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SYNOPSIS

This PhD thesis focusses on phenomenological studies and addresses two questions.
First, that of looking for Supersymmetry (SUSY) by detecting squarks of the third gen-
eration (in theories both with and without R-parity). The problem of Higgs mass sta-
bilisation is solved in theories with SUSY by the cancellation of the corrections to the
Higgs mass from the top and stop (top- squark) loops. To avoidfine-tuning, we would
require stop mass to be within a TeV, and hence, we expect stops to be produced at the
LHC. Search for top-squarks is therefore a robust way to searching for Supersymmetry.

Secondly, I address the question of determining Higgs couplings to gauge bosons.
Assuming that a Higgs-like resonance is observed at the LHC, the next step will be to
confirm whether it indeed corresponds to the Standard Model (SM) Higgs. For this, one
needs to measure its couplings to gauge bosons since it is here that the structure of the
underlying theory will be reflected. I propose a solution to the question of measuring
any anomalous contributions to the HWW vertex and to pinpointits CP property.

Signatures of squarks of the third family

The primary SUSY searches hinge on signatures with jets and missing energy which
are tailored to look for squarks of the first two generations and the gluino (which decays
into light-quark jets if these squarks are not very heavy). The limits from these searches
are then translated to limits on stop mass using a high-scalemodel like the cMSSM.
We address the question of how to detect the stop in the framework where the first
two generations are very heavy (and therefore inaccessible) by using a non-universal
scalar sector. In light of recent data from LHC experiments,we reinterpret the 1.04 fb−1

data in jets+MET channel and 0.83 fb−1 data in b-jets+MET channel from ATLAS to
determine the limits on masses of third family squarks . Besides this, we have worked

xvii



xviii

on determining the best signatures for discovery if the stopand gluino masses are near
the limit of LHC reach. We perform a detailed background simulation using ALPGEN

and find that channels with b-tagged jets and channels with like-sign dileptons have the
best reach for discovering such scenarios.

R-parity violating resonant stop production

Even though R-parity is commonly assumed in models of SUSY, itis not a consistency
requirement. Therefore, putting limits on R-parity violating couplings by explicitly
searching for signatures is a valid mode of determining the nature of BSM physics.
Many of these couplings are strongly constrained by observation of meson decays,
EDMs etc. However, the baryon number violating UDD-type couplings, λ′′312 is al-
most entirely unconstrained. Such a coupling would result in resonant production of a
stop which could dominate over the pair-production cross section. We study this par-
ticular case for various possible stop decays using Herwig 6.5 for simulating the signal
and ALPGEN for the background. Due to the Majorana nature of the neutralino, the
like-sign top final state occurs 50% of the time and hence, like-sign dilepton signature
is a powerful discriminator. We find that we can better the current limit onλ′′312 by up to
two orders of magnitude for stop masses less than a TeV.

Anomalous HWW couplings at the LHC

The problem of determining Higgs couplings has been well studied in the case of the
HZZ coupling because the Z boson can be cleanly reconstructed in its leptonic decay
mode. However, it is a difficult problem in the case of the HWW coupling since (a)
the event is not fully reconstructible due to the presence oftwo neutrinos in the final
state, and because (b) the opposite-sign dilepton channel has a large SM background.
We show that the best production channel to observe this vertex in notgg → h but
qq → Wh followed byh → WW . We develop certain asymmetry variables that are
capable of determining the CP violating nature of the anomalous couplings and also
explicitly show that they are largely unaffected by initialstate radiation effects. This
project involved the use of form to calculate exact matrix elements for both production
and decay, writing our own parton-level event generator andinterfacing it to Pythia 8
using the Les Houches Event File (LHEF) format for showeringand hadronisation.

Implementation of SUSY in Pythia 8

Part of my PhD was spent in working on the generator PYTHIA 8 as an ‘Early Stage
Researcher’ working with the Marie Curie Network ‘MCnet’. PYTHIA 8 is a general



xix

purpose Monte-Carlo Generator written in C++ and is capable ofsimulating various
SM and BSM processes. My work on Pythia 8 consists of implementing the production
and decay of SUSY particles. I started by generalising the coupling structure so that
any BSM couplings can be implemented as an add on to the Standard Model couplings.
Following this, all the production cross sections — gluino-pair, squark-pair, squark-
gluino, gaugino-pair, squark-gaugino and R-parity violating resonant squark production
— were encoded. I also implemented the two body decays of all SUSY particles, the
R-parity violating decays of squarks and the R-parity violating three- body decay of the
neutralinos (via UDD coupling). The implementation is available for use in the current
public release (version 8.160) of PYTHIA 8. My contribution will be detailed in an
Appendix.
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INTRODUCTION





CHAPTER

1

THE STANDARD MODEL AND
BEYOND

“There are many hypotheses in science that are wrong. That’s perfectly alright; it’s the
aperture to finding out what’s right. Science is a self-correcting process. To be
accepted, new ideas must survive the most rigorous standards of evidence and

scrutiny.”
– Carl Sagan, Cosmos

The full theoretical framework describing the fundamentalconstituents of the uni-
verse and their interactions is called the “Standard Model”. In the description of the
micro-world, it refers to a gauge-theoretic description ofthe strong, weak and electro-
magnetic interactions of elementary particles. Complementarily, the Standard Model
of Cosmology encapsulates the current knowledge of gravitational interactions (at a
classical level) described by the General Theory of Relativity with the addition of a cos-
mological constant term. These two together represent the experimentally established
pillars of current fundamental science. This thesis deals with the Standard Model of
particle physics (hereafter refered to as the SM), it’s shortcomings, and some proposals
of probing new physics beyond the SM.

Although the field of modern particle physics can be said to start with the discovery
of the electron in 1897, the confirmation of the gauge-theoretical description came only
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in 1983, with the discovery of the W and Z bosons at CERN1. The gauge sector of
the SM consists of two massless bosons — the gluon (g) and the photon(γ), and two
massive bosons — theW andZ. Besides the gauge sector of the SM, there is also a rich
fermionic sector containing six leptons (e, µ, τ , νe, νµ, ντ ) and six quarks (d, u, s, c, b,
t). All fermions are now known to be massive, with neutrino masses of the order of eV
and the heaviest being the top quark with at mass of about 172 GeV. This completes the
known particle spectrum of the SM. The massive gauge bosonsW andZ are believed
to get their mass due to the Higgs mechanism which would also imply the existence of a
massive, neutral scalar boson, commonly called the Higgs boson (h) which is currently
the focus of the Large Hadron Collider (LHC) experiment at CERN.

1.1 The Standard Model Lagrangian

Given the particle content of the SM, the various componentsof the Lagrangian can be
written as

L = Lmatter + LQCD + Lgauge + Lelectro−weak + LHiggs + LYukawa (1.1)

where each term corresponds to a separate origin of the termsin the Lagrangian and
will be explained below. The first termLmatter corresponds to the Dirac Lagrangian for
all fermions. The neutrinos are a special case and we should note that the SM particle
spectrum only contains massless, left-handed neutrinos.

Lmatter =
∑

i=fermions

f̄i(iγ
µ∂µ −mi)fi (1.2)

The first gauge group we consider isSU(3)c. All the quarks are charged under
colour and both left- and right-handed quarks have the same interaction strength. In the
following expression,gs is the coupling strength,Ga

µ are the gluons,ta are the generators
of SU(3)c andGa

µν is the field strength tensor.

LQCD = −1

4
Ga

µνG
a,µν − gs

∑

i=d,u,s,c,b,t

q̄iγ
µtaqiG

a
µ (1.3)

The most complicated part of the SM is the weak sector. The gauge group is
SU(2)L × U(1)Y which is broken spontaneously to the electromagnetic gaugegroup
U(1)EM. The particular complexity of the SM arises from this sector. Firstly, after
the symmetry is broken spontaneously, the corresponding gauge bosons are massive.

1The history of experimental confirmations of the SM can be found e.g. in [1].
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The Higgs mechanism believed to be responsible for this phenomenon is outlined be-
low. (Moreover, the same Higgs field that gives masses to the gauge bosons also gives
masses to the chiral fermions.) Secondly, the subscript ‘L’denotes the fact the only the
left-handed fermions are charged under thisSU(2) group. This leads to explicit parity
violation in the standard model. The pure gauge-theoretic part of theSU(2)L × U(1)Y
sector is given by:

Lgauge = −1

4
WµνW

µν − 1

4
BµνB

µν (1.4)

We now give a brief outline of the Higgs mechanism which givesmass to the gauge
bosons. We start with a complex SU(2) doublet scalar field with the gauge-invariant
lagrangian given by

LHiggs =
1

2
Dµφ

†Dµφ+ µ2φ†φ− λ(φ†φ)2 (1.5)

Where the covariant derivative,Dµ = ∂µ − igW i
µτ

i − ig′Bµ.
The general fieldφ can be re-written as follows

φ =

(

φ1 + iφ2

φ3 + iφ4

)

= U(x)
1√
2

(

0
v + h(x)

)

(1.6)

whereU(x) is a generalSU(2) gauge transformation andv is the vacuum expectation
value of the fieldφ obtained by minimising the potential.SU(2) being a 3-parameter
group, the three degrees of freedom removed from the scalar doublet can be contained
in U(x). Thus, it is possible to work in a gauge, called the “unitary gauge”, where
the only non-zero component of the higgs doublet corresponds to a neutral scalar field.
Working in the unitary gauge and substituting the form ofφ into LHiggs gives us the
mass eigenstates of the gauge bosons:

Aµ =
(g′W 3

µ + gBµ)
√

g2 + g′2
; Zµ =

(gW 3
µ − g′Bµ)

√

g2 + g′2
(1.7)

W±
µ =

W 1 ± iW 2

√
2

(1.8)

The masses ofW± andZ are given by

mW = g
v

2
; mZ = (

√

g2 + g′2)
v

2
(1.9)



6

whereas the photon is massless. The ratiosin θW = g′√
g2+g′2

defines the Weinberg

mixing angleθW . In the unitary gauge, the full Higgs sector Lagrangian thenbecomes:

LHiggs =
1

2
∂µh∂

µh− µ2h2 − λvh3 − 1

4
λh4

+m2
WW

+
µ W

−µ +m2
ZZµZ

µ +mWhW
+
µ W

−µ +mZhZµZ
µ (1.10)

The mass of the remaining degree of freedom of the scalar field(called the Higgs
boson) is given bymh =

√
2µ =

√
2λv.

As mentioned above, the masses of chiral fermions are also generated when the
Higgs field gets a vacuum expectation value. The Higgs field ischarged underU(1)Y
with the chargeY = 1

2
and therefore theSU(2)L×U(1)Y invariant couplings to fermions

are

−Lfermion−higgs =
∑

i,j=generations

λdijQ̄LiφdRj + λuijQ̄Li(iσ2φ
†)uRj + h.c. (1.11)

The second term (which eventually corresponds to a mass termfor an up-type quark)
contains the charge conjugate of the the higgs field. The basis in which the Higgs
couplings are diagonal is called the mass basis of the fermions. The corresponding
transformations are

u′Li = (Vu)ijuLi ; d
′
Li = (Vd)ijdLi (1.12)

The mass terms are generated when the higgs field acquires a vev with the mass of
the fermionf given bymfi = λfiv, whereλfi is the eigenvalue corresponding to the
fermionf . We must note that in the SM, the fermion sector differs from the quark sector
in that there are no right handed neutrinos. Therefore, onlythe down-type term exists in
the lepton sector of the SM.

The mass terms thus generated have been already written inLmatter as a part of the
Dirac lagrangian. The couplings of the higgs boson to the fermions are given by:

LYukawa = −
∑

fermions

mi
h

v
f̄ifi + h.c. (1.13)

It is possible to simultaneously diagonalise the Higgs couplings to the fermions and
the strong gauge couplings to the fermions. However, theW boson couplings mix both
up and down-type fermions which need not be simultaneously diagonalisable. The fact
that they are not simultaneously diagonalisable leads to a mixing matrix in the quark
sector, called the Cabbibo-Kobayashi-Masakawa (CKM) mixingmatrix.

(V )ij = (V †
u )ik(Vd)kj (1.14)
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The coupling of the fermions to the gauge bosons is then givenby

−Lelectro−weak =
g√
2

∑

jk

Q̄jVjkγ
µPL(T

+W+
µ + T−W−

µ )Qk

+
g√
2

∑

j

L̄jγ
µPL(T

+W+
µ + T−W−

µ )Lj

+
g

2 cos θW

∑

i=fermions

f̄iγ
µ(giV − giAγ5)fiZµ

+e
∑

i=charged fermions

qif̄iγ
µfiAµ (1.15)

TheW± bosons, which are components only of theSU(2)L, interact only with left-
handed fermions. This is assured by the projection operatorPL. T± are theSU(2)L
generators. The symbolQ refers to the quark doublet(ui di)T whereasL is the lepton
doublet(νi ei)T (all in the mass basis) andV is the CKM matrix defined above.

TheZ boson contains bothW 3 andB and therefore has couplings to both left- and
right-handed fermions. The couplings are described in terms of theSU(2)L chargeT 3

and the electric chargeq asgiV = (T 3
L)

i − 2qi sin2 θW andgiA = (T 3
L)

i. The couplings
of the photon are left-right symmetric, as expected, and thecoupling is the electric
charge of the fermion. Since the transformation matrices for going from flavour to mass
eigenstates cancel in Z-fermion-fermion couplings, thereare no flavour changing neutral
currents (FCNC) at tree-level in the SM. This fact has been verified experimentally to a
high accuracy and can be used to restrict any models of new physics.

It should again be noted that right-handed neutrinos are notincluded in the SM
spectrum and, even if present, would not interact with any SMfields since they would
not carry any charge under SM gauge groups.

The higgs mechanism has another imporant consequence in improving the con-
sistency of the SM. The scattering amplitudes for massive gauge bosons of the form
ff̄ → W+W− are expected to diverge with the center-of mass-energy due to the pres-
ence of the longitudinal component, thus posing a problem ofunitarity of the SM. How-
ever, since in the case of the Higgs mechanism, the longitudinal component comes from
the absorption of the Goldstone boson degree of freedom, unitarity is restored. The
renormalisability of spontaneously broken theories was also proved by ‘tHooft and Velt-
man [2]. The SM with a light higgs boson is therefore a renormalisable, unitary gauge
theory.

The theoretical basis of quantum field theory and the SM have been addressed in
many books and review articles (see e.g. [3, 4]). The testingof the gauge structure of
the SM was performed to a high accuracy at Large Electron Positron (LEP) collider.
A partial summary of the experimental verification of the SM is presented in the next
section.
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1.2 Experimental confirmations

Although the experimental confirmation of the SM has by no means been a linear jour-
ney, we shall summarise the first proofs of theSU(3)C × SU(2)L × U(1)Y structure
of the standard model. The experimental results discussed below are supplemented by
measurements of masses of the particles, their decays and branching ratios, the mixing
angles in the CKM matrix and the CP-violating phase. There havealso been explicit
measurements confirming the renormalisation-group running and accuracy of higher-
order perturbative calculations which validate the quantum field theoretic description of
the SM and are intimately connected with verification of the SM. However, we focus
here on a few main results.

First, for the confirmation of QCD, we shall discuss (a) the observation of 3-jet
eventse+e− collisions events which proved the existence of the gluon and, (b) the mea-
surement of the ratio of cross section fore+e− → hadrons to e+e− → µ+µ−. Second,
for the evidence ofSU(2)L×U(1)Y structure, we describe (a) the measurement of triple
gauge vertex at LEP and, (b) the forward-backward asymmetrydue toZ bosons. Fi-
nally, we talk briefly about the indirect evidence for Higgs bosons and current status of
the Higgs bosons searches.

1.2.1 QCD as anSU(3) theory

The JADE Collaboration working on the PETRAe+e− collider published a paper [5] in
1980 with the following conclusion:

[T]opological distributions of hadrons show significant deviation from two-
jet structure at high energies of

√
s ≃ 30 GeV. The deviation appears in

the form of jet broadening and an excess of planar events . A model-
independent analysis shows that planar events actually possess three-jet
structure . Both the qualitative nature of these planar, three-jet events and
the rate at which they occur are in good agreement with what isexpected
from the processe+e− → qq̄g.

The above paper refers to a study of events of the typee+e− → multi− hadrons to
decipher the jet structure of the events. They tested the compatibilty of the data with two
different hypothesis. First, that the final states contained only qq̄ events with the spread
of jets given by phenomenological model of fragmentation. And, second, the QCD-
based hypothesis that there would be certain events where the “fatter” jet can be thought
of as comprised of two jets — one due to the quark and one due to ahard gluon radiated
off the quark, i.e.e+e− → qq̄g events. Since the total momentum of the three jets has to
sum to zero by momentum conservation, the three jets must be coplanar. The analysis
therefore consisted of selecting highly planar events and studing their distributions.
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Figure 1.1: Results from the JADE Collaboration[5] comparingthe distributions of (a)
Planarity and (b) Thrust for events observed at

√
s ≃ 27, 30 GeV.

We first define the event shape variables used for the study. The normalised spheric-
ity tensor is defined as

Tαβ =

∑

i PiαPiβ
∑

i P
2
i

(1.16)

wherePi is the momentum of theith particle and the sum is over all particles in the
event. This tensor is diagonalised and the three eighenvalues are denoted byQi where
Q1 < Q2 < Q3. Planarity is defined asQ2 − Q1 and coplanar events correspond to
Q1 ≪ Q2. The JADE analysis selects events withQ2−Q1 > 0.07 (which corresponds to
highly coplanar events) for which they observe 78 events as opposed to the 24 expected
if only qq̄ processes (no QCD hypothesis) were present.

A similar variable is the thrustT , defined by2 the same study as

T = max

{∑

i Pi · n̂
∑

i |Pi|

}

(1.17)

where the direction̂n is chosen to maximizeT . The JADE study calculates the rest-
frame thrust (denoted byT ∗) for particles falling in the “fat” jet. The rest frame in
question is calculated from the sum of the four momenta of allparticles in the “fat” jet.
Figure 1.1 shows the distribution of both, planarity andT ∗. Both are found to agree
with theqq̄g hypothesis.

Now that the existence of gluons was conclusively proven, itremained still to count
the number of quarks, their flavours and colours. The number of colours in particular,

2This definition has since been generalised to multiple jet axes. See e.g. chapter 9 of [4].
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would confirm the3 in SU(3). This was done by measuring the ratio

R =
σ(e+e− → hadrons)

σ(e+e− → µ+µ−)
(1.18)

= Nc

∑

q

e2q (1.19)

Since the diagrams leading to bothe+e− → qq̄ ande+e− → µ+µ− are the same, we
expect the functional form of the numerator and denominatorto be identical. Therefore,
it is only the charges of the quarks (eq) and the number of colours they come in (Nc) that
are different and the measurement of this ratio would be measuring both these quantities.

It must be noted that there can be extra contributions to boththe numerator and de-
nominator bye+e− → τ+τ− events. In the numerator, one would expect a contribution
of the formσ(e+e− → τ+τ−)×BR(τ → ντhadrons)

2 whereas in the denominator we
would haveσ(e+e− → τ+τ−) × BR(τ → µν̄µντ )

2. However, due to the square of the
branching fractions involved, these contributions are much smaller than the dominant
contributions. Moreover, due to the presence of aντ in the final state, it may be possible
to eliminate them further by demanding that no missing momentum be observed in the
events.

The naive expectation for three flavoursu, d ands and three colours (with quark
charges assumed to be as suggested from hadron spectroscopy) isR = 2. This increases
toR = 10

3
when the center-of-mass of the collider exceeds twice the mass of thec quark

and toR = 11
3

when it exceeds twice the mass of theb quark. The actual measurements
of R along with these simple predictions and predictions from 3-loop QCD calculations
can be seen in Figure 1.2. Also seen in the bottom-right of thefigure, is the resonant
Z-pole. TheZ boson comes from the electroweak sector of the SM, which we discuss
in the next sub-section.

1.2.2 Proof ofSU(2)× U(1) structure

We now come to the verification of the electroweak gauge structure of the SM La-
grangian. First, we discuss the non-abelian nature of theSU(2) × U(1) theory, which
leads to triple gauge-boson vertices. In the SM, there are notriple neutral boson (γγγ,
ZZZ, γγZ andγZZ) vertices. The remaining couplings are of the formW+W−V
(whereV = Z, γ) and, along with possible anomalous couplings, can be parametrised
by a generalised Lagrangian given as:

L = igWWV

{

g1V (W
+
µνW

−ν −W−
µνW

+ν)V + κVW
+
µ W

−
ν V

µν

+
λV
M2

W

W+ν
µ W−ρ

ν V µ
ρ

}

(1.20)
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The couplinggWWV corresponds to the tree-level SM coupling. TheW+W−Z cou-
pling is of particular importance here both because it confirms the non-abelian nature
of the gauge theory and because it is responsible for regularisation of the divergence in
e+e− → W+W− cross section (when the masses of the gauge bosons are assumed to
be derived from the Higgs mechanism).

The measurement of the couplingsg1V , κV andλV was first done at LEP [7] and
then updated at the Tevatron. For a recent review of the status of the EW precision
constraints, see e.g. [8]. The SM tree level values correspond togZ1 = κZ = κγ = 1 and
λZ = λγ = 0. The status of the measurement from LEP can be seen from Figure 1.3.
As can be seen from this, all measured values are consistent with the SM within the
errors.

Another consequence of the EW sector is the presence of a “forward-backward
asymmetry” inff̄ → f ′f̄ ′ events. As can be seen from the electroweak lagrangian
describing the coupling of theZ boson to the fermions (equation 1.15), the couplings
are not symmetric for left- and right-handed particles. Theconsequence of this is that a
forward-backward asymmetry (AFB) can be observed in events of the typeff̄ → f ′f̄ ′

due the the addition ofZ-mediated diagrams and their interference withγ-mediated di-
agrams. Ifθ is the angle made by the final state fermion with the z-axis, the asymmetry
AFB is generally defined as

AFB =
σ(cos θ > 0)− σ(cos θ < 0)

σ(cos θ > 0) + σ(cos θ < 0)
(1.21)

The expressionsσ(cos θ > 0) andσ(cos θ < 0) refer to the cross sections integrated
over the corresponding values ofθ. The measurement of the forward-backward asym-
metry requires an unambiguous z-axis and therefore can be done reliably either ate+e−

or pp̄ colliders, where one of the beam directions can be designated as the z-axis3.
Similar measurements are harder at a symmetric collider like the LHC because of the
absence of an unambiguousz-axis. The values ofAFB measured at theZ-pole for all
the fermions can be found in the Review of Particle Physics [6].

1.2.3 Evidence for Higgs

The ratio of the masses of theW andZ bosons serve as a crucial pointer to the true
mechanism for the spontaneous breaking of theSU(2) × U(1). The value of theρ-
parameter, defined as

ρ =
M2

W

M2
Z cos2 θW

= 1 (for SM) (1.22)

3As we shall see in the next section, the Tevatrontt̄ forward-backward asymmetry is one of the
indications of new physics we currently have
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Figure 1.4: Current bound on Higgs mass from the LEP EW workinggroup with up-
dated W mass measurement from CDF [9, 10].

is a consequence of the doublet nature of the Higgs in the SM. The independent mea-
surements ofW andZ masses at LEP and the weak mixing anglesin θW at NuTeV
results in a value ofρ compatible with the SM and is a strong indirect evidence in
favour of the doublet Higgs.

The coupling of the Higgs to a SM particle is proportional to its masses. Moreover,
it is possible to calculate the Higgs contributions to radiative corrections to the mass
of each particle in the SM. Therefore, we can check the consistency of a given Higgs
mass hypothesis with observed masses for heavy particles. The consistency of the Higgs
mass in the range115 < MH < 127 GeV with the latest measurement of the masses
of theW boson[9] and the mass of the top quark [6] can be seen from Figure 1.4. The
band115 < MH < 127 GeV corresponds to allowed mass region for a SM Higgs as of
writing this thesis [11, 12]. The direct search for the Higgshas progressed considerably
at the two experiments at the LHC, viz. ATLAS and CMS. (The details of LHC and it’s
experiments will be discussed in section 1.4.) Both experiments see an excess in the
h → γγ decay channel atMH ≃ 125 GeV [13, 12] with a local significance of about
3σ.

1.3 Shortcomings of the SM

As discussed above, the SM has been incredibly successful inpredicting measured quan-
tities and the search for the Higgs boson is ongoing with promising signals. However,
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there are some observational discrepancies and theoretical dissatisfactions that hint at
some new physics beyon the SM. We summarise the some of these below.

1.3.1 Anomalous magnetic moment of the muon(g − 2)µ

The measurement of anomalous magnetic moment of the muon is one of the strongest
indicators of disagreement of data with the SM. If the electromagnetic vertex is given
by

(−ie)ū(p′)
[

γαF1(q
2) + i

σαβqβ
2mµ

F2(q
2)

]

u(p) (1.23)

then, the anomalous magnetic momentaµ = F2(0). The current values from theory and
experiment are[14, 15]:

aExp.µ = 1.16592080(63)× 10−3; aTheory
µ = 1.16591790(65)× 10−3 (1.24)

The resultant discrepancy isδaµ = (290± 90)× 10−11 which corresponds to 3.2σ
deviation.

1.3.2 Neutrino masses and mixing

The SM particle spectrum contains three left-handed, massless neutrinos. The neutrino
was first postulated to explain the apparent missing momentum in measurements of
beta-decay. However, the direct detection of neutrinos is extremely difficult due to their
very feeble interaction with matter through weak boson exchange. The first evidence of
a neutrino anomaly was measured from the solar neutrino ratein 1968 with a possible
explanation in terms of oscillation of electron neutrinos to other flavours. Since then,
there has been enormous progress both in theory and experiment for explaining the
origin of neutrino masses as well as oscillations. For a review, see e.g.[16]. More
recently, there have been measurements of a non-zero value of the neutrino mixing
angleθ13[17, 18]. The recent results are summarised in Table 1.1. Since the explanation
of neutrino mass needs either the addition of more fundamental fields or lepton-number
violating interactions, these measurements are a clear indication of physics beyond the
SM.

Solar mass splitting ∆m2
12 = (7.58± 0.21)10−5eV2

Atmospheric mass splitting |∆m23|2 = (2.40± 0.15)10−3eV2

Solar Mixing angle tan2 θ12 = 0.484± 0.048
Atmospheric mixing angle sin2 2θ23 = 1.02± 0.04
θ13 mixing angle sin2 2θ13 = 0.092± 0.017

Table 1.1: Summary of central values for neutrino masses andmixing parameters.
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1.3.3 Dark Matter, Dark energy and Baryon asymmetry in the Uni-
verse

The first evidence for Dark Matter (DM) came from the measurement of the rotation
curves of galaxies in the 1930’s. The rotation curves were found to be inconsistent with
the amount of matter visible in the galaxy [19]. The curves were found to fit better with
the hypothesis that the visible part of the galaxy was immersed in a halo of invisible
matter. The presence of large amounts of such dark matter in the universe has now also
been confirmed by photographs taken by high power telescopesthat show gravitational
lensing disproportionate to the amount of visible matter [20]. The observations from
Cosmic Microwave Background radiation currently set the value of the DM abundance
to h2ΩDM = 0.1123 ± 0.0035 [21]. For a recent review of the status of indirect DM
determination experiments, see e.g. [22].

