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Chapter |

Conventions, Notations and Abbreviations

Notations and Conventions
e Natural Units,h=c=1.
Cross section in units of barn. 1 barn="28n?.
e In natural mass units 1 GeV=1eV. 1 TeV = 13%V.
e Metric: nyy = diag(1,-1,—-1,-1).

o Levi-Civita tensor:g;ypo With €9123= 1.

e Pauli spin matrices ¥2.

e Commutator{X,Y] = XY —Y X, Anti-commutator {X,Y} = XY+Y X

e Coupling constantsgs, g», g3 for U(1),SU(2),SU(3).

e Fine structure constanio=

e Strong coupling constantas = %.

e Fermi constant$,,.

e Structure constantsf:2t¢ for SU(3). ands2°¢ for SU(2).

e Generators of SU(N) algebr@?, a=1..N.

e Q = Electric chargeTs= weak isospin, Y=hypercharge.

e v=electroweak vacuum expectation value. Weinberg an@jg ¥ukawa couplingsa,;.
e P, andM,, are the generators of translation and angular momenturacgeggly.
e Grassmann variables6® with a=1,2 in two component notation.

e (a,b) = Spinor indices il(l%,O) notation.a, b= Spinor indices in(0, %) notation.

e Projection operators : Lefy = %(1— y5) and rightPr = %(1+ ¥5)-

e Two component Levi-Civita €12 = g51=1. €21 = g1,=-1
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¢ 0a= 3%m, 0% = J5. Oa= 525, 0% = 3%

o SuperchargesQq=-i(da+i0’ 69, ). Q3=+i(9™ —ic208,3,)

e Superfield co-ordinatesz= (x, 6, 87).

e Superfields : General#. Chiral =®, Vector=V. Auxiliary fields : F,D.
e Super covariant derivativeZ, = 0+ iaﬁ’bBde“.

e Integral measuresd*6 = d20d26".

e Chiral field strengths : Left chiral\a = —3 272" 2,v, Right ChiraW, = —3222]V.

E Iz A + Z
Efgz, pseudorapidity| = 3In PPz

e Rapidity=y=35In pl—pz

Abbreviations

e ATLAS : A Toroidal LHC apparatus.

e BR: Branching ratio.

e BSM : Beyond Standard Model.

e CERN: Organization for European Nuclear Research.
e CKM : Cabibo Kobayashi Maskawa.

e c.m: Center of mass.

e CMS : Compact Muon Solenoid

e CMB : Cosmic Microwave Background.

e CMSSM : Constrained Minimal Supersymmetric Standard Model
e EM : Electromagnetic.

e EW : Electroweak.

e FCNC : Flavor Changing Neutral Current

e FSR : Final State Radiation

e GMSB : Gauge Mediated Supersymmetry Breaking

e GUT : Grand Unified Theory.

¢ IRC : Infrared and Colinear.

e ISR : Initial State Radiation.

e LEP : Large Electron Positron Collider.

e LHC : Large Hadron Collider.

e LSP : Lightest Supersymmetric particle.
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e LO : Leading Order.
Agcp : QCD scale.

e MSSM: Minimal Supersymmetric Standard Model.
e MSUGRA : Minimal Supergravity.

e NLSP : Next to Lightest Supersymmetric particle.
e NLO : Next to Leading Order.

e QCD : Quantum Chromodynamics.

e QED : Quantum Electrodynamics.

e Rp: R-parity.

¢ RGE : Renormalization Group Evolution.

e SLC : Stanford Linear Collider.

e SM : Standard Model.

e SSB : Spontaneous symmetry breaking.

e SUSY : Supersymmetry.

e VEV : Vacuum Expectation Value.

e WIMP : Weakly Interacting Massive Patrticle.

e WZ : Wess Zumino.
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Synopsis

[1.1 Introduction

The standard model (SM) of particle physics, based on tmeipte of gauge invariance described
by the gauge group (S83)c x SU(2). x U(1)y), has been extremely successful in describing
physics at the electroweak scale, and has been well testemimtarkable precision at the LEP,
Tevatron and now at the LHC. The discovery of the Higgs likedroat 125 GeV1], 2], an integral
part of the SM that breaks the above symmetry down t¢3%dx U(1)em and generates masses
for the leptons, quarks and the gauge bosons of the theorgdréanly vindicated the model.
However the discovery of the Higgs like boson has thrown tiguing questions in this context.
One of the primary concerns is the problem of self energyections of the Higgs masii(),
which develops quadratic divergences from SM particleginmin the one loop diagrams, as one
tries to extrapolate the SM to the Planck scale'f1®eV). The loop correction is dominated by

the top quark and can be expressedSlS\ﬂc,z1 ~ %Q%mtz (where m is the mass of the top quark,

and A is the cut off scale, taken at 3GeV). This requires a fine cancellation of parameters
between the bare and the re-normalized mass to achievertteetcdiggs mass at the electroweak
scale B]. The problem of quadratic divergence is tackled by int@dg new particles that differ
by spin half to that of SM particles. This symmetry namelyessgmmetry(SUSY) has been one
of the prime candidates of a BSM theory for the last three desa These new patrticles cancel
the divergent contributions from the SM particles. The watfion of the three gauge couplings in
SUSY at a scale of 6 GeV is an added motivation to consider it as a prime candidatBSM
physics. Additionally, SUSY also offers a suitable cantikdar dark matter abundantly presentin
the universe.

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

¢ Introduction of sfermions, the superpartners of fermidrtss includes sleptons and squarks
differing from their partners quarks and by leptons by sgiti.nThe left handed supermulti-
plet contains the doublet squarks(Q) and sleptons(L),enthg right handed singlets contain
(U,D,E).

e Introduction of gaugino fields, namely BinB), Wino (W), and the gluinod?), which trans-
form underU (1) and the adjoint representations of SU(2) and SU(3) respdytiThese are
superpartners of the hypercharge gauge boBgp, the weak gauge bosonwi'(), and the
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gluon @) respectively.

e Along with these, there are two Higgs doublets as comparex dimgle Higgs doublet in
SM. This is required to cancel anomalies in the theory. Adtectroweak symmetry breaking
we have 5 Higgs bosons, with 2 charged™) and 3 neutral boson$(H,A), along with
the corresponding superpartners termed as higgs{ilﬁﬁsqii). The ratio of the vacuum
expectation values(VEV) of the neutral components of theeliggs doublets is parametrized
by tang .

The full SUSY particle content is as summarized in Tedle

The Lagrangian of the MSSM is invariant under the SM gaugensgtry SU(3) x SU(2)_ x
U (1)y. Furthermore one imposegZasymmetry termed as R parity definedRs= (—1)38--25,
where B is the baryon number, L the lepton number and S theo$pie particle. SM particles are
even under this symmetry while their SUSY counterparts de d'his ensures that the lightest
SUSY particle(LSP), which is generally the lightest neh'unm(xf) is stable, and hence is an ideal
candidate for dark matter. Supersymmetry cannot be an syaonetry as it implies equal masses
for sferimons and the corresponding fermions which is nalized in nature. SUSY therefore has
to be broken. Low energy SUSY is manifested as "soft" SUSYlirg terms. The term "soft"
implies that no terms with mass dimension greater than 3appethe soft SUSY Lagrangian,
such that the quadratic divergences do not reappear in ¢oeythThe soft SUSY Lagrangian can
be written as,

l —
Z = (éMa)\a)\aJrm|(ﬂ\2+Aijk<ﬂ§0j(n<++Bijqupj) +h.c, (1.1.1)

where A, denotes the gauginos transforming under the the gauge g0 ®B), and the
adjoint representations of SU(2W) and SU(3) (§) respectively. The scalar mass terms include
the squarks (@i d....), sleptons ¢_,& ..), and the Higgs fieldsH;). Ajx, and B denotes the
trilinear and the bilinear couplings. The MSSM Lagrangiance expanded has 124 parameters
including masses, phases and mixing angles as free paramete

The exact nature of breaking is not well established anduanmodels have been proposed to
this end. The general understanding is that SUSY is spootehebroken in a hidden sector of
fields that is singlet to the SM gauge group. The effects obtleaking is transmitted to the visible
sector by one or a group of fields known as mediators. In maded¢JSY breaking like minimal
supergravity (mSUGRA)/constrained MSSM (CMSSM), the kireg takes place in the hidden
sector by higher dimensional operators. The CMSSM modgiégsified by universal parameters
at the GUT scale, and includesimy >, Ao, the universal scalar mass, the universal fermion mass
and universal trilinear coupling respectively. Along wiltis one has to specify t@n the ratio of
the vacuum expectation value(VEV) of the two Higgs doubdetd the sign ofu. The sparticle
spectrum at the electroweak scale is determined by renmamiah group evolution (RGE) from
the GUT scale to the electroweak scale.

After SUSY and electroweak symmetry is broken, sfermion$ gauginos mix generically.
The left and right handed squarks and sleptons mix, and Heusesulting mass eigen states are a
combination of left and right handed components. This driie phenomenology and decay rates,
and hence is important from the perspective of collideristsd

While mixing in the first two generation of squarks and slegtare small due to the smaller
Yuakawa couplings, the third generation squarks and shepttx to a much larger extent owing
to the larger Yukawa couplings of the third generation. Tais a significant impact from the point
of view of Higgs mass in SUSY, as we shall discuss later.



Chapter Il. Synopsis

Superfield| Particle  Spin| Superpartner Spin
Q (u,d), 3 (G, d) 0
Matter Fields K Ug : (i 0
D° dg l da 0
L (v, e 3 (W, &) 0
EC Ex : & 0
\ By 1 B :
Gauge Fields \A W, 1 Wi :
V3 G 1 i :
Higgs Fields H, | (H, HY) o0 (Hy, HY) ]

Table I1.1: Field content of the MSSM.

The charged gaugino and higgsino mix, generating charged eigen states called charginos
(sz). The neutral gauginos and the higssinos mix, with the mgssiestates termed as neutralinos
(X223.4)

The constitution of the charginos and the neutralinos asetifon of their component fields is
is also an important factor in driving the phenomenology 05§ at colliders. Along with this
the higgsino mass paramejemlso plays an important role in the phenomenology of SUSY.

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

The motivation of this work is to probe signatures of supems)etry at the Large Hadron Col-
lider. While a significant amount of work has already beensdarthe literature in this regard,],
we try to investigate if such strategies can be improvededadas discussed in sectiénve find
that with the use of the technique of event shape variableshwve introduce for the first time for
SUSY searches, the efficiencies of SUSY searches can béicagily improved at the LHC. In
section6, the constraints on the SUSY parameter space in the modegtvark of CMSSM from
flavor physics, collider search data and dark matter is dsed. In sectiofd, Higgs signatures in
the context of SUSY and our work in probing Higgs signals irsftascade decays with the help
of the novel method of jet substructure is discussed. Weditsmss our work on the possibility
of the Higgs decaying invisibly. In sectids the issue of third generation squarks and its connec-
tion with the Higgs mass in SUSY is discussed. In this comtextdiscuss our work in probing
signatures of third generation squarks. Finally in sec@iore conclude.

1.2 Supersymmetry at the Large Hadron Collider
The Large Hadron Collider(LHC), a proton proton collidetta European Organization for Nu-

clear Research (CERN), Geneva, started its operation if 200 has recently concluded its 8 TeV
center of mass energy run delivering about 20bf data. The early run of 7 TeV energy also

Vi
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Figure I.1: Examples of diagrams for gluino pair produntioa the strong interactions.

concluded in 2011 collecting about 5fhdata. Being a proton proton collider the interactions at
the LHC are dominated by strong interaction processes rneebliy quarks and gluons governed
by the theory of quantum chromodynamics (QCD), charaatdrizy the strong coupling constant
as

=
o)

g

The principal production for strongly interacting SUSY faaes like squarks()"and gluinosg)
can be expressed as,

PP — §§, 60, da (1.2.1)
In the intermediate step, the squarks can decay to the hig’rza"ginoﬁ(;) and neutralino
statesj(gA) (if kinematically allowed) or to the lighter chargino/rtealino (xf,xg). At the fi-

nal stage of the cascade decay the chargixl§$ &nd heavier neutralinos(g) decay via the gauge
bosons Xf — xfW) or via sleptons to the lightest stable particle (LSP), Wwhik generally the
lightest neutralino, along with quarks and leptons. Notd tq. 11.2.1 is only a generic chain.
The exact decay will depend on the nature of squarks, maesatites among other factors. As
the lightest neutralino is extremely weakly interactinggvades detection and thus the resultant
imbalance in momentum shows up as missing transverse mamept.).

The generic SUSY signature is thus often designated by,

n—jets+m—leptons+ gy, nm=0,1,2..... (1.2.2)
At the LHC the total leading order (LO) cross section is gitagn

o(PP—AB) =3 [ [ dtasp O, 1P) foyp (%0, HF) B (as(kim)) (@0 AB).  (12.3)

The functionsf p(Xa, u]?), fo/p (b, ufz), known as the parton density functions (PDF), represent
the probability of finding a parton "i" a inside the protorgerwith momentum fractior at a scale
Us. HereLur, us are the renormalization and factorization scales respgtand in general set to
the hard scattering scalgwhereQ? = §. The sample Feynman diagrams for the gluino production
are shown in Fig7.1

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

In order to probe SUSY signals a huge suppression of the eng®M background is required.
For a generic SUSY signature the principal background msesthat mimic the SUSY signal is
as described below,

e QCD: The QCD background, which includes copious productionguzfrks and gluons in
the final state is the largest SM background in terms of crestia of about 1®pb at 8

vii



Chapter Il. Synopsis

TeV. Thus this background should be estimated as one of theipal backgrounds to SUSY
search. The/p in this case is generated from semileptonic B-meson deeaysgll as from
detector mis-measurements. In this thesis we do not taketdeteffects into account.

e tt + jets Thett production process can have semi-leptonic and fully hadrfinal state.
Since the cross section is significantly large 220 pb at 8 TeV) and there is a significant
amount of g from the neutrinos in case of semi-leptonic decays this $oa significant
background for SUSY searches.

e Z+jets :This eletroweak background comprises of the irreducilale pf the background in
SUSY searches for fully hadronic searches when the Z boscaydédo a pair of neutrinos.
The cross section for this process is quite largd.(° pb at 8 TeV) and hence this background
is one of the most severe backgrounds to SUSY searches.

e WH+jets: This eletroweak background can be significantly largedptdnic and fully hadronic
searches as the cross section is enormously largef pb at 8 TeV).

e WW/WZ/ZZ : The SM electroweak backgrounds, although low on crossmestas com-
pared to the previous ones can be serious backgrounds foleanef SUSY searches.

Since the cross sections of SUSY production are minisculeomparison to the SM back-
ground, a huge suppression of background cross sectidi®{pb) is required while retaining a
significant fraction of the signal for discovery, which istealenging task.

[1.3 Tools used for analysis

Monte Carlo event generators and other software tools argegral part of any collider study and
here the essential tools are summarized. The monte carkraens are used for two purposes.
Firstly it is used to calculate cross sections of hard sgaggrocesses, by the monte carlo inte-
gration of the hard parton level process and then convautiwith the PDF. Secondly it is used
for a realistic simulation of an actual experimental preogkere the hard scattering process is fol-
lowed by showering to include initial and final state radia{QCD and QED) effects and finally
hadronization of the parton level objects. For SUSY sigmatpsses, we generate events using
the software PYTHIAG §]. Note that PYTHIA6 computes only leading order matrix eéats,
and for most purposes this suffices to make a prediction. €hergtion of leading order events in
PYTHIAG is followed by showering and and hadronization ismpented in PYTHIAG. Note that
although PYTHIA6 computes only leading order matrix eletseimitial and final state radiation
(ISR/FSR) can generate additional quarks, gluons and pkoto

Quarks and gluons finally hadronize to form color singletalbg (baryons and mesons), which
are ultimately clustered in detectors to form objects chjgts. The procedure of defining a jet is
varied, and is sometimes subject to the requirement of aighpsocess. However one would like
to construct a jet such that it is infra-red and co-lineaedjpence safe, i.e, do not give unreliable
results when soft and co-linear gluons are present in thesyslo this end modern recombination
algorithms to find jets are used as compared to the old comeitigns which were infra-red and
co-linear unsafe. The most popular algorithm in currentinigseost experimental analysis is known
as anti-k [7] which forms circular jets. We use the FastJgtpackage to find jets with a size
parameter of R=0.5.
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For background processes this however may not be enoughyltghprocesses like t- jets,
and W/Z + jets contribute a significant fraction to the total crosgisec These however, are not
well modelled in PYTHIA as multijet processes in PYTHIA ordgcur via ISR/FSR and hence
may not be a correct manifestation of the actual matrix efgramplitude. Hence it is advisable
to generate proper matrix element events for the hard scagtprocess for these processes and
subsequently use PYTHIA for showering and hadronizatiors aAcaution however one must
keep in mind not to double count events where parton shogand subsequent jet reconstruction
mimics an actual matrix element generated configuratiorhende these events must be discarded.
In these studies we use ALPGES] hnd Madgraph10] to generate multijet background processes
wherever applicable with the double counting of matrix edatrand parton showering avoided by
a prescription termed as MLM matchingy1].

To summarize, in the simulations as described below, atladigrocesses and backgrounds like
QCD,WW,WZ,ZZ andtwith no additional hard jets at parton level are simulatsidg PYTHIAG.

For background processes like Z+jets, W+jets, jets, ALPGEN or Madgraph is used with subse-
guent showering and hadronization performed by PYTHIA. jpamton distribution functions the
package LHAPDF12] is used with CTEQG6L ]3] used as the PDF set.

To generate SUSY spectrums one needs to evolve a generisdahSUSY model defined at
the GUT scale down to the electroweak scale by renormadizagroup evolution (RGE). SUSY
spectrums and branching ratios are calculated using SUSPEC with subsequent decay com-
puted using SUSYHITI5]. SUSPECT implements two loop RGE while evolving from a gene
high scale SUSY breaking model to the electroweak scaleewtherall the masses and couplings
are computed. Flavor physics observables like the bragataitio(BR) ofBs — u™u=,B — Xgy
are computed using the public domain software SUPERISD [

For cross sections we use the software package PROSRIN [calculate NLO cross sections
for various SUSY production processes.

1.4 Event shape variables in SUSY searches

The search for SUSY signatures started from the era of tHg @gr colliders, and continued
during the running of LEP, and various strategies have beeised to effectively suppress the SM
backgrounds to find a signal. Some of the earliest phenoragivall works in SUSY searches at
the start of the LHC run at 7 TeV was performed4r]. These search strategies worked in the jets
+ Pt scenario as well as single and dilepton channels in assmtiatth jets and 3. In general
these studies relied on the imposition of a hdkdqut as a way to suppress the SM background.
Using their strategy they showed that they could probe $garaal gluino masses up t0 900 GeV
when they are degenerate with each other.

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

The signal in our case consists of the process mentioned.ihZE#, with the generic signature
given by Eqll.2.2. The signal is characterized by hard jets gid phe CMSSM parameter space
can be characterized in two regions with respect to our bestrategy, firstlyno ~ my , where the
gluino and the squark masses are close to each other, anbiyesg >> my », when the gluino
mass is much smaller than the squark mass. The number ofdiaiid fhe latter case are expected
to be larger than the former.

The background process consists of the entire set as deddritsectior2. The most severe
background in our case consists of the- jetsand the irreducibl@(— vv + jets).
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To analyze the signal and background we use the strategy basevent shape variables. The
concept of event shape variables emerged @it colliders, with the aim of defining the "shape"
of an event, whether itis planar, spherical or pencil like, #hese variables are defined to be infra-
red safe against soft or co-linear gluon emission and iamatnder the branching — Bj + P,
whenever the momenta are parallel or one of them is small.nfQigs made of linear sums of
momenta always meet this criteria. The event shape vanaélput to use is transverse thrust
defined as19],

U
T:mwéf%ﬂw (11.4.1)
> lprl
WhereﬁjT is the jet j with momenta in the transverse direction, iglan arbitrary unit vector in

the transverse plane over which the maximization is peréoknif the momentz;iijT form co-linear
jets , the thrust axis after maximization lies parallel te gt and hence the value of the T is equal
to 1. For a di-jet event with jets in the back to back configorathe value of T is again equal to
1, as can be readily seen from E@.2 For an isotropically distributed configuration of jetseth
value is 2/ 1. The tail of the distribution is dominated by multi-jet even

We use this feature to good use for SUSY searches. We rehir&USY processes where the
heaviest particle (gluino or squark) cascades down to tiedst supersymmetric particle (LSP),
the final state can have a large number of jets along with afisignt amount of f3 from the LSP.
A typical region of interest which produce these kind of éges in the region of moderate to high
mg and relatively lowy />, leading to a low gluino mass and a high squark mass. In tisis ttee
gluino (@) decay mode proceeds gs—ftbxf via off-shell squarks. The largest SM background
namely QCD produces mostly di-jet events, and thereforeghhest distribution in this case lies
close to 1. Along with these leptonic decays of the top quanicivyield a di-jet configuration
in the final state , Z— vv)/W (— Iv) + 1,2 jets, which produce di-jet configurations also has
values ofT (tr = 1—T) close to 1(0). Thus putting a cut of> 0.1 suppresses a huge amount of
SM background leaving the signal mostly unaffected. Theghdistribution expressed in terms of
T is presented in Fig7.3. We can thus observe a clear distinction between signal ackbioound
processesl[9] particularly QCD which lies close to O.

The p; in QCD is generated from semileptonic B meson decays reguiti neutrinos at the
final state.

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

Since the parent SUSY particle gluino or squark is fairly sngs the resulting jets and miss-
ing energy are hard. Additionally the fact that the processsists of multi-jets motivates us to
construct a ratio of the transverse momenta caRedli19) and defined as,

min

%:&;W, (11.4.2)
-

where the numerator runs over a minimum number of pre-szlgets (lﬁ“i“) depending on the
signal topology. The denominatorrHs the scalar sum of the transverse momenta of all jets in a
given event. For events which peak at ;L,:nnjm'”, while values less than 1 are for events where

the number of jets are greater tha}ﬂrh In our study we chooseR, implying rf"” =4,
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Figure 11.2: Thet = 1—T distribution(left panel) and thBr distribution(right panel) for 7 TeV LHC energy. The
benchmark signal point is in the CMSSM framework fag /11500 my /, = 200, tan3 = 45,Ag = 0,sgn(i) > 0. The
jet pr threshold is chosen to be 50 GeV withip| < 3.

This is more than a naive implementation of a cut on the tatatlmer of jets, as this cut also
utilizes the hardness of the final state objects. This veriEbmost effective in suppressing the
W + jets and the irreducible (Z+ vv)+jets background. For SM backgrounds the sub leading jets
are expected to be much softer than the corresponding SUSsses. Hence the tail B
distribution in expected to fall to much lower values for thignal process as compared to the
background process. This is illustrated in the right hantepaf the Fig.7.3where we put a cut
of 0.85.

This reduces most of the background coming fro\Z+jets processes. Finally the remaining
background consists of+ jets which can have a significantly high number of jets aloiitt .

To suppress this we construct the variable with the leadigéts in the event as,

Ml = \/Zp[ x pi(1—cosp), (11.4.3)

where@ is the angle between the leading two jets in the transversetdin. We note two facts
about this variable which helps us to suppress the larggets background. First of all note that
the leading two jets inttproduction are relatively softer than that of the SUSY psscwhere
the leading jets come from a relatively massive particleco&dly for t process the opening an-
gle between the leading jets is much larger as compared tsighal process where the jets are
isotropically distributed.

Finally a significant/fg cut helps us to remove the remainder of the backgrounds.

After all cuts the background level was found to be negligitihile retaining a significant
proportion of the signal events. The efficiency of the sigraaies from 10% for low gluino squark
masses to 25% at 1 TeV for the case of low gluino and high squadses. The details of the
event summary of signal and background can be found3n2[0] for 7 and 8 TeV LHC energy.
We deem a parameter space point to be discoverable if tHentatzber of signal (S) events and
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Figure 11.3: The discovery region in theg — my »(left panel) and the squark gluino plane(right panel) foi3=10,
Ag =0, The CMSMr,, razor and ATLAS exclusion plot2[-23] are also overlayed at 95 % confidence level. The
green shaded region is excluded by theory and LEP constraut red region is excluded B\L.SP condition.

the background (B) events at a particular luminosity andgnes such tha% > 5. Here we
present our results as a parameter space scan imgim, , plane for the CMSSM parameter

space for tai=10, Ag = 0 and sgfiu) > 0, in Fig. 11.3 at 8 TeV for 5 and 20fb~! and 7 TeV
for 5 fb~! luminosity. As a comparison we also present the exclusiowesufrom ATLAS and
CMS collaborationsg1-23]. With our strategy we observe that for the CMSSM parameiacs
we can discover gluino masses up to 1.4 TeV for degeneratglssjand gluinos and upto about
1.2 TeV when the gluino is much lighter than the squark at 8 ekter of mass energy with 20
fb~1 luminosity.

As mentioned earlier, our strategy works best for regiort Wwigh multiplicity of hard jets,
which is reflected in the Figll.3, where we observe that our discovery reach is better than tha
of CMS and ATLAS exclusion curves. In this region the gluirecdys via off shell squarks as
g— tb)(li yielding hard multi-jets. It must be mentioned that we do@qtlicitly 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 plotss 95% C.L with systematic
uncertainities taken into account while our discoverygboe at & without any systematic effects
taken into account.

Note that our study does not include detector effects. Hewswce our variables (Thrust and
Rr) are dimensionless ratios, the systematic errors are teghexbe small.

We also emphasize that our strategy is not just limited to SMSut works whenever hard
multi-jets are presentin the system. As a follow up we impated our strategy for a non universal
gaugino mass model motivated by dark matter considerasion3eV LHC and showed that it was
possible to probe a significant fraction of parameter spattesfb—1 luminosity with our search
strategy p4].
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Figure 11.4: The constraints on the CMSSM parameter spactaf8=10. The different constraints are depicted in
different colors as quoted above.

1.5 Constraints on CMSSM
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Figure I1.5: Same as Fidl.4 but for tar3=40 and 50.

At the end of the 7 TeV run, it was imperative to look at the d¢maists from direct collider

searches and indirect constraints specially from flavoisfgsyalong with dark matter to identify
the CMSSM parameter space allowed by various observables.

The criteria that we considered to constrain the CMSSM patanspace are as followad],

e The first kind of constraints are from theoretical consitlere. For ta8, we require that the
Yukawa couplings of the top and the bottom quark remain plesative between 1.2tan <
65. Moreover very low values afy andm; /, are not allowed as then the RGE would drive
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electroweak symmetry breaking to occur too close to the Gthles For larger values of
mo andmy ,, we require that under RGE running, the scalar potentiainerbounded from
below and hence stable. The second requirement requirethth&SP should be neutral ,
which is demanded if it is to be the major component of the daakter. This rules out the
lightest stau f1) to be the LSP. The lighest neutralino is the favored LSP tisfyahe dark
matter requirements.

e The second kind of constraint is where SUSY can affect lowggn#lavor processes when
heavy superparticles enter at the loop level. The first typmes in the form where the
observed and expected SM processes match with each othdreand no SUSY induced
enhancement is expected. Such a constraint B Br(Xsy) where the measured val(@55+
0.24+0.09) x 10~* [26] is rather close to the SM prediction (8.15+0.23) x 10~4 [27].
The CMSSM contribution must satisfy,

—0.55x 10 <BR(B — Xsy) < 1.35x 10°%.

The second kind is where experimental measurements are famraySM leaving enough
room for SUSY contributions to produce an actual enhancemesuppression! A prime
example is the recently measured BRG u™ ). In MSSM the branching ratio is enhanced
by tarf 8. Thus at large tafd, a deviation from the SM expected value is predicted. White t
study was being conducted the measured experimental uppewbs set to 4.5¢< 102 [29],
against the SM prediction of (3£D.2) x10~° [29].

While conducting this study we set the numerical upper limibe 50 x 10~°. The CMSSM
contributon should thus satisfy,

BR(Bs— u ™) <1.8x10°.

e We also look at direct searches on gluino and squark from AlaAd CMS collaborations
that put bounds on the CMSSM parameter space. Here we takenitsefor 7 TeV energy 5
fb~! luminosity run p1,30].

e At the time of this work the Higgs boson was not discovered lagiace we did not impose
a condition on the lightest Higgs mass apart from LEP lowemioof 93 GeV for tag > 6
and the charginox") lower bound of 94 GeV31].

e Finally we consider dark matter constraints that requineg the dark matter relic density
of the universe to be within.0053< Qgh? < 0.11932 [32]. In CMSSM which conserves
R-parity, the dark matter candidate is the lightest neinioal

With the above constraints we analyzed the CMSSM paramptares This is summarized
in the Fig. I1.4 and Fig. II.5. We find that for low taf (10-30) the most stringent constraints
come from direct SUSY searches at the LHC. However at lang@ the biggest constraint, as
expected, come from the flavor observaBle— u™ u—, which rules out a large swath of CMSSM
parameter space. Hence the bulk of parameter space alloVeegeatar3 in CMSSM with R parity
conservation is generally out of reach of the LHC even at MM Tialess very high luminosity is
obtained.

1 We do not consider the value of the anomalous magnetic moofighe muon(g— 2)y. 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 Higgsthos
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My U My My My m, My Mo My
P1 300 1541 1224 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 11.2: Masses of some of the spatrticles for three beeckipoints for B4]. In all the casesny = 3000, ta3=30
andAg=-4500. All mass units are in GeV.

[1.6 Implications of the Higgs boson in SUSY

As mentioned in the previous section, the Higgs mass whichmed considered in the previous
work has indeed been found. This puts severe constrainteeddWSY parameter and in particular
the CMSSM parameter space.
At tree level the lightest Higgs mass {Min SUSY is totally determined by Mand tarf3. At
tree level the lightest Higgs mass is bounded from above éyrtass of the Z boson and is given
by the expression q?(lg M%CO§2B. Loop corrections can however increase the Higgs mass bound
significantly. The dominant contribution to the increaséliggs mass comes from top-stop loops
3Gr

and is given by the expressiodd],
M2 X2 X2
log—2YSY |- t 1- t , (1.6.1)
V2m? m¢ M&usy 12MZysy

whereMsy sy= /M, N, the geometric mean of the two stop massesqrdA; — pcotf, the
mixing parameter In the stop mass matrix. Thus to increasélthgs mass either heavy scalars,
(so asto increaddsy sy) or large negative values éf are required. Note that the above expression
is maximized for X = v/6Msysy and can lead to an enhancement of Higgs mass in SUSY up to
140 GeV. This may however be unsuitable from the perspeofifiae 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 analyrmd fa variety of perspec-
tives. Here we discuss the prospects of the lightest High438M in two different scenarios.

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

AM?2 ~ mg

X X3 — (Wx9)(xPh) — 1—lepton+bb+ p, (11.6.2)

where leptons come from the W boson decay and the Higgs desdys; bb. For situations
where theu parameter is fairly high, the lighter charging;() and the neutralinoy_@z) are gaug-
ino like and if the decay modg? — xh is kinematically allowed, this mode dominates over
xg — fo. This is particularly true for CMSSM, where RGE effectsvértheu parameter to large
values. As a demonstration we choose certain benchmarksgoinour simulation as shown in
Table9.4.

As the primary decay mode of the lightest Higgs is to a pair-qtiarks, one can observe a peak
at the Higgs mass by reconstructing the invariant mass dbliheystem. The largest background
to this process comes frothproduction where the presence of two b-quarks in the fin& si@n
lead to a similar fake mass peak. Since th&dss section is quite large this is the most significant
background, along with the standard model processes Wh lamchi€h has a similar signature.
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Figure 11.6: The Higgs Mass reconstruction for two methofleiass reconstruction. The red curve for substructure
method while the blue curve for b-like jet identification.ersignal process is for the benchmark point P2 in Table

We probe the decay channel in Hd&.2 by reconstructing the Higgs mass from the di-jet final
state in two ways. First, by identifying the b-like jets by tefzing b-quarks with jets within a
cone of AR(b, j) = 0.5, where the jets are reconstructed using FastJet p#it@ 50 GeV and
In| < 3. The resulting b-like jets are used to reconstruct theriamamass, and we demand that
the invariant mass should be within the Higgs mass windowl® 130 GeV. In the second case
we use the method of jet substructure prescribed33 o identify b-like subjets from a fatjet
to reconstruct the invariant mass. In Fid6 the two methods of Higgs mass reconstruction are
presented and clearly show that the method of jet substeigtarks better. It can be observed
that thett background can be reduced by a huge amount by applying tHeothef substructure;
the details of the simulations can be found ][ We also use the previously defined variable
Rr [19] to good use to suppress some of the backgrounds. Our amahy®ivs that it is possible to
find a signal for the channel in B{6.2 with 8 and 14 TeV LHC energy at 10(b—! with a signal
significance ofS/+/B > 7, for chargino and neutralino masses in the range of 2503480[34).

We also realize that the Higgs can decay to a pair of LSPs inYSBiice the LSP is extremely
weakly interacting it will evade the detector and hence shitbw up as/p. The invisible decay will
be manifested in the total decay width of Higgs. ATLAS and CMfS constrained the invisible
branching ratio of the Higgs to less than 0.64 from global[fi§. The prospects of an invisible
Higgs signature at the LHC has been studied previously imaeu of works B7]. In this work we
investigated the prospect of determining the invisiblegdigranching ratio by looking at the Higgs
production via vector boson fusion (VBF) process and the@ated production of the Higgs at
the LHC. The VBF channel is probed in the final state,

pp— qqh— di —jet+p/+.

The VBF process is characterized by two jets moving in fodadirections with large rapidity
gaps and hence a central jet veto is useful to suppress a mgenaof SM background. The
largest background to this decay mode is the-Z|v)+ 2 jet process. To suppress the backgrounds
we use the criteria of large dijet invariant mass along wih¢entral jet veto. We observed that it
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is possible to probe an invisible Higgs branching ratio déaii9 % at 8 TeV and down to 25 %
with 300 b~ luminosity at 14 TeV 8.

Along with this we revisited the di-lepton + missing energgnature in thepp — Z(— 1717 )h
channel for 8 and 14 TeV LHC previously studied 89]. We however use a better optimization of
cuts as compared to the previous analysis and show thatisslge to observe a signal for 14 TeV
LHC energy with a luminosity of 5b~! with a significance of %/B = 8 [3§] corresponding to
an invisible Higgs branching ratio down to .626.

Finally we also probed the possibility of detecting an iiis branching fraction in the as-
sociated productiopp — Z(— bb)h by identifying b-jets and using jet substructure methods as
before. We however find that since the jets are not boosteagmihis procedure is not promising,
and only high luminosity options at 14 TeV can probe this ctehimn this decay mode.

1.7 Supersymmetry with third generation squarks

While the Higgs boson was found to the joy of particle phyg&ino hint of SUSY was observed
at the end of the 8 TeV run. The non observation of SUSY sigeatyarticularly the first two gen-
eration of squarks and the gluino in the sub-TeV range legkdeg@mergence of natural SUSY as
the motivating factor to approach SUSY. This is inspirediy dbservation that the most relevant
particles for the cancellation of quadratic divergenceShhthat are third generation squarks, and
in particular stops. The second observation is that a Higgssrof 125 GeV requires a large triliner
couplingA; (Eq.3.6.20, and hence even if the first two generation squarks are heaaygeA;
term will result in a large splitting in the stop mass eigaates resulting in the fact that one of the
stops could be light(200-500 GeV). Hence the light stop potidn cross section could be signif-
icantly large and its decay modes could be accessible at Lité@jees. The emphasis has been to
move away from the framework of CMSSM and consider simplifrextiels in the phenomenolog-
ical MSSM(pMSSM), which is specified by 19 parameters with@ified assumptions.The third
generation phenomenology at colliders have been studidtkifiterature both from the point of
view of naturalness and collider searches extensively.A48 and CMS has also probed light third
generation squarks in a variety of final statég{42].

In our work we study some of the decay modes of stop and sbottom variety of situations
a light 3rd generation also implies a light sbottom alonghvatlight stop. Since sbottom cross
sections are comparable to stop cross sections this toddshegiven equal priority. The sbottom
phenomenology at colliders has been dealt with by a varietocks most of which concentrate on
the sbottom co-annihilation scenabp — bxf [43], which is important also from the dark matter
perspective. This requires either a small mass gap betvirediightest sbottom ( in this case the
next to leading supersymmetric particle (NLSP)) and the, l08Bn entirely right handed sbottom.
However there can be a large region of parameter space wiesbbttom is predominantly left
handed and decays via the mode,

pp— bib; — bb+2x9 — bb+ 2y +2Z — bb+ 4l +p/5. (11.7.1)

The branching ratio ob; — bx9 — x9Z is close to 100 % in this case, assuming thgit— x°h

is kinematically closed. In this study we worked in the fravoek of pMSSM to find the appro-
priate parameter space which produces such a scenariofrbnuan sbottom pair production for
Eqll.7.1, one can obtain as many as 4 leptons from the Z boson decag @it b-jets. Since
a 4 lepton +2 b-jets +p signal is rather clean, this can be a strong probe of the &ftlad sbot-
tom scenario. We analyzed the above decay mode and obséatealthough the backgrounds
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Figure 11.7: Theat (left) and theMy,(right) distribution for signal and background for 13 TeV CHThe benchmark
point is for CMSSM parameter spanog = 2589,m, , = 695,Ao = —5849, taf8=10 u > 0. All energy units are in
GeV.

were negligibly small, the low branching ratio of the Z boso#d leptons meant that our discovery
reach is cross section limited rather than being backgrémmtkd. We find that with our discovery
strategy we can probe sbottom masses up to 550 GeV at 14 Te\L 0 b~ luminosity [44].

We also attempt to probe the lightest stop in the flavor vietathannet; — cxf. This channel
is important from the perspective of dark matter relatech&odtop co-annihilation scenario. This
flavor violating decay depends on the mass difference betiveestop 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 mode — bff’xf. This channel however depends onfamvith the two
body decay preferred over the four body decay for largeresabf ta8 [45]. We probe the decay
channel, B

pp— fit; — cC+2xY — di— jet+pr. (11.7.2)

In this study we performed our analysis the framework of KGXMMSSM and pMSSM.

The challenging aspect of analyzing this channel is the lagsmdifference between and
Xf, which implies that the jets and missing energy are soft. Ghe major backgrounds to
this channel is the QCD process, which, due to its large gesBon is quite problematic. The
second major background to this process is the irreducilfle V) + 2 jet. To suppress the QCD
background, we use the variahig = p‘TZ/mjj [46], where [#2 is the second hardest jet, angi m
is the invariant mass of the di-jet system. It can be showhfthha@CD processes dominated by
back to back di-jet configuration without a significafit fhis variable has an end point at 0.5. For
processes like SUSY with a di-jet with a substantialip the final state, the tail of the distribution
for this variable can extend well beyond 0.5, and therefoeecan put a selection cut of 0.55 to
suppress the QCD background. A plotaf for the signal and background is presented in the left
panel of Fig.9.8. Note that t process is not significantly affected by this variable asdhs a
sufficient amount of/p.

To suppress the and the Z{ vv) + 2 jet background we use the kinematic variaidle [47]
defined as,

M12(j1,i2, Fr) = min [max{Mr(j1, X),M1(j2, X) }, (1.7.3)

XViii
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where the minimization is performed ovgt p- p% = p';, where fi, g3 are all possible partitions
of g;. Herex is the invisible particle whose masbl{) is an undetermined parameter. The
kinematic variable M is defined as,

M2 = M2+ M2 + 2(E}EX — Bl.BY).

where ﬁ is the transverse momentum vector of the jet alﬂdhi‘e corresponding energy, whilé p
is the missing transverse momentuyifwector. Since we expect the standard model processes to
have an end point at the respective parent masses, weset0/[48]. SUSY processes where the
parent particletq) is heavier, the tail is expected to extend to higher vallresig. 9.8, the signal
and background distribution for M is displayed for 13 TeV LHC(right panel) for the choice of
benchmark point as described in the caption of the figure. W¢emwe that a cut of 250 GeV is
effective in suppressing a huge amount of background freZth- vv) + jets andt background.

We observed that with our choice of kinematic cuts it is palesio probe stop masses upto 450
GeV with 100fb~! data at 13 TeV LHC. We are also investigating the possitifitagging charm-
like jets. The preliminary studies show that the signal giggnce can be drastically improved if
charm-like jets could be identified ).

[1.8 Conclusion and Outlook

In the works described in this synopsis the emphasis hastbgeobe various signatures of SUSY
at the LHC. We developed a new technique based on event shapbles to probe SUSY signals
which proved to be extremely useful in a large part of SUSYapeeter space dominated by hard
multi-jets. In the above works we also constrained the SUSMimeter space in the framework
of CMSSM from flavor, dark matter and direct collider seasch&fter the discovery of the Higgs
boson, we analyzed the possibility of signatures of the Bliggson in the framework of SUSY
and decays of SUSY particles. We used jet substructure metteolook for a Higgs signal in
neutralino decays at the LHC. We also looked at the poteuitidde Higgs decaying invisibly into
a pair of stable weakly interacting particles, which is webtivated in the context of SUSY. We
probed the possibility of detecting such an invisible brang fraction. Finally we analyzed SUSY
signatures of third generation squarks which are well naggiet from the point of view naturalness.
We probed third generation signatures in third generatibBRscenarios and showed that a large
part of the third generation squarks can be discovered withstrategy at 13/14 TeV center of
mass energy.

The possibility of a SUSY signature is thus very much alivereif the early LHC run did not
produce any SUSY signal. Arguments of naturalness and gi@neération squarks are expected to
drive SUSY searches at the LHC in future. Only a small parhef $USY parameter space has
been skimmed, and the exclusions are highly model dependibos it is essential that we probe
signatures in all possible situations and improvementg lhawe made to access kinematically
challenging regions of the parameter space.

XiX
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Chapter 1

Introduction

The Standard Model (SM) of particle physics began to tak@eliieom the late 1960’s and was
a resounding triumph in explaining the known force and matbatent of the universe (with the
exception of gravity). It provided a framework of gauge the® which was experimentally tested
to remarkable precision at the LEP, Tevatron and now at th€.LFhe first vindications of the
SM came with the discovery of the neutral current interaxgtion the 1970’s and was formally
established with the discovery of the W and the Z boson in 880%. The final frontier has
been conquered recently, with the discovery of the Higg®had 125 GeV. The success of the
SM in explaining physics at the electroweak scale not wéthding, several deficiencies prompt
us to look beyond. The hierarchy problem, the issue of newutmasses, the absence of a dark
matter candidate are some the concerns that needs to bessefdlia this context. Hence a wide
range of theories that attempted to resolve some of thesesssegan emerging as early as the late
1970’s, and more propositions are pouring in even today. ésohthe robust attempts have been
supersymmetry, extra dimensional models and little Higgsets.

