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SYNOPSIS

This PhD thesis focusses on phenomenological studies ahréssis two questions.
First, that of looking for Supersymmetry (SUSY) by detegtsguarks of the third gen-
eration (in theories both with and without R-parity). The ldeon of Higgs mass sta-
bilisation is solved in theories with SUSY by the cancetiatdf the corrections to the
Higgs mass from the top and stop (top- squark) loops. To aueédtuning, we would
require stop mass to be within a TeV, and hence, we exped stdpe produced at the
LHC. Search for top-squarks is therefore a robust way to keaydor Supersymmetry.

Secondly, | address the question of determining Higgs @ogplto gauge bosons.
Assuming that a Higgs-like resonance is observed at the LECnéxt step will be to
confirm whether it indeed corresponds to the Standard M&M) Higgs. For this, one
needs to measure its couplings to gauge bosons since itaghedrthe structure of the
underlying theory will be reflected. | propose a solutionhe tjuestion of measuring
any anomalous contributions to the HWW vertex and to pinpisn€P property.

Signatures of squarks of the third family

The primary SUSY searches hinge on signatures with jets assimg energy which
are tailored to look for squarks of the first two generatiams the gluino (which decays
into light-quark jets if these squarks are not very heavyie Timits from these searches
are then translated to limits on stop mass using a high-soatkel like the cMSSM.
We address the question of how to detect the stop in the frankewhere the first
two generations are very heavy (and therefore inacce¥dileising a non-universal
scalar sector. In light of recent data from LHC experimentsyeinterpret the 1.04 fij
data in jets+MET channel and 0.83 fbdata in b-jets+MET channel from ATLAS to
determine the limits on masses of third family squarks . Besitlis, we have worked

Xvii



Xviii

on determining the best signatures for discovery if the stoghgluino masses are near
the limit of LHC reach. We perform a detailed background satian using A.PGEN
and find that channels with b-tagged jets and channels wighdign 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 SUS¥ nbt a consistency
requirement. Therefore, putting limits on R-parity viotaicouplings by explicitly
searching for signatures is a valid mode of determining teine of BSM physics.
Many of these couplings are strongly constrained by observaf meson decays,
EDMs etc. However, the baryon number violating UDD-type mings, A%, is al-
most entirely unconstrained. Such a coupling would resutesonant production of a
stop which could dominate over the pair-production crossice. We study this par-
ticular case for various possible stop decays using Herviidd® simulating the signal
and ALPGEN for the background. Due to the Majorana nature of the nentrathe
like-sign top final state occurs 50% of the time and hence;diign dilepton signature
is a powerful discriminator. We find that we can better the@ntrlimit on \%,, 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 wetistliin the case of the
HZZ coupling because the Z boson can be cleanly reconsttiictiés leptonic decay
mode. However, it is a difficult problem in the case of the HWWimling since (a)
the event is not fully reconstructible due to the presencevofneutrinos in the final
state, and because (b) the opposite-sign dilepton chamaseh farge SM background.
We show that the best production channel to observe thigwémtnotgg — h but
qq — Wh followed byh — WW . We develop certain asymmetry variables that are
capable of determining the CP violating nature of the anoostmuplings and also
explicitly show that they are largely unaffected by init&hte radiation effects. This
project involved the use of form to calculate exact matrengknts for both production
and decay, writing our own parton-level event generatoriatetfacing it to Pythia 8
using the Les Houches Event File (LHEF) format for showeend hadronisation.

Implementation of SUSY in Pythia 8

Part of my PhD was spent in working on the generater#HiA 8 as an ‘Early Stage
Researcher’ working with the Marie Curie Network ‘MCnet'Y®HIA 8 is a general



XiX

purpose Monte-Carlo Generator written in C++ and is capablgmitilating various
SM and BSM processes. My work on Pythia 8 consists of implemgiihe production
and decay of SUSY particles. | started by generalising thglaog structure so that
any BSM couplings can be implemented as an add on to the Sthktiatel couplings.
Following this, all the production cross sections — glupe¥, squark-pair, squark-
gluino, gaugino-pair, squark-gaugino and R-parity violgtiesonant squark production
— were encoded. | also implemented the two body decays oft#i\Sparticles, the
R-parity violating decays of squarks and the R-parity violgtihree- body decay of the
neutralinos (via UDD coupling). The implementation is #aalie for use in the current
public release (version 8.160) ofrPHIA 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. Thatfeptly alright; it's the
aperture to finding out what'’s right. Science is a self-cotirag process. To be
accepted, new ideas must survive the most rigorous stasddelidence and

scrutiny.”
— Carl Sagan, Cosmos

The full theoretical framework describing the fundamewtastituents of the uni-
verse and their interactions is called the “Standard Mod#&i’the description of the
micro-world, it refers to a gauge-theoretic descriptiorthad strong, weak and electro
magnetic interactions of elementary particles. Complearépt the Standard Model
of Cosmology encapsulates the current knowledge of gramiailt interactions (at a
classical level) described by the General Theory of Retgtwith the addition of a cos-
mological constant term. These two together representxperinentally established
pillars of current fundamental science. This thesis deatls thie Standard Model of
particle physics (hereafter refered to as the SM), it's ®loonings, and some proposals
of probing new physics beyond the SM.

Although the field of modern particle physics can be saidda stith the discovery
of the electron in 1897, the confirmation of the gauge-thézaledescription came only
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in 1983, with the discovery of the W and Z bosons at CERNhe gauge sector of
the SM consists of two massless bosons — the glydmaid the photony(), and two
massive bosons — tH& and”Z. Besides the gauge sector of the SM, there is also arich
fermionic sector containing six leptons , 7, v., v, v;) and six quarksd, v, s, c, b,

t). All fermions are now known to be massive, with neutrino sessof the order of eV
and the heaviest being the top quark with at mass of about £¥2 This completes the
known particle spectrum of the SM. The massive gauge boHoréd Z are believed

to get their mass due to the Higgs mechanism which would adptyithe existence of a
massive, neutral scalar boson, commonly called the Higgerb) 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 componefitse Lagrangian can be
written as

L= Lmatter + EQCD + Egauge + £electro—weak + EHiggs + EYukawa (11)

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

Loatrer = 3 Jiliy"0u —ma)fi (1.2)

i=fermions

The first gauge group we consider3%/(3).. All the quarks are charged under
colour and both left- and right-handed quarks have the satagaction strength. In the
following expressiong; is the coupling strengtlty; are the gluong;" are the generators
of SU(3). andG¥,, is the field strength tensor.

1
Lqocp = —ZGZVGG’W—QS Z "t G, (1.3)

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

The most complicated part of the SM is the weak sector. Theaauroup is
SU(2)r x U(1)y which is broken spontaneously to the electromagnetic gaugep
U(1)gm. The particular complexity of the SM arises from this sectbirstly, after
the symmetry is broken spontaneously, the correspondingeghosons are massive.

1The history of experimental confirmations of the SM can batbe.g. in [1].



The Higgs mechanism believed to be responsible for this inenon is outlined be-
low. (Moreover, the same Higgs field that gives masses to dlge bosons also gives
masses to the chiral fermions.) Secondly, the subscriptédotes the fact the only the
left-handed fermions are charged under 8ii§2) group. This leads to explicit parity
violation in the standard model. The pure gauge-theoretitgf theSU(2);, x U(1)y
sector is given by:

1 1
Loange = _ZW"”WW — ZBWBW (1.4

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

1
‘CHiggs = §DM¢TDM¢ + M2¢T¢ - )‘(¢T¢)2 (15)

Where the covariant derivativé), = 9, — igW.7* —ig'B,,.
The general field can be re-written as follows

o= (510 ) =105 (v i) o

whereU (z) is a generabU(2) gauge transformation andis the vacuum expectation
value of the fieldy obtained by minimising the potentiabU(2) being a 3-parameter
group, the three degrees of freedom removed from the scaldilet can be contained
in U(x). Thus, it is possible to work in a gauge, called the “unitaayige”, where
the only non-zero component of the higgs doublet corresptmd neutral scalar field.
Working in the unitary gauge and substituting the formgoito Ly, gives us the
mass eigenstates of the gauge bosons:

4 - (W, +gB.) g (W3 — g By) 17)
SN |
Wt £ iWw?
Wi = (1.8)
The masses df’* andZ are given by
v v
mw =955 mz = (Vg +9%);5 (1.9)



whereas the photon is massless. The raiidy, = \/% defines the Weinberg
g r+g
mixing angledy, . In the unitary gauge, the full Higgs sector Lagrangian thecomes:

1 1
Lhiges = 50.h0"h — (*h? — \vh? — Z/\h‘*
+m{2/[/W:W_'u‘ —+ m2ZZ#Z“ + mWhW:W_H + mZhZPLZ'u (110)

The mass of the remaining degree of freedom of the scalar(fielted the Higgs
boson) is given byn, = v2u = V2.

As mentioned above, the masses of chiral fermions are alserged when the
Higgs field gets a vacuum expectation value. The Higgs fietthésged undet/(1)y
with the chargé” = ; and therefore th8U(2);, x U(1)y invariant couplings to fermions
are

— Lfermion—higgs = Z NiijQriddr; + /\uijQLi(wzch)URj +he  (1.11)

i,j=generations

The second term (which eventually corresponds to a masdoean up-type quark)
contains the charge conjugate of the the higgs field. Thesbaswhich the Higgs
couplings are diagonal is called the mass basis of the faisnid’he corresponding
transformations are

Uy = (Va)ijuri s dy; = (Va)igdri (1.12)

The mass terms are generated when the higgs field acquiresvatiiehe mass of
the fermionf given bymy, = Ayv, where), is the eigenvalue corresponding to the
fermion f. We must note that in the SM, the fermion sector differs framduark sector
in that there are no right handed neutrinos. Therefore, tidylown-type term exists in
the lepton sector of the SM.

The mass terms thus generated have been already writi&p.in, as a part of the
Dirac lagrangian. The couplings of the higgs boson to thmii@ns are given by:

W
wa — —fifi + h.c. 1.13
Lyvuka Z m vff +h.c ( )

fermions

It is possible to simultaneously diagonalise the Higgs tiagp to the fermions and
the strong gauge couplings to the fermions. However}thleoson couplings mix both
up and down-type fermions which need not be simultaneouatyothalisable. The fact
that they are not simultaneously diagonalisable leads taxanghmatrix in the quark
sector, called the Cabbibo-Kobayashi-Masakawa (CKM) mixiragrix.

(V)ig = (ViDin(Va)rs (1.14)



The coupling of the fermions to the gauge bosons is then diyen
g = SN
_»Celectro—weak - E Z Q]‘/;k’YMPL(TJFW: + T VVM )Qk
Jk
g 7 rr—
7 N Lyt PUTYW,f + T W, )L
j

g
2 cos Oy,

o FAt ey — 9as) fiZ
i=fermions
+e > ¢ ft fiA, (1.15)

i=charged fermions

The W bosons, which are components only of 81&(2)y,, interact only with left-
handed fermions. This is assured by the projection operdtor7= are theSU(2);,
generators. The symbd} refers to the quark doublét; d;)” whereadl. is the lepton
doublet(v; e;)* (all in the mass basis) arid is the CKM matrix defined above.

The Z boson contains boti? and B and therefore has couplings to both left- and
right-handed fermions. The couplings are described ingesfitheSU(2)y, chargeT™
and the electric chargeasgi, = (1})" — 2¢'sin® Oy, andg’, = (13)'. The couplings
of the photon are left-right symmetric, as expected, andcthwling is the electric
charge of the fermion. Since the transformation matricegding from flavour to mass
eigenstates cancel in Z-fermion-fermion couplings, tlaeeano flavour changing neutral
currents (FCNC) at tree-level in the SM. This fact has beeriigdrexperimentally to a
high accuracy and can be used to restrict any models of nesiqshy

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

The higgs mechanism has another imporant consequence novimg the con-
sistency of the SM. The scattering amplitudes for massivggdosons of the form
ff — WHW~ are expected to diverge with the center-of mass-energyaltietpres-
ence of the longitudinal component, thus posing a probleomiérity of the SM. How-
ever, since in the case of the Higgs mechanism, the longidildomponent comes from
the absorption of the Goldstone boson degree of freedontaritgiis restored. The
renormalisability of spontaneously broken theories was proved by ‘tHooft and Velt-
man [2]. The SM with a light higgs boson is therefore a rendisahle, unitary gauge
theory.

The theoretical basis of quantum field theory and the SM haes laddressed in
many books and review articles (see e.g. [3, 4]). The testfrthe gauge structure of
the SM was performed to a high accuracy at Large Electronti®asiLEP) collider.
A partial summary of the experimental verification of the Svpresented in the next
section.



1.2 Experimental confirmations

Although the experimental confirmation of the SM has by nomsdzeen a linear jour-
ney, we shall summarise the first proofs of #ié(3)c x SU(2);, x U(1)y structure
of the standard model. The experimental results discussledviare supplemented by
measurements of masses of the particles, their decays andhing ratios, the mixing
angles in the CKM matrix and the CP-violating phase. There laés@ been explicit
measurements confirming the renormalisation-group rgnaimd accuracy of higher-
order perturbative calculations which validate the quamtield theoretic description of
the SM and are intimately connected with verification of thé. $Hlowever, we focus
here on a few main results.

First, for the confirmation of QCD, we shall discuss (a) theeotation of 3-jet
eventsee~ collisions events which proved the existence of the gluah ér) the mea-
surement of the ratio of cross section fore~ — hadronstoete™ — p*p~. Second,
for the evidence 08U (2), x U(1)y structure, we describe (a) the measurement of triple
gauge vertex at LEP and, (b) the forward-backward asymnukteytoZ bosons. Fi-
nally, we talk briefly about the indirect evidence for Higgssbns and current status of
the Higgs bosons searches.

1.2.1 QCD as artU(3) theory

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

[T]opological distributions of hadrons show significanvidion from two-
jet structure at high energies ¢fs ~ 30 GeV. The deviation appears in
the form of jet broadening and an excess of planar events . Aefo
independent analysis shows that planar events actuallyepsshree-jet
structure . Both the qualitative nature of these planargtigeevents and
the rate at which they occur are in good agreement with whexpgcted
from the process™e™ — ¢qg.

The above paper refers to a study of events of the ¢ype — multi — hadrons to
decipher the jet structure of the events. They tested th@athilty of the data with two
different hypothesis. First, that the final states conthimely ¢ events with the spread
of jets given by phenomenological model of fragmentatiomdAsecond, the QCD-
based hypothesis that there would be certain events whef&atker” jet can be thought
of as comprised of two jets — one due to the quark and one dubdodegluon radiated
off the quark, i.ee e~ — ¢gg events. Since the total momentum of the three jets has to
sum to zero by momentum conservation, the three jets musbdarear. The analysis
therefore consisted of selecting highly planar events &mirgy their distributions.
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Planarity and (b) Thrust for events observed/at~ 27, 30 GeV.

We first define the event shape variables used for the stugyndhmalised spheric-
ity tensor is defined as
Zi Piocpiﬁ

> P

where P; is the momentum of thé" particle and the sum is over all particles in the
event. This tensor is diagonalised and the three eigheswate denoted b§; where
Q1 < Q2 < Q3. Planarity is defined a§, — ), and coplanar events correspond to
@1 < Q2. The JADE analysis selects events with—(); > 0.07 (which corresponds to
highly coplanar events) for which they observe 78 eventpassed to the 24 expected
if only ¢g processes (no QCD hypothesis) were present.

A similar variable is the thrust, defined by the same study as

_ lelﬁ

where the directior is chosen to maximiz&'. The JADE study calculates the rest-
frame thrust (denoted by™) for particles falling in the “fat” jet. The rest frame in
question is calculated from the sum of the four momenta gadlicles in the “fat” jet.
Figure 1.1 shows the distribution of both, planarity aid Both are found to agree
with the qqg hypothesis.

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

Tos = (1.16)

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

o(ete™ — hadrons)
olete” — ptp)

= N> el (1.19)
q

R (1.18)

Since the diagrams leading to bethe™ — g7 andete™ — p* i~ are the same, we
expect the functional form of the numerator and denomirtatbe identical. Therefore,
itis only the charges of the quarks Y and the number of colours they come i¥i.{ that
are different and the measurement of this ratio would be oreagsboth these quantities.

It must be noted that there can be extra contributions to th@mumerator and de-
nominator bye™e~ — 717~ events. In the numerator, one would expect a contribution
of the formo(ete™ — 7777) x BR(7 — v,hadrons)? whereas in the denominator we
would haves(ete™ — 7777) x BR(r — pui,v,)?. However, due to the square of the
branching fractions involved, these contributions are msimaller than the dominant
contributions. Moreover, due to the presence of a the final state, it may be possible
to eliminate them further by demanding that no missing mdorarbe observed in the
events.

The naive expectation for three flavoursd and s and three colours (with quark
charges assumed to be as suggested from hadron spectriosd®py 2. This increases
to R = 42 when the center-of-mass of the collider exceeds twice tresmfthec quark
and toR = % when it exceeds twice the mass of thguark. The actual measurements
of R along with these simple predictions and predictions frolodg QCD calculations
can be seen in Figure 1.2. Also seen in the bottom-right ofithee, is the resonant
Z-pole. TheZ boson comes from the electroweak sector of the SM, which se&uds
in the next sub-section.

1.2.2 Proof ofSU(2) x U(1) structure

We now come to the verification of the electroweak gauge stracof the SM La-
grangian. First, we discuss the non-abelian nature ofth@) x U(1) theory, which
leads to triple gauge-boson vertices. In the SM, there atepie neutral bosom(y~,

ZZ7Z,vyZ and~yZZ) vertices. The remaining couplings are of the foWh W ~-V

(whereV = Z, ~) and, along with possible anomalous couplings, can be petresed
by a generalised Lagrangian given as:

L = z'gWWV {glV(WLW*” — Wl;/WJrV)V + :‘iijW;VﬂV

A
+M—V2Wj”wy—ﬂvpﬂ} (1.20)
w
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The couplinggy vy corresponds to the tree-level SM coupling. The W~ Z cou-
pling is of particular importance here both because it coidfithe non-abelian nature
of the gauge theory and because it is responsible for regatemm of the divergence in
ete” — WTIW™ cross section (when the masses of the gauge bosons are dssume
be derived from the Higgs mechanism).

The measurement of the couplings,, x, and A, was first done at LEP [7] and
then updated at the Tevatron. For a recent review of thesst#tthe EW precision
constraints, see e.g. [8]. The SM tree level values correbpny? = rx; = k, = 1 and
Az = A, = 0. The status of the measurement from LEP can be seen fromeFig8r
As can be seen from this, all measured values are consisténthe SM within the
errors.

Another consequence of the EW sector is the presence of wéafdrbackward
asymmetry” inff — f'f' events. As can be seen from the electroweak lagrangian
describing the coupling of th& boson to the fermions (equation 1.15), the couplings
are not symmetric for left- and right-handed particles. €besequence of this is that a
forward-backward asymmetryl-5) can be observed in events of the typg — f'f
due the the addition of-mediated diagrams and their interference witmediated di-
agrams. I is the angle made by the final state fermion with the z-axesafymmetry
Aprp is generally defined as

o(cosf > 0) —o(cosf < 0)

A =
FB ™ 5(cosf > 0) + o(cosf < 0)

(1.21)

The expressions(cosf > 0) ando(cosf < 0) refer to the cross sections integrated
over the corresponding values éf The measurement of the forward-backward asym-
metry requires an unambiguous z-axis and therefore canrerétiably either at*e

or pp colliders, where one of the beam directions can be desidradethe z-axis
Similar measurements are harder at a symmetric colliderthke LHC because of the
absence of an unambiguousaxis. The values ofi -z measured at th&-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 th& and Z bosons serve as a crucial pointer to the true
mechanism for the spontaneous breaking of $bg2) x U(1). The value of thep-
parameter, defined as
—M—VQV—l(erM) (1.22)
P= M2 cos? Oy 0 '

3As we shall see in the next section, the Tevattorfiorward-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 workirogip with up-
dated W mass measurement from CDF [9, 10].

is a consequence of the doublet nature of the Higgs in the $M.ifdependent mea-
surements o#¥ and Z masses at LEP and the weak mixing angledy, at NuTeV
results in a value op 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 proportionalt®ornasses. Moreover,
it is possible to calculate the Higgs contributions to rédéacorrections to the mass
of each particle in the SM. Therefore, we can check the ctergig of a given Higgs
mass hypothesis with observed masses for heavy partidescdnsistency of the Higgs
mass in the rangél5 < My < 127 GeV with the latest measurement of the masses
of the W boson[9] and the mass of the top quark [6] can be seen fromré&id. The
band115 < My < 127 GeV corresponds to allowed mass region for a SM Higgs as of
writing this thesis [11, 12]. The direct search for the Hippgs progressed considerably
at the two experiments at the LHC, viz. ATLAS and CMS. (The detafiLHC and it's
experiments will be discussed in section 1.4.) Both expearmeee an excess in the
h — ~~ decay channel at/y ~ 125 GeV [13, 12] with a local significance of about
30.

1.3 Shortcomings of the SM

As discussed above, the SM has been incredibly succesgiddncting measured quan-
tities and the search for the Higgs boson is ongoing with [smg signals. However,
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there are some observational discrepancies and thedmissatisfactions that hint at
some new physics beyon the SM. We summarise the some of thlese b

1.3.1 Anomalous magnetic moment of the muoty — 2),

The measurement of anomalous magnetic moment of the muagreisfdhe strongest
indicators of disagreement of data with the SM. If the elmTimgnetic vertex is given
by

af
(~ie)a(p') [y Fi(a?) + i L

o Fy(q)| u(p) (1.23)

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

0, = 1.16592080(63) x 107%; a,"**™ = 1.16591790(65) x 10~*  (1.24)

The resultant discrepancyds,, = (290 & 90) x 10~ 11 which corresponds to 32
deviation.

1.3.2 Neutrino masses and mixing

The SM patrticle spectrum contains three left-handed, reassleutrinos. The neutrino
was first postulated to explain the apparent missing momemtumeasurements of
beta-decay. However, the direct detection of neutrinogtiemely difficult due to their
very feeble interaction with matter through weak boson arge. The first evidence of
a neutrino anomaly was measured from the solar neutrindndt®68 with a possible
explanation in terms of oscillation of electron neutrinosther flavours. Since then,
there has been enormous progress both in theory and exmerioreexplaining the
origin of neutrino masses as well as oscillations. For aexgyvisee e.g.[16]. More
recently, there have been measurements of a non-zero vhlhe @eutrino mixing
angled5[17, 18]. The recent results are summarised in Table 1.T.eShe explanation
of neutrino mass needs either the addition of more fundaathBelds or lepton-number
violating interactions, these measurements are a clearaitioh of physics beyond the
SM.

Solar mass splitting Am?, = (7.58 +0.21)10°eV?
Atmospheric mass splitting | Amas|? = (2.40 £ 0.15)10%eV?
Solar Mixing angle tan? 65 = 0.484 £ 0.048
Atmospheric mixing angle sin? 20,3 = 1.02 £ 0.04

6,3 mixing angle sin? 20,5 = 0.092 + 0.017

Table 1.1: Summary of central values for neutrino massesraxidg 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 measweihof the rotation
curves of galaxies in the 1930’s. The rotation curves wenaddo be inconsistent with
the amount of matter visible in the galaxy [19]. The curvesaxfeund to fit better with
the hypothesis that the visible part of the galaxy was imeteia a halo of invisible
matter. The presence of large amounts of such dark matteeiartiverse has now also
been confirmed by photographs taken by high power telesecbpeshow gravitational
lensing disproportionate to the amount of visible matt€].[2ZThe observations from
Cosmic Microwave Background radiation currently set the eatithe DM abundance
to h2Qpy = 0.1123 4 0.0035 [21]. For a recent review of the status of indirect DM
determination experiments, see e.g. [22].

