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ABSTRACT

PhD. THESIS

JET SHAPES AT CMS IN PROTON-PROTON COLLISIONS AT /s=14 TeV

Pelin KURT

DEPARTMENT OF PHYSICS
INSTITUTE OF NATURAL AND APPLIED SCIENCES
UNIVERSITY OF CUKUROVA

Supervisor: Assoc. Prof. Disa DUMANOGLU
Year: 2009, Pages: 217
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Assoc.Prof.Dr. Mustafa TOPAKSU

The CMS (Compact Muon Solenoid) detector will observe highgverse momentum
jets produced in the final state of proton-proton collisiahthe center of mass energy of
14 TeV. These data will allow us to measure jet shapes, dediséuk fractional transverse
momentum distribution as a function of the distance fromj#texis. Since jet shapes
are sensitive to parton showering processes they provideatgst of Monte Carlo event
simulation programs. In this thesis we present a study a$hapes reconstructed using
calorimeter energies where the statistics of all distrdng correspond to a CMS data set
with 10 pb! of integrated luminosity.We compare the predictions of thente Carlo
generators PYTHIA and HERWIG++. In this work we present algtof jet shapes
reconstructed using calorimeter energies.

Key Words: QCD, CMS, Monte Carlo, PYTHIA, HERWIG++
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Bu tez calismasi, CMS (Compact Muon Solenoid) detektde” 14 TeVlik kutle
merkezi enerjisinde proton-proton carpismasindana@an durumda olusacak olan
yuksek dik momentumlu jetlerin bicimlerinin arastmisi Gzerine yapilmistir. CMS de-
tektor tarafindan alinacak olan veriler bu jetlerinitmierinin dlcilmesini saglayacaktir.
Jet bicimleri kisaca jetin ekseninden olan uzakligin foimksiyonu olarak kesirli dik
momentum dagilimi olarak tanimlanir. Jet bigimleri partus proseslerine karsi du-
yarh olduklarindan Monte Carlo olay simulasyon programiin test edilmesini saglarlar.
Bu tez calismasinda jetler kalorimetre enerijileri kallarak tekrardan yapilandirildilar.
PYTHIA ve HERWIG++ Monte Carlo olay jeneratorlerindenraln veriler kullanilarak
jet bicimlerinin karsilastirmasi yapildi. Sunulan gglar 14'TeV de gerceklesek olap
carpismasi ve 10 pB3 lik bir 1siklilik senaryosu temeline dayanmaktadir.

Anahtar Kelimeler: CMS, Monte Carlo, PYTHIA, HERWIG++
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1. INTRODUCTION

The Standard Model of particle physics is a compendium aéisgdifferent quantum
field theories following the laws of quantum mechanics arecs relativity. In a very
precise way, it describes all known particles together witkee out of four fundamental
forces: the strong, the weak and the electromagnetic f&taeh possesses its own char-
acteristics in terms of symmetries and coupling strengfbgerning different spatial and
time scales, and contributing to the enormous number ofghena observed today with
modern scientific tools. During the last decades, varioymements have verified the
predictions of the Standard Model with incredible preaisip to energies of the order of
1 TeV, strengthening our comprehension of the universéhoigh the lack of the gravi-
tational force prevents the Standard Model from being a ¢etepheory of fundamental
interactions it nevertheless became an effective theoeytduhe negligible strength of
the gravitation with respect to the other interactions atdimall scales at which particle
physics experiments are taking place.

Originally, the Standard Model predicted massless bossmsediating particles for
the electromagnetic, strong and weak force. However, thiédd strength of the latter one
was a sign on massive vector bosons which was confirmed at GER®B3 through the
discovery of heavy W and Z bosons. The simplest approachderdo explain massive
gauge bosons was the introduction of a scalar field whichsisraed to be responsible for
creating the masses through spontaneous symmetry-bgeakie electroweak gauge
symmetry. The mediator of this field, the Higgs boson, is thly particle predicted by
the Standard Model that has not been observed yet. Its disgcat former and present
particle accelerators was quite unlikely due to its rekdyivhigh mass, low production
probability and inconsiderable decay modes.

The next consequent step on a way to fully confirm the StanMerdel is the de-
sign and construction of a more powerful machine in ordernabée the investigation
of a larger energy scale and to detect and analyse yet unkoowheoretical expected
particles. After a long phase of development, the Large blad@ollider (LHC) is cur-
rently being assembled in the former LEP tunnel at CERN.dteletion is expected for

November 2009 and proton-proton collisions at an energytaielv will take place after
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the initial phase at lower energies is over. The LHC will edtéhe worlds most energetic
particle accelerator, the TEVATRON, by a factor of sevennergy and more than two
orders of magnitude in collision rate.

The LHC design leads to about 40 million interactions pepsdcand thus an enor-
mous amount of data has to be handled by each of the four ipatiitgy experiments.
Since they will produce roughly 15 Petabytes of data per,yeaew concept in terms of
storage resources and computing power was developed. én wr@énsure a proper pro-
cessing and analysis of the collected data by thousandsenitists all around the globe,
the LHC Computing Grid was born. It consists of so-called pating centres ordered
in tiers which are hierarchically linked. The Tier-0 certtesCERN is followed by eight
Tier-1 centres equally distributed among the particigatiountries and several Tier-2 and
Tier-3 centres attached to them.

At the startup of LHC, proton-proton collisionsgs= 10 TeV will take place and the
CMS detector is expected to accumulate 10pbf data at this energy. Given the boost
of the center-of-mass energy of the colliding protons, te¥ Ecale will be prompted
immediately. With only about 1 pt# of integrated luminosity, the transverse momentum
will reach beyond any previous collider experiment and tbe/ energy scale can be
explored.

In proton-proton collisions, interactions take place hesw the partons of the col-
liding protons. Due to the high center-of-mass energy aléal the partonic interac-
tions can be in good approximation considered as22scattering processes. Most of
the time, the partonic interactions are soft, leading tolsmamentum transfer. In those
rare cases where the scattering is hard (large momentusfdéranthe scattered partons
will hadronize into highly collimated bunches of particlbst will be measured in the
calorimeter as high transverse momentum jets.

The study of the highpr jets is crucial in order to test the QCD predictions and
look for Physics beyond the Standard Model. Since the pastattering is practically
an elementary QCD process, the jet distributions can beileaéd from first principles,
provided that reasonable hadronization modeling is avialal herefore, the higpr jets
serve as a direct test of perturbative QCD (pQCD). Also,rthedduction is sensitive

to the strong coupling constant and precise knowledge of the jet cross section can
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help reduce the uncertainties of the parton distributiorcfions (PDFs) of the proton.
Particularly important is the constraint of the gluon PDigh momentum fraction. In
general, the reduction of the PDFs uncertainties will becalifor LHC studies looking
for Physics beyond the Standard model. However, it shoutwbed that PDFs constraints
can only be achieved with small theoretical and systemateriainties and in that sense
it will take considerable amount of time for LHC experimetatsollect enough data (1000
pb~1) to reach the Tevatron experiments precision. Highets are furthermore sensitive
to new Physics (e.g quark compositness, resonances) agwl thie much higher reach in
pr at LHC with respect to the Tevatron, current limits can bernowpd and discoveries
are possible even at startup.

These jets have an extended structure which can be studiedimentally and theo-
retically. A possible measure of this structure is the jefEhor jet profile, which depends
on variables like transverse momentum and rapidity of tte jae jet algorithm, and the
extension of jets. The jet shape measure is the fungtio/R, Pr,y) wherePy is the trans-
verse momentum of the jet ayds its rapidity with¢, its azimuthal angle, integrated out.
This functionp measures the fractionBt profile, i.e. given a jet sample with transverse
energyPr defined with a cone radiug, p(r,R Pr,y) is the average fraction of the jets
transverse energy that lies inside an inner cone with radiufR. We demonstrate that
jet shape and jet cross section measurements become éeasiblnew, differential and
accurate test of the underlying QCD theory. We present astiegtin understanding these
shapes inpp collisions at 14 TeV for an integrated luminosity 10fbusing the trans-
verse momentum of the hard jets. Our detailed simulationvshiibat one can evaluate
the feasilbility of the jet shape measurement at the LHC.imuthe first three years of
running, event at a fraction of the designee-= 10> cm~2?s1, LHC is expected to deliver
an integrated luminosity 10fd per year.

Previously, measurements of jet shapes have been magbeciilisions at Tevatron at
v/$=1.8TeV and,/s=1.96TeV for inclusive and b-jets in different integratedhinosities
(Abe, 1993), respectively as well as both neutral and clobpgeticles (Abachi, 1995),
and a qualitative aggreement with NLO QCD calculationsigE1992; Giele, 1993).
Similar measurements have been madefia™ interactions at LEP1 using both neutral

and charged particles (Akers, 1994) and found to be wellrdeest by leading-logarithm
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parton-shower Monte Carlo calculations. It was observedl tie jets ine" e are sig-
nificantly narrower than those ipp (Adloff, 2000; Breitweg, 1999). This is due to the
different mixtures of quark and gluon jets in these two emwments (Akers, 1994). Mea-
surements of the jet width at LEP1 have shown that gluon jetsraleed broader than
quark jets (Alexander, 1991; Acton, 1993; Akers, 1995; Aleder, 1996; Abreu, 1996;
Buskulic, 1996).

In this thesis, measurements are presented of the jet sira@SD dijet events at
centre-of-mass energigss=14 TeV in the range 5& pjTet < 1400 GeV. The data sample
used in this analysis was collected from various Monte C@vi€) samples, PYTHIA
6.4.2 (Sjostrand, 2006), HERWIG (Bahr, 2008) and ALPGEN filgeno, 2003) which
are generated with the same simulation program in CMS atltt@. [Results of this anal-
ysis extend up to jepr= 1.4 TeV which is the approximate sensitivity limit for a 163
integrated luminosity sample of LHC collisions at 14 TeMsJare selected withr >50
GeV in the central region of the CMS detectpy| < 1. The jet shape is measured using
the CMS calorimeter and corrected to the hadron level. Thesorements are presented
as a function of the jet transverse energy. Measurementt shppes are compared to
QCD calculations based on different approaches.

These comparisons allow the study of the relative impogarigarton radiation and
fragmentation in the formation of a jet as well as the diffees between quark and gluon
jets. It should be noted that these two predictions refehé&hadron level. For these
predictions, jets are searched for in the final state hadreystem using the same jet

algorithm as in the simulated data.
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2. THEORETICAL BACKGROUND

Several theoretical concepts described nature and efipetiaervations in the field
of particle physics quite well during the past few centuriesthe beginning, an idea of
small and indivisible particles, called atoms, became drteese models which had to
be adjusted in the same manner as the experiments tryingve girese theories evolved
during time. Due to higher probing energies, new phenomeoseaand modifications
had to be made to the theories in order to reflect these newaltiems correctly. Today,
a collection of different quantum field theories called thar@ard Model (SM) of parti-
cle physics is widely used and precisely describes threefoiatur known fundamental
forces and the participating particles. The lack of grapitgvents the Standard Model
from being a complete theory of fundamental interactions,dince the strength of the
gravitational force is negligible with respect to micropmophenomena arising in particle
collisions it can be disregarded for our purpose. This aragives a short overview of the
Standard Model and describes the necessity for a precisgfidation of so-called parti-
cle jets in order to verify and measure several SM paramajet®vidence for the Higgs
boson or even indications for new physics beyond the Standadel. More details can
be found in (Griffiths, 2004; Perkins, 1991).

2.1 The Standart Model of Particle Physics

The knowledge of our environment and all observed processeature can be re-
duced to four fundamental forces: gravitational, elecegmnetic, weak and strong force.
The Standard Model combines the latter three underlyingaisoas well as all known
elementary particles and forms a quantum field theory whidonsistent with quantum
mechanics and special relativity. The mathematical fraonkvef the SM is based on
group symmetries with the gauge grougas(3) ® J (2) @ U (1). The gauge group (1)
corresponds to quantum electrodynamics (QED) and prowddegenerator for the rep-
resented gauge field. Ti& (2) andSJ (3) groups are a bit more complicated and belong
to the weak interaction (quantum flavourdynamics, QFD) anthé strong interaction

(quantum chromodynamics, QCD) and provide three and eighe¢mgtors for the quan-
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tum fields, respectively. Table 2.1 gives an overview of ¢hkesir fundamental forces

ordered by their strength, relative to each other.

Table 2.1. Fundamental forces ordered by decreasing strength.

Fundamental Force Strength Underlying Theory Mediating Particles
Strong 10 Quantum chromodynamicg 8 Gluons
Electromagnetic 102 Quantum electrodynamics Photon )
Weak 10-1% || Quantum flavourdynamics W+ andz®
Gravitational 10~%? || Quantum geometrodynamig¢s  Gravitation

There are only two types of particles forming the world weslim. Following the
laws of quantum mechanics, only particles with whole- of-hambered spin quantum

numbers] are allowed.
2.1.1 Fundamental Bosons

Particles with an integer spid,= n# are called bosons. Among them are four funda-
mental bosons which act as mediating particles for the waating and electromagnetic
force. They are called gauge bosons and are mathematiealtyided as field equations
for massless particles in the first place. All bosons aresiimjuishable particles which
follow the Bose-Einstein statistics and therefore can paipuhe same quantum states at
the same time. The gauge bosons which act as force carriees@of the electromag-
netic interaction are called photong, The weak and strong interactions provide three
and eight mediating particles according to their field gatwes, respectively. The three
heavy vector boson&* andz® correspond to the weak interaction, whereas eight gluons
g act as mediators for the strong force. Table 2.2 gives arnveeof these field quanta

and shows some properties of these elementary particles.
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Table 2.2. Fundamental bosons which act as field quanta for the weak, strong and electromagnetic
interaction and several particle properties like their smaselectric chargey, spin parityJ® and
third component of the weak isospin— 3.

Bosons || massm[GeV /c?] || electric charge | JP[A] || Ts[A]
Photon {) 0 0 1 0

W+ 80.40 +e 1 +1
Z0 91.19 0 1 0
Gluon @) 0 0 1 +1

2.1.2 Fundamental Fermions

On the other hand, particles with sgln= (n+ )% are called fermions. They follow
the Pauli exclusion principle, thus rely on the Fermi-Disdatistics. The fundamental
fermions are divided into two subgroups, namely quarks eptbhs and are summarised
in Table 2.3. There are 12 fundamental fermions, 6 quarksGaeg@tons as well as the
same number of anti-particles associated to them which th@gsame mass but opposite
guantum numbers. The quarks and leptons occur pair-wis¢hanefore can be grouped
into three generations (also called families), where glagiwithin one family have simi-

lar properties.

Table 2.3. The fundamental fermions are divided into quarks and leptons. Each of them consists
of three generations with similar properties, e.g. eleathargeq, spinJ and third component of
the weak isospifis.

Fermions| Generation| electric charge[e] || J[A] || Ts|A]
1,23

Quarks | u | c | t +2 2 +3
d| s o - L) -

Leptons | ve | vy | vr 0 % —l—%
e | U |T —1 5 —5

The electrore, muony and tauorr together with their three corresponding neutrinos
Ve , Vi and vy represent the three known lepton avours. According to themeration,

each flavour has a characteristic quantum nuni®e1Q,, Q; assigned to the different
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leptons. Due to differences in the mass and energy eigesstthe neutrinos, oscilla-
tions occur between the different families which lead to-gonserved lepton numbers.
However, the sum of the lepton numbers is conserved by a&ltantions. The six quarks,
up, down, charm, strange, top and bottom can also be groupedairs and carry a
charge of either-2/3 or —1/3, respectively. Corresponding to their names, each quark
flavour has an assigned quantum numbeb, C, S, T andB which are each conserved by
all known interactions, except the weak force. Responsislpossible weak interactions
which violate the quark flavour quantum numbers are the rdiffees between the mass
eigenstatef), |s), |d) and the eigenstatgh), |s'), |b’) of the weak interaction. This issue

is described by the Cabibbo-Kobayashi-Maskawa (CKM) mathich is defined as

Vud Vus Vub | d) | dl)
Ved Ves Vb s [ =11s) (2.1)
Vid Ms Vin/ \|b) ')

and connects both representations. The matrix elenvgntepresent the weak coupling
constants for transitions from up-type quark flavaussdown-type flavourg under emis-
sion of aWw™ boson, normalised to the square root of the Fermi couplimgtzmt,,/Gr.
The diagonal elements have much higher values (The PaRiala Group, 2006) and
thus, transitions within the same families are much morelpged. However, the non-
zero values of the remaining elements reflect the above orerdiviolation of the quark

flavour quantum number conservation.

2.2 Quantum Chromodynamics

Quantum Chromodynamics (QCD) is the universally acceptedry of strong in-
teraction physics. The theory of QCD has a remarkable saitpland elegance at the
classical level, with its underlying non-Abelian SU(3) @obymmetry; and unmatched
richness after quantization, as revealed by a whole spactfucontrasting behaviors
over a wide range of energy scales, from confinement to astiogteedom, in addi-

tion to various possible phase transitions under extremditions. But the faith in QCD
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as a true physics theory ultimately is founded, at least upots, on the successes of
perturbative quantum chromodynamics (pQCD) where its waaging predictions are
compared to the wealth of experimental data on high energypracesses, accumulated
in the last thirty years at a variety of experimental fa@ht covering numerous physi-
cal processes in lepton-lepton, lepton-hadron, and haldadnon collisions. As is well
known, the unique feature of the underlying quantum fieldth&hich makes the pertur-
bative approach useful in QCD, is asymptotic freedom. Hyumlportant are the crucial
concepts of infrared safety and factorization, withoutehhit would not be possible to
apply the results of perturbative calculations on partopusik, gluons, vector bosons, .

. etc.) to the world of observed hadrons, electro-weak h®sHiggs and other new
physics patrticles. In fact, the proof of factorization etihes the theoretical foundation
of the QCD parton model, which provides the basic languagge pécture, for describing
all high energy interactions involving hadrons nowadaysarticle physics.

This theory of strong interaction physics describes howigas that carry a colour
charge interact. Quarks carry one unit of colour chargegaatks carry anticolour and
gluons each carry both a colour and an anticolour. Therehaee ttolour charges which
are traditionally called redr), green @) and blue ). The colour quantum number is
never observed in nature so all interactions must be inveiader colour interchange.
This discrete symmetry under colour interchange is a spegitary group symmetry in
three dimensions, SU(3) symmetry. One of the consequerices@roup symmetry is
the self-coupling of the mediators of the strong force,the.self-coupling of gluons. We
would expect 3= 9 combinations of colour-anticolour pairs for the gluonsdme of the
eigenstates:%(rrﬁr g9+ bb_)) is a totally symmetric colour singlet which carries no net
colour charge so itis decoupled. The remaining eight cadigenstates of the gluons are
1 _

_ 1, _ =
\/é(rr—bb),%(rrqtbb—ZgQ) (2.2)

The fact that the colour quantum number is not an observalrigké the electric

rb,rg, bg, br, gr, gb,

charge) implies that quarks can never be found as free |[esrtimt are connected to
colour neutral bound states called hadrons. Hadrons camioagither two ¢q) or three
(qgqg) quarks whose total colour charge must be zero. The forneecated mesons, the

latter baryons. Other possibilities suchggpor qqqq are not bound, i.e. the potential is
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found to be repulsive.

The colour charge of the strong interaction is analogoukdatectric charge in elec-
tromagnetic interactions in that both forces are mediate@ Imassless vector boson.
However, the photon itself does not carry any electric chargereas the gluon is (colour)
charged. This difference, which makes the theory non-Abeli.e. it allows the self-
coupling of gluons, turns out to be crucial in the understagaf the features of quark
interactions at short distances. Since gluons are magsiessles, one might expect the
QCD potential to have a similar/t form to the Coulomb potential between elementary
charges. In fact the quark-antiquark potential is ofterato be of the form

3as

Vo= — - tkr (2.3)

where as is the strong coupling constant, of the order of 1 . Howewueryary high
collisions ,as ~ 0.1 and single gluon exchange is a good approximation. Thetdinst,
dominant at small separations, arises from this singlerggxezhange. The second, linear,
term is associated with the quark confinement at large sepasa Because of the linear
term, attempts to free a quark from a hadron simply resuliércteation of a newq pair.
Several models exist to explain this process. One of theskelnes that the force lines of
the colour field can be imagined to be pulled together by themgigluon interactions so
that they form a tube. Pulling apart this tube, the storedggnir) eventually reaches the
point where it is more favourable, energetically, to createewqq pair resulting in two
short tubes instead of one long one. From the sizes and mafsbeshadrons, we expect
k=~ 1 GeV/fm. This corresponds to a force between the quarks aobriglweight! The

process by which newq pairs are produced is called fragmentation.
2.2.1 The QCD Lagrangian

Formally, QCD interactions can be expressed, in a similar t@aQED, by a La-

grangian. The QCD Lagrangian has the form

1 _.
Loep = —ZF“v’aFﬁv‘FQ(' g —mg)q—gsq" T?gAY (2.4)

10



2. THEORETICAL BACKGROUND Pelin KURT

The first term is the kinetic term of the gluon field@ , expressed in terms of the

gluon field tensorF,f;‘V, which is expressed as

F2, = 0uAS — 9y A% — gsTACAD A, (2.5)

The last term of equation 2.5, which is non-Abelian, is reegiiby the gauge invariance
constraint under local SU(3) transformations of the glueldfiThe second term of equa-
tion 2.4 is the free Dirac field equation for the quarks whetéa third term is the colour

interaction current term between quarks and gluons.
2.2.2 Perturbative QCD and the Simple Parton Model

QCD is a quantum field theory of quarks and gluons endowed avitlon-abelian
gauge symmetry group SU(3) of color. The classical Lag@mgihich explicitly exhibits
this symmetry is given by the Yang-Mills formula.

There are many ways in which perturbative QCD can be testeijimenergy hadron
colliders. The quantitative tests are only useful if thegass in question has been calcu-
lated beyond leading order in QCD perturbation theory. Tioglpction of hadronic jets
with large transverse momentum in hadron-hadron collsjammovides a direct probe of

the scattering of quarks and gluogg:— gg, gg — qg, 9g — dg, etc.
2.2.3 The Running of the Coupling and Asymptotic Freedom

However the strong interaction exhibits two unique prapsrtivhich make it behave
unlike any other fundamental interaction. The first is caonfinement: quarks cannot
exist singly, but must always be bound into color-neutralrbas, either as three quarks
in a baryon, or one quark and one antiquark in a meson. Atiegf separate the quarks
in a hadron will simply result in more quarks being createmhfrthe vacuum, resulting
in the production of more hadrons. This has a very signifieaperimental implication:
while we can speak of a given process producing a quark, tleakagvill not be directly
observed in our detector; rather, it will hadronize into anfber of collimated hadrons,

known as a jet. Measuring the momentum or energy of theseagtge will see in chapter

11
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5, is a very difficult task.

The second is asymptotic freedom, in which interaction®irexnegligibly weak at
large momenta or short distances. An important consequehtt@s fact is that it is
possible to analyze QCD processes (e.g., scattering ceati®rss) by treating partons
(i.e., quarks and gluons) as free patrticles independent @thers in the event.

The asymptotic freedom is responsible for the Bjorken agglBjorken, 1969) which
was for the first time observed in a famous SLAC experimentegpdnelastic scatter-
ing (Breidenbach, 1969; Friedman and Kendall, 1972). Bastm®ptotic freedom and
confinement are the consequences of unusual (differentdteatroweak interaction) be-
havior of the QCD couplingrs. The dependence of the coupling(Q) on the energy
scaleQ (also known as running afts) is given by the solution of the renormalization
group equation (Ellis, Stirling and Webber, 1996):

as(Q) = o (Qf;\%w)z (2.6)
whereb = (33— 2n¢)/3, n¢ is the number of active quark flavours (for whiofy < Q,

Q is the energy scale or momentum transfer Aggp is a parameter with dimension of
energy at which the coupling would diverge if extrapolatedvd to smallQ. The value
of Aqcp depends on the renormalization scheme, number of activardiand can also be
defined to leading or next-to-leading order. Experimeptaléasurements afqcp yield
values of around 200 MeV (PDG, 2002). The form of equatiorsR@est that thes(Q)
becomes large and perturbative QCD breaks down, for scateparable with the masses
of the light hadrons, i.eQ ~ 1 GeV. This is an indication that the confinement of quarks
and gluons inside hadrons is actually a consequence of thelyof the coupling at low
scale, which is opposite to the decrease at high scaleseihds ko asymptotic freedom.
This behavior of the QCD coupling is the result of the non-ldyenature of the strong
interaction which is characterized by the presence of sfaction of gauge bosons.
Since the strong coupling enters into the calculation ogpadtesses beyond the lead-
ing order, it can be measured, in principle, in all processeslving hadronic particles.
The universality of the functioms(u) provides the most powerful and decisive test of

the validity of QCD. Figure 2.1(a) shows a compilation of mameasurements afs(u)

12
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made in a variety of physical processes, at energy scalgggafrom just above 1 GeV
to 200 GeV. As can be seen from the Figure 2.1 (a), the QCD swyupbnstanios ap-
proaches zero in the asymptotic lim@2 — . The small coupling at higkp? makes
perturbative QCD (pQCD) possible and credible.

The universality of these measurements of the running aogipt different scales can
be tested by converting all the values to the same scale. tBhead scale is usually
chosen to beu = M . The result is shown in Figure 7(b). The agreement is clearly
remarkable.

It is important to note that the asymptotic freedom propatiyws the application of
perturbation theory to calculate cross section measuresirescattering processes where
qguarks and gluons are involved. Moreover, this propertyaanp the partial success of

naive Quark Parton Model approach.

5 T T T T T T T 4
0 ! — = S RN g:: [l[;ul\hl?l]\.l fetn.] —h
Datu -_q_-___h"---.‘:’mm]' E iz |'j|‘g L('J|I-r.;_r.?|2 ]
G’S(Q) —— |iZ & 8 S [GLS-SR] ——t
Deep Inelastic Scatiering | & 4 t-decays [LEP] i
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- ) ~ ev. shapes |[HERA | —C—
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Figure 2.1. Experimental measurements of the universal QCD running coupling fura${e):
(a) as a function of); (b) all measurements converted to an equivateyiMz) (Handbook of

QCD, 2001).
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outgoing parton

proton proton

underlying event underlying event
/ _— \T}
A

initial-state radition

outgoing parton
g gp final-state radition

Figure 2.2. llustration of a typical proton-proton two parton hard scattering event including initial
and final state radiation and beam-beam remnants (Kurttitstmat Zielinski, 2008; Kurt, 2009).