The emergence of the proposition that nature is likely toupessymmetric, was borne out of
the need to address the deficiencies of the Standard Model 88 lembed it within a structure
that that can be extended up to the grand unified scale. Wieléistoric development followed
from a series of observations in string theory, QCD and Etaathematical construction leading to
a loophole in the Coleman Mandula theorem in the 1960’s @hkzation that a phenomenological
model of supersymmetry (SUSY) was viable as an extensioiMof&s realized only in the 1980’s.
Over the last two decades this has served as the springlmsiady SUSY in all its glory. What
started as a purely mathematical and theoretical congirubts lingered on as the biggest hope
in the attempts to find signatures of new physics at collidetse effort to find an unified theory.

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

A phenomenologically viable model of SUSY required the tiygo be broken at some scale.
As the breaking mechanism is not well established, a vaoétyonditions and mechanisms of
SUSY breaking lead to a plethora of low energy spectrumseatligctroweak scale.

The investigation of SUSY signals began alongside the Higgsches at the LEP collider in the
late 1980’s. The searches at LEP provided limits on chasgamal sleptons, and some of them still
serve as model independent limits in this regard. The sdareghSUSY signal continued through
the era of the Tevatron and produced limits on strongly adtng sparticles (gluinos and squarks).
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With the ushering of the LHC era the search for sparticlesgyad momentum; and while the early
searches were conducted in the model context of the minumpalrgravity(mSUGRA)/ constrained
minimal supersymmetric standard model(CMSSM), it wasrlaiganded to encompass a whole
class of supersymmetric models.

An enormous amount of effort and work have been conductedeanth the SUSY signal from
the humongous rubble of the SM background. The SM backgraugargantuan in terms of cross
section as compared to SUSY processes, and thus discersigigeh out of this debris amounts to
looking for a needle in the haystack. At a hadron collidee like Large Hadron Collider(LHC),
the ambient background from quantum chromodynamic(QC®yell as electroweak processes
are huge, and therefore specialized techniques are redoitee devised in order to suppress this
huge mess. To this end various strategies have been foedutaachieve this objective. Some of
these schemes have been fairly general, and have atteromiptirize the sensitivity of the signal
with the aim of covering a wide range of SUSY signatures anertey to different regions of the
SUSY parameter space in the context of various models. Tétesegies generally rely on the
use of a large missing energy, a robust signature of SUSY liasa of models termed as "R-parity
conserving”. There are other designs, which attempt to kidakpecific properties of the SUSY
signal like end point characteristics of a kinematicalrisition, end points in mass distributions,
and the topology of the SUSY signature. Some of these methmadsbeen extremely successful
in attempting to suppress the SM background in order to lool fSUSY signal. It is therefore an
important task to hatch strategies that attempt to coveemaund in the quest for a SUSY signal
in collider experiments.

The dawn of the LHC era has ushered in a whole new regime inethiels for BSM physics
including SUSY. The early LHC data for 7 and 8 TeV center of snasergy have been used to
probe SUSY signatures. However no hints of a SUSY signatasebken observed till date. This
should not be a concern, as we have only skimmed the surfabe ghst SUSY parameter space.
After all if SUSY does exist, it will correspond to one padtiar point in this huge parameter space,
and thus negative searches will only narrow this real esliatetherefore imperative to analyze the
constraints arising from existing data in order to get ancaibn of the kind of parameter space
one should be investigating in order to look for a SUSY sighaiv energy flavor constraints like
the branching ratios of the decaBs— u*u—, B — Xsy, the anomalous magnetic moment of the
muon also constrain the SUSY parameter space. These dotséweolve as more data is analyzed,
such that experimental uncertainties in these numbersegdund therefore it is necessary that a
study of these constraints is conducted to delineate therregf parameter space that survive
these bounds. We perform such a study in the framework of QWBtaking into account the
LHC search results on SUSY, the flavor and dark mark mattestcaints.

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

The aim of this thesis is to explore signatures of SUSY at tHE€ and to devise search strate-
gies that are efficient to quash the SM backgrounds. The gade& to improve the current
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schemes in use at the LHC and various phenomenological wmdacess kinematically challeng-

ing regions of the SUSY parameter space. As we shall presehisi thesis, it is indeed possible

to achieve this goal by a judicious choice of kinematic Malga to dig out the signal out of the

debris of the background. In this thesis we will introduce tise of event shape variables in SUSY
searches for the first time and demonstrate that such a ssiategy is capable of achieving a
better sensitivity than the existing search programmeswida region of the SUSY parameter

space. It will be demonstrated that these variables arly fimple, easy to implement and are
potentially prone to less systematic errors by constractio

The early SUSY searches at the LHC primarily looked for thengl and the squarks of the first
two generations in the model framework of CMSSM. Howeverntegative searches have pushed
the gluino and the squarks of the first two generations abde/1The focus therefore has shifted
to the third generation squarks as the primary sparticlegefest. This is well motivated from the
point of view of naturalness, as the third generation squiark crucial for a natural SUSY theory.
Moreover, the connection of the third generation squarkh thie mass of the light Higgs boson
has also aided to its emergence as the focal point of SUS¥lsesmand phenomenology. In this
thesis we will present a couple of studies on the signaturtsrd generation squarks.

This thesis is organized as follows; In Chap®ea brief description of the SM, along with the
discovery of the Higgs boson, the constraints on the SM andtavation to SUSY is provided. In
Chaptel3, a brief account of minimally supersymmetric standard nhd&SM) is provided. This
is by no means an exhaustive account; the attempt here isrelynmeake a connection between
theoretical ideas and experimental searches. The cantstoan SUSY parameter space from flavor,
dark matter and collider searches is discussed in Chdp#en analysis of the CMSSM parameter
space, taking these constraints into account is providedhapter5. A brief overview of the
Large Hadron Collider (LHC), the kinematics, jets and marado tools required for the works is
described in Chapted. In Chapter7, we introduce event shape variables for SUSY searches for
7 and 8 TeV LHC energy. In Chapt8y we investigate Higgs signatures in the context of MSSM.
Here we study a Higgs signal in neutralino decays using jestsucture methods. Secondly, we
also probe the invisible decay of the Higgs at the LHC in velotison fusion (VBF), and associated
production of Higgs with a Z boson. In Chap®@rwe investigate signatures of third generation
SUSY (the lighter stop and sbottoms). Finally we conclud€mapterlO.



Chapter 2

The Standard Model

This chapter briefly describes the Standard Model (SM) difigiarphysics . A brief summary of
the particle and force content along with the SM Lagrangsantroduced, followed by the Higgs
mechanisni. We also discuss the theoretical and experimental consgrain the SM Higgs boson,
followed by a brief description of the discovery of the Hidggsson and the shortcomings of the
SM. Finally, we introduce supersymmetry.

2.1 The Standard Model Lagrangian

The SM p0-53] is built on the three pillars of gauge theory. The first is iofuan electrodynam-
ics (QED) described by the gauge gradpl)en QED describes the interaction of electrically
charged particles with its gauge boson, namely the photorfhe second building block is the
theory of weak interactions expressed by the gauge grouy2)SThis block describes the weak
gauge bosons (WW%,Wﬁ) and its interaction with the matter particles charged utide SU 2)
gauge group. The final block is the theory of strong inteaasj namely Quantum Chromodynam-
ics(QCD) p4,55], described by the S(3). gauge group with the gauge bosons termed as gluons
(Gﬁ). The strong sector describes the interactions of quarktsgliions.

The synthesis of the three gauge groups is described by #mel&d Model(SM). The elec-
troweak part, proposed by Sheldon Glashow, Abdus Salam @veéisWeinbergg0-53] requires
the theory to be invariant under the gauge gréig2), x U (1)y.

The entire structure provides a framework describing tr@knparticle and the force content
of nature (with the exception of gravity).

The particle content of the theory, charged under variougggroups is given by the following
clusters:

Weak Iso—doublet of leptons ; & ( %’i ) ~ (2,1°; (i=eu,1).
L

Weak Iso—singlet of leptons j_e= e ~ (1,1°); (i=eu,1).

Ui
di

Weak Iso—singlet of quarks j_ u= s ~ (1, 3%); (U =u,c,t).

Weak Iso—doublet of quarks ;& ( ) ~ (2,3%); (Ui =u,c,t), (dj =d,sb).
L

1We use the notations followed b§][ Some of the Feynman diagrams are also used f&m [
2The gauge field of QED is termedl, by convention while the particle is called The gauge field of the U(1) group in the unbroken
SU(2)L x U(1)y phase is termed d@,, which after electroweak symmetry breaking is reduced (b)en, as explained later.

4
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Weak Iso-singlet of quarksdy. = d ~ (1,3°%); (u; =d,s,b),

where the quantities in the parenthesis describe the is@sp the color assignments of the
respective particles.

The fermion hypercharge Y is related to the electric chargen@® the weak isospinslvia
Q=Ts+Y/2. Thus in terms of the unit charge +e the hypercharge assigtsnare given by,

1 4 2
Yi=-1 Yer =2 Yo = 3 Yir = 3 Yir, = ~3
Note thaty Y¢ = 5 Qf = 0, ensuring the cancellation of chiral anomali&s][and thus pre-
serving the renormalizability of the theory. The gauge iiava field strengths for the gluons
represented by the field strengthé'Gs, the weak gauge bosons}}ﬁl3 and the U(1) gauge boson
described by B, are given by,

G, = 0,G3-9,G}+0gsf®G,G;, abc=1,..,8
W2, = W& — OW2+go e WHWE, a,b,c=1,..,3
BHV - 5“8\;—0\,8”,

wheregs, g2 andg; are the coupling constants corresponding to the gauge gi®U3)c, SU(2),
and U1)y respectively. The quantitie$™, 2°¢ are the structure constants of the non-abelian
groups SU3). andSU(2), respectively, described by the Lie algebra,

[T, TP) = 2ifab°TC, [12 7P] = 2i£3°C, (2.1.1)

where P and1? are the generators of the respective gauge groups. The Ingiieranature of
the SU(2) and SU(3) groups leads to self-interactions bextwieeir gauge fieldy), =W, or G,
leading to the tripple gauge boson couplingsr(d,Vy — duVyv) [V, W] and quartic gauge boson
couplings3g? Tr(Vy, Vy 2.
The SM Lagrangian can then be expressed in terms of the naaitethe force content as,
1 a ~uv 1 a \A/UV 1 uv
+LiDpy!Li +eriiDpy er +QiiDpyH Qi+ UriiDpyH ur +driiDyyH dr,,

where the first line of Eq2.1.2describes the force content, captured in the kinetic terims o
the gauge fields, and the second line describes the fermkometic terms and the interaction of
matter fields with the gauge fields, charged under the respegauge groups, encoded in the
covariant derivatives. The self interactions of the gaugsobs are encoded in the gauge kinetic
terms providing the three point and four point functionsha tveak gauge bosons and the gluons.

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

. . Y
Dy = <a“ —i93TaG) —ig2TaW7 — |gl§un) Y, (2.1.3)

leading to unique couplings between the fermion and gaulgistig (V = B“,WIL,Gﬁ) of the form
—giPVuy" . Analogous terms can be written for the other fermions withdovariant derivative
containing the fields charged under the corresponding gauayeps.
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The left handed and the right handed sectors of the elecalowart of the SM, along with the
gauge fields transform under gauge transformations in tlewimg way,

Li(x) — Lj(x) = 0T HBOYix) | R(x) = R(x) = €POYR(x)

—

W (X) — WLA(x) — g—lza“a(x) — d () x W2(X) , Bu(X) = Bu(x) — g—llduﬁ(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 bosahfeamions in the above Lagrangian.
The legacy of the SM electroweak gauge symmetry ensuresiteatannot write down mass terms
of the form%M\z,W“W“ , without explicitly violating it. Similarly the electrovak gauge symmetry
ensures that fermionic mass terms of the forghgnare forbidden ag/ ¢ = Y5 R, and hence is not
invariant undeiSU(2). x U (1)y. However experimental observations contradict this as awe h
observed massive electroweak gauge bosons and fermiond(& 8oublet scalar field comes to
the rescue here, generating mass terms for the SM partadexplained in the next section.

Along with the above problem it was also known that the amagktof the gauge boson scat-
tering proces®V*WT — WHWT diverges at high energies. At high energy the longitudioah¢
ponent of the W boson dominates the amplitude. With only tle®gon and the photon exchange
diagrams in the s and the t channels, the amplitude growsthétlenergy E as- g%EZ/M2 , re-
sulting in a loss of unitarity at high energies. With the autuction of a scala® in the exchange
of WEWT scattering, the~ E2 behaviour is eliminated, with the resulting amplitude nowpor-
tional to the mass of the scalar itself,g?M32 /M3,. Thus a new scalar regulates & 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 andfexmni the SM was proposed in
a series of works by Higgs—Brout—Englert—Guralnik—Had&hble, which we know as the Higgs
mechanism$7-62] in the literature today. Instead of going into the full glaf the mechanism,
a brief description is provided here.

As a preamble we quote the Goldstone theoré&q4] without an explicit proof : In a theory
where a continuous symmetry is spontaneously broken, theaet of the broken symmetry con-
sists of massless scalars called Goldstone bosons. Theanawfduch massless scalars equals the
number of broken generators of the gauge group.

As an example if we consider a theory with O(N) symmetry broteeO(N-1), the%N(N -1)
generators reduce %iN —1)(N —2), leaving behind (N-1) massless Goldstones bosons.

In the SM spontaneous symmetry breaking (SSB) generates texass for the weak bosons
while leaving the U(1) gauge boson, namely the photon msssler the electroweak symmetry is
broken (EWSB) via the Higgs mechanism, as explained belothd process the SB); x U(1)y
gauge group is broken to(W)em.

The electroweak part of the SM Lagrangian, as noted easligiven by ,

1 1 — . .
Lom = —ZWﬁVWa{“’ — ZB“VB“V + LDy Li+eriiDyyHeri +--- . (2.2.1)
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To this we add the scalar potential,depicted in AdL The Lagrangian containing the kinetic
and the potential term is given by,

V(9) V()

Figure 2.1:The potential V of the scalar fieldin the casequ? > 0 (left) andu? < 0 (right).

Ys= (DHO)T(D,d) — P2t — A (dTd)2 (2.2.2)
where® a complex doublet scalar of SU(2),
¢+
& ( 7 ) YYo= +1. (2.2.3)
The scalar potential is given by,
V(®) = 2o o+ A (dTd)2, (2.2.4)

Clearly from Fig. 2.1, it is evident thaju? > 0 leads to the trivial minima at the origin, and does
not facilitate the necessary breaking of the symmetry. Alsie thatA has to be positive to ensure
that the potential is stable. With > 0 andu? < 0, the neutral component of the scalar potential
gets a vacuum expectation value (VEV) after the minimizabbthe potential. The choice of a
particular direction in the configuration space hence aé¢a& symmetry, with,

0 . uz 1/2
(D)= (0|P|0) = ( v ) with v = (——) ) (2.2.5)
V2 A

We expand the scalar potential around the vacuum in termsuoffields6; 2 3(x) andh(x) ,

6+16;

i0a(X) T3(X) /v 0
Px) = < L(v+h(x)) -6 ) =gy ( L(v+h(x)) ) (2.2.6)

wheret? are pauli spin matrices.
To remove unphysical degrees of freedom, the unitary gasigsed (also known as Kibble
parametrization), to rotate them away,

P(x) — e BTN @(x) = \ifz ( y +?](X> ) . (2.2.7)

7
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Note that the field9; 5 3(x) and Hx), vanish at the vacuum. We also understand that un-
der gauge transformations along the three broken diresititire fieldsf; > 3(x) transform in-
homogeneously but linearly. However, the fieldkhremains gauge invariant. We also observe
the Goldstone theorem in action. The Higgs potential had &) €/mmetry broken down to
O(3) by the choice of the VEV. The 6 generators of O(4) are ceduo 3, leaving behind three
Goldstone bosons.

The kinetic term of the scalar potential by an explicit exgian of the term%s gives:

T 1 2
|Dllq3)|2 — '(d“ —IgZEaWﬁ —IgléB“)(D

. 2
i — 5(0WSE + 3By — R (W7 —iWg) ( 0 )
—%(W,}Jriwﬁ) Op + 5(92W3 — 91By) v+h

_2

1

1
= S0+ B+ )W WA+ Z(v )W — 1B 2

We make the following field redefinitions, so as to expressmbak eigen states (}N in terms
of the mass eigen states as,

92W ngu QZW,i3 +01By

9B+ 0} = VR

The mass terms fak/*, and Z boson are now given by QW W+ + 3 M2z,zH 41 MZA,JA

1 .
WE (W F |W,§) L Zy =

=7 (2.2.8)

with,
1 1
szévgg, Mzzév\/gg-i—gf, M, = 0. (2.2.9)
The value of the vacuum expectation value v is fixed in termte®Mmass of W boson or the Fermi
constaniG,
1 V2@ Y 1
Mw = =Qov = =>V=——— ~246 GeV 2.2.10
R <8Gu> (V2Gy)17? @210

The mass oy is measured to be 8899+ 0.023 GeV, while the mass dfl; is measured to be
Mz = 91.1875+ 0.0021 GeV B5]. In acquiring masses, the longitudinal degrees of freeddm
the W and the Z boson have eaten away the Goldstone bosongyalige symmetry S(3). x
SU(2)L x U(1)y, is broken down to S(B). x U(1)em. The unbroken part of the EW Lagrangian,
namely the W1)em, ensures that the photon is massless.

The Weinberg angle is defined as,

2

92 Mw_ 24,
/2 2 M2
J1+95 Z
with the global fitted value sfrBy = 0.2312+0.00015 p5]. The electric charge is given by,
0102

\/g%%—g%’

coHy =

e=
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such that,

2 . e
Vo1t = coHysinby

The parametep, which is a measure of the relative strengths of charged antral currents is
defined as,

and is equal to 1 in the SM at the tree level.

Thus far a mechanism is introduced to generate the mass ferrgauge bosons by adding a
Higgs field. We can generate mass terms for charged fermging the same field by introduction
of Yukawa terms to supplement the SM Lagrangian. To theseveridtroduce th&U(2), xU (1)y
invariant Yukawa Lagrangian,

L= Yo LiPer —yaQ Pdr —yuQiPug, + h.c., (2.2.11)

where® = it2®, and is required to give masses to up type quarks.
After electroweak symmetry is broken we have (choosing thleaWa couplings to be real),

1 — 0
L = —7?’&(‘73314) ( voh ) et
1 _
_ de (V+h) @ er +--, 2.2.12
\/z 3( ) e_|eR| ( )
We thus have the fermion masses as,

v v v
me:% ,mu:yuﬁ ,md:%.

Note that the upper component of the lepton doublet nama&yn#utrinos have no mass. The
original leptonic kinetic terms hadl(3) x U (3) global symmetry, which is broken to three global
vectorial transformations, corresponding to three leptombers, L— €9L;, ¢ — e % g.

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

2
M 0 A 0
V = ?(O’V+H)<v+h)+2 (O,v+h)(v+h>

Thus the self interaction and kinetic terms read;

S = L@ —v

2
A

= %(0”h)2—)\v2h2—)\vh3—zh4. (2.2.13)

The mass of the Higgs boson is given by m2Av? = —2u?, with the interaction vertices,

. _m2 A _m?
Ore = (3NiAv =3i—h | g = (4D)i =3i 7.
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------ Ghir = Me/v = (V2Gy)"2my x (i)
f
Vu
h .
______ Ohvv = 2M\3/V = 2(\/26;1)1/2'\/'\% X (_IgHV)
\
~ - Vu
h S~ .
h - Ohhvy = 2M3 V2 = 2V/2G, M3 x (—iguv)
P vy
Phe h
h ke .
""" «_ Ghhh = 3MR/V = 3(V2Gy,)Y2m} x (i)
\\ h
S o - - h
h ~~_ _-~ :
] 3 Ohhhh= 3I’T\%/V2 = 3\/§Gumﬁ x (i)
. - \\ h

Figure 2.2: The interactions of the Higgs boson to fermiansgauge bosons and the Higgs self—couplings in the SM,
along with relevant Feynman rules. Figure used fr8n [
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Note that the mass of the Higgs boson cannot be predictedsithiéory and has to be deter-
mined experimentally. The couplings to gauge bosons amdideis are given by (FigR.2),

Mg M2 M2
Ohif v Ghvv v Ghhvv V2

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

As mentioned earlier the fermionic part of the Lagrangiamvariant under the globdl (3), x
U (3)r x U(3)r symmetry for the quarks and gloldal3),_ x U (3)r symmetry for the leptons.
These are explicitly broken by Yukawa interactions. In gahthe Yukawa matrices are neither
hermitian nor real.
For the left handed fermions,the following rotations camizzle,

_ 3 ., 3 .,
Lﬂ%ZUgLLb Ql — ZUH,LQﬂv
j= j=
while for right handed fields,

T N - R T
QQ — ZUe7ReR, UR — ZU%RUR’ dR — ZUdeR,
= = =

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

Ye=UeLYeUlr: Yu=UuLYUlgr Ya=UaLyaUlp:

These relations imply that it is possible to simultaneowushgonalize eithey/e, y’u, ory/e,y;I by a
suitable choice of chiral transformations. Assuming thatfirst of these possibilities is realized,
the transform of, is neither real nor diagonal. Instead we can write,

VDg = UyLyaUl g,

where Dy = Uu7Ly:jU$7R and,

V=UyU],,

is the Cabibo-Kobayashi-Maskawa (CKM) mixing matrix. Irethrocess of rephrasing the
fermionic fields, we may diagonalize the Yukawa couplingsbhgosing a new basis leptons and
quarks. This is the physical basis , since it is the basis irthvinass matrices are diagonalized.
This 3x 3 unitary matrix has 4 independent parameters, 3 of whichmaxig angles ¢;), and the
other being an overall phasé;§). This phase is the CP violating complex phase. The cugrentl
known values for these parameters &€

012 =13.04+0.05°, 6,3=0.021+0.011°, 6,3 =2.38+0.06°, &3=1.20+0.08 rad

An analogous mixing pattern also occurs in the neutrincoseaiith the mixing matrix known
as Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix.

11
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2.4 Theoretical constraints on the Higgs boson

The requirement of the SM to be valid in the perturbativemegrestricts the mass range in which
the Higgs boson is likely to be present. Arguments of comggadrom unitarity of scattering
amplitudes and perturbativity of Higgs self coupling sepeplimits on the mass of the Higgs
boson. The first problem is related to the growth of the lardjital component®f andZ, at high
energies leading to a violation of unitarity at some scalth&\W W™~ scattering. A partial wave
decomposition of the amplitude and the use of optical thredeads to the following result,

2 2
= —% for the j= O state
wherea; are the partial waves for the orbital angular momentum gtdeeservation of unitarity
from the above relationship leads tcﬁ r1 870 GeV p7-70Q].

The second type of constraint, namely perturbativity arifsem decay of the Higgs boson
to gauge bosons. The partial decay width of the Higgs decaypair of Z bosons is given by

the expressior, (h— ZZ) ~ % Higher order loop corrections to the Born term is signiftban
large. For a large Higgs mass"af TeV), two loop contributions to this term becomes as sigaifi
as the one loop ternv[L, 72). One would therefore expect the Higgs boson to be below &\é T
scale for perturbation theory to be valid. Additionallyths partial decay width is proportional to
the cube of the Higgs mass itself, for large Higgs massesdbaydwidth becomes comparable to
the Higgs mass itseli{ 1.3 TeV). Thus the Higgs mass is said to be 'obese’ and cannoebted
as atrue resonance.

The recently observed 125 GeV Higgs boson certainly pakssg upper limits, and the atten-

tion turns to the lower end, where we shall encounter somsectu concern.

Constraints from vacuum stability

The quantum corrections to the running of the quartic cogph includes contributions from
fermions and gauge boson loops. For the fermions, the togkquith the largest mass makes the
most significant contribution.

For quartic couplings much smaller with respect to the toga¥ua and the gauge boson cou-
plings,A << At,01,02, the RGE is approximated by $-79,

A
dlogQ? — 1672

3
[—12\/—"‘: + 1 (205 + (B + gi)ﬂ , (2.4.1)
leading to,

4 2
M@ =A(A)+ {—12% + 1—36 (2 + (95 + gi)z)} 09 % (2.4.2)

1672 V2
If the quartic coupling is small, the top quark can drive thiargic coupling to negative values

(A(Q?) < 0), leading to an unstable vacuum. Since the Higgs mass is gived = 2Av2, to keep
the vacuum stable the Higgs mass should satB&dy§5],

v2 m{ 3 2, 2\2 Q?
M > o | —120 + 15 (26 + (95 +91)%) | log 5 (2.4.3)

Assuming that the SM is valid upto a grand unification séaigt ~ 10'% GeV, the lower bound
on the Higgs mass from EQ.4.3turns out to bev 130 GeV.

12
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=
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=

Figure 2.3: Feynman diagrams for the one—loop correctiotise SM Higgs boson mass.

It should also be noted that the SM effective potential carelaeirue minimum which is deeper
than the electroweak minimum. The latter can have a lifefymeater than that of the universe.
Thus it is possible to have a situation where the universeg ifalthe false vacuum in its early hot
phase and is stuck there as the universe cools off. Thistsaaihe metastability boun@p-88].

Recently the two loop calculation has been performed argltketlimit on the Higgs mass to
be [89,

ole
my > 1292+ 1.8x ("‘D —L7se Gev) —05x (O’S(MZ) —0118

4
0.9 GeV 0.0007 )il.O GeV. (2.4.4)

The top mass of 173.2 0.9 GeV is measured at Tevatron by the collaborations CDFxhd
The error+ 1 GeV reflects the theoretical uncertainties in the Higgsstasind which takes into
account the differences in computation of results from No®INLO.

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

We thus find that if we expect the SM to be the theory that carxbragolated to a high scale,
the vacuum stability bounds pose serious constraints f@5aEeV Higgs.

However if there is some new physics that takes over at a lenergy scale, this bound is
relaxed significantly. For example if we take the scale ofiees physics to be f0GeV, the
vacuum stability arguments requires the mass of the Higgerbto be g > 70 GeV [3].

The hierarchy problem

The fine tuning argument has often been one of the principalm@ng for the demand of physics
beyond SM.

The problem arises because of self energy corrections tHitigss mass. The most important
corrections originate from gauge bosons and fermion loBms4.3). The fermionic loop contri-
bution is dominated by the top quark with the following loopegral,

4 i i —j [
Mh(0) = (-1) gnETr<%t> K—Imt<\%t>k—lmt
A 12
2y2/d k k +mt

4
27 d'k [ L (kzzmtzz)zl, (2.4.5)
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wherey; is the top quark Yukawa coupling. The first term in E4.5is quadratically divergent.
If we demand the SM to be an effective theory upto the Planalegc= 10! GeV, the one loop
correction is about 30 orders of magnitude more than the tm@ss. Since this loop correction
is independent of the Higgs mass, setting it to zero doesncotase the symmetry of the theory.
Thus there is no symmetry that protects the Higgs mass. Adidli@ contribution of the gauge
bosons the one loop contribution to the Higgs mass is given by

3N
M, = (Mp)?+ g0z [Mh+2Mfy +MZ —4ng] (2.4.6)

where the reference scale is set to the electroweak minimuirinteresting to note that there
can be an accidental cancellation provided,

Iy = 4 — 2M{ — M2 ~ (320 GeV)*. (2.4.7)

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

One could cancel divergences in Edt.5consistently in quantum field theory by adding suit-
able counter terms. However one would have to arrange foryaprecise cancellation (1 part in
10%%) between the bare mass squared and the renormalized masspdhe Higgs mass to the
electroweak scale. One can define a measure of this fine tbgif],

Ber = ‘Amﬁ(’\) ' . (2.4.8)

m;

Therefore the weak scale is fine tuned to one pafi-n, with no fine tuning fodgt < 1.

2.5 Standard Model at LEP and Tevatron

The electroweak theory has been tested to remarkable joreaithe Large Electron Positron(LEP)
collider and later at the Tevatrof]. The first vindications of the electroweak theory came with
the discovery of the neutral current interactions in 1978ubble chamber experiments, which
photographed electrons suddenly starting to move, sedyrohtheir own accord. This was inter-
preted as a neutrino interacting with the electron by théarge of an unseen Z boson. The formal
discovery of the W and the Z bosons were observed in the arpats UAL (lead by Carlo Rubia)
and UA2 (lead by Peter Jennn$Z,93]. The W and Z bosons were copiously produced at the LEP
collider. Along with LEP, Tevatron (which ended its opeoatin 2011), also produced an enor-
mous amount of W and Z boson. The obtained masses and dects rioin these experiments
for the Z boson is found to b&§],

Mz = 9118754+ 0.0021 GeV 'z = 2.4952 + 0.0023 GeV
while for the W boson it is§5],
My = 80.399+ 0.023 GeV, 'y = 2.085 +0.042 GeV.

The top quark discovered at the Tevatron in 19945 95]. The measured mass of the top quark,
was to be 173.18 0.56(stat}: 0.75(sys) §5]. The mass of the top quark is an extremely important
ingredient to the electroweak precision fits.
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a) f

Figure 2.4: The Feynman diagrams for electroweak radiativeections. a) (Top row) The fermionic contributions to
the self energy corrections =W /Z bosons, b)(Middle row) The Higgs contributions to the sekémrgy corrections
and c) (bottom row) The vertex and box diagrams. Feynmarralag from B].

The masses of the fermions and gauge bosons obtained in llERegatron allows us to calcu-
late any observable in the framework of SM. While the treell@pproximations serve the purpose
to a large extent, radiative corrections are required fongarison with accurate high precision
experimental measurements. The sensitivity of LEP andti@v#o these quantum measurements
also serve as stringent tests of SM. Along wathG,, andMz, the following electroweak observ-
ables have been measured with a high degree of accusgky [

e Lineshape measurements of Z: The tofal)(and partial decay widthg(— %17, cc..) of Z
boson.

e The forward backward(]fb) and thert polarization asymmetrA! , which provide a deter-

mination ofsin?6,y.

T
pol’

e The longitudinal polarization asymmetALR providing the best measured valuesif®8y
at 02312+ 0.00015 .

e The masd{ly) and the width" of the W boson.

e The effective mixing angle and tieeparameter, with the two loop QCD correctiapQCP =
—3% (% + 1) — 14.59(%3)2 [3], whereas is the strong coupling constant. Note that the two
loop QCD correction is essentially a QCD correction on top efectroweak correction.

¢ In addition there are top quark mass measurements, the neeasut of the fine structure
constantr, and the value of the quantum correctidxts due to leptonic and hadronic contri-
butions.

Overall it has been seen that these measurements vindimatase for th&U(2). x U (1)y
gauge theory. The electroweak couplings of leptons andkguar gauge bosons, the trilinear
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Figure 2.5: Left Panel : Th&x? of the fit to the electroweak precision data as a functiomgf Right Panel
:Constraints on the mass of the Higgs boson from electroweadision data fromd5].

couplings of gauge bosons have been measured and is in ttmevprinciple of gauge symmetry.
In addition the strong coupling constang and other features of strong interactions have also been
fairly well measured and is in agreement with the theory gy interactions31].

Although the Higgs boson was not observed at LEP, constr&iom electroweak observables
narrowed the parameter space to a large extent. The Higgshedas to radiative corrections of
electroweak precision observables providing indirecst@ints on its mass (Fig. 2.4). Combining
the W mass measurements, measurements on the weak mixileg argasurements of forward
backward asymmetries and combined fits to these measurgnoset can obtain the likely mass
range in which the Higgs boson is expected to be observedlikgig range of the Higgs boson
mass, taking the electroweak precision observations rdount is presented in the right panel of
Fig. 2.5

TheAx? fit to all precision measurements, taking into account treetainties oms(Mz), o, m
andMz is presented in the left hand panel of F5. The projected upper limit turns out to be
my, < 158GeV at 95 % confidence levebp].

As far as direct searches are concerned, the lower limit emdiggs boson mass was obtained
from the negative searches at LEP-II with center of masg(emargy of 209 GeV. At LEP the
dominant production mechanism for the Higgs was the Higgghking process, namelyi e —

Z* — Zh. The Higgs searches were conducted in the chagiresl — Z(— vv)h(— bb),efe™ —
Z(— I)h(— bb),ete” — Z(— Il)h(— 17) andete™ — Z(— 1T)h(— bb). The four experiments
in LEP did not observe any excess over the background, arldvlee limit was set to 114.4 GeV.
The Tevatron searched for Higgs boson, both for the high maddow mass. At the end of its
run, it collected about 10 fb' data, and reported an excess of events withdal significance for
m, = 125 GeV P€].
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2.6 The discovery of the Higgs boson at the LHC

The search for the Higgs boson continued through the eraedfetiatron, ruling out a wide swath
of parameter space in various channels, specially in the gl intermediate mass region. How-
ever it was widely speculated that the Higgs boson was liteelye light. This was mainly driven
by the theoretical considerations and from the indirectshof electroweak precision measure-
ments. The search for the light Higgs boson gathered patahét7 TeV run of the Large Hadron
Collider(LHC). The early hints of a resonance in the> yy, channel at 125 GeV was observed at
the end of 7 TeV run with 5b~1 data P7,98]. The observation of a new particle was announced
on July 4th 2012, by combining data worthf 5~ luminosity at 7 TeV and 5 fb! luminosity for
8 TeV LHC energy. The persistence of the resonance acrosaigathannels], 2] was observed.
The reported resonance was claimed to be a Higgs like botiver han the Higgs itself, as mea-
surements of coupling and spin is expected to finally confirnetiver the discovered particle is
indeed the SM Higgs.

At the LHC the production cross section of the Higgs bosonahithated by the gluon fu-
sion(ggF) process followed by the vector boson fusion Be@E&EF), with thezZh andtth being
the sub-dominant processe$[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 showreimitiint panel of Fig.7.

Figure 2.6: Feynman diagrams for Higgs production at the L &)Gluon fusion, b) VBF fusion, c) associated pro-
duction and djth process respectively.

The primary decay mode of the Higgs at 125 GeV is via a pair ofidwrks [L39. However
this channel is plagued y,QCD and other backgrounds. One of the primary channelsrfor a
observation of the 125 GeV Higgs turns out to libes yy. With the completion of the 8 TeV
LHC run, the results for the 20b~ luminosity data were obtained. The Higgs resonance for the
di-photon channel as measured by the ATLAS collaborati@¥|[is presented in the left panel of
Fig. 2.8

The combined fit of the measurements in various channelsiimaed to be 125.5- 0.2 79,

with a combined signal strength, definedias- (o%giw of 1.43+0.16(stati+ 0.14(sys) 139.

The CMS collaboration reports the combined best fit massevalbbe 125.70.3(stat)+ 0.3(sys)
corresponding to the channegly,ZZ,WW,bb, 1. The reported signal strength is quoted to be
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Figure 2.7:The Higgs cross section(left panel) and cross section tionasching ratios(right panel) 103 at 8 TeV
LHC energy.
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Figure 2.8:The Higgs mass discovery plot for ATLAS (left panel) infthe yy, and the signal strength for various
channels 139.

0.84+0.14 [L40).

2.7 Beyond Standard Model and supersymmetry

2.7.1 Shortcomings of the Standard Model

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

e The hierarchy problem : As observed earlier, the one lodpeselrgy corrections lead to an
unnaturally large value of the Higgs boson mass, if SM isagdtated till the Planck scale. To
achieve the correct Higgs mass at the electroweak scalesaus a fine cancellation between
the bare Lagrangian and the renormalized Lagrangian, #adirig to a fine tuning of the
theory.
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e It is now well known that the universe contains a significamportion of dark matter and
dark energy. SM does not offer any candidate particle toam@uch a large amount of dark
matter.

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

e The SM does not explain the observed asymmetry of mattenaettier in the universe.
e The SM does not explain the masses of neutrinos.

Due to the above deficiencies of the SM one would like a thedrighvexplains these issues.
There are several examples of BSM theories that have atrattention over the last few decades,
each with its pros and contras. Some of the most widely stiu8&M scenarios are listed below.

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

e Extra Dimensions These come in various varieties. The first of these is thaArkamed-
Dimopoulous-Dvali(ADD) model141], which advocates that the SM fields are confined to
four dimensions, while gravity propagates in additionatsg dimensions that are large com-
pared to the Planck scale. The second of these is the Ra&aiadlrum model147, which
assumes that the universe is part of a 5 dimensional antietdsrane in which SM fields live
in the (3+1) dimension, while the graviton propagates in'ti@ped” 5’th dimension. These
models bring the scale of the new physics to a lower value.

e Little Higgs Models : This is based on the idea that the Higgs boson is a pseudo iNamb
Goldstone boson that arises from the breaking of a globahsstny at the TeV scalelpi3-
145.

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

2.7.2 Motivation for supersymmetry

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

Z =xh(a)?+..... (2.7.1)

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

4
d k[ L L o (2.7.2)

_l.
2 2
2t | k2—mg  (k2—mg)
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a) . b) RO

Figure 2.9: Diagrams for the contributions of a)fermions &)scalars to the self energy corrections of the Higgs
boson.

The first term, which is quadratically divergent can be cdadevith the SM fermionic contribu-
tioni.e I'I:‘h(O) +M{.(0)=0, if the coupling constantk, = —A2.

The remaining part of the divergence includes logarith@iots. Requiringn, = my,, the one
loop contribution can be written as,

ﬂ;h(O)—i—I'Iﬁh(O) = —l—[ 2m,2< In—2>_|_4mf2|n_2

m?2 m2
M2 ® 21N —?
+2 w(l—lnm> -4 (pln?],

which vanishes iim; = my,. If we have scalar counterparts to fermions, with fermiorkata
couplings equal to the quartic couplings to these scalaesyhe loop quadratic divergence vanishes
exactly. Thus the fine tuning problem in standard model iedwr in the worst case if SUSY is
badly broken, the level of fine tuning is modest. The esselfidhi® exercise, is to introduce
supersymmetry(SUSY), the details of which are describ&chapter3.

20



Chapter 3

The Minimally Supersymmetric Standard
Model

3.1 Formal Aspects

Historically the first attempts to construct a theory withyansnetry relating bosons to fermions
were studied in 146-14§. The algebraic aspects were developedlnd 149. The first su-
persymmetric field theories were developed by Wess and Zufdind along with Salam and
Stratdhee151]. The mathematical construction leading to the violatibthe Coleman-Mandula
theorem |52 was provided by Haag, Lopuzanski and SohniiSJ. The formulation of the
Minimally Supersymmetric Standard Model(MSSM) was firstdé¢d in [L54. The successful
resolution of problem of gauge hierarchy was addressetl56-{157]. The subject of SUSY has
found its way into the textbookd $8-161] and is too rich a subject to be covered in this thesis in
detail. The attempt here is to follow the theoretical depatent to a phenomenological approach
and finally make a connection with the experimental searcleshe following section a brief
description some of these formal aspects is discussede 8ir@amount of literature in the subject
is enormously large to be covered here, we referl&B8f161] and references therein with due
apologies.

The free Wess—Zumino model and Superspace

We start by analyzing the free Wess—Zumino model consistiaggomplex scalar and one fermion.
In all our subsequent discussion, the two component notatall be used. The Lagrangian for
the Wess—Zumino model can be written as,

& = (0u®)(0u@)* +iEaHd & —mPero— 2(55 +&TEM). (3.1.1)

In the above equation spinorial indices have been suppmtesigh the contractions defined
as Px = Y2xa and it = lx™. The Lagrangian in E§.1.1is invariant under the SUSY
transformations,

Sp=¢e&, & =—ioHa et —mo'e, (3.1.2)

wheree is a constant two component spinorSinceg and& have mass dimensions of 1 and 3/2
respectively, the spinag has a mass dimension of -1/2. These transformations implyttiese

. . 0 1 0 -1
1 ab
he two component is defined ag®® = ( 1 0 ),sab = < 1 0 >
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fields acquire infinitesimal components in each others tioecthus providing a framework of
"superspace" with fermions and scalargo find the algebra of SUSY, we construct the commu-
tator [Jg,, O, ¢@. This can be worked out using the SUSY transformations i3 EcRto obtain,

e, O, |0 = 1aH P00, (3.1.3)

whereaH = i(£1c7/~‘£2T — 820“81). This is reminiscent of the ordinary space time translatiith

the infinitesimal parameter given loy,. Noting thata,, is real, one could extend the notion of

ordinary spacetime to superspace to include "fermionicdisions” agx", 6;, 9;), wheref is the
spinorial dimension of the superspace. They oBg¥ = 6,64, and@l2 = 0. As a consequence no
function of fields expanded in terms of these Grassmann gajuantities can have more than four
6. The superspace transformations are implemented by dengand

xH 5 xH—ifote +icaHoT,

ea — 9a+£a,

t t 1

ol - oltel. (3.1.4)

The commutator of two translations can now be written as,
[8e,, O, ] XH = 2i(20He] — e1aMel). (3.1.5)

The above equation is the geometrical realization of thegace with the co-ordinated’, 6,, Bg).
Note that{d,, J,]6 = 0, implying that the translation is only in the bosonic pdrthe theory. The
charges that generate SUSY are defined as,

Qa=—i(da+ic! 6™3)), Q) =i(da—i6°dt y),

with the algebra,
{Qa,Q[} =2idt 9. (3.1.6)
A generic SUSY transformation can therefore be denoted by,

Q|Fermion = |Boson, Q|Bosorn = |fermion). (3.1.7)

Superfields

The consequence that a general function cannot have maréaaanti-commuting s, leads to
the fact that the Taylor expansion is finite. We can there¢aqgand a general "superfield” as,

F(x,0,0") = 0(X)|g_gt_o+ V20E(x)+v20"xT(x)+06M(x) + 6TOTN(X)
+90“6TA“(X)+969TAT(X)+9T6T9n(x)+%969T9TD(x). (3.1.8)

One would also like to define analytic superfields to truntlageabove general expression by
demanding that is independent o8 (or equivalentlyd), i.e ,04‘9_7:? = 0. Under this constraint,

F = @(X) +V20&(x) + 6F (x). (3.1.9)

2The bilineara*¥ = 1[o*,0"].
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Note however that in this case, the constraint operﬁg)fails to commute with the charg€x Q'.
Thus the operator cannot be deemed to be supercovariamiriggthe "supercovariant” derivative
as,

. 0 :
Ta= 555 —1(00)a0y, 7=~z +i(60H)ady,
the following relations are obtained,
{2.Q}={2.Q"} = {2".Q} ={2".Q"} = 0,{ %%, 7]} =20}, 0,. (3.1.10)

Thus QEICD = 0 is a supercovariant constraint. Thus a superfiels deemed to be chiral if it
satisfies@;CD =0, and antichiral if it satisfie,®" = 0. We can also shift co-ordinates frodh
toyH = xH —i60* 8T, to observe thaw.yt = 21y = 0.

