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ABSTRACT

GRAVITON INDUCED MONOJET PRODUCTION IN CMS WITHIN ADD TYPE ED

Surat, Wur Emrah
M.Sc, Department of Physics

Supervisor : Prof. Dr. Meltem Serin

June 2010, 88 pages

The discovery reach for the ADD-type Large Extra Dimension (LEDnade in the
CMS Experiment at the LHC is presented by looking at the Monejbtissing Energy sig-
nature, which arises as a result of a single graviton emission accompanizdjlark or
gluon. Using Monte Carlo generated events, two LHC run scenarios eemsdered and
compared namely a center-of-mass energy of 14 TeV and integrated lityimios00 pb?,
and a center-of-mass energy of 10 TeV and integrated luminosity opB00 Details from
extensive trigger studies are presented affithe selection techniques that optimize the sig-
nal excess over backgrounds are highlighted. As a result of this,studyshown that the
existing Tevatron limits on the ADD model can be improved through the implementétion o

this analysis in CMS Experiment with a factor of 3 using the the early LHC data.

Keywords: Beyond Standard Model, Large Extra Dimensions, ADD, C&&Missing En-
ergy
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ADD TIPINDEKI GENI$ EKSTRA BOYUTLARDA GRAVITON YOLUYLA
OLUSTURULAN TEKIL JET KANALININ CMS'TE URETILMESI

Surat, Wyur Emrah
Y uksek Lisans, Fizik BIumu

Tez Yoneticisi : Prof. Dr. Meltem Serin

Haziran 2010, 88 sayfa

Bu calismada, Kayifrdugim Enerijisi+ Tekil Jet kanalinda siiile edilen Genis Ekstra
Boyutlar, ADD modelininongdrdiigi cerceve icerisinde sunulmus ve CMS dedékide bir
kuark yada gluon tarafindan tetiklenen bu graviton salinimina iliskin kesif limitéirlenmistir.
Iki ayri LHC senaryosu, title merkezi enerijisi 10 TeV ve 14 TeV olan proton demetleri icin
siraslyla 10Qb ve 200pb entegre 1sinim enerjisinde Monte Caiieticileri tarafindan
uretilmis ve karsilastirmal olarak ele alinmistir. Analiz igimgorulen tetikleme calismalari
detaylandirnimis ve hedefleneiiksek enerijili hadronik olusuma erisebilmek icin uygulanan
optimizasyon teknikleri karsilastiriimistir. Sonuc olarak, Tevatrond®Aindeli icin gecerli

limitlerin, LHC verileri kullanilarak, bu analiz metodldizerinden 3 kat artirilabilegegosterilmistir.

Anahtar Kelimeler: Standard Model @tesi, Genis Ekstra Boyutlar, ADD, CMS, Jet-Kayip

Enerji
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CHAPTER 1

INTRODUCTION

From a philosophical point of view, one would divide our reality into twotpalhe one we
perceive through our senses and the other which is constructed targéacknown paradigms
and phenomena through a mathematical framework. The more intersecticgt vileegmore
we understand about the universe we live in. Thus the modern sciadoehtly accepts any
correlation by simply holding the rational conclusions of proposed comiinggenarios and
develope new technologies like the one recently initialized at Geneve - Tige Hadron
Collider (LHC).

Currently, Standard Model (SM) of Particle Physics explains the paradfghree gen-
erations of quarks and leptons interacting with the four fundamentaldoregfied with a
stupendous precision. Nevertheless the model itself requires a plethpasameters like
masses, interaction strenghts, etc., which should be probed as an ingatfiariework. As
aresult there are theoretical speculations constraining these paraiungtensand explaining
them in terms of more fundamental concepts, while adressing some of thewxerad prob-
lems in the context of SM, such as strong CP problem, masses of fermichs, ldrerarchy
Problem, which will be mentioned later on. At LHC, the aim is to seek possiblagxies to
SM in the new range of energies at TeV scale or verify SM further.

In turn, before getting a physics data at LHC, there have been dedepaytcle sim-
ulator programs able to mimic all aspects of high energy collisions, not only wegards
to SM but also in wide variaty of these fundamental theories. This simulationsheipyto
physicists to refine the theories and narrow the relavant parameterisgacsstion.

In the present study, using the tools and softwares developed at C&RNMS (Com-
pact Muon Solenoid) Experiment, the aim was to make a preliminary study, dewothe
direct detection of graviton steming from ADIA(kani Hamed -Dimopoulos -Dvali) Ex-

tra Dimensions, which would give rise to the monojet signature in CMS deteeforebthe



startup conditions aimed at 10 TeV and later on at 14 TeV.

In order to get a deeper understanding on the development of Extra Bionsrfrom
Riemann to our age, it would be appropriate to start by outlining some fundahum-
cepts in parallel to its philosophical roots for the outsiders of the field. Affiem, there will
be a pedagogical review on the process to underline the motivation oé IExtya Dimen-
sions (LED) then the phenomenological model that we have studied is exglerChapter
2. In Chapter 3, design features of LHC (Large Hadron Collider) aphbilitites of CMS
(Compact Muon Solenoid) Experiment will be discussed respectivegn ThChapter 4, the
trigger system of CMS will be summarized followed by an introduction to theipbysaly-
sis procedures and tools for CMS Experiment in Chapter 5. The anag$esimed in regard
to a single jet channel of ADD Model will be presented in Chapter 6 and theovements
in the current limits of the model will be concluded in the last part for 14 Te\bimgarison
to 10 TeV center of mass energies at LHC.

This analysis is performed in Exotica - Monojet group in CMS Experiment#t land
the visits to CERN during the work were financially supported by the Turkisimic Energy
Authority (TAEK) CERN Project.

1.1 A Picture of Matter and Fundamental Forces

1.1.1 The Physical World and The Mind

It was Democritus who brought forward the idea that every kind of alyas made of nondi-
visible particles, so called atoms (460-370 B.C), living in the void, an infinisespAristotle
critized Democritus for the introduction of smallest conceviable size for entitidgyo along
with the 4 element theory (water, fire, earth and air) considering the tnamahtions of one
form into another. For Epicurus the universe was finite and eternalcytemeg within, in-
cluding human mind was constantly interacting via atoms.

Following the subjectivity of matter, It was also possible to propose an attiiculaf an
object that corresponds to a structural dimensionality where one canarghysical world,
basis of the mind. However the inexplicable fashion of this view was ruletyptescartes’
Dualism. In his view, substance dualism was contrasted with all forms of nlaerisince
recurring patterns of experience can be named as physical systems sonith does not
necassarily interconnected to this set of systems we observe througlermes. Thus the

physical world reflects to the mind and the mind responds to it with some incapabilitie

2



Currently, Classical Mechanics uses a continuum background o€ spitlain which
classical particles, we observe directly, have 3 main characteristics(enasgy), momen-
tum and position. As electromagnetism developgtdrgeandspin are also added to those
characteristics. The time rate of change is related to the change in positiartiofgs by pro-
ducing a path in which any system is forced to minimize it giving rise tqtireciple of least
actionput forward by Maupertuis in 1747. Then every physical charatieissassociated to
a point in spacetime to construct a physical quantity so céid

Regarding the intrinsic nature of the matter, the notion of action seems to bei@ugac
conception from a philosophical point of view, since it does not tell usittimate nature of
the physical world. Alternatively, there has been considered a ‘minimuitvileis a percepti-
ble atom in the body’s structure, which consists of a system of worlds antiee cataclysms
accounted to an atom’s behaviour. Besides being unconvincing in themssilveiltaneous
negations of these arguments were jointly incosistent with the idea that thevallseworld
must becasually closed

From Democritus to our age, the regarded picture of atoms is replacedebyetionist
way of thinking in order to explain variety of particles observed in expertseith different
characteristics. In High Energy Physics, some common characteristiestafigs can still
be expressed in analogy with the classical physics but the new knowdedgag from their
guantum nature have to be denoted with ¢umntum numbersapturing the conservation
laws in particle interactions.

Thus the pragmatist methodology of Particle Physics started from discratéitggs or
numbers. The exact form is given by Planck by the incorporation ofitya actionh into
the mathematics of quantum theory. Regarding the behaviour of matter, it @néthct there
is an immidiate clash between the discreteness phenomenon in quantum paaadigne
continuity approach of classical mechanics. Nevertheless, Modeticl®dthysics is done
within formal languages with the Quantum Theory providing the model. Ofteis, ribt
even known what the terms used in the model mean outside the proposetefmrapace.
The interactions between particles built &yntactical rulespecifies the very essence of the
behaviour of the particles. The physical world picture is representea thyal reflection
of matter and field, between which there is a reciprocal action giving riseettuttdamental
interactions. In parallel to the Descartes’ view, it is curious if there woalsidcalled coherent
‘brane states’ compensating the vacuum states of quantum fields as@ddpoRicciardi and

Umezawa [1].



1.1.2 Fundamental Forces

Particles interact with dierent unique characteristics with respect to the scale we are inves-
tigating them. Among the four fundamental forces in Physics, Quantum Mashaccounts
for 3 of them, namely electromagnetic force, strong nuclear force ankl mesear force; but
not gravity. The interaction strength of strong and weak nuclear famslominant inside
the atomic nucleus but they are confined over a limited range. Over tiny distanthe sub
nuclear level~ 10-18 m, they are stronger than either electromagnetic force or gravity. In
this formalism, gravity is the weakest force observed so far and fadmssovall distances
but it has an infinite range as electromagnetism separating it from nuoteasf All except
gravity can be understood through SM and the implementation of gravity to thapgpkars
as a blindspot in the current state. General Relativity is a theory cangeamavity, however
when applied to the quantum theory, it suggests incossistent results withragpts such
as infinite energies. It should be also noted that, there is a recent appiisgussing the
entropic origin of gravity with many degrees of freedom as suggestedikyEter Verlinde
[2]. In this approach, when a stimulation of a statistical tendancy increheesntropy of
system, it can be assembled by Gravity.

These four forces are considered as fundamental, meaning that anjoote that would
be encountered is expected to behave as one of these or a conbinatiemofThe strong
force balances out the electromagnetic repulsion, and without its contribatmplex struc-
tures could not exist in any known form meaning that there wouldn’t bl adhing as atomic
nucleus.

Essentially, the interactions with fundamental forces is achieved by n&tucelcarriers
coming with intrinsic properties given by spin quantum numbers. These fmmiers are
called bosons where the word ‘boson’ comes from the bose statistics pattieles having
integer spins just like the fermions obeying fermi statistics of the spin half feestic

The pedagogical process which forces Physicists to invent such aamischwas initi-
ated with the invention of Gauge Symmetry by Hermann Weyl in 1918 [3]. Foligwhat,
spin 1 particles such as photons, carriers of the electromagnetic f@es, with the speed of
light with no mass, as opposed to the particles which conveys the weak\Wéroa/~ andz°,
are considered to be massive. Gluons are the massless strong nuaearaioiers having
eight distinct forms mediating color charge interactions of quarks in Quaromody-

namics (QCD). Since colour charge is conserved inside hadrons, thesgiinould carry at

4



least 2 colour charges as they interact also by themselves.

It is equally likely that one might propose a hypothetical particle as a medibGrawi-
tational Interactions named as Graviton. This particle is characterizedpas 2 garticle and
a possible detection of such a particle using ADD Mechanism at LHC is thedudd this

study.

1.1.3 Spacetime and Dimensionality

The set of properties of matter occupies a physical spacetime that cafifeddas a bound-
less extend in which particles are distributed through, on top of its time componen

Ever since Euclid ‘The father of Geometry’ described the axioms of afiates there
were intense debates about its reflection to the physical world like Kantinierpratation
reconciling Newton and Leibniz views. Finally this guiding ideas were endajesd by Rie-
mann with the invention of non-euclidean geometry accepting all the axiomsctitilEexcept
the postulate of parallels.

The transition from Euclidean geometry to that of a Riemann replaced alsottbe at
a distance priciple with the one based on an infinitely near action by regdtaingiformity
of action in nature. Thus, it can be concluded that Euclidean Finite Geometplaced by
Riemann’s Infinite Geometry in 18th century. Eventually, the progress intefggometry
by regarding the intrinsic properties of the objects (topology afféréintial geometry) made
it possible to replace the concept of space by manifolds understood indéoostemporary
considerations of geometrical features. Today, Modern Geometrphason mutual bounds
with Physics referring to the Theory of Relativity or String Theory.

The journey from the notion of geometry through the concept of dimensamsureley
pioneered by Pythagoras of Samos(c. 569-475 BC) with his famousguoyiaa theorem but
it was Aristotle who developed the concept of dimension in his vikelCaelo et MundgOn
the Heavens) by considering the division of a magnitude in 3 directions &sla tr

With the definition of space in mind, dimension can be thought as a notion af\gpgc
independent directions for a given space while no rigorous definitistiskom a mathemat-
ical point of view. The mutual orthogonality is proposed by Rene Destastalefining the
cartesian coordinates in the 17th century. Then the geometric figures, moulte repre-
sented analytically, i.e., with functions and equations.

Evidently, the synthese that casts light on this formalism was developedilbyiz.@ho

first argued that space and time has a mutual relationship having no ingperxistence.
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In general, time is considered to be a temporal dimension responsible forsameent of a
physical change.

Describing the world as spatially 3 dimensional is actually related to a verygssyon-
metry. Klein four-group oWierergruppeis a quadratic grou@, x Z, behave as a fundamental
group ofS since three elements of order 2 are interchangeable in this notation.

If the fundamental interactions of particles built up the space (or the othgavound),
there should be a unitary symmetry argument associated to the the eveayriemizl force
we mentioned. Then the gauge grouil) for the unit circle in a complex plane can be
considered as an arbitrary angle in 3 dimensional space which condspo the Electro-
magnetic force (QED). Considering the very small maskedkénce between the proton and
neutron, a particle can be thought to have a 2 folded dimensionality cagiyréae group
S U(2) referring the weak interaction. The unification of these forcesiresjthe multipli-
cation of the symmetries, so that in Electroweak Symmetry, one can constlex S U(2)
symmetry argument. The next step is to consti®iti{3) symmetry having 3 elements of
guark conbinations known as QCD. Eventually the SM of Particle Physggitles the unifi-
cation of 3 fundamental forces by assignln@l)x S U(2)x S U(3) symmetry not surprisingly.
Moreover, theS U(N) system can be speculated to have a predictive power in explaining the
patterns of particles, which haven't been observed yet. JUEN) group has a dimension of
N? — 1, thus in above pattern, we can see the consistency with the number @f lpasons
corresponding to the each group as stated in the previous subsectierefore we end up
with 1 gauge boson for EM, 3 for Weak Nuclear force and 8 gluons timng Nuclear force
as dimensionality dictates.

The quarks demonstrate why tBdJ(3) symmetry is held but a further inspection with
experimental data can bring forward an explanatiorS\ammetry Breakinmechanism since
the mass of quarks varies dramatically. Adding gravity to this picture is a bit chaienging
but one can use the feature of isomorphism in the category of smooth mandadmplete
the picture. So there can be considered an invertible function, which nmepditerentiable
manifold to another, such that both the function and its inverse remains snibo¢hefore

Dif f (M) symmetry can be accounted for Gravitational Interactions.



1.2 Development of Extra Dimensions and Unification of Fundamntal Forces

1.2.1 Early Attempts

Die lineale Ausdehn-ungsleh(@he Theory of Linear Extension, 1844) by Hermann Grass-
mann was the first book which proposed a system whereby space ameétgie components
and descriptions could be extrapolated to the other dimensions. Howevbothkisonsisted
of more philosophy than mathematics and it was described even by Klein ag ainnead-
able.

Thus, the credit for the discovery of the platonic solids in 4 dimensionalesfgaac-
cepted to go to Ludwig Schlafli with his bodkheorie der vielfachen Kontinuitgfrheory
of Continuous Manifolds, 1852) with an intensely analytic approach, wiviht far beyond
what had been done before. Another accepted formalism which desg#dometry of arbi-
trary dimensional manifolds is dating back to the study of Bernhard Rieman®5i With
his lecture on curved geometry of n dimensions.

Three decades after, inspired by these studies, an English Theol&giain Abbott
tried to visualize how an entity confined on a brane (2D) perceives thid wb8 dimensions
in his famous boolElatland: A Romance of Many Dimensioria 1884. Having this new
concept, the amplified sensations through spatial objects has begun &dibedand the first
speculations in Physics was started to be made.

Trained at Oxford as a Physicist as well as a Mathematician, CharlesrHidtisaton,
who introduced the geometry of 4-cube called tesseract was first tolapefourth dimension
could explain some problems in physics and finallpaientific Romancehke tackled the all-
important ether that resides in the fourth dimension.

In the beginning of 19th century, the novighe Time Machindy H.G.Wells was one of
the forerunners of science fiction genre but actually the true interprettiourth dimension
was manifested in this book. Rather than the fiction, the science hidden ins&esfiected
by the Einstein’s Special Theory of Relativity in 1905. The democratic\iebnof gravity
inspired Einstein for his revolutionary idea in which gravity is not a forcetbe feature of
spacetime itself. Thus, it was the primordial work, where the ultimate velocityrinmiverse
was put in question and the mass manifested itself as an another form ottigg.en

4 years later, Hermann Minkowski responded to this outstanding idea imwpace and
time are not seperated entities but they are intertwined through a 4 dimensianidibld in

parallel to the Leibniz’s view. As a striking result, all Maxwell's equationaldde written
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in a very simple form.

