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ABSTRACT

SUPERSYMMETRY WITH HEAVY SCALARS AT THE LHC

Sekmen, Sezen
Ph.D., Department of Physics

Supervisor : Prof. Dr. Mehmet T. Zeyrek

December 2008, 172 pages

We consider three distinct categories of supersymmeteinaios with heavy scalars and light
gauginos. First, we investigate the SO(10) SUSY GUTs, acatéeoMSSM parameter space
regions that satisfy GUT scale Yukawa unification, which distinct feature of these mod-
els. Then taking example SO(10) cases, we perform a Monte Sardy with toy detector
simulation at 14 TeV at the LHC on the riy leptonic channels 2,3 leptors>4 jets and
show that discovery is possible withl fb~! of integrated luminosity. We also demonstrate
the feasibility of invariant mass endpoint measurements 180 fb-t. Furthermore, in a cos-
mological context, we propose that SO(10) scenarios witdegx neutralino relic abundance
can be made WMAP-compatble by assuming neutralino decaysros, and show that there
are various axin@xion cold and warm dark matter admixtures which can be stardi with
non-thermal leptogenesis requirements for the thermbheed-temperature.

Afterwards we complement the SO(10)s with the string-irepiG-MSSM and focus
point MSUGRA scenarios and perform a full simulation searfctihese aty/s = 14 TeV at
the LHC with the CMS detector where the main production meisgma is through gluino pair
production and the final states are cheracterized by aliémédtopologies (includindps and
ts). Through the design of six prototype all-hadronic s@agbaths and using the CMS High
Lever Trigger paths with highest significance (including brenriched ones), we find that all

but one model benchmarks are accessible with 100 pitegrated luminosity. We present
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the results as a function of the gluino mass considering #jemadetector systematidfects.

Keywords: Supersymmetry, Dark Matter, CMS, Jet-MET
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LHC'DE AGIR SKALARLI SUPERSMETRI

Sekmen, Sezen
Doktora, Fizik Bolumu

Tez Yoneticisi  : Prof. Dr. Mehmet T. Zeyrek

Aralik 2008, 172 sayfa

Bu tezde agir skalar ve hafif gaugino kutlelerine sahim dla ayri siipersimetri senaryosu
ele alinmistir. Basta SO(10) SUSY BBTler incelenerek MS&rametre uzayinda bu mo-
dellerin ayirdedici 6zelligi olan BBT ol¢ceginde Yukawbirlesimini saglayan bolgeler sap-
tanmistir. Sonra drnek SO(10) noktalari uzerinde genst batektdr simulasyonu ila/s =
14 TeV'de LHC icin kayip enerjisiz lepton kanallari 2,3 tep + >4 jet ile bir Monte Carlo
calismasi yapilarakl fb~ toplam isinlikta kesif olasiligi gosterilmistir. Ekarak~100 fot
icin degismez kitle dagilimi ug noktalarinin @llebilirligi vurgulanmistir. Ayrica evrebilim
kapsaminda yapilan bir calismada asiri neutralinmiajiogunluguna sahip senaryolarin neu-
tralinolarin axinolara bozunduklari durumlarda WMAP @tderine uyumlu hale gelecekleri
onerilmis ve 1s1l olmayan leptogenesisin gerektirdekirar iIsinma sicakligi kosullarini sagla-
yan bazi axin@xion soguk ve 1lik karanlik madde karigimlarin olasibeglirlenmistir.
Sonrasinda SO(10)’'lara sicim kaynaklp-BISSM ve odak noktasi mMSUGRA senar-
yolari da eklenereky/s = 14 TeV'de LHC icin CMS detektorii ile tam simulasyon dragasi
gerceklestiriimistir. Burada ana tUretim mekanizmgifi gluino tGretimidir ve sonug olarak
cogunluklab ve t acisindan zengin tam-hadronik durumlar ortaya ¢iknuaktaAlti drnek
tam-hadronik se¢im yolunun tasarimi ve givenilirligi ygiksek CMS HLT lerinin (ayrica b
HLT lerinin) kullanimi ile bir tanesi hari¢ tim model nakarinin 100 pb* toplam isinlik

ile erisilir oldugu belirlenmistir. Sonuclar detekttemelli sistematik etkiler de gozdniine
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alinarak gluino kutlesine karsi gosterilmistir.

Anahtar Kelimeler: Supersimetri, Karanlik Madde, CMS;Kayip Eneriji
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CHAPTER 1

INTRODUCTION: QUEST FOR A NEW THEORY

"There is a theory which states that if ever anybody discewactly what the
Universe is for and why it is here, it will instantly disappeand be replaced by
something even more bizarre and inexplicable. There ishamaheory which
states that this has already happened.”

—Douglas Adams, from Hitchiker's Guide to the Galaxy

Throughout the past decades, predictions of the StandaceM8M) [1], [2], [3] have
been tested strictly by various experimental means, andhbee survived these tests with
dignity. All particles proposed by the SM (except Higgs) evéiscovered and their interac-
tions were thoroughly examined.

One main quantitative test of the QCD theory arises from teasurement of the strong
coupling as(Q?), for which most precise results come from LEP measurenmritclusive
Z decays, inclusive hadronicdecays and event shapes as well as from scaling violations in
Deep Inelastic Scattering (DIS). DIS measurements alsageonformation on parton distri-
bution functions (PDFs) which are used while computing €esctions of hargp processes
at hadron colliders. The predictions for such cross sestand distributions of outcoming
large pr jets and photons are in good agreement with experiment.

In the electroweak (EW) sector, stringent tests were peréor by combining measure-
ments from diferent experiments and then fitting the results to the SM thpoedictions.
Precision fits to the LEP and SLZ pole measurements such as cross sections, masses and
various couplings of the heavy EW gauge bosons show that thero significant deviation
from the SM theory expectations provided the contributifnesn radiative corrections are
taken into account [4]. SM is further tested by predicting thasses of heavy fundamental
particles, such as the top quark and EW gauge bosons, andadomhe fitted values with
the direct mass measurements, and again was found to bateonsi

Nature of flavor physics in the quark sector has been inwegstigby frontier experiments



at the accelerators arlfactories. Their current results show ttgamixing and CP violation
agree very well with SM predictions based on the CKM matrik [bhere also exist mea-
surements such &R(b — sy) which might signal discrepencies from the SM large enough
to accommodate contributions from new physics. But turnothe leptonic sector of flavor
physics confronts us with the first strong hint pointing autite existence of a theory beyond
the SM (BSM) [6]. Both solar and atmospheric neutrino obatons among with long base-
line neutrino experiments show evidence of neutrino caadlhs, which require neutrinos to
have small masses of the order of eV. SM does not provide aiem@gplanation for neutrino
masses and one has to seek formulations beyond the SM talhataccommodate candi-
date solutions such as the see-saw mechanism. The unkn@im afrthe ditferent quark or
charged lepton masses irfiérent generations also constitutes a puzzle.

Another phenomenological requirement is an explanatiorinfie dark matter and dark
energy. Measurements on the rotational curves of galarigé®gamination of fluctuations in
the spectrum of the cosmic microwave background providmgtevidence for dark matter
while recent observations on the Bullet Cluster point oat thark matter constitutes of parti-
cles. Meanwhile, observations on both type 1a supernowdheasmic microwave background
fluctuations suggest that the Universe is acceleratinglaadstcaused by dark energy, which
is a novel form of energy density exerting negative pressargpacetime. Two leading mod-
els to explain dark energy are the cosmological constangaimiessence. Standard Model is
rather silent when confronted with such dark questionsaritmot provide a neutral, massive
dark matter candidate whose relic density would be comigatiith measurements and its at-
tempts to explain dark energy through vacuum energy fluctsfail since the cosmological
constant calculated from vacuum energy is 120 orders hitjlaer the measured dark energy
density. A further cosmology-related issue to addressaisGtP violation generated in the SM
EW sector cannot account for the baryon assymmetry in thedtse.

Itis obvious that the SMis incomplete and that a more congmsive theory is required.
At this point, one can actually get hints from the concepthabretical déiciencies of the
SM to shape the nature of this more fundamental theory. Tinfile missing parts of SM, the
candidate theory should be able to clarify issues such gsarf mass and origin of flavor,
which the SM can explain only via choices of arbitrary intiotion of scalar fields or extra
free parameters. The ultimate theory should also recogeiteral relativity with qguantum
mechanics, thus unifying gravitation with the other thrgeractions.

Before aiming at ultimate unification, one still needs toaclthe problems with Grand



Unification. Aesthetic interests motivate physicists tmkhthat the Standard Model gauge
group SU(3g x SU(2). x U(1)y, as a direct product of threeftirent groups is not elegant
enough and should rather be considered as a subgroup of agenedc single group. The
consequences of the new theory related to this generic groud manifest themselves at
the Grand Unification Theory (GUT) scale and beyond. Forasisumption to be true, the
couplings associated with the three gauge groups must ahifysingle value at the GUT
scale. This was tested by taking the LEP measurements obti@icgs and running them
up to the GUT scale using the SM renormalization group eqnoati This test showed that
unification was found to be excluded with more than 8 standaxdations. This concludes
that in case Grand Unification is imposed, the SM has to befieddomewhere between the
EW and GUT scales.

So, at which scale could this modification occur? A ratherstaining prediction is
offered by the Hierarchy Problem and its consequences. Herkidharchy refers to the
orders of magnitude between the Planck and the EW scalese(@tod and Fermi constants).
Current structure of the SM has no natural explanation feihilrarchy. But the more severe
problem arises when the self energy corrections to the Higgss are considered. Higgs field
that couples to fermions with mas% as~ A¢H f f receives a correction

112
SMEe = 1'%—;;/\2 +O(m2 In(A/mMg)) + ... (1.1)

whereA is the cut-d¢f scale up to which the SM is valid. K ~ Mp), correction becomes
~ 30 orders of magnitude larger than the expected physicajdHigass of 100 GeV. The
correction can be cancelled by setting the tree level Higassio a similarly large value, but
this would result in an extreme fine tuning of the values, Whscprincipally disfavored. For
the correction to not exceed the physical Higgs massiust be around 1 TeV. Hence, a new
theory is expected to reveal itself close to the TeV scale.

Over the years, scientific imagination has introduced mamgiclate theoretical models
to address the above puzzles, but none has been yet justifids study, we will focus on
"supersymmetry”, a much appreciated theoretical framkwloat dfers natural solutions to
most of the above questions.

In essence, supersymmetry relates fermionic and bosogieele of freedom via fermionic
spacetime transformations. In its simplest realizatiordoubles the number of currently
known particles, predicting a new boson for every SM fernaad a new fermion for every

SM boson. However present experimental observations digetameet the traces of these

3



new particles, which leads to the conclusion that supersgtmymust be a broken symmetry
and the supersymmetric particles (sparticles) must beiérenan their SM counterparts.

But how heavy can the sparticles be? The answer depends ometttfeanism of super-
symmetry breaking. So far various mechanisms have beemgedp each of which is char-
acterized by a distinct phenomenology that emerges fromrebiglting specialized regions
of the vast supersymmetry parameter space. But the variatiyaices renders the decision
difficult, and the diiculty is enhanced by the lack of a robust experimental clue.

At this point we trace hints of favored scenarios in the tbgoal claims which can be
considered as indirect requirements, and we seek the guadsrphenomenological conse-
guences. A well-motivated starting point could be the qtesa unified theory. Frameworks
of varying scope have been proposed as candidate scemnaniose degrees of generality are
marked by the energy scale in which they are realized.

In this thesis, we make a journey from the Planck scale to tbd Gcale, from the
utterly fundamental to the more modest and applicable, andider three theoretical frame-
works on our way that consequently lead to a similar phenatogy: A low energy su-
persymmetry featuring (very) heavy scalars with masses TeV and light gauginos with
masses)(100) GeV. The first stop is close to the Planck scale, whecerding to some
thought strings might dwell. We first present a string scendefined through fluxless com-
pactification of M theory on a &manifold, which gives a consistent low energjeetive
supersymmetric theory calledb@1SSM. Next we approach the GUT scale and examine the
case of a simple supersymmetric GUT ruled by the SO(10) ggrtme which binds all mat-
ter fields in a single representation, the Higgs doubletsotheer single representation and
unifies Yukawa couplings at the GUT scale. The final destimais a simple supergravity
with universal masses called the focus point scenario wikitdss concerned about the high
fundamental questions but prefers to make a more practicéibution via dfering solutions
robustly consistent with naturalness. Of course, all albiggjourney we will pay our respects
to cosmology and always take into account the question &f miatter. We will aim to make
sure that the supersymmetry scenarios of our interest gahte of providing a cosmolog-
ically consistent dark matter candidate. All this will paep us for the Final Act in which
we will take the challange of tracing these scenarios ontimgesof LHC at 14 TeV, making
the Compact Muon Solenoid detector our tool, and see hovodisable they are in the all

inclusive jets plus missing transverse energy channel.



The manuscript is organized as follows: After describingesgsymmetry as itis in Chap-
ter 2, phenomenologies of @MSSM, SO(10) SUSY GUT and focus point mSUGRA will
be presented respectively in Chapters 3, 4 and 5. A techimigalude on the Large Hadron
Collider and the Compact Muon Solenoid detector will followChapter 6. Chapter 7 then
will present the CMS discovery analysis of these scenavidsgch will be followed by the

conclusions.



CHAPTER 2

SUPERSYMMETRY

"Theory helps us bear our ignorance of facts.”
—George Santayana, from The Sense of Beauty

2.1 Introducing supersymmetry

By definition supersymmetry (SUSY) is a fermionic spacetisgenmetry which proposes
that every existing fermionic field has a bosonic partner @nd versa. This symmetry is
generated by supersymmetric transformations which atangigsshed from the other trans-
formations on the basis that they convert particles witfedent spins into each other such
as

Q|fermion) = |bosorn) Q|boson = |fermion) (2.1)

where Q is the generator of transformations.
The outcome of this concept has immediate consequencesau#dratic divergency
problem in Higgs mass corrections. For example, a heavy enspalar particle S with mass

ms coupling to Higgs as-1s|H[2S|? results in a Higgs mass correction

2
SMpg = %(M — 2mIn(A/mg) + ...). (2.2)

Since contributions from bosonic and fermionic loops wdddle opposite signs, having an
equal number of fermionic and bosonic degrees of freedornetauthe quadratic terms and

reduces the 1-loop correction to

5m2H = O(mgoson_ m% (2.3)

ermion)‘

A correction of the order of physical Higgs mass requines, M o miof] ~ TEV.

son
However the idea of supersymmetry did not originate fromrttagivation to solve the

quadratic divergency problem. It was proposed as an inadgmgrmathematical framework
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that resulted from the numerous attempts in 60s to combieenal symmetries with external
Lorentz symmetries. Coleman and Mandula showed in 1967nihaton-trivial combina-
tion of internal and external symmetries can be achievedsinguonly bosonic charges [7].
On the other hand, in 1968 Zeldovich suggested a symmetwyeleet fermions and bosons
while addressing the problem of vacuum energy. This was d@piendent request from the
cosmology side [8]. Then in 1971, Golfard and Likhtman deped the first non-trivial ex-
tension of the Poincare algebra with fermionic charges A&jout the same time Neveu and
Schwarz [10] and Ramond [11] came up with supersymmetiiicgstneories as they were try-
ing to make fermionic string theories that could accommedatryons. The fundamental for-
malisms started to develop when in 1973-74 Wess and Zumantedtto write renormalizable
four-dimensionl supersymmetric field theories to desanilesons and baryons [12],[13],[14].
Later, together with lliopulos and Ferrera they showed thetdratic and other divergences
that arise in conventional field theories were absent inrsypanetry [15],[16]. Physical ap-
plications were afterwards motivated by the discovery o&lsupersymmetry which unifies
the graviton with the other particles [17],[18].

There exist extensive reviews of supersymmetry in thedlitee. We would refer to [19],
[20],[21],[22],[23],[24] as comprehensive introductsn

In the following we will shortly examine the Wess-Zumino nebtb illustrate the theo-

retical construction of supersymmetry. Suppose we havegealbgian
L = Lyin + Limass (2.4)
with kinetic and mass terms given as

N S P SN vy DR 1o ey
Liin = 50uA) + 5(9,B8)* + Sudy + 5(F* + G?) (2.5)

Lmass= —m%@p - GA-FB). (2.6)

Here A, B, F and G are pseudoscalar fields @nd a 4-component Majorana spinor. F and
G are auxillary fields, whose equations of motiern= —-mBandG = —mA can be used to

eliminate them from the Lagrangian, which then becomes
1 5> 1 o 1 1 5 o 1 -
L= 2((9#A) + 2(BHB) + zw(w 2(A + B9) mew (2.7)

Wess and Zumino found that the following transformationangje the Lagrangian only by a
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total derivative, hence leaving the theory invariant:

6A = laysy

6B = -ay

oy = —Fa+iGysa+ dysAa +idBa

oF = iady

5G = aysiy. 2.8)

Here a is a spacetime-independent Majorana spinor. Such linaasfiormations between
fermions and bosons are called supersymmetric transfmmsatOne can equivalently write
the Lagrangian in terms of fields

1-
2

S= %(m iB), yL=-—"ly, F-= %(F +1iG) (2.9)

which transform under the SUSY transformations respdgtiiee

6S = iV2ay, (2.10)
Sy = —V2FaL + V20Sar (2.11)
oF = iV2ady.. (2.12)

In general, infinitesimal SUSY transformations will charagfeld S as
S5 8 =S5~ S+[iaQ,S] =S +6S = (1-iaQ)S (2.13)

where Q is the Majorana spinor generator of the SUSY transdtions. To derive an algebra
for the SUSY generators, commutator of two consequetivestoamations can be applied to

the complex scalar field S, which gives
(6201 — 6162)S = —2iaxy*a1[P*, S] (2.14)

whereP, is the Poincare group generator of spacetime translatiSasae commutator can

alternatively be calculated usigé = [iaQ, S], which gives
(0261 — 6102)S = ~@2a016[[ Qas Qo] SI. (2.15)
Equating the right hand sides of Eq. 2.14 and Eq. 2.15 resulte following relation:

{Qa, Qo) = 20/)anP, (2.16)
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showing the distinct mark of SUSY as a spacetime symmetry.rebler conservation of
SUSY implies
{Qa, P} =0. (2.17)

The Wess-Zumino model can be enriched by adding the follguviteraction terms:

9, g
NG

Auxillary fields F and G can again be eliminated by replacimgnt with their equations of

Lint = Byysy + %(A2 _ B)G + gV2ABF. (2.18)

motionF = -mB- gV2ABandG = -mA- %(A2 — B?). This leads to a total Lagrangian in

terms of the dynamical fields

_ o, o2, oy oo g 1o~
L = 2(8},A) +2((9,lB)+21//a‘91// 2(A + B?) zmz/u//

g ,— . ig_— > gm o
- —B — m\/EAB - —AA“-B
\/EAI/H//"' NG Wysy — g NG ( )

—g?A%B? - %gZ(A2 - B2 (2.19)

This Lagrangian shows the interactions of two scalars withegorana spinor as well as the
trilinear and quartic interactions of the scalars. It digl the important feature of having
a single mass parameterfor all fields and having the same coupligdor all interactions.
Overall, this toy example illustrates the main principlé&s@fSY which is applicable to specific
cases.

In a most generic case, the possible number of SUSY gensgiiatdr< S where S is the
maximal spin in the theory. Theories wig > 1 are non-renormalizable and theories with
S > 5/2 do not couple to gravity, therefore one can hive 4 for a renormalizable theory
andN < 8 for SUSY unified with gravity (supergravity). However méslavith N > 1 do
not lead to a low energy theory with chiral fermions and herar@not explain the real world.
A SUSY model to explain fundamental particles needs to hasiagle charge. The simplest
such model which is the direct extension of the SM formed lyiraglonly the complemen-
tary fields to the existing SM fields is called the Minimal Stgyenmetric Standard Model

(MSSM), the which we will consider in the following.

2.2 Superfields

To accomodate the fermionic and bosonic degrees of freeditininvthe same framework,

the idea of superspace has been conceptualized. A supersphe extended version of an
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Euclidean space with Grassmannian coordinates, such that
X — (X, 6,6). (2.20)

The supertranslations conducted by the now extended gienpeatG(x, 6, 6) = (- Pu+0Q+0Q

will lead to the following supertranslations

X, = X, +i00,€+iec,0 (2.22)
0 = O+e (2.22)
0 = O+e¢ (2.23)

wheree and e are Grassmannian transformation parameters. The supgeshean then be

expressed as

O N
Qo = % - |0J2d9 8;1, Qo = _@ — 16 OJ[Jma# (2.24)

A superfield then is a functioc])(xﬂ,e,g) of the superspace coordinates. The superfield can
be expanded in powers 6f6, where the coiicients give the 4-dimensional fields which will
then determine the particle content. However due to the@mtinuting nature of Grassma-
nian variables, series will be finite, terminating at thertjaderm. This feature distinguishes
SUSY from the Kaluza-Klein models. Expansion in term#gf, 6, 6ys, 8y,/ys6, 6ys60 and
(6_?y50)2 would manifestly show the Lorentz properties of thefoent fields. When SUSY
transformations are applied, these fields which are vecspigors or scalars, transform to
each other.

At this point, one could check the irreducibility of the ergan by trying to find sub-
sects of components which only transform among each other.cliral multiplet in Eq. 2.9
hints that there should be an irreducible representatigdhowt a vector field. Applying a
gauge that sets the necessary components to zero in ordanid gf the vector field strength,

we are left with the followingchiral superfield.
D(x,6) = ¢(X) + V20u(X) + 66F (X) (2.25)

wherex = X' + i66 with X’ the spacetime coordinate. Hef€x) is a chiral fermion, either a
quark, lepton or a Higgsino, which is the fermionic supetmpar of the Higgsi/(X) is either
a complex scalar that acts as the superpartner of chiralidaenwhich receive nemes as

squarks and sleptons or is the Higgs; &{d) is an auxillary field.
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Table 2.1: Field content of the MSSM

Chiral supermultiplets Quarks Squarks
(SUB) xSUR). xU(1)y spin 42 spin 0
Q(3,2,1/6) q = (u,d) G=0.d
Uc3,1,-2/3) uc ac
D¢(3,1,1/3) de de
Leptons Sleptons
L(1,2,-1/2) I =(v,€) l=v,8&
E¢(1,1,1) €’ &
Higgs bosons Higgsinos
(1,2,-1/2) (H?, H%) H~3 Hy
(1,2,1/2) (Hg. Hy) Hy. Hy
Vector supermultiplets | Gauge bosons  Gauginos
(SUB) xSUR). xU(1)y spin 1 spin %2
(8,1,1) g d (gluino)
(1,3,1) W, Z W=, WO (Winos)
(1,1,1) y B (Bino)
Gravity supermultiplet Graviton Gravitino
(SUR) xSUR). xU(Q)y spin 2 spin 32
(1’ 19 1) gllv G

By imposing the Wess-Zumino gauge one can get to anotheluicriele representation

which is thevector superfield
— — — R 1 —
V(X,6,0) = 6560V, (X) — 1000 1,(X) + 1606,1 (X) + EHOHHD(X) (2.26)

wherev,(X) is a vector boson, either a gauge boson or a gravite(x) andf’(x) are Majo-
rana fermions, making either a gaugino, the spif-4uperpartners of the gauge bosons or a
gravitino, the spin-& superpartner of the graviton; abqx) is an auxillary field.

Table 2.2 lists the field content of the MSSM. Superfield fdrema provides a conve-
nient way to construct supersymmetric Lagrangians, evethéories with non-Abelian gauge

symmetry. Using superfields guarantee writing supersymicrieagrangians.

2.3 Supersymmetry Lagrangian

The SUSY Lagrangian consists of a part invariant under SU8&ivstormations and a part
that breaks SUSY:

L =Lsysy+ Lsoft (2.27)
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The supersymmetric part consists of the following terms:

Lsusy= Lechiral + Lgauge+ Linteraction- (2.28)

2.3.1 Lagrangian for the chiral superfield

The aim is to form a Lagrangian invariant under SUSY tramafrons using the chiral fields.
This means the variation of the Lagrangian should at most togahderivative. Examining
the chiral superfields shows that the two terms that tranmsfas a total derivative are the
codficient of (6_?)/50)2 of a product of any number of chiral superfields, which isezhthe "D
term” and the coicient ofé_lel_/R of the product of only the left chiral or only the right chiral
superfields, which is called the "F term”. These are the @aids for the terms ifchiral-
One defines a potential of the generic form
K(@", ) = ZN: @] ®; (2.29)

i=1
to represent the case of the product of general superfietds.iSfcalled the Kahler potential.

Then from the combination of only the left chiral or the righiral fields, one defines another

potential of the generic form
. 1 . 1 ..

W =L'gi+ Mg + éyljk¢i¢j¢k (2.30)
which is called the superpotential. This is actually the pogeries expansion of the chiral
superfield® for a renormalizable theory. Bringing together the F terrthefKahler potential
and the D term of the superpotential leads to

Lchiral = 6ﬂ¢]’fa‘u¢j + tﬁ”i&.awj + F*iFj

ow 1 PPwW

where the first line is derived from the Kahler potential aiekg the kinetic terms while the
second line is derived from the superpotential whose first tgives the scalar masses and
second term gives the fermion masses and Yukawa interactiime equation of motion for

F; gives
- 0W(¢)
= 8¢| )
which shows it as an auxillary field dependent on only thessdalds.

(2.32)

The superpotential for MSSM is given as

3
W= Z [(ye)ijHaLiE§ + (¥p)ijHaQiD§ + (Yu)ij HuQiUS] + uHaHy (2.33)
i,j=1
where i and j are generator indices.
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2.3.2 Lagrangian for the vector superfield

The gauge transformations of the components of vector Sajokare

Sgauge/,

(Sg;auge’la

8, A% + gfPALAC (2.34)

g faeAPAC (2.35)

where the indices run over the adjoint representations efgtiuge group at hand, g is the
gauge coupling andi@®® are the structure constants.

One must ask for local gauge invariance in a realistic thetmpoing local gauge in-
variance to the chiral Lagrangian results in additionagriattions involving components of

the vector superfield. The kinetic terms for the gauge fieldkenp the gauge part, which is
Lonugo= ~2F3, F4% 4+ 11354 D, 1 + ZDAD? 2.36
gauge = ~ 7 Fpy +1 ut + > (2.36)

whereF2, = 9,A% - §,A% — g fa°APAC is the Yang-Mills field strength anB,A® = §,,4% -

g fabCAB/lc is the covariant derivative for the gaugino field.

2.3.3 Interaction Lagrangian

We asume the chiral supermultiplets transform under thgggtoup in a representation with
hermitian matrices'l(a)ij satisfying [Ta, Tp] = if3°T¢. As SUSY and gauge transformations
commute, components of the chiral superfield must all beénsdime representation of the
gauge group, giving

OgaugeXi = gAY (TeX); (2.37)

whereX; = ¢i,¥i, Fi. The gauge invariance can be imposed on the chiral Lagnarimjia

changing the ordinary derivatives there with the followawyariant derivatives.

upi — Dugi = i —igAL(T%), (2.38)

i —  Dui = 0 — igAY(T);. (2.39)

As a result, we get interaction terms that couple vector egothe gauge supermultiplets to
the scalars and fermions in the chiral supermultiplets. ddeer when looked further, one can
see that there are three more possible renormalizableatien terms ¢*T2y), 173(y T29)
and ¢*T2¢)D? which are also allowed by gauge invariance. One adds theke tagrangian

as well and reguires that the Lagrangian be real and suparsjnc, which in the end can be
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achieved by also changing the derivatives in the SUSY toarsdtions by covariant deriva-

tives. The resulting Lagrangian is

L = Lchiral + Lgauge
—V2g[(¢" T2)A™ + 27y T2
+0(¢*T2p)D? (2.40)

where all derivatives inlchirar are replaced by covariant derivatives. First two terms & th
second line have couplingsthat are fixed by the supersymmetry requirement. These terms
express the direct coupling of gauginos to matter fields. [Beeterm forms an equation

of motion when combined Wit%DaDa from Lgauge Whose solution iD? = —g(¢*T%p),
meaning thaD? is totally dependent on the other fields.

The scalar potential can be defined using the F and D fields as
i 1 1
* —E¥E 4+ Z apa _ e 1 V. 2( pxTa 4\2
V(p*,¢) =F F.+2§aDD _(W(W+2§a 0a(0 " To)~. (2.41)

Contrary to the SM, where the scalar potential is arbilyarfiosen, in MSSM it is automati-
cally defined by the theory.
Given a superpotential, this Lagrangian is the startingtgor SUSY model building.

2.3.4 Soft SUSY breaking Lagrngian

If SUSY existed, it should have been for long waving to us frdatectors. As this is not
the current case, we arrive to the phenomenological caocdukat supersymmetric particles
must be heavier than their SM counterparts. Heavy spastieaa be obtained by taking SUSY
as an exact symmetry that breaks spontaneously. The Lagrnaisginvariant under SUSY
transformations, but there exists a vacuum state that is lmbugh diverse scenarios exist
which will be shortly mentioned, the exact source and natdr8USY breaking is not yet
known. However in any case SUSY breaking involves extraaations at high scale which
would introduce new terms to the Lagrangian. As SUSY brepkaechanism is ambiguous,
one can as well take a more generic approach and define a nmesiajest of SUSY breaking
terms to be part of thefiective Lagrangian. The SUSY breaking couplings should kgsb
positive mass dimension) in order to be able to naturallynta@ a hierarchy between the
EW and Planck scales. The collection of such suitable tesrgs/en by

1 1 - 1 . o
Logit= —(5 Mat®% + za¥gigjon + b gi0; + ti¢i) +c.c.— (Mgl g, (2.42)
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which consists of gaugino mass parametéks scalar mass parametarg, bi- and trilin-
ear couplingsa’®, bl and tadpole coupling 1. Lsg1 is proven to be free of all quadratic
divergences. It only involves scalars and gauginos andkbr8&JSY by giving masses to
these even when the corresponding chiral fermion massesegtgibly small. Lsq+t takes
the following form for the MSSM:
MSSM 1 s Lo s 1o oo 2 )
Lo = 5MiBB+ SMWW + SMsG + Mg, [Hal® + mg |Hy|
+MEIQL? + mEIORE + mEIDRE + AL + MEIERS
+ (YeAeHaLLES, + YaAgHAQLDE + yuAuHLQLUE + h.c.)

+ (BuHuHg + h.c.) (2.43)

MSSM Lagrangian receives this form after SUSY breaking Whiccurs at a certain
high energy scale. Herl;, M, and M3 are U(1), SU(2) and SU(3) gaugino masse%,
m¢, m&, m? andmZ are the scalar masses, which ase3hermitian matrices in flavor space.
Also y Ay, YdAq and heA¢ are generic 3 3 matrices. mzHu, m,ﬂd and Bu are Higgs mass
terms. The parameters can be taken as complex, and by thimptssn, total number of free
parameters in the MSSM becomes 124. All these terms thenecamlzlown to their values at
the weak scale using the renormalization group equatio@&@}, which are a set of coupled
differential equatons governing the relations among valud¢sathaantity takes in dierent

energy scale$

2.4 Supersymmetry breaking

Intuitively, 124 is too big a number to be the number of parmssof a model that claims to be
the fundamental theory. Thus MSSM is thought to be embeddadimpler and more funda-
mental framework fully relevant at a higher scale that wauddsequently restrict the MSSM
parameters. SUSY breaking governs the transition meanas$ween this fundamental the-
ory and MSSM. In a spontaneous breaking of SUSY, vacuum [§tate not invariant under
SUSY transformations so th&l; |0) = O andQZ\|O> # 0. This directly implieQH|0) > O,

meaning that the vacuum has positive energy as is the cabe iditjgs mechanism. To a

! t;¢; is possible only in case a gauge singlet figleéxists. Hence this is absent from the MSSM.

2 Perturbative calculations in QFT are done taking into antaurenormalized perturbation theory instead
of a bare perturbation theory. One replaces the bare fieldss merms and couplings which are perturbatively
divergent with finite, renormalizable fields, mass terms aodplings, pushing away the divergent terms into
counterterms whose forms are determined by specifyingrnegiization conditions at the energy scale Q (the
renormalization scale.
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good approximation one can say tk@H|0) = (0V|0). Thus, SUSY is broken if one has a
non-vanishing(0|F|0) or (O|F|0).

Spontaneous breaking of a global symmetry leads to a massénbu-Goldstone mode
which should have the same quantum numbers as the brokenetyyngenerator. In SUSY,
generatorQ, of the broken symmetry is a fermion, so it leads to a masslessral Weyl
fermion called the "goldstino”. Moreover, when local SUS¥ariance is imposed, the lon-
gitudional components of the goldstino are absorbed by taeitgho which then acquires a

mass
(F

~ 2.44
M Planck ( )

mgz/2

as a result of the "super-Higgs mechanism”.

None of the MSSM fields however are capable of acquiring azesn-VEV without
spoiling the gauge invariance. It is for this reason that $W&aking must be invoked via
some other fields. The most commonly accepted scenario gespgbat SUSY is broken in
a "hidden sector”. However no renormalizable tree levetriattions between the hidden
sector and the "visible” sector are known that could invdlve usual matter fields. Instead,
SUSY breaking is mediated between the two sectors throuighnaictions via some fields
called "messengers”. Some mediation mechanisms propaséar sre gravity mediation
(SUGRA), gauge mediation, anomaly mediation and gaugindiatien. We next discuss the

first two in some detail.

2.4.1 Gravity-mediated SUSY breaking (SUGRA)

In SUGRA [25] two sectors interact via gravity. Here, the irieF+ andFs of moduli fields
T that appear as a result of compactification from higher dsiwns, and a dilaton field S,
which is a part of the SUGRA multiplet would acquire VEVs. Tiesulting SUSY breaking
scale is of the order of gravitino mass:

_(FD) , Fs)

mg/2. 2.45
Mp  Mp /2 (2.45)

Since gravity is involved, the supergravitffective Lagrangian is expected to contain some

non-renormalizable terms that communicate between thesé&wetmrs, such as

1 (1 1 - 1,
Lnr = ~ Mo (EFS fad®a® + EFT,S)/IJ Pidid + S IJ¢i¢’j) +CC
1

—M—zFSnggw'i (2.46)
PI
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where f2, yk and /I are dimensionless constants. Soft terms are determined the
codficients of¢; and A2, which are the MSSM scalar and gaugino fields. To have saftger
of the order of~TeV, we must have\/(Frs) ~10' GeV. This scenario implies a heavy
gravitino of the order ot TeV that decouples from the LHC physics.

For the sake of simplicity, and also to comply with more fuméatal underlying scenar-
ios which favor unification, it is a custom to assume that thfeterms are universal. At the
GUT scale, one assumes single universal vage®r the scalar massesy» for the gaugino
masses anélg for the trilinear couplings. Additionally one takes {@(to be explained in the
next section) and sign q@f in place ofB. This is the famous minimal SUGRA (MSUGRA)

model, examples of which are widely investigated in colli8&SY search studies.

2.4.2 Gauge-mediated SUSY breaking (GMSB)

In an alternative approach, itis possible to assume thatangigauge interactions are respon-
sible for gauge mediation [26]. The messengers are ordigange bosons and matter fields
of the SM and of some GUT theory. At one side they couple to ggainglet chiral super-
field S whose scalar component S and auxillary F-term acqifés (S) and(F). On the
other side messengers also couple indirectly to MSSM thraudinary gauge interactions.

In GMSB

2
=
msoft"& )

167T2 Mmess.

(2.47)

The MSSM soft terms arise from loop diagrams involving thessemgers where gaugino

masses are generated at 1-loop and scalar masses areeptaetatoop as follows

2
2 (F
Ma % I\;m:ss (2:49)
2 \2 E 2
M = 2203(%) ('\;mzss) . (2.49)

Considering a characteristi®ness GMSB has a lower SUSY breaking scale §fF) ~
10* - 10° GeV. This implies a very light gravitino with masss;, ~eV-keV, making it the
lightest sparticle. This leads to special LHC signatures.tfe cases whe;@ s the next-to-
lightest sparticle, one expects prompt photons frorr)(ﬁhefyé decays. The other case with

71 as next-to-lightest sparticle has a signature of longdliglkearged particles.
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2.5 Electroweak symmetry breaking
The scalar potential for the Higgs fields is

Vi = (P +mg )HIP + IHEP) + (ul® + m )(Hg” + Hg )
+ [b(HiHg - HIHY) +c.c |

1 , - 1 s —
+5(0 + g (HIP + IHE P — IHG? - 1Hg )% + SgIHIHG" + HiHG ' (2.50)

where terms proportional {p|*> come from the F terms, terms proportionagijoandgg come
from the D terms after some rearrangament, and terms propaltomy,, my, andb come
from soft SUSY breaking. Other terms involving squarks degten inV are not considered
here since due to RGE running, they do not acquire VEVs becafisheir large positive
squared masses.