2.2.4 Factorization

The fundamental challenge when trying to make theoreticadiptions or interpret
experimentally observed final states is that the theory efstinong interactions (QCD)
is most easily applied to the short distance (1 fermi) degrees of freedom, i.e., to the
color-charged quarks and gluons, while the long distangeeds of freedom seen in the
detectors are color singlet bound states of these degréesdbm. Figure 2.3 represents
the overall scattering process, evolving from the incomorg distance hadrons in the
beams to the short-distance scattering process to the lstajnde outgoing states, as oc-
curring in several (approximately) distinct steps. Theasafion, or factorization, of these
steps is essential both conceptually and calculationdilis based on the distinct dis-
tance (or momentum) scales inherent at each step. We imagiadirst step picking out
from the incident beam patrticles the short distance pafaefed by an appropriate fac-
torization scale) that participate in the short distan@dtedng. The relative probability

to find the scattering partons at this step is provided by Hreop distribution functions

14
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(PDFs), which are functions of the partons color and flavag, lbngitudinal momentum
fractionsx, carried by the partons and the factorization sqaleall of which serve to

uniquely define the desired partons. The pdfs are themseétesmined from global fits
(See, e.g., Pumplin, 2002; Stirling, 2006) to a wide varadtgata, all of which can be
analyzed in the context of perturbative QCD (pQCD) esskyt@s outlined here. The
partons selected in this way can emit radiation prior to thetsdistance scattering yield-
ing the possibility of initial state radiation (ISR). Thenmaants of the original hadrons,
with one parton removed, are no longer color singlet statdsaall interact, presumably
softly, with each other generating (approximately incendly from the hard scattering)

an underlying distribution of soft partons, the beginnifighe underlying event (UE).

2.2.5 Soft and Collinear Effects: Parton Evolution and Parbn Shower

Above it has been assumed that the PDFs are independent s€dhes of the hard
scattering proces®. In the parton model picture this means that the structurthef
proton looks the same, whatever the energy scale might baiahwhe proton is probed
(e.g. in deep inelastic scattering experiments (DIS)). el@w, this behavior, known as
Bjorken scaling, is only true at leading order. The appratie character of the Bjorken
scaling says that as the probing sc@és increased, the previously point-like observed
parton is resolved into several, softly interacting p#sc As the number of constituent
partons is increased, while the hadron momentum staysamnsfich of the constituents
has to carry less of the total momentum. This leads to anaseren the parton densities
at low and a decrease of the densities at highlues. This scale dependence, known as
the breaking of the Bjorken scaling, is experimentally otse.

This scale dependence arises obviously from the interatiothin the hadrons dur-
ing the scattering process, and is thus a higher order ¢mneto the leading order parton
picture. The diagrams of these corrections contain simigieisiin the soft and collinear
limit of the additional radiation. The large correctionsedw these singular regions in
the phase-space can be absorbed into the parton densitiohswsing parton evolution,
which by this procedure become scale dependent. The ewolatithe parton densities

with varying scale& for the constituents of hadrons are described byAharelli — Parisi

15
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equations (Altarelli and Parisi, 1977) as

adalseQ) = ©%) [ [qu<z> > ((11(x/2. Q)+ (11(x/2Q)) + P a2 Q)]
aa0:Q) = L) [ o o)1 0/2.0) 4 P ox/2Q)
a0 =P [ o o) 1i/2.0) P o012,
with the splitting functions
P(2) = g (11fzz)2+ + 25(1—@)
Pr(?) = 1+(1Z_ Z>2>
Pag(2) _% z2+(1—z>2>
Py(2) —6<1;Z (1_ZZ>++z(z 1)+ (1—; %)5(1-z)>

Y

where the plus-distribution is defined as

1 1
/dxf(x)g(x)+:/ dx(f(x)—f(l))g(x). 2.7)
0 0

The spitting functiond,(z) are directly related to the probability for the splitting of
a partona with momentump into a partonb with longitudinal momentunzp. By us-
ing the above evolution equations to define the parton dessat some scal® all the
leading logarithmic terms introduced by soft and collinesatiation at higher orders are
re-summed. A detailed derivation of the evolution equatican e.g. be found in (Disser-
tori, Knowles and Schmelling, 2003). Since factorizati®sg¢ale dependent, the so called

factorization scaleyl, has to be introduced. The hadronic cross-section becdraas t
1 ~
o(pp—X) = Z/O dxqdxa (X1, HF) fr. (X2, UF) G (X1, X2, S, UF) (2.8)
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where the partonic cross-sectioncan also become factorization scale dependent. For
LO cross-sections the partonic cross-section is typigathgpendent of the factorization
scale. The above description is very important for compuiticlusive observables such
as cross-sections. However, it does not describe the kitnesmat the final state parti-
cles properly. To do this a similar, alternative approaah lva used, the Parton Shower
approach. We just briefly describe the idea and refer theeretadthe literature (e.g.
Dissertori, Knowles and Schmelling, 2003) for more details

The evoultion of partons and partons showers were discusktus part. Lets now
concantrate on the later steps of the hadron scatteringgsdcagmentation and hadro-
nisation (part (2) and (3) of Figure 2.2). In part (1) in Fig@.3, first the hard-scattering
occurs which could include some initial and final state rtolia It has a decay of two
photons (wavy lines) to two pairs of quarks (straight lineghown. Then the fragmenta-
tion process occurs (2): many gluons (spring like lines) lmarmitted which can in turn
decay to quark-antiquark pairs. This process occurs Urgiehergy scale of each parton
is close tdp . The non-perturbative hadronisation process then oc8yrst{ich turns the
partons into hadrons. The latter can decay into a seriesafdtate particles (4) which
are measured by the detector (5). Finally objects suchsajetreconstructed from what

is observed in the detector (6). In this case four jets woeldlserved.

(1) (2) 3) (4) (5) (6)
jet1
jet 2
- jet 3
| jet 4
|
< él i Energy

Figure 2.3. Schematic drawing of an interaction involving quarks, (Lister, 2006).

The process whereby the initial partons create many motenmis known as the

fragmentation process. This process is illustrated in dré (2) of Figure 2.3. A quark
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can emit a gluon or, with the help of a nearby quark, createraquairk-antiquark pair. A
gluon can emit another gluon or decay into a quark-antigpark This process contin-
ues until the virtual masses squared of the partons are afrthes of the infrared cut-of
scalefo , taken to be of the order of 1 G&VAfter this, the low-momentum-transfer, long-
distance regime is entered, in which non-perturbativeetffieecome important which will
be discussed on the next section separately. The most iampaftthese effects is hadro-
nisation which converts the partons into the observed med(part (3) of Figure 2.3).
Most models of these phenomena, when implemented in Montie Ganulations, as-
sume that the two processes, fragmentation and hadramisaticur in sequence and can
thus be treated independently (Ellis, Stirling and Webb886). Fragmentation models
focus on the calculation of approximate results of partawating where the enhanced
terms, such as soft or collinear parton emission from theany parton, are taken into
account for all orders of the perturbative expansion in tedependent ons . The par-
ton shower models represent an approximate perturbagaentient of QCD dynamics
at scales larger thatg . The implementation of fragmentation models in Monte Carlo
simulations mostly use Sudakov form factors, with or withibhe requirement of angular
ordering. These form factors determine the probability\adhang from scalet to the
shower cut-off scaldg , without branching. Each parton species has its own forofac

A(t). The form factors are expressed as

exp[ Z/tt dt//d 222Pui(2 ] (2.9)

whereP;.¢(2) are the un-regularized splitting functions and the sulttiin t = Q2 has

been applied. These form factors can be interpreted as thalpitity of a parton not to

split when evolving from scali) to scalet. Together with the Altarelli-Parisi Equations
they can be employed to define an iterative algorithm to tefliplit partons in a cascade
up to some cut-off scale. After this procedure (parton-gmhe final-state consists of
a multi-parton configuration and again, similarly as in thseof the PDFs, the leading
logarithmically enhanced contributions of the higheresrdorrections are included up to

all orders.
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2.2.6 Long Distance Effects: Hadronization

Hadronization is a non perturbative process that followsgmeshowering and yields
to the production of collimated beams of particles cajietd. These colorless objects,
which move away from the interaction point in the directidrtteeir parent partons, are
the experimental signature of the hard collision. The haidadion takes place at low
momentum transfer and long distances where the strongiogupllarge. Therefore there
are only phenomenological models available to describén#ttizonization effects. The
commonly used models are the String Model, used in PYTHIA, thue Cluster Model,
used in HERWIG. The main idea of the String Model is that, wharoppositely color-
charged quark-anti-quark pair moves apart, the color-betsveen them can be described
as a narrow flux tube of uniform energy density (string temsigsluons form so called
kinks in these flux tubes. At the end of the perturbative pagioower colorless strings
form between quark-anti-quark pairs (as shown in Figuréa2)4 The motion of these
strings is then described classically, with the possibitit breaking a string into aq
pair, when the field energy in the string allows for it. Thes@arms are combined into
the final-state hadrons, which, if not stable, proceed imyieg until a set of stable final-
state hadrons is obtained. In the Cluster Model the quatks tfe parton-shower are
combined as quark-antiquark pairs into clusters, whererbaind gluons at the end of
the shower are forced to split intg pairs (illustrated in Figure 2.4(b)). The clusters are
then associated with so called super-resonances, thaqudrstly decay into the known
set of hadronic resonances. A detailed description and adsgm of these and other
hadronization models can e.g. be found in (Dissertori, Kiesvand Schmelling, 2003).

The outcome of the previous discussion is that for any paaslving outgoing
partons, a large number of hadrons are seen in the deteetaisse of the fragmentation
and hadronisation processes. Due to the higher probabiléynitting partons with small
angles with respect to the initial parton, most of the finalrbas will be concentrated
in a direction close to that of the initial parton. This showé final state hadrons is
what is called a jet. At hadron colliders the situation is ptinated by a number of
different phenomena. Unlike at lepton colliders, the tathtre of mass energy of the

hard interactions, is not known for each interaction. This is schematicallysirated
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Figure 2.4. Schematic drawing of the hadronisation process whereby partons become a final set
of hadrons. The left hand diagram represents the string hvadereas the right hand diagram
represents the cluster model. In both cases, the decaysegpeel is that of a photon (wiggly line)
decaying to a quark-antiquark pair (straight lines) whradmt fragments to other partons including
gluons (cork- screwed lines). This figure is reproduced f(Dissertori, Knowles and Schmelling,
2003).

in Figure 2.5. Only one parton (a and b in Figure 2.5) from eafcthe hadrons (h1
and h2 ) participate in the hard-scattering. The partons/am unknown fraction of
the total hadrons energy (f1 and f2 ). The fractional momentarried by the partons
is described by Parton Distribution Functions (PDFs). €hm® discussed in reference
(Dissertori, Knowles and Schmelling, 2003). The remairpagons inside the colliding
hadrons participate only minimally in the interaction.

Moreover, the presence of a significant amount of soft icteyas between the col-
liding hadrons (beam-beam remnant interactions), passitlltiple parton interactions
and gluon radiation from the initial partons before the hatdraction (initial state radi-
ation) complicate things even further. These additionatpsses are collectively known
as the underlying event. The underlying event, along wighfithite detector resolution,
leads to the fact that it is not possible to unambiguouslgmieine, even in Monte Carlo

simulation, which hadrons came from which initial partae, iwhich hadrons belong to
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Figure 2.5. Schematic drawing of the hard-scattering component of a hadron-hadron collision.
Two initial hadrons (h1 and h2) are collided but only one gafrom each of the hadrons (a and

b) participate in the hard interaction. The centre of massgnof the interactiors is therefore
unknown. This leads to the fact that the total energy of thigang partons (c and d) is also
unknown. This figure is reproduced from (Dissertori, Knanwdsd Schmelling, 2003).

which parton jet. Jet algorithms are used to group the fimaédtadrons into jets whose
properties are as close to the initial parton ones as pes$bime common jet algorithms
with their benefits and limitations will be discussed laterchapter 5. It is sufficient at
this stage to mention that in this thesis a cone algorithnsésluA jet is therefore defined
by a direction, an energy and a cone size that correspontie fettopening angle.

The next section describes the jets in hadron colliders etrprpfile that is studied in

this thesis, namely jet shapes.

2.2.7 Underlying Event and Multi-Parton Interactions

Hadron-hadron interactiongf or pp) are not as simple as the interactiongpcol-
liders. In addition to the hard scattering producing djjetgh pr leptons..., spectator par-
tons produce additional soft interactions called undegyvents. The main consequence
is that it introduces additional energy in the detector etdted to the main interaction
which need to be corrected.Another effect is Multi-Partoteliaction, where more than
two of the constituent quarks of the protons undergo a hatiesing. There are several
models available for these effects; we will explicitly ube 1IMMY model (Bahr, 2008a;
Seymour, 2008) for the HERWIG generator in upcoming sestafrthis thesis.

Hovewer many of the important observables at a hadron eo)lidcluding jets, are
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Figure 2.6. Definitions of the toward, away and transverse regions. The digle @1 is
the relative azimuthal angle between charged particlesttamdiirection of the leading jet. The
transverse region is defined by%Q |Ag| < 12¢° and|n| < 1 (TeV4LHC QCD Working Group,
2006).

sensitive to the underlying event, and so a good understgradithe underlying event is
needed for precision measurements. A series of studieslemre made on underlying
events by CDF in Run | (Aolder, 2002; Acosta 2004; TeV4LHC Q®@rking Group,
2006; Field, 2006). These studies made use of the topolagicature of hadron-hadron
collisions to study the underlying event. The measureme&ete made on event activi-
ties in the transverse region with respect to the jet axigtreyents; this region is most
sensitive to the underlying event.

To study this kind of events, the idea is quite simple. It isifstance possible to use
dijet events and we can distinguish in azimuthal angle tdiéerent regions: the toward
region around the leading jet direction defined by a cone alegfiees around the jet axis,
the away region in the opposite direction to the jet, andrdnestverse region the remaining
regions far away from the jet and the away region. In dijehé&sethe transverse region
will be dominated by underlying events. The geometry of ghigly is shown in Figure
2.6, where the transverse, towards and away regions haunedeéaed with respect to the
direction of the leading jet.

At the LHC, one of the first measurements to be performed velrdlated to the

tuning of underlying events in the generators since it igiaiuio tune the Monte Carlo to
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accomplish fully the LHC program.

2.3 Jets in Hadron Colliders

The experience gained at the Tevatron is extremely useftihenpreparation for
physics analysis with jets at the LHC. However, hard scatjeat the LHC is not just
re-scaled scattering from the Tevatron. Many of the interggphysics signatures will
take place with relatively low partons and thus there will be a dominance of gluon and
sea quark interactions, as compared to interactions imghkalence quarks. In addition,
as the initial state partons are at laythere is enormous phase space for gluon emission,
and so a large probability for additional jets from inititht® radiation. The underlying
event is also expected to be enhanced compared to the yacibgerved at the Tevatron,
largely through an increased rate of semi-hard multiplegpeinteractions. These inter-
actions will contribute to the energy measured in jets pcedun the hard scatter, and
may often lead to the production of extra low transverse muuom jets in their own
right. Thus, the LHC will be a very jetty environment and aata measurements of the
dynamics of the hard scattering may be challenging (Carhpp@07). There is then a
need for tools even more powerful than the ones used at trerdevto reconstruct jets.
The most interesting tools focus on the reconstruction o$hapes, thus exploiting the
significantly finer readout granularity of the LHC detectors

In high energy interactions partons are produced in the $tad with large transverse
momenta as a result of the hard scattering process. Jetg@eameental signatures of
these partons namely quarks and gluons from the hard coifisisee the Figure 2.3.
Most of the interesting physics processes in pp collisidrtie@LHC include jets in the
final state. Therefore, the reconstruction and precise uneagent of jets serve as key
ingredients for the better understanding of hard scatigsimocesses and for new physics
searches at the LHC.

Hadron collisions at the LHC are a profile source of high tvanse momentum jets as
well as for TEVATRON. The essential difference in going fréime Tevatron to the LHC
is in the production of the hard jets. At the higher collisemmergy we observe a greater

contribution from gluon jets relative to quark jets, for tbeemeEr, jets at the LHC are
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expected to be slightly wider than at the Tevatron.

At present, perturbative calculations exist to next-tadieg order Q(ag)) only for
the inclusive and dijet rates. These allow quite precisdietuof QCD, albeit for very
inclusive quantities. At NLO, the cross sections begin tpestal on the exact definition
of the jets, since the jets begin to develop internal stmecturhe experiments at the
Tevatron and HERA have used measures of internal strucfujesoas a cross-check
on the reliability of the calculations, as well as a study @in its own right. In fact
these more exclusive event properties contain considenadnle information aboout QCD
dynamics, and make an ideal place to study QCD.

One of the most popular tool to define the internal structéijets in hadron collisions
is the "jet shapes”. Jet shapes can be defined as the energpdiole the jet as a function
of the radius from the jet axis. This has been measured by ®Dth (Abe, 1993; Abu-
lencia, 2008) and DO (Abachi, 1995) over wide ranges of plspsee. The CDF results
are presented for both inclusive and b-jets in differereggnated luminosities.

This thesis work is mainly based on jet shapes analysis at {DN3&ton-proton col-
lisions at 14 TeV. A short introduction related to jet shapékbe given in section 2.3.3 .
Before that | would like to concentrate little bit on jet detfion and reconstruction of the

jet objects on the hadron colliders.
2.3.1 Jet Definition

Standard model processes in proton-proton collisionsiimvg large momentum
transfers are described by the scattering of partons naquelsks and gluons. While
partons are not directly observable they manifest therasé¢hrough hadronization as sta-
ble particles, which then produce signals in the electrametig- (ECAL) and hadronic-
(HCAL) calorimeters and, if they are charged, the pixel- aiidon-strip tracking detec-
tors. These signals are subsequently clustered into aikidobjects composed of stable
particles, called jets, which are expected to yield a gopdasentation of both the parton-
level and the hadron showers emerging from the hard inferad®erturbative theory and
the hadronization model describe the interaction betweasttuent partons of the pro-

tons and the subsequent showering into stable particlegldition to the hard interaction
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effects such as the underlying event and multiple pp intenas, which will change the
observable energy flow, also have to be modeled. The evolofi@ jet from the hard

interaction to observable energy deposits is shown scheatigtin Figure 2.7.

—\ | CaloJets
Observable \\ .: /
l Stable Particles GendJets
Hadronization
Theory (kT
and . ﬁ E
Modeling BN 257
l ’ Partons
\

Figure 2.7. Evolution of a jet, (Bhatti, 2008)

Jet algorithms are used to reconstruct the jets. Theseithligns cluster energy de-
posits in the calorimeter or four-vectors of particles. Aaessful jet algorithm will
provide a good correspondence between the parton levelhengatrticle level, where
particle level refers to the stable particles remainingrafte hadronization stage. Briefly,
it should be collinear-safe, such that the outcome remanebanged if e.g. the energy
carried by a single particle is instead distributed amongauallinear particles. Collinear
safety is typically endangered if the jet finding is based wergetic seeds and a thresh-
old is applied to these seeds. The algorithm should be edraafe, such that the result
of the jet finding is stable against the addition of soft mdes. Jet algorithms which do
not comply with either or both of these requirements yieldayuous results and lead to

unnecessary uncertainties when applied to calculatioperiturbation theory.
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Traditionally at hadron colliders, jets have been definddgusone based clustering
algorithms which search for stable cones around the dinectf significant energy flow.
The steps in a typical cone based algorithm are shown in &igw8 Initially, a cone is
defined using the higheBt particle (or four-vector) and the summed four-vector is cal
culated for all particles within the cone resulting in a prggt. The procedure is repeated
until a stable proto-jet is found such that the proto-jetsrforector coincides with the
sum of the four-vectors of all the particles within the co@ace all stable proto-jets are
found, a splitting/merging procedure is applied to enshat &ll particles will end up in
only one jet. Iterative cone algorithms that consider evewer as the starting direction
for the initial cone take a prohibitively long time to exeeutn order to reduce the com-
putation time, a minimunpy requirement is applied to the four- vectors resulting in a
subset referred to as seeds for the initial trial cone dowactif a pr cut is applied to the
particles used as seeds, then the procedure becomes adjlinasafe at pQCD parton
level and different sets of stable jet configurations camlo@d depending on ther cut.
Cone algorithms which use seeds also have the problem af bénared unsafe at pQCD
parton level. The addition of a soft parton can lead to a nablstcone configuration.

These two effects are illustrated in Figure 2.9.

2.3.2 Jet Kinematics

The coordinate system used at CMS is defined as followsx-thes points horizon-
tally outside the LHC ring, thg-axis points upwards, and ttzeaxis is aligned with the
nominal beam direction. The azimuthal anglepiand the polar angle i&.

The transverse momentupy is defined as a projection of a particle momentpion
thexy-plane,

pr = p-sin@ (2.10)

It is obvious that bothpt and @ are boost-invariant. The transverse energy is defined

similiary to the transverse momentum as

Er = E-sinf. (2.11)
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Figure 2.8. Steps in a jet clustering algorithm. a) Starting from an ordered list of four-vectors. b)
and c) Stable cones are found. d) A splitting/merging atgoriis applied so that any four-vectors

within the overlap region of cones is assigned to a singleg)etWe end up with a final list of jets
(Bhatti, 2008).

-

- -
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5
v

Figure 2.9. Two figures on the left points the case for the Collinear unsafe. Changing the pcut
used for the seeds can lead to different stable cone coimusatThe other two figures on the
right points the Infrared unstable case. The addition offasuticle can lead to new stable jet
configurations (Bhatti, 2008).

The rapidity of a particle of momentum is defined to be

1 E
_n+pz

y=3 E—p,

(2.12)

whereE denotes the energy amg is the component of the momentum along #hei-
rection. The advantage of using rapidity is that under aitrarly boost along the -axis,
rapidity differences remain invariant, i.e. they direathgasure relative scattering angles

in the partonic center of mass frame (for more details on iherkatics at Hadron collider
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look at appendix1). Hovewer, the pseudo-rapidity is defied

n= —In[tang]. (2.13)

It is desirable to use the kinematical variables n, ¢ to describe events in hadronic
collisions since these are the directly measured jet gtiiti In collider experiments,
most often, electromagnetic and hadronic calorimetergiggegdhe energy measurements

for (essentially) massless particles, sucleasy , and light quark or gluon jets. Thus
Et = pr = Ecosb. (2.14)

A commonly adopted presentation for an electromagneti@drdnic event is on an
n — ¢ plane with the height to indicate the transverse energy silege called the lego
plot. We show one typical di-jet event from CMS by a lego plotHigure 2.10. Of
particular importance for a lego plot is that the separalietween to objects on the plot

is invariant under longitudinal boosts. This is seen fromdEfinition of separation

AR = \/An? + A¢P. (2.15)

As a quantitative illustration, for two objects back-tockan the central region, typically

An < Ap andAR~ A@ ~ TL.
2.3.3 Jet Shapes

The transverse momentum profile of a jet, or jet shape (BI#92; Seymour, 1998),
is sensitive to multiple parton emissions from the primawygoing parton and provides a
good test of the parton showering description of Quantuno@lmdynamics (QCD), the
theory of strong interactions. Historically the jet shajps been used to test perturbative
QCD ag calculations (Abe, 1993; Abachi, 1995). These leading ocdkeulations, with
only one additional parton in a jet, showed good agreemethttive observed jet shapes.

While confirming the validity of pQCD calculations, jet skeagtudies also indicated
that jet clustering, underlying event contribution and toadzation effects must be con-
sidered. These effects can be modeled accurately withifnaheework of full-event gen-

erators. Current Monte Carlo (MC) event generators use p@GSpired parton shower
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Jet 1 Jet 2

Figure 2.10. CMS simulation: dijet view in(n,®) space

models, in conjunction with hadronization and underlyingré models, to generate fi-
nal state particles. MC generators are used extensivelyttehsignal and background
events in most analyses at hadron colliders. Jet shapesecasel to tune phenomeno-
logical parameters in these MC generators. These paraaetrol the initial and final
state radiation, jet fragmentation, hadronization, arakullying event. Well-tuned Monte
Carlos are essential for a precise measurement and propgracison with theoretical
predictions. The good modeling of jet fragmentation prapsrand of the underlying
event in Monte Carlo events is crucial for corrections ogjeergies from the calorimeter
level to the hadron level. Moreover, the underlying eventpaportant component of any
hadronic collision, plays a non-negligible role in the & structure of jets.

Jet shapes are sensitive to whether the initial hard-sedtigarton is a quark or a
gluon. QCD predicts broader gluon jets than quark jets (sger& 2.11) because the
strength of the gluon-gluon coupling is larger than thahef quark-gluon coupling. The
structure of quark and gluon jets can be investigated by eoimgp measurements of the
jet shapes in different processes enriched with eitherkgoiagluon initiated jets in the

final state. Previously, jet shapes have been measurpgd @vollisions at Tevatron and
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Figure 2.11. Examples of the structure of quark and gluon initiated jets (Kurt, Bhatti and Zielinski,

2008).

ep collisions at HERA (Abe, 1993; Abachi, 1995; Acosta, 2008|d, 2000; Breitweg,
1999).

Jet shapes look at the fractional transverse momenf distribution inside the
jets as a function of the distance away from the jet axis. This be expressed either
as a differential or integrated quantity. The differenjelshape is the rate of change of
pt with increasing distance away from the jet axis, whereasrttegyrated shape is the
fractionalpr inside a cone around the jet axis as illustrated in Figur2 &arid Figure 2.13,
respectively. This quantity can be computed at parton ordmalével in the Monte Carlo
(MC) simulations and by using either the tracks or the caletric towers at detector

level. Formally, the distance away from the jet axis is defiag

r=1/(8y)2+ (Ap)2 (2.16)

whereA@ andAy are the angular distances in thg ¥ )-plane between the objects and the
jet direction. y is the rapidity which is described in the kgtematics section 2.3.2, and
@ is the direction in the plane orthogonal to the beam-dioectelative to the vertical as

described in section 2.3.2. The integrated jet shape ieegpd as
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Figure 2.12. Definition of the differential jet shap@,(r) (Kurt, Bhatti and Zielinski, 2008).