The chiral superfiel®(y, 6) can be expanded as,

D(y,0) = @(y) + V20&(y) + 66F(y), (3.1.11)

where F is an auxiliary field.

Sueprspace action
The ordinary space-time action is written®is: [ d*x.Z. In superspace the action is given by,

S = / d*x 426 d26" £ (v, 1. (3.1.12)

The integral oveB, 8" can be performed by the rules of Grassmann (Berezin) irtiegra The
action for chiral or antichiral fields can be summarized as,

S = / d*x ¢26.2(®) +c.c. (3.1.13)

For the free theory a suitable kinetic term is the quadratfression®®d’. Note that this is a
general superfield. The action for this quadratic can bdevrias ,

S— / d*x d?6 d26" [®d]p. (3.1.14)

as only the D term in the expansion®fb' remains after integration. Also note that the since the
df has mass dimensions of +1/2, the whole expression is dim@ess without a coefficient. The
mass term originates from the F term action,

S = / d’x nP[d20 @2 + d26 012, (3.1.15)

Note that the fields F and D are auxiliary and have no dynami¢sem. It should therefore be
integrated out using the equations of motion. It is necgssamaintain the on-shell and off-shell

3To integrate a general functiof (t,0) = f(t) + 6g(t),

./ﬁ(t, o) - '/de(f(t) +og(t))

= f@) /d9.1+g(t) /dee.
JdB6= [d(B+¢€)(6+¢€)= [dB.1=0. Normalization giveg d66 =1
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degrees of freedom in a superfield. It can be observed thshelh-the complex scalar field, which
has two degrees of freedom matches the two spin polarizegdftéhe fermion. However an off-
shell Weyl fermion is a two component object with four reafjaees of freedom. Therefore the F
and the D terms are required to close the SUSY algebra.

For interacting theories involving, ®', the D term action can be written as,

/ dx 26 d26" ¢ (@), ®)).

The function%/(¢i,q>?), is a real function of the superfields termed as the Kahlezrgatl. Simi-
larly the most general F term is a holomorphic function andlwawritten ag d*xd?0# (®) +-c.c
. The free theory is given by,

H (@, ) = o'

Additionally the function?”’ (®) = %CDZ contains mass terms and auxiliary fields. The functions
2, % should have a sensible expansiomim an interacting theory. Written in terms of ordinary
fields, a Taylor expansion yields,

/dzedzeT%(qai,an) — 5 (0.97) 0@ P g ..,
where the notatiot#’jj (¢, ¢*) implies a double differential with respect to the fielgls

Vector Superfield

One can define a vector superfield by demanding the conditieatity from Eq3.1.8 % = T =
V(x, 8,87). Therefore,

V(x,0,8") = C(x)+v2(0&+87ET) +[66M(x) +6T8TM*(x)]
+00HBTAL(X)+[066AT(x) +816T8(x)A (x)] + %BGQTBTD(X)(B.LlG)

Observe that i is a chiral superfieldd + &7 is a vector superfield. Expandinp(y“,8) and
adding its complex conjugate we obtain,

®+d" = 2Rea)+V2(0x+c.c)+ (66F +c.c)—200467d,(Im(a)) —

(690“9*0,1)(4—0.0)—}5 Rea). (3.1.17)

[
V2 2

To investigate a possible gauge invariance on the superfiefsidery —V + ® + ®'. One
can make the following transformations,

C—C+2Rga), £ > &+,
M—=M+F, Ay — Ay—20,(Im(a)),

|
D—-D-0ORga), A A ——aH,x". 3.1.18

Therefore the fields C§, M can be gauged away by an opportune choicRgtr), x, F. This
gauge is known as Wess-Zumino gauge. However it is not pesilpauge away,, with one
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parametenr. We realize that ,, M are not physical degrees of freedom and hence can be gauged
away. One can also realize th#gf is a U(1) gauge field. Redefinirfg(x) = —2Im(a), one has the
gauge transformatiomy,, — A, + dy B . Finally defining,

i
A= A+—0cH9, & D— D+IC,
V2 hs

it can be realized\, D are gauge invariant fields. Thus the fieRga), x, F can be used to
fix the Wess—Zumino gauge. We can perform U(1) gauge tramsfioon in Wess—Zumino gauge
using®+ o, with Rga), x, F = 0. Thus after the redefinition we can chose the fields such that
Ay — Ay+9uB whileA — A, D— Dremain unchanged. The gauge part of the vector superfield
is,

V=..+00"9"A,+...+066"AT. (3.1.19)

The kinetic term for V can be written as,
% / 26 / 2eotaov gt .

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

1, 1 i
SD?— ZFuF I+ 220 g, ).

It is easy to see that V is an invariant of the superspaceractiaer the transformatiovt —
V +i(A—AT), whereA(AT) is a chiral (antichiral) superfield.
The kinetic term can be expressed in a slightly asymmetsicitan as,

1
= / 4260261 (2 2" 2V 2V + co)o,

where integration over the Grassmann co-ordinates leanrgshee D term of the above expression.
DefiningWs = —3 2" 2" 2.V, and the corresponding conjugate, the kinetic termis,

—% / 26020 (WA Z,V +c.c).

W, thus has mass dimensions of 3/2. We immediately recogdif#\]) as a chiral (antichiral)
superfield agz™W, = Z,W™ = 0. W, can be expanded as a chiral superfield with a spinor index
in the following way,

Wa(Y, 6) = Aa(y) +D(y)6a— (0% 6)aFuv +166(aHduA")a. (3.1.20)

Thus it can be observed that the D term has appeared as tlgcoeneof 8, while the gauge field
A, appears as its curl, namehy,. Thereforé\; is itself gauge invariant, with,

V SV Ei(A—AT), Wa s Wa— %.@T.@T.@a(/\—/\*).

HenceW, and its conjugate play the role of gauge invariant field gjtles. In abelian gauge
theories this mimic#\,, where the gauge potential just shifts by a derivative. itloa checked by
expanding/\; in component fields that the F term of the following is given by

1., 1

1 i o
2 WAWs - c.Jr = D 21|:,N|:“V+12)\a“ du). (3.1.21)
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Therefore modulo surface terms the following identity lsabétween the F and D terms,

/ d*XWAW, + ¢.CJ = / d*X(WAZLV +c.0)p. (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) bjrageg — €9 BX ¢(x), where
g is the coupling constartt,are the charges of the fielgsand3(x) is the infinitesimal parameter
of local gauge transformation. In superfield formalism,ttla@sformation can be written as,

i — & 2% \0D(y,0), ©f - &2 NV ey, gT),

where bothd (d1) andA (AT) are chiral(anti-chiral) superfields. Sinde(®") is chiral (an-
tichiral) superfield, after a gauge transformation it hastoain a chiral (antichiral) superfield and
henceA (AT) has to be a chiral (antichiral) superfield. The phase isshpsrfield valued. Observe

that the combinatio ®; is not supergauge invariant g8 ®; — 29 (/\T_/\)q)iTCDi. We are thus
obliged to put an exponential coupling in V to express theggaanvariant kinetic term as,

oV,

and hence the kinetic term is invariant under the gauge foemationsV — V +i(A — AT),
while ® and®' transforms as noted above. The full action for an abelisrauting theory can be
written,

Subelian— / d4x[ / dzedzef(mﬁégﬁv¢i)+% ( / dZGWaWa+c.c> + ( / d267/(¢i> ook +n] / d20d26™V]

(3.1.23)
where the last term is known as the Fayet llliopoulous D tdfrpanding in component fields and
integrating over the Grassmann co-ordinates yields thedragan density,

1 1 [ < . . .
¥ = §D2 — Z,FN"FW + é/\a’“‘ duA+nD+i&oH (0, —igtiAy) &+ (0 + |gtiA“)<m2+
1
RF*+ (#F+c.c)— (éfifj%j +c.0)+v2gt(A TEiqu +cC)+gtj@®D.  (3.1.24)
Thusé is conventional fermion ) is the gaugino an@ is the sfermion. Ilfg gets a vaccuum ex-
pectation value(VEV), the Yukawa term would generate a rtexss with generic mixing between

gauginos and matter fermions. The other mass terms orgyiinan superpotential derivatives
coupling toé. The auxiliary fields can be integrated to yield,

F*=—%i D=—gtlal*—n.
Substituting back in the Lagrangian (BdlL.29, the scalar potential can be written as,

V(. ¢") =RF'+D? = |#i(g)[*+ 5(n +gt|al?)>?. (3.1.25)

The first term in the Eq3.1.25is generated from the F term contribution while the secoathfr
the D term. Clearly the scalar potential is positive definite
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The non-abelian gauge fields can be constructed in analotyytihe Yang-Mills theory, i.e,
A, — AZ, where a runs over the adjoint of the group in question.

The vector superfield for the non abelian case is an exten$tbie abelian one, with/2(x, 8, 67),
where a =1,... dim(G), where dim(G) is the dimensionalityhaf gauge group. The generators sat-
isfy [T2 TP) = fabeTe, with normalizationT r(T3TP) = T (%) 62 in the representatio®. Therefore
the matrix valued superfield V is defined as/as 2g S VaT2. The non abelian gauge transforma-
tion A" in ordinary space is extended to the superspace by repltwrfgrmer withe?9"\"T",
Defining A = 2igAaT2, it can be observed that the group elemerd’ls The vector superfield V

thus transforms as,
— i T = .
g/ e Ne'eh

The non abelian field strength is given by,
Wy = %@T@Tev Ine’.
Noting that V transforms a&’ — e~ A\'e/d\" Wi, transforms as,
W —s e AL,
Thus the choice df\, preserves the chirality &fk. In the Wess Zumino gaudg is given by,
Wi = Aa(y) +D(y)6a— (oM 8F,y (y) +i686(0DyuAT(Y))a,
whereF,, is the non abelian field strength and,

whereA is in the adjoint representation of the gauge group.
The gauge invariant action for the non-abelian gauge themmybe expressed as,

1
16T (%)

/ (d2OTr(W'aL +c.c) + / 204261l (& ;! (3.1.26)

where the index | runs over any number of copies of non-abaj@uge groups. For SM
fermions this index runs over 3 generations of fermions evhig the spinor index.

Note that for an SU(N) gauge theory TA¥0, and hence the trace over the Fayet lllipoulous
D term of the vector superfieldr(D) = Tr(T2D,) = 0.

3.2 The Minimally Supersymmetric Standard Model(MSSM)

3.2.1 Field and particle content

To build the MSSM the following superfields are introducedrtcorporate particles and "sparti-
cles". Note however that for sfermions, which are scal&estérm chirality is a misnomer and only
denotes that they are superpartners of the correspondirad fdrmion. In the next few sections,
spinor indices will be ruthlessly suppressed unless exXigli@quired.

The following prescription for the fields is followed,
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e Chiral Superfields : For the left handed doublet sleptons,
Le =& + V206 + O6F,

where the superfieltle has an index that makes it the lower component of the left éénd
doublet. The left handed positron superfield is similarlyethE;, which means antiparticle

but not complex conjugation. Similarly for the left handeautlet squarks we have the
following superfield

Qu = U++/260, + 66F
along with the left handed;.

e Gauge Superfields: These fields transform in the adjoint representation ofréspective
gauge group. The first of these is thi€1)y gauge superfield, i.eBf) and the BinoB).
The electrowealSU(2). sector contains the SM gauge bos®¥$ and the corresponding
Wino(W?). Finally the SU(3) sector contains gluorgg ) and the gluinosg®). These fields
are embedded in the vector superfieldsV?(2),V2(3) respectively.

e Finally the Higgs sector of the theory, which has two doublgterfields 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 fiel83W requires at least two Higgs
doublets. To realize this necessity, notice that in SM thkawa couplings for quarks can be

written as, B B
~(FU(@Lp’d+ @ (@redr) — (fUaLeuL + Y (Gre!VTr),
for the down type and the up type quarks respectively. To tedcbrresponding SUSY ana-

logue, note thaty_ is contained inQ, while d., u, is contained inD; and inU; respectively.
Yukawa interactions in SUSY originate from chiral supedseand thus ifp® is in a chiral super-
field, ¢ must be a part of an antichiral superfield, and the two arelgleautually incompatible.
Thus the only way to reconcile the two is to put them in segechtral superfieldsl; andH, such
that the Yukawa couplings can be written as,

—fd/d29 Q;H;D; +c.o— f*”/d26 QiH,Us +coc,

h+ hO

WhereHg:( h% ) and H = ( hl ) :

The second reaéon as to why twolHiggs doublets are requihemmsconsiderations of anomaly
cancellation. With one Higgs doublet and its counterpaygikino fields the anomaly, proportional
to the cube of the hypercharg@a(YF?), is non vanishing. Note that the superfields contain the two
scalar Higgs doublets and its SUSY counterparts, nameliigfgsinos which are chiral fermions
with opposite hypercharge assignments, hence ensurirngkation of the anomalies. Note how-
ever that the gauginos do not contribute to the anomaly gsatteein the adjoint representation of
the gauge group and hence are real like the correspondimgegeutners. The particle content is
summarized in Tabl8.1

Therefore assuming no SUSY breaking the MSSM Lagrangianbeawritten as (extending
Eq3.1.29,

Lyauge— % [ 620 (WO -+ TrHORARR) + TrORARE)), (3.2.1)
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Superfield| Particle  Spin| Superpartner Spin

Q (u,d), 3 (G, d) 0

Matter Fields K Ug : (i 0
D° dg l da 0

L (v, e 3 (V. &) 0

EC Ex : & 0

VY By 1 B :

Gauge Fields|  V3(2) W, 1 Wi :
V3(3) G 1 i :

Hy | (). HD) 0 | (A2 HD) 3

Higgs Fields H, | (H, HY) o0 (Hy, HY) ]

Table 3.1: Field content of the MSSM.

Zmatter = %/dzedzeT (LTe(glvyy+\72) Li) + E_iTe (0Wy) E, +Q?e(glvy+\72+\73)Qi +..., (3.2.2)

2 _
Fhtiggs = / d20 d2e' ZHi‘fe(gleWVz)Hi. (3.2.3)
i=

Eq. 3.2.1contains the gauge kinetic terms for the U(1), SU(2) and $pé8t of the theory.

The matter sector in E®.2.2contains the kinetic terms for lepton doublgj( invariant under
the SU2), x U(1)y part, while the corresponding kinetic part involviBgin Eg. 3.2.2is invariant
only under the Y1)y part. The quark-squark follows the similar pattern analsgm SM. The
Higgs sector in Eq3.2.3runs over the two Higgs doublet superfieldis Ho.

Finally the Yukawa and the interaction terms in the Higgsldeuis written with the following
superpotential term,

Zsuperpotentia™= _/dze(_UHl-HZ_ fi(jz)l—iHlE_i_ fi(jd)Qi-HZISj - 1:(u)QiHZU_j) +c.c, (3.2.4)

whereH1.Hy = eabeHg. Note that the Yukawa structure necessarily implies thatoirarks
and squarks within the same superfield obtain the same mastastheH;.H, term is hyper-
charge neutral as the two chiral superfields have oppospierbijarges. Notice that objects like
H1.H1, H2.Hy vanish once indices are contracted.

In the SUSY Lagrangian we have ignored certain types of actesns. These are terms like
Li.Ho, Li.LjEx, UiD;Dy or L;.QjDy which respect SUSY gauge invariance and have no analogous
SM counterpart.

We would however like to suppress these interactions in timemal version of SUSY as they
do not appear in the SM. These terms also lead to rapid pre&tosyd The suppression is achieved
by a discreteZ, symmetry known as R parity under whith E;, Q;,D; are odd andH1,H, are
even.
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The idea is to realize that since superspace contains camngri@ionic co-ordinate®, it's
natural to consider phase transformations,

6, — €0, 6 »elvg].

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

d(x,0,07) — @' (x,0,0") = el p(x 76,717 6T),

where® = ¢++/26& + 66F.
Thus to implement the above symmetry, the component fields satisfy,

9 dRog £ diRo-Dg F_, daRe-2E (3.2.5)

with the transformation of the measure bedf® — e 2%d26.
As an example, the interactiom [ d?6®? is invariant under R symmetry with the assignment,
Re = 1. The component fields therefore transform as,

©p—€e%, E & F—e'F
After removal of the auxiliary field this reduces to,
(MPe* @+ méE +c.c),

which is clearly invariant under the phase rotation and isa@malous as the phase rotation does
not act oné.
However the following problems are integral to imposing asyiRimetry,

e R-symmetry is generically anomalous once we have gaugsfield

e Vector multiplets are neutral, implying that gaugino tfansis with a phas@ — €9. This
forbids Majorana mass terms like\ for gauginos once SUSY is broken.

Hence R symmetry as an U(1) global symmetry is constrainedweder theZ, subgroup,
termed as R-parity is non anomalous and can be imposed asraetpyn In MSSM R parity is
implemented af = (—1)(38-1+25 where B is the baryon number, L the lepton number and s the
spin of the particle.

Quantities likeLj, Ej, .. are odd under R-parity whild1, H, are even. Hence it forbids unwanted
couplings likeLiQjEx. We thus assert that MSSM preserves R-pdtityAs a consequence the
lepton doublet superfielde, which is odd under R parity has the scalar component, nathely
selectron as odd and the SM fermion even. Thus SM partickes\an under R parity while the
corresponding sparticles are odd. Since the Higgs supkiietven under R parity, the scalar
component is even while the higgsino is odd. Under R-patiitg, vector superfield transforms
A, — Ay, while the corresponding gaugino transformsias: —A. The consequence of this is
that superpartners must be produced in pairs and henceatitedt superparticle must be stable as
it is the lightest R-odd state.

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

Notice that the formalism of MSSM thus developed predictd the chiral multiplets that occur
in the same superfield must necessarily have the same maissis Tilm clear contradiction with
experiments and thus SUSY must be broken. SUSY breaking coméer two broad classes;
firstly classical, which implies that the SUSY is broken saoreously by the minimization of the
classical potential analogous to the SM. The second ogitmachieve it dynamically by quantum
corrections.

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

3.3.1 General aspects of SUSY breaking

Note that the SUSY algebra can be written 854, P, = %ZaBaT{Qa, Qg}. The Hamiltonian can
be expressed as,

1 1
H=Py=2{QuQf}+;{Q.Q}}.

Thus for any statén) the expectation value of the Hamiltonian can be written as,

2
(@Hla) = 5 5 3 (a1 -+ (alQfn )

The total energy is thus positive definite and invertibleasgylas SUSY algebra is intact. The
SUSY vacuum state can be defined@s, with the condition that it remains invariant under SUSY
transformations namely under the infinitesimal transfdroma

3|Q) = i(%Qa+£1Q™)|Q) =0,

implying Q3|Q) = Qa|Q) = 0. Therefore the SUSY vacuum must have vanishing total gnerg
The scalar sector of the theory which is described by a congalalar field has a physical vacuum
configuration corresponding to a minimum of the effectiveéeptial V (¢), including quantum
corrections. We thus assert that SUSY breaking correspgoralglobal minima o¥ (@) such that,
SUSY is broken either when,

QalQ) # 0 0r QjQ) #0

As a digression we mention a toy SUSY breaking scenario. i@enshe chiral superfield
® = @++/20& + 06F, and the SUSY transformations that leave it invari@gt~ €&, 6& ~
e'oHo, @+ eF anddF ~ eTakg,é.

It is obvious that to break SUSY one of the terms in the chivglesfield must have a VEV,
such that the variation @b does not leave it invarian€ cannot get a VEV as it destroys Lorentz
invariance,

while if ¢ gets a VEV it has to be a constant VEV and hedge = 0. Hence the only quantity
left is F which develops a VEV to break SUSY. We note theretbet for a chiral superfield, the
only term that can get a VEV is the F term, and thus the conftgura(Q|F|Q) > | = A2 # 0,
leads to SSB in SUSY. Since F has mass dimensions/af @an be identified by a mass scale. For
the vector multiplet, we must hayéQ|D|Q) > | = AZ # 0.
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To construct a superpotential with a set of interacting diglds®;, note that any superpotential
of the form# = 3m;; ®®; + £ fij Pi P P without a linear term ir fails to produce a suitable F

term required for SUSY breaking. In such a c&Se= —%, can be made 0 with the choice of all

expectation value&b;) = 0.
A widely studied SUSY breaking scenario is the O’Raifegtta model [L62Z. This is given
by the superpotential,
W (D1, Bp, Bg) = MPoPg -+ APy (DF— 1),

For simplicity m A, u are assumed to be real. The equations of constraint are lgyyen

Fi'=—A(@—12), F5=-m@, F5=-mg—22¢igs.

It can be observed that there is no consistent set of sokitidrich can make all the F’'s vanish
simultaneously. Thus F is always non zero everywhere ingtlspace including the minima of
V (@), thus breaking SUSY. The scalar potential in O’Raifeattaignodel is given by

V(@ @2, @3) = |A (@5 — p?)[>+ 0P @5 + [Mgp + 2A g1 ).

In this model however model the supertrace, defineSagn?) = zi/zzo(—l)ZJ(ZJ +1)mé, (where

J is the spin and the sum runs over all the fields in the chirdfiphtet) vanishes. It will be later
shown explicitly that the vanishing of the supertrace leexdphenomenologically inconsistent
results, and in order for SUSY to be broken the supertrace beuson zero.

SUSY breaking can also be triggered by the D term in a vectoerdield or a combination of F
and D term with coupled chiral and vector superfield. We thkeup 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 writsen
1
_ 12, = tTa, )2
vV = IZW,J +52 (N+9 T )
_ “:|2+} D3D2 (3.3.1)
= Z i 5 Z : 3.

A minimization of the scalar potential leads to mass ternigtie fermions and scalars (both
left handed and right handed sectors). The squared mask maye components consisting of
superpotential derivatives and derivatives of D terms. ®urg up the contributions from the
scalar fermion and the vectors the supertrace formula cavritten as,

STH?) = Tr(mP)s—Tr(mims +c.c)+3Tr(m)
= —2TrT*D?).
However it turns out that even this violation of the sum rdenot enough to realize MSSM
with spontaneous SUSY breaking.

In MSSM this sum rule amounts to taking the trace over the gaugups of S2), and U1)y.
Thus,

S TH1iP) = ~2(62T5(D%) + 1 (D).
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Summing over the hypercharges and isospin of the lepton famaheutrino superfields and
similarly quark superfields,

STHME) = g2(D% +a1(DY) —2¢"(DY)
= g2(D°%) — g (DY),
STIM]) = —02(D% +01(DY),
STIMZ) = —02(D% +01(DY),
STIM3) = (D% —ai(DY).

Therefore the supertrace over the lepton and the quarkfeelgeeads,

STHME) +STHMS) = mg—mg+m; —ng = O,
STHM32)+STr(M3) =mg—mg+mg—mg = 0.

The above statement is true even after D term SUSY breakimgs, Blthough asserting that this
was the most general D term breaking and in spite of the fatthtie D term breaking did split the
individual multiplet, the supertrace over the full mulgplanishes. Thus in every generation some
squark/slepton is lighter than the corresponding quarkisl@ptons and contradicts experimental
observations.

3.3.3 Soft SUSY breaking

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

The general idea is to assume that there is a hidden sectetds fin some high scale unbroken
theory which are singlets under the SM gauge group. SUSY eapbntaneously broken there at
a scale\s. SUSY breaking is then transmitted to the visible sector(BWa set of fields called
"messengers”. Thus instead of abandoning the SSB altageétlepassed on to a higher scale
theory. It is generally true that the scale of the messengkisfimust be at least two orders of
magnitude higher than the SM scale. Hence if we integrateh@uhidden sector fields from the
gravity mediated interactions what remains of the theont&@ios the MSSM Lagrangian with the
addition of soft SUSY breaking terms. As it turns out the tesoft refers to the fact that the
Lagrangian should only consist of terms with mass dimerssiess than or equal to 3 so that we
do not introduce terms that bring back quadratic divergemge play. With these the most general
soft SUSY breaking terms can be written as,

. 1 1
Lsott = §0”ﬁfijr(Ci(n—éBij(nch+§fijkfﬂfpj<n<)+0~0

—%(MAa}\aJrc.c). (3.3.2)

The first line in Eqg.3.3.2involves mass term for scalars and interactions of scalarewhe
second line has Majorana mass terms for gauginos. Notehia &re no mass terms for ordinary
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fermions. A bilinear lik€;; +c.c can be obtained from the scalar bilinear and a bilinear inug|
chiral superfields. It can be shown that if chiral gauge digids are present the mass terms for
chiral fermions no longer happen to be soft. Note also thexetiare no terms of the forpi @ pas
they tend to generate quadratic divergences from tadpatgalins.

In component form the content d¥so1; In MSSM has contributions from the squark/slepton
mass terms in the sfermion sector along with the gaugino laadHiggs mass terms. In addition
there are trilinear terms involving the Higgs and the sfermsi Note that there are no single scalar
terms of the fornC;@ as there are no such gauge invariant terms in the SM. Therdarfte/so+
can be written as,

— Zeoott = G (AG)ijGj + UR" (A2)ijUir + dir" ()i dir+ i (A7 il
+ER" ()i} R + [Ny fiL (F°A%)ij€ jr + ho.Gi (FIAT " R
+GiL-hp(FUAY)j U jr -+ h.c] + m&|hy|? + m|hy|2 4 (Buhy.hp + h.c)
+%(M1I§I§+ MWAW2 4 M3§?§?) (3.3.3)

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

3.4 Hidden Sector models

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

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

e Gauge mediation (GMSB): SUSY is broken in the hidden sect@ et of gauge fields. The
lightest SUSY particle in this case turns out to be the grrawit

e Anomaly mediation (AMSB): SUSY is broken in the hidden setipSuper Weyl anomalies.
The LSP in this case can either }s@, which is almost degenerate with the next to leading
SUSY particle, or the sneutrin®y).

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

In terms of economy and simplicity, the most widely utilizaddel of hidden sector SUSY break-
ing is the gravity mediated breaking, namely the minimaksgmvity model 163-16§. So far we
have considered N=1 SUSY under invariant under a global sgtnymElevating the infinitesimal
parameters of transformation to being local functions @fcgtime coordinates requires to treat
the spacetime metric as a dynamical object. The simplestyhehich achieves this is Einstein’s
theory of General Relativity.
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The supergravity multiplet for N=1, D=4 consists of the spojuantized particle of gravity, namely
the graviton , and a vector-spinor of spin 3/2 denotealrﬁymown as the gravitino. The problem
of constructing locally supersymmetric Lagrangians fag upergravity multiplet can be tack-
led in two stages, namely to construct the globally supersgtric Lagrangian and then use the
Noether procedure to turn the global symmetry into a local on

A detailed derivation is beyond the scope of this thésiand merely the salient features are
sketched. The supergravity multiplet is constructed otthefEinstein-Hilbert action for the gravi-
ton and the Rarita-Schwinger action for the gravitino wentin terms of the affine connections
and vielbein quantities defined in terms of the spin connedi. The interactions involving
chiral (matter) and vector (gauge) superfields are writteterms of the Kahler potenti&g, a
gauge singlet function of complex scalar fields and the gaugaic functionf,y,, where the gauge
group indices a and b transform as the symmetric product ofadjoint representations. The
second derivatives & determine the form of kinetic energy for chiral superfieldsle f,, deter-
mines terms for the gauge superfields. Canonical kinetigygrierms correspond Eé’ 6,‘ and
fab = dap. IN general the supergravity Lagrangian is not a renorrolezane.

A SSBinthese locally supersymmetric models take placeiftterm of the superfield develops
a non zero VEV. This results in a massless fermion, the gaolasthich is subsequently eaten by
the gravitino to acquire a mass given by, = Mpe~ (/M5 thus increasing the degrees of
freedom of the gravitino from two to four. The masses for tt@la and the fermion sectors can
then be computed, by treating low energy supergravity idithié of Mp; — o holdingmg,, fixed.
Thus one can follow the following ansatz for the minimal sigpavity model. The first of these
assume universal SUSY breaking parameters for the scalar skerived from the Kahler metric,
namely,

”ﬁznﬁaj,AiijAo, Bij = Bo (3.4.1)

Since RGE of the soft parameters evolve differently, thevabhelations do not hold at all
scales once quantum corrections are taken into accountalidwee relations therefore should be
interpreted as boundary conditions at scales just b&lgw For the gaugino masses, since gauge
couplings unify at a scale close Mgyt ~ 10 GeV, it is reasonable to assume that the gauge
kinetic functionfyy at this scale is proportional @&, This implies that all gaugino masses can be
assumed to acquire an universal valud/f(McuT) = my /2. Therefore these universal boundary
conditions when evolved with RGE equations yield the lowrgnapectrum. In general spectrum
calculators like SUSPECT use a two loop RGE to evolve a geriegh scale SUSY breaking
model down to the electroweak scale.

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

M1(100GeV) ~ 0.41my 5, M2(100GeV) ~ 0.82my , M3(500GeV) ~ 2.6my .  (3.4.2)
The gaugino masses therefore follow the relationshipgfor M1, My),

1

1
mxg 2 ngxli ~ émg (3.4.3)

5 For a detailed discussion consulB-16¢ and [169-171]
6 The Lagrangian for the mSUGRA multiplet can be writtel.gs= Lg -+ Lrs, WhereLgy, Lrsare the Einstein Hilbert and the Rarita Schwinger
contribution respectively. Written in terms of the vielbgiquantities this reads,

1
|e\d;eo +25“VPAWV%Vqu‘PA
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The gluino mass is approximately 2.5-2.8 tinmes,, depending on the choice of scale. The gluino
pole mass receives corrections from the squark sector andghly given by 159,

az(Ma) my
1+——=115 —
* 4 ( * % M3
On the other hand slepton and the squark masses receivécsighcorrections from the gaugino
sector. As an example, the selectron and squark massevanebyi[L59,

m5®'® = Ma(Ms) . (3.4.4)

mg,(100GeV) = mg+0.15mj,, + Dterms (3.4.5)
mg (100GeV) = np+0.53m;, + Dterms (3.4.6)
mg (500GeV) = mg+5.6n%, + Dterms (3.4.7)
m§.(500GeV) = mg+5.2mi , + Dterms (3.4.8)

The D term contributions are not significantly large. In taegemy, region, the squarks and
the gluino are almost degenerate to each other. This hagtamp@onsequences in collider phe-
nomenology, as we shall explore in ChapferNote that although the Yukawa couplings of the
first two generations of squarks can be neglected, the tleimémtion Yukawas are significant and
play a role in radiative electroweak symmetry breaking. [Enge hierarchy between the unifica-
tion scale and the electroweak scale%% = 33), also make it easy to obtain values of a negative
eigen value in the Higgs mass matrix (Zsbé.l) by RGE running, required for EWSB. Generally
the soft parametdy is traded fortanB and thus the set of parameters that completely determine
MSUGRA/CMSSM areng, my ,, Ao, tanB, sgn(yt). The EWSB conditions can be expressed as,

Lo ME-rBarp o

SVzZ = tare (3.4.9)
In terms of the mMSUGRA parameters this is given by,
1
5MZ = comg -+ c1mi 5 + CoAG + cama 280 — |, (3.4.10)

wherecy, C1, Cp, C3 are numerical coefficients. Thus given the high scale vabfie®), my /2, Ao,

the higgsino mass paramejef is determined from the EWSB condition at the electrowealesca
The sign ofu however has to be fixed by hand. Low energy constraints ligeatitomalous mag-
netic moment of the muor(q — 2),,) favor the sign to be positive. Observe that the electroweak
symmetry breaking condition also has a quadratic deperdemthe parameteéyy. This is partic-
ularly important, since the third generation trilinear pbug A; derived from RGE running ofg
controls the loop corrections to the Higgs mass. Typicalgrge negative value &% is required
to achieve the correct Higgs mass of 125 GeV. This howeveefi to take up large negative
values thus reintroducing some amount of fine tuning in teerj

Apart from the economy of the model, (which also results iargé predictive power of the
model) the mMSUGRA/CMSSM also is a favorable model for thepsegsion of large FCNC con-
tributions. Along with this it also predicts a viable dark the@ compatible regions in certain parts

of the parameter space as we shall explore in Ch&pter
The perturbativity of the Yukawa couplings require ffarc % ~ 60. The boundyg >
—4my follows from the fact that scalar potential should not havaiaimum that breaks electro-

magnetic charge (1)em) or color charge S(B).. Since the scalar potential contains soft terms
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of the form A Trh3, a choice of phases can be made such that these terms arvee@ate
generally expects only the neutral Higgs to acquire a noo-Y&V at the minima. However it is
possible that for large values @#| the left and right stop states can acquire non-zero VEVSs.

3.5 Masses and mixing in MSSM

3.5.1 Gaugino-higgsino-mixing

The mass terms in the MSSM Lagrangian come from two sour@sgely the D terms and the
soft terms. The key term responsible in the MSSM Lagrangiarterms likeWhh* from the D
term in HTe?%2VH(Eq:3.2.3 and from the soft mass term (Bg3.3. After EWSB the gauginos
and higgsinos charged under U(1) mix with the relevant Liagjan given by,

D~ ~ o~ o .~
Zehargino= _972(V1W+H1 +voW HZT)—(M2WJFW +C.C)+(quH2 +c.c).

” The weak eigen statef are given by ,

W+
Y= ( G+ )8. (3.5.1)
In terms of the mass of the W boson and the weak mixing a@glethe mass matrix can be
read off from E¢3.5.1,
c_ My V2Myy sinf
M* = (ﬁMW cosB p . (3.5.2)

Note that in general botkl, andu are not real. For compleM, andyu the relative phases between
M, andu and betweem, andM1 may be important. However in the subsequent discussions, we
shall assume the relative phases to be zero. Since the tisqBasH*) and its complex conjugate
are different, two different unitary transformations oe tivo matrices are required to diagonalize
the mass matrix. This bi-unitary transformation can be ueetiagonalize the hermitian matrix
MCTME. Thus,
UMY 1 =MD,

where?/, v are the unitary matrices that diagonalize the chargino rmadsx.

The eigen states conventionally known as chargip(@)(

|X+> = 7/km‘//rJﬁ, \X™) = UanPm-
The matrixM<"M¢ can be written as,

ctype — |Mo|2 4 2M3,cos’B V2Mw (M3 sinB — pcosB)
M*'M* = (\/éMW(MzSinBW_ u* COSB) |H\2j2M§VSInZB ) . (3.5.3)

The eigen values of the above equation are given by,

1 -
Mz =3 {M§+u2+2l\/lv2v¢ V(M2 — 112)2 1AM 02 2B + 4MG, (M3 + 2 + 2Mapi sin2B)
(3.5.4)

7 Note of course that the Majorana gluindg(a=1,2,....8) beipg part of SU(3) don’t mix.

. hl - +
8 We adopt the following convention, followind.§g. Ht = ( E22T > W+ = < X)‘, T )
1
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It is interesting to look at limits of Eq3.5.4 In the limit || > Mz, My, with &, = “‘j—‘ being
the sign ofy,
M3, . M3, :
My ~ Mz — 2 (M2+usin2B) , my. ~ |u|+ 2 o (M2sin2B — )

such that for largeu, the lighter chargino is gaugino like, while the heavierrgiao is higgsino
like. In the opposite limit, i.e fofu| < M2, My, the above pattern is reversed.

The Lagrangian for the neutral gauginos and the higgsinogedoom the soft mass terms for
the gauginos (E.3.3, from the superpotential termH1.H,, and finally from the Higgs part of
the Lagrangian (E.2.3 with matter-gauge-Higgs couplings. Schematically thgraagian for
the neutral gaugino sector can be written as,

1 .. 1_
ZGaugino-higgsino = —EMSQaQa - EXM(O)X- (3.5.95)
The matrixy is given by,
BO
W3
11
7
The neutralino mass matrix is,
M4 0 —Mgz cosB sinBy Mz sing sinBy
M© — 0 Mo Mz cosBcosBy —MzsinBcosBy
| —MzcosBsinBy  Mzcosp cosBy 0 —u
MzsinBsinBy —MgzsinBcosBy —u 0

The mass eigen statg@, termed neutralinos are obtained by diagonalization as,

X°) = ZinR, ZM"Z7H =M.
In general the entries of the matrix Z can be purely real oelyumaginary. For real Z, the eigen
values of the neutralino matrix can sometimes be negativees@ have to be then redefined by

chiral rotations to make them positive.
In the limit || > |[My1 2| >> Mw, Mz the mass eigen states are given by,

2
myo =~ Ml—%(MlJrusinZB)sinzew

X1 2

~ M M3 M ' < B
Myo =~ Z_F( 2+ usin2B)co

~ LMz 1—si My sir? M; co&’
Mo = |u|+§?su( —sin2B) (U + Masint 6y + M1 cos 6w )

1 M2 _ .
mo o~ |u|+§u—§su(1+sm23)(u—MzsmzaN—MlcoszaN),

such that for largeu, the two lightest neutralinos are gaugino like, while thawher neutralinos
are higgsino like.

In the opposite limitM1| > | 1| > My, 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 thed/Caterms of—pHq.Hy — £$ LI HlEj,
the slepton mass term*(%z).JI,L + a"R*(%z).,e,R and the termh;. I.L(feAe).Je iR |n the soft
Lagrangian. These terms contrlbute to the sfermion massxadter the Higgs field have acquired

a VEV. The analogous terms can be written for squark mixisgsell.
The general six component sfermion vector can be written as,

f = < ]'::L ) (3.5.7)
R

where f and fg are three component vectors in the generation space fwitind fig as the
superpartner of the quark or the lepton field.
The squared mass matrices can be written as,

MZ M2
M# = (M;}L M;}R> : (3.5.8)
It is instructive to consider to limits to this above genaraking structure. In the limit of no
L-R mixing the mass matrices are diagonal, and the unitatyixrdiagonalizing the mass matrix
can be brought into a chiral block diagonal form.
The second limit to consider is the limit of no flavor mixingitlgeneral L-R mixing. In this
situation the 6< 6 mixing matrix couples the left and right states of a givendta

We consider the special case of third generation wheregtisanable to take them as decoupled
from the first two generations. However due to large Yukawgptings there can be a significant

L—R mixing.
The third generation mass matrices can be summarized byltbeiing,
i mr(Ar—ucotB))
(m:(At — pcotp) MR ’ (3:5.9)
U My (Ap — utanﬁ)> 1
(”b(Ab —ptang) ﬁ%R ’ (3.5.10)
u me (A — tanﬁ))
with,

= 11§ + NP + § (4M% — M2) cos 3B,
ffr = Mg +nf — 5(ME — M) cos 3B,
= 11§ + Mg — 3(2M§ + M2) cos B,
TR = Mp -+ Mg+ 5(M% — M) cos 3B,
M. = ¢ +m2 — 3(2Mg —MZ) cos 3B,
Mg =M@ +me+ (Mg —M32)cosB.

The eigen values for the stop sector are given by,

mf1,t2 {m[2 +m{’2 \/ n‘% n‘% )2+ 4X2me]} (3.5.12)
where X = A — ucot.
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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 doubidisse scalar parts are given by,

h&’:<:‘]§>, h2D:<E%) (3.6.1)

The hypercharge assignments ft'ﬁ and hD are Y=-1,1 respectively thus fixing the isospin
assignments of the doublet. Note that the flrst doub@) provides masses to the down type
guarks while the second doublégo gives masses to the up type quarks.

After the Higgs mechanism, the neutral parts of the scalanpaments is assigned a VEV,

<h >:i< 0 )'<h >:i<vl)

The doublets are complex and hence in components adds upabféetds. 3 of these fields are
expected to be used up to generate masses for the W and th@&sldeaving behind 5 physical
Higgs bosons. Out of these, 3 are neutral from the neutrapooments of the doublet while we
have 1 charged Higgs field and its complex conjugate couaterp

The contribution to the Higgs potential comes from 3 soyrttesF term, originating from the

superpotential with fF = — %, the D term from the kinetic term in the MSSM Lagrangian,
k
and finally from the soft term. The F, D and the soft term cdmnitions are summarized as,

Ve = |u\2(|h1|2+|hz\2),

+ 2
Vo = TG (2 o+ Ll
Vsoft = m{|h1|2—|—m§|h2|2—(n‘éhl.h2-|-h.c),

where the coefficients?, m3 andmi = —Bpu have dimensions of mass squared.

Observe that the D term contribution is reminiscent of thartic couplingA in the SM La-
grangian. However unlike the SM whekewas a free parameter the quartic term is totally deter-
mined by the value of the gauge couplings which are fixed exytally. It can also be observed
that all the quartic dependence only appear in the D term andhere else.

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

2
Viee = Ml 2 Bl )+ 925 98 (g2 g+ -+ 2 ).
(3.6.2)
To minimize Eq.3.6.2 we differentiate with respect ta,h9 and set the VEV of the neutral
components of the two Higgs doubletssoandv,. The resulting equations of constraint are given

by,
—2Bu=2m = m2 mg tan2ﬁ+|v|§sin2[3, (3.6.3)
b = ) - Mz, (3.6.4)

with,
(h1) =v1=vcosB, (hy)=vy=vsing,
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Vv
VZ=Vv24v3 tanB = =2
vy’

such that,

Finally the tree level potential in the component form fae tieutral Higgs can be written as,

Vo= (mi+pf?)hg1% + (m3+ |u ) S

B (h°h2 g%+g%r\oﬁo h012 _ |h012)2 3.6.5
p(hihy + 8 1h2) (|3 — [h3<)~. (3.6.5)

Settingh? = +hJ, the tree level potential can be written as,

V ~ [(m8 +mB+2|u|>+Bu)]|h9|%. (3.6.6)
The positivity of the potential thus requires,
M +mb + 2| |2 > 2B| . (3.6.7)
On the other hand quadratic part of the tree level poteraialae put in matrix form to obtain,
me+|uf> By )
: 3.6.8
(i (3:68)

in the hy, hy space and is to be worked out before the Higgs mechanism.rlClba trace is
positive, and hence for non zero VEV'’s to develop (i.e , for &Y, one eigen value must be
negative, implying that the determinant must be negatileréfore,

(Mg + | ?) (MG + [u|?) < (B)?. (3.6.9)

In the limit wheremf = n‘% = U, the simultaneous requirement of the positivity of the pts
(Eq. 3.6.7 and the negative determinant (E§.6.9 are in contradiction to each other. These
equations are therefore mutually incompatible at the Glalesand at tree level leads to the con-
clusion that spontaneous breaking of SU(2) gauge symneetggcessity in SM does not happen in
MSSM. This is potentially bad news; however note that thisnly a tree level result and is valid
only at the GUT scale with universal soft parameters. As wedown in RGE these relations
indeed change as the parameters get renormalized, anddkehiararchy between the EW scale
and the GUT scale is sufficient to drive one of the eigen valkgs 3.6.9 to be negative.

