1 → tb... which are more important for LH stops involve
two Boltzmann suppression factors2, therefore the mass splitting required is smaller. However
since the Boltzmann factor varies rapidly with∆m, in the end there is only a few GeV differences
between the case of the RH and LH stop. For example for benchmark P2’, the required mass
splitting would be∆m= 29GeV for a dominantly LH stop instead of∆m= 37GeV for a RH one.
Finally, the pseudoscalar mass,MA, can also be a relevant parameter. For P1’ and P2’ it is set
by CMSSM boundary conditions and is rather high hence plays no role in neutralino annihilation
while for P3’-P6’, it is set to 500 GeV. A higher value ofMA- which would not affect our collider
search strategy and the relevant branching ratios oft̃1→ cχ0

1 , would imply smaller mass differences
than the ones listed in Table9.8- hence would easily be covered by our search strategy. We
can therefore safely conclude that the channel investigated here can probe the stop-coannihilation
scenario for stop masses up to at least 400 GeV.

2The Boltzmann factor ise−∆m/Tf for each coannihilating particle andTf is the freeze-out temperature.
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P1 P2 P3 P4 P5 P6
mt̃1,mχ̃0

1
(GeV) 241,198 331,306 355,285 458,432 548,517 520,432

Ωh2 0.17 0.04 1.9 0.04 0.06 0.59

P1’ P2’ P3’ P4’ P5’ P6’
mt̃1,mχ̃0

1
(GeV) 241,205 331,294 355,315 458,420 548,508 520,479

Ωh2 0.119 0.119 0.119 0.119 0.119 0.119
∆m (GeV) 36 37 40 38 40 41

Table 9.8: Relic density for the benchmarks P1-P6 and the modified benchmarks P1’-P6’

9.3.6 Conclusion

In this study we perform a comprehensive analysis of the collider search prospects of the flavor
violating decay of the stop quark, namelyt̃1 → cχ0

1 . Such a scenario is well motivated in the
context of natural SUSY as well as from the dark matter perspective of stop co-annihilation. It had
been earlier observed that this channel is rather difficult to probe due to the low mass difference
between the stop quark and the lightest neutralino. The principle background to this channel arises
from QCD, tt̄ and Z(νν̄ )/W(→ lν )+jets final state. We use the kinematic variablesαT andMT2
to effectively suppress these at 8 and 13 TeV LHC. At 8 TeV, thelevel of background is still high
and we are limited by low stop pair production cross section.We find that our strategy is far more
effective at 13 TeV due to the increase in cross section and efficient use of the kinematic variables.
We observe that it is possible to discover light stop quarks up to a mass of∼ 450 GeV with 100
f b−1 luminosity at 13 TeV LHC energy for low values of∆m and even for the case when the
t̃1 andχ0

1 are almost degenerate. We observe that for very low∆m case, the loss of acceptance
because of soft visible particles in the final states is compensated by ISR/FSR effects through
MT2 selection. Note the fact that the backgrounds are expected to have some uncertianties from
statistical and systematic effects, which have not been taken into account. It requires a detailed and
careful further investigation. Also note, that in our case,as mentioned earlier our conclusions are
crucially based on ISR effects. At the PYTHIA level where this is only taken care at the leading
log level, some uncertainties are expected to appear in the final result.

The result improves significantly when one attempts identifying charm jets both at 8 and 13 TeV
LHC. We also show the discoverable region inmt̃1 −∆m plane assuming the branching ration of
t̃1 → cχ0

1 to be 100%. This is an useful information in the context of DM via stop co-annihilation.
Our analysis shows that a good region of the parameter space relevant for the stop - coannihilation
scenario can be probed at 13 TeV LHC energy.
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Figure 9.11: The 5σ significance contours forL = 5 fb−1 {green(light solid)}, and forL = 100 f b−1 {red(dark
solid)} luminosity assuming̃t1 → cχ0

1 to be 100 % for 13 TeV LHC energy. The black (broken) line corresponds to
mt = 172.9 GeV and is the kinematic limit for̃t1 → t + χ0

1. The dark matter allowed points P1’-P6’ corresponding to
Table9.8are denoted by the black (solid) dots.
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Conclusion

In this thesis, the signatures of SUSY at the LHC in various scenarios were investigated. The
attempt has been to explore various techniques in order to suppress the huge SM backgrounds in
order to dig out a signal for SUSY.

We introduced the use of event shape variables in generic SUSY searches at the LHC for the
first time. It was shown that the strategy, based on the use of transverse thrust (T) (Eq.7.2.2),
the variable RT (Eq. 7.2.3) and the transverse mass of two leading jetsM j j

T (Eq. 7.2.4), the SM
backgrounds could be reduced to negligible levels, retaining a significant amount of SUSY signal.
It was shown that with the use of these variables one could probe gluino masses up to 1.35 TeV
whenmg̃ ∼ mq̃, and about 1.2 TeV formg̃ ≪ mq̃ at 8 TeV LHC energy with 5 fb−1 luminosity. In
the context of the CMSSM parameter space this search strategy was shown to be more effective
than the ones currently employed by CMS and ATLAS, for regions of highm0 and lowm1/2. It was
also noted that this search strategy was not limited to the CMSSM but worked well for a variety of
scenarios which yielded hard multijets as SUSY signatures.It should also be mentioned that at 14
TeV LHC, this strategy is expected to work even better because of high multiplicity of hard jets.