P(r) = <%> (2.17)

whereR s the jet cone radius arféy (0, r) is the sum of the transverse momentum of alll
objects inside a sub-cone of radiusround the jet axis. Similarly, the differential jet

shape is defined as

p(r) = 240 _ <|imAMo<A—1rPT“ ‘ﬁi{j’gm 2>> > (2.18)

The integrated shapes are normalised suchfifiat= R) = 1., i.e. the fractional transverse
momentum of the objects inside a cone of radius equal to theojee radius around the
jet axis is unity. Similarly, the differential shapes aremalised such th%Rp(r)dr =1
This requirement comes from the fact that the fractionaldvarse momentum of the
objects inside the jet cone must be equal to unity. Jet shajlese discussed in more

detail in chapter 7.
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Figure 2.13. Definition of the integrated jet shapg(r) (Kurt, Bhatti and Zielinski, 2008).

2.3.4 Jet Shapes at CDF

The jet shape is dictated by multi-gluon emission from pryr@artons, and is sen-
sitive to quark/gluon contents, PDFs and running, as well as underlying events. We
defined (equation 2.17) which is sensitive to the way the energy is spread aroundethe |
center wherdr is the jet size. The energy is more concentrated towardstlespter for
qguark than for gluon jets since there is more QCD radiatiorgfoon jets (which means
thaty is closer to one for quark jets whem= 0.3R for instance. The CDF collaboration
measured)(0.3/R) for jets with 0.1< |y| <0.7 as a function of jept and found higher
values ofy at high pr as expected since jets are more quark like (Acosta, 2005% Th
measurement also helps tuning the PYTHIA and HERWIG geoeraince it is sensi-
tive to underlying events in particular. The CDF collab@atalso studied the jet shapes
for b-jets in four differentpr bins (Abulencia, 2008), and the result is given in Figure
2.14. The default PYTHIA and HERWIG Monte Carlo in black falhd dashed lines

respectively are unable to describe the measurement. Gethfmathe inclusive jet shape
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Figure 2.14. Measurement of the b-jet shapes and comparison with the predictions of the PYTHIA
and HERWIG Monte Carlo (Lister, 2006).

depicted in Figure 2.14 in full red line for PYTHIA, the temdwy of the b-jet shape is
definitely the right one, leading to smaller valuegjoas expected, but the measurement
leads to a larger difference. The effect of reducing thelsibgquark fraction by 20%
leads to a better description of data as it shown in greengargi2.15. The fraction of
b-jets that originate from flavour creation (where a singtpilark is expected in the same
jet cone) over those that originate from gluon splitting éndtwo b-quarks are expected
in the same jet cone) is different in Monte Carlo and data.

Figure 2.16 presents the measured integrated jet shgypesR), in bins ofPTjets , for
jets with 0.1< |YI1®| < 0.7 and 37 GeV/&< PT"‘at < 148 GeV/c, compared to HERWIG,
PYTHIA-Tune A, PYTHIA and PYTHIA-(no MPI) predictions, tdlustrate the impor-
tance of a proper modeling of soft-gluon radiation in désng the measured jet shapes.

Figure 2.17 shows, for a fixed radiug= 0.3, the average fraction of the jet transverse
momentum outside =ro, (1— (ro/R)), as a function oPTja. The points are located

at the weighted mean in eaé’:riuet range. The measurements show that the fraction of jet
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transverse momentum inside a given fixgdR increases (+ (ro/R) decreases) with
PTjet , indicating that the jets become narrowerFég increases. PYTHIA with default
parameters produces jets systematically narrower thasteiiagn the whole region iF#a.
The contribution from secondary parton interactions betwemnants to the predicted jet
shapes (as shown by the dierence between PYTHIA and PYTH&MPI) predictions)
is important at IowPTjet . PYTHIA-Tune A predictions describe all of the data well.
HERWIG describes the measured jet shapes well but prodetseslightly narrower than
the data at IovPTjet :

Figure 2.18 presents the measured integrated jet shgypesR), in bins ofPTjets , for
jets with 0.1< |Y1®| < 0.7 and 37 GeV/&< PTjet < 148 GeV/c, compared to PYTHIA-
Tune A predictions. In these figure, predictions are alsovshgeparately for quark- and
gluon-jets. Each hadron-level jet from PYTHIA is classiedaaquark- or gluon-jet by
matching y— ¢ plane) its direction with that of one of the outgoing parttmosn the hard
interaction. The Monte Carlo predictions indicate that,tfee jets used in this analysis,
the measured jet shapes are dominated by contributionsdheom-initiated jets at low
PTjets while contributions from quark-initiated jets become impat at highPTjets . This
can be explained in terms of the different partonic contentle proton and antiproton
contributing to the low- and higﬁ’-}ets regions, since the mixture of gluon- and quark-jet
in the final state partially reflects the nature of the incayypartons that participate in the
hard interaction.

Figure 2.19 shows the measured (ro/R), ro = 0.3, as a function d?Tjet compared
to PYTHIA-Tune A predictions with quark- and gluon-jets shroseparately. The trend
with PTjet in the measured jet shapes is mainly attributed to the éfffiequark- and gluon-
jet mixture in the final state and perturbative QCD effectatesl to the running of the
strong couplingas(PTjet) (Akers, 1994; Ackersta, 1998). The Monte Carlo predicts$ tha
the fraction of gluon-initiated jets decreases from ab@®wat IowPTjGt to 20 % at very

high PTjet , While the fraction of quark-initiated jets increases.
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Figure 2.15. The measured integrated jet shag¢; /R), in inclusive jet production for jets with
0.1< |Yi®| < 0.7 and 37 GeV/e< P)* < 148 GeV/c, is shown in differerel® regions. Error
bars indicate the statistical and systematic uncertairgtgled in quadrature. The predictions of
PYTHIA-Tune A (solid lines), PYTHIA (dashed-dotted line®YTHIA-(no MPI) (dotted lines)
and HERWIG (dashed lines) are shown for comparison (Abe3)199
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Figure 2.16. Measurement of the b-jet shapes and comparison with the predictions of the PYTHIA
and HERWIG Monte Carlo (Abe, 1993).
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Figure 2.17. The measured integrated jet shagér /R), in inclusive jet production for jets with
0.1< |Yi®| < 0.7 and 37 GeV/e Pi* < 148 GeVic, is shown in differerl® regions. Error
bars indicate the statistical and systematic uncertairgggled in quadrature. The predictions of
PYTHIA-Tune A (solid lines) and the separate predictionsdoark-initiated jets (dotted lines)
and gluon-initiated jets (dashed lines) are shown for carmapa (Abe, 1993).
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Figure 2.18. Measurement of the b-jet shapes and comparison with the predictions of the PYTHIA
and HERWIG Monte Carlo (Abe, 1993).
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3. LHC

The Large Hadron Collider (LHC) (Bruning, 2004) is presgriiking constructed
in the already existing 27-km LEP tunnel in the Geneva regidhe LHC will yield
head-on collisions of two proton (ion) beams, circulatingapposite directions, at an
energy of 7 TeV (2.75 TeV per nucleon) each (center-of-mgss: 14 TeV and,/s =
5.5 TeV, respectively) with a design luminosity of3tém2s~1 (10?‘cm2s71). The
LHC will be the highest energy accelerator in the world fornrpgears following its
completion after Tevatron which is operating on center ofsrenergy/s= 2 TeV. Figure
3.1 shows a variety of SM cross section for hadron collisafnarious energy, and marks
off in particular Tevatron and LHC. The prime motivation b&tLHC is to elucidate the
nature of electroweak symmetry breaking for which the Higgechanism is presumed
to be responsible. The experimantal study of the Higgs nmasitacan also shed light
on the mathematical consistency of the Standart Model aggrexales above about 1
TeV. Various alternatives to the Standart Model invoke ngmrsetries, new forces or
constituents. Furthermore, there are hight hopes for des@es could take the form of
supersymmetry or extra dimensions, the latter often regguimodification of gravity at
the TeV scale. Hence there are many compelling reasons ¢gtigate the TeV energy
scale. The LHC will also provide high-energy heavy ion beatrenergies over 30 times
higher than at the previous accelerators, allowing us tinéurextend the study of QCD
matter under extreme conditions of temperature, densityparton momentum fraction
(low-x).

The Compact Muon Solenoid (CMS) is one of the largest detdotated on LHC,
and installed about 100 meters underground close to thekrgliage of Cessy, between
Lake Geneva and Jura mountains. The CMS is a general purppseraent, designed to
study the physics at TeV scale at the LHC (Chatrchyan, 20@&rrently involves more
than 2000 physicists from more than 150 institutions and @mtries. CMS will also
be an instrument to perform precision measurements of treers of the Standard

Model, mainly the result of the very high event rates for ailusity of 2x 1033cm=2s1,
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Figure 3.1. Various SM standart candle” cross sections at hadron colliders of varying energy,
with Tevatron and LHC marked in particular. Discontinutas due to the difference betwepp
for Tevatron ancpp for LHC (Gianotti, 2004).

3.1 Collider Physics

The development of accelerators and storage rings hasealltovcollide particles at
higher and higher energies. In accordance with Einstearisous equatiorE = mc?,
several hundreds of short-lived particles could be founthatvarious accelerators, in
addition to the few stable particles (like protons and etew) of which the universe
is built. The particles that can be accelerated are usuldbtrens, positrons, protons,
antiprotons, and ions. There are different motivations whghoose to collide protons or

leptons in an experiment. As leptons are point-like, thegnef the interacting particles
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is known. The event kinematics is thus completely consti@inLeptons are therefore
chosen, if i.e. the mass of the particle to discover is alrgaddicted rather precisely by
theory. In a hadron beam the hadron energy is shared bettgegmistituent partons, the
guarks and gluons; these are the interacting particlegatdmnergies, and the energy of
the two colliding partons is therefore not fixed. The eventknatics is thus only partially
known and only part of the beam energy is used. In order t@desa particle which mass
is not known, it is more convenient to use protons, as auticttyad larger mass range is
addressed. On the other hand, leptons have the advantatjestsaynatures are produced
in a clean environment, while in a proton collider there alet @f minimum bias events.

A disadvantage of colliding beams is, however, that the hasity is much lower
than with a fixed target, as the target is much smaller. Bedide type of the particle
collisions, one can also distinguish between linear ancutar accelerators. In a linear
accelerator (so-called Linacs), particles are accelérata straight line. In a circular
accelerator, particles move in a circle until they reachdbgred energy. The advantage
of circular accelerators over linear accelerators is tating topology allows continous
acceleration, as the same patrticles pass through the sarekerating elements many
times. Dipole magnets keep particles in a circular orbitlevquadrupole magnets focus
the beam. However, circular accelerators have the disséayarthat the particles emit
synchrotron radiation. Synchrotron radiation occurs wéaincharged particle is acceler-
ated; it emits electromagnetic radiation and secondarg&oms. As a particle travelling
in a circle is always accelerating towards the center of ttabeg it continuously radiates
towards the tangent of the circle. The energy loss due tasgiron radiation for highly
relativistic particles is described as:

__4mahc 3
E=—x—B% (3.1)

wherey = % andB = ¢ ~ 1, with R the radius of the acceleratdf, the energy of the
particle andmits mass. To reduce the energy loss due to synchrotron icadi#there are
two possibilities: either to increase the radius of theidell or to increase the mass of
the accelerated particles. Cyclic leptonic machines ssfieh large synchrotron losses
that they cannot be realistically constructed much largen the LEP2 - at a LEP center-

of-mass-energy of about 200 GeV, all the energy that wasdhtidihe beam in the radio
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frequency cavities was radiated again by synchrotron tiadia

Radio frequency
Acceleration system

|nieCﬁO|"I — ;'i"—' ‘ T8 LHC_B

; Porit 1 Injection
I Future constructions ATLAS

[N Existing work

Figure 3.2. The Large Hadron Collider at CERN

3.1.1 Hadron Colliders

The highest center of mass energies and, hence, the bebtfozatew heavy par-
ticles is provided by hadron colliders, the Tevatron with2t TeV and pp collisions at
present, and the LHC with 14 Tepp collisions after 2009. The LHC is expected to do
detailed investigations of the Higgs sector, and shouldvanshe question whether TeV
scale supersymmetry is realized in nature. Proton andrefebeams have been used to
investigate new physics signatures to test the SM.

Protons are composite particles, made of partons of quatkgarons. The quarks
and gluons are the fundamental degrees of freedom to peaticin strong reactions at
high energies according to QCD (Sterman, 2004). The pra&onuch heavier than the
electron. These lead to important differences between eohatbllider and are™ e~

collider.
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e Due to the heavier mass of the proton, hadron colliders cavige much higher

center of mass energies in head-on collisions.

e Higher luminosity can be achieved also, by making use oftivage ring for recy-

cle of protons and antiprotons.

e Protons participate in strong interactions and thus hadnaactions yield large
cross sections. The total cross section for a proton-pretattering can be esti-

mated by dimensional analysis to be about 100mb, with weakggrdependence.

e At higher energies, there are many possible channels opsgsopant productions
for different charge and spin states, induced by the in#aton combinations such
asq, g, qg, andgg. As discussed in the last section for gauge boson radidtiere

are also contributions like initial stat®W, ZZ andWZ fusion.

While proton colliders can reach very high energies, thégeatroduces some extra
challenges. Colliders that use antiparticles must find waysroducing them in large
numbers and then storing them while the beam is brought uplteriergy. Unless the
beams are very tightly focused there will only be a few calhs per revolution so the
antimatter may have to be stored for hours. In addition, twdld@gh-energetic protons
in the ring, very strong beam magnets are needed. LHC therefes superconducting

magnets (Chatrchyan, 2008).

3.2 The Large Hadron Collider

The Large Hadron Collider (LHC) was approved by the CERN cidun December
1994. It is scheduled to start operation in November 200@ THC is a circular proton
collider. The nominal energy of 14 TeV in the center-of-mtase should be reached
in 2010. The LHC is built in the former LEP tunnel, and has &winference of 26.7
km. Four experiments will be located in the LHC tunnel: ATLAS Toroidal LHC Ap-
paratuS) (Armstrong, 1994), CMS (Compact Muon Solenoithef@hyan, 2008), LHCb
(Amato, 1998), and ALICE (A Large lon Collider ExperimenfLICE Collaboration,
1995) (Figure 3.2).
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ATLAS and CMS are general multipurpose detectors. The thram topics of the
physics program of CMS and ATLAS are to investigate elecg@kvsymmetry breaking
through the detection of one or more Higgs bosons (or, in tasg do not exist, to
study alternative electroweak symmetry breaking mechas)isto search for phenomena
beyond the Standard Model, such as supersymmetric partatel to study the higfp?
region in more detail. LHCDb is dedicated Baphysics andCP-violation studies, while
ALICE investigates heavy ion physics. The aim of such higérgy heavy ion collisions
is to study the properties of a quark-gluon plasma. In oral@chieve such high energies,
the protons have to pass through different acceleratiarestavhereas the LHC itself is

just the final part. These stages are explained below inlddtai

3.2.1 Proton Production and Linear Acceleration

The LHC has the ability to collide either protons or heavyside.g. lead) at several
given interaction points around the main ring. Since thennh&C operation mode will
be the collision of two proton beams, the production and lacagon of heavy ions is
to be ignored here. The first step of the proton productiohesidnisation of hydrogen
gas through a Radio Frequency Quadrupole (RFQ) duoplasmateating a negatively
charged ion beam of 750 keV. This beam is furthermore acel@éby a linear accelerator
(LINAC?2) and passes through a carbon foil at the end of thehmac The foil strips off
all orbiting electrons to generate a pure proton beam at arggrof 50 MeV and a current

of 180 mA which is the requirement for the LHC at the stage efribxt injection step.

3.2.2 Booster and Proton Synchrotron

The proton beam is fed into the Proton Synchrotron Boost8BJRncreasing its en-
ergy to about 1.4 GeV and then, in the next step of the acdilrrahain, injected to
the Proton Synchrotron (PS) itself, a circular acceleratithh a circumference of about
630 meters. The PS served as beam source for several CERNhespis, e.g. ISRand

LEP. Since its completion in 1959 it has passed through akupgrade stages and is now

L Intersecting Storage Rings, the worlds first hadron callide
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capable of accelerating the protons to an energy of 26 GeV.

3.2.3 Super Proton Synchrotron

The last step of the LHC pre-injector chain is the Super Pr&@pnchrotron (SPS).
Since its commissioning in 1976, the SPS has been used tieeteeelectrons, positrons,
protons, antiprotons and heavy ions for a variety of expenits. Today it provides proton
beams for several fixed-target experiments like Compas3dNa@B?. With the start-up
of the LHC, the SPS picks up the proton beam from the PS andesates it to a final
energy of 450 GeV. Afterwards, the beam is split and extcheta two transfer lines into

the LHC main ring in opposite directions.

3.2.4 LHC Main Ring

The final part of the proton acceleration is the velocity @ase through radio fre-
guency cavities implemented in 1232 superconducting dipwhgnets with a length of
15 m inside the LHC. Within one circulation, the beam gairs eV of energy and
reaches its final state after about 20 minutes of operatidre dipole magnets have to
provide a nominal magnetic field of 8.33 T to keep the 7 TeV qmeton their circular
path around the ring. Reaching such high magnetic fieldsinejthe development of
new types of superconducting magnets. The coils of the ntagme made up of copper-
clad niobium-titanium (NbTi) cables which are chilled tettemperature of superfluid
helium of about 1.9 K. In addition to these bending magnetgeal other types are re-
quired for a proper operation of the LHC, e.g. 392 quadrupmdgnets counteracting a
defocusing of the beam. Table 3.1 gives a short summary c&d¢belerator chain and

shows the corresponding beam energies in each of the diffaceeleration stages.

2 Common Muon and Proton Apparatus for Structure and Spexipys Fixed target experiment in the
field of kaon physics.
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Table 3.1. Energy of the proton beam at each acceleration step.

Accelerator| Injection Energy| Final Energy
LINAC2 750 keV 50 MeV
PSB 50 MeV 1.4 GeV
PS 1.4 GeV 26 GeV
SPS 26 GeV 450 GeV
LHC 450 GeV 7 TeV

3.2.5 LHC Machine Parameters

The LHC experiments aim at identifying interesting cobiss at the different interac-
tion points (IP) around the ring. Most of these events arg vare due to a very small
production cross sectiomaet - The cross section is a measure for the probability to
observe a desired interaction with respect to all eventsrgéed by the accelerator. The

amount of such events produced per second is given by

Nevent = L Oevent (3.2)

and directly linked to the luminositly of the machine.

The LHC is therefore a two ring superconducting acceleratt collider. An ap-
proximatively 130 m long common pipe is shared by the two seagar the interaction
regions. For the dipole magnets, LHC chose an elegant enlatid uses twin bore mag-
nets, which consist of two sets of coils and beam channelinghthe same mechanical
structure. The maximal energy a proton beam can obtain emeted by the maximal
magnetic dipole field which can be achieved to compensateahgifugal force of the
particles, given bye[TeV]~ 0.84B [Tesla]. To achieve high magnetic fields, new types
of superconducting magnets had to be developed, which p&tréiquid helium temper-
atures. By lowering the temperature down to 1.9 K, an extsallcan be gained over
standard superconducting elements. This represents a abf4ngbeam energy. Such
a high magnetic field induces huge mechanical constrainte@surrounding material.
In order to counter these forces, non-magnetic austenéed sollars are used to main-

tain the conductors in place. The luminodityf an accelerator which collides bunches
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b p(antiproton) b e+ (positron)
b p (proton) b e- (electron)

pion <+~ proton/antiproton conversion

Figure 3.3. Schematic view of the CERN accelerator chain from the proton injection up to the
final collision energy inside the LHC main ring (CERN Comnuation Group. 2008).
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containingn; andny particles at a frequenclyis given by

e g
~ 4noyoy

(3.3)

where gy and gy characterize the Gaussian transverse beam profiles. Tevachihigh
luminosity, a small transverse beam profile, high bunchisioh frequency and a large
number of particles per bunch are required. The nominal murabprotons per bunch at
injection is about 18! for a nominal luminosity of 18cm?s 1, which is the LHC design
luminosity.

Because of this large number, the average number of ine|gstollisions (minimum
bias events) per bunch crossing is high, up to 25 for the ddaiginosity. This imposes
difficult experimental conditions, since the rare intergstevents that may occur in a
bunch crossing are superimposed (piled-up) on top of mamynmaiim bias events. A
way to minimize the number of pile-up events while keeping kiiminosity constant
is to operate at a high collision frequency. The LHC bunchssirng rate will be 40
MHz, which means that a bunch crossing will occur every 25%gh a high frequency,
however, imposes stringent requirements on the respanss tf the LHC detectors.

The LHC luminosity is not constant over a physics run, butagscexponentially
L = Loe '™ due to the degeneration of the circulating beams. As thédnias section is
large, the collisions themselves limit significantly theabelife-time. The decay time of
the bunch intensity due to this effect is written as

_ Ntot,0
LUtotk

(3.4)

Teol

whereNq o is the initial number of particles in the beaimthe luminosity,ciqt the total
cross sectiondgo =110 mb at 14 TeV), andét the number of interaction points. For
nominal LHC conditions, the resulting decay time is 44.9 he Time required to reachd/
of the luminosity is writtertey 1/e. In addition, other sources of luminosity loss have to
be taken into account, which are intra-beam scattering){iB8d beam-gas interactions.
Since all these effects induce an exponential luminositpdthe net luminosity lifetime
can be approximated as

1 1 1 1

g + + (3.5)
N Teol,1/e TiBS  Tgas
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which givest. = 15 h. To get the integrated luminosity per year, an estirohtie
number of luminosity fills per year is needed. From PS and S@8r&nce, the time
before physical data can be takeamy;, which is time to fill the LHC, to ramp magnets
etc., can be estimated to be around 70 minutes. From HER# kitown that this time
could also be six times larger thus in the following the ugpeit of 7 hours and lower
limit of 70 minutes are considered and the resulting lumitnes compared. With an

estimated run time oX days per year, the total luminosity per year is

X x24
B Trun[h]+Tfill[h]

Lo Lot (1—e Tren/T) (3.6)

with Ty, the total length of the luminosity run which can be used foygits, and., the
initial luminosity. For a design luminosity of #tcm?s~1 and an estimated run time of
X =200 days, this leads to a total luminosity between 80'fand 120 fb'! per year (for
the lower and upper limit of ¢j;;, respectively), which meets the original objectives of the
machine.

A summary of LHC parameters is given in Table 3.1.2 The chéaiacoelerators is
shown in Figure 3.3. In addition to the proton-proton cadiis heavy ions will be ac-
celerated and brought to collisions in the LHC. In Pb Pb sulhs, the center-of -mass
energy reaches 1140 TeV, which is almost 30 times the ceferass energy of todays
most energetic heavy ion collider RHIC in Brookhaven (The&®bllaboration, 2007).
If particles with same mass and electric charge are acteteraopposite directions, it is

no longer possible to convey particles in a unique vacuura {ab was the case at LEP).

3.3 The CMS Detector

Most of the particles produced in high-energy collisioresamnstable. One would need
a very sophisticated modern detector complex and electsystem to record the events
for further analyses. We now briefly discuss the basic coraptafor collider detectors.

The Compact Muon Solenoid (CMS) is one of the multi-purpgsgasatus due to
operate at the LHC. The CMS is located 100 m below surface s$\Ci& France, and

has a cylindrical structure, covering almost,4n order to detect a large fraction of high
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Table 3.2. Some of the LHC Paramters.