There is no SM particle that can be considered a candidate forDM. It cannot be
strongly charged — both because such a candidate could not satisfy the relic density
conditions and because a strongly charged particle would berequired to form colour
singlet bound states which would be observable by their transition spectra. A similar
argument applies if it is electrically charged, it would again likely form bound states like
atoms which would again be observable by its spectral lines.It therefore has to be both
electrically and colour neutral and the only possible interactions such a particle might
have is via the weak force. Going to the other extreme, one maypostulate candidates
that are uncharged even under the weak force. However, such acomponent could not
thermalise and therefore does not agree with current observations.

The largest component of the universe is the so called “Dark Energy” [21] which
can be modelled as a cosmological constant term in the Einstein equation. However, we
do not at the present have any explanation for the origin of such a term.

Finally, Baryon asymmetry of the universe refers to the observation that almost the
entire baryonic component of the Universe is matter and not anti-matter. For this to be
explained, there would need to be a large CP violating interaction. Currently, the only
source of CP violation in the SM is the phase in the CKM mixing matrix and has been
found insufficient to explain the observed baryon asymmetry.

1.3.4 Higgs mass stabilisation

As is well known, a tree-level calculation is only the simplest approximation of the full
matrix element. Consistent inclusion of higher order terms leads to radiative corrections
that modify the couplings and masses via the renormalisation procedure. Any quadratic
corrections to the mass cancel for the gauge bosons due to thegauge symmetry and for
fermions due to chiral symmetry, leaving only a weak, logarithmic dependence. How-
ever, the Higgs, being a scalar, does not have any such safeguards and its mass would
naturally be driven to the scale of new physics (or the cutoffwhere the SM no longer
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remains the fundamental theory). Requiring the Higgs mass tobe small is equivalent to
demanding a very fine cancellation between the loop contributions and this is refered as
the problem of “fine-tuning” or the problem of Higgs mass stabilisation. It must also be
stated that the absence of fine-tuning is not a consistency requirement, but based on the
un-naturalness of such a fine cancellation when there is no symmetry that requires it.

The dominant corrections to the Higgs mass come from top loops. Therefore, mod-
els with scalar top partners (like Supersymmetry) can allieviate the problem since the
loop contributions from these new particles will cancel contributions from the top loop.
Alternately, the Higgs need not be a fundamental scalar, butcan be a composite particle
(e.g. in theories of Technicolour, Little Higgs etc.)

1.3.5 The flavour problem

The flavour problem refers to the unexplained structure of the fermionic sector of the
SM. We have six flavours of quarks, each with a different mass and similarly six flavours
of leptons. The masses of the SM fermions range from sub-eV for neutrinos to over hun-
dred GeV for the top quark. There is no fundamental explanation for this large hierarchy
in mass. The fermions also come in three “generations”, withhigher generations having
a higher masses.

The mixing in the quark sector is given by the CKM matrix which can be thought of
as a unitary matrix parametrised by three angles and one phase. The mixing also shows
a generational structure, i.e. the largest mixing is between the generations one and two,
followed by mixing of two and three and finally the mixing between one and three.

Despite having this empirical data regarding the fermionicsector, there is no theory
that explains the pattern. Since there are no consistency requirements that demand a
more fundamental explanation of this pattern, it is again, an aesthetic question.

1.4 The Large Hadron Collider

In the previous section, we discussed some indications of anomalous behaviour — both
experimental and theoretical, that require explanations from physics beyond the Stan-
dard Model (BSM). Many experiments around the world are probing the various ques-
tions outlined above. The discovery of new particles has been the domain of collision
experiments. The latest of these are the Large Electron-Positron (LEP) collider which
ran from 1989–2000 and the Tevatron which ran from 1983–2011. The LEP was an
e+e− collider which probed the gauge structure to very high accuracy. It also searched
for the SM Higgs boson and, at the end of it’s run put a limit ofMh > 114 GeV on its
mass [23]. The Tevatron discovered the top quark in 1994 [24]and was the first to ob-
serve single top production [25, 26]. Both these experimentshave looked for signatures
of BSM physics and have placed limits on masses of new particles in various scenarios.



18

Figure 1.5: A schematic slice of the CMS detector. (Image by CMSCollaboration).

The LHC began operation at a center of mass energy of 7 TeV in 2010, becoming
the highest energy accelerator to date and collected 5 fb−1 data till December 2011.
As of writing this thesis, collision at 8 TeV have just begun.Four main experiments –
ATLAS, CMS, ALICE and LHCb, are stationed at collision points along the LHC ring.
Of these, ATLAS (which stands for A Toroidal LHC Apparatus) and CMS (which stands
for Compact Muon Solenoid) are general purpose detectors fordetecting signatures of
the Higgs and any new physics signals. ALICE (which stands forA Large Ion Collider
Experiment) is specialised for observing quark-gluon plasma. And finally, LHCb is
an experiment specialising in physics of the b-hadrons. Since this thesis deals with
searches for new physics and therefore needs to address the detectability of the proposed
signals at actual experiments, we shall now describe the general features of detectors
like ATLAS and CMS.

1.4.1 Detection of particles

Both ATLAS and CMS have four main sub-components — the tracker,the electromag-
netic calorimeter, the hadronic calorimeter and the muon chambers. The components
form concentric cylinders as is schematically illustratedin Figure 1.5. The collision oc-
curs at the center of this assembly and each component performs measurements as the
particles travel through it and interact with its material.The whole assembly is placed
in a magnetic field which curves the tracks of the charged particles and thus provides a
way of measuring their momentum.

The innermost detector sub-system is the tracker, which is finely grained enough to
be able to reconstruct the tracks of charged particles. The electromagnetic calorime-
ter stops electrons and photons and measures the energy theydeposit. The hadronic
calorimeter measures the energy carried by hadrons (e.g. pions, protons and neutrons).
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The muons escape the entire detector and their presence is inferred from the hits along its
path in the muon chamber. The full technical specifications of the two detectors can be
found in the official Technical Design Reports for both ATLAS [27] and CMS [28, 29].

The analyses in this thesis use Monte-Carlo event generatorsto simulate events at the
LHC. Since the prediction of event rates and analysis variables depends crucially on the
ability to detect particles, the analyses use some simple criteria to ensure a reasonable
simulation of detection efficiency. These include cuts on momentum and rapidity of the
particle. Besides this, we take care to apply cuts like leptonisolation which are crucial
in a hadron collider environment. To further simulate the errors in the measurement of
energy (or momentum) of the detected objects, we use a Gaussian smearing procedure.
The exact acceptance cuts will be detailed in each of the analyses.

1.4.2 Physics goals of the LHC

The Large Hadron Collider will test the SM at very high energies and to look for any
deviations from the its predictions. As has been mentioned before, its most important
goal will be to determine the nature of electroweak symmetrybreaking. Besides this,
the LHC experiments will search for signatures from varioustheories of physics beyond
the SM which have been postulated as solutions for the outstanding problems described
in section 1.3.

Determining the mechanism of EWSB

The primary goal of the LHC to to probe the mechanism of spontaeous electroweak
symmetry breaking. That we have a spontaneously brokenSU(2)× U(1) theory has
been verified to a very high accuracy at LEP. However, the mechanism of breaking has
not been conclusively proven. If indeed, it is via the Higgs mechanism, we would expect
to detect signatures of a Higgs boson. If the LHC does discover a resonance that might
be a Higgs candidate, we need to determine the nature of its couplings to the gauge
bosons to conclusive claim that it is the SM Higgs. We addressthe determination of
the nature of theHWW coupling at the LHC in Chapter 6. It is also possible that the
Higgs sector is not minimal (i.e. a single Higgs doublet) buthas multiple Higgses. The
Higgs production and decays depend crucially on this and therefore the measeurement
of these would be the first step in determining the nature of the Higgs sector.

In the absence of the Higgs mechanism, the SM becomes an effective theory which
will be superceded by a more fundamental theory at the high scale. In this case, we
would expect signatures of unitarity violating behaviour inWW scattering events.
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Figure 1.6: (Left) Summary of thett̄ asymmetry measured by CDF and DØexperiments
and (right) the dependence of the asymmetry on the invariantmass of thett̄ pair (Mtt̄).

Top physics

The large center-of-mass energy of the LHC enhances thett̄ production cross section
by several orders of magnitude as compared to the Tevatron. The LHC therefore is
uniquely placed to probe top physics in detail. The top quarkis the only quark that
decays before it hadronises and therefore its polarisationinformation is preserved in the
angular disctribution of its decay products. The top quark is also particularly interesting
because its mass is so close to the EWSB scale and therefore it provides a hitherto
unavailable probe for contributions of new physics that maybe present at that scale.

The tt̄ asymmetry

The Tevatron is app̄ collider at Fermilab that has just finished it’s physics run in 2011.
The production oftt̄ at the Tevatron is dominated by strong production processqq̄ → tt̄.
Therefore, the expected forward-backward asymmetry comes, not from theZ-mediated
diagrams, but from the interference between the tree-leveland one-loop diagrams and
the expected value is very small. The CDF analysis defines thett̄ forward-backward
asymmetry by

AFB =
σ(∆y > 0)− σ(∆y < 0)

σ(∆y > 0) + σ(∆y < 0)
(1.25)
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where∆y is the difference of the rapidities oft and t̄. Both experiments, CDF and
DØ, measure a value of the inclusive asymmetry incompatiblewith the SM predic-
tion [30, 31]. The summary of the latest measurements as wellas the latest theoretical
predictions [32, 33] can be seen from Figure 1.6. Another intruiging feature of the mea-
sured asymmetry is that it seems to increase with the invariant mass of thett̄ pair and
therefore hints at some massive particle as its cause.

The added complexity in finding a satisfactory explanation for this anomaly, is that
the measured totaltt̄ cross section (σObs.

tt̄ = 7.50 ± 0.48 pb forMt = 172.5 GeV) [34]
is in excellent agreement with the expected SM value (σTheo.

tt̄ = 7.46+0.66
−0.80 pb) [35].

Therefore, even if the asymmetry is caused by some new physics contribution, it cannot
contribute significantly to the total production cross section.

This measurement is doubly complicated at the LHC. First, since it is a symmetric
collider, there is no naturalz-direction around which the asymmetry can be measured.
Secondly,tt̄ production at the LHC is dominated by gluon-fusion (as opposed to quark-
antiquark fusion at the Tevatron) which washes out the asymmetry. The measurement
therefore is much more complicated at the LHC.

Signals of any new physics

Besides probing the mechanism of EWSB and top physics, the LHC also performs
generic searches for new physics. This includes e.g. the search for compositeness in
quarks, searches for lepto-quarks, extra gauge bosons and resonances in various final
states etc. Some popular theoretical models (or classes of models) of new physics in-
clude Supersymmetry, Extra dimensional models, models of Technicolour etc. Each of
these add many new particles to the SM spectrum and have been studied extensively. A
large part of the work in this thesis (chapters 3-5) deals with the theory of Supersymme-
try, or more accurately, the phenomenological models of theminimal supersymmetric
extension of the SM. We shall discuss this in more detail in the next chapter.





CHAPTER

2

SUPERSYMMETRY

“Symmetry is a complexity-reducing concept [...]; seek it everywhere.
Alan Perlis

The Large Hadron Collider (LHC) at CERN is now running at an energyof
√
s = 7

TeV and the two experiments ATLAS and CMS are hard at work in constraining theories
beyond standard model (BSM). Supersymmetry (SUSY) [36, 37] has long been one of
the most popular BSM models, due to its ability to solve the hierarchy problem and to
provide a dark matter candidate (in its R-parity conserving versions). In this chapter,
we give a brief introduction to SUSY and it’s phenomenological consequences.

In 1967, Coleman and Mandula proved [38] that, demanding certain reasonable
properties of scattering amplitudes restricts non-trivial mixing between space-time and
internal symmetries. The extension to this theorem by Haag et. al. [39] showed that it
is possible to add a fermionic (anti-commuting) symmetry that mixes with space-time
symmetries but still satisfies all reasonable requirements. This kind of symmetry came
to be called a “supersymmetry.”

The addition of fermionic symmetries requires the extension of normal space-time to
include fermionic co-ordinates, thus forming a “superspace”. The fields defined on this
superspace are called surperfields. If one Taylor-expands these in terms of the fermionic
co-ordinates, the anti-commuting nature the co-ordinatesensures that the highest term
is at most linear with the coefficient of each power of the fermionic co-ordinate being
a field in space-time (a component field of the superfield). Moreover, to maintain the
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transformation properties of the superfield, the componentfields are required to have
spins that differ by a half.

The extension of the symmetries of the SM by adding supersymmetric generators
requires that we replace each SM field by a superfield. This then naturally implies the
presence of another component of the superfield that differsin spin from the SM field
but has the same gauge quantum numbers, i.e. a “superpartner.” The work in this thesis
deals with the phenomenological consequences of the minimal supersymmetric exten-
sion of the SM (MSSM) which is obtained by adding a single pairof SUSY generators
to the SM. We outline here, the construction of the MSSM Lagrangian, its particle spec-
trum and some phenomenological paramerisations of it. For detailed reviews of the
MSSM, see e.g. [40, 41].

2.1 The Minimal Supersymmetric Standard Model

In this section, we briefly outline the SUSY algebra, the properties of the superfields
and the method of constructing a supersymmetric Lagrangian.

2.1.1 The SUSY algebra and superfields

The Supersymmetry algebra in the case of a minimal extensioncontains four momentum
operatorsPµ and two SUSY generatorsQα andQ̄α̇ and is then given by

[Qα, Pµ] = [Q̄α̇, Pµ] = [Pµ, Pν ] = 0

{Qα, Qβ} = {Q̄α̇, Q̄β̇} = 0

{Qα, Q̄β̇} = 2σµ

α,β̇
Pµ (2.1)

Since the SUSY generators commute withPµ, the mass of the particlesPµP
µ = m2

remains invariant under SUSY transformations.
The superspace is parametrised by the space-time co-ordinatexµ and two spinor co-

ordinatesθα andθ̄α̇. The dotted an un-dotted indices refer to theSU(2) representation
of the spinor. A general SUSY transformation with parameters (aµ, ξ, ξ̄) acting on the
co-ordinates (xµ, θ, θ̄) corresponds to the following transformation.

xµ → xµ + aµ − iξσµθ̄ + iθσµξ̄

θ → θ + ξ, θ̄ → θ̄ + ξ̄ (2.2)

The transformation of a superfield with parameters (xµ, θ, θ̄) under a general SUSY
transformationG(aµ, ξ, ξ̄) is given by

S(xµ, θ, θ̄) → exp{i(ξQ+ ξ̄Q̄− aµPµ)}S(xµ, θ, θ̄) (2.3)
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where the generators are

Pµ = i∂µ

Qα =
∂

∂θα
− iσµ

αβ̇
θ̄β̇∂µ (2.4)

Q̄α̇ = − ∂

∂θα̇
+ iθβσµ

βα̇∂µ

The SUSY-covariant derivatives can be written as

Dα =
∂

∂θα
+ iσµ

αβ̇
θ̄β̇∂µ

D̄α̇ = − ∂

∂θα̇
− iθβσµ

βα̇∂µ (2.5)

The superfields corresponding to left and right handed fermions are called left or
right chiral superfields respectively, and are defined by

D̄LΦL = 0, DRΦR = 0 (2.6)

where

(DL)α =
∂

∂θα
+ 2iσµ

αβ̇
θ̄β̇∂µ; (D̄L)α̇ = − ∂

∂θ̄α̇
(2.7)

(D̄R)α̇ =
∂

∂θα̇
− 2iσµ

α̇β θ̄
β∂µ; (DR)α =

∂

∂θα
(2.8)

In this representation, the left-chiral superfield is independent ofθ̄ whereas the right-
chiral superfield is independent ofθ. In the component notation, a left-chiral superfield
can be written as

ΦL = φ(x) +
√
2θαψα(x) + θαθβǫαβF (x) (2.9)

The componentφ(x) is a scalar field with a mass dimension of 1 andψ(x) is a fermionic
field with mass dimension of 3/2. The last componentF (x) is an auxilliary field with
mass dimension of 2.

The left and right handed fermions of the SM transform differently underSU(2) ×
U(1). Therefore, by using one chiral superfield corresponding toeach fermionic field
in the SM, we can elegantly extend the SM to its SUSY counterpart. In the component
form, this corresponds to having a fermion (ψ) and it’s partner, the sfermion (φ).

We also define chiral superfields for each fundamental Higgs fields. In this case, it
is the scalar part that is the Higgs and the extra fermionic degrees of freedom are called
Higgsinos.
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The final ingredient that would allow us to write the supersymmetric version of the
SM is the SUSY equivalent of a vector field and its gauge transformation. The cor-
responding superfield is called a “vector superfield” which satisfies the self-conjugacy
condition

V †(xµ, θ, θ̄) = V (xµ, θ, θ̄) (2.10)

In the Wess-Zumino gauge, the expansion of the vector superfield in component notation
is

V = iθθθ̄λ̄(x)− iθ̄θ̄θλ(x)− θσµθ̄Aµ(x) +
1

2
θθθ̄θ̄D(x) (2.11)

where,Aµ is the gauge field (of mass dimension 1),λ is it’s superpartner — the gaugino
(with mass dimension 3/2), andD is an auxilliary field (with mass dimension 2) that
does not have any dynamics.

2.1.2 Constructing the Lagrangian

To construct the Lagrangian, we need to write all gauge-invariant terms with mass di-
mension four. The kinetic terms for the scalar and fermion fields come from terms of the
form

∫

d2θd2θ̄Φ†Φ. In the SM Lagrangian, the fermion couplings to gauge bosonsand
the fermion kinetic terms can be obtained by replacing the standard derivative∂µ by the
gauge-covariant derivativeDµ = ∂µ + igT aAa

µ. Similarly, the terms in the Lagrangian
corresponding to the kinetic terms and gauge-interactionsof fermions and scalars in the
matter supermultiplet can be obtained from

L1 =

∫

d2θd2θ̄Φ†e2gVΦ (2.12)

This term contains the kinetic energy terms for fermions andsfermions, and the inter-
actions of these with the gauge field and gauginos (fermion-fermion-gauge, sfermion-
sfermion-gauge, and fermion-sfermion-gaugino).

All possible terms involving the interactions of chiral fermions can be written down
in a convenient way in terms of a quantity called the superpotential which is defined as

W =
∑

i

kiΦi +
∑

ij

mijΦiΦj +
∑

ijk

gijkΦiΦjΦk (2.13)

which is a holomorphic function of the chiral superfields. The mass and Yukawa terms
obtained from

L2 =

∫

d2θ
∂2W
∂φi∂φj

ψiψj + h.c. (2.14)
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The gauge part of the Lagrangian is written in terms of the superfiledWα defined as

Wα = D̄α̇D̄β̇ǫ
α̇β̇DαV (2.15)

The kinetic terms for the gauge fields and the gauginos along the interaction terms
between them are obtained from

L3 =

∫

d2θ
1

32
WαW

α (2.16)

This expression also contains the termDaD
a which does not have any dynamical be-

haviour, as expected from an auxiliary field. After using theequations of motion for the
F andD fields, the scalar potential is given by

V = FiF
∗
i +

1

2
DaDa =

∣

∣

∣

∣

∂W
∂φi

∣

∣

∣

∣

2

+
1

2

∑

a

ga
∑

ij

(φ∗
i (T

a)ijφj) (2.17)

where the sum overa implies a sum over all generators of all gauge groups in question.
TheF -terms also ensure that the four-vertex containing scalarshas the same Yukawa
coupling as the corresponding fermion, thus ensuring the cancellation of divergences
from the fermion loop by the divergences from the sfermion loop.

We can now ennumerate the superfields required for the MSSM. The left-handed
superfields containing quarks and their scalar partner squarks are calledQi, those con-
taining leptons (and sleptons) are calledLi (i runs over generations); and both are dou-
blets underSU(2). The corresponding right-handed chiral superfields are calledUi, Di

(for those containing up and down quarks respectively) andEi for those containing the
right handed charged lepton. Similar to the SM, there is no right-handed neutrino su-
perfield. The gauge bosons (and the corresponding gauginos)are contained within the
vector fieldsG for the gluon and gluino,W for the W-bosons and the Winos, andB for
the B-boson and the Bino.

We start by writing down the MSSM superpotential which givesthe Yukawa terms,
SM fermion masses and Higgsino masses. Since the Higgsinos are chiral fermions
charged underU(1)Y, they contribute to the chiral anomaly. We therefore need two
Higgs fields with oppositeU(1)Y charges to maintain the consistency of the theory.
This also ensures that masses for both up and down type quarkscan be derived from the
superpotential. The MSSM superpotential is given by

WMSSM = (λU)
ijQiU

c
jHu + (λD)

ijQiD
c
jHd + (λE)

ijLiE
c
jHu + µHuHd (2.18)

Here,Qi is theSU(2)L doublet quark superfield,Li is theSU(2)L doublet lepton super-
field,Ui andDi are right handed quark superfields,Ei is the right handed superfield for
charged leptons andHu andHd are Higgs superfields.
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In principle, one can also add lepton and baryon-number violating terms to this su-
perpotential. To avoid this, an extra parity, called R-parity, is defined asR = (−1)3B−L+2S.
However since they are not forbidden by gauge invariance, itis possible to study the ef-
fect of adding these extra terms to the superpotential. The R-parity violating terms are:

WRPV = µiLiHu + λijkLiLjE
c
k + λ′ijkLiQjD

c
k + λ′′ijkU

c
iD

c
jD

c
k (2.19)

From the definition of R-parity, all SM fields are even under it while all superpartners
are odd. The demand of R-parity invariance, therefore, has two consequences — first,
the superpartners are always produced in pairs, and second,the lightest SUSY particle
(LSP) is stable. We discuss a particular case of R-parity violation via theλ′′-type term
in Chapter 5.

2.2 SUSY breaking and the sparticle spectrum

The presence of SUSY naturally implies the same mass for superpartners. Since we have
not yet observed the superpartners of any of the SM particles, SUSY must obviously be
broken. Since one of the prime motivations of SUSY is to restore the naturalness of the
Higgs mass by cancelling the quadratic divergences, we needto break SUSY in a way
that does not cause the reapperance of those quadratic divergences. It was shown [42]
that this can be achieved by adding SUSY breaking “soft-terms” to the Lagrangian.

Lsoft = −(m2)ijφiφj −
(

1

2
Maλ

aλa +
1

6
Aijkφiφjφk + Bijφiφj + Ciφi

)

+ c.c.(2.20)

The first term corresponds to adding a mass term for each sfermion, and the second, a
mass term for each gaugino. Besides these, we have scalar bilinear and trilinear terms.
The termCiφi is gauge invariant only for gauge singlet scalar fields and will be dropped
in all other cases. Since we include mass terms for the sfermions and gauginos but not
for the corresponding chiral fermions and gauge bosons, these terms explicitly break
SUSY. The soft SUSY breaking terms for the MSSM are

−LMSSM−soft =
1

2
M1B̃B̃ +

1

2
M2W̃W̃ +

1

2
M3g̃g̃

+M2
Hu

|Hu|2 +M2
Hd
|Hd|2 + (BµHuHd + c.c)

+
∑

i

M2
Qi|q̃Li|2 +

∑

i

M2
Ui|ũcRi|2 +

∑

i

M2
Di|d̃cRi|2

+
∑

i

M2
Li|ℓ̃Li|2 +

∑

i

M2
Ei|ẽcRi|2

+
(

(λEAE)ijHuℓ̃Liẽ
c
Rj + c.c.

)

+
(

(λUAU)ijHuq̃Liũ
c
Rj + (λDAD)ijHuq̃Lid

c
Rj + c.c

)

(2.21)
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The addition of these terms adds 105 more independent parameters (masses, mixing
angles and phases) to those of the SM and it is this that make the full MSSM phe-
nomenologically intractable. We will discuss ways of constraining this large parameter
space based on theoretical and phenomenological argumentsin the next section.

2.2.1 MSSM particle spectrum

The scalar potential for the Higgs field contains contributions from theF - andD-terms
as well as from the terms in the soft Lagrangian. The Electro-weak symmetry breaking
takes place, similar to the SM, when the two scalar Higgs fields acquire a vacuum ex-
pectation value. Out of the eight degrees of freedom available to us from the two scalar
doublets, three become the longitudial modes ofthe gauge bosons to give massiveW±

andZ bosons. The remaining five degrees of freedom make up the five Higgs bosons
— CP evenh0 andH0, CP-oddA0 and the charged HiggsesH±. The ratio of the vevs
of the two Higgs fields is denoted bytan β. Analogous to equation (1.9) for the SM, the
tree-level mass of the Z-boson can be written in terms of the two vevsvu andvd as

M2
Z =

v2

2
(g2 + g

′2) =
v2u + v2d

2
(g2 + g

′2) (2.22)

The fermion masses are derived from the superpotentialWMSSM. Thus, all up-type
quarks get their mass from the vacuum expection value ofHu i.e.vu whereas the down-
type quarks and charged leptons get their masses fromvd. The tree level masses are
given by

mui = λUiv sin β ; mdi = λDiv sin β (2.23)

2.2.2 Neutralinos and Charginos

The new fermionic particles in the MSSM come from two sources. First are the fermionic
superpartners of the Higgs fields are the Higgsinos (H̃0

u, H̃0
d , H̃+

u , H̃−
d ). Second are the

superpartners of the gauge bosons — gauginos (g̃, W̃ 3, B̃, W̃±). Once theSU(2)L ×
U(1)Y is broken, the only unbroken symmetries areSU(3)c andU(1)EM. Therefore, it
is possible to write soft terms such that states with the samecolour and electric charge
mix with each other.

Since the gluino is the only colour-charged fermion, it doesnot mix with any of the
others. It’s mass is given by the soft massM3.

The mixing matrix for the two neutral gauginos and two neutral Higgsinos (in the
basis (̃B, W̃ 3, H̃0

u, H̃0
d )) can be written as

MN =









M1 0 −MZ cos βSW MZ cos βSW

0 M2 MZ cos βCW −MZ sin βCW

−MZ cos βCW MZ sin βCW 0 µ
MZ sin βSW −MZ cos βSW µ 0









(2.24)
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whereSW = sin θW andCW = cos θW . The eigenstates in which this mass matrix is
diagonal are called the “Neutralinos” and are denoted byχ̃0

i with i = 1− 4.
The charged gaugino-higgsino mixing is more complicated. The mass matrix for

(W̃+, H̃+
u , W̃−, H̃−

d ) is given by

MC =

(

0 XT

X 0

)

(2.25)

where X =

(

M2

√
2MW sin β√

2MW cos β µ

)

(2.26)

The the matrixX is diagonalised asU∗XV −1 whereU andV are2×2 unitary matrices
given by

(

χ̃+
1

χ̃+
2

)

= U

(

W̃+

H̃+
u

)

;

(

χ̃−
1

χ̃−
2

)

= V

(

W̃−

H̃−
d

)

(2.27)

This gives the charged mass eigenstatesχ̃±
1 andχ̃±

2 called the “Charginos”.

2.2.3 Squarks and sleptons

Finally, we come to the sfermion sector. As mentioned above,all sfermions with the
same colour and electric charge can mix together when we allow all possible soft
terms. This would result in three6× 6 mixing matrices — one for for up-type squarks
(ũL,c̃L,t̃L,ũR,c̃R,t̃R), one for down-type squarks (d̃L,s̃L ,̃bL,d̃R,s̃R ,̃bR) and one for charged
leptons (̃eL,µ̃L,τ̃L,ẽR,µ̃R,τ̃R). The sneutrino sector has only left-handed fields as the SM
does not contain right handed neutrinos. We therefore also have a3×3 sneutrino mixing
matrix for (̃νeL,ν̃µL,ν̃τL).