We also constrained the SUSY parameter space taking collider search data, flavor and dark
matter bounds in the context of CMSSM. We argued that it is tooearly to write CMSSM off
with the existing constraints, and it still remains a viableSUSY breaking model. However, it was
observed that the high tanβ scenario is highly constrained from theBs→ µ+µ− data.

The Higgs boson was observed to much fanfare, and although only more data and measurements
of coupling and spin will finally confirm its true nature, the newly observed particle has been
deconstructed within the context of BSM physics. We studiedthe consequences of the Higgs boson
in the context of SUSY, in particular the signatures of the Higgs from the decay of sparticles. We
used the method of jet substructure to probe a Higgs signature from heavy neutralino decays. It
was shown that in the framework of CMSSM chargino (χ±

1 ) and neutralino (χ0
2) masses up to 400

GeV could be observed in this decay mode with 100 fb−1 luminosity at 14 TeV center of mass
energy at the LHC. We also investigated the prospect of the Higgs decaying invisibly to a pair of
lightest stable neutralino in SUSY, which gives rise to an invisible decay width. The signatures of
an invisible Higgs decay was studied in the Higgs productionmodes of vector boson fusion and
associated production of Higgs with the Z boson. It was observed that one could probe an invisible
branching ratio greater than 25 % at 14 TeV LHC with 300 fb−1 luminosity at the LHC.

The absence of a SUSY signal for the gluino and the first two generation squarks in the sub-TeV
regime have prompted the consideration of third generationsquarks (stops and sbottoms) as the
focal point of SUSY searches at the LHC. The prospects of third generation squarks were studied
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and it was observed that it is possible to discover a large part of the third generation parameter
space at 13/14 TeV LHC. We studied the phenomenology of left handed sbottoms and observed
that in this scenario a light sbottom up to a mass of 450 GeV could be discovered in the 4 lepton +
p/T channel. We also probed the flavor violating decay of the stopsquark (̃t1 → cχ0

1) and observed
that with the efficient use of certain kinematic variables light stops up to a mass of 450 GeV could
be observed in this decay mode.

We conclude this thesis with the following observations anda wish list for the future,

• SUSY is still the most attractive candidate for a BSM theory.Although the early LHC run
did not find a signature for SUSY, it has to be remembered that we have only skimmed the
surface, and a vast region of the SUSY parameter space still remain unexplored.

• Most of the early limits on SUSY assumed specific mass relations between various sparticles.
These limits are therefore highly model dependent and must be interpreted with caution.

• Some of the most interesting regions of SUSY and models like compressed SUSY require
efficient kinematic variables to suppress the background. It may well be the case that we may
have missed SUSY signals in the rubble of the background.

• Motivations of natural SUSY and the parameter space pertaining to third generation squarks
are likely to be the focal point of SUSY phenomenology in the future. Additionally a large
part of the elctroweak gaugino sector and the sleptons also remain unexplored and must be
given due priority.

• LHC will continue to guide the direction at which SUSY phenomenology will proceed.

• Indirect constraints and dark matter should also be a guiding principle to look for SUSY
signatures.

135



Bibliography

[1] CMS Collaboration, S. Chatrchyan et al., “Observation of a new boson at a mass of 125 GeV with the CMS
experiment at the LHC,”Phys.Lett.B716(2012) 30–61, arXiv:1207.7235 [hep-ex℄.

[2] ATLAS Collaboration, G. Aad et al., “Observation of a new particlein the search for the Standard Model
Higgs boson with the ATLAS detector at the LHC,”Phys.Lett.B716(2012) 1–29,
arXiv:1207.7214 [hep-ex℄.

[3] A. Djouadi, “The Anatomy of electro-weak symmetry breaking. I: The Higgs boson in the standard model,”
Phys.Rept.457(2008) 1–216, arXiv:hep-ph/0503172 [hep-ph℄.

[4] H. Baer, V. Barger, A. Lessa, and X. Tata, “Capability of LHC to discover supersymmetry with
√

s= 7 TeV
and 1f b−1,” JHEP1006(2010) 102, arXiv:1004.3594 [hep-ph℄.

[5] B. Altunkaynak, M. Holmes, P. Nath, B. D. Nelson, and G. Peim, “SUSY Discovery Potential and Benchmarks
for Early Runs at

√
s= 7 TeV at the LHC,” Phys.Rev.D82 (2010) 115001, arXiv:1008.3423 [hep-ph℄.

[6] T. Sjostrand, S. Mrenna, and P. Z. Skands, “PYTHIA 6.4 Physics and Manual,”JHEP0605(2006) 026,
arXiv:hep-ph/0603175 [hep-ph℄.

[7] M. Cacciari, G. P. Salam, and G. Soyez, “The Anti-k(t) jetclustering algorithm,”JHEP0804(2008) 063,
arXiv:0802.1189 [hep-ph℄.

[8] M. Cacciari, G. P. Salam, and G. Soyez, “FastJet User Manual,” Eur.Phys.J.C72 (2012) 1896,
arXiv:1111.6097 [hep-ph℄.

[9] M. L. Mangano, M. Moretti, F. Piccinini, R. Pittau, and A.D. Polosa, “ALPGEN, a generator for hard
multiparton processes in hadronic collisions,” JHEP0307(2003) 001,arXiv:hep-ph/0206293 [hep-ph℄.

[10] J. Alwall, M. Herquet, F. Maltoni, O. Mattelaer, and T. Stelzer, “MadGraph 5 : Going Beyond,”
JHEP1106(2011) 128, arXiv:1106.0522 [hep-ph℄.