In 1914, the first extra dimension theory aimed to unify gravity and electrogtesgn
was published by Gunnar Nordstrom by adding a new spatial dimensionrteehiis theory of
gravitation. The role of the electromagnetic potential was mimiced by a scalatagi@nal
field [4]. However, the theory lacked of relativistic corrections that &imswas about the
publish in 1915 [5]. In General Relativity, as well as in Special Relatititg, universe was 4

dimensional and the extra-dimension considered by Einstein was time-like.

1.2.2 Gauge Era and the Reflections on Spatial Manifolds

* We must never lose sight of the inseperable theoretical whole whenguaeen
whether these sciences interpret rational reality which proclaims itself igudd}
jective experiences of consciousness, and which itself transcensis@masness:
that is the truth forms a system!

Hermann Weyl-Space Time Matter

After Einstein’s Gravititational Theory was established, there were nuofletempts
to generalize it and the first proposal was given by Hermann Weyl i8,1@here his theory
contained only a vector field that corresponds to the EM (Electro Magrieteractions in
addition to the gravitational field. In the Geometry of Weyl, length was pathrikpe so
that two bodies congruent at one spacetime point need not be cohgtugmother if they
followed different world lines.

Einstein objected that this path dependence in Weyl's spacetime geometryigfiitit
determinate empirical content, since in a Weyl space, the geometrical ¢cofittepspacetime
interval could, therefore, not be given a univocal empirical integbien.

Although this theory was a failure, the strongest argument for the theasythe intro-
duction of Gauge Invariance corresponding to the conservation ofi¢htrie charge in the
same way the coordinate-invariance corresponding to the conservaénargy and momen-
tum. Thus, this work had a critical importance for the development of the &atgory
because of the introduction of non-metrical geometry to the Physicists.eHbhastudy has
leaded the subsequent works in the field and has become a steering imechan

After the deep impact of Weyl's paper, a pure classical attempt was doKelbya in
his 1922 paper, within the context of 5D manifold where the meaning of Stidowie, Xo’
would be interpreted as a ‘curling up’ of the 5 dimensional space in onetidineand the
fields constructed in this framework did not depend on this extra coordiffateonceptu-

alize the relationships between Kaluza’'s ideas and the quantum problenesBroDlie and
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Schrodinger at that time, Oscar Klein assigned a circular topology to thia eatrdinate
(usually taken in plack length) which cannot be perceived in macrosamaies. So the
Compactification Problerhas been coined which works also at quantum level given by the
Kaluza Klein (KK) Theory. In this modelJ (1) local gauge invariance of electromagnetism
comes about because of the circular geometry of extra dimension anddtigtyewas in-
variant under the rotations around this circle. The fields living in a 5 manigofdaturally
expanded by fourier series in this extra coordinate corresponding th#racteristic energy
modes inversely proportional to the radius of the compact dimension. Simgptwo tiny
circles at each point in spacetime, the symmetry group would (i¢ x U(1), thus an ob-
server in our 4 dimensional world would observe Retient types of photon. This idea can
be further be speculated such that, at each point, there is a compazios@amanifold with
many dimensions would have unify gravity with all the other forces. The degailse KK

theory can be found in Chapter 2 of this thesis.

1.2.3 Hierarchy Problem and the Further Progress

The route opened by the invention of the Gauge Theory has led to the eligadweak inter-
action via observation of W and Z Gauge bosons in prior to the 1970’s byotifermation of
Electroweak Theory (EW). This Theory is originated from weak isospmraetry embodied
in the quark and lepton doublets together with weak hypercharge phasesiyy where neu-
trinos are massless. Precise measurements over the past years bddipabthe EW theory
as a Quantum Field Theory, at the 246 GeV energy scale.

This whole approach is based on Quantum Field Theory (QFT) whichidemssmatter
as a form of point-like object and works remarkably on the descriptiomaflcs and leptons.
However, when a graviton is involved in the process, during the adjusitifitsaon the SM
parameters, closed loops containing virtual particles cause divergargeh resulted with
infinite number of answers. The most important divergences are calle/ldlgt (UV) ones
stems from short scale distance and time scale incossistencies.

In early 1960’s, another approach had started to be developed teelthacimbiguities
described above. The familiar point-like bosons in QFT are replaced bgdndional strings
and the diferent vibration modes of these strings are considered for the obsdraeatteris-
tics of particles like flavor, mass, charge and spin. Then the action of gtéaegy minimized
the area swept by this string and turn out to be simplified since no arbitrargétiten terms

are required in this formalism.



String theories also have a prediction of several extra, unobsendhtrlensions to the
universe thus, the unifying group for the dimensionality of spacetime is takber for
SQ32) or E(8) x E(8) symmetry. Using this approach, it is also possible to estimate the
string tension from the graviton mode, which corresponds & tihs. Such a tremendous
tension would result with the contraction of string to the Planck lengtf*Ifieters and cause
the construction of a closed string, which is symbolically represented agt@raMoreover,
the fundamental mode of vibration of the string give rise to a particle with a nidise order
of the planck scale (£6GeV ~ 10 *gram).

Nevertheless, the obvious disparity between the orders of the magnitutes nck
scale (18°GeV) and the EW Scale (246eV) remains unanswered in the context of SM and
known as the Hierarchy Problem[6]. Since the parameters of the SM pugediso that the
theory fits the observed electroweak scale, the argument essentiallyeistbe/Higgs mech-
anism, which is responsible for the conversion of energy into the mass ipraogss of the
SM. This feature raises a significant yet unknown limitations on the planck,roasparable
to the scale at which new physics would appear. Hence, this is a crucialitgtthat can be
used as a guideline for new physics as the significant number of uneegmgblems in SM
can only be untangled by the experimental data. It is our hope howeueghthahallenges

ahead at LHC will pave the way.

1.2.4 ADD viaLED

Currently, the tendancy of the models discussing the dimensionality+®)(3 1 our space
time shifted towards the Brane World or a Domain Wall Theory in which ordilight par-
ticles are confined in a potential well, narrow along N spatial directions arub#h along
others. Eventually if there are free particles living outside this brane,dtisions of this
particles with the brane may end up with an high energy release, that caebeyg the
observer confined on the brane.

In the Brane World context, the space-time manifold is considered M¥ex S where
M is the Minkowski space with 1 time dimension &ds a compact manifold. Neglecting the
brane tension and without resorting the symmetry argument, one way to seltéetarchy
problem is to use geometry instead as proposed in ADD model. Then if treemficient
dimensions of large size, it is possible to bring the Planck scale all the way tithe
EW scale. So one can redefine the power law in short distances forsenveb outside our

domain wall(brane). Thus, for the case of n extra spatial dimensionsyrédidcup with a
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radius of R, the power law yields/i™2 at the compactification scale. Thus usinffetient
compactification mechanisms in analogy with the string theory at this short distaate,
one can introduce extra spatial dimensions denoteglimplemented to our brane.

In this context, Large Extra Dimension (LED) theory refers to the class afietsavhich
incorporate compactified dimensions to our brane by replacingvthewith so called an
effective scald{lp) would be in the reach of LHC. The size of extra dimensions are ‘large’
compared to the planck scale entitles this type of extra dimensions. Using L&Rigttarchy
problem of SM can be naturally reduced from an UV one to an infraRiidhe and there is
also a possibility of having an interface with the String Theory [7].

Hence, a graviton, described as a closed string can be embedded tontipiaatified
dimensions with certain sizes and enhance the strength of gravitationalktiderat this
scale. In this way the KK picture is just reintroduced by replacing the cirdolaology
with compact toroidal geometry and such a mechanism immidiately removes thechyera
problem by modifying the newtonian potential i scale. The details of the Braneworld
theory and ADD model is discussed in the next chapter extensively. deéwhdrum (RS)

model is an alternative scenario for the compactification mechanism[8].

1.3 A Preamble for the Analysis

At this stage, we can summarize some crucial aspects about the analysgsnashin this

study.

1.3.1 Identification of the Observables in Extra Dimensions

Before proceeding to the discussion of a measurement of a particle inrarderension, the
variety of possibilities steming from fierent philosophical grounds should be understood.

The main thought experiments accepted are based on Confinement anahlgg Hy-
pothesis. Here we will not consider them individually but for the Ignoeddypothesis where
the trajectories of higher dimensional particles measured by a lower dimahpenspective
cannot be known precisely, see [66].

The case we are interested in the context of ADD Theory consists of a nmtergre-
tation in which some of the particles (baryonic particles) are confined to tine bva live in

but a graviton as a bosonic particle can live outside of the brane.
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1.3.2 Out of Nothing into Something New :MEt

For something to be declared as invisible, we must know it exists, then knoingrexistence
actually is to say that it is no longer invisible paradoxially thus the term ‘missinfpusd
appropriate to imply the meaning behind.

Considering high energy collisions, it is known that the rest mass of thelparis
defined by the norm of its momentum. Thus the corresponding energy careasured
from the annihilation in the rest frame where graviton might actually penetratertbrane,
producing apparent violations of conservation of energy.

In this sense, the variability of arffective rest mass is seen as a covariant generalization
of a flat space physics. The hidden energy stored in the extra dimehsiotian can be
recorded by an observer with respect to the projection on the traeseaesgy planeHEr
space of the detector). Missing Transverse Endvidyr is explained in detail at Chapter 5

and later on at Chapter 6.

1.3.3 Occam’s Razor and The MonoJet Signature

‘Entia non sunt multiplicanda praeter necessitatem’
William of Ockham

By taking into account the experimental capabilities, it is fair to say that wé& Kioow
how gravity behaves at distances shorter tharfdf and in distances larger than®3ém.
However, within this interval, the inverse square law provides a good estimfatimonrela-
tivistic gravitational interactions, where laws of nature would Heedént outside of it.

Similarly, it is certain that the EM interactions obey inverse square law downeto th
distances around 1&cm but it is an ambiguity if there would be an alteration in shorter
distance scales.

The underlying quark-gluon interactions acting in small distance scalesléstood in
detectors as jets corresponding to a certain parton density. Descriptiotie fparameters
used for identifying the jets are given in Chapter 6.

At the LHC, gravitons can be produced recoiling against a quark ongei@s explained
in Chapter 6. The large number of kinematically accessible states competmsatasall
gravitational coupling in order to encounter sizable cross sections. ehudting topology
turns out to be an energetic monojet like signature back to backMh vector.

However, there is no constraint for the envisioned graviton within ADDtexirnto be

observed in the Monojet MEt channel. Graviton in ADD framework can be detected in
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many diferent channels but the most striking signature for the direct gravitatuption is
surely the Monojet+ MEt channel because of its large cross section and the very simple
topology. A competitive channel for the ADD discovery would be the interfee in the
diphoton production channel.

Another possibility, the Monophoton MEt signature, is hardly competitive with the
Monojet+ MEy since QCD dijet processes constitute an excessive background indhisath
[11].

Itis also arguable that Unparticles can mimic both of the mentioned Monojet andpho-
ton signatures. For the scalar unparticles, the discrimination for the singteBetspace is
given [9].

As stated by the principle of parsimony above, the simplest scenario isrcharsthis
study since it is also based on the most reliable methodological grounds tithortious

aesthetical considerations.

1.3.4 Inverse Mapping of the Data

Determining the underlying physical theory of the TeV scale by using the def@ can
be referred as the inverse LHC problem. Among the tremendous rangessibjiities, it
is unlikely to construct a coherent strategy for going from data to a stilkowk theory.
However, inferring a new physics scenario via phenomenologicalecp@sices is a reverse
problem only for a theoretician. For an experimentalist it is just an anotiobtgm [12].

For instance in the ADD scenario, we start with a particular model with a cqu&in
rameter spaceMp, ¢), study its phenomenological consequences, and try to observe this
consequences in order to reach a signature space. But for a thieorettoo try to recon-
struct the lagrangian of new physics, the process is the other waychanalrthere is no direct
mapping which can be simply estimated.

At LHC, there are tools like On Shellfiective Theories (OSETS), which characterizes
the Hadron Collider data in terms of cross section and decay modes in cesgthad be a

signature belong to a New Physics at TeV scale [13].
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The purpose of this chapter is two fold. The first objective is to explorereeptual
problematization of interaction and materialization of quantum paradigm whiclosglg
related to this dilemma. The integration of ideas, methods and data from dadiscgaines
has been a transformative force in science so far, so the secontiwbjgto give an idea on
how to consider a toy model to the unified physics of quantum gravity and fpyedict its
consequences to be probed with on the LHC data.

In the upcoming chapters, the logic we go along will be seen after plunginghieto
model despite the reverse of this process would be possible once wesigoia#éure at LHC

as discussed in the last part.
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CHAPTER 2

COMPACTIFICATION VIA LARGE EXTRA DIMENSIONS
WITHIN ADD MODEL

The scenarios in the context of Large Extra Dimensions(LED), which aiexpdain the
origin of spacetime dimensionality can be classified in two distinct groups, Kadlein(KK)
Theories and the Braneworld Theories. ADD Theory refers to the cfassodels, which
incorporate the LED to our3l minkowski space while localizing all the SM particles to our

brane.

2.1 Kaluza Klein Theory

In the original theory of KK, U(1) local gauge invariance of electronetggm was considered
because of the circular geometry of the extra dimension. Concerning fegdels, the action
should be invariant under the symmetries of the theory in order to get eqsiationotions
having those symmetries. Thus, in order to keep the lagrangian invariamthgp addition of
a total derivative, a single scalar field is considered.

Considering the Electromagnetic fie/d(x) whereu = 0,1, 2,3, and representing the
Gravitational field of Einstein withy,,(X) whereu,v = 0,1, 2, 3, the unification mechanism

of Kaluza originally aimed to merge these two distinct fields with the mejsic

o = {g‘” A"] @)
A ¢

Hereg,, corresponds to the gravitoA, andA, are photons and field stands for alila-
ton particle. As O.Klein suggested that this space would be spanned by the cifioaton

scale L, which consists of compact dimensions given by a circle of r&jiadittle circle is
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implemented to an each point in the 4 dimensional Minkowski space as illustratiediia
2.1(b).

For more than 1 spatial extra dimension, this space could be a higher dimarsgibare,
a torus or some other manifold. Particularly in the original KK approach, th&lagy can be
given by the direct product of the external manifold (4 dimensional Mivgto Space time)
which is represented byl* and an internal manifold which corresponds to the compactified
dimensionsS? whereéd denotes the number of extra spatial dimensions. Therdfdre S°
should be the solution of the Einstein equations[14],[15] in this framework.

The KK theory in a nutshell, based on the assumption that, at distancestlaagethe
compactification scale L, the extra dimensions should not be perceivableevdr, at dis-
tances smaller than L they can be detected as illustrated in figure 2.1(a), tibusur
dimensional space can be considered as a cylinder whose externaif8ldharinfinite, and

the internal manifolds are constrainedsuns from O to 2R with the circle of radius R out

of perception[16].
o(x,2) = ¢(X,z+27R) (2.2)
Then using a flat, positive metrie-[-,-,-,-, ..] we can start by writing the Lagrangian density,
1 A
L = 53A¢5 [ (2.3)

Here, the scalar fielg consists of four dimensional coordinate® where A= u,5 andu
represents noncompactified spacetime coordinateg, 2, 3

Due to the periodicity of the compactified dimensions, scalar fteld also periodic
with respect t — z+ 27R therefore one can expand this field to the Harmonics of a circle

considering one extra spatial dimension=1).

6.2 = > (e (2.4)

N=—0c0

Rewriting the lagrangian by decomposing the scalar field into the eigenfuaaidhe mo-

mentum,

1
L = 5(0upds - 02p02g) (2.5)
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Figure 2.1: (a) KK Picture with gravity access to the whole space time, dieaired by the
spatial dimensions dR, where SM patrticles are confined on a subspace (internal manifold)
whose compactification yields<< R.  (b) Circles at each point iM* space.

Thus, as a 5 dimensional quadratic example on KK picture, 1 internal maodale imple-
mented to the usuall* space as equation (2.4) is inserted into (2.5).