However, the presence of arbitrary mixings would cause verylarge flavour changing
neutral current (FCNC) effects. Since we have very strong experimental bounds on the
observables sensitive to FCNC, it is important to avoid these by explicit model require-
ments. The simplest is to demand alignment — i.e. that the squark mass eigenstates
are completely aligned with the quark mass eigenstates. In this case, the only mixing
terms that remain are between the left and right squarks of the same flavour, and which
originate from the trilinerA-terms and from the Higgs-squark-squark interaction terms
after the higgs takes a vev. For e.g. the stop mass matrix is given at tree level by

M2
t̃ =

(

M2
t̃L

mt(At − µ cot β)

mt(At − µ cot β) M2
t̃R

)

(2.28)

This matrix is diagonalised by2 × 2 matrix that can be parametrised as a rotation in
terms of a mixing angleθt̃. The mass eigenstates are then denoted byt̃1 andt̃2.
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As the mixing term is proportional to the mass of the corresponding fermionic part-
ner, it is only in the third generation squark mass matrices that mixing plays a significant
role. Similarly, one can also write the mass matrix for sbottoms. It is given by

M2
b̃
=

(

M2
b̃L

mb(Ab − µ tan β)

mb(Ab − µ tan β) M2
b̃R

)

(2.29)

Even though the mass of theb-quark is two orders of magnitude smaller than the that
of the top quark, a largetan β can lead to a large mixing. Similarly, mixing plays an
important role in thẽτ mass matrix only for largetan β. We discuss in detail the limits
from LHC data on the masses of stop and sbottom squarks in Chapter 4.

2.3 Phenomenological Modelling of the MSSM

The minimal supersymmetric standard model (MSSM) extends the nineteen standard
model parameters to over a hundred. However, the proposed mechanisms of SUSY
breaking, together with the requirements of suppresing FCNCand obtaining the correct
electroweak breaking scale often suggest a common origin ofsome of the parameters
at high scale. This results in highly constrained models like the minimal supergrav-
ity model (mSUGRA) [43, 44] or the very similar constrained MSSM (cMSSM) [45],
gauge mediated SUSY [46] and others. Alternately, the new parameters can be con-
strained by not putting any theoretical constraints beforehand, but only demanding only
that all observed experimental constraints are obeyed, thus limiting the massses and
mixing of SUSY parameters in such a way as to suppress FCNC processes to fall below
observed bounds. This second method leads to a model called the phenomenologi-
cal MSSM (pMSSM) [47]. In this section, we discuss in detail two models, viz. the
cMSSM and the pMSSM models.

2.3.1 The constrained MSSM

The cMSSM model is inspired by the gravity mediated SUSY breaking model mSUGRA.
However, it does not contain the graviton or it’s superpartner, the gravitino. One of the
successes of supersymmetry is that in Grand Unified Theories(GUT) with SUSY, the
gauge couplings are found to unify at the high GUT scale. A very simplifying idea
emerges from this observation — is it possible to also have unified masses for sparticles
at this high scale?

To begin, the model assumes that all soft gaugino mass terms are the same at a
high scale (usually assumed to be same as the GUT scale i.e. approximately1016 GeV).
Their masses at EW scale are then calculated by running down the masses using RG
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equations. The running mass at low scale is given by the relation

M1

g′2
=
M2

g2
=
M3

g2s
(2.30)

This means that at the TeV scale, the ratioM1 : M2 : M3 is aproximately1 : 2 : 6, or,
that the gluino mass is approximately six times larger than the mass of the bino. The
unified gaugino mass parameter at high scale is commonly denoted byM1/2.

Taking the idea further, the cMSSM model also assumes that the soft mass terms
for all scalar particles (squarks, sleptons, sneutrinos and higgses) at the low scale can
be derived from a single unified parameter at the high scale, denoted byM0. It should
be noted that in these models, the electroweak symmetry breaking occurs via radia-
tive spontaeous symmetry breaking which completely determines the magnitude of the
Higgs parameterµ. Since the masses of the Higgs bosons will be completely deter-
mined from the RG running, the only other independent parameter in the higgs sector is
tan β. Finally, all trilinear terms are assumed to be unified at thehigh scale to a common
parameter denoted byA0.

Thus we arrive at a very simple model of SUSY that has only five free parameters
— unified sfermion mass (M0), unified gaugino mass (M1/2), unified trilinear couplings
(A0), ratio of higgs vevs (tan β) and the sign of the parameterµ.

Since the RG equations for masses are fixed once we choose the gauge group and the
particle spectrum, the mass spectrum is uniquely determined once the boundary values
of the above five parameters are given. We have already seen one consequence of this
— the fixed mass relation between the gauginos. In the sfermion sector, the fermion
loop pulls the masses down as we evolve the RG equations to low scale. Therefore,
the higher the mass of the partner fermion, the lower the massof the corresponding
sfermions. This means that the third generation squarks andsleptons have the lowest
mass among the three generations. Moreover, the left handedsfermions interact also
with SU(2) gauge bosons which has the effect to raising the mass. Thus, the left handed
sfermions are in general heavier than the right handed sfermions. The RG equations for
the squarks can be found in [48].

The squarks have colour charges that the sleptons and sneutrinos do not. Therefore
squarks couple to gluinos which, as we have seen, are the heaviest of the gauginos. The
effect of this too, is to increase the mass of the squarks. Therefore, in the cMSSM,
squarks are generally much heavier than the sleptons. In thethird generation sector,
the left and right handed squarks mix to form the mass eigenstates. Therefore, we have
the lighter stop (typically with a large right-handed fraction) as the lightest squark and
the lighter stau (again mostly right handed) as the lightestslepton. A typical spectrum
(point SPS1A [49]) can be seen in Figure 2.1.

The simplicity of this model has made it, by far, the most popular model for SUSY.
Most experimental searches have been designed with this particular model in mind and
the small number of parameters makes it easy to constrain theparameter space based on



33

0

100

200

300

400

500

600

700

800

m [GeV]

l̃R

l̃L
ν̃l

τ̃1

τ̃2

χ̃0

1

χ̃0

2

χ̃0

3

χ̃0

4

χ̃±

1

χ̃±

2
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Figure 2.1: The SUSY benchmark point SPS1a generated with the input parameters
M0 = 100 ,M1/2 = 250, A0 = −100, tan β = 10, µ > 0.

data. The LHC experiments have used cMSSM to put severe constraints on the masses
of squarks and gluinos at the LHC. We shall show in Chapter 4 thatthese constraints are
severly diluted when the requirement of universality in thesfermion sector is dropped
and suggest alternate ways to interpret constraints on the third generation squarks.

2.3.2 The phenomenological MSSM

The pMSSM model reduces the 105 SUSY parameters to nineteen —the gaugino mass
parametersM1, M2 andM3; the squark mass parameters for the first two generations
MQ, MU andMD, the third generation squarksM3Q, MBR, MTR; the corresponding
slepton mass parametersML, MR, MτL, MτR; the trilinear couplingsAt, Ab andAτ ;
and the higgs sector parametersµ, MA andtan β, the ratio of the vacuum expectation
values of the two Higgs doublets.

The pMSSM model does not assume any high-scale unification. We therefore retain
all three gaugino mass parameters. Similarly, all independent parameters of the Higgs
sector are also retained. In the scalar sector, the parameters are grouped using phe-
nomenological arguments. First, the sfermions that are thepart of a left-handed doublet
field are assumed to have the same soft mass term to avoid explicitly breakingSU(2)L.
Secondly, FCNC constraints require that the masses of the squarks of the first two gen-
erations cannot be very widely separated. This is similar tothe GIM mechanism for the
quark sector. This constraint is relaxed in the case of thirdgeneration squarks as the
limits on FCNC processes involving the third generation are less stringent than in cases
where only the first two generations come in. Therefore, the first two generation squarks
(and similarly, the first two generation of sleptons) are assumed to have soft mass terms
of the same magnitude whereas the third generation mass termcan be different from
these.
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Next, we see that only the three trilinear couplings for third generation sfermions are
retained. As we have seen earlier, trilinear couplings are responsible for mixing in the
sfermion mass matrix and the term is proportional to the fermion mass. As the masses
for all fermions except those of the third generation are very small, the presence of a
trilinear coupling has negligible effect for the sfermionsof the first two generations.
Therefore, only those corresponding to the third generation are retained.

Given these parameters, the mass eigenstates of the Higgses, the gaugino, the neu-
tralinos, charginos, squarks and sleptons can be calculated thus providing a complete
spectrum. However, since the parameters here are completely arbitrary, it is important to
verify that they are consistent with EWSB. Also, since the MSSMhas coloured scalars,
it is possible to reach a condition where one of the squark fields gets a vacuum expec-
tation value, thereby breaking the colour vacuum. That thisdoes not happen also has to
be explicitly checked. Once the basic theoretical consistency requirements are satified,
the constrains from data on the pMSSM model parameter space can be investigated.

2.4 Summary

In this chapter, we give a short outline of the construction of a supersymmetric theory
for the SM. Due to the large number of possible soft terms in the MSSM, we turn to
models that make simplifying assumptions to unify some of them. In this context, we
discuss and two models and describe the resultant sparticlespectrum.

For the work done in this thesis, we have used both these models. In Chapter 3, we
use a cMSSM-like model of high scale parameters with the sfermion unification condi-
tion relaxed. Using different scalar masses for the generations, we explore a situation
where the third generation squarks may be much lighter than those of the first two gen-
erations (which are assumed to be decoupled) and discuss thesignatures of such models
at the LHC. In Chapter 4, we continue on the theme of light third generation squarks and
use a low-scale pMSSM model to reinterpret the limits from LHC on third generation
squark masses. In Chapter 5, we use the cMSSM model with R-parity violating terms
to examine resonant production of top-squarks and gauge thepotential of the LHC to
constrain baryon number violating couplings at the LHC.
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CHAPTER

3

SIGNALS FOR SQUARKS OF THE
THIRD GENERATION

“It is a capital mistake to theorise before one has data. Insensibly one begins to twist
facts to suit theories, instead of theories to suit facts.”

– Sir Arthur Conan Doyle, A Scandal in Bohemia.

The LHC, being app-collision machine, is ideally suited to production of particles
charged underSU(3)C . The problem of looking for SUSY is therefore best addressedby
looking for superpartners of the strongly interacting SM particles — the squarks and the
gluino. The sparticle mass spectrum and hierarchy is often assumed to be determined by
the (as yet unknown) high-scale SUSY breaking mechanism. Without the simplification
afforded by such a mechanism, the large number of soft mass parameters in SUSY
make the job of deducing model-independent signatures of SUSY nearly impossible.
It is therefore highly desirable to reduce the number of parameters to a subset that is
phenomenologically relevant.

This is partially achieved by the phenomenological MSSM (pMSSM) model (de-
scribed in section 2.3.2) where the squark sector has degenerate masses for the first two
generations and the third generation is parametrised byM3Q,MtR andMbR correspond-
ing to the soft mass parameters for the left-handed doublet,the right-handed stop mass
and the right handed sbottom mass. The presence of coloured scalars in QCD is likely
to give rise to flavour changing neutral currents (FCNC) that are strongly disfavoured by
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all current data [50]. As the strongest constraints from FCNCpertain to the light quark
sector, these can be avoided by requiring that the first two families of squarks are heavy
enough to be decoupled [51, 52] from the third generation (which can still be at the TeV
scale.) The solution to heirarchy problem of the Higgs mass depends crucially only
on the contributions from the top squarks and therefore thisarrangement does not hurt
the arguments for motivation of SUSY as a solution to the hierarchy problem. On the
other hand, it may be argued, that a squark sector with only the third generation acces-
sible at the LHC, corresponds to a sort of “minimal” model thatsatifies all experimental
constraints and has the desirable theoretical properties.

One can think of, several theoretical schemes suggested to achieve the proposed sce-
nario. It is possible, for example, to have a hidden sector such that it couples differently
to the third generation squarks, leading to smaller soft SUSY breaking terms compared
to those of the first two [53, 54]. Besides this, the existence of a “horizontal symmetry”
under which the third generation is a singlet but the first twogenerations are doublets
can also cause a mass splitting [55]. Thirdly, in SO(10) SUSYGrand Unified Theories
(GUT), it is possible to adjust parameters to obtain suitable D-terms for the fields be-
longing to5̄ and10 of SU(5) leading to a mass hierarchy of the suggested type [56, 57].
Alternately, similar mass separation can also arise out of the D-terms of some additional
(anomalous) U(1) gauge symmetry [58, 59]. Finally, certainregions in the parameter
space of the minimal supergravity model (mSUGRA) or the similar contrained MSSM
(cMSSM)[45], with a large universal scalar soft breaking mass, can lead to low values
of only the third family sfermions due to the role of Yukawa couplings in the process of
running down to the electroweak scale [60, 61].

The question of detecting new physics particles that coupleexclusively to third gen-
eration quarks has garnered considerable interest in the recent years. It has been pro-
posed, for example, thattt̄ resonances can be indicative of (a) Kaluza-Klein Graviton
or the heavyZH bosons from Little Higgs models[62, 63] (b) Color-Octet Scalars [64]
(c) Or even a completely new particle (of spin 0, 1 or 2) that couples to the top [65].
Recent studies of collider phenomenology include both non-SUSY [66, 67] and SUSY
scenarios [65, 68, 69, 70, 71].

The distinctive feature of the scenario where only the thirdgeneration squarks are
accessible at the LHC is that it results in final states with multiple tops and bottoms.
Moreover, if the sparticles in question are near the kinematical reach of the LHC, the
resultant tops and bottoms are expected to have very large transverse momenta (pT ). In
such situations, b-tagging efficiencies may not be optimum due to the highly collimated
decay products of the b-hadron. The decay products of the toptoo, are likely to be
collimated enough to form only one “fat” jet. This situationhas recieved much attention
by the developement of top-tagging techniques using jet-substructure methods. We shall
address these problems in an orthogonal channel — by dropping the requirement of top-
identification and requiring energetic leptons instead. Weshall also estimate whether the
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traditional b-tagging searches can be used for isolating the signal over the background,
taking into account that b-tagging efficiency is optimum only for transverse momentum
in the range of 50 - 100 GeV[27].

3.1 Choice of parameters and benchmarks

Of the nineteen parameters that describe the pMSSM, we choose the following as the
most significant for our study. First, the left and right-handed sfermion mass parame-
ters for the first two generations, collective denoted asM

(1,2)
0 , are all set to 5 TeV at

the GUT scale. Second, the left and right handed parameters for the third generation
sfermions are denoted asM (3)

0 and will be varied to probe the reach of the LHC. The
two higgs mass parameters are also set to this value at high-scale. Third, we retain the
gaugino mass pattern (at EW scale) from the gravity mediatedbreaking schemes viz.
M1 : M2 : M3 = 1 : 2 : 6. Also, taking the notation from the gravity mediated models,
we useM1/2 to mean the unified gaugino mass at the GUT scale. Fourth, the three tri-
linear coupling parameters for the third generation are allset to be the same and will be
denoted byA(3). We demand consistent radiative symmetry breaking which means the
magnitude of the higgsino mass parameterµ is fixed and therefore, sign(µ) andtan β,
whereβ is the angle between the VEVs of the two Higgs doublets, complete our list
of independent parameters. We fix sign(µ) to be positive as the favoured value from
(g − 2)µ data. To summarise, the independently varying parameters in our study are:
(M

(3)
0 ,M1/2, A

(3), tan β) viz. scalar mass for the third generation of sfermions, unified
gaugino mass, the trilinear coupling for the third generation andtan β.

We focus specifically oñgg̃ production with each gluino decaying via eithert̃1t or
b̃1b followed by decays of thẽt1 or b̃1. There is also a contribution from̃tit̃∗i and b̃ib̃∗i
production. However t-channel squark-gluino type contributions are much suppressed.
We also choose to look at regions where the gluino mass is greater than a TeV and stop
mass is greater than 500 GeV as an illustration of the region where the b-identification
becomes difficult.

With this in mind, high scale value ofM0
(1,2) is set to5 TeV for the first two fam-

ilies, while the high-scale mass for the third family (M
(3)
0 ) is set so as to obtain third

generation squark masses of the order of1 TeV. The trilinear couplingA(3) is set to
zero. We find that non-zero values ofA(3) serve to lower the stop and sbottom masses
for fixedM (3)

0 andM1/2. We wish to also probe the change in detection effeciency for
the entire range oftan β. We therefore sample benchmarks withtan β = 5, 10 and40
to see if any major differences are indicated. The Higgs massparametersMHu

andMHd

are set to the value of the third familyM0 at the high scale.
The particle spectrum has been generated using SuSpect 2.34[72] using high scale

inputs in the pMSSM (phenomenological MSSM). The squark andgluino masses for
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Point tan β m 1

2

m0
(3) mg̃ mt̃1(t̃2) mb̃1(b̃2)

1A 10 800 800 1918 1124 (1403) 1376 (1502)
1B 10 600 1000 1496 856 (1130) 1100(1283)
1C 10 400 1200 1063 623 (916) 892 (1153)
2A 5 600 1000 1496 842 (1130) 1100(1290)
2B 5 400 1200 1063 603 (916) 890(1160)
3A 40 600 1000 1493 856 (1065) 1024(1157)
3B 40 400 1200 1058 619 (819) 783(982)

Table 3.1: Third generation squark and gluino masses in GeV for the benchmark points
considered.

Point mχ+

1
mχ+

2
mχ0

1
mχ0

2
mχ0

3
mχ0

4

1A 660 881 348 660 864 881
1B 484 648 258 484 622 649
1C 288 409 167 290 356 410
2A 487 707 258 488 686 701
2B 313 492 168 315 465 492
3A 482 619 259 482 590 619
3B 261 384 166 265 302 383

Table 3.2: Chargino and Neutralino masses in GeV for all the benchmark points.

the various benchmark points are given in Table 3.1. The masses for charginos and
neutralinos are given in Table 3.2. We explore regions of theparameter space where
squarks are lighter than the gluino and of the order of∼ 1 TeV. Cases where the
gluino is considerably lighter than all squarks, which corresponds to the “focus-point”
scenarios has been investigated in [70].

Thus our chosen benchmark points elicit a number of featuresof the signals of SUSY
with only the third family of sfermions accessible. We use these in our study of the
suggested signals in the next section.

3.2 Signals and Backgrounds

We are concerned primarily with observing final states with alarge number of top and
bottom quarks. Signal events have been generated using Pythia v6.4091 [73] by al-

1A new C++ version of this program (PYTHIA 8) is now avaliable and as of v 8.160 includes all
SUSY processes including R-parity violating resonant production. For details on this version and my
contributions to the code, see Appendix A.
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Figure 3.1: Energy(E) distribution of tops for four- and three-t events for benchmark
point 1A.

lowing the squark-squark, gluino-gluino and squark-gluino production channels. The
heaviness of the first two generations of squarks implies that only stop and sbottom are
produced with a cross section large enough to be relevant. Wehave used CTEQ5L par-
ton distribution functions. The factorisation and renormalisation scales have been set
to µR = µF =

√

p2⊥ + (P 2
1 + P 2

2 +M2
3 +M2

4 )/2 whereP1, P2 are the virtualities of
the incoming particles,p⊥ is the transverse momentum of the scattering process and
M3,M4 are the masses of the outgoing particles in the initial hard scattering process.

We concentrate on three and four-top events in particular. The g̃ can decay intott̃1,2
or bb̃1,2. Whenever it is kinematically allowed, the squarks can then decay viãt1,2 → tχ̃0

i

(with i = 1 − 4), t̃1,2 → bχ̃+
1,2, b̃1,2 → bχ̃0

i and,b̃1,2 → tχ̃+
1,2. Thus,g̃g̃ production can

give four-top final states viãgg̃ → tt̃1,2tt̃1,2 and each̃t1,2 → tχ̃0
i . Three-top final states

can be obtained wheñgg̃ → tt̃1,2bb̃1,2 with b̃1,2 → tχ̃+
1,2.

Figures 3.1 and 3.2 give the energy distribution of the top quarks in four-top and
three-top events for benchmark points 1A (highest squark/gluino masses) and 1C (low-
est squark/gluino masses). Irrespective of the decay chainof the gluino, the resultant
final state always has four b-quarks. Final states with only three b-quarks are possible
via sbottom-gluino production driven by the b-quark distribution in the proton. Due
to the small b-quark distribution in the proton, the number of 3b events is expected to
be much smaller than 4b events (less than a few percent). We therefore present the
transverse momentum (pT ) distribution of the b-quarks in 4b events in Figure 3.3.

We now come to the question of what the realistic b-tagging efficiencies in such a
scenario are. A b-tagging efficiency of50% with a rejection of QCD jets at more than
99% is well established for b-hadrons with the transverse momentum (pT ) between 50
to 80 GeV [27]. But in our case, it can be seen that thepT of b-hadrons very often
exceeds this. It is not clear how the efficiency goes down aspT increases above 100
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Figure 3.2: Same as in Figure 1, for benchmark point 1C.
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Figure 3.3: Transverse momentumpT of b-quarks for points 1A and 1C.

GeV. ThepT -distribution of b’s in four-b events can be seen in Figure 3.3.
Top quarks can be identified by a combination of a b-jet and aW , which give an

invariant mass within a window of the top mass. The candidateWs are obtained from
jet-pairs having invariant mass in the rangeMW ±15 GeV. Besides the aforementioned
b-tagging difficulty, this top reconstruction is complicated by two other factors in our
situation.

First, at very high boosts, the jets from decay of the top can be highly collimated.
However, very high energy QCD jets can also develop an invariant mass up to 15 - 20%
of the jet energy, and thus, a top depositing a large energy inthe hadron calorimeter
can be faked by a similarly energetic jet whose ‘effective’ invariant mass may be of the
same order as the top mass. In such cases, one has to resort to special techniques, such
as specific kinematics, energetic leptons contained in jets, and using jet-substructure.
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Such techniques have been studied recently by various groups [74, 75].
An extra complication, is Higgs production through the cascadeχ0

2 → hχ0
1. Theχ0

2

is produced in about 50% of the events we generate, and at lowtan β its decay into a
Higgs has a large branching ratio. The Higgs largely decays into a pair of b-quarks. The
mass of the Higgs in all our benchmark points lies at<∼ 120 GeV. In cases where either
of the b-jets from Higgs decay are not tagged, they contribute to the large combinatorial
background that is found to completely wash out the W-peak from invariant mass of
jet-pairs. Thus our benchmark points highlight one additional difficulty in selecting the
final states via traditional top identification.

To ameliorate these difficulties, we do not emphasise the reconstruction of the top.
We also supplement b-tagging by identifying hard leptons from the decay of energetic
top quarks. We find that looking for leptons of various multiplicity can compensate for
the potentially low tagging efficiencies for very high energy b’s.

We are looking at very high masses for squarks and gluinos andconsequently rather
low production cross sections. Thus, it will require a largeintegrated luminosity at the
LHC to achieve the required statistical significance. By thattime, we assume that the
lightest neutral SUSY Higgs has already been identified. An additional handle for our
benchmark points is thus provided by the possibility of looking for final states with
leptons/b-quarks, together with not only large missing energy but also a Higgs in the
final state, identified by a mass peak.

To isolate the signal, we examine final states with various combinations of b’s and
leptons. We comment first on certain generic features of signal identification, before the
numerical results for each signal are presented. These features also help us in evolving
the event selection criteria for this scenario.

3.2.1 Identification of physics objects:

• Leptons (e, µ) : We are interested in identifying leptons coming from top decay.
Since the parent W of the lepton is on-shell, we expect that the lepton to be well
isolated from the nearest jet2. We first identify leptons with the following cuts:

1. plT > 10 GeV (trigger)

2. Separation from each jet∆Rlj > 0.4

3. Sum of hadronic deposits∆R < 0.2 should have energy less than 10 GeV.

Lepton momenta are smeared according to the prescriptionσ(E) = a
√
E + bE

whereσ(E) is the resolution, witha = 0.055(0.02) andb = 0.005(0.037) for
electrons (muons) and energy measured in GeV.

2Although the boost of the tops may give rise to the question ofwhether these leptons would indeed be
isolated, we have found by actual simulation that the numberof events with isolated leptons is significant
enough for discovery.
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We subsequently apply further cuts for each channel to restrict to leptons coming
from tops.

• Jets: Jets are formed using the routinePYCELL built into PYTHIA . We demand
pT ≥ 20 GeV and |η| < 2.5 as reqiusites for identification. The jet energy is
smeared usingσ(E) =

√
E. The parton-level processes that lead to the final

states of interest to us have usually a large jet multiplicity. Using PYTHIA , the
multiplicity peaks at 6 when both initial and final state radiation are taken into
account. With this in view, we have always demanded a minimumof four jets in
the final state.

• b-Tagging: In the absence of any clear guideline on the tagging efficiency for very
high-pT b-hadrons, we take a conservative approach and restrict ourb-tagging
capabilities to b-hadrons withpT between 50 and 100 GeV. A jet is assumed b-
tagged with an efficiency of 0.50 if:

1. A b-hadron lies within a cone of∆R < 0.5 of the jet-axis

2. The b-hadron has a50 GeV ≤ pT ≤ 100 GeV.

• Missing transverse energy (ET/ ) and the effective mass (Meff): The conserva-
tion of R-parity means the lightest supersymmetric particle(LSP) is stable. In
our case, the lightest neutralino is the LSP and since it is uncharged, it escapes
detection. This gives a very large missing-ET which gives us the first handle for
discriminating supersymmetric events. Also, since the masses of the supersym-
metric particles are very high for the scenarios investigated here, the effective
mass of the event, defined byMeff =

∑

jets |pjT |+
∑

leptons |plT |+ET/ also takes a
very high value compared to what is expected of standard model processes. The
ET/ andMeff distributions for two benchmark points are shown in Figure 3.4, along
with the corresponding distribution for standard model backgrounds.

The calculation ofET/ has to take into account not only the “visible”pT due to
jets, leptons and photons that satisfy the requisite triggers but also objects with
pT > 0.5 GeV and|η| < 5 which are not identified as leptons or do not fall within
any jet cone. The contribution from this extra part is summedup as the ‘soft-pT ’
component. This is smeared according to the prescriptionσ(pT ) = α

√
pT with

α = 0.55. The total visible transverse momentum is given bypvis
T =

∑

jets p
j
T +

∑

leptons p
l
T + p

soft
T . MissingET is then the magnitude|pvis

T |.

In gluino decay, the production of thẽχ0
2 occurs in about50% of all events. For the

benchmark points withtan β = 5, 10, the difference between masses of the second and
the first neutralino is more than the mass of the lightest neutral Higgs (Mh0). The most
common decay channel̃χ0

2 → hχ̃0
1 yields a neutral Higgs in the final state which then
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Figure 3.4: Missing transverse energy (ET/ ) and effective massMeff distribution for
benchmark points 1A, 1C and the dominant standard model background (tt̄).

decays into a pair of b-quarks. This is because there are two primary two-body decays
of the χ̃0

2, namely,χ̃0
2 → hχ̃0

1, χ̃
0
2 → Zχ̃0

1. The decay into a Z is suppressed by the
product of Higgsino components of both̃χ0

2 and χ̃0
1. The decay into a Higgs requires

the Higgsino component of any one neutralino and it therefore wins when kinematics
are favourable. For the case withtan β = 40, the mass differenceMχ̃0

2
−Mχ̃0

1
is smaller

thanMh0 . As a result,χ̃0
2 → Zχ̃0

1 is the dominant decay. The identification of Higgs
can therefore give us information on the value oftan β.

Based on the above observations, we now list the basic cuts that have to be satisfied
by all events:

1. ET/ ≥ 300 GeV

2. Meff = (
∑ | ~pT |+ ET/ ) ≥ 1000 GeV

3. Jet multiplicitynjet ≥ 4

4. pT (j1) > 100 GeV

5. pT (j2) > 80 GeV

6. pT (j3) > 40 GeV

The inclusive cross sections for ‘all events’ satisfying the basic cuts for our benchmark
points are summarised in Table 3.3.