There is no SM patrticle that can be considered a candidatBlbrlt cannot be
strongly charged — both because such a candidate could tisftysaie relic density
conditions and because a strongly charged particle woulctdeired to form colour
singlet bound states which would be observable by theisitian spectra. A similar
argument applies if it is electrically charged, it would egéely form bound states like
atoms which would again be observable by its spectral lihg¢serefore has to be both
electrically and colour neutral and the only possible atépns such a particle might
have is via the weak force. Going to the other extreme, one poatulate candidates
that are uncharged even under the weak force. However, saocmponent could not
thermalise and therefore does not agree with current casens.

The largest component of the universe is the so called “Dawdrdy” [21] which
can be modelled as a cosmological constant term in the Eiresg@ation. However, we
do not at the present have any explanation for the origin o suterm.

Finally, Baryon asymmetry of the universe refers to the olzen that almost the
entire baryonic component of the Universe is matter and nttraatter. For this to be
explained, there would need to be a large CP violating interacCurrently, the only
source of CP violation in the SM is the phase in the CKM mixingn®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 singtlepproximation of the full

matrix element. Consistent inclusion of higher order tersasls to radiative corrections
that modify the couplings and masses via the renormalisg@tiocedure. Any quadratic
corrections to the mass cancel for the gauge bosons due gatige symmetry and for
fermions due to chiral symmetry, leaving only a weak, lotpanic dependence. How-
ever, the Higgs, being a scalar, does not have any such saflsgand its mass would
naturally be driven to the scale of new physics (or the cuidfére the SM no longer
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remains the fundamental theory). Requiring the Higgs mabe gmall is equivalent to
demanding a very fine cancellation between the loop cortioibsiand this is refered as
the problem of “fine-tuning” or the problem of Higgs mass gisdition. It must also be
stated that the absence of fine-tuning is not a consistegecyreanent, but based on the
un-naturalness of such a fine cancellation when there ismongtry that requires it.

The dominant corrections to the Higgs mass come from topslodperefore, mod-
els with scalar top partners (like Supersymmetry) can\adlie the problem since the
loop contributions from these new particles will cancelteitutions from the top loop.
Alternately, the Higgs need not be a fundamental scalacdube 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 effémmionic sector of the
SM. We have six flavours of quarks, each with a different madssanilarly six flavours
of leptons. The masses of the SM fermions range from sub-eMdatrinos to over hun-
dred GeV for the top quark. There is no fundamental explandtr this large hierarchy
in mass. The fermions also come in three “generations”, ngher generations having
a higher masses.

The mixing in the quark sector is given by the CKM matrix whiende thought of
as a unitary matrix parametrised by three angles and one pfihe mixing also shows
a generational structure, i.e. the largest mixing is betwbe generations one and two,
followed by mixing of two and three and finally the mixing betn one and three.

Despite having this empirical data regarding the fermiceictor, there is no theory
that explains the pattern. Since there are no consistemgyreznents that demand a
more fundamental explanation of this pattern, it is agama@sthetic question.

1.4 The Large Hadron Collider

In the previous section, we discussed some indicationsarhatous behaviour — both
experimental and theoretical, that require explanatioos fphysics beyond the Stan-
dard Model (BSM). Many experiments around the world are prglhe various ques-
tions outlined above. The discovery of new particles has lbee domain of collision
experiments. The latest of these are the Large Electrorir®ogLEP) collider which
ran from 1989-2000 and the Tevatron which ran from 1983-201fe LEP was an
ete collider which probed the gauge structure to very high aacyrlt also searched
for the SM Higgs boson and, at the end of it's run put a limit\éf > 114 GeV on its
mass [23]. The Tevatron discovered the top quark in 1994 42d]was the first to ob-
serve single top production [25, 26]. Both these experimieae looked for signatures
of BSM physics and have placed limits on masses of new pagticiearious scenarios.
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Figure 1.5: A schematic slice of the CMS detector. (Image by @d8aboration).

The LHC began operation at a center of mass energy of 7 TeV10,28ecoming
the highest energy accelerator to date and collected 5 diata till December 2011.
As of writing this thesis, collision at 8 TeV have just begifour main experiments —
ATLAS, CMS, ALICE and LHCb, are stationed at collision pointsrag the LHC ring.
Of these, ATLAS (which stands for A Toroidal LHC Apparatusfa&CMS (which stands
for Compact Muon Solenoid) are general purpose detectomdef@cting signatures of
the Higgs and any new physics signals. ALICE (which stand#\fbarge lon Collider
Experiment) is specialised for observing quark-gluon mplas And finally, LHCb is
an experiment specialising in physics of the b-hadrons.ceSthis thesis deals with
searches for new physics and therefore needs to addresstéotedbility of the proposed
signals at actual experiments, we shall now describe thergkfeatures of detectors
like ATLAS and CMS.

1.4.1 Detection of particles

Both ATLAS and CMS have four main sub-components — the tratkerelectromag-
netic calorimeter, the hadronic calorimeter and the muandiers. The components
form concentric cylinders as is schematically illustraite&igure 1.5. The collision oc-
curs at the center of this assembly and each component perfoeasurements as the
particles travel through it and interact with its materighe whole assembly is placed
in a magnetic field which curves the tracks of the chargedgbastand thus provides a
way of measuring their momentum.

The innermost detector sub-system is the tracker, whichédyfigrained enough to
be able to reconstruct the tracks of charged particles. Téwremagnetic calorime-
ter stops electrons and photons and measures the energgedpegit. The hadronic
calorimeter measures the energy carried by hadrons (@gs,gbrotons and neutrons).
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The muons escape the entire detector and their presenéerreahfrom the hits along its
path in the muon chamber. The full technical specificatidrtb®two detectors can be
found in the official Technical Design Reports for both ATLAE[ and CMS [28, 29].

The analyses in this thesis use Monte-Carlo event genetatsiraulate events at the
LHC. Since the prediction of event rates and analysis vaggathepends crucially on the
ability to detect particles, the analyses use some simpkrierto ensure a reasonable
simulation of detection efficiency. These include cuts omrantum and rapidity of the
particle. Besides this, we take care to apply cuts like lepolation which are crucial
in a hadron collider environment. To further simulate th®exin the measurement of
energy (or momentum) of the detected objects, we use a Gaussiearing procedure.
The exact acceptance cuts will be detailed in each of the/ses

1.4.2 Physics goals of the LHC

The Large Hadron Collider will test the SM at very high enesgiad to look for any

deviations from the its predictions. As has been mentioreddrb, its most important
goal will be to determine the nature of electroweak symmbtgaking. Besides this,
the LHC experiments will search for signatures from varitheories of physics beyond
the SM which have been postulated as solutions for the aaistg problems described
in section 1.3.

Determining the mechanism of EWSB

The primary goal of the LHC to to probe the mechanism of spmmia electroweak
symmetry breaking. That we have a spontaneously brék&2) x U(1) theory has
been verified to a very high accuracy at LEP. However, the an@sm of breaking has
not been conclusively proven. If indeed, it is via the Higgsctmanism, we would expect
to detect signatures of a Higgs boson. If the LHC does digcavesonance that might
be a Higgs candidate, we need to determine the nature of usliogs to the gauge
bosons to conclusive claim that it is the SM Higgs. We addtiessdetermination of
the nature of theéZ W W coupling at the LHC in Chapter 6. It is also possible that the
Higgs sector is not minimal (i.e. a single Higgs doublet) et multiple Higgses. The
Higgs production and decays depend crucially on this ancttbee the measeurement
of these would be the first step in determining the natureeHiggs sector.

In the absence of the Higgs mechanism, the SM becomes am\effdeory which
will be superceded by a more fundamental theory at the higlesdn this case, we
would expect signatures of unitarity violating behaviaui 1/ scattering events.
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A, of the Top Quark

[ V. Ahrens et. al., July 2011
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Figure 1.6: (Left) Summary of th# asymmetry measured by CDF and D@experiments
and (right) the dependence of the asymmetry on the invamass of thet pair (M,;).

Top physics

The large center-of-mass energy of the LHC enhancesttheoduction cross section
by several orders of magnitude as compared to the Tevatrtwe. LHC therefore is

uniquely placed to probe top physics in detail. The top qusuthe only quark that
decays before it hadronises and therefore its polarisatformation is preserved in the
angular disctribution of its decay products. The top quai$o particularly interesting
because its mass is so close to the EWSB scale and therefavitigs a hitherto

unavailable probe for contributions of new physics that f@yresent at that scale.

The tt asymmetry

The Tevatron is ap collider at Fermilab that has just finished it's physics mi2011.
The production oft at the Tevatron is dominated by strong production progess tt.
Therefore, the expected forward-backward asymmetry conme$rom theZ-mediated
diagrams, but from the interference between the tree-velone-loop diagrams and
the expected value is very small. The CDF analysis definegttf@ward-backward
asymmetry by

o(Ay > 0) —o(Ay < 0)

A p—
57 5(Ay > 0) + o(Ay < 0)

(1.25)
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where Ay is the difference of the rapidities efand¢. Both experiments, CDF and
D@, measure a value of the inclusive asymmetry incompatible the SM predic-
tion [30, 31]. The summary of the latest measurements asasdhe latest theoretical
predictions [32, 33] can be seen from Figure 1.6. Anotheuiging feature of the mea-
sured asymmetry is that it seems to increase with the invianiass of thet pair and
therefore hints at some massive patrticle as its cause.

The added complexity in finding a satisfactory explanatmnrthiis anomaly, is that
the measured total cross sectiona;™ = 7.50 £ 0.48 pb for M, = 172.5 GeV) [34]
is in excellent agreement with the expected SM val@'¢: = 7.4670% pb) [35].
Therefore, even if the asymmetry is caused by some new ghgsitribution, it cannot
contribute significantly to the total production cross sett

This measurement is doubly complicated at the LHC. Firstesihis a symmetric
collider, there is no natural-direction around which the asymmetry can be measured.
Secondlyyt production at the LHC is dominated by gluon-fusion (as oppds quark-
antiquark fusion at the Tevatron) which washes out the asgtmynThe measurement
therefore is much more complicated at the LHC.

Signals of any new physics

Besides probing the mechanism of EWSB and top physics, the U@ performs
generic searches for new physics. This includes e.qg. thelséar compositeness in
quarks, searches for lepto-quarks, extra gauge bosonseaadances in various final
states etc. Some popular theoretical models (or classe®@éls) of new physics in-
clude Supersymmetry, Extra dimensional models, modelgofiiicolour etc. Each of
these add many new particles to the SM spectrum and have hekedsextensively. A
large part of the work in this thesis (chapters 3-5) dealk e theory of Supersymme-
try, or more accurately, the phenomenological models oftiiremal supersymmetric
extension of the SM. We shall discuss this in more detail étéxt chapter.






CHAPTER

2
SUPERSYMMETRY

“Symmetry is a complexity-reducing concept [...]; seekvgrgywhere.
Alan Perlis

The Large Hadron Collider (LHC) at CERN is now running at an enefgy’s = 7
TeV and the two experiments ATLAS and CMS are hard at work irstraming theories
beyond standard model (BSM). Supersymmetry (SUSY) [36, 8%]lbng been one of
the most popular BSM models, due to its ability to solve thedrehy problem and to
provide a dark matter candidate (in its R-parity conserviagons). In this chapter,
we give a brief introduction to SUSY and it's phenomenolagjtonsequences.

In 1967, Coleman and Mandula proved [38] that, demandincaicereasonable
properties of scattering amplitudes restricts non-trim&ing between space-time and
internal symmetries. The extension to this theorem by Haagl.€39] showed that it
is possible to add a fermionic (anti-commuting) symmetit thnixes with space-time
symmetries but still satisfies all reasonable requiremértiss kind of symmetry came
to be called a “supersymmetry.”

The addition of fermionic symmetries requires the extemsiocnormal space-time to
include fermionic co-ordinates, thus forming a “supergfadhe fields defined on this
superspace are called surperfields. If one Taylor-expdmedetin terms of the fermionic
co-ordinates, the anti-commuting nature the co-ordinatessires that the highest term
is at most linear with the coefficient of each power of the fenit co-ordinate being
a field in space-time (a component field of the superfield). edwer, to maintain the

23
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transformation properties of the superfield, the compofields are required to have
spins that differ by a half.

The extension of the symmetries of the SM by adding supersstergenerators
requires that we replace each SM field by a superfield. This tla¢urally implies the
presence of another component of the superfield that diffiespin from the SM field
but has the same gauge quantum numbers, i.e. a “supergaftmemwork in this thesis
deals with the phenomenological consequences of the miisiapersymmetric exten-
sion of the SM (MSSM) which is obtained by adding a single paBUSY generators
to the SM. We outline here, the construction of the MSSM Lagian, its particle spec-
trum and some phenomenological paramerisations of it. Etailéd reviews of the
MSSM, see e.qg. [40, 41].

2.1 The Minimal Supersymmetric Standard Model

In this section, we briefly outline the SUSY algebra, the prtips 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 extesiotains four momentum
operatorsP, and two SUSY generatorg, and(,, and is then given by

Qe Pl = [Qa Pu] = [P, ] = 0
{Qa, @5} ={Qa,Qp} =0
{Qa, Qp} =201 P, (2.1)

Since the SUSY generators commute with the mass of the particle8, P* = m?
remains invariant under SUSY transformations.

The superspace is parametrised by the space-time co-tedihand two spinor co-
ordinates,, andd,. The dotted an un-dotted indices refer to #1&(2) representation

of the spinor. A general SUSY transformation with paransefet, ¢, {) acting on the
co-ordinates{*, 6, 0) corresponds to the following transformation.

ot = ot 4 at —ifo"0 + ot E
0 — 0+60—-0+¢ (2.2)

The transformation of a superfield with parameters ¢, 6) under a general SUSY
transformatiorGG(a*, £, £) is given by

S(x*,0,0) — exp{i(£Q + £Q — a”P,)}S(a",6.,0) (2.3)
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where the generators are

P, = 9,
0 1o
Qa == % — ZUQ,BQ 8u (24)
- 0
Qd = —% + Zﬂﬂagdau

The SUSY-covariant derivatives can be written as

_ 0 Py
Da = %4_20@69 8,L
Dy = —%—'eﬂagdau (2.5)

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

DL<I>L =0, DrPr =0 (2.6)
where
_ 0 CwopBa . (] _ 9
(DL)Q - % + 2Z0a60 3#, (.DL)@ = —% (27)
N _ 0 c 1B a . _ 9
(DR)d = 0% — ZZO'dﬁe @L, (DR)a = 0~ (28)

In this representation, the left-chiral superfield is inelegent of¢ whereas the right-
chiral superfield is independent &f In the component notation, a left-chiral superfield
can be written as

Oy = d(x) + V20%a(z) + 0°0% €5 F () (2.9)

The component(x) is a scalar field with a mass dimension of 1 ar{d) is a fermionic
field with mass dimension of 3/2. The last compongiit) is an auxilliary field with
mass dimension of 2.

The left and right handed fermions of the SM transform défety underSU(2) x
U(1). Therefore, by using one chiral superfield correspondinggaich fermionic field
in the SM, we can elegantly extend the SM to its SUSY countérpathe component
form, this corresponds to having a fermiap) @nd it's partner, the sfermio).

We also define chiral superfields for each fundamental Higgddsfi In this case, it
is the scalar part that is the Higgs and the extra fermionireks of freedom are called
Higgsinos.
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The final ingredient that would allow us to write the supersyetric version of the
SM is the SUSY equivalent of a vector field and its gauge t@nshtion. The cor-
responding superfield is called a “vector superfield” whiahsdies the self-conjugacy
condition

V", 0,0) =V (", 0,0) (2.10)

In the Wess-Zumino gauge, the expansion of the vector seftenficomponent notation
IS

V — 000 (x) — 160N (x) — 00MBA, () + %99990@:) 2.12)

where, A, is the gauge field (of mass dimension A)s it's superpartner — the gaugino
(with mass dimension 3/2), and 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 gaugeriam@iterms with mass di-
mension four. The kinetic terms for the scalar and fermidd$ieome from terms of the
form [ d*0d*0®1®. In the SM Lagrangian, the fermion couplings to gauge bosmis
the fermion kinetic terms can be obtained by replacing taedsdrd derivativé),, by the
gauge-covariant derivative,, = d,, + igT* Aj,. Similarly, the terms in the Lagrangian
corresponding to the kinetic terms and gauge-interactdfermions and scalars in the
matter supermultiplet can be obtained from

L, = / d*0d*0DT eV o (2.12)

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

All possible terms involving the interactions of chiralf@ons can be written down
in a convenient way in terms of a quantity called the supemtcdl which is defined as

W = Z ki®; + Z mi;®;®; + Z Gije®i®; Py, (2.13)
i ij ijk

which is a holomorphic function of the chiral superfields eThass and Yukawa terms
obtained from

— 2 aZW .
Ly = /d ea@a%w% the (2.14)
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The gauge part of the Lagrangian is written in terms of theedpd 1V, defined as
Wo = Do Dge*’ D,V (2.15)

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

L3 = /d2832W W (2.16)

This expression also contains the tefinD* which does not have any dynamical be-
haviour, as expected from an auxiliary field. After usingéa@ations of motion for the
F andD fields, the scalar potential is given by

Zgaz J(T)i505) (2.17)

where the sum over implies a sum over all generators of all gauge groups in guest
The F-terms also ensure that the four-vertex containing scélassthe same Yukawa
coupling as the corresponding fermion, thus ensuring tineadkation of divergences
from the fermion loop by the divergences from the sfermiaplo

We can now ennumerate the superfields required for the MS3$M.|&ft-handed
superfields containing quarks and their scalar partnerrkg@ae called);, those con-
taining leptons (and sleptons) are called(z runs over generations); and both are dou-
blets undeSU(2). The corresponding right-handed chiral superfields alea&l;, D;

(for those containing up and down quarks respectively) Anfibr those containing the
right handed charged lepton. Similar to the SM, there is gbtrhanded neutrino su-
perfield. The gauge bosons (and the corresponding gaugain®@gpntained within the
vector fieldsG for the gluon and gluindi for the W-bosons and the Winos, amofor
the B-boson and the Bino.

We start by writing down the MSSM superpotential which gitles Yukawa terms,
SM fermion masses and Higgsino masses. Since the Higgsmeoshaal fermions
charged undetJ(1)y, they contribute to the chiral anomaly. We therefore neea tw
Higgs fields with oppositdJ(1)y charges to maintain the consistency of the theory.
This also ensures that masses for both up and down type queatkse derived from the
superpotential. The MSSM superpotential is given by

1
V:Eﬂ*+§DaDa—‘

99

Wassm = (A\v)?QiUSH, + (Ap)“Q;DSHy + (\g)V L;ESH, + pH,Hy  (2.18)

Here,Q; is theSU(2), doublet quark superfield,; is theSU(2), doublet lepton super-
field, U; and D; are right handed quark superfields,is the right handed superfield for
charged leptons anfl,, and H,; are Higgs superfields.
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In principle, one can also add lepton and baryon-numbeatriaj terms to this su-
perpotential. To avoid this, an extra parity, called R-paistdefined ag? = (—1)38-L+25,
However since they are not forbidden by gauge invarianeg piossible to study the ef-
fect of adding these extra terms to the superpotential. TharRy violating terms are:

Wepv = piLiHl, + NijiLiL; B + Ny LiQ; Df + Ny U DD (2.19)

From the definition of R-parity, all SM fields are even under litile all superpartners
are odd. The demand of R-parity invariance, therefore, hasctwsequences — first,
the superpartners are always produced in pairs, and seitmnlightest SUSY particle
(LSP) is stable. We discuss a particular case of R-parityatimh via the\”-type term
in Chapter 5.

2.2 SUSY breaking and the sparticle spectrum

The presence of SUSY naturally implies the same mass forgageers. Since we have
not yet observed the superpartners of any of the SM partiSldSY must obviously be

broken. Since one of the prime motivations of SUSY is to mestbe naturalness of the
Higgs mass by cancelling the quadratic divergences, we toelectak SUSY in a way

that does not cause the reapperance of those quadratigelives. It was shown [42]
that this can be achieved by adding SUSY breaking “soft$&tmthe Lagrangian.

£Soft = —(mz)ij@-qﬁj — (%Ma)\a)\a + éAZ]k¢Z¢]¢k + Bl]¢z¢] + Cz(bz) + CC(ZZO)
The first term corresponds to adding a mass term for each isierand the second, a
mass term for each gaugino. Besides these, we have scaterdbiand trilinear terms.
The termC; ¢; is gauge invariant only for gauge singlet scalar fields anidoeidropped
in all other cases. Since we include mass terms for the sbeisrand gauginos but not
for the corresponding chiral fermions and gauge bosonsgetterms explicitly break
SUSY. The soft SUSY breaking terms for the MSSM are

1 ~ o~ 1 s~ 1
—LMSSM—soft = §MlBB + §M2WW + §M3gg
+M1%[u|Hu|2 + Méd|Hd\2 + (BuH,Hy + c.c)

+ 3 MGl + D0 M sl + > M|
+ Z MleszF + Z Méz‘|é§%i|2

—+ <()\EAE)z]Hungé?{] —+ C.C.)
+ (A Av)ijHuGritiG; + (ApAp)ijHuGrids, + c.c) (2.21)
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The addition of these terms adds 105 more independent paeT(easses, mixing
angles and phases) to those of the SM and it is this that makéuthMSSM phe-
nomenologically intractable. We will discuss ways of coaisting this large parameter
space based on theoretical and phenomenological argumehesnext section.

2.2.1 MSSM particle spectrum

The scalar potential for the Higgs field contains contritmsi from theF’- and D-terms
as well as from the terms in the soft Lagrangian. The Elesteak symmetry breaking
takes place, similar to the SM, when the two scalar Higgsdielkehuire a vacuum ex-
pectation value. Out of the eight degrees of freedom availabus from the two scalar
doublets, three become the longitudial modes ofthe gaugerisato give massivéd’*
and Z bosons. The remaining five degrees of freedom make up the foggsHbosons
— CP evemy, and H,,, CP-oddA, and the charged Higgsés®™. The ratio of the vevs
of the two Higgs fields is denoted byn 5. Analogous to equation (1.9) for the SM, the
tree-level mass of the Z-boson can be written in terms ofwlevievsy,, andv,; as

’U2 ’ UQ + U2 /
Mg =S¢ +9%) = 25" +9¢7) (2.22)
The fermion masses are derived from the superpotemiialsy. Thus, all up-type
guarks get their mass from the vacuum expection valué afe. v, whereas the down-
type quarks and charged leptons get their masses ffonThe tree level masses are

given by

My = A\gvsin 8 ; mg; = Ap;vsin 8 (2.23)

2.2.2 Neutralinos and Charginos

The new fermionic particles in the MSSM come from two souré@ist are the fermionic
superpartners of the Higgs fields are the Higgsiné$, (19, H;F, H;). Second are the
superpartners of the gauge bosons — gaugigp¥, B, W*). Once theSU(2), x
U(1),- is broken, the only unbroken symmetries 8k&(3). andU(1)g\. Therefore, it
is possible to write soft terms such that states with the saotaur and electric charge
mix with each other.

Since the gluino is the only colour-charged fermion, it doesmix with any of the
others. It's mass is given by the soft mads.

The mixing matrix for the two neutral gauginos and two nduttiggsinos (in the
basis @, W?, H?, HY)) can be written as

My 0 —Mzcos BSw My cos Sy
o 0 MQ MZ COS/BCW _MZ sinﬁCW
My = —My cos BCyw Mg sin SCy 0 (2.24)

Mysin Sy —Mz cos BSw [ 0
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where Sy, = sinfy, andCy, = cosfy,. The eigenstates in which this mass matrix is
diagonal are called the “Neutralinos” and are denoted'bwith : = 1 — 4.

The charged gaugino-higgsino mixing is more complicatete mass matrix for
W+, H}, W~-, H;) is given by

T
Me = <)0( )% ) (2.25)
. Mg \/§MWsm5
where X = <\/§MWCOSB p ) (2.26)

The the matrixX is diagonalised a&* XV ~! whereU andV are2 x 2 unitary matrices

given by
$)=o(%): (8)=r (%)
=U| - ; )=V o4 2.27
<X§ ) < H X H; 20
This gives the charged mass eigenstatesindy; called the “Charginos”.