(o)

1 i(n+m)z
L = 5 Z (auSDnaMQOm RZ‘Pn‘Pm)e R (2.6)

n,m=-oco
Defining a discrete symmetry on the Minkowski spac&8&,, the metric can be parametrized
on St andz, orbifolding can be obtained after identifying : z— -z function. Then plug-

ging in the KK decomposition which containing)and odd (-) eigenfunctions, one can get
o0¢.2) = go"(¢) + ) pn X'coSnZ/R) + ) pn X'sin(nZ/R) (27)
n=1 n=1
Using 2.4 and 2.7, the degeneracy on KK mechanism can be revealethatch
% = ¢o
Pr0 = $nt@on (2.8)
P00 = Pn—¢-n

Choosing an odd (-) parity, orbifold symmetry removes half of the degreleeedom on KK
tower by mapping each circle to a finite length. This symmetry is actually usedjecpout
the zero mode of the photon sindg(z) = —A,(-2), butg(2) = ¢(=2). Thus,e; (%) = —pn(X)

relation can be used to remove the degeneracy on the KK towef &iath be rewritten as,

1< 2 M,
L = Enzz_w(|3p90n| —@|¢n|) (2.9)
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2R
S = fd“xf dzf
0

S 1 n?
4 2 2
2R ) [ o (1,enf - Felen] (2.10)

N=—0oc0

which is nothing but a 4 dimensional action of infinitely many 4 dimensional figRiging

out the volume factor /2R by substituting ¢ = ﬁgpn, one can get a canonically
normalized field.
N 4 L
s = 50 [ ax(aan - lén 211)

Hence, the spectrum of the compactified theory consists of an infinite nunhlmeassive

complex scalar fields with masses inversely proportional to the compactificatiars.

2.2 Analogy with the ADD Model

In practice, the 5 dimensional picture with one of its dimensions compactifiedaircla
is indistinguishable from a 4 manifold mass spectrum, which gives rise to theBoald
theories in subsequent years. In order to show the interface betweamekhanism and the
ADD model for instance, we can start by writing the Schrodinger Equatioa free particle

living on the slice ofM4, whenL >> R.

Figure 2.2: KK configuration oM* space, where nonzero modes propogate inside the cylin-
der

—ia—z (X, 2 = E¢(¥,2 (2.12)
2maXA2¢ ’ = EObE '
Since p? = Z%ZE ¢ (*¥*, 2) will be conbination of planewaves propogating alang
p(¢,2) = PPz (2.13)
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Then for an observer living on the 4 dimensional slice> R, dispersion relation for massless

particles can be written wheee= 0

pp' = 0 (2.14)

Nevertheless, for an observer living outside the slice< R,

ho & )
(—%W +V(z))¢(x”,z) = Eo(¥'.2 (2.15)

whereV(2) = 0for0 < z < R, or V(2) = o for z < 0 andz > #R Thus, 8" coordinate of

momentumps is quantized as/R and the dispersion relation turns out that,

D —p2 = 0 (2.16)
n\2
pp - () = 0 (2.17)

Equation 2.17 corresponds to the KK tower includimg= 0 homogeneous and #
0 massive KK modes of spin-2, spin-1 and spin-0 fields. For instancesrtérgy in 4-1

dimension simply turns out that,

E? (p.€)% + (pn€)? + (ME)?

M

m+ n/R (2.18)

then n = Nkk will enhance the gravity at the compactification sdalby modifying the

newtonian gravitational constar@ = M—lz) such that;
pl
2 _ 2
Mp© = Mp“Nkk (2.19)

Since the observer outside the slice sees thedbrdinate as a conserved quantjiywill be
equal toMp which is the &ective scale, where gravity is modified because of the cumulative

effect of the massive states of KK tower,

N
Mp = % (2.20)
substituting 2.20 on 2.19,
Mp? = Mp2(MpR) (2.21)

and if there aré number of extra spatial dimensions compactifiedpn

Mp? = Mp?(MpR)’ (2.22)
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2.3 Braneworld Theories

Despite the idea of living on a Braneworld is discussed in the context oéi@eRelativity
before, The earlier particle physics examples are given by Akama fit7ba Rubakov and
Shaposhnikov [18] in 1980’s. The size of the extra dimensions can begténfn size in
Braneworld models as a crucial feature which seperates them from thehKétries.

Essentially, everything is trapped in the 3-brane at low energies and theeiBigravity
is induced through the fluctuations of this 3-brane. With this approachetarld theories
provide a way basically distinct from the compactification to hide the extra dimeng/hich
become necessary to bypass the problem of renormalizability of the gravity.

Thus, our matter is localized on a 3D Hypersurface (Brane) which is edeldeith a
Higher dimensional space due to the fact that there is a potential well ficlpg, which is
flat for our dimension. This potential well is ficiently high so that the wavefunctions are
boundstates.

Moreover the lowest eigenstate should have 4 dimensional mass beinghades of
bulk field, on the other hand, the excited states have 4 dimensional massies sioce they
will be partners of our localized particles.

In field theory, the consequences of a symmetry may not be realized inythiealworld
as in the case of parity violation, therefore the lagrangian would contain s&me which
do not obey this symmetry.

As a modification on the previous lagrangian density o 2.3, a prototype lgigrawith

a symmetry breaking mechanism can be introduced [18].

1
L = Soapd®e-Vlg) (2.23)
where,
1 P
V(p) = 5#2¢2+Z¢4 (2.24)

Here ¢(2) is a single scalar field and is the dimensionless coupling constant corre-
sponding the vacuum expectation value of this field. Tha{Zshas two degenerate solutions
being,p = vandy = —v as illustrated in the figure 2.3 [19].

Then the 5 dimensional action becomes,
1 1 P
S = fd4XdZ(§8A<pBAtp - 5/12902 - 21904) (2.25)
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_______________ -V

Figure 2.3: The solution interpolates betweger V and¢ = —V as extra coordinateruns
from —co t0 +o0

whereV(y) yields the field equation,

v
8A3A90+a— =0 (2.26)
Op

Despite, the symmetry — —¢ keeps the Lagrangian invariant under #eransformations,
the vacua of the theory breaks this symmetry and fogd@sld to sit one of the minimums on
the figure 2.3. Then the solution of classical equation of motion coincides withlkedKink
or aDomain Wallsolution depending only on the extra coordinate denoted gyit).

The analytic expression of domain wall solution can be rewritten,
¢e(2) = vtanh( V21vz) (2.27)

Hence, there is no translational invariance alamlyection and the 5D Lorentz invariance is
spontaneously broken by this domain wall.

Furthermore, since this domain wall can be anywhere on the extra comzinhifting it
requires an additional kinetic energy that can be obtained from the exogatidhe classical
solutions, where scalar modes of the field occur. This excitations living ebridne world

volume is identified as SM patrticles so the following decomposition can be made,

e(x2) = ¢c(2+0¢(x.2) (2.28)

Therefore, there will be bound states in the presence of this wall yieldentinarized field

equation.

A aY
0n0"(0¢) + 6_902[('0 =¢c.op = 0 (2.29)
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which can be written as:

8,0 — 2P dom(2) — U209 = 0
(2.30)

So the equation turns into the precise form of the Schrodinger Equationateatial well
where
U@ = 327\;[90 = ¢c] (2.31)

Writing the dispersion relation on thé&'%oordinate gives massive modes similar to the KK
case and the eigenvalues of the Schrodinger operator correspangiggop” = nv)

Forn = 0 eigenvalue, there is a zero moaé = 0 which is the simplest realization of
the Braneworld scenario for massless patrticles.

Note that, regarding the massless mode solution, the vibrational mode of thepkiak s
into discrete and continuum modes where discrete ones correspond xeitlee states while

continuum modes correspond to the particles moving freely away from émebr

2.4 Reconciling Compactification on Braneworld: ADD Scenaio

Rather than worrying about the inconvenient size of the Plank length vidiatpossible to
probe, Arkani-Hamed, Dimopoulos and Dvali (ADD) proposed an altemg supersymme-
try (SUSY) to solve hierarchy problem at EW scale [20]. This new fraotewpened up new
possibilies to eliminate the Higgs mass hierarchy problem and moreover this ciifinpion
scenario could also be embeded in String Theory [21]. Therefore thiglmsodonsidered as
a toy model to the string theory where chiral gauge fields are confined &sanably simple
brane configurations [22].

The model considert* x K¢ spacetime symmetry where SM particles are localized
on the 4 dimensional Minkowski spadé* while gravitons freely propogate along+4s
dimensions as illustrated in the figure 2.4

In order to obtain 4 dimensional gravity on a brane, the braneworld ideanisireed
with the compactification in such a way that SM particles are confined on thar@pwhile
gravity spreads to-4s dimensions. Thus, ‘Compactification mechanism of KK Theory solves
the problem of gravity while localizing all other fields on the domain wall solvestararchy
problem’[23]. The other consequences of the ADD Theory can be suixedaas follows.

» The brane width is taken to be zero insteadk/tg'l.
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brane

bulk

Figure 2.4: The solid line represents @&maneworldwhere only gravity can live on the bulk

» Brane Fluctuations are neglected.

» All Extra Dimensions have equal size of R.

» Only Gravity can propogate in the bulk.

In the most basic versio, extra spatial dimensions are compactified on a torus with
common circumference R, and the considered brane will extend throughfithige spatial
directions. It should be also noted that, the brane considered in the Adbiefwork should
have a very small tension (energy per unit volume) not to warp the extrandioral space.

Then the action of ADD model takes the form [16]:

M2+6 2R
Swoo = 5 [ d'x fo 2VGRis + [ A'XVG(T + Lsm(P. Msw) (232

whereG andg are gravitational and gauge couplings respectivElgenotes the tension of
the branel = fdyH(ch) andV¥ is a 5 dimensional dirac fermion.
In order to derive the consistency equation 2.22 with the action method, watad by

writing the fundamental action for gravity whelbe= 4 + ¢ for L << R,

1

= 4 (D) . [qD)g*
Se 160 fd fo g®@d*xd’z (2.33)

At large distances only homogeneous modes will be relevant suclgthat g,,(x). Sub-
stituting this into 2.33 at. >> R, one can write thefeective action on the 4D minkowski

space.

VN 2) 4
= @)
Seft 1 GDfR( g@d*x (2.34)

Here, G4 is 4 dimensional gravitational coupling (Newton Constant) whidBs= (\3,—? where

Vs = (27R)? if all extra dimensions are compactified with a common circumference. Thus,
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Table 2.1: Number of Extra Dimensions vs. Compactification Radius

R(mm)
10'®
1
5.10°
108
10—10

O WNRFRPS

G4 = -1, andGp = @ can be written when ~ R,

Mp|2
Gs _ Gp
T - r5+1
Mp = Mp.(MpR)®? (2.35)

which is consistent with the equation 2.22

2.4.1 Constraints on the Parameter Space

Despite the the current experimental limits of ADD Model is given in chaptené,can infer
the consequences by taking a quick look at the consistency Equationriel Zyjaation 2.35,

In Table 2.1, it can be immidiately seen that the radius of compactification is gedting r
duced with the increasing number&fHere,s = 1 corresponds to the astronomical distances
which can be excluded with indirect measurements. But for the highelues ,the limits of
present tests are still valid.

Constraining the radius of compactification to the milimeter s&le 0.1mm, there
appears sensible values fvly scale, only fors = 1 ands = 2 cases. For the cage= 2,

Mp < 10 TeV the model is interesting from the hierarchical point of view. &er3, Mp is
constrained to lie below few GeV, which is phenomenologically ruled out. Higlees ofs
in this case become more and more unacceptable.

Hence,6=2 seems to be the most viable possibility, which would solve the hierarchy
problem and compatible with the center-of-mass energies applicable atNéi@rtheless,

6 =2,3,4 cases are also considered in this thesis by taking into account & sigmpeetry or
mechanism removes the finite vacuum energy, associated witffieaedit compactification.
For the cases where =5 or§ =6, the signal is not strong enough to be detected in a pure

perturbative regime[24].

24



CHAPTER 3

LHC AS ANEW FRONTIER OF PHYSICS

3.1 Overview to Large Hadron Collider

The Large Hadron Collider (LHC) is a 26.7 km circumference protorigoraccelerator car-
ried out at CERN operating as a giant physics lab on the Swiss-Frengdarb&ince Novem-
ber 2007, the collider’s circle has completed installation in the old tunnel afeL&tectron

Proton Collider (LEP). Then on 30 March 2010, the first planned collssiook place be-
tween two 3.5 TeV beams setting a new world record for the highest-eneryymade parti-

cle collisions even if it has reached only the half of its designed center of emesgy.

Once fully operational, the LHC will provide collisions between proton bearaduani-
nosity exceeding 18 cnt?2 sL. It will also operate with Heavy lon (Pb-Pb collision) beams
with a lead nuclei at an energy of 574 TeV (92.0) per nucleus.

There are four main experiments take place at the LHC: two general ggigmiectors,
ATLAS and CMS, and two dedicated detectors, ALICE and LHC-b which stildy heavy
ion physics and B-physics respectively. Figure 3.1 shows the fowerempntal sites along
the LHC ring where the CMS detector situated approximately 100m undergtaking data
from both the p-p and Pb-Pb collisions.

3.2 Luminosity Challenges

Reaching the high energy scale by increasing the luminosity will provide d gpportu-
nity to test Higgs and BSM models based on the advantage of looking at thg dexles
of heavier particles. In return, the combination of very high field magnetsvany high
beam intensities required to reach this luminosity targets, makes operatiorLéfthe great

challenge [25].
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Figure 3.1: LHC Complex

In electron-positron colliders, the particles loose an amount of energi racger than
the stored beam energy in every second through synchrotron radidftlue loss must be
continuously compensated by the RF system, and as a consequenceettimphon limits
the attainable energy while damping of particle oscillations. Thé&®ets are unimportant
at LHC since the energy loss of heavy particles like protons is propohﬁon{# due to the
synchrotron radiation, where m is the mass of the particle. Thus, theyeraetigited during
the same time is only a tiny fraction of the beam energy, becoming significantyatnuch
higher energies~{ 100 TeV).

In Contrast to CDF and § currently operating in Fermilab, The LHC produces pp
collisions instead of proton-antiproton collisions, since it turns out to bentealty diffucult
to produce stiicient amount of antiprotons needed to achieve design luminosity of LHC.

The difuculty is that, protons are not fundamental particles and the initial state of in-
teracting partons is not precisely known. Moreover, in order to actifeydigh luminosity
goal, ~ 10 protons are squeezed into bunches collided at each 25 nano sesyn®éa
cause of this large number of protons, the average number of inelastidlisppas per bunch
crossing is high, up to 20 for the design luminosity. This leads to increasingtg difi-

cult experimental conditions, since the rare interesting events may occtnuinch crossing
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Table 3.1: Important parameters at LHC

Parameter Value
Maximum c.m (y/s) 14 TeV
Circumference 26.659 km.
Operating temprature of Dipole 19K
Nr. of Dipoles 1232
Nr. of Quadrupoles 858
Nr. of Correcting Magnets 6208
Nr. of RF cavities 8/beam
Peak Magnetic Dipole Field 8.33T
Minimum Distance between bunchés 7 m
Design Luminosity 10%%cnr?st
Nr. of bunches per beam 2808
Bunch spacing 25ns
Nr. of protons per bunch 1,151Q10"
Nr. of collisions per crossing ~22

superimposed on the top of these 20 minimum bias events [26].
The event rate N for a physics process with sigma cross-section isrpooab to the
Collider Luminosity which can be written as a functionrafandn, particles per beam at a

given revolution frequency.

N = Lo (3.2)
Lo ninof
dnoyoy

Takingn; = ny, one can us&l? where n is the nominal number of protons per bunch
around 11510 and f being the revolution frequency taken aroundl125kHz andk is
the number of bunches 2808. ¢y, oy) are the beam sizes at the collision point (horizon-

tal,vertical)~ 16 meter. The other relevant parameters of the LHC is given in the table 3.2.

_ 47TC¥ 3 4
-AE = 3R/3y (3.2)

whereB = v/c ~ Landy = =
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The collision process is also getting complicated since synchronizing twonpbemms
in the same field is not possible. In order to make counter rotating possiblsigthef the
field is changed and the beams retain in separate vacuum chambers (indiegtsections)
with opposite B field direction. Thus in fact we actually have two LHC machiitestsy side.

A small beam size is required in order to squeeze the number of particlesallgphase
volume. Reaching the LHC design luminosity requiring a small transverse pedfite, a
high bunch collision frequency and a large number of particles per bamamsidered. Beam
behavior is generally studied by measurement of the beam size using aataeka. The
effect of electron-clouds and beam-beam interactions on the vertical beans gxamined
in the beam collisions so the beam size can also be measured by a singlenguesitno [27].

At a center of mass energy around 200 GeV, synchrotron radiaticsedaunost of the
energy that was added to the beam in the radio frequency (RF) cavities radiated &
again, thereby setting an upper limit to its energy reach. LHC clearly neadeslenergy to
carry out to foreseen energy physics programme. In order to avoyttarotron radiation,
there are two possibilities: one could increase the radius of the collider (digtirmaching
a linear collider) or one could increase the mass of the accelerated partidecan be seen

from the formula below for synchrotron energy loss of high energtigas 3.3:

o = (Be)? (3.3)

wherep’ is the beam envelope varies along the ring at the collision pointg @the phase

space volume occupied by the beam.
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3.3 CMS(Compact Muon Solenoid) Detector

The CMS Detector operates at LHC-CERN, which is conceived to stuyaggitisions at a
centre-of-mass energy of 14 TeV and at luminosities up #cto?s™1. A highfield super-
conducting solenoid surrounds a silicon tracker, an electromagnetiéneater, and a hadron
calorimeter. The return yoke is instrumented with muon detectors coveringahtist 4t
solid angle. Forward sampling calorimeters extend the CMS pseudorapidéyacse at high

n values.