We now discuss signals in various channels. The cuts or extraidentification criteria
applied henceforward will be over and above the basic cuts enumerated above.
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Point 1A 1B 1C 2A 2B 3A 3B
σnocuts(fb) 4.51 32.47 308.00 37.07 352.01 34.62.0 337.51
σbasic(fb) 3.89 15.09 83.87 17.21 98.31 16.62 93.767

Table 3.3: Total̃gg̃, g̃q̃ and q̃q̃ production cross sections for all the benchmark points
before and after basic cuts.
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Figure 3.5: Magnitudes ofpT for the two hardest leptons for points 1A, 1C and standard
modeltt̄ production.

3.2.2 Dilepton Channels:1b+ 2l, 1b+ 2l(SSD) and 2l(SSD)

As mentioned earlier, the tops produced from the decay of heavy squarks and gluinos
are highly energetic. Even in three-top (four-top) events which would give three (four)
b-quarks, it is not always possible to tag all of them. However, we expect that leptons
arising out of the decay of the tops to be very energetic. Therefore, we look at two
energetic leptons with and without additional b-tags.

The backgrounds are calculated including the processestt̄+jets,Wbb̄+jets,Wtt̄+
jets, Ztt̄+ jets, Zbb̄+ jets, 4t, 4b and2t2b generated with the help of ALPGEN [76].
Most of the background comes from thett̄ channel. ThepT distributions for leptons for
benchmark points1A and1C along withtt̄ are given in Figure 3.5. We therefore apply
the following cuts to select leptons over those from standard model backgrounds.
The final cuts on the leptons are:

1. pT (l1) ≥ 80 GeV

2. pT (l2) ≥ 30 GeV

To suppress thett̄ background even further, we demand that the leptons be of thesame
sign. We also look at the inclusive same-sign dilepton channel (without any b-tags).
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Point 1b+ 2l 1b+ 2l(SSD) 2l(SSD) 2b+ l 3b
1A 15 6 25 4 2
1B 83 35 117 27 24
1C 478 221 626 147 175
2A 72 36 119 23 27
2B 486 166 568 181 161
3A 84 35 143 19 20
3B 13(5) 109 592 243 712

SM Background 10 4 4 1514 5

Table 3.4: Signal and background events for different channels for an integrated lumi-
nosity of300 fb−1.

The signals and backgrounds for such dilepton events, with and without a tagged b-jet,
are seen in Table 3.4. We have calculated the the number of events, for both signals
and backgrounds, corresponding to an integrated luminosity of 300 fb−1. Although the
1b+2l channel seems to give worse statistcis for discovery as compared to the inclusive
2l(SSD), the presence of associated b-tagged jets is a sure indication of the involvement
of particles coupling to the third generation of quarks. Thepresence of an excess in
both these channels simulataneously can therefore be used to discriminate against other
models of new physics which do not predict new particles decaying to top or bottom
quarks.

3.2.3 Multi-b Channels: 2b+ l and 3b

The first consequence of having only third family squarks accessible is that all SUSY
processes involving the production of strongly interacting superparticles lead to a mul-
tiplicity of b’s in the final state. As we have mentioned already, most of these have too
high pT to be reliably tagged. However, there will still be sufficient number of events
with two or three b-tags. There one has to compromise on number of tagged leptons to
retain a significant number of events. On the whole, this reflects a tug-of-war between
the loss in rate due to leptonic branching ratios and that dueto our demand that only b’s
in a specificpT -range be identified. Thus for identifying events with high squark and
gluino masses, where the cross section is already very low, we recommend looking at
only single-lepton events when more than one b’s are tagged.

For two b-tagged events, we find a very large background fromtt̄ processes. We sup-
press this by demanding the presence of a high-pT , isolated lepton, satisfyingpT (l1) ≥
80 GeV. The requirement of leptons has to be given up for 3b events, for otherwise the
overall rates will be far too small.

The primary backgrounds for2b+ l channel are same as1b+ l, viz. tt̄+jets,Wbb̄+
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Figure 3.6: Regions in parameter space corresponding to the branching fraction
BF (χ̃0

2 → hχ̃0
1) > 0.9 for tan β = 5 and40.

jets,Wtt̄+jets, Ztt̄+jets, Zbb̄+jets, 4t, 4b and2t2b. Again, we have used ALPGEN
to compute the background rates.

Since the3b cannot result from tree-level standard model processes (excepting those
suppressed by weak mixing), the backgrounds are only due to4t, 2t2b and4b. However,
the 4b processes do not have a source of highET/ , so the highest contribution comes
from 2t2b production processes.

The results are presented in Table 3.4. For the channel2b + l, we see that although
the significances/

√
b is large for points 1C, 2B and 2C, the very smalls/b makes it

highly sensitive to systematics of the background. Therefore, it may be used at best as
a supplementary channel.

3.2.4 Channels with reconstructed Higgs

In this study, we wish to emphasise situations where the gluino mass is>∼ 1 TeV. This
roughly corresponds the region of the parameter space withM1/2 ≥ 400 GeV . As
can be seen from Figure 3.6, decayχ̃0

2 → hχ̃0
1 has a branching ratio greater than 90%

over most of the region of parameter space fortan β = 5. The decayχ̃0
2 → Zχ̃0

1

is suppressed in these regions, and the lightest neutral Higgs occurs in a significant
number of events in this scenario. As mentioned before, thisis because, the decay into
a Z requires significant Higgsino fractions in both neutralinos χ̃0

2 and χ̃0
1 whereas the

decay into a Higgs requires significant Higgsino component in either neutralino. For
tan β = 40, this region is much reduced and the decay into a Higgs is appreciable
only in the regionM 1

2

> 700 GeV where the gluino mass is close to the upper limit of
accessibility. The dominant decay then isχ̃0

2 → Zχ̃0
1.

We assume a situation where the lightest neutral Higgs has already been discovered
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Figure 3.7: The transverse momentum (pT ) of jets from Higgs decay and the
opening angleθ between the jets for signal events (“θtrue”) and the combinatorial
background(“θbg”).

and it’s mass is known. Ideally, one would like to identify the Higgs by picking a b-jet
pair with it’s invariant mass near the mass of the Higgs. However, in most events, both
b’s from the Higgs cannot be identified (as seen from Figure 3.7). And demanding only
one b-tagged jet instead of two leads to a combinatorial background much higher than
actual number of signal events. To be able to reduce this, we compare thepT distribution
of jets from Higgs decay and the opening angle between the jets for true Higgs events
and the combinatorial background. The distributions are shown in Figure 3.7.

We then select events with the following cuts which are designed to supress events
which do not have a Higgs:

1. |Mj1j2 −Mh| < 15.0 GeV whereMj1j2 is the invariant mass of the jet pair.

2. The second (less energetic) jet haspT < 80 GeV .

3. At least one of the two jetsis b-tagged.

4. The opening angle between the jets is less thanπ/2.

These cuts reduce the combinatorial background to about half that of the signal.
Identifying the Higgs means at least one b-tag. Therefore, we study the channels2l+h,
2l(SSD) + h, 1b + l + h and2b + h with exactly the same hard-lepton cuts. The signals
and backgrounds for all Higgs channels are summarised in Table 3.5. The combinato-
rial background is mentioned in the parenthesis accompanying each number of signal
events.

We find that for points with gluino mass>∼ 1.5 TeV, the event rates are not sig-
nificant enough to make a distinction between the region favouring Higgs production
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Point 2l + h 2l(SSD) + h 1b+ l + h 2b+ h
1A 3(1) 1(0) 1(0) 0 (0)
1B 13 (5) 5(2) 3(2) 3(0)
1C 110(60) 28(14) 32(9) 37(9)
2A 12(3) 4(1) 5(1) 8(1)
2B 96(55) 40(25) 30(10) 46(5)
3A 13(5) 6(2) 5(2) 3(0)
3B 132(121) 69(69) 0(0) 5(5)

SM Background 5 3 7 3

Table 3.5: Signal and background events for different channels with Higgs identification
for an integrated luminosity of300 fb−1. The irreducible combinatorial background for
each channel is given the the parentheses.

and the region where it is suppressed. However, for points 1C,2B and 3B (which corre-
spond to the sameM (3)

0 andM1/2), we can see a clear distinction in the number of Higgs
events in Table 3.5. Thus, one can use this information to infer whether the situation
corresponds to low or hightan β. In particular, the1b + l + h and2b + h channels
have the added advantage of a low combinatorial background.These channels show
a significant excess even after taking the combinatorial background into consideration.
However, for the two di-leptonic channels, the combinatorial background rejection ef-
ficiency of these cuts is insufficient which makes them unreliable for making definite
statements about Higgs production with the identification criteria stated above.

3.3 Distinction from cMSSM scenarios

While signals have been suggested above for discovering SUSYwith only the third fam-
ily light, it is also instructive to ask whether such a scenario can be distinguished from
the more frequently discussed case where all three familiesare obtained from a unified
high-scale mass and therefore are all typically within the reach of the LHC. We take
up such a discussion in this section, showing that this can bedone by (a) considering
the ‘effective mass’ distribution of events, and (b) takingevent ratios for different chan-
nels. For illustration, we choose the benchmark point 1C from our previous analysis
and choose two points generated in the cMSSM scenario (i.e. all sfermion masses now
arise from the sameM0) as representatives of the case when all three sfermion families
are accessible. In this situation too, the renormalisationgroup running renders the third
generation squarks to be the lightest and therefore, there is a realistic possibility that
gluino production would give rise to similar signatures.

As the variableMeff has long been considered as a good indicator of the SUSY
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Point M1/2 M0
(3) Mg̃ Mt̃1(t̃2) Mb̃1(b̃2)

Mũ1(ũ2)

1C 400 1200 1063 623 (916) 892 (1153) 5015(5023)
S1 400 100 998 697 (895) 847 (879) 914 (883)
S2 570 1200 1362 1163 (1468) 1453(1616) 1654 (1628)

Table 3.6: Third generation squark and gluino masses in GeV for two cMSSM points
and point 1C. The valuetan β = 10 is used for illustration.

Point σbasic(fb) 1b+ 2l 1b+ 2l(SSD) 2l(SSD) 2b+ l 3b
1C 83.87 478 221 626 147 175
S1 1160 1619 298 3239 255 213
S2 74.63 446 195 622 117 123

Background 10 4 4 1514 5

Table 3.7: Number of events at300 fb−1 for the cMSSM points S1 and S2. We have
repeated the numbers for point 1C and background for comparison.

scale (or the mass of the lightest stongly charged SUSY particle) [77], the first cMSSM
point (S1) is generated so as to have low-scale stop and gluino masses as close to 1C
as possible. As one can see from Figure 3.8, this correspondsto a nearly identicalMeff

distribution. The second point (S2) was generated to give a similar event rate at300 fb−1

in several channels. Since in our previous analysis, we havefoundSSD to be the best
channel for discovery, it has been used here for illustration. The low-scale masses for
third-generation squarks and gluinos for the two cMSSM points corresponding to the
point 1C are given, along with the high-scale values of(M0,M1/2), in Table 3.6. The
values oftan β andsign(µ) are chosen to be10 and positive respectively. The trilinear
soft breaking parameterA0 is set to zero at high scale.

We calculate the event rates for the same channels (1b + 2l, 1b + 2l(SSD), 2l(SSD),
2b + l, 3b) as before. The basic cuts as well as any extra cuts applied are same as in
section 3. The event rates are given in Table 3.7.

In R-parity conserving SUSY, only even number of superparticles can be produced.
Therefore, the peak of theMeff distribution corresponds roughly to twice the mass of the
lightest superparticle pair-produced through hard scattering. This gives us an indication
of the mass scale of SUSY particles. As the the third family sfermions are usually the
lightest squarks in most of the cMSSM parameter space (though the first two are not
necessarily decoupled), the masses of the gluino and/or thethird family squarks will be
indicated by the peak of theMeff distribution. TheMeff distributions for points 1C, S1
and S2 are shown in Figure 3.8.

Based on the information from theMeff distribution and the event rates, we can draw



52

S2

S1

1C

Meff

1 N
d
N

d
M

e
f

f

2500200015001000500

0.035

0.03

0.025

0.02

0.015

0.01

0.005

0

Figure 3.8: Comparison ofMeff distributions for points 1C, S1 and S2.

the following inferences:

1. Case of identicalMeff spectrum:

(a) The points 1C and S1 have a very similar spectrum for thirdgeneration
squarks and gluino masses. They are not distinguishable by looking at the
Meff distribution alone.

(b) The cross section for squark and gluino production for S1is very high since
all the squarks are accessible. Note, in particular, that the ratio3b1C : 3bS1 =
0.82 is close to one whereas the ratioSSD1C : SSDS1 = 0.19 is much
smaller. The3b final state which comes only from̃bg̃ production shows a
similar event rate due to similar gluino mass.

(c) Rates for the channels1b + 2l andSSD are highly enhanced for the points
S1. Sincẽqq̃,(q = u, d, s, c) is allowed, their cascades into charginos yield
larger number of dileptons. This also explains why on demanding one b-
tag (1b + 2l(SSD) channel), the increase in the number of events is not so
dramatic.

2. Case of identicalSSD rates:

(a) TheMeff distribution for the two points is very different and easilydistin-
guishable.

(b) As intended, the number of events in theSSD channel are nearly same3b1C :
3bS2 = 1.01 for points 1C and S2. The3b channel however, shows more
events in the case of 1C (SSD1C : SSDS2 = 1.42.) This is to be expected
since the mass of the gluino is higher for S2 and therefore, the cross section
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of g̃g̃ is lower. Also, the masses oft̃1,2 andb̃1,2 are higher resulting in higher
pT of b’s in the final state and hence lower identification efficiency.

Thus we find the total cross sections for sparticle production are much lower for the
case where only third family sfermions are accessible, making detection more challeng-
ing than the case where all three generations have masses∼ 1 TeV. However, the points
in parameter space of cMSSM which mimic the scenario are characterised either by a
very different effective mass distribution or very different rates in the leptonic channels.
We can conclude that this scenario can be distinguished froma universal scenario with
all three generations are accessible.

3.4 Summary

We investigate the signals of supersymmetry where only the third generation of squarks
is accessible at the LHC, focussing on the special case when the gluino is heavier than
a TeV and decays via on-shell squarks.

We show that same-sign dilepton signatures are particularly useful in probing the
scenario in question, and complementary measurements in channels with multiple b-
tagged jets can serve as an indicator of light third generation squarks. We also specif-
ically study signatures with Higgs produced in cascade decays of the neutralinos and
find that this particular branching fraction is highly correlated with the value oftan β.
Finally, we show that such scenarios can be easily distinguished from the universal
cMSSM scenarios.

It should be noted that none of the benchmarks we probe lead tosignals that can
be currently ruled out at the LHC after collecting 1.04 fb−1 data (as it stands when this
thesis is being written). The full impact of LHC data on the sector of third-generation
squarks is obviously an important question to address. A low-scale analysis of the
ATLAS data based on the phenomenological MSSM is presented in the next chapter.





CHAPTER

4

CONSTRAINTS ON THIRD
GENERATION SQUARKS FROM LHC

DATA

“Captain, sensors show nothing out there. Absolutely nothing.”
– Data (Star Trek:The Next Generation)

After the first year of running at a center-of-mass energy of
√
s = 7 TeV, the data for

the first femtobarn-inverse data was released at the Lepton Photon 2011 conference. The
supersymmetry search interpretations fall into two categories — the limits on cMSSM
models and on “Simplified Models”. The first of these have the obvious limitation of
relying on a very constrained model. The analysis based on Simplified Models relies
on having a fixed hierarchy of particles and only one decay channel open at a time. Al-
though, this does present a freedom from high-scale assumptions that are common in
SUSY phenomenology, we find it ignores the complexity that arises from opening of
new decay modes as sparticle masses increase. We therefore present a re-interpretation
of the limits on SUSY particle masses in the jets+MET channels in terms of third gen-
eration squarks in the pMSSM model.

The best reach in superparticle masses at the LHC is expectedin the channel with
two or more hard jets and missing energy [27] which is the characteristic signature from
g̃g̃ and q̃g̃ production. In particular, the simplest decays of the gluino and the squark,
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viz. g̃ → qqχ̃0
1 and q̃ → qχ̃0

1 result in four and three-jet states (at parton-level) with
large missing energy for the two production processes respectively. Similarly, the sub-
dominantq̃q̃∗ and q̃q̃ production processes would result in two-jet final states. This
parton-level prediction is not significantly altered even after initial and final state radia-
tion. Therefore, looking for 2-4 jets with missing energy isknown to be the best channel
for SUSY searches. However, in the case that the first two generations of squarks are not
accessible at the LHC (as can indeed be motivated from suppression of flavour changing
neutral currents)[51, 52], the power of these searches would be dramatically reduced.
Since the limits on the mass of third generation squarks in a cMSSM-based analysis
follow simply from limits obtained from production and gluinos and squarks of the first
two families, they cannot be considered truly indicative ofthe limit on stop and sbottom
masses. We therefore reinterpret the ATLAS limits in the pMSSM model where the first
two generations of squarks and all sleptons are decoupled (thereby also suppressing the
three-body decays of the gluino mediated by these squarks).

Considerable interest has also grown in recent times in SUGRA with non-universal
high-scale masses. A high-scale parametrisation has the advantage that the masses of
several particles are obtained naturally through renormalisation group (RG) running.
Here too, we focus of situations where the third family sfermions are within the reach
of the LHC, while the first two families are heavy. This, among other things, helps in
a natural suppression of FCNC. The advantage of this scenario will be to allow us to
investigate the effect of a low-mass slepton sector withoutrequiring its full pMSSM
parametrisation. The phenomenology of third generation squarks has also been studied
in various scenarios by [68, 78, 79, 80, 81, 82, 83, 84, 85, 86,87, 88, 89, 90, 91, 92].
Naturalness of the higgs mass from SUSY has also been investigated in [93].

We base our study on the data from the ATLAS experiment for signatures with jets
and missing energy with and without b-tagged jets [94, 95, 96, 97, 98]. These ATLAS
analyses assumes an mSUGRA-type unification for the interpretation of its data. As
mentioned above, the limits from this analysis cannot be applied to the third generation
squarks in a model independent way. The results have been interpreted in terms of a
high-scale non-universal model in [99]. However, its dependence on mSUGRA based
mass hierarchies (e.g. the lighter stopt̃1 is always right-handed, the lightest neutralino is
mostly bino-like etc.) hampers full understanding of the implication of the experimental
data on the third generation squark sector. We therefore perform a more detailed study
by performing a low-scale pMSSM analysis with a scan over thephysical stop/sbottom
masses. We also include the case of stop decay via the flavour-violating decaỹt→ cχ̃0

1

[100, 101, 102] when all other decays are forbidden by kinematics.
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4.1 Simulation of the signal and ATLAS exclusion curves
in cMSSM

We simulate the signal using PYTHIA 6.4 [73] and all strong production cross sections
are normalised to their next-to-leading order (NLO) valuesas obtained from Prospino
2.1 [103]. The renormalisation and factorisation scales are set to the average of masses
in the final state of the hard scattering process. We follow the detector acceptance region
for all reconstructed objects and apply all the cuts as described in the ATLAS papers.

The full set of identification and acceptance cuts is as follows:

• Electrons: (1) pT > 20 GeV (2) |η| < 2.47 (3) Sum ofpT of particles within
∆R =

√

(∆η)2 + (∆φ)2 < 0.2 should be less than 10 GeV (4) Event vetoed if
electron found in1.37 < |η| < 1.52.

• Muons: (1) pT > 20 GeV (2) |η| < 2.4 (3) Sum ofpT of charged tracks within
∆R =

√

(∆η)2 + (∆φ)2 < 0.2 should be less than 1.8 GeV.

• Jets: (1) Formed using Anti-kt algorithm from Fastjet with parameterR = 0.4
(2) pT > 20 GeV.

• b-tagged jets:A jet is b-tagged if a b-hadron falls within a cone of radiusR from
a jet. We have checked that this reproduced the 50 % tagging efficiency for tt̄
samples as mentioned in [96].

• Missing transverse energy is calculated by summing over thepT of all objects and
all stable visible particles not belonging to any reconstructed objects but falling
within |η| < 4.9 with pT > 0.5 GeV.

To account for detector effects, we smear the momenta of leptons and jets obtained
from the Monte Carlo generator according to

σ(E)

E
=

a√
E

⊕ b (4.1)

The values ofa andb are (0.11, 0.007) for electrons, (0.03, 0.06) for muons and (1.0,
0.05) for jets1. After smearing, we apply cuts used in each ATLAS analysis under
consideration.

A cross-check of our analysis is the correct reproduction ofthe missing transverse
energy (MET) and effective mass (Meff) distributions and consequently the reproduc-
tion of the ATLAS exclusion curves [97, 96] in the context of mSUGRA. The online
resources for the jets+MET analysis for 35 pb−1 [94] provide both the benchmark points

1B. Mellado, private communication.
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used in the scan as well as the efficiencies and cross sectionsat each of the points. We
use this information to verify the correctness of our simulation. We present in Fig. 4.1,
the final exclusion curves for the jets+MET analysis at 165 pb−1 which are obtained
using the same acceptance and smearing parameters. We find that the “true” ATLAS
curve lies in between our leading order (LO) and NLO curves inall cases.

Since we aim to determine the limits on third generation squarks, the limits on b-
tagged events are of particular importance and are expectedto provide much stronger
limits. Therefore, reliable modelling of b-tagging is of prime importance in looking at
these signals. The work reporting the analysis of b-jet+METdescribes the performance
of the b-tagging algorithm as having an efficiency factor of 50% for att̄ sample. We
reproduce this number by this simple algorithm: we first formjets using the anti-kT
algorithm using FASTJET2.4 with the radius parameterR = 0.4 (for a definition of the
parameter and the jet algorithm, please see [104]). A jet is assumed to be b-tagged if a
b-hadron is found within a distanceR from its axis. Since the correct reproduction of
MET andMeff has been verified from the non-b-tagged samples, we can see that this
algorithm gives a reasonably correct b-jet tagging by looking at the bottom-right panel
in Fig. 4.1. Here too, we find that the LO and NLO curves encapsulate the ATLAS curve
reliably.

In all the above cases, we find that the LO curve only slightly underestimates the
ATLAS limits. In the worst case, the difference between the LO limits and the ATLAS
curve is within 20%. We therefore mostly present the LO mass limits in the subsequent
study. Our LO results with simplistic detector simulation do not differ by more than 20%
from what a full re-analysis of the data, including detectorresponses, would give. Our
cross-checks on the mSUGRA results convince us such limits are adequate for putting
across our main point, given the uncertainty of detector effects.

We use the results on jets+MET for 1.04 fb−1 and b-jets+MET results for 0.83 fb−1

for our analysis. As mentioned above, our simulation includes all the cuts in each of
the channels under consideration. The benchmark points forour analyses are obtained
using SUSPect 2.41 [72]. To obtain the exclusion curves, we use the value of cross
section times acceptance provided by the ATLAS analysis. The values corresponding
to different channels taken from these ATLAS analyses are summarised in Table 4.1.
The names of the signal regions are the same as those used in the respective ATLAS
analyses.

We concentrate here only on signals without leptons in the final state. The primary
reason for this is that we wish to investigate the third generation squark sector in as
model independent a way as possible. Leptonic states generally result from decays
on gauginos into gauge bosons or into sleptons which then decay into leptons. For a
pMSSM study based on leptonic signatures, it would therefore be imperative to also
include a completely general gaugino sector as well as a low-mass slepton sector. Since
adding a completely phenomenological slepton sector meansadding five new parame-
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Figure 4.1: Comparison of our exclusion curves with the ATLASexclusion curves. The
panels represent: 2-jet with 165 pb−1 (top-left), 3-jet with 165 pb−1 (top-right), 4-jet
with 165 pb−1 (bottom-left) and b-jet with 0-leptons with 35 pb−1 (bottom-right). The
true ATLAS curve lies between our LO and NLO contours in all cases.
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ters which complicate the analysis beyond too much, our low-scale analysis deals with
a decoupled sleptonic sector. It is, in principle, possiblethat the limits obtained in the
decoupled slepton limit are diluted when decays into sleptons (and hence leptons) are
possible. We include the possibility of a low-mass slepton sector in section 4.4, where
we use high-scale parametrisation and allow the RG running todetermine the masses in
the slepton sector. However, we shall see that allowing low-mass sleptons do not make
significant difference to the limits for signatures based onjets and missing energy.

We perform our analysis retaining the cMSSM-like gaugino mass patternM1 :M2 :
M3 ≃ 1 : 2 : 6. In general, for most gaugino mass patterns, we expect our results to
remain fairly unchanged since our signal does not depend strongly on particles obtained
from intermediate decays in SUSY cascades. However, we explicitly comment at the
end of the paper on the extreme cases of gaugino mass patternsthat would be likely
yield results drastically different from ours.

It is also possible to ask what fraction of the pMSSM phase space is ruled out by
current data. For the effect of the experimental limits on the full pMSSM space, we
refer the reader to [105]. The effects on the cMSSM parameterspace are addressed in.
for example, [106, 107, 108, 109] whereas other interpretations of the recent LHC data
on SUSY have been discussed in [110, 111, 112, 113].

Channel σ × acc (fb)
2 jets + MET 24
3 jets + MET 30
4 jets + MET (Meff =1 TeV) 32
1 btag +Meff > 500 (3JA) 288
1 btag +Meff > 700 (3JB) 61
2 btag +Meff > 500 (3JC) 78
2 btag +Meff > 700 (3JD) 17

Table 4.1: The values of cross section times acceptance fromATLAS analysis used for
applying exclusion limits. The first set uses 1.0 fb−1 of data whereas the second uses
0.833 fb−1 of data. The names “3JA” etc. are the corresponding signal regions as defined
in [98].

4.2 Parameterisation of the third generation sector

As mentioned earlier, we work in the pMSSM framework where the parameters are
assigned at the low-scale. The program SUSPECT is used to ensure that electroweak
symmetry breaking has correctly taken place and the spectrum is consistent. To start
with, we retain the cMSSM-like gaugino mass ratios, correspond toM1 :M2 :M3 ≃ 1 :
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2 : 6 among the U(1), SU(2) and SU(3) gaugino masses. We discuss the effect of lifting
this assumption in detail in section 4.5. The squark masses of the first two generations
and all the slepton masses are set to 2 TeV which is beyond the reach of the 7 TeV LHC
run. The stop and sbottom sector can each be described by three parameters – the two
mass eigenstates and the mixing angle. We use these as the input parameters for the scan
and use the diagonalisation to determine the left and right handed mass parameters of
the pMSSM. The stop sector requires three parameters — the massesMt̃1 andMt̃2 and
the stop mixing angleθt̃. Using the stop mass-squared matrix diagonalisation condition
(

M2
t̃1

0

0 M2
t̃2

)

= R
(

M2
3Q mtXt

mtXt M2
TR

)

R−1 ; R =

(

cos θt̃ sin θt̃
− sin θt̃ cos θt̃

)

(4.2)

whereXt = At−µ cot β, we can use the low-scale massesMt̃1 ,Mt̃2 andθt̃ as the input
parameters which uniquely determineAt givenµ andtan β. The left handed sbottom
mass is expected to be close to the left handed stop mass sincethey are derived from
the same parameter (M3Q) in the low-scale pMSSM model. The right handed sbottom
mass andAb can then be set depending on the requirement ofMb̃1

,Mb̃2
andθb̃.