3.6.2 Masses for the Higgs sector

The charged Higgses acquire masses from the usual suspeoisly, the F term in the superpoten-
tial, the D term from the kinetic term, and finally from the sfrms. In the basis o] h3) and
its complex conjugate the charged Higgs mass matrix can fressed as (noting théﬁ = tanB),

g5 | (tang 1
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Clearly there is a zero eigen vector which corresponds tahheged Goldstone bosons which
will finally be eaten up to give masses to W& bosons. The eigen values and eigen vectors of
the matrix are thus,

H* _smBhiJrcothz,mHi (Bu +gz 2)(Zcosec123): G* = —cosBh; +S|th2,mGi—O

4
(3.6.11)
We next turn our attention to the neutral Higgs bosons. Tlagjimary parts of the neutral Higgs
bosonss/m Hf, hg mix, thus generating the massless Goldstone boson ( whiglyfopets eaten up
to provide mass to the Z boson after EWSB), and the CP odddlzelmear combination of the
imaginary parts of the neutral Higgs fields) Higgs A. The nras$rix can be expressed as,

M2 o= (Buz—?(tafﬁ coltB)' (3.6.12)

with eigen values lfgo =0,and ni = |Bu|cosec B. The corresponding eigen vectors are given
by,
& _ sinB.#m W +cosB.7m H, A —cosB.sm H +sinB.#m 1.
V2 V2

Finally theZe Hl), hg mix to give the neutral CP even Higgs bosons. In the above blasimass
matrix can be expressed as,

M2 mZsirt B+M2co€ B —(ma +M2)sinf cosB (3.6.13)
#et? — \ —(m2+M2)sinBcosB nacos B +M3sir?g ) o
The eigen values are given by,
MG = % [mfﬁr M2 + \/(mf\+ M§)2—4m£M§c0322[3}, (3.6.14)

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

% — (Ze Hf—%)cosa—i—(,%’e rg—%)sina, %2 — —(%e Hf—%)sina-l—(%’e f‘g—VTZZ)COSO{.

The mixing anglea in the neutral Higgs sector can be read off from the mass matd is
given by,

mg -+ g
sin2g = ——2 sin2B. (3.6.15)
Mg, — g
Note 0< 3 < 7 thus restrictingx to the interval-="* < a <0.
The following tree level relations that emerge out of thewebdiscussion,

MG = Ma+Mg > maxMy, mi), (3.6.16)
M+mg = mi+M2. (3.6.17)
my, < min(Ma,Mz)|cosB| < min(Ma, Mz), (3.6.18)

my > ma>(MA,MZ)
cos(B—a) = nﬁ( :ﬁﬁ; (3.6.19)
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As passing comments we note thatms— 0, my, — 0. In the other extreme limitny — o« (the
decoupling limit)°, the mass of the lightest Higgs bosoR — Mzcos . In this limit thus we
havema ~ my ~ my+ while co§8 — a) = 0. The lightest Higgs boson is thus bounded by the
mass of the Z boson while the rest are uniformly heavy. Thukiglimit the MSSM decouples
from the SM and it can be shown that the couplings of the ligftéggs to SM fermions are not
different between SM and MSSM.

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

_ 3Gr 4 Méusv th . th
c‘Smﬁ_\@nzmt [Iog = + V2 o, 1 oz ) (| (3.6.20)

whereX; = A; — ucotB, the mixing in the stop mass matrix agy sy= +/f1f2. The expression
is maximized wheix; = v6Msy sy, and the Higgs mass can be as large-d85 GeV. Note that the
Higgs like particle discovered at LHC has a mass of 125 GeVtlansl can be easily incorporated
in this scenario. We thus observe that the stop sector hasriam consequences for the Higgs
sector.

3.7 Interactions in MSSM

The MSSM Lagrangian , E(3.2.1:3.2.3 and the soft SUSY breaking terms, once deconstructed
reveal the interactions between various sparticles andSMecounterparts. Some of the main
interactions are summarized below,

e Strong interactions: These are interactions between thealgluon along with the squarks
and quarks, following the laws of QCD characterized by thengt coupling constarys.
Some of the principal strong interaction vertices are distelow,

1. Zygg = — 3938a0c2%Yu0b,
2. gquﬁRqLﬁR = - g3ga(~JL7RTaduE_IL7R + h.c,
3. gﬁqLﬁRq = \/EQSEI-IaPLQaq—i— \/égaa-PPRgaq + h.c.
In terms of the quark/squark flavor rotation matrices U,Waheve can be expressed as,

gqu,Rq = \/293 Z ﬁ[UﬁRW-q

3 PL— UFW; sPRIT?sls + h.c,
g=u,d

where the subscript on the squark denotes the mass eigerasththe squark fields are
written in the vector color space. In Fi@®.1the production of the gluino pair and the
squark gluino is presented illustrating the relevant Fegmmules.

e Weak interactions between sfermions and gauginos: Writtéerms of the two component
spinorsééi(z) andELli(z) for left handed quark€f;) and leptond(;) respectively, the following

9 Althoughmy — ® is the definition of the decoupling limit, for all practicaliposesn, > 250 GeV can be taken as the decoupling limit.
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terms emerge,

L = —G(AES AL +ATES UL +AEEEL +ATERTY)
Eifl”“;n 5 (W8 e + e )
gflvr:‘fo 5 PBe die+ e o)
+\/gi§$i>sﬁ( 2628+ ¢ Ui) + hic. (3.7.1)
i(Py 0} i(Py 6] —1g5T"(g= P - P3)
g(Py,51,0) o UBsye)
TN : 1g,fFe, i ?
Q(Pyssd) o GLPsed)
P80 ilPy s, d) —1/2g,(L - R)T/

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

In the above expression the first line describe the the gadfgimmion-sfermion interactions,
while the last three lines describe the higgsino-fermifamrsion interaction. It can be ob-
served that the higgsino interactions are proportionah&rasses, so that in the limit of
massless fermions the higgsinos decouple from the mattéorsdn terms of the physical
basis of chargino mass eigen states, and a sum over all fesrhjofy (quarks/squarks and
leptons/sleptons with generation indices i and j), the aleyuation can be written as,

zf’*)(i = _gz[%kl f_Ui PRXI?Z deiL + 7/1(1 f_di PR(XIit)C fNUiL]

/2Mw cOB Ul fuPrXE far+ T (X5 PRI
J2(my, )ij I —
Jr\fZMW Baj/Z[fdPR(X'Q_L)CijR—i_fuiL<in)PRfuj] + hc (3.7.2)

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

Lifrxo = zd X6 fi A+ G i )
f=u,d,ev

\fMg\jjsmB (MG )|JZ|4UJRXI PLUi + (M)ij Ziall XPPRu;)
V2 Msvzcosp [(MG)i5 Ziad jRXT PLE + (M) Ziadh] X7Prd ]
fM\?VzcosB [(M)ij ZisB X PLe + (Me)ij Z138)] X\ Prej] + h.c(3.7.3)
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where the coupling strengtlﬁﬁ'(L,GfR is given by,

G = —V2g[Ty Z,+tanbu(Qr — Ty )Z
GR = V2g:tanByQsZ1. (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 ofesguihe constraints on the SUSY
parameter spaces can be divided in three categories. Thediegory are theoretical constraints,
and some of them are listed as follows

1. As described in Chapt& the SUSY vacuum must be stable even after quantum comactio
2. Secondly the RGE must be convergent at all scales whileitsmo from a high scale theory.

3. The SUSY vacuum must not bredK1)emor SU(3)c(color charge breaking).
The second type of constraints are purely experimentalcande divided in two parts.

1. Firstly constraints from direct searches of supersymmparticles in colliders. This is by
far the most robust direct experimental constraint on SUB¥ experimental searches at
LEP and Tevatron, along with LHC have looked for SUSY sigreguand in the absence of
any signal have put limits on the sparticles which have besrstated into constraints on the
SUSY parameter space in the framework of certain specificetsod

2. Secondly, where SUSY patrticles appear in loops in lowggnprocesses, in particular flavor
processes. The sources of flavor violation in SUSY occur ip&iom the soft SUSY break-
ing terms. This leads to the fact that squarks and sleptors masrices are not diagonal.
The size of these off diagonal contributions can be sigmifigdarge thus leading to sizeable
enhancement or suppression of branching ratios of rareydeddne size of these off diag-
onal terms are strongly restricted by experimental dataugual simplifying assumption is
that these matrices are diagonal, although there is no dongptieoretical reasoning behind
this. In general the indirect constraints point to the ragibparameter space that one should
probe in order to look for SUSY signatures.

The third type, which should be taken as a pointer rather #maexplicit constraint is from dark
matter. The SUSY parameter space satisfying the dark nratterdensity constraint is limited,
and depends crucially on the interplay of various pararaefne assertion that the observed dark
matter in the universe only consists of one candidate isalsmplified one. It should therefore
be taken as wishful requirement rather than a hard constrain

A detailed description of these constraints is beyond tlopesof this thesis. A brief outline
of various constraints is described below. A detailed asialgf the constraints on the CMSSM
parameter space is provided in Chagier

46
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4.1 Constraints from flavor physics

The origin of the flavor problem in MSSM is in the occurrencegé&a FCNC amplitudes due to
sizable mixings in the sfermion mass matrices. _

An example of the flavor problem in MSSM is the — K° mixing, with the mass eigen states
given byK; andKs. In standard model th€® — K° occurs via the diagram in the Fig.1

S WA d 0
— N e ....EE~ 4y
u,c,t Au,c,t g &
b g
S e “ogmo
s

Figure 4.1:Diagrams for K — K° mixing for SM contribution (Left panel ) and MSSM contributiright panel).

The experimental value for the difference in the massesQf-Amg = 3.5 x 106 eV [31],
which is close to the SM expectation. In MSSM the extra cbaotion originates from the right
panel diagram in Figd.1 The contribution is summarized by the amplitude,

9_§| s udiydia m2 |2 (4.1.1)
e 1i ~i2 d! >

wheregs is the strong coupling constant, U the unitary matrices degonalize the sfermion
mass matrices while /& max(mg, mg). If the difference in the squark masses &¢100) GeV,
this contribution yields a value 3 orders of magnitude latban the SM contribution.

To suppress the unwanted large FCNC contribution in MSSH#fitlst choice is to make f
large, i.e to make the first two generations of squarks féielgtvy. The second solution is to align
the sfermion mixing matrix to make it proportional to thenfgon mixing matrix, such that the
fermion and sfermion mass matrix can be diagonalized in éineesbasis leading toll-PUiT2 =0
The last option is to make all the sfermions degenerate shalh‘hmz =0.

Thus any measurement of a low-energy process wlachets contnbutlons from these sparti-
cles, andlf) is measured with sufficient accuracy to access these ysumdll effects, will impose
a constraint on the MSSM. Based on these two criteria, we oandiscernthreedistinct types of
low-energy constraints.

1. The first type is where the low-energy effect is observatitae measurement is consistent
with the SM prediction. In this case, any contributions frtme MSSM will have to be
small enough to fit into the small leeway allowed by the errarsb Such constraints have a
tendency to get tighter and tighter as more data are cotlestan experiment and the error
bars shrink.The relevant example of this is the radididecayB — Xsy, where the measured
value of the branching ratio BB — Xsy) is (3.5540.2440.09) x 10~*[26] against an SM
prediction of(3.1540.23) x 104 [27,172-175.
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Figure 4.2:The SM and MSSM diagrams for the transitior-BXsy. 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 diagram&ig. 4.2is proportional to,

2
VisVib

cb

Br(B — Xsy) O (4.1.2)

The MSSM contribution comes from the last three diagramsveha Fig.4.2 The correc-
tions are enhanced by tBrand are dominated by the diagrams with the chargino and etiarg
Higgs contributions. The tgBrenhanced chargino contributionsB&yssy B — Xsy) can be
expressed ad /6177,

BRussMB — Xsy) - 0 uA tanﬁf(nﬁ,ﬁ%,mxi)v M (4.1.3)

(1+0my)’

Here all dominant higher-order contributions are inclutedughdmy,, andf is the integral
appearing in the one-loop diagram. The charged-Higgs ibonions to BRyssm(B — Xsy),
which is enhanced for large t@ns [176 177,

My (Yt coSB — Ayt SinB)
vcosB(1+ omy)

BRussm B — Xsy) " U g(my+,my), (4.1.4)

whereg is the loop integral appearing in the diagram.

2. The second type is where the SM effect is not consistelht tivé existing experimental up-
per bound, which leaves room for reasonably significantrdmtions from the MSSM. Even
more than the previous case, these constraints get tightdreaexperimental bounds are
tightened, but often, even with improvements in experigetchniques, this bound remains
significantly above the SM prediction, so that there is abveagme room for a MSSM con-
tribution. A good example of this was the deddy— u*u—, where the experimental upper
bound on BRBs — u*u~) has been recently improved to54< 10~° [28] against a SM
prediction 0f(3.24+0.2) x 1072 [29].1 Thus, the MSSM contribution must satisfy,

BRyssm(Bs — utp™) <1.8x10°°.

In MSSM the largest contribution with an enhancement of faoomes from the diagram on
the extreme right panel of Fig.2

1At the time of writing this thesis the evidence for the de@y— utu~ has been reported by LHChTg and CMS [L79. The branching
ratio obtained by CMS i$3.0139) x 10-° while the LHCb reported i§2.9"13) x 10-°.
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Figure 4.3:The SM and MSSM diagrams for the transition-B u™u~. The first two diagrams represent the SM
contribution, while the last diagram includes the MSSM dbation.

The MSSM contribution to the branching ratio i8¢ — u™ u~ has been calculated id§0,
181,

. 218M2 4
BRussMBs — U p™) = Eianés 1—M—"§ (4.1.5)
an\ | cs—cy|® |Co—cp) .m ?
y (1_ ) s— (Cp— P)+2 b ca—ch| |
(My 4 me) (Mp+ms) Mg,

wherefg; is theBs decay constaniMg is theB-meson masgg is the mean life time anihy is
the mass of the lepton. The quantit@@s Cg, Cp, Cp represent the SUSY loop contributions
due to the diagrams involving stop, chargino, sneutringgdi The dominant contribution to
Csis given approximately by1[80, 181],

2 2
o GFay ( tar? 8 ) (rrbmumtu) sin2e (M log (me/u?)  glog (g /u?)
S thVts : 2 M 12 2 _ N 2 _ ’
V21 4sirf B Mg M2 2 pz—mé p2—me
(4.1.6)
where 6; is the mixing angle in the stop mass matrix. Evidently the l#ombe grows as
tarP 8. Thus if the experimental value is consistent with the SMeexed result, the large

tanB3 scenario in MSSM will be constrained. It can be observed, dvwan that the taf
dependence can be suppressed if the stop masses become equal

3. There exists a third — and rare — type of low-energy proedsse the experimental result is
not consistent with the SM prediction at some level betwee?2ol The experience of the
past few decades has generally been that a more accuratareraast of the process, or a
more sophisticated computation of the SM prediction gdlyebaings the two into perfect
consistency, but there are results which have till date defiss comfortable precedent. An
example of this is the anomalous magnetic moment of the nayoa((g—2),/2).

A review on the theoretical value ¢f— 2),, can be found in187, which is in agreement
with the latest values fromlB3. The measurement of the anomalous magnetic moment of
the muon indicates a small deviation from the SM of the ord& @ [184]:

aj; "= 11659 208063) x 10,

— 11 659 179064) x 10 11,

Aa“_ aj P—al®®" = (290+90) x 10,
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Figure 4.4:The diagrams contributing to,ain the SM and in the MSSM.

where the SM contributions can be summarized as,

a=P = 11658 47181 (0.2) x 1071,

aye=1532(1.8) x 10 1,

aflPdron = 69187 (65) x 1071,

The accuracy of the experiment is close to the QED contobugrredicted by theoretical
calculation. The SM diagrams contributing (@— 2),,/2 are presented in in Figh.4.This
apparent discrepancy can be reconciled by the SUSY cotitmisuarising from the last two
diagrams of Fig4.4.

The MSSM contribution t@,, from Fig. 4.4 has been calculated in18§5. The dominant
contribution originates from chargino induced diagrama isrenhanced by tgh[186. The
MSSM contribution favors the sign qf to be positive £87]. It must be noted that in order
to reconcile the experimental and theoretical values, ti¥SM 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 thelteteergy budget of the universe is
composed of baryonic matter. The relic densi®) {alues for the matter content of the universe
can be summarized a3]],

Qioral = 1.02+0.02,
Quacuum= 0.73=+0.04,
Qmatter= 0.2340.04,
Quaryon = 0.044-- 0.004

The evidence of dark matter is manifested in rotation cunfegalaxies, as well as gravita-
tional lensing studies in Bullet clusters, and large scalecture formation. Since the dark matter
candidate acts only via gravity and weak interaction it tapable of producing compact objects.
In terms of the thermal evolution of the early universe aaitin can arise when some species of
particles decouple from the thermal bath of the others. Weréed that MSSM with exact R-parity
with the lightest neutralino as the LSP was a potential daakten candidatel8].
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Figure 4.5: Some of the most important Feynman diagramsdotralino annihilation.
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The dark matter relic density is calculated using the Boétmmequation89,

A% 4 3y = (V) (12— 12 00, (4.2.1)

dt X-€d

whereH = R/Ris the Hubble parametey ¢4 the equilibrium concentration of the LSRyv)
the thermally averaged annihilation cross section ovewéhecity v. In early universe, when the
temperature was much higher than the mass of the b§fy, (he creation and annihilation of the
LSP occurred at equal rates. With the Hubble expansion ofithesrse, and the depletion gf
particles by annihilation, the number densityyoparticles became sufficiently small such that they
ceased to interact with each other, and hence survivintdpélpresent day. The relic abundance is
expressed in terms o, as [L89,

o hz_anXN2~1W27chse61 4.2.2)
e (ov) ’ -

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

The WIMP candidate must be electrically neutral and statné to satisfy all the known facts
about the known dark matter relic abundance in the univeiS&Y as advocated earlier offers the
lightest neutralino as the candidate for dark matter. Tdietdist neutralino({J is a combination of

(Eq.3.5.7,

IX2) = Na|Bo) + No|W&') -+ Na|Ha) + Na|Ho).

Over much or most of the supersymmetric parameter spaceglib@bundance of neutralinos
is predicted to be in excess of the observed dark mattertgexrsd hence we are forced to constrain
ourselves to specific regions of parameter space. The foltpgcenarios emerge in this context.

e Bulk region : The lightest neutralino has a higgsino or wiraxtion: In this case the cou-
plings can be fairly large and, as a result, annihilate véigiently.

e Funnel Region : Resonance with the CP-odd Higgs A. If the o&#ise lightest neutralino
is near this resonance, then with small couplings it cantalate efficiently.

e T co-annihilation region, where the liglitis nearly degenerate with the LSP.

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

4.3 Constraints from collider experiments
The quest for SUSY signatures in colliders began at the UA¥2 Experiments and followed by

the LEP experiment. Te LEP collider being ane collider, the production proceeds through
electroweak interactions. Hence the primary sparticlestefest were charginos and sleptons.
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In addition the signatures of lightest stop and the sbott@s also studied. In absence of any
signal the following limits were imposed on the sparticlesses from LEP [131],

ms > 105 GeV my > 90 GeV
My > 100 GeV, my > 100 GeV, my; > 80 GeV, mz > 80 GeV.

An extensive detail of SUSY signatures at LHC and recentlt®sm various channels is dis-
cussed in Chapter. Here we only summarize the results from the Tevatron rumlksquark
and gluino which stands atg > 300 GeV,mg > 195 GeV [190. At the LHC, the current limits
on the squarks of the first two generations and the gluinoenfidftmework of CMSSM stand at
mg > 1.5 TeV for almost degenerate gluino and squarks agd-ri.4 TeV for very high squark
masses,]91,197.

An analysis of the CMSSM parameter space is discussed int@&t&aking flavor, dark matter
and direct collider search constraints into account wightffeV LHC data.

We conclude this chapter with few comments. Apart from thredisearches in colliders,
most of the constraints on the MSSM parameter space arecstibjearious assumptions on the
parameter spaces and the model in question, which whererktan lead to significantly different
interpretations. Some of the constraints lilge— 2),, are subject to uncertainties in theoretical
calculations and hence the interpretations should beetleaith caution. Flavor constraints like
B — tv are also important in this regard and constraints on MSSMrpater space have been
studied in the literaturelP3.
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Chapter 5

Constraining the CMSSM parameter space
with LHC data

As discussed in detail in Chaptérthe SUSY parameter space is constrained by theoretical and
low energy constraints from flavor physics, collider sedyobinds and from the dark matter relic
density. In this work we constrain the CMSSM parameter spadbe end of the 7 TeV run at
the LHC as well as results from recent flavor physics dat. [ It has to be noted of course
that as more data was collected and analyzed some of thestraints are updated. As noted
earlier the evidence of the dec®¢ — u™u~ has been observed by the CMS and the LHCb
collaborations 178 179. Moreover, the Higgs boson which was not observed duriedithe of

this work has been discovered. These facts have been takescicount in a wide range of works
post this study33,194-219.

5.1 Constraints on the model

Till some time ago, the mSUGRA/CMSSM was often dubbed asdtantard model’ of physics
beyond the Standard Model (SM), but perhaps because ofrthg ef negative results obtained so
far, there has lately arisen a tendency to disparage the GMSS model which makes too many
arbitrary assumptions and hence is — not-surprisingly —henvierge of getting ruled out by the
LHC data p20,221]. Such views, are however, less than fair to the CMSSM, fomany ways,
the CMSSM may be regarded as the most simple and economicilrabsupersymmetry, and
the one which would most obviously suggest itself in the abseof contradictory experimental
evidence. In fact, if one thinks about it, we should rathgrard the multifarious alternatives to
the CMSSM which appear in the literature as the ones whera essumptions are introduced.
Moreover, the mere fact that the CMSSM parameter space imgetduced by experimental
searches should not be regarded as a setback for the madaftdéoall, Nature corresponds to but
a single point in the parameter space. The example of theuagkdand maybe the Higgs boson)
serves to clearly illustrate this kind of shrinkage of thegpaeter space to the actual value. Note
however, the Higgs boson was still undiscovered duringithe of this work.

The purpose of this work was not, however, to pontificate ienlee of the CMSSM, but rather
to investigate the status of different experimental camsts on this model. Among others, we
take up the recent measurement of the pro&ss u* u~ by the LHCb CollaborationZ8] and
study its impact on the CMSSM parameter space in conjunetitnother low energy constraints.
Since the precision of this particular measurement has@sed considerably, one would expect it
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to rule out a wide swath of the parameter space. We quantgyettpectation and find, that while
the last statement is certainly true at large values otahe constraint weakens and disappears
as targ is lowered. We shall demonstrate that even in the largg tagion, the CMSSM is still a
possible explanation of not just the hierarchy problem atsm of the dark matter problem.

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

1. The ranges of the CMSSM parameters are:
0<my<4TeV 0<my/, <1TeV —1TeV< A< +1TeV 1<tanB <60

with u > 0, sinceu < 0 is strongly disfavoured not only kg — 2),/2 but also byB — Xsy.

As noted in sectior3.4.], note that except for rather loose naturalness considesgtthere
are noa priori theoretical guidelines for the choice at the GUT scale ofieslofmg, my />
andAy, or the sign ofu. For tanB3, however, we note that the Yukawa couplings of the top
and bottom quarks remain comfortably perturbative so Iega< tanf < 65 [227.

Very small values ofrp andmy , (~ few GeV) are not viable in the CMSSM, for then the
RGE would drive the electroweak symmetry-breaking to hapgeher close to the GUT
scale, and this would imply a much lower GUT scale than apptabe indicated by the
measured running of the gauge coupling constants. Forrlaejees ofmg andmy , there
arise two kinds of posterioriconstraints which act collectively on the parametegs, »
andAg when the CMSSM spectrum is run down from the GUT scale to thetelweak scale.
One is the requirement that the scalar potential in the themmain bounded from below —
this is referred to as theacuum stabilityconstraint p23. The other is the requirement that
the lightest SUSY patrticle (LSP) be a neutral particle — Wwhgdemanded if it is to be the
major component of dark matter. This is found to rule out aoe@f the parameter space
where the RGE evolution makes the lighter stathe LSP.

Another consideration, which is not a constraint but maydgarded as some sort of wishful
thinking, is a requirement that the parameteys my,, and Ap not be much more than a
few TeV. This is because higher values of these parametespecrlly the first two — tend
to drive the masses of all the SUSY patrticles outside thenkatie range of the LHC (and
even its foreseeable successors), while the lightest Higgen mass gets pushed close to a
value around 120 GeV.In this, so-callediecoupling limithe CMSSM Higgs boson would
be indistinguishable, for all practical purposes, from3td counterpart. Such a scenario,
though by no means impossible, would be a great disapponttimeseekers of new physics,
as it would leave the existence of SUSY as a wide open quesitbout a hope of solution
in the near future. Of course, requiring timg, my ,, andAg to be in this convenient range is
essentially dogma, but it is what renders studies of thegpmitdsnd worth carrying out.

2. The entire set of constraints from the CERN LEP-2 collidata is imposed. The most re-
strictive among these are the requirements that
¢ the mass of the lighter chargino must satisf&(vli) > 94.0 GeV [6€], and

¢ the mass of the lightest Higgs boswp > 93.0 GeV for tar3 > 6, andm, > 1140 GeV
[66] for tanfB < 6, with a range of intermediate values in the neighbourhddaig ~ 6.

1At the time of this work as emphasized, the Higgs boson waslisobvered.

55



Chapter 5. Constraining the CMSSM parameter space with L&€ d

Constraints arising from other considerations (such asgxample, the mass of the lighter
stop and the lighter stau) are generally subsumed in thdalisd parameter space due to
these two major constraints, but we impose them nevertheléle the previous case, these
constraints have been in place for some time now, ever sieckrtal data analyses from the
LEP Electroweak Working Group became available.

3. The area of parameter space disallowed by direct seaathies LHC is taken over from the
ATLAS and CMS Collaborations2P0,221]. These are obtained by combining the negative
results of searches in many channels, but the most impartahése is the search in the jets
+ MET channel.

4. Constraints on the CMSSM from the rare de@y> Xsy [26] are imposed. The specific
requirement is that the CMSSM contribution to the decay kwgttould satisfy

—0.55% 10"% < BRcmssm(B — Xsy) < 1.35x 1074,
at 95% C.L..

5. Constraints on the CMSSM from the recently-measuredrppend on the rare decdg —
utu~ [28 are imposed. This measurement has recently been suladtaimtiproved by the
LHCb experiment and their updated result has been usedswibrik. The specific require-
ment is that the CMSSM contribution to the decay width shcaltisfy

BRcmssm(Bs — UTp) <1.8x 1079,
at95% C.L..

6. Finally, we have mapped the part of the CMSSM parametarespdich is compatible with
the requirement that the observed dark matter componetiedf/hiverse be purely a relic
density of LSP§(£’. The specific requirement is that

0.1053< Qg4h® < 0.1193

at 95% C.L. B2] and the stable value @i4h? is calculated by solving the relevant Boltzmann
equation for the time evolution of the relic density. We da tmeat this as a constraint, but
merely show the allowed region alongside that permittedlbytlaer considerations.

Apart from the requirement that > 0, we have not imposed any specific constraint from
the data on(g—2),,/2, and we have chosen not to consider low-energy constraiisisig from
B™ — 17v;. This last has not been taken into account because we feehthaituation vis-a-vis
the SM has not yet stabilised and it may be premature to usddhionstrain new physics. But
all this is not to say that other constraints on the CMSSM mpatar space from low-energy data
do not exist — in fact, every measurement which is compatibte the SM prediction and has
a CMSSM contribution will impose a constraint. However, wadfthat, except fog — 2),/2
andB* — 1tv;, none of these are as restrictive on the CMSSM parametee sgmathe set of
constraints listed above: the range of parameter spacgtedfey these is always a subset of that
ruled out by the combination of those from the above-listdd s

At this juncture, we note that several papeét&4-22¢ have appeared in which the constraints
on the CMSSM from the decay— Xsy andBs — ™+~ have been studied, both independently,
and in conjunction with the LHC constraints from direct st@s. Some of these have been used to
predict the most likely values of the CMSSM parameters. Weslthiosen the more conservative
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approach of mapping out the parts of the parameter spacenvainécdisallowed, and assuming
equala priori probability for the rest. Our presentation of the constsais, therefore, very close
to the way in which direct constraints from the experimedtgh are available.

5.2 Update on the CMSSM parameter space

Once we have fixed the sign gfto be positive, as explained above, the CMSSM parameteespac
is a four-dimensional space, with the parameters beign, />, Ao and tarB, as described above.
Since one can plot only two of them at a time, it is traditiotogbick two of these parameters and
keep the others either fixed, or floating. The most commors@rg made in they ,— plane,
with Ag and tarp fixed. This is because the masses of the superparticles diepest directly

on these two parametens andmy ,, with the other two contributing mostly through mixing that
occurs between pure superparticle states when the eleakogymmetry is broken. For our first
plot, therefore, we choose tims, ,—g plane, for three separate valuesAf= 0 and+1 TeV,
with tanf3 = 10, the last choice being influenced by the latest plots alvklfrom the ATLAS and
CMS Collaborations. We shall later have occasion to v&yyand tarB, so this particular choice
may be regarded merely as an opening gambit. We generateMB&SRM spectrum using 85-
PECT[14] and calculate the low-energy observables (including Hr& dhatter relic density) using
SUPERISO [16]. Our results are shown in Fi§.1 It may be noted that these plots correspond to
a top quark mass of 172.9 Ge¥q).

The three panels in Fig.1 correspond, from left to right, to choices A = +1 TeV, 0 and
—1 TeV respectively. In each panel, we have plotted, in the range 6-1 TeV, andny in the
range 0- 4 TeV, keeping tap = 10 as mentioned above. It is worth recalling, at this juretur
that the superparticle masses tend to grow with iagfandm, . Thus increased energy of the
machine will increase the discovery reach of these plotsthis is what is, in fact seen.

theory BX vy —— ATLAS (2012) [ Se—
tan =10 == |EpP_2 By ptp- —— OCM3 (2012} DM allowed

2
mg[TeV] m,[TeV] my[TeV]
Figure 5.1:lllustrating constraints on the—my > plane in the CMSSM for tafi = 10, as well as the region which explains the observed relic
density of dark matter. The details are marked on the diftepanels or in the key above. The dotted line is the contaua fjluino mass of 2 TeV.
Note thatu > 0 for all the plots. The ATLAS and CMS exclusion curves copagl toAq = 0 but are not very sensitive #y or even tar.

In each plot, the region shaded yellow is ruled out by ‘thewoystraints’. Of these, the re-
quirement of vacuum stability is the dominant constrainthie region close to the abscissa and
the stau-LSP is the dominant contribution in the regionelmsthe ordinate. For large values of
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mp some of the points are disallowed simply because the rerigatian group equations (RGE)
used to calculate the CMSSM spectrum at the electroweak $eale no real solutions. Shapes
vary somewhat between the three panels, illustrating ttheesince of the parametég on the RGE
running of the CMSSM parameters, but the basic featuresaremon, with small values afy
andm, , being ruled out in every case. The regions shaded blue iftee panels of Fig.1cor-
respond to constraints arising from LEP-2 data. These arerghly stronger than the theoretical
constraints, except for extreme valueswf,. Most of the LEP-2 disallowed region arises from
the chargino mass constraint. The small sliver of spacel e by LEP-2 for very low values of
mo at relatively large values afy ;, corresponds to negative searches for light stau statesR2LE

In Fig. 5.1, constraints arising from the non-discovery of CMSSM sighia 4.7 fb-! of data
at the ATLAS (CMS) detector are shown by the solid black (led, with the regiorbelowthe
curve getting ruled out. The ATLAS exclusion curve aris@srfra combination of all processes,
whereas the CMS exclusion plot arises only from searchabéd lepton + jets + MET final states
made using ‘razor variable2]]. These published analyses both cholge- 0. Strictly speaking,
therefore, this constraint should appear only in the céptael. However, the constraints from
a jets + MET search are not very sensitive to the choicAgptind hence, we have made bold to
use the same curve for all the three cases. Differencesyijfvat be marginal, and should not
make any qualitative impact on our discussions regardiagédiplots. The most important quali-
tative feature of these constraints is that, unigs strongly negative, they represent significant
improvements over the LEP-2 bounds. As more data is codemtel analysed, one may expect
the LHC constraints to become stronger, and eventuallyraoest of the parameter space marked
in the panels of Fig5.1 It may be noted that though we have not marked any projee@chr
of the LHC on these plots, a ballpark estimate may be formeuh fihe contour of gluino mass
2 TeV, which is shown by the dotted line near the top of eacteparherefore, we may conclude
that eventually the LHC will be able to explore 80—-90% of tlaegmeter space shown in Figl,
barring the uppermost regions of each panel. Of this, rougihé half is already ruled out, but this
is equivalent to saying that roughly one half is still allave

The constraints from low-energy data are marked on the gragheen forB — Xsy and pink
for Bs — u"u~. What immediately strikes the eye is the fact that these atieer weak — at
least, in the three panels of Fig.1— where the strongly taf dependenBs — u™ u~ constraint
(see below) makes no appearance at all, whileBhe Xsy data adds on a little to the LEP-2
constraint forAg = —1 TeV. Even this is totally subsumed in the LHC constraintsie@ay be
tempted to conclude that low-energy measurements are ngiettive with the direct searches in
constraining the CMSSM parameter space, but we must renrdhddghe plots of Fig5.1are for
a fixed value of tay. The situation changes, quite dramatically, when we gorgelavalues of
tang.

Before we go on to discuss high t@mesults, however, let us note that the regions in bid.
which are consistent with the dark matter (DM) relic denaity marked by narrow black bands on
all the three plots. This allowed band appears only as thealled ‘stau co-annihilation region’,
i.e. very close to the region disallowed by the stau-LSP traim, and again for large values of
My, in the so-called ‘focus point region’. Nevertheless, ihéartening to see that there is always
a region of the parameter space which can be the explandtitie alark matter phenomenon in
the CMSSM. This model has not, therefore, lost its mostetitra phenomenological feature, and
the continuation of at least one small portion of the blaakdsainto the regions inaccessible to the
LHC tells us that even if the LHC completes its run without firgdany signatures of the CMSSM,
we will still be able to argue that the neutralino (albeit avier 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, thiar,low values ofanf, for which the value tafg = 10
serves as a benchmark, the CMSSM is under no serious thréasguas we have seen, constraints
from (g—2),/2 andB™ — 1 v, are imposed]93) from a combination of low-energy data and
direct searches. Even if the next round of direct searchregvthup a negative result, constraining
the parameter space still further, it should not be regaadetie death-knell of the CMSSM, for all
that may be happening is that we are in the process of elimgatbarren region in the parameter
space as we approach the actual region of interest.

We have seen thus that for t8nr= 10, the only effect of including low-energy constraintsds t
marginally extend the LEP-2 boun@lf], and that too, only foAg = —1 TeV. This feature continues
to hold all the way up to for tai = 35, which covers a substantial fraction of the theoretycall
allowed range, (viz. up to 60). Around tBn= 40, however, the low-energy constraints begin to
become significant, and for t@n= 50, they outstrip the direct searches and constrain a signtfi
extra part of the parameter space. This is illustrated in%g)

theary — ATLAS (2012)  oomppuenn
= |FP-? — CM3(2012) DM allowed
T Ag=-1TeV

S
Q
E
o
=
S
Q
E
i
=

m,[TeV] mgy[TeV] m,[TeV]
Figure 5.2:lllustrating constraints on the—my > plane in the CMSSM for high values tfin=40,50. All notations and conventions are the
same as in Figh.1 In these plot8-physics constraints become significant, especiallyAfox 0. Note that the dark matter-compatible band always
lies in the allowed region. Some of the (yellow) islands aadéd as theory-disallowed for large valuesrgfrepresent numerical instabilities in the
spectrum generatoru$PECT.

The conventions followed in Fig.2are exactly the same as those followed in Big, and are
indicated, as in Fig5.2 by the little key on the top. The three panels in the first rorrespond
to tanf = 40, while the three panels in the second row correspond {® taB0. In each row, the
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three panels correspond to choicesfgf= +1 TeV, 0 and—1 TeV (from left to right). Regions
shaded yellow (blue) correspond to constraints from thébBP-2), and solid lines marked in
black (red) correspond to the exclusion plot of the ATLAS (§\CollaboratioA. The black strips
correspond to regions which are consistent with the nentraiterpretation of dark matter, and the
dotted line near the top of each panel corresponds to theaootM(§) = 2 TeV. For large values
of mp, some of the yellow islands indicating theory-disallowedions, especially in the bottom
right panel, represent numerical instabilities in the spee generator sPECT, and would be
allowed if a different spectrum generator had been used.

Let us begin by discussing the situation for faa- 40, i.e. the upper row of panels in Fig.2
The first thing that strikes the eye is that the theoreticaedigstrained area is larger than in the
case of taf8 = 10, not only in the region which is identified as due to a sta®,Lisut over a
very large region for higher values ofy. The first part is easy to understand, since the off-
diagonal terms in the mass matrix for stawst, are proportional to ta. Larger values of tafi
can be interpreted as causing a larger splitting betweemtss of the heavier and lighter stau,
thus pushing the mass of the lighter staudownwards, below the mass of the neutralpﬁb
This last is not much changed by increasingfan- a statement which is generically true for
all gauginos, including the lighter chargilj@t, as a result of which the constrained region from
the LEP-2 data remains much the same as before. For largesvafuy, the RGE evolution is
simply not enough to drive one of the scalar mass parameteegative values, and this manifests
as non-convergence of the RGE when we demand such negaliesyvaAlternatively we can
simply say that for such parameter choices the electrowgangtry remains unbroken. Even
more than the theoretical constraints, however, for lagjaes of taf8 the constraints from low-
energy measurements become much more significant. For éxahgpconstraints frorB — Xgy,
which made such a modest appearance in the case Bftah0, now begin to outstrip the LHC
exclusion boundaries, especially &g < 0. Even more dramatic than the growth of Bie> Xsy
constrained region is the appearance of a significant (pivéided) region which is now disallowed
by theBs — u™u~ constraint. For tafi = 40, this is still a smallish appendage to the region
already disallowed by other constraints, but if we now lobkhe lower set of three panels in
Fig. 5.2 where ta8 = 50, it is clear that this new constraint affects large pafthe parameter
space which are allowed by all other constraints. This gnawtimportance of thé8s — pt
constraint can be readily understood in terms of an enha@biISM contribution from the lighter
stopty. Indeed, for large tad, the CMSSM contribution is knowr2P5 to scale as taft3 /(Ma)*.

If we take a quick glance at the lower three panels in Big, one might be tempted to say
that a value of taf§ as large as 50 seems to be disfavoured because the low-arrglyaints
combine with the existing ones from theory and direct seeg¢b choke off most of the parameter
space accessible to the LHC. However, largeftaalues are interesting as they led to distinctive
sparticle decay signatures, especially those involvinditeal states. It is apparent from the very
same figure that the black bands, denoting consistency hatldark matter relic density, go right
through the allowed ‘focus point region’ in every panel, g that a high ta solution of the
dark matter problem is very much a viable one.

Fig. 5.3illustrates the constraints in the upper three panels af3=R)(i.e. tan3 = 40), when
translated into the squark-gluino mass plane. Once agarmns& the conventions and notations
of Fig. 5.1 The most important feature of this graph is the large yebwea ruled out by theory
considerations. This arises because the squarks (exadet tinird generation) are generally heav-

2We reproduce the exclusion plots already exhibited in Bid,. which, strictly speaking, are valid only for tfn= 10 GeV. However, as we
have taken the combined exclusion plot from ATLAS and thesjyunadronic exclusion plot from CMS, the larger values afan these plots will
not make a significant difference.
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Figure 5.3: lllustrating ?I”le same constraints as in Fig2, but now ir"cl:lthe squark and gluino mass plaiv{Mgy %Iane). All'notations and

conventions are the same as in B2 However, only the tafi = 50 cases are shown.

ier than the gluino in scenarios where the lighter stau isiee#han the lightest neutralino. Light
gluinos up to a couple of hundred GeV appear to be ruled ouhdyeaquirement of vacuum sta-
bility. Higher values of the squark mass cannot break thet@ereak symmetry unless the gluino
is also comparably heavy. There is, then, for all value8gfa funnel-shaped region which is al-
lowed by theoretical considerations. Note that theorbyiche gluino can be substantially lighter
for Ag <0 thanitis for theAg = +1 TeV case.

As in the previous two figures, we have shown bounds arisiogn fthe LEP-2 data by blue
shading. As we have seen, this arises principally from thegtmservation of chargino pairs, and
this bound on the lighter chargino mass translates motessrto a constant bound on the gluino
mass in the ballpark of 3006400 GeV. However, the LHC bounds, shown by solid black (ATLAS
and red (CMS) lines as before, are much stronger, and thdy lmtt the squark and the gluino
mass to values around a TeV or more. The effect of the lowggneonstraints (the green and
pink-shaded regions) is to marginally constrain some oféimeaining parameter space. No extra
constraint is obtained fo%y = +1 TeV, but modest constraints appearAgr< 0, where the squark
mass is pushed up to at least 1.5 TeV. However, if we consaaé + 50 (not shown) most of the
allowed region is shut off, and for even higher values ofzanothing is left of it.

The lesson which is learned from the above studies is thdewlitect searches for squarks and
gluinos at the LHC produce the same kind of constraints foin baw and high values of tgBand
Ao, the situation is different for the indirect constraintsrfr low-energy measurements, which are
generally stronger as t@hincreases anféy is driven more strongly negative. To illustrate the full
extent of this constraint, in Fidg.4, we have plotted the disallowed regions in the plane oftan
andMa, whereMa is the mass of the physical pseudoscafarin this figure, as in the earlier ones,
we show three panels fé¥% = +1,0 and -1 TeV respectively (from left to right) and get> 0
throughout. The values afy andmy, are allowed to range from-©4 TeV and 0-2 TeV as
before. Of course, for a given value &f and tar3, these cannot vary independently. In fact,
as the variation oMa is more directly related to that of, one can imaginey , as the floating
variable. Thus, if a point in the tg8+Ma plane is marked as disallowed, that means that it is

61



Chapter 5. Constraining the CMSSM parameter space with L&€ d

theory == B Xsy
= Lep-2 == BsrHu~ —— CMS(2012)
60 = 60 = 60 =
= e - ————
: 1 a0f 1 a0f
| 1 Ao=0 1 %}
i 1 20¢ 1 20f
: 1 10} N 1 10}
0 F . e 0 I — e O L L |
0 0.5 1 15 0 0.5 1 15 0 0.5 1 1.
Ma [TeV] Ma [TeV] M, [TeV]

Figure 5.4 lllustrating the same constraints as before, but now ingahg+Ma plane. All notations and conventions are the same as in &ger
except thaimp andmy /, are allowed to float in the same ranges as shown in Figieln each panel, regions above and to the left of the red line
are disallowed by direct LHC searches by the CMS Collabaomati

disallowed forall values ofmy andmy /, in the boxmy = 0—4 TeV andmy , = 0—2 TeV.