Superconducting Solenoid
Slicon Tracker
Pixel Detector

Very-forward
Calorimeter

Hadronic
Calorimeter
Hectromagnetic

Calorimeter i \ WA Muon
' =S\ NANVN Detectors

Compact Muon Solenoid

Figure 3.2: CMS Overview

It has been designed to detect the diverse signatures of new phiyiedarge Hadron
Collider given in Figure 3.2. It will do so by identifying and precisely measumuons,
electrons and photons over a large energy range by determining théusagaf quarks and
gluons through the measurement of jets of charged and neutral partiath®s) with mod-
erate precision. Then inferring the missing transverse energy flow veiblerthe signatures
of non-interacting new particles as well as neutrinos to be identified [28].

In order to achieve these goals, the decay remnants should be identifi¢kdesmmo-
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Table 3.2: Parameters of the CMS Superconducting Solenoid

Field 4T
Inner Core 59m
Length 129 m
Number of Turns| 2168
Current 19.5 kA
Stored Energy | 2.7 Gj
Hoop Stress 64 atm

mentum has to be measured as precisely as possible. To measure the moniattarges
particles, which hardly leave any energy in the calorimeter, a high magndtiofid tesla
is applied and the curvature of tracks is measured. CMS chooses a lgrgreanducting
solenoid, where the parameters of which is given in table 3.3.

The following coordinate system is used: The x-axis points radially inwamlards the
center of LHC, and the y-axis points vertically upwards. Thus, the z4zoiists along the
beam line from LHC point 5. The azimuthal anglés measured from the x-axis in the x-y
plane. The polar angleis measured from the z-axis. The transverse momentum and energy

are denotegbt andEr, respectively. The definition of the pseudorapidity is given in 3.4
6
n = -In (tané) (3.4)

In the relativistic limit, pseudorapidity behaves like rapidity and this variableatepred to9

since the dierence between the rapidity of two particles is invariant under a Lorewiztbo

3.3.1 Interaction of Particles with Material

The patrticles interact with the material in the CMS detector with the following way.

» High energetic photons do not interact with any detector component untitideay
into a electron positron pair, leading to an electromagnetic shower. Thisgg@ould occur
in tracker, but often in ECAL.

» Electrons leave a single track in the tracker pointing to the part of the ECAd., a
deposit their enegy to this calorimeter just like photons.

» Muons leave a track in the tracker but only about 4 GeV of their energighacan be
deposited in the calorimeter. In many cases they only interact with the muomsyste

» Jets are originated from gluon radiation or quarks. They leave a sigiia¢ imner

tracker as well as in the ECAL. However, most of the energy is depositide iHCAL.
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» Weakly interacting particles like neutrinos or a possible graviton would leasga
nal in the detector. If these particles also have a large momentum, a tranavemsentum
imbalance can be inferred from the negative sum of all measured traaswementa, which
is represented witMEr.

CMS detector is cylindrical and has a length of 30m, a radius of 7.5 m with axetght
around 12500 tons. The larger sub-detectors are, starting fromrler c&€he tracker, ECAL
(Electromagnetic Crystal Calorimeter), HCAL(The hadronic metal-scintillaa¢oraneter),

The superconducting solenoid coil and the muon drift chamber system.

3.4 The Tracker

This part of the detector is the world’s largest silicon detector. It has#a silicon sensors
(approximately the area of a tennis court) comprising 9.3 million micro strips amail66n
pixels. This is necessary to study B-hadron physics including CP-vio|dB8roscillations
and rare B-decays right after the start of the experiment [29].

In the high luminosity regime, about 20 collision per bunch crossing arecteghd¢o
produce more than 1000 charged particles in the acceptance of the tizickdly segmented
silicon sensors (strips and pixels) enable charged particles to be tracedeir momenta to

be measured. They also reveal the positions at which long-lived ungiattieles decay.
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Figure 3.3: CMS tracker layout

An overview of the CMS tracker layout is given in Figure 3.3. The traiksubdivided

into four silicon strip sub detectors, namely the Tracker Outer Barrel jT@® Tracker
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Inner Barrel (TIB), the Tracker Inner Disk (TID), the Trackerdeap (TEC), and two silicon
pixel sub detectors, the pixel barrel and the pixel disks. All active corapts are housed
in a cylindirical volume with a length of 5.4 m. and a diameter of 2.4 m.In order to grote
the silicon detectors from thermal runaway due to increased leakagmténom radiation
damage in the hostile LHC environment, the full silicon tracker needs to batepleat -10
degrees of Celcius and thus in a dry environment for years. An actéventi shield placed
outside of the tracker volume provides isolation, and a cooling system exthacheat from
the 60 kW power dissipation generated by the front-end electronics [30].

Compared to ATLAS, the magnetic field of CMS tracker is rather large, whiocws
for good lepton and photon reconstruction and identificattisiencies. It further allows to

correct jets using the particle flow technique.

3.5 ECAL

The Electromagnetic Calorimeter is placed around the tracker. The fundtibe electro-
magnetic calorimeter is to measure the energy of of electrons and photgrisgettier with
the hadron calorimeter, to measure jets with high precision. The design ofMiseet:c-
tromagnetic calorimeter is driven by the requirement to provide an excell@htodon mass
resolution for the crucial two photon decay mode of the higgs béser yy which is the
main Higgs discovery channel for mh smaller than 130 GeV.

There are 36 identical supermodules, 18 in each half barrel, eachirqp2® degrees
in ¢. The barrel is closed at each end by an endcap. In front of mosedidtcial region
of each endcap is a preshower device. Figure 3.4 shows a transeetsm through ECAL
[31].

The mass resolution depends on the resolution in energy of two phototiseaedor of
the measured angle between them. The energy resolution of the ECAL gamdieetrized

as

(@ = (2 (Er+¢ (35)

where the first term is the stochastic term, due to fluctuations of the showwimment and
to photo-statistics, the second term is the noise term, consisting of both elesinoise and
the pile up energy, ancf is the constant term where the gieients of a and ¢ are determined

by the active detector material.
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Figure 3.4: Transverse section through the ECAL, showing geometaoéibaration.

In order to achieve a good energy resolution, all the contributing termes todve kept
small and should be of the same order at the relevant photon energe€CM®& collabora-
tion has chosen lead tungstaibiV Q) crystals for the electromagnetic calorimeter ECAL
because of their excellent energy resolution. Apart from high resolatia fast response,
the ECAL and its read-out electronics need to be resistant against radiatioage caused
both by the charged particles and by neutrons. A design that fullfills allirements con-
sists of about 80000 lead tungstd&bW Q, crystals. A high density and a short radiation
strength with a small Moliere radius are the main reasons to choose this malleviéh@
for a compact ECAL design with narrow showers. There are 2 main measchoose lead
tungsten:

» Scintillating process is fast matching the LHC bunch crossing time of 25ns.

» The material is intrinsically radiation hard. Together with the choice of this méateria
above, the constants in the formula are 2% andc = 0.55%

A constant term is required in order to benefit from PbWO4 crystigcevely in the
energy range relevant for the Higgs search. The challenging gdaegfing it very small
can be reached if the inter calibration between crystals would be kept @siore  This
puts severe requirements on the control of the temperature stability (copsitegrg with a

following radiation damage.
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3.6 HCAL

The Hadron Calorimeter (HCAL) is designed to measure the timing, angulartidimeand
energy of hadronic showers for reconstructing jets and missing tregesemergy, and by
calorimetric triggers. It also contributes to the identification of electronggoiscand muons
through complementing the measurements by the ECAL and the muon system.

The CMS central HCAL is a scintillator-based sampling calorimeter. It has tharda
of scintillator interleaved between brass absorber plates. To maximize thidabtickness
in the small available space (about 1 meter radially) the brass plates anelegpely thick
(~ 5.5 cm) and the scintillator is relatively thin (3.8mm).

One of the tasks before us while designing the CMS Hadron Calorimeter I(HiS Ahe
selection of the front-end signal preparation. The central part of BAlHuses a photon
detector and digitizing electronics. The chgaesign of the photon detector and front-end
electronics are very tightly tied together. The front-end electronics hasctmranodate the
sensitivity, capacitance, shaping, and other properties of the photectale In the devel-
opment of the HCAL these two tasks of developing the front-end electranidshe photon
detector were constructed in parallel.

The CMS Hadron Calorimeter organized into 4 subsystems contains 9@iitedan-
nels. The barrel (HB, 2592 ch.) and endcap hadron calorimeter2&®#2ch.) use scintillator
as the active medium and are located in the central detector. The vergréboalorimeter
(HF, 1728 ch.) consists of a Cerenkov radiating quartz fiber, is locatdebiforward region
outside of the magnetic field volume. The central HCAL sits inside the CMS ddirsu-
perconducting magnet. The final region the outer calorimeter (HO, 21§Githoutside the
central magnet and like the central calorimeters, it has a scintillator too astive medium.
Figure 3.5 shows the relative placement of the HB, HE,and HO.

The support and control of all components of HCAL is performed by t8&HDetector
Control System (DCS) infrastructure includes many subsystems forotamidl monitoring.

This system as a whole allows to set and monitors at high and low voltages|cdais
the parameters for the frontend electronics, controls the charge injeoti@hettronics cal-
ibration, monitors the temperature of the on-detector readout boxes, nsothitoforward
calorimeters for radiation damage, and controls the LED, laser and réidesgurce calibra-

tion systems.
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Figure 3.5: Layout of HCAL Barrel and Endcap detectors. Inneispgiment of a wedge.

3.6.1 HCAL Partitions

HCAL is logically separated into 12&ections, corresponding to independent trigger regions.
These partitions are implemented using the JCOP Framework State Machifece{&MI).
Because of the DAQ hardware structure, the partitioning could only benguished one
level below the HCAL DCS Supervisor. The detector partitioning is set intpathe master
clock fan-out from the trigger timing and control (TTC) system and the HayRut, which is
designed to accommodate the level-1 trigger. The HCAL consists of 5 partitions

» Three sectors of the HB together with the endcap HE calorimeter coverthdelfzees
in ¢. Each of these sectors has subpartitions HE-, HB-+HBd HE+-. HB covers the
pseudorapidity range up tg| < 1.4 with 36 identical azimuthal wedgead = 20°)form the
two half barrels while HE covering.2 < |5 < 3.0 which have inner radii of 0.4 m and outer
radii of 3m. Each HE consists of Iatowers, where the first tower overlaps with HB.

» Similarly HF having plus and minus sides as sub-partitions covetsig < 5 aim
to measure high energy forward jets and complete the hermetic coveragebfdterEr
determination.

» Tail catcher HO having 5 sub-partitions HO2-, HO1-, HOO, HGihd HOZ cover-
ing || < 1.26 region and increases thextive thickness of HCAL.

Each sub-partition is also subdivided into readout boxes (RBXs) darchich is further
into 4 readout modules RM. The infrastructure elements such as radeaotivce server or

HV system server, etc. could not be partitioned and belong HCAL DCSvesoée. Hcal
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Partitioning is illustrated in figure 3.6.
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Figure 3.6: HCAL Partitioning

The high magnetic field where the HCAL is located caused a severe limitation on the
choice of photodetector. Actually no suitable photodetector existed anditcied to be de-
veloped a pixilated proximity-focused HPD. The readout of the calorimétmrmel requires
just 7 bits of data rather than 14 bits so a linear single range readout isedstahe data
compression reduces front end power requirements and minimizes célmeevieaving the

detector.

3.7 The Muon System

Many interesting processes considered in the BSM context such as StJBxra Dimen-
sions as well as SM processes related to EW, Higgs or B Physics giveoriseal states
enriched with muons granting significant part of discovery and precisieasurements at
LHC. Since muons are minimal ionizing particles, they are very penetratinqigsa®their
energy is sflicient not to be bent by the magntetic field through the solenoid. Muons are
heavy particles4105 MeV) so they live relatively longr(= 2, 2.1075s) in which they don't
emit bremstrahlung radiation as electrons.

The muon system cover the regilgh< 2.4 and split into a central (MB) and two forward
(ME) parts. 4 disks are installed for both of these endcaps and thegpeeased by the iron

return yoke, which absorbes the bremstrahlung photons, electronoposétirs and hadronic

36



punch throughs.Figure 3.7 shows the side view of CMS comprising Endcap system
(ME) and the central barrel part (MB).
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Figure 3.7: Side view of MB and ME Muon systems

The central part covels| < 1.2 range and the muon rates are expected to be rather small
since the drift tube (DT) chambers are used as a tracking device. Imtlvags, muon rates
are getting a bit higher, led to the choice of Cathode Strip Chambers (C8&) have a very
good time resolution to identify the correct bunch crossing despite the pos#gotution is a
bit poor compared to new progress.

In the inner tracker region, momentum measurement of low energetic muonsaaie.
Considering high energetic muons, energy loss and multiple scattering ceeyleeted and
the conbinations of the measurements made in tracker and outer muon systerit puak
sible to measure the curvature of the track properly. It doesfécethe resolution of the

momentum measurement but increases the probability to determine chargerns afiove 1

TeV energy scale.
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CHAPTER 4

CMS TRIGGER SYSTEM

4.1 Introduction

Before starting to discuss the Trigger Infrastructure at CMS in detail, uldvbe convenient

to mention about filine and online computation issues for the first reader. The online com-
putation requires real time data processing, where the decisions aersibde and the data
cannot be recovered. However, afilinoe computation does not require real time data pro-
cessing therefore the decisions can be reconsidered for the evemdikad other detailed
selections and the most importantly, data can be reprocessed [32].

The trigger is the start of the physics event selection process wherelin 25 ns, a
further decision has to be made. It requires only a small subset of the@tedata processed
rapidly with very little dead time for all channels. It performs the the data attiquisas a
consequence via allowing or rejecting the event processing.

Regarding the nominal LHC design luminosity offt@n? s1, every bunch crossing
gives rise to an average of 17 events. So the input rate bintéraction per second must be
reduced by a factor of ¥@o 100 Hz, which is the maximum rate that can be archieved by the
online computer farm in general.

In order to achieve this data reduction, CMS uses a 2 layer event filteringanism,
namely

» Level 1 Trigger System

» High Level Trigger (HLT) system.

All data is stored for 3.2s in the first phase, after which no more than 100 kHz of the

stored events are forwarded to the High Level Triggers.
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4.2 Requirements of the Trigger System

4.2.1 Physics Requirements

The data sets to be taken are determined by CMS Physics priorities basedaeriiification
of muons,electrons, photons, jets and missing transverse energy. Gz dlgiency should
be reasonably high correspond to a lower cut with respect to the spgpdiof the particle
in question.

The trigger system should be capable of selecting leptons and jets oveetidopapidity
rangeln| < 2.5, with an diciency which is very high, above a selected threshold in transverse
momentum.

Single and multiple jet triggers are required with a well definfdiency over the entire
rapidity rangdn| < 5, so the reconstruction process of jet spectra overlaps with the attainable
data. Jet triggers are expected to be fulfifogent in response to the high transverse mo-
menta events. Regarding the missing transverse energy trigger, a tirastund 100 GeV
is generally considered.

Note that the L1lpt cutdfs are, and ought to be, somewhat smaller than ti@me
physics analysis cuts. The reason for such a requirement is thdfitherey turn-on curves
for the L1 trigger will be somewhat softer than can be achieved with a fallyais including
the best resolutions and calibration corrections.

The enormous range of the cross sections makes the triggering at LHZchedienging
task. The trigger system has to selefficéently a few interesting events among millions of
background ones.

Another crucial task at the LHC is triggering the enormous range of sgxg®ns belong
to different phenomenological studies. The interesting events should be dedetdively
in parallel to the physics channel studied. The trigger simulation is perfoanétY THIA
or ISAJET programs using integer scales with appropriate bit resolutrmhdymamic ranges
implemented in the hardware. N-tuples generated from this trigger simulatiore @@D
jet events are used to make integrated trigger rate plots versusrtivalues for various
trigger channels and combinations. The ORCA simulated trigger data and Tid¢lR¥lonte
Carlo generator information are used together to obtain the trigfjeieacies as a function

of generated trigger particle momenta.
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4.2.2 System Requirements

The trigger has to be inclusive, local, measuralfficeent, and fill the DAQ bandwidth with
a high purity stream. The local philosophy of the trigger implies an initial triggé¥csion
of electrons, photons, muons and jets, which relies on local information itiectlgt to their
distinctive signatures, rather than on global topologies. For exampldraglezhowers are
small and extremely well defined in the transverse and longitudinal plamesmation from
a few ECAL and HCAL calorimeter towers (at the L1 trigger), the preshaedector, and
a small region of the tracking volume (at higher trigger levels) aficsent for electron
identification.

The Trigger Architecture would be tuned in 3 ways to measure lepton anflif@tecy.

» In the case of overlapping programmable triggers, multiple triggers witlrdit
thresholds and cuts run in parallel to each other.

» Presecaled Triggers contains a secondary lower threshold cut wimstinrparallel to
the strict triggers.