First we can use SU(R)gauge transformations to freely rotate away a possible iV f
one of the weak isospin components of one of the scalar fi€hisVEV of H, can be rotated
to its lower component, which would imply takirtg! = O at the potential minimum. Then

0V /9H; requires(Hg ) as well. Remaining part of the scalar potential
Vi = (i + g )IHIP) + (Wl + mé )(IHIP) - |Bu(HIHG) + c.c.|
1 ,
+5(0% + g2)(HII - Hg)* (2.51)
only allows charge conserving vacua. Next, the only complexse dependent terincan
be chosen as real and positive through a redefinitiod ocAndHy phases by adjusting them

to absorb the b phases. Then requirdiyf /0H, = dVy/0H, = 0 leads to the following

condition for a local minimum away from the origin
(Br)? > (ul? + mig )(lel? + . (2.52)

Moreover, the scalar potential needs to have a stable mmiamd should be bounded from

below, which can be satisfied by the condition
2By < 2uf’ + mgy + . (2.53)

Both conditions can be satisfied simultaneously oniwif # my,. High scale scenarios with
universality motivatany, = my, at tree level. The inequality is introduced by thé&elience
in RGE equations fomy, andmy,, where each RGE receives large contributions from terms

involving scalar masses, trilinear and Yukawa couplingsctvitan drivemy, andor my,
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negative close to the EW scale. The symmetry breking thugsesth via quantum corrections
is called radiative electroweak symmetry breaking (REW®Bjge top mass creates a larger
effect onmy,,, favoringm?, < m?, . Then the VEVs at the minimumy, = <H8> andvy = (HS)

can be related to the known mass of the Z boson and the EW gaugérgs as
V2 + V3 = V2 = 2me /(g% + g2) ~ (174GeVY. (2.54)
Here, ratio of the two VEVs can be defined as a free parameter
tanB = vy/Vvyq (2.55)
through which the minimization conditions can be re-writses

Iuf? + g,

2
ul? + i,

Butang — (m2/2) cos B (2.56)
Bu cotg + (M5 /2) cos B. (2.57)

As a result, tapg andmy can be expressed in termsho&ndu.

The two complex SU(2)Higgs doublets have eight degrees of freedom. Three of these

are the would-be Nambu-Goldstone bos@%s G*, which become the longitudional modes

of the now massiveZ and W* vector bosons. The remaining five scalar mass eigenstates

become the physical Higgs bosons: two CP-even Highskls one CP-odd Higg# and the

charged HiggseBl*. The relation between mass and gauge eigenstates are given b

0 i 0
G _ \/E[ sing 0038] [Im[Hu]] (2.58)
A —cosB sing ) {Im[HY]
[G _ [ singB 0038] [ H, ] (2.59)
H* —cosB  singJ|Hy*
—gj 01 —
[h _ \/E[COSO/ sma] [Re{Hu] vu]' (2.60)
H sine cosa ||REHI] - vq
The tree level physical Higgs masses are then found to be
My = 2Bu/sin2s (2.61)
1 )
My = ST+ MEF (M~ mB)? + AP sir?(25) (2.62)
M. = ma+nmg,. (2.63)

Thusmy and targ serve as the free parameters of the Higgs sector. The mirglg @ at tree

level in terms of these masses is then expressed as

sin(2) __[mzH+mﬁ) tan(2,) __(m?ﬁm%]

sn@) ~ M -m) @ \m-m (2.64)

19



and is conventionally chosen as negative. In principlg my andmy= can be arbitrarily

large. However the tree level definition wf, introduces the upper bound

My < mMin(Mmz, ma)| cos(B)|. (2.65)
Howeverm, also receives large radiative corrections which increlaseaipper limit to
m, < 130 GeV. (2.66)

Top, charm and up quark masses are proportional, te vsing while bottom, strange and
down quark among with charged lepton masses are poportiosgl= vcoss. The tree level

relation between quark and lepton masses with Yukawa auygphre given as

gm gm gm

fi= —— fp = ; fr= ——.
t V2my sing " V2my cosB V2my cosB

(2.67)

which implies f,/ fi = (mp/my) tang and f./f; = (m;/m) tanB. Requiring thatf; does not
diverge at high scales introduces a lower limit onésimhich translates as tgh< 1.2 while

requiring non-divergence fdf, and f, leads to tag ~ 60.

2.6 Sparticle mixing and masses

After REWSB, gauge eigenstates with same SYBU(1)gm quantum numbers can mix
with each other, just aB® andW; mix into v, Z andW= in the SM. In the MSSM, other than
the Higgses explained in Section 2.5, sleptons, gaugindshaggsinos are alsoffected by

the mixing. We next summarize the mass eigenstates and tis/MSass spectrum.

2.6.1 Squarks and sleptons

Charged SM leptons have left- and right-handed stte$r in each family which have the
sfermionic partnerd,, fg with different isosping = 1/2,0. However after the breaking of

SU(2). x U(L)y, fi and fg, can mix through the matrix of form

(R
£a-(f f)Me| (2.68)
fr
where
m:  me
2 fi i
MF—[ L LR]. (2.69)
mfRL mfNRR

20



The diagonal terms have the form

2
=m: + m'fQL’R + e (2.70)

fLLrR fLr
wherem is the corresponding SM fermion mass% is the soft SUSY-breaking term from
LR
Lsoft andm']?LzR is the contribution that comes from the quartic D terms indffiective poten-
tial:

m?; = m2 cos (I3 + Sin? 6w Qe (2.71)

which has thes contribution non-zore for onlf, . On the other hand, theffediagonal terms
take the form

% = mq(Ar + i) for f =auradsh (2.72)

fl. “uct

This shows that theffects of left-right mixing is important especially for th@gs due to the
large top mass, and also might become significant for the@hstand staus for large ta&n
Also, contributions from non-negligiblgb, r masses create afférence in the 3rd generation
diagonal terms even when the soft mass terms are universatedver Yukawa fects in
renormalization of the 3rd generation soft masses alsoneehiine non-universality c»'ht?L -
(as well asmgLLRR andm%LLRR for large tarB). On the other hand, mixing is insignificant for the

first two generations due to negligible fermion masses andé& not generally considered

in spectrum calculations.

2.6.2 The gluino

The gluino is the only octet fermion. Since SU{23 not broken, gluino gauge eigenstate will
not mix with other fermionic states, and hence is a mass sigenas well, whose mass term

arises from the gaugino mass termfgy ¢
1 ..
L> -5 M3Ga. (2.73)

Its tree level mass iBy = |[M3|. The RG running oMz is swift due to the dependence on
the strong SU(3) coupling. A better estimate for gluino massld be the pole mass, which,

including 1-loop corrections becomes for fA& renormalization scheme,

my = Ma(L+ 22[15+ 6InQ/Ms) + ) Aq]) (2.74)
where
1
Ay = f dxxIn[Xng + (1 — X)NG/MZ - X(1 - X) — ie] (2.75)
0

and the sum in Eq. 2.74 is over all 12 squark-quark superpheis.
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2.6.3 Neutralinos

The complete set of mass terms involving neutral gaugindshiggsinos can be written in

the compact form

1
L3 _E(lﬁo)TMneutrallﬁo + C.C. (2.76)

Herey® = (B,WP°, H?, HO), the vector of neutral gauge eigenstate basis, &fidyral is a

matrix with the mass terms

M1 0 —CgSwMz  SSwiz
0 Mo CgCwimz  —SsCwimz
Muneutral = (2'77)
—CsSwmz  CgCwiMz 0 —M
SSwhz - —HCwimz —u 0.

wheresz = sing, ¢z = €osB, sw = Sinby andcw = cosby. Eq. 2.77 shows the mixing
between the gauge eigenstates. This mass matrix can bendlagal by a unitary matrin

such that

N* MieutraN ™t = Mo (2.78)

which gives the mass eigenstates
W=Npws. i.j=1234, (2.79)

where (i,j) indices stand for (mass, gauge). To ensure ipegitass eigenvalues, one can

¥
neutral

defineN by choosing to diagonaliz81 Mhneutral iNstead, such that

N* M

neutral

MheutraN ™ = M;o = diag(m;(i, m;g, m)%(ga m)%(g)- (2.80)

Yet, assuming CP conservation, one can allow for negatiasragenvalues. Then choosing

N as real and orthogonal, we get

Mo = diagE1mgo. £2My0, £3Mg0, £4My0) (2.81)

whereg; = +1. The mass eigenstat@% are called "neutralinos” and are ordered such that
0< Mo < Mo < Mo < Meo. Analytical diagonalization oM eutral IS possible, but resulting
formulas are long and complicated. Therefore numericahoukt are preferred in spectrum

computations.

22



2.6.4 Charginos

Similarly, the complete set of mass terms involving neugialiginos and higgsinos can be

written in the compact form
1 T +
L3 =5W7) Menarg)™ +C.C. (2.82)

Herey* = (W*, Hj, W~, Hy), the vector of charged gauge eigenstate bases)Mghgeis a

2 x 2 block matrix with the mass terms

T
(2.83)

0
Mcharge =
X 0

] where X =

Mz V2smw
V2gmw  ou )

This time the mass matrix can be diagonalized by two unitaayricesU andV such as
UXV = M- (2.84)
which give the mass eigenstates
Y=Vl & =Uiyp, j=12 (2.85)

As seen, the mixing matrix for the positively charged ledatled fermions is élierent from
that for the negatively charged left-handed fermions. Agane can solve for positive mass
eigenvalues by diagonalizing thexd4 matrix MihargeMcharge or equivalentIyXTX, which
gives

VXIXV™ = UPXXTUT = Mz, = diag(me., ne. ). (2.86)
X1 X3
But as in the neutralino case we can allow
U*xXv= M= = diag@lm? 82m)?§) (2.87)

whereg; = +1. The mass eigenstates are called "charginos” and areeardeich that (<
my: < mg=. Contrary to the neutralino case, analytical diagonabradf X is much easier

due to its 2< 2 nature and gives the following chargino masses

me., e, = %[|M2|2+|u|2+2rr6v (2.88)

x> M

% (M2 + [uf? + 278)? — 4uMp — g, sin 2B (2.89)
at tree level.
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2.7 Experimental bounds on sparticle masses

Since its proposal supersymmetry was enthusiasticallgtstday experiment. While collider
experiments LEP, HERA and Tevatron directly looked for 8pkes, also non-collider exper-
iments, especially those searching for dark matter chasediadirect hints. However as of
2008, the result of these vadta@ts is only a set of lower bounds on sparticle masses.

Current estimated lower bounds on masses of neutralinosmhe >46 Ge\/,m)?g >62.4
GeV (for 1 < tang < 40), Meo >99.9 GeV (for 1< tang < 40), Mo >116 GeV (for
1 < tanB < 40); of charginos isrg;f >94 GeV (for tarB < 40 andrr;;i — Mo > 3 GeV); of
gluino ismy >308 GeV, of sleptons ame >73 GeV,m; >94 GeV (for 1< tang < 40 and
Mg — Myo > 10 GeV),m: >81.9 GeV (formz, — Mgo > 15 GeV); and of squarks argg >379
GeV (for tang = 2, u < 0, Ag = 0), mg > 89 GeV (formg — Mo > 8 GeV),m: >95.7 GeV
(with 71 — ci9, for mg, — myo > 10 GeV) [27].

Now we all wait for the LHC.

2.8 Reasons to favor SUSY

Besides its much quoted "elegance”, SUSY is principally arattically capable of fber-
ing answers to prominent questions in particle physicsstFas discussed in Chapter 1 and
Section 2.1, introduction of sparticles cancels out thedoatec divergencies in quantum cor-
rections to the Higgs mass, hence solving the Hierarchyl&mb

Then there is the unification issue: 1-loop RGEs for the gaogelings have the generic

form

d b
i =p(9) =

1 6;2 oY (2.90)

with t = In(Q/My) anda = 1,2, 3, whereQ is the renormalization scale and aMj is
the input scale. Herg(g) are evaluated by calculating the logarithmically divergparts

of diagrams that contribute to coupling constant renoraibn, then taking the logarithmic
derivative with respect to Q. The constabtsdepend on the field content of the theory. For
SM, by 23 = (41/10, -19/6, 7). But as mentined earlier, running the couplings up with SM
RGEs does not yield Grand Unification. In MSSM however, thetigbutions from sparti-
cles modify the constants tm, = (33/5, 1, —3) and RGE running actually achieves Grand
Unification at~ 10'® GeV. This is a great motivation for SUSY. Although MSSM is rhuc

critisized for the many free parameters it has at weak sgalgge coupling unification hints

3 Calculations assumg as lightest sparticleng, = my_and universal gaugino masses at the GUT scale.
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that SUSY is much likely embedded in a simpler theory whicleads its true nature above
the GUT scale. Meanwhile SUSY plays the role of the requitean’sition theory” between
the weak and the GUT scales.

SUSY takes a further step towards a fundamental theory Hyingigravity with other
interactions. This goal, made impossible for the SM by theyadheorems that forbid uni-
fication of spin-1 gauge and spin-2 graviton fields within &ue algebra can be realized in
SUSY, because requiring SUSY to be a local symmetry nayupadisents it as a local coordi-
nate transformation, hence re-defining it as a theory ofityr@alled "supergravity”. SUSY
serves the fundamental theory concept also by constitatsigpng basis for the much-studied
superstring theory.

And then, there is that whole story about SUSY dark matter.

2.9 R parity and supersymmetric dark matter

The MSSM superpotential leads to a Lagrangian which is iagamunder the discrete sym-

metry

R= (_1)L+3B+ZS (291)

called "R-parity” where L is the lepton number, B is the barywmber and S is the spin. R-
parity is in fact more of a "choice” then a model requireménts one can as well introduce
R-parity violating terms consistent with supersymmetryowdver this implies breaking of
lepton andor baryon number which would lead to rapid proton decay. irh{gses stringent
constraints on the couplings of the R-parity breaking tedoesto the current limits on proton
lifetime and thus establishes R-parity conservation asrthie favored case.

R = 1 for particles andR = -1 for sparticles. As phenomenological consequences,
sparticles are always produced in pairs and a sparticleyahdacays to an odd number of
sparticles.

The second implication is important for cosmology: Accaglio this, the lightest su-
persymmetric particle (LSP) has to be stable, which makesssible that a multitude of
them remaining from the Big Bang era could still be lingerargund the Universe, playing
the long sought dark matter [28]. In the early Universe, wiggnperatures are much greater
then particle masses, dark matter particles are createdrarbilated at the same rate. Then
through expansion, Universe cools and eventually temperatrops below dark matter mass,

rendering dark matter production impossible. Finally ¢heomes a temperate where expan-
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sion rate of the Universe goes beyond that of dark mater datim, freezing out the relic
density of dark matter.

To stand for dark matter, LSP should be neutral and uncalaiade charged or colored
supersymmetric relics would combine with ordinary mattefdrm heavy, exotic baryons
which already would have been observed by astrophysicgiexgets. However such exotics
are excluded for the few TeV mass range. In MSSM, SUGRA Ietaﬁ% and GMSB leads to
G dark matter.

Consequently, the LSP relic density of a candidate SUSY inoale a role when de-
ciding on that model’s feasibility. It is calculated by sioly the Boltzmann equation for a

Friedmann-Robertson-Walker (FRW) Universe

%1 = —3Hn - (o) (n* — (N*%?). (2.92)

Heren is the number density, is the time,H is the Hubble constantov) is the thermally-

averaged annihilation cross section afllis the equilibrium number density which is

T 3/2
m ) -m/T (2.93)

*-o(3) e

in the non-relativistic limit, for heavy particles. Hegds the number of degrees of freedom,
m is the particle mass and is the temperature. Defining the scaled inverse temperature

X = m/T, the freeze-out point is given by the iterative solutionhs equation

0.038gMpm{ov)
Xs =1In (2.94)
g
whereg, is the value at freeze-out. Finally the relic densitypuh? is found to be
1.07x 10°GeV1 0
Qcomh? X 7 © where J(x;) = @dx (2.95)
J(X)g. “Mpj x X

Dark matter relic density can be quantitively predicted bgasuring the temperature
fluctuations of Cosmic Microwave Background (CMB) radiatioMost precise estimates

come from the Wilkinson Microwave Anisotropy Probe (WMARperiment, which stated
Qcpmh? = 0.1143+ 0.0034 (2.96)
after 5-year data taking in 2008 [29]. However in earlier kviorthis thesis, we use the limits
0.094 < Qcpwh? < 0.136 (2.97)
found by a diterent analysis on the 3-year WMAP data [30].
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2.10 Spectrum and relic density comparisons

Now we present the results of a study which compares the ncaheomputations of SUSY
spectra with dferent codes and impacts of theéfdrences on relic density calculations [31],
[32]. This study which in part was an update of [33] and [34wi®mne through a request
by the CMS SUSYBSM group and served to determine the choispettrum calculators
during Summer 2007 and 2008 Monte Carlo data productions.

The four public codes considered are ISAJET 7.75 [35], SQFS%2.0.14 [36], SPHENO
2.2.3[37] and SUSPECT 2.3.4 [38], Besides the moderatengisa regions, we investigate
the regions with known dliculties such as i) largey, ii) large tans and iii) largeAq. Relic
density is calculated using micrOMEGASs 2.0 [39]. We basestiney on a simple mSUGRA
benchmarkP with my = 500 GeV,my» = 300 GeV,Aq = 0, tang = 10 andu > 0. For
the SM input parameters, we take = 175 GeV,agh = 127.908957,Gg = 1.16637x 107°,
as(M)MS = 0.1172, |\/|§°'e = 911876 GeV andmy(my) = 4.2 GeV in all four codes. The

relative diference in any quantity X is expressed as
60X = (Xmax— Xmin)/Xmean (2.98)

wheremin andmaxrefer to the minimum and maximum values achieved by the fodes.

The moderate region and #ects of stau co-annihilation: Figure 2.1 shows a scan
in the moderate regions @fiy — my 2 plane forAy = 0, tand = 10 andu > 0 comparing
the WMAP upper boundQ)?fth2 = 0.136 for the four codes. Also shown are regions where
mﬁh? is < %4, %4- 10, %10- 30 and> %30. Though the dierences in WMAP bounds
do not seem too dramatitisz)?gh2 becomes large neat, = Mgz boundary. Here thefiacts
of 71 co-annihilation that appears a%77 — X processes contribute vastlyﬁ]ﬁhz, helping
to reduce it below the WMAP bound, and a smaftelience im, — Mo translates as a large
5Qoh?. For examplem;, — mg: = 0.6 GeV leads t@oh? = %15.

Large my case: Figure 2.2 showg (left) and top Yukawa coupling; (right) versusrg
with other parameters fixed to valuesn While differences iry; are small, variances such
asdy; = %0.85 formy = 1 TeV and %108 formy = 3 TeV induce large discrepencies in
u, giving u =~ %10, %25 %60 formy = 1,2,3 TeV. Also the limit of REWSB is reached
at different values. So computations in this region need furthprarement for compatibil-
ity. We do not present a relic density comparison here siakie density is generally above
the WMAP upper bound except for the special focus point cabkéch will be discussed in

Chapter 6.
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Figure 2.1: Upper bound from the relic demsﬁmh2 = 0.136, on themy,,—mg plane for
tang = 10,Ag = 0, u > 0 andm, = 175 GeV. The black, red, green and blue lines are for
ISAJET, SOFTSUSY, SPHENO and SUSPECT respectively. Alswalis the correspond-
ing 5Q);gh2. The yellow regions are excluded by LEP measurements orubecaf a stau
LSP.
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Figure 2.2: Higgs mass parameter(left) and top Yukawa coupling;(Msusy) (right) as
functions ofmg; the black, red, green and blue lines are for ISAJET, SOFTS38HENO
and SUSPECT respectively.
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Figure 2.3: Pseudoscalar Higgs mamsg (left) and bottom Yukawa couplingy(Msusy)
(right) as functions of tag for my = 500 GeV,my;» = 300 GeV,Ap = 0, u > 0 and
my = 175 GeV, the black, red, green and blue lines are for ISAJEFBUSY, SPHENO
and SUSPECT respectively.

Large tanp case and #fects of Higgs annihilation: Figure 2.3 shows pseudoscalar
Higgs massn, and bottom Yukawa coupling,(Msusy) versus ta@ with other parameters
fixed to values irP. Due to recent improvements, the four codes seem to be inagregment
with each other. However, the generic smatfelience of %10 ima will neverthless induce
considerable discrepencies g!];?hz when targ is large, because at that region neutralino
annihilation through s-channel pseudoscalar Higgs exggéecomes significant and Higgs
annihilation is sensitive th—Zm)zg. This is illustrated in Figure 2.4 which shows the WMAP
upper bound in theny—my > plane for tag = 50, with Ag = 0 on the right and\g = —my 2 on
the left. Even the small %10 variations irmy are able to generate significant discrepencies
in Q)?ghz.

Large Ag case and ffects of stop co-annihilation: Figure 2.5 shows on the lefiy,
vs Ap with other parmeters as iA. As |Ag| gets largeny, decreases, becoming closentpg
andon, also increases, where especially ISAJET gives a lowgvalue. Aty ~ Mo, CON-
tribution from stop co-annihilationy£f; — X) dominate inQ)?(th2 calculation, henc@ﬁh2
will be sensitive to small dierences imy,, as shown in the right panel of Figure 2.5. The
visibly low g, from ISAJET has a drastic impact, pushing the ISAJ‘E)?Ti = m, boundary
up tomg ~ 250- 300, that increases with increasing,>. Even when ISAJET is excluded,
the uncertainties imﬁh2 still can reach beyond %30.

We conclude that the precise measurement of ma&seincesn:, — Mgo, Ma — 2m)?<13 and
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Figure 2.4: Upper bound from the relic denisy; oh? = 0.136, on themy,—my plane for
tang = 50 andAg = 0O (left) andAg = —my)2 (rlghf) The black, red, green and blue lines
are for ISAJET, SOFTSUSY, SPHENO and SUSPECT respecti¥d$yp shown is the corre-
spondingrSQ);c{h2 in grey. The triangular yellow regions are excluded by st&@L
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Figure 2.5: Light stop massy, as a function ofAg for mp = 500 GeV,my» = 300 GeV,
tang = 10, u > 0O andm, = 175 GeV (left) and upper bound from the relic denisty,
~oh2 0.136, in themy,—mg plane for taB = 10, Ag = —4my 2, u > 0 andm, = 175 GeV
(nght) The black, red, green and blue lines are for ISAJEIFTSUSY, SPHENO and SUS-
PECT respectively. Also shown are the corresponeﬁfrlgah2 for SOFTSUSY, SPHENO and
SUSPECT. The yellow regions are excluded because of a sts@iSP for the above 3

codes. The yellow line gives thg; = Mo boundary for ISAJET.
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Mg, — Mo is crucial for a reliable determination ﬁfﬁhz, especially in judging the compati-
bility of a given SUSY scenario with dark matter. We also exed the study by comparing
spectra for models with non-universal Higgs masses. Thalgetill not be given here, but
we found very good agreement in moderate regions for spann‘@)?(l)hz. Only in the edges

of parameter space, e.g., for largg, - mZ, we found up to %10 dierences in slepton

masses.
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CHAPTER 3

PHENOMENOLOGY OF THE G ,-MSSM

3.1 Introducing strings

We mentioned that even SUSY can be a subset of a more fundarframework which @ers
descriptions for physics beyond the GUT scale. One devadogind much debated approach
is string theory, which aims to unify quantum mechanics agkgal relativity and formulate
the quantum theory of gravity [40],[41],[42],[43]. Stringeory proposes that fundamental
elements are not 0-dimensional points, but 1-dimenstierténded objects called strings,
whose difterent modes of vibrations embody particles with specifiagdaflavor, mass and
spin. It can be formulated by an action principle that candieesl to achieve the motion of
strings in spacetime, which are described by worldsheek® iiiteractions of particles are
given by splittings and recombinations of strings.

Over the years, five distinct supersymmetric, 10-dimeraistring theories were for-
mulated, and it was thought that only one of those would sares the correct theory. But
in 1995, M theory emerged from 11 dimensions, and showedhbat distinct theories were
in fact different descriptions of the same fundamental phenomenononitected the five
theories to each other via dualities in distance scales anpliag strengths.

However, though it is a prominent mathematical framewadrkng theory faces the great
challange of making a unique prediction for the observable énergy world. There are
numerous ways to compactify the extra dimensions on varwarsfolds and end up with the
4 spacetime dimensions. The string theory landscape iswibt~ 10°°° vacua, and it is not
clear if there is a decisive principle to choose a metastadteium that leads to the known
laws of physics, i.e: the Standard Model and General Rélativith a positive cosmological
constant - to a configuration of string theory consistenhwliservation.

But this is exactly what we care for: a phenomenologicallpsistent theory. To achieve

32



this, a class of string vacua arising from compactificatmfour dimensions need to
e haveN = 1 supersymmetry and produce SUSY breaking,

e generate hierarchy between EW and Planck scales by siagilize moduli * in a

metastable dS vacuum,

e have a visible sector that hosts the MSSM patrticle contedtgauge group (maybe

plus additional matter fields and gauge groups) and thepepties,
¢ have an electoweak symmetry breaking mechanism,
e unify gauge couplings.

If MSSM visible content is realized in these constructictgn a set of soft supersymmetry
breaking parameters will be generated after SUSY breakihg;h are defined by the internal
parameters of the string model. Recently there have beesidarable attempts to construct
a stringy framework which addresses the above issues wtithifiype |IB or M theory setup.
Examples include visible sector construction via Type IR vacua [45],[46],[47], Type
IIB LARGE volume vacua [48],[49] and fluxless M theory vacua®, manifolds [50],[51].

A generic description of these models among with a prosgetiHC study has been given
in [52]. Here we will concentrate on the final case, that hased®o be known as the &

MSSM, detailed calculations of which can be found in [53].

3.2 The G-MSSM

G,-MSSM is a low energy limit of M theory. It was shown that thgbufluxless’ compactifi-
cations of M theory on a &manifold, it is possible to achievd = 1 SUSY in 4 dimensions
with non-Abelian gauge groups and chiral fermions; gemetla¢ hierarchy and stabilize all
moduli in a dS vacuum. In the simplest case, thentanifold consists of two hidden sectors
that live on two 3-dimensional submanifolds with asymmaity free gauge groups. These

undergo strong gauge dynamics, and at least one contalischgrged matter field® and

1 Moduli are scalar fields whose fiirent values are equally good since potential energy foruth@de
constant. In string theory, they are used for parametrisingpg backgrounds, which are defined as a set of
classical values of quantum fields in spacetime that coorebpo classical solutions of string theory. Physics of
string theory is imagined as a set of infinitely many quantwetdéi expanded around a given string background.
Examples for string backgrounds are the dilaton field exgiext value, various coupling constant values, allowed
shape (radius and complex structure) of the internal mihdiad Wilson lines of the gauge fields around non-
trivial cycles.

2 Zero flux generates an entirely non-perturbative modulespgtential, and is necessary to obtain a small
mass scale of the order of TeV.
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Q. Then there is the usual visible sector living on anotheeghdimensional submanifold.

G2-MSSM is defined by the following hidden sector superpognti

W = m% (C1P¢—(2/P)eib1f1 + CzQébzfz); b, = %, by = % (3.1)

Hereg = det@QQ)Y2 = (2Q0)*/2 s the dfective hidden sector meson field that generates the
spontaneous SUSY breaking, P and Q are the ranks of the hégd&r gaugino condensation
groups,C1, C, are normalization constants that depend on the specificeludiG manifold
and fy, f, are the hidden sector gauge kinetic functions which are tifferént linear com-
binations of the N geometric modudi of the G manifold. As mentioned in Chapter 2, the
superpotential, which here depends on the microscopiameas of G compactification
determines the Lagrangian of the low energfig€tive theory where the phenomenologically
relevant parameters are defined.

In G, compactification, SUSY breaking is mediated via the higlierensional gravity
multiplet, which gives rise to gravity (moduli) mediatioklowever anomaly mediation also
makes significant contribution to gaugino masses.

Consequently, the high scale gaugino masses take the form

M, ~ 1 N v [ P (3.2)
T anat +0) | \Peg - bag2 52(Q+P) /2 '

with b; = 33/5, by, = 1.0, b3 = -3.0, b’l = -33/5, b’2 = -5.0, b’3 = -3, whereayy is the tree-

level universal gauge coupling,is the threshold correction from the Kaluza-Klein modes,
which comes as a contribution from the anomaly mediatigris the VEV of the meson field,
which is order of unity andPgg = P(C1/C3). Low scale SUSY can only be obtained for
Q-P = 3. Also 50< P < 84 should be taken to get a gravitino masg, < 100 TeV.ng,
also depends largely dry, the volume of the compactification manifold. Gaugino masse
light, with M, <TeV. The scalar masses, Higgsino masses and trilineariogsgurn out to
bemy ~ Ag ~ My, ~ My, ~ O(Mg,2) and are around 30-100 TeV.

At the weak scale, scalars are very heavy with magké®)TeV where exceptionally
lightest stop is significantly lightq{ 1TeV) due to RGE running. Gauginos are light, and have
masses<TeV. Moreover tag is predicted from the high scale theory to@€L). The value
of my however is fine tuned. £EMSSM is consistent with GUT scale gauge unification and
the consistent solutions lead to a wino LSP, which anniifabre diciently than binos due
to strongelS U(2) couplingg,. This leads to a dark matter relic density much lower than the

WMAP upper limit, and means thats&riginating LSPs must be produced by non-thermal
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mechanism, details of which is related to the cosmologizalugion of moduli after inflation.
A future study is expected to address this issue more eladbpia4d].

A SUSY model which is a direct descendent of strings wouldrb@&teresting prize to
chase at the LHC. To exercise this, we will adopt two of ther feenchmarks proposed in
Table 1 of [53], nhamely the Points 1 and 4, for which we list thieroscopic parameters,

important EW scale parameters amA@lihz in Table 3.2.

Table 3.1: Microscopic parameters (first 5 columns) as éxgthin the text, some EW scale
parameters (columns 6-10) am};oh2 for benchmark Points 1 and 4 from Table 1 of [53]
which are renamed as G21 and 24 respectiiely.Q = 3 andPgts = 83. HereZg¢¢ is the
effective Higgs bilinear cd&cient, which is a complex values function of all hidden secto
chiral fields in general and is used in determination of treegaandByu. Q)?cth2 is computed
using micrOMEGAs 2.0.7.

Point| & Mg, V7 aalnif Zo | tanB i A Ay A, Q)z?h2
G21 | -4 67558 14 26.7 1.58 1.44 87013 14267 3114 19353.66x 107
G24 | -10 17091 35 26.0 1.77 1.45 22309 2379 805 468.73.15x 10

In Chapter 7 we will present a discovery analysis with the@WS detector simulation

for these two benchmarks in the all inclusive jetmissingEr channel.
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CHAPTER 4

PHENOMENOLOGY OF THE SIMPLE SO(10)
SUPERSYMMETRIC GUTs

4.1 Introduction and motivation

Yet there is so much way to go until we reach the distant, dyaaalm of strings. Meanwhile
it is a good idea to also consider theories built upon simgatet relatively more ground-based
assumptions, such as that of the Grand Unification requinefegauge couplings.

Grand Unification is an inspirational indgredient of modakst claim to explain the laws
of nature. It is constructed by embedding the EW scale SM@amgup into a larger local
symmetry which should be valid above the GUT scal; (7). The theoretical understand-
ing of Grand Unification would lead to a unified descriptiongafuge interactions in terms
of a single coupling constant as well as a possible quarerglunification through whose
mechanism the seemingly seperate interactions of thesgy/pas of fields could be clarified.

As mentioned in Chapter 2, SM alone cannot unify the gaugeloms atMgyt while
supersymmetric contributions introduce modification$orunning of gauge couplings which
can make the unification possible. Then beydhglyt, physics is ruled by a Grand Unified
Theory. The main question here is to determine the naturieadiGrand Unified Theory.

The simplest candidate is based on the SU(5) group. B&rend L superfields are
members of & superfield) while O, UC andEC superfields are assigned td@dimensional
representationy. The Higgs sector consists of the supermultiplétﬁg) and??z(S) which
contain the MSSM Higgs doubleky andH,, respectively an(ﬁ:(24) which breaks the SU(5)

symmetry. The resulting superpotential is given as

~ 1 ~ A A ~ ~
W = usT re? + é/lET 3 + U FHLH + AH L ZH

1 . e
+ZY|6ijk|ml//”l//kl7‘{£n+ Yoyl giHij + ... (4.1)

36



Despite being a predictive scenario that simplifies the MSSkireat deal, SU(5) SUSY
GUTs stfer from some problems. For example, they predict the ust@alnass relation
mg/ms = mg/m, at all scales. Furthermore, SU(5) cannot conserve the R¢paturally and
hence does not have a stable candidate for cold DM. Thereasnal natural mechanism for
generating neutrino masses in the SU(5) models, to get whish would have to introduce
right-handed singlet neutrino superfields by hand.

All these issues are succesfully handled when one considlergauge group SO(10)
instead [55]. Here all matter fields in each generation avemgd together with a heavy sin-
glet right-handed neutrino stal¥® in a 16-dimensional spinorial representatips, hence
leading to matter unification. Furthermore, the two HiggshietsH, and Hq lie in a 10-
dimensional fundamental representatig. Such a formalism automatically generates neu-
trino masses via the see-saw mechanism. The resultingustewaf the nuetrino sector implies
a successful theory of baryogenesis via intermediate gatiegenesis. Moreover, the SO(10)
group is left-right symmetric, which enables the SO(10) eisdo provide a solution to the
strong CP problem and to naturally induce R parity consemat

SO(10) contains the maximal subgroups SU{%)(1) and SO(43 x SU(2). x SU(2k X Z>
where the Z group corresponds to charge conjugation. The SU(4) canthi@ subgroup
SU(3)x: x U(1)g_L. Such a rich subgroup structure leads to various alteemfior SO(10)

breaking such as

SQ10) — SU(5)— Gsu

SQ10) — SUR) xSUQR)rx SUM@) X Z» — Gsm (4.2)

where gy is the SM gauge group. However the idea of gauge couplingcatiibin atMgyT
motivates the assumption that SO(10) directly breaksda.G

An important characteristic here is that the rank of the ®P@roup (defined as the
largest number of mutually commuting generators) is onkdrithan that of the MSSM gauge
group meaning that there should exist an extra J@&)mmetry. This excess U )should
be broken far above the EW scale. The U(1) D-term in the sgaitential that determines
the VEVs of the fields breaking the extra U¢lhas an impact on the physics through its
contribution to the soft SUSY breaking (SSB) term&viiy.

The SSB masses are constrained by the SO(10) symmetry inUfiesGale. Here, the
unified scalar fields have the universal soft breaking nmagsat Mgyt while the unified

Higgs fields have the common masgy. These are complemented By, tang and sgn(u).
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D-termmp that comes from the breaking of the extra Y{Bymmetry is an additional free
input of the order of EW scale which, according to the U(1)akieg scenario, contributes to
the soft scalar or Higgs terms and generates non-univéesali

A very distinguishing feature of the SO(10) models is theitamithl requirement of the
unification of 3rd generation Yukawa couplings at the GUTlescarhis is implied by the

superpotential which includes the following term

W > YWiehiehio+ - - (4.3)

An exact unificationy = y; = yp = yr = Y,,) occurs at the tree level while several percent
corrections arise at the loop level due to gauge exchangg:foandé.o, Yukawa exchange
with color triplet Higgs fields and with heavy right-handedutrinos in the loop. Yukawa
unification has its direct consequence on the value gét&onsidering the relation

LI (A (4.4)

My YoMt
right hand side can hawg ~ yp only if v, /vy = tang is around 50.
These features of SO(10) SUSY GUTs makes them worthy of heimgtigated in de-
tail. In the following sections we present studies that érxenthe realization of WMAP-
compatible SO(10) scenarios, their collider phenomenglegnsequences for axino dark

matter and aspects for fine tuning.

4.2 Search for DM-allowed scenarios for Yukawa-unified SO(@) SUSY GUTs

The primary necessity here is to determine the range of SS$&mers that might have
originated from the SO(10) SUSY GUTs and the sparticle spettresulting from those
parameters. In other words, we would like to investigatedharacteristics that arise in a
SUSY model when the constraints from SO(10) symmetry ar@seg.

In this context, we assume a theoretical framework wherareas explained by an
SO(10) symmetry abovMlgyT, which breaks to MSSM plus some heavy right-handed neu-
trino states aMgyt. Then at the EW scale, content of the theory is equal to thahef
MSSM. The main constraint to impose on the parameters kedideuniversalities explained
above is the trademark Yukawa unification quantified as

- ma)(yt’ Yo, yT)
mln(yt’ yb’ yT) .

One immediate consequence follows from the concern of actmhating radiatively broken

(4.5)

electroweak symmetry (REWSB) which, as explained in Chaphould be realized due to
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the large top quark mass. REWSB in Yukawa-unified SO(10) SE&Marios is achieved by
a soft Higgs mass splitting which hﬂﬁ'U < msz. This splitting can be parametrized using

the D-term contribution from the extra Ugsymmetry as

and is a crucial ingredient in search for Yukawa-unified acies.

