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Abstract

The collision of highly relativistic nuclei can produce a volume of high energy density
which can be used to learn about the behavior of quantum chromodynamics (QCD)
at extreme conditions, such as those of the universe at times before and during the
formation of hadrons out of quarks and gluons. This thesis presents experimental
studies of jet-quenching phenomena in PbPb collisions at IsNN= 2.76 TeV, with a
focus on the study of the energy-loss, namely the analysis of correlations of jet pairs
as measured by the CMS detector at LHC. The implications of the results are dis-
cussed by comparison of simple models with data. It is observed that the geometrical
configuration of the dijets and the nuclear collision region plays an important role in
the correlations between the jets, and the set of CMS results reviewed can illustrate
the dependence of the amount of lost energy on the length of the traversed medium.
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Chapter 1

Introduction

LHC provides collisions of ions that acquire more energy than ever studied. Results

from earlier experiments, of which Relativistic Heavy Ion Collider (RHIC) operating

at 200 GeV per nucleon pair had the highest energy, suggest the existence of a new

form of matter in collisions of high energy nuclei. At the LHC energies which are

more than 10 times higher in energy, while the medium may get more interesting, the

tools to study also get stronger. LHC produces a high rate of hard (high transverse-

momentum, PT) collisions. Such collisions can provide very clean signals that can

probe the behavior of the medium. Dijet events in particular, appear in abundance

in collisions at LHC. As a result, the picture inferred by these probes gets a lot clearer.

In the earlier studies of high energy nuclear collisions [9, 10, 11, 12], the energy

loss phenomenon was observed via the suppression in the high-pT charged hadron

cross-section and the disappearance of the away-side peak in the dihadron azimuthal

correlations.

While the hadron-level measurements, on a statistical basis, provide evidence of

the phenomena in the dense high temperature medium, a more direct observation can

be performed by detecting fully reconstructed jets. In the first PbPb run of LHC in

2010, one of the striking observations was the clear abundance of events in which the

transverse momenta of jets were very different, with an example in figure 1-1.

Correlations of back-to-back high-pT dijets provide a collision-by-collision identi-

fiable perspective on the energy-loss effects. The procedure involves tagging events
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Figure 1-1: Display of a dijet event from the 2010 PbPb run of LHC, recorded by
CMS.

with a high-pT jet, and examining the presence or absence of a second jet, its PT and

the angular configuration with respect to the first jet. The approach has two impor-

tant advantages: it does not rely on the exact cross-section (which has uncertainties

from the structure of nucleons) and it can quantify the energy loss in event-by-event

basis.

The first dijet measurements from the LHC experiments [13, 14, 15, 16, 17] re-

vealed many aspects of the energy loss in medium. There was an enhanced momentum

imbalance between the jets, without a significant change in the angular correlation.

The jets appeared to be fragmenting the same way as in pp collisions, after having

lost energy in the medium [6].

After the initial observations, an interesting questions arises: How does the energy

loss depend on the energy of the projectile? This would tell us something about the

medium properties, as does the Bethe-Bloch curve when we discuss "daily matter".

We do not know the energy of the initial parton in any dijet, however if we vary the

thresholds of the selection, we would be indirectly sampling different initial parton
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energies. With this attitude we analyzed the dijet PT imbalance with varying leading

jet PT. Comparing to the reference, we have observed enhanced imbalance in all

leading jet PT bins.

Although the statement on the existence of the energy loss at all PT values is easy

based on the experimental results, the exact PT-dependence of the effect is difficult to

deduce since the different resolution at different PT can influence the appearance of

the underlying energy loss distribution. In addition, the leading jet that is employed

to tag the parton information of the events does not precisely represent the actual

parton because it may have suffered energy loss by an unknown amount itself. To

unfold the effects of the resolution, and of the unknown energy loss in the leading jet,

one has to model the energy loss and check for the same PT dependence. This is done

for simple models of energy loss and collision geometry. It is observed the the energy

loss is likely to have a very weak PT dependence and geometrical configuration of the

initial state plays an important role in the imbalance of the dijets.

1.1 Thesis chapters

This thesis discusses the measurement of the dijet imbalance and its implications on

the medium induced energy loss. In this chapter, the physics of heavy-ion collisions

and key concepts in jet quenching will be introduced.

The discussion will later proceed to the experimental method in chapters 2-5,

first describing the CMS detector features. Then the reconstruction methods for

the physics objects of interest, namely the jets and hadrons, are explained. The

performance of these algorithms, particularly in relation to their effects on the mea-

surement, are examined. The methods for centrality determination and estimation

of initial state properties are very important for this study, therefore are discussed in

detail.

Chapter 6 describes the analyses and the observations in the 2011 LHC data,

focusing on the dijet imbalance studies. The jet RAA and fragmentation studies are

also important for the discussion, therefore they are also briefly explained.
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Chapter 7 opens the discussion for the interpretations of the results obtained. The

comparison of models with very simple assumptions to data are illustrated, empha-

sizing the need for realistic initial state calculation and consideration of experimental

effects. Within the models tested, it is observed that the results are consistent with

an energy-loss models that rely on geometrical configurations of medium in the initial

state. The conclusions are briefly summarized in chapter 8.

In order to keep the coherence of the discussion in the main body, some sup-

plementary information on QCD theory and simulation methods take place in the

appendices.

1.2 QCD in hadron collisions

Quantum chromodynamics, or QCD for short, is the theory that describes the inter-

actions of quarks and gluons, through the strong force. The interactions are described

with a Lagrangian of SU(3) symmetry, where the gauge field couples to itself, which

allows gluon-to-gluon vertices. The peculiar structure of this Lagrangian yields inter-

esting features, which will be the topic of discussion in the following sections.

1.2.1 Confinement and asymptotic freedom

Baryonic matter is made out of quarks and gluons, which are point-like particles

(at least down to very small scales). Quarks are, in fact, stable particles (except the

heavy ones), yet we can never speak of a "single quark" interacting with our detector.

This would be the case even if we had detectors in so small size that would be able to

detect other unstable bosons. This is because the strong force gets stronger in large

distances, and at the length scales in question, in fact even in smaller scales (fm) the

energy stored in the QCD interaction easily excites the vacuum quark-antiquark pairs

and turns any free quark into a hadron.

QCD Lagrangian involves terms of gluon coupling to itself, which resembles one

very distinct feature of strong interactions. In the perturbative approach, an interac-

tion involves infinite diagrams with additional gluon-to-gluon couplings, which are not
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present, for example, photons of QED. The infinity in the diagrams, also referred to

as ultra-violet divergence, are separated out of perturbative calculation by treating

them in the coupling term and calculate interactions only up to a certain scale in mo-

mentum transfer, in the procedure called renormalization. This scale also translates

to distance scales, where a certain small length scale is treated as a factor in coupling,

as. When the scale dependence of a, is examined, as can be seen in figure 1-2, the

coupling increases with larger length scales, and converges to zero in small length

scales. This property of QCD interactions is called asymptotic freedom [18]. Very

high energy parton collisions can probe this relatively weakly coupled region, which

correspond to perturbative QCD.

0.5

as(
&A, Deep Inelastic Scattering

0.4 os e e Annihilation
o Hadron Collisions
* Heavy Quarkonia

0.3

0.2

0.1

QCD as(Mz)=0.1189 ± 0.0010

1 10 Q [GeV]

Figure 1-2: Measurements of the strong coupling constant a, [1].

The scale dependence of the a, can alternatively be pictured as follows. Since the

gluon couples to itself, at larger scales there is more phase space of possible diagrams

between two quarks. The gluons act like a Hooke spring between quarks. The energy

stored in the spring can excite vacuum quark-antiquark pairs to produce hadrons.
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When a quark is kicked rapidly out of a hadron, it turns into a spray of hadrons

instead of moving freely as a quark.

In the relativistic heavy ion collisions, however, there is a rather large region

covered with a medium of quarks and gluons. A quark with the same kick, in this

medium, suffer through interactions with this medium before getting a chance to

hadronize. By measuring the resultant hadrons in the detector, we are probing the

parton after the medium interactions, and therefore measure the medium properties.

As will be discussed in the later sections, the perturbative calculations of interactions

between the partons and the medium rely on the coupling being small for highly ener-

getic projectiles. For momentum transfer between soft gluons, however, the coupling

is large and alternative methods have to be employed.

1.2.2 QCD Factorization

The collisions of protons is a complex system involving many particles. The valence

and sea partons of each proton may interact with one in the other. When we study

very high PT interactions, the partons in the hard interaction can be treated inde-

pendent of rest of the collision, due to small coupling at small distances [19, 20]. The

cross section for a 2-to-2 parton scattering process can be expressed as follows:

do-pp-hadrons - fA(x 1, Q2) 9 f (x2, Q2) 0 do-qqqq 09 Di(zk, Q2) 0 Dj (z1 , Q2) (1.1)

The terms on the right hand side represent :

* The probability of finding a parton i in proton (or parton j in proton), called

PDF. This is to be summed over all quark types and gluons.

" The hard scattering cross section between parton i and parton j, calculated

perturbatively up to some convenient order.

* The probability of a parton i to produce a hadron k, (or parton j to produce a

hadron 1) called fragmentation functions. This is to be summed over all hadron
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Figure 1-3: Illustration of factorization

types.

The parton distribution functions (PDFs) describe the composition of the proton

in terms of valence quarks, sea quarks (quark-antiquark fluctuations) and gluons,

as a function of the x variable, which can be considered as the fraction of proton's

longitudinal momentum carried by the parton. Figure 1-4 shows the PDFs from the

Particle Data Group [2]. As can be seen from these distributions, the contributions

of gluons become very dominant at low-x values, and sea quarks start to appear as

well, where high-x values are dominated by the light-quarks that define the nucleon.
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1.2.3 Jets

In order to study a variable that can be calculated by the perturbative approach

discussed in the previous section, we need to work with final state definitions that

integrate out the infinities. The jets, clusters of hadrons, corresponding to the clusters

of partons before hadronization, represent such a calculable object. In the experiment,

it is straightforward to combine the signals and for clusters of energy. However the

rules that define the cluster have a physical importance, since they also define the

object of the calculation. If the experimental signal is treated in a way that is not

easily incorporated to the theoretical calculation, then it is more difficult to deduce the

underlying fundamental physics. As discussed in the previous section, the observable

has to be insensitive to the radiation of a parton in very small angle or with very small

momentum. The jet definition has to integrate over the region of infinity, and the

algorithm in the experimental result should not be affected by any further splitting

of the total energy. The jet definition also determines the scale of interaction to be

probed. The larger the angular size of the jet definition, the less sensitive it is to soft

parton radiation, thus corresponding to earlier time-scales. The choice is however

also constrained by experimental challenges, which will be discussed in section 3.4.

1.2.4 Dynamics of jet production in vacuum

Before we get into the attractive discussion on the dynamics of QCD in hot medium,

it is already worth noting that jet production in vacuum has interesting features by

itself. The partons that recoil from a hard interaction have to undergo the radiation

of their virtuality, and the radiated partons have to hadronize in accordance with the

color-connections within. Below discussion summarizes these processes and highlights

important aspects.

Divergence of radiation amplitudes

A high-momentum elastic parton scattering process results in a final state of hadrons,

sprayed out around the initial parton momenta. The sum of momenta of the hadrons
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around one parton has a non-zero mass, which results from the dispersion of the initial

parton virtuality, Q, along a wide area through radiation of additional gluons. When

the leading order contribution to this radiation is considered, as in the left diagram in

figure 1-5, one observes that the amplitude diverges in the soft and collinear limits [20,

19]:

Pi

P3

P2

Figure 1-5: The diagram for the gluon radiation and the loop diagram at the next
order. When all diagrams are added up, the loop diagram cancels out the divergence
at the collinear of soft limit for p3.

1 1
M ~ ~ ~ - (1.2)E(1- cosO) E(

where E is the energy of the radiated gluon and 0 is the angle between the radiated

gluon and parent parton. This is called infrared divergence, and enforces the necessity

of a cut-off in the integration over the radiated momentum. Due to unitarity, this

divergence is in fact cancelled out by the loop terms when all orders of a, are summed,

as in right diagram in figure 1-5. In principle, any measurement that is insensitive

to the collinear or soft radiation below a certain cut-off, can be calculated in leading

order and can return a finite result. This is called infrared and collinear safety of

the observable, and jet measurements consist of such observables, as will be seen in

section 3.4.
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Parton shower method

For realistic description of final states of hadrons, one needs to be take into account

features within the collinear region. In Monte Carlo event generators for QCD pro-

cesses, this is done by the parton shower methods. In this approach, the probability of

a parton for splitting into two is calculated to all orders by summing up the infrared

and collinear-enhanced terms. A parton in an event is allowed to split based on the

probability obtained by the Sudakov form factor. The probability of successive split-

ting may be evaluated as a function of the virtuality of the radiated parton, or the

angle of emission, as in figure 1-6. In either case, the shower can be evaluated down

to a cut-off scale beyond which the final state is not sensitive to further splittings.