» Prescaling of a Particular Trigger by removing one of the simultaneous cuts.

As a result, the online thresholds in the selections should be consistent vwathahthe
offline and the the events must be selected carefully in order to keep the patratmmage

media in balance.

4.2.3 Rate Requirements

Since the L1 trigger rate is limited by the speed of the detector electronics,adtieuteand
the rate which is processed by DAQ system is also constrained by the aegighility of
the readout, event builder and event filter at 100kHz. However, itugtanonditions, this
maximum capability will not be required and reduced to the 75 kHz with the impleti@mta
of new Event Filter. In additon to that, the uncertainties in estimations of ceai®ss at high
energies and limited knowledge of branching ratios also impose a largeartioe estimated

trigger rates.

4.2.4 Structural Requirements

The time between beam crossings at the LHC is 25 ns, which is too shortdemuedhe
megabytes of data for each event causes a crucial trigger decisi@endafa are therefore

stored in a pipeline and the first level trigger decision is transmitted to the deddettronics

40



within 3.2 us after the crossing. In order to avoid the deadtime, the trigger electronids mus
itself be pipelined: every process in the trigger must be repeated in evary. 2

Thus, the aim is to maintain data flow synchronously with the repeated patteiggefr
logic which ends up with simple arithmetic operations or functions using memoryook

tables where an address of data produces a result previously writtehenteemory.

4.3 L1 Trigger System

We can summarize some of the main characteristics of the L1 Trigger Systém [32

» The maximum input rate of the L1 trigger is 40 MHz bunch crossings compatitite w
the HCAL and ECAL trigger primitives computed out of the detector pulses.digitization
of the analog signals occurred at the same beam crossing rate.

» The output rate of the L1 trigger is in between 25 to 100 kHz, which is a beindw
shared between muon and calorimeter triggers. Therefore it also spec#iémum rate that
can be achieved by the High Level Triggers. This maximum trigger ratesponds to a
minimum rejection rate of ¥0at design luminosity of 1% cnr?s?

» All data is stored in a pipeline with 32s latency equivalent to 128 BX ( 25 ns Beam
Crossings ). During this period, trigger data must be collected from timé érmd electronics
which implies that trigger algorithms cannot use full information available framgtectors.

» The trigger electronics are pipelined in order to avoid dead time. Howevexca f
tion smaller than %1 calculated dead time occur at L1 system can be consideaegiood
comprimise.

» Since signal propogation delays are included in this pipelined time, The dedilzle
for L1 Trigger calculations is smaller thenl.5us.

» In general, there are two detector systems which process L1 informatierfirt de-
tector system is Muon Calorimeter Trigger further organized into DT(Dtilid), CSC(Cathode
Strip Chamber) and RPC (Resistive Plate Chamber).

The other detector system is the Calorimeter Trigger, which can be split irg® plarts
as HCAL (Hadronic Calorimeter), ECAL (Electronic Calorimeter) and HF pélive Forward
Hadronic Calorimeter organized seperately from HCAL.

» The L1 Detector system as a whole can be understood in 3 main steps: Regainal
and Global.
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» All input data into L1 Trigger system listed above transmitted to Data Aquisition
System (DAQ) for storage along with the event readout data. Howieedecision whether
to trigger on a specific crossing or to reject that crossing is tranmitted todrmhand readout
systems via TTC (Trigger Timing and Control) system which also provide& eod control
signal units.

» The TTC system in CMS is divided into a series of zones. Within each zarels
can be broadcasted from a single laser source to more than a thouséindtides over a
passive network composed of a hierarchy of optical tree coupleriveAapticalelectrical
converters (TTCrx) at each fiber destination provide programmablse&aad fine deskew to
compensate for eierent particle flight times and detector, electronics, propagation and test
generator delays. Prototype TTC hardware has been used sutlgassprovide clock and
control signals in laboratory and beam tests by CMS.

» Copper cables are used in data flow between crates and they are inssfdér to
avoid the necessity for optical drivers with their cost, size and powerinemgents but have
limited length capability.

» The key to a good trigger system is the flexibility. The CMS L1 trigger electsonic
has been designed to reach this purpose. Not only all thresholdsaemmable, but as
mentioned above, algorithms are either implemented in FPGAs or LUTs(Lookables).
Reprogramming the FPGAs or downloading new LUT contents allows for mayjisions of
the trigger algorithms.

The L1 Architecture can be illustrated with the Figure below 4.1

4.3.1 L1 Calorimeter Trigger

For a detail introduction on HCAL and ECAL, one can look at the previdwepter of this
thesis. Considering Calorimeter Triggers containing HCAL and ECAL parsitiooated in
the counting house USC55, one can generalize the overall proceadhimg the data process.

» In Local Calorimeter Trigger (LCT), the computation begins with the triggeretow
energy sums formed by ECAL, HCAL and HF send to the TPG performing istecthmpu-
tation steps in the system and evaluate the calorimeter trigger primitives by trangthigin
results to Regional Trigger System.

» In Regional Calorimeter Trigger, the physics constraints are appliedtsatkandi-
dates for electrons, photons, jets, isolated hadrons are found asddrs& energy sums are

evaluated. Th&y thresholds for each of these objects are required to be kept tunablatso th
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Figure 4.1: Overview of the Level 1 Trigger

the QCD background rates are tolerable and fhieiency for discovery physics is high, while
providing suficient sample of control events.

» In Global Calorimeter Trigger (GCT), All the physics object candidatescatego-
rized together with the total and Missing Transverse Energy deymsin order to improve
the trigger #iciency of rare multi-jet events, a jet multiplicity trigger is also implemented
alongside the main jet algorithms. The purpose of this final step is to redueeniient of
information as much as possible before sending it to GT (Global Trigger).

The Global L1 Trigger transmits a decision to either accept (L1A) or rejach bunch
crossing. This decision is transmitted through the Trigger Throttle Systei®)(fGlthe Tim-
ing Trigger and Control system (TTC). Besides handling physics triy¢fee GT provides for
test and calibration runs, not necessarily in phase with the machine, gmé$caled triggers,
as this is an essential requirement for checking trig@fgciencies and recording samples of

large cross section data.
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4.4 High Level Trigger(HLT)

The CMS HLT is a purely software trigger run on the online computing farm. didttianal
intermediate trigger level is required after L1 stage, as the event buildenéndioned such
that complete events are directly assembled at the full Level-1 accepTtatesystem must
decide the fate of each event within a very short time in a challenging way wtithsing
any significant event since the main requirement of the software trigges&itdy a diverse
physics program with highfciency [33].

The general strategy of the HLT implementation is based on uditigeosoftware as
much as possible in order to keep the software robust and maintainableingehat any
event selection must be inclusive and must not require precise knasviEdealibration or
run conditions since precision detector calibrations lag behind data colletiionder to do
that, the event selectiorffieiency must be measurable from data alone so all algorithms and
event processors must be monitored closely as events failing the onlicéaselgill be lost
forever.

For that aim The CMS Filter Farm is integrated with the DAQ through a common frame
work capable of controlling, configuring, and monitoring the events in ablelivay. The
internal architecture of each Filter Unit decouples the DAQ from the phygorithms and
provides the full-fledgedftiine reconstruction to process and filter detector events. Problem-
atic events are handled without any impact on the operation of the globaldDé@ecovered
and stored for filine expert inspection.

The online selection code running in a single processor analyzes oneave time
and its job is to lower the L1 100 kHz rate to an output selection rate of 100 Hizhws
to say that it can accept only1®% of the processed events. The HLT has access to the full
event data unlike the L1 trigger so it can make more demanding requests evetiits. The
main limitations of an online software trigger are that of available CPU time and tkefac
precision of the calibration and alignment constants.

For the event signatures we considered in this study, HLT algorithms afumpance

issues ofMEr and Single Jet trigger paths will be discussed in Chapter 6.
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CHAPTER 5

CMSSW : PHYSICS ANALYSIS IN CMS EXPERIMENT
SOFTWARE ENVIREMENT

5.1 Reconstruction

In order to perform Physics Analysis, the information coming froriedént parts of the
CMS detector should be conbined by specifying track, vertex and higyedphysics objects
respectively. We can split this process mainly to 2 parts being the Recciistrof Objects

and the Reconstruction of Events based on [34].

5.1.1 Reconstruction of Objects

» TRACK RECONSTRUCTION
This process can be classified in 5 parts.

1. Hit Reconstructiorobtains the position of the objects and estimates uncertainty of

them by clustering the activated tracker pixels or strips.

2. Seed Generatiois responsible for the definition of initial trajectories and error esti-

mation by requesting at least 2 jets in the previous step.

3. Trajectory Building

For a charged patrticle in a magnetic field, the seed obtained from prevaussed
to extrapolate the first suitable tracker layer. For each suitable hit, a tngjeandidate is
created using Kalman filter formalism based on a Neural Network algorithm.

4. Ambiguity Resolution

Different seeds used initially, addressing the previous step, would conck$p more
than 1 trajectory candidate. Thus one can prevent double countingk$ traprinciple.

5. Final Track Fif which completes the process by fitting the optimum track.

45



» VERTEX RECONSTRUCTION

It consists of finding and fitting the vertex by considering manjedent algorithms
depending on the physics requirements.

» ENERGY RECONSTRUCTION

Considering energy deposits of ECAL and HCAL, the measurements maaehrob
these calorimeters are conbined. Thus, calorimeter towers (ECKBICAL) are constucted
by getting the signals inp(#) bins, which corresponds to a particular cell of HCAL. The
efficiency depends on the success of the elimenation of calorimeter noise togéththe
regular noise by applying an energy cut on all towers.

» STANDALONE MUON RECONSTRUCTION

Using the information coming from the muon system, this process can be desedpo
into 3 steps. Then the information coming fronffdient subdetectors (DT, CSC, RPC) are
conbined by building Kalman filter again.

1. Hit Position

2. Segment Reconstruction

3. Track Finding

5.1.2 Reconstruction of Events

» JET RECONSTRUCTION

A scattered parton associated to quark-gluon fragment is measured ialthieneter
being jets in which the particles produced are collimated in the direction of the jétiedn
due to the high boost. Thus, the easiest way to perform jet reconstraotisists of clustering
the energy deposits in a cone, where the primary axis of the it coincides withiréction of
the initial parton. Since Lorentz invariance is hold, these cone can belBsmn, — ¢ space,

with the metric:
AR = [(Ag)? + (An)? (5.1)

wheren and¢ represent the pseudorapidity and the azimuthal angle respectively.

A jet algorithm can be considered as a set of mathematical operations, iwhespon-
sible for reconstructing the properties of jets by conbining transversayies of their con-
stituents. All the analysis in this thesis are performed with the PAT (Physiclygiadools),

so a standard Cone Algorithm is considered with the following:
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» ITERATIVE CONE ALGORITHM

1. Ordering the Input Object§:he algorithm is initialized by ordering the the input ob-

jects with respect to the transverse energy above a certain thresholeddasi jet seed.

2. Constructing Proto-Jef he objects remaining inside the solid angle of the cone are

clustered in the direction of the jet seed. Thus, a proto jet being the rejdaeel makes the
iterations until the energy and the direction is stabilized.

3. Iterations by adding Proto-Jethe final proto jet, which is obtained in the previous

step is replaced with the ordered input objects and this process is repeétede threshold
value considered in the first place is reached.

The iterations mentioned here is made by udtrgscheme by dividing the jet transverse
momentum to the sum of transverse energies. Then one can ends up witlcipgpmassless

jets by fixing the direction of the jet withangle.

: E
sig = ET (5.2)

whereE is the jet energy anéy being the transverse energy. The reconstructed jets corre-
sponding a particular 4-momentum and the fraction of the energy areitebosthe sub-
partition of the calorimeter.

» MUON RECONSTUCTION

Starting from the standalone reconstructed muon, the muon trajectory ipaated
to the outertracker surface by regarding the muon energy loss in theedrosaterials and
the dfects of multiple scattering. So the track reconstruction is done again with Kalman-
filter technique and all the reconstructed tracks are refitted together wistetheéalone muon
tracks.

» MISSING TRANSVERSE ENERGY RECONSTRUCTION

The large pseudorapidity coverage of the CMS detector allows for ratieeise test
of 2 dimensional momentum conservation in the plain perpendicular directitire dfeams.
It is clear that such a design aims to detect as much as possible final staitgees that
the reconstruction of missing energy would be also possible. Thus, argsuneeasignificant
imbalance in transverse momentum, Missing Transverse EnktBy), can be considered as
the signature of weakly interacting particles, which typically escape frordetector without
being measuredM Et in CMS is determined from the vector sum over uncorrected transverse

energy deposits in projective Calorimeter Towers [35]. So the simplist wegctinstruct the
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transverse energy is to calculate the negative vectorial sum over afjyedeposits in the

calorimeters.

ME+

=S (Ensintucospnl + Ensintnsingy])
n

(MEr)d + (ME7)y ] (5.3)

MET is a crucial observable for measuring not only the Standard Model @bbesses
but also for searching new physics beyond the SM, which are assbtmatelatively large
magnitudes in general. Hence, establishing the nature of this important quantslly
complicated and requires careful studies to understand the detectoeamddbects on it.
One should be careful before claiming any discovery beyond SM keaafithis reasons. In
this thesisMEy is replaced by atMHt quantity to eliminate various detector malfunctions
and particles hitting poorly instrumented regions of the detector as explainédapter 6

extensively.

5.2 CMS Experiment Software

based on [36],[37],[38]

The whole collection of CMS Software is constructed around a framevedidccEDM (Event
Data Model) which is used to access and store all event data. The pwhitss framework
together with EDM is to facilitate the development and deployment of recomstnuand
analysis software.

» EVENT DATA MODEL

An event is a container of many products, built by marfjedent types of €+ program-
ming language. All data format types and the content of events is desigm@ddaEDM in
order to get a flexible event output utilized for the requirements of analigistore the infor-
mation of the event data ROOJQ is chosen since it is a forerunner technology considering

the implementation of the event store and Reflex Dictionaries.

5.2.1 Event Data Tiers

CMS defines dterent data tiers, which are compatible for various applications such as align
ment, calibration and physics analysis.fiBient data formats processed in Tiers are given

below.
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» RAW : contains the initial detector information used as an input for the higHh leve
filtering.

» RECO: composed offiiine reconstructed objects.

» FEVT: Full Events contains RAWRECO formats.

» AOD : is subset to the RECO format in which the physics analysis performed.

» GEN : is a format including generated Monte Carlo information.

» SIM : comprises the simulated energy depositions.

» DIGI: contains the simulated response of the electronic readout chaarbéshits of

the relevant detector elements.

5.2.2 PAT:Physics Analysis Toolkit

based on [39].

PAT is a high-level analysis layer providing the Physics Analysis GroBp&§) with
easy access to the algorithms developed by Physics Objects Groups)({R@@Sramework
of the CMSSW dtine software. The main purpose is to fulfill the requirements of the most
CMS analysis, providing both ease-of-use for beginners and flexibilitgdvanced users.

The production of PAT candidates starts from the AOD or RECO format.rderoto
associate trigger information, the PAT workflow is organized in a main segutgether
with a parallel sequence. An outline for this sequence is given in figure 5.1

» aodReco

The main sequence starts from pre-production steps includes aodikeow®atching.
The aodReco sequence adds useful information to the RECO candieatetectron, muon,
tau, and photon candidates, this includes:

1. The calculations of isolation variables using information from several tiatec

2. The association of isoDeposits to allow for more detailed studies,

3. The association of standard POG supported object identification variables

For jet candidates, more information is implemented such as:

1. The association of charged tracks,

2. The corresponding jet-charge variable,

3. An association of jet energy corrections factors (to all potential levejstafnergy
scale correction),

4. Algorithms for and information of (b-) flavour tagging,

5. The corresponding module definitions can be found in the recoLayex€tdiy of the
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Figure 5.1: PAT Workflow

PatAlgos package.

Another important operation, mcMatching, which connects generator learéad the
reconstructed candidates. The matching is an opeyaétmttion based on the objects’ simi-
larity in their spatial and kinematical distributions.

» patCandidates

After the pre-production steps, the collections of pat::Candidates and ruiitiages,
which comprise of all relevant information are produced:

1. The corresponding module definitions can be found in the producezsl ajrectory
of the PatAlgos package.

2. They have the corresponding reco::Candidates and all relevant égimaation (from
AOD or RECO) as input.

3. All the needed extra information is collected via correspondifidiles in the same
directory.

» selectedPatCandidates

The collections of selectedPatCandidates are produced after passiagstential se-
lections in PAT candidate selectors. Note that the default selection criterigsistédp are
dummy selections, whichfiectively do not lead to a rejection of pat::Candidates. Though the

user may add what ever objgmtent selection might be suitable for his analysis by replacing
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the dummy selections in his configuration file.

1.The corresponding module definitions can be found in the selectedLdiyeciory of
the PatAlgos package.

2. They can have any collection of pat::Candidates as input. This can be pid@ms,
selectedPatCandidates or cleanPatCandidates.