Circumference 26659 m
Dipole operating temprature60 19K (-271.3C)
Number of dipoles 1232
Number of RF cavities 8 per beam
Nominal energy, protons 7 TeV
Energy at injection 450 GeV
Nominal energy, ions (energy per nuclegn) 2.76 TeV/u
Peak magnetic dipole field (at 7 TeV) 8.83T
Minimum distance between bunches ~7m
Design luminosity 103%cm—2s 1
Collision rate 45 MHz
Number of bunches per proton beam 2808
Number of protons per bunch (at start)) 1.1 x 10!

pt particles produced in a collision. It has an overall lengtl2.6 m and a diameter
of 15 m. The detector is divided into barrel and endcaps, asights in total 12500
tons. It contains subsystems which are designed to medseienergy and momentum
of photons, electrons, muons, and hadrons. In additionaimeis to be as hermetic
as possible, in order to measure the missing energy of arn.e&drajectory of particles
through the CMS detector is shown in Figure 3.4, startingpftoe beam pipe. The tracker
allows precise momentum measurement and the impact paaaieharged particles. It
is surrounded by a scintillating crystal electromagnegiogmeter, which is surrounded
by a sampling calorimeter for hadrons (Figure 3.5). Outdiiesolenoid lies the return
yoke of the magnet, interleaved by four layers of muon chamb&he barrel covers a
pseudorapidity rangg | < 1.5, while endcaps cover the rang®& X |n| < 3. The relative
error on the particlggr measurement by a tracker goes like
Apr 1
2 " BR

whereB is the magnetic field in a direction orthogonal to the pagticlomentum, and

(3.7)

Ris the tracker radius. The magnetic field of the solenoid muald T with a diameter
of roughly 6m and a length of 13 m. To create such a high magfietd a very high
current (20 kA) has to be generated, circulating in supetaoting strands. To allow

superconductivity, the magnet will be cooled down to 4.2 Khwiiquid helium. At the
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Electromagnetic
Calorimeter

Iron return yoke interspersed
with Muon chambers

'“_ﬂﬁfln Key: Muon
Electron
——— Charged Hadron (e.g. Pion)
s — — = Neutral Hadron (e.q. Neutron)
Through CMs ---- Photon

Figure 3.4. A slice of the CMS detector. The traces of particles to be detected are shown

nominal current of 20 kA, the coil will store 2.7 GJ in the maga field. Ramping to
this current will take five hours, while discharge will lagt to 18 hours. In case of
emergency, this energy has to be evacuated quickly or betltdh and the detectors
could be damaged. Therefore, a fast discharge in 50 m resistosed with the decay
time is then 280 s. The maximum field of 4 T have been succégsfhtained in the
magnet test several times since 2006 August. The magnetidgsficeturned through a
saturated iron yoke, which is split into five barrel rings @wd endcap discs housing the
muon chambers. Muons are particles with minimal ionizingv@o which make them
particularly easy to separate from the other particle typédsre details about the CMS

detector can be found in (Chatrchyan, 2008).
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Figure 3.5. Schematic view of CMS Detector.
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3.4 Coordinate conventions in CMS

Proton collisions at high energies manifest themselveseastic collisions of com-
posite objects, where the actual collisions happen betweertonstituent quarks and
gluons, also called partons. These partons carry a fragii@mdx, of the total proton
momentum. The fractions are statistically distributedoadimg to the so-called parton
density functions, which are rigorously introduced in 8st3.1.2. Hence, in general,
X1 andx, are not equal and the rest frame of the hard collision will bedbed along the
beam line with respect to the lab frame. The reconstructidgheboost of the system on
a collision-by-collision basis requires the full reconstion of the remnants of the col-
liding protons, which is in practise not possible becausihefpresence of the beam pipe
and instrumentation along the beamline. Because of theamkm®nergy balance along
the beamline, proton collisions are usually studied in agwonvenient coordinate frame.
Thezaxis is placed along the beamline, and xrendy axes hence define the transverse
plane, perpendicular to the beam. The spherical coordiriaté, ¢) are replaced with
(r,n, ), wherer is the radial distancep is the azimuthal angle in the transversey)
plane,f is the polar angle measured from thaxis, and the pseudorapidityis defined

as

n= —In[tang] (3.8)

The advantage of this coordinate frame is the Lorentz iavae of transverse quan-
tities and differences in under Lorentz boosts along the beamline. As a consequence, a

solid angle in(n, @) space is also invariant under longitudinal boosts.
3.4.1 The Tracking System

The CMS tracking system is an all-silicon detector (Bayati®98; Bayatiyan, 2000).
It contains both the strip detector and pixel detector. Theei most component is the
pixel detector, consisting of three barrel layers and twd disks on each side. The
pixel detector provides precise measurements of spacespoirallow effective pattern

recognition in multitrack environments near the LHC int#i@n point. The end disks,
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Figure 3.6. The CMS Pixel Detector is shown in 3D.

known as the Forward Pixel detector, was located at a metandisof 34.5 cm and 46.5
cm longitudinally from the interaction point. One of the mahallenges in the design of
the pixel detector is the expected high level radiation inCLéhvironment. The tracker
has to fulfill the condition to be radiation hard as well as tierohigh granularity. The
tracker occupied a cylindrical volume with the length of abb.4 m and a diameter of
2.4 m. The large volume of the tracker together with the 4 T me#ig field allows a
significant bending of the track and therefore an accuratmembum measurement of
high energetic charged particles. Placed around the citerapoint, the CMS Tracker
consists of silicon pixel detectors and silicon microgsttetectors. Three pixel layers and
ten silicon strip layers were installed in the barrel, and pixel layers, three inner and
nine outer forward discs of silicon detectors will be plagedach endcap.

Closest to the beam pipe are the three barrel layers of tle gtectors. Perpendic-
ular to them, two pixel discs will be positioned at each seke(Figure 3.6). A compro-
mise between cost and accuracy lead to a square pixel shdf®o150 um?. About
16000 readout chips are bump-bonded to the detector modadesng up to about 44
million readout channels. The pixel detectors will allowragse vertex reconstruction
and provide the first step in the track reconstruction. Theeeted pixel hit resolution
is grp < 10mand oy, < 17m. The efficiency to find three pixel hits on a track (in the
three-layer geometry) is above 90 % fgr < 2.2. The silicon strip detector consists of
four tracker inner barrel (TIB) layers, six tracker outerred(TOB) layers and in each

endcap nine tracker endcap (TEC) layers. On each side ofiByetlere are three tracker
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inner discs (TID) installed. The expected hit resolutiontfe silicon strip isoy o= 10-60

pum andoy,= 500 um. Combining these numbers, the expected CMS trackinguesol
tion ranges from\pr /p3 = 0.015% for|n| < 1.6 up toApr/p? = 0.06% for|n|= 2.5.
Thus, a muon with gt of 100 GeV can be reconstructed with an accuracy of 1.5 GeV
for [n| < 1.6. To protect the silicon detectors from aging due to the héghation flux,
which causes an increase in leakage current, the full silicacker will be operated at
10°C. A thermal shield placed outside of the tracker volume ples insulation while a

cooling system extracts 60 kW of heat dissipated by the fadtelectronics.
3.4.2 The Electromagnetic Calorimeter

The electromagnetic calorimeter (ECAL) (Bayatian, 199i&aplaced around the
tracker. The design of the ECAL is driven by the requiremenpriovide an excellent
di-photon mass resolution for thé — yy decay mode. A crystal-based scintillating
calorimeter (as opposed to sampling calorimeters) offieesbiest performance for en-
ergy resolution from electrons and photons, since mostettiergy is deposited inside
the active volume. The choice of lead tungst&BWO,) was motivated by its fast light
decay time, its small Moliere Radius, its high density of88g2cn? (allowing a compact
design) and its good radiation resistance, as the crysagatsto endure very high radiation
doses. After 15 ns, already 60% of the light should be emlitethe crystals (compared
to 300 ns for BGO crystals, which were used e.g. in L3), andri)éhould be enough to
collect the emitted light. The small Moliere Radius of 2.18 allows for lateral shower
containment inside a few crystals.

FurthermorePbWO, is a fast scintillator compatible with the high event ratéldC.
The crystal dimension is roughly 2.2 cm x 2.2 cm x 23 cm for therdd crystals and
2.5 cmx2.5 cmx22 cm in the endcaps. This corresponds to a granularifygot An of
0.0175<0.0175 in the barrel. The CMS Detector size of the crystalseesponds to about
26 radiation lengths. For 35 GeV electrons, about 94% ofligwten energy is contained
a 3x 3 crystal array, and 97% in a& crystal array. A drawback of the lead tungstate is its
relatively low light yield, which is about 14 times smallean the one from BGO crystals.

This requires strong amplification within the photodeteetiathe end of the crystal. The
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Figure 3.7. The Supermodules, Modules and Submodules of the ECAL detector.

photodiodes have to operate in a rather hostile environnirdatomultipliers can not be
used in such a strong magnetic field, and thus avalanchedgibdts, which can operate
in strong transverse magnetic fields, were used in the haarebf the calorimeter, while
vacuum phototriodes were used in the endcaps, in order ®wip the higher levels of
radiation. The ECAL is built out of~ 76000 individual crystals. The crystals are me-
chanically organized into modules and supermodules. lib&nee|, the crystals are tilted
in the transverse plane by 3 degrees, in order to minimizgtbbability that particles
pass through the inactive area between crystals. The lapshls are assembled into
36 supermodules, each consisting of 4 modules with 50 sublesdh the first module
and 40 in the remaining three modules. This is shown in Fi§ufe Those submodules
are composed of 25 crystals assembled into a fiberglass alveolar structaratal, the
barrel contains 61200 crystals. The supermodules have gengthpe and subtend an
angle of 20 degrees. The design guarantees a maximum disiatweeen crystal faces of
0.4 mm within a supermodule and 0.6 mm across two submodilesack of about 6
mm is expected between two supermoduleg end 6.8 and 7.8 mm between two mod-

ules at differenty. The endcap ECAL is built up of identical 5 x 5 crystals, Toumes
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a hermetic design, the crystals will be oriented toward atdocated 1.3 cm away from
the interaction point. Thus the crystals are off-pointiagatsimilar extend as the barrel
crystals. A preshower built in front of the endcap caloriendfn| > 1.653) should allow

to reject highpr 1°s by measuring the transverse profile of the electromagsktieer
after roughly three interaction lengths. The preshoweuik ke a sampling calorime-

ter with lead as absorber and a layer of silicon strip serfeorhe measurement of the
charged particles created in the shower. Strips from oneepdae orthogonal to these of
the second plane, which gives a two-dimensional positioasmement with a precision

of 300 um for a 50 GeVr®. The energy resolution can be parametrized as a function of

the energy as

AE
= =
The first term is the stochastic term, the second the noisk;Zas the constant term.

(a/VE)?+ (b/E)?+¢c? (3.9)

The stochastic term includes contributions from photesttes and fluctuations in the
shower containment. The noise term incorporates conioibbsifrom the electronics read-
out and pile-up, and therefore depends on the luminositg ddsign goal is to reach a
stochastic term of = 2.7% in the barrel and = 5.6% in the endcap, a constant term of
¢ = 0.55% and a noise term &f= 210 MeV in the barrel and 245 MeV in the endcap (at

high luminosities).
3.4.3 The Hadronic Calorimeter

The Hadronic Calorimeter (HCAL) (Bayatian, 1997b) is a sAngpcalorimeter with
copper absorber plates interplaced with 4 mm thick plasiittilators. Copper was cho-
sen for its relatively lowZ, which minimizes multiple scattering for muons. It is also a
non-magnetic metal, which is important since the calorenét placed within the 4 T
solenoid. The produced blue scintillation light is captuend shifted toward green in
wavelength shifting fibers and then transported to photteo The calorimeter gran-
ularity of An x Agp was chosen with the goal that highly boosted dijets fiéhand Z
decays can still be distinguished. In order to get a good ureagent of the missing

transverse energy, jets are expected to be reconstructecauppidity of 5. The hadronic
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calorimeter is designed to measure the direction and erarggdrons produced either
as remnants of the proton, during the hadronization of quarkd gluons from the hard
process, or from tau decays. By combining all calorimetciivity, a missing transverse
energy is determined. The missing transverse energy igtliyevariable sensitive to neu-
trinos and other weakly interacting particles that couldatsgn for new physics. Since
the longitudinal momentum is not measured in hadron colisi(as it is parallel to the
beam axis) only transverse quantities (e.g. transverseantum or transverse mass) are
generally considered.

The HCAL is the last detector inside magnetic coil and thenesfit surrounds the
ECAL as well as the tracking system. The HCAL provides theg@nand direction mea-
surements of the jets in conjunction with ECAL system. lbatseasures the total visible
transverse and missing transverse energy due to hermedcage. The hadron calorime-
ter will also help in the identification of electrons, phoscemd muons as it is used with
the electromagnetic calorimeter and the muon system. Th&lLH©nsists of three sub-
detectors: barrel and endcap detectors cover up to psyedityaange|n| < 3.0 and
is placed in 4 T magnetic field, forward calorimeters (HF) ethare located outside the
magnet return yokes cover up|tp| < 5.0. The barrel is 9m long and covers a pseudora-
pidity region|n| < 1.48. The endcaps are 1.8 m thick, and cover the pseudorapadige
1.48 < |n| < 3. The thickness corresponds to at least ten nuclear inienaengths,
enough to contain a large fraction of the hadronic showers.

The layout of the HCAL is given in Fig. 3.8. The HCAL is a sanmglicalorimeter in
which active and passive layers alternate. The passiveialdteat acts as an absorber is
chosen as brass in the central region, it is non-magnetidcand material to prevent it
from magnetization in high magnetic field and avoid multigdattering of muons (affect
muon reconstruction) inside the HCAL. The active matesallastic scintillator and read-
out with wave-length shifting fibers. In the pp collisiongta will be frequently boosted
objects that will later decay as two close jets. Recondtnaif these two jets separately
requires a small lateral granularity. The sufficient ldtgranularity is introduced by read-
ing out the calorimeter as towers with a sizé\gf x Agp=0.087 for|n| < 2.0, providing a
matching with ECAL and muon chamber cell size. Although Hd#Hesigned to contain

all of the hadronic showers the thickness of the calorimatéy| = O is about 5 nuclear
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Figure 3.8. The HCAL Side view.

interaction lengths for charged pions and is not enough mato the low-energy tails
of hadronic shower development. This causes mismeasutsiokthe jet energies and
therefore effects the missing transverse energy measuatemwaéich is very sensitive for
new physics discoveries. To avoid that problem and catclaileof energy distribution

in the hadronic showers, a layer of scintillator (referred#D, hadronic outer calorime-
ter) is placed between super-conducting coil and muon ckeanip to|n| < 1.4 (See
Figure 3.8). The HF detectors are located at a distance ofetérmfrom the interaction
point to extend the coverage up|tp| < 5. The HF calorimeters reduce the fake missing
transverse energy measurements with the increased cevandgalso help identification

and reconstruction of higpr forward jets.

3.4.4 The Magnet

In the hadron colliders often muons are present in the fias stherefore selection of
interesting events over ten times bigger background evermticial. Establishing very
strong magnetic field enable to trigger for such interestwvents. Bending the trajectory

of the muons (and other charged particles) gives momentuasunements and charge
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information. The design of the magnet system also definedekbign of the detector. The
CMS experiment has chosen to use a solenoidal type (seesRdrof magnetic field to
achieve a compact design with strong field inside the coiyé@an, 1997c). The tracking
system, electromagnetic and hadronic calorimeters (¢xXmp HO) are accommodated
by the inner coil. 4 T magnetic field produced by the superactidg magnet system
bends the particle trajectories in the transverse plandhardfore provides precise mea-
surements of transverse momentum with the combinationrdfadracking system and
muon chambers. There is a drawback of having strong field:gelaparticles with low
momentum do not reach to the calorimeters in the barrel regi@can be separated from
other particles and hit calorimeter cells resulting out ofie particles in the jet recon-
struction algorithms. The relation between the curvatidreharged particle trajectory

with the magnetic field strength is given by
Pr=03xBxR (3.10)

wherePr is the transverse momentum of the particle in Ge¥/ts the magnetic field in
T andRis the radius of curvature of the particle in meters. Pasithat have less than
0.9 GeV/c transverse momentum can not reach to the cal@imerhe CMS supercon-
ducting solenoid is 13 m long and has a 5.9 m inner diametee.rdtio length/radius of
the solenoid and the high field allow efficient muon detecind measurement up taja
of 2.4. The magnetic flux is returned with a 1.5 m thick iron ggketurn yoke) where the
field is 1.8 Tesla. The return yoke is divided into barrel andeaap yoke. The barrel yoke

is designed as a 13.2 m long 12-sided cylindrical structure.

3.4.5 Muon system

The CMS muon system (Bayatian, 1997d) is placed outside tgnet, embedded
in the iron return yoke to make full use of the 1.8 T magnettane flux, a schematic

view of this subdetector is shown in Figure 3.10. It plays aseatial role in the CMS

Trigger system, because high muons are clear signatures of many physics processes.

The main goal of this system is to identify muons and measuinen combined with the

Tracker, their transverse momentyr . Three different and complementary detection
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Figure 3.9. The CMS superconducting magnet.

technologies have been used: Drift Tube Chambers (DT) ibdneel region (6< |n| <
1.1), Cathode Strip Chambers (CSC) in the endcap regi@x(Qn| < 2.4) and Resistive
Plate Chambers (RPC) in both barrel and endcap regions.

In the barrel region, the expected occupancy is lewl( Hz/cn?), allowing for the
use of drift tubes as detection element. In Figure 3.10 auagbthe CMS Barrel Muon
Drift Tube Chamber is shown. The amount of iron in the retuokeywas dictated by
the decision to have a large and intense solenoidal magfngticat the core of CMS.
Two detector layers, one inside the yoke and the other aytgiduld be insufficient for
reliable identification and measurement of a muon in CMSrdfloee, 2 additional layers
are embedded within the yoke iron. In each of the 12 sectdtseofoke there are 4 muon
chambers per wheel, labeled MB1, MB2, MB3, and MB4 (FigudO}. The yoke-iron
supports that are between the chambers of a station gerd@rateavoidable dead zones
in the ¢ coverage, although the supports are placed so as not t@pverp.

The chamber design is very redundant. each chamber is madétuelve layers
of drift tubes, packed in three independent subunits cailgxrlayers (SL), two of them
with the anode wires parallel to the beam axis for measuhegransverse coordinates

(r, @) and the remaining SL orthogonal to the other two for detenngj the longitudinal
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Figure 3.10. Layout of the CMS barrel muon DT chambers in one of the 5 wheels. The chambers
in each wheel are identical with the exception of wheels d-&hwhere the presence of cryogenic
chimneys for the magnet shortens the chambers in 2 sectate that in sectors 4 (top) and 10
(bottom) the MB4 chambers are cut in half to simplify the matbal assembly and the global
chamber layout.

coordinate %). The Drift Tubes are parallel aluminum plates insulatedfiperpendicular
"I” shaped aluminum cathodes by polycarbonate plastic lg®fiThe anodes are ffh
diameter stainless steel wires placed between the cath®tlesnternal volume is filled
with a gas mixture of Ar(85%) + CO2(15%) at atmospheric puessbecause this gas
is non-flammable and can be safely used in underground opesah large volumes,
as required in CMS. The single hit position resolution igdrethan 20Qum at nominal
voltage values. The position and angular resolution of tilechamber are 98im (r @)
and 570urad respectively. Due to the larger occupancy of the endegms, from
few Hz/cn? to more that 100 Hz/c#) and the intense and non uniform magnetic field,

Cathode Strip Chambers (CSC) have been chosen in this region
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The CSCs are multiwire proportional chambers with one aihmane segmented in
strips running orthogonal to the wires. The chosen gas maxs8Ar (40%) + CO,(50%)
+ CF4(10%). In the CMS endcap muon system each chamber is formed byapiegzoidal
layers, with strips in the radial direction for a precise sweament of the azimuthal di-
rection. The single plane spatial resolution is between dfd 350um depending on
the location of the hit on the strip position. The estimatedrall chamber resolution is
calculated to be 80-8am independently of the hit position. Resistive Plate Chaismibe
are installed both in the barrel and endcap regions. Theg adimited spatial resolution
but thanks to their fast response 8ns) they are used as a dedicated Trigger subsystem,
mainly for unambiguous bunch crossing identification. THOR used in CMS are dou-
ble gap RPCs filled with &HzF4 andC4H10 gas mixture, with common pickup strips in

the middle and work in avalanche mode to sustain the highteses

3.5 Triggers

The LHC bunch crossing rate is 40 MHz. About 20 inelastic pgnés are produced
at each bunch crossing at the design luminosity éf tén2s~1 . This produces: 1 MB
of data at each crossing. Only a small portion of the data edeept since current storage
capacity is limited to aboutr 100 MB/s or about 100 crossings per second. Therefore,
a Trigger and Data Acquisition(DAQ) system is required g&lects the interesting data
with a rejection factor otz 10°. The CMS trigger system consists of a level-1 (L1)
trigger followed by a high level trigger (HLT) performed cptately at the software level.
The total time needed for the L1 trigger to come to a decismatbre or not to store
the data is 3.2us. This is mainly determined by the time needed for a signdeo
transferred from the front-end electronics to the L1 logistem, since the time needed
for the trigger calculations is less than aboytd The data waits in the pipe-line buffers
for 3.2us/25 ns = 128 bunch crossings before it is decided that it veilképt or not. The
L1 trigger reduces the event rate to 100 kHz for the desigrifasity. The L1 trigger
uses calorimeter, muon system, and global (combinatigggdrs, that combine the data
from calorimeters and the muon system. The trigger-pnmibbjects (photons, electrons,

muons and jets) are constructed using the detector systérase objects are created only
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Figure 3.11. The CMS DAQ system (Bayatiyan, 2006).

if the pt or Et are above some thresholds. Also, the dtymand missinger which are

determined globally, are included as trigger primitiveeub.
HLT reduces the 100 kHz L1 event ratef0100 Hz. All calculations beyond L1 are

performed in a single filter farm of about 1000 dual-CPU cotapmi The HLT is highly

flexible when it comes to changes in the decision trees. HkTdioes partial event recon-

struction using the calorimeters and the muon system. Atdfisige, it refines the objects

created at L1. Then it combines the data from pixel and trafckedurther rejection. The

design of the HLT makes it possible that the offline recort$ton algorithms can be used

in the HLT. The schematics of the CMS trigger and DAQ systeendisplayed in Figure
3.11. For further details, see the trigger CMS technicaigieseports (Bayatian, 2006;
Level-1 Trigger, 2000; DAQ and HLT TDR, 2002).
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4. MATERIAL ANALYSIS IN TEST BEAM 2006

4.1 Introduction

In this chapter, some analysis performed during the TestrB2@06 (TB2006) will
be discussed. The Test Beam 2006 mainly tested performdrtbe combined barrel
system of the electromagnetic and hadronic calorimetarthi$ particular analysis, uni-
formity of the energy on the combined system and dead matagasurement between
electromagnetic barrel (EB) and hadronic barrel (HB) systeere studied. Section 4.2
summarizes test beam setup, Section 4.3 discusses beawuplead particle identifi-
cation. Section 4.4 discusses energy uniformity of theroaleters. Finally section 4.5

outlines the method for the material measurement and sh@ugsults.

4.1.1 Energy Measurements

The energy of a particle can be destructively detected Iiatimg a series of reactions
whereby the total particle kinetic energy is deposited endbtector. The energy is locally
deposited so that the particle position is measured to aedegraccuracy specified by the
transverse fluctations in the energy deposition. The parmicergy is measured to a level
of accuracy specified by the uniformity of the detector med{the "constant term”) and
the level of active sampling of the detector with respecbtaltvolume (the "stochastic
term”). Thus, the calorimetric technique provides a mearsi@nt of the incident particle
momentum. Calorimetry itself refers to the destructiveedigdn of the energy of an
incident particle. The idea is to absorb all the energy inteaag medium and by that
means to record the energy of the incident particle. Recundaasurements of charged
particle momenta can be done by first tracking them in a magietd and then absorbing
them in a calorimeter. This redundacy is often very usefutleéaning up the backgrounds

which are always present in the study of a rare process.
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Figure 4.1. Location of the ECAL and the HCAL detectors (quarter slice-longitudinal cross

section) in and around the CMS magnet.

4.2 Test Beam Setup

The combined ECAL+HCAL calorimetric system for CMS has btested in 2006 at
the H2 beam line at the CERN SPS. The H2 beam line setup isagiesglin Figure 3.1.
The tests were done in high (10-350 GeV) and low-energy (9)®ion, electron and
muon beam configurations. The CMS calorimeters have didtiadronic (HCAL) and
electromagnetic (ECAL) systems. The calorimeters areddiyiinto the barrel (HB and
EB) and the end-cap (HE, EE and pre-shower, ES) sectiorteiagiryostat of 5.9 minner
diameter, containing a superconducting solenoid coil iging a 4 T magnetic field. The
electromagnetic calorimeter (ECAL) uses lead tungstdi®®4) crystals with coverage
in pseudorapidity up t@ <3.0. The scintillation light is detected by silicon avalbhac
photodiodes (APDSs) in the barrel region and vacuum phatdés (VPTS) in the endcap
region. A preshower system is installed in front of the epdE€AL for 70 rejection.
The ECAL is surrounded by a brass/scintillator samplingrbadalorimeter (HCAL)
with coverege up t@) <3.0. The scintillation light is converted by wavelengthfishg
(WLS) fibers embedded in the scintillator tiles and charmh&ephotodetectors via clear
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Figure 4.2. Layout of the testbeam line at H2.

fibers. This light is detected by photodetectors (hybridtpimdes, or HPDs) that can
provide gain and operate in high axial magnetic fields. TheddBign maximizes the
number of interaction lengthg,() inside the cryostat and is limited to 2,8atn = 0. This
central calorimetry is complemented by a tail-catcher aliarrel region (HO) ensuring
that hadronic showers are sampled with nearly 11 hadrotecaation lengths (Archaya,
2006). There are also two very forward calorimeters (HF) enaidron and quartz fibers
(Abdullin, 2008). Figure 4.1 shows the calorimeters ingidd around the solenoid coil.
In the beam line, there are 4 scintillator counters (S1-dyYabeam halo veto counters,
which have &7 cm holes in their centers (BH1-4). There are three Cereckownters
(CK1-3) and two time-of-flight (TOF1-2) counters dedicatedparticle identification.
Only CK2 and CK3 were used in the test beam experiment. CK#asl fivith CO, and
CK3 is filled with Freon gas. As can be seen from the figude2, there are several
wire chambers in various locations in the beam line. JusinbdeHB1 there are 8 muon
veto counters (VM1-8) and far behind the calorimeters tlaeeetwo muon veto detec-
tors, namely muon veto front (VMF) and muon veto back (VMB)ieh is separated
from VMF by a thick absorber to achieve better muon identiitca The HCAL part of
the calorimeter system consisted of two HB wedges (HB1 and)HBrresponding to 8

segments covering 40 degrees in azimuth, four HE segmewmsiog about 20 degrees
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Figure 4.3. EB,HB and HE on the rotatable table. The white line represents the beam.

in azimuth, and the Outer Barrel Calorimeter HO. The ECALt paed in the test beam
is one of the 36 supermodules, namely SM9. Both ECAL and HCAtectors were

equipped with the final CMS production electronics. Therentalorimeter system was
placed on a rotatable table whose pivot mimics the inteyagioint at LHC as shown in

Figure 4.3.

4.3 Beam Clean-up and Particle Identification

To get a clean beam, only single-hit events in the scintite81, S2 and S4 were used
in the trigger. Moreover, beam halo events and wide-angters#aries were removed
using the beam halo counters (BH1-4). VMB was used in latalyars to tag the muons
in the high energy beam. To identify the muons in the low epdrgam configuration
(VLE), VMB, VMF and the muon veto counters (VM1-8) were wut#éid. At low beam
momentum, electron contamination in tite (pion) beam was dominant. Therefore, in
addition to CK2, which was dedicated to electron tagging BEValso CK3 was used
to remove the electrons in ther beam since CK3 could identify pions down to 4 or 5

GeV/c, depending on the pressure setting used during thealahg. Protons/antiprotons
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and kaons in the pion beam were identified using time-of-fliglunters and CK3.
4.4 Calibration of Calorimeters

Both the EB and HB calibrations were carried out with 50 Ge#//s. Thee™ beam
was directed at the center of each HB tower. Similarly, thedaBoration data were
collected by pointing the beam to a selected set of crydtaisformed a tight grid pat-
tern. For the EB, the signals fromx7 crystals, and for the HB the signals fronx3
towers were summed. In the case of the HO, the total energyestanated by adding
signals from X2 towers. The response of each HB scintillator tile of eagkdavas also
measured by using a 5-m€3iCo moving wire radioactive source (Adams, 2003). The
HO modules were first calibrated by 150 Ge\/c beam. A clear peak was observed
in Ring 0 and Ring 2. In Ring 1 the peak was measurable but noleasly separated
from pedestal. Next, the HO energy scale was determined 8yG&Y/c 1~ beam im-
pinging on tower 4 of the HB. For this measurement, it wasiregthat the energy in the
EB be less than 1.2 GeV. The energy scale was determined biyrirggthe best energy
resolution in HB+HO, as measured hys width, for the 300 GeV/ar~ beam.