The cut-off is typically in the order of a GeV, from which on hadronization takes over.

In NLO calculations and beyond, one has to treat the overlap of the parton shower

with the high order matrix elements carefully.

ordering

>Olcut-off

Figure 1-6: The parton shower method involves propagating the initial parton in a
given variable, and according to the probability from the collinear enhanced terms in
the radiation cross-section, randomly perform radiation of an additional parton.

In addition to the re-distribution of the momentum over a certain area, the color

configuration of the partons is formed through the showering process, which respon-

sible for many features related to interference effects, as will be discussed next, and

later in the context of quenching.
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Color coherence

The concept of color-coherence is useful in understanding the qualitative features of

the radiation in QCD. When a highly collinear parton is emitted during the propa-

gation, the has to take a while for the two colored objects to gain distance from each

other, and from a larger distance, it is difficult to resolve their individual colors. In the

perturbative approach, this means the amplitudes for the radiation to some momen-

tum configurations, particularly those with a large angle, will interfere rather than

add incoherently. A simple interpretation of this result is that, at certain angles it is

difficult to resolve the individual radiated partons, and their net behavior is rather

similar to the radiation from the parent parton, as shown in figure 1-7. This problem

becomes simple when the shower is implemented by using the angle of radiation as

the ordering variable. In QGP propagation, however, the colors of the partons may

be reshuffled through interactions with the medium, which may affect this radiation

pattern.

Figure 1-7: Illustration of the color-coherence effect in calculations of the parton-
shower. The splitted collinear gluons are difficult to resolve unless they are sufficiently
apart (loner time), and for smaller formation times (or large angles) their radiation
interferes. In the angular-ordering prescription, the radiation of the splitted partons
can be replaced by that from the parent parton whose color is sum of the two.

Hadronization

So far we were interested in how the shower of partons evolve until the time they

form hadrons. Hadronization is modeled on top of this parton shower. In most of

the discussion involved in this thesis, the effects that are specific to the hadronization
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process are largely neglected. This simplification relies on the fact that the studies

(and calculations) are only concerned with phenomena down to an infrared cut-off,

O(GeV), beyond which the physics is not resolvable. Potential hadronization ef-

fects [21] which correlate the physics within this scale to the properties of the shower

may spoil this assumption, therefore one has to be careful by keeping in mind the

possible hadronization effects in a certain study.
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1.3 High density QCD with Heavy Ion collisions

Figure 1-8: Event display of a central collision as observed by the CMS detector.

The properties of a possibly new form of matter at high temperature and high

density, referred to as quark-gluon plasma (QGP), is the main focus of the heavy-ion

collisions at LHC and earlier similar experiments [10, 9]. These properties may shed

light into the behavior of matter in the universe in its very early times, by when it

had not expanded enough to let quarks and gluons to freeze into hadrons. When the

Lorentz-contracted nuclei plates collide, a temperature in the order of few 100 MeV is

achieved, in a small volume. This matter expands towards the surrounding vacuum,

through processes that can be formulated by hydrodynamics and characteristics of

QCD.

Being one of the most important terms in characterization of any medium, the

temperature in the collision system is studied through measurement of energy density

(via study of charged hadrons and calorimetry), low-energy (thermal) photon spectra,

and the observed rates of quarkonia states. The sequential suppression [] of the excited

states of heavy-quark bound states point to characteristic energy scales of the medium.

The initial energy density profile of the medium affects its evolution. In the RHIC
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experiments [], it is observed that the angular distributions of the hadrons produced

in a heavy-ion collision are directly related to the anisotropy of the energy profile in

the overlapping region of the colliding nuclei. The observations are consistent with

a hydrodynamic description of the medium expansion, and suggest a fluid behavior

with very low viscosity. The measurements involve studies of fourier composition of

the angular correlations, of which the strongest one is the second term, v2 , which is a

result of the almond-shaped overlap area of two spherical distributions in mid-central

collisions. This feature is called the elliptic flow, resulting an elliptical azimuthal

distribution of particles. Higher-order moments of the initial state shape are also ob-

served to be reflected in higher-order fourrier-components of the hadron correlations.

Having mentioned many of interesting features of the heavy-ion collisions, one

other observable property of the medium, which is of main interest in this thesis, is

the stopping power for energetic projectiles, or opacity. For high energy photons that

do not interact by strong interaction, medium is completely transparent, as confirmed

by measurements of photon cross-sections 1-14. For hard scattered quarks and gluons,

however, the medium shows strong resistance, causing a large energy loss, resulting

in quenched jets.

1.3.1 Jet-quenching in heavy-ion collisions

Hard parton scattering events may happen in PbPb collisions as well as pp collisions,

however, in contrast to vacuum, although the small scale physics is similar, the dy-

namics of the longer range propagation of partons is be affected by this medium. In

the earlier section when we stated that the small coupling at small scales allows the

hard interaction to be independent of the surroundings. When the Pb nuclei collide,

however, an extended region in space is filled up with a large density of energy, which

results in significant effects on the hard scattering. The extent and limitations of

this effect can provide information on the structure and properties of the medium.

The jets were introduced in the previous section as a good tool to probe parton kine-

matics. It may as well serve us to probe the mechanics of the propagation in an

extended volume. The modifications to the jets, relative to what would be expected
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at the small distance scale, can represent the effects in the medium. There can be

various scenarios to describe the effects on the jets. The models can be tested against

many available observables. The different analysis channels like inclusive jets, dijets,

high-pt tracks, photon-jets, inclusive photons all provide a wide perspective on the

phenomena.

As will be discussed in the next subsection, the mechanism for quenching may in-

volve different components each contributing to the energy loss by a different amount.

Without having to construct the ultimate theory, we can ask the following basic ques-

tions on a qualitative level, which can guide the approximations/parameters involved

in various approaches:

" How much energy is dissipated outside the jet cone?

* Is there a modification of the structure of the remaining jet?

* What happens to the dissipated energy?

Recent observations from LHC already have good hints to the answers to the above

questions. This leads us to more sophisticated questions, which start to scratch the

surface of medium properties:

" How does the energy-loss depend on the momentum of the projectile?

" How does the energy-loss depend on the amount of the medium traversed?

" How does the motion of the medium affect the energy loss?

" What are the degrees of freedom of the medium?

These questions motivate the detailed studies of the energy-loss mechanism with

jets, their correlations to each other, their correlations to the medium behavior and

the hadrons.
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1.3.2 Perturbative description of jet-quenching

What we can learn from jet-quenching first relies on our understanding of the pertur-

bative aspect of the phenomenon [22]. If the probes themselves are well under control,

then we can make further statements on the nature and behavior of the medium. The

probe in discussion, namely the jets, are rather well understood in vacuum with the

methods discussed earlier in this section. One naturally attractive goal is then to in-

corporate the medium effects into this picture. There are different formalisms based

on different set of assumptions or approximations, that attempt to implement this

calculation. In all cases, the system under discussion involves many particles, which

is easier to treat with MC generators, rather than analytical solutions.

A rough classification of the types of energy-loss may be the two components:

* energy transmitted to nearby medium constituents via elastic processes, referred

to as collisional energy loss,

" medium-induced radiation of partons out of the cone due to decoherence of the

parton wavefunction during the interaction with the medium, called radiative

energy loss,

E E-AE

E AE

AE E-AE

X
(medium)

Figure 1-9: Elastic and inelastic processes inside the medium. [3]

The collisional energy-loss is also referred to as energy-loss due to elastic pro-

cesses, since their description with diagrams have the same particles in the initial
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and final states, whereas radiative process involve an additional gluon in the final

state, thus named inelastic processes, sketched in figure 1-9.

Both modes of the energy-loss may have significant contribution to the observed

quenching effects, and many theoretical models explore the features introduced by

both of these effects. We will discuss the main items involved in calculation of

energy-loss; however, the prerequisite is to interface our vacuum description of the

jet evolution, which has rather effective tools already, to the medium case.

1.3.3 Formation of a parton-shower in medium

The first question to ask is the validity of the tools for the vacuum prescription

of perturbative calculation, namely the parton-shower treatment of radiation. The

formation time of a typical parton under study is comparable to the length scales

of the medium, therefore one cannot very easily assume the shower to have formed

before interacting with the medium, nor after. In section 1.2.4, we had stated that

the coherence of collinear gluons suppresses radiation to large angles from partons

with long formation time. In the case of the medium propagation, the situation may

be different. The simple reason for that is the possibility that a parton can change

color through interaction with the medium, breaking the correlation between emitted

gluons. In contrast to the vacuum case where the interference of the splitted partons

suppresses radiation at large angles, this time such large angle emissions are possible,

and may play a role in the dissipation of energy outside the cone that the jet forms.

The cartoon in figure 1-10 illustrates this feature.

1.3.4 Collisional energy-loss

Bjorken has performed one of the earliest calculations for energy-loss of a colored

projectile [23] in plasma of quarks and gluons. The t-channel cross-sections over the

scattering-centers in medium, are added incoherently. The parton is treated as an

on-shell particle that multiple-scatters through the medium targets via soft elastic

processes. In terms of the medium density, this calculation involved an infrared cut-
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Figure 1-10: In the vacuum evolution of a parton shower, it is observed that the
interference of radiation from collinear partons plays a big role in large angle radi-
ation. In the medium scenario, the color of the partons may be re-shuffled through
interaction with medium (in resolvable scales) and may allow incoherent radiation off
the individual partons in the shower.

off scale in momentum in order to return a finite result. This cut-off can be justified

by the color-screening effects at low energy, and Debye mass can be considered as

a quantification of how well the projectile can resolve the medium constituents [24].

Also, [25] predicts a big difference between collisional energy-loss of heavy and lighter

quarks, which may result in interesting features in studies of b-tagged jets in PbPb

collisions. The average amount of the energy-loss in elastic processes depends highly

on the medium model, and in certain models it can be of significant value and should

be taken into account in dynamical calculations of the parton propagation.

1.3.5 Radiative energy-loss and the transport coefficient, q

Eikonal approximation assumes the momentum of the projectile to be infinity, given

that it is big enough compared to the typical momentum transfer. In this approxi-

mation, the momentum exchange with the medium happens only in the transverse

direction. This means the net longitudinal force on the projectile is 0 and there is

no collisional energy-loss. The energy is dissipated, however, when the transverse

momentum transfer to the gluons in the shower accumulate enough relative phase to

resolve it as a free parton leaving the shower, and dispersed in the transverse direction

with Brownian motion:
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(k)~L 
(3

where kT is the momentum transverse to the shower axis, and L is the thickness

of the medium.

At this point, it is important to realize the LPM effect. The suppression of

bremsstrahlung off high energy projectiles in high density QED medium was shown

in 1953 [26, 27]. The idea is that, within the finite formation time of a radiated

photon, the interactions within the length traversed by the fast projectile interfere

destructively. Since the formation time of the photon is related to its energy, the en-

ergy spectrum of radiated photons is sensitive to the spatial structure of the medium.

The effect is valid for the QCD problem of today, and it is of great importance to

the models describing the dynamics of the jet quenching. The extension of the LPM

effect to the QCD medium is studied by [28, 29].

Integrating the radiated energy spectrum [30, 31], the amount of energy-loss is

proportional to the characteristic radiation energy, w,:

AE) = dw w = aSCRWoc4L 2  (1.4)
JO dw

where CR is the Casimir color-factor, which is 4/3 for quarks and 3 for gluons.

This result introduces a non-trivial path-length dependence (L 2 for a static medium),

and it allows the characterization of the medium by 4 parameter alone.

The medium is actually not static, and it's going through a hydrodynamic expan-

sion, which can be formulated in the time-dependence of 4 as in [32]:

)= Qo) x (1.5)

where represents the time, or equivalently, the distance traveled, o is the plasma

formation time and a represents the dimensionality of the expansion.