There have been two lines of approach in imposing Yukawaaatifin: One method by
Blazek, Derimsek and Raby (BDR) [56] uses a top-down approawhich they assume exact
unification atMgyT, and give the three gaugino parameteks, gauge couplingac(MguT),
the unification uncertaintys, unified Yukawa couplingy and 7 SSB parametefs my,

Ao, tanB, mys, My and an arbitrary Higgs splittingm,ﬂ as input. They evolve down these
parameters with 2-loop gauge and Yukawa running and 1-lofigerm running. Then they
make ay? fit of the resulting low energy parametergy, Gr, as(mz), Mz, My, p, My, My(My)
andm, to the central observed values (within the experimentaktamties) and determine
the parameter regions that minimize yte

The other method used by Auto, et. al. [57] considered a twttp approach where there
were no apriori assumptions of GUT scale Yukawa unificationnd) spectrum computation.
Instead, the measured values of the EW precision obsesvatdationed above were given
as input among with the GUT scale SUSY parameters. The speciomputation was done
using ISAJET 7.64 where the RGE running first starts with tipis at weak scale. Then
the unification degree of the resulting Yukawa couplingsciierked and those points having
R < 1.1 were identified as potential SO(10) scenarios.

Both groups tried the two fierent realizations of SO(10), hamaly the D-term scenario
where the U(L) D-term invokes non-universalities in scalars and the Higggting (HS)
scenario where onlyny, and my, are non-universal. Both studies showed that Yukawa-
unification was harder to reach for the D-term scenario. Aattoal. reported thaR ~
%5 was possible fou < 0, however latest results reported by BNL on the value of the
anomolous magnetic moment of muon favor positiveolutions in which the be® reached
is ~ %30- 50. For the HS model, BDR found Yukawa-unified resultsiar~ 100 GeV and
u ~ 100- 200 GeV. These however are in contrast with findings of [58jctvitlaims that
solutions with valid REWSB could only occur far~ ma ~ ng, ~ 1 TeV. On the other side,
Auto et. al. reported down to few percent Yukawa unificatiohydor very large values of

M > 5— 10 TeV and low values afy > < 100 GeV for positiveu.
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Driven by these results we performed a study following théofet.al. approach which
aimed a more detailed search for Yukawa-unified solutiorthénHS parameter space [59].
For this study we used ISAJET 7.75 where spectrum calculdigins with inputtingDR
gauge couplings ang, vy, atQ = Mz. Also takingy; on the way afQ = my, the six couplings
run to Mgyt (Whereg; = g») using 2-loop RGEs. Here, the boundary conditions from SSB
parameters are imposed and the resulting 26 MSSM RGESs adowmback taQ = Mz. Soft
terms are run with full 2-loop RGEs while gauge and Yukawaimg is done by 1-loop RGEs
that include thresholdfiects in the beta functions to achieve a smooth transitiomoplngs
from MSSM to SM at diferent mass scales. Once tree-level sparticle masses apaisan
full 1-loop radiative corrections are calculated for alagle and Higgs masses, including
complete 1-lopp weak scale threshold corrections foittheandr masses a = Msysy=
M M. As GUT scale Yukawa couplings are modified by the thresholdections, the
RGEs are applied iteratively to account for these until aszegyent solution is reached.

We examined the outcome of twadi@rent methods to generate the required Higgs split-
ting, of which first is the parametrization given by Eq. 4.6eTparameters of this GUT-scale

Higgs input (GSH) scenario are

Mie, My, M3, My, Ao, tans, sign(u). (4.7)

The second approach was put forward in order to generate B&Reolutions with lowu and

ma. ISAJET allows a case where the EW scale valugsaridma can be input by hand. Thus
one can force small values pfandmy to examine the consequences. Here we start with a set
of GSH parameters dflgyT plusp andma as inputs. Then soft Higgs masseg, andmy,

are evaluated down, and @ = Msysy the values thamy, andmy, should have taken in
order to give our input andma are computed using the following two 1-loop EW symmetry

breaking minimization conditions.

5 (mﬁ'u+mﬁ|d +2u?)sin B

4.8
2 (4.8)

mé, —m tarfg M2

2 _ Hd Hy __Z
b arp-1 2 (4.9)

These boundary conditions are used to run back to the GUE seallting in the output of
GUT scalemy, andmy,. This process is repeated at each iteration until a stall¢ico is

found. This weak scale Higgs (WSH) input scenario is definethb following parameters

Mie, Mo, M3, M2, Ao, tang, p, Ma. (4.10)
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We searched the parameter spaces of GSH and WSH scenanog for regions having
a good Yukawa unification as well as a WMAP-compatible DMaéeensity. We adopted the
Markov Chain Monte Carlo technique that allows for a muéicient scan with respect to
regular random parameter scans. Besides the RGE code ISRBWEISAJET 7.75, we
used a specially adopted version of micrOMEGAs 2.0.7 [60Fétic density computations

that can accommodate the WSH inpufhe input top mass was taken as 171 GeV.

4.2.1 The Markov Chain Monte Carlo method

A Markov Chain [62] is a discrete-time, random process hatite Markov property, which
is defined such that given the present state, the future @ttelepends on the present state,

but not on the past states. This can be expressed as
PXHE = Xt = X, .., X = xb) = P(XHT = )X = x). (4.11)

An MCMC constructs a Markov chain through sampling from aapaeter space with the
help of a specified algorithm. In this study, we have appliesl Metropolis-Hastings algo-
rithm [63] which generates a candidate statefrom the present state® using a proposal
densityQ(x'; x°). The candidate state is accepted to be the next stdté the ratio

t.
-5
(where P(x) is the probability calculated for the stat® is greater than a uniform random
numbera = U(0, 1). If the candidate is not accepted, the present staseretained and a new
candidate state is generated. For the proposal density eva Gaussian distribution that is
centered ak' and has a widtlr. This simplifies thep ratio to P(x¢)/P(x).

Once taking & from a starting point, Markov chains are aimed to converge tairget
distribution P(x) around a point with the highest probability. The time nekfie a Markov
chain to converge depends on the width of the Gaussianhiliston used as the proposal
density. This width can be adjusted during the run to achéen®re €icient convergence.

While searching the SO(10) parameter space, we assumeidiet and we approximate

the likelihood of a state to be¥“®. We define the/? for Ras

2 (R(X) - Runification)2

L This triggered some modifications in SUSY Les Houches Actbj6il], resulting in an arrangement that
allows to input parameters atffrent scales
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whereRynification = 1 andor is the discrepancy we allow from absolute Yukawa unification

which in this case we take to be0®. On the other hand, f@);?h2 we define

1, (0.094 < Q)?ghz < 0.136)

2 _ 2
XQ—O h2 — [Q}zghz(x)—ﬂ).(&) hzmean
P21 A S S

(4.14)
. (Qph? <0094 0rQph? > 0.136)

Tq gh2
Q_ph
A

whereﬁﬂh?nean = 0.115 is the mean value of the rang®™ < Q);(l)hz < 0.136 proposed
in [30], andO'Q)_(OhZ = 0.021. This way, the MCMC primarily searches for regions of &iwia-
unification, anc} within these regions, for solutions withomd relic density.

For each search, we select a set-010 starting points in order to ensure a more thor-
ough investigation of the parameter space. Then we run thBI®Giming to maximize the
likelihood of eitherR alone, orR and Q)?(th2 simultaneously. For the case of simultaneous
maximization, we compute theratios forR andQﬁth individually, requiring bothpr > a
and pQ)_(OhZ > a separately. We do not strictly seek convergence to an aesolaximal like-
lihood, 1Iout we rather use the MCMC as a tool to reach compatdajions and to investigate

the amount of their extension in the SO(10) parameter space.

4.2.2 The GSH solutions

We begin our MCMC scans by selecting 10 starting points "@deeandomly” —that is, se-
lecting them from dierentmyg regions to cover a wider range of the parameter space— and
imposing some loose limits (defined by previous works andeamscans) on the rest of their
parameters to achieve a mom@i@ent convergence. Our initial scan is directed to look for
points only withR as close to 1.0 as possible by maximizing solely the likelthof R. Based

on the results of the first MCMC scan, we then pick a new set @ftafling points with low

R and also |0V\Q)?2h2, and direct the second set of scans to look for points with Bot 1.0
andQﬂ < 0.136 by maximizing the likelihoods cFRandQ);gh2 simultaneously. For MCMC
scans, the code is interfaced to the micrOMEGAs packagedinae the relic density and
low-energy constraints.

Figure 4.1 shows the compatible regions as projectionsdrpthnes of various input
parameter pairs. Here the light-blue dots h&e 1.1, the dark blue dots hay < 1.05,
the orange dots have < 1.1 pIusQ);gh2 < 0.136 and the red dots haw < 1.05 plus
Q)?(th2 < 0.136. On themyg vs myg plane Yukawa unification is seen only at the regions

having the correlatiomyg ~ 1.2mys. A goodR is feasable formg values from~ 3 TeV to
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Figure 4.1. Yukawa-unified GSH points found by MCMC on timgy vs. myg (top left),
Ag/Myg VS. myg (top right), my > vs mye (bottom left) andmy, , vs. Mg (bottom right) planes;
the light-blue (dark-blue) points hawg < 1.1 (105), while the orange (red) points have

R< 1.1 (105) pIusQ)zghz < 0.136.
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> 10 TeV, however a good relic density is achieved onlyrfag ~ 3 — 4 TeV. Concerning
Ao, the Yukawa unified solutions obey the relatidg ~ —(2 — 2.1)mg. The mg — Mg
and myg — Ag correlations agree with those suggested in a study by Basgjgeal. [64] in
the context of radiatively driven inverted scalar massdrgry models where RG running of
multi-TeV GUT scale scalar masses cause 3rd generationesitsde driven to weak scale
values while 1¢2nd generation soft terms remain in the multi-TeV regimeesehmodels,
which also required Yukawa unification were designed to taairiow fine-tuning by having
light 3rd generation scalars while solving the SUSY flavod &P problems via multi-TeV
1s¢2nd generation scalars.

On the bottom left plot, we see that,, takes the lowest possible values for a given
My, generally giving~ 100 GeV, and it decreases steadily with increasimg The final plot
shows the individual GUT-scale values of Higgs soft tempg and my, which proves that
My, < My, IS & requirement to achieve solutions in the Yukawa-unifesks.

This MCMC search discovered a new class of Yukawa-unifiedt®ols with WMAP-
compatible relic density where the relic density is adjddbg an dficient annihilation of
)}‘1)3 via a light Higgs resonance. This can be seen from Figurevdiéh showsmp — Zmﬁ
VS, my, — 2@2. Here all solutions Witm)?(l)h2 < 0.136 uniquely lie along then, = 2@2
line. On the other hand, annihilation via #resonance does not assume a special role
since the WMAP-compatible solutions are scattered rangaiang the y-axis and there is
no accumulation close tmp = 2@2. The h-resonance solutions witR < 1.1 occur at the
myg ~ 3 — 4 TeV region since highan,g values cannot accommodate dislent decrease in
Qﬁhz. On the other hand, lowest R values favor langgg regions and the best R we get for
the 3— 4 TeV, h-resonance solutions is 1.03.

The highly confined SO(10) parameter regions lead to styooghstrained mass spec-
tra, and hence to significant LHC signatures. We see thatWwakaified solutions are dis-
tinguished by their heavy J2nd generation scalars @ TeV), lighter 3rd generation scalars
(~TeV) and light gauginos (few hundred GeV). All Higgsses gxdeare about - 3 TeV.
Figure 4.3 shows the distribution of selected pointaygnvs my plane (left), and omy, vs
Mgo — Mo plane (right) for the GSH scenario. The requiremenn(}fh2 < 0.136 favors a
gluino mass range around 350450 GeV, which means we would expect a large amount
of gluino pair production at the LHC with cross sections &beul00 pb. These gluinos

decay via 3-body channels suchgs=" 9bb, ¥9bb, ¥3tb/bt, because 2-body channels are

closed due to the high squark masses. Favgged)?f mass range is 100 150 GeV, which
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Figure 4.2: Plot of MCMC scan points on thmex — Zmﬁ VS. My — Zm)?(f plane withR <

1.1 (105) for dark-blue (light-blue) dots. We also show pointsh/\lzj'othQ)?(th2 < 0.136 and
R < 1.1 (105) as orange (red) dots.

leads to gaugino pair production cross sections abodO pb, while the preferremﬂ is
~ 50— 75 GeV. This results in a signature masﬁfed'encem);g — Mo of 52 - 65 GeV which
is smaller tharmgz, therefore)(g decays are dominated again by 3-body channels such as
79 — bb?, qad, 1179. Two sample GSH benchmarks will be explored in detail in thaing

parts of this work.

4.2.3 The WSH solutions

Previous searches by Auto et. al. as well as our MCMC scartstivét GSH input were not
able to reproduce the loplow ma BDR solutions, the smallest values found foandma
being around 1 TeV. We made a further study with the MCMC usirgweak scale Higgs
(WSH) input explained above to see if one can generate tlodgiosns with ISAJET despite
the diferences in spectrum computations.

Here again we start with 10 points pseudorandomly selected the WSH parameter
space and implement two MCMC scans on them: one that sedmtasutionss with lowest
R values by maximizing the likelihood of R, and the other g&thes for solutions with both
goodRandQﬁh2 by minimizing likelihoods oR andQﬁh2 simultaneously.

Figure 4.4 shows the distribution of solutions in the WSHapagter space. Theys—Ag
correlation is similar to GSH case, respecting the Baggemkt condition ofAg ~ —(2 —
2.1)me, but differing from GSH in the sense that now there are additional giaokl matter

solutions scattered im g ~ 3— 6 TeV range which will be discussed soon. The second frame
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Figure 4.3: Plot of MCMC results for the GSH scenario onrtigevs. mg plane (left) and the
My VS. Myo — Mo plane (right); the light-blue (dark-blue) points hake< 1.1 (1.05), while
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Figure 4.4: Plot of MCMC scan points using WSH boundary ctons on theAg/myg Vvs.
6 plane (left) andmy 2 vs. mye plane (right) withR < 1.1 (1.05) for dark-blue (light-blue)
dots. We also show points with boﬂkghz < 0.136 andR < 1.1 (1.05) as orange (red) dots.
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Figure 4.5: Plot of MCMC scan points using WSH boundary ctioés on theu vs. mp
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also show points with botﬁﬁh2 < 0.136 andR < 1.1 (1.05) as orange (red) dots.

showsmy 2 vs mye where we see that for the WSH case larger values@f, ranging up to
600 GeV are WMAP compatible.

Figure 4.5 shows the solutions on the- ma plane on the top left. Most of the DM-
allowed solutions are accumulated in tng ~ 130—- 250 GeV range. Since those solutions
were not hinted by the GSH search, one can conclude that tieelgighly fine-tuned. To
investigate the source of WMAP compatibility, we [JiDA—ZI’TB?g VS n‘h—Zr% on the top right.
The vertical narrow strip correspondsg ~ 2@2, where the licient neutralino annihilation
is provided by light Higgs exchange whereas the horizomigaktbunch corresponds to the
neutralino annihilation vidA-resonance. In the down-left plot we shaow, — 2@2 VS Ma,

which confirms that it is thé\-resonance mechanism that dominates§m§§h2 reduction at
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the low values oma.

The fact thatA-resonance solutions simultaneously have a largg tdn- 50 along with
the low A masses raises the issue of agreement with the measure®liBR(Bs — uu)
since this BR is a function of tém%/rrﬁg. To check this we ploBR(Bs — uu) versusm in
down right plot of Figure 4.5 and see that Alresonance solutions are in fact excluded by
the current CDF limit of 10’ as expected. Therefore we conclude that, despite finding som
low u-low ma solutions with ISAJET we can not straightforwardly reproewa physically
consistent BDR case. One can seek optional ways to achieveicsolutions with a consis-
tent BR(Bs — u*u~) through introducing flavor violating soft terms. This dasf solutions
would lead to wider perspective of LHC signatures: e.g.hmdark matter allowed regions,
Mo goes up to~ 250 GeV andng goes up to 260 GeV. The massﬁfd'rencmg?g — Mo would
go up to~ 150 GeV forR < 1.05 and~ 230 GeV forR < 1.1, which are greater tham, z, so

the two body decays that are forbidden for the GSH case carbrawalized.

4.2.4 Adjusting the DM relic density

The plots in the previous two sections, especially for thed@8se show us that majority of
the Yukawa-unified solutions give an excess DM relic dengilow we propose some ideas,
which either present a point of view where the DM excess isanptoblem or in case it is

perceived so, suggest a method to red@gimz below the WMAP upper limit.

4.2.4.1 %% may not be the LSP...

The first way out of the situation is to assume th%lts”not the LSP, but is the next to lightest
sparticle (NLSP) and can actually decay to lighter modesditavitinos G) or axinos &). The
decays can be realized via the chfe—? yG/&. The relic density of the axinggravitinos
thus non-thermally produced from neutralino decagse given by

TT]GB(/? agﬁhz. (4.15)

Knowing that the Yukawa-unified solutions generally havele density range between 10

Qgah” =

10, an order of~ 10?7 — 10° reduction would be needed to reach below the WMAP upper

limit.

2 DM candidate axinos or gravitinos would also be producedntiadly by scattering processes of other
particles during thermal equilibrium, contributing moeethe relic density. Thermal relic abundance depends on
the thermal re-heat temperaturg which is constrained by the gravitino mass and non-therapabbenesis. See
Section 4.5 for details.
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As explained in Chapter 2, in SUGRA, gravitino mass is givgmi, ~ (F) /Mp| ~
Msott, Which generally leads tog,, ~ O(TeV). However sometimesy , < mﬁ), leading to
)}2 decays td5. But even thening is at most only a few times smaller thm}(g, which is not
enough to reduce the relic density beneath the WMAP limit.

AXxinos, on the other hand are allowed to have masses as lewkay/ and could lead
to a convenient relic density. Details of a further study oragino DM solution for SO(10)

scenarios with excess relic density will be given in Sectidn

4.2.4.2 Solution via non-universal gaugino masses

If one increases the GUT scale value of the U(1) gaugino rivggs values higher thamy»,

- 9
the weak scaléM; also gets increased enough so th% approachemﬁ. As a resultyy
becomes more wino-like. Contrary to the case with SU(2) doBBgaugino masses, moving
M1 up does not have a largdfect onR. For Myo > My, this would lead to annihilation to
WW pairs. For our case Whemﬁ) < My, the relic density is rather lowered by bino-wino

coannihilation.

4.2.4.3 Solution via non-universal scalar masses

Another method would be to lower the f&t1d generation scalar masses(1, 2) while keep-
ing myg(3) fixed. The non-universality thus generated leads to emease in the S term in the

scalar mass RGEs
S =mj, —my, + Tr{mg — m; — 20, + np + mg] (4.16)

that influences the scalar mass running. Resulting incde8sterm helps to suppress right
squark masses. te(1,2) is low enough, themg, =~ me, = Myo. This way both the
neutralino annihilation into squark pairs and neutrakgorark coannihilation is increased
and relic density is decreased.

However despite the last two possibilities we favor and wuith the universal solutions.

4.2.5 LHC scenarios for SO(10)

Guided by the results of the MCMC scans using the GSH and W§tit,inve point out and
examplify in Table 4.1 five dferent scenarios that might be realized at the LHC. Table 4.1
also IistsQ)?ghz, R(b — sy), Aa,, BR(Bs — u*17) and the neutralino-proton direct DM detec-

tion cross sectiora-()}‘l’ p), where the first four are computed by both IsaRs&tools (upper)
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and micrOMEGAs (lower) whiler()}‘l)p) is computed only with IsaReMatools. There is
generally a good agreement between the two codes excep taties of relic density com-
putation where the neutralinos annihilate throumgbr A resonance. Variances arise due to
different treatment of Higgs resonances. For example, Yukawglinogs used for annihila-
tion through the A resonance and evaluation of the heavydigdths are computed at scale
Q = Msysy= /M Mg in IsaReD while aQ = Zmﬁ in micrOMEGAs.

SO10A is a generic Yukawa-unified GSH model with10 TeV scalars and 109
400 GeV neutralingsharginos. Q);(l)hz here is high, so this model requires an axino DM
sqution.X‘i has a lifetime of~ 0.3 sec and a resulting decay distance df &, so it is able
to escape the LHC detectors before it decays, leading todha&l missing energy signature.
SO10B and SO10C are derived from SO10A and demonstrate ses whereﬁﬁhz is ad-
justed by increasing GUT scalM; or decreasing GUT scaleyg(1, 2) respectively. SO10D
examplifies the new class of GSH solutions found by the MCMEDiscwheremg ~ 3—4 TeV
and a goodz);gh2 is reached by annihilation through h resonance. SO10E shavese of
WSH input where a goo(iz);gh2 is achieved by annihilation through a pseudoscalaeso-
nance.

The heavy scalars in SO10A are decoupled from the LHC phys&sng the ground
mainly to a dominangd pair production followed by subsequent 3-body decayb-tich
final states. The %56 branching ratiogot5 bbgd — bbli 9 allows for a possible prediction
of sparticle masses through observation of endpoints. thadilly there will be production
of ¥1¥7, ¥ix3 andyii! pairs which can be pursued in the exclusive leptonic chanriel
SOlOB,m)Pg isincreased to 125.4 GeV am}g —Myo, and hence the(ll) edge is decreased to
~ 13 GeV, while the branching ratio of the radiative de)ggy—? 7,\?(1) can go up to %10 and be
spotted if one observes hard, isolated photons. SO10C eocottitrary, has very low /&nd
generation scalars which would dominate the LHC stage. tlight squarks will decay to
very soft jets viagr — qf(‘l’ due to the 18 GeV massftkrencegr —,%‘1’, while left squarks
will decay '[O,\?g andy7 which again lead to soft jet activity. SO10D is similar to SXA] but
additionally has lightef;, ¢9, ¥9, ¥ and heavy Higgses that can be produced at the LHC.
The WSH point SO10E violates the Tevatron limitsBR(Bs — uu), but in case this point is
allowed due to other flavor-violating interactions, itsywkght Higgs spectrum (which is also
quite close to the Tevatron limits, e.g.: fian > 170 GeV) will easily be discovered.

In Section 4.3 and Chapter 7, detailed studies on the oligmmvef SO10A and SO10D

will be presented. These points were favored since we ptefieeep universality and would
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Table 4.1: Masses and parameters in GeV units for five benghiuekawa unified points
using Isajet 7.75 andy, = 1710 GeV. The upper entry for the)?&)h2 etc. come from Is-

aReDlsatools, while the lower entry comes from micrOMEGAvs(;»}?p) is computed with
Isatools.

parameter SO10A SO10B S010C SO10D SO10E
My 9202.9 9202.9 5018.8 2976.5 5877.3
my/2 62.5 62.5 160 107.0 113.6
Ao -19964.5 | -19964.5 | -10624.2| -6060.3 | —12052.6
Myo 10966.1 10966.1 6082.1 3787.9 —
tang 49.1 49.1 47.8 49.05 47.4
Mp 3504.4 3504.4 1530.1 1020.8 —
M1 — 195 — — —
mus(L, 2) — — 603.8 — —
Vi 0.51 0.51 0.49 0.48 0.49
Yo 0.51 0.51 0.41 0.47 0.49
Yr 0.52 0.52 0.47 0.52 0.49
7 4179.8 4186.3 1882.6 331.0 865.3
my 395.6 395.4 495.5 387.7 466.6
i 9185.4 9185.4 622.1 2970.8 5863.0
Mg 9104.1 9104.2 98.3 2951.4 5819.2
m, 2315.1 2310.5 1048.4 434.5 944.7
m, 2723.1 2714.9 1894.0 849.3 1452.7
Mg, 9131.9 9132.0 311.9 2955.8 5833.6
Mey, 9323.7 9323.9 891.8 3009.0 5945.8
Mgz 128.8 128.8 165.7 105.7 141.3
Mgo 128.6 128.1 165.1 105.1 140.9
0 55.6 115.9 80.2 52.6 65.7
ma 3273.6 3266.0 1939.9 776.8 177.8
My 125.4 125.4 123.2 1111 113.4
Q~0h2 423 0.09 011 0.10 0.15
X1 220 . 0.08 . 0.11 . 0.06 . 0.08 .
BF(b - ) 3ot | 3304 | smaos | 4oaos | 2o
ha, anaot | fodow | oo | 2zaow | andow
S 9 S 9 4 9 S 8 > 5
BF(By > 1*47) | 4300 | aaaos | 6500 | esdos | 200
osf2p) [pb] | 1.3x 10715 | 1.9x 107 | 15x10° | 27x10° | 53x10°8
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Figure 4.6:0(pp — §0) at v/s = 14 TeV versusng for mg = 350-500 GeV using PROSPINO
with scaleQ = mg. Solid (dashed) lines show LO (NLO) values. Red (lower)dihave 10
TeV squarks (SO10A-like) and blue (upper) lines have 3 Tedasks (SO10D-like).

also like to stay below the Tevatrd@R(Bs — u*u~) limit. At the LHC, gluinos in the 350-
500 GeV range will be pair-produced \ig andgg fusion subprocesses. Figure 4.6 shows the
LO and NLO cross sections for such light gluinos at 14 TeVualed using PROSPINO as a
function of the gluino mass for two values of squark mags- 3 and 10 TeV. The NLO cross
sections are a factor of 1.6 greater then the LO results, but considerinffedent squark
masses lead only to insignificantfidirences in cross sections. So, in the case of Yukawa-
unified SO(10) SUSYop — §dX events are produced with 30150 pb cross sections at the
LHC.

Figure 4.7 then shows LO cross sections for the proggss— yy computed with
ISAJET 7.75 versusng:. Here){f,%g production cross section dominates and reaches up
to 10— 20 pb for the mass ranges of SO10A and SO10D.

Guided by these, we will mostly focus on tlgg§ pair production while stating some
brief comments on the 3-lepton final state from }Jfgg\%f channel. In the next section, we
give the results of a study featuring inclusive dilepton amdlusive trilepton channels for
v/s= 14 TeV at the LHC based on a toy simulation while in Chapter present an analysis

performed based on a full CMS simulation.
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Figure 4.7: Variousr(pp — xx) at v/s = 14 TeV versusmg: for my = 3 TeV andu = my
with tang = 49 andu > 0 (Plot by H. Summy).

4.3 Search for SO(10) scenarios using the lepton channels afs = 14 TeV at
the CERN LHC

We studied the feasibility of discovering Yukawa-unified SYJat the lepton channels at
v/s= 14 TeV at the LHC as well as prospects for measuring the sfmrtiasses [65]. Signal
events for SO10A and SO10D plus the backgrounds QCD (in fiterdntpr bins), W+njets,
Z + njets,tt (m = 171 GeV) and the dibosowW, ZZ, WZ were generated using ISAJET
7.75. Detector fects were modeled using a toy detector simulation with taketer cell size
AnxA¢ = 0.05x0.05 and-5 < n < 5. The hadron calorimeter energy resolution was taken to
be %80 VE + %3 for || < 2.6 and for forward calorimeter was %100E + %5 for || > 2.6
while the electromagnetic calorimeter energy resolutias assumed to be %FE + %0.5.
An UA1-like jet finding algorithm with jet cone sizR = 0.4 was used anér(jet) > 50
GeV andin(jet)| < 3.0 were required for the jets. Leptons were considered isoldtthey
have pr(e or 1) > 20 GeV andn| < 2.5 with visible activity within a cone oAR < 0.2
of ZE%e”S < 5 GeV. Furthermore, a lepton identificatioffieiency of %75 was assumed for
leptons with 20 GeV¥ pr(l) < 50 GeV, and %85 for leptons with (1) > 50 GeV.

A hadronic cluster wittEt > 50 GeV andn(j)| < 1.5 was taken as hjet if it contains
a B hadron withpr(B) > 15 GeV andn(B)| < 3 within a cone ofAR < 0.5 about the jet axis.
The generid tagging dficiency of %60 was adopted and it was assumed that light queark a
gluon jets can be mis-tagged lagets with a probability 1150 for Er < 100 GeV and 150
for Er > 250 GeV, with a linear interpolation for 100 Ge\Et < 250 GeV [66].
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4.3.1 Theg — bby3 — bb(ll/bb)¥? chain

Here we try to identify the gluino decay chains. In order timéiate the huge SM back-

grounds we first use the following simple set of cuts dubbed C1

n(jets > 4, (4.17)
Er(j1,j2 j3,j4) > 10Q 50,5050 GeV, (4.18)
St > 02 (4.19)

whereSrt is the transverse sphericity. The transverse sphericityixria given as

2
S:[ %P szpy] .20

Spxpy ZR
from which St is defined as 2; /(11 + 12), whereA; » are the larger and smaller eigenvalues
of S. Table 4.2 shows the generated events with their crosossaimong with the situation
after cuts C1’ and C¥ missingEt (denoted a¥7) > 150 GeV. These rough cuts including
jets andiEr seem to provide a good significance however the interpoetati jets andtt is
subject to uncertainties when the true detecffgats are taken into account. Furthermore, the
QCD background, which stays significant in lepton blindN&E-T channels creates ambigu-
ities to deal with for which special analysis techniquesdneebe implied. A much detailed
full simulation study of the Jet-MET channel for the CMS atte addressing all these issues
will be presented in Chapter 7. Here, in order to concenwatéhe prospects of mass de-
termination in SO(10) SUSY observations comfortably wittyaa toy simulation, we rather
choose to work with multb jet and lepton channels. These channels are applicable kitémn
stages of the LHC, after 5-10fbof data after the detector is better understood. Requiremen
of multi leptons & 2) or multib jets & 4) eliminates the QCD background and provides a
high S/B relevant for discovering the signal properties.

The specialized spectrum of SO10A and SO10D-type scenalfims extraction of in-
formation on the sparticle mass relations. First of gfj,signal is not obscured by squark
production. Second, the spoiler 2-body mogés— ¥9Z, ¥5 — %h are kinematically for-
bidden, leaving the stage only to the 3-body moglgs—5 xxi9. Among these the mode
)}‘2’ - Iﬂ‘,@‘l’ is a good tool, since it leads to a typical triangufdr invariant mass distribu-
tion m(*1~) whose endpoint gives the masgfeiencamy —m;,. Despite the low§ — 1"17¢9
branching ratios of %4.6 and %6.6 for SO10A and SO10D, requéint of a pair of same-

flavor-oppposite-sign (SFOS) leptons reduce the backgrtwa negligible level and leave us
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Table 4.2: Events generated and cross sections (in fb) favusasignal and SM background
processes before and after cuts. C1’ and €%+ cuts are specified in the tex¥V + n jets
andZ + n jets backgrounds have been computed within the restrigti@/, Z) > 100 GeV.

process events o (fb) Cr Cl+Er
QCD (pr : 0.05- 0.1 TeV) 16 26x100 | 41x10P -
QCD (pr : 0.1-0.2 TeV) 16 15x10° | 14x10 -
QCD (pr : 0.2- 0.4 TeV) 1¢ 73x10" | 65x10° | 2199
QCD (pr : 0.4-1.0 TeV) 16 27x10° | 28x10° 1157
QCD (pr : 1-24TeV) 1¢ 1.5x 10* 1082 25
W = Iy + njets 5x 10° | 3.9x10° 3850 1275
Z - 1T +njets 5x 10° | 1.4x10° 1358 652
tt 3x10° | 49x10° | 82x10* | 2873
WWZZWZ 5x10° | 80x10* 197 7
Total BG 95x 10° | 276x 100 | 213x 10" | 8188
Point A: 10° 76x10*0 | 3.6x10° 8914
S/B — - - 0.002 1.09
S/VS+B(1fb ) - - - - 68
Point D: 100 9.0x10* | 3.7x10* | 10843
S/B— - - 0.002 1.32
S/VS+B(1fb ) - - - - 78

with a clean signal. Furthermore one can apply the "flavotragbion” technique where the
different-flavor-opposite-sign (DFOS) dilepton invariant sndistribution is subtracted from

the SFOS distribution in order to eliminadg&u~ ande u* pairs from chargino pairs produced
in cascade decays. Thma(l*I™) distribution after these cuts and flavor subtraction isasho

in Figure 4.8 where solid red (dashed blue) curves show p@oifd) and the gray shade is
the background. The significant peaknat*|~) ~ mz comes mainly from W and Z radiation
within the QCD background events. Th% — Mo for both points are seen to coincide well
with endpoints.

The next step is to estimangy — Meo andmg — Mo Mass diferences for which we would
need the endpoints afi(bb) and m(bbl*I~) mass distributions for thg = bb)}g andg —
bb79 — bbl*1-79 decays. Figure 4.9 shows the idea(bb) distributions plotted in generator
level with PYTHIA 6 using the quarks for SO10A. The black cairshows the distribution
only with bb pairs from directg™ bbt? decays, the red curve shows the distribution vith
pairs from inclusiveg™ bt_))}g decays and the black curve shows the special case where the
bbs come from the exclusivg = bt_))}g - bt_)l+l‘)}(1’ decays. The gray area, which is the sum
of the red and blue curves accounts for the total distriloubioall correclepairs from gluino

decays. The two-edge structure, where the first shoyvs Mo ~ 268 GeV and the second
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Cuts C1' + 2 OS dileptons
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Figure 4.8: Dilepton invariant mass distribution for SF@$tbns after cuts C1’' for SO10A
(red, solid) and SO10D (blue, dashed) (Plot by H. Summy).

showsmyg — Mgo ~ 340 GeV can be clearly seen in this ideal depiction.

However in real life we face a big problem regarding both thgging and correct
combination ofb jet pairs coming from the gluino decays and this will smear itheal
spectrum greatly. There is always the unwanted possilitgombine 2b’s from differ-
ent gluinos or includdy’s from )2‘2’ - bt;,%‘l’ decays. We did some generator level studies
using b quarks to find a most feasable method to get the colsbatombinations. The
events targeted were those with both gluinos decaying todits go we requirey, > 4.
Since we would first like to examine the purest case, we ondytiseb’'s coming from the
gluinos and reject thé’s from neutralinos. We first worked with individuél quarks and
checked if those pairs minimizingg(bb), AR(bb), avg pr (b1) pr (b2)), m(bb) or maximizing
Apr(bb) = (pr(b1) — pr(b))/avd pr(b1)pr (b)) or pr(X(bb) give the right combinations,
where X(bb) is a combined object made from the ths. It was seen that tw's from
g— bB)}? were not necessarily azimuthally close. None of these bimsashowed a consid-
erable discriminating power.

Next we worked with objectX; (b;by) andX,(bsbs) made by combining the 4-momenta
of b-pairs. Figure 4.10 shows the distribution &p(X; — X3), AR(X1 — Xp), Apt(X1 — Xp),
avg(pr (X1) - pr(X2)), Am(Xy — Xz = (M(Xy) — m(Xz))/avgdm(X1) — m(Xz)) andavgm(Xy) -
m(X2)). Here red curve gives the corréati combinations, the green curve gives the wrbﬁg
combinations wherb andb come from diterent gluinos, and the blue curve gives the wrong

bb or bb combinations. According to these distributions, one cgueekthe most féicient
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Figure 4.9: Parton leveh(bb) distributions with PYTHIA for SO10A usingpb pairs coming
from § — bby (shaded)g™ bbi?9 (black),g — bbi? (red) andg™ bbi — bbllf? (blue)
decay modes.

selection of correct combinations by choosing ¥a&, pairs that have minimumm(X; —
Xo) andavgim(X1) — m(X2)). Furthermore one can pick thg X, maximizing A¢(X;X5) or
AR(X1X2) sincebb pairs from dfferent gluinos are supposed to be back to back. Likewise
one can select the pairs with minimutypr (X; — X5) (which doesn’t seem to have much
discriminating power with respect to the others) or maximaug(pr(X1) — pr(X2)).

Next, again by using theldquarks from the 2 gluinos, we plot som#&bb) distributions
in Figure 4.11 for SO10A. The red curves (which are the samnsaah plot) show then(bb)
made from the corredib combinations, green curves shoubb) from the wrongat_)combi-
nations and blue curves shawn(bb) from the Wrongbb/t%combinations. The black curves
are drawn by taking th&; and X, objects such that they givg(X;Xo)™", Ag(XqXp)™",
Apr (X1=X2)™, avg(pr (X1) - Pr (X2)) ™ Am(X; — X2)™" andavgm(X1) — m(X2))™" where
both m(bb)x, andm(bb)x, contribute. The dferent color fills under the black curves show
the components from right and wrong distributions for thiected pair. Light retbrown
component from righbt_>, green component from wrorth and bluggray component from
wrong bb/bb combinations. It is seen that for each case, the selectiorepaalmost equal
amounts of right, wron@t_)and wrongbb/%combinations. However we see that the wrong
combinations accepted do not actually spoil thipb) distributions catastrophically. Max-

ima of the black curves are generally shifted to the lm@pb) values, but the endpoints
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Figure 4.10: Combinations of aKi(bb) — X(bb)s. Selection variables for rigl*)(l(ba) -
Xz(bb) (red), wrongX;(bb) — X(bb) (green) and wrongy(bb) — Xz(bb) (blue).

mostly tend to agree. Furthermore, the yellow curves aredhelts of inverse selections,
e.g.:A¢(X1 — Xo)™n. Obviously the inverse selections pick the spoiler wrongbimations.