» cleanPatCandidates

Because of the organisation of the reconstruction software of CMS, ebthe physics
measurements might be doubly reconstructed fisrdint physics candidates. For example,
an electromagnetic cluster can be reconstructed as an electron, a phdtarjea would be
presented in all the ferent collections at the same time. In a cleaning step, PAT provides
an opportunity for adopting a cross-collections cleaning to remove some aivirlapping
candidates, depending on the wish and configuration of the user. fitaniag candidates
are stored in cleanPatCandidates collections.

1. The corresponding module definitions can be found in the cleaningLayexdtory
of the PatAlgos package.

2. They can have any collection of pat::Candidates as an input. This can bengatCa
dates, selectedPatCandidates or cleanPatCandidates.

» PAT trigger event

Besides the main PAT production sequence, trigger information is re-keyjed hu-
man readable form in the pat::TriggerEvent and the PAT trigger matchinddeothe oppor-
tunity to connect PAT objects with the trigger objects. Thus, the user cédly égare out
which object(s) fired the desired trigger bits. The production sequéaads fom the PAT
trigger producers, and folds the information in the pat::TriggerObiject, pafgdiilter, and
pat::TriggerPath classes. These classes are finally contracted into theiggeérEvent as a

central entry point to all trigger information.

5.2.3 CSAO07 Production

Regarding the 14 TeV Analysis in this thesis, all the background samplespigked by the
Computing, Software and Analysis challenge performed in the Fall 200RQT)S

The CSAO07 production is targeted forfb™! of statistics and therefore the data samples
have been reconstructed with calibration and alignment constants bagesllorderstanding
of the detector obtained with 10b~! of data. Miscalibrations were not taken into account

at the trigger level.
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CHAPTER 6

ANALYSIS

6.1 Introduction

In this chapter, the analysis procedures for the monojet signature of mbBde| within the
LED (Large Extra Dimensions) context will be discussed. An approablere extra spatial
dimensions are compactified on a torus with common circumference R is impasttkfo
signal generation of ADD model. The selected events generatedysith 14 TeV center-of-
mass energy up to 10801 Integrated Luminosity will be compared with th¢s = 10 TeV
center-of-mass energy up to 2pb! Integrated Luminosity. The Trigger studies performed
for both of these analysis will be highlighted in detail and the cut based sigaljll be
summarized together with the discovery reach and exclusion limits, which @&&tigated as

a function ofMp ands in this section.

6.2 Direct Graviton Production Mechanism

In ADD model, the SM is confined on the ordinary Minkowski Space, callethé@wvorld,
while gravitons considered as a massless spin-2 particles are free tdhmmamgh the 4+ §
dimensioned space. At an energy scale corresponding to the Te\iesneithin the reach of
LHC, this process would be projected onto the ordinary 3 spatial dimensitese the SM
lives, and appear as a tower of light Kaluza-Klein excitations. Gravitomsvaakly coupled
to the ordinary matter, so they escape from detection but would be infeo@mdhe amount
of missing energy.

In this analysis, we focused on the production of a graviégdmalanced by an energetic
hadronic jet via the processgg — gG, gg — gG, qq — qG, which are illustrated in figure

6.1
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Figure 6.1: Diferent production modes for the Direct Graviton channel within ADD Frame-
work

The diferential cross sections with a graviton of masor the parton processes, which

are relevant to G- Jet production in hadron collisions are given below.

Om, — _

¢ (- 96 = 365MPI Fi(t/s m?/s)

—(ag—q6) = gg SFa(t/s /9 (6.1)
sM PI

do-m _ 3&’5

o 99— 96 = ¢ 7 Fs(t/smz/s)

HereF is a usual flux factor for the collision of two particle wheis the Mandelstam variable
defined asff; — ps)?. Since the graviton interaction vertex is suppresseMpy?, it can be
anticipated thatrm o« Mp 2

Then the inclusive cross section for the production of graviton in partotécaations
with the energy scale/s (center-of-mass energy) can be written in terms of the fundamental

scaleMp and the number of extra dimensiohf10].

1 (V&Y
-~ M_%(M_D] 6.2)

6.3 Current Limits

Regardingy + MEt and Jet+ MET final states, searches performed by LEP [41],[42}, D
[43][44] and CDF have been showed that there is no deviation from gdatations with

the %95 Confidence Level (CL) up to now. The current limits are givenhieté.1 where

the lower limits onMp for several number of extra dimensions are reported [45]. Depending
on the variations of the number of extra dimensions, it can be seen thatoreeaperiments

have a better resolution than LEP experiments.
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Table 6.1: For ther + MEt and Jet+t MEy signatures with 95% Confidence Limits specified
by different experiments in TeV order

LEP D¢ CDF
6 | y+MET | Jet+MEr v+ MEt | Jet+ MEt v+ MEr combined
(1.1fbY) (2.0fb™1) | (1.05fb™1) (78.8fb™Y)
2 1.600 0.99 0.921 1.310 1.080 1.400
3 1.200 0.80 0.877 1.080 1.000 1.150
4 0.940 0.73 0.848 0.980 0.970 1.040
5 0.770 0.66 0.821 0.910 0.930 0.980
6 0.660 0.65 0.810 0.880 0.900 0.940

When it comes to LHC, Table 6.2 shows the sensitivity of ATLAS [46] and GMgeri-
ments with respect to thefierent luminosity conditions. As it can be seen in this table, using
the same data size, current exclusion limits of ADD can be significantly impifovdd TeV
case. The current limits of the CMS experiment has been put with the angysigl8] for

14 TeV and 10 TeV cases discussed in this thesis. Considering indiegchss, the results

Table 6.2: For the JetME+ signatures with 95% Confidence Limits expected at LHC in TeV
order

ATLAS CMS
5| (30fbh) (100fbY) | (100pb?) (200pb2)
2 7.7 9.1 4.61 3.1
3| 6.2 7.0

4| 52 6.0 3.46 2.3

coming from Newtonian Potential measurements shadwedl90um as a limit for thes = 2
case, where the value ®p depends on a compactification mechanism given in [49]. As-
trophysical results given on the observations of SN1987A Supeengvaviton emission has
led to a lower limitMp=1.6 TeV foré = 3 despite the huge amonunt of uncertainties coming

from the lack of knowledge on the tempratures of the inner core of thers\/S@.
6.4 Monte Carlo Generation of Signal and Background Samples ahRecon-
struction

Our signal constitutes a high-transverse-momentum Jet in the centrah i&ftioe detector

(Inl <1.7), accomponied by possible less energetic jets due to the initial-final state glu
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radiation. The key issue about the MonoJet signature is that there weuldl dther energetic
jets produced neither central nor in the forward direction. For the dalsgé TeV analysis the
high pr selection is forpt > 400 GeV, where in 10 TeV case, this selection is reduced to
pr > 200 GeV since the jet magnitude is recoiling back-to-back in the transviense with

the MEr as a constraint on the prior selection criteria.

The new physics signature considered in this study would be supregsedral SM

processes. The most relevant ones regarded as background are :

» Z+JETS with the Z decaying into two neutrinos forms * irreducible’ background: This
channel leads to invisible energy recoiling against jets and is describibe Isame signature
as the signal. The contribution from this irreducible background needs éstimated in the

best possible way to be subtracted.

» WH+JETS When the charged leptome,(u, 7) is not reconstructed by the detector, the

signal is faking and turns out to be similar to thej&ts one with a leptonic W decay;

» QCD DI-JETS. A possible mismeasurement on a single or multiple jet magnitude
would stem from the contribution of this known background. Moreoveguificant amount
of MEt would be produced in Hadron decays, mostly dominated by the figheutrinos

and highpr particles outside the detector acceptance.

» TOP QUARK PRODUCTION
Both Top pair and Single Top Quark Production can mimic the signal for ewvettis
few or collimated jets when missing energy and energetic jets point in oppostidirs.

However events where leptons are not identified may also lead such vasiatithis case.

» ZZ/WW/ZW + JETS processes have also minor contribution to the data set because

of low cross section however they would correspond to a Mg in some cases.

MACHINE INDUCED BACKGROUND
Referring the various detector malfunctions act onNHer quantity mentioned in Chap-

ter 5, the dominantféects would comprise of 3 distinct categories in general:
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» INSTRUMENTAL EFFECTS. DEAD/HOT TOWERS, PU (PILE UP)

The systematic uncertainties due to the noisy and dead channels in theibadrdn
electromagnetic calorimeteffects the determination of the physics objects and would result
an undetermined amount MEr.

While this high luminosity is essential for many searches of rare new physicegses
at high energy scales, it also complicates analyses, because at eablthassing there will
be of the order of 20 minimum bias pp interactions, which pollute any interessirfpdvents
with many soft particles. The beams at LHC will have a longitudinal spreadljtanay be
possible experimentally to associate each charged particle with a distinct pueréex that
corresponds to a single pp interaction and so eliminate some fraction of thepatdmina-
tion. However, for neutral particles this is not possible, and most jet memsunts are in any
case expected to be carried out with calorimeters, which do not have gdaanesolution
needed to reconstruct the original primary vertex. Therefore kinematsumements for jets
will be adversely fiected by pileup (PU), with resolution and absolute energy measurements
sufering significantly [51].

From Tevatron studies, being replacedM¥r vector, MHt quantity is expected to be
less dfected by instrumentalfiects like pile up and detector noise (HPD Noise, Presshower
Si sensors, APD’s, MSGC and etc.) [52]. Here the mentioned instrumieat&lyround is
slightly stimulated by the QCD events tried to be reduced as a main goal in Triggles

» COSMICS AND BEAM HALOS

Beam halo particles arise from the interaction the of beam with residuas gat@n
the LHC vacuum pipe. The charged particles that stem from this ocaii@t have their
trajectory dected by the magnetic field of the devices, commonly known as magnets, that are
used to focus the beam. Beam halo particles mainly consist of hadronsaedai to muons.
Since these particles come from such a highly energetic source, thg émegrthey can obtain
is significant. Halo particles can travel through the CMS detector and dlepusgy via
bremsstrahlung, a process in which the muon radiates electromagnetic rabjatéeasing a
photon due to interacting with metal [53]. This can cause a discrepencgiigyeconservation
during a physics collision, resulting in large amounts of missing transveesgyeM E+.

Cosmic ray contribution will also be important because they pass througttaletem-
ponents that are otherwise unconnected by tracks would end up witllecdde amount of

ME-+.
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» NONLINEAR CALORIMETER RESPONSE

There are alsoftects of Jet Energy Fluctuations on the calorimeter which causes non
linear calorimeter response both in hadronic and electronic subparts 6Mlse Since the
systematic dierences in the average calorimeter response are integral part oetiyy ees-

olution, it is hard to discriminate the signal topology in many cases.

6.4.1 Signal Generation

The ADD Signal are produced with theHERPAMonte Carlo generator, version 1.0.11 for
14 TeV and 1.1.2 for 10 TeV analysis [54]. In order to obtain a goodiuésa in a large
parameter space, samples at varidblis fundamental scale with flerent number ob are
generated for both center-of-mass cases and full detector simulation egked [55].

Since the ADD cross sections are usually computed inffact/e theory approach [40],
the cut prescriptionV'd < Mp has been directly applied in the generation step whis the
center of mass energy of the partonic interactiorprAcut-aof on the parton recoiling against
the graviton is also introduced by requiripg 5200 GeV condition using the CTEQ61L
Parton Density Functions (PDF) [56]. Hepe i§ intended as the transverse momentum of
the outcoming parton in jet production (gluon or quark) The table 6.3 is for6nts per

subsample for the generation parameters given above. pftostribution of generated

Table 6.3: ADD cross sections (and errors from generation stageyadisated by the
SHERPA program forn/s = 14 TeV where all values are in terms of pb.

0=2 0=3 0=4
Mp =2 TeV | 49.246+ 0.056 | 29.144 0.033 | 18.914+ 0.022
Mp =3 TeV | 12.462+ 0.015| 6.392+ 0.007 | 3.874+ 0.005
Mp =4 TeV | 4.253+0.005 | 1.844+ 0.002 | 0.998+ 0.001
Mp =5TeV | 1.783+0.002 | 0.650+ 0.001 | 0.308+ 0.001
Mp =6TeV | 0.862+ 0.001 | 0.266+ 0.001 | 0.109+ 0.001
Mp =7 TeV | 0.466+ 0.001 | 0.124+ 0.001 | 0.044+ 0.001

graviton and the&\g(leading jet, MET) with respect to the number of events is given in figure
6.2 [47]. By looking at the graviton transverse momentum on the left, it caaeée that the
jet multiplicity and the event shape do not show any striking dependenégetbas a larger

Mp will only result with a more energetic graviton.
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For the 4/s=10TeV case, each subsample for a specific benchmark pdit) is gen-
erated with the signal cross sections at leading-order. By reducingthe fMp, we deal
with relatively large cross sections wheape cut is also reduced to 150 GeV. Cross sections

with negligible errors for 20* events per subsample is given on table 6.4.

Table 6.4: ADD cross sections (and errors from generation stageyadisated by the
SHERPA program for/s = 10 TeV for all values in terms of pb.

| 6=2[6=3]|6=4]6=5|5=6
Mp = 1TeV [ 279.11] 171.79] 109.98] 70.50 | 44.45

Mp=2TeV | 33.03 | 17.41 | 10.64 | 6.92 | 4.58
Mp=3TeV | 7.28 3.02 1.57 | 0.93 | 0.58
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Figure 6.2: Thept of generated graviton (left) and the azimuthal anguléedence between
the leading jet and the missing transverse energy (right) at generathféewarious bench-
mark points. No significant discrepancies between tfiferdint ADD signals have been found.

In order to evaluate the probabilities in which a certain event would ocoumtng
method is used to distinguish the number of parameters giving rise to similaispesce hus
the fundamental principle of counting is applied when many selections are imadehe
same set of objects while the order of selections do not matter in generate Harce SM
background has been modeled properly, BhEr + 1 Jet channel is expected to manifest
itself as an excess on tiMEr spectrum on top of the background samples after specifying

the control regions, where SM background would supress the signal.
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6.4.2 Background Generation

The hadronization of quarks and gluons (along with the underlying évert® performed

using PYTHIA with the MLM shower matching prescription [57] to ensure that there is no

double counting due to the parton showeringPiviTHIA.

The Background processes considered here have been gewathtacample size cor-

responding to an integrated luminosity of 18! and 200pb! for 14 TeV and 10 TeV

cases respectively. Details on the generated events per procesgearadable 6.5 and ta-

ble 6.6, along with the cross sections scaled with the branching ratios andrtbeponding

integrated luminosity. When a binning pr has been used, the number of events is integrated

over the full range.

Table 6.5: Overview of the Background Statistics produced in the CSAUAfdeV Analysis

where (*) stands for the

k-factor

SM Channel \ Notes | o.BR(pb) | Gen. EventsX10°)
Z+jets 0 < pr <3200 GeV, inclusive sample 2792 567.5
Z (— w) + Jets 0 < Pr <3200 GeV 239.1 265.1
QCD di-jets PDJetMetf extracted from Gumbo 2.531x 10° 6322
QCD di-jets PDMuon extracted from Gumbo 2.531x 10° 152.6
W (- ev) + Jets 0< pr <3200 GeV 14.767 579.1
W (= uv) + Jets 0 < pPr <3200 GeV 14.767 579.1
W (= 7v) + Jets 0 < pr <3200 GeV 14.767 579.1
tt extracted from Chowder 447 x 1.85% 19,696
single-t (incl.e) inclusivee channel 27 52.81
single-t (incl. ) inclusiveu channel 27 48.24

Table 6.6: Overview of the Background Statistics for 10 TeV Analysis

SM Channel \ Notes | o.BR(pb) | G.Evts &10°) | Int.Lum(pb™)
Z (= w) + Jets Sum08, MADGRAPH FullSim[ 3700 10° 270
QCD pr > 80 GeV SumO08, PYTHIA FullSim 1,934,639 3x10° 15
QCD pt > 170 GeV SumO08, PYTHIA FullSim 62,563x10° 48
QCD pr > 300 GeV SumO08, PYTHIA FullSim 3665 3x10° 820
QCD pt > 470 GeV SumO08, PYTHIA FullSim 316 3x10° 9500

W (- ) + Jets Sum08, MADGRAPH FullSim| 35,550 104 281

tt Fallo8, MADGRAPH FullSim 317 10° 3150
single-t(tW, s-ch,t-ch) SumO08, MC@NLO FullSim 93 550 5910

Regarding the 14 TeV case, most part of the background samplesiectedeby the
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CSAOQ7 soup mentioned in Chapter 5 of this thesis. Considering the genettato@MS
SoftWare version 1.4.6 [58]is used and CMSSW 1.6.7 is used for thes&aotion processes.

The so-called ‘Gumbo’ part of CSAQ7 inclusive sample ‘soup’ was fisedon-ditractive
di-jet production and minimum-bias background events. The inclisw®duction is sorted
among the ‘Chowder’ component of the soup.