[11] S. Hoeche, F. Krauss, N. Lavesson, L. Lonnblad, M. Mangano, et al., “Matching parton showers and matrix
elements,”arXiv:hep-ph/0602031 [hep-ph℄.

[12] D. Bourilkov, R. C. Group, and M. R. Whalley, “LHAPDF: PDF use from the Tevatron to the LHC,”
arXiv:hep-ph/0605240 [hep-ph℄.

[13] CTEQ Collaboration, H. Lai et al., “Global QCD analysis of partonstructure of the nucleon: CTEQ5 parton
distributions,” Eur.Phys.J.C12 (2000) 375–392, arXiv:hep-ph/9903282 [hep-ph℄.

[14] A. Djouadi, J.-L. Kneur, and G. Moultaka, “SuSpect: A Fortran code for the supersymmetric and Higgs
particle spectrum in the MSSM,”Comput.Phys.Commun.176(2007) 426–455,
arXiv:hep-ph/0211331 [hep-ph℄.

[15] A. Djouadi, M. Muhlleitner, and M. Spira, “Decays of supersymmetric particles: The Program SUSY-HIT
(SUspect-SdecaY-Hdecay-InTerface),” Acta Phys.Polon.B38 (2007) 635–644,
arXiv:hep-ph/0609292 [hep-ph℄.

136

http://dx.doi.org/10.1016/j.physletb.2012.08.021
http://arxiv.org/abs/1207.7235
http://dx.doi.org/10.1016/j.physletb.2012.08.020
http://arxiv.org/abs/1207.7214
http://dx.doi.org/10.1016/j.physrep.2007.10.004
http://arxiv.org/abs/hep-ph/0503172
http://dx.doi.org/10.1007/JHEP06(2010)102
http://arxiv.org/abs/1004.3594
http://dx.doi.org/10.1103/PhysRevD.82.115001
http://arxiv.org/abs/1008.3423
http://dx.doi.org/10.1088/1126-6708/2006/05/026
http://arxiv.org/abs/hep-ph/0603175
http://dx.doi.org/10.1088/1126-6708/2008/04/063
http://arxiv.org/abs/0802.1189
http://dx.doi.org/10.1140/epjc/s10052-012-1896-2
http://arxiv.org/abs/1111.6097
http://arxiv.org/abs/hep-ph/0206293
http://dx.doi.org/10.1007/JHEP06(2011)128
http://arxiv.org/abs/1106.0522
http://arxiv.org/abs/hep-ph/0602031
http://arxiv.org/abs/hep-ph/0605240
http://dx.doi.org/10.1007/s100529900196
http://arxiv.org/abs/hep-ph/9903282
http://dx.doi.org/10.1016/j.cpc.2006.11.009
http://arxiv.org/abs/hep-ph/0211331
http://arxiv.org/abs/hep-ph/0609292


Bibliography

[16] F. Mahmoudi, “SuperIso: A Program for calculating the isospin asymmetry of B in the MSSM,”
Comput.Phys.Commun.178(2008) 745–754, arXiv:0710.2067 [hep-ph℄.

[17] W. Beenakker, R. Hopker, and M. Spira, “PROSPINO: A Program for the production of supersymmetric
particles in next-to-leading order QCD,”arXiv:hep-ph/9611232 [hep-ph℄.

[18] R. Ellis, W. Stirling, and W. R.K., “QCD and Collider Physics,” Cambridge University Press. 2nd Ed. 2003 .

[19] M. Guchait and D. Sengupta, “Event-shape selection cuts for supersymmetry searches at the LHC with 7 TeV
energy,” Phys.Rev.D84 (2011) 055010, arXiv:1102.4785 [hep-ph℄.

[20] R. M. Chatterjee, M. Guchait, and D. Sengupta, “ProbingSupersymmetry using Event Shape variables at 8
TeV LHC,” Phys.Rev.D86 (2012) 075014, arXiv:1206.5770 [hep-ph℄.

[21] “Search for supersymmetry with the razor variables at cms,” Tech. Rep. CMS-PAS-SUS-12-005, CERN,
Geneva, 2012.

[22] “Search for new phenomena using large jet multiplicities and missing transverse momentum with atlas in 5.8
fb−1 of

√
s= 8 tev proton-proton collisions,” Tech. Rep. ATLAS-CONF-2012-103, CERN, Geneva, Aug,

2012.

[23] “Search for squarks and gluinos with the atlas detectorusing final states with jets and missing transverse
momentum and 5.8 fb−1 of

√
s=8 tev proton-proton collision data,” Tech. Rep. ATLAS-CONF-2012-109,

CERN, Geneva, Aug, 2012.

[24] M. Guchait, D. Roy, and D. Sengupta, “Probing a Mixed Neutralino Dark Matter Model at the 7 TeV LHC,”
Phys.Rev.D85 (2012) 035024, arXiv:1109.6529 [hep-ph℄.

[25] D. Ghosh, M. Guchait, S. Raychaudhuri, and D. Sengupta,“How Constrained is the cMSSM?,”
Phys.Rev.D86 (2012) 055007, arXiv:1205.2283 [hep-ph℄.

[26] Heavy Flavor Averaging Group Collaboration, D. Asner et al., “Averages of b-hadron, c-hadron, and
τ -lepton Properties,”arXiv:1010.1589 [hep-ex℄.