2.2.3 Squarks and sleptons

Finally, we come to the sfermion sector. As mentioned aballesfermions with the
same colour and electric charge can mix together when wev alb possible soft
terms. This would result in thre&x 6 mixing matrices — one for for up-type squarks
(1,01, 1, Gr:CryLR), One for down-type squarke(,s,.,br.,dr,3r,br) and one for charged
leptons €../i.,7L.€r:jir,Tr). The sneutrino sector has only left-handed fields as the SM
does not contain right handed neutrinos. We therefore age & x 3 sneutrino mixing
matrix for @er,vur, V- 1)

However, the presence of arbitrary mixings would cause lege flavour changing
neutral current (FCNC) effects. Since we have very strongraxieatal bounds on the
observables sensitive to FCNC, it is important to avoid thesexplicit model require-
ments. The simplest is to demand alignment — i.e. that tharkgmass eigenstates
are completely aligned with the quark mass eigenstateshisgrcase, the only mixing
terms that remain are between the left and right squarksecdame flavour, and which
originate from the trilinerd-terms and from the Higgs-squark-squark interaction terms
after the higgs takes a vev. For e.g. the stop mass matrixes git tree level by

( M2 mi(A — prcot B) )

M? =
my(Ay — pcot ) Msz

t

(2.28)

This matrix is diagonalised by x 2 matrix that can be parametrised as a rotation in
terms of a mixing anglé;. The mass eigenstates are then denoted bypdt,.
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As the mixing term is proportional to the mass of the corresiiag fermionic part-
ner, itis only in the third generation squark mass matribasrmixing plays a significant
role. Similarly, one can also write the mass matrix for stiot. It is given by

M my(Ap — prtan ()
2 _ by
M ( mp(Ap — ptan f) MEQR (2.29)

Even though the mass of tlkequark is two orders of magnitude smaller than the that
of the top quark, a largean $ can lead to a large mixing. Similarly, mixing plays an
important role in the- mass matrix only for largean 3. We discuss in detail the limits
from LHC data on the masses of stop and sbottom squarks in &héapt

2.3 Phenomenological Modelling of the MSSM

The minimal supersymmetric standard model (MSSM) extehdsnineteen standard
model parameters to over a hundred. However, the proposetiansms of SUSY
breaking, together with the requirements of suppresing F@hLobtaining the correct
electroweak breaking scale often suggest a common origeoimie of the parameters
at high scale. This results in highly constrained models tike minimal supergrav-
ity model (NSUGRA) [43, 44] or the very similar constrained $/8 (cMSSM) [45],
gauge mediated SUSY [46] and others. Alternately, the nexampeaters can be con-
strained by not putting any theoretical constraints bdfanel, but only demanding only
that all observed experimental constraints are obeyed, limiting the massses and
mixing of SUSY parameters in such a way as to suppress FCN@gses to fall below
observed bounds. This second method leads to a model chteghienomenologi-
cal MSSM (pMSSM) [47]. In this section, we discuss in detaibtmodels, viz. the
cMSSM and the pMSSM models.

2.3.1 The constrained MSSM

The cMSSM model is inspired by the gravity mediated SUSY kirepmodel mSUGRA.
However, it does not contain the graviton or it's superpartthe gravitino. One of the
successes of supersymmetry is that in Grand Unified The@&&g) with SUSY, the
gauge couplings are found to unify at the high GUT scale. A/ \&@mplifying idea
emerges from this observation — is it possible to also havieedmmasses for sparticles
at this high scale?

To begin, the model assumes that all soft gaugino mass temntha same at a
high scale (usually assumed to be same as the GUT scaleprexapately10'¢ GeV).
Their masses at EW scale are then calculated by running dogvmasses using RG
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equations. The running mass at low scale is given by theoalat
My M,  Mj
VR
This means that at the TeV scale, the ratfe : M, : Ms is aproximatelyl : 2 : 6, or,
that the gluino mass is approximately six times larger ttenrhass of the bino. The
unified gaugino mass parameter at high scale is commonlytei vy 1/, /.

Taking the idea further, the cMSSM model also assumes tleasaft mass terms
for all scalar particles (squarks, sleptons, sneutrinashaggses) at the low scale can
be derived from a single unified parameter at the high scaleotéd by)/,. It should
be noted that in these models, the electroweak symmetrkibgeaccurs via radia-
tive spontaeous symmetry breaking which completely detexsnthe magnitude of the
Higgs parameter.. Since the masses of the Higgs bosons will be completely-dete
mined from the RG running, the only other independent paraniethe higgs sector is
tan 5. Finally, all trilinear terms are assumed to be unified atilyd scale to a common
parameter denoted by,.

Thus we arrive at a very simple model of SUSY that has only fiee parameters
— unified sfermion mass\{,), unified gaugino mass\{, »), unified trilinear couplings
(Ap), ratio of higgs vevstan 5) and the sign of the parameter

Since the RG equations for masses are fixed once we choosaitiegraup and the
particle spectrum, the mass spectrum is uniquely detedronee the boundary values
of the above five parameters are given. We have already seecomsequence of this
— the fixed mass relation between the gauginos. In the sfersector, the fermion
loop pulls the masses down as we evolve the RG equations todale.sTherefore,
the higher the mass of the partner fermion, the lower the roffise corresponding
sfermions. This means that the third generation squarkskpdons have the lowest
mass among the three generations. Moreover, the left hasfdedions interact also
with SU(2) gauge bosons which has the effect to raising the mass. Teift handed
sfermions are in general heavier than the right handed gfaenThe RG equations for
the squarks can be found in [48].

The squarks have colour charges that the sleptons and isiosutio not. Therefore
squarks couple to gluinos which, as we have seen, are theekeaf/the gauginos. The
effect of this too, is to increase the mass of the squarks.reftwe, in the cMSSM,
squarks are generally much heavier than the sleptons. Ithiftegeneration sector,
the left and right handed squarks mix to form the mass eigesst Therefore, we have
the lighter stop (typically with a large right-handed fiac) as the lightest squark and
the lighter stau (again mostly right handed) as the lighgksgiton. 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 dapmodel for SUSY.
Most experimental searches have been designed with thisydar model in mind and
the small number of parameters makes it easy to constrajatfagneter space based on

(2.30)
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Figure 2.1: The SUSY benchmark point SPSla generated watlinffut parameters
M() = 100 y M1/2 = 250, AO = —100, tanﬁ = 10, 1% > 0.

data. The LHC experiments have used cMSSM to put severeragriston the masses
of squarks and gluinos at the LHC. We shall show in Chapter 4liese constraints are
severly diluted when the requirement of universality in $fiermion sector is dropped
and suggest alternate ways to interpret constraints orittegeneration squarks.

2.3.2 The phenomenological MSSM

The pMSSM model reduces the 105 SUSY parameters to nineteiie -gaugino mass
parameters\/,, M, and Mj3; the squark mass parameters for the first two generations
Mg, My and Mp, the third generation squarkdsg, Mgr, Mrr; the corresponding
slepton mass parametel$;, Mgz, M,;, M, g; the trilinear couplings4;, A, and A;
and the higgs sector parametgrs)/ 4, andtan 3, the ratio of the vacuum expectation
values of the two Higgs doublets.

The pMSSM model does not assume any high-scale unificatieth@fefore retain
all three gaugino mass parameters. Similarly, all indepehgarameters of the Higgs
sector are also retained. In the scalar sector, the paresrate grouped using phe-
nomenological arguments. First, the sfermions that areainieof a left-handed doublet
field are assumed to have the same soft mass term to avoididygireakingSU(2)y..
Secondly, FCNC constraints require that the masses of ttelsgjaf the first two gen-
erations cannot be very widely separated. This is similénédGIM mechanism for the
guark sector. This constraint is relaxed in the case of thaderation squarks as the
limits on FCNC processes involving the third generation ass ktringent than in cases
where only the first two generations come in. Therefore, tisetivo generation squarks
(and similarly, the first two generation of sleptons) araiassd to have soft mass terms
of the same magnitude whereas the third generation masscerbe different from
these.
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Next, we see that only the three trilinear couplings fordlgeneration sfermions are
retained. As we have seen earlier, trilinear couplings espansible for mixing in the
sfermion mass matrix and the term is proportional to the fi@nnmass. As the masses
for all fermions except those of the third generation arg/\&nall, the presence of a
trilinear coupling has negligible effect for the sfermiowmisthe first two generations.
Therefore, only those corresponding to the third genenatre retained.

Given these parameters, the mass eigenstates of the Higlgsemugino, the neu-
tralinos, charginos, squarks and sleptons can be caldutlates providing a complete
spectrum. However, since the parameters here are conyebdirary, it is important to
verify that they are consistent with EWSB. Also, since the MS&id coloured scalars,
it is possible to reach a condition where one of the squarédigkts a vacuum expec-
tation value, thereby breaking the colour vacuum. Thatdbes not happen also has to
be explicitly checked. Once the basic theoretical conststeequirements are satified,
the constrains from data on the pMSSM model parameter speackecinvestigated.

2.4 Summary

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

For the work done in this thesis, we have used both these modeChapter 3, we
use a cMSSM-like model of high scale parameters with therster unification condi-
tion relaxed. Using different scalar masses for the geimgrstwe explore a situation
where the third generation squarks may be much lighter thasetof the first two gen-
erations (which are assumed to be decoupled) and discusgtiaures of such models
atthe LHC. In Chapter 4, we continue on the theme of light thexdegation squarks and
use a low-scale pMSSM model to reinterpret the limits fromd.bh third generation
squark masses. In Chapter 5, we use the cMSSM model with Rrpaolating terms
to examine resonant production of top-squarks and gaugpdtemtial 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

“Itis a capital mistake to theorise before one has data. hskly 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 ap-collision machine, is ideally suited to production of pelds
charged unde$U (3).. The problem of looking for SUSY is therefore best addregsed
looking for superpartners of the strongly interacting SMigkes — the squarks and the
gluino. The sparticle mass spectrum and hierarchy is oisaraed to be determined by
the (as yet unknown) high-scale SUSY breaking mechanisrthdmi the simplification
afforded by such a mechanism, the large number of soft massngsers in SUSY
make the job of deducing model-independent signatures &\YShkearly impossible.
It is therefore highly desirable to reduce the number of p&tars to a subset that is
phenomenologically relevant.

This is partially achieved by the phenomenological MSSM §8M) model (de-
scribed in section 2.3.2) where the squark sector has degeneasses for the first two
generations and the third generation is parametrised Ry, M,r andM,x correspond-
ing to the soft mass parameters for the left-handed doubletjght-handed stop mass
and the right handed sbottom mass. The presence of colocaatsin QCD is likely
to give rise to flavour changing neutral currents (FCNC) thastiongly disfavoured by
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all current data [50]. As the strongest constraints from FQ@ain to the light quark
sector, these can be avoided by requiring that the first twilifzs of squarks are heavy
enough to be decoupled [51, 52] from the third generationdlwban still be at the TeV
scale.) The solution to heirarchy problem of the Higgs masggedds crucially only
on the contributions from the top squarks and thereforeahi@sngement does not hurt
the arguments for motivation of SUSY as a solution to thednahy problem. On the
other hand, it may be argued, that a squark sector with oelyttind generation acces-
sible at the LHC, corresponds to a sort of “minimal” model tetifies all experimental
constraints and has the desirable theoretical properties.

One can think of, several theoretical schemes suggestethieva the proposed sce-
nario. It is possible, for example, to have a hidden secton shat it couples differently
to the third generation squarks, leading to smaller soft BUfaking terms compared
to those of the first two [53, 54]. Besides this, the existeri@“borizontal symmetry”
under which the third generation is a singlet but the first ggoerations are doublets
can also cause a mass splitting [55]. Thirdly, in SO(10) SWUB¥nd Unified Theories
(GUT), it is possible to adjust parameters to obtain sugtdbiterms for the fields be-
longing to5 and10 of SU(5) leading to a mass hierarchy of the suggested types[H6
Alternately, similar mass separation can also arise oultebi-terms of some additional
(anomalous) U(1) gauge symmetry [58, 59]. Finally, certagions in the parameter
space of the minimal supergravity model (INSUGRA) or the simgbntrained MSSM
(cMSSM)[45], with a large universal scalar soft breakingssjacan lead to low values
of only the third family sfermions due to the role of Yukawaiptings in the process of
running down to the electroweak scale [60, 61].

The question of detecting new physics particles that coexpdéusively to third gen-
eration quarks has garnered considerable interest in temtgears. It has been pro-
posed, for example, that resonances can be indicative of (a) Kaluza-Klein Graviton
or the heavyZy bosons from Little Higgs models[62, 63] (b) Color-Octet Secal[64]

(c) Or even a completely new particle (of spin 0, 1 or 2) thatptes to the top [65].
Recent studies of collider phenomenology include both Nd&%[66, 67] and SUSY
scenarios [65, 68, 69, 70, 71].

The distinctive feature of the scenario where only the thiederation squarks are
accessible at the LHC is that it results in final states withtiple tops and bottoms.
Moreover, if the sparticles in question are near the kinerahteach of the LHC, the
resultant tops and bottoms are expected to have very laagsverse momenta). In
such situations, b-tagging efficiencies may not be optimumtd the highly collimated
decay products of the b-hadron. The decay products of théompare likely to be
collimated enough to form only one “fat” jet. This situatibas recieved much attention
by the developement of top-tagging techniques using jestsucture methods. We shall
address these problems in an orthogonal channel — by drgpfipgrequirement of top-
identification and requiring energetic leptons instead s\l also estimate whether the
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traditional b-tagging searches can be used for isolatiagidnal over the background,
taking into account that b-tagging efficiency is optimumyodiolr 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 ehtbedollowing as the
most significant for our study. First, the left and right-tled sfermion mass parame-
ters for the first two generations, collective denotedv&,%’z), are all setto 5 TeV at
the GUT scale. Second, the left and right handed parameietbd third generation
sfermions are denoted Mé3) and will be varied to probe the reach of the LHC. The
two higgs mass parameters are also set to this value at bajé-sThird, we retain the
gaugino mass pattern (at EW scale) from the gravity mediatedking schemes viz.
My : My : M3 =1:2:6. Also, taking the notation from the gravity mediated mogdels
we usel; , to mean the unified gaugino mass at the GUT scale. Fourthhtie tri-
linear coupling parameters for the third generation areetdlto be the same and will be
denoted byA®. We demand consistent radiative symmetry breaking whicansi¢he
magnitude of the higgsino mass parametes fixed and therefore, signf andtan (3,
where 5 is the angle between the VEVs of the two Higgs doublets, cetapbur list
of independent parameters. We fix sigh{o be positive as the favoured value from
(9 — 2), data. To summarise, the independently varying parametesri study are:
(Mé?’), M, o, A®) tan B) viz. scalar mass for the third generation of sfermions, edifi
gaugino mass, the trilinear coupling for the third generatindtan .

~ We focus specifically ogg production with each gluino decaying via eitifeg or
b,b followed by decays of thé, or b;. There is also a contribution fromt; andb;b;
production. However t-channel squark-gluino type coutitns are much suppressed.
We also choose to look at regions where the gluino mass isegrérean a TeV and stop
mass is greater than 500 GeV as an illustration of the regloerevthe b-identification
becomes difficult.

With this in mind, high scale value of/,*"? is set to5 TeV for the first two fam-
ilies, while the high-scale mass for the third famile’)) is set so as to obtain third
generation squark masses of the ordet @feV. The trilinear couplingA® is set to
zero. We find that non-zero values 4f®) serve to lower the stop and sbottom masses
for fixed Mé3) and M, ,. We wish to also probe the change in detection effeciency for
the entire range ofan 5. We therefore sample benchmarks witln 5 = 5, 10 and40
to see if any major differences are indicated. The Higgs rpassmeterd/y, andMy,
are set to the value of the third family, at the high scale.

The patrticle spectrum has been generated using SuSpedi72]34sing high scale
inputs in the pMSSM (phenomenological MSSM). The squark gincho masses for
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Point | tan mi mo® | my M (i) M5, (52)
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 @ethé benchmark points
considered.

Point mX1+ mX2+ M0 | M9 | 10 | 110,09
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 tmehark points.

the various benchmark points are given in Table 3.1. The @saiks charginos and
neutralinos are given in Table 3.2. We explore regions ofp@s@meter space where
squarks are lighter than the gluino and of the orderofi TeV. Cases where the
gluino is considerably lighter than all squarks, which esponds to the “focus-point”
scenarios has been investigated in [70].

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

3.2 Signals and Backgrounds

We are concerned primarily with observing final states witarge number of top and
bottom quarks. Signal events have been generated usingaRyH09 [73] by al-

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

lowing the squark-squark, gluino-gluino and squark-gbuproduction channels. The
heaviness of the first two generations of squarks implietsahly stop and sbottom are
produced with a cross section large enough to be relevanhaie used CTEQS5L par-
ton distribution functions. The factorisation and renolisaion scales have been set
to ur = ur = /P> + (P? + P + M2 + M?)/2 where P, P, are the virtualities of

the incoming particlesp, is the transverse momentum of the scattering process and
Ms3, M, are the masses of the outgoing particles in the initial heattsring process.

We concentrate on three and four-top events in particutzejican decay intdt ,
orbEl,g. Whenever it is kinematically allowed, the squarks can themagt viaZLQ — Y
(with i = 1 —4), f15 — bX{,, b — bY? and,by» — t¥{,. Thus,gg production can
give four-top final states viag — tf, »tt, » and each; » — tx?. Three-top final states
can be obtained whejy — tf; 5bby » With by » — X7,

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

We now come to the question of what the realistic b-taggirfigiehcies in such a
scenario are. A b-tagging efficiency &% with a rejection of QCD jets at more than
99% is well established for b-hadrons with the transverse mauameiip;) between 50
to 80 GeV [27]. But in our case, it can be seen thatgheof b-hadrons very often
exceeds this. It is not clear how the efficiency goes dowpsamcreases above 100
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Figure 3.3: Transverse momentuym of b-quarks for points 1A and 1C.

GeV. Thepr-distribution of b’s in four-b events can be seen in Figui& 3.

Top quarks can be identified by a combination of a b-jet andd,avhich give an
invariant mass within a window of the top mass. The canditfateare obtained from
jet-pairs having invariant mass in the rangg, + 15 GeV. Besides the aforementioned
b-tagging difficulty, this top reconstruction is compliedtby two other factors in our
situation.

First, at very high boosts, the jets from decay of the top aahighly collimated.
However, very high energy QCD jets can also develop an invaneass up to 15 - 20%
of the jet energy, and thus, a top depositing a large enerdlyeirhadron calorimeter
can be faked by a similarly energetic jet whose ‘effectivwariant mass may be of the
same order as the top mass. In such cases, one has to regmtia sechniques, such
as specific kinematics, energetic leptons contained in gtd using jet-substructure.
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Such techniques have been studied recently by various g{@dp75].

An extra complication, is Higgs production through the ealg — hx?. Thex)
is produced in about 50% of the events we generate, and atalow its decay into a
Higgs has a large branching ratio. The Higgs largely deaagsa pair of b-quarks. The
mass of the Higgs in all our benchmark points liessat20 GeV. In cases where either
of the b-jets from Higgs decay are not tagged, they contibuthe large combinatorial
background that is found to completely wash out the W-peaknfmvariant mass of
jet-pairs. Thus our benchmark points highlight one addéldifficulty in selecting the
final states via traditional top identification.

To ameliorate these difficulties, we do not emphasise thenstouction of the top.
We also supplement b-tagging by identifying hard leptonsfthe decay of energetic
top quarks. We find that looking for leptons of various muitiy can compensate for
the potentially low tagging efficiencies for very high enelgs.

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

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

3.2.1 Identification of physics objects:

e Leptons (e, 1) : We are interested in identifying leptons coming from topajec
Since the parent W of the lepton is on-shell, we expect thatdpton to be well
isolated from the nearest feWe first identify leptons with the following cuts:

1. pb. > 10 GeV (trigger)

2. Separation from each j&tR;; > 0.4

3. Sum of hadronic deposits R < 0.2 should have energy less than 10 GeV.
Lepton momenta are smeared according to the prescriptiah = av'E + bE

whereo(E) is the resolution, withu = 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 questiomtadther these leptons would indeed be
isolated, we have found by actual simulation that the nurobevents with isolated leptons is significant
enough for discovery.
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We subsequently apply further cuts for each channel toicestrleptons coming
from tops.

e Jets: Jets are formed using the routiR¥CELL built into PyTHIA. We demand
pr > 20 GeV and|n| < 2.5 as reqiusites for identification. The jet energy is
smeared using(E) = V/E. The parton-level processes that lead to the final
states of interest to us have usually a large jet multigliciising PrTHIA, the
multiplicity peaks at 6 when both initial and final state et@n are taken into
account. With this in view, we have always demanded a minirotifour jets in
the final state.

e b-Tagging: In the absence of any clear guideline on the tagging effigiearosery
high-pr b-hadrons, we take a conservative approach and restridb-tagging
capabilities to b-hadrons withy 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 af R < 0.5 of the jet-axis
2. The b-hadron has@® GeV < pr < 100 GeV.

e Missing transverse energy f/r) and the effective mass {/.i): The conserva-
tion of R-parity means the lightest supersymmetric partft®P) is stable. In
our case, the lightest neutralino is the LSP and since it charged, it escapes
detection. This gives a very large missiag-which gives us the first handle for
discriminating supersymmetric events. Also, since theses®f the supersym-
metric particles are very high for the scenarios investiddiere, the effective
mass of the event, defined BYor = > .., P71 + Y 1epions |Pr| + Fr also takes a
very high value compared to what is expected of standard hprdeesses. The
ErandM.g distributions for two benchmark points are shown in Figude 8long
with the corresponding distribution for standard modeldggounds.

The calculation offf; has to take into account not only the “visiblp’ due to
jets, leptons and photons that satisfy the requisite trgygat also objects with
pr > 0.5 GeV and|n| < 5 which are not identified as leptons or do not fall within
any jet cone. The contribution from this extra part is summe@s the ‘softy;’
component. This is smeared according to the prescriptipR) = a./pr with

a = 0.55. The total visible transverse momentum is givergl = 5", p7- +

Zleptons pr + pfpoft. Missing Er is then the magnitudip?*|.

In gluino decay, the production of thg occurs in abou50% of all events. For the
benchmark points withan g = 5, 10, the difference between masses of the second and
the first neutralino is more than the mass of the lightestrakhiiggs (M;,0). The most
common decay channgh — hY! yields a neutral Higgs in the final state which then
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Figure 3.4: Missing transverse energy;() and effective masd/.; distribution for
benchmark points 1A, 1C and the dominant standard modebjbachkd (7).

decays into a pair of b-quarks. This is because there are tiw@py two-body decays
of the 3, namely, x5 — hx?, x5 — Zx". The decay into a Z is suppressed by the
product of Higgsino components of boftj andx?. The decay into a Higgs requires
the Higgsino component of any one neutralino and it theeefains when kinematics
are favourable. For the case witim g = 40, the mass differencMXg — Mo is smaller
than M,0. As aresult,yy — Zx! is the dominant decay. The identification of Higgs
can therefore give us information on the valueaf (.

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

1. Br > 300 GeV

2. Moz = (X |p7| + Br) = 1000 GeV
3. Jet multiplicityn ., > 4

4. pr(71) > 100 GeV

5. pr(j2) > 80 GeV

6. pr(js) > 40 GeV

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

We now discuss signals in various channels. The cuts or mlgrdification criteria
applied henceforward will be over and above the basic cutmenated above.
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Point 1A 1B 1C 2A 2B 3A 3B
Onocuts(f0) | 4.51| 32.47| 308.00| 37.07| 352.01| 34.62.0| 337.51
Opasic(fb) | 3.89| 15.09| 83.87 | 17.21| 98.31 | 16.62 | 93.767

Table 3.3: Totalyg, gG andgg production cross sections for all the benchmark points
before and after basic cuts.
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Figure 3.5: Magnitudes gf; for the two hardest leptons for points 1A, 1C and standard
modeltt production.