The m(bb) curve with closest resemblance to the ideal distribut®given by the se-
lection Am(X; — X2)™", so we proceed with this choice. These generator levelestualso
pointed out that generally two harddst come from two diferent gluinos. Thus while form-
ing the combined objects, we additionally require that thedbstb jet should belong taX;
and the second hardestXe. However there is still a chance of getting thig from )2‘2’ decays
plus there will be a significant contribution from theich SM backgrounds such as QCD and
tt, so it is helpful to constrain this selection further by aidially requiring two SFOS lep-
tons. Figure 4.12 shows the resulting distribution with I&A b jets for SO10A and SO10D.
Here the SM background is very low and baotg — Mg andmg — Mo Mass edges are clearly
visible.

Finally we reconstruan(bbl*1~) by combiningl*|~ with X; or X, and choose th¥; that
minimizesm(X;I*17). Resulting distribution is seen in Figure 4.13. Here ajtoan edge is
located near the maximum, it is hard to precisely predigbd@sition due to the low statistics.

Exact positions of the edges can be determined by makingfiteetm(I*1~), m(bb) and
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Figure 4.11: m(bb)s for both pairs in theX; — X, combination determined according to
different selections. Black curves respectively fakp(X; — Xo)M3 AR(Xp — Xp)MaX
Apr (X1 = X2)™, avg (pr(X1) — pr(X2)™® Am(X; - X2)™", avg (X1 - m(Xz))™". The
different color fills under the black curves show the componeots fight and wrong dis-
tributions for the selected pair: light rémlown component from righitb, green component
from wrong bb and blue- -gray component from wroitp/bb. The red curve shows the total
right bb distribution, green curve shows the total wrabtg distribution and the blue curve
shows the wrondpb/bb distribution. The yellow curve shows the case of inversec#n:
Ap(Xy = X2)™", AR(Xy — X2)™", Apr (X1 — X2)™@ avg (pr (X1) — pr(X2))™", Am(Xy — Xz)™2%
avg (m(Xy — m(X2))Ma* This shows that even when one selects a wrong combinatitmawi
certain requirement, that wrong combination does not gdliydrave an invariant mass which
spoils the distribution. The combinations with spoiler sexssare generally those combina-

tions made by inverse selections.
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Cuts C1” +2 4 b-jets + 2 SF/OS leptons
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Figure 4.12: Plot
minimizing Am(X;
Summy).

Cuts C1" + 4 b-jets + 2 SF/OS leptons
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m(bbl*17) distributions. For example a triangle convoluted with agsan function would
approximately give the dilepton edge. In this study invadvonly a toy simulation, we will
not exercise any of the fit methods existing in literature mppse any new fitting methods,
but just will quote the generic precision of hadronic masgeateasurements, which amounts
to ~ %10. If determined, the three edges would still not biEsient to findmg, m)?g andm)?g.

In such models wherg{ pair production dominates, one could complement the edgesa
with §g cross section and dominant branching ratio measurementsvimich the absolute
gluino mass can be determined. Knowimg the neutralino masses can be extracted from the

edges.

4.3.2 A note on trileptons signal from;}j;}? production

Discovery of SO(10) SUSY in thgd channels can be complemented by investigajiig ~
production. According to Figure 4.7, especiauy)}g production is worth analyzing. The
X1Xx7 production also has considerable cross section, howeveldvae hard to see at the
LHC because it would be buried under the SM backgrounds duts telatively soft final
states.

Xoki can combined — 1117%9 andyt — %79 to give a trileptons plugr signature
above the SM backgrounds for which the prospective LHC reésadmown in [67]. In this
study, after applying the following list of cuts from [68]

o three isolated leptons witpr(l) > 20 GeV andn| < 2.5,

e OYSF dilepton mass 20 Ge¥ m(I*17) < 81 GeV, to avoid BG from photon and

poles in the 2- 4 processiy — I’y ,

e a transverse mass veto 65 GeW (I, Et) < 80 GeV to reject on-shellv contribu-

tions, and
e F1 > 25GeV,
e veto events with jeta(jets) > 1.

we obtained the results in Table 4.3 where we see-ttath signal events will be visible over

a 0.7 fb SM background.
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Table 4.3: Clean trilepton signal after cuts listed in thé.te

process events| o (fb) after cuts (fb)
tt 3x1P | 49x10° -
WWZzzZ Wz 5x10° | 80x 10 -
WAZ*, Wiy = [l 7wy, 108 - 0.7
Total BG 45x 10° - 0.7
Point A: — 10° 7.6x10* 3.4
S/B — - - 4.86
S/VS+B(10fbt) —» - - 5.31
Point D: - 1 9.0x 10 4.1
S/B— - - 5.86
S/VS+B(10fbt) —» - - 5.92

In the end, we conclude that di- and trilepton channels pliea clean signature for the
SO(10) scenarios at the LHC, allowing significant discowesing~1 fb~* and reconstruction

of mg, mge andmyo to O(%10) accuracy using100 fiorl.

4.4 Sensitivity of Yukawa unification to small variances in nput parameters

We also comment on a study that quantifies the sensitivity@(f1l8) solutions and Yukawa
unification with respect to small changes in input paransef@4]. Figure 4.14 shows the
Yukawa coupling evolution from weak scale to GUT scale forl8®and SO10D. The kinks
seen aMsysy~ 3 TeV and~ 10 TeV at SO10D and SO10A respectively are due to MSSM
threshold corrections (e.qg.: the steep slopegifandy,, for Q < Msysyoccur mainly because
the codficient of the QCDy2 contribution toy; , running changes from 18 in the MSSM to

8 in the SM - specially the big jump gf, was found to be due to t@hanhanced chargino-stop
loop). This illustrates theffect of correct implementation of the MSSM threshold coroest

on determination of the degree of Yukawa unification.

To see how SO(10) solutions aréfexted by small variations in parameters, we took
SO10A and SO10D, and varied the GUT scale input parametgy;smio, Mp, My/2, Ag and
tanB simultaneously within %10 around the central parametereglising a random uniform
distribution. Figures 4.15 and 4.16 show the results for @0and SO10D respectively
for 500000 randomly tried points. Plots on the left hand sldew the éiciency of getting
an RGE solution (whereficiency is defined as the number of points with a RGE solution
divided by the number of tried points) in planessatfio, dmp, dmy,2, 6Ag, § tans versusimye.

Plots on the right hand side show the ranges of resulting Bpeters.
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Figure 4.14: Plot ofx, yp, andy, evolution from the weak scale to the GUT scale for SO10A
(red, solid) and SO10D (blue, dashed). The large jumps ar@meV correspond to the
MSSM threshold corrections.

From the diciency plots for both SO10A and SO10D, we see that lowempgsignifi-
cantly reduces thefigciency. Furthermoren g and targ allow more solutions when increased
and Ay allows more solutions when decreased. Then, as seen orgtitehend side of Fig-
ure 4.15, R values of every range are evenly distributeanf@rvs mys, mp vs mye andmy
vsmy planes, showing that R is not sensitive to variationsyp, mio andmy,. On the other
hand Yukawa-unified points witR < 1.05 andR < 1.1 are obviously constrained on thg vs
My and tarB vs myg planes, further justifying the Bagger et. al. conditiéh~ —2.2m; g and
favoring 47< tang <~ 51, in agreement with Eq. 4.4. In general, a %10 variationGri @A
parameters easily produces Yukawa-unified points, howesgations of SO10D, as seen in
Figure 4.16, generally result R> 1.15. Also in SO10D, the conditiomg ~ 1.2myg iS more
emphasized and the actual point SO10D lies almost on theb@mdary of REWSB, illus-
trating the more fine-tuned nature of the case where WMAPEﬂDmeQ)?(thZ is achieved by

annihilation via light Higgs.

4.5 Cosmological consequences of SO(10) models with mixedan/axino cold

and warm dark matter

As promissed earlier, we finally present a study which prepdke possibility of mixed
axioryaxino cold and warm dark matter in order to solve the excdisdensity issue that

comes up in most of the Yukawa-unified SO(10) solutions [69].
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4.5.1 Introducing axions and axinos

QCD Lagrangian has the following CP-violating term:

092 a Rauv
L> @G/JVG (421)

whereGj, is the gluon field strength tensor. This can be cured by inmgpaiglobal U(1)
symmetry [70],[71]. This so-called Peccei-Quinn (PQ) syetmy is classically valid, but
breaks down spontaneously due to quantum anomalies,ingsialia pseudo-Goldstone boson

called "axion” (a(x)) [72],[73], through which the Lagraiag becomes

1 92 a(X) Rauv
L> Eaﬂaﬁ“a—i- @f—anvGa‘u . (422)

Here f; is the scale where PQ symmetry breaks. The axion mass candreas

V106 GeV.

a

M ~6e (4.23)

Astrophysical limits from cooling of red giant stars and supva 1987a requiré, < 10°
GeV, ormy <~ 3x 103 eV,
Then within a supersymmetric framework, the axion will bebeaided in an axion left

chiral scalar superfield

o = w +1 V2005 () + 160, Fa(R), (4.24)

where s is a spin-0 field "saxion” which gets a mass of order of weakeseady, = &
is the spin-12 "axino”, whose mass is model dependent and extends ovekalieseV
range [74],[78],[79].

4.5.2 Axions and axinos as dark matter

It turns out that axions and axinos make suitable dark matedidates. Axions can be
produced in the early Universe, and for the thermal re-reraperature bound ofgr <~ 10°

K (which we will shortly discuss), the production mechanismunique, and is via vacuum
misallignment. Axions have lifetimes longer then the ag&iverse, so can constitute dark

matter, whose current relic density is

Qah? ~ 1(

6x 10°° eV)7/ 6
Z .

= (4.25)

Axions generated via vacuum misallignment make up cold daaker.
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Axinos, on the other hand, can be produced either non-tiirtheough decays of heav-
ier particles, such a»g?é or thermally in the early Universe.
The decay width for the proceg$ = &y is given as

3
12813 co Ay (fa/N)2 m)%(o ’

1

'@ — ay) = (4.26)
wherevgl) is the bino fraction of neutralinqcl’i N is the axion model-dependent anomaly
factor €.g. N= 1 (6) for KSVZ[75] (DFSZ[76]) axions), an€,yy is a model-dependent

coupling factor €.9. Gyy = 8/3 in the DFSZ model). Thus produced axinos will constitute

the non-thermal relic abundance, and the relic densityctiyrinherited frommﬂ becomes
NTPL2 _ Ma § 12
Qy'"h" = m~OQX2h. (4.27)

which means that smaller the ratios/myo, larger the reduction ifQNTPh2. According
to [77] where rms velocity profile of axino DM coming frowfl’ decays were calculated,
non-thermally produced axinos withy ~ 1 GeV contribute tavarmdark matter.

Axinos have weak couplings to other matter fields and so ddmm@n thermal equilib-
rium. However they can be produced via scattering processether particles in thermal

equilibrium. The relic abundance for thermally producethas are given by [78],[79],[80]

1.108)(10116ev)2( My )( Tr ) (4.28)

QIPH? ~ 5500
a 9s N N | \01Gev/\107 Gev

S
wheregs is the strong coupling evaluated @t= Tg (e.g. @ = 0.915 atQ = 10° GeV from
our ISAJET RGE calculations). The thermally produced agigoalify ascold dark matter
as long asng <~ 100 keV.

4.5.2.1 Cosmological bounds oiig

The thermal axino relic abundance is directly dependenhend-heat temperatuiig;. Here
we introduce two bounds oFg which will restrict our final resultsTg is bound by constraints
from gravitino mass and non-thermal leptogenesis.

The gravitino couplings to matter are suppressed by thecRlacale. As in the axino
case, such weakly coupling gravitinos cannot be in thermallierium, but still can get
produced in the early Universe via scatterings of partigieslved in thermal equilibrium.
These heavy gravitinos would then decay, but with lifetiméssec, exceeding the time scale

that Big Bang Nucleosynthesis begins. This is dangeronsgghe high energies that come
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from heavy gravitino decay would hinder a successful prodaocof light nuclei. Results
from the calculation of BBN constraints on gravitino givewpper limit onTg as a function

of mg [81]. These depend o6 lifetime, which is the time of the energy release, and the
dominantG decay modes. Fang ~ 5 - 50 TeV, which is consistent with our SO(10) case,
the re-heat upper bound Tg < 10° GeV.

Second constraint is related to leptogenesis [82], whichrged as a candidate mecha-
nism for generating the baryon asymmetry. Leptogenesisnesjthe presence of heavy right-
handed gauge-singlet Majorana neutrino stgteg= N;) with massedVy; (wherei = 1,2, 3
is a generation index). Th; states may be produced either thermally in the early urgvers
or non-thermally [83] via inflaton decay — N;N;. ThenN; would generate the asymme-
try by CP violating, asymmetric decays toand— states. Thermal leptogenesis predicts a
Tr <~ 10'° GeV, which is inconsistent witfig ~ 10° GeV from gravitino constraint. On the
other hand non-thermal leptogenesis predicts a much lawerpatible valudg < 10° GeV.

Here we adopt the constraint from non-thermal leptogenesis

4.5.3 Mixed axionfaxino cold and warm dark matter scenarios for SO(10)
We consider a dark matter coctail composed of the followinggedients
Qpmh? = Q0% + QIPh? + QN TPh? (4.29)

and investigate various scenarios made by assignifigreint fractional amounts toftierent
components. The main decisive factor here is the input ehoidhe model dependent pa-
rameterf,/N, which in turn determine®,h?. We take Yukawa-unified SO(10) benchmarks,
and inputtingme and Qﬁ)hz, we calculatemy from the assigned value @YPh?. Then
we inputmy along with our proposal values d¢§/N andQ}™"h?, and calculat&r from the
expression foQYTPh?. In our search for Yukawa-unified SO(10) solutions, we uggreo
ISAJET 7.79 and to the more recently announced top mass G&6We again make use
of the MCMC technique to search for solutions wikh< 1.05, but to be able to present our
results more clearly, we make fixens scans formg = 5, 8, 10, 15 GeV. Using the solutions,
we check the feasibility of the following four cosmologiazdses and plot the resultinig;
versugry for each case in Figure 4.17. Figure also shows two boundes-beat temperature:
Tr = 10° GeV, values smaller than which are not preferred by nomthaéteptogenesis, and

Tr = 10* GeV, below which the calculations for thermal productiosdrae invalid.

e Case 1 (C1)fa/N = 10" GeV from whichQ,h? = 0.017. Axino components are cho-
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sen to be[Ph? ~ 0.083 andQ}™"h? ~ 0.01. Here only a few solutions are preferred
by non-thermal leptogenesis but still the axino mass in tlosvad region is less then
10~* GeV meaning that the axinos make up warm dark matter. Thie@nisistent with

the current cosmological model, therefore this scenarmossnologically dificult.

e Case 2 (C2)fa/N = 4 x 10! GeV from whichQah? = 0.084. Axino components are
chosen to be equal, witI"h? = QYTPh? ~ 0.013. myg = 8 — 10 TeV gives solutions
above the non-thermal leptogenesis bound, and this tinsisas withm, < 1074 GeV

do not create a problem since relic abundance is alreadyrdet by the cold axions.

e Case 3 (C3)fa/N = 102 GeV but we further assume a factor gf3lerror onQ,h? so
thatQah? = 0.084. Axino components are again chosen equal, @jffh? = QYTPh? ~
0.013. In this case more solutions are allowed by non-theremibtjenesis due to larger
fa/N, and again there is no danger coming from warm axinos betgw 10 GeV.

Therefore Case 3 is also cosmologically consistent.

e Case 4 (C4):fa/N = 10'? GeV, but we assume a case of a tiny axion relic abundance
due to accidental vacuum allignment. Here dark matter ig mr@lde of axinos. We take
QIPh? = 0.1 andQl™Ph? ~ 0.01. This case gives allowed solutions for the whole mass
range 5- 15 GeV, but again we need to exclude warm axinos wighx 10~* GeV. But

even then, Case 4 allows solutions covening = 5 — 15 GeV.

In the end we conclude that mixed axiarino cold and warm dark matter solutions
provide a cosmologically consistent possibility to accamdiaite SO(10) scenarios with excess
relic density. We also show that the larger Peccei-Quinalng scalesf, lead to wider

allowedmyg ranges.

The SO(10) SUSY GUTs are considered as well-motivated rspdiering a scheme
with matter unification as well as— b —  Yukwa coupling unification at the GUT scale.
In the studies summarized here, we addressed searcheskaw&tunified SO(10) GUTSs,
search strategies for such scenarios in leptonic chanh#ie &HC, and consequences for a
cosmology with mixed axiglaxino cold and warm dark matter, All these build up a constste

phenomenology with rich prospects for experimental olztem.
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Figure 4.17: Plot of locus in thdr vs. my plane of four Yukawa-unified cases of
mixed axioriaxino dark matter, along with four fiierentm,g values. Purple (small), dark
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5,8,10,15 TeV. The thermally produced axino relic density caldafatis only valid for
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vertical lines intersecting C1 and C2 show the axino masi timp= 10~ GeV below which
axinos constitute warm dark matter.
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CHAPTER 5

PHENOMENOLOGY OF THE FOCUS POINT mSUGRA

5.1 Introducing focus point mMSUGRA

After the string-inspired and GUT-inspired models, we nowvemon to a special case of
SUGRA, called the focus point scenario.

Sparticle masses are favored to be typically beldwTeV due to constraints from nat-
uralness. Above 1 TeV SUSY is challanged by fine tuning. Hawéor a reliable decision
on compliance with naturalness, the amount of fine tuninglaé® be quantified. A conven-
tionally used measure of fine-tuning is the sensitivity olwescale Z mass to the variations

in the fundamental parameters, such that
—Z =g (5.1)

wherea; are the GUT scale input parameters anis the fine tuning parameter. In a previous
study, Feng et. al. examined this sensitivity arising froifiedent input parameters [85].
Besides justifying the naturalness of parameter regiotis sparticle masses less theeV,
they also discovered that for a special case, the fine tumingefjions withmy ~2-3 TeV
can be as small as that for, <1 TeV. This class of solutions withy >> my,2 possess the
"focus point” property, which means that the RGE trajeasrof a parameter converge at a
point at the weak scale for varying inputs at the GUT scaleehSehavior is caused by the
form that RGE equations take due to tng — my,2 results in fixed solutions for a family of
ultraviolet boundary conditions. Ref [85] examined theecaderemy, has a focus point.
It was shown that as the weak scale valuerpf is insensitive to its GUT scale value, the
REWSB conditions are also stable and result in a Z mass th#ddgnsensitive, thus making

the focus point (FP) scenario consistent with naturalnégsregions were also found to be
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slightly favored by gauge coupling unificatidn

The FP solutions are obtained for both moderate and large: tHmey are settled right at
the back of the region excluded by REWSB. Hgtdoecomes small, with ~ Mo ~ Mgz, and
hence;\(? becomes Higgsino-like. This has an important consequemassmology, because
alarge Higgsino component enhances the ragd @ annihilation intow W, ZZ andZhpairs,
that result in a muchficient reduction onﬁhz, easily pushing it below the WMAP upper
bound [87]. As one gets closer to the REWSB-excluded rediit; andy0¢5 coannihilation
effects also contribute to the adjustmenn}t{hz.

A follow-up study [88] then showed that FP solutions are ablsuppress unwanted
contributions to proton decays and electric dipole mometish can emerge in other SUSY
models. This leads to ams prediction which is more consistent with experiment ana als
enhances the allowed CP-violating phases by an order of itndgror two. It was also seen
that the heavy stops and sbottoms triggered by the laggengle-handedly generate a natural
light Higgs mass> 115 GeV.

As a result, FP solutions are worthwhile consideration amegsing mSUGRA sub-

case with heavy scalars.

5.2 Focus point scenarios for the LHC

Inspired by this, we set out to determine FP scenarios tledfeasable for observation at the
LHC [89]. With a largemg ~ 2 — 3 TeV and small-to-moderatey 2, scalars should be at the
edge or beyond the LHC reach, while gauginos and gluinoslynastvithin the LHC reach.
Here we choose to focus on the case where gluinos are lighigario be produced at the
LHC. We again ask the help of the Markov Chain Monte Carlo (MONethod introduced
in Section 4.2.1. Takingf®from points that haveny ~ 2 TeV andmy,, ~ 200 GeV, we
perform a scan in the mMSUGRA parameter space with O to look for regions with light
gluinos havingmg ~ 500 TeV and a WMAP compatible)?ghz. In order to avoid heading
towards bino-LSP ot; coannihilation regions, we further restrichp to be above 1.5 TeV.
The observational limits on sparticle masses were also seghoWe use SOFTSUSY 2.0.14
for RGE calculations and micrOMEGAs 2.0.7 for relic densigjculations.

Figure 5.1 shows the distribution of WMAP-compatible foqgint-like solutions on

1 An earlier study by Chan et. al. [86] followed afirent approach, taking’/m as a fine tuning measure.
They found that for ta > 10 there is a hyperboloid-likey — my» region aboven, ~ 1 TeV which gives a fixed,
moderate fine tuning. It is referred to as the hyperbolic tingitiB) region.
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Figure 5.1: Focus point solutions found by MCMC scans usi@f8SUSY 2.0.14+ mi-
crOMEGASs 2.0.7 on them,, vs. mg (top left), Ag vs. my (top right), tans vs. mg (bottom
left) andmo vs. my (bottom right) planes. Dierent colors represent diferent gluino masses:
mg < 500 fred), 500< myg < 550 (orange), 556< my < 600 (yellow), 600< my < 650
(green), 650< mg < 700 (light blue), 700< mg < 750 (blue) and 750y < 800 (purple).

the my;2 vs. mp, Ag vsS. My, tang vs. my and Mo VS. Mo planes, where lierent colors
show diferent gluino mass ranges. Generically we observe that highsolutions are more
favored by the FP case. As expected, lowgisolutions are found for lowarng andmy . We
further see that a free variation A opens the possibility of finding more solutions, allowing
the range-1200~ Ay ~ 2000 especially fomg > 650 GeV. FP solutions were found for a
wide range of tag from ~ 10 up to~ 55, butmg < 650 GeV restricts tgfito ~ 45— 55. The
X2 mass range to achieve WMAP—compatilﬁlggh2 is ~ 65— 125 GeV, butmg < 650 TeV
implies Mgo < 80 GeV.

Figure 5.2 then showsvs. my and the higgsino componentp? Vs. u. As expected, FP
solutions are possible for a lowy where lowmg solutions are especially favored py< 200.
It is also seen that higgsino content increases steeply ddtheasing:. The focus point
behavior is obviously enhanced with increasing Solutions withmg ~ 500 GeV have a

small higgsino component 0.2, but this nevertheless is enough to generateffasient relic
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Figure 5.2: Focus point solutions found by MCMC scans usi@fFBSUSY 2.0.14+ mi-

crOMEGASs 2.0.7 on the: vs. my (left) and higgsino content vsu (right) planes. Diter-

ent colors represent diferent gluino masseg: < 500 (red), 500< mg < 550 (orange),
550 < myg < 600 (yellow), 600 < myg < 650 (green), 650< my < 700 (light blue),
700 < mg < 750 (blue) and 750y < 800 (purple).

density reduction. Solutions we found reach up to a higgsomtent of~ 0.7, but such utterly
FP scenarios favang > 800 GeV which makes them moréfitult to chase at the LHC.
Guided by this information we select two benchmarks as ckteiscenarios for the
LHC. These are listed in Table 5.2. FP1 is a benchmark withwadino massmy =
4952 GeV while FP2 has heavier gluinos witly = 6825 GeV. FP1 will lead to gluino
production with high cross sections at the LHC while FP2 wélise a lower rate of pro-
duction due to the heavier gluinos. However the FP2 LSPs m&;@: 64.92 GeV are also
heavier with respect to the FP1 LSPs V\nn/@ = 80.21 GeV. As a result FP2 will compensate

its lesser gluino production by having more events that suitivive the cuts on missingr.

Table 5.1: GUT scale input parametershiggsino componentyy, m.o andQ)?oh2 for the two
selected FP benchmarks FP1 and R2= 1725. Spectra are calculated using SOFTSUSY
2.0.14 ancn)?ghzs are computed using micrOMEGAs 2.0.7.

Point Mo m, A tang i Hggsn my Mo ~oh2
FP1 | 1606.0 176.8 50.8 -161.p159.6 0.184 495.2 64 9P 0. 106
FP2 | 25446 248.6 47.6 -865.8128.9 0.502 682.5 80.21 0.094

Finally for the sake of complementarity we examine the d$mityi of obtaining RGE
solutions with respect to changes in the GUT scale inputrparars and check if the solu-

tions in the vicinity of the two benchmarks have WMAP-corriiplletQ)?(l)h2 as well as gluinos
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observable at the LHC. As in Section 4.4, we move the inpudrpaters within %10 variation

of a uniform random distribution. Figures 5.3 and 5.4 showevdfficiencies of getting valid
RGE solutions on the left and resultisiggh2 on the right oy, vs. mg, Ag vs. mg and targ
vsmp planes for FP1 and FP2 respectively. As a generic featureeasing theny makes get-
ting valid solutions much harder, and thi$ext gets more emphasized for FP2, meaning that
the focus point behaviour is constrained to a narromgiband for highemg values. Then

for a fixedmg, highermy,» and lowerAq are preferred. For FP1, since fars already high,
pushing it higher gets us to a strict boundary of no REWSB.

Gluino masses around FP1 vary from 449 GeV to 540 GeV and thirsog are within
the LHC reach. Variations in FP1 almost always resulngﬁh2 < 0.136, though asm,,
goes up for low values afny, there is a significant possibility of gettir(g);?h2 larger than
the WMAP upper limit. There are a considerable amount oft&wig with Qﬁhz, especially
condensed at the REWSB boundary at larggstaneaning that this class of scenarios easy to
observe at the LHC possess a significant amount of fine tuning.

Gluino masses around FP2 vary from 619 GeV to 749 GeV. Glune$eavier than 700
GeV formg < 2.7 TeV, and this region is much harder to observe at the LHC.liEB2n the
midst of a neat band of solutions haviﬁgghz. This band has a width @img ~ 300 GeV and
the major part of it lies on the left afy ~ 2.7 TeV, so it consists of LHC-accessible solutions.
FP2-like points also lead to solutions W'ﬂ}ghz < 0.001 however these are constrained to
a very narrow region at the REWSB boundary at largesieso FP2 is less fine-tuned and
shows constitutes a more robust focus point scenario.

We will resume the FP scenarios later by presenting the dsg@otential of PP1 and

FP2 with the inclusive jets and missiig channel at the LHC in Chapter 7.
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CHAPTER 6

CERN LARGE HADRON COLLIDER AND THE COMPACT
MUON SOLENOID EXPERIMENT

6.1 The Large Hadron Collider

On September 10, 2008, Large Hadron Collider (LHC), the séwergeous instrument of
the quest for fundamentals of physics started operationiroylating beams in both direc-
tions successfully at CERN amidst an extraordinary atberftiom the whole world. Though
shortly after the enthusiasm brought by recording first beaemts LHC had to stop due to an
incident on the 19th of September involving a large heliuakifom sector 3-4 to the tunnel
caused by a faulty electrical connection, it is planned tetagt operations in summer 2009
after the necessary repairs and the winter maintenancedsiaurt.

LHC [90],[91], is a 27 km long circular proton-proton colidto operate at maximal
center-of-mass energy of 14 TeV. It lies 50-175 m undergildnrGeneva at the Swiss-French
border. Starting with the first foreseen collisions in 2009C will investigate the fundamen-
tal questions, acting more as a discovery machine that imillta unravel the nature of new
physics beyond the Standard Model. In addition, a part of lgAagyram consists of colliding
lead ions with 5.5 TeV c.0.m energy per nucleon-nucleornssofi.

Various physical, financial and historical consequencepeth the current design of the
LHC. Going one step further from the LEP discoveries of the BW sector would require
much higher energies impossible to reach through simpleagigg on LEP. Main diculty
would lie in synchrotron radiation which increases withregasing energy, and increases much
more for light particles such as electrons as seen in thehsgtion energy loss formula for
highly relativistic particles:

A

3_4
LR (6.1)

~AE =
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Here mis the mass, E is the energy and R is the radius of cuevatthe particle and is the

fine structure constant. The two options to avoid huge enlesges by synchrotron radiation
were either to build a linear collider for electrons or to tise existing LEP tunnel as a stage
for the new machine and introduce the heavy protons as itsactwrs. The latter was found
technically and financially more convenient. Propertieprotons, radius of the LEP tunnel
and maximal amount of magnetic field technically achievalle be combined to determine

the maximum collision energy using
p[GeV/c] = 0.3B[T]R[mM] (6.2)

where LEP-LHC tunnel radius of curvature R equals 4.3 km. vVdrg high magnetic fields
necessary for providing energies high enough for new deges could only be reached by
using the superconductor technology. A special magneesys$ias been designed for the
LHC which consists of 9600 magnets of various types, such as dipoles to bend time, bea
quadrupoles to focus the beam near collision points as vgeflextupoles, octupoles, de-
capoles, etc. used as correction magnets. Total energydstothe LHC magnets is 11 GJ.
LHC has 1232 dipoles, each with a length of 14.3 m and weigl85ofonnes, which will
provide the 8.33 T magnetic field. Dipoles use finely strueduNiobium-Titanium (NiTi)
cables that transport a very high current of 11700 A

The NiTi dipoles of LHC will operate at a temperature of 1.9 Kieh will be provided
by a cryogenic system that uses superfluid helium. Heliunngsdooled to 80 K with the help
of liquid nitrogen, then to 4.5 K by the refrigerator turbéne\fter this, helium is injected into
the magnet cold masses and further cooled to 1.9 K. The coenpd®l down process takes
up to several weeks. LHC uses120 tonnes of superfluid helium and the cryogenic system
transports~ 150 kW for refrigeration at 4.5 K and 20 kW at 1.9 K.

Protons are driven first by a linear accelerator (linac) tavi&/, then by a booster up
to 1.4 GeV. Next, protons will be transferred to the Proton@yotron (PS) where they will
reach 25 GeV, and to Super Proton Synchrotron, where théyeaith 450 GeV. Finally pro-
tons wil be injected into the LHC ring, where they will be decated to the nominal energy
of 7 TeV. The LHC consists of 8 arc-shaped sectors and 8 btraigertions in between. Two
beams travel in two seperate vacuum pipes with a vacuumyseee$ 1012 atm. Beams are
designed to collide at four fierent points around which the four major LHC detectors Com-
pact Muon Solenoid (CMS), A Toroidal LHC Apparatus (ATLA&KICb, and A Large lon
Collider Experiment at CERN (ALICE) are located.
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Figure 6.1: Large Hadron Collider and its experiments. Faghows the cooldown status on
12 November 2008 [91]

Each beam is supported by 8 radiofrequency (RF) cavitigsatichitect the bunch struc-
ture and deliver RF power to boost the beam and keep it atanshergy by compensating
energy losses. The cavities will provide 16 MeV per turn irealpalternating electric field
of 5.5 MV/m osciallating at 400 MHz, and they will operate at 4.5 K. Tetzergy stored in a
beam is~ 350 MJ. Beams can circulate for about 10 hours.

Each beam comes in 2808 bunches seperated by 25 ns (or 7.5ach. bEnch has a
length of 11.24 cm and a transverse dimensior df mm at injection. Bunch length will
be reduced to 7.55 cm and bunch width to 16 microns at theaictien points. Each bunch
will consist of~ 1.15x 10! protons. Frequency of bunch crossing (at each interactamt)p
corresponds te 40 MHz.

The luminosity of a collider which collides bunches contagnn; andn, particles at a
frequency is given by

vy NN
L= F(Q)M (6.3)
droyoy

wherev is the bunch crossing frequendy(9) is the correction factor due to non-zero crossing

angle andry andoy characterize Gaussian transverse beam profiles. For the EK#L ~
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Table 6.1: Important LHC parameters

Parameter Value
€.0.m. energy 14 TeV
Circumference 26.659 km
Dipole operating temperature 1.9K
Number of dipoles 1232
Number of quadrupoles 858
Number of correcting magnets 6208
Number of RF cavities 8/beam
Peak magnetic dipole field 8.33T
Min. distance between buncheés ~ 7 m
Design luminosity 10*%cnr?st
Nr of bunches per proton beam 2808
Bunch spacing 25ns
Nr of protons per bunch 1.1x 101
Nr of collisions per crossing ~ 20

%85. LHC design value at high luminosity running is toBe= 10** cm=2s~1, while for the
early runs after one yeaf = 2 x 10°® cm2s! will be adopted.L ~ 50 fb! is expected for
the first 3 years running.

Number of events for a procebwith cross sectiowr; is then found from
N; =f0’i.£dt=O'iL (6.4)

where integration is performed upon the running time of tlaehme with luminosity.. Here

L is the integral luminosity. The totgbp cross section expected at the LHC~is110 mb,
~ 60 mb of which comes from inelastic collisions, 40 mb of which comes from elastic
collisions and~ 10 mb of which comes from singleftliactive events.

LHC is designed to be a discovery machine. One of its mainsgzato investigate
EWSB through detection of one or more Higgs bosons. LHC wslh dook for new particles
that might originate from supersymmetry or other beyond3tamdard Model (BSM) physics.
Studies of QCD in multijet and top physics will as well be gadrout, which are supposed to
provide further information on the SM. Moreover CP violatim B sector will be explored
in order to obtain precise measurements of the CKM matrixe fidmvy ion collisions on the
other hand will be used to search for the quark-gluon plasma.

Figure 6.1 shows the LHC complex with its experiments andeTétl lists important

LHC parameters.
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6.2 The Compact Muon Solenoid Experiment

The Compact Muon Solenoid (CMS) [92] is one of the two genprapose detectors of
LHC, especially designed to look for signatures of the Higgson and other new particles
proposed by BSM theories such as supersymmetry. Opposed@iltd3 it has adopted a
compact detector design with a strong solenoidal magnetitdif 4 Tesla, which will be very
helpful while distinguishing particles in high multipltgi events that are a common signature
of the BSM physics.

CMS lies~ 100 m underground, at LHC collision point 5 in Cessy, Fraiiicis.a cylin-
drical detector with a length of 21.5 m and a diameter of 15 chamsists of a barrel and two
endcaps. About 100 million seperate detecting element® mplkis weight of 12500 tonnes.
CMS has a multilayer structure resembling an onion, wheftferéint layers are subdetector
elements specialized for fterents tasks and measurements. From inside to outside, thes
subdetectors are the pixel detector and the silicon stitgctier that make up the tracker, elec-
tromagnetic calorimeter (ECAL), hadronic calorimeter @G, the superconducting magnet
coil and the muon system.

Besides its advantageous strong magnet and compactnessnfinasis in CMS design
was on having an accurate anffi@ent muon system. Muon detection is important since
muons have a high penetrating power in the detector and atraiupn observation has great
role while deciphering any new physics. Muon system was ¢emented by other features
required by a generic purpose detector that aims BSM rdsearbigh performance ECAL
was planned for anficient electron and photon detection, which becomes dritispecially
in Higgs observation iy decays. An HCAL complemented with forward detectors to pro-
vide 4r coverage and a "tail catcher” in the barrel region for engegeadronic showers was
designed for precise jet and missing energy measuremehtish are crucial for SUSY ob-
servations. Calorimeters were complemented by a highutsoltracking system for an
accurate reconstruction of tracks and secondary vertexsgwiction which are directly used
during b andr jet identification.

The CMS convention for coordinates is as follows: Origintishee interaction pointx
axis points to the center of the LHC ringaxis points upwards arzlaxis points parallel to
the beam in northwest direction towards the Jura mountagm Point 5. Azimuthal angle
¢ is defined with respect to the positiveaxis and polar anglé is defined with respect to

positivez axis. Pseudorapidity is defined s —Intan@/2).

82



TRACKER

CRYSTALECAL  yota1 weight : 12500 T
Overall diameter : 15.0 m
Overall length 215 m

Magnetic field : 4 Tesla

PRESHOWER

RETURN YOKE
SUPERCONDUCTING

MAGNET

e FORWARD
CALORIMETER

HCAL
MUON CHAMBERS

Figure 6.2: Schematic view of the Compact Muon Solenoidaete

Figure 6.2 shows a detailed depiction of the CMS detector.

6.2.1 Tracker

A reliable measurement of charged objects depends on aseratentification of charged
particle tracks and vertices. CMS tracking system [93] alltonstitues the innermost part of
CMS, measures the momenta of charged particles bent by theld magnetic field through
accurately determining their trajectories from the iotia they produce as they cross the
tracker layers. Tracker layers consist of finely segmenilambis pixel detectors surrounded

by single-sided and double-sided silicon strip detectors.