[27] M. Misiak, H. Asatrian, K. Bieri, M. Czakon, A. Czarnecki, et al., “Estimate of Bbar gt; X(s)
gamma) at O(alpha(s)2),”Phys.Rev.Lett.98 (2007) 022002, arXiv:hep-ph/0609232 [hep-ph℄.

[28] LHCb Collaboration, R. Aaij et al., “Strong constraints on the rare decaysBs → µ+µ− andB0 → µ+µ−,”
Phys.Rev.Lett.108(2012) 231801, arXiv:1203.4493 [hep-ex℄.

[29] A. J. Buras, “Minimal flavour violation and beyond: Towards a flavour code for short distance dynamics,”
Acta Phys.Polon.B41 (2010) 2487–2561,arXiv:1012.1447 [hep-ph℄.

[30] “Search for squarks and gluinos using final states with jets and missing transverse momentum with the atlas
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http://www.s
ien
edire
t.
om/s
ien
e/arti
le/pii/S0370269398004663.

[142] L. Randall and R. Sundrum, “Large mass hierarchy from asmall extra dimension,”
Phys. Rev. Lett.83 (Oct, 1999) 3370–3373.
http://link.aps.org/doi/10.1103/PhysRevLett.83.3370.

[143] N. Arkani-Hamed, A. G. Cohen, and H. Georgi, “Electroweak symmetry breaking from dimensional
deconstruction,”Phys.Lett.B513(2001) 232–240, arXiv:hep-ph/0105239 [hep-ph℄.

143

http://dx.doi.org/10.1103/PhysRevD.19.941
http://dx.doi.org/10.1103/PhysRevD.29.876
http://link.aps.org/doi/10.1103/PhysRevD.29.876
http://dx.doi.org/http://dx.doi.org/10.1016/0550-3213(84)90553-4
http://www.sciencedirect.com/science/article/pii/0550321384905534
http://dx.doi.org/http://dx.doi.org/10.1016/0370-2693(91)90465-3
http://www.sciencedirect.com/science/article/pii/0370269391904653
http://dx.doi.org/10.1103/PhysRevLett.66.2433
http://link.aps.org/doi/10.1103/PhysRevLett.66.2433
http://dx.doi.org/10.1103/PhysRevD.70.074010
http://arxiv.org/abs/hep-ph/0309204
http://dx.doi.org/10.1103/PhysRevD.69.074027
http://arxiv.org/abs/hep-ph/0311067
http://dx.doi.org/10.1103/PhysRevLett.87.201804
http://arxiv.org/abs/hep-ph/0107101
http://dx.doi.org/10.1103/PhysRevLett.87.201805
http://arxiv.org/abs/hep-ph/0107081
http://dx.doi.org/10.1103/PhysRevD.68.034022
http://arxiv.org/abs/hep-ph/0305087
http://dx.doi.org/10.1007/JHEP03(2011)055
http://arxiv.org/abs/1012.0530
http://arxiv.org/abs/1201.3084
http://dx.doi.org/10.1007/JHEP06(2013)081
http://arxiv.org/abs/1303.4571
http://dx.doi.org/http://dx.doi.org/10.1016/S0370-2693(98)00466-3
http://www.sciencedirect.com/science/article/pii/S0370269398004663
http://dx.doi.org/10.1103/PhysRevLett.83.3370
http://link.aps.org/doi/10.1103/PhysRevLett.83.3370
http://dx.doi.org/10.1016/S0370-2693(01)00741-9
http://arxiv.org/abs/hep-ph/0105239


Bibliography

[144] N. Arkani-Hamed, A. G. Cohen, T. Gregoire, and J. G. Wacker, “Phenomenology of electroweak symmetry
breaking from theory space,” JHEP0208(2002) 020,arXiv:hep-ph/0202089 [hep-ph℄.

[145] N. Arkani-Hamed, A. Cohen, E. Katz, and A. Nelson, “TheLittlest Higgs,” JHEP0207(2002) 034,
arXiv:hep-ph/0206021 [hep-ph℄.

[146] P. Ramond, “Dual Theory for Free Fermions,”Phys.Rev.D3 (1971) 2415–2418.

[147] A. Neveu and J. Schwarz, “Quark Model of Dual Pions,”Phys.Rev.D4 (1971) 1109–1111.

[148] Y. Golfand and E. Likhtman, “Extension of the Algebra of Poincare Group Generators and Violation of p
Invariance,” JETP Lett.13 (1971) 323–326.

[149] D. Volkov and V. Akulov, “Is the Neutrino a Goldstone Particle?,” Phys.Lett.B46 (1973) 109–110.

[150] J. Wess and B. Zumino, “Supergauge transformations infour dimensions,”
Nuclear Physics B70no. 1, (1974) 39 – 50.
http://www.s
ien
edire
t.
om/s
ien
e/arti
le/pii/0550321374903551.

[151] A. Salam and J. Strathdee, “Supergauge Transformations,” Nucl.Phys.B76 (1974) 477–482.

[152] S. Coleman and J. Mandula, “All possible symmetries ofthesmatrix,” Phys. Rev.159(Jul, 1967) 1251–1256.
http://link.aps.org/doi/10.1103/PhysRev.159.1251.

[153] R. Haag, J. T. Lopuszanski, and M. Sohnius, “All possible generators of supersymmetries of the s-matrix,”
Nuclear Physics B88no. 2, (1975) 257 – 274.
http://www.s
ien
edire
t.
om/s
ien
e/arti
le/pii/0550321375902795.