In Fig. 5.4, as before, the region shaded yellow indicates that it isdrdut by theoretical
considerations, or is not accessible for the given rangesy@fndm ,. It is interesting that the
disallowed region is very small wheiy = 0, but is significantly larger whefy # 0. This may be
traced, as earlier, to a larger mixing among the stau gaugmsiates, leading to a stau LSP. The
LEP-2 constraints do not change much from panel to panetwikiexpected, since we have seen
that their dependence oy is somewhat weak. What is of greatest interest in &ig.however, is
the regions ruled out by the low-energy constraints. In eadle, it is clear that for tgh> 50, the
constraint fromBs — ™~ is highly restrictive, effectively pushing t# mass to the decoupling
limit in the Higgs sector. However, this constraint beconmedfective when the value of tghis
lowered, as we have already seen. In this case, howeverotisraint fromB — Xsy comes
into play unless\g is large, and this has the effect of driving the mas#afto larger values for
intermediate values of tgharound 20 — 45. For low values of tBnthe low-energy constraints
disappear, as we have seen in Fd, and we fall back to the LEP-2 constraints. Finally, there is
a sort of wedge around t@h= 50 whereMp as low as 500 GeV is allowed by all the constraints.
Direct searches for th&” and the charged Higgs bosdfs at the LHC p29 lead to the exclusion
of points above and to the left of the solid red curve — thihmyever, less restrictive than the
indirect constraints If we consider all the diagrams together, we have an absohitimum of
around 300 GeV for thAP. This means that the charged Higgs boson, which is easi@téatis
of mass around 310 GeV. In fact, all the heavy scalar statdsei€MSSM will now have masses
of 300 GeV or above, which already makes them difficult to detén this sector, if not in the
sector for SUSY particles, the CMSSM is fast approachindithi& where detection at the LHC
will no longer be possible.

What about the light scalar state? Obviously, if the heas@lars start approaching their
decoupling limit, the lightest scaldrwill also approach its decoupling limit, viz. around 119
120 GeV. The exact situation is illustrated in F&g5, where we plotn, instead oM, keepingmg

3|t is also relevant to note that these constraints were elebiiiv the so-calledn,-max scenario, which is more restrictive than the CMSSM.
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Figure 5.5:lllustrating the same constraints as before, but now in &ing-+m, plane. All notations and conventions are the same as before,
except that floats as well asng andmy . Note that this region is unaffected by the limits frMW* searches at the LHC.

andmy , floating as before. For this plot, we allof also to float over all values from1 TeV to
+1 TeV. As before, a point is marked as disallowed if this isd/&r all values ofmg, M, and
Ao in the given ranges (only two of these are independent, tisaes explained before).

In Fig. 5.5, as in the others, the region shaded yellow correspondseteetfion which is the-
oretically inaccessible in the CMSSM. Of these, the yellegion on the left of the figure arises
because of the requirement of vacuum stability and connesgef RGE’s, whereas the yellow
region on the right is simply not accessible for the parametege chosen for our study. After
all, we must recall thatn, < Mz at the tree-level, and hence much of the region shown in this
plot corresponds to radiative correctionsntp. We shall come back to this issue presently. Of
the remaining theoretically-accessible region in Bigp, a small portion is ruled out by the LEP-2
searches, and comparatively larger regions by the lowggremstraints, especially for large val-
ues of tarB. However, for taf in the range 6- 30, these constraints allow fon, anywhere in
the region between 93 GeV to about 123 GeV. The lower rangenjd is essentially shut off by a
combination of theoretical constraints and LEP-2 bounds.

Much of the above is already well known. The most interestigagure of Fig5.5, however, is
the cluster of black dots, which indicates the regions cdibfgawith the dark matter requirement.
Obviously, these favour a Higgs boson mass in the neighloadrbf 120- 122 GeV, and strongly
disfavour the lighter end of the permitted region. Intaregy, the favoured region is also close to
the decoupling regime for the sparticles, and hence, we sebmlooking at a strong hint that the
sparticles, if found, will turn out to have masses well in tiadipark of a few TeV.

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

e The CMSSM is still viable in large parts of the parameter spathis is especially so for
tang in the range from 10 - 35 an&y > 0O, though there are patches which are allowed even
outside these ranges. There is no imperative reason, tnereéd write off the CMSSM and
invoke one or other of its variants.

e The constraints from low-energy processes sucB as Xsy andBs — u™u~ are marginal
for large positiveAg and only become really effective for large negateand large tap.
Other low-energy processes yield even weaker constrdihtstwo exceptions are the muon
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anomalous magnetic moment and the rare d&ay- 1" vy, which together rule out practi-
cally all of the CMSSM parameter space, except a small reglinh would be accessible to
the next set of LHC data analyses.

e Even when all the constraints are imposed, there are endimked regions where the
CMSSM is compatible with the observed dark matter relic dgnsrhis will remain true
even if the LHC completes its run without finding signaturésuperparticles. However, if
the LHC fails to find a light Higgs boson the CMSSM — as indeesl M and most other
supersymmetric models — will be ruled out.

e The heavy scalars of the CMSSM are likely to be too heavy teekea at the LHC, at least in
the early runs. The light scalar should have a mass less #&64&V if the SUSY patrticles are
light enough to be seen at the LHC. A light scdtawith mass around 125 GeV is consistent
with the CMSSM only in some corners of the parameter spacerawine superparticles may
well turn out to the too heavy to be seen at the the LHC. In thggecthe CMSSM will still
be a possibility, and will still constitute and explanatimn 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 (LHCYB( is a proton proton collider located at CERN, Geneva. A
circular tunnel contains the collider, with a circumfererad 27 km, at a depth ranging from 50 m
to 175 m. The tunnel was originally commissioned for LEP drehtrecommissioned for the LHC
after the LEP-Il run ended. Two adjacent parallel beam larescontained in the tunnel, intersect-
ing at four points, each containing a proton beam travelliingpposite directions. There are 1232
dipole magnets that keep the beams on their circular patlewiere are 392 quadrupole magnets
that focus the beam. Over 1600 superconducting magnetsimstedled with about 96 tonnes of
liquid helium required to keep the magnets at their opegattemperature of 1.9k{271.25°C).
The design energy of the LHC is 14 TeV; although the early mvese conducted at 7 (April
2010-December 2011) and 8 TeV (April 2012—December 201ec®f mass energy. It is now
in a phase of upgradation for the design energy run of 14 Téi¥ioAigh the LHC programme is
mainly focused on p p collision, there is a slot for heavy iollision with lead ions at 2.76 TeV
per nucleon.

There are 7 detectors that have been constructed at LHC;fttheim ATLAS [231] and CMS
[237] are general purpose detectors while LH@3J and ALICE [234] are dedicated to heavy
ion collisions. The smaller detectors meant for specidligerposes include TOTEM,MoEDAL
and LHCH.

The primary physics goal of the LHC is to probe the nature eftebweak symmetry breaking,
in particular the search for the SM Higgs boson. The othepnggal is to look for signatures of
physics beyond the standard model. A major LHC programntasnégard is the search for SUSY
signatures at LHC. These general searches are conductatyfnam the data gathered from the
general purpose detectors ATLAS and CMS. Additionally tle¢edtors LHCb and ALICE are
designed for flavor physics studies and the study of quarghlasma respectively.

6.2 Kinematics at LHC

The LHC is a proton proton collider and hence the primaryrad@ons are governed by the laws
of QCD. In particular we use the notions of perturbative Q@RQCD) [18] to describe the hard
interaction, while models of non perturbative QCD are usedédscribe the hadronization of the
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partons into subsequent hadrons (baryons and mesons) areithe final observable particles. At
high enough energies we are essentially probing the nusleocture. The reference frame in this
case is chosen such that the Z axis is taken to be the beanTaeisab frame is described by the
co-ordinates (E,P{ppy,pz)), while the center of momentum frame moves along the Z toec
with some boost described by (E (p}, pi;, p;)). Therefore itis convenient to describe the picture in

terms of boost invariant quantities. Note that althougtpthese space elemerit & %’ = w

is Lorentz invariant, but is not boost invariant. Since tiearfn axis is along the Z direction, the
guantities E angb, (and hencéj?pz) are not boost invariant while the transverse components, p
are indeed boost invariant. Therefore for conveniencerdotates can be defined such that they
are boost invariant. Hence one can choose the transversem@mm, and the azimuthal anglg

as the boost "invariant" transverse components. The ottmaponent is chosen as rapidity (y) or

the pseudorapidityr() defined as,
1 JE+p;
y = EIn{ £ pz}’

_ 1 )P+
n = 2In{|ﬁ|_pz}. (6.2.1)

Note that the pseudorapidity can also be writtemas —In (tan6/2), wheref is the angle be-
tween a particle with momentupand the beam axis. The rapidity as a function of pseudorgpidi
is given by,

\/m2 + p2costtn + prsintn
=1|n .

Note that for a massless particlexyn. For a boosp3 along the Z axis the rapidity transforms as
an additive quantity given by 'y=y + yp where y, = In{y(1+ )}, with y = 1/,/1— B2 being
the Lorentz factor. Thus the difference of rapidlty is a boost invariant quantity. The Lorentz
invariant phase space element can also be written as,
dp 1
dar =& = éolp%okpoly.

For two partons with four momenta andgy, with momentum fraction x X, respectively from
the two protons the four vectors can be written as (aligrimegateam axis to be the Z axis),

1
. = é\/é(xb 07 07 X1)7

(6.2.2)

y

1
g2 = é\/§<x2707 07_X2)7 (623)
where E= /s is the center of mass energy. The rapidity of the system @, is thus,
y= 2In{ E_pz} = 2Inxz. (6.2.4)

Hence x = X €¥. If the partonic center of mass is denoted as 32 = Xx1Xos, thenx; =
(M/\/S)€, xo = (M/y/s)e7Y. Therefore different values of M and y probe different valwé
X1, X2.
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In terms of the angl® defined earlier, the rapidity can be expressed as,

B }In (14 Bcosh)
=3 (1-BcosH)’
Simple algebra shows thBtcosf = tanhy, and hence,

p; = |pP|coP =E tanhy
E2 = mé =p?+nP=E?—p?=E?1-(tanhy)?] = E?/(coshy)?, (6.2.5)

wherep? = pZ+ p. Hence E= Ey coshy= my coshy, where E= m?+ p? while p, = mrsinhy.
In the lab frame therefore, the four momenta of the final gtatéons are,

01 = (mrcoshyi, prcose, prsing, mrsinhyy),
g2 = (mycoshy, —pr cose, —pr sing, mysinhy,). (6.2.6)

In the center of mass frame of the two partons a boost in theettibn is effectively a transla-
tion in the rapidity axis, with the rapidities of the two pams beingty withy =y, — y1. Thusin
the center of mass frame,

gy = (mycoshy pr cosp, prsing, mrsinhy),
dp = (my coshy —pr cosg, —pr sing, —my sinhy). 6.2.7)

This discussion on the kinematics thus provides the gedacaépicture of the collider environment
against the backdrop of which our studies will be based.eSine net momentum transverse to the
direction of the beam axis is zero, it is convenient to désctine picture in the transverse plane.
Having described the collider environment, the next imgatrissue in a hadron collider is the
estimation of the hard scattering cross section.
The cross section of the hard scattering process at a hadhatec between two partons (say
a,b ; e.g gluons) to produce final state partidesndB is given by,

O(P(@P(b) + AB) = 3 [ dta [ drofaypla i) fypl )30 () (30— AB). - (6:28)

The functionsfa/p(xa,u]?), fb/p(xb,ufz), known as the parton density functions (PDF), repre-
sent the probability of finding a parton "i" a inside the protarget with momentum fractioqg at
a scaleus. Hereur, us are the renormalization and factorization scales resgegtiThe PDF is
constrained from the deep inelastic scattering proceskitamvolution is governed by the solu-
tions of Dokshitzer-Gribov-Lipatov-Altarelli-ParisiGLAP) equation or commonly known as the
Altarelli-Parisi equations. The above equation for thessrsection is a result of the factorization
theorem in QCD, the essence of which is to separate the stlsbande hard scattering process
described by pQCD and the long distance non-perturbatteedotion. Once parton densities and
the value of the strong coupling constant is known from eixpents, the cross section can be
calculated without much ambiguity.

The hard scattering process is followed by showering taiohelQCD and QED radiation. The
final components in a generic proton proton collision inesidlong with the hard scattering pro-
cess, soft QCD and QED radiation, beam remnants. Thus tmalbpeture is quite noisy. The un-
derlying event can be defined as all the activity of a singbégr proton collision superimposed on
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the hard scattering. This includes initial and final stathations(ISR/FSR), beam remnants, and
multi parton interactions. It is therefore extremely imjaot to model such effects and compare
them with experiments, to get a picture of the physics. Maatdo generators like PYTHIAG]
and Herwig P39 provide an efficient description of some of the above memtbeffects.

The process of showering is followed by the process of hadation. It is well known that
QCD below energy scales dgcp (~ 200 MeV), is a confining theory, and hence quark and
gluons finally form color singlet objects like baryons andsmes. The process of hadronization
is non-perturbative and models of hadronization are usdtisoend. For example the process
of hadronization is done by the method of string fragmeatain PYTHIA, which relies on the
assumption of linear confinement, pictured as color flux suttween partons(e.g qq frefme )
as they move away from each other.

6.3 Jets

As discussed in the previous section, quarks and gluongyfihnatironize to form color singlet
objects like baryons and mesons. In a collider experiméethadrons are collected in detectors
and clustered to form jets. The definition of jets dependshenalgorithm. A "good" algorithm
must be experimentally easy to use and must be theoretsi@hte and robust. In terms of the
snowmass accor@Bq 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 caltah.

The definition should be valid to all orders of perturbatibadry.

It should yield finite cross sections at any order of perttidmetheory.

e The cross section should be insensitive to the process obhiadtion.

Historically the first jet algorithms were constructed at #ie~ colliders, by Sterman and
Weinberg P37, along with Ellis [23§. In Sterman Weinberg jets, an event was classified as
having two jets if at least a fraction-1¢ of the total energy was contained in two cones with
a half opening anglé. These algorithms are known as cone algorithms. The widsdg cwone
algorithms are iterative cones, where a patrticle i is talea seed, and all particles j within a cone
of radius R are clustered such that,

ORZ = (yi —yj)2+ (@ — ¢)? < R

This process is repeated with the above resultant as a skeke tdirection of the resultant is
stabilized. The problem with cone algorithms are howeveh@fact that they are not infrared or
collinear (IRC) safe. The infrared and colinear safety aastimmarized by the following criteria:

e Colinear splittings, soft particle emission in QCD are at jgdirany hadronic interaction. In
a tree level fixed order perturbative calculation these ggses are reflected as soft and co-
linear singularities. These singularities are howevercedad by corresponding loop level
diagrams. In an IRC unsafe algorithms, tree level and loegl leplittings may lead to differ-
ent sets of jets, breaking the cancellation. A jet algorigimould thus be free of these IRC
problems and should be insensitive to all these effects.
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e Since the experimental detectors have non-zero momengsotuten they provide some reg-
ularization of infrared and colinear safety but this degeond the electronics of the detector.
IRC unsafe algorithms can be ambiguous in providing a copieture of the above.

It turns out that iterative cone algorithms are IRC unsaid,l&C unsafety impacts observables
in question.

Modern day algorithms use sequential recombination algms, which has its roots ie" e~
colliders. The first of these algorithms was known as the Jal@rithm used by the Jade collab-
oration in the 1980's339 24(. Here we describe the three major algorithms currentlyse at
the LHC. The first of these is termed asakgorithm P41]. The procedure is summarized as,

e Define the distance measures between particled;ji)jgnd the beam Bdg).
dij = min(pf, ptzj)ATle7 ARG = (Yi—Y)?+(@—¢)®  de=pf,
where R is the cone size of the jet.
e Calculate all thegi; and dg, and find the minimum.
e If the minimum isd;j, recombine i and j and return to step 1.
¢ If the minimum isdig, declare i to be a jet, and remove it from the patrticle list.
e Stop when no particles remain.

Hence all the stable particles are included in final stag faere is no concept of a beam jet.
The second set is known as the ant[-H algorithm, where the distance measure is defined as,

dij = min(p;?, p(jz)%z‘, AR = (Vi —Y))?+ (@ —@)?, dig = p;°. (6.3.1)

The anti-k algorithm clusters the hardest particle as the seed andsgrawnd this seed. It must
be noted however that since collinear splittings get chestat the very beginning the algorithm
is collinear safe. The advantage of antiikin the fact that this algorithm gives circular jets and
hence is preferred by experimental collaborations.

The final algorithm of interest is the Cambridge/Aachen (J/242 algorithm, originally in-
troduced as the Cambridge algorithm for #iee~ collider. This introduces the distance measures
defined in Eq.6.3.1and the angular measurg ¥ (1—cosf). Along with this it introduces the

25E(1_cosh) where Q is the total energy of the system and follows the fahg

measure y = o

steps :
e If only one particle is left deem it as a jet.
e If not, calculate the measurg yvand find the smallest pair.

e If the correspondingiyis smaller than some predefineg,yreplace i,j with the recombined
one and go back to step 1.

e Else call the less energetic of i and j to be a jet, remove ihftbe particle list and go back to
step 1.
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The motivation of this algorithm was to obtain angular oedkjets in combination with the
ki measure. The improved version of the Cambridge algorithesjgthed for hadron colliders
is the Cambridge/Aachen algorithm which replacesyh&ut by the smalleshR;; measure and
repeating the f&algorithm procedure.

Finally we proceed to discuss some aspects of jet substeustathods. For a highly boosted
particle, the resulting decayed partons are highly coli@daand thus in the process of jet forma-
tion, it is possible that these particles are clustered asgbshe same jet instead of two separate
ones. The method of jet substructure attempts to resolgéftijet" containing two subjets. The
first of these is the method to resolve the subjets for a bdadigys decaying to a pair of b quarks.
This was first introduced ir8p], and subsequently improvements have been made. Herdida sa
features of this technique is discussed. For a highly bdddiggs decaying to a pair of b-quarks,
the decay products are extremely collimated and may noltieswo separate b-jets. The angular
resolution ispt dependent and is roughly given by,

1 mp

R AT pr

where X, (1-x) are the momentum fractions carried by the twodrks. Along with the resolu-
tion of the b jets, any gluon emission should be capturedgthe contamination from underlying
events has to be rejected. To look for subjets a jet algorithraquired that captures the angular
resolution and clusters the hardest particles at the lagesif jet formation. The anticklgorithm
is not suitable for this purpose as it clusters the hardésfipst. The best suited algorithm for this
process is the Cambridge-Aachen (C/A) which produces anguilered jets. The jet substructure
algorithm for boosted Higgs scenario is described belowwahg [35]:

(6.3.2)

e Ajetj clustered with C/A algorithm is declustered into tvedg j,j> with massesn;;, m;,,
by undoing the last stage of clustering.

o With a pre-defined quantity, check if there was a significant mass drop in the systgm<
min(p%il’p%iz)ARZ >

m? J1.d2
Yeut, Where ¢ is a predefined value. If the above two criteria are met, thesndj to be the
heavy particle neighbourhood and exit.

pm;. Along with the above also check the asymmetry criteria,yi-e

e If the above criteria is not satisfied replace j hyand repeat.

If the final jet has two subjets with b -tags, then it can be mered as a Higgs candidate within
a pre-defined Higgs mass window. If there is a gluon radigtien the effective size of the jet j is
just sufficient to capture it. For the valuesofit is noted that ifu > 1/1/3, and the Higgs decays
producing a mercedes-benz configuration of jets consistirgypair of b quarks along with the
gluon radiation, the mass drop criteria is triggered. Theig used to reject fake jets satisfying the
mass drop criteria. It is observed thatgpf 0.15 is optimal to improve the signal to background
ratio. The mass peak is then obtained by demanding that tee wiadow is within a predecided
value (typically within 10 GeV of the central value of the lggymass).

The mass peak is however subject to degradation from undgrévents. This is reduced by
the process of filtering the Higgs neighbourhood, in whighghrameter f < Ry is chosen such
that only the dominant’(as) radiation is captured while rejecting the underlying esewt value
of Riir < min(0.3,Ry5/2) was found to be effective byap].

It was observed that in general thedkgorithm has a better background rejection than the C/A
algorithm, but suffers from a poorer mass resoluti®s.
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The second substructure algorithm is to tag boosted tops.bdbsted top regime occurs in a
variety of beyond standard model processes, and thus snegly well motivated. The algorithm
proceeds with a similar philosophy as that of the boosted$iajgorithm. In this case however,
3 subjets (the b-jet and the two jets from the W decay) areiredjuo be tagged. At the first
step of iteration the C/A jet is declustered by undoing thet tdep, and rejecting the softer jet
if the transverse momentum divided by the transverse mameinthe parent jet is less than a
predetermined value aj, [243. The value ofd, is pr dependent, and the typical values found
to be efficient in P43 are &, = 0.1,0.05,0.05 for pr = 1000 160Q 2000 GeV respectively. This
procedure is repeated till 3 subjets are found in the orlgata The resultant subjets then must
have 1 b-tagged jet and two non b-tagged jet with the invamess of the non b-tagged jet within
the W mass corridor (65-95 GeV) while the invariant mass ef3lsubjet system to be within the
top quark mass corridor (145-205 GeV).

6.4 Monte carlo, jet finding and matrix element generator tods

Monte carlo tools are an essential necessity for a reaksticlation of the experimental condi-
tions at a collider. In earlier days, parton level monte @anlodules were used, that estimated
only the hard scattering process and made a crude assessinaeh&dron collider environment.
However this is not the correct picture in most scenariog dilocess of QCD and QED radiation,
which become exceedingly complex at each order of pertiorb#tieory, and finally the process of
fragmentation and hadronization which follow extremelyngicated non-perturbative dynamics
make the hadron collider environment extremely noisy. Timessimple kinematics of the two
body partonic hard scattering process ends up with a larggbauof final state partons. Event
generators that simulate this entire sequence come to shaadere, by dividing the entire pro-
cess into components, where the output of the first procasseid as the input of the next. The
event generator gives a realistic feeling of the kind of évémat one can expect in an experimental
process and the rates at which they occur.

The two popular event generators in wide use are PYTHIPahd Herwig pR35. In all the
subsequent work described in this thesis, PYTHIA is usedyéerating events. The origin of
PYTHIA have the foundations in the LUND string mod&hf] which provided the earliest frame-
work of hadronization and string fragmentation.

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

e The initial state radiation (ISR): The incoming beam patrticles are composed of partons
which take part in the hard scattering process. Before the &eattering process, the in-
coming partons may shower and initiate a sequence of brnag€Rvhich build up the ISR.

e The hard scattering process Two partons from the two beams enter the hard process and
produce two partons in the final state. As discussed eallisrig done by convoluting the
PDF with hard scattering cross sectibnNote that PYTHIA only calculates leading order
matrix elements. If the final particles are resonances liR& Br a heavy quark like top
or short lived BSM particles, they decay to normal particketh decay widths taken into
account.

INote that the total proton proton collision cross sectioi &V center of mass energy is about 110 millibarh$q. Out of this the inelastic
cross section is about 60 millibarn, the single diffractivess section is about 12 millibarn, while the elastic scaty is about 40 millibarn. The
hard scattering process is dominated by the QCD cross seethich is about 10pb at 7 TeV center of mass energy.
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e The final state showergFSR) are built by branching the final state partons from tel h
interaction. Along with the hard interactions there ar® alsmihard interactions.

e The beam remnant is composed of everything that is left behind once the hateraction
process is removed.

e The process of hadronization takes place at this stage producing color neutral hadrons.
Some of these hadrons are unstable and may decay furtheetstgble hadrons. At the end
of the process stable hadrons, leptons and photons are ligfich state stable particles.

As was earlier discussed, the final state hadrons are adaistedetector to form jets. Although
PYTHIA has built in cone algorithms for this purpose, congoaithms suffer from inherent issues
of soft and colinear divergences. Instead, recombinatigorihms likek; [241], antik [7] and
C/A[247 are used as IRC safe algorithms. The most widely used jetfjngackage is FASTIET
[8] and this is used with an interface to PYTHIA in works desedhbn this thesis. The general
algorithm used is anti; with a size parameter R=0.5, while for boosted objects Cgd@ihm is
used.

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

In this thesis we use the software packages ALPGEN{ Madgraph [L0], to compute multi-
parton final state processes like-tjets, W/Z +jets processes wherever required.

This is then passed to PYTHIA for showering and hadronizatithe additional complication
arises because of double counting of events. Note that thexeéement method works best for
large momentum regions of the phase space while low momegi@aris best described by parton
shower methods which takes into account soft and coline&stons. Hence it is useful to merge
the two to get a correct feeling for the entire region of pregsce. A given configuration of (N+1)
jet event in a process can be obtained either by the colls@&aparton evolution of a (N+1) parton
state, or by a large angle emission of a hard jet from a N paystem. Therefore a scheme is
required which decides , on an event by even basis which afhés to be followed. Furthermore
parton showering may mimic an actual matrix element geadrabnfiguration in certain regions
of phase space. Therefore a double counting of events oodinei process of merging matrix
elements with parton showers. This therefore must be agidigi@ judicious procedure of merging
such that parton shower and matrix element events représentlevant regions of phase space.
This is done by the procedure of MLM matchintfl]. The partons from the matrix element level
calculation is defined with a minimupf" and a separatioAR;; > Rmin. After showering a jet
defined within a condRmin, with a threshold ofpT", is applied to the final state partons. The
partons are then matched with the closest jet inthep) plane, and if the distance less thagin,
the jet and parton is said to be matched, with the matcheceoved from the jet list. These
procedure is repeated for all partons. The double counsimgmoved by demanding that there is
exactly one parton that matches with a particular jet. Faorfigarations in which there are two
partons that satisfy the matching criteria, the event isoned. Any event below the transverse
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momenta threshold is considered a part of the parton shoseeegs, while the ones above are
described by matrix element process. The final matched sathps contains events where the
low momentum end of the phase space are described by paaresprocess, while the high
momenta regime is described by matrix element generatedsve
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Chapter 7

Probing generic SUSY signals at the LHC

In this chapter we describe the generic SUSY signals at LHCtla@ ways to probe such signals

by an effective selection of certain kinematic variablese Miroduce SUSY searches based on
event shape variables for the first time. Indeed, it is shdvat such a strategy can be more
efficient than existing search strategies, employed by pb&momenological studies as well as by
the experimental collaborations.

7.1 Signatures of SUSY at the LHC

If one assumes R-parity conservation, the signatures ofYSidifows that of SM, but two of the
particles at each vertex are replaced by superpartnerd.H@ds essentially a hadronic machine,
where the gluon flux can be large and hence the spatrticle ptiodwat LHC is dominated by strong
production processes governed by QCD. The SUSY electrowmtatactions initiated by quarks
at the initial state mediated by W/Z and the photon are subinktomh However for low masses
the cross sections for chargino and neutralino can stilligpaificant. Fig. 7.1 presents some of
the Feynman diagrams for sparticle production. The firstirothe Fig. 7.1, presents the gluino
production from s and t channel gluon initiated process, theds and t channel quark initiated
process. The second and third rows display the squark paitrensquark gluino pair production
processes, and finally the last row presents the electrogeaadino pair productions.

The parton level gluino pair production cross secti@hftom gluon initiated process at leading
order (LO) is given by246,247),

d&(g(p1)a(p2) — G(pa)d(pa)  9mod Z(Mz—t)(Mz—U)+(Mz—t)(Mz—u)—2M2(2M2+t)

dt R & (M2 —t)?
(M2 —t)(M? —u) — 2M?(2M? +-u) M?(s— 4M?)
" (M2—0)? (MZ—t)(M?—u)
(M2 —t)(M?2 —u) +M2(u—t) (M2 —t)(M?2—u)+M?(t—u)
s(M2—t) a s(M2—u) ’

where s,t and u are the Mandelstam variables definesl=agp; + p2)2 = (ps+ pa)?, t =
(PL— P3)? = (p2— pa)% u= (p1 — pa)® = (p2 — P3). asis the strong coupling constant and M is
the mass of the gluino.
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The total cross sectiow( is obtained by convoluting EJ..1.1with the parton density function,

n do n
o(PP— §g) :/dt/dxl/dxzfg/P(XLUfz)fg/P(X27“f2)E(gg_> o)} (7.1.1)

where only the gluon dominated process is presented if7 Hgl

The functionsfy p(xq, u?), fg/p (X2, p?), known as the parton density functions (PDF), represent
the probability of finding a parton a inside the nucleon tavgéh momentum fraction x at a scale
Us. Herey; is the factorization scale respectively and in generalcstite hard scattering scalg
whereQ = /§is the center of mass energy in the parton frame.

The next to leading order(NLO) cross sections can be quige las compared to the LO cross
sections. The NLO cross sections have been calculated itereture in a wide range of works
[248-251]. The SUSY QCD corrections generally consists of two pa@&D corrections due
to the real correction of gluon and quark radiation and titual correction due to gluon loops,
and secondly the virtual corrections due to the squark aedythino loops. The virtual SUSY
corrections are sub dominant at large squark and gluinoesabsgeneral cross section calculators
like Prospino [L7] make the assumption of degenerate left and right squarkkédirst five flavors.

In addition, electroweak corrections have also been catledlin the literatureZ52 253.

The inclusive cross section is dominated by the strong pmtolu processes and varies from as
much as 50 pb for gluino and squark masses of 400 Ge¥ to 1 fb for gluino and squark masses
of 1 TeV at 7 TeV center of mass energy. The cross section fisuwssupersymmetric processes
is presented in Fig.7.2, where the gluino and squark masses are assumed to be dcegenér
can be observed that the largest contribution to the cradsoeecomes from the squark gluino
process, while the sub dominant strong sparticle produostare the squark pair, and the gluino
pair production. Notice that the fall of the cross sectioraid with increasing mass, with the net
strong particle production falling to about1 fb at about 1 TeV squark and gluino masses.

Once produced the squarks and gluinos cascade decays iateteth lighter states and finally
to the lightest neutralino. The decay widths of the gluind #re squarks depend on the masses of
the parent and the decaying particle and the nature of thaliogu As an example the decay width
for the gluino decaying into a squark and a quark is givenly],

rg—a+a = as)\z(nﬁén%’nﬁ) (Mg —mg, + Mg —2sinBgmgmy),  (7.1.2)

rg—a+a = aw(nﬁ%n%’nﬁ) (g —mg, +mé+2sinBgmgmy),  (7.1.3)

whered » denote mass eigen states corresponding to the flavor eigasgt r, 65 is the
mixing angle between the left and right squark states, Ansl the challan variable defined as
A(X,Y,2) = X2+ Y24 22 — 2Xy— 2x2— 2yz

Similarly the squark decay widths are given i §,

(G4 a) = Z“S“ﬁf%’”‘é’”‘é) (18, — 1§ — 12 + 25in By gmy).

(7.1.4)
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Figure 7.1: Examples of diagrams for the SUSY particle potidua via the strong interactions (top rows @, G4
anddg, respectively) and the electroweak interactions (the &iw@w).

r@rgra - R o g2y

(7.1.5)

If the mass hierarchy isy > mg > My, Myo > Myo, the first step of the cascade decay initi-
ated by the gluino is governed by QCD processes, which depengrily on the masses of the
initial and final state particles. In general a large masslggpeen the parent and the daughter
particles results in large boosts carried by the daughteicfes. The second step of the cascade
involves decays via weak interactions, to charginos andraknos. Contrary to the decay via
strong processes, the decays via weak interaction depetie @xact nature of couplings and the
composition of the charginos and neutralinos. These coggldictate the branching ratios of var-
ious weak decays in SUSY. The decay of SU(2) doublet squaritsetchargino states contribute
about 55- 60% of the total branching ratio, while the rest is via theajeto neutralinos. If the
gluino is lighter than the squarks, the gluino decays oélisds,

§— qd x5, qaxs,
while the chargino and neutralino decays as,
X = Wx2— 1/x0, x8 = zx0 — fixd.

These decays however depends on the nature of the squarkseactthrginos and neutralinos.
An entirely right handed squark will decay to a quark and tgetést neutralino. Similarly iﬁ(f
and)(gJ is gaugino like, the mass gaqt,xg —Xf, is large, resulting in hard final state jets and
leptons. In the other limit, Whexlf andxg are higgsino Iikexf, Xg andxf are almost degenerate
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Figure 7.2: The cross sections for various supersymmteoicgsses by strong processes at 7 TeV LHC energy.

Production Decay Modes Signatures

— qax?, )
6. dd. 66 5L + multijets
©G3.06.60  aodX; i o j
gxg (+leptong
G- aF,
G—aX
o X1 X2 X — X)*v  Trilepton+ V/T
52— X0
X{ — X{aq  Dilepton+ jetﬂfT

X2 — X
Table 7.1: Some of the production processes, decay modesgratures of sparticles at a hadron collider like LHC.

and hence the final state objects are soft. At the end of thayddtain, a collection of leptons,
quarks and missing transverse momentyt) (priginating from the LSP is obtained. The in
the system occurs from the fact that the lightest neutralieing extremely weakly interacting,
evades detection. The resultant imbalance in momentumsshpvas f3. Some of the SUSY
signals initiated by strong/weak production processesadmalated in Tabl&.1,

Thus the generic SUSY signature, is often designated by,

m—leptonstn— jets+p; nnm=0,1,2... . (7.1.6)

The task of extracting the SUSY signal at the LHC boils dowsuppressing the enormous
SM backgrounds. The SM background consists of two major corapts; the QCD background
which is the largest background in terms of cross sectionvetitl no or insignificant /3, and
secondly the electroweak and thiebackground which has large cross sections and associated p
from the neutrinos. Thus the principal backgrounds to a geisJSY search can be summarized
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as follows p54:

e QCD: The QCD background, which includes copious productionguzfrks and gluons in
the final state is the largest SM background in terms of crestan of aboutv & 10 pb at
7 TeV. The pr in the QCD background comes from semileptonic B meson deeaysell as
non physics sources like detector effects. In the worksrdessatin this thesis, we do not take
detector effects into account.

e tt + jets Thett production process can have semi-leptonic and fully hadrfnal state.
Since the cross section is significantly large ((60pb at 7 TeV) and there is a significant
amount of missing energy from the neutrinos in case of septohic decays along with
associated jets this too is a major background for SUSY kearc

e Z+jets :This electroweak process comprises of the irreduciblé plathe background in
SUSY searches for fully hadronic final states when the Z baksrays to a pair of neu-
trinos. The cross section for this process is quite largd @ pb at 7 TeV) and hence this
background is one of the most severe backgrounds to SUS¥h&=arThis background also
contributes significantly for dileptonic SUSY searches wtiee Z bosom decays to a pair of
opposite sign leptons.

e W+jets : This electroweak background can be significantly largeléptonic and fully
hadronic searches as the cross section is enormously largé®(pb at 7 TeV). For fully
hadronic searches this is a major background in the situatien the lepton is not identified,
or when the W decays hadronically via the tau lepton. Thid¢sis a significant background
for single lepton searches for W |v.

e WW/WZ/ZZ : The SM electroweak processes, although low on cross sscii® compared
to the previous ones, can be serious backgrounds for ayafie@USY searches, for both
hadronic and leptonic final states.

e tbW/tW/ vvqq : These background processes can be significant for hadasnieell as
leptonic SUSY searches.

The SUSY signal cross sections are thus miniscsl@(1 pb)) as compared to the SM back-
grounds and therefore the challenging task at hand is ta@bxtre signal out of this haystack. The
amount of suppression required is of the order of 1 part fi) Wich is quite a daunting task.

The first works in probing SUSY signatures for the early LH@ with 7 TeV energy were
conducted by4,5,255. In general these search strategies probed the followhagmels :

o jets + py.

e 1-lepton(ll) + jets +/5.

e two opposite(OS)/same sign(SS) leptons + jets+ p
e three leptons + jets ¥p

The general strategy employed in these searches relieccarsthof a hard/p cut along with
other standard cuts on the number of jets and hardness afddenf jets. This is well motivated
since in a large region of the SUSY parameter space domirmstesdrong particle production,
the leading jets angpis expected to be hard. This provides an excellent handlegprsss the
backgrounds. Using their strategy the authorslinfgund that they can probe up to 950 GeV in
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gluino mass when the squark is degenerate with the gluind@8dseV when the gluino mass is
much less than the squark mass.

In addition some specialized techniques lde[256, razor 257, Mt [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 worftp5' and 20fb~1 lumi-
nosity was acquired respectively. Most of the early seaah@&TLAS and CMS were conducted
in the model framework of CMSSM parameter spaze £58. The general strategy relied on the
use of a higtHt and a highf cut to suppress the backgrounds.

It was also observed that, these search strategies did met certain regions of parameter
spaces with relatively low'p. A typical example is the highny and lowmy /> region in CMSSM,
where the squark masses are much higher than the gluino nmetgs case, although thé¢pis
lower, this region is rich in jet activity, as the gluino umgees a three body decay in the heavy
flavor channel via off shell squarks. The multiplicity ofgan this case is expected to be high,
as is the momentum of these jets. In this region the limitaf&TLAS and CMS were observed
to be weaker than the highy /, region, where the gluino and the squark have almost degenera
masses. This region thus requires special treatment, atie ifollowing section we take up the
subject of event shape variables in supersymmetry sedrthe§) to show that such kinematically
challenging regions can be probed more efficiently than xisting search strategies.

7.2 The event shape analysis for 7 TeV LHC energy

As was mentioned earlier the sparticle production at the igtfominated by the strong production
process. The final states with the generic signature oflggns and/p (Eq. 7.1.6 were studied
in the following channelsl9],

e a single lepton + jets@ + g,

e di-leptons+ jets(?),

o jets + pr.

It must be noted that the jets A-channel offers the largest reach, as leptonic branchimngsrat
in the cascade decay are much smaller.

The background processes consists of the entire set dedadribn the previous section. The
most severe backgrounds consist of the jetsand the irreducibl@(— vv + jets). Along with
this, the single lepton and the jets/4 phannel is plagued by the WY /v) + jets and QCD due to
its large cross section. In addition sub dominant backgitelike WW/WZ/ZZ and tbW, W also
make a significant contribution to the final background.

The event generat®YTHIAG [6] is used to generate signal events and background proachsses
tott, WW,WZ,ZZ and QCD. Thét and QCD backgrounds are generated by slicing the entirephas
space in variougt bins, wherepr stands for the transverse momentum of final state partons in
the partonic center-of-mass frame. Forjets, W/Z+ jets , hard parton level events are generated
using ALPGEN [9] and subsequently passed throl®Ri#THIA6 for parton showering(PS). Jets are
reconstructed using FastJéf fvith an anti— Kt [7] algorithm using a size parameter R=0.5. Jets
are selected with a cut @i > 50 GeV andn| < 3.0. The total fy of the event is calculated out
of the momentum of all visible particles present in the ev¥ pre-select events consisting jets
and missing energy by imposing the following selection:

p} >50GeV,|n| <3.0 and pr >50GeV, nj > 1. (7.2.1)
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For the analysis with single and dilepton channels, leptboth electrord) and muong) are
selected withpr >10 GeV and|n| <3. In the case of the single lepton final state, we apply
pr > 20GeV.

To analyze the signal and background we use the followiragesdiy based on event shape vari-
ables with the selection variables as described below:

e Transverse thrust:The concept of event shape variables emerged avigh colliders, with
the aim of defining the "shape" of an event, whether it is plasggherical or pencil like, etc.
These variables are defined to be infra-red safe againsbsofilinear gluon emission and
invariant under the branching — pj + Pk, whenever the momenta are parallel or one of
them is small. Quantities made of linear sums of momentayawaeet this criteria. The
event shape variable we put to use is transverse thrust defsgg],

T maxzijzmﬁ:ﬂ, (7.2.2)
i1ph

WhererjjT is the jet with momenta in the transverse direction, Giglan arbitrary unit vector

in the transverse plane over which the maximization is peréal. If the moment@’T form
colinear jets, the thrust axis after maximization lies par#o the jet and hence the value of
the T is equal to 1. For a di-jet event with jets in the back tokbeonfiguration the value of
T is again equal to 1, as can be readily seen fromEg.2 For an isotropically distributed
configuration of jets, the value is close tg72 The tail of the distribution is dominated by
multi-jet events.

We use this feature to good use for SUSY searches. We rehar&USY processes where
the heaviest particle (gluino or squark) cascades dowretbghtest supersymmetric particle
(LSP), the final state can have a large number of jets andrsmtong with a significant
amount of fr from the LSP. A typical region of interest which produce th&sd of events

in the framework of CMSSM is the region of moderate to highand relatively lowmy ,,
leading to a low gluino mass and a high squark mass. In thesttesgluino ¢) decay mode
proceeds ag = tbxf,tt_xg via off-shell squarks. The largest SM background namely QCD
produces mostly di-jet events, and therefore the thrusiloligion in this case lies close to 1.
Thus putting a cut of > 0.1 suppresses a huge amount of the QCD background leaving the
signal mostly unaffected. The thrust distribution expeelss terms oft = 1— T, subject to
the cuts described in the figure is presented in Fig. We can thus observe a clear distinction
between signal and background proces&ékpgarticularly QCD which lies close to 0.

e Rr: The remaining major background consists of the irredecttil— vv) + jets and the
W+ jets background. Note that since the parent SUSY partgiléno or squark) is fairly
heavy the resulting jets are hard. Additionally the fact tha process consists of multi-jets
motivates us to construct a ratio of the transverse mometieddzy [19] and defined as,

nmiﬂ

] i
Rr = ZlHipT (7.2.3)
T

where the numerator runs over a minimum number of pre-szlgets (Iﬁ“”) depending on
the signal topology. The denominatof i the scalar sum of the transverse momenta of all
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Figure 7.3: Ther = 1 —T distribution(left panel) and thBy distribution(right panel). The benchmark signal point is
in the CMSSM framework for ji= 1500 my /, = 310,tan3 = 10,A¢ = 0,sgn(u) > 0 for 8 TeV LHC energy. The jet
pr threshold is chosen to be 50 GeV withim| < 3. The figure is normalized to luminosity.

jets in a given event. For events which peak athTrmjmi“, while values less than 1 are for
events where the number of jets present in the event areegréain Iﬁ“”. In our study we
choose Ry, implying rf‘i” = 4. This is illustrated in thd:y distribution in the right hand
panel of the Fig.7.3, where the peak at 1, represents events V\{WH & nj = 4, while events
at the tail of the distribution are corresponds to thr:e>mjmi”.