Assuming that the third generation squarks and the gluino are the only strongly
charged superparticles accessible at the LHC, we investigate in particular, the following
cases:

• Case A:sinθt̃ = 0.99 i.e. t̃1 ≃ t̃R is the lightest squark. This is commonly the
case in cMSSM models. We also setMb̃1

≃ Mt̃2 ≃ Mb̃2
= Mt̃1 + 500 GeV,

which makes the sbottom sector somewhat heavier than the lighter stop. We scan
the parameter space inM =Mt̃1 .

• Case B:sinθt̃ = 0.01 i.e. t̃1 ≃ tL, ≃ b̃1 ≃ b̃L. The lightest stop and sbottom are
nearly degenerate and mostly left handed.Mt̃2 ≃ Mb̃2

= Mt̃1 + 500 GeV. We
scan the parameter space inM =Mt̃1 =Mb̃1

.

• Case C:̃b1 ≃ b̃R is the lightest squark.Mb̃2
≃ Mt̃1 ≃ Mt̃2 = Mb̃1

+ 500 GeV
with sin θt̃ = 0.70 andsin θb̃ = 0.99. We scan the parameter space inM =Mb̃1

.

• Case D:Mt̃1 ≃ Mb̃1
≃ Mt̃2 ≃ Mb̃2

. This is the case of maximal mixing in both
stop and sbottom sectors. The most stringent limits on the light third family sce-
nario will arise for this particular case, as it allows all four squarks to be produced
with similar cross sections. The scan in this case is over thecommon mass of all
the third generation squarks.

In each case, we are now able to perform a scan over theM − M2 plane, where
M is the mass of̃t1 in cases A, B and D and̃b1 in the case C. The Tevatron reach for
searches in thẽt1 → cχ̃0

1 rule out stop masses up to 180 GeV [114]. We therefore start
our search atMt̃1 = 200 GeV and scan up to 2 TeV. Also, since we assume gaugino
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Parameter Scan range
Mt̃1 100 - 2000 GeV
M2 150 - 600 GeV
tan β 5, 10, 40
µ -200, 200, 500, 1000 GeV

Table 4.2: The parameters of the scan inMt̃1-M2 space.

mass unification, we use the chargino mass limits from Tevatron (Mχ̃+

1
>164 GeV) to

start our scan atM2 = 150 GeV and varyM2 up to a value of 600 GeV which would
correspond to gluino mass of 1.8 TeV and therefore cover the entire range of masses
reachable at the 7 TeV run of the LHC. We fixMA = 400 GeV and perform this scan
for 12 combinations of 3 values oftan β and 4 values ofµ, which are listed in Table
4.2.

4.3 Results

The hierarchy amongM1, M2 andµ determines the composition of the neutralino and
chargino sector and therefore has strong effects on the limits. In particular, for cases
with low values ofµ, the lightest neutralino has a significant higgsino fraction. When
M2 becomes large enough, the statesχ̃0

1 andχ̃+
1 become higgsino dominated and their

masses remain close to the value ofµ. In this case, the masses and compositions ofχ̃0
1,

χ̃+
1 χ̃

0
2 are not affected by changes in the value ofM2, so long it is considerably larger

thanµ. For largeµ, on the other hand, the allowed decays of the squark will depend
strongly onM2 up to very large values. Therefore, we expect that for low squark masses
andµ low with respect toM2, the exclusion contour is relatively insensitive toM2. This
can clearly be seen in figure 4.2 and best illustrated in the fourth panel corresponding
to Case-D. Here, the production cross section is high becauseall four third generation
squarks are degenerate. Moreover, it can clearly be seen that µ = -200 and 200 both
lead to large exclusion inM2 for small masses. The effect is similar also in the panel
corresponding to Case-B. The third panel, corresponding to sbottom being the lightest
shows minimal change with changingµ. This is mostly because the decayb̃1 → bχ̃0

1 is
always open irrespective ofµ due to the small mass of the b-quark. Thus, the sensitivity
to µ is reduced.

To estimate the effect of enhancement due to NLO correctionsin the production
cross section, we present the comparison of LO and NLO curvesfor each case with
tan β = 10 andµ = 500 GeV in Fig. 4.3. The large k-factors (∼ 2.5) in most of the
parameter space result in much stronger limits from the NLO curves. However, taking
note of the results of our cMSSM limits in Section 4.1, where the LO limits are closer
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Figure 4.2: The dependence of the exclusion curves on different values ofµ for
tan β =10. The least dependence is for the case where the sbottom is the lighter squark.
The shaded region at the top in the fourth panel corresponds to stop LSP and is therefore
ruled out. The x-axis refers toMt̃1 for Cases A, B and D andMb̃1

for Case C.

to actual ATLAS limits, we take the conservative approach ofpresenting LO limits for
most of our study.

4.3.1 Case A

This is the case closest to mSUGRA-type models wheret̃1 is the lightest squark. The
primary production processes in this case areg̃g̃ and t̃1t̃∗1. Since our scan starts with
M2 = 150 GeV, i.e. a gluino mass of 450 GeV, the decayg̃ → tt̄χ̃0

1 is always open
and forms the dominant decay mode. In the low mass regions which are probed by the
LHC data, the dominant decay mode of thet̃1 depends on the mass hierarchy oft̃1, χ̃0

1

andχ̃+
1 . Since we are working in R-parity conserving models, we disallow the region

where the lighter stop is the lightest supersymmetric particle (LSP) i.e. the region where
Mt̃1 < Mχ̃0

1
. Following this, the hierarchyMχ̃0

1
< Mt̃1 < Mχ̃+

1
results in the case of
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Figure 4.3: Comparison of LO and NLO exclusion curves for CasesA, B, C and D,
illustrated for valuestan β = 10 andµ = 500 GeV. The x-axis refers to mass of the
lightest third generation quark in each case, as discussed in the text.

stop NLSP (next-to-LSP). The dominant mode ist̃1 → tχ̃0
1 if Mt̃1 > Mt +Mχ̃0

1
. In the

remaining region which satisfiesMt̃1 < Mt +Mχ̃0
1

andMt̃1 < Mb +Mχ̃+

1
, we expect

t̃1 to decay via three-or four-body decays or via the modet̃1 → cχ̃0
1. For this work, we

assume that this last mode dominates over the three or four body decays. Finally, in the
case whereMt̃1 > Mb +Mχ̃+

1
, the decay intobχ̃+

1 is also open. For larger stop masses,
decays into other neutralinos, second chargino or gluino may also open.

The effect of various values oftan β for two values ofµ are shown in Fig. 4.4. The
exclusion curves show minor dependence ontan β. We find that for low values ofµ, low
tan β results in a larger reach inM2 whereas hightan β results in a larger reach inMt̃.
This trend is reversed for large values ofµ, as can be seen in the panel corresponding to
µ = 500 GeV of Fig. 4.4. However, it must be reiterated, that this variation cannot be
considered experimentally significant due to the uncertainties on the exclusion curves
in our analysis.
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Figure 4.4: Exclusion curves for Case-A (stop lightest scenario). The x-axis refers to
the mass of̃t1 squark.

4.3.2 Case B

In this case, thẽt1 andb̃1 form a degenerate pair of lightest squarks. They are both pri-
marily left handed and therefore have an enhanced coupling to wino-like states. Again,
due to the requirement of neutral dark matter candidate, we disallow any region with
stop or sbottom LSP. The decays of the lighter stop are similar to those in case A. The
decay of the lighter sbottom intobχ̃0

1 is almost always allowed and will form the domi-
nant decay for most of the low mass region. In cases of largeµ, whereMχ̃0

2
≃ M2, the

decaỹb1 → bχ̃0
2 will dominate over̃b1 → bχ̃0

1 and similarly for stop decays. The decay
b̃1 → tχ̃+

1 is relatively disfavoured due to large top mass. The gluino decays dominantly
to bb̄χ̃0

1 in the regionMg̃ < Mb̃1
and tobb̃1 otherwise. The decays to corresponding

top-sector are again disfavoured due to large top mass.
The dependence of the exclusion curves ontan β is shown in Fig. 4.5. For the case

of µ = −200 GeV andtan β = 5, we find that̃t1 and b̃1 up to 300 GeV are ruled out
for gluino masses up to 700 GeV. The region just below thet̃1 or b̃1-LSP region is still
allowed, as the near-degeneracy of their mass and the mass ofthe LSP results in a low
missing energy andMeff spectrum which does not satisfy the hardness cuts imposed.

4.3.3 Case C

This case considers the situation where both the stop statesare heavier than the light-
est sbottom state. The primary production processes areg̃g̃ and b̃1b̃∗1. As before, we
disallow the regionMb̃1

< Mχ̃0
1
. The regionMχ̃0

1
< Mb̃1

< Mχ̃+

1
corresponds to a

b̃1-NLSP with the dominant decaỹb1 → bχ̃0
1 . The gluino dominantly decays viabb̄χ̃0

1

in the regionMg̃ < Mb̃1
and tobb̃1 otherwise. This case is the closest to the scenarios

considered by the ATLAS collaboration for the interpretation of their b-jet and missing
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Figure 4.6: Exclusion curves for Case-C (sbottom lightest scenario). The x-axis refers
to the mass of̃b1 squark.
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Figure 4.7: Exclusion curves for Case-D (maximal mixing scenario). The x-axis refers
to the common mass of all the third generation squarks. The shaded region at the top
corresponds to stop LSP and is therefore ruled out.

energy searches [98]. They split their analysis into a case where they disallow any three
body decays of the gluino viãg → bb̄χ̃0

1 and the case of a simplified model where there
are no two-body decays but all decays are via this channel. According to the first case,
they rule out gluino masses up to 720 GeV forb̃1 masses up to 600 GeV [98]. As can be
seen from Fig. 4.6, for̃b1 = 600 GeV, we rule outMg̃ < 570-660 GeV forµ = −200
andMg̃ < 600-660 GeV forµ = 500 GeV.

4.3.4 Case D

In the maximal mixing scenario in both the stop and sbottom sector, all four squarks
of the third generation have nearly degenerate masses. Therefore the production cross
section is maximum for this scenario and the limits are strongest. The decay scheme for
the sbottom is same as in Case B whereas for the stop, it is the same as in Case A. The
gluino can now decay both via stops or sbottoms, but the largemass of the top means
it decays preferentially viabb̃i channels. As expected, lowµ results in large exclusion
in M2 for low squark masses. The dependence of the limits ontan β is shown in Fig.
4.7. The case forµ = −200 GeV (and similarlyµ = 200 GeV) result in an exclusion of
third generation squark masses of 280 GeV for all allowed values ofM2. This case is
similar to the one considered in [91], where, for naturalness requirements they require
t̃R, t̃L andb̃L to be degenerate and assume a Higgsino LSP. Their limits on the mass of
the third generation squarks lie between 200-300 GeV.

The exclusion limits for the case ofµ = 500 GeV does not show any exclusions that
are independent of gaugino (and hence gluino) masses. The third-generation squark
masses are completely un-constrained forMg̃ > 1 TeV. Whereas, the approximate re-
quirement for naturalness thatMt̃1 < 500 GeV would translate intoMg̃ > 600 GeV.
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In conclusion, among the four cases discussed above, only the case with degenerate
third-generation squarks and low-µ leads to mass limits independent of gluino mass
– that of 280 GeV. In most other cases, we find that limits depend strongly on the
composition of the neutralinos and charginos. The case where only t̃1 is accessible is
the least constraining, mainly due to low production cross sections compared to the
other cases. For the case where the LSP is almost a pure Bino (high-µ), Mt̃1 = 200
GeV is ruled out for a gluino mass less than 570 GeV. Taking into account all values of
µ andtan β,Mt̃1 = 200 GeV is ruled out for gluino masses in the range570−720 GeV.

The case of lightest third generation squark beingb̃1 is the most insensitive to vari-
ations of bothµ andtan β. For this case, our limits are consistent with ATLAS’s own
interpretations within 10%.Mb̃1

= 200 GeV is ruled out for gluino masses between
680 − 820 GeV. The case of degenerate left-handed squarks rules outMt̃1 = Mb̃1

=
200 GeV for gluino masses in the range900− 1050 GeV. And finally, the case with all
squarks degenerate rules outMt̃,b̃ = 200 for Mg̃ < 900 GeV in the worst case, and for
all gluino masses in the best case.

4.4 High-scale non-universal scalar scenarios

Besides the low-scale study done in the previous section, it is also possible to perform a
scan over high-scale parameters. The advantage of a high-scale analysis is that the hier-
archy of the particles is uniquely and consistently determined from the renormalisation
group (RG) running of masses to low scale from given high-scale parameters. We use
the simplification afforded by this model to include the effects of sleptonic sector in our
analysis.

It is possible that the limits described in the previous section are diluted if slepton
masses are allowed to be light. This is because the gauginos would then decay predom-
inantly to sleptons resulting in leptonic final states whichwould be discarded since all
the analyses considered here have a lepton veto. Including the full lepton sector in the
low-scale pMSSM requires five more parameters and makes a general study far more
complicated. We therefore leave a fully model independent investigation of interpret-
ing the ATLAS limits involving a low mass slepton sector to a future work. However,
we partially answer the question as to whether the limits arediluted by studying some
illustrative cases, as described below.

Even though the soft-scalar masses may in principle take separate values, the con-
strains from flavour changing neutral currents (FCNC) from meson decays dictate that
the first two generation squarks remain degenerate. Similarly, absence of decays like
µ → γe means that the masses of first two generations of sleptons also have to degen-
erate. Therefore we can consider three schemes of non-universality:

• Case HA: Third generation squarks are lighter than all other sfermions. This will
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Figure 4.8: Comparison of exclusion curves from three high-scale non-universal sce-
narios. All cases agree with each other within statistical uncertainties.

lead to a hierarchy similar to Case A in the preceding analysis.

• Case HB:Third generation squarks and sleptons are lighter than all other sfermions.
This leads to light staus and tau-sneutrinos. Possibly, this would lead tobτ final
states which have been studied in [115].

• Case HC: Third generation squarks and all sleptons are light. Comparing the
limits in this case to those in Case HA will answer the questionof dilution of
limits due to leptonic signatures.

As in the previous analysis, we retain the cMSSM-like gaugino masses. We now
have two mass scales in the scalar sector – the scale of heavy,decoupled particles
(Mheavy = 2 TeV) and the scale of light scalars (Mlight). We once again assume that
the gaugino sector follows the universal structure and we set the higgs mass parame-
ters for the two higgs doublets to be same asMlight. The parameters are all set at the
grand unified theory (GUT) scale and the TeV-scale values aredetermined by RG run-
ning using the program SUSPect. The exclusion curves obtained for the three cases are
shown in Fig. 4.8 for a value oftan β = 10. The results for values oftan β = 5, 40
are similar. We do not see any significant difference among the exclusion curves for the
various high-scale cases. This can be interpreted as the robustness of the 0-lepton sig-
nals against different slepton masses and justifies the assumption of decoupled slepton
masses made in the previous section.
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4.5 Caveat: Non-universality in the gaugino sector

One may also question the assumption of the gaugino mass pattern ofM1 : M2 : M3 ≃
1 : 2 : 6. We can expect the case of right-handed sbottom being the lightest of the third
generation to be fairly independent of the assumption of gaugino mass pattern since
the only dominant decays arẽb1 → bχ̃0

1 and g̃ → bb̄χ̃0
1, and both are always allowed

(except for very compressed spectra). We would expect significant deviations from the
stop limits when, for example, the decayt̃1 → bχ̃+

1 is largely inaccessible because
bothM2 andµ are so high that the charginos are generally heavier than thestop. In
this case, the dominant decay for most of the parameter spacewould bet̃1 → tχ̃0

1. In
the current study, regions where thetχ̃0

1 decay was kinematically disallowed was still
largely covered by thebχ̃+

1 decay, thus leaving only a small region of parameter space
corresponding to the flavour violating decay. However, in the absence of the decay into
a chargino, one would need to examine in detail, the relativestrengths of the (highly
model-dependent) flavour-violating decayt̃1 → cχ̃0

1 and the three-body decay of the
stop. In other cases, where the stop still decays via standard channels, we do not expect
significant deviations from our limits.

4.6 Summary

We have investigated the consequences of the recent ATLAS data in channels with
(b-) jets and missing energy on the limits on the mass of the third generation squarks.
We work in the pMSSM framework, with TeV-scale parameters, without requiring a
high-scale breaking scheme. For obtaining relatively model independent limits on the
third generation squark masses, we decouple the first two squark generations as well as
all sleptons. We also explicitly show that decoupling of sleptons is not likely to affect
the limits as long as we work with 0-lepton signatures. We findthat a stop of mass
200 GeV can be ruled out for a gluino mass of 570 GeV in the leastconstraining case
whereas a stop of mass 500 GeV is allowed for gluino masses upward of 450-880 GeV
depending on the structure of the third-generation squark sector, and the parametersµ
andtan β. In the case where all third generation squarks are degenerate, we can rule out
masses less than 280 GeV for|µ| ≤ 200 GeV, independent of the gluino mass.



CHAPTER

5

R-PARITY VIOLATING RESONANT
TOP SQUARK PRODUCTION

It is better to be alone than in bad company.
– George Washington

In the two previous chapters, we have considered SUSY modelswith conserved
R-parity. The consequence of this is that (a) sparticles are always produced in pairs
— which means we require a larger CM energy to produce them in significantly large
number of events, and (b) the lightest of SUSY particles is always stable — which
makes it a component of dark matter; thus requiring it to be charge-neutral and leads
to signatures with large missing momentum at the LHC. The relaxation of R-parity
requirements would in turn mean that single sparticles can be produced resonantly and
moreover, there would be no stable sparticles and no massive, invisible momentum
carriers. In this chapter, we investigate the detection of top squarks in such a scenario.

The current structure of the standard model, with gauge invariance and renormalis-
ability built in, implies automatic lepton and baryon number conservation. This is no
longer true in the supersymmetric extension of the SM [36, 37], where scalars carrying
baryon or lepton number are present. Thus the MSSM superpotential, namely

WMSSM = hdijQiD
c
jHd + huijQiU

c
jHu + hlijLiE

c
jHd + µHuHd (5.1)
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can in principle be augmented to include

WRPV = µiLiHu + λijkLiLjE
c
k + λ′ijkLiQjD

c
k + λ′′ijkU

c
iD

c
jD

c
k (5.2)

which contain terms that are gauge invariant and renormalisable but explicitly violate
lepton or baryon number. Here, L(E) is anSU(2) doublet (singlet) lepton superfield and
Q (U,D) is (are) anSU(2) doublet (singlet) quark superfield(s).Hu andHd are the two
Higgs doublet superfields,µ is the Higgsino parameter and(i, j, k) are flavour indices.
Each term in equation (5.2) violates R-parity, defined asR = (−1)3(B−L)−2S (where
B is baryon number, L is lepton number and S is spin), against which all SM particles
are even whereas all superpartners are odd. The consequenceof violating R-parity is
that superpartners need not be produced in pairs anymore, and that the lightest super-
particle (LSP) can now decay. The strongest argument for studying R-parity violation
is that it does not arise as an essential symmetry of MSSM. However, the requirement
of suppressing proton decay prompts one to allowonly oneof B and L to be violated at
a time.

The collider phenomenology in the absence of R-parity may be very different from
that of the usual R-parity conserving MSSM. In particular, ifthe R-parity violating
(RPV) couplings are large enough, the LSP will decay within the detector and one can
no longer assume a large missing-ET (from heavy invisible particles) as a convenient
discriminator. Although studies have taken place on such signals, closer looks at them
are often quite relevant in the wake of the LHC. In particular,it is crucial to know the
consequences of broken R-parity in the production of sparticles. Here we perform a
detailed simulation in the context of the LHC, highlighting one possible consequence of
the B-violating term(s), namely, the resonant production ofa squark—in this case, the
stop.

Many of the RPV couplings have been indirectly constrained from various decay
processes, including rare and flavour-violating decays andviolation of weak universal-
ity. The constraints derived are of two general kinds—thoseon individual RPV cou-
plings, assuming the existence of a single RPV term; and thoseon the products of
couplings when at least two terms are present, which contribute to some (usually rare)
process. The constraints obtained so far are well-listed inthe literature[116].

The L-violating terms are relatively well-studied, partlybecause of their potential
role in generating neutrino masses and are constrained by indirect limits. In compar-
ison, the baryon-number violating coupling are relativelyunconstrained.λ′′112,113 are
constrained from double nucleon decay and neutron-antineutron oscillations[117, 118,
119]. The rest of the couplings are constrained only by the requirement that they remain
perturbative till the GUT scale. Limits onλ′′3ij type of couplings due to the ratio of Z-
boson decay widths for hadronic versus leptonic final stateshave been calculated for a
stop mass of 100 GeV [120]. However, the results do not restrict the couplings for high
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stop masses of concern here. The couplingλ′′3jk is thus practically unconstrained for
large stop masses. It is also known that mixing in the quark sector causes generation of
couplings of different flavour structures and can thereforebe constrained by data from
flavour changing neutral currents(FCNC)[121]. Such effects arising from mixing in the
quark and squark sector can affect the contribution of R-parity violation to physical pro-
cess and alter the limits[122]. However these effects are model dependent and have not
been taken into account here.

It has been already noticed that such large values ofλ′′-type couplings as are still al-
lowed, not only cause the LSP to decay, but also lead to resonant production of squarks
via quark fusion at the LHC. The rate of such fusion can in fact far exceed that of the
canonically studied squark-pair production. One would therefore like to know how de-
tectable the resonant process is at the LHC. Furthermore, oneneeds to know the search
limits in different phases of the LHC, and how best to handle the backgrounds, both
from the SM and the R-conserving SUSY processes. These are some of the questions
addressed in this paper.

Single stop production, mostly in the context of the Tevatron, was studied in detail
in [123, 124, 125, 126]. A full one-loop production cross section can be found in [127].
A study of SUSY with the LSP decaying through baryon-number violating couplings
and therefore giving no missing energy was done in [128]. Further studies on deter-
mining the flavour structure of baryon number violating couplings and possible mass
reconstruction following specific decay chains can be foundin [129, 130]. There have
also been recent studies on possible LSPs [131] and identification of R-parity violating
decays of the LSP using jet substructure methods [132]. A recent study on identification
of stop-pair production via top-tagging using jet-substructure can be found in [133].

We find, however, that the earlier studies on resonant stop production are inadequate
in the context of the LHC. We improve upon them in the followingrespects:

• In the work done for the Tevatron, the sparticle masses were required to be less
than 500 GeV to be within reach. Thus, the gluino was also required to be much
lighter than a TeV to avoid large radiative corrections to squark masses. This
implied that in the constrained MSSM (cMSSM) [45] scenario,the LSP, assumed
to be the lightest neutralino (χ̃0

1), had to have mass less than 100 GeV. If we
allow only the term proportional toλ′′3ij, the only three-body decay of̃χ0

1 is χ̃0
1 →

t̄d̄id̄j(tds). Since the neutralino is much lighter than the top, it can decay only via
a 4-body decay and therefore has long lifetime and decays outside the detector
for all allowed values ofλ′′3ij[134]. Thus, one still has the canonical missing-ET

signature. This was one of the main assumptions in[124]. However, if the stop
mass is beyond the Tevatron reach but within the reach of the LHC, we may indeed
have lightest-neutralino mass high enough to allow decay within the detector.

• For a light stop, the only available R-parity conserving decay modes are into the
lightest neutralino(̃χ0

1) and lighter chargino(̃χ+
1 ) i.e. t̃ → tχ̃0

1, bχ̃
+
1 . For stop mass
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near a TeV, the decay modes into higher neutralinos and the heavier chargino
may open up, leading to different final states. We have found that this drastically
improves the detectability of the signature over the SM backgrounds.

• We have taken into account all the potential backgrounds at the LHC, including
those fromtt̄ + jets,Wtt̄ + jets, Ztt̄ + jets, which pose little problem at the
Tevatron. A detailed investigation towards reducing thesebackgrounds has been
reported in the present study.

5.1 Resonant stop production and decays

5.1.1 Stop production

The resonant stop production process depends on B-violatingcouplings proportional
to λ′′3ij, and also on fraction of the right-chiral eigenstate (t̃R) in the mass eigenstate
concerned. The corresponding term in the lagrangian is

L = −2ǫlmnλ′′3ij{t̃Rld̄
c
imPRdjn + h.c.}

= −2ǫlmnλ′′3ij{(sin θt̃ t̃1l + cos θt̃ t̃2l)d̄
c
imPRdjn + h.c.} (5.3)

We concentrate on the production oft̃1 since the lighter stop eigenstate usually has
a higher fraction of̃tR. The resonant production cross section is given by

σt̃1 =
2π sin2 θt̃

3m2
t̃

×
∑

i,j

|λ′′3ij|2
∫

dx1dx2[fi(x1)fj(x2) + fi(x2)fj(x1)]δ(1−
mt̃1√
ŝ
) (5.4)

wheresin θt̃ is the amplitude of finding ãtR in t̃1, fi is the proton parton distribution
function for a parton of speciesi andx(1,2) are the momentum fractions carried by the
respective partons. Out of the three possibleλ′′ couplings, contributions viaλ′′313 and
λ′′323 are suppressed due to the small fraction of b quarks in the proton. We therefore
look at the production of top (anti) squark through the fusion of the d and s (anti)quarks,
via the couplingλ′′312. Since the actual cross section for production of the lightest stop
depends on the mixing angle viasin2 θt̃, it is useful to define the cross section in terms
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Figure 5.1: Production cross section at the LHC for
√
s = 7, 10 and 14 TeV with

λ′′eff = 0.2. The corresponding cross sections for R-conservingt̃1 pair production are
also shown.

of an effective couplingλ′′eff = sin θt̃λ
′′
312.

σt̃1 =
2π

3m2
t̃1

|λ′′eff |2 ×

2

∫

dx1dx2[fd(x1)fs(x2) + fd(x2)fs(x1)

+fd̄(x1)fs̄(x2) + fd̄(x2)fs̄(x1)]δ(1−
mt̃1√
ŝ
)

(5.5)

The production cross section at the LHC with centre-of-massenergies of 7, 10 and
14 TeV is given in Figure 5.1. As an illustration, we have chosen the valueλ′′eff =

0.2 which is consistent with the existing limit onλ′′312. In general, both̃t1 and t̃2 will
be produced. However, due to larger mass and smaller fraction of t̃R , t̃2 is rarely
produced. For comparison, we also present thet̃1-pair production cross-section via
strong interaction. Formt̃1 > 500 GeV, the resonant production dominates over pair-
production forλ′′eff > 0.01 at 14 TeV. Resonant production can therefore hold the key
to heavy stop signals if baryon number is violated.

At next-to-leading order, the production cross section at
√
s = 14 TeV is modified

by a k-factor of about 1.4[127]. The uncertainty due to renormalisation and factorisation
scales at lowest order is about 10% and drops to 5% when NLO corrections are taken
into account.
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Figure 5.2: Lighter stop decay branching fractions in different modes fortan β = 5,
A0 = −1500 (top left) ; tan β = 40, A0 = −1500 (top right) andtan β = 10, A0 = 0
(bottom).λ′′312 = 0.2, µ > 0 andm1/2 = 450 GeV in all cases.