3.2.2 Dilepton Channels:1b + 21, 1b + 2l(ssp) and 2/sgp)

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

The backgrounds are calculated including the processeg:ts, Wb+ jets, Wtt+
jets, Ztt + jets, Zbb + jets, 4t, 4b and2t2b generated with the help of ALPGEN [76].
Most of the background comes from thtechannel. The distributions for leptons for
benchmark point$ A and1C along withtt are given in Figure 3.5. We therefore apply
the following cuts to select leptons over those from stathdaodel backgrounds.

The final cuts on the leptons are:

To suppress th& background even further, we demand that the leptons be cftime
sign. We also look at the inclusive same-sign dilepton ckebtmithout any b-tags).
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Point 1b+20 | 1b+ QZ(SSD) QZ(SSD) 2b+1 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 cebnfor an integrated lumi-
nosity of300 fb*.

The signals and backgrounds for such dilepton events, withaxathout a tagged b-jet,
are seen in Table 3.4. We have calculated the the number ofsgvfer both signals
and backgrounds, corresponding to an integrated luminosi00 fb~*. Although the
1b+ 21 channel seems to give worse statistcis for discovery as amedpo the inclusive
2l(ssp), the presence of associated b-tagged jets is a sure irwiazitthe involvement
of particles coupling to the third generation of quarks. Pinesence of an excess in
both these channels simulataneously can therefore be aiskgttiminate against other
models of new physics which do not predict new particles viegato top or bottom
quarks.

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

The first consequence of having only third family squarkseasible is that all SUSY
processes involving the production of strongly interagsnperparticles lead to a mul-
tiplicity of b’s in the final state. As we have mentioned attgamost of these have too
high pr to be reliably tagged. However, there will still be suffidierumber of events
with two or three b-tags. There one has to compromise on nuofliagged leptons to
retain a significant number of events. On the whole, thisctfla tug-of-war between
the loss in rate due to leptonic branching ratios and thataloer demand that only b’s
in a specificpr-range be identified. Thus for identifying events with higiuark and
gluino masses, where the cross section is already very leweaommend 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 frgarocesses. We sup-
press this by demanding the presence of a highisolated lepton, satisfying,(l;) >
80 GeV. The requirement of leptons has to be given up for 3b evemtsitherwise the
overall rates will be far too small.

The primary backgrounds fa@b -+ channel are same a1, viz. tt + jets, Wbb+
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Figure 3.6: Regions in parameter space corresponding to rtweching fraction
BF (X9 — hx?) > 0.9 for tan 8 = 5 and40.

jets, Wtt+ jets, Ztt+jets, Zbb+ jets, 4t, 4b and2¢2b. Again, we have used ALPGEN
to compute the background rates.

Since the3b cannot result from tree-level standard model processegf¢ixg those
suppressed by weak mixing), the backgrounds are only ddie 2¢2b and4b. However,
the 4b processes do not have a source of high, so the highest contribution comes
from 2¢2b production processes.

The results are presented in Table 3.4. For the chanell, we see that although
the significances/v/b is large for points 1C, 2B and 2C, the very smalb makes it
highly sensitive to systematics of the background. Theegfib 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 thenglmass isc 1 TeV. This
roughly corresponds the region of the parameter space Mith > 400 GeV. As
can be seen from Figure 3.6, decgdy — hY" has a branching ratio greater than 90%
over most of the region of parameter spacetfar 3 = 5. The decayyy — Zx°

is suppressed in these regions, and the lightest neutrgsHigcurs in a significant
number of events in this scenario. As mentioned before jstbgcause, the decay into
a Z requires significant Higgsino fractions in both neutradiy9 and y? whereas the
decay into a Higgs requires significant Higgsino componerdiither neutralino. For
tan 5 = 40, this region is much reduced and the decay into a Higgs iseamble
only in the regionM% > 700 GeV where the gluino mass is close to the upper limit of

accessibility. The dominant decay theryls— Z 3.
We assume a situation where the lightest neutral Higgs neadl been discovered
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Figure 3.7: The transverse momentumy) of jets from Higgs decay and the
opening angley between the jets for signal eventd)(,."”) and the combinatorial
background(t,,”).

and it's mass is known. Ideally, one would like to identifgtHiggs by picking a b-jet
pair with it’s invariant mass near the mass of the Higgs. He@xan most events, both
b’s from the Higgs cannot be identified (as seen from Figurg 2And demanding only
one b-tagged jet instead of two leads to a combinatorial drackhd much higher than
actual number of signal events. To be able to reduce thispwgpare they; distribution
of jets from Higgs decay and the opening angle between tedgetrue Higgs events
and the combinatorial background. The distributions aosvehin Figure 3.7.

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

1. |M;, , — M| < 15.0 GeV where)M; ;, is the invariant mass of the jet pair.

172
2. The second (less energetic) jet has< 80 GeV'.

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

4. The opening angle between the jets is less then

These cuts reduce the combinatorial background to abotitietl of the signal.
Identifying the Higgs means at least one b-tag. Therefoesstwdy the channes + A,
2l(sspy + h, 1b + 1+ h and2b + h with exactly the same hard-lepton cuts. The signals
and backgrounds for all Higgs channels are summarised ile Bab. The combinato-
rial background is mentioned in the parenthesis accompgrg@ach number of signal
events.

We find that for points with gluino mas3 1.5 TeV, the event rates are not sig-
nificant enough to make a distinction between the regionuang Higgs production
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Point 20+h | 2lgspy+h | 1b+1+h |20+ D
1A 3(2) 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 cebnnith Higgs identification
for an integrated luminosity af00 fb~'. The irreducible combinatorial background for
each channel is given the the parentheses.

and the region where it is suppressed. However, for point2 B@&nd 3B (which corre-
spond to the samMé?’) and)M, ), we can see a clear distinction in the number of Higgs
events in Table 3.5. Thus, one can use this information &r iwhether the situation
corresponds to low or highan 5. In particular, thelb + [ + h and2b + h channels
have the added advantage of a low combinatorial backgroliheése channels show
a significant excess even after taking the combinatorigkdpacind into consideration.
However, for the two di-leptonic channels, the combinatidoackground rejection ef-
ficiency of these cuts is insufficient which makes them ualdd for making definite
statements about Higgs production with the identificatiotega stated above.

3.3 Distinction from cMSSM scenarios

While signals have been suggested above for discovering St®&Yonly the third fam-
ily light, it is also instructive to ask whether such a scemaan be distinguished from
the more frequently discussed case where all three fanaiteesbtained from a unified
high-scale mass and therefore are all typically within te&ch of the LHC. We take
up such a discussion in this section, showing that this catope by (a) considering
the ‘effective mass’ distribution of events, and (b) takewgnt ratios for different chan-
nels. For illustration, we choose the benchmark point 1@ faur previous analysis
and choose two points generated in the cMSSM scenario (i.gfeamion masses now
arise from the sam#/,) as representatives of the case when all three sfermioriégmi
are accessible. In this situation too, the renormalisajironip running renders the third
generation squarks to be the lightest and therefore, tlsemeréalistic possibility that
gluino production would give rise to similar signatures.

As the variableM. s has long been considered as a good indicator of the SUSY
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Point | M,y | My® | M; Mg, i) My, i) M, ()

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 @e¥o cMSSM points
and point 1C. The valuean g = 10 is used for illustration.

Point abasic(fb) 1b+20 | 1b+ 2Z(SSD) 2Z(SSD) 20 +1 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 a60 b~ for the cMSSM points S1 and S2. We have
repeated the numbers for point 1C and background for cosgari

scale (or the mass of the lightest stongly charged SUSYaqbax{i7 7], the first cMSSM
point (S1) is generated so as to have low-scale stop andoginasses as close to 1C
as possible. As one can see from Figure 3.8, this corresgoradsearly identical/ g
distribution. The second point (S2) was generated to giv@ies event rate at00 fb*

in several channels. Since in our previous analysis, we faaved SSD to be the best
channel for discovery, it has been used here for illustnatibhe low-scale masses for
third-generation squarks and gluinos for the two cMSSM foaorresponding to the
point 1C are given, along with the high-scale valueg/df, A/ ,), in Table 3.6. The
values oftan 5 andsign(u) are chosen to b&) and positive respectively. The trilinear
soft breaking parametet, is set to zero at high scale.

We calculate the event rates for the same channeéls- @2, 1b + 2l(sspy, 2{(ssp),
2b + 1, 3b) as before. The basic cuts as well as any extra cuts appkedagne as in
section 3. The event rates are given in Table 3.7.

In R-parity conserving SUSY, only even number of superpiagican be produced.
Therefore, the peak of the.¢ distribution corresponds roughly to twice the mass of the
lightest superparticle pair-produced through hard sgageThis gives us an indication
of the mass scale of SUSY particles. As the the third famigyrefons are usually the
lightest squarks in most of the cMSSM parameter space (thtlug first two are not
necessarily decoupled), the masses of the gluino and/dhitigefamily squarks will be
indicated by the peak of th&/.4 distribution. TheM.g distributions for points 1C, S1
and S2 are shown in Figure 3.8.

Based on the information from thd .4 distribution and the event rates, we can draw
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Figure 3.8: Comparison af/¢ distributions for points 1C, S1 and S2.

the following inferences:
1. Case of identical M4 spectrum:

(&) The points 1C and S1 have a very similar spectrum for thederation
squarks and gluino masses. They are not distinguishabledkynig at the
Mg distribution alone.

(b) The cross section for squark and gluino production foisS/ry high since
all the squarks are accessible. Note, in particular, theatatio3b, - : 3bs; =
0.82 is close to one whereas the ra88D;~ : SSDg; = 0.19 is much
smaller. The3b final state which comes only froiy production shows a
similar event rate due to similar gluino mass.

(c) Rates for the channel®$ + 2/ andSSD are highly enhanced for the points
S1. Sincejq,(g = u,d, s, c) is allowed, their cascades into charginos yield
larger number of dileptons. This also explains why on dermandne b-
tag (1b + 2[(SSD) channel), the increase in the number of events is not so
dramatic.

2. Case of identicalSSD rates:

(a) The Mg distribution for the two points is very different and eadiligtin-
guishable.

(b) Asintended, the number of events in 8D channel are nearly samig, :
3bse = 1.01 for points 1C and S2. Thab channel however, shows more
events in the case of 16%D¢ : SSDgs = 1.42.) This is to be expected
since the mass of the gluino is higher for S2 and therefoeegitbss section
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of gg is lower. Also, the masses of , andl?m are higher resulting in higher
pr of b’s in the final state and hence lower identification efficig

Thus we find the total cross sections for sparticle prodoai@ much lower for the
case where only third family sfermions are accessible, ngpftetection more challeng-
ing than the case where all three generations have massésV. However, the points
in parameter space of cMSSM which mimic the scenario areachenised either by a
very different effective mass distribution or very diffateates in the leptonic channels.
We can conclude that this scenario can be distinguished &ramversal scenario with
all three generations are accessible.

3.4 Summary

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

We show that same-sign dilepton signatures are partigulesgful in probing the
scenario in question, and complementary measurementsaimels with multiple b-
tagged jets can serve as an indicator of light third germragquarks. We also specif-
ically study signatures with Higgs produced in cascade ykeoéthe neutralinos and
find that this particular branching fraction is highly cdated with the value ofan .
Finally, we show that such scenarios can be easily distaingui from the universal
cMSSM scenarios.

It should be noted that none of the benchmarks we probe leamybals that can
be currently ruled out at the LHC after collecting 1.04 flalata (as it stands when this
thesis is being written). The full impact of LHC data on thetse of third-generation
squarks is obviously an important question to address. Adoate analysis of the
ATLAS data based on the phenomenological MSSM is presentdeinext chapter.






CHAPTER

4

CONSTRAINTS ON THIRD
GENERATION SQUARKS FROM LHC
DATA

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

After the first year of running at a center-of-mass energy' of= 7 TeV, the data for
the first femtobarn-inverse data was released at the Lefioto® 2011 conference. The
supersymmetry search interpretations fall into two caiego— the limits on cMSSM
models and on “Simplified Models”. The first of these have theiaus limitation of
relying on a very constrained model. The analysis based mpl8ied Models relies
on having a fixed hierarchy of particles and only one decayibkopen at a time. Al-
though, this does present a freedom from high-scale assumspghat are common in
SUSY phenomenology, we find it ignores the complexity thatesr from opening of
new decay modes as sparticle masses increase. We therefsesa re-interpretation
of the limits on SUSY particle masses in the jets+MET chamireterms of third gen-
eration squarks in the pMSSM model.

The best reach in superparticle masses at the LHC is expecthd channel with
two or more hard jets and missing energy [27] which is theattaristic signature from
gg andqg production. In particular, the simplest decays of the giuamd the squark,
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viz. g — qqx? andg — ¢x{ result in four and three-jet states (at parton-level) with
large missing energy for the two production processes otisply. Similarly, the sub-
dominantgg* and ¢q production processes would result in two-jet final statehis T
parton-level prediction is not significantly altered evéeiinitial and final state radia-
tion. Therefore, looking for 2-4 jets with missing energkimwn to be the best channel
for SUSY searches. However, in the case that the first tworg&oes of squarks are not
accessible at the LHC (as can indeed be motivated from ssipreof flavour changing
neutral currents)[51, 52], the power of these searchesdvogldramatically reduced.
Since the limits on the mass of third generation squarks iM8%M-based analysis
follow simply from limits obtained from production and ghais and squarks of the first
two families, they cannot be considered truly indicativéhaf limit on stop and sbottom
masses. We therefore reinterpret the ATLAS limits in the @¥Bnodel where the first
two generations of squarks and all sleptons are decougieckfty also suppressing the
three-body decays of the gluino mediated by these squarks).

Considerable interest has also grown in recent times in SUGRAn@n-universal
high-scale masses. A high-scale parametrisation has en&dje that the masses of
several particles are obtained naturally through renasa@n group (RG) running.
Here too, we focus of situations where the third family sfiems are within the reach
of the LHC, while the first two families are heavy. This, amoniges things, helps in
a natural suppression of FCNC. The advantage of this scendfibeato allow us to
investigate the effect of a low-mass slepton sector witliequiring its full pMSSM
parametrisation. The phenomenology of third generatiaadc has also been studied
in various scenarios by [68, 78, 79, 80, 81, 82, 83, 84, 8588688, 89, 90, 91, 92].
Naturalness of the higgs mass from SUSY has also been igatsdiin [93].

We base our study on the data from the ATLAS experiment foradigres with jets
and missing energy with and without b-tagged jets [94, 95996 98]. These ATLAS
analyses assumes an mMSUGRA-type unification for the intatpye of its data. As
mentioned above, the limits from this analysis cannot bdieghpo the third generation
squarks in a model independent way. The results have beemiated in terms of a
high-scale non-universal model in [99]. However, its defmite on mMSUGRA based
mass hierarchies (e.g. the lighter stojs always right-handed, the lightest neutralino is
mostly bino-like etc.) hampers full understanding of th@lication of the experimental
data on the third generation squark sector. We therefofenpeia more detailed study
by performing a low-scale pMSSM analysis with a scan ovepthesical stop/sbottom
masses. We also include the case of stop decay via the flaiaating decayt — cx?
[100, 101, 102] when all other decays are forbidden by kirterna
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4.1 Simulation of the signal and ATLAS exclusion curves
in cMSSM

We simulate the signal usingrPHIA 6.4 [73] and all strong production cross sections

are normalised to their next-to-leading order (NLO) valasbtained from Prospino

2.1 [103]. The renormalisation and factorisation scalessat to the average of masses

in the final state of the hard scattering process. We foll@\digtector acceptance region

for all reconstructed objects and apply all the cuts as de=din the ATLAS papers.
The full set of identification and acceptance cuts is as\alto

e Electrons: (1) pr > 20 GeV (2) |n| < 2.47 (3) Sum ofp7 of particles within
AR = +/(An)? + (A¢)? < 0.2 should be less than 10 GeV (4) Event vetoed if
electron found in..37 < |n| < 1.52.

e Muons: (1) pr > 20 GeV (2) |n| < 2.4 (3) Sum ofpr of charged tracks within
AR = \/(An)? + (A¢)? < 0.2 should be less than 1.8 GeV.

e Jets: (1) Formed using Anti-kt algorithm from Fastjet with parasreiR = 0.4
(2) pr > 20 GeV.

e b-tagged jets:A jetis b-tagged if a b-hadron falls within a cone of radiRigrom
a jet. We have checked that this reproduced the 50 % taggfivieaty for ¢
samples as mentioned in [96].

e Missing transverse energy is calculated by summing ovep-tted all objects and
all stable visible particles not belonging to any recorid objects but falling
within |n| < 4.9 with pr > 0.5 GeV.

To account for detector effects, we smear the momenta afrepnd jets obtained
from the Monte Carlo generator according to
o(F) a
i NG @b (4.2)
The values ot andb are (0.11, 0.007) for electrons, (0.03, 0.06) for muons and, (
0.05) for jets!. After smearing, we apply cuts used in each ATLAS analysideun
consideration.

A cross-check of our analysis is the correct reproductiothefmissing transverse
energy (MET) and effective masa/(¢) distributions and consequently the reproduc-
tion of the ATLAS exclusion curves [97, 96] in the context oSIWGRA. The online
resources for the jets+MET analysis for 35 pl94] provide both the benchmark points

1B. Mellado, private communication.



58

used in the scan as well as the efficiencies and cross seeati@ash of the points. We
use this information to verify the correctness of our sirtiata We present in Fig. 4.1,
the final exclusion curves for the jets+MET analysis at 165'pbhich are obtained
using the same acceptance and smearing parameters. Wedintaéhtrue” ATLAS
curve lies in between our leading order (LO) and NLO curvesllicases.

Since we aim to determine the limits on third generation gegyahe limits on b-
tagged events are of particular importance and are expéztecbvide much stronger
limits. Therefore, reliable modelling of b-tagging is ofrpe importance in looking at
these signals. The work reporting the analysis of b-jet+MlE3cribes the performance
of the b-tagging algorithm as having an efficiency factor @¥&bfor att sample. We
reproduce this number by this simple algorithm: we first fgets using the antk,
algorithm using BSTJET 2.4 with the radius parametér = 0.4 (for a definition of the
parameter and the jet algorithm, please see [104]). A jetssraed to be b-tagged if a
b-hadron is found within a distande from its axis. Since the correct reproduction of
MET and M. has been verified from the non-b-tagged samples, we can aethih
algorithm gives a reasonably correct b-jet tagging by Ioglat the bottom-right panel
in Fig. 4.1. Here too, we find that the LO and NLO curves enciapsthe ATLAS curve
reliably.

In all the above cases, we find that the LO curve only slightigerestimates the
ATLAS limits. In the worst case, the difference between ti@|lmits and the ATLAS
curve is within 20%. We therefore mostly present the LO miasid in the subsequent
study. Our LO results with simplistic detector simulatianrebt differ by more than 20%
from what a full re-analysis of the data, including detectsponses, would give. Our
cross-checks on the mSUGRA results convince us such lineta@equate for putting
across our main point, given the uncertainty of detectaost

We use the results on jets+MET for 1.04 thand b-jets+MET results for 0.83 fh
for our analysis. As mentioned above, our simulation inekidll the cuts in each of
the channels under consideration. The benchmark pointsuioanalyses are obtained
using SUSPect 2.41 [72]. To obtain the exclusion curves, seethe value of cross
section times acceptance provided by the ATLAS analysis Vidlues corresponding
to different channels taken from these ATLAS analyses anensarised in Table 4.1.
The names of the signal regions are the same as those usezlresiective ATLAS
analyses.

We concentrate here only on signals without leptons in thed fitate. The primary
reason for this is that we wish to investigate the third getie@n squark sector in as
model independent a way as possible. Leptonic states dgnersult from decays
on gauginos into gauge bosons or into sleptons which theaydeto leptons. For a
pPMSSM study based on leptonic signatures, it would theeehs imperative to also
include a completely general gaugino sector as well as arass slepton sector. Since
adding a completely phenomenological slepton sector maddisg five new parame-
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Figure 4.1: Comparison of our exclusion curves with the ATL&x8lusion curves. The
panels represent: 2-jet with 165 pb(top-left), 3-jet with 165 pb! (top-right), 4-jet
with 165 pb! (bottom-left) and b-jet with 0-leptons with 35 pb(bottom-right). The
true ATLAS curve lies between our LO and NLO contours in aies
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ters which complicate the analysis beyond too much, ourdoale analysis deals with
a decoupled sleptonic sector. It is, in principle, possib& the limits obtained in the

decoupled slepton limit are diluted when decays into slep{@nd hence leptons) are
possible. We include the possibility of a low-mass sleptecta in section 4.4, where

we use high-scale parametrisation and allow the RG runnidgt&rmine the masses in
the slepton sector. However, we shall see that allowingrmags sleptons do not make
significant difference to the limits for signatures baseget® and missing energy.

We perform our analysis retaining the cMSSM-like gauginssnaattern\/; : M, :
Ms; ~ 1 :2:6. In general, for most gaugino mass patterns, we expect suitseo
remain fairly unchanged since our signal does not depeadgiir on particles obtained
from intermediate decays in SUSY cascades. However, waecgkpcomment at the
end of the paper on the extreme cases of gaugino mass pdtiatnsould be likely
yield results drastically different from ours.

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

Channel o x acc (fb)
2 jets + MET 24
3jets + MET 30
4 jets + MET (Mex =1 TeV) 32
1 btag +M.g > 500 (3JA) 288
1 btag +M.¢ > 700 (3JB) 61
2 btag +M.g > 500 (3JC) 78
2 btag +M.g > 700 (3JD) 17

Table 4.1: The values of cross section times acceptanceAldmAS analysis used for
applying exclusion limits. The first set uses 1.0 flof data whereas the second uses
0.833 fb ! of data. The names “3JA” etc. are the corresponding siggaime as defined

in [98].

4.2 Parameterisation of the third generation sector

As mentioned earlier, we work in the pMSSM framework where tlarameters are
assigned at the low-scale. The programSBECTIs used to ensure that electroweak
symmetry breaking has correctly taken place and the speadsiconsistent. To start
with, we retain the cMSSM-like gaugino mass ratios, coroesitoM; : M, : M3 ~ 1 :
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2 : 6 among the U(1), SU(2) and SU(3) gaugino masses. We discaigifdtt of lifting
this assumption in detail in section 4.5. The squark mass#®dirst two generations
and all the slepton masses are set to 2 TeV which is beyone#ué of the 7 TeV LHC
run. The stop and sbottom sector can each be described leygarameters — the two
mass eigenstates and the mixing angle. We use these asuhpanameters for the scan
and use the diagonalisation to determine the left and rightled mass parameters of
the pMSSM. The stop sector requires three parameters — thgesd; and/;, and
the stop mixing anglé;. Using the stop mass-squared matrix diagonalisation tondi

MZ 0 M2, mX cos; sinb;
7 _ 3Q <X 1. 1 _ 7 7
( O1 Mi ) R ( m X, Mip )R R ( —sinf; cosb; ) (4.2)

whereX; = A, — ucot 3, we can use the low-scale massés, M;, andd; as the input
parameters which uniquely determide given , andtan 5. The left handed sbottom
mass is expected to be close to the left handed stop masstkeycare derived from
the same parametetf;,) in the low-scale pMSSM model. The right handed sbottom
mass andi, can then be set depending on the requirement’pf 1/;, andd;.

Assuming that the third generation squarks and the gluieottae only strongly
charged superparticles accessible at the LHC, we investiggarticular, the following
cases:

e Case Aisind; = 0.99 i.e.1, ~ tp is the lightest squark. This is commonly the
case in cCMSSM models. We also sefy ~ M; ~ M; = Mz + 500 GeV,
which makes the sbottom sector somewhat heavier than thetigtop. We scan
the parameter space M = M, .

e Case Bisinf; = 0.01i.e.t, ~ t;, ~ b, ~ b;. The lightest stop and sbottom are
nearly degenerate and mostly left handéd;, ~ M; = M; + 500 GeV. We
scan the parameter spacelih= M;, = Mj .

o Case Cb; ~ by is the lightest squarkM;, ~ M; =~ M;, = M; + 500 GeV
with sin 6; = 0.70 andsin ¢; = 0.99. We scan the parameter spacelin= 1/ .

e Case D:M;, ~ M; ~ M;, ~ M; . This is the case of maximal mixing in both
stop and shottom sectors. The most stringent limits on i third family sce-
nario will arise for this particular case, as it allows alifequarks to be produced
with similar cross sections. The scan in this case is ovecdinemon mass of all
the third generation squarks.