[154] P. Fayet and S. Ferrara, “Supersymmetry,”Phys.Rept.32 (1977) 249–334.

[155] S. Dimopoulos and H. Georgi, “Softly Broken Supersymmetry and SU(5),”Nucl.Phys.B193(1981) 150.

[156] N. Sakai, “Naturalness in Supersymmetric Guts,”Z.Phys.C11 (1981) 153.

[157] R. K. Kaul, “Gauge Hierarchy in a Supersymmetric Model,” Phys.Lett.B109(1982) 19.

[158] M. Drees, R. Godbole, and P. Roy, “Theory and Phenomenology of sparticles,” World Scientific , 2004 .

[159] H. Baer and X. Tata, “Weak Scale Supersymmtery,” Cambridge University Press, 2006 .

[160] J. Wess and J. Bagger, “Supersymmetry and Supergravity,” Princeton University Press, 2nd ed. 1992 .

[161] S. Weinberg, “The Quantum Theory of Fields: Vol. 3, Supersymmetry,” Cambridge University Press, 2000 .

[162] L. O’Raifeartaigh, “Spontaneous Symmetry Breaking for Chiral Scalar Superfields,”
Nucl.Phys.B96 (1975) 331.

[163] E. Cremmer, B. Julia, J. Scherk, P. van Nieuwenhuizen,S. Ferrara, and L. Girardello, “Super-higgs effect in
supergravity with general scalar interactions,”Physics Letters B79no. 3, (1978) 231 – 234.
http://www.s
ien
edire
t.
om/s
ien
e/arti
le/pii/0370269378902307.

[164] E. Cremmer, B. Julia, J. Scherk, S. Ferrara, L. Girardello, and P. van Nieuwenhuizen, “Spontaneous symmetry
breaking and higgs effect in supergravity without cosmological constant,”
Nuclear Physics B147no. 1, (1979) 105 – 131.
http://www.s
ien
edire
t.
om/s
ien
e/arti
le/pii/0550321379904176.

[165] A. H. Chamseddine, R. Arnowitt, and P. Nath, “Locally supersymmetric grand unification,”
Phys. Rev. Lett.49 (Oct, 1982) 970–974. http://link.aps.org/doi/10.1103/PhysRevLett.49.970.

[166] L. Hall, J. Lykken, and S. Weinberg, “Supergravity as the messenger of supersymmetry breaking,”
Phys. Rev. D27 (May, 1983) 2359–2378. http://link.aps.org/doi/10.1103/PhysRevD.27.2359.

144

http://arxiv.org/abs/hep-ph/0202089
http://arxiv.org/abs/hep-ph/0206021
http://dx.doi.org/10.1103/PhysRevD.3.2415
http://dx.doi.org/10.1103/PhysRevD.4.1109
http://dx.doi.org/10.1016/0370-2693(73)90490-5
http://dx.doi.org/http://dx.doi.org/10.1016/0550-3213(74)90355-1
http://www.sciencedirect.com/science/article/pii/0550321374903551
http://dx.doi.org/10.1016/0550-3213(74)90537-9
http://dx.doi.org/10.1103/PhysRev.159.1251
http://link.aps.org/doi/10.1103/PhysRev.159.1251
http://dx.doi.org/http://dx.doi.org/10.1016/0550-3213(75)90279-5
http://www.sciencedirect.com/science/article/pii/0550321375902795
http://dx.doi.org/10.1016/0370-1573(77)90066-7
http://dx.doi.org/10.1016/0550-3213(81)90522-8
http://dx.doi.org/10.1007/BF01573998
http://dx.doi.org/10.1016/0370-2693(82)90453-1
http://dx.doi.org/10.1016/0550-3213(75)90585-4
http://dx.doi.org/http://dx.doi.org/10.1016/0370-2693(78)90230-7
http://www.sciencedirect.com/science/article/pii/0370269378902307
http://dx.doi.org/http://dx.doi.org/10.1016/0550-3213(79)90417-6
http://www.sciencedirect.com/science/article/pii/0550321379904176
http://dx.doi.org/10.1103/PhysRevLett.49.970
http://link.aps.org/doi/10.1103/PhysRevLett.49.970
http://dx.doi.org/10.1103/PhysRevD.27.2359
http://link.aps.org/doi/10.1103/PhysRevD.27.2359


Bibliography

[167] P. Nath, R. Arnowitt, and A. Chamseddine, “Gauge hierarchy in supergravity {GUTS},”
Nuclear Physics B227no. 1, (1983) 121 – 133.
http://www.s
ien
edire
t.
om/s
ien
e/arti
le/pii/0550321383901451.

[168] N. Ohta, “Grand unified theories based on local supersymmetry,”
Progress of Theoretical Physics70no. 2, (1983) 542–549,
http://ptp.oxfordjournals.org/
ontent/70/2/542.full.pdf+html.

[169] A. Bailn and B. Love, “Supersymmetric Gauge Field Theory and String Theory,” Taylor and Francis,1994 .

[170] T. Ortin, “Gravity and Strings,” Cambridge University Press, 2004. .

[171] J. Terning, “Modern Supersymmetry: Dynamics and Duality,” Oxford University Press, 2009. .

[172] M. Misiak and M. Steinhauser, “NNLO QCD corrections tothe B X(s) gamma matrix elements using
interpolation in m(c),”Nucl.Phys.B764(2007) 62–82, arXiv:hep-ph/0609241 [hep-ph℄.