6.2.1.1 The Pixel Detector

Pixel detector is closest to the interaction point. It cetssof three cylindrical layers in the
barrel and two disks per endcap region. Barrel layers avatsidl at 4.4, 7.3 and 10.2 cm
radial distances from the beam line, and have a length 53 ¢tma.efdcap disks extend from
radii 6 cm to 25 cm, and are placedz34.5 cm and+46.5 cm on the z-axis. In total, there
are 4.4 million square-shaped n-type silicon pixels of digex A¢p = 100um x 150um with

a thickness of 250m that lead to an overall tracking precision ©f15 — 20um adequate

for accurate charged track and vertex reconstruction eetldimensions. Barrel consists of
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Figure 6.3: Layout of the pixel detector.

768 pixel modules arranged into half ladders made of 4 idehthodules. Endcap disks are
composed of 2Z0blades, where each blade is made of 7 pixel modules. Thef¥amnodules
in total in the endcaps.

Figure 6.3 shows layout of the pixel detector.

6.2.1.2 The Silicon Strip Detector

The silicon strip detector is located outside the pixel detge and is based on micro-strip
silicon devices. It consists of four inner barrel layersR) Ithree inner endcap disks (TID),
six outer barrel layers (TOB) and nine outer endcap disksQ)THIB, which extends to
|7 < 65 cm is made of 4 layers with silicon sensors of thicknessd8@&nd a strip pitch
varying from 80 to 12Qum. Resulting resolution is 23-3g¢min r — 6 and 230um in z
directions. TOB extends t@ < 110 cm, has 6 layers and a resolution of 35462inr — @
and 530um in z directions. The silicon strip modules in endcaps (TEC) asembled on
carbon fibre support wedges. Each TEC has 9 disks extendiod 20 cm< |7 < 280 cm
and each TID has 3 disks located between the TIB and the TE@tahthere are 15400
modules that cover a 2001 area and the signal is read out by10 million electronic
channels.

Pseudorapidity coverage of the tracketnis< 2.4. Low energy trackspr < 1 GeV)
are not reconstructed since they are bent too much by theetiadield to reach the external
region of the tracker. The reconstructiofii@encies are %85 and %95 for charged hadrons
with pr > 1 GeV andpy > 10 GeV respectively while muons are reconstructed almost

perfectly with an éiiency of %98 in the pseudorapidity region |gf < 2.1. On the other
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hand, electron tracks are reconstructed with %80iency. Resolution ipr measurement is

given by

— = Jeq—m—
pr s  °0.3BL2
where s is the sagitta which is the actual quantitiy measurdlte tracker and thus a meaure

Tor _ s _ 5 5P (6.5)

of spatial resolution), B is the magnetic field strength anid the coil length. Momentum

resolution is parametrized as
Tpr

for || < 1.6 region and as
‘%’T ~ 60pr(TeV) & %0.5 (6.7)

for the 16 < || < 2.5 region.

6.2.2 The Electromagnetic Calorimeter

The Electromagnetic Calorimeter (ECAL) [94] is the inneshcalorimeter in CMS, designed
to make accurate energy measurements of electrons anchghatal to assist HCAL in mea-
suring jet energies. It is a homogeneous detector compdsediiation-hard lead-tungstate
(PbW Q) crystals that have a high density 08&)/cm?, a Moliere radius 2 cm and a radia-
tion length ofXg = 0.89 cm. This choice for the absorbing material enabled a cotg@sign
for the ECAL. It emits scintillation light with a time scald the order of 25 ns, which allows
measurements with time scales of the order of LHC bunch icrgss

ECAL is a combination of a barrel (EB) and two endcaps (EE), &Bich is made of
61200 cryistals, covers the regidfi < 1.479. Inner radius of the barrel cylinder reaching
from the interaction point to the front faces of the crystals.29 m. EB consists of 36
identical supermodules, each made of 4 modules. Cystalsa@aer a range oy X A¢ =
0.0174x 0.0174, corresponding to 22 22 mn? at the front face and 2& 26 mn? at the
rear face. Length of each crystal is @3, which is equivalent te- 26 radiation lengthsXp).
To match the direction of particles coming from the intei@ctpoint, the EB crystals are
arranged in a tilted structure. indirection, cryistal longitudional axes are all inclined 13y
degrees with respect to the line joining the crystal fronefaeenter to the interaction point. In
¢ direction, the crystal axes are tangential to a circle ofus86.7 m producing an angular
tilt of 3 degrees.

EEs consist of 7134 crystals and span the pseudorapidigerasd8 < |7 < 3.0. They

start at 3.170 m from the interaction point, with the cryd$taht faces starting at 3.205 m.
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Each crystal covers 28x 28.6 mn? at the front face and 38 30 mnt at the rear face.
Length of each crystal is 22 cm that corresponds 4.7X,. Each endcap has a preshower
detector (ES) attached in front that have the purpose tingissh betweerys andz®s, to help
electron identification and to increase the position measent of the electrons and photons.
ES is a two-layer sampling calorimeter covering33 < |n| < 2.6. Its first layer is composed
of lead radiators with thicknessexX@and Xp, and its second layer is composed of silicon
strip sensors that lie behind each radiator. With this s&i@p of the photons start showering
before they reach the second silicon plane, providing a gectimination against thes.
Photons produce an electromagnetic shower that interattighve lead in the %95 of cases,
and this contributes to a finer determination of the posttiohelectrons and photons.

PbWQ has a relatively low light yield, about 3&/MeV of deposited energy. Therefore
each cryistal must be coupled with a high gain photomuédiplin the EB case, rear face of
each cryistal has two avalanche photo-diodes (APDs), edithars x 5 mn? active area
attached to it. In the EE case, crystals each have one vactototpode (VPT) attached
instead.

The energy resolution of ECAL is parametrized by

(2 = () (3] +er 68)
where S is the stochastic term that includes fffieats of the fluctuations in the photon statis-
tics and the shower containment, N is the noise term that sdram electronics and pile up,
and C is the constant term that arises due to calibratiomseamd various systematic errocts.
The ECAL supermodule energy resolution was measured irt bd¢asn and parameters were

found asN = 124 Mev,S = %3.63 andC = %0.26.

6.2.3 The Hadron Calorimeter

Tha Hadron Calorimeter (HCAL) [95] specializes in measgijets and missing transverse
energy through which it helps to determine energies andtitires of quark&gluons and of
uninteracting particles such as neutrinos and neutralih@so contributes to the identifica-
tion of electrons, photons and muons through complemettimgheasurements by the ECAL
and the muon system.

HCAL is a sampling calorimeter made of alternating layerpadsive and active mate-
rial, where the passive material serves as an absorberl erwegy measured is the sum of

ionization energy deposited in the sampling layers whictinén converted to an electronic
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signal and digitized. HCAL surrounds ECAL and most of it isdtoned within the magnet,
which makes the HCAL design strongly dependent on the mamarateters. To perform ac-
curatelEr measurements, HCAL is required to provide a good containmed hermeticity,
and to minimize the non-Gaussian tails in energy resolutimves. This could be achieved
by maximizing the material inside the magnet in terms ofretéon lengths. For this, brass
is chosen as the absorber material, which has a relatively siteraction length. Brass is a
non-magnetic, low Z material, hence it is not magnetizedigh liields and avoids multiple
scattering of muons. Moreover, the space occupied by theeatiaterial is minimized by
adopting the tilgibre technology, which consists of plastic scintillatdesiread out with em-
bedded wavelength shifting filters (WLS). The WLS conved lttue light from scintillators
to green light, which is then carried by clear fibres into theresponding pixel of Hybrid
Photo Diode detectors (HPDs) that convert light to eledtraignals. The tiles are arranged
in projective towers with fine granularity to achieve gootdseperation and mass resolution.

HCAL consists of four subdetector parts. Hadron barrel (ld®jers|s| < 1.4, has a
length of 9 m and extends from 1.8 to 2.9 m in the radial diogctilt is an assembly of two
half-barrels each composed of 1820@edges in the direction. HB consists of 2304 towers
having a segmentatiotw; x A¢ = 0.087x0.087, while in the radial direction there are 15 brass
plates, each 5 cm thick, mechanically supported by two eatestainless steel plates. Then
there are the hadron endcaps (HE) coverir®y< || < 3.0, which have inner radii of 0.4 m
and outer radii of 3 m. The brass plates making up HEs are 7.&iok Each HE consists
of 14 n towers, where the first tower overlaps with HB, the next 5 reyesegmentation of
5° and anp segmentation of 0.087 while the remaining 8 hawe segmentation of 10to
accomodate the bending radius of the WLS readaout angsagmentation that vary from
0.09 to 0.35. There are 2304 towers in total. HB and HE skitdits are 3.7 mm thick.

The thickness of HCAL corresponds to 5 interaction lengthigja= 0. This is not
sufficient for full hadronic shower containment. To sample thie td leaking hadron showers,
10 mm thick scintillators are placed outside the vacuum tdrike magnet coil in order to act
as "tail-catchers”. This component, called hadron outéd) Eovers thén| < 1.26 region and
increases thefkective thickness of HCAL to about 11 interaction lengths. kS below the
muon system and hence ifexted by its geometry. Tiles are grouped irfi 88ctors to match
the ¢ segmentation of the drift tubes of the muon system whilejtbection is divided into
5 sectors called "rings”.

The pseudorapidity range<3|n| < 5is covered by the hadron forward (HF) components,
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which aim to measure high energy forward jets and to compietdnermetic coverage for a
betterE+ determination. Their front faces are located at 11.15 m ftoeninteraction point
and the depth of the absorber is 1.65 m. Each HF module isrcotest! of 18 wedges, each
covering a 20angle. They-direction is segmented into 13 towers with sizg~ 0.175 except
for the lowest and highesgttowers which have\n ~ 0.111 andAn ~ 0.301 respectively. The
¢-direction is segmented into 1@xcept for the highesj-towers that are divided into 20
segments. There are 900 towers and 1800 channels in toted BYHFs.

The main constraint in the design of HFs was the high radiadiose they will receive
(~ 0.1 GRagyear). HFs are made of steel absorbers and radiation-hadzdfibres that
provide a fast collection of Cherenkov light, which is theémaoneled to photomultipliers.
HFs are built with a non-projective geometry where the quibres run parallel along the
length of absorbers to the beam line. The fibres are 0.6 mrk #nd are placed 5 mm apart
in a square grid, embedded in the grooves of the absorber. us4.65 m (long) fibres
that run over the full HF length and 1.43 m (short) fibres thattsat a 22 cm depth, which
are readout seperately in order to distinguish betweeltrefeagnetic and hadronic showers.
Electromagnetic showers deposit a significant part of tegargy in the first 22 cm, so they
are mostly observed by the long fibres, while the hadronigvein® are observed by both.

According to the 2006 test beam data, energy resolutioneofdimbined EBHB system
for beam momenta in 2-300 G@d/range is given as

(%)z - (0‘?71)2 + (%)z +008 (6.9)

where the first term represents the electronic noise, thenseterm is the stochastic term
determined by statistical fluctuations in the shower dg@teent and the last term depends

on the degree of non-compensation.

6.2.4 Superconducting Magnet Coil

The CMS magnet design [96] was constrained by the requiretogorovide a muon mo-
mentum resolution oApr/pr ~ %10 for muons with momentum 1 Te¥. Eg. 6.2 shows
that a better momentum resolution is achieved by increasiad field or the magnet size.
CMS implemented the former approach, targeting a 4 Teslanetaxfield which allowed for
a compact design.

The 4 T magnetic field is provided by a superconducting sadendgth length 12.9 m

and inner diameter 5.9 m which has 2168 turns. 19.5 kA of atin® passed through it
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and the total stored energy is 2.7 Gj. The conductor made affiunin-titanium is in the
form of Rutherford cable co-extruded with pure aluminiund amechanically reinforced with
aluminium alloy, and it adopts a four-layer coil windingl @ which are necessary to cope
with the high ampere turns, forces and stored energy.

The tracking system and all calorimetry except Hadron O{ii€>) is contained within
the magnet. One disadvantage of a strong B field is that it o#mel lowpr particles so
much that either they cannot reach the calorimetry or theyfpam other particles and hit
the calorimetry, producing out-of-cone depositions tina¢ar the jet reconstruction. Particles
with pr < 0.9 GeV/c cannot reach the calorimeters. The magnetic flux is retubyea 1.5
m thick saturated iron yoke instrumented with four statiohenuon chambers. Return yoke
weighs 11000 tons and consists of two endcaps, each of whighthree disks, and a barrel
yoke that is made up of five rings. The magnet system is congiéd by a vacuum tank

and ancillaries such as cryogenics, power supplies aneégsamontrols.

6.2.5 Muon System

Most of the interesting processes related to BSM physich sgcsupersymmetry or extra
dimensions as well as SM precesses related to electroweagds ldr B physics expected at
the LHC provide final states rich with muons, naming muonsrasial tools of discovery
and precision measurements. Therefore reconstructitmstadentification, correct charge
assignment and precigg measurement along witlteeient triggering of muons have a high
priority amoung the CMS design goals which are to be achiéyetie combination of CMS
muon and tracker systems.

Muons are heavynj, = 10565 MeV), so they do not emit as much bremstrahlung radi-
ation as the electrons, and are relatively long-livee: 2.2 x 1076 s). They are not absorbed
totally by the calorimeters, depositing only a little ioinig energy there and penetrating fur-
ther. A particle is identified as a muon if it passes a largewrhof material stfering only a
small amount of energy loss and deflection.

CMS Muon System [97] has the mission of catching the muortstivaive the calorime-
try, so it is placed outside the magnet coil. It consists of imuon stations interleaved with
the iron magnet return yoke plates and is divided into a eémiarrel part (MB) covering
Inl < 1.2 and two endcaps (ME) covering®0< || < 2.4. Each endcap consists of four
disks that enclose both ends of the barrel cylinder. Ovénailkness of absorber before the

final muon station isv 16 interaction lengths. Threeftirent types of detectors are used
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in the muon system. Drift tubes (DTs) are dominant in theddargion where both muon

rate and neutron induced background rate is small and madied is low. In the endcaps

where muon and neutron background rate as well as the madiedti are large, cathode
strip chambers (CSCs) are deployed. DTs and CSCs, whichéhgeed posiion resolution

are complemented with resistive plate chambers (RPCs)ibalte barrel and endcaps up to
|| < 2.1 which have a good time resolution.

DTs provide track measurement upl#p= 1.3, pr triggering and bunch crossing iden-
tification. They are placed at 2 m2 m and 40 cm thick chambers hosted in MB. DTs have
a cross section of & 4 cn?. DTs consist of 1.2 mm thick 9.6 mm long aluminum cathodes
with stainless steel anode wires at their center. DT ceddiied with a gas mixture of %85
Ar and %85C0O,. The electrons generated in the DTs move to anode wire inghtecand
the high electric field close to the wire amplifies the sigfidie track position is measured by
looking at the time needed for the electron to reach the witean time circuits that enable
a fast trigger are used. Maximum drift time is 400 ns and tiesolution is 5 ns. Spatial
resolution is~ 100uminr — ¢ space and 150umin r — z space.

The CSCs, also used for trackingg triggering and bunch crossing identification have
a faster response and finer segmentation then the DTs. C8Gs hix 2 n? trapezoidal
chambers in MEs that consist of six gas gaps, all having eeptémadial cathode strips and
a plane of gold-plated anode wires running almost perpetatico the strips in the middle
of the chamber. They are filled with a mixture Af — CO, — CF4 gas. A charged particle
traversing the chamber ionizes the gas and develops amakela/hich then induces a charge
on the anode wire and an image charge on a group of cathogs. stitie signal on the wires
is fast and is used for the Level-1 trigger, but leads to asgrgposition resolution, which is
compensated by a precise position measurement made byndetey the center of gravity of
the charge distribution induced on the cathode strips.i&@pasolution of CSCs is 200um
(~ 100um for the CSCs in the closest station to the interaction p@nt) time resolution is
6 ns. Both DTs and CSCs have a trigger spatial resolution bf 2 mm and bunch crossing
identification dhiciency of %99 at maximum LHC interaction rates.

RPCs are dedicated trigger detectors with a good timingugso of ~ 3 ns. They are
not used for tracking except for resolving ambiguities. t&haesolution is the cell size which
is about a centimeter. RPCs consist of two highly resistiagegairs made of phenolic resin
and coated by a conductive graphite paint. These platesyeasi electrodes are seperated by

a 2 mm gap filled with a gas mixture of mostBpH,F4, few percent of isaz4H;0 and less
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Figure 6.4: Schematic description of CMS muon system.

then a percent db Fs. A passing muon develops an avalanche along its path. Thefifis
charge towards the anodes produces a signal by inducing ehfagie on the other electrode.

A quarter of CMS muon system is shown in Figure 6.4. MB is segetkinto 5 wheels in
the beam direction labeled YB-2 to ¥ from z- to 2. It consists of 4 stations of concentric
detectors in the return yoke at radii of 4.0, 4.9, 5.9 and 7fiom the beam axis labeled MB1
to MB4 respectively. Each wheel is divided into 12 sectorg dhirection, each covering 30
angle. There are a total of 250 DT chambers, and chamberfénatit stations are staggered
so that a highet muon produced near a boundary passes at least 3 stationb. DHais
coupled to 1 or 2 RPCs. A highy muon passing the DT system can cross up to 4 DTs
and 6 RPCs, producing up to 44 measured points which are assghstruct a muon-track
candidate.

The endcaps consist of 4 disks perpendicular to the beaminagmhcentric rings: 3
rings in the innermost station and 2 in the others. There @rehambers in each ring of a
muon station except for the innermost ring of the secondutiiidourth discs which have 18
chambers, making a total of 468 CSCs in 2 endcaps. All CSGspexlsose in the third ring
of the first endcap disc are overlappedsito avoid gaps in the muon acceptance. MBES
have a total of 912 RPCs.

Reconstruction fiiciency of a muon track is more than %90 for a 100 GeV muon in
entiren range while thepy resolution highly depends opsince forlp| > 1.5 tracks exit the

solenoid and are less bent. Momentum measurement invobrihygthe muon system which
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uses the bending angle at the exit of the magnet is domingteduttiple scatterings in the
material before the first muon station upgpe ~ 200 GeV. Better resolution for loywy muons

are obtained from silicon tracker measurements while coatiagin of inner tracker and muon
system gives the best resolution for high-muons in thegn| < 2.5 range. The muon system

is also capable of measuring the muon charge (for muons wélgg up to 1 TeV).

6.2.6 Trigger

Considering the 40 MHz bunch crossing and“b@n2st LHC design luminosiy, CMS is
expected to host 20 inelastic pp events per bunch crossing. A typical CMS es&e is
~ 1.5 MB, so hundreds of terabytes of data would be accumulatdteand of each second.
However the current storage capability of CMS-isL00 MB/s, therefore a reduction factor
of ~ 1P in data is necessary. Totpp collision time per each year after 2008 will be’1€)
which will lead to huge amounts of data.

Among the 18 Hz of inelastic collisions relatively very few are physigainteresting.
For example SM Higgs production fony ~ 100 GeV would occur at 0.1 Hz. Figure 6.5
shows the typical cross sections and rates fefiedgnt processes at the LHC. To reach the
BSM physics goals, the rejection in incoming inelastic isah events needs to be of the
order of 101911, Since minimum bias events generally have low momentumstitagegy is
to select highpr events.

CMS will achieve such a filtering through the Trigger and Datguisition (DAQ) sys-
tem [99], [100], whose implementation is relatively chafieng with respect to the prior ex-
periments due to both high bunch crossing rates at the LHToanghysics rate with respect
to collision rate in hadron collisions. CMS triggering isndoin two levels (Level 1 and
High Level Trigger) and the system consists of four partmels the detector electronics, the
Level-1 trigger processors, the readout network and amerdivent filter system to execute
the software for the High Level Triggers. Each level redutesdata size while enabling
more sophisticated analysis and algorithms to be applititetdata.

Level-1 Trigger (L1): It reduces the initial data collected at 40 MHz to 100 KHz. The
triggering is done based on the information received froforaaeters (ECAL, HCAL and
HF), all muon systems and the global combination of thosés ififormation leads to the con-
struction of trigger candidates such as photons, electronsns and jets, which are formed
only if their pr or Er are above certain thresholds. Additionally, globally ¢amsted objects

as total hadroni&r andEr are considered as trigger candidates.
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proton - (anti)proton cross sections
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Figure 6.5: Production cross sections for various proceas@adron collidersp(p and pp)
as a function of c.o.m. energy. Discontinuities in some esrare due to transition frompp
to ppcollisions [98].

The L1 decision is made using custom-built hardware pracssslotal time for L1 to
come to a decision on accepting or rejecting data i«3.2Most of this period is due to the
time necessary for the signal to be transferred from datdaiat end electronics to the L1
logic system, while the actual decision takes only us. However the special design prevents
deadtime by allowing data from all detector channels to beestin pipeline memories. After
the decision, the signals accepted by L1 and the raw readtaide transferred to a computer
farm through a temporary storageflar for high level triggering.

High Level Trigger (HLT): It reduces the 100 KHz output rate recived from L1 to
100 Hz. HLT calculations are processed in a single farme df000 dual CPU computers,
which enables flexibility in decision making. There are salmternally-defined levels which
redefine the measurements on trigger candidates and whidbeaaptimized according to the
LHC run conditions. Level 2 (L2) applies partial event restonction using calorimeters and

the muon system and imposes L1 threshold values to moreatetureconstructed objects.
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Level 2.5 optionally uses information from pixel detectorsevel 3 (L3) does full event
reconstruction by including full information from trackjn An advantage of this system is
that it enables usage ofitine reconstruction algorithms. Eventually the data isestdior

offline analysis where the specialized physics studies are petbermed.
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CHAPTER 7

SEARCH FOR THE G»-MSSM, SO(10) AND FOCUS POINT
SUSY SCENARIOS IN CMS USING THE INCLUSIVE
MISSING Er+JETS SIGNATURE AT +/s= 14TeV

AT THE CERN LHC

7.1 Introduction

Since the late 90s, many simulation studies have been dautiein order to test the ca-
pabilities of CMS in tracing supersymmetry. These analyfmswhich summaries can be
found in refs [102],[103] tried to cover a spectrum of SUS¥rarios at hand, and concen-
trated in various signature end topologies which would helanalyze the relevnant sce-
narios most fiiciently. Up to now most CMS SUSY studies were focused on autiveal
MSUGRA scenarios having low-to-moderate mass scalars; 900 GeV gluinos and light-
to-moderate gauginos and Higgses with massésTeV. These investigated the signaures re-
lated to various open or closed decay channels duefereit squark-gluino, squark-gaugino
or slepton-gaugino mass hierarchies. Occasional studasared the trilepton channels for
the mSUGRA benchmarks with heavier scalars.

In what follows, we will present an analysis on the CMS disrgwotential of the &
MSSM (G2), SO(10) SUSY-GUT (S0O10) and focus point (FP) sdesdhat were introduced
in Chapters 3, 4 and 5 [101]. Despite coming frorffetient origins at the high scale, these
three scenarios share common features at low energies:alllmmssess (very) heavy scalars
that decouple from LHC physics, leaving gluino pair produrctto be the main actor. The
leading order processes for gluino pair production fromogtgluon and quark-antiquark
interactions are shown in Figure 7.1. Furthermore, the kjg*mginos,(xe,)zg andyy) are all

accessible at LHC energies, while the remaining gauginasocdy be produced for some
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Figure 7.1: The leading order processes contributingde~ §g production. a) gluon-gluon
initial states, b) quark-antiquark initial states

S010 scenarios as well as for the focus point case.

The gluinos decay subsequently through diverse cascadasiilg gauginos, tops and
W/Zs intob-rich multi-jet states. Decays of gauge bosons and gaugilsoslead to leptons.
However there is no single leptonic decay with a dominamdhing ratio, therefore leptonic
studies that aim to extract information on SUSY spectrumld/oequire methods to clearly
distinguish between leptonic signals fronffdrent cascades. An exercise on dilepton and
trilepton channels with a toy Monte Carlo was already désctiin Chapter 4 for the SO10
models. Recently much detailed analyses on these chaneetstiaoroughly practiced with
full simulation of the CMS detector response [104], [105].this study, we will rather con-
centrate on the all inclusive jet-MET channel, and tracetkinee scenarios at the multijet
plus Et final states. The leptons will only be considered implicitiile introducing some
cuts for background elimination through the indirect lepteto method. This should be the
reasonable approach when the diverse and entangled cascdle three scenarios are con-
cerned. Our aim will be to determine the LHC reach of seletimdachmarks belonging to

each scenario.

7.2 Selected benchmarks and signal generation

To sample the G2, SO10 and FP scenarios, two benchmarksgieweae selected, as were

explained in the relevant chapters for each scenario. Tahlshows the mass spectra for the
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six benchmarks. The G2 spectra were computed using a dpediahathematica package,
S0O10 spectra using ISASUGRA 7.75 and the FP spectra usingfSO&Y 2.0.14. The
trademarkmscaiar >> Mg holds for each case. As exceptions, heavy Higses are litjer
500 GeV for FP1 and heavy gauginos are ligher than 350 GeV @i0®, FP1 and FP2,
providing them an LHC acces;.‘l’ Mmasses are highest (L10 GeV) for the G2s and lowest
(~ 55 GeV) for the SO10s, hence highest SUBY should be expected from the G2s and the
lowest from the SO10s.

Table 7.2 then shows the cross sections of various signaépses possible at the LHC
as computed with PROSPINO 2.0. The — §g cross sections are directly dependent on the
gluino mass, reaching values as high-a80 pb for the SO10s due tog ~ 400 GeV. Hardest
case is G21, which has(pp — §3d) = 0.25 pb due tang = 995 GeV.dgg production is slightly
possible for SO10D and FP2 while for FP1 wheng ~ 1 TeV, it reaches 1 pb. Production
of /6@, ¥+6 andyPg is totally suppressed due to large squark masses excegithé case
in FP1, which has a cross section of 0.04 pb$¢>production exists for each benchmark,
varying between 5-15 pb°7° production is rarely possible, reaching 0.5 - 1 pb for the the
FPs and 0.04 pb for the SO10D, whiléy™ pairs can be produced for all scenarios with cross
sections varying between 2-8 pb for the selected benchmarks

Next, thegﬁ)zg andy; branching ratios for the three scenarios computed usingable-
age SUSYHIT 1.1 [106] is shown in Table 7.3. The gluinos dedasninantly to 3-body
modes except for a %8— 10.2 BR(§ — °g) in SO10D and FPs. Among the gluino decays,
BR(§ — ¥5tt) leads with~ %35 for the G2s, BR(— bby? leads with~ %56 for the SO10s
and BRE — i tb/bt leads with~ %15 30 for the FPs. The decay modgs+™¢+tb/bt and
g— bt;,%‘l’ exist for all six benchmarks. All these leadli@ndt-rich final states. Futhermore,
Table 7.4 lists several important masfeliences. By looking atg — m;, hardest hadronic
decay products from gluino decays can be expected for G2ERBdhowever, these decays
are mostly lead to tops, and the momentum will be shared arttengpp decay products,
leading to multijets with loweprs. The SO10 gluinos would lead to softer jets.

The second step in gluino cascades generally invoh@%m ay;. For G21,m);g -
Mg = 2734 > my, hence)(gs decay %100 taVy; modes. For Gz4m)?g - Mg = 296 <
my, hence herq/gs decay through a virtualv. ,Qgs in SO10s and FP1 decay completely to
#9 through virtualZ modes with a %50 and %15 30 dominance ofiGy? and bby? final
states respectively. Hem)?g < Mgz, SO decays tq7’s are not allowed. For FP1, there is an

approximate)(g - ¥7 mass degeneracy, hence decaygte Via virtual W modes are fully
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Table 7.1: Spectra for selected G2, SO10 and FP benchmantspoi

Masses| G21 G24 | SO10A SO0O10D| FP1 FP2

Code | MATH MATH ISA ISA | SOFT SOFT

W 81 81 80.4 80.4 | 80.4 804
ho 123.6 116.8| 1254  111.0| 1149 118.6
H 134144 34113 3294 782 | 434 1059
A0 | 134144 34113| 3273 777 | 434 1059
* | 134144 34113| 3296 788 | 427 1062
de 67559 17093| 9186 2972 | 1628 2564
dr 67559 17093| 9242 2989 | 1628 2564
67559 17093| 9185 2971 | 1625 2560
67559 17093| 9104 2951 | 1627 2564
67559 17093| 9186 2972 | 1628 2564
67559 17093| 9242 2989 | 1628 2564
67559 17093| 9185 2971 | 1625 2560
67559 17093| 9104 2951 | 1627 2564
49548  12378| 2723 849 | 1096 1763
67497 17076| 2959 961 | 1216 1988
18819 3846 | 2315  434.3| 965 1509
49548 12378| 2870  940.6 | 1110 1774
67558 17091| 9132 2956 | 1607 2543
67559 17091| 9324 3009 | 1606 2543
67558 17091| 9133 2955 | 1603 2540
67558 17091| 9132 2955 | 1607 2543
R 67559 17091| 9324 3009 | 1606 2543
Vo 67558 17091| 9132 2955 | 1603 2540
71 67527 17084 4150 1210 | 1148 1931
7> 67543 17097| 5944 2216 | 1394 2254
- 67543 17087| 6940 2214 | 1393 2255
y 995 573 396 387.7 | 495.2 6825
0 116.3 107.1| 55.6 52.6 | 64.8 80.2
)28 389.9 137.1| 128.3 105.1| 109.6 130.6
);é 87116 22319| 4090 340.8 | 176.8 1459
¥q 87116 22319 4090 352.0 | 221.5 250.5
§% 116.5 107.3| 128.8 105.7 | 105.8 109.6
87116 22319 4075  353.0 | 219.8 247.9
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Table 7.2: LO (NLO) cross sections for G2, SO10 and FP pomtsputed using PROSPINO
2.0

Point code ga gd aa ad X4 7 0| % | e Total
G21 | MATH 0.25 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 1067 | 0.00 | 533 | 16.25
(0.40) | (0.00) | (0.00) | (0.00) | (0.00) | (0.00) | (14.17) | (0.00) | (7.00)
G24 | MATH 8.62 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 1433 | 000 | 7.17 | 30.12
(14.7) | (0.00) | (0.00) | (0.00) | (0.00) | (0.00) | (19.01) | (0.00) | (9.42)
SO10A | ISA 73.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 752 | 000 | 3.73 | 84.25

(123.00) | (0.00) | (0.00) | (0.00) | (0.00) | (0.00) | (9.98) | (0.00) | (4.90) | (137.88)
SO10D | ISA 80.60 | 0.07 | 0.00 | 0.00 | 0.00 | 0.00 | 14.36 | 0.04 | 7.08 | 102.15
(136.00) | (0.09) | (0.00) | (0.00) | (0.00) | (0.00) | (19.07) | (0.05) | (9.29) | (164.5)
FP1 | SOFT | 19.10 | 1.05 | 001 | 003 | 000 | 000 | 1090 | 054 | 489 | 3653

(33.70) | (1.66) | (0.01) | (0.04) | (0.00) | (0.00) | (14.61) | (0.67) | (6.37) | (57.07)
FP2 | SOFT | 273 0.06 | 0.00 | 0.00 | 0,00 | 0.00 | 7.86 | 1.03 | 2.87 | 1455

(4.82) | (0.09) | (0.00) | (0.00) | (0.00) | (0.00) | (10.50) | (1.40) | (3.77) | (20.58)

suppressed. For FP2, this degeneracy loosens to 21 Gewjraladditional decays tg;~
through a virtuaW. For all scenarios(gs decay mostly to jets, however except the case of
G21, these jets will be relatively soft, wiitys of the order of few tens of GeV.

For the G2sy7 and X? masses are nearly degenerate wny;la — Mo < 200 MeV. This
leads toy7 decays intQ(‘l’ plus a virtualwW which subsequently decays into a soft pion or an
electrorimuon plus neutrino resulting in pigapton prs of the order of 100 MeV. Due to this
mass degeneracy, thgs are metastable, and they decay in the detector. Outcoriong p
and leptons could have been observed as short track stuis @M S tracker. however their
extremely lowprs renders such an observation unlikely. Therefgfies i G2s are totally
converted to missing energy. SO10s and FPs hgvenGdes mimickingW decays, so the
qq_;}(l’ final states dominate with %67. Resulting jets will be soft (harder in SO10 case), with
prs similar to theprs of jets coming from(g decays.

This detailed information points out to the dominance ofrbait activity, and hence
is a jusification of our choice to work with the jet-MET topgiles for a generic discovery
analysis.

Signal processes for all benchmarks were produced usingdtien shower generator
PYTHIA 6 [107], which has been interfaced to the CMS software frammkvilorough the
packageGeneratorInterface/Pythia6Interface. Sparticle spectra, mixings, other EW
parameters and cross sections, which were computed withatleis codes mentioned above
were formatted as a SUSY Les Houches Accord (SLHA) [108] fild &ere input to the

Pythia6Interface. Detector simulation, digitization and reconstructiorrevprocessed by
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Table 7.3: BRs computed with SUSYHIT for G2, SO10 and FP beracks

BR G21 G24| SO10A SO10D| FP1 FP2

§— % I - 47 | 13 -
§— );gg - - - 6.3 35

§— x,9 - - - - 2.6 -

§— ¥%aq 9.2 107 - — 31 11
§— 7999 - - - 46 1.7
§— )géqg - - - 1.4 1.9
g _>);6bg 80 97| 16.1 16.2 | 11.7 9.8
) —>/\?8bkl - - 56.0 56.4 | 15.6 3.9
§— );5109 - - - - |125 87
g — ¥obb - - - - 54 3.0
§— ot 45 - - — - 1.9

§— POt 329 356/ - - — 40

o) —>)?8tt_ - - — - - 5.0
§— yott - - - - - 14

§— ira 18.4 21.4| 4.1 - 91 21
§— vqq S - - 27 4.0
g —>/\71£ttl/bt 24.8 16.4| 20.1 174 | 154 30.3
§ — yitb/bt - - - - 78 150

RESaL 100 - - - - -
);5 - Paq - - | 516 53.6 | 54.0 26.6
);5 _>);5bb - - | 291 16.5 | 146 7.0
);% —>/\7%’e§ - - 2.3 33 | 34 17
);3 —>)}&Mj - - 2.3 33 | 34 17
;(é ﬁ)zgjn‘ - - | 19 33 | 35 17
725 Pvere - - 4.5 6.6 | 6.8 3.4
W - v, - - | 45 6.6 | 68 3.4
X§ _>);315va, - - | 36 65 | 6.8 3.4
K9 - Fraq - 664 - - —~ 336
- iieveleve | - 111| - ~ -~ 56
;{% = Xl | - 1L - - -~ 56
X5 = X7V /TVe - 111 - - - 5.4
- 200 75 75 | 67.1 66.8 | 66.7 66.8
i —>)~(§eve 12,5 125/ 11.0 11.1 | 111 111
¥ - PO, | 125 125 11.0 11.1 | 11.1 111
¥t = DO, - — | 1009 11.0 | 11.0 11.0
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Table 7.4: Important massftiérences for G2, SO10 and FP benchmark points

Masses | G21 G24 | SO10A SO10D| FP1 FP2
Code MATH MATH ISA ISA | SOFT SOFT
Mg — Mo 605.1 435.9| 267.7 282.6 | 385.6 551.9
Mg — Mgo 878.7 465.9| 340.4 335.1| 4304 602.3
mg—-mg: | 8785  465.7| 267.2 282.0 | 389.4 5729

Moy | 2736 300 | 727 525 | 448 504
Mmo-m: | 2734 298| -05  -06 | 38 210
Mps — My | 2734 298| 05 06 | 38 -210

My — Mo 0.2 0.2 73.2 53.1 | 41.0 29.4

1

Table 7.5: Generated signal samples. The event weights acalated according to
PROSPINO LO cross sections

Benchmark Processes # of Total LO | Total LO Corr Weight
point events| o (pb) o (pb) [£dt | for 100pb*
(PYTHIA) | (PRSPN)| (PRSPN) | (PRSPN)
(fb~1) (
G21 pp— §g 3900 0.236 0.25 15.600 | 0.00641026
G24 pp— §d 18874 8.006 8.62 2.190 0.0456713
SO10A | pp— all SUSY | 46000 78.07 84.25 0.546 0.183152

SO10D pp— all SUSY | 45800 96.20 102.15 0.448 0.223035
FP1 pp— all SUSY | 40352 35.04 36.53 | 0.0905284
FP2 pp— all SUSY | 46096 14.09 14.55 3.168 0.0315646

the Geant 4 based CMS software framework CMSSW, using vessi®_11 for the SO10s
and G2s and B_12 for the FPs. Reconstruction was done using the caliloratiol allignment
constants based on ideal detector conditions. Pilefigats were not considered.
Information related to the produced signal samples are saanmed in Table 7.5. While
all SUSY processes were generated for the SO10s and FP$ipmtgcesses were generated
for the G2s, since thgy processes are owerwhelmingly dominant, but have insigmific

contribution to the final state of interest.