This is more than a naive implementation of a cut on the tatallmer of jets, as this cut also
utilizes the hardness of the final state objects. This veisbmost effective in suppressing
the W(— |v) + jets and the irreducible (Z+» vv)+jets background. For SM backgrounds
the sub leading jets are expected to be much softer than thesponding SUSY processes,
where the jets originate from a fairly massive parent plrtidence the tail oRy distribution

is expected to fall to much lower values for the signal pre@sscompared to the background
process.

Notice from Fig.7.3, almost all the SM backgrounds, witty > nﬁ"i”, falls close to 1, while
the SUSY processes fall to values as low as 0.55. We put &cut 0.85 to optimize the
signal to background ratio.

M}j . Finally the remaining background consists bf-fets which can have a significantly
high number of jets along witli4a To suppress this we construct the variable with the leading
two jets in the event as,

Ml = \/Zpt x pi(1— cosp), (7.2.4)

whereg is the angle between the leading two jets in the transversetain. We note certain
facts about this variable which helps us to suppress the largjets background. Th&
process, after thBy cut is always in the highit region implying that the top pairs are in the
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No. of Events

MSUGRA/CMSSM: m =1500 GeV, m1:310 GeV, tanB=10, AOZO, u>0
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Figure 7.4: Comparison df/l%j) for tt and SUSY signal events subject to pre-selection cuts{Efjl) and with
\/S=8 TeV. Parameter space P1 from TaBldis used for SUSY.

boosted regime and hence the leading two jets are quitedmbasd hard. Thus the opening
angleg between the two leading jets in this case is quite smalljhgpith a smaller value of

M{j. However in the SUSY signal, the leading jets are isotrdyichstributed, leading to a

larger value OM-{-J as the opening anglgbetween the leading two jets are larger. This can be
observed in Fig7.4 (subject to preselection cuts as described in the figure a\g, where

we observe that the the distribution for ttieprocess peaks at 200 GeV, while the SUSY
process peaks at 400 GeV and the tail extends to more than.II'eké are other processes
(not shown in the figure just for the sake of presentatiokg the remaining fraction of W+
jets and Z+jets, which also suffer significantly To optimthe signal and the background
where a cut oM > 450 GeV can be applied at 8 TeV.

Ht : In addition we also employ thidt cut to reduce a certain fraction of the background.

Mt : For the single lepton case, in all backgrounds, the leptamiyycomes from\V decay,
and hence the transverse mass between the leptopaiscegpected to be bounded by the
mass. Hence, events with a single lepton case is expectedfeo due to a cut on transverse
mass P59,

M = \/2E}plr (1~ cosp(£, py)) > 60 GeV.
whereg is the azimuthal angle between the lepton and thelipection.

my+,—: For the dilepton case we use the additional cutgn,- >10 GeV andmy:,- #70-
120 GeV to remove th&(— | 717) + jets background as the dilepton invariant mass is ex-
pected to give a peak at the Z boson mass. Themwut >10 GeV is used to suppress
dilepton mass peaks originating from a soft ISR photontapdjinto dileptons.

Pt Apt> 150 GeV is applied for all the search channels.

82



Chapter 7. Probing generic SUSY signals at the LHC

The left panel of Tabl&.3summarizes the cuts for various search channels.

As was the practice in the early analysis of SUSY searchegjied 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 describeddayadneters and a sign. These
aremp, my , anAg, namely the universal scalar mass, the universal fermissraad the universal
trilinear coupling respectively, specified at the GUT scdlee remaining two parameters include
tang, the ratio of the VEVs of two Higgs doublets and $gi wherep is the higgsino mass
parameter, determined at the electroweak scale. The dpaspiectrum at the electroweak scale is
determined by renormalization group evolution(RGE) fromGUT scale to the electroweak scale.
The software package SUSPECIH] is used to generate the sparticle spectrum. SUSPECT uses
two loop RGE while evolving from a generic high scale SUSYaliieg model to the electroweak
scale, where all the masses and mixing angles are calculdteel subsequent branching ratios
were computed using the interface SUSYHIB|

For the 7 TeV analysis where event shape variables were useithd first time in SUSY
searches19], the values ofAg, tanB, sgnu) were fixed to 0, 45 and +1 respectively. TaBle
shows the benchmark points used for this analysis.

P1 P2 P3 P4
mp | 500 1500 | 500 450
My, | 200 200 400 500
mg | 524 575 954 1161
mg | 660 1535 | 981 1133

Mg 142,296| 126,241| 308,515| 391,623
Myo, 78,143 | 76,130 | 164,309| 207,392
mgo, 274,295| 196,240| 499,514| 610,623

T 266 208 495 607
o(pb) | 2.5 0.32 0.08 0.018

Table 7.2: Masses(in GeV) of SUSY particles for four setsigim, /, and fixed values ofio=0, tan3=45, signfs)=+1.
The leading order cross sectioa¥for SUSY particle production are in the last row. The mastheftop quark is set
t0 173.2 GeV

1-lepton di-lepton | jets+ p;

'e"}ton t 5 g 5 ”O'C‘)’Ego TotalBg| P1 | P2 | P3| P4
<5 <9 <9 W(ogy) | 101 | 179] 20 | 7 | 2
Rr <0.85 <0.85 <0.85 Pr
T 150 Gy 1/(cy,) 265 | 70.| 8 5 | 1.3
R e - =C 20(0oy,) | 543 | 56| 7 | 2 | 05
m.T P, 20(0,,) | 097 | 31| 4 | 18] 05
+1- - - -
1500 Gev |~ 900 Gev | 1 TeV Jetsp, ) | 3.7 | 271 32.5] 21.8] 4.63

Pt 150 GeV 150 GeV | 150 GeV

Table 7.3: The summary of cuts for 7 TeV event shape analgiis@nd side). Total signal(P1-P4) and background
cross sections(fb) before and aftér put (Ooy, Oy, respectively) for the single leptor{jl di-lepton(2) and jets plus
P+ case(right hand panel).

The event summary for the single lepton case can be fountBjnIn the right panel of Table
7.3, the final cross sections after all cuts for 7 TeV for all thamels is summarized. The con-
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servative estimate predicts that in the single lepton cebaimd as well as the jets #hannel, it

is possible to achieve a reasonable signal-to-backgraatiafor g andg'masses up te- 1.1 TeV
whereas the di-lepton channel alone is not very encouratfihgs to be noted that this conclusion
is based on LO signal cross sections whereas in backgrowaldagion the higher order effects
are taken into account to a certain extent by considering earission of partons(jets), which is
the real part of the NLO correction. Clearly, the discovegah 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 ermgy.

After scrutinizing the previous selection strategy and&ation of cuts 19 very closely, it was
realized that thédr cut was redundant and can be removed entirely. In additierglao updated
our study for 8 TeV LHC energy. In order to find the sensitivafyour search strategy we scan
the entire region of CMSSM parameter space and predict teodery reach of SUSY signal.
Moreover, we also compare our results with the CMS and ATLASults for 7 TeV with 5 fb!
data .

In SUSY events thelt distribution in signal is expected to be on the higher sidetsemerging
from cascade decays of heavier particles are more enetigaticheir SM counterparts and hence,
it is used as one of the background rejection tool. Followtinig observation, in our previous
analysis we also adopted thils variable to eliminate SM backgroundkd.

Therefore in the later work?D] where we probed SUSY signatures at 7 TeV witlils ! and
8 TeV with 5 and 20fb~1 luminosity this issue was investigated further for the jet; channel.
For this analysis , the following sets of cuts were imposed,

T>0.1, Rr(4) < 0.85,
M2 > 450 GeV/p; > 250 GeV. (7.3.1)

In Fig. 7.5, we present the interplay of cuts by making a two dimensiptadlin g+ — Ht plane
imposing selection om andRy (4), as Eq.7.3.], requiring at least 4 jets in the event for both signal
and all SM backgrounds. The signal benchmark point choséhisncase corresponds to P1 in
Table7.4. The p; — Hy distribution shown in Fig7.5clearly reveals that signal events are located
at the highHt ( > 750 GeV) region and in addition, requiring p>250 GeV, it is possible to get
rid of contamination due to the SM backgrounds. This exerjistifies the claim of dropping
Ht cut from our selection strategy. These features are in stankrast to almost all multijet
search strategies which requires a laryecut in their analysis60. One of the most important

background to SUSY searches is the irreducihle> vv)+jets background with multijets and a
large amount of/p [254]. UsingRy (4) we have successfully managed to suppress this background

Model | u Apr g g ty to b1 b, & o | XXX x|

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 (F$)=1500 GeV,m; ,=310 GeV tafi=10A=0, sgn{1)>0,
(P2)mg = 620 GeV,my, =520 GeV, taf=10. Ao=0, sgn{1)>0 for the 8 TeV analysis. The top mass is set to
173.2 GeV.
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to a rather small level. It must also be emphasized that #riable being a dimensionless quantity
is prone to less systematics, and is a fairly simple varigbisplement in experiments.

MSUGRA/CMSSM: m ,=1500 GeV, ml=310 GeV, tanp=10, AO=0, u>0
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Figure 7.5: Distribution of signal and background eventthwi> 0.1, Rr(4) < 0.85, M%l’jz > 450 GeV along with
pre-selection cuts, E@.2.1 Parameter space P1 in Talfldis used for SUSY.

In order to understand the impact of our selection strategyiscussed in the previous section,
we analyzed SUSY signal for two benchmark points shown if€ld@ll One of the points(P1)
corresponds to a lower gluino mass and a relatively highearkgmass in contrast to the other
point(P2) where gluino and squark masses are almost eqnalahlle 7.5 we summarize the
cumulative effect of cuts for a center of mass energy 8 Te¢ pitoduction cross sections (CS)
are presented in the second column of Tahk It is to be noted that the signal cross sections
are at the next-leading-ordet7] level where as partially higher order corrections are taikeo
account by considering associated jets in the backgrounckepses. The 3rd column shows the
number of events(N) generated and it is made sure that gsponds to at leastf5~1 integrated
luminosity. From the 4th column onwards the number of eventsto cumulative effect of cuts
are presented. Finally, in the last column, the number ohvselected after all cuts including
matching efficiencies(E.3.1) are shown normalized to cross section féb5* luminosity. In
addition we also simulate signal and backgrounds with prefagistics for 20b~! luminosity for
which only final results are presented.

The benchmark points(P1 and P2) are so chosen as to revehfféience in the type of event
distribution for the two points. The first point P1( Talld) has a lower gluino mass and a compar-
atively higher squark mass which implies that the primargagemode of gluino will be through
g— tb)(ft,tt)(ﬁ2 via virtual top squarks. With top decaying in the hadronicd@dor about 2/3, it
yields a large number of jets. We find as expected that thereapjon due to the thrust caté 0.1)
for the signal is about 20% whereas for background it is tbeeckto 90% for some cases, QCD
in particular. The R4 selection variable is effective for multijet backgroundslas reflected in
the 5th column of Table 2. Eventually, the'{l\ttut as discussed previously is useful to get rid of
the remaining top background. However, in case of paransgi@ce P1 i.e for highp and low
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Process | C.S(pb) N T Rra My Dt # of Events
>0.1 < .85 | >450GeV | > 250 GeV| . =5fb1!
P1
ag 0.087 20K 16809 | 9186 3840 1025 22.3
ag 0.023 20K 16474 | 9776 7363 3458 19
P2
ag 0.002 20k 17781 | 13650 6227 3810 1.73
4g 0.015 20K 14895 | 5286 3490 2883 10.5
GG 0.02 20k 10713 | 1068 451 299 1.3
tt
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
tt+ 1] 79.6 136083| 68854 | 3354 20 0 0
tt+2j 39.6 192983| 11110 | 1180 14 0 0
tt + 3] 14.7 14993 9802 2239 110 0 0
tt + 4] 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 | 436.2 | 99616 | 43712 3 0 0 0
W+ 4j 105.3 68923 | 25324 342 36 0 0
Z+2] 1670 | 120199| 67406 0 0 0 0
Z+3] 450 241202 | 106864 6 0 0 0
Z+4] 110 39203 | 17706 133 10 0 0

Table 7.5: Number of events after each set of cuts for sigmaleckground fox/S=8 TeV. In the the last column,
number of events are normalized for 5 fduminosity.

my />, the mass differences amox‘g“,)"(g andxf are comparatively small resulting in less available
energy for final state particles leading to a softer specinaiuding soft p;. As a consequence,
the effect of 5,(>250 GeV) cut is severe for signal in this case, as reflectetigrpenultimate
column in Table7.5. Hence, total acceptance efficiency turns out to be smdtiyig low signal
sensitivity in this region.

The benchmark point P2 witimg andm, ,, nearly equal, is different in the fact that the gluinos

will preferentially decay tdt with physical top squarks decaying further(pofz. Hence the gluino
decay will still yield a fair number of jets in the final stat€Ehe 1st two generation squarks will
however decay predominantly t(xﬁ with charginos decaying tW)(f. This channel therefore
yields a less jet activity in most cases which is suppresyetthé Rr(4) < 0.85, as can be seen
from Table7.5. In Table7.6, we show the total number of background and signal everes alft

selection cuts for two parameters points P1 and P2 normglipi cross section atf®~* luminos-

ity. We observe about 4(3) background events for integriatedhosity 5fb—1 at 7(8) TeV energy
against a handful of signal events yieldi®&g/B more than 5 for two selected representative signal
parameters points P1 and P2. The suppression of backgreantsendicate the robustness of our
selection strategy.
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Figure 7.6: Discovery reach requiring 8B >5 for tanB= 10, Ay = 0, sign(u)=+1. The two CMS(MT2 and Ra-
zor) [21,258 and ATLAS [26( exclusion plots are at 95% C.L. The green shaded regiors&ldived by theory and
LEP constraints, red shaded region is forbidderiplySP condition.
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Figure 7.7: Same as Fig.6, but for tar3=50.
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Armed with this selection strategy, we attempt to find theeptial discovery region in the
mo — My /> plane. We scan theyp —my » parameter space settidg=0, signf1)=+1, tan3=10, 50

and estimate the signal rates applying cuts, E8.1and7.3.1 We require $v/B >5 to claim
discovery of SUSY signal for each set of parameters pointa fgiven energy and luminosity. In
Fig. 7.6 and Fig.7.7 we present the discovery reach in timg —m > plane for tar8 = 10 and
tanf = 50 respectively. In both the figures the shaded area along#xes are mainly disallowed
by no-EWSB breaking condition as well as the limit on chaogimass{102 GeV) from LEP ex-
periments $6]. On the other hand the shaded region along the y-axis aeel mlit becausé;
appears to be LSP which is assumed to be forbidden becaudtenhg LSP as a dark matter
candidate which has to be neutral. We present our resul TtV with 5 fb~1 luminosity and

8 TeV energy with b~ and 20fb~! luminosity. The total background and signal cross sec-
tions are presented in Table6. It is expected that the discovery reach for 8 TeV is higher an
this enhancement occurs mainly due to the enhancement dicgpgroduction cross sections,
approximately by a factor of 2. Notice that in the same plaeealgo delineate regions excluded
at 95% C.L. by CMS and ATLAS at 7 TeV energy with 461 and 4.7b~1 luminosity respec-
tively. Note that for taf8 =50 case, exclusion plots are not available from both the raxeats

at this integrated luminosity. Notice that the two CMS esabm plots are due to the two methods

VS | Z(fbY) | tt | W+jets | Z+jets | QCD | Total Bg SuUsy
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 afaignd background events foft5-(20 fb~1) luminosity
subject to all selection cuts, (Eg.2.1,7.3.] corresponding to center of mass energies as shown.

MT2 [25§ and Razor 1] with almost same luminosity. The ATLAS exclusion plot istained
by demanding the number of jets6 to >9 along with p; in the final states460, which is the
similar type of final states where our search strategy is s@sitive.lt is to be emphasized that in
both CMS and ATLAS analysis, no isolated leptons, electamsuons are required. It helps to
suppress backgrounds, mainly dugttand W+jets. However, in our analysis we do not require to
veto any such events to suppress these backgrounds. It feemihese figures that our selection
strategy works better for higimy values where as for lowy case it is comparable with other re-
sults. A naive comparison of our results with a recent pap&ed. [4] which predicts the gluino
mass up to~800 GeV whereas our analysis claims-it TeV for 7 TeV 5 fb ! luminosity in the
high my(>1500 GeV) region. It is to be noted that the signal rates irptqaer §}] correspond to
inclusive channel, but in our case it is due to the jets plaspannel. It is true that at the high
my, as discussed before, thie ; the events is softer and hence signal selection basedlutrctit
on p; suffers and sensitivity degrades very fast. However, incaise, instead of highipcut, we
exploit the multiplicity of jets in the events, which is orghier side in this higlmg region due to
the presence of heavy flavors(t,b quarksy,ifj, Cascade decay chains as discussed previously. As
a consequence, selections based on our strategy achigterssigmificance than the others which
are based on very hard cut gp pndHr. On the other hand, towards the higher sidengf, and
comparatively lowm, values, the masses of gluinos and squarks are close to dwah ot
multiplicity of jets is relatively lower and hence our s&gy suffers to some extent.We observed
that the difference in tghdoes not make a significant impact in the discovery reachghwisi ex-
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mSUGRA/CMSSM: tan =10, A0=0, >0

8 1000 h m— EveniShapes V=8 TeV L2000

— H

E'm : mmmmm EentShapes Vs=8 TeV L=5fb*
800 Y. H

i e EyentShapes VS=7 TeV L=5fb*

: mm Pusp

© W LEP +Theory

500 1000 1500 2000 2500
ma[GeV]

Figure 7.8: Discovery reach for tgh=10,Ay = O, sign(u=+1).
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Figure 7.9: Same as Fig.8 but for tar3 = 50.
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pected as rates in the hadronic channel is controlled byabeacle decays of the strong production
process whereas tBraffects the electroweak processes. However, the diffeseace subtle and
appear only in parts of parameter space whichthas the next to LSP due to large f@rand hence
yield t leptons in the final state. This yields a lesser number ofifesme parts of parameter
space which in our search strategy translates to a loweh iadarge tarB region.

In order to understand the implication of this discoveryi@agn mp —m » planes, we translate
Figs.7.6and7.7, to Figs.7.8 and7.9, which are in the physicahg — mg mass planes (se4.2
for mass relations betweem, m, , andg; §). Clearly, both the figures display the discovery reach
of masses ofy Tor the corresponding masses and vice versa for a given set of SUSY parameter
space. We find that for nearly degenerate cagge; mg, it is possible to find SUSY signal for
mg up to 1.2 TeV(1.35 TeV) for 7 TeV(8 TeV) energy witf B-1 luminosity where as for larger
masses of),"this reach goes down to 1 TeV(1.1 TeV) for the same energyeramhis conclusion
remains true for high ta8, case as well. For higher luminosity options, say 20" for 8 TeV
energy this reach extends 4dl.5 TeV. Note that our predictions are based purely from geoe
level analysis without taking care of any detector effects.

It is imperative to design search strategies that will acd¢he edges of the SUSY parameter
space. This will involve optimizing the signal to backgrdumatio in large parts of the parameter
space where the signal cross section is miniscule. In tbidysive have provided such a search
strategy with its own merits of suppressing SM backgrounds tather small level. It must be
emphasized that our strategy is not limited to CMSSM but etqukto work also in other models
which yield a large number of jets, for instance non-unigkgaugino mass modet{] or the no
scale F-SU(5) models which yield hard high multiplicityg¢261].
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Higgs signatures in MSSM

The observation of the Higgs boson is indeed the most impbdiacovery in the MSSM frame-
work in absence of any SUSY signal, as the lack of a Higgs basand have ruled out MSSM. In
section3.6.2 it was shown that the tree level Higgs mass was bounded byé#iss of the Z boson.
However, it was also noted that loop corrections, dominbtetbp stop loops can significantly lift
the mass of the lightest Higgs boson up to 135 GeV (E§.2Q. Therefore the 125 GeV Higgs
boson can be accommodated in the framework of MSSM with icecteoices of parameters.

The discovery of the Higgs boson puts a significant amourgstfiction on the MSSM param-
eter space. Any spectrum of MSSM is required to have the coH&gs mass, and hence this
would rule out some of the available real estate in the MSSMdaape. The constraints on the
MSSM parameter space post Higgs discovery has been caui@gdanumber of studies in various
model contexts like CMSSM, non universal Higgs mass(NUHig, next to MSSM(NMSSM),
as well as in the framework of a general MSSM scendt®33,194-219.

While prima facie the large constraints imposed by the Higgss, and the inability to distin-
guish the lightest Higgs between SM and MSSM might seem a Ivlats face, the discovery does
indicate the region of parameter spaces,

(i.e regions with large scalar masses or light third gemamagquarks with maximal mixing
scenarios) that one should be probing to find a SUSY signal.

On the practical side, the discovery of the Higgs boson alow to study Higgs signatures
in the framework of SUSY. Firstly, a Higgs signature in catkxaecays of SUSY particles can
be observed, increasing the production rate of the lighdegys boson. In this context we study
the production of;"x3, and the subsequent decay)df — x%h, at 8 and 14 TeV LHC energy.
Secondly, the decay of the lightest Higgs to a pair of SUSYiglas can be a signal of MSSM.
The prime example is the decay to a pair of LSP’s which woulslevthe detector. This would
result in an invisible branching ratio in the total Higgs dgavidth. 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 spartieleags is investigated. We study the

production of chargino neutralino pairs and the subsequecdy 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 avenshated by strong interactions, the
production of the electroweak gauginos can be significantdew masses 600 GeV ). The
production modes for these channels are schematically dye

pp— XiXj + X, (8.1.1)

where i and j refer to chargino pairs, neutralino pairs orgime-neutralino production processes.
The production proceeds primarily through s channel quarktalation and t channel squark ex-
change diagrams. The Feynman diagrams for the productidlesmre presented in FiguBeL

a e
44
© 3.4 : g
93 ﬁ 3 3
R 3
[ > - Doy NN

Figure 8.1: Feynman diagrams for the production of chargieatralino pairs at hadron colliders in quark-antiquark
collisions;a ) real diagrams, and) NLO corrections.

The s channel process proceeds mainly through the couglthg wector bosons to the gaugikioy
and the higgsind{) components of the chargino and neutralino eigen state Wie squark ex-
change u and t channel diagrams are dominated by only thengacgmponents. In terms of the
unitary matrices/’,% and Z that diagonalize the chargino and the neutralino masgaes, the
eigen states can be written as (Bdb.J),

Xt =%y,  basist ¢ = (W HS),
X =%y, basist ¢ =W, H),
x° = zij 7, basis: ¢ = (B°, W3 H? H3). (8.1.2)

The matrix element for the transition amplitudes are gdlyeexpressed in terms of bilin-
ear charges defined in terms of the above unitary matrices Ri¢rze transformations. For the
chargino neutralino pair production these are givends],

T V2sirt by i s— Mg, cofy u—mg ’
o L (Z0p%; +Zia%3/V2 74 Zja(eq —lag) SinBy + Zj23g coBy
V2 sirf By i s— Mg, coBy t—mé/
QrL = Qrr=0, (8.1.3)
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with s= (pg+ Pg)% t = (Pq— Pg;)? andu = (pg — pg; )%
The leading order parton level cross section is given2ey/
dé 2
gt [aq™ — xixj] = [(|QLL|2+ |QrRI®) Ui + (|QLRI® + [Qrel?) tit;
+2 RdQLLQLR + QRRQRL) m)(i ij S} ) (814)
wheret; j =t —mg anduij=u—nmg .
At the NLO level SUSY-QCD corrections, qqV antgvertex corrections enhance the leading
order cross sections by K factors ranging from 1.2 to 1235 The electroweak corrections are
sub dominant and increase the Born cross section by abouf6% [At 14 TeV the NLO cross
sections for the(fxg pair production varies from as large 10 pb for masses of 100(@gsuming
the masses gf7", xJ to be degenerate) to about 500 fb for 500 GeV.
The decay of charglnos and neutralinos to gauge bosons artdiglgses are governed by the
couplings of verticesy? X ~W, x? X —@(@e=2Z/h/H/A).
e The relevant couplings for the decays of charginos and akubs to the weak gauge bosons
W, Z are expressed a$39:

th—\/;nbw[ ZigVj2+V2Zi V5]

G-R . =GER with (8.1.5)
XOXH W Pjw G:TW \fsmew [2,302/]2—1—\/72262/]1]
Gk Zi3Zi3 — ZisZ,i
G;?Fj(?zzehf with iz~ i ey coy (4823~ ZiaZja) (8.1.6)

GIJZ + 25iGy 0By (Zi3Zj3 — ZiaZja).

If X1 is gaugino like (forp > My, My), the primary decay mode 1xsl —>Wixl, via on or
off shell W dependlng on the mass dlfferenx,ﬁ X1 If there are squarks and sleptons that
are lighter tharp(l , the decay of charglnos to sfermions are kinematically pped hence the
charginos decay g&~ — ff/ — ff/x.

e The couplings of the neutralinos to the Higgs bosons:

GER o —GER with c;'ILJk ZSlnew (Zj2 —tanbwZj1) (&Ziz+ dZia) + i ¢
XX I Guk Zsmew (Zjo —tanBwZj1) (&xZiz + dZia) & + i<+ |,

whereg; » = —&3 = 1 and the coefficients, anddy are given by,
e1/d; = —tana , eo/dy =tana , e3/dsz = —tang, (8.1.8)

where alpha is the mixing angle in the Higgs sector definedgn36.15 and ta is the usual
ratio of the VEV s of the two Higgs doublets.

It should be noted that the W boson couples to both gaugindhag$ino components of the
charginos. The Z boson on the other hand couples only to tggditio. We are interested in
the decay mode(2 — th The decay)(2 — xlh is kinematically allowed when the condition
My — M1 > my, is satisfied. The decay mode that competes in this regionrafipeter space is the
decay to the Z boson, name)bg — xlz The coupling of the neutralinos to the Z boson depends
crucially on the up type and the down type higgsino compaant is given by Ec8.1.6

Zizlj3—Zislja.

(8.1.7)
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In this case, the decey;/) — XlZ is strongly suppressed, as comparegi(go—> th in which the
coupllngs depend on the product of gaugino and the higgsimponents. In this region the decay
x2 — th can be as large as 95%44] for 125 GeV.

8.1.2 Collider strategy and analysis of the signal

As mentioned in the previous sectidh1.]), we probe the decay channéy],
PP — Xi X3 — W(— 1v)h(— bb) 4+ 2x0 — £+ bb + g, (8.1.9)

in the framework of CMSSM. To get a reasonable branching fatithe decay,)?2 — X1
the higgsino mass parameter is chosen to be Iarge Ieadihg,fqtt )?2 and)N(1 states being gauglno
My), Mg, Myo ~ My~ Mg/3 (see

3.5.1and3.4.]).
Hence, taking into account the limit on theriass! My andmxo were expected to be around
250 GeV or more. For the sake of presentation of our resultsarﬁet three benchmark points(P1-

P3) corresponding to progressively higher values of gaugiasses which are presented in Table
8.1

My M My My My Mg, Myo  Myo My
P1 300 1541 122.4 865 3000 1305 133 265 2B5
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 benghpaants. In all the casesy = 3000, tar3=30 and
Ag=-4500. All mass units are in GeV.

We investigate the Higgs signal in SUSY cascade decay, diydfq. 8.1.9 leading to a final
state with a hard Ieptoa,(u) from W decay and two b-jets from Higgs decay and a lafgelpe
to the presence 97{1 andv, but without any additional jet. The identical final stateynagso come
from tt, Whb, Zbb, WZ Wh Zh, th, tbW processes. Recall that tb@xz pair production cross
sections(C.S.) for our considered parameter space are a@dy5 fb (LO) for 8 TeV in contrast
to background cross sections which vary from few picobdh{p more than 100 pb. Thus a huge
suppression of background events is required to achievasamable signal sensitivity, which is a
challenging task. The added advantage is that the invamass constructed out of two b jets is
expected to show a peak at the Higgs mass, which can be edtoitdentify the signal region.
Therefore, a good reconstruction of Higgs mass out of twdsigeone of the crucial issue to be
studied in this analysis. In this analysis we report aboeitsimulation of signal and backgrounds
adopting two methods for Higgs reconstruction. In the firstmod(Method A) we identify two b-
jets out of all jets in the events and obtain the Higgs masalmutating their invariant mass. In the
second method(Method B) reconstruction of Higgs mass fepeed by using the jet substructures
which will be discussed later. In this paper we present osulte for both cases, method A and B.

In our simulation, events are generated uSWIHIA [6] for the signal andt, W Z, W h Zhback-
grounds wherea&LPGEN [9] interfaced withPYTHIA has been used for the generatiortlmftbW,
Wb andZbb backgrounds. We adopt MLM matching] to avoid double counting while per-
forming parton showering after matrix element calculagionALPGEN. We us&astJet for jet

1Corresponding to 8 TeV 5b ! data
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Figure 8.2: The reconstructed Higgs mass for method A (kdne)method B (red) for/s= 8 TeV. The y-axis is
normalized to unity.

reconstruction using built-in ankir algorithm [7] with AR=0.5 in method A, whereas Cambridge-
Aachen P47 algorithm is used for method B. We use CTEQG6L parton distrdn function while
calculating cross section$]. SuSpect interfaced withSUSYHIT [15] is used to calculate SUSY
mass spectrum and corresponding branching ratios.

We observe that use of Higgs mass reconstruction alone enooigh to eliminate backgrounds
substantially. A certain set of selection cuts describdovibare necessary to reject backgrounds.
e Lepton : Leptons (e and) are selected Witlpf} >20GeV andn| < 2.5. Isolation of leptons are
ensured by estimating the total transverse engfyy<20% of pf, wherep/€ is the scalar sum of
transverse energies of jets close to leptons satis{Rd, j) <0.2. We veto events if there exists
a second lepton with a loose criteriamﬁf > 10 GeV, primarily to suppress top background.

e Jets: Jets are selected usiegtJet [8] with a pr >50 GeV andn| <3(/n| <2.5 for method
B).
e b-Jets: b like jets are identified by performing a matchinget$ with b quarks assuming a
matching condR(b, j) =0.5. In addition, we require that the matched b jet trang/erementum
should have at least 80% of the b quark transverse momentuiproger method of b-tagging
using displaced vertex is beyond the scope of this analysslly, we multiply by a b-tagging
efficiencyyp) of 70% [265 for each b-tagging i.exg:O.S for two b-tagged jets while estimating
total event rates.
e p1: Missing transverse momentum is calculated out of all Ws#table particles. The¢-pin the
signal arises due to the mass'p?% andv as well, whereas in background events, it solely arises
from v in W decay. Nevertheless, the hardness/¢fip signal is not significantly different than
the largett background making it very difficult to distinguish the sigfram the background.
° R-?b : We define a very robust variable which is extremely efficiangliminating backgrounds
by huge fraction as discussed in a previous analyi§ls [t is defined as,

RO _ p'?l + p-br2

T HT )

where the numerator is the scalar sumpgfof the two b-jets andHt is the scalar sum opr
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of all jets passing our pre-selection criteria. We defins thdriable keeping in mind that in the
signal process no hard jets are expected except two b-tsHtiggs decay. Of course, few jets
may arise from initial and final state radiations, but the banof such jets witlpr > 50 GeV is
expected to be low. HendéDb turns out to bev 1 for signal. In backgrounds, particularly in top
pair production there are addltlonal hard jets arising dutaé hadronic decay of W(since we are
giving a veto on the second lepton) resultingRQ? < 1. Thus a judicious choice of a upper cut on
R suppresses backgrounds enormously without affectingiginalsmuch.

e ¢P°: The azimuthal angle® is defined as the angle between two b-jets in the transvease pl

In the signal process the angle is expected to be small, bo&dkgrounds, for example in top

pair production they are in general widely separated. Itthdse emphasized here that with the
increase irp"(2 mass, thén — bb system gets more and more boosted and hence the b jets become
more and more collinear which is an ideal situation for thesjéstructure analysis described in
the following section. We find that a reasonable cugP(¢™® < 2) suppresses the backgrounds
from W b andtt processes considerably.

e M1 (¢,p¢): The transverse mass is definedviis = \/pr}pr(l— cosp(4,p1)), whereg(4,p+1)

is the azimuthal angle between the lepton ghyddirection. The value oMt (4,p1) is expected
to be restricted by W mass if both leptons ajgqriginate from W decay, which is the case for
backgrounds, particularly fdt andW bb channels. Therefore, a reasonable cutbri(¢, p') is
found to be extremely effective to reduce the backgrounellev

e my;: As mentioned above the invariant mass of two b-jets is vesful in isolating the signal
region. In method A, this reconstruction is straight fordvand is performed using two b-jets mo-
menta obtained by matching b-jets with b-quarks. Howewemeéthod B, we use jet substructures
to find b-jets inside a "fat-jet" from the Higgs decay. The akgt substructure for the reconstruc-
tion of hadronic decays of boost®d, Z, Higgs boson and top quark has received considerable
attention in recent years and the available literaturegadity increasing466. In our present
study this method was motivated following the work of Ré&E][where the authors reconstructed
the Higgs mass using jet substructures to increase thel sgnsitivity. The efficiency of jet sub-
structure technique depends on the boost factor of the ddaalyject. A highly boosted system
ensures that decay products are well collimated and appegifat-jet”. However, in the scenario
of interest to us Higgs is moderately boosted agjtslepends oAm = Mgo —Mgo. In our analysis

we first cluster all the stable final state particles into &j#&” using the C/A algorlthm2[42] with
R =1.2 as implemented in Fastj&][ We select "fat jets" withpr >100 GeV andn| <2.5 and then
perform jet substructure analysis. There are various nastbbfinding jet substructure&¢q. We
use the mass drop(MB)method B5|(built in theFastJet package§]) in our analysis optimizing
the two input parameterg, = 0.4 (the mass drop criteria) andy= 0.1(the asymmetry value).
In the simulation we use PYTHIA event generator by settingelzi2* parameters described in
Ref. [267] for underlying event modeling. In Figu&z2, we show the reconstructed Higgs mass
following method A(blue/light) and B(red/dark shaded)responding to parameters P2. This
figure clearly demonstrates the usefulness of the jet sudigte technique for Higgs mass recon-
struction. In case of method A, some of the soft jets are srdially passing the matching criteria
resulting in a spread towards the lower side, whereas inethsupstructure method this type of
contamination is avoided by the filtering procedure desdtiin [35].

Method A:

In this section we discuss the simulation strategy of sigmal backgrounds by reconstructing

2see discussion on MD method i3
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Process a(pb) Ney 10 R mg ot @b C.S.
obets >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

zZh _ 0.3 50K 210 162 51 1 1 0.003

Whb 3 619685 26841 24513 2269 8 3 0.014

Zbb 51 378098 3863 2937 269 <1 <1l <1

tt

5-100 48.2 aM 207335 94337 10145 <1 <1l <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(me#)ddr 8 TeV after each set of cuts described in the
text. Thett events are simulated for differept bins as shown. The energy units are in GeV.

Process o(pb) Nev 1/ RED Myp ot @b C.S.
ob-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 0.1M 799 280 85 1 1 0.004

Whb 4.5 362018 57764 47883 44160 3948 9 0.055

Zbb 7.2 406110 442 380 322 <1 <1l <1

tt

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 M 133840 2020 252 61 32 0.8

Table 8.3: Same &2but for 14 TeV. The same conventions as in TahRare used.

the Higgs mass out of two identified b-jets obtained by maighéchniques as discussed above.
In order to eliminate SM backgrounds additional cuts ardiagpvith the following requirements:

o REP >0.7,

e m;=110-130 GeV,

oy >175GeV,

o @ <2.

In Table8.2we present event summaries of signal for three benchmarikgsiown in Tabl8.1,
along with backgrounds after applying these set of cuts. dde®nd and third column present
the raw leading order(LO) cross section and number of evdassimulated respectively. In
the fourth column, we present the number of events requomg single hard lepton along with
two identified b-jets and veto the second lepton as well. &ltfh we simulated all possible SM
backgrounds including QCDb, tbW, but we present results only for non-negligible contribgti
channels. It clearly demonstrates that R?B cut is very effective in reducing backgrounds by an
enormous amount, but except for channels,\ikidb andW h Selection of events in the Higgs mass
window between 110-130 GeV is also useful to remove backgislkeeping almost more than
50% of signal events. Finally, a very strorfg put is used to eliminate remaining backgrounds,
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but at the cost of a sizable signal cross section; nevegfele retain a good number of signal
events. After all cuts, we find the total background crossieeds about 0.057 fb with dominant
contribution fromtt, whereas signal cross sections are in the range 0.065-b0%H% both cases
we use LO production cross sections. However, if we use NL&3scsections by multiplying
K-factors which is~ 1.5 for signal [L7] and about 1.6 fott [26§, then assuming a luminosity
100 fb1, one can expect $/B about 3.5 for these mass ranges”@“f and)"(g.

In Table8.3, we present results for 14 TeV energy corresponding to time st of benchmark
points along with the SM background. We observe that theasigfiiciency remains fairly the
same as 8 TeV with the enhancement occurring only due to theadse in cross section. The top
background however increases significantly due to a preseha stronger missing momentum
and more reconstruction of Higgs mass from bbesystem. The total background cross section at
14 TeV turns out to be 1.23 fb as compared to the signal cras®es which are between 0.18 fb
and 0.25 fb. As a consequence it becomes difficult to obsesignal with low luminosity options
in this approach. However for an integrated luminosity cd@® ! it may be possible to observe
a signal in this method at agSlevel.

Process C.S. Ngy mg  Lepton Mr(4,p;) RP  p; C.S.

(pb) >20  >90 >0.9 >125 (fh)
P1 0175 25K 179 55 24 19 12 0.042
P2 0.065 10K 168 42 23 18 12 0.04
P3 003 10K 273 75 44 36 31 0.045
Wh 058 0IM 871 239 12 11 <1 <1
zZh 03 02M 1698 37 <1 <1 <1 <1
W 3 619671 191 111 10 8 <1 <1
Zbb 51 378086 81 13 <1 <1 <1 <1
1t
5-100 482 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(me)ddr 8 TeV after each set of cuts described in the
text. The same conventions as in Ta8l2are used.

Method B In this method we apply jet substructure technique in retroigting mass of Higgs
within the mass window between 117 - 128 GeV and with addii@uts as before to control
background events,

o M1(¢,p1) > 90 GeV3,

° R—?—b >0.9,

o 1 > 125 GeV(150 GeV for 14 TeV).

After the Higgs mass reconstruction the remaining stabtégbes are used to find jets with C/A
algorithm withAR = 0.5, pr > 50 GeV,|n| < 2.5. The Table8.4 displays the robustness B
cut along withmy (¢, ) leading to a suppression of backgrounds to a negligibld leiteout
affecting signal significantly.

Notice that after cuts signal cross sections remain the danal cases although production
cross sections decrease with the increase of gaugino masdsel is compensated by the increase
of acceptance efficiencies. The total background crosgsettirn out to be 0.007 fb, an order of

SNote that we have taken the finite width effects of W boson &wcount in our simulation. This results in a tail in the (fyp'+) distribution in
processes like Wh andl fThus forced us to opt for a higher value fof (4, ;) selection cut.
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Process C.S. Ngy my  Lepton Mr(4,p+) R$B Pt C.S

(fb) >20  >90 >0.9 >150 (fh)
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 13 0.1M 946 289 17 1 4 0.026
Zh 704 01M 866 13 1 <1 <1 <1
Wk 55 431062 159 92 8 7 <1 <1
Zbb 72 571166 150 <1 <1 <1 <1 <1
1t
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 Tal®e4 but for for 14 TeV. The same conventions as in Tehare used.

magnitude less than the method A whereas signal cross sectie of the same level. Assuming
100 fb~* luminosity, one can expect signal to background ratigBA 7 using NLO cross sections
as before. It implies that probing the Higgs signal in thiamael is promising with 8 TeV LHC
energy and high luminosity options. In both cases signasiteity is low because of the tiny
production cross section in comparison with the backgreund

P1 P2 P3

myo, mX?(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 TeVv 2.1 4.2 4

Table 8.6: The signal sensitiviti& +/B with 100 fb~* luminosity for 8 and 14 TeV energies for method A(top row)
and method B(bottom row) for the three benchmark pointsrigst in Table8.1 The cross section after all cuts are
normalized to NLO cross sections, for signal ahd

For 14 TeV energy, as presented in TaBI&, we find that the results are not significantly
different for method B. Comparing Tab84 and Table8.5we observe a better reconstruction of
the Higgs mass because of the enhanced boost dittlsgstem at 14 TeV energy. However this
gain is diluted due to an increase jr put compared to 8 TeV to suppress the backgrounds. It has
to be noted that at 14 TeV we receive a finite background dmritan from Wh process due to an
increase in/g. We find that after all cuts the total background cross sedd®.05 fb while the
signal cross sections vary between 0.05 fb to 0.1 fb. It isstioee possible to discover a signal for
this type of parameter space at thé o level at 100fb~—! luminosity. The signal sensitivities for
8 and 14 TeV LHC energies for both methods is presented ireBaél

8.2 Probing signatures of an invisible Higgs decay
The current measurements of the Higgs decay widths by theantd@ompatible with SM predic-

tions within experimental errors. However this does not it the presence of any non standard
decay mode of Higgs. A large number of such models allow foigaificant branching frac-
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tion for the decay of the Higgs to a stable weakly interacpagicle providing a channel where
the Higgs decay is “invisible” to the detector. In the SM thigggs can decay invisibly through
H — ZZ"* — 4v, which can only contribute to roughly. % of the branching ratia?69. There-
fore, the observation of a sizable invisible branchingorér;,,) of the Higgs will be a strong in-
dication for BSM physics. Strong cosmological evidencepsuping the existence of Dark Matter
(DM) means that almost all extensions of SM must include @irtipectra a candidate for it which
is supposed to be neutral and weakly interacting. Therd s&iseral examples of BSM physics
models where the Higgs can have an invisible decay, suchadgcay of the Higgs to the lightest
supersymmetric particle (LSP3 70, decay to graviscalars in extra-dimensional moderl272]

in gauge extensions of the SN73 274 and in models for neutrino masses/-277]. It has
been noticed in various analysig78-281] that if this resonance is interpreted as a Higgs boson,
the currently available information on its properties cdavanon trivial values of By, . In fact

a recent analysis by the CMS collaboration performing a@léibto the LHC data, suggests that
an invisible branching ratio of the Higgs of mas425 GeV in non SM channel as large as 62%
at 95% confidence level is still allowe@§] #. In fact detailed analysis of LEP data showed no
evidence for an invisibly decaying Higgs of mass less thahllGeV pP83.