[173] E. Lunghi and J. Matias, “Huge right-handed current effects in B gt;K*(K pi)l+l- in supersymmetry,”
JHEP0704(2007) 058, arXiv:hep-ph/0612166 [hep-ph℄.

[174] A. Freitas and U. Haisch, “Anti-B gt; X(s) gamma in two universal extra dimensions,”
Phys.Rev.D77 (2008) 093008, arXiv:0801.4346 [hep-ph℄.

[175] S. Descotes-Genon, D. Ghosh, J. Matias, and M. Ramon, “Exploring New Physics in the C7-C7’ plane,”
JHEP1106(2011) 099, arXiv:1104.3342 [hep-ph℄.

[176] W. de Boer, H. Grimm, A. Gladyshev, and D. Kazakov, “Higgs limit and b> sγ constraints in minimal
supersymmetry,”Phys.Lett.B438(1998) 281–289, arXiv:hep-ph/9805378 [hep-ph℄.

[177] W. de Boer, M. Huber, A. Gladyshev, and D. Kazakov, “Theb> X(s)γ rate and Higgs boson limits in the
constrained minimal supersymmetric model,”Eur.Phys.J.C20 (2001) 689–694,
arXiv:hep-ph/0102163 [hep-ph℄.

[178] LHCb Collaboration, R. Aaij et al., “Measurement of theB0
s → µ+µ− branching fraction and search for

B0 → µ+µ− decays at the LHCb experiment,”arXiv:1307.5024 [hep-ex℄.

[179] CMS Collaboration, S. Chatrchyan et al., “Measurement of theB0
s → µ+µ− branching fraction and search for

B0 → µ+µ− with the CMS Experiment,”arXiv:1307.5025 [hep-ex℄.

[180] C. Bobeth, T. Ewerth, F. Kruger, and J. Urban, “Analysis of neutral Higgs boson contributions to the decaysB̄(
s) → ℓ+ℓ− andB̄→ Kℓ+ℓ−,” Phys.Rev.D64 (2001) 074014, arXiv:hep-ph/0104284 [hep-ph℄.

[181] R. L. Arnowitt, B. Dutta, T. Kamon, and M. Tanaka, “Detection ofBs → µ+µ− at the Tevatron run II and
constraints on the SUSY parameter space,”Phys.Lett.B538(2002) 121–129,
arXiv:hep-ph/0203069 [hep-ph℄.

[182] F. Jegerlehner and A. Nyffeler, “The Muon g-2,”Phys.Rept.477(2009) 1–110,
arXiv:0902.3360 [hep-ph℄.

[183] M. Davier, A. Hoecker, B. Malaescu, and Z. Zhang, “Reevaluation of the Hadronic Contributions to the Muon
g-2 and to alpha(MZ),”Eur.Phys.J.C71 (2011) 1515, arXiv:1010.4180 [hep-ph℄.

[184] Muon G-2 Collaboration Collaboration, G. Bennett et al., “Final Report of the Muon E821 Anomalous
Magnetic Moment Measurement at BNL,”Phys.Rev.D73 (2006) 072003,
arXiv:hep-ex/0602035 [hep-ex℄.

[185] J. L. Lopez, D. V. Nanopoulos, and X. Wang, “Large (g-2)-mu in SU(5) x U(1) supergravity models,”
Phys.Rev.D49 (1994) 366–372, arXiv:hep-ph/9308336 [hep-ph℄.

[186] A. Czarnecki and W. J. Marciano, “Muon anomalous magnetic moment: A harbinger for “new physics”,”
Phys. Rev. D64 (Jun, 2001) 013014. http://link.aps.org/doi/10.1103/PhysRevD.64.013014.

145

http://dx.doi.org/http://dx.doi.org/10.1016/0550-3213(83)90145-1
http://www.sciencedirect.com/science/article/pii/0550321383901451
http://dx.doi.org/10.1143/PTP.70.542
http://arxiv.org/abs/http://ptp.oxfordjournals.org/content/70/2/542.full.pdf+html
http://dx.doi.org/10.1016/j.nuclphysb.2006.11.027
http://arxiv.org/abs/hep-ph/0609241
http://dx.doi.org/10.1088/1126-6708/2007/04/058
http://arxiv.org/abs/hep-ph/0612166
http://dx.doi.org/10.1103/PhysRevD.77.093008
http://arxiv.org/abs/0801.4346
http://dx.doi.org/10.1007/JHEP06(2011)099
http://arxiv.org/abs/1104.3342
http://dx.doi.org/10.1016/S0370-2693(98)00986-1
http://arxiv.org/abs/hep-ph/9805378
http://dx.doi.org/10.1007/s100520100695
http://arxiv.org/abs/hep-ph/0102163
http://arxiv.org/abs/1307.5024
http://arxiv.org/abs/1307.5025
http://dx.doi.org/10.1103/PhysRevD.64.074014
http://arxiv.org/abs/hep-ph/0104284
http://dx.doi.org/10.1016/S0370-2693(02)01972-X
http://arxiv.org/abs/hep-ph/0203069
http://dx.doi.org/10.1016/j.physrep.2009.04.003
http://arxiv.org/abs/0902.3360
http://dx.doi.org/10.1140/epjc/s10052-012-1874-8, 10.1140/epjc/s10052-010-1515-z
http://arxiv.org/abs/1010.4180
http://dx.doi.org/10.1103/PhysRevD.73.072003
http://arxiv.org/abs/hep-ex/0602035
http://dx.doi.org/10.1103/PhysRevD.49.366
http://arxiv.org/abs/hep-ph/9308336
http://dx.doi.org/10.1103/PhysRevD.64.013014
http://link.aps.org/doi/10.1103/PhysRevD.64.013014


Bibliography

[187] W. de Boer, M. Huber, C. Sander, A. Gladyshev, and D. Kazakov, “A Global fit to the anomalous magnetic
moment, b> X(s) γ and Higgs limits in the constrained MSSM,”arXiv:hep-ph/0109131 [hep-ph℄.