4.5 Uniformity on Calorimeter Systems

Linearity of the calorimeter response depends on the imgte/h which is the con-
version efficiency of electromagnetic and hadron energytolservable signal (Yazgan,
2007). The linearity of the response of the combined systas studied for pions and
muons with momenta 100 GeV/c. The interface region betweaalEand HCAL sys-
tem has a significant effect on the energy response on theroater systems. Unifor-
mity study has been done by using andu beams at 100 GeV. In order to understand
the boundary of ECAL module’s response the ECAL was scammgdaind the boundary
direction.

In the following discussion we consider two different saagpbf pion data. The first,
which we refer to as MIP in ECAL pions, includes only pions @fhare minumum ioniz-

ing in ECAL, i.e do not interact in ECAL and begin interactiorHCAL. This sample is
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selected by requiring that energy deposition in ECAL is ¢cgiest with minimum ioniz-
ing deposition, i.e is less than 2.5 GeV. The second sampiehweéfer to as the full pion

sample, includes all pions, i.e interacting either in ECAIHCAL.

Table 4.1. Masses, lifetimes and main decay modes for pions (W.-M. Yao, 2006).

Particle| Mass[MeV]| Mean Lifetime[s] | Main Decay Modes (Fraction
mr 13957018 | (2.6033+0.0005 | p¥v,(99.9877+0.00004%
+0.00035 x1078 et ve(1.23040.004 x 10-%%)
m 13957018 | (2.6033+0.0005 | p~V,(99.987740.00004%
4+0.00035 x1078 € Ve(1.230+0.004 x 10~%%)
0 1349766 (8.4+0.6) yy(98.798+0.032%)
+0.0006 x10~17 ete y(1.19840.032%)

4.5.1 Calorimeter Response to Pions

The pions are the lightest mesons, and are therefore pnéidhg emitted in hadronic
interactions, that can be composed of the Standart Modelaimental particles. They

consist of up and down quarks and form a spin-O-triplet with tharged mesonsr™

(Jud)),  (|dd)), and one neutral mesons, tme (\% (Juu) — |dd))). Neutral pions
quickly decay into two photons which share the parghenergy. These photons then
participate in the hadronic cascade as an electromagretipenent. Hadronic showers
from pions are quite different from the pure electromagngtiowers created by electrons
and photons. However, the non-electromagnetic compotiémt badronic shower comes
from particles produced in the hadronic interactions whianiuclei of the absorber mate-
rial. These shower particles carry less than 20% of the shemergy (Wigmans, 2000),
and in general, are not fast enough to create Cherenkov phatcquartz. The masses
lifetimes and main decay modes for pions are shown in Talile \B/hen a patrticle tra-
verses matter it will generally interact with that matted dose (at least a fraction of) its
energy. Due to the energy conservation, the traversed medgill be heated up in this

process or more precisely, the constituents of the medieraxaited into a higher energy
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state. The actual interaction process that occurs depémgly on the energy and the
nature of the traversing particle. The way muons (and otkex¥ particles like pions,
protons, etc) lose their energy at a given particle energubistantially different from the
way electrons lose their energy due to their much greatémesss, although the mecha-
nisms are the same (ionization and bremstrahlung). The glosa their energy primarily
through ionaziation. Bremstrahlung occurs only at venhtegergiesi, > 1TeV). A
typical muon loses only 1-2 MeVgcn? while transversing an absorber. This is much
less than an electron of the same energy and therefore & tadg substantial amount
of matter to absorb high energetic muons. Figure 4.4 shogvdéposited 100 GeV pion
energy on HCAL with MIP in ECAL with/without HO. As can be seki® makes 10%
difference on the average mean value. This is due to theHatthere is a leakage of

energy to the HO since it is sitting behind the HCAL.
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Figure 4.4. 100 GeV pion beam energy response on the HCAL.

Figure 4.5 shows the deposited pion energy at 100 GeV on ECtowt MIP in
ECAL. As you can se@ scan is shown in the = 12.8 while boundary scan is shown in
the @ = 13 position. The position difference on the boundaries @ihlzase is a result of
the differente positions of therr beam. The deposited energy on ECALx20 GeV.
On the other hand, the pion beam energy response on the HCAlms&asured. To get
a reasonable response of the 100 GeV pions layer 12 (L12atan was applied since
TB2006 wire source results showed that L12 was flipped whisrcinnected to the RBX
and L12 inn13 14,15 tiles are not connected to the pixels of the HPD. It has la¢sm
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scans.
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noticed that there is a leakage to HO as expected abd&a4, it is shown in Figure 4.4.
After all corrections the response of the 100 GeV pions on H@4 a function of is
shown in figure 4.6. The response of pions on HCAL is decrgasimhighern range,
especially in the regionp > 12. The difference inp positions could be a reason for this

disharmony.

4.5.2 Calorimeter Response to Muons

Muons traversing homogenous calorimeters lose kineticggntrough the same
mechanism as the shower particles produced in electrortiagst®wer development,
exciting atoms and molecules of the detector medium. Uguhk muons easily pene-
trate these detectors, losing only a small fraction of tkeergy in the process. Muon
response on HCAL with the 100 GeN~ data , ing=12.8 direction is shown in Figure
4.7. To choose clean muon events proper scintillator anchibedo cuts were applied in

1x2 towers.

HCAL Muon Energy in Single(1x2) Tower

400 Entries 2122
- Mean 2.288
350 32331 RMS 1.548

N=3 0=13.2 |comun omsms

L L " L
8 10 12 14
HCAL [GeV]

Figure 4.7. Muon energy on HCAL.

4.6 Material Analysis

The ECAL/HCAL interface region effects the combined systetwo different ways.

e The magnetic field bends the shower of low energy particlésiade the energy
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Figure 4.8. Firstinteraction point illustration.

reconstruction cone.

e The dead materials (mechanic structures, electronicesait.) These effects will
have an influence on the hadron and jet energy resolution emldttron and photon
identification.

In order to measure the amount of the material between ECAétalls and HCAL
100 GeV pions are identified as first interaction point in ECAICAL and in between
respectively by using MIP in ECAL and MIP in ECAL/LO. It isubtrated in Figure 4.8.
Once pions going through ECAL without interaction, a halpmfns interacted in material
between crystals and LO, and rest in HCAL.

Figure 4.9 shows the location of the first interaction pointhe pions. The fraction
of the events in different part of the test beam setup. As yousee statistically: %60
of the pion events interacted in ECAkL; %20 in HCAL and the rest interacted in both
ECAL and LO. The pion particles decay dominantly to the etecand positrons and this
weak interaction happens in mostly in the electromagneticroneters. These numbers
will be used to calculate the interaction length in mateiidéeally, if the thickness of the
material is constant in radial direction similar to the sifletors in HB, particles at higher
n range see more material because of the incident angle ofetli®.bThis information
was proved in the figure 4.10. It shows that the thickness @érn@h is constant in radial

direction, so particles at high@rsee more material because of the incidence angle.
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Figure 4.9. Firstinteraction of the pion beams in different part of the test beam setup.
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Figure 4.10. Interaction length.
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5. JET RECONSTRUCTION in CMS

A very important part of many QCD analyses, event signatiaeSUSY, Higgs boson
production, and other new physics processes require tbasgaction and measurement
of jets coming from high-momentum quarks and gluons (Koda|@005) at the hadron
colliders. Some patrticles, such as charged leptons, oopkpgo through the detector
without decaying or emitting any other particles. This t&sin a very clear signature in
the detector: a single track in the tracker or no track, ferdases of charged and neutral
particles, respectively, and a well-localised energy dépo the calorimeters. Hadronic
particles, on the other hand, are more complicated and @ntpistudy. Because of the
nature of the strong interaction, a single hard interacimolving a quark or a gluon
will result in a large number of hadrons seen in the detee®previously discussed in
Chapter 2. This evolution from a single particle to a largmbar of final state particles is
governed by QCD processes, in particular by fragmentatioogsses (radiation of other
particles from the primary one) as well as hadronisatioa fitocess by which quarks and
gluons are bound into hadrons).

Because of the possibility of having gluon-mediated irtgoams, which by far dom-
inate the interaction cross section, there is a possilafityaving many jets in the event.
So the definitions of the jets at the hadron colliders areeqtiificult. On the other hand
this possibility can lead to the shower of particles from pagon overlapping with those
from another. There are also many more processes happeriag,protons collide, than
just the hard interaction. These other processes are wheteised to as the underlying
event as we disccused in Chapter 2. All of these effectstrigsallarge number of tracks
and calorimeter energy deposits which must be disentanigieabjects such as jets or
isolated particles. This disentangling is done using goathms.

In parton shower Monte Carlo events, a jet clustering algorican be applied to par-
ticles produced after hadronization of the partons, produlcadron level jets; for pQCD
parton-level predictions, jets are formed by running trgoathm on partons from the
fixed-order (typically next-to-leading order) pQCD everhgrator. Experimentally, it is
extremely challenging to both identify and measure therkiaigc properties of the large

variety of individual particles produced in high-energydhanic collisions, especially
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with the relatively coarse calorimeter segmentation presethe Tevatron experiments.
As a result jets are reconstructed by running the jet algorion the raw energy depo-
sitions in the calorimeter towers, and not on the individueatticles. The reconstruction
and energy measurement of these calorimeter jets areeaffbgta variety of instrumen-
tal and physics effects. The instrumental effects includec&lorimeter non-uniformity,
(2) resolution effects due to large fluctuations in partsf®wering in the calorimeter,
(3) non-linear response of the calorimeter, especiallyaidrdns, and (4) low momentum
particles not reaching the calorimeter due to materialsantfof the calorimeter and the
solenoidal magnetic field. Energy from additional pp int&@ns occurring in the same
bunch crossing also affects the jet reconstruction andggnaeasurement. This has a
non-negligible effect especially for low transverse motmanjets and high instantaneous
luminosities. The situation is further complicated duelte tact that (a) the underlying
event contributes energy to the jet cone, and that (b) theoje¢ does not contain all the
energy of the parent parton because of the effects of panimnering and hadronization.
All of these effects have to be taken into account when com@axperimental data with
theoretical predictions or extracting physics quantitieimiterest from experimental data.
Typically in jet cross section measurements, the data areaed to the hadron-level
(i.e., corrected only for instrumental effects); at thigdk the results can be compared
with hadron-level theoretical predictions without any whedge of the detectors. It is
strongly encouraged that, where possible, measuremetite &HC produce results at
this level; often, instead the predictions from Monte Cadoe themselves passed through
a detector simulation program and then directly comparedgoaw data distributions.
Sometimes, the theoretical predictions from perturba@@b calculations are avail-
able only at the parton level and then it is necessary to re@¢beect the theory to the
hadron level or the data to the parton level. For inclusiveljess sections, the best theo-
retical predictions available, as of now, are from nextetading order perturbative QCD
calculations (Ellis,1992;1990;1989, Giele 1994, Nagy 200 When making compar-
isons between experimental measurements and next-todp@dl O) order predictions,
non-perturbative QCD effects from the underlying event hadronization (see Section
4.3 for details) are evaluated based on tuned parton showateéMCarlos. It should be

noted that a correction is not made for out-of-cone energyfhard gluon emission, as
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such effects are already (at least partially) taken int@aotin the NLO calculations. In
these comparisons, next-to-leading order hard gluon @mniss assumed to model the
whole parton shower perturbative QCD radiation procesONQCD calculations have
been shown to provide a reasonable description of energyirikide jets (Ellis, 1993), so
this is considered to be a reasonable assumption; howeatertlieory comparisons will
benefit a great deal from higher order QCD calculations ot-tekeading matrix ele-
ment calculations interfaced with parton shower model#) agy., MC@NLO (Frixione,
2002).

The first jet algorithms for hadron colliders were simple €an Over the last two
decades, clustering techniques have greatly improvedghistication. A perfect detec-
tor jet is defined at particle-level through the use of jebalyms, while a reconstructed
jet is formed by applying the same algorithms on a set of gndegosits in calorimeter
cells. A reconstructed jet is identified with the particke€l jet through a pseudorapid-
ity, phi (7, ) matching criterion that searches within a cée /(Ay)2 + (A@)? to find
agreement of the jet axes. The correspondance of a recotestijet to the particle-level
jet, however, is not always unambiguous. The parametehseadhttial parton correspond-
ing to the particle jet depends on a number of factors inalgfinal state radiation, which
can lead to the splitting of the jet in the detector. For adargne, the jet reconstruction
collects a large fraction of the energy of the initial partbat such a cone is also suscep-
tible to collecting the energy of non-isolated additionaftpns in the hard interaction, in
addition to energy from the underlying event, pile-up iat#ions, and electronic noise.

The first step in the reconstruction, before invoking thejgorithm, is to apply noise
and pile-up suppression with either a set of cuts on the tewergies or to apply a pile-
up subtraction algorithm (Kodolova, 2005). The choice @& tbwer energy oEt cuts
is based on a balance between jet reconstruction efficiemtyrestrumental fake rates.
The factors influencing the identification of a reconstrdget energy with the energy
of a scattered parton can be divided into two groups. Onensexted with the jet as
a physical object, and includes fragmentation model,ahé&nd final state radiation, the
underlying event, and particles coming from pile-up eveAtsecond group follows from
detector performance and includes electronic noise, feetedf the magnetic field which

deflects low energy charged particles out of the jet recaostm cone, non-compesating
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responses of the calorimeters to electromagnetic and hiadsbhowers (electron/hadron
ratio), losses due to out-of-cone showering, dead masesiadl cracks and longitudinal
leakage for high energy jets. While some of the correctiongffects in the first group are
channel dependent, the bulk of the detector effects arenethamdependent and common
particle-level correction coefficients can be providedliliZations are applied to restore
equality between reconstructed and particle-level jetaréctions to the jet energy have
a strong dependence gnandEr. These non-uniformities are due in part from differing
detector technologies versps, granularity changes in and g, subdetector boundaries,

and the intrinsic E-dependence (as opposetfoin the detector response.

5.1 Jet Clustering Algorithms in CMS

High quality and highly efficient jet reconstruction is anpantant tool for almost
all physics analyses to be performed with the CMS detecttheat HC at CERN. Jet
clustering algorithms are among the main tools for anatysiata from hard collisions.
Their widespread use at Tevatron and the prospect of unmexténal state complexity at
the upcoming LHC have stimulated considerable debate coimgethe merits of different
kinds of jet algorithm.

In high energy interactions partons are produced in the $tad with large transverse
momenta as a result of the hard scattering process as disciusshapter 2. Partons
outgoing from the interaction point produce parton shovaerd subsequently partons
from these showers combine to form hadrons which are cohgletis which interact in
the detector. Since the transverse energies involved inatienization process are much
smaller than the hard scattering energies, the final statelpa are collimated around
the direction of the original parton. These streams of plagiare called jets which are
defined by their energy depodty measured in the ECAL and HCAL as well as their
momentum vectopr, both in transverse direction. In order to measure the jetggnas
well as the direction of the jet, all electromagnetic andrbatt calorimeter cells above
a certain signal to noise ratio are grouped into so-calleets which act as basis for the
different jet reconstruction algorithms provided by CM&(ster, 2006).

Jet clustering algorithms are used to associate particlagparticular jet. Direction
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and energy of a jet are related to the direction and enerdgyeobtiginal parton.

Two broad classes of jet definition are generally advocated4LHC QCD Working
Group et al., 2006) for hadron colliders. One option is to sisguential recombination
jet algorithms, such as the which groups calorimeter objects based on their distance
relative to each other in the four-momentum space, iteggt{Catani, 1993; Soper, 1993)
and Camridge/Aachen algorithms (Dokshitzer, 1997; Wdhi2000), which introduce a
distance measure between patrticles, and repeatedly remethle closest pair of particles
until some stopping criterion is reached.

Cone jet algorithms make up the second class, which arer@tspy the idea of defin-
ing a jet as an angular cone around some direction of domereergy flow. So it groups
the calorimeter towers in a cone around a high energetic wseet. To find these di-
rections of dominant energy flow, cone algorithms usuakgtsome or all of the event
particles as 'seedsi,e. trivial cone directions. Then for each seed they estalisHist
of particles in the trial cone, evaluate the sum of their 4ymeata, and use the resulting
4-momenta as a new trial direction for the cone. This proceduiterated until the cone
direction no longer changeise until one has a stable cone.

Two types of problem arise when using seeds as startinggofran iterative search
for stable cones. On one hand, if one only uses particleseedmwme momentum threshold
as seeds, then the procedure is collinear unsafe. Alteehatf any particle can act as a
seed then one needs to be sure that the addition of an infisiél particle can not lead
to a new (hard) stable cone being found, otherwise the ptweed infrared (IR) unsafe.
These issues will be discussed in detail in section 5.1.4.

The infrared (IR) unsafety problem came to fore in 1990'sewit was realised that
there can be stable cones that have two hard particles orsimgpedges of the cone and

no particles in the middle, e.g. for configurations such as

Pt1 > Pr2; (5.1)

R< D(p1,p2) < (1+ p1/p2)R (5.2)

In traditional iterative cone algorithmg; and p, each act as seeds and two stable

80



5. JET RECONSTRUCTION in CMS Pelin KURT

cones are found, one centredjon the other centred op,. The third stable cone, centred
betweenp; and p2 (and containing them both) is not found. If, however, a saftiple

is added between the two hard particles, it too acts as a sektha third stable cone is
then found. The set of stable cones (and final jets) is thiisrdiit with and without the
soft particle and there is a resulting non-cancellationiedéidient real soft production and
corresponding virtual contributions, i.e. the algorittsnnfrared unsafe.

Infrared unsafety is a serious issue, not just because iesékmpossible to carry
out meaningful (finite) perturbative calculations, butoalsecause it breaks the whole
relation between the (Born or low-order) partonic struetaf the event and the jets that
one observes, and it is precisely this relation that a jetrélgn is supposed to codify:
it makes no sense for the structure of multi-hundred GeVtgtshange radically just
because hadronisation, the underlying event or pileupmthré GeV particle in between
them. The big picture in the story says that iterative cogerithms should be abondoned
due to the IR unsafe caharactreristic problem.

There are four principal jet reconstruction algorithms iM& the midpoint cone
(Kurt, 2008) which is not supported by CMS simulation softeveecently, the iterative
cone [Kurt, 2008], the inclusiv&r jet algorithm (Kurt, 2007), and a recent algorithm
SISCone (Seedless Infrared Safe Cone) (Salam, 2007). Tdmomt-cone andtr algo-
rithms are widely used in offline analysis in current hadrollider experiments while the
iterative cone algorithm is simpler and faster and commas8d for jet reconstruction in
software-based trigger systems. New Seedles Infrared @hdear safe algorithm SIS-
Cone is one of the popular jet reconstruction algorithmenity which is used specifically
to focus on the "Infrared and Collinear Unsafe” problem.

The jet algorithms are used with one of two recombinatioresats for adding the
constituents. The energy schenkescheme (Blazey, 2000), is used to calculate the 4-
momentum of the jet from the 4-momenta of the individual ijobes. In theE-scheme,
constituents are simply added as four-vectors, produciagsive jets by equating the jet
transverse momentum to theEr of the constituents and then fixing the direction 2 of
the jet in one of two ways: 1) s+ Et/E whereE is the jet energy (usually used with
cone algorithms), or 2§ = S Erini/Er and@ = ¥ E1i@/Er (usually used with thér

algorithm). When using th&y scheme, the jeEr is equal tocpr. The inclusivekr
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algorithm merges, in each iteration step, input objects passible final jets and so the
new jet quantities, the jet direction and energy, have todbeutated directly during the
clustering. The cone jet algorithm, SISCone, groups thatiopjects together based on
their distance iny, @) space, and the determination of the jet quantities is dotieeaend
of the jet finding. The inclusivé&r algorithm iteratively merges input objects into final
jets and so the jet kinematic quantities, the jet directimh@nergy, are calculated directly
during the clustering. The rest cone jet algorithms, iteesind midpoint, group the input
objects together as an intermediate stage and the finahueggion of the jet quantities
(recombination) is done in one step at the end of the jet fondin

The towers are used as input to several jet clustering algosi. The energy asso-
ciated with a tower is calculated as the sum of all contrifytieadout cells which pass
the online zero-suppression threshold and any additidfiededsoftware thresholds. For
the purpose of jet clustering, the towers are treated aslesagsarticles, with the energy
given by the tower energy, and the direction defined by trexaation point and the center

of the tower.

5.1.1 MidPoint Cone Algorithm

The midpoint-cone algorithm was designed to facilitategpktting and merging of
jets. The midpoint-cone algorithm also uses an iterative@dure to find stable cones
(proto-jets) starting from the cones around objects wittEarabove a seed threshold.
Contrary to the iterative cone algorithm described aboweljects is removed from the
input list since a single input object may belong to severatgjets. A second iteration
of the list of stable jets is done to ensure the collinear afraied safety of the algorithm.
For every pair of proto-jets that are closer than the coneetiar, a midpoint is calculated
as the direction of the combined momentum. These midporatthan used as additional
seeds to find more proto-jets. When all proto-jets are fotimelsplitting and merging
procedure is appled, starting with the highgstproto-jet. If the proto-jet does not share
objects with other proto-jets, it is defined as a jet and reeddvom the prot-jet list. Oth-
erwise, the transverse energy shared with the higeesteighbor proto-jet is compared

to the total transverse energy of this neighbor proto-fethd fraction is greater than 0.5
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the proto-jets are merged, otherwise the shared objects@iredually assigned to the
proto-jet that is closest in, ¢ space. The procedure is repeated, again always starting
with the highes&r proto-jet, until no proto-jets are left. This algorithm ifements the
energy scheme to calculate the proto-jet properties, bifteaeght recombination scheme
may be used for the final jet. The parameters of the algorititlude a seed threshold,

a cone radius, a threshold ratio on the shared energy fraftirget merging, and also a

maximum number of proto-jets that are used to calculate anrdg.

5.1.2 Iterative Cone Algorithm

In the iterative cone algorithm, aBr ordered list of input objects (particles and
calorimeter towers) is created. A cone of size Rjing space is cast around the input
object having the largest transverse energy above a spesédexl threshold. The objects
inside the cone are used to calculate a proto-jet directidreaergy using thEr scheme.
The calculated direction is used as a seed to produce a ndw+jpto The procedure is
repeated until the energy of the proto-jet changes by less 1B6 between iterations and
the direction of the proto-jet changes AR <0.01

When a stable proto-jet is found, all objects in the protaje removed from the list
of input objects and the stable proto-jet is added to thefigts. The whole procedure is
repeated until the list contains no more object withEgnabove the seed threshold. The

cone size and the seed threshold are parameters of thetlatgori

5.1.3 kg Algorithm

Theks algorithm has been widely used for precise QCD measurenaébtsthe™ e~
ande® p colliders and allows a well defined comparison to the thémakpredictions,
without introducing into the calculations additional paeters to emulate the experi-
mental procedure governing the merging or splitting of taggying cones (Soper, 1993),
namely is a collinear and infrared safe algorithm, whichugesl for hadron colliders.
The inclusivekt jet algorithm is a cluster-based jet algorithm. The clugtercedure

starts with a list of input objects, stable particles or cateter cells.
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In the fallowing discussionkri denotes to the transverse momentysnand ¢ are
respectively the rapidity and azimuth of particendD is the distance or radius parameter.

For each objedtand each pairi(j) the fallowing distances are calculated.

[(vi —yi)*+ (@ — ¢)7]
D2

ch j = min(k;, k5 ) (5.3)

di = k& (5.4)

If, all the valuedd;j, d;, dq is the smallest, then objedtsandl are combined into a single
new object. If, howeverdy is the smallest, then objektis considered as a jet and is
excluded from further clustering. The procedure is repkatdil all objects were assigned
to jets.

Two external implementations of this algorithm were introdd by CMS. The one is
the libraryk; jet (Butterworth, 2003) and the other is a version of the atgm included
in the FastJet package (Cacciari and Salam, 2006). kfhenplementation of FastJet
includes optimizations that make the jet-finding algorittmnch faster than the traditional
one so the time spent for the reconstruction of an event ishnsutaller. The FastJet
package also includes additional features such as theipikibtraction on an event-by-

event.
5.1.4 Seedless Infrared Collinear Safe Cone Algorithm

Partons (quarks and gluons) are the concepts that arelderdrscussions of the QCD
aspects of high-energy hadron collisions. Quarks and glumwever, are not observable,
and in their place one sees jets, collimated bunches of éngingy hadrons which are the
result of fragmentation and hadronization of the origirech(high-energy) partons.

Naively, jets are easily identified, one can simply searébebunches of collimated
hadrons. However, to carry out accurate comparisons batwadon level predictions
and hadronic-level observations one needs a well-defiridah¢ing procedure.

The SISCone algorithm has been developed specifically treaddhe IRC problem
by removing the use of seeds; as a consequence, the algailRG safe to all orders.

Special techniques have been employed to achieve recotisirispeed comparable to
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Figure 5.1. Time to clusterN particles, as a function dfl, for various algorithms, witlR =
0.7 andf = 0.5, on a 3.4GHz Pentium IV processor. For the CDF midpdgurdahm, s is the
threshold transverse momentum above which particles acasseeds.

Midpoint Cone. Therefore, the SISCone algorithm is cledénoretically preferred for
QCD measurements and for other applications where the @ancof higher-order QCD
calculations is desired. The SISCone algorithm also avbhidslark jet problem by im-
plementing the option of sequential multiple passes whiigster the towers/particles left
unclustered by the previous pass.

These features make SISCone a superior algorithm for theedictions and for re-
construction at particle level. For the calorimeter-leeelonstruction, the performance of
SISCone is similar to Midpoint Cone as can be seen in secti®d 5and the increase in
the jet reconstruction time is modest, in fact negligibléhwa the full-event time budget

as you can see in Figure 5.1.
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5.2 Jet Energy Corrections

Many physics measurements in CMS will rely on the precisenstruction of jets.
Correction of the raw jet energy measured by the CMS detealbbe a fundamental
step for most of the analysis where hadron activity is ingesed.