The feasibility of finding an invisible branching fractioftbe Higgs for,/s= 7 TeV,8 TeV and
14 TeV at the LHC has been studied in various production motidse Higgs B7,39,284-297.

We look at the production of Higgs in association with a el®meeak gauge boson as well as
through Vector Boson Fusion (VBF) in detail. In earlier sag] the leptonic decay of theboson
was used to identify the invisible decay of a Higgs produceaisisociation with  boson B9]. In
the present study we update the analysis in the leptonicneth@amd also probe the possibility of
detecting an invisible decay of the Higgs by identifying #ssociate@ boson through b-tagged
jets both for 8 TeV and as well as 14 TeV LHC. We also apply thajdstructure algorithm3p]
for b-tagged final states which marginally help in improvsignal acceptance efficiencies. In
addition, we study how the invisible decay channel can bégutan 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 rasfg&M models, including Gravis-
calars, Higgs portal models, extra dimensional theoriesranothers. Each of these models have
an LSP to which the Higgs boson can decay. In this section emvee will only discuss the case
of the lighest stable neutralino in R-parity conserving SUBodels, although the discussion can
easily be extended to other models. The Higgs decay to hiewisehas been widely studied in
the literature. If kinematically allowed, the branchingiogor this decay can be quite large. In
the simplest assumption, one assumes that the productea section of the Higgs boson is SM
like, i.e the gluino, the sfermions and the charged Higgssaftciently heavy such that they do
not contribute to the Higgs production cross section in foophis is likely to be true given the
current limits on the gluino and the squarks of the first twoegations. The Higgs decay width to
the lighest neutralino is given by 93,

GEMZ,my, 3/2 2
r(h%Xfo):T\gn <1—4m)2(g/”ﬁ) [Nixoxo| (8.2.1)

4Similarly ATLAS also obtained a upper bound of 84% at 95 % aterice level on the invisible branching ratio of the Higgshwitt any
assumption on the total decay wid#8p)].
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where the quantitwhxgxi) is given by,

NhX?X? = (le—tanew Z]_]_) (sinB Z14— cosf3 213) , (8.2.2)

where Z is the usual matrix that diagonalizes the neutratiags matrix. The constraint to the
above scenario comes from the invisible decay of the Z bosbich has been measured to the
precision ofl'ﬁw = 0 (1)MeV. However, since this is comparable to the total Higgsaglegidth,

0'(1) invisible decay of Higgs is comparable to the Z pole data. deonpletion, we note that the
decay width oZ — x9x? with the LEP constraint (95% C.L) is given b944,

o 3/2 2
M(Z = x0x0) = Mz (1-4mZo/MZ) " [Nyyoyl* < 3 MeV, (8.2.3)
where,
1 2 2
NZ)(?)(? - 2 cosBy Sinby (214—213). (8.2.4)

From the above equations it is obvious that the invisibleaglegidths of both vanish in the
pure bino limit. For a typical valugang = 10, the Higgs decay is dominated by the higgsino
componenZi4, while the Z boson decay is a democratic combinatio@qfandZ;3. With an
increase inM;(increase in bino mass), tl&3 component remains significantly large whidg
decreases, thus making the LEP constraint even more réle¥bave the kinematic boundary of
Z— xfxf, the invisible Higgs width can be comparable to the SM Higgdthwvithout violating
the LEP boundZ95.

8.2.2 Signatures of an invisibly decaying Higgs

There are four main production mechanisms of the Higgs basanhadron collider. The most
dominant one is gluon-gluon fusion via a top quark loop (g@f)— H) followed by VBF (qq —
qgH), then Higgs production in association with vector bosond)(¥q — ZH/WH) and finally

in association with top quark pairs (tt¥g/qq— ttH) with the lowest cross sectiom$,99-137).
The various production channels are shown in Bi§¢. Needless to say that the signatures of the
Higgs particle are characterized by the pattern of the Haggsay channels3]. Recall that the
BR of the Higgs decay in the invisible channel in the framdwnairSM is too low to be observed,
therefore, any observation of invisible decay channel ef lthggs will shed some light about
BSM physics. On the other hand the production cross secfidiheoHiggs can vary in various
models due to the presence of new particles inside loops atified couplings of Higgs with
gauge bosons and fermions. For example, supersymmteri@Y¥particles may alter the loop
contribution in ggF channel2p3 296-317. Consequently signal in the invisible decay channel
will be a combined effect due to the modified Higgs productiomss section and its branching
ratio in the invisible channel. Hence this makes it diffidaitconstrain only the invisible decay
branching ratio of the Higgs BR,(H — inv). Instead what can be constrained is in fact

Rinv = 0G°VBR(H — inv) /o™ (8.2.5)

where GHBSM and a,ﬁ"‘" stand for the Higgs production cross sections in the framlewb cor-
responding BSM and SM respectively. At leading order, thggdiproduced through ggF and
decaying invisibly would be hard to detect because of sofismg transverse momenturgi).
However, at higher orders in QCD for ggF, the Higgs can beyeed in association with a sin-
gle jet and one can then look for a considerably large missanggverse momentum along with
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a jet. Interestingly, such final states with a mono-jet haserbanalyzed with 1 fot of data at
\/S= 7 TeV for both CMS B13 and ATLAS [314]. Using those resultRR,, in eq. 8.2.5can
be constrained and is found to be more than 10 at 95% CL with'1dlata P90. Moreover, the
mono-jet search has also been analyzed by including a séw@ddet B13 thus also including
events from VBF and VH processes in the signal. It has bearedrgecently that at.Z fo~! data
at/s= 7 TeV, this can be reduced Ry, < 2 and for 15 fbl of data at 8 TeV this can be further
reduced tdRiy < 0.9 [29]]. One should note here that even though the production-c@stson is
large the mono-jet searches are plagued by ldrgets V =W, Z) background (Bg).

The most promising channel for the detection of an invisit#gaying Higgs is VBF since it
has a relatively large cross section and has an unique ex@olbgy that can be used to effectively
remove backgroundg86 288 297. The signal consists of jets moving in opposite directioits
large rapidity gaps. A recent study has shown Ratas low as ®1 can be probed with 30 f3
data at,/s= 14 TeV and for,/s = 7 TeV with 20 fo it can be probed to as low asAwith 95%
CL [37].

We revisit this analysis for 8 TeV and 14 TeV energigg]] In our current analysis we employ
a different set of kinematic selection cut values to thatusdRef [37]. Moreover, in this analysis
a precise method of jet reconstruction with ant{; [7] algorithm built in the FastJe8] package
is implemented. It has to be noted that in our analysis weidenshe additional W/Z+3 jets
backgrounds which were not considered in earlier wo&& 315. These additional modes do
contribute a sizable fraction to the total background cesgion, in particular Z+3 jets channel.
As a consequence, our conclusion appears to be differemipiteaious works 37, 315 which is
discussed in Sec.3. However, the main drawback of VBF cHamméhat it has large systematic
uncertainties and it is difficult to estimate the QCD backigeb [288 297].

ThettH channel has been studied in detail ] for \/S= 14 TeV LHC in both the semileptonic,
tt — WbWb— lvbogb, and as well as in the hadronic modeqgbogb. The complex final state
and the combinatorial background requires a very sophistitanalysis.

The cleanest channel by far is the associated productiomeeH(V =W, Z). Incidentally,
the couplings between gauge boson and Higgs are not expectiEviate from the SM signifi-
cantly because of the unitarity of the theory and restndifsom electroweak precision tests. As a
consequence, in any BSM model, the parton level cross sadoo VBF and ZH channels turn out
to be very close to SM values. Under the assumption that thgd-jauge couplings do not deviate
from standard model couplings, these channels therefeesagiirect probe of the invisible branch-
ing ratios, unlike ggF. However, th H channel is diluted by the inclusiW® background which
makes it difficult to use for detecting an invisible Higgs dg¢317 where as th&H channel is
more promising because of the presence of two leptons fre thoson decay. We study here
the efficacy of this channel in detecting invisible branghiatio at,/s= 8 TeV and,/s= 14 TeV
energies. Like earlier studies of this chanri@&l,39,317] for 14 TeV energy, we use the leptonic
decay to identify th& boson. In addition to revisiting this channel for 14 TeV gyewe analyze
it for 8 TeV energy which are the new results for this chank&reover, we consider the hadronic
decay mode, specifically decay bajuarks and investigate the viability of use of jet substrtect
and clustering methods for detectionlgets in reducing backgrounds.

8.2.3 Invisible Higgs signal via VBF

In this section we study the feasibility of finding the intak& Higgs signal through the VBF process
which is the sub dominant process for the Higgs productidmeiron colliders. This channel has
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been studied previously for 14 TeV LHQ§6 288 291,317] and very recently for 7 TeV and 8
TeV [37]. We also revisit this analysis for 8 TeV and 14 TeV LHC eneimythe Higgs mass of 125
GeV using a different set of selection cut values. In thisncled, the Higgs is produced through
vector boson fusion, where vector bosons originate by tiadjaff two initial quarks along with
two jets,

pp — qgh — 2jets+p'1. (8.2.6)

The final state consists of two jets in the forward and bacHvearections with a wide sepa-
ration in rapidity and a reasonably large due to the presence of non-interacting particles from
Higgs decay. In addition to this pure VBF processes, thezesame non VBF processes which
also provide the same final state consisting of 2 jets and Bor instance, higher order QCD
effects in ggF process can give rise to two jets in the findkstaecause of a hard emission of
partons from the initial states with a non negligible craosstion. The dominant SM background
processes for this signal are due\é {+ (v)+jets, € — vv)+jets,tt (tbW) and QCD. FoW+jets,

a significant background can arise if the lepton is not deteciNote that the background cross
sections mimicking the signal are significantly large, aedde a sizable reduction is required
to achieve a reasonable signal sensitivity. The signal awdround processes are simulated
usingMadGraph/Madevent [10] and subsequently passed thro®ITHIA6 [6] for parton show-
ering. In this study for all numerical calculations we useEQBL [31§ for parton distribution
functions. In the process of showering, we adopt MLM matgHihl] using default values set
by theMadGraph/MadEvent suite to avoid double counting of jets. Jets are recongduasing
FastJet [8] with anti-Kt [7] algorithm using size parametBr= 0.5 and applying a jepr thresh-
old of 40 GeV andn| < 4.5. Notice that the signal is completely free from leptonit\dites
whereas background channels may contain leptons in thesiiaa. Therefore, a leptonic veto
might help to eliminate certain fraction of backgroundspiloms are selected Witb€— >10 GeV,
|n¢| <2.5. We compute missing transverse energy from the mométia\asible particles. The
following set of cuts are used in the simulation :

1. VBF selections: The leading jets in Higgs production tigio the VBF process are produced
in the forward and backward direction and hence is expecdthve a large rapidity gap.
Therefore, we select events where the absolute rapiditgrdiice between the two leading
jets is|nj1 — nj2| = |An| >4. To ensure that the two jets are in the opposite directioa, t
product of rapidity of two jets are required to bgy x nj> <O0.

2. Central Jet veto: For a pure VBF process, no jets \ith> 40 GeV are expected in the
rapidity gap region between two reconstructed jets. Tloeeefve discard events if there be
any jets in central region.

3. Lepton veto(LV): Since the signal has a pure hadronicltapo events with any lepton are
vetoed out.

4. Selection of: Events are required to have at legst p100 (170) GeV for 8 (14) TeV
energy.

5. Dijet invariant mas#$/j; : The invariant mass of two leading jets is expected to be hage
and hence we demankl,;; >1400 (1800) GeV for 8 TeV (14 TeV) energy.
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Process 8 TeV 14 TeV
Production After cut§ Production After cuts
CS|pb] CS[fb] | CS[pb] CS[fb]
W+2jets(VBF) 76.5 45| 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 73| 4.3 8.7
hijj 6.7 1.2| 245 1.3
Signal 8.5 10

Table 8.7: Event summary of the signal and backgrounds &fittial state with two jets angypvia VBF channel for 8
TeV and 14 TeV LHC energies. In the second column the cros®ascorresponding to production and after all cuts
are shown for signal and background processes respediredyTeV energy. The third column presents the same for
14 TeV energy.

We notice that/fg andMj; cuts are extremely useful to suppress the backgrounds witarginal
effect in the signal cross section. We have also checkedtlieabackground contribution due
to QCD is negligible because of a strong pnd a large di-jet invariant mass dut(); this is
why results for QCD are not presented here. In our simulatibe rejection efficiencies due
to the central jet veto for QCD Wjj and QCD Zjj are about 20% lmth energies. Note that
this efficiency depends crucially on the detector effedts dalibrations, electronic noise, pile up
effects etc. 15, which are not taken into account in this analysis. In Téhléwe present the
event summary for signal and all background processesagbjto the above set of cuts. The first
column represents the production cross section at thengadlder obtained froMadGraph [10].
The contribution due to the pure VBF type and non-VBF typerotpsses are shown separately. In
the subsequent columns, the cross sections subject tasthiipresented. Notably, there exists a
non negligible possibility thal//Z+3jet channel may contribute to the background cross segéfio
the third jet is not detected. Here we present our resultsdtr the 8 TeV and 14 TeV energies. At
8 TeV energy, the total signal cross section turns out to bélB.consisting of 14 % contribution
from ggF and the rest due to VBF process. At 8 TeV energy, 46120 fb1, it is possible to
observe signal with S/B ~5.9 leading to a detection of invisible BR84% or above assuming
Osm = O0gsmin EQ.8.2.5 On the other hand, for 14 TeV energy, results are more eagmg where
one can find a signal with a better sensitivity yielding/8/~ 6.3 (20) for 30 (300) fb' integrated
luminosity which predicts a measurement of BRD.79(0.25). In our estimation the signal purity
S/(S+B) is approximately 40% lower than the results obthibg the Ref. B7]. As mentioned
earlier, we use a more reliable method of jet reconstrudbpmsing FastJet8] with anti — K;
algorithm [7], and consider an additional W/Z+3jets background. It i9éonoted that in our
calculation we used LO cross sections for both signal anldraands. However the K-factor for
the signal is~0.95 [319 and forW/Z+jets it is also very close to 4(1.1) [320,321]. Therefore,
inclusion of K-factors in the above calculation will notetthe conclusions significantly. Note
however that we have not taken systematic uncertainitiesaiccount.
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8.2.4 Invisible Higgs signal viazZH

Here we study the signature of the invisible decay of HiggskeZH channel, wher& can decay

both leptonically and hadronicallg,— ¢/, bb. It is well known from an experimental point of view

that the leptonic channel is comparatively cleaner tharhdronic channel consisting of b-jets.

However we simulate both these channels to find the detdityaddian invisible Higgs decay. In

the following, we describe our simulation for both the fintes.

@zZ2—u

Here the final states consist of two leptons with oppositeégghand same flavor and with a con-

siderable amount of missing transverse momentum due toitigstdecay into invisible particles.
The main dominant SM backgrounds are expected from theNollpprocesses,

1. ZZ production with on& decaying to neutrinos and the otlzedecaying leptonically. Clearly,
this background has exactly identical characteristichécsignal.

2. WZ production followed by the leptonic decays of both iWeand Z, giving rise tolv, ¢
where one of the leptons is lost.

3. WW production with both W bosons decaying leptonically,— ¢v,.

4. Top pair productiortt — WW b — I v1 vjbb which may appear signal-like if the b-jets escape
detection.

The Higgs being heavier in comparison to the particles irbtekground processes other than the
top quark, gives rise to a hardér pTherefore, by demanding a large pne can efficiently reduce
backgrounds. In the signal topology, an added advantadpatdgtte invariant mass of two leptons
peaks around the mass of thdoson. Hence requiring the di-lepton invariant mass to barat
the mass of th& boson, it is possible to suppress backgrounds partiallg@or theZZ process.
Since theZ boson and the Higgs are more likely to be produced back to, baekransverse mass
of the di-lepton system and thg pdefined as,

M = \/phpr (1 cosp(EL. piy). (8.2.7)

has a softer distribution for all background processesréfbhee, demanding a large value for this
variable enables us to eliminate backgrounds substantiall

As before, we us#adGraph [10] to generate both the signal and background processes which
are subsequently passed thro®yiHIA6 [6] for event generation including showering. We apply
the following set of cuts in our simulation for the event séilen and as well as suppressing the
background events.

1. Select leptons witipf > 10 GeV andn;| < 3. The isolation of lepton is ensured by looking
at the total transverse energg® < 20% of thepr of lepton, whereE3 is the scalar sum of
the transverse energies of jets within a cone of AR, j) < 0.2 between the jet and the
lepton.

2. Since final states are hadronically quiet, vetoing eveotsisting jets, withpr > 30 GeV
and|n| < 4 are useful in eliminating certain fraction of backgrounds

3. Azimuthal angle between two leptons, ggs> 0 and transverse mass between two leptons
and pr, Ml > 150 (200) GeV for 8 (14) TeV energies.
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Process 8 TeV 14 TeV
Production After Cuty Production After Cuts
C.S[pb] C.S[fb]| C.S[pb] C.S[fb]
Y4 4.79 6.7| 10.1 17.6
Wz 12.6 1.8| 26.7 3.8
WWwW 33.8 0.3| 69.4 2.3
tt 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 dileptopy+final states. In the second and third columns, the crossosector
signal and backgrounds before and after selection cutgssided in the text, are presented for 8 TeV and 14 TeV
center of mass energies respectively. We assume that tiséblevbranching fraction is 100 %.

4. Missing transverse momentuny; p-100 GeV.
5. Di-lepton invariant mas$Mz — m,;{ < 10 GeV.

For 14 TeV LHC energy, the strategy of simulation is not digantly different as no additional
effects occur. The same set of cuts with similar threshaldsised with the only exception Mfré
where 200 GeV is used instead of 150 GeV. In Téh& we display cross sections for both signal
and backgrounds for 8 and 14 TeV energies before and after tuteach column, numbers on
left stand for the production cross sections corresponttirenergies as shown in the respective
columns. For both energies, we find th#—l and p; play a very useful role in suppressing the
backgrounds. The kinematics @ process is identical to that of the signal process although
there is a moderate mass difference (35 GeV) betweed #ed the Higgs boson, resulting in a
similar effect of cuts on both signal a@¥ background. As a consequeng&, turns out to be the
dominant irreducible background. This channel was studigensively in an earlier study for 14
TeV LHC energy B9]. Here we have revisited the analysis for 14 TeV LHC energy@arformed
an optimization of cuts. The numbers on the right hand sidsach column show the final cross
sections after being multiplied by acceptance efficienclesr 8 TeV energy with an integrated
luminosity of =20 fb~1 we find S&/B ~ 3.5 which implies a hint of the invisible Higgs signal.
However, for 14 TeV energy witt¥=50 fb~! one can observe the invisible signal with signal
significance of~8. Note that the estimations are based on LO cross sectionseVér, we note
that the K-factors for vector boson production ahdre 1.6-1.7 268 322 while for the signal
process it is 1.3122, 125 126 respectively. Hence we do not expect any major changestrin ou
results. Note again, that a study of systematic errors isteyhe scope of this work.

(b)Z — bb
In this section we explore the possibility of detecting gilble Higgs decay channel by identifying
two b-jets arising fronZ boson decay. We analyze this channel following two methddghe
first method, b-jets are identified by using the standardljettering algorithm and in the second
method, the jet substructure techniq®@][is used to reconstruct . However, in both cases the
dominant SM backgrounds arise from:

1. irreducible background frodZ production with on& decaying to neutrinos and the otlzer
decaying to b quarks.

2. The production oZ boson in association with two b quarks and théoson decaying to
neutrinos{Zbb — vvbb). A generator level cut q@-? > 10GeVwas used to while generating
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these events.

3. WZ production with the W decaying leptonically, and thedecaying to b-quarks and the
lepton is lost{WZ — v, bb).

4. tt production where two b-jet from top decays are identified st of the event objects are
lost.

5. W boson produced in association whitguarks Wkﬁ) where W decays leptonically and the
lepton is not identified.

The event topology of this channel is not significantly difet from the di-lepton final state as
discussed above, and hence we apply similar type of cutserdesof any detectable hard lepton
in the final state leads us to apply a lepton veto to reducegraakds, in particular frort, WZ
andW kb production. As befordvllT’b, the transverse mass between two b-jets apdiptributions
of the backgrounds are soft. Therefore, selection of sigmahts corresponding to large values of
these kinematic variables helps to remove significantifsaaf the backgrounds. Moreover, we
construct another useful variabRy, to remove large amount of the QCLLY. This variable is
defined as,
pril + prJz
Ht ’

whereHr is the scalar sum of the transverse momenta of all detediethuding all non-tagged
jets. Since one expects less non-tagged jet activity inigmag Ry would tend to have larger values
(~ 1) as compared to the events arising from QCD and other bagkdgs. Naturally, requiring
Rr to have a large value( 1), leads to a substantial suppression of backgroundscylarty for
those due to QCD processes.

We simulate as before the signal and backgrounds usiagraph [10] applying the following
set of selection cuts:

(8.2.8)

1. Select b-jets by performing a matching between b quaréigeds using matching cornsR =
0.3 and finally multiply a b-tagging efficiency of 0.@¢9 for each of the b-jets. In the jet
substructure method we employ mass drop techniques deddnl35] to find the subjets
which are also identified as a b-like jets by flavor matching.

. Veto events with leptons, whep > 10 GeV andn| < 3.

. Select dijet events with both jets b-like and ensure (gt — Mz| < 30 GeV.
. Pr > 70 GeV.

. M (bb, p;) >200 GeV.

6. Rr > 0.9.

a A W DN

In Table8.9we present the final results of the simulation for both mestfod 8 TeV energy. The
second column presents the total production cross seatmmesponding to each processes and
subsequent columns show cross sections after applyingotheeaset of cuts. However, in both
cases, for an integrated luminosity &f = 20 fb~! the best we can achieve is\@ ~ 2. In
Table8.10as before, we present results for 14 TeV LHC energy. Herewaéstind that we can
achieve a modest $B ~ 4 with an integrated luminosity of’=100 fb~1. However, for a very
high luminosity option, e.gZ=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
vvbb 16 3.1 1.33
tt 115 0.48 0.52
Whb 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 paisg; 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
Y4 10 5.56 2.47
Wz 26.7 35 1.44
vvbb 47.3 12.9 3.04
tt 476 3.92 0.16
Whb 112 4.2 1.08
Background 30. 8.19
ZH 0.64 2. 11

Table 8.10: Same as TalBe9, but for 14 TeV LHC energy.

to observe an invisible BR of Higgs75% or more. Note that because of low b-jet acceptance
efficiency and irreducible ZZ backgrounds this final stat#ds a marginal sensitivity. As we see
jet substructure method does not give substantially bet®ults because of the fact that the
boson is not sufficiently boosted. Like the dilepton scemas explained before, our results do
not change significantly with the inclusion of higher ordervss sections by using appropriate K
factors for Wib, Zbb [323 324,tt [26§ and for the signal]22, 125 126].

8.2.5 Summary

Recent discovery of a Higgs like resonance by both the exyarial groups: CMS and ATLAS
has now spurred a series of investigations to determinehghétis ‘a’ Higgs boson and if so it is
‘the SM’ Higgs boson. Assuming that it is ‘a’ Higgs boson therent experimental information
still does not rule out the possibility of BSM physics. Man$® models predict decay of the
Higgs in the invisible channel along with the usual SM decayes. Such invisible decay modes,
if confirmed or ruled out, will allow us to indirectly probe BBphysics. In this note we revisit
the possibility of looking for a Higgs boson decaying inigj for two production channels of the
Higgs : the vector boson fusion channel (VBF) as well as tke@ated production of Higgs with
Z (ZH), for two different LHC energies: 8 and 14 TeV. In t@&l case, we also investigate the
possibility of using th&Z — bb channel.

In Table8.11we summarize the lower limits of By that can be probed for various channels
and for different energy and luminosity options. We find tfeatthe Z(— bb)H channel we falil
to set any limits for 8 TeV with 20 fb! and 14 TeV with 30 fo! luminosity. We note that in
the VBF channel the sensitivity is more thaa for both the energies : 8 and 14 TeV for large
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Process 8TeV(20fb L) | 14 Tev(30fo ) | 14 Tev(100 fb' 1)
VBF 0.34 0.32 0.17
Z(—1T17)H 0.58 0.32 0.18
Z(— bb)H(substructure - - 0.5
Z(— bb)H(b-jet cluster) - - 0.55

Table 8.11: The 95 % exclusion limits for BRRcorresponding to various channels at 8 and 14 TeV LHC eneegid
luminosities.

invisible branching ratiosx 0.8) for integrated luminosity of 20 fot and 30 fb'!, whereas at 14
TeV with 300 fb~! one can reach an invisible branching ratio as low 250In the ZH channel
with dileptonic decay of the Z, the sensitivity with the piel luminosity of 20 fo? is limited

at 8 TeV and rises to® at 14 TeV with 50 fol. With the bb final state, with 20fb* we can
only reachS/v/B ~ 2 at 8 TeV energy, where as with high luminosity 800 fb~1) and at 14 TeV
energy we can probe the invisible decay atIBvel, for an invisible branching ratio abovers.
As observations indicate that the determination of an iblédbranching fraction of the Higgs at
the LHC is difficult to achieve, specially for small invisébbranching ratios, an electron-positron
linear collider with the associated production of the Higdsng with aZ boson can provide an
extremely clean channel in this regaré2p, 324|.

109



Chapter 9

Supersymmetry with third generation
squarks

9.1 Motivation for third generation squarks

As was emphasized earlier, the focus of early SUSY seardhtes &HC was on the production
of the gluino and the squarks of the first two generationsetirivy strong interaction processes.
After the 7 TeV run, the non-observation of the gluino andfitse two generation of squarks in the
sub-TeV range, and the miniscule cross section of the glmiathe squark pair productions at the
TeV mass range prompted experimentalists and theorist®kofbr signatures beyond this narrow
range. The attention therefore switched to the searchifargeneration squarks, and the emphasis
shifted from a specific model scenario like CMSSM to a morenphgenological approach. While
this was driven by experimental considerations, the mttmafor third generation squarks also
has a sound theoretical ground. The argument of naturahmekthe connection of the Higgs mass
has certainly played a significant role in this regard.

The idea of naturalnesg(1, 209, 256, 327-33(] stems from the fact that the most important
particle responsible for the cancellation of the quadrdivergences in the one loop Higgs self
energy corrections are the light stops. As noted earlieeaien2.7.2 the quadratic divergence
to the Higgs one loop potential is dominated by the top quankl, it requires the stops to cancel
these divergences. The remnant of the divergence is lbgadtand vanishes in the limit of exact
SUSY, i.e when the mass of the top and the stop are equal. Wd imo$ectior8, that although the
tree level mass of the lightest Higgs boson is bounded by tesmof the Z boson, loop corrections
dominated by stop-top loops can significantly increase tiggs$imass up to 140 GeV. The fact that
the Higgs boson has been discovered to have a mass of 125 @sWebessarily requires large
positive loop corrections to the tree level MSSM Higgs mass.

It must be noted here that there is a little hierarchy probAetin the measurements of the Higgs
mass. To have a Higgs mass of 125 GeV the induced loop camsactrould require the light stops
to be 300 Ge\~ 1TeV, thus contributing tmﬁ|u and introducing some fine tuning.

In MSSM, the argument of naturalness is summarized by tleeléres| electroweak symmetry
breaking condition (in the moderate {&megime),

_§D|m2+mﬁu_mad (9.1.1)

where we have renamdd, asH, andH; asHy, to denote the Higgs doublet that provides
masses to the up type and down type squarks respectivelyeniergl the contribution frommy,
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is dominant, although if the sbottom masses and the trilioeaplingAy, is large, the contribution
from mg, , o the above can also be significant. If sparticles are towyhtkee quantity on the right
hand side needs to be fine tuned against one another to athégerrect electroweak symmetry
breaking. Since the mass of the EW gauginos are controllgd, biyey are expected to be light.
Since the loop contributions tﬁmHz have contributions from the stop and the gluino, they are als
not expected to be heavy. The rest of the sparticle spectralmding the sleptons, squarks of the
first two generations do not contribute much to fine tuning @aribe heavy.

In a natural theory(of EWSB) one expects the parametersedhtory to be comparable to each
other and to the value of the electroweak VEV. In a SUSY thé¢leykey observables as pointed
that contribute to this argument gueandmy,,. As argued earlier the requirement of a tolerghle
for fine tuning ( where the measure of the fine tuning is defindgeh). 2.4.8 requires the Higgsinos
to be light. The radiative corrections i, are dominated by top stop loops and is given by,

3
5mH&:—ﬁy2 (Mg, + Mg, + |A? Iog<_||_e\|/> (9.1.2)

whereQs; andus the left and right handed third generation squarks. Thisiggn thus provides a
guideline to the amount of fine tuning in the theory.

The third contributor to the fine tuning is the gluino whicldirtes a large loop correction in
the stop mass and thus induces a large 2 loop correction tdigflgs mass. Again the requirement
of a modest fine tuning requires the gluino to be less than 1 TeV

To summarize, the requirement of naturalness indicatefotlosving constraints on the sparti-
cle spectrum701,329-331] .

e The stops and the sbottoms to be below 1 TeV.
e The two Higgsinos, i.e the lightest chargino and the twotkgineutralino should be light.
e The gluino should not be significantly heavy (1-1.5 TeV).

Fig. 9.1from [201] depicts the various level of fine tuning as a functiorXgfA; for a common
stop massng, = my, = Ny, tanB = 20. The left panel shows the contours of fine tuning for the
Higgs mass, while the right panel presents contours forighe 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 dhieler signatures has been
conducted in the recent times and is likely to continue infthere [44,327,328 332-349. The
collaborations ATLAS and CMS has also probed third genenasiquarks in a variety of final
states. The limits quoted in this thesis are at the time felveorks and are updated as more data
is analyzed.

Here we summarize some of the studies conducted by phendogerad groups, ATLAS and
CMS for sbottoms and stops.

Studies on the prospect of an sbottom search at the LHC, ugjthnot neglected in literature,
are rather sparse. Some of the earliest studies of sbottemopirenology at colliders were per-
formed in B50-353. A study on the possibility of determining the sbottom sairthe LHC using
angular correlations was performed Bb[]. It should be noted that the sbottom pair production
cross section is at par with that of stop and hence sbottonetssaould be conducted with the
same priority as stop searches. In fact, differing top@sgdn various scenarios (leptons, b-jets
etc.) can be used to distinguish between stop and sbottoncamgrovide useful information
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Higgs Mass vs. Fine Tuning
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Figure 9.1: Fine tuning contours fom, (left panel), and for stop (right panel) assuming a commop stass from
[20]]. The red/blue band corresponds to a Higgs mass of 124-1%6 Ge

about the nature of SUSY parameter space in question. Héxatwom search at the LHC can
be complementary to stop quark searches. Study of the prbspa SUSY signal in a scenario
where the sbottom is the NLSP has been performed in thetliteran the channdd; — b)"(f in the
context of both LHC and ILC43,355-35§.

Recently the CMS collaboration ruled out sbottom mass upd GeV with 4.98 fol of 7
TeV data assuming the branching ratio BR— bx?) to be 100% and the LSP mass of about
175 GeV B59. This exclusion was also crucially dependent on the LSPsnaasl 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 thewho#t not the NLSP. As a con-
sequence, the branching ratios (BR) to channels othertihanb)?f may be significant. Recently
both the ATLAS and CMS collaborations have also searchedfottoms in the leptonic channel
in the decay modb; — tX1* and in the hadronic mode with b-tagged jets inlhe b)"(f channel
and have constrained a narrow region of parameter spaceaggspecific mass relations among
by, X1 and)(fE [40,360. For the Ieptomc channel tHg exclusion limits are~ 360-370 GeV for
a)(1 mass~ 180-190 GeV, and 911 mass of 50 GeV. For the hadronic mode the exclusion limits
are given in a model with gluino decaying into sbottom paithvurther decay into b-jets and
lightest neutralino. The search excludes gluino massesdrbl TeV for sbottom masses in the
range~ 400— 800 GeV and &? mass of 60 GeV.

Most of the studies on third generation squarks especnall}ne context of colliders have
focused on the decay of lighter stép(and sbottorg;), t; — t)(l andb; — b)(1 respectively. It
has been observed that the feasibility of these channe&ndegpitically on the mass difference

Am=m - —m (9.1.3)

t1(by)
since it determines the hardness of the final state partidekrge value ofAm leads to large
jet momentum and a sizable missing transverse momentiyin oth of which are imperative to
suppress the SM backgrounds. Interestingly in the l&mescenario, the use of jet-substructure
and top tagging is also an important tool to suppress bacdkgi® P66 361]. To alleviate the

X9
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problem of low mass differences shape analysis with varkinsmatic variables have also been
considered346q.

As noted earlier the non-observation of a light sparticlestiongly interacting sector, i.e, a
gluino and/or a squark of first two generation, in the sub-Te§yime along with the observation
of a light Higgs have prompted ATLAS and CMS to perform detidasearches for the third
generations squarks. Note that, the limits on the massdseasquarks of first two generations
using the generic SUSY searches are not applicable to tleeafdkird generation squarks. The
dedicated searches look for third generation squarks peatidirectly via QCD processes as well
as those produced indirectly in gluino decays, in a pletbbfaal states coming from a variety of
decay channels df assuming specific mass relationships amgnd, )(1i and thexf, assumed
to be the lightest SUSY particle(LSP). The principle dechgrmels studied arg — txf and
Hh— bxf, with leptons and b jets in the final state from top quark deéay AS searched fof; in
the decay channdl, — txf, from direct stop pair production using 8 TeV LHC data withfth3?
luminosity and ruled outry, between 225 GeV- 575 GeV for an LSP mass up to 175 G|
ATLAS also probed; in the channel; — b)(1 — bxlff’ assuming\m = My — Mo to be 5 GeV

and 20 GeV. FoAm =5 GeV they ruled out stop masses of about 600 GeV in a corntlcg‘rﬁest
neutralino mass41]. With the use of the kinematic variableqy] ATLAS also excluded, in
the range of 150 GeV-450 GeV for the chanpel bxf, where the chargino is nearly degenerate
with thef; state B63. Similarly, CMS searched fdj in the channel$, — txf andt; — bxf, and
excluded it with a mass between 160 GeV -430 GeV for a LSP njass 150 GeV B64].

In the following set of works, the emphasis is to probe vagisignatures of third generation
squarks 44, 49].

9.2 Probing the left handed lightest sbottom in the four leppn channel

9.2.1 The left handed sbottom parameter space

In this work we consider the possibility of a light third geagon of squarks, in particular we focus
on a light sbottom and investigate the viability of its sigatthe LHC with 14 TeV c.m. energy.
We do not confine ourselves to a particular SUSY breakingasceand perform our study without
assuming any relations among the soft SUSY breaking paeamat the electroweak scale.

In this work we consider the decay of sbottom to the channgels b)?g andb; — tx;*. The
subsequent decays g#° — x1°Z andx1* — X1°W can now produce a number of hard leptons in
the final state. A sample Feynman diagram is shown in &g.

The merits of considering the leptonic final state in patéigithe 4 lepton channel is that it is
rather clean and has minimal background. As we shall demaiadielow, it is possible to discover
a SUSY signal for a substantial range of sbottom mass at 14 HV.

If no specific mechanism for the SUSY breaking is assumedyttieetotal number of unknown
parameters (the so called soft SUSY breaking terms) reachage number (105) and it is almost
impossible to carry out any phenomenological analysis aitth a large number of free parame-
ters. Many of these parameters in particular the intergeiogral mixing terms and the complex
phases are rather constrained from various measuremebtétoCharge-Parity (CP) conserving
and CP-violating observablesk B andD decays as well as lepton flavor violating deca3].

It is then phenomenologically useful to make a few assumpt{gvhich are indeed supported by
experiments) like no new source of CP violation, diagonatrafon mass matrices and tri-linear
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Figure 9.2: A sample Feynman diagram for the proggss> bbetete—o— + Pt in MSSM.

couplings etc. to reduce the number of free parameters.ratiisr simplified version of MSSM is
called a phenomenological MSSM (pMSSM)BHwhich has 22 free parameters. These parame-
ters include

e The gaugino (bino, wino and gluino) mass parametrsM, andMs.

e The Higgs mass parameters,, My, ( which can be traded gsandMa) and the ratio of the
Vacuum Expectation Values (VEV) of the two Higgs doublet eantang.

e Common first and second generation sfermion mass paranmegens;, ms, My, me and the
third generation sfermion mass parametegs, Mg, My, My, M.

e The common first and second generation tri-linear couplikg#y andAe. The third gener-
ation tri-linear coupling®y, A, andA;.

In this work we take the pMSSM as our model framework and @@rsine constraints on the
parameters coming only from the LEP exclusion lim&§][ theoretical considerations like correct
electroweak symmetry breaking, electric and color neli&# 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 LH@.cross sections
are calculated using PROSPIN®7] in the limit where 1st two generation squarks aré 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 yat@ROSPINO and the CTEQG6L parton
distribution function has been used for the c.s. calcutatibcan be seen that the cross section falls
sharply from~ 10pb at 300 GeV te- 10fb at 1 TeV. It must be noted that the NLO cross section
depends on the squark and gluino masses to some extent. scenario the first two generation
of squarks and the gluino is decoupled from the thrid gereratguarks.

The direct decay of sbottom to the LSP is always kinematitalgred, and for right-handed
squarks it can dominate )th is bino like. This is generally the case with models like CNES
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Figure 9.3: The central value of the Next to Leading Order@)l.s. for the sbottom pair production at the 14 TeV
LHC.

which has a large right handed component in the third geioeratixing matrix. The bino co-
annihilation case where the bino can co-annihilate withNlh&P sbottom is also an important
scenario and has been consideredi].[ The interplay of sbottom and stop in the context of nat-
ural SUSY has been discussed @bf], where the authors argue that direct searches on sbottom
can set limits on the stop sector from below causing a tertstween naturalness which sets the
stop scale from above and direct searches which constfaomtbelow.They also suggest that the
limits on direct searches should depend on the admixturefoéihd right handed components of
sbottom. The left handed nature of sbottom has been seabgh€Ms in [36(, for 7 TeV LHC
where they investigate the chanmel— t X1 in the dilepton + b-jets channel. This motivates us
to investigate the scope of MSSM to admit a large left handbettem and ways to detect such a
scenario. If the sbottom is left handed then it may preferetcag strongly into heavier charginos
or neutralinos instead, for examgile — b)"(g andb; — tx1T. This is because the relevant squark-
guark-wino couplings are much bigger than the squark-gbar& couplings. Squark decays to
higgsino-like charginos and neutralinos are less impoiftansbottom (than stop) because of its
relatively smaller Yukawa coupling. A light left-handedostom can be achieved by a large split-
ting between the left-handed and the right-handed com;.’uar(maa3 andmb~R), in particular a light
left-handed componentrgg) and a heavy right-handed componem(). This ensures that once
diagonalized the lighter sbottom remains predominanttyh@nded while the heavier sbottom re-
mains mostly right handed. The sbottom mixing matrix in sackcenario is diagonal with the
mixing angle@, ~ 0. For our purpose therefore, the relevant parameters arthitfd generation
squark mass parametemdg,m;{,ngR), the tri-linear couplinggs and A, the SU(2) and U(1)
gaugino mass parameteid;(andM,) and the Higgs sector parametgrand tar.

To show that the situation we are considering is not a veryttined parameter space we vary
the four parametensis,, Mg, Mg, in the range [100,3000] GeV am in the range [-3000, 3000]
GeV and calculate the branching ratios of sbottom to diffechannels. We keep t#n= 10,

M1 = 150GeV andM, = 250 GeV in the scan.

The first two generation squarks, and the three slepton geoes are fixed at 5 TeV along with
M3z = 1TeV, andA, = Ag = A; = 100GeV as they are irrelevant for our study. Thparameter is
set to 1000 GeV which implies that the lighter neutralinoasigino like. We generate the physical
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mass spectrum using the spectrum generator SuSpgctA different set of choices for Mland
M do not significantly alter the collider results significgrals long as(g — )?SZ is kinematicaly
allowed as can be observed in the next section.

We chooseé?, = 0 GeV in our scan but other values do not change the result ign#fisant
manner. Figd.4shows the maximum values of the branching ratios for themblab; — bxg and
by —t xf as a function of the sbottom mass when we vary the paramat#érs ranges mentioned
above. It can be seen that significant branching ratios setbkannels are allowed.

1 =
b1->b)~(g —_—

/’/—\ B, >t X{/' ...........
0.8

=]
=

5]

L
u) =

g 0.4 —
«®

=

] /

0.2 /
| i
250 300 350 400 450 500 550 00

mg [GeV]

Figure 9.4: Maximum branching ratios bf — bxg (red/continuous) anth — t)(li (blue/dotted) as a function o
mass.

9.2.2 Signal and Background

We choose a few benchmark points to carry out the collidelyaisa The parameters for these
benchmark points along with the relevant BRs are shown ifeTats.

A [ mg | mg [ mg [ my | mp | mgo | myo [ mys | BR(bL— bx?) | BR(b1 — tx;)
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 bendhpaénts. 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 proceedé$yrttastugh the channels; — bxg
and/orb; — tx{ following the deacyst9 — %2Z — I11-%9 and §f — XdW* — 1%y %9 from
both sides which finally yield a 4-leptons + 2 b-jets/+ signal in the final state.

A look at the spectrum and the decay branching ratios pointhat in absence of a sufficient
mass gap for the top decay to open up, the principal decay nsdnje— b)"(g. When the mass
difference is sufficient for the top channel the branchinpna fairly equally divided between the
two channels. This feature is also demonstrated irBrg

116



Chapter 9. Supersymmetry with third generation squarks

As mentioned earlier, in order to show that a different ce@tM, andM» do not change our
results significantly as long as the degdy— X2Z opens up we choose the benchmark point P4
in Table9.3in whichM; andM, are changed to 250 GeV (from 150 GeV in P1 - P3) and 350 GeV
(from 250 GeV in P1 - P3) respectively. B

We mentioned earlier that the signal cross sections falispdjr with increasingy; mass. In
particular, for an sbottom of 550 GeV (P-3) the NLO crossiseaeduces to 385 fb which, because
of the very low branching ratio for the leptonic decay mod&g,oyields a miniscule final cross
section. However since the background is miniscule and e®ptimistic about high luminosity
options for a 14 TeV LHC, this channel still offers some hoperefor such high sbottom mass.