[188] M. Drees and M. M. Nojiri, “The Neutralino relic density in minimalN = 1 supergravity,”
Phys.Rev.D47 (1993) 376–408, arXiv:hep-ph/9207234 [hep-ph℄.

[189] G. Bertone, D. Hooper, and J. Silk, “Particle dark matter: Evidence, candidates and constraints,”
Phys.Rept.405(2005) 279–390, arXiv:hep-ph/0404175 [hep-ph℄.

[190] CDF Collaboration Collaboration, D. e. a. Acosta, “Search for the supersymmetric partner of the top quark in
dilepton events frompp collisions at

√
s= 1.8 TeV,” Phys. Rev. Lett.90 (Jun, 2003) 251801.

http://link.aps.org/doi/10.1103/PhysRevLett.90.251801.

[191] ATLAS Collaboration Collaboration, G. Aad et al., “Search for new phenomena in final states with large jet
multiplicities and missing transverse momentum at sqrt(s)=8 TeV proton-proton collisions using the ATLAS
experiment,”arXiv:1308.1841 [hep-ex℄.

[192] “Search for strong production of supersymmetric particles in final states with missing transverse momentum
and at least three b-jets using 20.1f b−1 of pp collisions at sqrt(s) = 8 tev with the atlas detector.,”Tech. Rep.
ATLAS-CONF-2013-061, CERN, Geneva, Jun, 2013.

[193] B. Bhattacherjee, A. Dighe, D. Ghosh, and S. Raychaudhuri, “Do new data on B→ τν decays point to an early
discovery of supersymmetry at the LHC?,”Phys.Rev.D83 (2011) 094026, arXiv:1012.1052 [hep-ph℄.

[194] H. Baer, V. Barger, and A. Mustafayev, “Implications of a 125 GeV Higgs scalar for LHC SUSY and
neutralino dark matter searches,”Phys.Rev.D85 (2012) 075010, arXiv:1112.3017 [hep-ph℄.

[195] S. Akula, B. Altunkaynak, D. Feldman, P. Nath, and G. Peim, “Higgs Boson Mass Predictions in SUGRA
Unification, Recent LHC-7 Results, and Dark Matter,”Phys.Rev.D85 (2012) 075001,
arXiv:1112.3645 [hep-ph℄.

[196] J. L. Feng, K. T. Matchev, and D. Sanford, “Focus Point Supersymmetry Redux,”
Phys.Rev.D85 (2012) 075007, arXiv:1112.3021 [hep-ph℄.

[197] S. Heinemeyer, O. Stal, and G. Weiglein, “Interpreting the LHC Higgs Search Results in the MSSM,”
Phys.Lett.B710(2012) 201–206, arXiv:1112.3026 [hep-ph℄.

[198] O. Buchmueller, R. Cavanaugh, A. De Roeck, M. Dolan, J.Ellis, et al., “Higgs and Supersymmetry,”
Eur.Phys.J.C72 (2012) 2020, arXiv:1112.3564 [hep-ph℄.

[199] P. Draper, P. Meade, M. Reece, and D. Shih, “Implications of a 125 GeV Higgs for the MSSM and Low-Scale
SUSY Breaking,”Phys.Rev.D85 (2012) 095007, arXiv:1112.3068 [hep-ph℄.

[200] J. Cao, Z. Heng, D. Li, and J. M. Yang, “Current experimental constraints on the lightest Higgs boson mass in
the constrained MSSM,”Phys.Lett.B710(2012) 665–670, arXiv:1112.4391 [hep-ph℄.

[201] L. J. Hall, D. Pinner, and J. T. Ruderman, “A Natural SUSY Higgs Near 126 GeV,”JHEP1204(2012) 131,
arXiv:1112.2703 [hep-ph℄.

[202] J. Ellis and K. A. Olive, “Revisiting the Higgs Mass andDark Matter in the CMSSM,”
Eur.Phys.J.C72 (2012) 2005, arXiv:1202.3262 [hep-ph℄.

[203] H. Baer, V. Barger, and A. Mustafayev, “Neutralino dark matter in mSUGRA/CMSSM with a 125 GeV light
Higgs scalar,”JHEP1205(2012) 091, arXiv:1202.4038 [hep-ph℄.

[204] L. Maiani, A. Polosa, and V. Riquer, “Probing Minimal Supersymmetry at the LHC with the Higgs Boson
Masses,”New J.Phys.14 (2012) 073029, arXiv:1202.5998 [hep-ph℄.

[205] T. Cheng, J. Li, T. Li, D. V. Nanopoulos, and C. Tong, “Electroweak Supersymmetry around the Electroweak
Scale,”arXiv:1202.6088 [hep-ph℄.