For both of the analysis compared here, reconstruction and the anagsisase been
entirely performed using the Physics Analysis Toolkit (PAT), which appdtasdard energy
corrections to the jets and computes isolation parameters for the leptons indigd8\W
framework [59]. Jets are obtained using an iterative cone (IC) algontitima fixed cone
radius of AR=0.5 [60]inn — ¢ space, wher@ represents azimuthal angle. The results do
not depend significantly on the clusterization details and the jet energyisaaeected by
applying a MC based energy correction. This includes the relativeatmmns by producing
uniform response along direction and the process ends up with correcting the jet energy

back to the generator particle level [61].

6.5 Trigger Selections

6.5.1 Trigger Selection and Optimization for 14 TeV Analysis

Since a detailed introduction to the Trigger System is already given in the&hgphe main
task in this subsection is to apply the physics constraints compatible with the monajetel
in order to look for high momentum jets giod large amounts of missing enertyEr at the
first level trigger (L1) and higher level filtering (HLT). Among thefldirent trigger paths
available in CMSSW, the ones that would be considered for new physigetrég 14 TeV are
given below.

» Simple Single Jet Streanselecting one jet at L1 exceedingya threshold (70-110-
180-250 GeV thresholds are available in CMSSW);

» Simple High Missing Energy TriggeselectingMEt > 50 GeV at L1 andMEr
>75GeV at the High Level Trigger (HLT);

» Combined Triggerdiltering the single jet at L1gr (jet) >150GeV) then add higher
energy at HLTMET > 75GeV, pr (jet) >180GeV).

In order to get a significant clean up related to the systematical uncertargested at
the early phase of LHOVIEt vector is avoided to be used directly and the common variables

(Er, MEy) are intended to be replaced by another plif,(MHt) for 14 TeV trigger study.
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6.5.2 Implementation ofHt and MHt quantities

At L1, All the quantities inspected under the Machine Induced Backglewe calculated in
the Global Calorimter Trigger (GCT) of CMS detector and contribute directtheoM Er
distribution.

Nevertheless, an alternative solution can be proposed if the sum of noddansverse
momentapr(j) of all jets above a certain threshojg® can be introduced to specifyt

parameter, which stands for the scalar sum of the transverse energiesvent.

Hr = > Iet()l (6.3)

pr(i)>pr°
By doing that, the hadronic activity takes over the distribution to discriminatetiis-p
ical processes like decays of massive particles. Moreover, deterntiiing less time con-
suming tharkEr in the trigger farm so HT-based triggers are preferred for many asalys
Thus, MEt vector, which encounters the vector sum of the calorimeter cells, can be
replaced byMH+t, which is built from the reconstructelly of jets accumulated from Jet
candidates within the range< 5. Thus, the moduli of the vectorial sum of jets transverse

momenta above a certain threshele? can be defined agiHT parameter.

MHr = | Y Er()] (6.4)
pr(j)>pr°

The comparison betwedtr and Et together withMHt and ME+ with respect to the
QCD response is correlated in the figure 6.3

A large fraction of QCD events have smblt andMH-, thus an early selection relying
on these quantities could bé&ective in improving the signal purity. The key issue is that the
(MEv)is calculated from a vector sum of calorimetric towers’ transverse arsesg it could
be distorted by instrumentaffects (deaghot towers, beam halo, cosmic rays) together with
pile-up and UE contributions. On the other hakthit has a direct access to jets by definition
and expected to be lesfected from detector noise and pile-up events.

The Er triggers in general use the transverse energy sums (electromaghgtitronic)
computed in calorimeter regions (4x4 trigger towers in barrel and end&pand Ey are
computed fromEr using the coordinates of the calorimeter region center [32] as depicted in

figure 6.4 By replacinder with Hy, MHt parameter is calculated by cropping the energy
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sums and defined by a threshold value just likM &t vector. At L1, The global trigger
accepts the definition in parallel, and apply the conditions fiedint selections oMH~y
cuts. As a resulHt+MH~ trigger can be implemented with a number of thresholds used as
a combination in order to control the physics objects recognized by thesowhis process
prohibits the use of iterative algorithms, such as jet-finding, which is basédding a seed
tower. Then adding the surrounding towers make the jet energy sum.

The trigger stream proposed by SUperSYmmetry (SUSY) group is explaitais anal-
ysis in order to benefit the large bandwith stems from the di-jet backgrgiuvimgy rise to large
amount ofMEr and highpr jets. Despite a quite richer final state, SUSY studies on jets have
to deal with a kind of background fairly similar to the ADD Analysis at 14 TeWeflefore
such a 2 layeHt+MHpy trigger is found to be the compatible with the early stage analyses of
this study.

To summarize the procedure, an event will be firedHayMH+ trigger if it satisfies
all the conditions specific to each trigger level. The Level 1 condition reguifgger towers
with a threshold value abouér > 200 GeV with apr® > 10 GeV threshold. At an integrated
luminosity of 100pb™?, it corresponds to a rate approxiamately 2.2¢1z at this stage. After
then, at HLT level, a simultaneous cut is appliedibnvia increasing the jet threshold to 20
GeV followed by anMHt cut. ThusMH+ parameter is computed out of th&lme jets with
Ht >250 GeV and reconstructed wittx4 trigger towers. The concurrent cut dHt >100

GeV reduces the QCD rate as much~a8.2 Hz as illustrated in the figure 6.5 proposed in

[62]. Figures 6.6, 6.7 illustrate how signdkieiency varies with the changes of the
I QCD Rate (Hz) (jetPt-20GeV)
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Figure 6.5: QCD Rate with the projection of Jat’ threshold foHt +MHT Trigger
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Table 6.7: Summary of the cuts applied lHy+MH+ Trigger

Hr (GeV) | MHt (GeV) | pr% (GeV) | QCD Rate (Hz)
Level 1 >200 >10 2.2et4
HLT >250 >100 >20 3.2

isolation and matching cuts given in the table 6.7

The left hand plot of figure 6.8 shows thiieiencies beforélt cut is applied and on the
right, the variations of dierent benchmark points of ADD signal after applyi¥dir > 100
cut is showed. Note that ther cut at HLT level is raised to 25 GeV for this pair in order to
show the flexibility of the jet transverse momentum with respect to the signatissleince

variations of these cuts do not make major changes on this selection criteria.

6.5.3 Trigger Selection for 10 TeV Analysis

After the reviews on 2009 Triggers at TSG (Trigger Studies Groupyat obvious that the
triggers working well for the generic objects would not respond to theip@assumptions

on exotic channels because of the major systemdigcts expected at start-up conditions.
Considering the diiculties with the validation of conbined and prescaled triggers with online
analysis, the most basic selections are suggested in order to minimize the &si¢ bad
behaviour on the signal. Thus, 1E31 Trigger table*{1@m? st Luminosity) is revised
[63] and a more reliable and robust trigger is decided to be used followengahm energy

reduction and the loweregr cuts. Then the selections of thresholds do not result from
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a sophisticated significance maximization, but they are determined by lookirgy ticgh
Ns/ +/Ng ratio (significance), where th&§, Ng) represents number of signal and background
events respectively.

Among theMEr and Jet triggers within 1E31 Trigger table together Witk triggers
of 8E29 table, the ones which are compatible with our signal for 10 TeV casde sum-

marized with the table 6.8. A detailed table on the result of trigger paths carubd fo

Table 6.8: Possible Trigger paths concerned for ADD Monojet at 10Sieidy

HLT path | LlSeeds |Llpres.|[HLTpres. [ Type [Lum(cnr?s™)
(MET Triggers)

HLT _HT300.MHT100 | L1HTT200 1 1 Physics 1032

HLT_MET50 L1_ETM40 1 1 Physics 10%1

HLT_MET35 L1_ETM30 1 1 Physics 8.107°
(Jet Triggers)

HLT Jet110 | L1.SingleJet70 1 | 1 | Physics| 10%

appendix A, before and after the selections are applied.

Concerning the 10 TeV casB®l|Ht parameter is implemented to the analysis in the prior
selections and since the low statistic issue turns out to be compelling at the kasly of
the LHC, it is found reasonable to abondone lthe MH+ trigger path, which results a large
phase space giving enough room to tune subsequent thresholds.

Thus the jet stream, designed for a phase with t012 s~ requiring at least one jet
with pt > 70 GeV at Level 1 (L1) and at least one jet with > 110 GeV at HLT is chosen.
This trigger path is not prescaled and select®0% of the samples with loyr cut on the
parton density of 150 GeV. Moreover, even if HLT rate seem to raise hidpit compared
to the alternative paths, it is feasible for monitoring issues. In below ppéiser, the most
important aspects of trigger selection at 10 TeV is given.

» The jet energies are evaluated using corrected jets. Both the L1 and igbérs are
intended to be unprescaled throughout the duration of the initial CMS ruhesmulti-jet
event rate at HLT level is predicted as 8.1.1 Hz.

» The High Level Trigger response was reproduced with reconstroi@te jets. The
efficiency of this trigger path is given in the figure 6.9 as a function of\thér lower cut.

As shown in the following, these variables are demonstrated to be ffetiee in enriching
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the signal events as well as the events WitHt > 250GeV where the cumulativéteiency
of the signal reaches close to 100 %

» The dfect of a harder cut on HLT threshold is also explored by risinggheut to
180 GeV. Reduction on the acceptance of the background (abouti8@@er than the signal
(~ 40%) but this gain is compensated by a much Ié¢kesctveness of thefBline selections.

Hence, HLTJet110 path is considered the optimal choice at 10 TeV studies.
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Figure 6.9: Comparison for thefficiencies of theHt+MH+t Trigger and Single-Jet trigger
corresponding to the ADD signal witklp=2 TeV ands= 2 projected orMHt

6.6 Signal and Background Analysis and Selections

In this section, the cut based analysis procedures in standard rembiostralgorithms pro-
vided by PAT is used. The obtained PAT objects including jets, muons andnzhate used
to make the signal and background estimation while calculating the missing tremsveergy
vector.

The threshold cuts on these PAT objects, which have been demonstratedapdble
of reducing the SM backgrounds, have been optimized with the purpaseximizing the
significance in the relavent kinematic region.

For the identification of Jets, an iterative cone (IC) algorithm witk = 0.5 is used,
but the results quoted here doesn’t necessarily depend on the claisteridetails. Since the
cleaning of jets from electrons is performed witfi-lbne analysis, no electron-jet separation
is applied in reconstruction of jet objects. We can divide the cut basdgsémprocedure into

4 sequential steps:
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Figure 6.10: Number of jets for signal and relevant backgroundayiteés > 400 GeV and
jets with transverse momenta larger than 40 Geyjlat 3 for 14 TeV case. A veto against
three or more Jet events turns out to be the optimal cut for minimizing the QCiblmdion

at 10 TeV analysis requiringlHt > 250 GeV withpr > 50 GeV selections. Histograms are
overlaid and normalized to the same area.

I.  Requirements at the Preselection Level
II. Charged Leptons Cleaning Cuts
lll.  Kinematic Cuts and QCD Reduction

IV. Imposed Topological Constraints

6.6.1 |. Requirements at the Preselection Level

In order to reduce the impact of hard gluon radiation in the selection, theeW¥4amalysis
exploited a collection of signal and background samples having jetspwith40 GeV trans-
verse momenta ang| < 3. For 10 TeV analysipr cut is raised to the 50 GeV in order to
encounter the increased integrated luminosity.

At the early pre-selection leveMEt > 400 GeV cut is imposed at 14 TeV case while
it is reduced and replaced with théHy > 250 GeV at 10 TeV case. In order to reduce the
impact of objects not coming from hard interaction, only jets with transverseenta larger
than 50 GeV within the hadronic calorimeter acceptdnice 3 are considered. These simple
cuts have a significant role in eliminating multi-jet background, for which thenesvhave

typically few jets balanced in transverse energy, possibly accompanisafiey jets.
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6.6.2 Il. Charged Leptons Cleaning Cuts

Before doing further selections on jet objects, it is important to clean theggfrem contam-
inations with isolated leptons (as those from the W¢{jets channel) ,electrons and photons
identified as jets. Then the data sample would be cleaned from leptonic eversiangyhen-
direct Lepton Vet@pproach, which requires the definition of two additional variables namely
JEMF and TIV [64].

» JEMF (JET ELECTROMAGNETIC FRACTION) is defined as the fraction of the jet
energy collected by ECAL over the total energy in hadronic and electroeti@galorimeters.
High energy electrons and photons are rejected by the requirement ih WEMF is lower
than 0.9 value, since electrons and photons clustered as jets are diieeddig JEMF of 1.
The instrumental background, which may lead to fake jets, can also beeakith the cut
JEMF > 0.1. Thus, when applied on the first two jets (ordered with decregsingthese
selection removes 50% of the Wév)+jets events.

» TIV (TRACK ISOLATION VETO) is defined as

1 .
TIV = mZ(pT)J (6.5)

ReAR
A hollow cone 002 < A < 0.3 is drawn around each track wiflyy >10 GeV andpt >15

GeV at 10 TeV and 14 TeV cases respectively. The sum of the traeswesmentargr)! of
the tracks inside the cone is then calculated for tracks vaith! (> 1 GeV. Herepr (tk1) in the
definition is the transverse momentum of the track of the cone excluded withabebound
in order to avoid double counting. A small value of TIV is typical for well-igethleptons
and can be used to clean the samples by rejecting the events with tracks fuffiliihg 0.1
selection. Thus, the procedure results with the reduction of the numbeemtseon Wfv) +
jets and top pair samples by a factor of 5 and 9, given 10 TeV and 14 T&é caspectively.
Moreover, in order to suppress cosmic background, at least obexvesming from
the interaction point and at least two tracks with > 5GeV inside the leading jet cone is

required.

6.6.3 lll. Kinematic Cuts and QCD Reduction

In order to improve the background rejection, the most energetic jet in e @eading jet,
jet 1) is required to haver(jet 1) > 200 GeV andn(jetl) < 1.7 pr(jet 1) at 14 TeV and
pr(jet 1) > 350 GeV andn(jetl) <1.7pr(jet 1) at 10 TeV. After these selections, the signal
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Figure 6.11:E7 andpr distribution of the leading jet of ADD signaMp =2 TeV ,6 = 2) and
relevant backgrounds. Event number is normalized tofdl®9® and to 200pb* respectively.

jet multiplicity in figure 6.11 is peaked around 2 and rapidly decreases foehigumber of
jets.

As a result, events with more than two jets are vetoed. Since most of the dominant
SM processes have the sameshape as the signal, the reductions of signal acceptances are
comparable. The selection at this stage does not allow to enhance thésigkatound ratio,

but it is meant to define a kinematic region where subsequent cuts capliElap

6.6.4 |IV. Imposed Topological Constraints

In order to reduce the background further, it is worth to profit fromkibek-to-back topol-
ogy of the signal selecting the events with an angulfiedénce in the transverse plapget
1,MEr ) > 2.8 and¢g(jet 1LMHt ) > 2.8. Then a fraction of the processes where missing
energy does not recoil the jets will be rejected as illustrated in figure 6.12.

The complete set of selections are summarized in tables 6.9 and 6.10 for 1¢aSeV
and in tables 6.11 and 6.12 for 10 TeV case. After all the cuts reportedese tables are
applied sequentially, thmEr and MHy distributions for signal and backgrounds are given
in figure 6.13.

Remaining SM events contributing to the selected data samplg¢-arev)+ jetsevents.
The amount of this background is estimated from the data Uaifag) + jetsevents, called

the Control Samplethe details are given in [47],[48].
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Table 6.9: Selected events of each group of cuts for the backgroumuesaof 14 TeV case
normalized to 10(pb*

| tt | Zw)+Jets| QCD | W(ey) +Jets| W(uv) +Jets| W(rv) +Jets |

Trigger 3860 1280 | 4.92x 10° 1199 1617 1488
MET > 400 GeV 36.6 54.8 17.9 195 63.7 36.3
JEMF <0.9 32.0 52.4 17.2 8.8 60.6 32.0
TIV <0.1 122 463 14.2 43 5.9 13.0
pr (et1)>350GeV | 9.8 36.6 11.8 33 45 9.9
n(jetl) < 1.7

numb jet 3 2.2 28.9 46 23 28 6.9
A >(jetl,MET) > 2.8 | 05 25.7 0.6 2.0 2.0 55
Ad >(jetl, MET) > 0.5

Table 6.10: Number of selected events for each group of cuts in foue¥4ignal subsam-
ples, normalized to 10pb™1. Uncertainties onféiciencies are only statistical.