5.1.2 Stop decays and choice of benchmark points

We wish to make our conclusions apply broadly to a general SUSY scenario and to in-
clude all possible final states arising from stop decay. However, the multitude of free
parameters in the MSSM often encourages one to look for some organising principle.
A common practice in this regard is to embed SUSY in high-scale breaking scheme.
Following this practice, we have based our calculation on the minimal supergravity
(mSUGRA) model[135], mainly for illustrating our claims in aless cumbersome man-
ner. The high scale parameters in this model are:m0, the unified scalar parameter,m1/2,
the unified gaugino parameter,sign(µ), whereµ is the Higgsino mass parameter,A0,
the unified trilinear coupling andtan β, the ratio of the two Higgs vacuum expectation
values.
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Although the production cross section of the stop depends only on the mass and
mixing angle of the stop, any strategy developed for seeing the ensuing signals has to
take note of the decay channels. We have tried to make our analysis comprehensive by
including all possible decay chains of the stop. Thus we haveincluded decays intotχ̃0

i ,
bχ̃±

i , tg̃ andds, of whom the first three are R-conserving decays while the lastone is
R-violating. The charginos, neutralinos or the gluino produced out of stop-decay have
their usual cascades until the LSP (hereχ0

1, the lightest neutralino) is reached. Theχ0
1

thereafter undergoes three-body RPV decays driven byλ′′312, to give rise to final states
consisting leptons and jets of various multiplicities.

We observe that for the same values of (m0,m1/2), the mass and branching fractions
of the stop may vary drastically with different values of (tan β,A0). We shall choose
µ > 0 for all the benchmark points as it is favoured by the constraint from the muon
anomalous magnetic moment[136].

Since we explicitly want to study the situation in which the neutralino decays within
the detector, the only available decay mode isχ̃0

1 → tds(t̄d̄s̄). We therefore require that
the neutralino mass be greater than the top mass to allow for athree-body decay. We fix
m1/2 = 450 GeV which givesMχ̃0

1
∼ 180 GeV. We also choose the high scale value of

λ′′312 ∼ 0.065 such that it gives a value of0.2 at the electroweak scale.

Figure 5.2 shows the branching fractions into various final states for three different
choices of(tan β,A0), namely,(5,−1500), (40,−1500) and(10, 0) for different stop
masses, obtained by varyingm0. We notice that, for lowm0, the dominant decay mode
is bχ+

2 in the third case of Figure 5.2, while it istχ0
1 in the first two cases. We also

notice that the decays into higher neutralinos and charginos open up earlier fortan β =
40 and compared totan β = 5. Choosingtan β < 5 does not significantly alter the
decay scheme and therefore we have chosentan β = 5 to be representative of lowtan β
values.

The Tevatron reach for single stop production is about450 GeV. We therefore start
with a benchmark point with stop mass of 500 GeV, just beyond this reach (Point A).
The major decay channels in this case aretχ̃0

1, bχ̃
+
1 . A stop mass of a TeV at the elec-

troweak scale may be obtained by various configurations in the high-scale parameter
space. However, from the above plots, one expects its decaysto change significantly
with different parameters. Our objective is to determine whether signal of resonant
production of a stop of mass near a TeV can be probed irrespective of what the high-
scale parameters are. For this, we fixMt̃1 ∼ 1 TeV. We first look at the case with
A0 = −1500. We construct two benchmark points withtan β = 5(Point B) and 40(Point
C) which represent the opposite ends of the allowed range intan β. We see that for a
stop mass of 1 TeV, the decays into the higgsino-likeχ̃+

2 andχ̃0
3 become dominant goes

to hightan β.

Similarly, we also look at a point withA0 = 0 tan β = 10 (Point D). In this case,
we find that the Higgsino channels open up fairly early and thedominant decay isbχ̃+

2
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followed bytχ̃0
3. As we shall see in the next section, this plays a crucial rolein enhanc-

ing multi-lepton signals of a resonantly produced stop. Finally, since the decay into a
top and a gluino does not open up until much higher stop masses, we also construct one
point in which the stop decays dominantly intotg̃ (Point E).

Points A, B and E correspond to the same value of(tan β,A0) = (5,−1500) and
therefore provide a description of how the signal changes when onlym0 is varied. This
choice of parameters also corresponds to the most conservative case in terms of signal
since the decay modes into the higher gauginos does not open for a large region in the
parameter space. We will therefore use these points to obtain limits onλ′′eff .

We have tabulated the parameters and significant decay modesin Table 5.1. The
benchmark points were generated with RPV renormalisation group running of couplings
and masses using SOFTSUSY 3.0.2[137] and the RPV decays were calculated with the
ISAWIG interface to Isajet[138].

Point (m0, tan β,A0) Mt̃1 sin2 θt̃ Dominant decay modes
A (600,5,-1500) 508 0.88 tχ̃0

1 (0.35);bχ̃+
1 (0.19);d̄s̄ (0.48)

B (1650,5,-1500) 1002 0.97 tχ̃0
1 (0.48);tχ̃0

2 (0.04);bχ̃+
1 (0.10);d̄s̄ (0.38)

C (1570,40,-1500) 1002 0.95 tχ̃0
1 (0.35);tχ̃0

2 (0.05);
bχ̃+

1 (0.12);bχ̃+
2 (0.21);d̄s̄ (0.27)

D (1250,10,0) 1008 0.97 tχ̃0
1 (0.13);tχ̃0

2 (0.04);tχ̃0
3 (0.20);tχ̃0

4 (0.13);
bχ̃+

1 (0.08);bχ̃+
2 (0.33);d̄s̄ (0.10)

E (2450,5,-1500) 1404 0.99 tg̃ (0.39);tχ̃0
1 (0.15);tχ̃0

2 (0.02);tχ̃0
3 (0.08);

tχ̃0
4 (0.07);bχ̃+

1 (0.02);bχ̃+
2 (0.17);d̄s̄ (0.11)

Table 5.1: Benchmark points and the dominant decay modes of the lighter stop.λ′′312 =
0.2, µ > 0 andm1/2 = 450 GeV for all benchmark points.

The decay width of the stop in the R-parity violating channelds depends only on
λ′′eff and the stop mass. Therefore, the branching ratio into this channel for same values
of λ′′eff and stop mass depends only on the decay widths of the other channels open at
the same time. For the benchmarks under consideration,χ̃0

1,2 andχ̃±
1 have large gaugino

fractions whereas̃χ0
3,4 andχ̃±

2 have large higgsino fractions. The large top mass means
that stop coupling to higgsino-like chargino and neutralinos is large. Thus as soon as
these decays become kinematically allowed, they quickly dominate over the decays into
gaugino-like chargino and neutralinos. This can be seen forpoints B, C and D which
have nearly identical stop masses andsin2 θt̃ (λ′′312 = 0.2 at electroweak scale for all
points). Largetan β opens up thebχ̃+

2 mode early in point C as compared to point
B and makes the branching fraction intods for point C much lower. For point D, the
branching fraction into higgsino-like chargino and neutralinos is larger than60% and
the RPV decay fraction is only about10%. The t̃ − t − g̃ coupling comes from strong
interactions and therefore thetg̃ channel dominates whenever it becomes kinematically
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allowed (as in point E).

5.2 Event generation and selection

5.2.1 Event generation

Signal events have been generated using HERWIG 6.510[139], and jets have been
formed using anti-kT algorithm[104] from FastJet 2.4.1. SM backgrounds have been
calculated using Alpgen 2.13[76] showered through Pythia [73] with MLM matching.
We have used CTEQ6L1 parton distribution functions[140]. The renormalisation and
factorisation scales have been set at the lighter stop mass (Mt̃1) for signal, while the
corresponding default options in ALPGEN has been used for the backgrounds.

In R-parity conserving MSSM, the production of two heavy superparticles requires
a large centre-of-mass energy at the parton level. This allows us to further suppress the
SM background by applying cuts on global variables like the “effective mass” (Meff).
Since we no longer have a large missing-ET and the energy scale of the resonant produc-
tion process is not very high, the SM background cannot be suppressed so easily. We
therefore concentrate on leptonic signals with or without b-tags to identify the signal
over the background.

5.2.2 Event selection

Decay of the lighter stop in this scenario can lead to a variety of final states. Out of
them, we have chosen the following ones:

• Same-sign dileptons:SSD

• Same-sign dileptons with one b-tagged jet:SSD + b

• Trileptons:3l

We do not consider the RPV dijet channel as a viable signature due to the enormous
background from QCD processes. Similarly, we also omit opposite-sign dileptons due
to large backgrounds from Drell-Yan,W+W−, tt̄ etc.

We have imposed the following identification requirements on leptons and jets:

• Leptons: A lepton (l) is considered isolated if (a) It is well separated from each
jet (j): ∆Rlj > 0.4, (b) The total hadronic deposit within∆R < 0.35 is less
than10 GeV. We consider only those leptons which fall within|η| < 2.5 with
pT > 10 GeV. Here,∆R =

√

∆η2 +∆φ2 whereη is the pseudo-rapidity andφ
is the azimuthal angle.
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• Jets: Jets have been formed using the anti-kT algorithm with parameterR = 0.7.
We only retain jets withpT > 20 GeV and|η| < 2.5.

• B-tagged jets: A jet is b-tagged with probability of0.5 if a b-hadron with50 <
pT < 100 GeV lies within a cone of0.7 from the jet axis. We have set the identi-
fication efficiency to be zero outside this window, in order tomake our estimates
conservative.

We also apply the following extra cuts on various final statesto enhance the signal over
background:

• Cut 1: Lepton-pT : We demand that thepT of the leptons be greater than(40, 30)
GeV for dilepton and(30, 30, 20) for trilepton channels. This cut removes the
background from semileptonic decays of b quarks. It strongly suppresses the
bb̄+ jets,Wbb̄+ jets andtt̄+ jets background in theSSD-channel coming from
semileptonic b-decays.

• Cut 2: Missing ET : At least one lepton in the signal always comes from the
decay of a W boson and is accompanied by a neutrino. We demand amissing-ET

greater than30 GeV from all events. This helps in reducing the probability of jets
faking leptons. Missing-ET has been defined as|~pT,visible|.

• Cut 3: Jet pT : We demand that the number of jets,nj ≥ 2 with pT (j1) > 100
GeV andpt(j2) > 50.0 GeV forSSD andSSD + b. This cut is useful when high
stop mass is very high and the production cross section is very low.

• Cut 4: Dilepton invariant mass: We also apply a cut on dilepton invariant mass
(Ml1,l2) around Z-mass window (|Ml1,l2 −MZ | < 15.0 GeV) for opposite sign
dileptons of same flavour in trilepton events. This serves tosuppress contribution
fromZbb̄+ jets andWZ + jets background to trileptons.

Due to the Majorana nature of neutralinos,λ′′-type interactions result in equal rates
for tds and t̄d̄s̄-type final states. Therefore, the most promising signals are those in-
volving same-sign dileptons (SSD). This not only applies tõχ0

1 but also to the higher
neutralinos produced in stop decay, whose cascades can giverise to W’s. SSD have
previously been used extensively for studying signals of supersymmetry [141, 142] .
The most copious backgrounds toSSD processes come from the processestt̄ andWbb̄
due to one lepton fromW and another from semileptonic decays of the b-quark. There
is also a potentially large contribution frombb̄ due toB0 − B̄0 oscillations along with
semileptonic decays of both B-mesons. The effect of oscillations is simulated in the
Pythia program. ThepT -cuts on leptons have been selected to minimise the background
from heavy flavour decays [143]. We find that after the isolation andpT cuts on leptons,
Wbb̄ andbb̄ cross sections fall to sub-femtobarn levels.
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We simulate thett̄ + jets background up to two jets. The trilepton channel has
another source of backgrounds inWZ + jets; however, we have checked and found
them to be negligibly small after applying all the cuts. We also generateWtt̄+ jets and
Ztt̄+ jets up to one jet.

It should be mentioned here that the dilepton and trilepton final states can also arise
in the same scenario from the pair-production of superparticles. These include, for
example, pair production of gluinos and electroweak production of chargino-neutralino
pairs. Such contributions have been explicitly shown in theplots in section 4.

We also expect that thepT distribution of thẽt1 becomes significantly harder if the
NLO corrections are taken into account[127]. Our cuts on leptons have been designed
to cut off the background from semileptonic b-decays by requiring thepT to be about
half the mass of theW . Therefore, if only the lepton cuts are used, we do not expecta
decrease in the efficiency of the cuts quoted in the next section.

5.3 Results

We present results usingλ′′312 = 0.2; the predictions for other values of this coupling
can be obtained through scaling arguments. Ifλ′′312 is scaled by a factor ofn then the
production cross section as well as the decay width of the RPV channel scale byn2. All
other decay widths remain unchanged. Iff is the branching fraction of̃t → d̄s̄ before
scaling, then the signal rates in any other channel are scaled by a factor of

Rnew

Rold

=
n2

(n2 − 1)f + 1
(5.6)

5.3.1 Limits at
√
s =14, 10 TeV

The numerical results for various signals corresponding tothe five benchmark points for
LHC running energy

√
s = 14, 10 TeV are presented in Tables 5.2(for theSSD channel),

5.3 (forSSD + b) and 5.4 (for3l).
We can make the following observations from the numerical results:

• The final statesSSD andSSD+ b consistently have substantial event rates at both
14 and 10 TeV. Furthermore, the simultaneous observation ofexcesses in theSSD
andSSD + b channel can serve as definite pointer to the production of a third
generation squark.

• For point A, which is just above the Tevatron reach, we can achieve more than5σ
significance in theSSD channel with just 100 pb−1 data at both 14 and 10 TeV.
For point E, which hasMt̃ = 1500 GeV, we can reach3σ with 1(3) fb−1 and5σ
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SSD 14 TeV 10 TeV
Point Cut 0 Cut 1 Cut 2 Cut 3 Cut 0 Cut 1 Cut 2 Cut 3
A 884.8 496.8 459.4 41.0 540.1 312.7 287.0 15.1
B 64.7 43.7 41.4 19.3 30.6 21.0 19.8 9.6
C 83.0 51.5 49.2 25.8 40.1 25.6 24.6 12.5
D 145.4 71.9 68.9 41.1 65.1 32.3 31.0 19.0
E 29.8 16.5 15.9 13.6 10.7 5.8 5.6 4.6
tt̄+ nj 687.9 26.3 24.7 10.0 307.0 8.7 7.0 3.6
Wtt̄+ nj 17.0 9.2 8.7 5.2 7.6 3.9 3.7 2.0
Ztt̄+ nj 12.7 6.7 6.7 4.1 4.9 2.3 2.2 1.4
Total BG 717.6 42.2 40.1 19.3 319.5 14.9 12.9 7.0

Table 5.2: Effect of cuts on signal and SM background cross sections (infb) in the
SSD channel at

√
s = 14, 10 TeV. Cut 0 refers to all events passing the identification

cuts. Cuts 1-3 are described in the text. The numbers corresponding to best significance
(s/

√
b) of the signal (s) with respect to the background (b) are highlighted in bold.

with 3(9) fb−1 at 14(10) TeV. Therefore, we can conclude that the entire range
from 500-1500 GeV can be successfully probed at the LHC forλ′′312 = 0.2.

• Stops decaying into higher neutralinos and charginos make the total rates dis-
tinctly better. This is governed by Higgsino couplings and is therefore most
prominent for hightan β and lowA0. This effect is evident from the large event
rates for point D. We can successfully probe this point in theSSD channel at5σ
with less than 1fb−1 data at both 10 and 14 TeV runs.

• The trilepton final state occurs when the stop can decay intoχ+
2 , χ0

3,4 or g̃. There-
fore, points A and B show almost no signal and Point D has the largest signal
in this channel. This advantage is largely lost for benchmark point E due to the
kinematic suppression in the stop production process.

• Reach for the LHC: Assuming the conservative case of (tan β = 5, A0 = 0),
with 10 fb−1 luminosity, one can rule outλ

′′

eff greater than 0.007–0.045 (0.007–
0.062) for stop masses between 500 and 1500 GeV at 95 % CL at

√
s = 14 (10)

TeV. A 5σ discovery can be made in the same mass range forλ′′eff greater than
0.012–0.084 (0.012–0.12). However, we observe that the reach in stop mass does
not decrease monotonously with stop mass. The opening of newdecay channels
can improve detection considerably. The statements about minimum value ofλ

′′

eff

that can be probed are therefore dependent on the particulardecays of the stop.
We therefore tabulate the minimum values ofλ

′′

eff for each benchmark point at 10
fb−1 for both 10 and 14 TeV in Table 5.5.
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SSD + b 14 TeV 10 TeV
Point Cut 0 Cut 1 Cut 2 Cut 3 Cut 0 Cut 1 Cut 2 Cut 3
A 243.2 134.7 121.2 14.1 158.7 67.5 61.8 6.6
B 13.8 9.6 9.2 4.7 8.3 6.0 5.6 2.8
C 25.3 15.2 14.6 8.0 12.7 7.8 7.4 4.1
D 47.9 23.9 23.0 15.2 21.2 9.9 9.5 6.3
E 11.3 6.2 6.0 5.3 4.1 2.2 2.1 1.8
tt̄+ nj 173.0 7.6 7.1 2.3 80.9 4.2 1.4 1.3
Wtt̄+ nj 6.7 0.8 0.8 0.6 4.0 2.1 1.9 1.3
Ztt̄+ nj 5.6 2.6 2.6 1.8 2.3 1.1 1.1 0.7
Total 185.3 11.0 10.5 4.7 87.2 7.4 4.4 3.3

Table 5.3: Same as Table 5.2, but for theSSD + b channel.

In Figure 5.3, we present the effective mass distributions in SSD channel for all the
benchmark points. Effective mass is defined as

Meff =
∑

jets

|~pT |+
∑

leptons

|~pT |+ ET/ (5.7)

The contributions from resonant stop production is superposed in the figures on the
SM backgrounds and also RPC superparticle production processes. The RPC contribu-
tions are much smaller and therefore do not provide a seriousbackground to our signals.

5.3.2 Observability at the early run of 7 TeV

The initial LHC run at
√
s = 7 TeV will collect up to1 fb−1 data. It will be difficult to

observe RPV production of a 1 TeV stop at this energy. However,we can make useful
comments for lower stop masses by looking at theSSD channel. We therefore look two
benchmark points with low stop masses: the first is the ‘PointA’ described earlier and
the second is similar to ‘Point D’ (withtan β = 10 andA0 = 0). Since thett̄ back-
grounds are much smaller at 7 TeV, we relax the jet-pT cuts. The high scale parameters,
stop mass at electroweak scale and cut-flow table for signal as well as background are
given in Table 5.6.

We conclude that we can rule out up toλ′′eff = 0.025 at 95% confidence level for
a stop mass of 500 GeV at 7 TeV with1 fb−1 data and a5σ discovery can be made at
stop mass 500 GeV forλ′′eff ≥ 0.043. For the casetan β = 10 andA0 = 0, the lowest
possible theoretically allowed stop mass (withm1/2 = 450 GeV) is 775 GeV and we
can rule out up toλ′′eff = 0.054 with 1 fb−1 data.
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Figure 5.3:Meff distributions at
√
s = 14 TeV. “SM” is the contribution to the back-

ground from Standard Model processes. “SUSY” refers to the contribution from R-
conserving production processes. The inset in each figure contains the distribution for
the signal alone.
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3l 14 TeV 10 TeV
Point Cut 0 Cut 1 Cut 2 Cut 4 Cut 0 Cut 1 Cut 2 Cut 4
A 49.1 2.8 2.8 0.0 18.0 1.1 1.1 0.0
B 2.0 0.6 0.6 0.1 1.1 0.2 0.2 0.0
C 13.7 9.1 9.1 1.1 6.5 3.7 3.7 0.6
D 48.2 29.6 29.0 8.6 24.1 14.5 14.1 4.5
E 9.3 5.7 5.5 3.0 3.4 2.1 2.1 1.2
tt̄+ nj 2.1 0.0 0.0 0.0 1.8 0.0 0.0 0.0
Wtt̄+ nj 4.1 2.5 2.4 1.0 2.2 1.4 1.4 0.6
Ztt̄+ nj 30.8 20.7 19.7 2.7 11.3 7.3 4.7 1.1
Total BG 37.0 23.2 22.1 3.7 15.3 8.7 6.1 1.7

Table 5.4: Effect of cuts on signal and SM background cross sections (infb) in the
trilepton (3l) channel at

√
s = 14, 10 TeV. Cut 0 refers to all events passing the identi-

fication cuts. Cuts 1, 2 and 4 are described in the text. Cut 4 is necessary to eliminate
background fromWZ + jets.

Point 14 TeV 10 TeV
95% CL 3σ 5σ 95 % CL 3σ 5σ

A 0.007 0.009 0.012 0.007 0.009 0.012
B 0.027 0.037 0.052 0.029 0.041 0.059
C 0.026 0.035 0.048 0.028 0.038 0.052
D 0.024 0.032 0.042 0.027 0.036 0.047
E 0.045 0.062 0.084 0.062 0.087 0.12

Table 5.5: Values of minimumλ′′eff that can be ruled out at 95% CL, probed at3σ or 5σ
with 10fb−1 of data at

√
s = 10, 14 for each of the benchmark points. The significance

used iss/
√
b wheres is the signal andb is the background.s/b > 0.2 in all cases.

5.3.3 Differentiating from R-conserving signals

We now address the question whether the signals we suggest can be faked by an R-
parity conserving scenario in some other region(s) of the parameter space. One possible
way that our signal may be mimicked is if a point in the mSUGRA parameter space
(without RPV) gives similar kinematic distributions to any our benchmark points. More
specifically, one may have a peak in the same region for the variableMeff , defined in
equation 5.7.

For each of our benchmark points A-D, anMeff peak in the same region requires
the strongly interacting sparticles to have masses in the range already ruled out by the
Tevatron data[144]. In particular, they require the gluinomassMg̃ < 390 GeV. Thus
the question of faking arises only for benchmark point E, which represents the highest



86

Point (tan β,A0,m0) Mt̃1 Cut 0 Cut 1 Cut 2
A (5,−1500, 600) 508 283.3 158.6 147.5
D′ (10, 0, 100) 775 70.0 33.9 32.0
tt̄+ nj 116.0 3.7 3.5
Wtt̄+ nj 4.3 2.3 2.1
Ztt̄+ nj 1.8 0.9 0.8
Total BG 122.1 6.9 6.4

Table 5.6: The benchmark points for studying RPV stop production and the effect of
cuts on signal and SM background cross sections (infb) in theSSD channel at

√
s = 7

TeV. Cut 0 refers to all events passing the identification cuts. All other cuts are described
in the text, we do not apply Cut 3.

mass where the signals rates are appreciable.

We generate such a point (Point RC) with the parametersm0 = 300, m1/2 = 180,
A0 = 0, tan β = 10, µ > 0 and the resultant sparticle masses for coloured particles are
Mg̃ = 465,Mq̃ ∼ 500 GeV. TheMeff distributions for point E and point RC is shown in
Figure 5.4. We present the following results at 14 TeV as an illustration. Distributions
at 10 TeV are almost identical.

The missingET distribution is also not a good discriminator under such circum-
stances, as can be seen from Figure 5.4. This is because the neutrinos that contribute to
missing-ET in the RPV case are highly boosted due to the large masses of theparticles
produced in the initial hard scattering. Thus, theET spectrum is actually harder for the
RPV case even though the RPC case has a stable massive LSP. However, as the resultant
spectrum is quite light, the RPC production cross section (∼ 40 pb) is about two orders
of magnitude greater than the RPV case withλ′′312 = 0.2 (∼480 fb). Consequently, the
rate of theSSD signals, for example, are much higher in the R-conserving scenario (∼
34 fb) as compared to those from point E (∼ 14 fb). For values ofλ′′312 < 0.2, we can
therefore make a reliable distinction simply based on the number of events expected in
theSSD channel.

Another possible discriminator is the charge asymmetry. IntheSSD channel, one
can look at the ratio of negative to positiveSSD N−−

N++ . The fraction ofds → t̃∗1 is more
than the charge conjugate processd̄s̄ → t̃1 due to the difference in parton distributions
of d andd̄ in the proton. Therefore, one expects extra negative sign leptons than positive
ones. Whereas in the RPC case, since most of theSSD contribution comes from̃gg̃
production, we do not expect a large asymmetry. In our illustration, we see that this
ratio is 2.7 (1.4) for the RPV (RPC) case.
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5.4 Non-̃χ0
1 LSPs

For RPV models, the restriction of having an uncharged LSP no longer exits. A signif-
icant region of the mSUGRA parameter space with lowm0 corresponds to a stau (τ̃ )
LSP. With onlyλ′′312-type couplings present, the stau can only decay via off-shell χ̃0

1 and
t̃ propagators into the four body decay (τ̃ → τtds) if its mass,mτ̃ > mtop or via the
five body decay (̃τ → τbWds) if mτ̃ < mtop where the top propagator is also off-shell.
The four-body decays of the stau in lepton-number violatingscenarios was calculated
in [145]. Since the intermediatẽχ0

1 is of Majorana character, we can always have one
lepton of either sign from LSP decay via theW from an on-shell or off-shell top. Thus,
for various types of̃t decays, the following situations may arise:

• For decays oftχ̃0
i -type, we can still have same-sign dileptons with one lepton

from top decay and the other from the decay of the LSP.

• For decays of typebχ̃±
i with χ±

i → W±χ̃0
1 +X, we haveχ̃0

1 → τ τ̃ and theSSD
come fromW± and LSP decay respectively.

• For decays of the typẽt→ bχ̃+
i with χ̃+

i → ντ τ̃ +X, we may still getSSD from
leptonic decay of theτ in the τ̃ decay. Ifτ -identification is used, final states of
the type same-sign(τ + e/µ) may be considered.

• Since the stau has to decay via four- or five-body processes, it is possible that the
lifetime of the τ̃ is large and it is stable over the length scale of the detector. In
this case, it will leave a charged track like a muon and one canlook at same-sign
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leptons with this “muon” as one of the leptons. It is also possible that the lifetime
is large but the stau still decays within the detector. In this case, a displaced vertex
can be observed in the detector.

We leave the detailed simulation of all scenarios of resonant stop production with stau
LSP to a future study.

Another possibility that arises with a largeλ′′312 is of having a stop LSP. In this case
however, the decay will be almost entirely via the RPVd̄s̄ di-jet channel. The over-
whelmingly large dijet backgrounds at the LHC would most likely make this situation
unobservable.

5.5 Summary

We have performed a detailed analysis of resonant stop production at the LHC, both
for the 10 and 14 TeV runs, for values of the baryon number violating couplingλ′′312
an order of magnitude below the current experimental limit.Benchmark points have
been chosen for this purpose, which start just beyond the reach of the Tevatron and end
close at the LHC search limit. We find that the same-sign dilepton final states, both
with and without a tagged b, are most helpful in identifying the signal. The trilepton
signals can also be sometimes useful, especially when decays of the resonant into higher
neutralinos, the heavier chargino or the gluino open up. At 14(10) TeV, we can probe
stop masses up to 1500 GeV and values ofλ′′eff down to 0.05 (0.06) depending on the
combination of various SUSY parameters. For cases of stop mass below a TeV, the
effective mass distributions can enable us to distinguish between the resonant process
and contributions from R-parity conserving SUSY processes.For higher stop masses,
one has to rely on cross sections or the charge asymmetry.

In conclusion, resonant stop production is a potentially interesting channel to look
for SUSY in its baryon-number violating incarnation. Values of the B-violating cou-
pling(s) more than an order below the current experimental limits can be definitely
probed at the LHC, both at 10 and 14 TeV. If such interactions really exist, our sug-
gested strategy can not only yield detectable event rates but also point towards resonant
production as opposed to pair-production of SUSY particles.