Due to the non-linear calorimeter response, the measuredgegy is lower than the
particle jet energy and therefore needs to be correctedplBmefor the jet corrections in
CMS is described in (Bhatti, 2007) and is based on a facto@ggroach where different
levels of corrections are applied sequentially to correctdifferent effects. The default

jet corrections include:

e Level 1 (Offset) correction (Bhatti, 2009) is the first stepthe chain of the fac-
torized corrections. Its purpose is to subtract the enemjyassociated with the
high-scattering. So it primarly corrects for energy froraattonic noise, pile-up
and energy lost by thresholds. Here pile-up refers to theggnieom additional
proton-proton collisions, occurring close enough in tinghe hard scatter to be
included in the calorimeter energy within the jet. The eleaic noise refers to any
noise above the calorimeter cell and tower thresholds féoToavers included in
the jet. Both pile-up and electronic noise produce an eneffggt which is planned
to subtract from the jet. The initial plan to estimate theelel offset energy is to

measure it in zero-bias collisions(proton bunch crosgings

e Level 2 (Relative 17 dependence) (Bhatti, 2007) correction aims at removing rel
ative jet response variations in the CMS detector as a fomaif pseudorapidity.

The goal is to make the jet response flat as a function. of

e Level 3 (Absolute pt dependence) (Bhatti, 2007) correction removes the vario-
tions in pr as a function ofjepjTet which is caused by the CMS calorimeter since
the CMS calorimeter energy repsonse to a particle leved gtialler than unity and
varies as a function of jgbr. It is planned to determine this correction first from
MC truth, and subsequently from photon + gt balance in actual collision data
(The CMS Collaboration, 2009a) and Z + jet (The CMS Collakiora 2009b).
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Figure 5.2. Official (factorized) jet energy corrections in CMS (Bhatti, 2007). L1-L3 (L4-L7) are
required (optional).

However the standard jet reconstruction applies the ScHgitineesholds (Demina,
2006) on calorimeter cells and an overall tower thresigld>0.5 GeV, summarized in

Table 5.1 and relevant for all studies presented in thidghes

Table 5.1. Energy thresholds (in GeV) for calorimeter noise suppression Scherfe&EB.and
S EE refer to the sum of ECAL energy deposits associated with dngestower in the barrel and
endcap respectively.

Scheme|| HB [GeV] || HO [GeV] | HE [GeV] || EB[GeV] | EE [GeV] |
B 0.90 1.10 1.40 0.20 0.45 ‘

With the current default reconstruction thresholds (Sakg@nthe offset correction is
negligible and only the other two (relative, absolute) ggli@d to jets. According to the
plan, data driven techniques will be applied to determimgéhenergy corrections when
enough collision data will be available. However, at startile jet corrections will be
derived from MC using MC truth information. The detailed cgstion of the MC truth

method for deriving the jet corrections can be found in (Kawss, 2008).

5.3 kg Algorithm validation in CMSSW

In this section, the output of two different implementasaf thekr algorithm, the
kr jet and FastJet packages, is compared for a standard settpayameters. Ideally,
the results should be identical, any observed differendeceime from details of the

implementation. Since current versions of the CMS softwailg the FastJet package are
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used, this comparison is crucial to assure a clean trangitbon old version to the FastJet

package.
5.3.1 Analysis Procedure and Event Selection

Standard QCD dijet events were generated with PYTHIA (&ost, 2006) and sim-
ulated with CMSSW1_3_1. In each case two different inputs were used: the fourevect
of the generated stable particles in the event and the fectiovs of the calorimeter towers
after the detector simulation. Two output jet-collectiorese produced which are respec-
tively called generator level jets (GenJets, also parjatkeor hadron jets) and calorimeter

jets (CaloJets). For both KtJet and FastJet the followingmpaters were used:
e D-Parameter is setto 0.4, 0.6 and 1.0
o All stable particles are taken as input for reconstructimegdts
e Calo towers witter >0.5 GeV are used as input for the reconstruction of CaloJets

e The output was restricted to jets with > 1.0 GeV.
5.3.2 Energy Distribution within a Jet with the ky Algorithm

Although inkt jet clustering algorithm the objects (particles, toweracks or par-
tons) are combined based on their relative transverse maiptbe resulting jet is mainly
localized inn — @ space. In other words, althoughsaclustered jets do not have a precise
boundary in physical space, the jet properties are sinultrd properties of jets clustered
by the cone clustering algorithms. This can be seen by mieastive energy distribution
within a jet which is characterized by the differential jaape,o(r), defined as

_ SPr(r—Ar/2,r+Ar/2)
p(r) = Ary P

where the sum is over all the jet constituents in the rafrge Ar/2,r + Ar /2) in the

numerator where = \/(Nja — Nc)? + (Y1« — @) With (Nje, Pjee) and @c, @) being the
position of the jet and the constituents. The denomingtl@#et is the scalar sum of the

transverse momenta of all the jet constituents.
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Figure 5.3 shows the jet shape distributijo(r) as a function of distance from the
jet centroid forky-jets from Spring07 dijet dataset generated and simulasetyulCMS
software version CMSSW 3 3. The particles and calorimeter towers linked to the re-
constructed jets are used for jets With5(]P-“"ret < 80 GeV. As expected, in contrast to the
cone jetskr jets extend to a larger area in physical space and do not hetvarp cut off.
However, most of the energy is concentrated at the core getee The patrticle jets in-
clude the particles down to very small momenta and thus lzage krea. The calorimeter
jets are reconstructed from towers which have mininkm> 0.5 GeV and pass scheme
B thresholds. These threshold requirements limit the ardlaegits.

The shape of the particle jets is compared with calorimetisrip Figure 5.4 for the
clustering parameter D=0.4, 0.6 and 1.0. The particle jaenel to a larger physical area
than calorimeter jets. Quantitatively, 90% of the jet egasgconfined tar < 0.25,0.38
and 0.81 forD = 0.4,0.6 and 1.0 patrticle jets while for calorimeter jets the valaes
r <0.27,0.37 and 0.55, respectively. The fraction of jet transversgggnoutside = 0.5
is 1%, 10% and 19% fob = 0.4,0.6 and 1.0 respectively for particle jets which can be

compared to 1%, 4% and 12% for the calorimeter jets.
5.4 Performance of Jet Algorithms in CMS

Almost every process of interest at the LHC contains quarkglwons in the final
state. The partons can not be observed directly, but fragmenstable hadrons, which
can be detected in the tracking and calorimeter systemss Sthdy describes the lat-
est performance studies of several algorithms which alestergy deposits in the CMS
calorimeters into collimated objects of stable particléaJoJets. Calorimeter jets are
expected to yield a good description of both the partontlanel the hadron showers
emerging from the hard interaction. For Monte Carlo evets,hadron-level is dened
by applying the same clustering algorithms, which are hydormulated to accept any
set of four vectors as inputs, to all stable particles from MC truth record (GenJets).
Hadron-level is also referred to as particle-level, andcejetrgy scale corrections based
on MC are derived to correct back to this detector-indepetideel. Calorimeter jets are

reconstructed using energy deposits in calorimeter toeatoTowers) as inputs: they
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Figure 5.3. Normalized transverse energy density distributiop§;) for particle (left) and
calorimeter (rightkt jets reconstructed using the clustering parambter 0.4, 0.6 and 1.0. As
expected, the jets occupy larger area adilparameters increases.

are composed of one or more HCAL cells and corresponding E€@#&tals. The un-
weighted sum of energy deposits of one single HCAL cell ansl BEAL crystals form
a projective tower in the barrel| (| <1.0). A more complex association between HCAL
cells and ECAL crystals is required in the forward region.e Btandard jet reconstruc-
tion applies the Scheme B thresholds on calorimeter cetlsaaroverall tower threshold
Er >0.5 GeV.

The studies presented in this section are based on QCD dipettedviCarlo sam-
ples without pileup, produced and reconstructed with CMSE®/2 and analyzed with
CMSSW._1.6_X. It is often necessary to associate CaloJets with Gend#tese samples

to probe how well the calorimeter-level reconstructiornresents the hadron-level of the
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process. This association is based on spatial separatgpage between the two jet axes
by requiring
R=1/(8y)2+ (Ap)2 (5.5)

to be less than a certain value. Similarly, GenJets (andehthvair associated CaloJets)
are assigned the same parton flavor as the matched MC paotuarttie hard interaction.

These four algorithms can be grouped into two general catgycseeded and seedless.
The E-Scheme is used for all algorithms as the recombinatbeme: the energy and

momentum of a jet are defined as the sums of energies and meofatg constituents.

5.4.1 Energy Distribution within the Jets using all CMS Jet Algorithms

In this section, we compare the internal properties of therraeter and particle jets
reconstructed with different algorithms. This study isfpened using CMSSW. 5 2
QCD dijet events. Differenpt”samples are combined using appropriate weights. The
jet collections for Iterative ConeRE0.5, 0.7), Midpoint ConeR=0.5, 0.7), and Fast KT
(D=0.6) clustering algorithms are taken from official prodoet The SISCone jets are
reconstructed using CMSSW6_0. Only events where the two leading jets are within
ly] <1.0 are used, wherg is the rapidity of the jet. In addition, we use only those
calorimeter jets which are withiAR <0.3 of a particle jet (GenJet), to ensure corre-
spondence between calorimeter and particle level distoibs. For all studies in this sec-
tion,we use only the particles (towers) which are assodiaféh the jet by the clustering
algorithm. Multiplicity andpr distributions for particles (towers) in particle (calogm
ter) jets are shown in Figures 5.5 and 5.6 (5.7 and 5.8). Asa®rg, both the particle and
tower mean multiplicities in a jet increase logarithmigatiith jet pr. Thepr distribution
of particles and towers becomes harder with increasingjjetThe internal structure of
the jet can also be described by the energy distributionimvehet which is characterized
by the differential jet shape(r), defined as in chapter 2.

The jet shapes for different particle and calorimeter jetsshown in Figures 5.9 and
5.10 respectively. Jets become narrower with increasingre Note that the Iterative
Cone algorithm is based aiR(n), while the differential jet energy density is defined

usingor (y), explaining contributions to the density forr R. The cone clustering algo-
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rithms using the same radius have similar properties. Tdérative Cone and Midpoint

Cone algorithms mainly differ due to the splitting-mergstgge. This difference has a
small effect on the two leading jets in the sample used whsaboiminated by back-to-

back jets. The SISCone algorithm finds all stable cones. Whddading jets produced

by splitting and merging of stable cone are expected to béagito the jets found by the

Midpoint Cone algorithm. Th&r clustering algorithm witiD=0.6 has similar character-
istics as the cone jets witR=0.7 except for jets in the 3@ pt < 50 GeV range wherler

jets are slightly narrower.
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Figure 5.9. Normalized transverse energy density distributigms )) in particle jets reconstructed
using different algorithms.
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6. MONTE CARLO TOOLS AND ANALYSIS FRAMEWORK

Monte Carlo methods are an important tool for understanttiegignals of different
processes measured in the experiment. This chapter givesfartiroduction on the
stages of Monte Carlo production and some important evergrgéors used in this study
for producing signal event samples. A summary on the soévirmmework used in the

CMS environment is also given.

6.1 Event Generation with Monte Carlo Techniques

The complexity of high energy particle physics processeseas the feasibility of a
full gquantum mechanical treatment, because the numbenrtlesa in proton-proton col-
lisions is too large. Furthermore, perturbation theoryasable to handle the transition
of partons to hadrons. Hence, Monte Carlo (MC) simulatisrtsch contain the theoret-
ical understanding of the explored model, are used to rem®the expected signal of an
experiment. This is done for developing a design of the erpant, improving analysis
strategies, and evaluating measured data. A huge varisftware tools exists for each
individual part of the event generation. In the followingch step is explained briefly.
The functionality of the Monte Carlo generators is expldinghich are used in this study
for the production of the simulated data. A more detailedohiiction to Monte Carlo

generators for hadron colliders is given in reference (3oB0604).

6.2 The Steps of Monte Carlo Simulation

The generation of a Monte Carlo simulation is subdivided s¢veral steps, which
are visualised in Figure 6.1. The simulation has to deal thi¢hhard subprocess, and the
evolution of the particles to final state objects. This iraplihe showering of the partons,
the hadronisation process and the decay of unstable attiki the following each part

is explained briefly.
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Figure 6.1. The basic steps in the generation of a simulated event. The event generation starts
with the hard subprocess of the simulated process, incatipgrthe parton distribution of the
colliding hadrons. The parton shower evolves the partams the hard interaction to jets, which

are afterwards hadronised into compound particles, whettay further if they are not stable.
Furthermore, pile up is added to the event, which stems frirardoeam particle interactions
during the same bunch crossing (Dobbs, 2004).

6.2.1 Parton Distribution

As described in chapter 2 the constituents of the hadrongaaemeterised by parton
distribution functions. The simulation relies on the monoem fractionx of the quarks

and gluons, to describe the kinematic range in which the beattering process takes

place.
6.2.2 Hard Process

In theory the hard process is described by the correspondatgx elementM for
the physical event, which can be determined by the Feynmias.rrhe square of the
matrix elementM|? is proportional to the differential cross sectidg of the event oc-
curring in a certain part of the phase spadé¢ The phase space, a multi dimensional

hypercube, is spanned by the degrees of freedom of the nedénxent e.g. the coordi-
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nates, the momentum, or the spin of the particles considéfeate Carlo tools exploit
the information given by by sampling the phase space with uniformly distributed ran-
dom numbers. In the case of a cross section integrator, gadydistributions of a certain
variable are gained by filling the weighE into a histogram. In contrast, events gener-
ators produce the events with the frequency which the thpiaglicts. Those events are
not weighted by the differential cross section. The indiridevent then represents what
might be observed in the experiment, but has itself no paysieaning in the sense of a
distribution of an observable. Only a large number of ranlgagenerated events can be

taken to predict an observable.

6.2.3 Parton Shower

The parton shower adds higher order QCD effects to the hamkps. Gluon radiation
is added to initial- and final-state partons. The evolutibthe parton shower is charac-
terised by the momentum fracti@of the radiated particles, its azimuthal angle and the
flavour of the emitted particles in case of a gluon splittimge branching of the partons
is described with the DGLAP (Gribov, 1972; Lipatov, 1975takelli and Parisi, 1977;
Dokshitzer, 1977) splitting function. The showering of atpa is finished when a certain
cutoff point is reached, to avoid infrared singularitieso More particles can be emitted
by that parton. The showering of one parton results in a jguafks and gluons, moving
approximately in the direction of the initial parton. Thetoa jet is organised in a way,

that colour singlets can be formed out of its constituents.

6.2.4 Hadronisation

Since free particles are colourless objects, the partons teabe grouped to colour
singlets to achieve a realistic outcome of the simulatiohe $cale of hadronisation is
in the non-perturbative regime, because the strong cayglimstant becomes large at
low momenta. Therefore, perturbation theory is no moreiegble. The hadronisation
models are based upon phenomenological assumptions, at@dhned to experimental

data. The choice of a hadronisation model has a rather smpHdt on the topology
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of the generated event, since this process takes place arlevgies compared to the
hard scattering process. Currently, two models are the effesitive at describing data:
the Lund string model, implemented in PYTHIA, and the clust®del implemented in

HERWIG.

6.2.5 Hadron Decays

The hadrons grouped together by the hadronisation pro¢essare short lived reso-
nances, which have to be decayed into long living particlée simulation of the hadron

decay is realistic, since the decay rates are well known franous experiments.

6.2.6 Underlying Event and Pile-up

The hadronisation system after the hard scattering praisssncludes the coloured
hadron remnants, which are left behind after the partonkiafeed out of the initial
hadron. This effect is called underlying event. This alsdudes multiple parton interac-
tions from the same collision. Events, which stem from otyeam particle interactions
during the same bunch crossing are called pile-up or minimiasievents. Those have to

be added to obtain a realistic simulation.

6.3 Parton Generator

As described before, the generation of simulated eventbeanbdivided into several
steps. In the following an introduction is given to some caoniy used Monte Carlo tools
for this task. Parton generators compute the hard procesmsin of tree-level matrix
elements with a fixed number of final states. Those are destiibthe lowest order of
perturbation theory to avoid regularization problems @f thatrix element due to virtual

loops. The final state consists of bare partons. Usually dedmésation is performed.
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6.3.1 Alpgen

Alpgen (Mangano, 2003.] is an event generator for simudgtiawrd multi-parton pro-
cesses in hadronic collisions. The matrix elements for nryon processes are cal-
culated in leading order in QCD and electroweak interastiofihe parton level events
contain full information on the colour and flavour structuiide evolution of the parton
shower has to be performed afterwards with external soéwalpgen is specialised for
multi-jet final states originating from QCD radiation. Negtleading order corrections

have to be applied with the parton-shower generator.

6.3.2 MLM matching

After the showering process the produced jets have to benmdtagainst the partons
from the hard process. This has to be done to eliminate thendiemce of the physical
cross section from cuts on generator level and to avoid @ocdlinting. Double count-
ing arises from configurations, where jets stem from higlidecalculation as well as
from hard emission during the shower evolution. The matgipirocedure also allows to
construct inclusive event samples, containing events alltfet multiplicities as well as
samples containing only a distinct number of jets. The matckeeps only events when

all partons are matched to a single jet without any ambigsiliti

6.4 Shower Generator

The hard process generated with the tools mentioned abevohze showered and
hadronised to obtain a physical simulation. The showerutvoi of a specific parton
adds higher order QCD effects to the simulation. The singltoms have to be grouped
into colour-singlet hadrons, which are decayed to stabtéges. The showering and
hadronization tools also add the underlying event strednam beam remnants and mul-
tiple parton interactions. The evolution of the hard prededased on phenomenological

models which have to be tuned to experimental data.
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6.4.1 Pythia

Pythia (Sjostrand, 2006) is a tool for the evolution fromwa-fgody hard process to a
complex multi-hadronic final state. It is capable of prodgcihe hard process by itself.
But events produced with other matrix element generatardegprocessed also. Pythia
models the initial- and final-state parton showers, mudtgdrton interaction, beam rem-
nants, string fragmentation, and particle decays. Theopaiower algorithm is based
on apr-ordered evolution. The hadronization is based on the Ltnmbsfragmentation,
which assumes a linear confinement between two quarks. Batiwo partons moving
apart from each other, a colour flux tube is stretched. Theggr&ored in the poten-
tial increases linearly with the distance of the particl€be string breaks apart when a
new quark-antiquark pair can be produced. Consequenttyngw colour singlets are

produced. A schematic view of the PYTHIA work flow is presehite Figure 6.2.

. outgoing parficles
s profon
[ ] L] TL-
K. » -
hard -
partons partonic
hard irderaction .. . Liirvd-5teirg
- R, E— final hadenisaticn
urdaiying avend rdel rrioce
proton state
remnants -f;,li
: = proton S

outgoing particies

Figure 6.2. Schematic view of the PYTHIA event generation work flow. The hard interaction
between two partons of the incident protons is calculatede dutgoing hard partons and the
proton remnants are then passed to the parton shower matife@partonic final state is formed.
Afterwards, a hadronisation procedure is performed angamg hadrons according to the Lund-
String model are produced.
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6.4.2 Herwig

Herwig (Corcella, 2001) is a comprehensive tool for hardiplar collisions. The
first-order matrix elements are matched with the correspgngarton shower. Spin cor-
relations and heavy quark decays are also taken into accobatinitial- and final-state
jet evolution via gluon radiation is achieved with anguladering. The energy radiated
by the parton depends on its space-like virtuallity. Theh@tlronisation is performed
using the cluster model based on non-perturbative gluattisgl To form colour neutral
objects, the pre-confinement of the perturbative QCD shasvexploited. All gluons are
split to quark-antiquark pairs. The colour singlet clus¢dormed by the particles next to

each other. The clusters are decayed until they are lighiginto form a stable particle.

6.5 Analysis Framework

In the following the detector software framework and the ko@8arlo data used in

this analysis are described.

6.5.1 CMS Offline Software

In this analysis the CMS software framework CMSS\M6_2 and CMSSW1_6_12
used. The software environment provides all necessary leedar event simulation,
reconstruction, detector calibration, and alignmentteeldo the CMS experiment. Data
is stored in the Event Data Model (EDM), which is capable tlllatifferent types of data
from Monte Carlo simulations, raw detector readout, or nstaucted high level objects
needed for the physics analysis. The CMSSW framework is aadead in that way that

only those parts of the software are loaded which are negefssahe individual job.

6.5.2 Simulated Event Data

The output of the Monte Carlo simulation for the differenbgesses is handed to a
full detector simulation of the CMS detector. The Geant 4lig@gua, 1994) package is

used for propagating the particles through the detectorsandlating the interplay with
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the detector matter. Finally, the detector response andote@ signals for the individual
particles is simulated. These Monte Carlo events can beettes if they were observed
data. Later on, when the experiment is running, those camimpared to the measured
signals.

The Monte Carlo QCD samples used in this analysis. The shiogvef all samples
is performed with the Pythia package version 6.2.4. Theadiljlonte Carlo data of the
QCD-2jet production process is generated with PYTHIA. Thedrsubprocesses of the
QCD are generated with Alpgen and HERWIG. The datasets useg produced in the
Spring 2007 Monte Carlo generation.

The process is-22 parton scattering via the strong interaction, plus a pastmwer,
hadronization, and a full detector simulation. That givet§uast pure clean isolated dijets,
but also multijets to the extent that they come from initiadidinal state radiation on top
of a 2—2 process. We call it dijets, because that is the underlyand bcattering process
before we add in initial and final state radiation and an uydey event.

This process is not the full standard model, which includeglpction of photons,
W and Z at the vertices (electroweak vertices in addition to streagices). It's just

production of partons (quarks and gluons) in the2process.
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7. JET SHAPES ANALYSIS AND RESULTS

In this chapter, we present a study of jet shapes at particlealorimeter levels in the
central region of the CMS detector and compare the resuttsrad with various Monte
Carlo generators. The sensitivities of jet shapes to thenlyidg event models and to the

flavor of the initiating parton are also explored.

7.1 Datasets

QCD dijet events were generated with PYTHIA in &5 < 5000 GeV range, ALP-
GEN in 20< pr < 5600 GeV and HERWIG++ in 5& pr < 7000 GeV, wherer refers
to the transverse momentum in the hard-scatter of partoasul® of this study extend
up to jetpr= 1.4 TeV which is the approximate sensitivity limit for a 163 integrated
luminosity sample of LHC collisions at 14 TeV. Expected niembf events for 10 pb' of
integrated luminosity is summarized in Table 7.1 for déferHigh Level Trigger (HLT)
thresholds.

We used calorimeter energy deposits to explore the laggesinge possible. Tracks
can be used to measure jet shapes at low and mepgiyrand to help estimate system-
atic uncertainties. The calorimeter jet was corrected using CMS standard jet energy
corrections (Bhatti, 2007). Calorimeter towers and retroieted tracks were required to
satisfy theEr=0.5 GeV threshold while no such threshold was applied taghas when
reconstructing generator-level jets.

Generated jets were simulated and digitized with CMSEW/12 for PYTHIA (Sjos-
trand, 2006) and ALPGEN (Mangano, 2003) and CMS$\8 4 for HERWIG++ (Bahr,
2008b) samples. ALPGEN generated events also were usedifp the PYTHIA cor-
rection factors using a different data set. Figure 7.1 shibwsquark-gluon jet fraction
as a function of jepr in the PYTHIA samples. It was determined by matching the two
leadingpr jets in the event with the two outgoing partons from the haatter within a

distanceAR < 0.5 in (y, ¢) space.
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Figure 7.1. Fraction of the quark or gluon initiated jets as a function oHefor |n| < 1 (from
PYTHIA DWT).

7.2 Jet Cleanup

In addition to jets that originate from the hard scatteriigartons, we will likely
observe large calorimeter signals originating from oawaesli occurrences of catastrophic
noise, beam-halo energy deposits, and cosmic ray air seoWérile their rate of occur-
rence may be small compared to lgw jets, it could be significant compared to higher
pr jets. One thing all these noise sources share in commontiartlike dijets they most
often produce large amounts of missiBg (MET) compared to the totdtr (ZE7) in
the event. In Figure 7.2 we show the distributiorEtf/\/y Et for a pr bin of the QCD
sample. The distribution is peaked at low MEH, characteristic of a dijet event.

For data, we will use events with one and only one vertex tamige contribution
from pile-up, and to remove some non-physics events. Qlgaselections will be used
to reject cosmic ray events and non-physics events suchaas balo and catastrophic
noise. In particular, we plan to use cuts on misdiigrelative to totalEt in the event,
and fractions of total jepr detected in the electromagnetic calorimeter and carried by
the associated charged tracks. These cuts are expectedultyledficient for QCD dijet
events and are discussed below. The values of the cuts wiletegmined by looking at

the data.
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7.2.1 MissingET Significance

This cut will be used to remove cosmic rays and detectorgelaeam background
events. Figure 7.2 shows the distribution E¢/\/y Et in QCD events. It indicates that

one can safely requirg'+/\/5 Er <5.

7.2.2 Event Electromagnetic Fraction

In the preselection of data, to distinguish real jet everamffake events, the Event
Electromagnetic Fractior€)y) cut can be appliedFgy distribution, shown in Figure

7.3, is defined as

Njet i ¢]
Yjz1Pr- fem
Njet 5]
Yj=1Pr

for jets within the acceptance of the electromagnetic aaleter, |n| < 3. féM is the

Fem = (7.1)

jet electromagnetic fraction of the j¢t Normally, events are expected to have the elec-
tromagnetic fraction between 0 and 1, but not close to thedflon-physics energy,
for example energy from a halo muon, may be deposited eithigrel hadronic or in the

electromagnetic calorimeter only, and thus hByg either close to 0 or 1.
7.2.3 Event Charge Fraction

The Event Charge Fraction is defined as the sum oPthef the tracks associated to

the jet for jets withiny| < 1.7. The event charge fraction is formulated as

_ 1 (zreepy)!
Fch—Njet; Pl (7.2)

where for every jet the sum runs over the tracks that can beheditn(y, @) space to that

jet; the average over the charge fraction is taken for aljéthin|y| < 1.7. Event charge
fraction distribution for good events is also shown in Fgudr3. Background events from
beam halo or cosmic rays are expected to laye= 0, and can be removed by requiring

Feh > 0, with minimal loss in efficiency.
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Figure 7.2. Distribution of MET significancé?; /\/S Et in QCD events.
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Figure 7.3. Event Electromagnetic Fraction (EventEMF) and Event Charge Fraction (EventCHF)
distributions in QCD events.
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Figure 7.4. Mean multiplicities of particles, tracks and towers in a jet as a function gbyet
Statistical errors are too small to be visible.