It is shown that the 4 of an expanding plasma can be formulated as an effective 4
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for a static medium [33]:

< ( >-= i -<o) Q) (1.6)
L2 '0

< 4 > Lef fective = 10 g <{ (1.7)

In studies such as the "parton quenching model" [34], the amount of energy-loss for

each jet can be described by a probability distribution, called the quenching weights.

Later in this study, we will examine the results by toy models of these quenching

weights, in a static medium.

1.3.6 Jet-quenching in the strongly-coupled limit

It is possible that a significant portion of the energy-loss happens with momentum

transfer from soft gluon components of the jet, for which the coupling is large (a,-

0(1)), as discussed in section 1.2.1. This makes the calculation non-perturbative, and

alternative approaches can be more helpful.

Lattice QCD methods, although useful in calculating static properties of hot

medium [35, 36], may not be suitable for calculation of dynamical processes.

The AdS/CFT correspondence may be a potential candidate for such a calcula-

tion [37], which has already been used for other medium properties [38, 39, 40, 41,

42, 43].

The definition of the transport coefficient 4, mentioned in the earlier section was

based on purely perturbative concepts. In order to do study the quenching in non-

perturbative terms, one has to find more general quantities. The discussion in [44]

defines the 4 parameter in terms of the expectation value of Wilson loop in the adjoint

representation:

< W^(C) >~Zz exp - L-L (1.8)

This parameter is a well-defined quantity in without weak-coupling assumption,
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and also exists for other guage theories. Although the gravity dual of QCD is not

known, other gauge theories with similar features may be used in computing the

properties of the QCD medium, such as the supersymmetric Yang-Mills theory (SYM)

in the strongly coupled limit. Finding the value of 4 in strongly-coupled N = 4 SYM

in large number of color (N,) limit is equivalent to maximization of action surface in 5

dimensional anti-deSitter space, (AdS). The finite temperature in the guage theory is

represented by a black hole with a horizon at r = ro. Based on the assumptions that

high temperature and high number of colors limit, remains a valid approximation for

the QCD medium, the 4 calculated in SYM may relate to the value QCD.

The study in [44], finds 4 values in the ranges of 5-15 GeV 2 /fm for RHIC condi-

tions, which is of comparable magnitude with the values extracted from data [34, 45].

1.3.7 Medium geometry and quenching

The above discussion proposes that there is a very strong influence of the medium

on the jets produced inside. As a result, the quenching effects depend on the event-

by-event behavior of the medium and the relative location and orientation of the

production vertex of the high energy partons. Studies of low-PT particle correlations

have shown that the evolution of the medium is strongly correlated to the initial

geometric configuration of the overlap between the nuclei, and this configuration

fluctuates event-by-event by a large amount [46]. Therefore, the density and the

extension of the medium that a typical parton observes is different at each collision,

which is an important factor in the calculation of a realistic jet-quenching model [47].

Not only the azimuthal anisotropy of the medium, but also local fluctuations can have

influence on the effect. Such fluctuations in the temperature profile of the medium,

are illustrated in right figure [4]. The fluctuations of the amount of medium can be

quantified as in [4]. The probability distribution for a parton observing a certain

effective pathlength, (effective, meaning weighted by density) is shown in the left

figure 1-11.

The cross-section for a high-pT process decreases rapidly with PT. When the

sample is selected based on a high-pTtriggering jet (or hadron), it is more likely that
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Figure 1-11: Left : Temperature profile on the transverse plane in a central collision
between Au nuclei. Right : The probability of a parton to traverse a given (density-
weighted) path-length. Each parton samples a different value from this distribution
and suffers a different amount of energy-loss. The lines are related to a different
calculation where an effective fixed path-length is used [4].

this jet has suffered little energy-loss than being with higher initial PT that is quenched

to this value. This also means the triggering jets observed are those produced closer

to the surface of the medium, a situation referred to as surface bias. The production

vertex distribution of surviving (PT> 15 GeV/c) inclusive partons in AuAu collisions

is illustrated in figure 1-12 [48].

Every parton travels a different amount of medium: both the length of travel and

the conditions (density and temperature, or simply q) across the traversed medium,

differs for every parton. The path-length dependence of the energy-loss is very inter-

esting, for it distinguishes between various descriptions (and types) of the energy-loss,

introduced above. For example, due to the LPM effect discussed in 1.3.5, it makes a

difference, whether a fixed amount of matter is distributed along a long distance or

squeezed into a smaller path. The more compact the material is placed, the more the

coherence effects come into play, reducing the amount of the energy-loss.

The path-length dependence of energy-loss is also sensitive to the expansion of

the medium. As a parton traverses the medium at a fixed speed (- c), it experiences
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Figure 1-12: The vertex distribution of surviving partons (final PT> 15 GeV/c) in
AuAu collisions for different flavors. The stronger the energy-loss, the more the
partons are biased to be emitted from the surface of the medium.

the distant parts of the medium at later times, where q has evolved according to 1.6.

As a result of the role that the configuration of the medium plays in the energy-

loss, it is of great interest to explore the data in observables that can distinguish

the geometry dependent effects, from the other average medium properties. The

correlations between dijets, as we will see in the analyses discussed in this thesis,

provide such an insight to this problem. In the high-pT dijet events, where parton

momenta are balanced in the initial hard-scattering, the two jets lose a different

amount of energy due to different material and distance travelled. As we will see, the

imbalance between these jets reflect the material and path-length dependence of the

quenching.

1.3.8 Jet quenching at RHIC and LHC

There has been a large volume of evidence for energy-loss phenomena from the RHIC

experiments [9, 10, 11, 12]. The collisions at a nucleon-nucleon center of mass energy

Vs-N = 200 GeV already have shown signatures of quenching. One of such measure-

ments is the suppression of the high-pT hadron production, quantified by the nuclear

modification factor, RAA:
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RAA(PT) = dAA/dPT(1.9)
< Ncon > d-PP/dpT

One observes that the hadron spectra is suppressed by a factor of 5 at some

momenta, as in figure 1-13. This suppression can be caused by a shift of the hadron

PT spectra to lower PT values, thus appearing as a suppression. An alternative way

of thinking of this effect is, if some hadrons are not produced any more due to the

quenching of the partons, only a fraction of the jets, which originate from the surface

of the medium, may produce the high-pT hadrons, where RAA represents such survival

probability. The actual effect may be a combination of the two, the amount of

energy degradation may differ for each jet in each event, therefore a more dynamical

quantification of the energy-loss would be helpful.

However, as discussed in section 1.2.2, it is difficult (yet possible) to relate the

hadron-level measurement to the partonic dynamics. In particular, the measurement

of hadrons, being a result of convolution of both energy-loss and fragmentation ef-

fects, degrades the precision of this measurement in terms of the partonic energy-loss.

The value of 4 that was estimated from these measurements [34, 45] had to rely on

the fragmentation functions, which may impose theoretical uncertainties. These cal-

culations suggested a 4 value of roughly 15 GeV 2 /fm; however, [45] also states that

due to the surface-bias, the hadron RAA may lose sensitivity to the exact value of Q

when 4 is greater than 5 GeV 2 /fm.

The study of azimuthal correlations between high-pT hadrons can also probe the

dynamics of the energy-loss, this time with sensitivity to the correlation between the

energy lost by partons on either sides of the hard interaction. The results, as seen in

figure 1-13, suggest that there are cases in which one jet is absorbed while another one

survives to produce the trigger high-pT hadron. Study of the azimuthal correlations

with lower PT hadrons pose difficulties due to the flow effects in the underlying event

and the interplay between the quenching and the flow. In addition, the fragmentation

remains an intermediate process between the actual effect and the observation.
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Figure 1-13: Hadron RAA and correlation results from RHIC experiments.

The availability of the LHC data has significantly improved the PT range accessible

to hadron measurements 1-14. This already helps the analysis of the transport coeffi-

cient, q, however prone to the same issues discussed above. The possibility of full jet

reconstruction may help factorize the different levels of effects. First of all, the frag-

mentation of the jets can be quantified in terms of the hadrons and the observed jet

energy, to see if the longitudinal profile of the shower (and possible medium response)

has changed. This may serve as a connection between the parton level energy-loss

calculations and the hadron measurements. On the other hand, the jet RAA provides

a closer look into the energy-loss in parton level. Furthermore, correlating back-to-

back jets can provide many observables that are most sensitive to the different modes

of the energy-loss. The azimuthal correlations of dijets, as an example, can probe

any high momentum radiation in large angles, such as enhancement of early radia-

tion at high virtuality. Another measurement is the momentum imbalance between

dijets, which is sensitive to the location of dijets in the medium, and can factorize the

medium-dependence of the energy-loss from the fluctuations in the shower process.

In this thesis we will go through the analysis of these observables, and will try to

learn about the medium effects on jets.
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Chapter 2

CMS experiment and data

Figure 2-1: Various elements of the CMS Detector.

CMS is a multi-purpose large angular coverage detector, with a very high magnetic

field (3.8 T) and very dense material, whose detailed description can be found in [49].

It is initially designed to study the physics of high-energy proton collisions, which

require a good precision on QCD related probes [50]. It later proved to be an optimal
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design also for the heavy ion collisions, with its wide coverage, precise calorimetry

and good tracking.

2.1 The Tracking System

The tracking system in CMS is composed of two kinds of detectors: the Silicon Pixel

Detector, as the closest detector element to the beam, and the Silicon Strip Chambers,

surrounding the pixel detector.

2.1.1 The Silicon Pixel Detector

The pixel detector is the closest detector to the beam, and has a high granularity,

which makes it a useful tool for the measurement of vertex position along and trans-

verse to the beam axis. It is composed of three cylindrical layers around the beam

referred to as barrel and two layers of disks at each side as endcaps, as illustrated in

figure 2-2. The barrel layers extend to 53.3 cm along the beam axis, and are at dis-

tances of 4.3, 7.3 and 10.4 cm from the beam axis. The endcap disks have a diameter

of about 15 cm and are positioned at z of 34.5 and 46.5 cm, on both sides. There are

in total 66 million pixels, which can handle the greatest multiplicity events achieved

in heavy-ion runs or pp runs with high pile-up.

Figure 2-2: Silicon Pixel Detector.

The pixel detector is made of smaller detector units called modules, each contain-

50



ing two rows of 8 read-out chips connected to the active area. In barrel, there are

in total 672 modules of rectangular shape and 96 additional half modules (with only

one row of 8 read-out chips). In the endcaps there are 24 wedge shaped modules on

each disk.

The pixels have an area of 150x150 pm2 , on a sensitive silicon layer of 250 um

thickness. The orientation of modules are tilted in a way to optimize the charge share

between pixels due to Lorentz angle, which results in a position resolution of 10 um

and 15 um in azimuthal and z directions respectively.

One of the early and most important measurements in PbPb (and pp) was the

measurement of the charged hadron multiplicity, which primarily used the signal in

the pixel detector which has a good hit efficiency down to very low values of charged

hadron PT [51, 52].

2.1.2 The Silicon Strip Detector

The Pixel Detector is surrounded by a large (24 m3 volume of pads with pixel strips.

Different subsystems, which are responsible for a different angle of coverage, have

slightly different design of strip modules. The different subsystems, TIB, TID, TOB

and TEC are shown in figure 2-3. The surfaces of the modules, typically 10cm wide,

consist of 80p m strips. The thickness of the silicon is 320p m in the inner tracker

and 50 0 /t m in the outer layers. Some modules are mounted back-to-back to be used

as stereo modules, which are used in some layers.

The signal is read-out by custom integrated circuits, using optical fibers to trans-

mit signal to the Front End Driver (FED). A single FED receives data from 96 fibers,

with 256 channels per fiber. The pedestal and common-mode noise subtraction are

applied to the digitized signal in the offline reconstruction (and HLT) process.
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layers are double-sided (stereo) strip layers. The pixel detector is shown in purple.
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2.2 The Electromagnetic Calorimeter

The CMS Electromagnetic Calorimeter (Ecal) is a system of lead-tungstate scintilla-

tors and avalanche photo-diodes (APD) that provide crucial information on electro-

magnetically interacting particles, mainly photons and electrons. In the context of

jet quenching studies, the Ecal is particularly important for photon reconstruction,

and in jet reconstruction where an important fraction of hadronic energy consists of

r0s which are observed as photons in the final state. The Ecal Barrel, EB, covers the

pseudorapidity range of JqJ < 1.479 and the Ecal Endcaps, EE, cover 1.479 < JqJ < 3.