SIGNATURES OF HIGGS





CHAPTER

6

PROBING THE CP-VIOLATING
NATURE OF HWW COUPLINGS

“Because nothing is as perfect as you can imagine it.”
– Chuck Palahniuk

The most well-motivated explanation for electroweak symmetry breaking is the
Higgs mechanism. Although the Higgs boson remains the only unobserved particle
in the Standard Model (SM), there are both experimental and theoretical bounds on
its mass. The LEP bound of114 GeV has now been supplemented with the Tevatron
bounds which rule out Higgs masses between158− 173 GeV [146, 147].

Here we consider the possibility of the Higgs boson existingin the range130 −
150 GeV where the decay width ofH → WW is appreciable. Between the publication
of the original paper containing this research and writing this thesis, LHC data has ruled
out the SM Higgs above 127 GeV at 95% CL [11, 12]. However, the variables defined
here remain useful even in the still allowed mass range with the understanding that a
larger integrated luminosity would be required for a statistically significant observation.
We stress that the magnitudes of the asymmetries defined heredo not change signifi-
cantly with the Higgs mass and the requirement of large luminosity is purely due to the
reduced branching ratio intoWW for a low-mass Higgs which leads to smaller cross
sections for the channels we consider. Moreover, the presence of anomalous couplings
changes the acceptance of cuts in theH → WW channel which is primarily responsible
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for ruling out the region in question and therefore, the results for the SM Higgs cannot
be used without modification.

In such a situation, we wish to probe whether theHWW-coupling is exactly follows
the prescription of the standard model. Such couplings can be probed in the relatively
clean leptonic channels and previous studies forHWW andHZZ couplings at the LHC
can be found in [148, 149, 150, 151, 152, 153, 154]. Many studies for bothHWW and
HZZ anomalous couplings also exist in the context of a futuree+e− collider [155, 156,
157, 158, 159, 160],eγ collider [161] and photon collider [162, 163]. LEP limits on
anomalous Higgs couplings can be found in [164].

The primary production channel at the LHC is through gluon-gluon fusion and
would in principle be the cleanest to probe theHWW vertex. However, the decay
H → W+W− leads to an opposite-sign dilepton signature which is proneto large back-
grounds frompp→ W+W−. This background is generally eliminated by retaining only
relatively collimated leptons with an appropriate cut[165]. However, these cuts are no
longer useful when one wishes to probe the presence of anomalous couplings because
of the difference made by the anomalous couplings in angulardistributions of dilepton
events. We therefore choose to probe the associated production channel instead. A study
for probing the anomalous couplings in the vector-boson fusion channel can be found
in [166]. One could also consider Higgs production viapp → ZH. However, if the
HWW vertex has anomalous couplings, it would be natural to expect theHZZ vertex
to also have such couplings. In that case, one is left to disentangle the interference of
bothHWW andHZZ vertices and this will further complicate the study of theHWW
interaction.

Thus we explore the production of the Higgs viapp → WH, and its subsequent
decay, again through theHWW coupling. The interplay of anomalous coupling in both
the production and decay vertices makes the resulting phenomenology richer and more
complicated, but free from contamination from other effects. The environment of a
hadron collider and the presence of two neutrinos in the finaldecay products makes
the reconstruction of the event and the extraction of a non-standardHWW vertex diffi-
cult. However, as we shall see, there are significant differences in angular distributions
which may point to the presence of anomalous contributions.We will also specifically
address the issue of effect of initial and final state radiation on the variables as this is a
fundamental concern at the LHC.

The paper is organised as follows. In the next section, we acquaint the reader with
the anomalous couplings, and go on to discuss model-independent strategies for probing
the CP-violating anomalous coupling, in a parton level MonteCarlo approach. Our
event selection criteria are also discussed there. Section6.2 contains our numerical
results, including various distributions and asymmetriesrelevant for the analysis. In
section 6.3, we report the results of a study where hadronisation and initial and final
state radiation are included, and try to convince the readerthat these do not alter the
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conclusions of a parton level study in most cases. Our conclusions are presented in
section 6.4.

6.1 The anomalous coupling and its simulation

TheHWW vertex can receive corrections from higher dimensional operators like
(Φ†Φ)
Λ2 WµνW

µν and (Φ†Φ)
Λ2 WµνW̃

µν . The generalHWW vertex may then be written in a
model-independent way asΓµνW

µW νH where:

Γµν =
igMW

2

(

agµν +
b

M2
W

(p1µp2ν + p1νp2µ − (p1 · p2)gµν) +
b̃

M2
W

ǫµνρσp
ρ
1p

σ
2

)

(6.1)
wherep1 andp2 are the momenta of the two gauge bosons. For this study, we assume
a completely phenomenological origin ofb and b̃. The Standard Model vertex then
corresponds tob = 0, b̃ = 0 anda = 1. We particularly wish to investigate the effect
of non-zero values of̃b which would lead toCP -violation. Therefore, we setb to zero
all along. We also include the possibility of a complexb̃, arising out of some absorptive
part in the effective interaction.

6.1.1 Simulation

To investigating the kinematical consequences of the CP-violating anomalous vertex at
the LHC, we first use a parton-level Monte Carlo analysis with leptons in the final state.
In section 6.3, we will show that the results of this simplified analysis are not altered
by showering and hadronisation effects. We factorize the entire matrix element into two
piecespp → Hℓν(ℓ = e, µ)andH → WW ∗ → ℓνf̄f ′[167]. Since the Higgs is a
scalar, we expect that this does not affect the spin correlations. Both matrix elements
have been calculated using Form [168]. For the first part of our study, we perform a
simple smearing of the lepton momenta to approximate detector effects with a Gaussian
distribution of width given byσ(E) = aE + b

√
E, with a = 0.02 andb = 0.051. The

lepton identification efficiency has been assumed to be100%.
We present our calculations for a proton-proton centre-of-mass energy of 14 TeV.

The signal rates are too small at 7 and 8 TeV to be accessible atthe current run with
the projected luminosity. The cross section is calculated using the CTEQ6L1 parton
distribution functions [140] with the renormalisation andfactorisation scales both set at√
ŝ, the subprocess centre-of-mass energy.

The modification of the leading order (LO) decay width in theH → ff̄ ′f̄f ′ channel
has also been calculated and taken into account in each case.We focus on same-sign

1B. Mellado; private communication
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dileptons (SSD), when only one of theWs from the Higgs decays leptonically. It is less
profitable to look into exclusive opposite-sign dilepton because of the large background
from W+W− production. In Higgs searches, this background is generally suppressed
using a cut on the angle between the two leptons — the ones fromW+W− produc-
tion are mostly back-to-back whereas those from Higgs decayare highly collimated.
Since the excess events due to the term proportional tob̃ tend to also increase the angle
between the opposite-sign leptons, we cannot really use this as a criterion for cutting
out the background. We can also look at trilepton states whenboth theWs decay into
leptonic final states but we omit them for this work due to verylow cross sections.

The Tevatron has certain bounds on the cross section of Higgsproduction. The CDF
bounds in theSSD channel with 7.1 fb−1 data on the ratio of the Higgs production
cross section to the SM rate in the electron and muon channelsare 9.63 (4.99) on Higgs
masses of 130 (150) GeV[169]. The combined CDF and DØ results[146] put a much
stronger upper bound on the Higgs cross sections by combining various channels. How-
ever, the anomalous coupling affects only the associatedWH production for which the
bounds are not as strong. We present the results in our paper for a value|b̃| = 0.2 which
satisfies the above CDF bounds.

6.1.2 Backgrounds and Cuts

At the LHC, the largest contribution to the background forSSD comes from semilep-
tonicB-meson decays inbb̄ production where one of theB-mesons oscillates into its
charge conjugate state. It has been well-known for some timethat the isolation cuts
alone are not enough to suppress this background[143] but anadditional cut on the
transverse momentum (pT ) is required. We found that demanding an additionalpT -cuts
along with a cut on missing transverse energy (ET/ ) is very effective for suppressing
this background. We require two isolation cuts on the leptons, viz. the sum ofpT of
all particles within a cone of 0.2 around the lepton should beless than 10 GeV and the
separation from the nearest jet should be less than 0.4. However, these cuts are only
fully relevant after parton showering and hadronisation and therefore will be considered
in detail in section 6.3. Therefore, the set of cuts used for the parton-level analysis are:

1. Lepton rapidity :| η |< 2.5

2. Minimum transverse momenta of the hardest and second hardest leptons :pT (ℓ1) >
40 GeV andpT (ℓ2) > 30 GeV respectively

3. Missing transverse energy:ET/ > 30 GeV

These cuts suppress thebb̄ background completely and reduce the contribution of
Zbb̄, Wbb̄ to very small amounts. Thett̄ background is still in the range of several
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Figure 6.1: The behaviour of the cross section (mH = 150 GeV) in theSSD channel for
different values ofRe(b̃) andIm(b̃) (right) and the final cross section after all the cuts.
Im(b̃) is set to zero in the left panel andRe(b̃) is zero in the right. The dashed line with
label “nocuts” refers to the cross section before any cuts are applied whereas the solid
lines correspond to the cross section after cuts. The signs± refer to the charge of the
SSD.

femtobarns and can be further suppressed using a veto on b-tagged jets and also restrict-
ing the number of hard jets in the final state. Since both thesecuts are dependent on
showering and hadronisation effects, we shall examine themonly in section 6.3.

The effect of cuts forSSD on different values of̃b can be seen in Figure 6.1. We
change only one out ofRe(b̃) andIm(b̃) at a time. ChangingRe(b̃) increase thepT of
the leptons however, this increase is similar for bothRe(b̃) > 0 andRe(b̃) < 0. The
case for non-zeroIm(b̃) however, is different.Im(b̃) < 0 enhances thepT for the lepton
fromW+ whereasIm(b̃) > 0 enhances thepT for the lepton fromW−. This causes an
asymmetry in the cross section after the cuts even though there is no asymmetry to start
with. This is illustrated in Table 6.1 where we present the cut flow table for the SM case
and for Im(b̃) = ±0.2 for both ℓ+ℓ+ andℓ−ℓ− final states. The corresponding cross
sections withRe(b̃) = 0.2 for mH = 150(130) GeV are (7.64)3.49 fb forℓ+ℓ+ and 4.35
(2.08) fb forℓ−ℓ−.

6.2 Numerical Results

After applying the cuts described in the previous sections,we are left with a fairly pure
sample of events. Therefore we shall present the distributions for signal events only.
Since the strength of the cross section for different valuesof the anomalous coupling
are already given in Figure 6.1, we will be presenting only the normalised distributions
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mH 130 GeV 150 GeV
(b̃;±) Cut 1 Cut 2 Cut 3 Cut 1 Cut 2 Cut 3
(0.0;+) 3.80 1.56 1.49 5.97 3.06 2.99
(0.0;−) 3.09 1.11 1.06 4.53 2.08 2.02
(0.2i; +) 7.69 2.81 2.77 13.86 6.21 6.16
(0.2i;−) 5.03 2.44 2.30 8.38 4.97 4.77
(−0.2i; +) 7.15 2.81 2.77 12.87 8.66 8.29
(−0.2i;−) 5.28 1.74 1.71 8.75 3.63 3.59

Table 6.1: The effect of cuts on theSSD cross section for non-zeroIm(b̃); the± signs
refer to the charge of theSSD. The cross sections are infb and are evaluated at

√
s = 14

TeV The cuts are explained in the text.

for the rest of this work. We also present distributions onlyfor Higgs mass (mH) of
150 GeV since the cross section in this case is larger. The distributions formH =
130 GeV are qualitatively similar. The asymmetry distributions are shown for both
Higgs masses and it will be seen thatmH =130 GeV is in fact more sensitive to some
of them.

The first variable of interest is the difference in transverse momenta of the leptons.
The two leptons in theSSD channel are labeled in descending order of theirpT . We
then define∆pT = p

(1)
T −p(2)T . The charge of theSSD points out whether we have aW+

orW− initiated process. Figure 6.2 shows the distribution for bothW±-type processes.
The sign ofRe(b̃) does not affect the hardness of the distribution. Therefore, we show
only one curve corresponding toRe(b̃) = 0.2. However, the difference due to change in
sign ofIm(b̃) is reflected in the two curves corresponding toIm(b̃) = ±0.2.

Next, we consider the distribution in the angle between the two same-sign leptons.
In the absence of any cuts, the distribution peaks atθ = 0, i.e. cos θ = 1. However, the
pT cuts remove nearly all these highly collinear events. The peak for SM curve is shifted
from cos θ = 1 to cos θ ∼ 0.5. Figure 6.3 shows how the distribution changes for non
zeroRe(b̃) andIm(b̃). The effect of the anomalous coupling is to enhance the back-to-
back nature of the distribution. The forward peak is almost completely diminished. A
quantitative measure of this change can be made by measuringthe asymmetry around
cos θ = 0.

We then look at the∆φ distribution, where∆φ is defined asφℓ1−φℓ2 andφ stands for
the azimuthal angle. In this case however, we adopt a different ordering of the leptons.
We wish to identify which lepton is more likely to come from Higgs decay (ℓ2) and
which from the main hard interaction (ℓ1). Since one of theWs from the Higgs decays
into jets, we would expect the lepton from Higgs decay to be closer to at least one of
the jets than the other lepton. We therefore pick the lepton with the smallest distance to
any of the jets asℓ2 and then construct∆φ. Contrary to the previous distributions, this
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the back-to-back nature of the leptons. The left panel showsthe distributions forℓ+ℓ+

whereas the right panel shows theℓ−ℓ−.



98

 0.001

 0.01

 0.1

-3 -2 -1  0  1  2  3

(1
/σ

)d
σ/

d
∆φ

SM

b
~

 = -0.2
b
~

 =  0.2

-3 -2 -1  0  1  2  3

∆φ

SM

b
~

 = -0.2
b
~

 =  0.2
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∆φ distributions formH = 150 GeV. The left panel corresponds toℓ+ℓ+ and the right
to ℓ−ℓ− final states.

distribution is particularly sensitive to the sign ofRe(b̃) but not to the sign ofIm(b̃). The
effect of differentRe(b̃) on bothℓ+ℓ+ andℓ−ℓ− can be seen from Figure 6.4. A non-
zeroIm(b̃) only changes the height of the dip and the distribution is symmetric about
∆φ = 0 whereas flipping the sign ofRe(b̃) flips the distribution as well.

Since the∆φ distribution has a central dip and also shows left-right symmetry for
the standard model case, we can construct two kinds of asymmetries, viz.

ASSD1 =
σ(∆φ > 0)− σ(∆φ < 0)

σ(∆φ > 0) + σ(∆φ < 0)
(6.2)

ASSD2 =
σ(|∆φ| < π/2)− σ(|∆φ| > π/2)

σ(|∆φ| < π/2) + σ(|∆φ| > π/2)
(6.3)

The first is a left-right asymmetry which captures the changein the sign ofRe(b̃)
but remains unaffected byIm(b̃). The effect ofRe(b̃) onASSD1 is shown in Figure 6.5.
The sign of the asymmetry is oppositely correlated to the sign of the coupling. We
also look atASSD2 distribution given in Figure 6.6 which describes how central the∆φ
distribution is. We notice that the effect of bothRe(b̃) andIm(b̃) is similar in this regard.
Therefore ifASSD2 shows a significant deviation from the SM value butASSD1 does not,
it would point to the presence of a non zeroIm(b̃).

For a reasonable estimation at the LHC, we require that the asymmetries be reason-
able separated from the SM value by at least three standard deviations. Using the for-
mula in equation (5), for a value ofRe(b̃) = 0.2 andmH = 150 GeV for ℓ+ℓ+ events,
we find that a luminosity of 30fb−1 gives an asymmetryASSD1 = −0.210 ± 0.065
andASSD2 = −0.886 ± 0.031, both of which are inconsistent with the SM values of
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ASSD1 = −0.002 andASSD2 = −0.786 by the required factor.2 A 5σ difference can be
achieved with 50 fb−1 data. The corresponding3σ measurement formH = 130 GeV
can be done with 50 fb−1 givingASSD1 = −0.222± 0.074 andASSD2 = −0.88± 0.036.
A 5σ measurement would require 140 fb−1.

To complement the∆φ variable which is sensitive to the sign ofRe(b̃), we would
also like to construct a variable that is sensitive to the sign of Im(b̃). We first reconstruct
theW that has decayed into jets and obtain its rapidity,ηW . We then construct∆η =
|η1 − ηW | − |η2 − ηW |. Whereη1,2 are the rapidities of the leptons ordered in the
descending order ofpT . We use the difference fromηW to make the variable invariant
under Lorentz boosts in the beam direction. This variable ismost likely to be modified
after taking into account initial and final state radiation (ISR and FSR) effects as the
number of jets are modified. We shall deal with this concern inSection 6.3.

We also construct a similar variable,∆|η| = |η1| − |η2| which shows sensitivity
to Im(b̃) and is much less sensitive toRe(b̃). It also has the added advantage that one
need not reconstruct the W and therefore can look into inclusive SSD final states and is
therefore expected to be more robust to FSR effects. However, it should be noted that
this variable is not invariant under longitudinal boosts.

The distributions of∆η and∆|η| are shown in Figure 6.7 and 6.8 respectively. In
both the cases, theℓ+ℓ+ final state is particularly sensitive toIm(b̃) < 0 whereas the
ℓ−ℓ− one is sensitive toIm(b̃) > 0. Therefore, we can use these variables to confirm
the presence of a non-zeroIm(b̃) as only one ofℓ+ℓ+ or ℓ−ℓ− will show a significant
deviation from the SM value. The first variable is useful because it shows a larger

2The sensitivities have been calculated usingδA

A
= 2(N−

√

N+
−N

+
√

N−)
(N+)2−(N−)2 .
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asymmetry and can therefore be used with lower luminosity. However, the shift in the
curve is independent of the sign ofIm(b̃). The second variable on the other hand, has
a lower asymmetry but changes sign depending on the sign ofIm(b̃). We also find that
the effect of non-zeroRe(b̃) is much smaller and is un-correlated with the its sign. Here
too, we can construct left-right asymmetries to better parametrise this difference.

ASSD3 =
σ(∆η > 0)− σ(∆η < 0)

σ(∆η > 0) + σ(∆η < 0)
(6.4)

ASSD4 =
σ(∆|η| > 0)− σ(∆|η| < 0)

σ(∆|η| > 0) + σ(∆|η| < 0)
(6.5)

The distribution of the asymmetryASSD3 for different values ofRe(b̃) and Im(b̃)
is shown in Figure 6.9. We can see thatRe(b̃) affects bothℓ+ℓ+ or ℓ−ℓ− symmetri-
cally whereasIm(b̃) shows a very pronounced asymmetry depending on sign. Forℓ+ℓ+

events observed with an integrated luminosity of 30(50) fb−1 and b̃ = −0.2i, we get
an asymmetryASSD3 = 0.288 ± 0.061(0.241 ± 0.070) for mH = 150(130) GeV with
as compared to the SM value of−0.01 (same for both Higgs masses). The distribu-
tion of ASSD4 is shown in Figure 6.10. The left panel shows the dependence on Re(b̃).
The asymmetry distribution is symmetric with respect to itssign but is of opposite sign
for ℓ+ℓ+ andℓ−ℓ− states. The right panel shows the effect ofIm(b̃). We see that in
this case as well, the sign ofIm(b̃) causes pronounced asymmetry in eitherℓ+ℓ+ or
ℓ−ℓ− states. This asymmetry can therefore supplement the conclusions fromASSD3.
For ℓ+ℓ+ states with̃b = −0.2i and 30(50) fb−1 integrated luminosity,ASSD4 takes the
values0.217± 0.062(0.191± 0.071) for mH = 150(130) GeV.



102

 0

 0.1

 0.2

 0.3

 0.4

 0.5

-0.2 -0.1  0  0.1  0.2

A
S

S
D

3

Re(b
~

)

(150,+)
(130,+)
(150,-)
(130,-)

-0.2 -0.1  0  0.1  0.2

Im(b
~

)

(150,+)
(130,+)
(150,-)
(130,-)

Figure 6.9: The asymmetryASSD3 for different values of the anomalous couplings. The
labels indicate the Higgs mass and the sign of theSSD.

-0.3

-0.2

-0.1

 0

 0.1

 0.2

 0.3

-0.2 -0.1  0  0.1  0.2

A
S

S
D

4

Re(b
~

)

(150,+)
(130,+)
(150,-)
(130,-)

-0.2 -0.1  0  0.1  0.2

Im(b
~

)

(150,+)
(130,+)
(150,-)
(130,-)

Figure 6.10: The asymmetryASSD4 for different values of the anomalous couplings.
The labels indicate the Higgs mass and the sign of theSSD.



103

In all we find that the presence of anomalous couplings makes the∆pT distribution
harder and enhances the back-to-back region in thecos θ distribution. Since the reliable
construction of the asymmetries requires accumulation of alarge data set, we first test
the presence of anomalous couplings using these two distributions. We can then use the
three asymmetry variables to for positive and negativeSSD to determine what kind of
anomalous coupling is present. Let the labels(+) and(−) refer to the charge of the
SSD. Then we can conclude the following:

• ASSD1(±) = 0 ⇒ Re(b̃) = 0

• ASSD1(+) 6= 0 ⇒ Re(b̃) 6= 0; sign(Re(b̃)) = −sign(ASSD1(+))

• |ASSD3,SSD4(+)| < |ASSD3,SSD4(−)| ⇒ Im(b̃) > 0

• |ASSD3,SSD4(+)| > |ASSD3,SSD4(−)| ⇒ Im(b̃) < 0

Since the asymmetry variables listed above are not explicitly CP-violating, it is pos-
sible that they might also be affected by the presence of CP-conserving anomalous cou-
pling b. We therefore wish to determine if it is possible to get similar results from a
non-zero value ofb and whether it is possible to distinguish the effect of the two kinds
of couplings.

We perform a similar calculation ofpp→ hℓν andh→ ℓνjj using theHWW vertex
given in equation 6.1 with̃b = 0 instead. The cross section of Higgs production after
includingb is then required to also be within the Tevatron bounds. This corresponds to
a value of|b| ≤ 0.05 which will be used for the rest of this section. We then examine
the three asymmetries defined in the previous section with the same cuts.

We find that the∆φ asymmetryASSD1 and the∆|η|-basedASSD4 are both com-
pletely unaffected by the presence ofb. Therefore, these two together can constitute
robust variables at the LHC for confirming the presence of a CP-violating anomalous
HWW coupling. The second∆φ-based asymmetry,ASSD2 is more negative in the case
of CP-conserving anomalous couplings. However, the difference is small and measur-
ing it with accuracy will require a large luminosity. The∆η-basedASSD3 shows similar
behaviour between non zero valuesb andIm(b̃). We can further discriminate between
b or b̃ type coupling by examining the∆pT distribution which falls off much slower in
the case of the CP conserving coupling. This can set apart the presence ofIm(b̃) quite
distinctly. As an illustration, we present a comparison in Figure 6.11. We find that dif-
ference in the distributions forb > 0(b < 0) is probed best inℓ+ℓ+ (ℓ−ℓ−) channels
irrespective of the sign ofIm(b̃). In both cases, we find the distributions are distinct
enough to allow us to separate the effects from the two couplings.
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Figure 6.11: Comparison of the normalised∆pT distribution between two same-sign
leptons formH = 150 GeV for values ofb and b̃. The left(right) panel corresponds to
ℓ+ℓ+ (ℓ−ℓ−) process.

6.3 Effect of showering and hadronisation

Until now we have been working under the simplified scheme of parton-level Monte-
Carlo analysis. However, initial and final-state radiation play a very important role at the
LHC. In particular the entire partonic system can acquire a transverse momentum due
to recoil from ISR. One therefore needs to examine whether theeffects of showering
destroy the correlations we had examined in the previous section. In this section, we
investigate this in the context of the distributions and asymmetries defined above.

We have started by obtaining unweighted events from the parton-level code, which
are then passed through PYTHIA8[170, 73] using the LHEF file format[171]. PYTHIA8
performs the initial and final state showers and hadronisation after which we use Fast-
Jet 2.4.1 with the anti-kt algorithm[104] with a cone size parameter of 0.4 to form the
jets. Leptons are considered isolated if the sum ofET of particles around the lepton
within a cone of 0.2 is less than 10 GeV and the separation withthe nearest jet is greater
than 0.4. All the variables and asymmetries are defined as before.

As an illustration, we first present the∆φ distributions for aℓ+ℓ+ final state for a
value of b̃ = 0.2 in Figure 6.12. It can be seen that the distribution retains the correct
left-right asymmetry. The∆η distribution forℓ−ℓ− and a value of̃b = 0.2i is shown
in Figure 6.13 and the∆|η| distribution is shown in Figure 6.14. In these cases too, we
see that the distribution is fairly unchanged. Both these distributions can therefore be
thought of as a robust variables for LHC analyses.

We also present the values of the asymmetry variable constructed in the previous
sections in Table 6.2. The variableASSD1 is the most robust as the values change only
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Figure 6.14: Comparison of the∆|η| distribution before and after including ISR and
FSR forℓ−ℓ− final states and a value ofb̃ = 0.2i andmH = 150 GeV for 30 fb−1.

very slightly. The∆η dependentASSD3 still shows an asymmetry based on sign ofIm(b̃)
but the effect is diluted after taking ISR effects into account.

b̃ = 0 b̃ = 0.2 b̃ = −0.2 b̃ = 0.2i b̃ = −0.2i
ASSD1 W+ 0.03(0.00) -0.27(-0.21) 0.19(0.21) 0.08(0.00) -0.07(0.00)

W− -0.08(0.00) 0.27(0.20) -0.19(-0.20) -0.03(0.00) 0.03(0.00)
ASSD2 W+ -0.73(-0.79) -0.82(-0.89) -0.80(-0.87) -0.76(-0.88) -0.77(0.87)

W− -0.61(-0.77) -0.78(-0.86) -0.80(-0.86) -0.78(-0.88) -0.70(-0.83)
ASSD3 W+ 0.05(-0.01) 0.06(0.17) 0.06(0.17) 0.03(0.04) 0.12(0.31)

W− 0.02(-0.03) 0.10(0.15) 0.06(0.15) 0.12(0.29) 0.03(0.02)
ASSD4 W+ -0.01(-0.01) 0.02(0.08) 0.04(0.08) -0.01(-0.01) 0.13(0.22)

W− -0.05(-0.01) -0.08(-0.06) -0.14(-0.06) -0.11(-0.17) -0.03(-0.01)

Table 6.2: Asymmetries after ISR and FSR formH = 150 GeV. The value from parton-
level calculations is given in the parentheses for comparison.

6.4 Conclusions

We have systematically examined the effects of a CP-violating HWW coupling on
Higgs production and decay at the LHC. We probe this coupling via theWH associated
production followed byH → WW ∗ → ℓνf f̄ ′ which gives rise to same-sign dilepton
final states. We take into account the Tevatron limits on the Higgs cross section to re-
strict the values of real and imaginary parts of the anomalous coupling. We find that,
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besides enhancing the production cross section, it also causes significant deviations in
various kinematic correlations between leptons in the finalstate.

We have presented several variables whose distributions show significant deviation
from the standard model case. We also define asymmetries constructed from three of
them, viz.∆φ,∆η and∆|η|, which can show significant deviation from SM predictions.
Trends in the∆pT andcos θ distributions may be used to first ascertain the presence of
an anomalous coupling. The left-right asymmetry in the∆φ, ∆η and∆|η| distributions
can be used to probe its nature in detail. The errors due to statistical and systematic
effects are out of the scope of this current work. However, the reader may refer to [150]
for a detailed analysis.