7.3 Multiplicity of Jet Constituents

Figure 7.4 summarizes the mean multiplicities of partictescks and calorimeter
towers in a jet as a function of jgtr. As expected, they increase logarithmically with
increasing jetpr. See the Figures A.1, A.2 and A.3 in appendix A for the multipt
distributions for particles, calorimeter towers and tsaak a jet, respectively, in some

selected”r bins.
7.4 pr Distributions of Particles, Tracks and Towers In a Jet

pr distributions of particles, tracks and towers in a jet arevshin Figures 7.5, 7.6

and 7.7, respectively. These distributions become hardbrimcreasing jepr.

109



7. JET SHAPES ANALYSIS AND RESULTS

Pelin KURT

2108

a0 2 E

3

310° 60 < P2'<80 GeVic g Lo T

£ T % = 140 < P9r°'<180 Gevic % 1000 < P;"<1400 GeV/c
10 210 ]

2 = =

40 60 0

80 10
Pt of Particles [GeV]

0 20

40

0 80 10¢
Pt of Particles [GeV]

[
Q.
©

10
0 20

40

0 80 100
Pt of Particles [GeV]

Figure 7.5. pr distributions of particles in a jet for selected @t bins.

60 < PJ < 80 GeV

Weighted events

L,

L
60 80 10
P, of Tracks [GeV]

Figure 7.6.

60 < PJ*'<80 GeV/c

40

60 100

80
Pt of Towers [GeV]

N
<

Weighted events

140 < P3™ < 180 GeV

Weighted events

1000 < P < 1400 GeV

10° 10?

10°E
E |

10°E [l
E L

108 :

10 E e A S m\‘ R s e b i A O R K SRS
0 10 40 50 70 80 0 50 60 70 80 90 100

Pr* [GeV] P [GeV]

pr distributions of tracks in a jet for selected et bins.

Weighted events
=
<

[N
S}
o

=
U

40

140 < PJ*'<180 GeV/c

60

80 100
Pt of Towers [GeV]

Weighted events

_
2

=
Q.
©

1000 < P2'<1400 GeVic

40

60 100

0 20 80
Pt of Towers [GeV]

Figure 7.7.p distributions of calorimeter towers in a jet for selectedggetbins.

110



7. JET SHAPES ANALYSIS AND RESULTS Pelin KURT

7.5 Jet Shapes: Results

The initial introduction to jet shapes was given in sectidh2 Briefly, the jet shape

is defined as the average fraction of the jet transverse mmmenithin a cone of a given

sizer around the jet axist = \/(yi —;j)2+ (@ — @)%, wherei refers to the particle,
calorimeter tower or track, anidto the jet. As mentioned before jet shapes can be studied
by using an integrated or a differential distribution. le fresent study only two leading
jets within ly| < 1 are considered per event. All particles and calorimeteets within
distanceR = /(Ay)2 + (Ap)2 = 0.7 from the jet axis are used. This large cone size
ensures that most of the parent parton energy is includégijet. In practice, the average
jet shapes are measured, where the average is taken oas atl fhe samples. Equation
2.17 for the integrated shapes (see Figure 2.13) becomes

1 PO
wir) = Njes Z Pr(O,R)

jefs

(7.3)

wherePr (0,r) is the scalar sum of transverse momenta of all particlesmitte distance

r from the jet axis withy(r = R) = 1. The differential distributionp(r), was illustrated in
Figure 2.12. It is defined as the fraction of the jet transvenesmentum contained inside
an annulus of inner radius- dr /2 and outer radius+ &r /2 around the jet axis, such that
0 <r <R. Similarly, for the differential jet shapep(r), Equation 2.18 becomes

11 Pr(r—0r/2,r+or/2)

p(r> B g N]d j&s PT(07 R)

(7.4)

Above,Nj« denotes the total number of selected jets. In the numePates the sum of

all particles, tracks or towers in the distance rafige or/2,r + or /2) from the jet axis.

In the denominato?r (0, R) is the scalar sum of transverse momenta of all the particles,
tracks or towers within the cone of radiis The jet shape is affected by fragmentation
and gluon radition. However, at suffeciently hiE;l{aet the most contribution is predicted

to come from gluon emission of the primary parton and, tleeeefis calculable in pQCD.

To calculate the jet shapes, we made histograms of traresweosnentum in a cone of
the appropriate bin of divided by the transverse momentum in the céhe 0.7 for
r=0.1,0.2,...,0.7. The mean value of these histograms was then plotted asdorut

r. The statistical uncertainty on each point was calculasauns/+/N, using therms of
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the corresponding histogram and the nunidef expected jets in the bin for luminosity
of 10 pbL. For the integrated shape the uncertainties at differgutints are partially
correlated. We used 20000 events in egghbin. The samples have been combined

according to the cross section weights.

7.5.1 Raw Jet Shapes

Figure 7.9 shows the differential jet shapes for PYTHIA dsest generated and
calorimeter levels (see Figures B.4, B.5 and Figure B.6 andi® AppendixB for all
Pr bins). Most of the momentum is concentrated at the smallusadigion. Jet shapes
become narrower with the increasiRg of the jet. Underlying event contribution as the
fraction of jetPy is larger at lowPr and at large radius. Integrated jet shapes in Figure
7.10 become narrower with increasiigfor both particle and calorimeter levels (see also

Figures in Appendix).

7.5.2 Jet Shape Corrections

Due to various detector effects, the measured (calorilmgteshapes are different
than the true (particle) jet shapes. Due to the magnetic 6BldMS, charged particles
with Pr < 0.9 GeV do not reach the calorimeter. In addition showers frantigles inter-
acting with the detector material spread their energy ovemyntalorimeter towers. The
measured jet shapes with the calorimeter must be correctiéa thadron level for these
detector effects. Correction factors were determined aseibn of distance from the jet
axis using MC events before and after the CMS detector stioualaFor this approach to
be valid, the MC simulation must describe the calorimetepo@se accurately. As will
be discussed in Section 7.10 we plan to cross-check thismgean using tracking infor-
mation. The corrections have been determined using unmcijelts and are applied as a
function of distance from the jet axis.

The correction factor®(r) andl (r) for differential and integrated jet shapes are de-

fined in Equations 7.5 and 7.6, respectively:
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D(r) = PRRETICLE (1) /oG 1) (7.5)
() = W () /R (r) (7.6)

where calorimeter towers and generated particles have lsshto reconstruct differ-
ential pSA-(r), peRTICLE(r) and integrated jet shapes - (r), YoeRTICLE(r) in dif-
ferent bins of jetPr. Measured calorimeter jet shapes are then used to detethene
corrected differential jet shapgs© e (r) = D(r) . p®A(r) and integrated jet shapes
eorreed (k) — | (r) - CA(r). The correction factorB(r) in Figure 7.11 (see also Fig-
ures B.8 to Figure B.11 in Appendix B) do not show a significdependence on jé&tr

in the regionr < 0.5. They vary between 0.6 and 1.3 as a functiom,ond between
1.3-2 for the regiom > 0.5. The correction factors for integrated jet shapes in legut 2
(see also Figures in Appendix) vary from 0.9 to 1.06 for alliua andPy bins. For the

integrated distributions, the correction factors do neeha strong dependence on kgt
7.5.3 Corrected Jet Shapes

The corrected differential and integrated jet shapes areslin Figures 7.9 and 7.10
(see Figures B.4, B.5 and Figure B.6 and B.7 in AppendixB fbiPa bins).Close to
the jet axis, the jet shape is dominated by collinear gluomssion, whereas at large
distance from the jet axis, the jet shape reflects large ajigéa emissions, which can be
calculated perturbatively. The jet shagpér) increases faster withfor jets at largeiPr

indicating that these jets are more collimated.
7.5.4 Sensitivity of Jet Shapes to Underlying Event Tunes

Jet measurements are affected by the presence of multipldsed interactions from
other parton-parton pairs from the proton-proton colhsid interest, i.e. the underlying
event (UE) of the same collision. In addition, the physicgimmment at the LHC is
also affected by additional minimum bias (MB) collisionsather proton pairs in the

same bunch crossing as mentioned in chapter 2. Both effiecitsthe efficiency for
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reconstructing the hadron-level jets (and ultimately thetgn-level jets) from the hard
scattering (signal) and also add complex features to tleadyr non-trivial detector jet
signals. From the point of view of jet shapes measuremengnirgy from the underlying
event (UE) contributes to jets and impacts the jet shapeslef@rmine the sensitivity of
jet shapes to the UE contribution, event samples were getertsing PYTHIA DW
which has a smaller UE contribution than PYTHIA with tune DWihich is the CMS
default setting (CMS Collaboration, CMS-Note-2006/067.These tunes are different
extrapolations to,/s = 14 TeV of the same tune at the Tevatron eneygr1.8 TeV.
The jet shapes for PYTHIA DWT and PYTHIA DW are shown in Figiré3 (see also
Figures in Appendix) for the differential jet shapes and iguFe 7.14 (see also Figures
in Appendix) for the integrated jet shapes. At low gt one can observe the difference
in jet shapes due to the UE contribution. This compariondeas done in the transverse

region (see Figure 2.7) where the sensitivity to the UE isidrdor the dijet events.

7.5.5 Jet Shapes from ALPGEN Samples

We tested the corrections derived from PYTHIA on an indepabdample generated
using ALPGEN (Mangano, 2003). For this sample the partonvenag and hadroniza-
tion models are the same as used by PYTHIA. Figure 7.15 shiogvslifferential jet
shapes at particle and corrected calorimeter levels for@ER multi-jet samples (see
also Figures in Appendix). Figure 7.16 shows the correctebrated jet shapes (see also
Figures B.12 to B.15 in AppendixB). Correction factors det@ed from PYTHIA DWT
events work reasonably well for ALPGEN, as expected sinegptirton showering and
hadronization is done by PYTHIA.

7.5.6 Quark and Gluon Jet Shapes

Jet shapes are sensitive to quark and gluon jet contrilsitldsing parton information
from PYTHIA we classified hadron level jets based on matckiigin AR < 0.5 in (y, @)
space. The MC predicts that the measured jet shapes areateohbyy contributions from

gluon initiated jets at low jefPr while contributions from quark initiated jets become im-
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portant at high jePr. Figures 7.17 and 7.18 compare differential and integrateshapes
for quarks and gluons with simulated data (see also Figure8 # B.19 in AppendixB).
As expected, quark jets are narrower than the gluon jetsaltheetcoupling strengths for
gluon emission which depend on the color factoes4/3 for radiating quarks anda=3
for gluons. Fraction of gluon jets in the sample is higheoatdr jetPy.

Figure 7.19 presents tH& fraction contained in the jet corfe = 0.7 lying outside
a cone ofr = 0.2 as function of the je®r. Reconstructed calorimeter jets from the full
CMS Monte Carlo simulation are compared with parton show€rpvedictions for quark
and gluon jets. Tables 7.2, 7.3 and 7.4 provide details of#haulation of statistical and

systematic uncertainties for-1¢(r = 0.2) in all Pr bins.

7.6 Systematic Uncertainties

The main sources of systematic uncertainties include:

e Jet energy scale
e Transverse shape of calorimeter showers
e Non-linearity of calorimeter response

¢ Jet fragmentation

The uncertainties arising from jet energy and positionltggm, and from event se-
lection cuts are expected to be negligible compared to theces listed above and are not

considered.

7.6.1 Jet Energy Scale

In the pp collisions hadrons experience scattering in trest frame of momentum
and the measurements of the processes often depend on émmidetion of the four-
momenta of quarks and gluons produced in the hard scattermBEasurement of these

four-momenta relies on the reconstruction of hadronic ijethe calorimeter, resulting
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from the quark or gluon fragmentation. The jets are corceuetith the absolute correc-
tions to transform the jet energy measured in the calorimete the energy correspond-
ing to the underlying particle jet. After this correctioretenergy scale of a jet becomes
independent from the detector. The jet corrections depenthe multiplicity andpr
spectrum of the particles inside a jet and on the respondeeoédlorimeter to an indi-
vidual particle. In general, jet corrections depend on tiigal parton type, for example
jets from gluons and from quarks have different multipiestand on average gluon gives
larger multiplicity, and therefore different physics pesses may require different correc-
tions. In the jet energy measurement and the correctiorepsas there are systematical
uncertainties. The systematics for jet energy scale (J&R)de the uncertainties on the
absolute jet energy corrections, calorimeter stabilitgerlying event and relative jet en-
ergy corrections.

The uncertainty on the jet energy scale (JES) will be deteeohfrom data. Current
expectation of the JES uncertainty at start uptis0% (Bhatti, 2007). Changing the
JES correction within its uncertainty changes the jet sha@sejets migrate betwed
bins. Jet shapes vary slowly with jB and thus this effect is expected to be small.
To determine the impact on the jet shapes, we change@tleeé the jet by+10% and
repeated the whole analysis. The comparison between tlh@ltddES corrections and
the modified corrections is shown in Figure 7.20 (see alsoregyB.20 and B.21 for
differential jet shapes and Figures B.24 and B.25 for irategt jet shapes in AppendixB).
The corresponding systematic uncertainties on the diftexiget shape are 10% &t0.1
and< 5% atr =0.2 for all jetPr.At largerr > 0.5 they are< 20%.

The uncertainties on the integrated jet shape are 109&@&itl, 5% atr=0.2 for
Pr <100 GeV, and decrease as a function.ofhey are< 2% atr=0.1 forPr > 100 GeV
and negligible ar >0.1, as shown in Figure 7.21 (see also Figures B.22 and B123 fo
differential jet shapes and Figures B.26 and B.27 for irettagt jet shapes in AppendixB).
(The systematic uncertainty 0.7 is O by definition of the integrated jet shape.)
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7.6.2 Jet Fragmentation

Because the calorimeter response depends on the enerdiespzirticles in the jets,
modeling of jet fragmentation contributes to the uncetiaon the corrected jet shapes.
Uncertainties due to the fragmentation model can be estiat comparing results ob-
tained using PYTHIA and HERWIG++. The model of the underlyavent used in HER-
WIG++ is described in (Bahr, 2008).

Particle level differential and integrated jet shapes iTPYA DWT and HERWIG++
2.2 (Bahr,2008a) are shown in Figure 7.22 and Figure 7.28 gts» Figures B.28 and
B.29 for differential jet shapes and Figures B.30 B.31 fdegmnated jet shapes in Ap-
pendixB), respectively. Their observed difference is thas 5% ar <0.3.

To determine the systematic uncertainty due to modelingtdfggmentation we com-
pared PYTHIA DWT and HERWIG++ differential jet shape cotren factors, shown in
Figure 7.24 (see also Figures B.32 and B.33 in AppendixBgyTdgree to< 10% for
r < 0.2, however, the differences can be as large as 80% atr > 0.5. Note that the jet
energy fraction at largeis small, which makes uncertainties on the differentiakjepe
measurement large in this region.

Comparisons of the integrated jet shape correction fadtwr®YTHIA DWT and
HERWIG++ are shown in Figure 7.25 (see also Figures B.34 a8 #or in AppendixB).
They agree within5% (2%) at=0.1 (0.2) for 60< Pr < 80 GeV. ForPr > 80 GeV
the differences range between-2.0% atr=0.1 and are less than 5% iat0.2. These
differences decrease with increasing radifisr all jet Pr.

The correction factors have been also compared for PYTHIATEAN PYTHIA DW
simulations. The differences are less than 20%=8t1 and< 10% atr = 0.2. For dif-
ferential jet shapes at largethey can be as large as 2B0%. For integrated jet shapes,
they become smaller for the high jets and decrease with increasm@ he comparisons
of correction factors for PYTHIA DWT and PYTHIA DW are showm Figure 7.26 for
differential jet shapes and in Figure 7.27 for integratédi@pes (see also Figures B.36
and B.37 for differential and integrated jet shapes, retbgdyg in AppendixB.)
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7.6.3 Non-linearity of Calorimeter Response and Transves Shower Profile

The uncertainties due to CMS calorimeter simulation canshienated by comparing
track jet shapes with calorimeter jet shapes in simulatdatatider data. Here we assume
that track reconstruction inefficiently and fake rate araléim both data and MC and have
negligible effect on track jet shapes. These assumptiohdwiverified by comparing
the track multiplicity and trackr distributions in data and MC after applying the track
reconstruction inefficiency and fake rate as measured fiata dn addition, it is assumed
that any difference in calorimeter response to photons ia dad MC is much smaller
than possible difference in calorimeter response to hadron

The differential track jetshapes are compared to calogmetshapes in Figure 7.28
(see also Figures B.38 and B.39 for differential jet shape&gpendixB). Their ratios
can be seen in Figure 7.28 (see also Figures B.40 and B.4 Iffiereditial jet shapes in
AppendixB). We will measure the same ratio in data and detexrihe scale factoBF
as defined below. This scale factor quantifies the differdreteveen the data and the
simulation and if it is~ 1, we plan to scale the corrections derived from MC3yand
add the deviation from unity as systematic uncertainty.lég@aus procedure can be done

for the integrated jet shapes.

RDATA
where
mc _ TrackJetShape paTa _ TrackJetShape (7.8)

~ CaloJetShape ¢’ ~ CaloJetShape pata

7.6.4 Monte Carlo Estimate of Systematics Due to CalorimeteResponse

As mentioned above, the systematic uncertainties can noeiteed before real data
is available. In the absence of data, we estimated the sibe oincertainty due to a possi-
ble difference in calorimeter simulation and the expecead calorimeter response using
a simple model. We determined the calorimeter jet shaperduataising a parameterized

calorimeter response to single pions and compared it toulhsifmulation. The differ-
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Figure 7.8. Single pion response from simulation.

ence in the two calorimeter jet shapes accounts for a) teasespreading of the showers,
b) material interactions and energy threshold effects enclorimeter. It is a simplified
model and thus only a fraction of this difference should bestered as systematic un-
certainty. However, for the purpose of this paper we useflthdifference as an estimate
of the related systematics. In Section 7.6.5 we discusdtibet ef ignoring the transverse
shower spreading in the calorimeter. In Section 7.6.2 weudispr dependent systemat-
ics for calorimeter response to single particles. FiguBesiows the single pion response
(in GeV) from the simulation. Th& /p curve was fitted in tw@r sub-rangesytr < 70

GeV andpt > 70 GeV) with the function given in the equation below:

A
)= 1+ Be X

We used variations of the/p fit for estimating this part of the systematics.

(7.9)

7.6.5 Transverse Showering Spread

Calorimeter level shower shape is different than the pdarwel shape due to bending
of charged particles in the magnetic field and to showeringgoficles in the calorimeter.
To estimate the latter effect we used the parametrizép for single particle response
to scalept of the particles. The scalggk was used to calculate new jet shapes, which

take into account th&/p response but not the transverse shower spread. Response for
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the %, y ande was taken as 1. Then we compared the calorimeter jet shapeised
from a parameterized calorimeter response with calorimetshapes obtained from full
simulation. We consider the numbers below as upper limithemxpected uncertainties.

Figures 7.29 and 7.30 show the estimated impact of the teassghowering effect on
differential and integrated jet shapes, respectively és®Figures B.42 and B.43 for dif-
ferential and Figures B.46 and B.47 for integrated jet shap@ppendixB.). Figure 7.31
(Figure 7.32) shows the deviations from unity of the ratiadferential (integrated) jet
shapes obtained using the parameterized response to thoséufl simulation (see also
Figures B.44 and B.45 for differential and Figures B.48 arbBor integrated jet shapes
in AppendixB.). Based on this comparison, we estimated tfeedainty for differential
jet shapes as 40% atr=0.1 and< 20% forr=0.2 at 60< Py < 80 GeV, and< 20% for
r <0.2 at 80< Pr < 100 GeV. The deviation from unity a+0.2 does not change much
for jet Pr >100 GeV while ar=0.1 it decreases slowly as a function offgt

The transverse showering uncertainty for the integratedhapes is negligible for
r >0.3 for all jetPr. For 60< Py < 80 GeV, the difference is 30% (10%) at0.1 (0.2)
and decreases to 20% (10%) #e¥0.1 (0.2) for 80Pr <100 GeV jets. For jets with
Pr >100 GeV, the difference is 10% et0.1 and negligible for >0.1. In Figure 7.19,

these differences are added in quadrature with the othece®af systematic uncertainty.

7.6.6 Linearity of the Calorimeter Response

The observed jet shape depends onHEi@ response function for single particles.
The uncertainty due t&/p simulation in the MC can be estimated by varying the single
particle response function within its expected error.

As before,pr of each track was scaled with the fittéd p curve. Since no official
estimate of uncertainty o&/p curve was available, we used an educated guess. We
changed thé& /p parameterization by-10% for pr <50 GeV and by+-5% for pt >50
GeV and then we determined the new calorimeter jet shaperdsg/.33 and 7.34 show
the "scaling difference” for differential and integrated shapes due to suehlo varia-
tions of E/p (see also Figures B.50 and B.51 for differential and Figi& and B.53
for integrated jet shapes in AppendixB.). For jets with<éPr <80 GeV, the differen-
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tial jet shape changes By 2% at the low radiusrE0.1) and< 4% atr >0.1 while the
differences are negligible at0.1 for jetPr >80 GeV. The integrated jet shapes are less

affected by this scaling< 2% atr=0.1, and negligible at > 0.1.
7.7 Theory Comparison

As mentioned in chapter 2, jet shapes have been used to tastyagive QCD (pQCD)
ad calculations (Abe, 1993; Abachi, 1995). It is the lowestasr(L O) calculation which
can be done for jet shapes, nameay calculation. These leading order calculations in-
volve only one additional parton in a jet.

Measurements of jet shapes can be compared to QCD calaiddutased on different
approaches. These comparisons allow the study of thevelatportance of parton radi-
ation and fragmentation in the formation of a jet as well &sdifferences between quark
and gluon jets. It should be noted that these two predictiefes to the hadron level. For
these predictions, jets are searched for in the final stateoha system using the same
jet algorithm as in the simulated data.

For the LO @3) calculation, the program NLOJet++ (Nagy, 2002) is emptbyich
would be completely sufficient for a simple comparison udimng SISCone jet recon-
struction algorithm with radius R=0.7. Renormalizationttaization scales were set to
U = pr as central and alsp = pr /2 andu = 2pt while seperation parameters were set
10 Reep = 1.3 andRsep = 2.

The PDFs for the NLOJet++ are taken from CTEQG6.6. The siradIMC event sam-
ples representing the collider data in this study have beeermted with PYTHIA tune
DWT at 14TeV. PYTHIA DWT is the CMS default setting (CMS Cdilaration, CMS-
Note-2006/067). Hovewer, private QCD samples were geeénaithout UE parameter
with the same PYTHIA tune DWT at the same center of mass enargyder to make
hadron level to leading-order comparison. These samplgdogrthe CTEQ (see Figure
7.38) 5 leading-order PDF set.
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7.7.1 Corrections for Hadronization and the Underlying Event

NLO calculations can not be compared directly to calibrat@drimeter jets. In addi-
tion, the influence of the parton shower , hadronization awhys as well as the Underly-
ing Event has to be taken into account and correction fabtare to be applied to hadron
level results in order to make reasonable comparison to L@ idsult (in our case to the
"LO"). Unfortunately, this can not yet be done in a complgtebnsistent manner for the
NLOJet++ since most MC generation programs, do only allaw.fd matrix elements to
be coupled to parton showers and the subsequent hadromnizati

In order to get the hadronization and the UE correction factprivate QCD(2-2)
samples were generated without UE parameter. This is a segeequirement for this
comparison since the LO jet shapes does not contain hadt@mrzand UE effect but par-
ticle level. Hence, the jet shapes have been derived fromHrXDnce for the partonic
final state without Underlying Event and once for the hadrdimal state, i.e. all stable
particles, including the Underlying Event. The ratio of flh&er to the former is then
multiplied with the NLO jet cross section. The final results ahown as the ouncertain-
ties. Figure 7.35 shows the particle level and La)jet shapes with/without underlying
events. The correction factors for the hadronization andetying event derived from
Figure 7.35 are shown in Figure 7.36 for the selegiedins.

We consider here the only central NLOJet++ predictionsiabthfor u = pt (see
Figure 7.37). It shows how jet shapes agree well for partetel and LO+parton level
after applied corrections to the LO calculation. A differehoice of renormalization
factorization scales (e.gt = pt/2 or 4 = 2pt ) only results in a few percent difference
(see Figure 7.38) .
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Figure 7.9. Differential jet shapes for selectgd bins. Statistical errors are included.
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Figure 7.10. Integrated jet shapes for selecteg bins. Statistical errors are included.
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are included.
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Figure 7.12. Correction factors for the integrated jet shapes for selgetduins. Statistical errors
are included.
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Figure 7.13. Comparison of differential jet shapes for PYHTIA tunes DWT and DW in selected

pr bins. Statistical errors are included.
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Figure 7.14. Comparison of integrated jet shapes for PYHTIA tunes DWT and DW in selected
pr bins. Statistical errors are included.
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Figure 7.15. Differential jet shapes for selectgd bins in multi-jet samples generated with ALP-
GEN. Calorimeter jets are corrected using correctionsvddrirom PYTHIA samples. Statistical
errors are included.
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Figure 7.16. Integrated jet shapes for selected bins in multijet samples generated with ALP-
GEN. Calorimeter jets are corrected using correctionsvddrirom PYTHIA samples. Statistical
errors are included.
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Figure 7.17. Comparison of quark and gluon differential jet shapes to simulated data in selected

pr bins. Statistical errors are included.
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Figure 7.18. Comparison of quark and gluon integrated jet shapes to simulated data in selected
pr bins. Statistical errors are included.
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Figure 7.20. Differential jet shapes foi#=10% change in energy scale (top) and fractional effect

of changing jet energy scale (bottom), for selegbedins. Only statistical errors are included.
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Figure 7.22 .Comparison of differential jet shapes from HERWIG++ and PYTHIA for selected

pr bins. Only statistical errors are included.