In each case, we are now able to perform a scan oveithe M, plane, where
M is the mass of; in cases A, B and D antl in the case C. The Tevatron reach for
searches in they — cx! rule out stop masses up to 180 GeV [114]. We therefore start
our search afi/;, = 200 GeV and scan up to 2 TeV. Also, since we assume gaugino
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Parameter Scan range

Mz, 100 - 2000 GeV

M, 150 - 600 GeV

tan 3 5, 10, 40

I -200, 200, 500, 1000 GeV

Table 4.2: The parameters of the scadf) - M, space.

mass unification, we use the chargino mass limits from Tewma(/,, s >164 GeV) to
start our scan at/, = 150 GeV and vary\/, up to a value of 600 GeV which would
correspond to gluino mass of 1.8 TeV and therefore cover titieeerange of masses
reachable at the 7 TeV run of the LHC. We fiX, = 400 GeV and perform this scan
for 12 combinations of 3 values ofn 5 and 4 values of:, which are listed in Table
4.2.

4.3 Results

The hierarchy among/,, M, andy determines the composition of the neutralino and
chargino sector and therefore has strong effects on théslinm particular, for cases
with low values ofy, the lightest neutralino has a significant higgsino fractigvhen
M, becomes large enough, the stai@sand y; become higgsino dominated and their
masses remain close to the valueg:ofin this case, the masses and compositiong’of
X1 %9 are not affected by changes in the valueldf, so long it is considerably larger
thany. For largeu, on the other hand, the allowed decays of the squark will wepe
strongly on), up to very large values. Therefore, we expect that for lovaskjmasses
andy low with respect tal/,, the exclusion contour is relatively insensitivelty. This
can clearly be seen in figure 4.2 and best illustrated in thetigpanel corresponding
to Case-D. Here, the production cross section is high becdlB®rir third generation
squarks are degenerate. Moreover, it can clearly be seep tha-200 and 200 both
lead to large exclusion if/; for small masses. The effect is similar also in the panel
corresponding to Case-B. The third panel, correspondingdticsh being the lightest
shows minimal change with changipg This is mostly because the deday— bx! is
always open irrespective pfdue to the small mass of the b-quark. Thus, the sensitivity
to p is reduced.

To estimate the effect of enhancement due to NLO correciiortise production
cross section, we present the comparison of LO and NLO cuoresach case with
tan 5 = 10 andp = 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 Nu@es. However, taking
note of the results of our cMSSM limits in Section 4.1, whére ILO limits are closer
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Figure 4.2: The dependence of the exclusion curves on diftevalues ofu for
tan § =10. The least dependence is for the case where the sbotthmlighter squark.
The shaded region at the top in the fourth panel corresparstsp LSP and is therefore
ruled out. The x-axis refers tbf;, for Cases A, B and D andlf; for Case C.

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

43.1 CaseA

This is the case closest to MSUGRA-type models wheis the lightest squark. The
primary production processes in this case @feandt,t:. Since our scan starts with
M, = 150 GeV, i.e. a gluino mass of 450 GeV, the degay» tty! is always open
and forms the dominant decay mode. In the low mass regionshwére probed by the
LHC data, the dominant decay mode of thelepends on the mass hierarchyt gfy?
andy;. Since we are working in R-parity conserving models, we thigsathe region
where the lighter stop is the lightest supersymmetric giar{LSP) i.e. the region where
M;, < My. Following this, the hierarchy/;o < M; < M4 results in the case of



64

400 T T T T T 500

450
350

400

300 - Case A 350 b ) Case B

M,
M,

250

200

150 . . . n . 150 . . . . .
200 400 600 800 1000 1200 1400 200 400 600 800 1000 1200 1400 1600
M M
500 —————— 500 ————
LO — LO ——
NLO - NLO
450 | 1 450
400 | E 400 |
350 + Case C E 350 Case D
s s

300 1 300
250 |

200

L L L L L L L L L 150 L L L L h L L
200 300 400 500 600 700 800 900 100011001200 200 400 600 800 1000 1200 1400 1600 1800 2000

M M

Figure 4.3: Comparison of LO and NLO exclusion curves for CaseB, C and D,
illustrated for valuesan g = 10 andu = 500 GeV. The x-axis refers to mass of the
lightest third generation quark in each case, as discussibe itext.

stop NLSP (next-to-LSP). The dominant modéis— ¢! if M > My + M. In the
remaining region which satisfie¥;, < M; + My andM;, < M, + Mg+, we expect
t, to decay via three-or four-body decays or via the mdes cx?. For this work, we
assume that this last mode dominates over the three or falyrdmcays. Finally, in the
case wheré/; > M, + M_ PR the decay intdy; is also open. For larger stop masses,
decays into other neutrallnos second chargino or gluing a0 open.

The effect of various values ofin  for two values ofu are shown in Fig. 4.4. The
exclusion curves show minor dependenceans. We find that for low values qgf, low
tan 5 results in a larger reach it/; whereas highan 3 results in a larger reach ;.
This trend is reversed for large valuesigfas can be seen in the panel corresponding to
1 = 500 GeV of Fig. 4.4. However, it must be reiterated, that thisateon cannot be
considered experimentally significant due to the uncetitsiron the exclusion curves
in our analysis.
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Figure 4.4: Exclusion curves for Case-A (stop lightest satehaThe x-axis refers to
the mass of, squark.

43.2 CaseB

In this case, thé, andb, form a degenerate pair of lightest squarks. They are both pri
marily left handed and therefore have an enhanced cougingro-like states. Again,
due to the requirement of neutral dark matter candidate, isadlow any region with
stop or sbottom LSP. The decays of the lighter stop are ginalthose in case A. The
decay of the lighter shottom infg;! is almost always allowed and will form the domi-
nant decay for most of the low mass region. In cases of largenereM o ~ M, the

decayb;, — bx$ will dominate over; — bxY and similarly for stop decays. The decay
b — tx; is relatively disfavoured due to large top mass. The gluieceg's dominantly
to bby!" in the regionM; < M; and tobb, otherwise. The decays to corresponding
top-sector are again disfavoured due to large top mass.

The dependence of the exclusion curvesans is shown in Fig. 4.5. For the case
of © = —200 GeV andtan 5 = 5, we find thatt, andb, up to 300 GeV are ruled out
for gluino masses up to 700 GeV. The region just belowithar b,-LSP region is still
allowed, as the near-degeneracy of their mass and the m#ss b§SP results in a low
missing energy and/.; spectrum which does not satisfy the hardness cuts imposed.

4.3.3 CaseC

This case considers the situation where both the stop sieddseavier than the light-
est sbottom state. The primary production processeg@aend Elfﬁ. As before, we
disallow the regionM; < M. The regionMy < M < M+ corresponds to a
b,-NLSP with the dominant decay — b%? . The gluino dominantly decays viéy?

in the region); < M;, and tobb, otherwise. This case is the closest to the scenarios
considered by the ATLAS collaboration for the interpreiatof their b-jet and missing
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Figure 4.6: Exclusion curves for Case-C (sbottom lighteshado). The x-axis refers
to the mass ob;, squark.
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Figure 4.7: Exclusion curves for Case-D (maximal mixing scer). The x-axis refers
to the common mass of all the third generation squarks. Thdeshregion at the top
corresponds to stop LSP and is therefore ruled out.

energy searches [98]. They split their analysis into a cdsevthey disallow any three
body decays of the gluino via— bby! and the case of a simplified model where there
are no two-body decays but all decays are via this chann&oriing to the first case,
they rule out gluino masses up to 720 GeVi#pmasses up to 600 GeV [98]. As can be
seen from Fig. 4.6, fob; = 600 GeV, we rule oufi/; < 570-660 GeV fo = —200
andM; < 600-660 GeV fon: = 500 GeV.

434 CaseD

In the maximal mixing scenario in both the stop and sbottoatoseall four squarks
of the third generation have nearly degenerate massesefohethe production cross
section is maximum for this scenario and the limits are gfesh The decay scheme for
the sbottom is same as in Case B whereas for the stop, it isithe &sin Case A. The
gluino can now decay both via stops or sbottoms, but the lavges of the top means
it decays preferentially viab; channels. As expected, lowresults in large exclusion
in M, for low squark masses. The dependence of the limitsaar is shown in Fig.
4.7. The case forn = —200 GeV (and similarly = 200 GeV) result in an exclusion of
third generation squark masses of 280 GeV for all allowedesbf),. This case is
similar to the one considered in [91], where, for naturasnesjuirements they require
tr, 1, andb, to be degenerate and assume a Higgsino LSP. Their limitscom#ss of
the third generation squarks lie between 200-300 GeV.

The exclusion limits for the case pf= 500 GeV does not show any exclusions that
are independent of gaugino (and hence gluino) masses. Trdegémeration squark
masses are completely un-constrainedXfyr > 1 TeV. Whereas, the approximate re-
quirement for naturalness thaf; < 500 GeV would translate intd/; > 600 GeV.
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In conclusion, among the four cases discussed above, anlyase with degenerate
third-generation squarks and Igwieads to mass limits independent of gluino mass
— that of 280 GeV. In most other cases, we find that limits ddpginongly on the
composition of the neutralinos and charginos. The caseewviwely ¢, is accessible is
the least constraining, mainly due to low production crasstiens compared to the
other cases. For the case where the LSP is almost a pure Bato.(hiM;, = 200
GeV is ruled out for a gluino mass less than 570 GeV. Taking aacount all values of
pandtan 3, Mz = 200 GeV is ruled out for gluino masses in the rarigeé — 720 GeV.

The case of lightest third generation squark béini the most insensitive to vari-
ations of bothu andtan . For this case, our limits are consistent with ATLAS’s own
interpretations within 10%.; = 200 GeV is ruled out for gluino masses between
680 — 820 GeV. The case of degenerate left-handed squarks ruled/gu M; =
200 GeV for gluino masses in the range0 — 1050 GeV. And finally, the case with all
squarks degenerate rules ddf; = 200 for Mz < 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 sectiohaisb possible to perform a
scan over high-scale parameters. The advantage of a hadgnastalysis is that the hier-
archy of the particles is uniquely and consistently deteedifrom the renormalisation
group (RG) running of masses to low scale from given highesparameters. We use
the simplification afforded by this model to include the effeof sleptonic sector in our
analysis.

It is possible that the limits described in the previousisacare diluted if slepton
masses are allowed to be light. This is because the gaugimals then decay predom-
inantly to sleptons resulting in leptonic final states whiatuld be discarded since all
the analyses considered here have a lepton veto. Includenfull lepton sector in the
low-scale pMSSM requires five more parameters and makesexaestudy far more
complicated. We therefore leave a fully model independevestigation of interpret-
ing the ATLAS limits involving a low mass slepton sector toudufre work. However,
we partially answer the question as to whether the limitsddtged by studying some
illustrative cases, as described below.

Even though the soft-scalar masses may in principle takaragpvalues, the con-
strains from flavour changing neutral currents (FCNC) fromaneasgecays dictate that
the first two generation squarks remain degenerate. Shpikssence of decays like
1 — ve means that the masses of first two generations of slepton$al® to degen-
erate. Therefore we can consider three schemes of nonrsailiig:

e Case HA: Third generation squarks are lighter than all other sfensid his will
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Figure 4.8. Comparison of exclusion curves from three hicddesnon-universal sce-
narios. All cases agree with each other within statisticalntainties.

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

e Case HB:Third generation squarks and sleptons are lighter tharnteksfermions.
This leads to light staus and tau-sneutrinos. Possiblg,vtlould lead tar final
states which have been studied in [115].

e Case HC: Third generation squarks and all sleptons are light. Compate
limits in this case to those in Case HA will answer the questbdilution of
limits due to leptonic signatures.

As in the previous analysis, we retain the cMSSM-like gaagimasses. We now
have two mass scales in the scalar sector — the scale of h@asgupled particles
(Mheavy = 2 TeV) and the scale of light scalars/(,,;). We once again assume that
the gaugino sector follows the universal structure and wehsehiggs mass parame-
ters for the two higgs doublets to be samelag,,.. The parameters are all set at the
grand unified theory (GUT) scale and the TeV-scale valuesletiermined by RG run-
ning using the program SUSPect. The exclusion curves aatdor the three cases are
shown in Fig. 4.8 for a value afin 5 = 10. The results for values ofin 5 = 5, 40
are similar. We do not see any significant difference amoagxtlusion curves for the
various high-scale cases. This can be interpreted as tlistrass of the 0-lepton sig-
nals against different slepton masses and justifies thergtgan 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 massmpaft\/; : M, : M3 ~
1:2:6. We can expect the case of right-handed sbottom being theesgof the third
generation to be fairly independent of the assumption ofjgEumass pattern since
the only dominant decays abe — bx? andg — bby?, and both are always allowed
(except for very compressed spectra). We would expectfgigni deviations from the
stop limits when, for example, the decay — by is largely inaccessible because
both M, and . are so high that the charginos are generally heavier thasttipe In
this case, the dominant decay for most of the parameter spagiel bet, — tx!. In
the current study, regions where thg' decay was kinematically disallowed was still
largely covered by théy; decay, thus leaving only a small region of parameter space
corresponding to the flavour violating decay. However, mabsence of the decay into
a chargino, one would need to examine in detail, the relatikengths of the (highly
model-dependent) flavour-violating decay — cx! and the three-body decay of the
stop. In other cases, where the stop still decays via stdrudt@nnels, we do not expect
significant deviations from our limits.

4.6 Summary

We have investigated the consequences of the recent ATLAS idachannels with
(b-) jets and missing energy on the limits on the mass of thid tleneration squarks.
We work in the pMSSM framework, with TeV-scale parametergheut requiring a
high-scale breaking scheme. For obtaining relatively rhogependent limits on the
third generation squark masses, we decouple the first twarkgenerations as well as
all sleptons. We also explicitly show that decoupling ofpsbas is not likely to affect
the limits as long as we work with O-lepton signatures. We fimat a stop of mass
200 GeV can be ruled out for a gluino mass of 570 GeV in the leasstraining case
whereas a stop of mass 500 GeV is allowed for gluino masseardpy 450-880 GeV
depending on the structure of the third-generation squectos and the parameteus
andtan . In the case where all third generation squarks are degenara can rule out
masses less than 280 GeV fpf < 200 GeV, independent of the gluino mass.
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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 maud#tsconserved
R-parity. The consequence of this is that (a) sparticles lavaya produced in pairs
— which means we require a larger CM energy to produce thengmifgiantly large
number of events, and (b) the lightest of SUSY particles wgagt stable — which
makes it a component of dark matter; thus requiring it to bergé+-neutral and leads
to signatures with large missing momentum at the LHC. Thexatian of R-parity
requirements would in turn mean that single sparticles eaprbduced resonantly and
moreover, there would be no stable sparticles and no madsiigible momentum
carriers. In this chapter, we investigate the detectiompfsguarks in such a scenario.

The current structure of the standard model, with gaugeiswvee and renormalis-
ability built in, implies automatic lepton and baryon numisenservation. This is no
longer true in the supersymmetric extension of the SM [3§, \Bliere scalars carrying
baryon or lepton number are present. Thus the MSSM supetjEdtenamely

Whrssy = hi;QiDSHy + hQ:USH,, + hiy L ESHy + nH, Hy (5.1)
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can in principle be augmented to include

Wrpv = i Lill, + N Li L Bj, + N, LiQ; Dy, 4 A, Uf DS Dy, (5.2)
which contain terms that are gauge invariant and renorataisbut explicitly violate
lepton or baryon number. Here, L(E) is 8/ (2) doublet (singlet) lepton superfield and
Q (U,D) is (are) an5U (2) doublet (singlet) quark superfield(d),, and H,; are the two
Higgs doublet superfieldg, is the Higgsino parameter aridl j, k) are flavour indices.
Each term in equation (5.2) violates R-parity, defined?as- (—1)3(%~£)-25 (where
B is baryon number, L is lepton number and S is spin), agaihstiwall SM particles
are even whereas all superpartners are odd. The consequieviotating R-parity is
that superpartners need not be produced in pairs anymatehanthe lightest super-
particle (LSP) can now decay. The strongest argument falystg R-parity violation
is that it does not arise as an essential symmetry of MSSM.edewy the requirement
of suppressing proton decay prompts one to albmly oneof B and L to be violated at
atime.

The collider phenomenology in the absence of R-parity maydbng different from
that of the usual R-parity conserving MSSM. In particularthé R-parity violating
(RPV) couplings are large enough, the LSP will decay withendletector and one can
no longer assume a large missifg-(from heavy invisible particles) as a convenient
discriminator. Although studies have taken place on sughads, closer looks at them
are often quite relevant in the wake of the LHC. In particulais crucial to know the
consequences of broken R-parity in the production of spasticHere we perform a
detailed simulation in the context of the LHC, highlightingegpossible consequence of
the B-violating term(s), namely, the resonant productioa sfjuark—in this case, the
stop.

Many of the RPV couplings have been indirectly constrainedhfvarious decay
processes, including rare and flavour-violating decaysvamidtion of weak universal-
ity. The constraints derived are of two general kinds—thasendividual RPV cou-
plings, assuming the existence of a single RPV term; and tboste products of
couplings when at least two terms are present, which cait&ito some (usually rare)
process. The constraints obtained so far are well-listélddniterature[116].

The L-violating terms are relatively well-studied, parbgcause of their potential
role in generating neutrino masses and are constraineddngab limits. In compar-
ison, the baryon-number violating coupling are relativehconstrained.\7,, ,,; are
constrained from double nucleon decay and neutron-arntmewoscillations[117, 118,
119]. The rest of the couplings are constrained only by thairement that they remain
perturbative till the GUT scale. Limits oN;;; type of couplings due to the ratio of Z-
boson decay widths for hadronic versus leptonic final staéee been calculated for a
stop mass of 100 GeV [120]. However, the results do not megtré couplings for high
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stop masses of concern here. The couphg is thus practically unconstrained for
large stop masses. It is also known that mixing in the quactoseauses generation of
couplings of different flavour structures and can therel@eonstrained by data from
flavour changing neutral currents(FCNC)[121]. Such effedssrag from mixing in the
guark and squark sector can affect the contribution of Rypeaiolation to physical pro-
cess and alter the limits[122]. However these effects ardaindependent and have not
been taken into account here.

It has been already noticed that such large valueg-aype couplings as are still al-
lowed, not only cause the LSP to decay, but also lead to res@naduction of squarks
via quark fusion at the LHC. The rate of such fusion can in factefkceed that of the
canonically studied squark-pair production. One wouldefare like to know how de-
tectable the resonant process is at the LHC. Furthermorejeeds to know the search
limits in different phases of the LHC, and how best to handee libckgrounds, both
from the SM and the R-conserving SUSY processes. These am @lotime questions
addressed in this paper.

Single stop production, mostly in the context of the Tevatwwas studied in detail
in [123, 124, 125, 126]. A full one-loop production crosstgatcan be found in [127].
A study of SUSY with the LSP decaying through baryon-numbelating couplings
and therefore giving no missing energy was done in [128].tHeurstudies on deter-
mining the flavour structure of baryon number violating dowgs and possible mass
reconstruction following specific decay chains can be foun{d 29, 130]. There have
also been recent studies on possible LSPs [131] and idetitiiicof R-parity violating
decays of the LSP using jet substructure methods [132]. étestudy on identification
of stop-pair production via top-tagging using jet-substiiwe can be found in [133].

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

¢ In the work done for the Tevatron, the sparticle masses vegeired to be less
than 500 GeV to be within reach. Thus, the gluino was alsoireduo be much
lighter than a TeV to avoid large radiative corrections toaf masses. This
implied that in the constrained MSSM (cMSSM) [45] scenatfie, LSP, assumed
to be the lightest neutralinoyf), had to have mass less than 100 GeV. If we
allow only the term proportional ta3;,, the only three-body decay qf isx) —
td;d;(tds). Since the neutralino is much lighter than the top, it caraglemly via
a 4-body decay and therefore has long lifetime and decaysdeuthe detector
for all allowed values of\;;;[134]. Thus, one still has the canonical missifg-
signature. This was one of the main assumptions in[124]. é¥ew if the stop
mass is beyond the Tevatron reach but within the reach oft& ke may indeed

have lightest-neutralino mass high enough to allow dec#lyinvihe detector.

e For a light stop, the only available R-parity conserving gewedes are into the
lightest neutralino®) and lighter chargina(}’) i.e. t — tx?, bx; . For stop mass
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near a TeV, the decay modes into higher neutralinos and taeidrechargino
may open up, leading to different final states. We have fohatlthis drastically
improves the detectability of the signature over the SM bemknds.

e We have taken into account all the potential backgroundseat HC, including
those fromit + jets, Wit + jets, Ztt + jets, which pose little problem at the
Tevatron. A detailed investigation towards reducing thesekgrounds 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-violatioglings proportional
to A3;;, and also on fraction of the right-chiral eigenstatg) (in the mass eigenstate
concerned. The corresponding term in the lagrangian is

L = —QElmnAgij{leJSmPRdjn + hC}

= —2¢"" Ny {(sin 07 11y + cos 6; 1) d5,, Prdjn + h.c.} (5.3)

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

27 sin” 0;
0% = ——
1 2
3mt~

; |)\gij|2/dIld(EQ[fi(ilfl)fj(ﬂfZ) + filzo) fi(w1)]6(1 — %) (5.4)

wheresin 6; is the amplitude of finding &z in #,, f; is the proton parton distribution
function for a parton of speciesandz, ) are the momentum fractions carried by the
respective partons. Out of the three possiklecouplings, contributions viaZ,; and
A\,4 are suppressed due to the small fraction of b quarks in themrdNVe therefore
look at the production of top (anti) squark through the fassdthe d and s (anti)quarks,
via the coupling\,,. Since the actual cross section for production of the ligfhgéop
depends on the mixing angle ém? ¢;, it is useful to define the cross section in terms
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Figure 5.1: Production cross section at the LHC {6s = 7,10 and 14 TeV with
Aegp = 0.2. The corresponding cross sections for R-conservingpir production are
also shown.

of an effective coupling\/; , = sin 0;15,.
2m
or = )\// 2 %
t1 3m£1 eff|

2/dx1dx2[fd(x1)fs(xz) + fa(z2) fs(1)

+fa(z1) fs(x2) + falw2) fs(21)]0(1 — 732

)
(5.5)

The production cross section at the LHC with centre-of-neassgies of 7, 10 and
14 TeV is given in Figure 5.1. As an illustration, we have @mshe value\/,;, =
0.2 which is consistent with the existing limit okf;;,. In general, botht; and#, will
be produced. However, due to larger mass and smaller fracfiay , t, is rarely
produced. For comparison, we also presentfihpair production cross-section via
strong interaction. Fom; > 500 GeV, the resonant production dominates over pair-
production for\”,, > 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 sectiogyat= 14 TeV is modified
by a k-factor of about 1.4[127]. The uncertainty due to remalrsation and factorisation
scales at lowest order is about 10% and drops to 5% when NL@ctans are taken
into account.
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Figure 5.2: Lighter stop decay branching fractions in défe modes fotan g = 5,
Ag = —1500 (top left) ; tan 5 = 40, Ay = —1500 (top right) andtan 5 = 10, Ag = 0
(bottom). \5,, = 0.2, . > 0 andm, ;o = 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\S&t®nario and to in-
clude all possible final states arising from stop decay. Hewedhe multitude of free
parameters in the MSSM often encourages one to look for soganising principle.
A common practice in this regard is to embed SUSY in highestaeaking scheme.
Following this practice, we have based our calculation anrtiinimal supergravity
(MSUGRA) model[135], mainly for illustrating our claims iness cumbersome man-
ner. The high scale parameters in this model arg:the unified scalar parametet, /,
the unified gaugino parametetign (), wherey is the Higgsino mass parametely,
the unified trilinear coupling anthn 3, the ratio of the two Higgs vacuum expectation
values.
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Although the production cross section of the stop dependis @mthe mass and
mixing angle of the stop, any strategy developed for sedirgehsuing signals has to
take note of the decay channels. We have tried to make owsasi@bmprehensive by
including all possible decay chains of the stop. Thus we hresladed decays intoy?,
by, tg andds, of whom the first three are R-conserving decays while thedastis
R-violating. The charginos, neutralinos or the gluino prastlout of stop-decay have
their usual cascades until the LSP (hegfe the lightest neutralino) is reached. Thg
thereafter undergoes three-body RPV decays driveN;pby to give rise to final states
consisting leptons and jets of various multiplicities.