7.3 Backgrounds and background samples

As a prominent hadron collider, LHC will stage rich hadropiocesses which will constitute
significant backgrounds to our signals. For the jet-MET clehnmain backgrounds to be
considered are associated productioMbi n jets,Z + n jets, tt + n jets, QCD,y + jets and

minimum bias processes. Additionally the contributionnfrocnuon enriched component of
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QCD will be examined seperately These backgrounds were producetcally in CMS
within the framework of Computing, Software and Analysisaldmge 2007 (CSAOQ7) using
CMSSW 16.7. All subprocesses (e.g. fiirent number of jets in associated production
or different bins) belonging to each SM process above (plus soersdtivere produced as
individual datasets, then approppriate amounts of evestg waken from each subprocess
and merged into three main AllEvents datasets, the soec&leups” Chowder, Gumbo and
Stew. The events in the soups are weighted since it is impegsi generate realistic amounts
of events releevant for the LHC luminosities for processéh large cross sections such as
low pt QCD.

The large amount of data to be collected by CMS challangesdah®uting éiciency
during dfline analysis. To overcome this, CMS data, after being peszeby the L1 and
HLT algorithms, is split into primary datasets (PDs) defitleugh a logical OR of subsets
of HLT paths. Here we use the PDJetMET coming from the OR of &iMET triggers
(listed in Tables A.1 and A.2. Other selections focus on rotiigects, resulting in datasets
like PDTau, PDMuon, PDElectron and PDPhoton. While analyzeal data, subsets of PDs
called skims designed by further applyinflime cuts can also be used for a mofgcent
analysis.

Table 7.6 summarizes the backgrounds relevant for our sisély

7.3.1 Objects and reconstruction

Jet reconstruction in CMS takes place in four steps. Stastiith the digitized sample, the
offline reconstruction software first converts the ADC countsaich calorimeter cell in ECAL
and HCAL to energy. Second, ECAL and HCAL cells are combimgd projective towers
corresponding to HCAL granularity. Then the CaloTowersamaverted into standardftine
candidate obijects finally over which a selected jet clustealgorithm is run.

CMSSW_1_6_X implements iterative cone [109], midpoint cone [11K{, [111] and seed-
less infrared safe cone (SIScone) [112] algoritms for jebnstruction. Both CMS HLT se-
lection and current CMS physics analyses conventionaliytls iterative cone (IC) algoritm,
which starts by taking akr ordered list of objects (CaloTowers or generated parjicesr

a defined seed threshold and making a cone withRize\/An? + A¢? around the highedr

1 They will be shown in the histograms but are not added to tineau of total background events in order to
avoid double counting

2 No minimum bias events survive the trigger requirementsfé®MET, hence minimum bias events are not
included in the table
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Table 7.6: CSAQ7 background samples used in the analysis

Short Processes Event Dataset Total # of evts in
name generator|  (soup) o (pb) PDJetMET
WnJ |W+njetsn=15| ALPGEN| Chowder | 582x 10 1055680
pr(W) < 300 GeV PDJetMET
ZnJ Z+njetsn=15 | ALPGEN | Chowder | 578x 10° 194337
pr(Z) < 300 GeV PDJetMET
ttnJ | tt+njetsn=14 | ALPGEN| Chowder | 837x 10° 780408
PDJetMET
QCD QCD PYTHIA Gumbo 2.28x 10° 5541900
PDJetMET
PJ v+ jets PYTHIA Gumbo 1.78x 1C° 601307
PDJetMET
ppMuX u enriched PYTHIA Stew 5.50 x 10™0 10272
QCD PDJetMET

object to construct a proto-jet witlir = 3| E{, n=g Zjnx E{ and¢ = & X ¢; X E#.
Then another cone is casted, this time around the protargttibn and a second proto-jet is
made from the objects inside. The procedure goes on untiribagy of the proto-jet changes
by < %1 and direction changes R < 0.01 between two iterations. The objects within the
AR of the 1st jet thus reconstructed are takéhfimm the list and the algorithm restarts for
making the next jet, and this goes on until no objects abozed¢ed threshold are left.

To justify the usage of IC, we studied the performance of I@aemparison with the
SIScone (SC) algorithm. SIScone was proposed to solve ttaen unsafety issue, which is
defined as the inambiguity of being able to reconstructltothfferent stable cones when an
infinitely soft object is added to the collection. In this @lighm, supposing there are a total
of N objects regardless of a seed threshold, one takes eathpofssible subsets S of N, and
definesys andgs from the objects in S. Then a cone with radius R is cast arogdg). If
the cone contains all objects in S but no other objects, ilied a "stable cone”. Procedure
goes on until all stable cones are found and no objects arededide.

We reconstruct the jets with a cone sizeRf= 0.5 using both algorithms where a
cone seedET cut of 1 GeV was assumed for the IC. We take the resulting jelis ibthey
have an uncorrectegr > 30 GeV and are withiriy| < 3. Electrons faking jets are not
vetoed intentionally, since this is an inclusive study thiats to measure the reach through
good signal-background seperation rather then makinglegtamass and model parameter

measurements. An indirect lepton veto will be applied dythe event selection.
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Figure 7.2: Reconstructionfficiency (# of matched GEN jetstotal # of GEN jets) distri-
bution in pr andn for the signals. Comparison between iterative cBne 0.5 and SIScone
R = 0.5 algorithms are also shown

Figure 7.2 shows the jet reconstructiofii@encies (where ficiency is defined as the
number of matched GEN jetsotal number of GEN jets). Here matching is done by requiring
AR < 0.15 between the GEN and RECO jets. Top left plot compafiésiency versup$EN
for IC5 and SC5 of SO10A. IC5 is seen to have a better perfocma low py. For both
algorithms, éiciencies for jets within HB|§| < 1.4) and outside are also shown where no
significant diferences are observed. Bottom left plot then displays;#%' dependence of
efficiencies, where again ICHfeiencies are higher. The HB-HE intersecton region with
n ~ 1.5 results in the poorest reconstruction. The casegfot 100 andpr > 100 jets are
also shown seperately, which clearly proves that the Iffiwiencies in especially the central
region are due to the loywr component. Right hand side plots display comparisons lestwe
G24, SO10A and FP2 versyw andn. Efficiency with respect tgr is lower for the G24

case, which should be due to the existance of multi-topstéeved from the %3 = )}Ott
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Figure 7.3: Purity (# of matched reconstructed jdtstal # of reconstructed jets) distribution
in pr andy for the signals. Comparison between iterative cBre 0.5 and SIScon® = 0.5
algorithms are also shown.

that is absent in the other scenarios while theciency with respect tg is similar for the
three scenarios.

Left hand side plots in Figure 7.3 similarly show comparsoin jet purity (defined as
the number of matched reconstructed jetgal number of reconstructed jets) of IC5 and SC5
versuspr andn, where again IC5 is seen to perform better for Ipyv The purity is lower
in the central region, which should be due to the fakes cdelayehigh pr central electrons
existing in the signals. Fake rates for central, Ipyvjets for SC5 can go up to %15, while
for IC5 they generally stay below %5. Right hand side ploentbompare G24, SO10A and
FP1, where again G24 purity is slightly lower due to domirtaptfinal states.

Next, 1st jetprs and jet multiplicities for SO10A and QCD with IC5 and SC5 ¢en
seen in Figure 7.4. Though a significanffdience is not observed in the tails due to

the relatively dicient reconstruction at higpr for both algorithms, the generically poorer
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Figure 7.4: 1st jepr (left) and jet multiplicity (right) for jets havingr > 30 GeV andy| < 3.
Comparison of iterative coreR = 0.5 and SIScon@R = 0.5 calojets.

behavior of SC5 reconstruction reflects visibly to the npliltity tails.

We also study the jet resolution for the signals using IC5guFé 7.5 on the top left
shows the detector response givenpi§©/pS$EN versusp@EN for G24, SO10A and FP1.
Here thepREC/pSEN distributions were taken for eagh?EN bin and were fitted to a Gaus-
sian, and the resulting mean and width are shown. The errersfahe order of %10 and
slightly decrease with increasingr. Top right plot then shows the resolution defined as
or(pREC/ pSEN) / ( pREC/ pEEN) among with the results of fits to the resolution function give
asa/pSEN @ by \/@ @ c. The three scenarios are seen to have a simifaresolution
behavior while variance of resolution among the scenarios is bigger, as shown on tha dow
left plot. Down right plot showsr resolution curves in thig| < 1.4 and 14 < 5| < 3 regions.

The missing transverse energy is calculated from the caddry towers. It is the nega-

tive sum of the energf; in each tower with angular positiof (¢;), given as
Fr= Z(Ei sing; cosgii + E; sind; singij). (7.1)

The ratiogR¢/ESEN can be seen in Figure 7.6, where contribution from muons Vgasia-
cluded in the calculation dE$EN. The errors are again the gaussian widths resulting from a fit
in each bin. At lowpr, E7 is overestimated, which should be due to the contributiomfthe
mismeasurements of jets. G21 has the highest overestimsitioe it has the highesgt jets
coming from its heavy gluinos. The resultifig resolutiono(E7=/EF™N)/ (EF=/ETEY)

is also displayed in the right hand side plot.
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7.4 Trigger studies

We adopt the trigger tables defined for CSA07 and implementé¥SSW_1_6_X, relevant for
the conditions for a physics run at 14 TeV afid= 10°2 cm2s1 [113]. Table 7.7 lists the
first 10 unprescaled HLT paths that give the highdBtiencies for all signal benchmarks.
Information related to these HLT paths is given in Tables &ndl A.2. As expected, highest
signal dficiencies are provided by the paths based on jetlancequirements. This strongly
justifies our choice of working with the PDJetMET.

L1 jets are defined using the transverse energy sumsxilPXxalorimeter trigger tower
windows, which are arrays of % 5 crystals of dimensiomn x A¢ = 0.087 x 0.087 and
correspond 1 : 1 to the physical tower size of the HCAL. Thewdlgm uses a sliding window
technique, checking the dynamic ranges of4itrigger towers, which make a trigger region.
The L1 Et calculated from the sum of x and y components of the energpdiigl in each
trigger region, wheré&, andE, components are calculated using the coordinates of thercent

of the region.

Table 7.7: First 10 unprescaled HLT paths with high€stiency for each signal point

G21 SO10A FP1

HLT path Eff | HLT path Eff | HLT path Eff

HLT3jet 95.59 | HLT1MET 56.24 | HLT1MET 55.61
HLT1MET1HT 95.41 | HLT1MET1HT 55.11 | HLTIMET1HT 53.99
HLTI1MET 94.97 | HLT4jet 52.30| HLT4jet 51.04
HLT3jet1MET 94.67 | HLT3jet 48.26 | HLT3jet 50.76
HLT4jet1MET 94.10 | HLTBHT 47.65 | HLT4jet1MET 48.99
HLT1jet 94.39 | HLT4jet1MET 45.69 | HLT3jet1MET 48.16
HLT4jet 93.23 | HLTB4Jet 44,97 | HLT1jet 44.61
HLT1jet1MET 92.97 | HLT3jet1MET 43.21 | HLT1jet1METAco 43.49
HLT2jet1MET 92.23 | HLTB3Jet 39.54 | HLT1jet1MET 43.13
CandHLT2jetAve200 91.15| HLT1jet 37.20 | HLTS2jet1METAco 41.40

G24 SO10D FP2

HLT path Eff | HLT path Eff | HLT path Eff

HLT1MET1HT 85.17 | HLT1MET 54.47 | HLT1MET 25.74
HLTI1MET 84.83 | HLTIMET1HT 53.19 | HLT1MET1HT 21.15
HLT4jet1MET 78.34 | HLT4jet 43.80 | HLT1jet1MET 17.25
HLT4jet 77.62 | HLT4jet1MET 43.00 | HLT4jet1MET 17.19
HLT3jet1MET 77.58 | HLT3jet 42.45| HLT1jet 17.14
HLT3jet 76.88 | HLTBHT 42.34 | HLT3jet 17.11
HLT1jet 69.51 | HLT3jet1MET 40.70 | HLT4jet 17.08
HLT1jet1MET 69.12 | HLTB4Jet 38.84 | HLT3jet1MET 16.86
HLT1jet1METAco 68.95 | HLTS2jet1METNV 36.03 | HLT1jet1METAco 15.85
HLTS2jet1METAco 68.01 | HLT1jet1METAco 35.52 | HLT2jet1MET 15.08
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The HLT jets are reconstructed using the iterative conerdfgo with R = 0.5, for
In| < 5, exactly as in thefline case. HLT uses the CaloTowers constructed from one og mor
projected HCAL cells and corresponding projected ECAL t&lgsas input, where each tower
should havepr > 0.5 GeV and at least one tower must satisfy the jet seed regeieot
pr > 1 GeV. Next, jet corrections determined by a PYTHIA QCD dgetlysis are applied.
£+ is calculated from calotowers withr > 0.5 GeV, same as in thefitine case. HLT total
hadronic transverse energyl) is calculated using HLF.

With the aim to decide on a common trigger selection for tmedtSUSY scenarios, we
listin Table 7.8 the signal and backgrourtid@encies for individual HLT paths in PDJetMET
calculated with respect to the initial number of events iRJPIMET. The pathHLT1MET and
HLT1MET1HT (which we will refer to as thdt1 & Hy set) provide the highest signatieiency
for all benchmarks. Thé&1&Ht set is a common choice for SUSY analyses and can be
safely applied in our analysis. However one can always bdarcother possibilities. In Ta-
ble 7.9 we list the number of events remaining after HLT dededor signals and total back-
ground along with significances (defined$ysvVS + B) for each signal benchmark. The HLT
paths giving the highest signal significance for all benctk®areCandHLTS jet IMET1Aco,
CandHLTSjet2MET1Aco andCandHLTS2jetAco, which we will refer to as the "acoplanarity
trio”. These triggers, despite their I (> 70 GeV) and jepr (>40 to 60 GeV) thresholds
perform well due to jet-jet and jefr acoplanarity requirements that eliminate huge amounts
of QCD background.

Both E1&Ht set and acoplanarity trio lead to similar results after théne selection
is applied, so they can both be used, though there existt difflerences which could lead
one to favor a choice over the other in order to serve spedifityais purposes. One point
is that, although som&+& H+ triggers exist in the latest core start-up trigger menusy th
are not the exact counterparts of theés X Er&Ht set. The closest path MLT1MET is
HLT_MET65, which has a higheEt L1 seedL1_ETM50 while the closest path tALT1MET1HT
is HLT_MET35_HT350 which has a lower HLTEy threshold of 35 GeV. Though not much
difference is expected after thélime, dfects of these changes should be checked. Exact
counterparts of the acoplanarity triggers are in the cadidrigger menus for 8E29 and
3E30 although not in the core start-up menus. High signalifsignce is a good feature of
the Er&Ht set, but this choice also leads to a higher backgroufidiency with respect to
the acoplanarity trio afterfiine cuts. Therefore acoplanarity trio selection leads igghsy

better signal to background ratios and signal significaircksv cross section scenarios (such
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as the G2s and FP2), especially when fitinee selection featuring nar or moderatdt is to
be implemented. Th&t&H+ triggers yield slightly highe6/B and significance in the high
cross section paths (such as the SO10s). On the other handcdplanarity trio performs
slightly better during background estimation from data.wAls be explained in Section 7.8,
top backgrounds cause a small amount of background unieatistn. More top background
survives wherEr & Ht set is applied, so underestimation is slightly more for sieis

Here we will implement the acoplanarity trio which providesomplementary alterna-
tive to the conventionaEt & Ht set for dificult cases. We require that all events satisfy the
AND of the three acoplanarity paths. Figure 7.7 shows fliece of applying this HLT re-
guirement to the SO10A datasetffiEiency curves for the 1st and the 2nd hardest Jéis,
do(j1 — j2) anddg(j1 — Et1) are shown, where thefiiencies are calculated with respect to

the un-biassed SO10A dataset (which has no PDJetMET reogi.
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Table 7.8: PDJetMET HLT path selectioffieiencies for all signals and backgrounds

HLT path G21 G24 | SO10A | SO10D| FP1 FP2 WwnJ znJ ttnJ QCD PJ ppmuX
HLT1jet 94.385 | 69.510 | 45.974 | 47.718 | 63.693 | 58.510| 9.756 | 7.741 | 23.938| 6.564 | 1.241 | 14.447
HLT2jet 90.615| 57.384 | 37.024 | 37.462 | 53.799| 47.960| 6.099 | 6.199 | 20.377| 7.882 | 5.228 | 13.717
HLT3jet 95.590 | 77.905| 59.711 | 57.311 | 72.487| 58.399| 4.590 | 7.762 | 41.316| 6.480 | 0.552 | 15.216
HLT4jet 93.231| 78.689 | 64.800 | 59.139 | 72.838 | 58.288 | 2.584 | 5.515 | 49.603 | 3.793 | 0.219 | 10.202
HLTIMET 94.974 | 85.963 | 69.516 | 73.550 | 79.408 | 87.843 | 67.581 | 25.305| 42.415| 3.949 | 5.512 | 18.682
HLT2jetAco 87.462 | 53.186 | 30.337 | 30.498 | 47.820 | 44.658 | 1.457 | 1.843 | 11.288| 1.109 | 0.104 | 3.329
HLT1jetIMETAco 90.333 | 69.870 | 46.030 | 47.966 | 62.114 | 54.076| 5.608 | 3.334 | 15.199| 1.302 | 0.374 | 6.318
HLT1JetIMET 92.974| 70.041| 43.652 | 46.459 | 61.575| 58.873| 9.508 | 5.357 | 14.245| 1.380 | 0.491 | 6.844
HLT2JetIMET 92.231| 65.521 | 38.685 | 40.566 | 57.095| 51.477| 3.667 | 2.357 | 11.238| 0.844 | 0.259 | 4.030
HLT3JetIMET 94.667 | 78.609 | 53.376 | 54.956 | 68.774| 57.533| 3.387 | 2.577 | 17.566| 0.787 | 0.172 | 4.858
HLT4JetIMET 94.103 | 79.366 | 56.434 | 58.054 | 69.959 | 58.681| 3.214 | 2.518 | 18.954| 0.736 | 0.138 | 4.683
HLTIMET1HT 95.410 | 86.306 | 68.188 | 71.825 | 77.101| 72.192| 16.617 | 8.120 | 34.378| 2.006 | 0.584 | 12.412
HLT2jetvbfMET 0.103 | 0.306 | 0.578 0.672 | 0.478 | 0.785 | 1.107 | 0.435 | 0.590 | 0.756 | 0.063 | 2.765
HLTS2jetIMETNV 76.385| 65.752 | 44.843 | 48.653 | 54.552 | 51.477| 11.181| 5.142 | 18502 | 0.959 | 0.215 | 6.036
HLTS2jet1IMETAco 86.154 | 68.903 | 44.418 | 47.096 | 59.119| 51.136| 5.293 | 2.645 | 13.874| 0.551 | 0.133 | 2.901
CandHLTSjetIMET1Aco| 70.333 | 56.407 | 36.428 | 39.328 | 48.142| 43.259| 6.489 | 2.763 | 11.753| 0.207 | 0.050 | 2.015
CandHLTSjet2MET1Aco| 85.385 | 68.340 | 42.664 | 45.914 | 57.330 | 50.729 | 5.086 | 2.353 | 12.787| 0.296 | 0.079 | 1.967
CandHLTS2jetAco 72.538 | 59.321| 37.975 | 41.571 | 50.058 | 44.740| 5.117 | 2.422 | 12.082| 0.296 | 0.069 | 2.366
CandHLTJetMET- 2.923 | 2.442 | 2.638 2.538 | 2.658 | 4.487 | 25.280| 62.793 | 5.875 | 80.537 | 88.597 | 51.762
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Table 7.9: Number of signal and total background eventsmpg$DJetMET HLT paths along with HLT selection significasce

HLT path G21 G24 SO10A SO10D FP1 FP2 Tothg |
evts sig | evts sig evts sig evts sig evts sig | evts sig
PDJetMET 25 0.002| 807 0.059| 6817 0.496| 7564 0.550| 2150 0.156| 426 0.031| 189127600
HLT1jet 24 0.007| 561 0.158| 3134 0.885| 3609 1.019| 1325 0.374| 249 0.070| 12533255
HLT2jet 23 0.006| 463 0.120| 2524 0.651| 2834 0.731| 1119 0.289| 204 0.053| 15008048
HLT3jet 24 0.007| 629 0.179| 4070 1.156| 4335 1.232| 1508 0.429| 249 0.071| 12382870
HLT4jet 23 0.009| 635 0.235| 4417 1.636| 4473 1.656| 1515 0.561| 249 0.092| 7287052
HLT1IMET 24 0.009| 694 0.247| 4739 1.683| 5563 1.976| 1652 0.587| 375 0.133| 7921213
HLT2jetAco 22 0.015| 429 0.293| 2068 1.413| 2307 1.576| 995 0.680| 190 0.130| 2140872
HLT1jetIMETAco 23 0.014| 564 0.351| 3138 1.953| 3628 2.257| 1292 0.804| 231 0.144| 2579793
HLT1JetIMET 23 0.014| 565 0.341| 2976 1.796| 3514 2.121| 1281 0.773| 251 0.152| 2742186
HLT2JetIMET 23 0.018| 529 0.409| 2637 2.037| 3068 2.370| 1188 0.918| 219 0.169| 1673270
HLT3JetIMET 24 0.019| 634 0.503| 3638 2.883| 4157 3.294| 1431 1.135| 245 0.194| 1588157
HLT4JetIMET 24 0.020| 641 0.525| 3847 3.148| 4391 3.592| 1455 1.191| 250 0.205| 1489794
HLTIMET1HT 24 0.012| 697 0.347| 4648 2.310| 5433 2.699| 1604 0.797| 308 0.153| 4045483
HLT2jetvbfMET 0 0.000 2 0.002 39 0.032 51 0.042 10 0.008 3 0.002| 1466445
HLTS2jetIMETNV 19 0.014| 531 0.381| 3057 2.191| 3680 2.638| 1135 0.814| 219 0.157| 1943025
HLTS2jetIMETAco 22 0.021| 556 0.528| 3028 2.874| 3562 3.380| 1230 1.168| 218 0.207| 1107025
CandHLTSjetIMET1Aco| 18 0.027| 455 0.681| 2483 3.706| 2975 4.438| 1001 1.497| 184 0.275| 446330
CandHLTSjet2MET1Aco| 21 0.027| 552 0.706| 2908 3.710| 3473 4.428| 1193 1.524| 216 0.276| 611565
CandHLTS2jetAco 18 0.023| 479 0.608| 2589 3.283| 3144 3.985| 1041 1.322| 191 0.243| 619307
CandHLTJetMET- 1 0.000| 20 0.002| 180 0.015| 192 0.016 55 0.004| 19 0.002| 151686346
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7.5 Offline event selection

Since gluino pair production followed by three-body decays diverse channels lead to rich
high multiplicity final states with diverse objects, an gathta analysis looking for a specific
end topology would not be feasable. Therefore we aim at dunsive jet-MET analysis,
which however has the disadvantage that various aspectgaliferent signal topologies
will suffer from being easily imitated by filerent SM processes. In what follows we present a
step-by-step event selection procedure, proposing aigeetiof cuts specialized to eliminate
different backgrounds, which should be applicable for all thected benchmarks. Instead of
considering a single selection path, we will take a multhpgpproach and work with several
jet-MET selection paths in order to have alternatives tofioona signal excess. Analysis

assumes 100 pb of data.

7.5.1 Defining the paths

Since R-parity conserving SUSY events are all destined ve haoX‘?s in their final states,
Er is a key signature for them. It must be noted however that SADLOFP scenarios have
low Mo ~ 50 — 80 GeV, hence they have moderdte with respect to typical mMSUGRA
LHC scenarios featuringkg > 100 GeV. Top row plots in Figure 7.8 show thg and jet
multiplicity distrbutions after the HLT selection, where2g SO10A and FP1 are taken as
example signalsX + n jets Et shapes resemble the signals closely while QCD grjgts
peak at lower values. Though all backgrounds in the jet plidty distribution peak at lower
multiplicities then the signals, the background distritws$ have a broader range. To decide
on optimal starting points for the cuts, we also plot on thé &nd 3rd rows th&/B ratio and
the Punzi significanc&p, which is defined as

0
" a2+ (B()

wheret is the set of cutsg(t) is the signal #iciency after cutsB(t) is the number of back-

(7.2)

ground events remaining after cuts aaé the number of sigmas (we take 3). These were
calculated assuming thata or jet multiplicity cut was put at the values seen on the »saxi
Both S/B and Punzi significance distributions show that a cuferwill be more dfec-
tive as a starting point compared to jet multiplicity. Thasharacterize the fierent paths we
first use aEt requirement and select events with > 0, 100,150,200 or 300 GeV. Having

selections with dferentiEr choices also enables the inspectioriEgfbias d@fects on diferent
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P1: After HLT, MET>200 P4,P5: After HLT, MET>100
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Figure 7.9: Jet multiplicity distributions after tifg- cut (step 1). Shown for path 1 > 200
(left) and paths 4 and %+ > 100 (right).

kinematic variables. A nol&r case is also considered in order to probe the discovery-possi
bility in a channel which is free dEt measurement disambiguities, where one would need to
seek more creative ways to eliminate the large QCD backgisun

Figure 7.9 then shows the signal and background jet mulifipldistributions after re-
quiring Etr > 200 GeV (left) andtr > 100 GeV (right). HighelEt requirements are seen
to eliminate the backgrounds with higher jet multiplicifespecially QCD), pushing the BG
peaks to the left. We develop the paths further by adding air@ment ofnjes > 4 to

Et > 100 200 and 300 caseBjets > 5 to Er > 0 and 100 cases, amgkis > 3 to Er > 150
case.

Conventional SUSY jet-MET analyses implement highcuts on the 1st and 2nd jets
(where the jets arg@r ordered). To test the feasibiliy of such a requirement far case,
we plot in Figure 7.10 the 1st (left) and 2nd (right) jgts after applying thér > 100 and
Njets > 5 cuts. Signal jeprs are seen to have low values, mimicking the backgrounds ighi
expected since gluinos make 3-body decays contrary to otiov@l scenarios withng < mg
andg - y mass diferences are small for SO10As and FPs. Such behavior is siimilthe
other paths, and also endures after the full event seleistimpplied. Therefore jgir cuts are
not applied in this analysis.

Er in QCD dijet events is mainly due to jet mismeasurements.dH3CD processes
may result in high amounts &1 that cannot be eliminated by ther requirements. Since
the 1st and 2nd jet distributions display a harder spectranQCD, the QCD events are

expected to posses larger amounts of fitkethan the signals. To spot such QCD events,
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Figure 7.10: 1st (left) and 2nd (right) jet distributions after the jet multiplicity cut (step 2).
Shown for path 5#1 > 100, njets > 5.

Table 7.10: GHine prototype selection paths characterizedkyjet multiplicity andE+/Ht
requirements proposed as alternatives to be used duringl €gcess searches

Step| var P1 P2 P3 P4 PS5 P6
S1 Er >200| >300| - > 100 | > 100 | > 150
S2 Njets >4 >4 >5 >4 >5 >3
S3 | Er/Hr - - >01| >01] >01 -

we check theft /Ht ratio, where hadronic transverse eneHy is the scalar sum of all jet
prs. The largeness ¢t in QCD - which creates the large amount of QE&B - pushes the
ratio to low values for QCD, while the;"contribution toz+ in signals pulls this ratio up even

when the signal jets are also hard. Figure 7.11 showghélt distributions for signals and

backgrounds afteEr > 0 andnjets > 5 (left) andEr > 100 andnjets > 5 (right), where

a large QCD accumulation is seentat/Hy < 0.1. This dfect disappears fogt > 150.
As a result we add th&r/Ht > 0.1 requirement to the paths havifig > 150 GeV, thus
introducing an implicitEt cut to the noEt path. ThislEt /Ht cut can be considered as a tool
to indirectly eliminate hightt QCD events in a way that does not drasticlffeet the signals.
These three steps complete the definition of the six altemptototype selection paths,

which are summarized in Table 7.10. Selection criteria iciemed afterwards will be applied
to all of these six paths.
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Figure 7.11: E1/HT distributions after the jet multiplicity cut (step 2). &hn for path 3:
Etr > 0, njets > 5 (left) and path 5&+ > 100, njets > 5 (right).

7.5.2 Cleaning the lepton-rich backgrounds

pp — W, Z tt processes associated with multiple jets constitute sagmifibackgroundsws
andZs decay to hadronic channels with BRs of %67 and %69, but firedestates are mostly
eliminated by thd£t requirements. ThZ + n jets backgrounds are already dropped to 10-30
evtg100 pbt after HLT plus the prototype paths. Howewdltt + n jets events for whichVs
decay tdv survive, mainly due té&+ produced bys from theW andr decays. Such leptonic
W decay events should have a lepton as their hardest object.

This analysis does not make use of lepton objects, so ancaxgeintification of such
background events is not possible. However there existsthamealled "indirect lepton
veto” (ILV), practiced in Tevatron SUSY searches, which emkise of combined tracker
and calorimeter information to spot and eliminate thesa®veaving leptons as their hardest
object [114],[115]. The ILV algorithm is implemented in tvateps, where one introduces

respective checks on the leading track isolation and jeeandt electromagnetic fraction.

7.5.2.1 Leading track isolation

Leptons as elementary particles leave single tracks asphsy through the tracker. If the
hardest object in an event is a lepton, it must be respongibla single hard track. The
strategy here is to examine the hardest track, and if it latisd, conclude that it belongs to a

hardest lepton, and subsequently veto the event.

We work with events having at least one primary vertex (PWe Tracks associated with
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the first PV (which is the PV with the highesi pr of associated tracks) are considered as

good tracks if they satisfy the following conditions

pik > 1.2 GeV andpi* < 500 GeV (the highpr tracks tend to be straight and hence
have a high\p/p. Therefore they are rejected.)

y?/d.o.f <20

Number of valid hits> 5

ek < 2.4

transverse impact parameteyy| < 600um

|ZPV — 2| < 1. mm

We select the hardest track from the relevant tracks, anthéspr > 15 GeV, we construct a
cone with radiuk = 0.35 around it. Theprs of tracks falling into the cone are then summed
up, and the track isolation parameter which is defined as

Nrks trki
P _ igLeadTrka 7.3
trklso = ™ [ cadTrk (7.3)

is calculated. The leading tragk- threshold and the cone radius were optimized in earlier
studies to provide the beSyB ratios for generic SUSY analyses [116]. Figure 7.12 shows
the Pyi1so Variable for path 6 after thEr /Hy cut. While QCD distribution is approximately
constant with a slight downward slope towards h@kiso, half of the W/tt+ n jets and
almost allZ + n jets events sharply peak Bikiso < 0.1, strongly indicating the distinction
between the presence and absence of isolated leptons &sthabjects. Signals also peak
significantly, but since the signal leptons are producedhatidwer parts of gluino cascade
decays, they have less chance to be harder than jets and hartlest object. This results in

a relatively small loss in signals of about %10-15. We theetonsider the leading track as

isolated if it hasPykso < 0.1 and reject such events with isolated leading tracks.

7.5.2.2 Jet and event electromagnetic fraction

A further measure against tha/tt + n jets backgrounds can be taken by considering the
electromagnetic fraction (EMF) of jets, which is defined las ttatio of jet energy deposited
in ECAL to the total jet energy. Energetic electrons or phetéaking jets would have high

EMFs close to 1. We can observe this in Figure 7.13 which shibe/¢eading versus second
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Figure 7.12:Pyyso distributions after thét/Hy cut (step 3). Shown for path 6.

leading jet EMFs for SO10A, QCDW + n jets andtt + n jets for path 5 after the isolated track
rejection cut, where especialty+ n jets has distinct jet accumulations at EMF9. Though
it is less pronounced, a similaffect is observed for the signals.

The better motivated reason to use a jet EMF cut is to ideaiiiy veto cosmic muon
events where cosmic muons leave energy deposits eithex MGAL or ECAL, hence leading
to jet EMFs closer to O or 1 respectively. Jet EMF also is dfadn cleaning up the beam
halo events that involve highly energetic particles asged with beam losses around the
beam core or produced in collisions of the beam with gas mit#scwithin the beam pipe
which is a slightly imperfect vacuum. Such particles, maiptotons and muons, overlap
with the normal collision events and produce a laFge hence constituting backgrounds to
the multijet +E1 signals. An earlier study has shown that beam halo partivdggées are
mainly deposited in HCAL, leading to very low jet EMFs [117}. also demonstrated the

benefit of using the event EMF, which is tpe-weighted average of jet EMFs given as

Nje ji ji
EEMF = Z'iltpT—EMFJ
i

l (7.4)
Zisbr

and concluded that most beam halo events have EENR. Figure 7.14 shows the EEMF
distribution after the jet EMF cut for path 6 where signald Aackgrounds are seen to follow
a similar trend.

As a result, in the second step of ILV we require thegEMF > 0.1 A jo)EMF > 0.1 A
(j.EMF < 0.9 v 2,EMF < 0.9) along with an EEMF less than 0.175.
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Figure 7.13: 2nd jet EMF vs 1st jet EMF after the leading trsckation cut (step 4). Shown
for path 5 for SO10A (top left), QCD (top rightyy+n jets (bottom left) andt+n jets (bottom
right). Solid lines show the strict cuts while dashed linesve the cuts with an OR.
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Figure 7.14: Event EMF after the jet EMF cuts (step 5). Showrmpath 5 (left) and path 6
(right).

7.5.3 Cleaning the QCD background

Being a prominenpp machine, LHC will host a large amount of QCD events that insi
of hard scattering processes among the partons of colligiotpns, such likegg — qgq,

gg — 90,99, g9 — gqgandgg — g, gg. These events which have 2 jets in their purest form
are enriched by other jets from initial and final state QCDatiah, thus becoming multi-jet
events. On the other hand, existenceggf— cc, bb processes along with jet mismeasure-
ments and detector resolution constitute sources of ngissiergy, establishing QCD as a

major background in the SUSY jet-MET searches. In what fedlove will present methods

to eliminate these QCD processes.

7.5.3.1 Missing hadronic transverse energy

We first try to make use of the missing hadronic transverseggrir to distinguish the events
that have fakdtr from jet mismeasurements. Itis defined as the negative naksom of the

jet prs:

Net
Wy = - Z sl (7.5)
i=1
where we still use the jets witpr > 30 GeV andjn| < 3. The diference betweeltt
and At comes from four sources. First, the leptons and photonsariciuded in theAy
calculation. Second, the lowr high |n| jets are also not present k. Third, contributions
from jet misreconstruction and mismeasurement&t@ndA+ are diferent, and fourthE

is more éfected by the detector noise and pile-up with respeétito
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Figure 7.15:d¢(ET — K1) after the event EMF cut (step 6). Shown for path 4 (left) aathp
6 (right).

Here we investigate the distribution d§ betweenir and A+ which is shown in Fig-
ure 7.15 for paths 4 and 6 after the event EMF cut. In the cabesemve have true missing
energy such as in signals @/Z/tt + n jets events with final states, the aboveftirences
serve only as dierent augmentations to the true missing energy. Here, Keerféssing en-
ergy is a relatively small percentage of the total missingrgy therefordtr and Ay are
relatively close. On the other hand, for the cases with oake fmissing energy the above
contirbutions will reflect in considerably fiierent ways to thé&t and i+ calculations. Es-
pecially when the fake missing energy is small, slight flatitbns in jet mismeasurements
and detector féects could easily caudér and i+ to face at opposite directions. Therefore
events wherdtt andiHy have a largalg can be interprated as sources of purely fake miss-
ing energy whose quantification is totally dependent onitetysdue to detector ects and
mismeasurements. QCD is a prime example for this case, asrsE@ure 7.15. As a result,
we introduce the culg(E+ — HT) < 1, which eliminates a good fraction of QCD but has an

insignificant éfect on the signals.