The EB is made of a single layer of lead-tungstate (PbWO4) crystals, which have a

radial length of 23 cm, and a width of 22 x 22mm in the inner edge and 26 x 26mm

in the outer edge. PbWO4 , having a very high density, provides a short radiation

length (XO = 0.89cm) and small Moliere radius (2.2 cm). The EE crystals are 22

cm long, and of area of 30 x 30mm. Sampling of the scintillation is performed by

Avalanche Photo-Diodes (APD) in the barrel, and by Vacuum Photo-Triodes (VPT)

in the endcaps. The pre-shower detector, ES, is a lead sampling calorimeter with

silicon sensors, covering the end-caps, which is used to discriminate r0 and direct

photon signals. This subsystem was not used in the analyses of heavy-ions.

Preshower (ES)

3.0 ndcap
--- ~z ECAL (EE)

Figure 2-4: Ecal Detector.
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2.3 The Hadronic Calorimeter

The Hadronic Calorimeter, Hcal, system in CMS is a combined system of different

components. In the mid-rapidity region, a hydbrid absorber-scintillator calorimeter is

used, and in the forward region, due to high irradiation, a Cerenkov radiation based

system is used. Since these components have very different characteristics, we will

discuss them separately.

HI= ==

In I.

Figure 2-5: Hcal Detector.

2.3.1 Barrel and Endcap (HBHE)

CMS uses a hybrid calorimeter of brass plates and plastic scintillators for measur-

ing the energy of hadrons at mid-rapidity. There are two subsystems, Hcal Barrel,

covering rJq < 1.3 and Hcal Endcap for 1.3 < JqJ < 3. The system has a depth

of 13 interaction lengths in order to guarantee the complete absorption of hadrons.

The towers of radially stacked brass and scintillator plates, have a granularity of

0.087 x 0.087 in 77 x 0 in barrel and 0.17 x 0.17 in endcap. The goal of HBHE is to

absorb all energy from charged and neutral hadrons, to be clustered in to jets or to
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determine the missing transverse energy (MET) when combined with the information

from Ecal and tracker. A jet of radius 0.3 typically consists of 37 calotowers, which

can resolve the shape of the jet to a good extent.

2.3.2 Forward (HF)

HF is a system of quartz fibers placed behind a lead absorber. The Cerenkov radiation

in the fibers are guided to the PMTs which are placed close to the detector in order

to achieve fast response.

The HF detector has a particular importance in studies of PbPb collisions due to

its role in two most important ingredients in any analysis:

" Event selection The first task in analysis of PbPb and pp collisions is selecting

a sample purely corresponding to the physics of interest, free of background from

other processes that happen in the collider. HF plays an important role in event

selection because it can quantify the topology of the soft particle production

in a collision, which is an important discriminator of many event types. Event

selection is further discussed in Section 6.1.

" Centrality determination The centrality determination procedure is dis-

cussed in the Chapter 5. The HF detector is chosen to represent the centrality

because it is farther from the calorimeters in mid-rapidity that constitute the

main observables. This way, the centrality determination is not biased by the

presence of the jets that are the object of the study.

Another important task that is preformed by HF is event-plane reconstruc-

tion, which finds the angle in the x-y plane in which the collision occurred. This is

particularly important for studies of elliptic flow, in which the azimuthal anisotropy

of the particles is quantified with respect to this angle. In the analyses discussed in

this thesis, the effects of the flow to the first order are neglected, and the event plane

determination is not used.

The HF detector is also used in jet reconstruction, however in the studies discussed

in this thesis, the analyses are restricted to jets in the barrel region. The cross
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section of high-pT jets in the forward region is very low, therefore limiting the effective

acceptance does not affect the results on the dijet correlations.

2.3.3 Outer calorimeter (HO)

HO is an extension to the barrel calorimeter, an additional layer of absorber and

scintillator located outside the magnet coil, with towers of 0.17 x 0.17 granularity in

,q x #. HO mostly aims to distinguish hadronic residual from muon signal in the outer

muon tracker, and it is not primarily used in the studies discussed in this thesis.

2.3.4 Zero-Degree Calorimeter (ZDC)

A set of hybrid calorimeters are placed on the z-axis on both sides of the detector, at

a distance of 140 m from the interaction point. The main purpose of these detectors is

to capture the neutrons that result from the fragmentation of the nuclear remnants in

PbPb collisions. It provides complementary information for triggering and centrality

determination.

2.3.5 Beam Scintillation Counters (BSC)

The BSCs are 2 cm thick pads of scintillation detectors, located at the surface of

the HF on both sides of pseudorapidity, as shown in 2-6. They cover the rapidity

range of 3.9Hg| < 4.4. The main purpose of these scintillators is to detect coincidence

of beam-correlated signal with precise timing, therefore they are important for event

selection and triggering.

2.3.6 Beam Pick-up Timing Experiment (BPTX)

BPTX is an electrostatic beam detection device, positioned 175 m away from the

interaction point. Its main purpose is to detect the beam presence on either side,

therefore it is useful in the triggering.
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Figure 2-6: The beam scintillation counters are placed on the inner sides of the HF
detector, with 16 segments on each side.

2.4 The Muon System

CMS is surrounded by a muon detector system, which is crucial for studies involving

triggering and selection of muon-related events, such as leptonic decays from vector-

bosons or quarkonia, which are also good probes for the studies of medium properties.

There are different components in overlapping barrel (1gJ < 1.3) and endcap (1 <

171 < 2.4) regions. Drift Tubes (DT), are located only in the barrel region. They

are drift chambers with an anode wire of 50p m thickness. Stacked between layers of

the drift tubes, Resistive Plate Chambers, (RPC), are layers of gaseous parallel-plate

detectors.

RPCs are also available in the Endcap, however, instead of DTs, Cathode Strip

Chambers (CSC) are used here. These are 6 layers of multi-wire proportional cham-

bers placed in the endcaps.

The muon system is not extensively used in most of the studies in this thesis,

although it is an important actor of reconstruction in the study of heavy-flavored

jets, which provide complementary information to the study of quenching with light

partons.
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Figure 2-7: Muon Detectors.
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2.5 Triggers and data samples

2.5.1 Trigger system

In order to make the best use of the available computing resources and high lumi-

nosity of collisions, the detectors must have a triggering system which can select and

categorize the events to record. CMS uses a two level trigger system, implemented in

hardware (LI) and software (HLT) levels.

The Level-i system (Li) triggers the readout of the detector in hardware level.

The decisions from a singe detector subsystem are transmitted as "technical bits",

and some technical bits are combined by detector firmware to form "algorithm bits".

Some of these Li bits are specified to be "active", meaning when the decision returns

true, the read-out of the whole detector is performed.

The High-Level Trigger (HLT) runs on the computer farm located in the P5 cavern,

where event building from various detector signals also takes place.

HLT is a typical CMS software process, composed of multiple paths. A path

represents a sequence of operations on a given event, and the final decision to qualify

the event. An HLT path is seeded by a given Li bit, and it can run any type of offline

reconstruction on the event in order to perform the decision. Certain optimization

of this reconstruction is needed in order to accommodate for the high rate of events

received by the HLT farm. The reconstruction in HLT is very similar to the full

reconstruction that is used in the analysis, with the following differences:

" Calibration : Since the calibrations can only be perfect after a full processing

of the data that is being recorded at any instant, the calibrations at the time of

the data acquisition may differ from the ones used in full reconstruction, which

happens with a certain latency.

* Tracking : Full tracking is not run for all paths available in the HLT. It is

available for certain dedicated paths with limited rate, in order to maintain the

satisfactory timing.

" Jet algorithm : Although ParticleFlow jets (described in section 3.3, which
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employ tracking, are used in offline analyses, the triggering is performed on

calorimeter-only jets.

In HLT, the events are selected based on their physics content, and certain abun-

dant physics channels are pre-scaled (repetitively skipped) if necessary. Some trigger

paths, relevant for the dijet analyses, are described below.

Minimum-bias event triggers

Minimum-bias event triggers are very important for heavy-ion collisions. Even in

studies of rare probes, one has to know well about the bulk properties of the medium

in an unbiased selection, which influence the MC tuning, centrality determination

and investigation of underlying event effects to hard probes.

The coincidence of signals in HF and in BSC are helpful in associating the event

to a common vertex in the vicinity of the interaction point. The trigger bit

"HLTHIMinBiasHfOrBSC" accepts events in which either both sides of HF or both

sides of BSC are hit. This path, like all others used in analyses, is gated with the

BPTX coincidence to ensure using only beam events.

Calorimeter jet triggers

The calorimetric coverage of CMS allows the identification of all high-pT jet events.

The signals from Ecal and Hcal are added together to form Calo Towers, on which the

jet algorithms (with background subtraction, as described in 3.4), are run. To be dis-

cussed in more detail in section 4.1.1, the energy resolution for calorimeter-based jets

is not as good as those reconstructed with ParticleFlow, therefore a lower threshold,

than that to be used in the final analysis, has to be preferred. Figure 2-8 shows the

turn-on curve for the 80 GeV jet trigger, as a function of offline-reconstructed PF jet

PT.
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2.5.2 Data samples

* 2010 PbPb sample: 6.8 1t b

The first LHC run of Pb ions was with a low luminosity of XXX, in which CMS

was able to record all collisions without the need for prescales.

* 2011 pp sample : 231 nb-1

Although a huge dataset of pp collisions at 7 TeV was collected by CMS in the

last years, the proton run at 2.79 TeV was very useful for heavy-ion studies, as

it provided a good reference for medium-related effects in PbPb studies.

* 2011 PbPb sample: 150 M b-1

This was the last and longest run as of the time this thesis was prepared, on

which most of the analyses are based on. The high-statistics allowed the study

of a PTdifferential approach in the study of dijet imbalance, which is the essence

of this thesis.

2.5.3 Simulations

The simulations involve two important components:

1. A signal (high-PT dijet) event of vacuum behavior, chosen to be Pythia [53]

2. An underlying minimum-bias event, generated by Hydjet [54, 55]

The events produced by these MC generators are propagated through the detector

by Geant [56] simulations. Pythia events are superposed on the events from an earlier

produced Hydjet sample, in a consistent vertex position in order to represent a single

combined event. This procedure is called event embedding. The resulting signal,

including noise in the measured amount, is reconstructed with the same methods as

applied to data.

The Hydjet sample, without embedding, is also useful in studies of minimum-bias

data, and tuned to match the observed minimum-bias properties such as (mostly

low-PT) hadron spectra, multiplicity and elliptic flow.

62



When a data sample is selected on a rare high-pT process, it is biased towards

more central events. This is because the number of binary collisions, therefore the

probability of the process to occur, is larger in these events. Since the sample is

generated with a minimum-bias centrality distribution, the MC is re-weighted with

the centrality distribution observed in data in order to accommodate for an equivalent

centrality bias.

The simulations are important for two reasons. First of all, the performance of

the reconstruction and systematic effects of the analysis can be estimated with the

help of simulations. In addition to that, in the cases where a consistent reference (pp)

data is not available, Pythia is considered as the baseline for medium effects observed

in data. In such situations, one has to consider the limitations of leading-order MC,

and try to avoid sensitivity to higher-order effects.
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Chapter 3

Particle and jet reconstruction

3.1 Track reconstruction

Tracking in a dense environment is a certainly very interesting challenge. The CMS

detector is designed in a way to handle not only single pp collisions, but also high track

multiplicity in many pp interactions happening simultaneously, called pile-up, which

is the natural environment of the high luminosity runs that the LHC was designed

for. It was then shown that the tracking system can go further and reconstruct tracks

in even PbPb collisions. One can understand that, the high multiplicity in the PbPb

collisions may by combinatorics create a larger number of fake tracks compared to

those in pp, and the tracking may have to be more selective, with the cost of less

efficiency. In addition, the high occupancy in the detector may introduce a loss in

efficiency already in the algorithm level. Although the tracking in HI analyses was

intended to be as close to the pp tracking strategy as possible, certain modifications

were implemented in order to achieve the best performance in the perspective of the

intended HI analyses. The tracking algorithm consists of the steps discussed in the

following subsections.
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3.1.1 Hit reconstruction in pixel and strip detectors

When a track traverses a piece of active tracker layer, the excited electron-hole pairs

spread in a larger area than a single pixel/strip. Particularly for the fact that there is

both a constant E field (for charge accumulation) and a B field, the particles drift in

a specific direction called the Lorentz angle, which enhances this spread. The charges

accumulated in the detector therefore should be clustered to locate the exact position

of the track. The integration of the charge in a cluster returns an estimate of the

energy that the particle has deposited in the active volume, which provides input for

particle identification via dE/dx method (although not used directly in this analysis).