136



7. JET SHAPES ANALYSIS AND RESULTS Pelin KURT

~ 12r = i
Et r = L
L B 11— &
1 o & r & ¢
L o L &
r - &
0.8 o 0.8
r - r & Pythia DWT
0.6/~ Pythia DWT 0.6/~ .
r _ L < Herwig++
N — N
ol © < Herwig 0.4
- i Jet
0.2 02 100<P;'<140 GeV
- 60<P;*'<80 GeV - T
T T T T T e ol b b b b o b 1y
o1 02 03 04 05 06 07 01 02 03 04 05 06 07
radius radius
o 1l2r o l2r
E E
- @ n ®
C @ ® T & ¥ ®
[ i C o
0.8 © 0.8 o
i v Pythia DWT :
[ ia L .
0.6~ Y 06 ¥ Pythia DWT
L= & Herwig++ C .
L L < Herwig++
0.4 0.4
02 180<P;*'<220 GeV 02 500<P;*'<600 GeV
I N R R S ST A B Lol v b b b b b Ly
01 02 03 04 05 06 07 01 02 03 04 05 06 07
radius radius

Figure 7.23. Comparison of integrated jet shapes from HERWIG++ and PYTHIA DWT for
selectedpr bins. Only statistical errors are included.
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Figure 7.24. Comparison of the correction factors for PYTHIA DWT and HERWIG++ differen-
tial jet shapes. Only statistical errors are included.
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Figure 7.25.

Comparison of the correction factors for PYTHIA DWT and HERWIG++ integrated

jet shapes. Only statistical errors are included.
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Figure 7.26. Comparison of the correction factors for PYTHIA DWT and DW differential jet
shapes. Only statistical errors are included.

140



7. JET SHAPES ANALYSIS AND RESULTS Pelin KURT

—~ 15 = 15
= aE = 14k
13f -e- Pythia DWT 1.3F -o- Pythia DWT
12F -=- Pythia DW 125 —=- Pythia DW
11 L1
i 1=
0.9; 0.9;
o,g? 0.8§*
07t 60<P2*'<80 GeV o7 100<P3*'<140 GeV
0.6 0.6
050102 03 04 05 06 07 05515z 03 04 05 06 07
radius radius
~ 15p o~ 15p
= 14 = 1.4?
L35 ~o- Pythia DWT 13f o Pythia DWT
12E —=- Pythia DW 12F - Pythia DW
115 11
1= 1 G,
0.95 09
0.8 08
07E 180<P7*'<220 GeV 07t 260<P7*'<300 GeV
0.6F 06
0551~ "6z~ 03 94 05 06 07 05 =153 55 o4 05 05 07"
radius radius

Figure 7.27. Comparison of the correction factors for PYTHIA DWT and DW integrated jet
shapes. Only statistical errors are included.
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Figure 7.28. Comparison of the track jet shapes with the calorimeter jet shapes in simulated data
(top) and their ratios (bottom) for selected bins.
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Figure 7.29. Effect of transverse showering spread for the differential jet shapes. Only statistical

errors are included.
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Figure 7.30. Ratio of the differential jet shapes obtained using the parameterized response (with-
out transverse showering) to those from full simulation.
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Figure 7.31. Effect of transverse showering spread for the integrated jet shapes. Only statistical
errors are included.

145



7. JET SHAPES ANALYSIS AND RESULTS

Pelin KURT

o 3¢ o 3
s f 8 . .
= 2.5; s luParticleJetsAtHCALsurface/L|JCalorimeter.]ets = 2.5 —_—— LpParllcleJetsAtHCALsuﬁace/wCannmeterJets
2p 60<P2*'<80 GeV/c 2 140<P2*'<180 GeV/c
1.5 1.5
0.5 0.5~
O:Hm”mHH\HH\HH\HH\HHJH O:quum”mHH\HH\HH\HHJH
0.1 0.2 0.4 0.5 0.6 0.7 0.1 0.2 0.3 0.4 0.5 0.6 0.7
radius radius
o I o 3
8 r 8
2.5 —— l]JPa"iclE‘I‘E‘SA”"CALSU”E"Ce / wCanrimeterJets 2.5 —_— qJParticle.]elsAtHCALsurface / qJCalurimeterJets
2 Jet 2
F 500<P;"'<600 GeV/c F 1000<P3*'<1400 GeVic
150 150
1i C— li C—
0.5 0.5
O:Hx”um”m”H\HH\HH\HHJH O:HM‘H\‘H‘\HH\HH\HH\HHJH
0.1 0.2 0.6 0.7 0.1 0.2 0.3 0.4 0.5 0.6 0.7
radius radius

Figure 7.32. Ratio of the integrated jet shapes obtained using the parameterized response (without
transverse showering) to those from full simulation.
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Figure 7.33. Scaling difference due to the/p variation(see text) for the differential jet shapes
for selectedor bins.
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Figure 7.34. Scaling difference due to th&/p variation (see text) for the integrated jet shapes
for selectedor bins.
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Figure 7.35. The figures show jet shapes for particle level and LO+parton shower prediction w/o
UE for selectedor bins.
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Figure 7.36. The figures show hadronization and underlying event correction factors derived from
Figure 7.35; the ratio of particle level jet shapes to LO+parton shower jet shapes for s@ected
bins.
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Figure 7.37. Jet shapes for particle level and corrected LO+parton shower prediction for selected
pr bins.
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Figure 7.38. Only ocalculations. The jet shapes are shown for all renormadizatcales and
Rsep parameters for selectpd bins.
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Table 7.1. HLT thresholds and prescales

HLT threshold (GeV)| Prescale
30 10°
60 10
110 107
150 10
200 1
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Table 7.2. Number of jets before and after prescale, and mean and rms valuesmf traction
histograms at=0.2 in 10 pb* for all pr jet bins which were analyzed. Statistical errors are listed
for the corresponding jgtr using prescaled event numbers. Heredhs the statistical error bar
which is derived fromo = rms//(Np).

Pr (GeV) NJES Niorecaled (Np) | Mean@(r=02) | rms | o | o/Mean(%)
60— 80 1.311e+08 13117 0.66 0.24| 0.006 0.90
80—100 | 2.803+07 28031 0.72 0.21| 0.004 0.55
100—140 | 1.328=+07 1328 0.76 0.20| 0.017 231
140—180 | 2.484e+06 248498 0.78 0.20 | 0.0004 0.05
180—220 682348 682348 0.80 0.20 | 0.0002 0.02
220—-260 256142 256142 0.81 0.21 | 0.0004 0.04
260— 300 102488 102488 0.82 0.20 | 0.0006 0.07
300—400 835815 835815 0.83 0.21| 0.0006 0.07
400—-500 175895 175895 0.83 0.21| 0.001 0.11
500—-600 52828 52828 0.84 0.21| 0.002 0.23
600— 700 19093 19093 0.85 0.20| 0.004 0.46
700— 800 7538 7538 0.85 0.22| 0.007 0.81
800—900 3258 3258 0.86 0.22| 0.012 13
900—1000 1592 1592 0.86 0.21| 0.016 1.87
1000— 1400 1581 1581 0.87 0.21| 0.016 1.83

151




7. JET SHAPES ANALYSIS AND RESULTS Pelin KURT

Table 7.3. Different sources of systematics fgn(r = 0.2) listed as percentage contributions for
all jet pr bins for 10 pb! of integrated luminosity. Total systematics is a quadeatsum of
fragmentation, jet energy scale, showering &nigh contributions.

Pr (GeV) | Fragmentation(%) | JES(%) | Showering(%) | E/p(%) | Total Sys.(%)
60— 80 1.82 5.78 10.7 0.39 123
80—100 2.20 5.5 5.4 0.33 8.06
100—140 4.85 1.38 24 0.30 5.58
140—180 4.18 1.0 1.6 0.26 4.62
180—220 3.10 0.81 0.7 0.24 3.29
220—-260 4.22 0.96 11 0.23 4.49
260—300 4.48 0.13 18 0.23 4.85
300— 400 3.23 0.83 0.7 0.21 3.42
400—-500 2.35 0.92 2.0 0.19 3.23
500—-600 4.71 0.68 2.0 0.18 5.19
600— 700 1.69 0.44 1.3 0.16 2.19
700—- 800 2.85 0.51 17 0.16 3.40
800— 900 2.17 0.39 13 0.15 2.56
900— 1000 1.99 0.11 1.3 0.14 241
1000—- 1400 1.73 0.74 2.2 0.12 2.9
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Table 7.4. Absolute error on + ((r = 0.2) represents quadratic sum of systematic and statistical
uncertainties for 10 pb' of integrated luminosity.l (r = 0.2) refers to the integrated correction
factors atr=0.2.

Pr(GeV) |Rawy(r=0.2) | I(r=0.2) | 1—¢(r=0.2) | AbsErr
60— 80 0.66 0.90 0.41 0.072
80—100 0.72 0.93 0.34 0.052
100— 140 0.76 0.94 0.28 0.043
140—180 0.79 0.94 0.25 0.034
180—220 0.80 0.95 0.24 0.025
220—-260 0.81 0.95 0.22 0.034
260— 300 0.82 0.95 0.21 0.038
300400 0.83 0.96 0.20 0.027
400—- 500 0.83 0.97 0.19 0.025
500— 600 0.84 0.96 0.17 0.042
600— 700 0.85 0.97 0.17 0.018
700— 800 0.85 0.97 0.16 0.029
800— 900 0.86 0.97 0.16 0.024
900—- 1000 0.86 0.96 0.15 0.025
1000— 1400 0.87 0.97 0.15 0.028
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8. CONCLUSION

In about a month from now the LHC will start operation, and CERd experimental
particle physics will enter a new epoch, hopefully the madstigus and fruitful of their
history that will allow to study various undiscovered or yeiknown aspects of particle
physics.

The studies presented in this thesis were performed for M8 Experiment, one of
the two general-purpose detectors at the LHC. My thesis eagrduped into 3 parts.

The first part of my work, as presented in this thesis, a methogeasure the amount
of the dead material between the ECAL and HCAL calorimeteas ¢ffect the response
of the particles has been described for CMS detector usan@elht Beam 2006 data in the
energy range 4-300 GeV. Investigation of the calorimetéioumity was another study
that has been carried out in this thesis. For this purpos&EX0rr andu~ beam events
have been used.

The second part of my work was dedicated for the performaoicée jet reconstruc-
tion algorithms in CMS. We presented detailed comparisbpsidormance between four
jet reconstruction algorithms currently available in CMB3vith two radius parameter
choices each: Iterative Cone, SISCone, and Midpoint CotteRv 0.5 and 0.7, and Fast
kr with D = 0.4 and 0.6. The performance comparisons presented inhafser include
jet composition and shape distributions for dijets. Alluks are based on QCD dijet
samples generated with CMSSW5 2, thus providing a new baseline for the jet recon-
struction. We find similar performance on the calorimetegeldetween algorithms with
similar size parameter. The impact of the detector effgotears to be more pronounced
than the algorithmic differences studied in this study. \é® &ind that the SISCone al-
gorithm performs as well or better than the Midpoint Coneilevknown to be preferred
theoretically. It seems worthwhile to mention that the ulstihe SISCone algorithm, im-
plemented as an external package, by both CMS and ATLAS wid tbng way towards
the goal of direct comparisons of jet based measuremertiewithe unnecessary uncer-
tainties induced by the experiment-specific implementatid is possible that this will be
true for comparisons to the Tevatron results as well. Tloeedf is strongly recommended

to adopt SISCone as the default cone-based jet algorithnc@msequently to include it
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in the reconstruction in future standard event processingMsS. Theky algorithm is
infrared- and collinear safe to all orders of pQCD as well amohplementary to the cone
based algorithms. The execution time of Hastis dramatically reduced w.r.t. earlier
kr implementations and it is therefore well suited for the higtitiplicity environment
of LHC pp collisions, in fact executing faster than all cdveesed algorithms but Iterative
Cone. We find that it performs as good or better than any otberithm in this study and
strongly encourage its use as an alternative to SISConthdfigtudies will be conducted
regarding the performance of all algorithms in events witihtpileup and more realistic
calorimeter noise.

On the last part of my thesis, jet shapes analysis fopieollisions at 14TeV was
carried out for the first time in CMS detector. Since thesesuegaments are sensitive
to different fragmentation and hadronization models w#&iMC event generators were
used to study the internal structure of jets. In this manher éxtremely important to
understand the differences among the Monte Carlo eventrggngrograms that can
produce such high energetic jets. In particular, it is @l understand the uncertainties
on this measurement based on different Monte Carlo evertrgens, and to see how the
different approximations used in these programs produitereinces in the observables
which can be reconstructed in experiments. These gensiatptement a combined use
of fixed order Matrix Element calculations and all order BarEhower calculations. We
used some of the most popular programs for hadron colligsonalation: PYTHIA and
HERWIG++, which are probably the most widely used Leadingédrevent generators
in high energy physics; and ALPGEN, which is a newer prograat implements higher
order tree level corrections for a number of processes. \Wgpace the predictions of
the Monte Carlo generators PYTHIA, HERWIG++, and ALPGEN bgKing into the
internal structure of jets using the transverse momentumirvéstigated the differences
among these generators using the transverse momentuibudisins.

Finally, using PYTHIA and HERWIG++ MC simulations, we have/éstigated a
technique to measure jet shapegpmcollisions for the two leading jets in the kinematic
region 60 GeW pr < 1.4 TeV andly| < 1. Particle level jet shapes were determined
from calorimeter jets using corrections derived from PYAHUC events.

Several sources of systematic uncertainties were inastigarising from jet energy
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calibration, jet fragmentation, calorimeter responseteamksverse showering, as function
of jet pr and distance from jet axis The systematic uncertainty is dominated by overall
jet energy scale, jet fragmentation and calorimeter sittania@ffects. The total systematic
uncertainty at=0.2 is 12% apr=60 GeV, decreasing to 4% at jpt=1 TeV.

As expected in QCD, jet shapes are observed to become namathencreasing jet
pr. Different underlying event tunes (PYTHIA DWT and PYTHIA DWere studied.
PYTHIA DW tends to produce narrower jet shapes in the fewegion. QCD predicts
different shapes of jets originating from quarks and gluoAsmeasurement of the jet
shapes in the context of the PYTHIA Monte Carlo gives an estnof the fraction of
gluon initiated jets in data as a function of j@t.

It can be concluded from the summarized results and relatedrtainties that sys-
tematic uncertainties are under control and allow an eadgsurement of jet shapes at

CMS.
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A. Jet Kinematics

A.1 Kinematics at Hadron Colliders

In performing parton model calculations for hadronic catins like in Eq. (15), the
partonic c.m. frame is not the same as the hadronic c.m. frame. the lab frame
for the collider. Consider a collision between two hadrofhf @and B of four-momenta
Pa=(Ea,0,0, pa) andPs = (Ea, 0,0, —pa) in the lab frame. The two partons participating
the subprocess have momempta= x1Pa and p> = XoPg. The parton system thus moves

in the lab frame with a four-momentum
Pom = [(X1 +X%2)E, A, 0,0, (X1 — X2) pa] (Ea =~ pa) (A.1)

or with a spee@Bcm = (X1 — X2) /(X1 + X2), or with a rapidity

1 x1
=—ln—= A.2
Yem 2 "% (A.2)

Denote the total hadronic center of mass energ§SIay4Ef\ and the partonic center of

mass energy by, we have

S=TS T=XXo= g (A.3)

The parton energy fractions are thus given by

X12 = ﬁeiycm (A.4)

One always encounters the integration over the energyidrects in equation(15).

With this variable change, one has

1 1 1 —3Int
/ dxq / dxp = / dr dyem (A5)
To To/X1 To 3Int

The variabler characterizes the (invariant) mass of the reaction, wjth: me/S and
Myes IS the threshold for the parton level final state (sum oventhsses in the final state);
while ycm, specifies the longitudinal boost of the partonic c.m. franith vespect to the lab
frame. It turns out that the— y, variables are better for numerical evaluations. Consider

a final state particle of momentupt = (E, p) in the lab frame. Since the c.m. frame
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of the two colliding partons is @riori undetermined with respect to the lab frame, the
scattering polar angl@ in these two frames is not a good observable to describeytheor
and the experiment. It would be thus more desirable to sedirfematical variables that
are invariant under unknown longitudinal boosts.

Transverse Momentum and the Azimuthal Angle: Since the ambiguous motion
between the parton c.m. frame and the hadron lab frame ig &h@nlongitudinal beam
direction @), variables involving only the transverse componentsm@raraint under lon-
gitudinal boosts. It is thus convenient to write the phasespelement in the cylindrical

coordinate as

dsﬁ dp; dp;
= =dpdpy =prdprde—= (A.6)
whereg is the azimuthal angle about téexis, and
pr = \/ 2Pz = psin@ (A7)

is the transverse momentum. It is obvious that bpthand ¢ are boost-invariant, so is

dp;/E The rapidity of a particle of momentupt' is defined to be

1 E+p: 1 145
Y=3"e—p, " 2"1-p,

(A.8)

wheref; = p,/E = [ cosb is thez-component of the particles velocity. In the The advan-
tage of using rapidity is that under an arbitrary boost aliveg -axis, rapidity differences
remain invariant, i.e. they directly measure relative teratg angles in the partonic c.m.
frame

Consider the rapidity in a boosted frame (say the parton frame), and perform the

Lorentz transformation,

1L E+p; 1 (1—Po)(E+py)
2 E-p 2 (ArB)E-p) P #9
In the massless limit, E ||, so that
1 (1+4cosB) 0
y_élnm_lncotizn (A.10)
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wheren is the pseudo-rapidity, which has one-to-one corresparelesith the scattering
polar anglerr > 6 > 0 for —o < n < 0. It is desirable to use the kinematical variables

P, N, @ to describe events in hadronic collisions.
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B. Figures for All Jet pt Bins

B.1 Figures for Number of Particles, Tracks, Towers for Seleted JetPr Bins
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Figure B.1. Multiplicity distributions of particles in a jet for selectg® bins.

B.2 Figures for All Jet pt Bins

In the following pages we present an expanded set of figureslfget pt bins.
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Figure B.2. Multiplicity distributions of tracks in a jet for selected jpt bins.
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Figure B.3. Multiplicity distributions of calorimeter towers in a jet for selected getbins.
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Figure B.4. Differential jet shapes for selectgd bins. Statistical errors are included.
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Figure B.5. Differential jet shapes for selectgd bins. Statistical errors are included.
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Figure B.6 .Integrated jet shapes for selectedbins. Statistical errors are included.
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Figure B.7. Integrated jet shapes for selectedbins. Statistical errors are included.
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Figure B.8. Correction factors for differential jet shapes for selecpedbins. Statistical errors
are included.
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Figure B.9 .Correction factors for differential jet shapes for selecpedbins. Statistical errors
are included.
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Figure B.10. Correction factors for integrated jet shapes for selegethins. Statistical errors

are included.
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Figure B.11. Correction factors for integrated jet shapes for selegethins. Statistical errors
are included.
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Figure B.12. Differential jet shapes for selectagr bins in multijet samples generated with
ALPGEN. Statistical errors are included.
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Figure B.13. Differential jet shapes for selectagr bins in multijet samples generated with
ALPGEN.

177



B. Figures for All Jetpr Bins Pelin KURT
- l2r o 12r
5 r 5'/ L
11— 5] 11— L]
B ° 8 r ) e
L ° 5| r °
0.8 ° =] 0.8 ° u
r = r ° g
L ) L
[ =]
061 g 60<P2*'<80 GeV 0.6] 80<P;*'<100 GeV
0.4 . Particle Jets 04 & Particle Jets
r ® Calorimeter Jets [ ® Calorimeter Jets
0.2~ 0.2~
L O Corrected CaloJets - O Corrected CaloJets
R T R B T T e Cov by v b b b e b 1
01 02 0.3 o.‘4 o.‘5 0.‘6 0.17 01 0.3 0.4 05 0.6 0.7
radius radius
o 1l2r o 1l2r
5 ¢ 5 ¢
11— 5] 11— ]
¥ s ® - s ®
C « o r . e
0.8— =] 0.8~
r . r 8
L Jet -
ok 100<P;*<140 GeV 0.6 140<P}*'<180 GeV
- -
0.4 Particle Jets 0.41— Particle Jets
N ® Calorimeter Jets [ ® Calorimeter Jets
0.2? 0.2?
5 O Corrected CaloJets - O Corrected CaloJets
Co b e e oo b v v b b b b e 1
0.1 0.2 0.3 0.4 0.5 0.6 0.1 0.2 0.5
radius radius
o l2r o 1l2r
> r S L
11— ] 1 L
r ] e r ] .
r « B r . 8
0.8 ° w 0.8
C g r g8 St
06k 180<p$‘3t<220 GeV 0.6 220<P;7<260 GeV
N L
0-4} Particle Jets 0.4} Particle Jets
L ® Calorimeter Jets L ® Calorimeter Jets
0.2~ 0.2~
- O Corrected CaloJets F O Corrected CaloJets
Lol b b b b b Ly Co b v b v b b b b 1
0.1
radius radius
o 12r o 1l2r
Ea E
, 0] 11— ]
1 " = r 8 =
L 8 L &)
0.8 8 08 g
T &) T 8 ot
[ e
065 260<P2*'<300 GeV o6l 300<P7"<400 GeV
[ & L
o4l Particle Jets 0.4 Particle Jets
L ® Calorimeter Jets L ® Calorimeter Jets
0.2? 0.2?
L O Corrected CaloJets F U Corrected CaloJets
Lol o by by b b b b 1
0.1 0.2 ‘ 0.‘6 ; 0.1 0.2
radius radius
Figure B.14. Integrated jet shapes for selectedbins in multijet samples generated with ALP-
GEN.
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Figure B.15. Integrated jet shapes for selectedbins in multijet samples generated with ALP-
GEN.
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Figure B.16. Comparison of quark and gluon differential jet shapes to simulated data in selected

pr bins. Statistical errors are included.
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Figure B.17. Comparison of quark and gluon differential jet shapes to simulated data in selected

pr bins. Statistical errors are included.
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Figure B.18. Comparison of quark and gluon integrated jet shapes to simulated data in selected
Pr bins. Statistical errors are included.
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Figure B.19. Comparison of quark and gluon integrated jet shapes to simulated data in selected
pr bins. Statistical errors are included.
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Figure B.20. Differential jet shapes fat 10% changes in energy scale for selecpgedbins.
Statistical errors are included.
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Figure B.21. Differential jet shapes for=10% changes in energy scale for selectgdbins.
Statistical errors are included.
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Figure B.22. Effect of changing jet energy scale for differential jet shapes for selqutduns.
Only statistical errors are included.
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Figure B.23. Effect of changing jet energy scale for differential jet shapes for selqutduns.
Only statistical errors are included.
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Figure B.24. Integrated jet shapes farl0% changes in energy scale for seleggdbins. Sta-

tistical errors are included.
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Figure B.25. Integrated jet shapes farl0% changes in energy scale for selegigdbins. Sta-
tistical errors are included.
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Figure B.26. Effect of changing jet energy scale for integrated jet shapes for selpgtbihs.
Only statistical errors are included.
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Figure B.27. Effect of changing jet energy scale for integrated jet shapes for selpgtbihs.
Only statistical errors are included.
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Figure B.28. Comparison of particle level differential jet shapes from HERWIG++ and PYTHIA
for selectedor bins. Statistical errors are included.
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Figure B.29. Comparison of particle level differential jet shapes from HERWIG++ and PYTHIA
for selectedor bins. Statistical errors are included.
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Figure B.30. Comparison of particle level integrated jet shapes from HERWIG++ and PYTHIA
for selectedor bins. Statistical errors are included.
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Figure B.31. Comparison of particle level integrated jet shapes from HERWIG++ and PYTHIA
for selectedor bins. Statistical errors are included.
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Figure B.32. Comparison of the correction factors for differential jet shapes using PYTHIA DWT
and HERWIG++. Statistical errors are included.
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Figure B.33. Comparison of the correction factors for using differential jet shapes using PYTHIA

DWT and HERWIG++. Statistical errors are included.
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Figure B.34. Comparison of the correction factors for integrated jet shapes using PYTHIA DWT

and HERWIG++. Statistical errors are included.
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Figure B.35. Comparison of the correction factors for integrated jet shapes using PYTHIA DWT
and HERWIG++. Statistical errors are included.
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Figure B.36. Comparison of the correction factors for differential jet shapes using PYTHIA DWT
and DW tunes. Statistical errors are included.
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Figure B.37. Comparison of the correction factors for integrated jet shapes using PYTHIA DWT
and DW tunes. Statistical errors are included.
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Figure B.38. Comparison of the differential track jet shapes to the calorimeter jet shapes in

simulated data for selectqst bins. Statistical errors are included.
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Figure B.39. Comparison of the differential track jet shapes to the calorimeter jet shapes in

simulated data for selectqet bins. Statistical errors are included.
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Figure B.40. Ratio of the track differential jet shapes to the calorimeter jet shapes in simulated
data for selecteghr bins. Statistical errors are included.
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Figure B.41. Ratio of the track integrated jet shapes to the calorimeter jet shapes in simulated
data for selecteghr bins. Statistical errors are included.
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Figure B.42. Effect of the transverse showering spread for the differential jet shapes. Only

statistical errors are included.
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Figure B.43. Effect of the transverse showering spread for the differential jet shapes. Only
statistical errors are included.
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Figure B.44. Ratio of the differential jet shapes obtained using parameterized response (without
transverse showering) to those from full simulation.
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Figure B.45. Ratio of the differential jet shapes obtained using parameterized response (without
transverse showering) to those from full simulation.
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Figure B.46. Effect of the transverse showering spread for the integrated jet shapes. Only statis-
tical errors are included.
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Figure B.47. Effect of the transverse showering spread for the integrated jet shapes. Only statis-

tical errors are included.
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Figure B.48. Ratio of the integrated jet shapes obtained using parameterized response (without
transverse showering) to those from full simulation.
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Figure B.49. Ratio of the the integrated jet shapes obtained using parameterized response (without
transverse showering) to those from full simulation.
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Figure B.50. The scaling difference due thlo variation ofE /p for differential jet shapes for
selectedpr bins.
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Figure B.51. The difference due ta-1o0 variation ofE/p for differential jet shapes for selected
pr bins.
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Figure B.52. The scaling difference due thlo variation of E/p for integrated jet shapes for
selectedpr bins.
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Figure B.53. The scaling difference due thlo variation of E/p for integrated jet shapes for
selectedpr bins.
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