We observe that for the same valuesiafy(m, ), the mass and branching fractions
of the stop may vary drastically with different values &ix( 5, Ap). We shall choose
i > 0 for all the benchmark points as it is favoured by the constriiom the muon
anomalous magnetic moment[136].

Since we explicitly want to study the situation in which thetralino decays within
the detector, the only available decay modg'is— tds(tds). We therefore require that
the neutralino mass be greater than the top mass to allowtfwea-body decay. We fix
my/2 = 450 GeV which giveslM o ~ 180 GeV. We also choose the high scale value of
A5y5 ~ 0.065 such that it gives a value 0f2 at the electroweak scale.

Figure 5.2 shows the branching fractions into various fitetles for three different
choices of(tan 3, Ag), namely,(5, —1500), (40, —1500) and (10, 0) for different stop
masses, obtained by varying,. We notice that, for lown,, the dominant decay mode
is by4 in the third case of Figure 5.2, while it tg? in the first two cases. We also
notice that the decays into higher neutralinos and chasgapen up earlier foran 5 =
40 and compared ttan 3 = 5. Choosingtan 3 < 5 does not significantly alter the
decay scheme and therefore we have chosep = 5 to be representative of lown 3
values.

The Tevatron reach for single stop production is abiButGeV. We therefore start
with a benchmark point with stop mass of 500 GeV, just beytiglreach (Point A).
The major decay channels in this case g bx;. A stop mass of a TeV at the elec-
troweak scale may be obtained by various configurationserhigh-scale parameter
space. However, from the above plots, one expects its deoagfsange significantly
with different parameters. Our objective is to determinesthier signal of resonant
production of a stop of mass near a TeV can be probed irregpaxftwhat the high-
scale parameters are. For this, we fik, ~ 1 TeV. We first look at the case with
Ag = —1500. We construct two benchmark points witin 5 = 5(Point B) and 40(Point
C) which represent the opposite ends of the allowed rangeni¥. We see that for a
stop mass of 1 TeV, the decays into the higgsino-fikeand ) become dominant goes
to hightan £.

Similarly, we also look at a point withl, = 0 tan 5 = 10 (Point D). In this case,
we find that the Higgsino channels open up fairly early ancithinant decay iy,
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followed bytxJ. As we shall see in the next section, this plays a crucialirénhanc-
ing multi-lepton signals of a resonantly produced stop.alynsince the decay into a
top and a gluino does not open up until much higher stop maaseslso construct one
point in which the stop decays dominantly ingp(Point E).

Points A, B and E correspond to the same valuétefi 5, Ay) = (5, —1500) and
therefore provide a description of how the signal changeswanlym is varied. This
choice of parameters also corresponds to the most conserease in terms of signal
since the decay modes into the higher gauginos does not opandrge region in the
parameter space. We will therefore use these points torolataits on A7, ;.

We have tabulated the parameters and significant decay nmodedle 5.1. The
benchmark points were generated with RPV renormalisatioagrunning of couplings
and masses using SOFTSUSY 3.0.2[137] and the RPV decays aletdated with the
ISAWIG interface to Isajet[138].

Point| (mq,tan 3, Ag) | M, | sin®6; | Dominant decay modes

A (600,5,-1500) | 508| 0.88] tx? (0.35);bx7 (0.19);ds (0.48)

B (1650,5,-1500) | 1002| 0.97 | tx! (0.48)1x) (0.04);bx; (0.10);ds (0.38)
C (1570,40,-1500) 1002| 0.95] tx{ (0.35)1x5 (0.05);

bx{ (0.12);bx5 (0.21);ds (0.27)

D (1250,10,0) 1008 | 0.97 | tx} (0.13);tx5 (0.04);tx5 (0.20);tx (0.13);
by, (0.08);b%7 (0.33);d5 (0.10)

E (2450,5,-1500) | 1404 | 0.99 | ¢g (0.39);txY (0.15);txY (0.02);tx3 (0.08);
%9 (0.07);bx7 (0.02);b%7 (0.17);ds (0.11)

Table 5.1: Benchmark points and the dominant decay modes dipthter stop.\5,, =
0.2, u > 0 andm, » = 450 GeV for all benchmark points.

The decay width of the stop in the R-parity violating chansfiebepends only on
Aes; and the stop mass. Therefore, the branching ratio into tasmel for same values
of \’;, and stop mass depends only on the decay widths of the othenelsaopen at
the same time. For the benchmarks under considerazi?gzrandﬁ have large gaugino
fractions Whereag}gj4 andy; have large higgsino fractions. The large top mass means
that stop coupling to higgsino-like chargino and neuti@ginms large. Thus as soon as
these decays become kinematically allowed, they quickigidate over the decays into
gaugino-like chargino and neutralinos. This can be seepdorts B, C and D which
have nearly identical stop masses and 0; (\y,, = 0.2 at electroweak scale for all
points). Largetan 3 opens up théys mode early in point C as compared to point
B and makes the branching fraction inte for point C much lower. For point D, the
branching fraction into higgsino-like chargino and neliti@s is larger thar60% and
the RPV decay fraction is only aboi®%. Thet — ¢t — § coupling comes from strong
interactions and therefore thé channel dominates whenever it becomes kinematically
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allowed (as in point E).

5.2 Event generation and selection

5.2.1 Eventgeneration

Signal events have been generated using HERWIG 6.510[18&€],jeds have been
formed using anti; algorithm[104] from FastJet 2.4.1. SM backgrounds havenbee
calculated using Alpgen 2.13[76] showered through Pyth&] {vith MLM matching.
We have used CTEQ6L1 parton distribution functions[140]e Ténormalisation and
factorisation scales have been set at the lighter stop nidg$ for signal, while the
corresponding default options in ALPGEN has been used ®b#tkgrounds.

In R-parity conserving MSSM, the production of two heavy sppeticles requires
a large centre-of-mass energy at the parton level. Thisvalles to further suppress the
SM background by applying cuts on global variables like tef#fieéctive mass” {/.¢).
Since we no longer have a large missifAg-and the energy scale of the resonant produc-
tion process is not very high, the SM background cannot bpresged so easily. We
therefore concentrate on leptonic signals with or withothdps to identify the signal
over the background.

5.2.2 Event selection

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

e Same-sign dileptonsSD
e Same-sign dileptons with one b-tagged 8D + b
e Trileptons:3i

We do not consider the RPV dijet channel as a viable signatugealthe enormous
background from QCD processes. Similarly, we also omit op@asgn dileptons due
to large backgrounds from Drell-Ya#l; * W, tt etc.

We have imposed the following identification requirememtdaptons and jets:

e Leptons: A lepton () is considered isolated if (a) It is well separated from each
jet (5): AR;; > 0.4, (b) The total hadronic deposit withilR < 0.35 is less
than10 GeV. We consider only those leptons which fall withi < 2.5 with
pr > 10 GeV. Here, AR = /An? + A¢? wheren is the pseudo-rapidity ang
is the azimuthal angle.
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e Jets: Jets have been formed using the antialgorithm with parameteR = 0.7.
We only retain jets withp; > 20 GeV and|n| < 2.5.

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

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

e Cut 1: Lepton-pr: We demand that the of the leptons be greater thé&t0, 30)
GeV for dilepton and 30, 30, 20) for trilepton channels. This cut removes the
background from semileptonic decays of b quarks. It stypsgippresses the
bb+ jets, Wbb+ jets andtt + jets background in th€SD-channel coming from
semileptonic b-decays.

e Cut 2: Missing Er: At least one lepton in the signal always comes from the
decay of a W boson and is accompanied by a neutrino. We demaisseng+
greater thar0 GeV from all events. This helps in reducing the probabilityets
faking leptons. Missing<; has been defined &8 ,;sibie |-

e Cut 3: Jet pr: We demand that the number of jets, > 2 with pr(j;) > 100
GeV andp,(j2) > 50.0 GeV for SSD andSSD + b. This cut is useful when high
stop mass is very high and the production cross section ysloer

e Cut 4: Dilepton invariant mass: We also apply a cut on dilepton invariant mass
(My1,12) around Z-mass window &/, ;,, — Mz| < 15.0 GeV) for opposite sign
dileptons of same flavour in trilepton events. This servesifipress contribution
from Zbb + jets andW Z + jets background to trileptons.

Due to the Majorana nature of neutralina$;type interactions result in equal rates
for tds andtds-type final states. Therefore, the most promising signadsttamse in-
volving same-sign dilepton$$D). This not only applies t} but also to the higher
neutralinos produced in stop decay, whose cascades camiggvid W’s. SSD have
previously been used extensively for studying signals pessymmetry [141, 142] .
The most copious backgrounds38D processes come from the processesnd 1V bb
due to one lepton froml” and another from semileptonic decays of the b-quark. There
is also a potentially large contribution frobh due toB° — B° oscillations along with
semileptonic decays of both B-mesons. The effect of ositiatis simulated in the
Pythia program. Ther-cuts on leptons have been selected to minimise the backdrou
from heavy flavour decays [143]. We find that after the isolaindp, cuts on leptons,
Wbb andbb cross sections fall to sub-femtobarn levels.
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We simulate thet + jets background up to two jets. The trilepton channel has
another source of backgroundslinZ + jets; however, we have checked and found
them to be negligibly small after applying all the cuts. Weoadieneratél/ it + jets and
Ztt + jets up to one jet.

It should be mentioned here that the dilepton and trileptoal Btates can also arise
in the same scenario from the pair-production of supergdasti These include, for
example, pair production of gluinos and electroweak prtado®f chargino-neutralino
pairs. Such contributions have been explicitly shown indlogs in section 4.

We also expect that the- distribution of thet; becomes significantly harder if the
NLO corrections are taken into account[127]. Our cuts omolep have been designed
to cut off the background from semileptonic b-decays by o the pr to be about
half the mass of thé/’. Therefore, if only the lepton cuts are used, we do not expect
decrease in the efficiency of the cuts quoted in the nextasecti

5.3 Results

We present results using;,, = 0.2; the predictions for other values of this coupling
can be obtained through scaling arguments\;]f, is scaled by a factor of then the
production cross section as well as the decay width of the Ri2wireel scale by, All
other decay widths remain unchanged lis the branching fraction of — ds before
scaling, then the signal rates in any other channel aredbgle factor of

2
Rnew o n

R4 n (n2 — 1)f +1

(5.6)

5.3.1 Limits at/s =14, 10 TeV

The numerical results for various signals correspondinedive benchmark points for
LHC running energy/s = 14, 10 TeV are presented in Tables 5.2(for 8D channel),
5.3 (forSSD + b) and 5.4 (for3[).

We can make the following observations from the numericsults:

e The final stateSSD andSSD -+ b consistently have substantial event rates at both
14 and 10 TeV. Furthermore, the simultaneous observatieraasses in theSD
andSSD + b channel can serve as definite pointer to the production ofrd th
generation squark.

e For point A, which is just above the Tevatron reach, we camezetmore thamo
significance in thesSD channel with just 100 plt data at both 14 and 10 TeV.
For point E, which had/; = 1500 GeV, we can reacho with 1(3) fb—! and50
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SSD 14 TeV 10 TeV
Point Cut0 Cutl Cut2 Cut3 Cut0O Cutl Cut2 Cut3
A 884.8 496.8 459.4 41.0 |540.1 312.7 287.0 15.1
B 64.7 43.7 414 19.3 | 30.6 21.0 198 9.6
C 83.0 515 49.2 25.8 | 40.1 256 246 125
D

E

1454 719 689 41.1| 65.1 323 31.0 19.0
29.8 16.5 159 13.6 | 10.7 5.8 56 4.6

tt+nj 687.9 26.3 24.7 10.0 307.0 8.7 7.0 3.6
Wtt+nj | 17.0 9.2 8.7 5.2| 7.6 3.9 3.7 2.0
Ztt+nj | 12.7 6.7 6.7 41| 4.9 2.3 2.2 1.4
Total BG | 717.6  42.2 40.1 19.3 3195 149 129 7.0

Table 5.2: Effect of cuts on signal and SM background crosi®es (in fb) in the
SSD channel at,/s = 14,10 TeV. Cut O refers to all events passing the identification
cuts. Cuts 1-3 are described in the text. The numbers comdsppto best significance
(s/\/b) of the signal §) with respect to the backgrounb) @are highlighted in bold.

with 3(9) fb—! at 14(10) TeV. Therefore, we can conclude that the entirgean
from 500-1500 GeV can be successfully probed at the LHOfpy = 0.2.

e Stops decaying into higher neutralinos and charginos miad&edtal rates dis-
tinctly better. This is governed by Higgsino couplings asdherefore most
prominent for hightan 5 and low A,. This effect is evident from the large event
rates for point D. We can successfully probe this point inS8B channel abo
with less than 1fb—! data at both 10 and 14 TeV runs.

e The trilepton final state occurs when the stop can decay)(igit()(g4 or g. There-
fore, points A and B show almost no signal and Point D has thge$ signal
in this channel. This advantage is largely lost for benclnpaint E due to the
kinematic suppression in the stop production process.

e Reach for the LHC: Assuming the conservative casetai § = 5, Ay = 0),
with 10 fb~! luminosity, one can rule owt;'ff greater than 0.007-0.045 (0.007—-
0.062) for stop masses between 500 and 1500 GeV at 95 % Clk at 14 (10)
TeV. A 50 discovery can be made in the same mass ranggforgreater than
0.012-0.084 (0.012—-0.12). However, we observe that trehneastop mass does
not decrease monotonously with stop mass. The opening ofieeay channels
can improve detection considerably. The statements abioutiom value oer/f s
that can be probed are therefore dependent on the partobedays of the stop.
We therefore tabulate the minimum values>\§Jff for each benchmark point at 10
fb~! for both 10 and 14 TeV in Table 5.5.
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SSD +b 14 TeV 10 TeV

Point Cut0 Cutl Cut2 Cut3 CutO0O Cutl Cut2 Cut3
A 243.2 134.7 121.2 141 |158.7 675 61.8 6.6
B 13.8 9.6 9.2 4.7 8.3 6.0 5.6 2.8
C 25.3 15.2 146 8.0 | 12.7 7.8 7.4 4.1
D

E

47.9 239 230 152 | 21.2 9.9 9.5 6.3
11.3 6.2 6.0 53| 41 2.2 21 1.8
tt +ny 173.0 7.6 7.1 2.3| 80.9 4.2 1.4 1.3
Wtt+nj | 6.7 0.8 0.8 06| 4.0 2.1 1.9 1.3
Ztt + nj 5.6 2.6 2.6 18| 23 11 11 0.7
Total 185.3 11.0 105 4.7 87.2 7.4 4.4 3.3

Table 5.3: Same as Table 5.2, but for 88D + b channel.

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

Mg = Z \Dr| + Z \pr| + Br (5.7)

jets leptons

The contributions from resonant stop production is supsggdan the figures on the
SM backgrounds and also RPC superparticle production pgese$he RPC contribu-
tions are much smaller and therefore do not provide a sebacisground 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 tol fb~* data. It will be difficult to
observe RPV production of a 1 TeV stop at this energy. Howevergan make useful
comments for lower stop masses by looking at3§i® channel. We therefore look two
benchmark points with low stop masses: the first is the ‘PAidescribed earlier and
the second is similar to ‘Point D’ (withan 5 = 10 and A = 0). Since theit back-
grounds are much smaller at 7 TeV, we relax thepjetuts. The high scale parameters,
stop mass at electroweak scale and cut-flow table for signalell as background are
given in Table 5.6.

We conclude that we can rule out upxf,, = 0.025 at 95% confidence level for
a stop mass of 500 GeV at 7 TeV withfb ! data and &c discovery can be made at
stop mass 500 GeV fdt’e’ff > 0.043. For the casean 5 = 10 and A, = 0, the lowest
possible theoretically allowed stop mass (with,, = 450 GeV) is 775 GeV and we
can rule out up ta\,, = 0.054 with 1 fb~! data.
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the signal alone.
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3l 14 TeV 10 TeV
Point Cut0 Cutl Cut2 Cut4CutO0O Cutl Cut2 Cut4
A 49.1 2.8 2.8 0.0 180 11 1.1 0.0
B 2.0 0.6 0.6 01| 11 0.2 0.2 0.0
C 13.7 9.1 9.1 1.1, 6.5 3.7 3.7 0.6
D

E

48.2 29.6 29.0 8.6| 241 145 14.1 4.5
9.3 5.7 5.5 30| 34 2.1 2.1 1.2
tt +nyj 2.1 0.0 0.0 00| 1.8 0.0 0.0 0.0
Wtt+nj | 4.1 2.5 2.4 10| 2.2 1.4 1.4 0.6
Ztt+nj | 30.8 20.7 19.7 27| 113 7.3 4.7 11
TotalBG | 37.0 23.2 22.1 3.7/ 153 8.7 6.1 1.7

Table 5.4: Effect of cuts on signal and SM background crosi®ses (in fb) in the
trilepton (1) 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 4dessary to eliminate
background froniV Z + jets.

Point 14 TeV 10 TeVv
95% CL 30 50 | 95 % CL 30 5%
0.007 0.009 0.012 0.007 0.009 0.012
0.027 0.037 0.052 0.029 0.041 0.059
0.026 0.035 0.048 0.028 0.038 0.052
D 7
}

0.024 0.032 0.047 0.027 0.036 0.047
0.045 0.062 0.084 0.062 0.087 0.12

mooOwm>

Table 5.5: Values of minimum, , that can be ruled out at 95% CL, probedator 50
with 10 fb~! of data at,/s = 10, 14 for each of the benchmark points. The significance
used iss/v/b wheres is the signal and is the backgrounds /b > 0.2 in all cases.

5.3.3 Differentiating from R-conserving signals

We now address the question whether the signals we suggestectaked by an R-
parity conserving scenario in some other region(s) of tmarpater space. One possible
way that our signal may be mimicked is if a point in the mSUGRAapaeter space
(without RPV) gives similar kinematic distributions to anyrdoenchmark points. More
specifically, one may have a peak in the same region for thablar)M.g, defined in
equation 5.7.

For each of our benchmark points A-D, afi.;z peak in the same region requires
the strongly interacting sparticles to have masses in thgeralready ruled out by the
Tevatron data[144]. In particular, they require the glumass)M; < 390 GeV. Thus
the question of faking arises only for benchmark point E,citriepresents the highest
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Point (tan 8, Ag,mp) Mj; | CutO Cutl Cut2
A (5,—1500,600) 508 | 283.3 158.6 147.5
D’ (10,0, 100) 775| 70.0 339 320
tt + nyj 116.0 3.7 3.5
Wit + nj 4.3 2.3 2.1
Ztt +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 pradoand the effect of
cuts on signal and SM background cross sectiongjnn the SSD channel at/s = 7
TeV. Cut O refers to all events passing the identification.cAilisother 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 parametgrs= 300, m;,, = 180,
Ay = 0, tan g = 10, p > 0 and the resultant sparticle masses for coloured particées a
Mj = 465, My ~ 500 GeV. TheM.¢ distributions for point E and point RC is shown in
Figure 5.4. We present the following results at 14 TeV aslastiation. Distributions
at 10 TeV are almost identical.

The missingE7 distribution is also not a good discriminator under sucleuin-
stances, as can be seen from Figure 5.4. This is becauseutnmog that contribute to
missing4sr in the RPV case are highly boosted due to the large masses péttieles
produced in the initial hard scattering. Thus, fge spectrum is actually harder for the
RPV case even though the RPC case has a stable massive LSPdf@sgdle resultant
spectrum is quite light, the RPC production cross sectiod@ pb) is about two orders
of magnitude greater than the RPV case wih, = 0.2 (~480 fb). Consequently, the
rate of theSSD signals, for example, are much higher in the R-conservingasoe (~
34 fb) as compared to those from point& {4 fb). For values o, < 0.2, we can
therefore make a reliable distinction simply based on thaler of events expected in
theSSD channel.

Another possible discriminator is the charge asymmetryth&tSD channel, one
can look at the ratio of negative to positis8D % The fraction ofds — ¢* is more
than the charge conjugate procéss— ¢, due to the difference in parton distributions
of d andd in the proton. Therefore, one expects extra negative sjggotes than positive
ones. Whereas in the RPC case, since most of#ie contribution comes frongg
production, we do not expect a large asymmetry. In our Haigin, we see that this
ratio is 2.7 (1.4) for the RPV (RPC) case.
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Figure 5.4: The normalised effective mads.{) and missing energyifr) distributions
in the SSD channel for Point E and an Point RC. Point RC has been generategl us
mg = 300, my /5 = 180; Ag = 0,tan = 10 andp > 0. The gluino mass is 465 GeV.

5.4 Non«! LSPs

For RPV models, the restriction of having an uncharged LSPngdr exits. A signif-
icant region of the mSUGRA parameter space with law corresponds to a stau)(
LSP. With only\;,,-type couplings present, the stau can only decay via off-sfjeand

¢ propagators into the four body decay  7tds) if its mass,m: > my,, or via the
five body decay®{ — 70Wds) if m: < my,, Where the top propagator is also off-shell.
The four-body decays of the stau in lepton-number violasognarios was calculated
in [145]. Since the intermediatg) is of Majorana character, we can always have one
lepton of either sign from LSP decay via thé from an on-shell or off-shell top. Thus,
for various types of decays, the following situations may arise:

e For decays of y)-type, we can still have same-sign dileptons with one lepton
from top decay and the other from the decay of the LSP.

e For decays of typéy; with & — W*x) + X, we havey! — 7+ and theSSD
come fromlW* and LSP decay respectively.

e For decays of the type— by;” with ¢ — .7 + X, we may still geSSD from
leptonic decay of the in the 7 decay. Ifr-identification is used, final states of
the type same-sigfr + ¢/x) may be considered.

e Since the stau has to decay via four- or five-body processsqassible that the
lifetime of the 7 is large and it is stable over the length scale of the detedtor
this case, it will leave a charged track like a muon and ondaakat same-sign
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leptons with this “muon” as one of the leptons. It is also gasghat the lifetime
is large but the stau still decays within the detector. Ia taise, a displaced vertex
can be observed in the detector.

We leave the detailed simulation of all scenarios of resbs&p production with stau
LSP to a future study.

Another possibility that arises with a largé,, is of having a stop LSP. In this case
however, the decay will be almost entirely via the RR¥di-jet channel. The over-
whelmingly large dijet backgrounds at the LHC would moselkmake this situation
unobservable.

5.5 Summary

We have performed a detailed analysis of resonant stop ptioduat the LHC, both
for the 10 and 14 TeV runs, for values of the baryon numbertiiag) coupling)};,
an order of magnitude below the current experimental lilBienchmark points have
been chosen for this purpose, which start just beyond tlehrefthe Tevatron and end
close at the LHC search limit. We find that the same-sign tbiefiinal states, both
with and without a tagged b, are most helpful in identifyihg signal. The trilepton
signals can also be sometimes useful, especially when de¢#ye resonant into higher
neutralinos, the heavier chargino or the gluino open up. 441Q) TeV, we can probe
stop masses up to 1500 GeV and values/of down to 0.05 (0.06) depending on the
combination of various SUSY parameters. For cases of stgs nalow a TeV, the
effective mass distributions can enable us to distinguetiveen the resonant process
and contributions from R-parity conserving SUSY proces$&s.higher stop masses,
one has to rely on cross sections or the charge asymmetry.