7.5.3.2 d¢(jet - Et) cuts

The fact that QCDET primarily comes from the jet mismeasurements can be uséukefuio
discriminate the QCD events. In such processes, the twojjgfimating from hard scattering
are close inprs and are back-to-back. These jets can be mismeasured, reisiiting in an
increase or a decrease of the gt The resulting enhancement in thefdience ofpys of

these two jets would reveal itself as the, which then will naturally allign with the jet that
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Figure 7.16:d¢(jo» — Et1) vsd@(j1 — Et) (top) and R2 vs R1 (bottom) after tle(Et — K1)
cut (step 7). Shown for path 6 for SO10A (left) and total B@tt).

has now become the 2nd jet. Moreover, since 1st and 2nd jetbaak-to-back, thé&r is
also expected to be back-to-back with the 1st jet. The upperptots in Figure 7.16 show
do(j1 — Et1) vs. do(jo — Ev) after thedg(Et — Kt) cut of path 6 for SO10A (left) and total
BG (right) events. The majority of the BG events are accutedlat the intersection of high
do(j1 — E1) and lowdg(j2 — E1). A more moderate, but still significant fraction of events a
seen at the opposite corner with lalg(j1 — Et) and highdg(j» — Et), which illustrates the
cases where the mismeasurements lead to a srﬂ#ﬂer p{2| than the original dierence.
Tevatron studies have defined the following radial varisldequantify thej;, j, andEr

correlation [114],[115]:

R1

(do(iz — En)? + (x - do(js - En))? (7.6)
(do(ia - En)? + (x - do(jz - En))2 (7.7)

R2

The bottom plots show R2 versus R1. Convention&ly> 0.5 andR2 > 0.5 are adopted

as selection criteria, however in our ca&B and significance optimization performs better
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Figure 7.17:d¢(j3 — E1) vsda(j2 — E7) (top) andR,2 vsR,1 (bottom) after the R2 cut (step
8). Shown for path 5 for SO10A (left) and total BG (right).

whenR2 < 4 was applied instead &L > 0.5. Therefore (b < R2 < 4 will be used.

Similarly Figure 7.17 showd¢(j3 — E1) versusdg(j2 — E1) on top plots after th&2 cut
for path 5. The artificialEr from mismeasurements clearly manifests itself in QCD cagse b
alligning either with 2nd or 3rd jet, while in signals the tdilsutions are uniform.

Inspired by this we define the followinB, variables in order to quantify the relation

betweenj,, j3 andE+:

(do(iz - En)? + (do(js - En))? (7.8)
V= do(jz2 — Er))2 + (x — do(jz — En))>. (7.9)

Ral
Ra2

The bottom plots shovR,2 vs. Ry1. For all paths and all benchmarkbi< Ryl < 4.25
manages a good QCD rejection so we implement the cut.

Figure 7.18 then shows the resultidg(j. — Et) signal and background distributions for
paths 4 and 6 after tHe2 andR,1 cuts. As seen, especially for the Id&y paths there is some
residual QCD at lovdg(j, — Er. We clean these by additionally requiridg(j. — E1) > 0.35.
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Figure 7.18:d¢(j» — E7) distribution afterR,1 cut (step 9). Shown for path 4 (left) and path
6 (right).

As mentioned, thétt in QCD is generally expected to allign with the mostly mismea
sured jet which is not always the 2nd jet. We define the mostéyrmeasured jet as the jet that
has the minimuntg with the Er. Figure 7.19 showdg(ji — E1)min distributions for paths 4
and 6 after thelg(j. — Et1) cut. Here QCD background strongly peaks closédgo~ 0 and
makes a distinctive sharp descent while signals\&fiti+n jets display a broader distribution.
As a result we select the events that hdwéj; — E1)min > 0.3.

Overall, thedg(j — Et) cuts prove to be very powerful tools in QCD rejection since

~ 9%80-90 of QCD events present after thiglE+ — A1) cut are rejected for the various paths

while these angular cuts preser/&55 of the signals.

7.5.4 Cleaning further

In what follows we will refine the event selection further Imyroducing supplementary cuts

on the 1st jey and event shape variables.

7.5.4.1 1stjety

We accept the events with 1st jgt < 1.7. The reasons are three-fold: Firstly, SUSY pro-
cesses produce central jets. This can be seen in Figure hi2h whows they distribution
for paths 3 and 6 after thas(ji — E1)min cut. Signals peak at ~ 0 which QCD backgrounds
behave contrarily, having more excesg at 3, especially for the nd&r path.

Secondly we would like to stay close to the HHB common region in order to have a

better visualization of the physics. The third motivatisrto veto the beam halo events that
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Figure 7.19:d¢(j1 — Et)min distribution shown afted¢(j> — Et) cut (step 10). Shown for
path 4 (left) and path 6 (right).
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generate high energetic jets at the forward region. As showhl7], beam halo particles
deposit most of their energy at the HF which is positioned at|3| < 5. Beam halo events
should mostly be rejected by jet < 3 cut, howevefn| < 1.7 cut is a further measure to clean

the fraction of such events surviving tig < 3 and EEMF cuts.

7.5.4.2 Event shape variables

Pastete” andepexperiments have used event shape variables to study QCBgses, utiliz-
ing these to probe the structure of the hadronic final st&esnt shapes are defined in terms
of the 4-momenta of selected objects, which may be partomdrons, tracks, calorimeter
energy deposits or jets. Here we investigate the discritimiggpower of the event shape vari-
ables between SUSY signals and SM backgrounds. By usingChgts withpy > 30 GeV
and|n| < 3, we calculate the conventional event shapes speherictysverse sphericity,
aplanarity [118], thrust [119] and the Fox-Wolfram momdgi®0]. Among these, aplanarity
and Fox-Wolfram moments seem to possess discriminatingsow

The Fox-Wolfram momentkl; are defined as

2
i,j Vis

Hi=> 'pé”p” Pi(cosd;) (7.10)
where the summation is over any two jets i and j (includirgj), P/(cos6j;) are the Legendre
polynomials as functions of;; which is thed between two jetg;, j; and Eyis is the total
visible energy of the jets in the event. The moments are géiperormalized taHg and given
asHjp = Hj/Hp. Figure 7.21 shows$lyp and Hszg on the left for path 2 aftelj1|n| cut and
H,o andHygo for path 6 on the right. Signals tend to have lower Fox-Walfrmoments than
either the QCD oWV/tt + n jets backgrounds which is valid for all the remaining pathsvall.
Therefore a selection criteria bfyg < 0.8, Hzg < 0.7 andHyp < 0.65 is implemented.

This finalizes our event selection. Nevertheless an altiemaase could be to further
implement an aplanarity cut which can incre&® by ~ %20— 35 of the current value at
the expense of loosing %5 — 10 from significanceS/ VS + B (corresponding to values up
to 2 sigmas) and a %1 loss in final signfli@ency. More information on the aplanarity cut

is given in Appendix B.

7.6 Selection results

Table 7.11 summarizes the results of the above selectiaallfpaths for all signal points and

backgrounds. Number of events are given foe 100 pb. Signal éficiencies are highest
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for the G2s and lowest for the SO10s. Path 2 (ith> 300 GeV andhjes > 4) leads to the
lowest signal #iciencies while path 4 (witEt > 100 GeVnjets > 4 andEr/Hr > 0.1) leads
to the highestEt > 200 andEt > 300 cuts are survived most Iity+ n jets, while the other
backgrounds are almost totally eliminated. For paths W&ith< 200, QCD rejection depends
more on the increase @y, while W/Z/tt + n jets rejection depends more on the number of
jets required rather than ther. For example number of remnant events is 5 times more for
path 6 Er > 150 andnjets > 3) than path 5Er > 100, njets > 5 andEr/Hr > 0.1) for
W + njets and 2 times fott + n jets. All background iciencies are less then %1.

The signal over background ratio is maximum for path 2 fos@hals followed by path
1. These channels will be especially feasable at highemlasities like 1 fbl. The nonft
path 3 siffers from a large QCD contamination. Highest significaBte/(S + B) for the low
cross section scenarios G21 and FP2 is given by path 2 whillottest by path 3. On the
other hand the higher cross section scenarios G24, SO10sPdnyield highest significances
for path 6 while lowest for path 2. The decision for an optipath choice for each scenario
can be guided by the Punzi significance, which is a comproim$@een thes5/B and the
significance. Highest Punzi significances are given by pdtr 21 which has the lowest
cross section; by path 1 for G24 and FP2 whose cross sectie2satimes greater than G21;
and by path 6 for SO10s and FP1.

The analysis flow for path 6 for all signals and background$igplayed in Table 7.12.
Cuts that reduce the background mdstently are seen to bér > 150 anddg(j — Et)min >
0.3.

In the end, all six paths prove to be implementable in SUSYETT analyses of scenar-
ios having moderat&t and moderatgy jets. They would also serve as alternatives to each
other in order to justify a possible discovery. Moreoverstheaths can still be improved, as

in the example to be presented next.
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Table 7.11: Selection results for all paths for signal arekbeounds after theffiine selection.

The numbers of events represent 100'pf integrated luminosity.

Point PDJM HLT pathl| path2| path3| path4| path5| path6
G21: nevts 25 23 7 4 7 9 7 9
efficiency (%) 100.00( 92.00| 28.00| 16.00| 28.00| 36.00| 28.00| 36.00
S/B (%) 0.00 0.00 0.23 1.33| 0.00 0.01 0.02 0.03

SgnfS/ VS + B 0.00 0.03 1.15 1.51| 0.16 0.27 0.33 0.55
Punzi sgnfx10* 0.73| 10.13| 401.31| 495.04| 61.25| 103.22| 123.92| 204.26
G24: nevts 807 597 74 19 124 179 107 155
efficiency (%) 100.00| 73.98 9.17 2.35| 15.37| 22.18| 13.26| 19.21
S/B (%) 0.00 0.00 2.47 6.33| 0.06 0.16 0.24 0.60

SgnfS/ VS + B 0.06 0.66 7.26 4.05| 2.72 4.98 4.55 7.61
Punzi sgnfx10* 0.72 8.04| 129.66| 71.87| 33.16| 62.74| 57.89| 107.51
SO10A: nevts 6817 3323 86 15| 414 523 265 308
efficiency (%) 100.00| 48.75 1.26 0.22| 6.07 7.67 3.89 4.52
SB (%) 0.00 0.00 2.87 5.00| 0.21 0.47 0.60 1.18

SgnfS/ VS +B 0.50 3.66 7.98 3.54| 851| 12.93 9.95| 12.92
Punzi sgnix10* 0.59 4.34| 14.63 5.51| 10.75| 17.80| 13.92| 20.74
SO10D: nevts 7564 3975 116 21| 436 638 295 411
efficiency (%) 100.00| 52.55 1.53 0.28| 5.76 8.43 3.90 5.43
SB (%) 0.00 0.00 3.87 7.00| 0.22 0.57 0.66 1.58

SgnfS/ VS + B 0.55 4.37 9.60 429| 8.92| 15.24| 10.84| 15.87
Punzi sgnix10* 0.54 429| 16.28 6.36| 9.34| 17.91| 12.78| 22.83
FP1: nevts 2150 1329 81 23 219 295 174 210
efficiency (%) 100.00| 61.81 3.77 1.07| 10.19| 13.72 8.09 9.77
S/B (%) 0.00 0.00 2.70 7.67| 0.11 0.26 0.39 0.81

SgnfS/ VS + B 0.16 1.46 7.69 451| 4.70 7.86 6.99 9.69
Punzi sgnfx10* 0.53 493| 39.09| 23.96| 16.13| 28.48| 25.93| 40.12
FP2: nevts 426 243 26 7 50 61 44 48
efficiency (%) 100.00| 57.04 6.10 1.64| 11.74| 14.32| 10.33| 11.27
SB (%) 0.00 0.00 0.87 2.33| 0.03 0.05 0.10 0.18

SgnfS/ VS +B 0.03 0.27 3.47 221| 1.12 1.78 1.99 2.74
Punzi sgnfx10* 0.21 1.84| 25.61| 14.89| 7.52| 12.02| 13.38| 18.72
wnJ nevts 115196 9432 6 0 29 87 16 96
eff (%) 100.00 8.19 0.01 0.00| 0.03 0.08 0.01 0.08

ZnJ nevts 19624 725 0 0 2 3 1 3
eff (%) 100.00 3.69 0.00 0.00| 0.01 0.02 0.01 0.02

ttnJ nevts 18559 3134 17 3 86 128 47 86
eff (%) 100.00| 16.89 0.09 0.02| 0.46 0.69 0.25 0.46

QCD nevts| 185288380| 807170 7 0| 1834 894 380 75
eff (%) 100.00 0.44 0.00 0.00| 0.00 0.00 0.00 0.00

PJ nevts| 1408307| 1557 0 0 4 2 1 0
eff (%) 100.00 0.11 0.00 0.00| 0.00 0.00 0.00 0.00

Total BG nevts| 186850066 822018 30 3| 1955| 1114 445 260
eff (%) 100.00 0.44 0.00 0.00| 0.00 0.00 0.00 0.00
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CET

Table 7.12: Analysis flow for path 6 correspondingie= 100 pb? for signals and backgrounds. Number of RAW events for bamkagis are estimated
from cross sections (since no AllEvents datasets for thiedgvaands are available).

Cut G21 | G24 | SO10A | SO10D | FP1 | FP2 wnJ zZnJ ttnJ QCD PJ All BG
R RAW 25 | 862 | 8425 10215 | 3504 | 1455 | 5.82<10° | 5.7810° | 8.3710* | 2.28<10 | 1.78<100 | 2.40<104
P PDJetMET 25 | 807 | 6817 7564 | 2150 | 426 115196 19624 18559 185288380 | 1408307 | 186850066
H HLT (Acoplanarity trio) 23 | 597 | 3323 3975 | 1329 | 243 9432 725 3134 807170 1557 822018
S1 Er > 150 19 | 342 936 1209 578 | 131 1309 105 614 5839 18 7885
S2 Njets > 5 18 | 329 853 1072 549 | 125 439 36 454 3837 10 4776
S3 Er/Hr >0 18 | 329 853 1072 549 | 125 439 36 454 3837 10 4776
sS4 trkiso=0 15 | 288 760 962 485 | 104 294 11 275 3692 10 4282
S5 | j1EMF> 0.1 A joEMF> 0.1A
S5 | (j1EMF< 09V joEMF<09) | 15 | 285 755 954 480 | 103 284 10 267 3395 8 3964
S6 EEMF> 0.175 15 | 277 738 929 467 | 101 272 9 257 3301 8 3847
S7 (do(ET — MHT) <1 15 | 276 732 922 465 | 100 271 9 254 2979 7 3520
S8 05<Ry<4 14 | 261 657 838 431 93 241 8 217 1658 4 2128
S9 15< Ryl < 4.25 13 | 238 571 735 379 84 198 6 183 988 1 1376
S10 de(jo — Et) > 0.35 13 | 235 561 723 373 83 196 6 180 930 1 1313
S11 do(ji — E1) > 0.3 9 177 397 528 253 54 164 5 135 155 0 459
S12 il < 1.7 9 161 331 438 220 50 117 3 102 82 0 304
S13 Ho/0 < 0.8 A Hz)o < 0.7
AHg)0 < 0.65 9 155 308 411 210 48 96 3 86 75 0 260
Efficiency wrt RAW (%) 36.0 | 18.0| 3.66 4.02 5.93 | 3.30 | 1.65<10°% | 519104 | 1.0x101 | 3.29«10°8 0.00 1.08<10°7
Efficiency wrt PDJetMET (%) 36.0 | 19.2 | 452 5.43 9.77 | 11.3 | 8.33%102 | 1.53«102 | 4.63<10°1 | 4.05¢<10°° 0.00 1.3%104




7.7 Making use of theb triggers

As mentioned, the SUSY signatures of our interest are ri¢h ljets. Therefore using an
effective probe fob-rich signatures could prove very helpful in signal disdriation. CMS
has developed severatagging algorithms where a discriminator is calculated xyl@ting
either the longB hadron lifetimes, or the semi-leptoni® decay modes, or other kinematic
variables related to higB hadron mass and habdragmentation function.

The algorithm with best performance fGMSSW_1_6_X was shown to be the jet proba-
bility algorithm that is based on the lifetime & hadrons, whose discriminator is equal to
the negative logarithm of the confidence level that all theks in the jet are consistent with
originating from the primary vertex. Here the confidenceelés calculated from the signed
impact parameter significances of all good tracks. As an pi@me plot in Figure 7.22 the
2nd jet discriminator and event discriminator for path @&athe final selection, where we
define the event discriminator as tpg weighted sum of all jet discriminators in the event.
The signal excess at high values is obvious for both casesn&kt step would be to put a cut
on the discriminator to distinguidinjets from nonb jets. However the cut decision varies for

each discriminator, is made upon thi@ency and rejection distributions and is dependent

on the nature of analysis.

P6: After HLT, MET>150, #jets= 3, S13 P6: After HLT, MET>150, #jets> 3, S13
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Figure 7.22:b tag discriminators from jet probability algorithm showneathe Fox-Wolfram

cuts (step 13, the final cut). 2nd jet discriminator (left)l @vent discriminator (right). Shown
for path 6.

133



In this study we rather follow a simpler and more robust apphoand exploit thefBect
of b triggers instead. Tables C.1 and C.2 in Appendix C listihidggers implemented in
CMSSW 1_6_X, relevant for the conditions for a physics run at 14 TeV d@hd 10°2 cm2s!
(which also exist in the more recent candidate trigger &btglemented IrCMSSW 2_1_X)
and Table C.3 shows their L1 seetidriggers take the L2 calorimeter information for jets and
find b-tag discriminators using PV, track and muon informationL@®b and L3. Currently
lifetime triggers based on the track countim¢ag algorithm and soft muon triggers based on
the soft muon algoritm are implemented.

We accept a PDJetMET event if it also passes any of the urgleeHe triggers along
with the usual acoplanarity trio requiremeht In other words, we take the intersection of
the acoplanarity trio with the OR of all unprescalettiggers. Table 7.13 shows the change
in final results when thé trigger requirement is added. %40-70 of the signals sunwiiie
respect to the nob-trigger cases, where SO10s, wit 72§ — bbi® decays show the best
performance~ %90 of W + n jets, ~ %50 oftt + n jets and~ %80 of QCD with respect to
non- case are rejected. TI8¢B is increased for all paths. Moreover, the Be-path can be
considered as a more reliable alternative now.

Overall, although thé trigger requirement is not compulsory for our analysisyéagly
improves the finab/B ratios and signal significances. The combined OR approaammufiti-

b trigger requirement seems much mofgagent than a single cut on a single discriminator
since as also seen from Figure 7.22, a single cut would editeia relatiely large amount
of signal. Therefore using thie triggers can be considered as a good alternativefime

b tagging. The improvement can be further optimized by carsig diferent subsets dj

triggers instead of the whole unprescaled set.

7.8 Background estimation from data

In what follows, we try to estimate the background remainafigr all selection cuts via
implementing the so-called "ABCD” method [121]. The prousal starts with choosing two
variables x and y among those used for event selection, van&ls uncorrelated in the case
of backgrounds as possible. After applying all cuts exchpsé on x and y, the remaining
events are histogrammed in the x-y plane. Then one divideg-thplane into four regions

from the values where x and y are cut, and labels the regiarfs that A is the intersection

3 Here we do not make use of afdirentb-specific datastream neither do we combine more than oneprim
datasets, we rather select a subset of PDJetMET events dléd have fired d trigger.
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Table 7.13: Selection results including thérggers requirement for all paths for signal and
backgrounds after thefitine selection. The numbers of events represent 106 pbinte-
grated luminosity.

Point PDJM HLT pathl| path2| path3| path4| path5| path6
G21: nevts 25 23 3 2 3 4 3 4
efficiency (%) 100.00f 92.00| 12.00 8.00| 12.00| 16.00| 12.00| 16.00
S/B (%) 0.00 0.00 0.25 2.00| 0.01| o0.02 0.03 0.06
SgnfS/ VS + B 0.00 0.03 0.77 1.15| 0.15| 0.25 0.31 0.46
Punzi sgnfx10* 0.73| 10.13| 241.74| 320.00| 54.93| 90.62 | 108.70| 162.16
G24: nevts 807 597 32 7 56 80 48 65
efficiency (%) 100.00| 73.98 3.97 0.87| 6.94| 9.91 5.95 8.05
S/B (%) 0.00 0.00 2.67 7.00| 0.14| 0.31 0.53 0.93
SgnfS/ VS + B 0.06 0.66 4.82 247| 2.58| 4.33 4.07 5.59
Punzi sgnfx10* 0.72 8.04| 78.81| 34.23| 31.34| 55.39| 53.15| 80.54
SO10A: nevts 6817 3323 53 9 270 | 348 171 197
efficiency (%) 100.00| 48.75 0.78 0.13| 3.96| 5.10 2.51 2.89
S/B (%) 0.00 0.00 4.42 9.00| 0.65| 1.33 1.88 2.81
SgnfS/ VS +B 0.50 3.66 6.57 2.85| 10.32| 14.10| 10.56| 12.06
Punzi sgnfx10* 0.59 434 | 12.67 427 | 14.67| 23.40| 18.39| 23.70
SO10D: nevts 7564 3975 70 13 292 | 428 191 261
efficiency (%) 100.00| 52.55 0.93 0.17| 3.86| 5.66 2.53 3.45
S/B (%) 0.00 0.00 5.83| 13.00| 0.71| 1.64 2.10 3.73
SgnfS/ VS + B 0.55 4.37 7.73 3.47| 10.99| 16.31| 11.37| 14.35
Punzi sgnfx10* 0.54 429 | 1381 5.09| 13.09| 23.74| 16.94| 25.90
FP1: nevts 2150 1329 42 10 117 162 93 111
efficiency (%) 100.00f 61.81 1.95 0.47| 5.44| 753 4.33 5.16
S/B (%) 0.00 0.00 3.50| 10.00| 0.28| 0.62 1.02 1.59
SgnfS/ VS + B 0.16 1.46 5.72 3.02| 5.08| 7.88 6.86 8.25
Punzi sgnix10* 0.53 493 | 28.49| 13.47| 18.03| 30.89| 28.36| 37.88
FP2: nevts 426 243 16 4 31 39 28 30
efficiency (%) 100.00f 57.04 3.76 0.94| 7.28| 9.15 6.57 7.04
S/B (%) 0.00 0.00 1.33 4.00| 0.07| 0.15 0.31 0.43
SgnfS/ VS +B 0.03 0.27 3.02 1.79| 1.47| 2.25 2.57 3.00
Punzi sgnfx10* 0.21 1.84| 22.15| 11.00| 9.75| 15.18| 17.43| 20.90
WnJ nevts 115196 9432 1 0 2 7 2 6
eff (%) 100.00 8.19 0.00 0.00| 0.00| o0.01 0.00 0.01

znJ nevts 19624 725 0 0 0 0 0 0
eff (%) 100.00 3.69 0.00 0.00| 0.00| 0.00 0.00 0.00

ttnJ nevts 18559 3134 8 1 39 62 22 40
eff (%) 100.00| 16.89 0.04 0.01| 0.21| 0.33 0.12 0.22

QCD nevts| 185288380 807170 3 0 373 192 67 24
eff (%) 100.00 0.44 0.00 0.00| 0.00| 0.00 0.00 0.00

PJ nevts| 1408307 1557 0 0 0 0 0 0
eff (%) 100.00 0.11 0.00 0.00| 0.00| 0.00 0.00 0.00

AllBG nevts | 186850066| 822018 12 1 414 261 91 70
eff (%) 100.00 0.44 0.00 0.00| 0.00| 0.00 0.00 0.00
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of x to be accepted and y to be rejected, B is the intersectionto be rejected and y to
be rejected, C is the intersection of x to be accepted and e tackepted while D is the
intersection of x to be rejected and y to be accepted.

Here Cis the eventually accepted signal rich region whilB And D are the background
rich regions to be rejected, with D having the lowe#8 &atio. Assuming that x and y are
uncorrelated for the backgrounds, for a no signal case, eviegzions could be renamed as
as Ay, Bo, Co and Dy, we would haveAqg/By = Cpo/Dg. Including the signal obscures the
equality, however due to the relatively high amount of backgd in A, B and D, one could
approximate the relation t8/B ~ Cy/D. Therefore, the number of background evetgsn
the signal region C, which actually is the number of backgdsuremaining after all cuts, can
be estimated to be (A/B)D.

We choose the leading jet as the y variable, since iti@rs a distinct signal-background
seperation besides being relatively uncorrelated witbrotariables, and examine it versus all
variables that directly aim to eliminate SM backgroundsnaly 1, jet multiplicity, Et/Hr,

R2, Ry1, do(j» — Et) andd¢(j — Et)min. We do not consider cuts used for eliminating
detector &ects or machineosmic backgrounds. We primarily apply the ABCD method on
the selection including thé triggers requirement, but we also consider the case with no
b triggers for the sake of investigating théext of an increased statistics on background
estimation as well as the case including b triggers plus fhenarity requirements for the
sake of investigating theffect of an increase8/B ratio on background estimation. We try to
find the optimum variables to use for each of the six seleqiaths.

Table 7.14 shows the results of background estimation Wit 100 pbt where for
each path the numbers are displayed for the variable that dghe overall best estimation
considering all signals. There S and B are the true signabacliground whileSg and Bg
are the estimated signal and background. We check the sagolbackground estimation
efficiencies by looking aBg/S andBg/B as well as comparingS(+ B)/B with (S + B)/Bkg.
Furthermore we introduce the background estimation biasigmficance defined a%ES;TBB
which gives in sigmas the significance of the backgroundredion error. Then the signed

ratio of background estimation bias on significance to digigmificance

Be - B S Be - B
/ = (7.11)
VS+B VS+B S

can be defined as a robust parameter to quantify the estimpiggity. For example, in a case

whereBg/B is relatively high, ifS/Bis much higher, an excess in background estimation will
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Table 7.14: Background estimation results foffelient selection paths includingtrigger
requirement forl = 100 pb! using variables that optimize the estimation for all signal

Be Se S+ S+B Se Be—-B Be—B
S+B| B B | T | ¥ | % |5 [wslves| s

Pathl | Er — Jalnl
G21 14 11 0.30] 3.35] 1.30 [4.26] 0.87 [ -2.04] -2.35
G24 43 11| 7 | 062] 1.13 | 3.90 | 6.27| 4.90 | -0.64| -0.13
SO10A| 65 11 | 21 |191| 0.81 | 580 | 3.04| 6.65 | 1.26 | 0.19
SO10D| 82 11 | 34 | 3.05| 0.68 | 7.32 | 2.40| 7.80 | 253 | 0.32
FP1 53 11 | 16 | 1.40| 0.89 | 4.77 | 3.41| 5.76 | 0.61 | 0.11
FP2 27 11 5 1045| 1.38 | 245 | 546| 3.10 | -1.17| -0.38
Path2 | Et — jalnl
G21 3 1 1 7038] 141 ] 250659 1.10 | -0457] -0.41
G24 9 1 1 |1.05| 0.99 | 6.46 | 6.13| 2.49 | 0.02 | 0.01
SO10A| 11 1 4 | 325| 068 | 797 | 245| 2.86 | 092 | 0.32
SO10D| 14 1 5 |352| 0.74 | 10.64| 3.03| 3.42 | 0.89 | 0.26
FP1 11 1 3 | 2.02| 086 | 836 |4.13| 295 | 0.41 | 0.14
FP2 6 1 1 [0.72| 1.09 | 420 | 5.87| 1.81 | -0.16| -0.09
Path3 | Er/HT — jilyl
G21 418 1415]370]0.89] 13.96] 1.01 ] 1.13] 0.17 | -2.18] -12.96
G24 471 | 415|385|0.93| 153 | 1.14 | 1.22| 259 | -1.38| -0.53
SO10A| 685 | 415|500|1.21| 0.68 | 1.65 | 1.37| 10.33| 3.27 | 0.32
SO10D| 706 | 415|522|1.26| 0.63 | 1.70 | 1.35| 10.97| 4.02 | 0.37
FP1 532 | 415| 424| 1.02| 092 | 1.28 | 1.25| 5.08 | 0.41 | 0.08
FP4 446 | 415|377 0.91| 2.19 | 1.08 | 1.18| 1.49 | -1.77| -1.19
Path4 dp(] — Ex)min — Jalnl
G21 265 [261[2377091] 6.84 ] 1.02 1127 0.26 [ -151] -5.84
G24 341 | 261|258|0.99| 1.04 | 1.30 | 1.32| 4.31 | -0.18| -0.04
SO10A| 609 | 261|382|1.46| 0.65 | 2.33 | 1.59| 14.09| 491 | 0.35
SO10D| 690 | 261 | 409| 1.57| 0.66 | 2.64 | 1.69| 16.31| 5.63 | 0.34
FP1 423 | 261 299|1.14| 0.77 | 162 | 1.42| 7.88 | 1.82 | 0.23
FP2 300 | 261|248| 0.95| 1.34 | 1.15|1.21| 2.25| -0.77| -0.34
Path5 | Not possible
Path6 dé(] — Ex)min — Jalnl
G21 74 70 1 27 1038 11.32] 1.06 | 2.77] 049 | -5.027 -10.32
G24 135 | 70 | 36 | 0.52| 152 | 1.93 | 3.72| 5.61 | -2.90| -0.52
SO10A| 267 | 70 | 82 | 1.17| 0.94 | 3.81 | 3.26| 12.05| 0.72 | 0.06
SO10D| 331 | 70 | 97 | 1.38| 0.90 | 4.73 | 3.42| 14.35| 1.47 | 0.10
FP1 181 | 70 | 53 | 0.76| 1.15 | 2.58 | 3.40| 8.22 | -1.27 | -0.15
FP2 100 | 70 | 31 | 0.44| 229 | 1.43 | 3.22| 3.02 | -3.89| -1.29
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not have a drasticfiect on the signal discovery. Contrarily, in a case where #ekdpround

is closely estimated, if th&/B is low, the estimated background could be in the range of
statistical fluctuations of signal, hence making the discpwifficult. This ratio is especially
useful in judging the estimation power of a variable wherhsterses are considered.

For an ideal background estimator variable on a path we weuwjdest for each signal to
have a ratio less than 0.50, while in order to guarantee aWdssitiscovery, signal significance
should be 3 sigmas greater than the background estimatsrslgnificance. We would natu-
rally prefer background overestimation to underestinmatithat is, a positive ratio - in order
to prevent false signal discoveries. However if the sigimadiicance is huge, one could allow
for a ratio down to -0.25. The results in Table 7.14 nearly plyrwith this criteria except for
the low cross section scenarios G21 and FP2, which alwaysresiimate the background.
The SO10s have acceptable ratios for all paths, which aresamtally better when using
other variables, but the current selection was optimizgdnding all signals, especially G24
and FP1.

In essence, best performing variables are the ones thanatenthe most BG and the
least signal. In this senseffectiveness of a variable on a benchmark depends most on the
gluino mass (hence the cross section) and)(t%enéss (hence thEy amount). Et versus
1st jet|n| performs best for the higkt benchmarks (G2s and SO10s) siriee is the most
effective cut in this case. For the high cross sectionffambenchmarks, angular cut variables
R2,R.1, d¢(j2 — E1) anddé(j — Et)min Versus 1st jely| give better estimates because in this
case angular variables are the main actors in eliminatiadtiye QCD backgrounds since a
high E1 cut cannot be used.

Regarding the relation of paths and variables, we seeHhatersus 1st jetn| works
best for the highEr paths 1,2 and 6, since it is the best discriminator in thedlyais flows.
E+/Ht also gives good results. Then for the no or modeBatepaths 3,4 and 5, variables
R2,Ra1, dg(jo — Et) or dep(j — E1)min VErsus 1st jely| perform a better estimation because
here we mostly rely on these angular cuts while eliminatieg®CD background with fake
Er. We note that despite its high fing)/B ratios, no variable was able to make an overall
acceptable estimation for path 5. On the other hand, thEnpath 3 yields a remarkable
background estimation despite the high background con&tion remaning after final selec-
tion. Generally the best performing variables with 1stijeare seen to b&y, Et/Ht and
da(j — Er)min-

One can further comment on the method’s performance by congpthe estimation
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errorsBg — B with the statistical and systematic uncertainties catedlan the next section
and presented in Table 7.16. For Path 1, background untgriai~ 5 events. Estimation
error is greater than this for four signals, but since thekgaaund numbers are small, only
significant diterence is in SO10D and creates a false negative change ingtied. sAlso
for path 2 the number of background events is small and tlma&sdn errors become more
unimportant. Path 3 has an uncertainty of 40-50, which igesed by the estimtion errors
in two SO10s, leading to signal underestimation. For pathi éstimations are within the
uncertainties. Path 6 has a background uncertainty of 2@mé&ion exceeds this in three
cases, always doing an underestimate of background, whactifests itself as excess signal.
However this is compensated by a high signal significandaedifigher cross section scenarios
as seen from the finaBg — B)/S result.

Table 7.15 then presents some alternative cases that dcivineh b triggers are ne-
glected or bothb triggers and aplanarity are required. Adding the aplaypaetuirement is
a possibility for path 1, which leads to better ratios for GZ#®l FP2. On the other hand,
relaxing theb triggers improves the ratios remarkably well for path 2. Agaohe two alter-
natives considered for path 3, the barigger case wittdg(j — Et)min improves estimation
with G24 and FP2, while the second possibility featurid yields nearly exact estimation
for the SO10s. Path 4 withobttriggers presents the possibility to UR2. Moreover, relaxing
theb triggers also opens up two possibilities for path 5, throlgtandde( j» — E), although
FP2 ratio is still below -1. Finally, if aplanarity cut is csidered for path 61 gives much
better estimation for G24 and FPs while keeping the SO16gati 0.21.

To illustrate the estimation procedure in more detail, wat i Figure 7.23 the 1st jet
Inl versusdg j — Et for SO10A and total background after a path 6 selection dioty the
b triggers and mark the A, B, C, D regions. Furthermore, to erthe non-correlation of
do(j — E1)min With 1st jet|n|, Figure 7.24 showd¢(j — E1)min distributions for signals and
backgrounds in dierent|s| bins having O< || < 0.42, Q42 < || < 0.85, 085 < || < 1.7 and
1.7 < |n| < 3 again for the same path. The non-correlation for the backgts means that
the ratiod¢(j — E1)min > 0.3/d¢(j — E1)min < 0.3 should be constant for any value|gfffor
the backgrounds, which is equivalent to the statemgpBy = Co/Dg. To see this, we plotin
Figure 7.25d¢(j — E1)min > 0.3/d¢(j — E1)min < 0.3 versus 1st jgi| for total background and
total S + B for each signal, where we considér= 1 fb! to reduce the statistical fluctuations.
Total background is a constant within the errors, while agdhe signals on top leads to

higher ratios in the signal regions.
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Table 7.15: Background estimation results using alteraatariables for dterent selection

paths given forZ = 100 pb.