146

http://arxiv.org/abs/hep-ph/0109131
http://dx.doi.org/10.1103/PhysRevD.47.376
http://arxiv.org/abs/hep-ph/9207234
http://dx.doi.org/10.1016/j.physrep.2004.08.031
http://arxiv.org/abs/hep-ph/0404175
http://dx.doi.org/10.1103/PhysRevLett.90.251801
http://link.aps.org/doi/10.1103/PhysRevLett.90.251801
http://arxiv.org/abs/1308.1841
http://dx.doi.org/10.1103/PhysRevD.83.094026
http://arxiv.org/abs/1012.1052
http://dx.doi.org/10.1103/PhysRevD.85.075010
http://arxiv.org/abs/1112.3017
http://dx.doi.org/10.1103/PhysRevD.85.075001
http://arxiv.org/abs/1112.3645
http://dx.doi.org/10.1103/PhysRevD.85.075007
http://arxiv.org/abs/1112.3021
http://dx.doi.org/10.1016/j.physletb.2012.02.084
http://arxiv.org/abs/1112.3026
http://dx.doi.org/10.1140/epjc/s10052-012-2020-3
http://arxiv.org/abs/1112.3564
http://dx.doi.org/10.1103/PhysRevD.85.095007
http://arxiv.org/abs/1112.3068
http://dx.doi.org/10.1016/j.physletb.2012.03.052
http://arxiv.org/abs/1112.4391
http://dx.doi.org/10.1007/JHEP04(2012)131
http://arxiv.org/abs/1112.2703
http://dx.doi.org/10.1140/epjc/s10052-012-2005-2
http://arxiv.org/abs/1202.3262
http://dx.doi.org/10.1007/JHEP05(2012)091
http://arxiv.org/abs/1202.4038
http://dx.doi.org/10.1088/1367-2630/14/7/073029
http://arxiv.org/abs/1202.5998
http://arxiv.org/abs/1202.6088


Bibliography

[206] J.-J. Cao, Z.-X. Heng, J. M. Yang, Y.-M. Zhang, and J.-Y. Zhu, “A SM-like Higgs near 125 GeV in low energy
SUSY: a comparative study for MSSM and NMSSM,”JHEP1203(2012) 086,
arXiv:1202.5821 [hep-ph℄.

[207] F. Brummer, S. Kraml, and S. Kulkarni, “Anatomy of maximal stop mixing in the MSSM,”
JHEP1208(2012) 089, arXiv:1204.5977 [hep-ph℄.

[208] C. Balazs, A. Buckley, D. Carter, B. Farmer, and M. White, “Should we still believe in constrained
supersymmetry?,”arXiv:1205.1568 [hep-ph℄.

[209] J. L. Feng and D. Sanford, “A Natural 125 GeV Higgs Bosonin the MSSM from Focus Point Supersymmetry
with A-Terms,” Phys.Rev.D86 (2012) 055015, arXiv:1205.2372 [hep-ph℄.

[210] A. Fowlie, M. Kazana, K. Kowalska, S. Munir, L. Roszkowski, et al., “The CMSSM Favoring New Territories:
The Impact of New LHC Limits and a 125 GeV Higgs,”Phys.Rev.D86 (2012) 075010,
arXiv:1206.0264 [hep-ph℄.

[211] P. Athron, S. King, D. Miller, S. Moretti, and R. Nevzorov, “Constrained Exceptional Supersymmetric
Standard Model with a Higgs Near 125 GeV,”Phys.Rev.D86 (2012) 095003, arXiv:1206.5028 [hep-ph℄.

[212] M. W. Cahill-Rowley, J. L. Hewett, A. Ismail, and T. G. Rizzo, “The Higgs Sector and Fine-Tuning in the
pMSSM,” Phys.Rev.D86 (2012) 075015, arXiv:1206.5800 [hep-ph℄.

[213] J. Cao, Z. Heng, J. M. Yang, and J. Zhu, “Status of low energy SUSY models confronted with the LHC 125
GeV Higgs data,”JHEP1210(2012) 079, arXiv:1207.3698 [hep-ph℄.

[214] A. Arbey, M. Battaglia, A. Djouadi, and F. Mahmoudi, “The Higgs sector of the phenomenological MSSM in
the light of the Higgs boson discovery,”JHEP1209(2012) 107, arXiv:1207.1348 [hep-ph℄.

[215] P. Nath, “SUGRA Grand Unification, LHC and Dark Matter,” arXiv:1207.5501 [hep-ph℄.

[216] J. Ellis, F. Luo, K. A. Olive, and P. Sandick, “The HiggsMass beyond the CMSSM,”
arXiv:1212.4476 [hep-ph℄.

[217] M. Chakraborti, U. Chattopadhyay, and R. M. Godbole, “Implication of Higgs at 125 GeV within Stochastic
Superspace Framework,”arXiv:1211.1549 [hep-ph℄.

[218] A. Chakraborty, B. Das, J. L. Diaz-Cruz, D. K. Ghosh, S.Moretti, et al., “The 125 GeV Higgs signal at the
LHC in the CP Violating MSSM,”arXiv:1301.2745 [hep-ph℄.

[219] A. Dighe, D. Ghosh, K. M. Patel, and S. Raychaudhuri, “Testing Times for Supersymmetry: Looking Under
the Lamp Post,”arXiv:1303.0721 [hep-ph℄.

[220] CMS Collaboration Collaboration, “Search for supersymmetry with the razor variables at CMS,”.

[221] ATLAS Collaboration Collaboration, “Search for squarks and gluinos using final states with jets and missing
transverse momentum with the ATLAS detector in âĹŽs = 7 TeV proton-proton collisions,”.
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