It also helps to estimate the orientation of the track within the local volume, for

which the spatial extent of the cluster also provides information. This is important

when checking hits for their compatibility with the vertex, which will be discussed in

Section 6.1.

3.1.2 Vertex reconstruction

The collisions of the beams happen in a finite region in the center of the detector,

which is very small in the transverse direction (a few [m), since the beams themselves

are very narrow; however very wide in the z direction (10-20 cm), since the bunches in

the beams are wide. The parameters that describe the region of possible collisions to

happen, its center and width in 3 dimensions, is called the beamspot. The beamspot is

calibrated both in real-time during the data-taking, and offline before data processing

(with better precision). Since the beamspot is wide in the z direction, in order to

reconstruct the primary tracks in a given event, it is important to determine, event-

by-event, the exact position of the collision, named the event vertex. It is possible to

localize the position of the vertex without already having fully reconstructed tracks.

As mentioned in the previous subsection, the spatial extent of the pixel clusters, called

cluster size, encode information on the track orientation. With a survey of the pixel

clusters, one can constrain the vertex position to a much narrower region than what

the beamspot allows. Based on this rough vertex position, tracks in the pixel detector
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can be reconstructed, called proto-tracks. With more precise information from the

momenta of these proto-tracks, the vertex position is determined to a good precision,

and used as an input to full tracking.

3.1.3 Seed finding with pixel detector

The pixel detector, with its very high spatial resolution, in a small volume, can

determine some preliminary information on the tracks, by grouping the hits in the

different layers in pairs, or triplets. The grouping starts from the outer layers of the

pixel detector where tracks are expected to be well separated in space. The outer

layer hits are matched to inner layer with a constraint on the compatibility with

the vertex, forming pixel pairs. In the case of barrel, the grouping can include the

innermost layer, forming a pixel triplet. In the cases where a vertex is not successfully

reconstructed, the constraint can be based on the beamspot. In the analyses discussed

here, however, only events where a vertex is well reconstructed are analyzed.

3.1.4 Trajectory finding

The inner part of the CMS detector is filled up with a very homogeneous B field of

3.8T in the z direction, with no E field. The solution to the Lorentz force for a charged

particle in this field is a helix, which can be parametrized by the initial momentum

and position of the particle. The seeds in the pixel detector can constrain these

parameters by a good amount before trajectory finding in the strip detector. The

trajectory is then extrapolated to the strip detector volume, also taking into account

the multiple scattering in the detector material. A compatible layer on the strip

detector is found based on the comparison of the distance of a hit to the trajectory

versus the position uncertainty of the hit in that layer. The hit is compatible if it

is within n x - from the extrapolated trajectory, where n is taken to be 3 for the

reconstruction in the analyses discussed here. The compatible hits are then determined

by using the Kalman Filter. Adding the information of the compatible hits to the

track improves the initial trajectory which was based on pure extrapolation, and the
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procedure is repeated until there is no more unassociated hits left that are compatible

with the trajectories.

3.1.5 Final track fit

After the association of all hits to the trajectory, a final X' fit on the hits is per-

formed, from which the track parameters are determined. This includes the track

kinematics (based on the curvature in the magnetic field), and the quality variables,

which quantify how confident the measurement of a specific track is. The uncertainty

vales of the track PT, and impact parameter are determined for each track, and used

in the final track selection, discussed below.

3.1.6 Track selection in analysis

The algorithm returns the widest possible selection of tracks, with flexibility of further

selection in the analysis level. Different types of analysis may be sensitive to the track

efficiency and fake rates differently, thus there is always room for optimization. In the

analyses discussed in this thesis, the track selection is based on the following variables

and criteria:

" Nalid < 13 : Number of valid hits on the track

" do/o(do) < 3

-do : The shortest distance between the primary vertex and the track in

transverse (xy) plane

- o-(do) : The uncertainty on the do of a track, where the uncertainty of the

vertex position is also quadratically added

* d,/-(d,) < 3

- d : The shortest distance between the primary vertex and the track along

the z axis
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- o(dz) : The uncertainty on the d, of a track, where the uncertainty of the

vertex position is also quadratically added

0 U(PT)/PT < 0.1 : The uncertainty on the PT of a track, normalized by the PT

of the track

The name of the tracking collection that results from the above selection and was

used in all analyses discussed in this paper (except jet RAA), is "hiGoodTightTracks".

In jet RAA, "hilterativeTracks" were used.

3.1.7 Tracking performance

The performance of the "hiGoodTightTracks" is shown in figure 3-1. Important

quantities are the overall tracking efficiency, which is a combination of algorithm

efficiency and the geometrical acceptance of the detector, and the fake rate of tracks.

The efficiency values are applied as inverse weights in the analysis to correct for

the tracking inefficiency. The fake rate is also corrected for, in the same weighting

procedure.

0.9 CMS Simulation CMS Simulation 09 PYTHIA+HYDJET:PYTHIA+HYOJET 09 PYTHIA+HYDJET
0.8 Jet pT > 

40 
GeV/c, Track tq1<1 0.8 -Jet p > 40 GeV/c, Track pT > 4 GeV/c 0.8- Track pT > 4 GeV/c, Track n|<1 -

0.7 07 0.7-

0.6 06 06

< 05 Final Track Selection 0
0.4- -5% 0.4 0.4-

a5-10%
0.3 10-20% 0.3 0.3-
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Figure 3-1: Tracking efficiency (topmost points) and fake rate (bottom points) for Hi-
Good Tight Tracks. The three panels show the tracking efficiency and fake rate a func-
tion of track PT(left), l'/ (middle), and jet pT(right) evaluated in PYTHIA+HYDJET.

The performance of tracking is determined from MC, therefore it has to be vali-

dated with data. The efficiency is validated by comparing track quality distributions

in data and MC, before and after each cut involved in analysis. In addition, track
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multiplicity distributions and correlations between calorimeter jets and particle-flow

jets are studied as possible indicators of a misestimated tracking efficiency.

3.2 Calorimeter reconstruction

3.2.1 Ecal energy reconstruction and clustering

Although Ecal crystal cells are designed to match the Moliere radius of lead-tungstate,

which is, the transverse size that contains a full shower of photon and electrons, many

times the particles may not hit right the center of the cell and have their energy

distributed over a wider region. The Ecal candidates are therefore constructed by

clusters of crystals rather than individual cells.

3.2.2 Hcal energy reconstruction

The energy within the smallest rj x # unit of detector, (combining all layers of the

detector in HB, HE, and different-length fibers in HF) is summed up to form the Hcal

RecHits. The hits are the main input to the ParticleFlow reconstruction, which will

be described next. When the Hcal energy is also summed up with the corresponding

5 x 5 group of Ecal crystals, the candidates representing the total energy in that

unit cell are called Calo Towers, which are the main input to the purely calorimeter-

based version of the jet reconstruction. This reconstruction method is not vulnerable

to tracking efficiency, however it suffers from a less precise energy determination

compared to tracks. The jets obtained though pure calorimetry are evaluated to have

a wider resolution compared to the ParticleFlow jets, discussed next.

3.3 Particle Flow algorithm

Although the calorimeters absorb the energy of hadrons completely, therefore are a

good candidate for jet reconstruction, the non-linearity of the hadronic calorimeter

limits the energy resolution of the reconstructed jets. Tracking can provide com-
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plementary information on particles at each event, however this information is only

useful if it does not introduce double-counting. The "Particle Flow" algorithm enables

the optimal use of both calorimetry and tracking, by reconstructing single particle

candidates from tracks and calorimeter energy deposits. Depending on the type of

the particle, one piece of information can be preferred rather than other:

" Charged hadrons both leave tracks in the tracker, and deposit energy in the

calorimeters. Since the track momentum resolution is in better quality than

calorimeter energy resolution, one can use the tracking information only.

" Photons are the majority of the particles that deposit energy in Ecal. They

can be identified with the absence of a track pointing to the center of the Ecal

cluster.

" Neutral hadrons do not leave marks in either the tracker or the Ecal. Any

energy left in the Hcal after subtracting the charged hadron contributions is

assumed to be belonging to a neutral hadron.

The particle flow algorithm starts the reconstruction by connecting the various

layers of detector inside out: Starting from tracks, it matches them to Ecal clusters

and Hcal towers and then mathes Ecal clusters to Hcal towers. The connections

between each reconstructed object are called links. Depending on the energy fractions

in each link, a set of links from tracks to Hcal towers are assigned a particle type,

particle-flow id, and treated as a single particle. The energy of the particle is assigned

based on weights and priority over the components it is made of, with the approach

discussed above. Not all the Hcal energy is considered to be belonging to this particle,

but rather an expected amount in the Hcal is subtracted, and the rest is left available

for contribution to other particle candidates, for example to the neutral hadrons.

The calibration of weights, particle identification and energy subtraction are based

on single particle studies with the pp data and simulations.
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3.4 Jet reconstruction algorithms

3.4.1 Jet definition

As discussed in Section 1.2.3, the definition of the jets is very important for the

clarity of the physics message that a certain measurement gives. The choice of the

jet algorithm is driven by both the demands from the theoretical perspective and

experimental conditions.

* The algorithm has to be fast enough to afford many iterations in a busy envi-

ronment.

" The algorithm has to be infra-red and collinear safe, which allows to clearly

define the object in theoretical study, due to issues discused in section 1.2.4.

* The background from the underlying event (discussed in the next sub-section)

should be easy to quantify, which means a circular jet area with fixed size is

advantageous.

The FASTJET package [57] provides a variety of algorithms, implemented in an

efficient way [58]. Among these, the anti-kT algorithm [59], is a popular and efficient

one, satisfying the above requirements. It has been by far the most popular algorithm

in recent analyses in RHIC, Tevatron and LHC.

The anti-kT algorithm is a special case of the more general sequential recombi-

nation algorithm, which works as follows:

1. A set of candidates is defined (particles, or pre-merged towers).

2. A distance measure for each pair of candidates is defined as

dij = min(kg ,k 2 )

where p and R are parameters of the algorithm, and A2 represents the dis-

tance between the candidates i and j in the rapidity-O space (which can be

approximated to be q-#space for small rapidities and small masses).
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3. Add the beam-candidate distances, diB kf into the list of pairs constructed

above.

4. Investigate the minimum element of the list:

(a) If it is any di,B, define it as a jet an remove from the list.

(b) If it is any di,, remove the individual i and j from the set of candidates

and add a merged candidate k into the set of candidates.

5. Restart the procedure from (1), until all candidates are converted into jets.

The choice of p = -1 is called the anti-kT algorithm, which was invented after

the kt (p = 1) and Cambridge/Aachen (p = 0) algorithms. One can understand the

inherent infra-red and collinear safety in the above formula:

" When the angular distance between two candidates approaches zero, dij dimin-

ishes and guarantees merging (and collinear safety).

" When either of the candidates is of very low-PT, it has more priority to be

merged with other candidates, thus eliminating sensitivity to soft radiation

(and infra-red divergence).

What the peculiar p = -1 choice introduces is the priority given to the hard

components to guide the clustering.

Although it is not entirely explicit in the procedure, the algorithm results in jets

that are quite circular (as opposed to random) in shape in the '/-0 plane(while p = 1

yields quite distorted shapes), and the radius of the circle is very close to R, unless

the jet is composed of very low total PT (a few GeV/c) that can only cluster a smaller

region.

The R parameter of the algorithm is chosen to be 0.3. This is a rather small value

compared to the jets that are used in pp analyses (R = 0.5, R = 0.7). Choosing

a large radius is good for integrating more radiation effects and have a more direct

correspondence to the parton involved in the hard process. Choosing a smaller value

of R means the partons that we are analyzing correspond to a slightly later time
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scale after the hard collision, therefore it may already contain more imbalance effects

without the presence of any medium. However, in the PbPb measurement, the smaller

radius has the advantage of being less vulnerable to the background fluctuations due

to the underlying event. The resolution deterioration due to underlying event roughly

scales with the area under the reconstructed jet, therefore R2 .

3.4.2 Background subtraction algorithms

In PbPb collisions, there is a high multiplicity of soft particles originating from pro-

cesses that are not fully correlated to the single hard interaction we are interested in.

Furthermore, the amount of this underlying event varies dramatically event-by-event,

and so does its angular modulations. If we want to work with the jets in a way that

relates them best to the parton in the hard scattering, we need to subtract this back-

ground contribution. This subtraction may be applied before or after clustering the

jets. For either approach, certain issues have to be dealt with, although may differ in

implementation:

" The background estimation should not be affected by the jets themselves.