Be SE S+B S+B Sg Be—B Be—B
S+B] B | Be [ ¥ | B 5 [l wsl s

Pathl [ altl: FEt — Jinl, btriggers+ aplanarlty requwed
G21 11 8 3 [037] 2781135364 088 ] -1.57] -1.78
G24 37 8 6 |0.73] 1.08 | 4.40|6.01| 4.72 | -0.37| -0.08
SO10A| 53 8 20 | 2.33| 0.74 | 6.22| 2.67| 6.09 | 1.55| 0.26
SO10D| 66 8 28 | 3.32| 0.66 | 7.86| 2.37| 7.11 | 241 | 0.34
FP1 45 8 17 | 195| 0.78 | 5.34| 2.73| 546 | 1.20 | 0.22
FP2 23 8 5 1061 1.22 | 2.75| 4.47| 3.07 | -0.68 | -0.22
Path2 | altl: FEt — Jilnl, without b triggers
G21 8 3 1 10247 1.60[22779.40] 1557 -0.92 -0.60
G24 22 3 3 |1.03| 099 | 6.51|6.32| 397 | 0.02| 0.01
SO10A| 19 3 4 |121| 095 |556|459| 3.55| 0.16 | 0.05
S0O10D| 25 3 5 |1.45| 093 | 7.35|5.06| 430 | 0.31 | 0.07
FP1 26 3 4 |133| 095 | 7.74|580| 445 | 0.22 | 0.05
FP2 11 3 1 |043| 1.26 | 3.14| 7.24| 2.22 | -0.59| -0.26
Path3 | alt1: d¢(j — E1)min — jalyl, Without b triggers
G21 1962 | 1955 1923 0.98] 548 [ 1.00] 1.02| 0.16 | -0.71| -4.48
G24 2079 | 1955| 1971| 1.01| 0.87 | 1.06| 1.05| 2.72 | 0.36 | 0.13
SO10A | 2369 | 1955| 2139| 1.09| 0.56 | 1.21| 1.11| 852 | 3.78 | 0.44
SO10D| 2390 | 1955| 2147| 1.10| 0.56 | 1.22| 1.11| 891 | 3.93 | 0.44
FP1 2179 | 1955| 2036| 1.04| 0.64 | 1.11|1.07| 479 | 1.73 | 0.36
FP2 2004 | 1955| 1946 1.00| 1.18 | 1.03| 1.03| 1.11 | -0.20| -0.18
Path3 | alt2: Ry1- Jiln
G21 418 | 415 276 [ 0.66] 41.4471.01| 1.52] 0.17 | -6.79] -40.44
G24 471 | 415 | 294 | 0.71| 3.14 | 1.14| 1.60| 259 | -5.54 | -2.14
SO10A| 685 | 415 | 417 | 1.01| 0.99 | 1.65| 1.64| 10.33| 0.10 | 0.01
SO10D| 706 | 415 | 435 | 1.05| 0.93 | 1.70| 1.63| 10.97| 0.75 | 0.07
FP1 532 | 415 | 331 | 0.80| 1.71 | 1.28| 1.60| 5.08 | -3.61| -0.71
FP2 446 | 415 | 284 | 0.68| 5.16 | 1.08| 1.57| 1.49 | -6.19| -4.16
Pathd | alt1l: R2- j;[n|, without b triggers
G21 1123 ] 11141 1108 0.99] 1.68 | 1.01| 1.01| 0.26 | -0.17] -0.68
G24 1293 | 1114 1152| 1.03| 0.79 | 1.16| 1.12| 4.97 | 1.05| 0.21
SO10A| 1637 | 1114 | 1334| 1.20| 0.58 | 1.47| 1.23| 12.94| 545 | 0.42
SO10D| 1752 | 1114| 1374| 1.23| 0.59 | 1.57| 1.28 | 15.25| 6.21 | 0.41
FP1 1409 | 1114 1209| 1.09| 0.68 | 1.26| 1.17| 7.86 | 253 | 0.32
FP2 1174 | 1114 1123 | 1.01| 0.86 | 1.05| 1.05| 1.77 | 0.25 | 0.14
Path5 | alt1l: FEt — Jin], without b triggers
G21 452 | 445 ] 359 [ 0.81] 13.53]1.02] 1.26] 0.33 | -4.08] -12.53
G24 552 | 445 | 378 | 0.85| 1.63 | 1.24| 1.46| 4.55 | -2.87 | -0.63
SO10A| 710 | 445 | 464 | 1.04| 0.93 | 1.59| 1.53| 9.94 | 0.71 | 0.07
SO10D| 741 | 445 | 469 | 1.05| 0.92 | 1.66| 1.58| 10.85| 0.87 | 0.08
FP1 620 | 445 | 403 | 090| 1.24 | 1.39| 1.54| 7.00 | -1.71| -0.24
FP2 489 | 445 | 365 | 0.82| 2.84 | 1.10| 1.34| 1.98 | -3.66| -1.84
Path5 [ alt2: d¢(j» — Et) — j1inl, without b triggers
G21 452 1 4451 382 [ 0.86[ 10.17] 1.02| 1.18] 0.33 [ -2.99] -9.17
G24 552 | 445 | 422 | 0.95| 1.22 | 1.24| 1.31| 455 | -0.98| -0.22
SO10A| 710 | 445 | 521 | 1.17| 0.71 | 1.59| 1.36| 9.94 | 2.85 | 0.29
SO10D| 741 | 445 | 526 | 1.18| 0.73 | 1.66| 1.41| 10.85| 2.96 | 0.27
FP1 621 | 445 | 487 | 1.09| 0.76 | 1.39| 1.27| 7.04 | 1.67 | 0.24
FP2 489 | 445 | 397 | 0.89| 2.10 | 1.10| 1.23| 1.98 | -2.17| -1.10
Path6 | alt1l: FEt — Jiinl, b triggers+ aplanarity require
G21 51 a7 22 10477 789 11.087232] 051 ] -355] -6.89
G24 104 | 47 33 | 0.69| 1.26 | 2.18| 3.16| 5.52 | -1.44| -0.26
SO10A| 203 | 47 80 | 1.69| 0.79 | 4.29| 2.53| 10.94| 2.31 | 0.21
SO10D| 257 | 47 92 | 193] 0.79 | 543|2.81| 13.09| 2.76 | 0.21
FP1 139 | 47 48 | 1.02| 0.99 | 2.94| 2.88| 7.79 | 0.09 | 0.01
FP2 74 47 26 | 055| 1.80 | 1.56| 2.84| 3.10 | -2.48| -0.80
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Figure 7.23: 1st jely| vs dg(j — Et)min for SOL0A (left) and total background (right) for path
6 with b triggers, excluding the cuts o€ — Et)min and 1st jet;. A, B, C, D regions are

shown.
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Shown for path 5+ b triggers, excluding the cuts o — E1)min and 1st jet;.
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P6 + B triggers, L = 1fb™
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Figure 7.25: dé(j — E1)min > 0.3)/(do(j — E1)min < 0.3) ratio versus 1st jefi| for true
background and + B for all signals. Shown for path & b triggers excluding the cuts on
de(j — E1)min and 1st jety, with £ = 1 fb~2.

Finally Figure 7.26 shows distributions 8f+ B, true background and estimated back-
ground for all six signals. For G2&;r was used with path 2 withotittriggers, and the results
are shown for = 1 fo~1, though£ = 100 pb! would as well be sfiicient for G24. For
the SO10s, results fag(j — Et)min With b triggers along path 6 are shown while for FPs
E+ results for path 6 wittb triggers and aplanarity can be seen. All cases present a good
agreement between true and estimated backgrounds.

We note however that the low cross section benchmarks (ldeead@d FP2) always give a
background underestimation. In a more generic sense itegmsthat the estimation variables
which work best within presence of signals underestimagebi@aickground when they are
exercised for the no signal case. To trace the reason, wembased the total background and
studied the estimation of its individual components in theeace of a signal. We found that
QCD is the best estimated background #nen jets is the worst estimated background. This
is becausét + n jets is more signal-like and less uncorrelated ttSen jets-rich background
rather acts likeS + B and the ABCD method estimates a lower background. Conséyguen
no or moderatdtr paths 3,4 and 5 perform a better estimation for no signal siase their
backgrounds are QCD-dominated while hih paths 1,2 and 6 lead to underestimation
since their backgrounds are dominatedtby n jets. In case a signal excess is observed, one

needs to do complementarity checks usinjedent paths or variales to study its true nature
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Figure 7.26: Distributions db + B, true background and estimated background versus 1st jet
In| for all six signal benchmarks. where estimation for G2s, @0dnd FPs are made using
different variables and for flerent paths. For GZ&t was used on path 2 withobttriggers,

for SO10sd¢(j — E1)min Was used on path 6 includirmtriggers and for FPEt was used on
path 6 includingo triggers and aplanarity.
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in order to avoid fake signal discovery. The+ n jets background underestimation can be
cross-checked using the Idr paths 3,4,5 and the angular variables, that are orthogonal i
terms of background prediction (i.e. they give a more maedvackground estimation in the
presence of signal). This would provide a cross-validatibthe excess.

The ABCD method is a simple and rudimentary technique fokfamind estimation
that can provide data-driven background estimated for efitte benchmarks. In the absence
of collider data the current study on Monte Carlo is a firgtatien and the technique can be

developed already with the first LHC data at 10 TeV in the faR@09.

7.9 Hffects of uncertainties

Finally we study the fects of statistical and systematic uncertainties on theodesy poten-
tial of the scenarios. We take the error on a Poisson disioibuy/N, as the statistical error
where N is the number of events. For the systematics, wedensie contributions from two
effects. First we study the variation caused by thieat of jet energy scale uncertainty (JES)

where the jet 4-vector is scaled with the addition of an uiadety, such that

(pj'let)scaled: 1+ 5)(p(jlet)measured (7.12)

Here we implement a JES uncertainty«6 and record the number of resulting signal and
background events after%5 and+%?5 variation for all paths after final event selection in-
cludingb triggers.

As a second source of systematics we take the variation dEthils due to the con-
tributions from jet mismeasurements. As was studied eaniermally a perfect detector
response for jets with a certapr would result in a Gaussian distribution around the true
value. However imperfections in the detector, such as tleosated by uninstrumented or
poorly functioning regions will lead to non-Gaussian irages in the downward going tails,
resulting in undermeasured jets. Furthermore, contobgtirom pile-up or underlying events
which would coincide to the jet cones will create a similan+®@aussian féect in the upward
tails, hence resulting in overmeasured jets. Both undesorements and overmeasurements
will directly effect the total missing energy, creating a contribution whidhespecially be
visible at the tails.

We try to see the variation it tails through an exaggerated simulation of the under and

overmeasurementiects. For each event we consider a simultane®as undermeasurement
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Figure 7.27: Hect of event-averaged jet over and undermeasurements o thails

calculated as described in the text for QCD (left) and SO#tighAf). Results shown for
6 =5,10,15.

on the 2nd jet and a+%0 overmeasurement on the 1st jet. The implication is suchttiead;
of the 1st jet is taken, and a randqup value is selected from the upward half of a Gaussian
with mean p%l and width |5p%1| while simultaneously thepr of the 2st jet is taken, and a
randompr value is selected from the downward half of a Gaussian Wit!sumpaé2 and width
|5pjT2|, thus taking an average on the event basis. The resultimafieais in the 1st and 2nd jet
prs are then summed up and added tolkeand the event selection is applied on this new
set of modified objects.

Figure 7.27 shows the reflection of non-gaussian tails imjstneasurements to tle
tails for 6 = 5,10,15 for QCD (left) and SO10A (right). QCD tails are vastlffexted due
to the fact that QCLEy totally results from mismeasurements while on the othedttae
impact on SO10 tails is mild since this scenario posessegtruFor the systematics we take
into account the case with = 5, sinces = 10 and 15 would be unrealistically large for a
controlled detector.

When finding the systematic uncertainty on the number of tsyeve treat the upward

(+) and downward (-) uncertainties seperately and calcutheen tas

ANgt = ANJgg,5) ® ANJeg 5y ® AN cirairs) (7.13)

ANt = ANjeg 5y @ ANjEg_5) @ ANpettais) (7.14)

where

4 Here undermeasuremerffext is applied only if after th@; decrease 2nd jet still stays as the 2nd jet
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AN; = Nx_ N, fOI’ Nx > N

AN} =0, for Ny <N
AN; = N - Nx, fOI’ Nx < N
ANy =0, for Ny > N.

Table 7.16 lists the resulting statistical and systemaietiainties on signal and background
events where the systematic uncertainty on total backgr@ithe sum in quadriture of the
individual background components.

We next consider the impact of these errors on significancefiad the significance
error through a MC study as follows: For each try i, we caltla number of signal and
background eventsliS and NiB by adding upN' selected from a Poisson distribution plus a
random systematic error selected from a asymmetric gausegiatered at O which has the

asymmetric systematic errors as widths, such that
N' = (Poissonkl))' + (Gaus(ONy,, Nii,)'. (7.15)

Foreachi, a significancH‘S/ A /Nis + N‘B is found. The significance then is given as the mean
of all values fromi = 0,..n and the error on significance is given by the RMS. In Figur&7.2
we show the significances with errors versus gluino masshi®risix scenarios and the six
paths, also showing the errors computed. We also perforntofitee functionx = a/yP.
Highestmy reach for a & significance is provided by path 6 and~§50 GeV. Path 2 does
not dfer a 9 significance for anyng, but this can be improved fof = 1 fbL.

We finally compute the integrated luminosity necessay taeaehtr-, which is given as
L(50) = 2500/sig(100 pbt)?) along with the error on this luminosity which is found by
propagation of errors to b&£(5¢) = | — 5000/sig(100 pbr1)3)|Asig(100 pbt). Resulting
luminosities are displayed in Figure 7.29 and a fit is perfanthis time to the function
y = ax’. The plots except path 1 and 2 do not show G21 due to its veryctoss section
which results in extreme uncertainties. On the other ha@d,08 show a remarkable behavior
and require only 20-30 pB except for path 2.

To conclude, we can say that gluinos with masses up to 1 Te\aeressible at the
LHC with over 5 significance for 50-100 ft# corresponding to a 3-5 year running with
£ = 2x10® cm?s1. High Et paths would be necessary to distinguish the cases with
Msq > 700 GeV while formg < 700 GeV all proposed paths serve well fora 8iscovery

with luminosities less ther1 fb~1, providing results within the first year.
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Table 7.16: Statistical (first) and systematic (secondrermon signal and background events after cuts (includimiggers) for the six paths. Systematics
consist of %5 JES uncertainty and %5 event averdgethil uncertainty.

pathl path2 path3 path4 path5 path6
G2l 37700 | 21400 31700 45000 31700 43000
G24 32270 | T3NS 567259 805530 4885 30 655130
SO10A | 5373770 | 9730'15 | 2707er'55p | 3487gitasy | 17ISYSR0 | 197340 0%
SO10D | 70'g7'i%5 | 1373830 | 2923777559 | 4287071555 | 19135'5%0 | 261103
FP1 42°92'00 | 10°35'55 | 1A7gg'e0 | 1629577150 9308 50 | 111'702'15%
FP2 16%0%0 | 43010 | 318¢%0 3976510 283350 307315
WnJ 1760 0"55°00 21250 738 10 21330 6:32' %6
ZnJ 0"50°00 0"55°00 0"50°00 0"55°00 0"50°00 0"50°00
ttnJ 89870 | c'o0 | 39%3'50 6273 100 225740 408376
QCD 31710 0'00'00 | 373793578 | 192733556 | 67557360 2473986
PJ 050 00 0"50"00 050 00 050 00 050 00 050 00
Total BG | 123257 | 1'ig'go | 41475037307 | 261380750 | 91geias [y
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Figure 7.28: Signal signiicanc®/ VS + B corresponding to an integrated luminosity of 100
pb! versus gluino mass, showing all the signals for all pathiding significance errors
whose calculation was described in the text. Also shownreedsults for fits to the function
y = a/x0.
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Figure 7.29: Integrated luminosity required for@ 8igniicance versus gluino mass, showing
signals for all paths including luminosity errors whoseca#dtion was described in the text.
G21 is not shown for lovt paths due to its extreme errors. Also shown are the results fo
fits to the functiory = ax’.
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CHAPTER 8

CONCLUSIONS

The successful turn-on of the LHC (though followed by a techindelay...) has finally sig-
naled the start for a new era of discovery. But the long tina thok for experiment to lift
the energy reach by 12 more TeVs has bedhcsent for theorists to come up with more and
more scenarios as candidates for observation. The divievgelty of candidates may seem
frustrating, but still, one can take hints from deficits af tBM, requirements for a consistent
phenomenology and guidence of the perception of an ultithatery to converge on a special
subset as favored solutions.

Here we conclude that supersymmetry with (very) heavy ssaad light-to-moderate
gauginos is a viable scenario. Such a phenomenology isqubimiit in consensus by (at
least) three scenarios withffrent descent: the /GMSSM, a low energy limit of M theory
with consistent real world predictions (which is a rare it a string-inspired model); the
simple SO(10) SUSY GUTSs, a robust unifier of matter fields,gdigo fields as well as GUT
scale Yukawa couplings; and the focus point MSUGRA, anradtere supplier of naturalness
with considerable phenomenological virtues. Furthermitre consensus is supported by the
presence of a consistent dark matter candidates.

The G-MSSM phenomenology was already at hand, thanks to Kam, 8b we started
with SO(10) SUSY GUTSs, and to justify that they actually léacduch a mass hierarchy, we
performed extensive Markov Chain Monte Carlo (MCMC) scahthe MSSM parameter
space, looking for trademark Yukawa-unified and WMAP-cotitpha scenarios. We found
that excellent Yukawa unification indeed occurs for muéiVTscalars, light gauginos and a
X7 slightly above the current LEP2 limit, and these models aresistent with the Baggeat
al. boundary conditions foz > 0 which we can re-state & = 2mf, = 4mf, andAg < 0.

The MCMC also discovered a new class of solutions witg ~ 3—4 TeV, where neutralinos
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annihilate through the light higgé) resonance. But these low values fofg typically lead

to Yukawa unification at the %5-10 level at best. The bettéfiachpoints resulted in a
neutralino relic density 16 10* times the amount measured by WMAP. To reconcile these
solutions we suggested that neutralinos are not the lighgesticles, but they could instead
decay to axinos.

Starting from there we proposed a candidate dark mattertaibakith tree ingredi-
ents: axion dark matter produced via vacuum mis-alignmemthe QCD phase transition,
non-thermally produced axinos fropgfl’ "— &y decay which are likely warm dark matter
whenmy < 1 GeV, and thermally produced axinos which are likely coldkdaatter unless
my <~ 100 keV. Since present observations favor a Universe withdark matter, we consid-
ered cases with either dominant axion or dominant axino daté matter. For four scenarios
defined by the choice of Peccei-Quinn symmetry breakingesigaN and percentage axion,
thermal axino and non-thermal axino abundances we cadécltae thermal re-heat temper-
atureTr. We saw that all SO(10) scenarios easily givebelow the limit imposed by the
gravitino BBN problem. But the non-thermal leptogenesisference offg > 10 proved to
be more coercive. Solutions with < 2x10' GeV were found dficult to generate at highg
since that case favorss < 100 keV and thus leads to warm axino dark matter. Increaking
to and beyond %10 GeV allows finding consistent solutions witihg ~ 10 TeV. We further
investigated the case with a tiny axion relic abundance dwetidental vacuum allignment
plus dominant cold and warm axino dark matter contributiatsch also provided favored
Tg solutions withmg < 100 keV in the 5< myg < 12 TeV range. In the end we showed that
excessgg’ relic density does not constitute a cosmological catabt¥dpr the SO(10) SUSY
GUTs.

The focus point mMSUGRA is generally considered fiililt scenario for the LHC. We
guestioned this by making a deep search in the mMSUGRA pagarmgace using again the
MCMC, aiming at focus point scenarios that have a low-to-arate gluino mass. Espe-
cially varying Ag led to many new and consistent regions. We were able to conveitbp
two feasable types of solutions for the LHC which optiming and Mo to achieve higher
reach. First option features a lawg ~ 500 GeV that enhanceg§ production, but it has the
disadvantage of a Iowg;g ~ 60 GeV which leads to less missing energy and makes signal
discrimination dificult. Second option features heavier gluinos wigh~ 650 GeV that have
lower §§ production cross sections, but also heavier neutralinds m)gg ~ 80 GeV which

can generate more missing energy and thus make signalndisation easier.
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Equipped with all this, we aim for the LHC reach of supersyrmnwith heavy scalars.
The six benchmarks chosen from the three models with scsgreestered from LHC physics
have gluinos at the mass range 400-1000 GeV which dominadettay to 3-body modes
crowded with bottoms and tops. Th)ggs”anclﬁs, with masses 100 GeV also make 3-body
decays (except in G21) to hadronic and leptonic states. Ould either take the leptonic or
hadronic paths. We took both.

The leptonic case was only investigated for the SO(10)s atidamoy detector simu-
lation. It was shown that signal should be easily visiblevabtine SM backgrounds in the
> 4 jets+ > 3 leptons channel, even without using e variable, for~1 fb~! of integrated
luminosity. Furthermore mass edgegl ™), m(bt;) and m(bBI*I‘) along with total cross
section rates (which depend sensitively on the valuegfshould allow for sparticle mass
reconstruction ofry, Meo andmﬁ to O(%10) accuracy for 100 fo ! of integrated luminos-
ity. The gluino pair production signal can be complementgdibother signal in the clean
trilepton channel frorr,yf)}g — 3l + K, which should also be visible for higher integrated
luminosities around-5-10 fbol. The dilepton and trilepton channels can also be applied to
the focus point searches, since light gaugino producti@hgaugino decays to leptons occur
in similar rates. However focus points are further obscimgteptonic decays of the heavier
gauginos, which are lighter and more accessible at the LHIS. &Be diferent in the sense
thaty?s are degenerate wift§, andy® decays lead to states involviMs or yss.

On the other side G2s, SO10s and FPs fi#raan inviting feast of hadrons to which we
eagerly joined through an all inclusive jet§t analysis with the full simulation of the CMS
detector.

Aiming for a simple and robust approach for 100-hbwve made extensive use of trig-
gers. We showed that triggers built upon jet &drequirements, specially the subset based
on the acoplanarity requirement reduced the backgrountisaaise, giving us a good head
start. Next we designed six prototype all-hadronic sedecpaths with dierent jet multi-
plicities, E1 and 1 /Ht in order to create alternatives to serve a complementargtséar
a signal excess. Then we refined the paths, using the "indepton veto” technique for
leptonic background rejection plus a specialized set otimgcuts designed to distinguish
E+ mismeasurements for QCD rejection. We further applied lempentary cuts on 1st jet
In] and event shapes. These selections alredidyenl significant discovery, but there was
still room for tuning. The richness ibs andts dfered a distinct opportunuty, and we took it

by implementingb triggers which proved to be a more powerful tool than the yebigous
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and analysis-dependenffline b tagging while cleaning the QCDW + n jets andtt + n jets
remnants.

For a more realistic interpretation of results, we exectidata-driven background esti-
mation via ABCD method and checked th&eets of systematic uncertainties that arise from
jet energy scale and variationsHis tails due to jet mismeasurements. In the end we showed
that gluinos with masses up to 1 TeV are accessible at the LitCower 5 significance for
50-100 fbr! corresponding to a 3-5 year running with = 2 x 1033%cn?s™. Significance
S/ V'S + Bwas found to be inversely related to gluino mass /48g)?, which stood coherent
with the behavior ofij cross section. Consequently luminosity fer 8iscovery was seen to
behave like |(ng)b. Cases with heavy gluinos whearg > 700 GeV need the hight selection
paths to stand out more significantly, while for cases wigh< 700 GeV all paths serve well
in achieving a & discovery with luminosities less theil fb~!, providing results within the
first year.

But this is just a humble beginning. Phenomenological natitvm and experimental ac-
cessibility praise SUSY with heavy scalars as a possibleas® Still, on the phenomenol-
ogy side one must look into other models with similar pradits and map a more complete
parameter space with a better defined set of signatures.exgerimental side, one must re-
fine the selection to improve the gluino mass reach espgtigilaking into accouritb and top
physics; enrich the scope of observables; combine and aempsults from dterent paths
coherently to achieve quantitive information on the digsggyand find a comprehensive way
to combine full signal and background kinematics frorffatent channels, paths and mea-
surements to devise a way to distinguish the origins of sypemetry with heavy scalars, in
case it is discovered.

We hope LHC will soon be there to guide us.
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APPENDIX A

PDJetMET TRIGGERS

After the L1 and HLT algorithms are applied, CMS data is gplib primary datasets (PDs)
for a more dicient manipulation. The analysis in Chapter 7 uses PDJetMEi¢h is an OR

of 19 trigger selection paths based on jet &#jdhresholds. These triggers are defined for the
CSAOQ7 exercise and implementeddMSSW_1_6 X, relevant for the conditions for a physics

run at 14 TeV andC = 10°? cm2s71 [113]. Tables A.1 and A.2 list the complete PDJetMET
triggers.
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Table A.1: Information on triggers that define PDJetMET - 1

HLT L1 L1 L1 L1 HLT HLT HLT HLT
path path obj | trsh | prscl obj thrshid prscl rate
HLT1jet L1.Singlelet150 | ljet | 150 1 ljet 200 1 93+01
HLT2jet L1.Singlelet150 | ljet | 150 | 1 2jets 150 1 106+ 0.0
L1 Doublelet70 | 2jets| 70 1
HLT3jet L1 Singlelet150 | ljet | 150 | 1 3jets 85 1 75+0.1
L1 Doublelet70 | 2jets | 70 1
L1 Triplelet50 | 3jets | 50 1
HLT4jet L1 Singlelet150 | ljet | 150 | 1 djets 60 1 39+01
L1 Doublelet70 | 2jets| 70 1
L1 TripleJet50 | 3jets | 50 1
L1_QuadJet40 djets | 40 1
HLTIMET L1 _ETM40 MET | 40 1 MET 65 1 49+ 0.7
HLT2jetAco L1.Singlelet150 | ljet | 150 1 2jets 125 1 1.4+0.0
L1 Doublelet70 | 2jets | 70 1 jet-jet | 0.0<dp <21
HLT1jet1METAco | t1_SingleJetl50 | ljet | 150 1 ljet 100 1 16+0.0
MET 60
Jet-MET | 0.0<dp <21
HLT1jet1MET L1.Singlelet150 | ljet | 150 1 ljet 180 1 22+0.1
MET 60
HLT2jet1MET L1.Singlelet150 | ljet | 150 1 2jets 125 1 10+01
MET 60
HLT3jet1MET L1.Singlelet150 | ljet | 150 1 3jets 60 1 0.6+ 0.0
MET 60
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Table A.2: Information on triggers that define PDJetMET - 2

HLT L1 L1 L1 L1 HLT HLT HLT HLT
path path obj trsh | prscl obj thrshid prscl rate
HLT4jet1MET L1 SingleJet150 ljet 150 1 4jets 35 1 12+01
MET 60
HLTIMET1HT L1 HTT300 HT 300 1 HT 350 1 44+01
MET 65
HLT2jetvbfMET L1_ETM40 MET 40 1 MET 60 1 0.2+0.0
2jets 40
2jets 2.5 < |dn)
HLTS2jet1METNV L1 SingleJet150 ljet 150 1 MET 60 1 20+0.1
jetl 80
jet2 20
HLTS2jet1METAco L1 SingleJet150 ljet 150 1 MET 60 1 1.0+00
2jets 60
2jets 00<dp <289
CandHLTSjet1MET1Aco L1 SingleJet150 ljet 150 1 MET 70 1 —
ljet 60
Jet-MET 0.0<dp <289
CandHLTSjet2MET1Aco L1.SingleJet150 ljet 150 1 MET 70 1 -
2jets 0.377< d¢ < 3.142
2jets 50
CandHLTS2jetAco L1.SingleJet150 Jet 150 1 MET 70 1 -
2Jets 40
jet-jet 0<dg <276
CandHLTJetMET- L1_IsoEG10_Jet20.ForJetl® | 1lIsoEG | 10 1 YjetEr <20
RapidityGap ljet 20 for
Forwjet | 10 3<|nljer<5




APPENDIX B

APLANARITY

Aplanarity is calculated from the sphericity matrix

Sob — e (B.1)
Yilpil?
wherea,B = 1,2,3 are thex,y, z coordinates angy; are the 4-momenta vectors, with=
0,1, 2...n running over the n selected objects in the event, which incage are the IC5 jets
with pr > 30 GeV andy| < 3. DiagonalizingS® gives the eigenvalues; > 1, > As.
Aplanarity is then defined as
3

A=) B.2
>4 (82)

and it is a measure of the transverse momentum component thé event plane, where a
planar event ha8 ~ 0 and an isotropic event has~ 1.

Figure B.1 shows the aplanarity distribution for the Bp-path 6 andét > 150 path
3 after the final selection. Signal events display a moreagit nature. We introduce an
optional cut ofA > 0.01. The final selection results with added aplanarity rexpént are
given in Table B.1 for nd triggers requirement and in Table B.2 also includingliltieggers

requirement.
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Table B.1: Selection results for all paths for signal andgaaunds after thefline selection
plusA > 0.01. The numbers of events represent 100 aid integrated luminosity.

Point PDJM HLT pathl| path2| path3| path4| path5| path6
G21: nevts 25 23 6 4 7 8 6 8
efficiency (%) 100.00( 92.00| 24.00| 16.00| 28.00| 32.00| 24.00| 32.00
S/B (%) 0.00 0.00 0.26 2.00| 0.00 0.01 0.02 0.05

SgnfS/ VS + B 0.00 0.03 111 1.63| 0.18 0.28 0.31 0.61
Punzi sgnfx10* 0.73| 10.13]| 381.20| 549.03| 70.60| 107.50| 116.48| 223.07
G24: nevts 807 597 65 15 116 161 100 130
efficiency (%) 100.00| 73.98 8.05 1.86| 14.37| 19.95| 12.39| 16.11
S/B (%) 0.00 0.00 2.83 7.50| 0.08 0.20 0.27 0.79

SgnfS/ VS + B 0.06 0.66 6.93 3.64| 293 5.20 4.64 7.57
Punzi sgnfx10* 0.72 8.04| 126.21| 62.92| 35.76| 66.12| 59.33| 110.79
SO10A: nevts 6817 3323 69 12| 385 461 243 243
efficiency (%) 100.00| 48.75 1.01 0.18| 5.65 6.76 3.56 3.56
SB (%) 0.00 0.00 3.00 6.00| 0.26 0.58 0.67 1.47

SgnfS/ VS +B 0.50 3.66 7.19 3.21| 897| 12.99 9.85| 12.03
Punzi sgnix10* 0.59 4.34| 13.01 489 | 11.52| 18.38| 14.00| 20.11
SO10D: nevts 7564 3975 94 16 | 398 555 267 316
efficiency (%) 100.00| 52.55 1.24 0.21| 5.26 7.34 3.53 4.18
SB (%) 0.00 0.00 4.09 8.00| 0.27 0.69 0.73 1.92

SgnfS/ VS + B 0.55 4.37 8.69 3.77| 9.24| 15.08| 10.62| 14.41
Punzi sgnix10* 0.54 4.29| 14.62 5.38| 9.83| 18.26| 12.69| 21.57
FP1: nevts 2150 1329 70 19 205 265 162 173
efficiency (%) 100.00| 61.81 3.26 0.88| 9.53| 12.33 7.53 8.05
S/B (%) 0.00 0.00 3.04 9.50| 0.14 0.33 0.44 1.05

SgnfS/ VS + B 0.16 1.46 7.26 4.15| 5.03 8.12 7.06 9.41
Punzi sgnfx10* 0.53 493| 37.44| 21.95| 17.40| 29.98| 26.47| 40.61
FP2: nevts 426 243 23 7 47 56 42 42
efficiency (%) 100.00| 57.04 5.40 1.64| 11.03| 13.15 9.86 9.86
SB (%) 0.00 0.00 1.00 3.50| 0.03 0.07 0.12 0.25

SgnfS/ VS +B 0.03 0.27 3.39 233] 1.21 1.92 2.08 2.92
Punzi sgnfx10* 0.21 1.84| 25.11| 16.51| 8.15| 12.93| 14.01| 20.12
wnJ nevts 115196 9432 5 0 24 65 14 54
eff (%) 100.00 8.19 0.00 0.00| 0.02 0.06 0.01 0.05

ZnJ nevts 19624 725 0 0 2 2 1 1
eff (%) 100.00 3.69 0.00 0.00| 0.01 0.01 0.01 0.01

ttnJ nevts 18559 3134 13 2 77 104 41 59
eff (%) 100.00| 16.89 0.07 0.01| 041 0.56 0.22 0.32

QCD nevts| 185288380| 807170 5 0| 1350 626 308 51
eff (%) 100.00 0.44 0.00 0.00| 0.00 0.00 0.00 0.00

PJ nevts| 1408307| 1557 0 0 3 2 1 0
eff (%) 100.00 0.11 0.00 0.00| 0.00 0.00 0.00 0.00

Total BG nevts| 186850066 822018 23 2 | 1456 799 365 165
eff (%) 100.00 0.44 0.00 0.00| 0.00 0.00 0.00 0.00
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Table B.2: Selection results including the b triggers regmient for all paths for signal and
backgrounds after thefltine selection plu®\ > 0.01. The numbers of events represent 100
pb~? of integrated luminosity.

Point PDJM HLT pathl| path2| path3| path4| path5| path6
G21: nevts 25 23 3 2 3 4 3 4
efficiency (%) 100.00| 92.00| 12.00 8.00 | 12.00| 16.00| 12.00| 16.00
S/B (%) 0.00 0.00 0.38 2.00| 0.01| o0.02 0.04 0.08

SgnfS/ VS +B 0.00 0.03 0.90 1.15| 0.17| 0.27 0.32 0.55
Punzi sgnix10* 0.73| 10.13| 277.24| 320.00| 62.62| 98.78| 113.10| 189.84
G24: nevts 807 597 29 6 53 72 45 56
efficiency (%) 100.00| 73.98 3.59 0.74| 6.57| 8.92 5.58 6.94
S/B (%) 0.00 0.00 3.62 6.00| 0.17| 0.33 0.54 1.17

SgnfS/ VS + B 0.06 0.66| 4.77 227 | 2.77| 424| 398| 549
Punzi sgnix10* 0.72 8.04| 81.91| 29.34| 33.81| 54.34| 51.85| 81.23
SO10A: nevts 6817 3323 44 7 251 | 311 155 156
efficiency (%) 100.00| 48.75 0.65 0.10| 3.68| 4.56 2.27 2.29
SB (%) 0.00 0.00 5.50 7.00| 0.80| 1.44 1.87 3.25

SgnfS/ VS +B 0.50 3.66 6.10 2.47| 10.58| 13.55| 10.05| 10.92
Punzi sgnix10* 0.59 4.34| 12.07 3.32| 15.55| 22.79| 17.34| 21.97
SO10D: nevts 7564 3975 58 9 271| 378 177 210
efficiency (%) 100.00| 52.55 0.77 0.12| 3.58| 5.00 2.34 2.78
S/B (%) 0.00 0.00 7.25 9.00| 0.87| 1.75 2.13 4.38

SgnfS/ VS + B 0.55 4.37 7.14 2.85| 11.22| 15,51 | 10.98| 13.07
Punzi sgnix10* 0.54 429 | 13.12 3.52| 13.85| 22.85| 16.33| 24.40
FP1: nevts 2150 1329 37 8 110 | 146 87 92
efficiency (%) 100.00| 61.81 1.72 0.37| 5.12| 6.79 4.05 4.28
S/B (%) 0.00 0.00 4.62 8.00| 0.35| 0.68 1.05 1.92

SgnfS/ VS + B 0.16 1.46 5.52 2.67| 535| 7.67 6.67 7.78
Punzi sgnix10* 0.53 493| 28.78| 10.77| 19.33| 30.35| 27.61| 36.75
FP2: nevts 426 243 15 4 30 36 27 27
efficiency (%) 100.00| 57.04 3.52 0.94| 7.04| 8.45 6.34 6.34
SB (%) 0.00 0.00 1.88 400| 0.10| 0.17 0.33 0.56

SgnfS/ VS + B 0.03 0.27 3.13 1.79| 1.62| 2.27 2.57 3.12
Punzi sgnix10* 0.21 1.84| 23.82| 11.00| 10.76| 15.28| 17.49| 22.02
WnJ nevts 115196 9432 0 0 2 5 1 4
eff (%) 100.00 8.19 0.00 0.00| 0.00| 0.00 0.00 0.00

ZnJ nevts 19624 725 0 0 0 0 0 0
eff (%) 100.00 3.69 0.00 0.00| 0.00| o0.00 0.00 0.00

ttnJ nevts 18559 3134 6 1 35 51 19 28
eff (%) 100.00| 16.89 0.03 0.01| 0.19| o0.27 0.10 0.15

QCD nevts| 185288380 807170 2 0 275| 160 63 16
eff (%) 100.00 0.44 0.00 0.00| 0.00| o0.00 0.00 0.00

PJ nevts| 1408307| 1557 0 0 0 0 0 0
eff (%) 100.00 0.11 0.00 0.00| 0.00| 0.00 0.00 0.00

ppmuX nevts 2259840| 73040 0 0 0 0 0 0
eff (%) 100.00 3.23 0.00 0.00| 0.00| 0.00 0.00 0.00

Total BG nevts| 186850066 822018 8 1 312 | 216 83 48
eff (%) 100.00 0.44 0.00 0.00| 0.00| o0.00 0.00 0.00
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P3: After HLT, MET>0, #jets> 5, MET/HT>0.1, S13 P6: After HLT, MET>150, #jets= 3, S13
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Figure B.1: Aplanarity distribution after the Fox-Wolfrazuts (step 13, the final cut). Shown
for path 3 (left) and path 6 (right).
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APPENDIX C

b TRIGGERS

Table C.1: Information on lifetimé triggers

HLT L1 L2 L2 L25] L3 HLT HLT
path seed | obj | thrshld| cut | cut | prescale| rate
HLTBlJet ljet 180 35 ] 6.0 1 1.3+00
HLTB2Jet | see | 2jets| 120 3.5 | 6.0 1 2.1+0.0
HLTB3Jet | Table | 3jets 70 35 | 6.0 1 1.7+0.0
HLTB4Jet C djets | 40 3.5 | 6.0 1 1.8+ 00
HLTBHT HT 470 3.5 | 6.0 1 25+0.0
Table C.2: Information on soft mudmtriggers
HLT L1 L2 L2 L2.5 L3 HLT HLT
path seed obj | thrshid cut cut prescale| rate
AR - ) | PF'®)
HLTB1JetMu | L1 Mu5_Jet15 ljet 20 0.5 - 20 40+0.1
HLTB2JetMu | L1 Mu5_Jetl5 | 2jets 120 0.5 0.7 1 05+0.0
HLTB3JetMu | L1 Mu5_Jetl5 | 3jets 70 0.5 0.7 1 0.3+0.0
HLTB4JetMu | L1 Mu5_Jetl5 | 4jets 40 0.5 0.7 1 0.4+0.0
HLTBHTMu L1 _HTT300 HT 370 0.5 0.7 1 26+0.2

Table C.3: Information on L1 seeds foitriggers
L1 L1 L1 L1 seed to
path obj | thrshid | prescale B trigger:
L1.SingleJet150 | ljet 150 1 all lifetime
L1 Doublelet100 | 2jets| 100 1 all lifetime
L1 TripleJet50 | 3jets 50 1 all lifetime
L1 QuadJet30 4jets 30 1 all lifetime
L1_HTT300 ljet 300 1 all lifetime
andHLTBHTMu
L1 Mu5_Jetl5 ljet 15 1 HLTB(1,2,3,4)Mu
lu 5
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