0=2 5=4
Mp=2TeV Mp=6TeV | Mp=2TeV Mp =6TeV
Trigger 3060 54.4 1190 7.98
MET > 400 GeV 691 12.1 244.7 3.05
JEMF <0.9 658.6 11.6 231.8 2.9
TIV <0.1 539.2 95 185.2 2.2
pr (jet 1)> 350 GeV 343.1 6.5 117.1 1.6
In(jetl) < 1.7
numb. jets 3 286.8 5.4 98.3 1.2
A¢ >(jetl, MET) > 2.8 261.5 4.9 90.1 11
A¢ >(jetl, MET) > 0.5
Total Efficiency% 8.1+ 0.5 8.5+ 3.8 7.1+0.7 13.2+13.2
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Table 6.11: Number of selected events for each group of cuts in the 1tbhaekground
samples normalized to 2Qtb*

l

tt | Z(vv)+Jets|

QCD | W(ev) +Jets| W(uv) +Jets| W(rv) +Jets| single-t |

Trigger 28,970 11,390 | 143.16 31,320 19,320 20,600 4460
MHT > 250 GeV 318 358 288 90 391 230 44
JEMF < 0.9 52.5 305 214 31.9 38.5 90.9 7.2
TIV <0.1

pr (jet 1)> 200 GeV 37.4 245 187 24.6 24.6 72.1 4.5
[n(jetl) < 1.7

numb jetsc 3 8.2 205.6 70.9 18.8 22.9 59.8 2.8
A¢ >(jetl, MEr)>2.8| 6.4 1825 0.2 17.2 19.7 46.7 2.3
A¢ >(jetl, MEr) > 0.5

Table 6.12: Number of selected events for each group of cuts in foue¥Gignal subsam-

ples, normalized to 20pb™*. The final dficiencies are quoted with only statistical uncertain-

ties
(6=2) ©=4
Mp=1TeV Mp=2TeV Mp=3TeV| Mp=2TeV Mp=3TeV
Trigger 51,000 6180 1370 2010 301
MHT > 250 GeV 11,140 2123 498 753 133
JEMF < 0.9 9572 1825 426 641 113
TIV <0.1
pr (jet 1)> 200 GeV 6785 1368 314 487 88.4
In(jetl) < 1.7
numb jets 3 5605 1044 401 374 64.4
A¢ >(jetl, MET) > 2.8 4934 906 206 322 55.8
A¢ >(jetl, MET) > 0.5
Total Efficiency % 8.8+0.1 13.40.4 14.10.4 13.2t0.4 17.40.4

A simulation of a very clean, simple, monojet event simulated for the CMS Detisctor

given in the figure 6.14 where Red Cells: ECAL, Blue Cells: HCAL, Yellown€s: JETS,

Green Tracks: Tracks, Cyan Tracks: Electrons, Red Tracks:nsluRed vector: MET and

the purple line represents the Graviton give rise to the relevant signature.

6.7 Results and Systematics

Systematical uncertainties in the simulation of events at LHC are often signifioatribu-

tions to the overall uncertainty in measurement, and in many cases, beingrebiega the

statistical uncertainties.
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Figure 6.13: MET and MH+ distributions after all selections applied fafs=14 TeV and
1/s=10 TeV respectively

Figure 6.14: On the right, 3 Dimensional view of a very clean monojet eventigietlfor
the CMS Detector is seen. On the left the projection of this event on the &iaesplane is
given.
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6.7.1 Theoretical Uncertainties

The simulation in physics processes are performed with matrix element (Mdt)latgons
at a certain order with corresponding coupling constants and it contoruesth the parton
showering (PS). PS process ends up with the construction of partties curtoff scale, where
the perturbative evolution stops and fragmentation takes place.

On the other hand, an interesting event is accomponied by Underlying &/epwhich
encounters the relevant activity of pp interaction. The processeslat@ip the same bunch
crossing with the minimum bias (MB) and Initial State Radiation (ISR) therefach ef these
effects are required to be modelled and corresponding uncertainties havevalbated.

The systematical sources used to estimate the errors coming from abiove &an result

from QCD Radiation, PDF’s, Fragmentation, UE and MB contributions.

» SYSTEMATICAL EFFECTS COMING FROM HARD PROCESSES OF ADD SIGNAL

The generation of hard gluon emission is made by using a higher leading(b@led
generator toolSHERPASO the missing higher orders can be considered as a delicate source
of uncertainty. Since jets can arise from higher order ME calculationsgitine shower
evolution, the hard process under study drives the definitig@?afcale which directly enters
the parametrization of PDF’s amg hence in expression of the cross sections.

Estimation of cross section sensitivity to the theoretical errors is ma@e-by/sand the
renormalization and factorization scale are varied fi@/2 to 2Q in the SHERPAgeneration
step for diferent PDF choices. Results of the ADD signal benchmark gdint= 2,6 = 2
indicate 11 % , -13 %) and«7.5 % , -6.7 %) uncertainties for 14 TeV and 10 TeV cases

respectively.

» PDF S DESCRIPTION

The parton distribution functions of interacting particles describe the thmpiiity den-
sity of partons and undergone hard scattering at the hard procés€3d¢aking certain frac-
tion. In order to evaluate theoretical uncertainties due to certain protors P®Hkeighting
technique and Master Equation on the CTEQ61M model set is used andodsesaction
variation for the ADD signal wittMp = 2 ands = 2 is found as+{8.7 % , -6.7 %) for 14 TeV
and ¢11.5 %, -9.5 %) for 10 TeV analysis.
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6.7.2 Experimental Uncertainties

» UNCERTAINTIES ON JET MEASUREMENTS

The response of an individual tile or crystal is known to limit accuracynfisource
calibration in the HCAL and ECAL, so an overall uncertainty~ol5 % is expected for the
jet energy scale.

The systematicalfiects taken into account for the mismeasurement of jets stem from jet
energy resolution, jet direction uncertainties and the jet energy scale.

Systematics on the third jet veto and the other selection criterias have limitedainter
on the jet resolution and transverse momenta of all jets were smeared bgsi@aiunction
accounting to 10 % resolution. In order to handle direction uncertainties\vieese angle
of all jets are also smeared by Gaussian centered on zero corregpOridiadial resolution.
The jet enegy scale is emulated by shifting the jet 4 vector with a commar) factor while
a is assumed 10% irrespective to the jet energy. The summary of systemfects ean be
found in table 6.13. The precision of the luminosity measurement in CMS takedPagor
100 pb~* and 200pb~? integrated luminosities respectively.

Table 6.13: Overview of the Systematical Uncertainties given for 14 TaV1&nTeV CM
cases

Source \ Signal events at/s = 10 TeV (%) \ Signal events at/s = 14TeV (%)
Hard Process Scale (+7.5,-6.7) (+11,-13)

PDF (+11.5,-9.5) (+8.7,-6.7)

pr(jet) andg(jet) Uncertainty 3 3

Jet Energy Scale Uncertainty (+17.5,-15.9) (+13.1,-16.2)

6.8 Discovery Potential and Exclusion Limits

Considering all the background sources afiitiency of ADD signal together with the sys-
tematical uncertainties discussed in the previous section, an estimation came® dpecify
the discovery reach of the monojet signature for a likelihood functiondbasea hybrid
bayesian approach.

After applying the optimal set of selections discussed before, the total erunflback-
ground events denoted lyg is estimated in order to modify the null hypothesis being the

SM is true. The total number of cumulative background is given in the tablé 6.1
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Table 6.14: Survived Background Events after conbining all results

Backg. Events Statistical Errors| Systematical Errors Int.Lum (pb™)
Ng (v/S=14 TeV)

30.7 \ +6.8 | (+27-15) | 100
Ng (1/s=10 TeV)
243 \ + 23 \ +13 \ 200

The significance estimat&p, (Profile Likelihood) [65] is chosen to specify the discov-
ery limit in order to incorporate systematical uncertainties into hypothesis tBséssignif-
icance estimator can be computed from a likelihood ratio, where the likelihoudidn is a
Poisson distribution for the total number of observed eveXés{ Ng), multiplied by a Gaus-
sian withNg as mean and the total background erkgras sigma. The analytic expression of
the estimator can also be written with the parameters defined in table 6.15

Non(1 + 7) Noff(1+7) \"?
= 2 In———= InN——m—m M .
SeL \/_(non nnon + Noff Mot n7'(”on + Notf) (6:6)

Symbol definition

Noff total observed in “off” (background) region

Non total observed in “on” (signal) region

Ntot Ton + Noff

Ils true signal mean in “on” (signal) region

b true background mean in “on” (signal) region

b estimate of background mean in “on” (signal) region
Oh uncertainty on estimate fip, in “on” region

S estimate of signal events in the “on” region = non — fip
f relative uncertainty on fin; op/

Hon true total mean in signal region = s + up

Loff true background mean in “oft” (background) region
ot true total mean in “on” plus “off” regions = fion + flof
T ratio of background means in “off” and “on” regions: fiof /1t
A ratio of Poisson means fiof/flon

p binomial parameter fion/fttot

Figure 6.15: Definitions of parameters for t8g_ Significance Estimator
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CorrelatingSp with the results of the parameter spabiy( §) of ADD Model, a discov-
ery sensitivity plot for the monojet signature is derived as a fundidgrand it is extrapolated
on 100pb~t and 200pb~! integrated luminosities respectively given on figure 6.16

The alternative hypothesis to be rejected in favor of the null hypothesialsa be spec-
ified by the The 95% Confidence Level (CL), which scans the paramgéeedo minimize
the negative Log Likelihood. This scanning operation is repeated ftareint benchmark
points of the ADD Model and for the minimum integrated luminosity, it is extrapolatetthe

estimation of points marking the exclusion limit.
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CHAPTER 7

CONCLUSIONS

A simulation study of the ADD model in theJet channel correspondiddEr + Monojet
signature has been performed with the CMS detector. Using Monte Carboajed events,
two LHC scenarios, which are: a center-of-mass energy of 14 TeV wiihtagrated lumi-
nosity of 100pb~t, and a center-of-mass energy of 10 TeV with an integrated luminosity of
200 pb! are considered usingftine selection techniques. The cut based analysis, which
consists of jet selection, event topology and lepton veto are applied to optineizagnifi-
cance of the set of selections and the excess over background i®estithate the discovery
potential of the regarded channel.

The significance estimat&p, is correlated with theNlp, §) parameter set for 3 and 5
standard deviation criterions. As a resulty 8iscovery limits have been shown to indicate the
values of the fundamental scalé lower than 3.69(2.72) TeV faf = 2(4) at /s = 14TeV
center-of-mass energy. These limits are shown to be reduéédl for 10 TeV case allp
is lower than 3.2(2.3) fos = 2(4).

At %95 C.L., exclusion limits are estimated ks, = 4.61 (3.46) TeV withs = 2(4) for
v/s = 14 TeV case. These limits are also reduee&o35 for 4/s = 10 TeV case such that
Mp = 3(2) TeV for§ = 2(4). Thus, It is shown that the current Tevatron limits of the ADD
model can be improved with a factor of 3 with the early LHC data in CMS detesioigu

these selection tecniques.
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Table A.1: Hficiency of the triggers before the selections are applied together with theenwfnévents survived

8E29 MENUS

Path

[ Mp=16=6 [ Mp=206=2 | Mp=20=4 |

Mp=206=6] Mp=306=2 |

Mp=3,06=4]

Mp=30=6

L1_ETM30
HLT _MET35

8782.4 (98.8%)
8766.1 (99.8%)

6576.1 (99.5%)
6566.7 (99.9%)

2114.5 (99.4%)
2110.5 (99.8%)

910.8 (99.4%)
909.3 (99.8%)

1447.8 (99.4%)
1446.3 (99.9%)

313.0 (99.4%)
312.6 (99.9%)

114.9 (99.5%)
114.7 (99.8%)

1E31 MENUS

L1_ETM40
HLT _MET50
L1 ETT60
HLT _SumET120
L1 _SingleJet70
HLT Jet110

8679.4 (97.6%)
8638.6 (99.5%)
8872.7 (99.8%)
8549.7 (96.4%)
8815.7 (99.1%)
8160.0 (92.6%)

6531.0 (98.9%)
6513.2 (99.7%)
6601.8 (99.9%)
6456.3 (97.8%)
6566.7 (99.4%)
6199.9 (94.4%)

2101.2 (98.7%)
2092.6 (99.6%)
2126.5 (99.9%)
2088.3 (98.2%)
2120.5 (99.7%)
2023.9 (95.4%)

902.7 (98.5%)
897.8 (99.5%)
915.1 (99.9%)
897.3 (98.1%)
912.9 (99.7%)
874.4 (95.8%)

1437.8 (98.7%)
1433.6 (99.7%)
1454.3 (99.9%)
1425.4 (98.0%)
1447.7 (99.4%)
1367.4 (94.5%)

311.3 (98.9%)
310.3 (99.7%)
314.3 (99.8%)
309.8 (98.6%)
313.8 (99.7%)
301.9 (96.2%)

114.1 (98.8%)
113.7 (99.7%)
115.4 (99.9%)
113.7 (98.5%)
115.3 (99.8%)
111.6 (96.8%)

L10O

nline HLT O flline

L1 _HTT200
HLT_HT300
13 HLT_MHT100

6862.6 (77.2%)
2817.8 (41.1%)
2588.8 (91.9%)

5570.7 (84.3%)
3139.6 (56.4%)
3022.5 (96.3%)

1852.6 (87.1%)
1096.7 (59.2%)
1052.8 (96.0%)

793.7 (86.6%)
465.6 (58.7%)
441.5 (94.8%)

1241.8 (85.3%)
725.6 (58.4%)
701.6 (96.7%)

279.5 (88.8%)
177.8 (63.6%)
171.3 (96.3%)

102.6 (88.9%)
65.6 (64.0%)
62.8 (95.7%)

L10O

flline HLT O flline

L1_HT200
HLT_HT300
HLT_MHT100

7613.1 (85.6%)
2817.8 (37.0%)
2588.8 (91.9%)

5910.7 (89.5%)
3140.1 (53.1%)
3023.1 (96.3%)

1947.7 (91.5%)
1096.7 (56.3%)
1052.8 (96.0%)

838.1 (91.5%)
465.6 (55.6%)
441.5 (94.8%)

1317.7 (90.5%)
725.6 (55.1%)
701.6 (96.7%)

291.1 (92.5%)
177.8 (61.1%)
171.3 (96.3%)

107.4 (93.1%)
65.6 (61.1%)
62.8 (95.7%)
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Table A.2: Hficiency of the triggers after the selections are applied together with the naidesnts survived

8E29 MENUS

Path [

Mp=16=6 |

Mp=20=2 [ Mp=206=4 | Mp=20=6 | Mp=30=2 |

Mp=306=4]

Mp=30=06

L1_.ETM30
HLT _MET35

1507.1 (100.0%)
1507.1 (100.0%)

1543.3 (100.0%)
1543.3 (100.0%)

532.2 (100.0%)
532.2 (100.0%)

230.3 (100.0%)
230.3 (100.0%)

339.7 (100.0%)
339.7 (100.0%)

84.5 (100.0%)
84.5 (100.0%)

32.6 (100.0%)
32.6 (100.0%)

1E31 MENUS

L1_ETM40
HLT _MET50
L1 ETT60
HLT _SumET120
L1_SingleJet70
HLT Jet110

1507.1 (100.0%)
1507.1 (100.0%)
1507.1 (100.0%)
1507.1 (100.0%)
1507.1 (100.0%)
1507.1 (100.0%)

1543.3 (100.0%)
1543.3 (100.0%)
1543.3 (100.0%)
1543.3 (100.0%)
1543.3 (100.0%)
1543.3 (100.0%)

532.2 (100.0%)
532.2 (100.0%)
532.2 (100.0%)
532.2 (100.0%)
532.2 (100.0%)
532.2 (100.0%)

230.3 (100.0%)
230.3 (100.0%)
230.3 (100.0%)
230.3 (100.0%)
230.3 (100.0%)
230.3 (100.0%)

339.7 (100.0%)
339.7 (100.0%)
339.7 (100.0%)
339.7 (100.0%)
339.7 (100.0%)
339.7 (100.0%)

845 (100.0%)
84.5 (100.0%)
84.5 (100.0%)
84.5 (100.0%)
84.5 (100.0%)
84.5 (100.0%)

32.6 (100.0%)
32.6 (100.0%)
32.6 (100.0%)
32.6 (100.0%)
32.6 (100.0%)
32.6 (100.0%)

L1 Online HLT O flline

L1 HTT200
HLT_HT300
HLT _MHT100

1463.4 (97.1%)
522.4 (35.7%)
522.4 (100.0%)

1516.5 (98.3%)
924.6 (61.0%)
924.6 (100.0%)

524.2 (98.5%)
324.2 (61.8%)
324.2 (100.0%)

226.7 (98.5%)
134.1 (59.2%)
134.1 (100.0%)

335.8 (98.9%)
204.7 (61.0%)
204.7 (100.0%)

83.5 (98.8%)
54.7 (65.5%)
54.7 (100.0%)

32.2 (98.9%)
20.7 (64.4%)
20.7 (100.0%)

L1 Offline HLT O flline

L1_HT_200
HLT_HT300
HLT _MHT100

1507.1 (100.0%)
522.4 (34.7%)
522.4 (100.0%)

1543.3 (100.0%)
924.6 (59.9%)
924.6 (100.0%)

532.2 (100.0%)
324.2 (60.9%)
324.2 (100.0%)

230.3 (100.0%)
134.1 (58.2%)
134.1 (100.0%)

339.7 (100.0%)
204.7 (60.3%)
204.7 (100.0%)

84.5 (100.0%)
54.7 (64.7%)
54.7 (100.0%)

32.6 (100.0%)
20.7 (63.7%)
20.7 (100.0%)