In our simulation of events, we have used PYTHIA® for both the signal as well as the
backgrounds. We construct jets using the Fas&]gigckage employing the antirK 7] algorithm
with a cone sizAR = 0.5. We use the CTEQG6L1[)] parton density function from the LHAPDF
[12] package. The scale is set@t = §. We then use the following selection criteria for the final
events:

1. We demand four isolated leptons (electron and muon) Wwehransverse momentqné >25
GeV and the pseudo-rapidity| < 2.5. Isolation of leptons are ensured by demanding the
total transverse energyi° < 10% of pt.. Herep/C is the scalar sum of transverse momenta
of jets close to leptons satisfyiddR(¢, j) < 0.2 with a jetpt threshold of 30 GeV any| < 3.

We ensure that the sum total charge of the 4 lepton systenois@id contamination from
background.

2. Jets are selected Wiﬂ%- > 30 GeV andn| < 3. We demand at least 2 jets withtags. The
b-tagging is implemented by performing a matching of the jeith b quarks assuming a
matching condR(b, j) = 0.3.

3. In addition we demand-p> 50 GeV.

The effects of the above selection cuts are summarized ile.T@4. The potential SM back-
grounds in our case at¢, ZZ, W Z,_and QCD. In Table9.4 we show only the non-vanishing
background which in our case is ttte

Process| Production c.s| Simulated Events 4 isolated! | 2 b-tagged jety p > 50 GeV %
(pb) (50 fo)
P1 4.75 0.5M 5.1 14 11 26
P2 1.22 0.1M 15 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
tt 918 40M 2.8 0.09 0.09

Table 9.2: Efficiency of the selection cuts for the signaha three benchmark points and the top background for 14
TeV LHC. The cross-sections after each of the cuts (colum@)&re given in femtobarns. Efficiency fol2tagging

has been multiplied in the 5th column. The significance has lngioted at a projected luminosity of 50 foin the

last column.

The second column represents raw production c.dforcalculated at NLO using PROSPINO
[17]. We have used the top pair production cross section at 14akeffuoted in Refd6q. The
third column represents the number of events simulateddcin ef the processes. From the fourth
column the cumulative effects of the selection cuts are shdwdemanding b-jets we assume an
optimistic b-tagging efficiency of 70% for each b-j&g[7]. We find that even for the signal the
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requirement of four isolated hard leptons with vanishinglttepton charge of the system leaves
a small signal cross-section. On the other hand, this tedesaf all the other backgrounds with
the exception oft. The transverse momentum distribution of ti@ iardest isolated (anid| <
2.5) lepton is shown in the left panel of g5 where a clear distinction can be made between
the signal and the background. The lepton multiplicitiestfoth the signal (benchmark-2) attd
background are also shown in the right panel of Bi§. Note that, though in the parton level 4 3
hard lepton is not expected frathevents, in real situation such leptons can come from theolmadr
decays for example, semileptonic decay8dfadrons.
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Figure 9.5: Thér distribution of the & hardest isolated (arjd | < 2.5) lepton (left panel) and the lepton multiplicities
(right panel) for both the signal (benchmark-2) and the tagkiground.

The demand of twdb-like jets in addition to the four isolated hard leptons atemoves a
significant fraction of the top background. Since theip rather soft in the signal due to a low
mass difference betweeff and X9, only a low p; cut could be used in selecting events. Our
results are summmarized in the last column of TaBld. The signal significance is obtained
in terms of Gaussian statistics, given by the r&ja/B of signal and background events for a
particular integrated luminosity. We project our significa &/+/B) at 50 fb-! at 14 TeV LHC.
We find that for low sbottom masses (up to 450 GeV) a reasosapiéicance §/1/B > 5) can be
achieved at relatively low luminosities-(20 fb~1). For masses of 500 GeV a higher luminosity
of 50 fb~! will be required. For even higher masses the sbottom pramtucts. is miniscule and
it will require at least 100 fb! luminosity to get any hint of a signal at LHC. As noted earlier
find that the change in LSP mass does not significantly chamgsgnal significance. This can be
seen in the event summary given in Tablé.

9.2.3 Summary and Conclusion

In this work we probed the prospect of a light sbottom seancthé 4 lepton + jets (with two
b-tagged jets) +/p channel in the context of pMSSM at 14 Tev LHC. We consideredstienario
where the lighter sbottom is predominantly left handed aswd decay into the second lightest
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neutralino or lighter chargino which eventually yields gtlens and b jets. We find that in pMSSM
there is a large part of parameter space where such a scenfaasible and can be useful to look
for sbottom signatures. We also find that such a parameteespaompatible with a Higgs mass
of 125 GeV and is in tune with the ongoing motivation for a tighird generation scenario.

Additionally we analyzed the signal and background for stetions of parameter space and
found that it is possible to discover a substantial rangeboftem masses. In particular we find
that for sbottom masses 450 GeV it is possible to find a viable signal at the leveSp{/B > 5
even at 20 fb® luminosity. For masses 550 GeV and higher it will require higher luminosity
LHC options which is achievable in the near future. It hasdmbted that the channel has minimal
background and the discovery reach is only cross sectiormelim We have demonstrated that
as long as the studied decay channel is kinematically alowe signal significance primarily
depends on the signal cross section. Hence in our study tRemess plays a less significant role
as compared to the NLSP sbotttom searches at the LHC whiglomeh significant mass splitting
between the shottom and the LSP. In order to show this we ledééclithe 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 caoaisits on the third generation
squarks, stop(,) and sbottomdy; ») are weaker because of the lower production cross-section
for a squark pair of a single flavor and are weakened evenduitihen there is a small mass
difference between the squark and the neutralino. The vegaisults in the initial searches for
the gluino and first two generations of squarks, togethen e discovery of the Higgs boson
has prompted the consideration of natural SUSY as an a#edcamework for phenomenological
studies.

When the lighter stop becomes next to lightest SUSY pa(hil&P), the stop searches at
colliders are quite different and become challenging. Ia $sicenario, the dominant decay modes
are via the flavor changing decays and the four body det@§-B7(,

i — oxf (9.3.1)
— bff'x?. (9.3.2)

Stop pair production followed by these decays leads to fit@és containing a heavy quark pair
cc or bb respectively and are given by:

pp— f1t; — c T+ 2xY, (9.3.3)

pp— f1t; — bb+2x2+2f /. (9.3.4)

The flavor violating decay mode yields precisely two jets anigking transverse momenjg{pdue

to the presence Q{f. The relative decay rates into the above two channels arersgty sensitive
to the model parameter870 371]. The signal sensitivity for the four body decay channels ha
been studied for different parametegs' ).

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 tbaavjet + p; [333 334 and mono-
photon+p; final state B73 374. The experimental limits on these channels come from eefme-
tation of the monojet searches in ATLAS and CME'§, 376. With the available data at 7 TeV,
lighter stops of mass below about 200 GeV are excluded foaltoge mentioned decay channels.
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Thus the limits on the mass of the lightest stop from thes@ambéla are rather weak. This is
because the final state objects are soft due to the low valisdéading to a lower acceptance of
signal events. Therefore, it is a challenging task to prbleee channels for very lovm cases.

In this work we explore the possibility to find a signal farin the flavor violating decay,
Eqg. 9.3.3 resulting in a di-jet #g signature. Note that the flavor violating decay mode is also
important in the dark matter context in the stop co-anniititascenario 370. The correct relic
density abundance in this case crucially dependSronin analyzing this signal we apply different
types of kinematic selection cuts which are described infdHewing sections. For the case of
flavour violating decay mode, the presence of c-quarks caexpited by tagging c-jets. It is
known that tagging c-jets is not easy because of the low nfasguark and the low decay length
of the charmed mesons. However, development of a strateigy tihe c-jets, even with a modest
efficiency will be helpful to suppress the SM backgrounds byeaormous amount and hence
needs to be pursued.

9.3.1 CMSSM and PMSSM

We simulate the signal (E8.3.2 for the parameter space of our interest in the context df bot
CMSSM and the phenomenological MSSM (pMSSM) with 19 paransef865. The CMSSM
has been the most popular model of SUSY breaking in the cbofexollider phenomenology
and experimental searches over the last two decades. Tpigmarily driven by the economy
of the model which requires 4 parameters and a sign, as ceahparthe cornucopia of over 100
parameters in the MSSM. These parameters defined at the GlH, swlude the common scalar
mass(ng), the common gaugino massy;,) and the common trilinear couplingoAalong with
tanB, the ratio of vacuum expectation values(VEV) of the two Higlpublets and the sign of,

the Higgsino mass parameter, at the weak scale. The spatiectrum at the electroweak scale is
obtained by renormalization group running from the GUT sd¢althe electroweak scale.

It is a well known fact the Higgs mass receives a substantiahtym correction resulting an
enhancement of its mass from its tree level values which ismted by mass of Z boson, viz,
M2 < MZcos’2B. In order to accommodate the Higgs mass of 125 GeV in the CMB&&ework
one necessarily requires heavy scalars and a large trilcmgling A. Loop corrections can
increase the tree level Higgs mass up+td40 GeV, due to stop-top loops and a large value of the
trilinear coupling A [194,195. However it has also been noted that such large trilineapliog
introduces a significant amount of fine tuning in the theory. te other hand a largegAesults
in a large splitting in the stop mass matrix. This means tightér stops are accessible at LHC
energies even in CMSSMLPY. Hence it is worth investigating, in the CMSSM, the avaié&ab
parameter space, which provideg m 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 pthe CMSSM parameter space,
varying the range of parameters such as,

mp:[0—3 TeV|,my: [0-1TeV],Ag:[-2:-10TeV, (9.3.5)

and setting the top quark mass to be 172.9 GeV. We genesaf®Srandom parameter points
for a fixed value of ta. We fix the sign of the Higgsino mass paramegidp be positive. We use
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the SusPectl4] spectrum generator to generate the masses of the supeetyimparticles for a
fixed set of input parameters along with Superl$§ for the calculations of the branching ratios
of rare B-meson decays.

We refer to a point in the CMSSM parameter space as allowetdsifinvives the following
constraints:

() The lightest Higgs boson masdy falls in the window 125 GeV < My < 1295 GeV.
Note that this range also includes a 1.5 GeV theoreticalntaiogy over and above the 95% C.L.
uncertainties quoted by the ATLAS and CMS collaboratidn&]|

(i) The branching ratio 48) of the radiative decaf — Xsy satisfies the following 95 % C.L.
bound p€],

26x10%< A(B—Xsy) <45x10°4.

(iii) The branching ratio oBs — putu~ [178 179 lies in the 95 % C.L. allowed range
1.5%x10 %< B(Bs— u ) <43x10°°.

Fig 9.6 - 9.7 show the results of our numerical study. A point is green #atisfies only the
constraint (i) but none of the other two. The blue colour iscuitb mean that the point satisfies
both the constrains (i) and (ii) but not (iii). If a point id@led by all of the three constraints above
then the point is plotted in magenta. Note that all the pdiesept the red points in thep —my 5
plane) have been checked to satisfy the requirements df@lesak symmetry breaking, electric
and colour neutral LSP, the LEP lower bounds on the massestaerd theoretical consistencies
e.g., absence of tachyonic states and so on. Moreover, welatsy the allowed values of, for
a wide range ofn , andAg values ( in the second row).

From these figures itis quite clear that even in the CMSSMethrists 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 @areter space pertaining to lighter stops
and allowed by the Higgs mass constraint, the specific méstsores in CMSSM ties our hands to
a large extent. In the context of natural SUSY it is enoughaiasader only the third generation
squarks (stops and sbottoms), the third generation tatimeuplings along with charginos and
neutralinos. The rest of the spectrum is mostly unimporasak can be decoupled from this set.
This rather simplified approach, in the framework of the mmeanological MSSM (pMSSM)
brings out the relevant physics with the minimal number plinparameters.

The parameter space of our interest is guided by the regiaremhe flavor violating decay
fHh— cxf, is kinematically dominant for relatively small mass diffaces corresponding to Eq.
9.1.3 The decay width is given bysp8 369,

1 mio]”

F:§a|£| mg, 1_Ft21 7 (9.3.6)
1

where the loop factog is directly proportional to é\ and tad with a being the strong coupling

constant.

A competing decay mode to the two body is the four body dépay(bxff ') [368 369,
371], dominantly via an off shell chargino into fermions. TheotWwody decay mode, which is

IFor an exact one-loop calculation of this decay width s@éd]|
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guadratically dependent on {amnd A, dominates over the four body decay for moderate to high
tanB3. In the large tafi scenario, the two body decay mode dominates over the four teday
mode, for similar mass differences as compared to lowgB tan
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Figure 9.6: The allowed parameter points in the—my, (top left panel),mo — m, (top right panel)my , — ny,
(middle left panel) Ao — g, (middle right panel), in the CMSSM scenario for {ar- 10.

We choose two benchmark points in the CMSSM and four pointisarl9 parameter pMSSM
for our collider analysis. The representative points a@shin Tables9.3 and 9.4, indicating
the relevant branching ratios and other sparticle masségpoints in CMSSM (P1,P2) and three
points in pMSSM(P3,P4,P5) are chosen to havgtanl0. We choose one additional benchmark
point with tar3=30 in pMSSM(P6).

For the pMSSM benchmarks in Tab®4, we set the first two generation of squarks and all
slepton generations to 5 TeV and the gluino to 1.5 TeV as theyreelevant for our study. The
parameteMs is set to 900 GeV. The trilinear couplings with the exceptibA; are all set to zero.
The pseudoscalar masg is set to 500 GeV. All the benchmark points have been chealaithst
the constraints mentioned in S&c3.2
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Figure 9.7: The allowed parameter points in the—m, (top left panel),mo — m, (top right panel)my , — ny,
(middle left panel)Ao — m, (middle right panel), in the CMSSM scenario for far= 30.

9.3.4 Signal and background

We simulate the collider signatures of the stop pair pradagEq 9.3.3 for the benchmark points
as shown in Table8.3and9.4in the dijet + p; scenario and the corresponding SM background at
the LHC.

As pointed earlier, the final state objects like jets akdape expected to be soft because of low
Am making it difficult to obtain a reasonable acceptance afippeessing the SM backgrounds.
The signal cross section is rather small at 8 TeV and falls &0 fb for a stop mass of 500 GeV.
Most of the search strategies proposed have taken recaunsertojet + f5- or monophoton +/p
searches, where a hard QCD jet is used along with a Iad@&®4. It was demonstrated irB34]
that with this strategy it is possible to use this channektop discovery, for stop masses up~to
300 GeV at 14 TeV LHC, with 100 fb' luminosity.

Corresponding to the signal the principal SM backgrounds ¢an mimic the signal process
are:

e QCD : The final state is swamped by the QCD dijet events, since BB Qoss section at
hadron colliders is enormous. Thig pource in this case comes from semileptonic B-decays.
There are non physics sources due to mismeasurement afgéstor noise which are out of

123



Chapter 9. Supersymmetry with third generation squarks

tanB | mo | my | Ao my | my | myo [ Am [ Br( f1 = cxd) | Brfi — bff'x?)
% %
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 pestiolthe CMSSM scenario. All energy units in GeV.
sgn() is set to be positive.

Ao [tamB [ p [ M| my [ mg [ omg | omg | omy | myo [ Am [ BR(L —cxy) | BR(E — bff'xD)
% %
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 benchpirits in the pMSSM scenario. In all cases , the
remaining parameters are as described in the text. All gnerigs are in GeV.

the scope of this study.

e Z(— vv) + jets : This makes up the irreducible part of our background thaks$oexactly
like the signal. Although the principal part of this backgnal is Z + 2 jets, contribution from
higher jet multiplicities are not negligible if some of tretg are not identified.

e W(— V) + jets : This process contributes dominantly to the backgroundmvithe lepton
is not identified. Since the cross section for W + jets is nathege this also contributes
significantly to the background.

e tt: This is primarily dominant when either the leptons frore W decay and/or some of the
final state jets are not identified leading to the same cordtgur as the signal.

e WW : This process contributes to the background when one W ddtagronically while
the other leptonically.

e WZ : This again contributes substantially to the backgrounémW decays leptonically
and Z decays hadronically with the lepton not being idemtjf@ when Z decays tev and
W hadronically.

e ZZ : This irreducible background mimics the signal in the ditaZ(— vv)Z(— qq).

We simulate the signal and the background procetise&/W,WZ,ZZ using PYTHIAG f].
For the background processes W/Z+jets, parton level exaetgenerated using ALPGEN][
and subsequently passed on to PYTHIAG for showering andonadttion. Jets are reconstructed
using FastJetd with anti-ky [7] algorithm setting a size parameter R=0.5. Jets are sdl&dth
the following criteria,

Pl > 30(60) GeVV 8(13) TeV, |n| < 3. (9.3.7)

MLM matching [L1] is performed while showering parton level events using P¥Afor W/Z+
jets with a matching cone &R =0.7 and a jepr threshold of 30 GeV withinn| < 2.5. We use
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CTEQS6L [13] as parton density function(PDF) from the LHAPDEZ] package and sep? = &.
Leptons are selected with,
pr > 10GeV, n| < 2.5, (9.3.8)

which are used to veto events.
In order to suppress these backgrounds, in particular the RQCD di-jet background, we use
kinematic variable,

ar = p2/ml, (9.3.9)

where # is the transverse momentum of the second hardest jet %n‘d the transverse mass of
the two jet system4g]. It can be observed that for pure dijet events, without aaydhp; like

QCD, the jets are back to back in the transverse plane. Tdvertife minimum value afy! in the

limit when jet masses can be ignored turns out to Msﬂﬁd thus the distribution afy has a sharp
end point at 0.5. However for dijet events in associatiomwaisignificant amount of p, as is the
case for the signal in E®Q.3.3 the two jets are not back to back, leading to large values-oiWe
present thext distribution for signal and background in Fi§.8 subject to the jet selection cuts (
Eq. 9.3.7) along with lepton veto. The signal process is for P2 in Tdbweth ny,, m,o masses of
331 and 306 GeV respectively. It can be seen in the figureathptedicted, the QCD process has
a sharp fall atz 0.5 and therefore we impose a selection ]

ar > 0.55. (9.3.10)

In addition we also use the kinematic variaMe, [47,377] defined as,

MT2(j1,j2,p7) = min [max{M(j1, X),M1(j2, X) }], (9.3.11)

the minimization being performed ovefp- g3 = gy where fir,p% are all possible partitions of
invisible transverse momentum{p which is due to the presence of LSP for signal and neutrinos
for SM backgrounds. Herg is the invisible particle whose massl{) is an unknown parame-
ter. The kinematic variable transverse mass  between the jet and the accompanying missing
particle is, . .

M$ = M?+ M7 +2(ELEY — pt.5f), (9.3.12)

Whereﬁ‘T is the transverse momentum vector of the jet El{qdhe corresponding energy, Whiﬁ
is the missing transverse momentuyi-{wvector.

Since the maximum value &y is restricted to the mass of the parent partidfy, is also
expected to be bounded by the respective parent particls. rhseMy, is calculated by setting
M, =0 without any loss of generalitytf]. This assumption is clearly valid for SM processes where
the missing momentum is mainly due to neutrinos. Furtheemae found no significant difference
to the population of events near the end points for the sigital massivey when we make this
assumption. However, there may be a difference in acceptimdhe two cases which we will
consider as a systematic uncertainty in the acceptanceeatfic In the SUSY processes where the
parent particldf) is heavier than SM particles, the tail in thl» distribution is expected to extend
up to a larger value. This variable thus provides an exceliandle to suppress the remainder of
the background rates.

In Figure 9.9, the signal and background distributions forMare displayed for 8 (left) and
13(right) TeV LHC energies. The distribution is subject ti-get criteria along with a lepton veto
with jet and lepton selection criteria(Eg3.7and9.3.8 . The signal distribution displayed in the
figure corresponds to the benchmark P2 in T&hg
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We observe that for the signal process at 8 TeV the tail estbagond the background processes
and further reaches beyond the stop mass while for the bagkdrthe end point of the distributions
correspond to lower values of 4. As the missing energy in Z+jets comes from Z decaying to a
pair of neutrinos from the same side of the configuration Mke distribution is not expected to
have an end point at the Z mass which is reflected in this pkjt [

Similarly in case ottt and in signal, the distribution extends beyond the end paehith is
expected to be at the parent particle mass. The contribafiesents in this region is dominantly
due to the jets from hard radiations, in particular from fistalte radiations4g]. This phenomena
is more evident at 13 TeV energy where objects are kineniigtiveavily boosted. By observing
the distributions, we apply a cut at,

Mr2 > 130 Ge\(250 GeVj for 8(13) TeV. (9.3.13)

This fact can be exploited to suppress backgrounds wherighalss in unfavourable condition
kinematically (eg. for smalhm). For example, for very smalim, f; mostly decays invisibly, and
henceMr, constructed out of this hardqpand jets originating from initial and final state radia-
tion(ISR/FSR) which are un-correlated with tiie pas a much larger tail. For larger valueg\of,
the longer tail is not observed due to the fact thatill have both visible and the invisible (LSPs)
decay products for which the momenta are correlated. IMPHIGwe present the distribution for
these two cases, withm =10 and 140 GeV. Clearlylr, gives some handle to recover sensitivity
for the lowAm scenario. It is to be noted here also that for the dase= 140 GeV, the decay
t] — bWXf may open up, competing with the flavor violating decay modéafly the flavour
violating decay mode with very lodm have some benefits due to ISR/FSR effects. However,
it is clear that these effects have a dependence on the menigl®yed in the event generators.
Therefore, in order to understand its effect in our signakg®ity in a more precise manner one
needs to do more detailed investigation which is postpooedtiture work.

Finally, considering signal and background charactesstive use the following cuts to sup-
press the backgrounds.

e Lepton Veto (LV) : In the signal process leptonic activity is absent. Howesakiground
processes likéet, W+jets, WW,WZ contain a significant fraction of leptonsrfraV/Z decays
accompanied by p. The use of lepton veto thus helps to suppress the backgs@ificiently.
Leptons are selected using cuts described in%=8}.7.

e 2 jets (2J) . We select exclusively dijets with the jet ghresholds as described in Eq.
9.3.8 Note that after the lepton veto, thiebackground contribution is expected to be rich in
hadronic activity and have more than 2 jets in the event. Bangtrict imposition of the dijet
criteria is expected to reduce the background coming framit{iwW/Z + jet processes.

e b-jet veto (bJV) : This veto is extremely efficient in suppressing the top bamkgd. The b-
jetidentification is implemented by performing a matchifghe jets withb quarks assuming
a matching con@R(b, j) = 0.2.

e a7 > 0.55 as discussed in E§.3.10
e M12> 130 GeV (250 GeV for 13 TeV) as given by E9,.3.13

e Pv/Ht <0.9: For signal processes we expect this ratio to be less than ile imhback-
ground processes this is expected to be close to 1. Thedtifferin azimuthal angle between
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Figure 9.9:My, distribution for signal and background for 8 TeV(left) an@ TeV(right). The signal corresponds to
P2 in Tabled.3.

127



Chapter 9. Supersymmetry with third generation squarks

Proc nrl,mxf C.S LIV+2J+bIV aT M1, > = C.S C.S

GeV >055 | 130 | <09 (c-like)

P1 241,198] 6330 1996.2 262.3 4.7 21 | 21 0.45
P2 331,306 1060 227.4 28.1 2.3 09 | 09 0.1

P3 355,285 700 262 46 06 | 025 | 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
tt-5-200 85000 6063.4 80.24 89 | 0.46 | 046 | 0.17

tt-200-500 9500 13.9 3.9 1.5 | 0.38 | 0.38 1

tt-500-c0 130 2.1 0.005 | 0.003 | 0.003| 0.003| <1
qcd-300-500 1.3x10° 37512.7 <1 <1 <1 | <1 <1
WwW 35000 7462.2 380.2 | 294 | 0.84 | 0.84 | 0.14

wz 13000 2547.8 189.3 31 | 076 | 0.76 | 0.21

zZ 5400 1050.1 7812 | 162 | 03 | 03 0.02
Z(— vv)+2jet 10° 71215.2 6877.4 | 67.07 | 29.4 | 294 | <1
Z(— vv)+3 jet 16500 5349.6 637.0 9.9 45 | 45 0.13
Z(— vV)+4 jet 4240 361.4 41.3 075 | 0.6 | 0.6 <1
W(— lv)+2jet 58x10° | 117335.6 | 10752.1] 63.4 | 353 | 353 | 2.1
W(— Iv)+3jet 10° 14100.0 1240.8 | 9.1 6.1 6.1 <1
W(— lv)+4jet 16300 785.6 68.9 1.5 1.1 1.1 <1

Table 9.5: The cross sections(fb) for signal and backgrsaffteér each cuts. The last two columns present normalized
cross section(fb) after all cuts without and with identifica of c-like jets respectively. All energy units are in GeV

the two jet system and missing energy in signal and backgrdémg primarily responsi-
ble for this behaviour. We find that this selection is extrgnedfective in suppressing the
background.

At the end, we explore the possibility of an improvement bmsbow tagging charm jets which
are a part of the signal. The identification of charm jet igguehallenging. Recently however,
attempts have been made to measure W + c jets cross-sectere wdjets are identified3[/g.
Note that the channé] — cxf, has been recently searched by ATLAS by trying to identifsram
jets in the final stated79. Although the method we employ is rather simplified, itlgibints out
that charm like jet identification can prove to be extremdlgative in this case. To identify charm
jets we match jets with charm quarks, using a matching corie=6£2. To find the presence of
charm jets one can further check the presence of D-mesongtherjet constituents, which we
postpone to a future work.

Simulating the signal and background processes using kbetiom cuts as described above, we
present results for 8 and 13 TeV LHC energies in TaBl&and9.6 respectively. The first three
columns present the processes(Proc), the masses of tieslighopgy, ) and LSP(nX?) and the

cross section(C.S) respectively. We compute the next ttirlgeorder signal cross section using
PROSPINO 17]. The subsequent columns display the cumulative effectuts. In the penul-
timate column the cross sections after all cuts are pregeftee top and the QCD backgrounds
are simulated by slicing the entire phase space intbips, wherepr is the transverse momenta
of the produced partons in the partonic frame. In both Tablesotice that the combined effects
of lepton veto, b-jet veto and the dijet criteria (LV+2J+h)XPéduces the top background by an
enormous amount 95%) while reducing the signal process by about a third. Astpd out
earlier, theay cut successfully isolates the entire QCD background asote@e For the sake
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Figure 9.10:Mr, distribution for two values oim of 10 GeV for solid(red) and 140 GeV for broken(blue) foma
of 240 GeV at 13 TeV LHC energy.

of simplicity we have quoted numbers corresponding to omlg pr bin for QCD. The rest of
the backgrounds, particularly from top and the WW/WZ/ZZ alg suppressed by a significant
amount, costing a significant fraction of signal cross secéis well. The M, cut, as pointed out,
removes a substantial fraction of WW/WZ/ZZ as well as W/Z+jets processes. Clearly e
cut plays an important role in isolating backgrounds effittie Finally the cut - /Ht suppresses
the WW/WZ/ZZ backgrounds and brings it down to a negligileleel. Even after a huge suppres-
sion of the irreducible backgrounds W/Z+2,3 jets, the remmg fraction is non negligible because
of the large production cross section. Note that even aftppiessing the SM backgrounds sub-
stantially, since signal cross section is miniscule, trespects of discovering a signal at 8 TeV
LHC is very limited. In the last column cross sections aresprged requiring that out of the two
jets in the final state one is a c-like jet. As mentioned eqriidike jets are identified by naively
matching partonic c-quarks and reconstructed jets. Glershows that identification of c-like
jets does help in reducing the background to a large extdns. Happens as the signal is likely to
have a larger fraction of identified charm jets than the bemlkgd.

At 13 TeV the results improve significantly as can be seen ffabie9.6. The larger stop pair
production cross section significantly helps in enhanchregdvent rates. On the other hand an
increased boost in the system helps to effectively usdihevariable by applying a much larger
cut value of 250 GeV to isolate the backgrounds. As can berebddrom the right panel of Fig
9.9 a cut of 250 GeV is extremely effective in suppressing trexlincible Z+jets background. We
observe from the last column of Tal@e6 that at 13 TeV energy, the signal and background cross
sections are comparable as compared to 8 TeV where the loacidjcross sections are dominant.

Table 9.7 summarizes cross sections of the signal and backgroundadifieuts for 8 and 13
TeV LHC energy. Thet cross section has been multiplied in the table by a k fact@ tof take
into account NLO effectsZ6g. Note that the k-factors for W/Z + jets processes are veogel
to 1 [320,321], and hence do not change our results significantly. FromeTaly we find that
at 8 TeV the total background is 70.6 fb in which the dominaitdgbution comes from W/Z +
jets, while the signal cross section varies from 2.1 fb fort®0.04 fb in P6. Therefore for P1
with 20 b~ luminosity we obtairS/+/B = 1.1, while the significance drops substantially with
the increase ofry,. At 13 TeV the total background cross section turns out to befl2 while

129



Chapter 9. Supersymmetry with third generation squarks

Proc M, Mo CS | Lv+#23+bdv| ar [Mr>| B [cCsS| cs

GeV >055| 250 | <0.9 (c-like)

P1 241,198 24100 3113.2 3116 | 8.1 44 | 44 | 045

P2 331,306| 4800 440.2 82.0 5.8 32 | 32| 018

P3 355,285 3280 725.5 83.27 | 195 | 07 | 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 05 | 0.29 | 0.29| 0.023

P6 520,432 400 121 178 | 029 | 0.1 | 0.1 | 0.04
tt-5-200 291,000 18690.2 | 2011.1| 0.15 | 0.15 | 0.15]| <1
tt-200-500 39800 492.2 852 | <1 | <1 |<1| <1
tt-500-00 900 12.4 0.13 <1 <1 | <1 <1
WW 69800 118583 | 376.2 | 014 | <1 | <1 | <1
Wz 26300 4144.9 2315| 05 | 015|015 <1
7z 10900 1812.6 128.9 | 0.46 | 0.06 | 0.06| <1
Z(— vv)+2jet 241,800 345725 | 26434 124 | 1.3 | 1.3 | <1
Z(— vv)+3jet 48000 142829 | 1159 | 3.15 | 0.45 | 045| <1
Z(— vv)+4 jet 11200 3477.7 2941 | 31 | 035|035 <1
W(— 1v)+2jet 1,185,000, 76017.1 | 3529.8| 84 | <1 | <1 | <1
W(— v)+3jet 229,000 275246 | 1490.2| 30 | <1 | <1 | <1
W(— v)+4jet 47200 6278.9 4001 | 12 | <1 | <1| <1

Table 9.6: Same as Tak®e5 but for 13 TeV LHC.

the signal cross section varies from 4.4 fb in P1 to 0.1 fb in H&us for the points P1 and
P2 we obtairS//B = 6.1 and 4.4 respectively for 8b—1 which implies that P1 is discoverable
while an evidence of a signal can be obtained even with lowrosity options for P2. With 100
fb~1 luminosity we find that the benchmarks P3 and P4 have signiizaalues of 4.7 and 4.3
respectively.

With this strategy we attempt to explore the sensitivityAim for various values ofry, at a
given luminosity. We present our findings in Fi§.11 where the accessible region below the
curves are shown in thex, — Am plane for two luminosity options 5 fih and 100 fb! with

SVvB > 5. This plot is presented with the assumptioB&{(t; — cxf) = 100%. We find that even
for low luminosity a light stop up to a mass ef 350 GeV could be explored fdxm = 20GeV.

As mentioned earlier this search strategy is very sendiiv@wver values o\mand it is reflected

in the figure. For a luminosity of 100b—1 we find that a light stop up to a mass of 450 GeV
can be probed fohmas low as 35 GeV. The solid horizontal line demarcates therkatic region
m, <m+ Mo, OVer which the the decdy — txf opens up and dominates.

9.3.5 Implications for dark matter

In scenarios with a small stop-neutralino mass splittingj@bino8) LSP, stop-coannihilation can
play an important role in determining the relic dark mattemradance. This is the case especially
for smallAm, i.e, where the decay — C)"(f is dominant. Hence it is important to investigate the
implications of our studies for probing the stop coanntila scenario at the LHC.

The relic density crucially depends on the stop-neutrativass difference as well as on other
parameters that will be discussed in the next paragraphthEdrenchmarks considered, the value
of the relic density as shown in Tal®eBis either above (P1,P3,P6) or below (P2,P4,P5) the central
value for PLANCKQpyh? = 0.1199 B80. However it is well known that the value of the relic
density in coannihilation scenarios depends criticallytoe NLSP-LSP mass difference, hence
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P1 P2 P3 P4 P5 P6 | Total Bg
n1~17mx~§,(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/v/B(20fb 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/v/B(30 fb 1) 15 11 2.4 2.5 1 0.3

Table 9.7: The signal and backgrounds cross sections(cegefichmark points. The signal significan&®/s(B) for
different energies and luminosities are also shown.

a small decrease (increase) in the stop-neutralino mafesafite will lead to a large decrease
(increase) in the value of the relic density. We have theeesearched for modified benchmarks
for which the relic density was in agreement with the centadie of PLANCK. For this, we vary
only the mass of the lightest neutralino by chandiyg while keeping all other parameters of each
benchmark P1-P6 to their value at the EWSB scale. The modi#adhmarks, P1’-P6’, with the
corresponding stop and neutralino masses are listed ire Ba®l The relic density is calculated
using micromegas3B1]. Furthermore, their position in them—m, plane is displayed in Figure
9.11 We find that for the benchmark points that satisfy the PLANSOKstraint our search strategy
works very well indeed. We achieve reasonable sensitiaitystop masses below 400 GeV with
an integrated luminosity? = 100 fb~! at 13 TeV LHC as can be seen in Fij11 In fact the
50 significance contours fo# = 5 fb~! even covers the relevantn for stop masses below 280
GeV.

A few comments are in order to ascertain the generality &f tesult since the relic density
depends not only on the stop-neutralino mass differencelbaton the nature of the neutralino
LSP, the nature df (whether it is dominantly LH or RH), and on the valueMf. First note that
the mass splittings associated with the modified benchnadrkable 9.8 are typical of scenarios
where the LSP is a bino, and these are precisely the ones stwyecoannihilation plays an
important role in obtaining a low enough relic density. Setdhe mass splitting required to satisfy
the PLANCK constraint - for a given stop mass - should depand/loether the stop is LH (P3'-
P6") or RH (P1-P2’). The reason is the following: co-antalion processes sughf; — tg,th
have a larger cross-section for a RH stop than for a LH stope@tame mass since the coupling
to the bino LSP is proportional to the top hypercharge (wisdarger for the RH top/stop), hence
one would expect the requiresim to be larger for a RH stop. Furthermore the QCD processes
involving pairs of squark$;f; — tt,t1b; — tb... which are more important for LH stops involve
two Boltzmann suppression factofstherefore the mass splitting required is smaller. However
since the Boltzmann factor varies rapidly witim, in the end there is only a few GeV differences
between the case of the RH and LH stop. For example for bermm&hRi, the required mass
splitting would beAm = 29GeV for a dominantly LH stop instead & = 37GeV for a RH one.
Finally, the pseudoscalar madd,, can also be a relevant parameter. For P1’ and P2’ it is set
by CMSSM boundary conditions and is rather high hence playole in neutralino annihilation
while for P3’-P6’, it is set to 500 GeV. A higher value bfa- which would not affect our collider
search strategy and the relevant branching ratiﬁ;sﬂfcxf, would imply smaller mass differences
than the ones listed in Tabl®.8 hence would easily be covered by our search strategy. We
can therefore safely conclude that the channel investigatee can probe the stop-coannihilation
scenario for stop masses up to at least 400 GeV.

2The Boltzmann factor is~2™/T; for each coannihilating particle arfg is the freeze-out temperature.
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P1 P2 P3 P4 P5 P6
My, My (GeV) | 241,198| 331,306 355,285| 458,432 548,517 520,432
oh? 017 | 0.04 1.9 0.04 | 006 | 059

PT P2’ P3’ P4 P5’ P6’
M, Mo (GeV) | 241,205| 331,294| 355,315| 458,420| 548,508| 520,479
oh? 0119 | 0119 | 0.119 | 0.119 | 0.119 | 0.119
Am (GeV) 36 37 40 38 40 41

Table 9.8: Relic density for the benchmarks P1-P6 and thdfiraddenchmarks P1’-P6’

9.3.6 Conclusion

In this study we perform a comprehensive analysis of thedmllsearch prospects of the flavor
violating decay of the stop quark, namdly— cxf. Such a scenario is well motivated in the
context of natural SUSY as well as from the dark matter petspeof stop co-annihilation. It had
been earlier observed that this channel is rather difficufirobe due to the low mass difference
between the stop quark and the lightest neutralino. Theiptenbackground to this channel arises
from QCD,tt and Z{v)/W(— |v)+jets final state. We use the kinematic variabdgsand M2

to effectively suppress these at 8 and 13 TeV LHC. At 8 TeV]éekiel of background is still high
and we are limited by low stop pair production cross sectia.find that our strategy is far more
effective at 13 TeV due to the increase in cross section diuiegit use of the kinematic variables.
We observe that it is possible to discover light stop quagksoua mass of- 450 GeV with 100
fb~! luminosity at 13 TeV LHC energy for low values &im and even for the case when the
f; and xf are almost degenerate. We observe that for veryAocase, the loss of acceptance
because of soft visible particles in the final states is corsped by ISR/FSR effects through
Mt> selection. Note the fact that the backgrounds are expeotbdve some uncertianties from
statistical and systematic effects, which have not beesntako account. It requires a detailed and
careful further investigation. Also note, that in our caa®mentioned earlier our conclusions are
crucially based on ISR effects. At the PYTHIA level wheresttd only taken care at the leading
log level, some uncertainties are expected to appear inrthkrésult.

The result improves significantly when one attempts idgimtif charm jets both at 8 and 13 TeV
LHC. We also show the discoverable regiomig — Am plane assuming the branching ration of
f1— cxf to be 100%. This is an useful information in the context of Digl stop co-annihilation.
Our analysis shows that a good region of the parameter spbs@nt for the stop - coannihilation
scenario can be probed at 13 TeV LHC energy.
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Figure 9.11: The @ significance contours fa = 5 fb~! {green(light solid)}, and for.Z = 100 fb~! {red(dark
solid)} luminosity assumind; — cxf to be 100 % for 13 TeV LHC energy. The black (broken) line cepands to

m = 1729 GeV and is the kinematic limit fof; — t +xf. 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 varioumnacios were investigated. The
attempt has been to explore various techniques in ordemorsss the huge SM backgrounds in
order to dig out a signal for SUSY.

We introduced the use of event shape variables in genericr3éd8rches at the LHC for the
first time. It was shown that the strategy, based on the usean$verse thrust (T) (Eq7.2.2,
the variable R (Eq. 7.2.3 and the transverse mass of two leading Mt‘fé (Eq. 7.2.9, the SM
backgrounds could be reduced to negligible levels, ratginisignificant amount of SUSY signal.
It was shown that with the use of these variables one couldepghuino masses up to 1.35 TeV
whenmg ~ mg, and about 1.2 TeV fomg < mg at 8 TeV LHC energy with 5 fio! luminosity. In
the context of the CMSSM parameter space this search sgrateg) shown to be more effective
than the ones currently employed by CMS and ATLAS, for regiofrhighmp and lowm, ,. It was
also noted that this search strategy was not limited to th&8M but worked well for a variety of
scenarios which yielded hard multijets as SUSY signatutehiould also be mentioned that at 14
TeV LHC, this strategy is expected to work even better bezafifiigh multiplicity of hard jets.

We also constrained the SUSY parameter space taking aoiegrch data, flavor and dark
matter bounds in the context of CMSSM. We argued that it is¢ady to write CMSSM off
with the existing constraints, and it still remains a viaBlgSY breaking model. However, it was
observed that the high t@hscenario is highly constrained from tBg — u™ u~ data.

The Higgs boson was observed to much fanfare, and althouginname data and measurements
of coupling and spin will finally confirm its true nature, thewly observed particle has been
deconstructed within the context of BSM physics. We stuthedconsequences of the Higgs boson
in the context of SUSY, in particular the signatures of thgddifrom the decay of sparticles. We
used the method of jet substructure to probe a Higgs signétom heavy neutralino decays. It
was shown that in the framework of CMSSM chargiw;ﬂ{ and neutralinoxg) masses up to 400
GeV could be observed in this decay mode with 100 fluminosity at 14 TeV center of mass
energy at the LHC. We also investigated the prospect of tiggs$idecaying invisibly to a pair of
lightest stable neutralino in SUSY, which gives rise to angible decay width. The signatures of
an invisible Higgs decay was studied in the Higgs productimdes of vector boson fusion and
associated production of Higgs with the Z boson. It was aleskthat one could probe an invisible
branching ratio greater than 25 % at 14 TeV LHC with 300fluminosity at the LHC.

The absence of a SUSY signal for the gluino and the first tweggion squarks in the sub-TeV
regime have prompted the consideration of third generatgprarks (stops and sbottoms) as the
focal point of SUSY searches at the LHC. The prospects af tigneration squarks were studied
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and it was observed that it is possible to discover a largeqgiahe third generation parameter
space at 13/14 TeV LHC. We studied the phenomenology of kftled sbottoms and observed
that in this scenario a light sbottom up to a mass of 450 Ge\doel discovered in the 4 lepton +
P+ channel. We also probed the flavor violating decay of the stpgrk {; — cxf) and observed
that with the efficient use of certain kinematic variablghtistops up to a mass of 450 GeV could
be observed in this decay mode.

We conclude this thesis with the following observations andsh list for the future,

e SUSY is still the most attractive candidate for a BSM thedkithough the early LHC run
did not find a signature for SUSY, it has to be remembered tleahave only skimmed the
surface, and a vast region of the SUSY parameter spaceestiflin unexplored.

e Most of the early limits on SUSY assumed specific mass relati@tween various sparticles.
These limits are therefore highly model dependent and nausttbrpreted with caution.

e Some of the most interesting regions of SUSY and models ldmapressed SUSY require
efficient kinematic variables to suppress the backgrourdal well be the case that we may
have missed SUSY signals in the rubble of the background.

e Motivations of natural SUSY and the parameter space péntaio third generation squarks
are likely to be the focal point of SUSY phenomenology in theife. Additionally a large
part of the elctroweak gaugino sector and the sleptons atsain unexplored and must be
given due priority.

e LHC will continue to guide the direction at which SUSY pheremmology will proceed.

e Indirect constraints and dark matter should also be a ggigimciple to look for SUSY
signatures.
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