In conclusion, resonant stop production is a potentialtgriesting channel to look
for SUSY in its baryon-number violating incarnation. Vaduef the B-violating cou-
pling(s) more than an order below the current experimemtaitd can be definitely
probed at the LHC, both at 10 and 14 TeV. If such interactioafiyrexist, our sug-
gested strategy can not only yield detectable event ratesdmpoint towards resonant
production as opposed to pair-production of SUSY particles
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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 syrimynéreaking is the
Higgs mechanism. Although the Higgs boson remains the onbbserved particle
in the Standard Model (SM), there are both experimental aedretical bounds on
its mass. The LEP bound afi4 GeV has now been supplemented with the Tevatron
bounds which rule out Higgs masses betwégh— 173 GeV [146, 147].

Here we consider the possibility of the Higgs boson existm¢he rangel30 —

150 GeV where the decay width df — WW is appreciable. Between the publication
of the original paper containing this research and writmg thesis, LHC data has ruled
out the SM Higgs above 127 GeV at 95% CL [11, 12]. However, th@altes defined
here remain useful even in the still allowed mass range \mghunderstanding that a
larger integrated luminosity would be required for a stetadly significant observation.
We stress that the magnitudes of the asymmetries defineddbemet change signifi-
cantly with the Higgs mass and the requirement of large losity is purely due to the
reduced branching ratio intd’ 1/ for a low-mass Higgs which leads to smaller cross
sections for the channels we consider. Moreover, the pcesgihanomalous couplings
changes the acceptance of cuts inthe- W channel which is primarily responsible

91



92

for ruling out the region in question and therefore, the itedor the SM Higgs cannot
be used without modification.

In such a situation, we wish to probe whether i@ W-coupling is exactly follows
the prescription of the standard model. Such couplings egorbbed in the relatively
clean leptonic channels and previous studiedifor W andHZZ couplings at the LHC
can be found in [148, 149, 150, 151, 152, 153, 154]. Many stutbr bothHWW and
HZZ anomalous couplings also exist in the context of a futtiee™ collider [155, 156,
157, 158, 159, 160J~ 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 glutueg fusion and
would in principle be the cleanest to probe tH&VW vertex. However, the decay
H — W*TW~ leads to an opposite-sign dilepton signature which is ptoterge back-
grounds frompp — W W ~. This background is generally eliminated by retaining only
relatively collimated leptons with an appropriate cut[JL6However, these cuts are no
longer useful when one wishes to probe the presence of anamabuplings because
of the difference made by the anomalous couplings in angligaributions of dilepton
events. We therefore choose to probe the associated praalabannel instead. A study
for probing the anomalous couplings in the vector-bosoiofushannel can be found
in [166]. One could also consider Higgs production yja— ZH. However, if the
HWW vertex has anomalous couplings, it would be natural to exieddZ7 vertex
to also have such couplings. In that case, one is left to thsegle the interference of
both HWW andHZZ vertices and this will further complicate the study of tHgvW
interaction.

Thus we explore the production of the Higgs wia — W H, and its subsequent
decay, again through tH€WW coupling. The interplay of anomalous coupling in both
the production and decay vertices makes the resulting phenology richer and more
complicated, but free from contamination from other efeche environment of a
hadron collider and the presence of two neutrinos in the fileghy products makes
the reconstruction of the event and the extraction of a nandardHWW vertex diffi-
cult. However, as we shall see, there are significant difiees in angular distributions
which may point to the presence of anomalous contributidvis will also specifically
address the issue of effect of initial and final state raolietin the variables as this is a
fundamental concern at the LHC.

The paper is organised as follows. In the next section, weantthe reader with
the anomalous couplings, and go on to discuss model-indepestrategies for probing
the CP-violating anomalous coupling, in a parton level Mo@#lo approach. Our
event selection criteria are also discussed there. Se6trontains our numerical
results, including various distributions and asymmetradsvant for the analysis. In
section 6.3, we report the results of a study where hadrommsand initial and final
state radiation are included, and try to convince the rettdrthese do not alter the
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conclusions of a parton level study in most cases. Our ceimig are presented in
section 6.4.

6.1 The anomalous coupling and its simulation

The HWW vertex can receive corrections from higher dimensionatatpes like

@AT;D W, W and @AT;I’ W, W The generaHWW vertex may then be written in a

model-independent way &3, W*W?"H where:

Fuu = Zg]\24W (ag,uzz + MLI%VQ)IHPZJ + plupQ,u - (pl ’ p2>g,uu) + ML%/Euupapll)pg

(6.1)
wherep, andp, are the momenta of the two gauge bosons. For this study, wenass
a completely phenomenological origin bfandb. The Standard Model vertex then
corresponds td = 0, b = 0 anda = 1. We particularly wish to investigate the effect
of non-zero values df which would lead taC P-violation. Therefore, we sétto zero
all along. We also include the possibility of a complesarising out of some absorptive
part in the effective interaction.

6.1.1 Simulation

To investigating the kinematical consequences of the CRing anomalous vertex at
the LHC, we first use a parton-level Monte Carlo analysis wighdas in the final state.
In section 6.3, we will show that the results of this simptifi@nalysis are not altered
by showering and hadronisation effects. We factorize thieeematrix element into two
piecespp — Hlv({ = e,p)and H — WW* — (vff'[167]. Since the Higgs is a
scalar, we expect that this does not affect the spin comekt Both matrix elements
have been calculated using Form [168]. For the first part ofstwdy, we perform a
simple smearing of the lepton momenta to approximate dateffects with a Gaussian
distribution of width given byr(E) = aE + bv/E, with a = 0.02 andb = 0.05%. The
lepton identification efficiency has been assumed to9€s.

We present our calculations for a proton-proton centreiaés energy of 14 TeV.
The signal rates are too small at 7 and 8 TeV to be accessilihe &iurrent run with
the projected luminosity. The cross section is calculatgdgithe CTEQ6L1 parton
distribution functions [140] with the renormalisation aladtorisation scales both set at
/5, the subprocess centre-of-mass energy.

The modification of the leading order (LO) decay width in file— f f’f f’ channel
has also been calculated and taken into account in each \d&sécus on same-sign

1B. Mellado; private communication
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dileptons £SD), when only one of thél’s from the Higgs decays leptonically. Itis less
profitable to look into exclusive opposite-sign dileptorcéease of the large background
from W*W~ production. In Higgs searches, this background is genesalbpressed
using a cut on the angle between the two leptons — the ones Ifrorfi’~ produc-
tion are mostly back-to-back whereas those from Higgs decayhighly collimated.
Since the excess events due to the term proportiorialend to also increase the angle
between the opposite-sign leptons, we cannot really useathia criterion for cutting
out the background. We can also look at trilepton states viogm thell’'s decay into
leptonic final states but we omit them for this work due to Vexry cross sections.

The Tevatron has certain bounds on the cross section of Igigglkiction. The CDF
bounds in theSSD channel with 7.1 fb! data on the ratio of the Higgs production
cross section to the SM rate in the electron and muon chaare.63 (4.99) on Higgs
masses of 130 (150) GeV[169]. The combined CDF and D@ re$dh$[put a much
stronger upper bound on the Higgs cross sections by congouainous channels. How-
ever, the anomalous coupling affects only the associatéti production for which the
bounds are not as strong. We present the results in our paperaluegb| = 0.2 which
satisfies the above CDF bounds.

6.1.2 Backgrounds and Cuts

At the LHC, the largest contribution to the background $8D comes from semilep-
tonic B-meson decays ibb production where one of thB-mesons oscillates into its
charge conjugate state. It has been well-known for some tivaethe isolation cuts
alone are not enough to suppress this background[143] baddiional cut on the
transverse momentum) is required. We found that demanding an additignatuts
along with a cut on missing transverse energy ) is very effective for suppressing
this background. We require two isolation cuts on the leptoiz. the sum op of
all particles within a cone of 0.2 around the lepton shouldelss than 10 GeV and the
separation from the nearest jet should be less than 0.4. vowhese cuts are only
fully relevant after parton showering and hadronisatiod @éuerefore will be considered
in detail in section 6.3. Therefore, the set of cuts usediemarton-level analysis are:

1. Lepton rapidity ;|  |< 2.5

2. Minimum transverse momenta of the hardest and secondstdegtons p7'(¢;) >
40 GeV andvr(¢;) > 30 GeV respectively

3. Missing transverse energ¥i > 30 GeV

‘These cuts suppress thie background completely and reduce the contribution of
Zbb, Wbb to very small amounts. Th#& background is still in the range of several
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Figure 6.1: The behaviour of the cross section;(= 150 GeV) in theSSD channel for
different values oRe(b) andIm(b) (right) and the final cross section after all the cuts.
Im(b) is set to zero in the left panel amtk(b) is zero in the right. The dashed line with
label “nocuts” refers to the cross section before any cuigsapgplied whereas the solid
lines correspond to the cross section after cuts. The sigrefer to the charge of the
SSD.

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

The effect of cuts foSSD on different values ob can be seen in Figure 6.1. We
change only one out dke(b) andIm(b) at a time. Changinde(b) increase the of
the leptons however, this increase is similar for bRt{b) > 0 andRe(b) < 0. The

case for non-zertm(b) however, is differentlm(b) < 0 enhances thg for the lepton
from I+ whereadm(b) > 0 enhances thg; for the lepton fromiV~. This causes an
asymmetry in the cross section after the cuts even thougé theo asymmetry to start
with. This is illustrated in Table 6.1 where we present thiflow table for the SM case
and forIm(b) = =+0.2 for both ¢*¢* and ¢~ ¢~ final states. The corresponding cross
sections wittRe(b) = 0.2 for my = 150(130) GeV are (7.64)3.49 fb foft ¢+ and 4.35

(2.08) fb for¢—¢—.

6.2 Numerical Results

After applying the cuts described in the previous sectiamsare left with a fairly pure
sample of events. Therefore we shall present the distabstfor signal events only.
Since the strength of the cross section for different vabfehe anomalous coupling
are already given in Figure 6.1, we will be presenting on/nbrmalised distributions
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mpy 130 GeV 150 GeV

(b; +) Cutl Cut2 Cut3 Cutl Cut2 Cut3
) | 3.80 1.56 1.49| 5.97 3.06 2.99
) | 3.09 1.11 1.06| 4.53 2.08 2.02
(0. ) | 7.69 2.81 277/ 1386 6.21 6.16
(0.2¢;—) | 5.03 2.44 2.30| 8.38 4.97 4.77
(—0.2¢;4) | 7.15 2.81 277/ 12.87  8.66 8.29
(—0.2¢;—) | 5.28 1.74 1.71| 8.75 3.63 3.59

Table 6.1: The effect of cuts on tl&D cross section for non-zedm (b); the + signs
refer to the charge of tH€SD. The cross sections are jih and are evaluated gfs = 14
TeV The cuts are explained in the text.

for the rest of this work. We also present distributions diolly Higgs mass.y) of
150 GeV since the cross section in this case is larger. ThighdiBons formy =
130 GeV are qualitatively similar. The asymmetry distribns are shown for both
Higgs masses and it will be seen tha; =130 GeV is in fact more sensitive to some
of them.

The first variable of interest is the difference in transearsomenta of the leptons.
The two leptons in th&SD channel are labeled in descending order of their We
then definAp, = p(Tl) —pé?). The charge of th8SD points out whether we havel&i *
or W~ initiated process. Figure 6.2 shows the distribution fahd® *-type processes.
The sign ofRe(b) does not affect the hardness of the distribution. Therefeeeshow
only one curve corresponding Rb(l;) = 0.2. However, the difference due to change in
sign of Im(D) is reflected in the two curves correspondingugb) = =+0.2.

Next, we consider the distribution in the angle between Waedame-sign leptons.
In the absence of any cuts, the distribution peaks-ato, i.e. cos§ = 1. However, the
pr cuts remove nearly all these highly collinear events. Tlakper SM curve is shifted
from cos = 1to cosf ~ 0.5. Figure 6.3 shows how the distribution changes for non
zeroRe(b) andIm(b). The effect of the anomalous coupling is to enhance the back-
back nature of the distribution. The forward peak is almashgletely diminished. A
guantitative measure of this change can be made by measharagymmetry around
cosf = 0.

We then look at thé\ ¢ distribution, where\¢ is defined ag,, —¢,, and¢ stands for
the azimuthal angle. In this case however, we adopt a diffterelering of the leptons.
We wish to identify which lepton is more likely to come fromddis decay 4,) and
which from the main hard interactio;(. Since one of thél's from the Higgs decays
into jets, we would expect the lepton from Higgs decay to lbsel to at least one of
the jets than the other lepton. We therefore pick the leptitim tve smallest distance to
any of the jets ag, and then construch¢. Contrary to the previous distributions, this
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Figure 6.2: The normalisedp distribution between two same-sign leptons/#of; =
150 GeV. The left(right) panel correspondsaol* (¢~ ¢~) final states.
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leptons formy = 150 GeV. The effect of changing eith&e(b) or Im(b) is to enhance
the back-to-back nature of the leptons. The left panel shbeslistributions for ¢+

whereas the right panel shows the/~.

Figure 6.3: The normalised distribution of cosine of thelargetween two same-sign
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Figure 6.4: Effect of positive (dashed) and negative (dustheéd) values de(b) on the
A¢ distributions formy = 150 GeV. The left panel corresponds #o/* and the right
to ¢~ ¢~ final states.

distribution is particularly sensitive to the signidé(b) but not to the sign ofm(b). The

effect of differentRe(b) on both/*¢* and¢~ ¢~ can be seen from Figure 6.4. A non-

zerolm(b) only changes the height of the dip and the distribution isragtnic about
A¢ = 0 whereas flipping the sign dfe(b) flips the distribution as well.
Since theA¢ distribution has a central dip and also shows left-right syetry for

the standard model case, we can construct two kinds of asynes)eiz.

 0(Ap>0) —0(Agp <0)

Asspr = o(Ap > 0) + o(Ap < 0) (6.2)
 o(|Ad] < 1/2) — 0(jAd] > 7/2)

dssoz = R <7 /2) T o(1Ad] = 7/2) (6:3)

The first is a left-right asymmetry which captures the chaingée sign ofRe(b)
but remains unaffected dyn(b). The effect ofRe(b) on Assp, is shown in Figure 6.5.
The sign of the asymmetry is oppositely correlated to the sijthe coupling. We
also look atAgspo distribution given in Figure 6.6 which describes how cdrttia A¢
distribution is. We notice that the effect of bdtle(b) andIm(b) is similar in this regard.
Therefore ifAsspo Shows a significant deviation from the SM value B, does not,
it would point to the presence of a non zéro(b).

For a reasonable estimation at the LHC, we require that thremjries be reason-
able separated from the SM value by at least three standsiatides. Using the for-
mula in equation (5), for a value &te(b) = 0.2 andmy = 150 GeV for /¢ events,
we find that a luminosity of 30fb' gives an asymmetrylgsp; = —0.210 & 0.065
and Agsps = —0.886 4 0.031, both of which are inconsistent with the SM values of
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Figure 6.5: The asymmetrylssp, for different values ofRe(b) for ¢t¢+(red) and

¢~ ¢~ (blue) withIm(b) = 0. The labels refer to the Higgs mass and the sign of the
SSD.

Agspr = —0.002 and Aggpe = —0.786 by the required factot.A 50 difference can be
achieved with 50 fb' data. The correspondiry measurement fomy = 130 GeV
can be done with 50 ft giving Agsp; = —0.222 4 0.074 and Agsps = —0.88 £ 0.036.
A 50 measurement would require 140fh

To complement thé\¢ variable which is sensitive to the sign Bt(b), we would
also like to construct a variable that is sensitive to the sigim (b). We first reconstruct
the W that has decayed into jets and obtain its rapidjty, We then construci\n =
lm — nwl| — Im2 — nw|. Wheren, » are the rapidities of the leptons ordered in the
descending order gf;. We use the difference fromy,, to make the variable invariant
under Lorentz boosts in the beam direction. This variabiaast likely to be modified
after taking into account initial and final state radiatid8R and FSR) effects as the
number of jets are modified. We shall deal with this concer@ention 6.3.

We also construct a similar variabl&|n| = |m:| — || which shows sensitivity
to Im(b) and is much less sensitive Re(b). It also has the added advantage that one
need not reconstruct the W and therefore can look into ine#sD final states and is
therefore expected to be more robust to FSR effects. Howrarould be noted that
this variable is not invariant under longitudinal boosts.

The distributions ofAn and A|n| are shown in Figure 6.7 and 6.8 respectively. In

both the cases, the ¢+ final state is particularly sensitive im(b) < 0 whereas the

¢~ ¢~ one is sensitive tdm(b) > 0. Therefore, we can use these variables to confirm

the presence of a non-zetm (b) as only one of *¢* or ¢~ ¢~ will show a significant
deviation from the SM value. The first variable is useful hesgait shows a larger

2The sensitivities have been calculated usifig= 2(NEN+]\)[;:(]IY,t)2N_)~
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Figure 6.6: The asymmettyssp, for different values of the anomalous couplings. The
labels indicate the Higgs mass and the sign of3bb.
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Figure 6.7: Effect of positive (dashed) and negative (duthed) values din(b) on the
An distributions formy = 150 GeV. The left panel corresponds 46/ and the right
to ¢~ ¢~ final states.



101

0.1 ¢

0.01 ¢

(1/o)dao/AlIn|

0.001 ¥

0.0001

Figure 6.8: Effect of positive (dashed) and negative (dusthed) values din(b) on the
A|n| distributions formy = 150 GeV. The left panel corresponds#6/* and the right
to ¢~ ¢~ final states.

asymmetry and can therefore be used with lower luminositwéver, the shift in the
curve is independent of the sign bfi(b). The second variable on the other hand, has
a lower asymmetry but changes sign depending on the si@m(@ﬁ. We also find that
the effect of non-zer&e(b) is much smaller and is un-correlated with the its sign. Here
too, we can construct left-right asymmetries to better patase this difference.

A ~ 0(An>0)—o(An <0)
S8 G(An > 0) + o(An < 0)
(

(6.4)

g
a(Aln| > 0) — o(Aln| < 0)

A = 6.5
D1 = (Al > 0) + o (Al < 0) (65)

The distribution of the asymmetngssps for different values ofRe(b) andIm(b)
is shown in Figure 6.9. We can see thiat(b) affects both¢*¢* or ¢~¢~ symmetri-
cally Whereaﬂm(f)) shows a very pronounced asymmetry depending on sigr/."For
events observed with an integrated luminosity of 30(50) fandb = —0.2i, we get
an asymmetrydssps = 0.288 + 0.061(0.241 £ 0.070) for my = 150(130) GeV with
as compared to the SM value ef0.01 (same for both Higgs masses). The distribu-
tion of Agspy IS shown in Figure 6.10. The left panel shows the dependelmdéea@).
The asymmetry distribution is symmetric with respect teitg but is of opposite sign
for ¢T¢* and¢~¢~ states. The right panel shows the effectinf(b). We see that in
this case as well, the sign d)fn(B) causes pronounced asymmetry in eithef¢t or
(~ (¢~ states. This asymmetry can therefore supplement the ankifrom Agsps.
For (*+¢+ states withh = —0.2i and 30(50) fb! integrated luminosityAssp, takes the

values0.217 + 0.062(0.191 + 0.071) for my = 150(130) GeV.
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Figure 6.9: The asymmetyssps for different values of the anomalous couplings. The
labels indicate the Higgs mass and the sign of3bb.
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Figure 6.10: The asymmetnyssp, for different values of the anomalous couplings.
The labels indicate the Higgs mass and the sign oftie.
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In all we find that the presence of anomalous couplings mdieA b distribution
harder and enhances the back-to-back region irdhé distribution. Since the reliable
construction of the asymmetries requires accumulationlafge data set, we first test
the presence of anomalous couplings using these two digtits. We can then use the
three asymmetry variables to for positive and neg&tivP 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:

° ASSDl(j:) =0= Re(b) =0

Asspi(+) # 0 = Re(b) # 0; sign(Re(b)) = —sign(Asspi (+))

| Assps sspa(+)| < |Assps.sspa(—)| = Im(b) > 0

| Assps.sspa(+)| > |Asspasspa(—)| = Im(b) <0

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

We perform a similar calculation ¢ — hfv andh — (vjj using theHWW vertex
given in equation 6.1 witth = 0 instead. The cross section of Higgs production after
includingb is then required to also be within the Tevatron bounds. Tbisesponds to
a value of|b| < 0.05 which will be used for the rest of this section. We then examin
the three asymmetries defined in the previous section wélsdime cuts.

We find that theA¢ asymmetryAgssp; and theA|n|-basedAssp, are both com-
pletely unaffected by the presencetof Therefore, these two together can constitute
robust variables at the LHC for confirming the presence of avioRting anomalous
HWW coupling. The second¢-based asymmetrylsspo iS more negative in the case
of CP-conserving anomalous couplings. However, the diffegds small and measur-
ing it with accuracy will require a large luminosity. The)-basedAgssp; shows similar
behaviour between non zero valueandIm(b). We can further discriminate between
b or b type coupling by examining th&p, distribution which falls off much slower in
the case of the CP conserving coupling. This can set apartrésemce oim(B) quite
distinctly. As an illustration, we present a comparisonigufe 6.11. We find that dif-
ference in the distributions fdr > 0(b < 0) is probed best if*¢* (¢~¢~) channels
irrespective of the sign dfin(b). In both cases, we find the distributions are distinct
enough to allow us to separate the effects from the two coggli
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Figure 6.11: Comparison of the normaliségh; distribution between two same-sign
leptons formy = 150 GeV for values ob andb. The left(right) panel corresponds to
00t (0~ ¢7) process.

6.3 Effect of showering and hadronisation

Until now we have been working under the simplified schemeaotqm-level Monte-
Carlo analysis. However, initial and final-state radiatitay@ very important role at the
LHC. In particular the entire partonic system can acquiraadverse momentum due
to recoil from ISR. One therefore needs to examine whetheetieets of showering
destroy the correlations we had examined in the previousosecin this section, we
investigate this in the context of the distributions andnas\etries defined above.

We have started by obtaining unweighted events from the@pdevel code, which
are then passed through PYTHIA8[170, 73] using the LHEF ditenfat[171]. PYTHIAS8
performs the initial and final state showers and hadromisatfter which we use Fast-
Jet 2.4.1 with the anti-kt algorithm[104] with a cone sizegmaeter of 0.4 to form the
jets. Leptons are considered isolated if the suntpfof particles around the lepton
within a cone of 0.2 is less than 10 GeV and the separationthétimearest jet is greater
than 0.4. All the variables and asymmetries are defined asdaef

As an illustration, we first present thie¢ distributions for a/*¢* final state for a
value ofb = 0.2 in Figure 6.12. It can be seen that the distribution retaiescorrect
left-right asymmetry. The\n distribution for¢—¢~ and a value ob = 0.2i is shown
in Figure 6.13 and thé|n| distribution is shown in Figure 6.14. In these cases too, we
see that the distribution is fairly unchanged. Both thesgildigions can therefore be
thought of as a robust variables for LHC analyses.

We also present the values of the asymmetry variable cartisttun the previous
sections in Table 6.2. The variahlgsp; is the most robust as the values change only
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Figure 6.12: Comparison of thi¢ distribution before and after including ISR and FSR
for ¢+ ¢+ final states and a value bf= 0.2 andmy = 150 GeV for 30 fb!.
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Figure 6.13: Comparison of th&n distribution before and after including ISR and FSR
for ¢~ ¢~ final states and a value bf= 0.2; andmy = 150 GeV for 30 fo!.
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Figure 6.14: Comparison of th&|n| distribution before and after including ISR and
FSR for/—¢~ final states and a value 6f= 0.2i andmy = 150 GeV for 30 fb!.

very slightly. TheAn dependentissps still shows an asymmetry based on sigrim(f))
but the effect is diluted after taking ISR effects into aatou

b=0 b=02] b=-02 b=02i| b=—0.2i
Asspr 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)
Asspa 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)
Assps 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)
Assps 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 fioy; = 150 GeV. The value from parton-
level calculations is given in the parentheses for comparis

6.4 Conclusions

We have systematically examined the effects of a CP-vigalH®WW coupling on
Higgs production and decay at the LHC. We probe this coupliagheV H associated
production followed byH — WW* — (v f f’ which gives rise to same-sign dilepton
final states. We take into account the Tevatron limits on tlggsicross section to re-
strict the values of real and imaginary parts of the anonstmupling. We find that,
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besides enhancing the production cross section, it alssesagignificant deviations in
various kinematic correlations between leptons in the Biete.