* The angular modulations (in q and #) of the background should be considered.

The analyses discussed in this thesis mostly use the so-called "Pile-up subtraction

algorithm", which is a pre-clustering subtraction approach, with details in [?]. The

procedure can be summarized as follows:

1. The ParticleFlow candidates are merged together in towers of unit Ar and AO,

which is chosen to be same as the Hcal granularity since it is the coarsest of the

components involved. 3-2

2. For each set of towers at a constant 77, mean and variance of energy is deter-

mined. The sum of mean and variance corresponds to the estimated amount of

background. In general, there can be a tuning factor multiplied with the vari-

ance term before adding. This factor is chosen to be 1 for the analyses discussed

here.
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3. The estimated background is subtracted from all towers. 3-3

4. The clustering algorithm (e.g. anti-kT) is run on the subtracted towers.

5. Excluding all towers within a chosen radius (0.5) around the jets (with a PT

threshold of 15 GeV) found in step 4, background is re-estimated. 3-4

6. Clustering algorithm is re-run over the final subtracted towers. 3-5

20
0

6

Figure 3-2: The ParticleFlow candidates are merged together in towers of unit Arq
and A#, which is chosen to be same as the Hcal granularity since it is the coarsest of
the components involved.

I--
40

0.0

Figure 3-3: For each set of towers at a constant I, background level is determined.
The estimated background is subtracted from all towers.

One should notice the algorithm has some important free parameters. The coeffi-

cient of standard deviation in background estimation is the first one, and it is driven

75



o-

100-

20

00

Figure 3-4: Excluding all towers within a chosen radius (0.5) around the jets (with a

PT threshold of 15 GeV) found in step 4, background is re-estimated.
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Figure 3-5: Clustering algorithm is re-run over the final subtracted towers.
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based on calibration of average response in simulations. Other parameters are those

related to the jet exclusion as of step 5. These are particularly important for low-PT

jet studies, in which background fluctuations can also fake jets, and the choice of the

threshold can bias the energy of the jets. In this thesis we are concentrating on high

enough jet-pT values (>30 GeV/c) and avoid this problem.
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Chapter 4

Jet energy scale and resolution

The jet energy scale and resolution, in addition to tracking efficiency, are the most

important sources of systematic uncertainty in the measurements, therefore they de-

serve a detailed study of their values. As discussed later in the overview of results 7,

one will see that the connection between a theoretical quantity and data is possible

only with the knowledge of the performance parameters, which the results are folded

or unfolded with.

The reconstruction performance of the CMS detector is extensively studied with

a large effort [601, driven by various physics goals, including the search for the Higgs

boson [61]. A significant portion of this calibration and performance study applies

also to the reconstruction employed in PbPb studies, however, differences exist, which

have to be additionally studied.

The important contrasts of the PbPb reconstruction and studies to pp are:

* Different center-of-mass energy

" Higher -multiplicity environment

" Background subtraction in jet reconstruction

" Possible fragmentation differences

Some of these effects are only known based on the measurements of data, and they
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are sources of systematic uncertainty. They can be improved as more measurements

are performed.

4.1 Major factors in jet response and resolution

There are many factors involved in the resolution of jets in PbPb. Each of these

factors may contribute in a different way, therefore it is necessary to evaluate each

effect.

4.1.1 Calorimeter response

The calorimeter system consists of Ecal and Hcal, which have been described in 2.2

and 2.3. In the reconstruction of jets with Particle Flow method, Ecal is primar-

ily used to determine the contribution of photons (and piOs), and Hcal is used to

determine the contribution of neutral hadrons, and charged hadrons that were not

successfully reconstructed with tracking. Ecal is able to measure a single photon's

energy with 5% precision.

The energy measurement of hadrons from a cascade in Hcal is not as precise as

Ecal response to photons, due to the nature of the hadronic cascade involving lots of

fluctuations in the particle composition of the final state.

4.1.2 Effects of tracking efficiency

The track efficiency has some effect on the jet PT resolution, however in second order

because missing a track in particle-flow is compensated by the calorimeter energy.

The effect is estimated by analysis of fully simulated MC. This also relies on the

validation of tracking efficiency in MC by comparing to data, as was discussed in ref-

sec:trackefficiency.

80



4.1.3 Background fluctuations

The factors in jet response mentioned so far were generic for all collision systems.

However, in the PbPb collisions, the large underlying event activity due to many

soft interactions between the nucleons introduce a significant contribution to the jet

response. Although the underlying event component is estimated event by event and

subtracted from the measured jet's energy, it only contains limited information on

the actual background fraction in a jet's energy, and there are finite fluctuations in

the final jet response, that depend on the method of the background estimation and

the nature of the underlying event. These fluctuations not only affect the response of

a given jet, but it is also important to understand its effects in various multi-jet (e.g.

dijet imbalance) measurements.

The jets in the PbPb collisions can be considered to be superposed with the

underlying event, whose contribution to the jet would depend on the particles falling

into the same cone. It is easy to estimate this amount from study of minimum-bias

collisions, as done in later sections. In a simple approach, the fluctuations of this

energy can be considered to correspond to the exact additional component of the

resolution. However, the actual effect on the jet energy is not as straightforward

measurement because:

1. The outcome of the jet algorithm is affected by the background before the jet

axes are determined.

2. Jet reconstruction involves thresholds which have non-linear impact on back-

ground contribution.

3. Background subtraction effectively reduces the sensitivity to background con-

tribution in lower energies, with the cost of systematic uncertainty in the energy

scale.

For these reasons, the real effect of the fluctuations on the jet resolution should

be estimated within the context of the algorithm, which is possible in studies of full

simulation or data mixing. However, the accuracy of such methods gains confidence
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with good understanding of the underlying event though direct studies of minimum

bias collisions.

Multiple hard interactions

The events with the jets are biased towards more central events, where more binary

nucleon interactions happen. It is also possible, that additional hard scatterings

happen in the same PbPb collision. In such interactions, the scattering with higher

momentum exchange is considered to be the primary interaction that this analysis

measures, and the others are considered to be part of background contribution to the

primary jets. Consideration of these events explains the non-gaussian nature of the

background fluctuations that are observed in the various methods that estimate the

jet resolution. The hard part of the fluctuations are investigated through analysis of

Hydjet MC events, in which many hard nucleon interactions are overlaid on top of

each other to simulate the underlying event in the PbPb collisions. One can keep

track of the information of individual interactions, and these can be associated with

the final jets observed in reconstruction. Study of data and MC with random cones

also provides information of the hard part of the fluctuations, which is explained

below.

4.1.4 Effects of quenching

The study of missing pT in asymmetric dijet events show that there is a finite excess

of particles in a wide region in the hemisphere of the jet. Some of this excess also

exists within the jet cone, and results in an extra soft component in the jet energy.

Spectra of charged particles in jet cone for PbPb and pp dijet events are analyzed,

and from their difference the amount of expected energy excess is estimated. This

energy is estimated to be less than 1-2 GeV, and it is attributed to the systematic

uncertainties regarding the jet energy scale.

The quenching can also affect the jet energy scale through any modifications

in the fragmentation pattern. As discussed in Section 6.3.1, the fragmentation is
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similar to pp collisions, and with studies of the detailed difference in pp and PbPb

fragmentations, the possible effects on the jet energy scale is estimated to be 5%.

4.2 Estimation of Jet Energy Scale and Resolution

in PbPb

As mentioned in the previous section, although the jet reconstruction in CMS pp

studies is extremely well-understood, further studies are needed to test the additional

effects that arise in the PbPb study. Here we will discuss the studies for validation

of the energy scale and resolution, and determine the uncertainties that will be later

reflected on analysis results.

4.2.1 Simulation studies

The energy scale, corrections and resolution are determined from fully simulated MC

events. These events are generated by Pythia, and jet reconstruction is run on both

the generator output particles, and on fully simulated and reconstructed particle-flow

candidates.

Some useful definitions before starting the discussion:

" GenJet : The jet obtained by applying same jet algorithm on the gen-level

particles in the MC event.

" RecoJet : The reconstructed jet after the MC event is fully simulated.

* AR : The distance in q-0 space, with magnitude V?2 + Aq$ 2

" Matching : Correlating gen and reco level objects by checking compatibility

AR < 0.3

" Matched GenJet : Any GenJet that is matched to a RecoJet

" Matched RecoJet : Any RecoJet that is matched to a GenJet
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e Fake Jet : Any RecoJet that is not matched to a GenJet

" Missed Jet : Any GenJet that is not matched to a RecoJet

" Jet efficiency: The ratio of matched GenJets to all GenJets in a given selec-

tion.

" Fake jet rate : The ratio of unmatched RecoJets to all RecoJets in a given

selection.

The GenJets are assumed to represent the jets of all hadrons that appeared in

the final state, whether or not being detected. The GenJets are in this view the

right object to relate with the theoretical calculations. In some of the the studies in

this thesis, the results are presented in reconstructed level, not being unfolded to the

true GenJets. In such cases, the results have to be carefully interpreted by correctly

modeling the reco-level observables.

Event embedding

An important aspect of the jet resolution is its vulnerability to the effects of the

underlying event, which is of different amount in PbPb and pp. For this reason, in

building the reference for the PbPb-MC comparison, the MC has to include the PbPb

background, with the same centrality distribution.

The PbPb underlying event is generated by Hydjet, with the Drum tune that

reproduces the observed data quite well [55]. The bulk properties of the medium are

shown in figure 4-1. The background fluctuations are further studied in section 4.3.1.

A different tune of the Hydjet, namely the Bass tune, has been used previously. This

tune underestimates the multiplicity, and the uncertainties resulting from underlying

event multiplicity can be studied by these different tunes.

It is difficult to generate a high-statistics sample of high-PT dijets by running pro-

duction of minimum bias PbPb events. Instead, a minimum bias sample is generated

once, and to each event an additional hard scattering event, by Pythia, is superposed,

with the proper cross section. The centrality distribution obtained this way is similar
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Figure 4-1: Performance of the Hydjet
From [55].

Drum tune, against data observed by Alice.

to minimum bias, whereas the jet sample displays a bias towards more central events

due to the relatively higher number of hard collisions in more central events. The

MC sample is then reweighted as a function of fractional cross section (in 40 bins of

2.5%), to achieve the realistic distribution.

The jet performance estimated from embedded MC studies is summarized in the

figures 4-2 and 4-3.
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Figure 4-2: Left: Inclusive jet efficiency in different centrality bins. Right: The rate
of fake jets per selected leading jet.
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uncorrected and corrected jets. Due to some inefficiency of jet reconstruction at lowet
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resolution, which is treated separately in systematics.

Jet energy corrections and uncertainties

The raw sum of the candidates that make up a jet, represents only a fraction of the

total energy that belongs to the GenJet. This amount should be corrected to yield

the right value in average. The corrections are obtained by comparing the PT of the

matched RecoJet-GenJet pairs, in simulations of Pythia events. The corrections are

derived as a function of PT and il. In the case of particle-flow jets, most of the jet

energy is successfully detected by the tracker and the calorimeter, and the correction

needed to calibrate the average energy to 100% is about 30-10%, decreasing with jet

PT, as can be seen from the response of uncorrected and corrected jets in figure 4-3.

The corrections are an important source of uncertainties, therefore minimizing the

amount of necessary correction is one of the main goals of the reconstruction method.
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The uncertainty on the jet energy scale is determined by combining various sources.

First of all, the uncertainty that is quoted for the pp reconstruction (1.5-3%) [60 is

taken to be the base value which PbPb uncertainties are added on top of. These

additional effects include the missing residual corrections for PU subtraction effects,

and the fragmentation related effects on the energy scale, which have an effect of

about 3%.

Jet resolution parametrization and systematics

The jet resolution parameters for a specific study, namely the photon-jet correla-

tions [8], has been published along with the paper. These numbers may be used

by theorists to translate their calculation to detector-level observables, as will be

discussed in section 7. The values in various PbPb centralities and pp data, are

summarized in table 4.1.

The jet resolution can be considered to consist of different independent compo-

nents, which add up quadratically as

pReco s N
GeGen ' (4.1)

Gen [Gen P
PTPT

Table 4.1: Parameters of the functional form for the jet energy resolution
o- (peco/pGen) given in Eq. 4.1, obtained from GEANT4 simulation of PYTHIA pp
jets and from PYTHIA jets embedded in HYDJET events for various PbPb centrali-
ties (indicated by the % ranges in parentheses). The units of S are GeV/c and the
units of N are GeV/c. From [8].