After imposing cuts required to suppress the SM backgrounds, the asymmetries can
be discerned at the 3(5)σ level at 14 TeV, with an integrated luminosity of 30(50) fb−1

for a Higgs of mass 150 TeV. The asymmetries for a Higgs mass of130 GeV can be
similarly determined at 3(5) sigma with 50(140) fb−1. Its should be noted that our
calculation is done at the leading order, and the inclusion of an appropriate next-to-
leading order K-factor is expected to enhance the signal rates. We also present and
compare various distributions at the parton level and aftershowering and hadronisation.
We find that our conclusions are largely unchanged, even after taking the latter effects
into account.





CHAPTER

7

CONCLUSIONS

In this thesis, we have tried to address two main questions — that of discovering super-
symmetry by looking for third generation squarks and that ofdetermining the nature of
Higgs coupling to W-bosons.

Supersymmetry

Supersymmetry, if present, will be detectable at the LHC viaproduction of coloured
superparticles, viz. the squarks and the gluinos. Since thenaturalness argument requires
only a light stop to stabilize the higgs mass, we concentrateon discoving the third
generation squark sector of the MSSM.

We investigate the signals of supersymmetry in a scenario where only the third fam-
ily squarks and sleptons can be produced at the LHC, in addition to the gluino, charginos
and neutralinos. The final states in such cases are marked by amultiplicity of top and/or
bottom quarks. We study in particular, the case when the stop, sbottom and gluino
masses are near the TeV scale due to which, the final state t’s and b’s are very energetic.
We point out the difficulty in b-tagging and identifying energetic tops and suggest sev-
eral event selection criteria which allow the signals to remain significantly above the
standard model background. We show that such scenarios withgluino mass up to 2 TeV
can be successfully probed at the LHC. Information ontan β can also be obtained by
looking at associated Higgs production in the cascades of accompanying neutralinos.

109



110

We also show that a combined analysis of event rates in the different channels and the
effective mass distribution allows one to differentiate this scenario from the one where
all three sfermion families are accessible.

Next, we present a re-interpretation of the recent ATLAS limits on supersymmetry
in channels with jets (with and without b-tags) and missing energy, in the context of
light third family squarks, while the first two squark families are inaccessible at the
7 TeV run of the LHC. In contrast to interpretations in terms ofthe high-scale based
constrained minimal supersymmetric standard model, we primarily use the low-scale
parametrisation of the phenomenological MSSM, and translate the limits in terms of
physical masses of the third family squarks. Side by side, wealso investigate the limits
in terms of high-scale scalar non-universality, both with and without low-mass sleptons.
Our conclusion is that the limits based on zero-lepton channels are not altered by the
mass-scale of sleptons, and can be considered more or less model-independent.

Finally, we investigate the detectability of R-parity violating resonant production of
a stop, driven by baryon number violating interactions in supersymmetry. We work in
the framework of minimal supergravity models with the lightest neutralino being the
lightest supersymmetric particle which decays within the detector. We look at various
dilepton and trilepton final states, with or without b-tags.A detailed background sim-
ulation is performed, and all possible decay modes of the lighter stop are taken into
account. We find that higher stop masses are sometimes easierto probe, through the
decay of the stop into the third or fourth neutralino and their subsequent cascades. We
also comment on the detectability of such signals during the7 TeV run, where, as ex-
pected, only relatively light stops can be probed. Our conclusion is that the resonant
process may be probed, at both 10 and 14 TeV, with the R-parity violating couplingλ′′312
as low as 0.05, for a stop mass of about 1 TeV. The possibility of distinguishing between
resonant stop production and pair-production is also discussed.

Higgs

The LHC has promising data from its searches for the SM Higgs.However, once a
Higgs-like resonance is discovered, it will be crucial to measure its properties and, in
particular, its couplings to the massive gauge bosons to confirm its identity.

We investigate the possibility of probing an anomalous CP-violating coupling in the
HWW vertex at the LHC. We consider the production of the Higgs inassociation of
a W and then decay via theH → WW channel taking into account the limits on the
Higgs production cross section from the Tevatron. We selectthe same-sign dilepton
final state arising from leptonic decays of two of the three Ws and apply cuts required to
suppress the standard model background. Several kinematical distributions and asym-
metries that can be used to ascertain the presence of a non-zero anomalous coupling are
presented. We find that, for Higgs mass in the range 130-150 GeV and anomalous cou-
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plings allowed by the Tevatron data, these distributions can be studied with an integrated
luminosity of 30-50 fb−1 at the 14 TeV run. For a smaller Higgs mass, a larger luminos-
ity will be needed. Attention is specifically drawn to some asymmetries that enable one
to probe the real and imaginary parts (as well as their signs)of the anomalous coupling,
in a complementary manner. The asymmetries are slightly enhanced for lower Higgs
masses. We also explicitly demonstrate that showering and hadronisation do not affect
the utility of these variables, thus affirming the validity of parton level calculations.
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APPENDIX

A

MSSM IN PYTHIA 8

PYTHIA 8 [170] is a general-purpose Monte Carlo event generator [172] for a full sim-
ulation of high-energy collision events. It includes a comprehensive library of hard-
scattering processes, particle decays, initial- and final-state parton-shower models [173,
174], hadronization through string fragmentation [175] and models of beam remnants
and multiple interactions [176, 177]. It contains a native implementation of a wide va-
riety of SM and BSM processes and also provides a standard interface [171, 178] to
external programs which may be used by a standalone generator.

This appendix describes work [179] done in collaboration with Peter Skands at
CERN as the part of a short-term studentship funded by the project “MCnet” (con-
tract number MRTN-CT-2006-035606). The work was done duringmy tenure as a PhD
student and this appendix details my particular contributions to the code PYTHIA 8.

Supersymmetry is considered one of the best motivated extensions of the SM due to
its ability to address many outstanding theoretical and experimental issues. In particular,
the Minimal Supersymmetric extension of the Standard Model(MSSM) is currently a
popular candidate for a BSM theory. The MSSM extends the SM by the addition of one
pair of SUSY generators which implies the presence of one superpartner to each SM
state. The MSSM particle spectrum therefore has squarks (q̃i), sleptons (̃ℓi) and gaug-
inos (B̃, W̃ i and g̃) as the supersymmetric counterparts of quarks, leptons andgauge
bosons respectively. The requirement of self-consistencyof the theory via anomaly
cancellation also demands two Higgs doublet fieldsHu andHd. Since MSSM has two
Higgs doublets, EWSB leaves us with with five physical Higgs degrees of freedom viz.
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the CP-evenh0 andH0, the CP-oddA0 and two charged Higgs bosonsH±. The super-
partners of the Higgses — the fermionic “Higgsinos” — mix with the gauginos to form
neutralinos and charginos. In particular, the neutral Higgsinos (H̃1 andH̃2) mix with
the neutralU(1) andSU(2) gauginos (̃B andW̃ 3) to form the mass eigenstates called
the neutralinos (̃χ0

i ; i = 1− 4.) Similarly, the charged Higgsino mixes with the charged
SU(2) gaugino to form charginos (χ̃±

i ; i = 1, 2.) The next-to-minimal supersymmetric
extension of the SM (nMSSM) extends this scenario by adding one extra singlet Higgs
field. This adds another member to the neutralinos and the neutralino mixing matrix
is enlarged to5 × 5. The current implementation of PYTHIA 8 includes the nMSSM
extension and allows processes with CP, flavour or R-parity violation.

PYTHIA 8 uses the standard PDG codes for numbering the superpartners [6] and
the particle spectrum is read in via an SLHA file [180, 181]. Weuse the super-CKM
basis (in the conventions of the SLHA2 [181]) for describingthe squark sector which
allows non-minimal flavour violation. The mass-eigenstates of the squarks are then
related to the left- and right-handed squarks via a6 × 6 complex mixing matrix. Our
implementation can therefore be used to study both CP violation and flavour violation
in the squark sector.
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ũ6

















= Ru

















ũL
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(A.1)

The neutralino mixing matrixN is a4×4 (5×5 in the case of nMSSM) mixing ma-
trix describing the transformation of the gauge eigenstatefermions (−iB̃,−iW̃3, H1, H2)
into the mass eigenstates (χ̃0

1, χ̃
0
2, χ̃

0
3, χ̃

0
4). The two chargino mixing matricesU andV

describe the diagonalization of the chargino mass matrix from the gauge eigenstates
(−iW+, H+) to (χ̃+

1 , χ̃
+
2 ). Supplementary conventions for vertices and most of the

cross-section formulae are taken from [182], as detailed below.

A.1 Couplings

PYTHIA 8 reads particle masses and mixing matrices via the SUSY Les Houches Ac-
cord (SLHA2) framework [181]. (Read-in of SLHA1 spectra [180] is also supported,
but mixing the two standards is strongly discouraged, as theinternal translation from
SLHA1 to SLHA2 has only been designed with the original SLHA1in mind.) The
raw data read in by theSusyLesHouches class is accessed by theCoupSUSY class
which uses the information to construct all the SUSY couplings. The couplings are
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defined according to [182] for all cases except for couplingsof superparticles to Higgs
bosons which are defined according to [183].

The running of electroweak and strong couplings is carried over from the corre-
sponding one-loop calculations in the Standard Model. TheGAUGE block can be used
to set the boundary values of all three SM couplings at the SUSY breaking scale.
By default, the masses ofW andZ are assumed to be the pole masses and are used
to calculate the on-shell value ofsin2 θW = 1 − m2

W/m
2
Z . If externally provided

in the SLHA file, the value ofsin θW can be set to the running value using the flag
SUSY:sin2thetaWMode = 2 (see the PYTHIA 8 HTML user reference included
with the code [170]). The ratio of the two Higgs vacuum expectation values (tan β) is
read in from the low scale value provided by theMINPAR andEXTPAR blocks. The
default value of the Higgs mixing angle (αH) is set to the SM limit (β − π/2) which is
then overwritten by the contents of theHMIX block.

Since the SLHA interface has been extended and can now be usedto pass informa-
tion on any new particles and decays [178], the presence of theMODSEL block is used as
an indicator of SUSY models and PYTHIA 8 will initialize theCoupSUSY class only if
this block is present. Skipping theMODSEL block is acceptable for Les Houches Event
files (LHEF) as long as the user supplies an external decay table for all required cascade
decays.

A.2 R-parity violation

The most general MSSM superpotential allows both lepton andbaryon-number violat-
ing processes. This is generally avoided by demanding invariance under an R-parity
defined as(−1)3B−L+2S. From this definition, all SM particles are even whereas all
superpartners are odd under R-parity. A well known consequence of this is that the
Lightest SUSY particle (LSP) must be stable. A neutral, weakly interacting LSP can
therefore be a good candidate for dark matter. However, the imposition of R-parity
can be considered an aesthetic requirement rather than a consistency requirement and
possible R-parity violating interactions, if present, can be probed by collider experi-
ments. We therefore include R-parity violating production and decay processes in our
implementation.

In SLHA conventions, the R-parity violating superpotentialis given by

WRPV = µiHuLi +
1

2
λijkLiLjEk + λ′ijkLiQjDk +

1

2
λ′′ijkU

c
iD

c
jD

c
k (A.2)

Theµ-type terms correspond to bi-linear R-parity violation which causes a mixing be-
tween the leptons and neutralinos/charginos. Theλ andλ′-type terms lead to lepton
number violation whereasλ′′-type terms lead to baryon-number violation. The current
implementation does not include the effects of the bi-linear term. The R-parity violat-
ing couplingsλijk are antisymmetric underi ↔ j. Therefore only couplings fori > j
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are read and the rest are set by the symmetry property. Similarly, λ′′ijk is antisymmetric
underj ↔ k and hence only couplings withj > k need to be provided. This implemen-
tation includes in particular, the resonant production of asquark viaλ′′-type couplings
which can be probed at hadron collider experiments. The changes made to showering
and hadronization to account for the non-standard colour structure from such terms will
be explicitly described in section A.5.

A.3 Cross Sections

The current implementation of SUSY includes all leading-order (LO)2 → 2 production
processes with gluinos, squarks, charginos, and neutralinos in the final state and also
2 → 1 → 2 resonant production of squarks via baryon number violatingcouplings.
All available SUSY processes can be turned on usingSUSY:all = on. Individ-
ual subprocesses can then be selected based on the final stateby settingSUSY:idA
= PDGcode andSUSY:idB = PDGcode. If only idA is provided, all processes
with that particle in the final state are turned on. Alternatively, one or more produc-
tion processes can be turned on using the stringSUSY:processname = on, again
with SUSY:idA andSUSY:idB providing a further level of subprocess selection. The
available subprocess classes are listed in Table A.1.

Subprocess class processname
Chargino and neutralino productionqqbar2chi0chi0,

qqbar2chi+-chi0,
qqbar2chi+chi-.

Gaugino squark production qg2chi0squark,
qg2chi+-squark.

Gluino production gg2gluinogluino,
qqbar2gluinogluino.

Squark-gluino production qg2squarkgluino
Squark-pair production gg2squarkantisquark,

qqbar2squarkantisquark
qq2squarksquark

RPV resonant squark production qq2antisquark

Table A.1: List of SUSY production processes. In all cases, charge conjugate processes
are turned on by default.

The squark-antisquark and squark-squark production processes include contribu-
tions from EW diagrams and their interferences. To estimatethe size of these con-
tributions, and/or for purposes of comparison to other codes that do not include them,
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the cross sections can be restricted to include only the strong-interaction contributions,
using the following flags:

• qqbar2squarkantisquark:onlyQCD = true.

• qq2squarksquark:onlyQCD = true.

The baryon number violating couplingλ′′ijk if present, can induce resonant squark
production via the processdjdk → ũ∗i which produces a resonant up-type antisquark or
via uidj → d̃∗k or uidk → d̃∗j which produce a down-type antisquark. The expression for
an up-type squark production process is

σũ∗
i

=
2π

3m2
i

∑

jk

∑

i′

|λ′′

i′jk(R
u)ii′ |2 (A.3)

The expression for down-type squarks is similar, taking into account the symmetry
propertyλ′′ijk = −λ′′ikj. We implement this production process asqq2antisquark
and the charge conjugate process (q̄iq̄j → q̃k) is included by default.

The supersymmetric Higgs sector is identical in many ways tothe Two-Higgs Dou-
blet Model. The Higgs production processes have already been implemented in PYTHIA 8
in theSigmaHiggs class. The production of the Higgs bosons can be accessed by in-
cluding the switchHiggsBSM:all=on. For specific Higgs processes, please refer to
the HTML user reference included with the code [170].

A.4 Sparticle Decays

SUSY Particle decays are handled by the classSUSYResonanceWidths. The user
can choose to read in decay tables via SLHA or use the decay widths calculated by
PYTHIA . As a default, PYTHIA does not calculate the decay width if a table is exter-
nally supplied. Note, however, that while PYTHIA ’s internal treatment can include so-
phistications such as matrix-element-based phase-space weighting and running widths,
channels read in from an SLHA decay table will be decayed purely according to phase
space, with no matrix-element weighting. The internal treatment should therefore be
preferable, in most cases, and an option for overriding the automatic read-in of decay
tables is provided, by setting the flagSLHA:useDecayTable = false.

The decay of a particular particle may be turned off manuallyusing the standard
PYTHIA 8 structurePDGcode:mayDecay = false or by setting its width to zero in
the SLHA decay table. In the former case, the particle will still be distributed according
to a Breit-Wigner distribution with non-zero width, whereasit will always be assigned
its pole mass in the latter.
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Individual decay modes may be switched on/off using the standard PYTHIA 8 meth-
ods, documented in the section on “The Particle Data Scheme”in the program’s HTML
documentation [170].

The internal treatment of 2-body decays is so far restrictedto on-shell particles. A
mechanism for effectively generating 3-body decays via sequences of1 → 2 decays
involving off-shell particles is foreseen as an update in the near future (and will be
announced in the PYTHIA 8 update notes). An equivalent mechanism is already imple-
mented in PYTHIA 8, e.g., forh→ ZZ decays for light Higgs bosons.

Currently the following R-parity conserving two-body decaysare implemented:

• g̃ → q̃iqj

• χ̃0
i → q̃iqj, l̃ilj, χ̃0

jZ, χ̃+
j W

−

• χ̃+
i → q̃iqj, l̃ilj, χ̃

+
j Z, χ̃0

jW
+

• q̃i → qjχ̃
0
k, qjχ̃

+
k , q̃jZ, q̃jW+

Besides these, we also include two-body R-parity violating decays of squarks viaλ′

(q̃ → lq′) andλ′′-type couplings (̃q → q′q′′). We also include the three-body decays
of neutralinos throughλ′′-type couplings via an intermediate squark [184]. For certain
final states in three body decays, partial decay via sequential two-body decays may also
be kinematically allowed. In this case, we demand that only the off-shell components
of the matrix element-squared are allowed to contribute to the three-body decay width.
Any interferences between the off-shell and on-shell components are also turned off.
The two-body sequential decays then proceed as normal.

The Higgs boson running widths are calculated in the associated classesResonanceH
for CP even (h0, H0) and the CP odd (A0) Higgses, andResonanceHchg for charged
Higgses(H±). By default, the Higgs decay tables are not overwritten evenif they are
read via SLHA because PYTHIA 8 performs a more accurate phase space calculation
than the flat weighting that is performed for decay widths read in via SLHA. The de-
cays of Higgses into SUSY particles will be included in a future update.

A.5 Showers in R-parity violating case

In this section, we describe PYTHIA ’s treatment of QCD radiation in topologies con-
taining colour-epsilon tensors which occurs specifically in the baryon number violat-
ing terms of the R-parity violating MSSM. For colour topologies involving the epsilon
tensor in colour space (i.e., colour topologies with non-zero baryon number) we first
consider the example of̃t→ q̄q̄ in the RPV-MSSM model.
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Figure A.1: Gluon emission from RPV vertices withǫ-tensor.

The Lagrangian for the UDD-type interaction terms is

L = −λ′′ijkǫlmn
(

ũlRi(d̄
c)mj PRd

n
k + d̃mRj(ū

c)liPRd
n
k + d̃nRk(ū

c)liPRd
n
k + h.c.

)

(A.4)

To extract the behaviour of the radiation function, we look at the ratio of exact
matrix element for̃tR(p1) → d̄(p2)s̄(p3) + g(q) via λ′′312 to the matrix element for
t̃R(p1) → d̄(p̂2)s̄(p̂3) and retaining only the parts that are soft- or collinear-singular (i.e.,
which diverge for one or moreq · pi → 0). Since momentum is explicitly conserved in
the shower branching process, the pre- and post-emission momenta must be related by

p1 = p̂2 + p̂3 = p2 + p3 + q , (A.5)

with p21 = m2
1 the invariant mass of the decaying squark.

The Born-level matrix element squared is given by:

M0 = |λ′′312|2 (Nc − 1)! (p̂2 · p̂3) (A.6)

Three diagrams (shown in Fig A.1) contribute to the process where one gluon is
emitted from this configuration. The matrix element corresponding to this process i.e.
t̃R(p1) → d̄(p2)s̄(p3)g(q) is denoted byM1 and, for massless decay products (p22 =
p23 = 0), is given by

|M1|2 = 2g2|λ′′312|2(Nc − 1)! CF ×
{[

(p2 · p3)
Nc − 1

(

p1 · p2
(p1 · q)(p2 · q)

+
p1 · p3

(p1 · q)(p3 · q)
+

p2 · p3
(p2 · q)(p3 · q)

)

+
p2 · q
p3 · q

+
p3 · q
p2 · q

]

+
1

Nc − 1

(

p2 · p3
p2 · q

+
p2 · p3
p3 · q

+
2m2

1

p1 · q
− 2

)

+
p2 · p3
(p1 · q)2

[m2
1 − p1 · q]

}

(A.7)

= 2g2|λ′′312|2(Nc − 1)! CF ×
{[

ŝ

(Nc − 1)

(

p1 · p2
(p1 · q)(p2 · q)

+
p1 · p3

(p1 · q)(p3 · q)
+

p2 · p3
(p2 · q)(p3 · q)

)

+
p2 · q
p3 · q

+
p3 · q
p2 · q

]

+
1

Nc − 1

(

2m2
1

p1 · q
− p2 · p3

p2 · q
− p2 · p3

p3 · q
− 4

)

+
p2 · p3
(p1 · q)2

[m2
1 − p1 · q]

}

. (A.8)
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The ratio of the two squared matrix elements at leading-Nc is then given by:

|M1|2
|M0|2

= 8παsCF

[

1

(Nc − 1)

(

p1 · p2
(p1 · q)(p2 · q)

+
p1 · p3

(p1 · q)(p3 · q)
+

p2 · p3
(p2 · q)(p3 · q)

)

+
m2

1

(p1 · q)2
+

1

m2
1

(

p2 · q
p3 · q

+
p3 · q
p2 · q

)]

+ non-singular terms (A.9)

The antenna pattern represented by this formula can be characterized as follows:
the terms on the first line represent three soft-eikonal dipole factors (one for each of
the three possible two-particle combinations) and a mass-squared term for the decaying
particle. The factor1/(Nc − 1) in front of the dipole factors implies that the normaliza-
tion of each of these eikonals is half as large as that of the eikonal term in an ordinary
qq̄ antenna, see, e.g., [185, 186, 187]. These four terms agree with the expression in
[184, 188] and correspond to the expression used to generateradiation for this type of
colour topology in HERWIG [189]. (Note that, in the HERWIG implementation, the pat-
tern is generated using ordinary full-strength radiation functions, by selecting randomly
between each two-particle combination, thereby reproducing the full pattern when sum-
ming over events [184, 188].)

The two terms on the last line of A.9 correspond to additionalpurely collinear sin-
gularities for each of the quarks. The factor1/(Nc − 1) is here absent; the collinear
singularities have the same strength as those of an ordinaryqq̄ antenna. The terms la-
belled “non-singular” are process-dependent and finite in all soft and collinear limits.

Using momentum conservation, we may rewrite the antenna pattern above to only
contain the final-state particle momenta,

p1 · p2
(p1 · q)(p2 · q)

+
p1 · p3

(p1 · q)(p3 · q)
=

p2 · p3
(p2 · q)(p3 · q)

+
2

p1 · q
(A.10)

This reduces the eikonal part of expression to an antenna between the two final-state
quarks

|M1|2
|M0|2

= 8παsCF

[

2

(Nc − 1)

(

p2 · p3
(p2 · q)(p3 · q)

+
1

p1 · q

)

+
1

m2
1

(

p2 · q
p3 · q

+
p3 · q
p2 · q

)

+
m2

1

(p1 · q)2
]

(A.11)

The eikonal and the collinear terms here correspond exactlyto the standard radiation
pattern from aqq̄ dipole with an extra term ofO( 1

Nc
). For the present work, we therefore

approximate the radiation pattern by retaining a standard-strength dipole between the
two quarks. Usingsij = 2pi · pj, the final expression used in our implementation is:

|M1|2
|M0|2

= 8παsCF

(

2s23
s2qs3q

+
s2q
ss3q

+
s3q
ss2q

)

(A.12)
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The implementation of the additional terms could then subsequently be incorporated
into PYTHIA 8 as a matrix-element correction [190, 191], presumably mostly relevant
if B-violating processes should indeed be observed in nature.

A.6 Validation

To summarise, we present here, some validations performed on the code. All val-
idations have been performed using point SPS1a (cMSSM parametersm0 = 250,
m1/2 = 100,A0 = 0,µ > 0 andtan β = 10). However, since the masses and mixings of
superparticles at low scale depend on renormalization group running, we the complete
list of masses and mixing matrices used in our validations isgiven in Table A.3. The
spectrum was generated using SoftSUSY 2.0.5 [192].

The validated cross sections for point SPS1a are presented in Table A.2. All spar-
ticle decays are turned off. The non-default parameters used were chosen mostly for
simplicity, and to enable direct comparison with both the PYTHIA 6 [193, 73] and
XSUSY [182] implementations:

PDF:pSet = 8 (CTEQ6L1)
SigmaProcess:factorscale2 = 4 (

√
ŝ)

SigmaProcess:renormScale2 = 4 (
√
ŝ)

SigmaProcess:alphaSvalue = 0.1265
SigmaProcess:alphaSorder = 1
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Process Cross Section (fb)

gg2squarkantisquark d̃Ld̃
∗
L ũLũ

∗
L s̃Ls̃

∗
L b̃1b̃

∗
1 t̃1t̃

∗
1

95.1 103.1 95.1 179.2 780.2

qqbar2squarkantisquark d̃Ld̃
∗
L ũLũ

∗
L d̃Lũ

∗
L s̃Ls̃

∗
L b̃1b̃

∗
1 t̃1t̃

∗
1

59.9 89.6 64.6 30.8 48.7 154.3
onlyQCD 63.9 97.4 87.6 30.7 48.3 153.5

qq2squarksquark d̃Ld̃L ũLũL d̃LũL s̃Ls̃L b̃1b̃1
130 459 765 5.11 1.06

onlyQCD 106 374 523 4.08 0.83

qg2squarkgluino g̃d̃L g̃ũL g̃s̃L g̃c̃L g̃b̃1
2.01 4.34 0.345 0.197 0.163

gg2gluinogluino g̃g̃
0.142

qqbar2gluinogluino g̃g̃
2.97

Table A.2: Cross sections for various SUSY processes using PYTHIA 8
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PDG code Mass (GeV) Mixing
g̃

1000021 607.714

χ̃0
i B̃ W̃3 H̃1 H̃2

1000022 96.688 0.986 -0.053 0.146 -0.053
1000023 181.088 0.099 0.945 -0.270 0.156
1000025 -363.756 -0.060 0.088 0.696 0.710
1000035 381.729 -0.117 0.311 0.649 -0.684

χ̃+
i U V

W̃ H̃ W̃ H̃
1000024 181.696 0.917 -0.399 0.973 -0.233
1000037 379.939 0.399 0.917 0.233 0.973

d̃ d̃L s̃L b̃L d̃R s̃R b̃R
1000001 568.441 1.000 0.000 0.000 0.000 0.000 0.000
1000003 568.441 0.000 1.000 0.000 0.000 0.000 0.000
1000005 513.065 0.000 0.000 0.939 0.000 0.000 0.345
2000001 545.228 0.000 0.000 0.000 1.000 0.000 0.000
2000003 545.228 0.000 0.000 0.000 0.000 1.000 0.000
2000005 543.727 0.000 0.000 -0.345 0.000 0.000 0.939

ũ ũL c̃L t̃L ũR c̃R t̃R
1000002 561.119 1.000 0.000 0.000 0.000 0.000 0.000
1000004 561.119 0.000 1.000 0.000 0.000 0.000 0.000
1000006 399.668 0.000 0.000 0.554 0.000 0.000 0.833
2000002 549.259 0.000 0.000 0.000 1.000 0.000 0.000
2000004 549.259 0.000 0.000 0.000 0.000 1.000 0.000
2000006 585.786 0.000 0.000 0.833 0.000 0.000 -0.554

ẽ ẽL µ̃L τ̃L ẽR µ̃R τ̃R
1000011 202.916 1.000 0.000 0.000 0.000 0.000 0.000
1000013 202.916 0.000 1.000 0.000 0.000 0.000 0.000
1000015 134.491 0.000 0.000 0.282 0.000 0.000 0.959
2000011 144.103 0.000 0.000 0.000 1.000 0.000 0.000
2000013 144.103 0.000 0.000 0.000 0.000 1.000 0.000
2000015 206.868 0.000 0.000 0.959 0.000 0.000 -0.282

ν̃ ν̃e ν̃µ ν̃τ
1000012 185.258 1.000 0.000 0.000
1000014 185.258 0.000 1.000 0.000
1000016 184.708 0.000 0.000 1.000

Table A.3: Masses and mixing matrices corresponding to SPS1a calculated using Soft-
Susy 2.0.5
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