We have presented several variables whose distributians significant deviation
from the standard model case. We also define asymmetriesractes from three of
them, viz.A¢, An andA|n|, which can show significant deviation from SM predictions.
Trends in theAp; andcos 6 distributions may be used to first ascertain the presence of
an anomalous coupling. The left-right asymmetry in e, An andA|n| distributions
can be used to probe its nature in detail. The errors due tistgtal and systematic
effects are out of the scope of this current work. However réader may refer to [150]
for a detailed analysis.

After imposing cuts required to suppress the SM backgrauhdsasymmetries can
be discerned at the 3(5)evel at 14 TeV, with an integrated luminosity of 30(50) tb
for a Higgs of mass 150 TeV. The asymmetries for a Higgs mad80fGeV can be
similarly determined at 3(5) sigma with 50(140)fb Its should be noted that our
calculation is done at the leading order, and the inclusioanoappropriate next-to-
leading order K-factor is expected to enhance the signakratVe also present and
compare various distributions at the parton level and aftewering and hadronisation.
We find that our conclusions are largely unchanged, even taftéeng the latter effects
into account.






CHAPTER

-
CONCLUSIONS

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

Supersymmetry

Supersymmetry, if present, will be detectable at the LHCpriaduction of coloured
superparticles, viz. the squarks and the gluinos. Sincedhealness argument requires
only a light stop to stabilize the higgs mass, we concentoateliscoving the third
generation squark sector of the MSSM.

We investigate the signals of supersymmetry in a scenareyevbnly the third fam-
ily squarks and sleptons can be produced at the LHC, in addithe gluino, charginos
and neutralinos. The final states in such cases are markethbitiglicity of top and/or
bottom quarks. We study in particular, the case when the, siopttom and gluino
masses are near the TeV scale due to which, the final stateltis'aiare very energetic.
We point out the difficulty in b-tagging and identifying egetic tops and suggest sev-
eral event selection criteria which allow the signals to aemnsignificantly above the
standard model background. We show that such scenarioglwitio mass up to 2 TeV
can be successfully probed at the LHC. Informationtem/ can also be obtained by
looking at associated Higgs production in the cascades afmapanying neutralinos.

109
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We also show that a combined analysis of event rates in tferelt channels and the
effective mass distribution allows one to differentiates thcenario from the one where
all three sfermion families are accessible.

Next, we present a re-interpretation of the recent ATLAStBron supersymmetry
in channels with jets (with and without b-tags) and missingrgy, in the context of
light third family squarks, while the first two squark faretli are inaccessible at the
7 TeV run of the LHC. In contrast to interpretations in termgh# high-scale based
constrained minimal supersymmetric standard model, waaily use the low-scale
parametrisation of the phenomenological MSSM, and tramgle limits in terms of
physical masses of the third family squarks. Side by sideals@ investigate the limits
in terms of high-scale scalar non-universality, both witld avithout low-mass sleptons.
Our conclusion is that the limits based on zero-lepton ceEnare not altered by the
mass-scale of sleptons, and can be considered more or lelet-mdependent.

Finally, we investigate the detectability of R-parity vithey resonant production of
a stop, driven by baryon number violating interactions ipesgymmetry. We work in
the framework of minimal supergravity models with the ligéit neutralino being the
lightest supersymmetric particle which decays within tleédtor. We look at various
dilepton and trilepton final states, with or without b-tagsdetailed background sim-
ulation is performed, and all possible decay modes of thadigstop are taken into
account. We find that higher stop masses are sometimes &agebe, through the
decay of the stop into the third or fourth neutralino andrteabsequent cascades. We
also comment on the detectability of such signals during7tiieV run, where, as ex-
pected, only relatively light stops can be probed. Our agsioh is that the resonant
process may be probed, at both 10 and 14 TeV, with the R-pacigting coupling\;,,
as low as 0.05, for a stop mass of about 1 TeV. The possibillystinguishing between
resonant stop production and pair-production is also disedl.

Higgs

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

We investigate the possibility of probing an anomalous Giating coupling in the
HWW vertex at the LHC. We consider the production of the Higgassociation of
a W and then decay via thE — WWW channel taking into account the limits on the
Higgs production cross section from the Tevatron. We sdleztsame-sign dilepton
final state arising from leptonic decays of two of the three W apply cuts required to
suppress the standard model background. Several kinehdistributions and asym-
metries that can be used to ascertain the presence of a marmemalous coupling are
presented. We find that, for Higgs mass in the range 130-1%0&&d anomalous cou-
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plings allowed by the Tevatron data, these distributiomszastudied with an integrated
luminosity of 30-50 fb'! at the 14 TeV run. For a smaller Higgs mass, a larger luminos-
ity will be needed. Attention is specifically drawn to somgrametries that enable one
to probe the real and imaginary parts (as well as their sigithle anomalous coupling,

in a complementary manner. The asymmetries are slightlaresed for lower Higgs
masses. We also explicitly demonstrate that showering adbhisation do not affect
the utility of these variables, thus affirming the validitiparton level calculations.
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APPENDIX

A

MSSM IN PYTHIA 8

PYTHIA 8 [170] is a general-purpose Monte Carlo event generatof] fbr a full sim-
ulation of high-energy collision events. It includes a coatyensive library of hard-
scattering processes, particle decays, initial- and Stetk parton-shower models [173,
174], hadronization through string fragmentation [1753 amodels of beam remnants
and multiple interactions [176, 177]. It contains a nativplementation of a wide va-
riety of SM and BSM processes and also provides a standandaicgée[171, 178] to
external programs which may be used by a standalone generato

This appendix describes work [179] done in collaboratiothwReter Skands at
CERN as the part of a short-term studentship funded by the qrti¢Cnet” (con-
tract number MRTN-CT-2006-035606). The work was done dumygenure as a PhD
student and this appendix details my particular contrdngito the code YPrHiA 8.

Supersymmetry is considered one of the best motivated Extenof the SM due to
its ability to address many outstanding theoretical ané@srpental issues. In particular,
the Minimal Supersymmetric extension of the Standard M@sEISM) is currently a
popular candidate for a BSM theory. The MSSM extends the SNhéwatdition of one
pair of SUSY generators which implies the presence of onerpaptner to each SM
state. The MSSM particle spectrum therefore has squarkssleptons (;) and gaug-
inos (B, W' and §) as the supersymmetric counterparts of quarks, leptongjange
bosons respectively. The requirement of self-consisteriaye theory via anomaly
cancellation also demands two Higgs doublet figllsand H,;. Since MSSM has two
Higgs doublets, EWSB leaves us with with five physical Higggrdes of freedom viz.
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the CP-evert, and H,,, the CP-odd4, and two charged Higgs bosoi&". The super-
partners of the Higgses — the fermionic “Higgsinos” — mixhvihe gauginos to form
neutralinos and charginos. In particular, the neutral Biiggs ¢Z; and H,) mix with
the neutral/(1) and SU(2) gauginos B and17?) to form the mass eigenstates called
the neutralinosy?; : = 1 — 4.) Similarly, the charged Higgsino mixes with the charged
SU(2) gaugino to form charginos({; i = 1,2.) The next-to-minimal supersymmetric
extension of the SM (nMSSM) extends this scenario by addimgyextra singlet Higgs
field. This adds another member to the neutralinos and theali@o mixing matrix

is enlarged td x 5. The current implementation ofY®HIA 8 includes the nMSSM
extension and allows processes with CP, flavour or R-paritiation.

PYTHIA 8 uses the standard PDG codes for numbering the supermaf@jeand
the particle spectrum is read in via an SLHA file [180, 181]. \W¢e the super-CKM
basis (in the conventions of the SLHAZ2 [181]) for describthg squark sector which
allows non-minimal flavour violation. The mass-eigengabé the squarks are then
related to the left- and right-handed squarks via>a 6 complex mixing matrix. Our
implementation can therefore be used to study both CP vesland flavour violation
in the squark sector.

Uy ur, Cél dL
Us ‘r, da 5L
’L~L3 EL d3 d bL
- =R"| _ ; = =R = A.l
a5 éR d5 %R
Ug tr dg br

The neutralino mixing matriy/ is a4 x 4 (5 x 5 in the case of NMSSM) mixing ma-
trix describing the transformation of the gauge eigenseataions (i B, —iWs, H,, H,)
into the mass eigenstateg’( 9, X3, X}). The two chargino mixing matriceg and)
describe the diagonalization of the chargino mass matamfthe gauge eigenstates
(—iW*, H*) to (X7,X5). Supplementary conventions for vertices and most of the
cross-section formulae are taken from [182], as detailéalbe

A.1 Couplings

PYTHIA 8 reads particle masses and mixing matrices via the SUSY lbesliés Ac-
cord (SLHA2) framework [181]. (Read-in of SLHA1 spectra [18)also supported,
but mixing the two standards is strongly discouraged, asrteenal translation from
SLHAL to SLHAZ2 has only been designed with the original SLHAImind.) The
raw data read in by thBusyLesHouches class is accessed by teupSUSY class
which uses the information to construct all the SUSY cougdin The couplings are
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defined according to [182] for all cases except for couplimigsuperparticles to Higgs
bosons which are defined according to [183].

The running of electroweak and strong couplings is carriegl &rom the corre-
sponding one-loop calculations in the Standard Model. G®NIGE block can be used
to set the boundary values of all three SM couplings at the YSUfeaking scale.
By default, the masses & and Z are assumed to be the pole masses and are used
to calculate the on-shell value efn® 6y, = 1 — m2,/m%. If externally provided
in the SLHA file, the value okin #y, can be set to the running value using the flag
SUSY: si n2t het aWWbde = 2 (see the PTHIA 8 HTML user reference included
with the code [170]). The ratio of the two Higgs vacuum expgoh valuestian () is
read in from the low scale value provided by teNPAR and EXTPAR blocks. The
default value of the Higgs mixing anglef) is set to the SM limit § — 7 /2) which is
then overwritten by the contents of thi X block.

Since the SLHA interface has been extended and can now beapeds informa-
tion on any new particles and decays [178], the presence®IDSEL block is used as
an indicator of SUSY models andrPHIA 8 will initialize the CoupSUSY class only if
this block is present. Skipping tdMODSEL block is acceptable for Les Houches Event
files (LHEF) as long as the user supplies an external decéy fiadall required cascade
decays.

A.2 R-parity violation

The most general MSSM superpotential allows both leptontemgon-number violat-
ing processes. This is generally avoided by demanding iaovee under an R-parity
defined ag—1)32-1L*25 From this definition, all SM particles are even whereas all
superpartners are odd under R-parity. A well known consexpien this is that the
Lightest SUSY patrticle (LSP) must be stable. A neutral, vieakeracting LSP can
therefore be a good candidate for dark matter. However, iposition of R-parity
can be considered an aesthetic requirement rather thanssstmmty requirement and
possible R-parity violating interactions, if present, cangsobed by collider experi-
ments. We therefore include R-parity violating productiowl @ecay processes in our
implementation.

In SLHA conventions, the R-parity violating superpotenisadiiven by

1 1
The u-type terms correspond to bi-linear R-parity violation whauses a mixing be-
tween the leptons and neutralinos/charginos. Xtend \'-type terms lead to lepton
number violation wherea¥’-type terms lead to baryon-number violation. The current
implementation does not include the effects of the bi-liream. The R-parity violat-

ing couplings);;;, are antisymmetric under« j. Therefore only couplings far > j
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are read and the rest are set by the symmetry property. 8inild;, is antisymmetric
under;j <+ k£ and hence only couplings with> £ need to be provided. This implemen-
tation includes in particular, the resonant production sfjaark via\”-type couplings
which can be probed at hadron collider experiments. Theggmmade to showering
and hadronization to account for the non-standard colouctire from such terms will
be explicitly described in section A.5.

A.3 Cross Sections

The current implementation of SUSY includes all leadinges(LO)2 — 2 production
processes with gluinos, squarks, charginos, and neuigalinthe final state and also
2 — 1 — 2 resonant production of squarks via baryon number violatiogplings.

All available SUSY processes can be turned on uShi$Y: al | = on. Individ-

ual subprocesses can then be selected based on the findbystse#ingSUSY: i dA

= PDGcode andSUSY: i dB = PDGcode. If only i dA is provided, all processes
with that particle in the final state are turned on. Altewelil, one or more produc-
tion processes can be turned on using the stBdgY: pr ocessnane = on, again
with SUSY: i dAandSUSY: i dB providing a further level of subprocess selection. The
available subprocess classes are listed in Table A.1.

Subprocess class processnane
Chargino and neutralino productiomgbar 2chi Ochi 0,
ggbar 2chi +- chi 0,
ggbar 2chi +chi -.

Gaugino squark production gg2chi Osquar k,
gg2chi +- squar k.
Gluino production 0929l ui nogl ui no,
ggbar 2gl ui nogl ui no.
Squark-gluino production gg2squar kgl ui no
Squark-pair production gg2squar kant i squar Kk,

ggbar 2squar kant i squar k
gg2squar ksquar k
RPV resonant squark production | gqg2ant i squar k

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

The squark-antisquark and squark-squark production psaseinclude contribu-
tions from EW diagrams and their interferences. To estinfa¢esize of these con-
tributions, and/or for purposes of comparison to other sdtlat do not include them,
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the cross sections can be restricted to include only thagtimteraction contributions,
using the following flags:

e gqgbar 2squar kanti squar k: onl yQCD = true.
e qg2squar ksquar k: onl yQCD = true.

The baryon number violating coupling . If present, can induce resonant squark
production via the procesgd, — u; which produces a resonant up-type antisquark or
viau;d; — dk or u;dy, — d; which produce a down-type antisquark. The expression for
an up-type squark productlon process is

(A.3)

zgk'

,L'/

The expression for down-type squarks is similar, taking axtcount the symmetry
property A7, = —Aj;. We implement this production processgg2ant i squar k
and the charge conjugate procegg;(— ¢i) is included by default.

The supersymmetric Higgs sector is identical in many waykeolwo-Higgs Dou-
blet Model. The Higgs production processes have alreadyibgd@emented in PTHIA 8
in theSi gmaHi ggs class. The production of the Higgs bosons can be accessed by i
cluding the switctHi ggsBSM al | =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 cllSSYResonanceW dt hs. The user
can choose to read in decay tables via SLHA or use the decapswvadiculated by
PYTHIA. As a default, RTHIA does not calculate the decay width if a table is exter-
nally supplied. Note, however, that whilerPHIA’s internal treatment can include so-
phistications such as matrix-element-based phase-spgigatimg and running widths,
channels read in from an SLHA decay table will be decayedlpaecording to phase
space, with no matrix-element weighting. The internaltirent should therefore be
preferable, in most cases, and an option for overriding tliemaatic read-in of decay
tables is provided, by setting the fl&yHA: useDecayTabl e = fal se.

The decay of a particular particle may be turned off manuadiyng the standard
PYTHIA 8 structurd®DCGcode: mayDecay = f al se or by setting its width to zero in
the SLHA decay table. In the former case, the particle willlls¢ distributed according
to a Breit-Wigner distribution with non-zero width, whereawill always be assigned
its pole mass in the latter.
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Individual decay modes may be switched on/off using thedatethPr THIA 8 meth-
ods, documented in the section on “The Particle Data Schente& program’s HTML
documentation [170].

The internal treatment of 2-body decays is so far restritdeah-shell particles. A
mechanism for effectively generating 3-body decays viaiseges ofl — 2 decays
involving off-shell particles is foreseen as an update ia tiear future (and will be
announced in theYrHIA 8 update notes). An equivalent mechanism is already imple-
mented in RTHIA 8, e.g., forh — ZZ decays for light Higgs bosons.

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

® g — qiq;

° )2? — gin’ lilj, X?Z, )zj—Wi

o X = iy Lily, X7Z, XOW
° g _>Qj>~(2’ qu@, ijZ' ijW+

Besides these, we also include two-body R-parity violatingpgte of squarks via'’

(g — l¢") and \"-type couplings{ — ¢'¢"). We also include the three-body decays
of neutralinos through\”-type couplings via an intermediate squark [184]. For ¢erta
final states in three body decays, partial decay via seqiéw-body decays may also
be kinematically allowed. In this case, we demand that améydff-shell components
of the matrix element-squared are allowed to contributééathree-body decay width.
Any interferences between the off-shell and on-shell camepts are also turned off.
The two-body sequential decays then proceed as normal.

The Higgs boson running widths are calculated in the assmt@dasseResonanceH
for CP even ko, Hy) and the CP oddA4,) Higgses, andResonanceHchg for charged
Higgses{{*). By default, the Higgs decay tables are not overwritten ef/émey are
read via SLHA becauseY?HIA 8 performs a more accurate phase space calculation
than the flat weighting that is performed for decay widthgdreavia SLHA. The de-
cays of Higgses into SUSY particles will be included in a fatupdate.

A.5 Showers in R-parity violating case

In this section, we describeYyPHIA’s treatment of QCD radiation in topologies con-
taining colour-epsilon tensors which occurs specificallythe baryon number violat-
ing terms of the R-parity violating MSSM. For colour topolegiinvolving the epsilon
tensor in colour space (i.e., colour topologies with norezgaryon number) we first
consider the example 6f— g in the RPV-MSSM model.
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Figure A.1: Gluon emission from RPV vertices wittiensor.

The Lagrangian for the UDD-type interaction terms is
L=\ em (alRi(JC);ﬁPRdg + dy; (0°), Prdy + dyy (0€), Prdy + h.c.) (A.4)

To extract the behaviour of the radiation function, we lodkhee ratio of exact
matrix element fortz(p;) — d(p2)s(ps) + g(q) via N4, to the matrix element for
tr(p1) — d(p2)3(ps) and retaining only the parts that are soft- or collineagslar (i.e.,
which diverge for one or more- p; — 0). Since momentum is explicitly conserved in
the shower branching process, the pre- and post-emissiaorenta must be related by

Pr=Dp2+pP3s=p2+p3+q, (A5)

with p? = m? the invariant mass of the decaying squark.
The Born-level matrix element squared is given by:

My = |)\g12|2 (Nc - 1>! (252 ']53) (A-G)

Three diagrams (shown in Fig A.1) contribute to the proceksrer one gluon is
emitted from this configuration. The matrix element cormegping to this process i.e.
tr(p1) — d(p2)3(ps)g(q) is denoted byM; and, for massless decay product$ &
p3 = 0), is given by

IMi]? = 2¢%| N0 (Ne — 1)1 Cp x
{{(Prp:s)( P1 P2 i P1-P3 i P2 - P3 )+p2-q+p3-q]
Ne—=1 \(p1-9)p2-q9) (i-a)ps-a)  (p2-0)(ps-q) P3q  D2-q
1 p2-p3s  pacp3 2md ) D2-D3 . o }
+ + + —2)+ mj —p1-q (A.7)
Nc—l(pz-q P3q  piq (pl-q)Q[ ! |
= 2¢°|Nge*(Ne = 1)! O x

{[(Ncs— 1) ((m -p;)‘(];z ) (pm -p;).(ii q) (P2 -p;)‘(ijq)) iiig iz Z]
1 (2m% —pz'p3—p2'p3—4>+ e h [m?—prq}}- (A.8)

+
Ne—1\pi-q p2-q p3-q (p1 - q)2
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The ratio of the two squared matrix elements at leadwagds then given by:

|]W1|2 — Sra CF { 1 ( P1 D2 P1 - P3 + P2 - P3 )
| Mo |2 TN =D N\ )2 a) (- )pseq) (p2-@)(ps-q)
2 1 : : .
+ LQ — <Zﬂ + D3 q)] + non-singular terms (A.9)
(pr-q)* mi\ps-q Dp2-q

The antenna pattern represented by this formula can beatbarad as follows:
the terms on the first line represent three soft-eikonalldifectors (one for each of
the three possible two-particle combinations) and a mgsared term for the decaying
particle. The factot /(N. — 1) in front of the dipole factors implies that the normaliza-
tion of each of these eikonals is half as large as that of tkenal term in an ordinary
qq antenna, see, e.g., [185, 186, 187]. These four terms agtkeehg expression in
[184, 188] and correspond to the expression used to genaditgion for this type of
colour topology in HERWIG [189]. (Note that, in the HRWIG implementation, the pat-
tern is generated using ordinary full-strength radiatiomctions, by selecting randomly
between each two-particle combination, thereby repradyitie full pattern when sum-
ming over events [184, 188].)

The two terms on the last line of A.9 correspond to additignakly collinear sin-
gularities for each of the quarks. The factiof{ N, — 1) is here absent; the collinear
singularities have the same strength as those of an ordigaamtenna. The terms la-
belled “non-singular” are process-dependent and finitdl soét and collinear limits.

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

(Pr-@)p2-q)  Pr-@)ps-q)  (p2-9)(p3-q) p1-q

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

. . . 2
P1 D2 4 P1-P3 P2 - P3 i (A.lO)

‘Ml|2 [ 2 ( P2 - P3 1 )
= 8mra,C +
| Mo|? r (Ne—1) \(p2-9)(ps-q9) p1-q
1 (p2-q ps3s-q m3
+— ( + ) + — (A.11)
mi \ps-q¢ D2-q (p1-9)

The eikonal and the collinear terms here correspond ex@xcthe standard radiation
pattern from aq dipole with an extra term c(D(Nic). For the present work, we therefore
approximate the radiation pattern by retaining a standtehgth dipole between the
two quarks. Using;; = 2p; - p,, the final expression used in our implementation is:

M| 2
AP smsCF( 2oy 2y qu) (A.12)

52¢53q S$53q S5S89¢
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The implementation of the additional terms could then sgbeetly be incorporated
into PYTHIA 8 as a matrix-element correction [190, 191], presumablytiposlevant
if B-violating processes should indeed be observed in nature.

A.6 Validation

To summarise, we present here, some validations performetthedo code. All val-
idations have been performed using point SPSla (CMSSM pdeasim, = 250,
my 2 = 100,49 = 0,; > 0 andtan 3 = 10). However, since the masses and mixings of
superparticles at low scale depend on renormalizationpgronning, we the complete
list of masses and mixing matrices used in our validatiorgivien in Table A.3. The
spectrum was generated using SoftSUSY 2.0.5 [192].

The validated cross sections for point SPS1la are presemfegble A.2. All spar-
ticle decays are turned off. The non-default parameterd usre chosen mostly for
simplicity, and to enable direct comparison with both therRiA 6 [193, 73] and
Xsusy[182] implementations:

PDF:pSet =8 (CTEQ6L1)
SigmaProcess:factorscale2 = 4 VE)
SigmaProcess:renormScale2 =4 /3
SigmaProcess:alphaSvalue = 0.1265
SigmaProcess:alphaSorder = 1
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Process Cross Section  (fb)

gg2squar kant i squar k dpds  aguy 5.5 bt Lt
951 103.1 95.1 179.2 780.2

qgbar 2squar kanti squark | dpdt  apai  doar 5.8 bibt L
59.9 896 646 30.8 48.7 154

onl yQCD 63.9 974 87.6 30.7 48.3 153
qg2squar ksquar k drd;  apap  dpip 5087 bib

130 459 765 5.11 1.06
onl yQCD 106 374 523 4.08 0.83
qg2squar kgl ui no gdy, gur,  gS.  gcL  gh

2.01 434 0.345 0.197 0.163

gg2gl ui nogl ui no gg
0.142

gqbar 2gl ui nogl ui no Jg
2.97

Table A.2: Cross sections for various SUSY processes usingiiA 8
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PDG code| Mass (GeV)| Mixing

g
1000021 607.714

% B W, B
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

Xi U v

W o W H

1000024 181.696, 0.917 -0.399 0.973 -0.233
1000037 379.939| 0.399 0.917 0.233 0.973

CZ CZL §L [;L JR §R ER
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 0.989

a ir, L tr iip Cr tr
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

e er, AL TL €R AR TR
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 144103, 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

v 7, 7, .
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 8RS8ltulated using Soft-

Susy 2.0.5
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