C S N (pp) N (50-100%) N (30-50%) N (10-30%) N (0-10%)
0.0246 1.213 0.001 0.001 3.88 5.10 5.23

The different terms in this parametrization represent different experimental effects,

and it is important to know their physics origin when examining the systematic effects

due to uncertainties in resolution.

* C) constant term: This term represents the resolution from pT-scaling noise
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effects, such as those from read-out, or tracking efficiency; as a constant fraction

of the PT. It is almost negligible for the PT ranges populated in this analysis.

* S) sampling term (or stochastic term): This term is governed by the shower

fluctuations in the calorimeter, in addition to the fluctuations in the PT profile

of the hadron clusters.

" N) noise term: This term represents the fluctuations in the underlying event,

and pile-up if there is any. Even though background subtraction does a good

job, eliminating the energy-scale to shift under influence of underlying event;

fluctuations of the background density contributes to the resolution of the jet. in

the PbPb collisions, this is the centrality-dependent part of the resolution, which

gets significantly large value (up to 5-10 GeV depending on the jet definition).

The assumption of independence of these terms is may be fragile. For example,

the amount of background fluctuation that a jet is susceptible to may depend on the

fragmentation of the jet, which correlates S and N terms. Therefore the effort was put

in measuring the combination of all effects with embedded simulations, rather than

individual components. Terms above are used as a guide in fitting the full resolution,

therefore they are good enough for applications.

4.3 Study of Background with Minimum Bias PbPb

Collisions

In order to rely on the reconstruction performance results obtained from embedded

MC studies, it is important to make sure the underlying event background is described

in these simulations accurately. With this motivation, the properties of the minimum-

bias events are studied extensively. The underlying event properties can be quantified

by multiplicity distributions and dN/dr [62, 63], two-particle correlations [64], elliptic

flow [65, 66] and other methods. In this section, we will look at a particular study that

aims to quantify the local fluctuations of the underlying event, which is important in

understanding jet resolution.
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4.3.1 Random Cones

In order to validate the MC description of local fluctuations that may influence the

energy determination in the cone of the jet, a study on minimum bias events is

performed, where cones are randomly placed at different angles in minimum bias

events, and the energy within these cones are summed up. The distributions of the

random cone energies are compared to those obtained from MC, shown in figure 4-4.

CMS Preliminary
r

r

r

r

t t

5' -'100%

0 Data
Mean: 1.04

RMS: 1.65
- Hydiet bass

Mean: 1.44

RMS: 0.86

0 Data
No jets rejected Mean: 13.74

r1
RMS: 5.97

* - Hydjet bass ~
Mean: 10.87

RMS : 5.10

-

r [~f

........................... I

r eData
Mean: 36.08

RMS: 11.13
0 - Hydjet bass

Mean: 31.43

MS: 10.00rli
0 20 40 60 80 100 20 40 60 80 100 20 40 60 80 100

I pCTone (GeV) I p4" (GeV) pc"ne (GeV)
T T T

CMS Preliminary

r 
I

r-Mr t

20 40 60
I pC*"* (GeV)

5* -1 1b6%
e Data

Mean : 1.04

RMS: 1.65
- Hydjet drum

Mean : 1.51

RMS : 0.98

r h<2 * Data 1
No jets rejected Mean: 13.74

r
RMS: 5.97

* - Hydjet drum

Mean 12.20

RMS: 4.94

80 100 20 40 60
1 p'*"l (GeV)

b */o

e Data

Mean: 36.08

RMS: 11.13
Hydjet drum

Mean: 36.20

MS: 10.84'

80 100 20 40 60 80
I pcone" (GeV)

100

Figure 4-4: Total PT of the particle flow candidates in a cone around a randomly
determined axis, for various wide centrality bins. The top row is results in various
centrality bins for the Hydjet 1.6 (Bass) tune, whereas the bottom row shows the
results from Hydjet 1.8 (Drum) tune, which is much more consistent with the data.

Back to Back Random Cones

The fluctuations in the background do not always happen independently. The effects

such as elliptic flow or higher order angular correlations (which our background sub-

traction procedure cannot resolve) introduce an angular correlation of fluctuations
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within an event. In the dijet analysis, the jet selection is constrained to well aligned

jets in azimuth, for which these correlations would be significant. In order to evalu-

ate the correlated amount of the fluctuations, two random cones are placed in each

minimum bias event, however the second one only being random in eta, but in phi

being exactly anti-aligned with the first one. The results for the sum and difference

of the back-to-back cone energies are shown in figure 4-5.
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Figure 4-5: Top : The distributions of the PT sum of two back-to-back random cones.
Bottom : The PT difference of the back-to-back cones.

As a conclusion of the random cone tests, Hydjet 1.8 tune, which our reference is

based on, is shown to reproduce the effects of the background reasonably well. By

a comparison of various background tunes and also the absence of background, the

systematic uncertainty on the dijet imbalance is estimated. For the dijet imbalance

variable (PT,2/PT,1), the uncertainty is about 5% (which is a shift of 0.03 when the

(PT,2/PT,1) is 0.6) in the 0-10% centrality bin.
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Chapter 5

Centrality determination

The Pb nucleus is a large object. What we mean by large is that, the nucleons are

distributed in a volume (of radius ~10 fin) that is many times the size of the individual

nucleon (~fm). In such case, not all nucleons participate in every interaction. Also,

the nucleus is not a rigid body, the nucleons, having some non-zero momenta, may be

found at any location. In addition to the complication above, the data sample of PbPb

collisions includes interactions at all impact parameters, as in figure 5-1. Therefore,

a collision between two nuclei may have happened in many different configurations.

The procedure of estimating the average nuclear configuration properties in a given

set of events is called centrality determination, which is the most important ingredient

in all heavy-ion collision studies. The importance comes from many factors:

" The medium density is higher in more central events, therefore medium-related

effects are most enhanced.

* The average medium shape depends on the centrality of the collision

" The final state particle multiplicity is higher in central events, therefore exper-

imental performance may be affected differently.

The important quantities of the initial-state of the two nuclei are the following

" Number of participating nucleons : Npart

* Number of binary collisions between nucleons : Non
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Figure 5-1: Illustration of the overlap between two colliding nuclei, parametrized by
the impact parameter b defined as the transverse vector between the centers of the
nuclei. The nuclei are described by a Wood-Saxon distribution around the nucleus,
as a function of the vectors S and s - b for nuclei A and B respectively.

e The impact parameter of the collision (distance between the centers of the two

nuclei) : b

e The event plane angle (The direction of the minor-axis in the elliptic density

profile of the participating nucleons) : T

Rather than treating the nuclei as perfect spheres (or lorentz-contracted pancakes)

and analytically calculating the overlap, a MC method which computes nucleon-by-

nucleon overlap for each collision gives a better description of the collision. The

nucleons are placed around each nuclei according to a Woods-Saxon potential, and

for each event they are placed randomly on the transverse plane, as in figure 5-2.

This so-called Glauber model as implemented in [67] represents the Npart and NCO11
distributions to a good extent, also able to exhibit fluctuations, as shown in figure 5-2.

These fluctuations have been shown to have importance for flow studies [46], and it

is potentially of similar importance to jet quenching.

In addition to these numbers characterizing the initial state, the nucleons that do

not participate in the collision, called spectators, are also interesting, as their energy
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Figure 5-2: The nucleons from nuclei A (blue) and B (red) placed randomly around the
nuclear center. The overlapping nucleons are determined by their geometric overlap,
based on the inelastic NN cross-section.
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can be measured by the ZDCs 2.3.4.

In the following sections, we will discuss both the experimental and physics aspects

of the centrality determination procedure.

5.1 Method

It is not experimentally possible to count and locate the individual nucleons in each

event. The approach is, to determine a specific selection of events, and estimate the

average properties of those events based on some initial state model (the PHOBOS

Glauber [67] model in this case). In order to do this, one has to choose an experi-

mentally observable variable, which correlates well to the centrality of the collision,

with a monotonic relation [68]. The event multiplicity, or energy in a chosen detector

region, represents such a variable, since in more central collisions (greater Npart) there

is a larger number of particles produced. Figure 5-3 shows the correlation of number

of pixel hits at mid-rapidity, to the forward (HF) energy. In the studies discussed

in this thesis, the centrality determination is performed by using the total transverse

energy in the HF detectors, which are at the forward pseudorapidities (3 < Jig < 5).

The reason for using forward detectors is to remove auto-correlation effects when

analyzing the jets at mid-rapidity (1iq < 2).

Once the total ET in the two sides of the HF detector is summed up, the data

sample of minimum-bias events is sorted in this variable, and split into fractions

of equal cross-section. The model calculations are also split into the same cross-

sectional fractions, which are called centrality classes, or more commonly, centrality

bins. The convention is to quote the fractional value in terms of the percentage,

e.g. 0-10%,10-20%,20-30%, etc... It is important to remember that the smaller

percentage corresponds to more central events (greater Npart).

In the analysis of MC events, which are obtained by embedding Pythia events into

minimum bias Hydjet events, the centrality distribution has match the centrality in

data, therefore the sample is reweighted by the distribution for selected dijet events

shown in left figure of 5-4.
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5.2 Detector resolution effects

The reconstructed energy in the detector is only an approximate estimation of the

real energy produced in the collision. Also, the number and energy of the particles for

a specific Npat may fluctuate from collision to collision, adding a factor of resolution

in the estimation of the Npart based on the observables. In order to account for these

effects, the model calculation is modified to include similar amount of fluctuations.

This is done by a two level smearing procedure, based on correlation matrices obtained

from full simulations of Hydjet and AMPT. First, the amount of particle energy for a

given Npart is estimated, and then the amount of reconstructed HF energy is estimated

for a given amount of particle energy. The correlations involved in the procedure are

illustrated in figure 5-5.

INPUT bOUTPUT
Npart values Reconstructed

from Glauber A HF ETvalues

MC .M 2000

20 50 100 150 200 250 300 350 40 0 1000 2000 300 4 6000 7000
NWN (r >2.87X0eV)

Figure 5-5: Summary of the smearing procedure applied to the standalone Glauber

calculations. The Npart values from the Glauber calculation are first translated into

particle-level ET, then this is smeared to emulate the reconstructed ET values in the

HF acceptance.

The model calculation is then classified into centrality bins based on the smeared

variable, making the comparison consistent across data and the model.

96



Chapter 6

Analysis of jets

We have introduced jets as good observables for probing hot and dense QCD dynam-

ics, and then described the experimental methods to detect them and analyze. What

is next is to examine the behavior of the jets, their kinematics and correlations, in

PbPb collisions and compare the results to pp. The differences in jet behavior in

different types of collisions, are considered to be a reflection of the effects due to the

medium that is present in the PbPb collisions.

The 2011 pp data statistics have been limited for the parts of the analysis where

very high-pT reach is needed. For the imbalance study, a MC sample, based on Pythia

and Hydjet, is used as a reference, and it is also compared with pp data.

The trigger system of the CMS detector introduced in section 2.5.1, has been quite

successful collecting all high-pT jet events that occurred in PbPb and pp runs very

efficiently. This provided us of more than 50 thousand events with a high-pT jet in

2011 PbPb data, as will be seen in table 6.2.

In this chapter, we will describe the analyses that examine the behavior of these

jets, in particular the correlations of the dijets. The probability of a jet to be fully

absorbed in the medium, azimuthal correlations between the jets, and their momen-

tum imbalance are studied. In addition, we will briefly go through the observations

from inclusive jet RAA and jet fragmentation studies, however will not discuss their

systematics in full detail.
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6.1 Event selection

6.1.1 Types of background events

The analysis is interested in a rare type of events, which can be easily contaminated by

non-collision signals that mimic jet events. These contaminations can be eliminated

based on the different topologies of these events.

Electromagnetic and diffractive collisions

These events leave large deposit in the forward calorimeters, sometimes only on a

single side of rapidity. Requiring large enough energy in the both sides of HF and a

reconstructed vertex controls this background.

Beam-scraping events

These events have a large multiplicity in the pixel detector, mostly with appearing as

a sequence of hits in a fixed 0 position. The distinguishing property of these events

is that the hits do not point back to a vertex within the detector. The cluster-vertex

compatibility (described in the next subsection) is useful to eliminate these events

completely.

Cosmic muon events

The chances of these to be associated with a primary vertex is very low.

Beam-halo events

These events are cleaned out based on the timing of the BSC coincidence. A large

time difference (73 ± 20 ns), between the signal from two detectors on the opposite

sides of the interaction point, means that the particles do not originate from the

interaction point, and these events are rejected.
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Calorimeter noise events

As discussed in the sections 2.2 and 2.3, there are various type of noise events in certain

calorimeter systems. The term "noise" in this discussion does not refer to the low

energy fluctuations (which are instead dealt with in reconstruction performance 4.1),

but rather to large and rare signal pulses due to interaction of the particles with the

readout systems of the detectors. Depending on the type and installation of the read-

out, the noise events can show different characteristics. These methods are already

developed for pp studies [69], and optimized further for PbPb studies.

The types of noise events related to calorimeters are:

* HPD noise : The channels all from the same HPD may contain a large pulse

synchronously, and this may look like a high energy deposit along a strip of

several towers.

" Read-out box noise : This happens when all channels connected to the

same RBX suddenly exhibit high signal, which can be identified as a large set

of high energy towers in a large rectangular region.

" PMT hits in HF : The PMTs are designed to pick up Cerenkov radiation in

quartz fibers, however they are vulnerable to radiation from particles that hit

the PMT window.

* Ecal spikes : These are high single crystal signal events, which are due to

noise inside APDs of the Ecal Barrel. They can be cleaned out by the so-called

swiss-cross cut, which acts on the ratio of energy in the spiky crystal to the

neighboring four crystals. The real photons actually occupy a larger area with

their shower, therefore can be separated. The cleaning of the spikes happen

within the reconstruction.

These events can fake jet events, or show up as an additional jet in an event with

already a real jet. They should be cleaned out of the data sample, as described in

section 6.1.2.
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6.1.2 Event selection criteria

Although the event selection procedures in analyses of PbPb and pp differ slightly

in order to maximize the signal in a different multiplicity/luminosity/background

environment, they consist of common main elements. Table 6.2 shows the number of

events in the sample after each selection.

HLT path

To accommodate for the LHC runs of different beams, with different luminosity and

backgrounds, the Li and HLT menus are re-implemented each time. The HLT paths

used in various data acquisition periods are summarized in table 6.1.

Table 6.1: HLT paths

Sample HLT path analysis
2010 PbPb HLTHIMinBiasHfOrBSC minimum bias physics
2010 PbPb HLT_HIJet5OU high-pT jet physics
2011 pp HLTHIMinBiasHfOrBSC-vl minimum bias physics
2011 pp HLTHIJet80_v2 high-pT jet physics
2011 PbPb HLTHIMinBiasHfOrBSC-vl minimum bias physics
2011 PbPb HLTHIJet80_v2 high-pT jet physics

Cluster-vertex compatibility

As discussed in section 3.1.1, the length of the pixel clusters specify the orientation

of the track, and this information can be used to distinguish events in which many

hits do not come from the same vertex, such as the beam-scraping events, as a result

of collisions far from the interaction point. Similarly, the cluster-vertex compatibility

variable is defined as the ratio of number of clusters that are compatible with the

vertex to the number of clusters that are compatible with a 10 cm displaced vertex.

Events where there are many pixel hits that are not correlated with the vertex have a

small value of this variable. More details are on cluster-vertex correlations are in [51].

Figure 6-1 shows the correlation of cluster vertex compatibility and number of pixel

hits, and the beam-scraping cut.
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Vertex reconstruction

The vertex reconstruction methods have been introduced in section 3.1.2. In the

analysis, the events are required to have a vertex reconstructed within -25 < z < 25,

with at least two good-quality tracks attached.

HF coincidence

In this analysis, the sample to be collected is the set of collisions with full nuclear

overlap. The UPC events are cleaned out of this sample, by requiring a coincidence

of HF detectors on both sides of pseudorapidity. Events are required to have at least

three towers with a reconstructed energy of 3 GeV on each side of the HF. In the case

of pp analysis, the requirement is loosened to be satisfied by either side, to collect the

biggest fraction of non-single-diffractive (NSD) events.

Hcal noise cleaning

A non-collision event sample is obtained by reversing the HF-coincidence and ver-

tex requirements. The cuts for the various types of Hcal noise (as discussed in sec-

tion 6.1.1) are optimized based on study of this noise enriched sample. Comparing the
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Table 6.2: The effects of various selections applied to the data sample. In the third
column, the fractional values are with respect to the line above and in the fourth
column they are with respect to the triggered sample. The selections are applied in
sequence.

Selections Events remaining % of previous % of triggered
Jet triggered events (pr > 80 GeV/c) 369938 100.00 100.00
Offline collision selection 310 792 84.01 84.01
HCAL and ECAL noise rejection 308 453 99.25 83.38
Leading jet PT,1 > 120 GeV/c 55911 18.13 15.11
Subleading jet PT,2 > 30 GeV/c 52694 94.25 14.24
Aob> 27/3 49993 94.87 13.51
Track within a jet 49054 98.12 13.26

behaviors (total number and energy) of HPDs and RBXs, cuts that are safe enough

for real collision events are determined.

Jet quality with track content

To further limit the possible remaining calorimeter noise contamination, the high-pT

jets are required to have at least one track with PT > 4GeV/c. In the dijet analysis,

it is sufficient for for an event to have either of the two jets to satisfy this criterion.

This cut removes a very small fraction of events, after the above selection, and these

events are checked in event-displays to be indeed of an Hcal noise type appearance.
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6.2 Dijet azimuthal correlations and momentum

imbalance

In a hard parton scattering, the momentum in the transverse direction, is conserved,

which, after some distortion due to radiation, results in two jets, back-to-back in # and

of similar PT. When the scattering happens in medium, the momenta of the partons

may be affected differently and may result in less correlated jets. The PT balance

and the # correlations might be changed. To measure these effects, the azimuthal

correlation based on AO, and the momentum balance, X =PT,2/PT,1, are studied [5],
for a selection of dijet events. The rate of losing the subleading jet (see 6.2.1) is also

measured.

6.2.1 Dijet selection

The dijet analysis [5] is performed with a selection of events in which reconstruction

driven uncertainties are under best control, which means highest possible PT ranges,

since most of the problems reside at the low PT where background effects get more

significant. With the large dataset available from the 2011 LHC run, we already have

a large range in jet PT, available for splitting into bins. We characterize the dijets

mainly in terms of the leading jet PT, as defined below. In this analysis, the effective

acceptance for the jets is -2 < q < 2, because only the jets that are completely within

the tracker coverage are considered in analysis. This does not have a significant effect

since the high-pT jets in the forward region are very rare. The selection of dijet pairs

can be summarized as follows:

" Leading jet : We start selecting the dijet events by first requiring the highest

PT jet in the event to be at least 120 GeV/c. The kinematic variables for the

leading jet are denoted with subscript 1.

" Subleading jet : Then we select the second highest PT jet, with a minimum PT

requirement of 30 GeV/c. The events in which there is no second jet with PT 30

GeV/c are considered only in the analysis of matched dijet and background frac-
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tions, as will be discussed in the next two subsections. The kinematic variables

for the subleading jet are denoted with subscript 2.

0 A01,2 : The angular correlation of the two jets is examined. If the jets have

an azimuthal angle difference, A0 1,2, of greater than 2'r, these are considered

back-to-back and selected as the dijets for analysis. The other jets are used in

the A#1,2 analysis and in background subtraction.

The momentum ratio of the two jets, PT,2/PT,1, is denoted x and used to probe

the different amount of energy loss in the jet momenta. Another variable, Aj =

, is also used in some references. It has been traditionally used in jet resolution
PT,1+PT,2

studies, however, in presentation of quenching phenomena, the variable X =PT,2/PT,1

is preferred.

6.2.2 Reference distributions

In the analysis of dijet imbalance [5], a simulated Pythia (Z2) sample is used as

a reference representing the vacuum behavior. The dataset of pp events at fi =

2.76TeV was also analyzed, to compared with peripheral PbPb data. Although the

pp data is a more reliable reference than MC, the analysis relies on high statistics

at high PT, for which the pp dataset at the same 1s was too small at the time of

the analysis, therefore the Pythia sample is chosen to be the primary reference. In

order to include the effects of the PbPb underlying event in the reference, the Pythia

events are embedded in a sample of minimum bias Hydjet simulations. The details

of the MC reference have been discussed in section 2.5.3. As mentioned there, the

MC is re-weighted so that it has the same centrality distribution as in data. This is

to account for the fact that, the sample of jet-triggered events have a natural bias

towards more central events where there are more binary interactions per nuclear

collision.
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Figure 6-2: Distribution of the angle A~between the leading and subleading jets
in bins of leading jet transverse momentum from 120 < PT,1 < 150 GeV/c to
PT,1 > 300 GeV/c for subleading jets of PT,2 > 30 GeV/c. Results for 0-20% central
PbPb events are shown as points while the histogram shows the results for PYTHIA

dijets embedded into HYDJET PbPb simulated events. The error bars represent the
statistical uncertainties. From [5]

6.2.3 Azimuthal correlations of jets

In the dijet selection, no requirement is imposed on the angular configuration of the

two jets. When the azimuthal correlations are examined by A0 1,2 distributions as

shown in 6-2, one observes two aspects to this correlation. First of all, the distribu-

tions peak at 7r and the distribution in this region is very similar in data and the MC.

This is in fact an important observation: As we will see in next subsection, there is

a significant PT-loss in the jets, however, not with an equivalent deflection in angle,

which has implications on the radiation pattern [70], suggesting that the lost energy

cannot be dominantly in form of hard large-angle radiation.

Another observation in A# distributions is, there is a roughly constant offset,

particularly in low-PT, high centrality bins, with different amounts in data and MC.
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This is likely due to the background jets replacing the genuine subleading jet from

the hard interaction.

6.2.4 Background jet pairs and subtraction

In the later analysis, we are trying to correlate the jets that are produced in the

same hard partonic interaction, among many that occur in a single nuclear collision.

Due to the presence of additional partonic interactions and a certain amount of soft

background, we may sometimes be correlating the leading jet to another fake or real

jet that is initially uncorrelated. Since the independent partonic collisions and the

background fluctuations can happen at any 0, the A0 1,2 component resulting from

this is roughly flat. A higher order consideration of this background should involve

the bias due to the effects of flow on the jets, as was discussed in ??.

The contamination from correlations of leading jet with the background can be

estimated and subtracting with the events in which dijets have large A0 1,2 . In order

to obtain imbalance results that will be discussed next, the imbalance in events with

AO < 7r/3 is also plotted, and subtracted from the result obtained from the signal

selection, AO > 27r/3, as shown in figure 6-3.
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Figure 6-3: The background subtraction procedure for imbalance distributions.
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6.2.5 Fraction of matched dijets and rate of background events

One of the early predictions for jet quenching involved a set of events where one jet

disappears completely while another jet leaves the medium freely, when a dijet is

produced in the surface of the medium [23]. Figure 6-4 shows the fraction of events

where the leading jet has an accompanying jet above 30 GeV/c on the away side.

It is interesting to note that at high enough PT,1, the away-side jet is always found,

meaning the medium is not sufficiently large to absorb the jet to below 30 GeV/c.

The figure also shows the rate of background jet pairs, as defined in the previous

subsection 6.2.4. Notice that the amount of such events vanished rapidly at low

centralities and at high PT,1.
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Figure 6-4: Fraction of events with a genuine subleading jet with A0 > 27r/3, as a
function of leading jet PT,1 (left) and Npart (right). The background due to underlying
event fluctuations is estimated from A# < wr/3 events and subtracted from the number
of dijets. The fraction of the estimated background is shown in the bottom panels.
The error bars represent the statistical uncertainties. From [5].
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6.2.6 Centrality dependence of imbalance

Figure 6-5 shows the distributions for the dijet asymmetry variable Ai = P, in
PT, ,1+PT, 2

bins of centrality, compared to the MC reference. One can observe that an enhanced

imbalance effect, relative to the MC reference, appears when going towards more

central events. The most peripheral bin, with the least observed imbalance, is also

compared to the pp data, and the distributions are consistent within the statistical

uncertainties. The MC reference roughly matches the pp distribution, however with

slightly more balanced dijets. Nevertheless, the discrepancy between the MC reference

and pp data is of a small magnitude, compared to the imbalance effect observed in

the most central collisions. This enhancement in the imbalance can be attributed to

the energy-loss mentioned in the earlier chapters.

With increasing collision centrality, the effect of background fluctuations increases.

The background fluctuations appear in these distributions in two aspects:

First of all, the momentum resolution of the jets change as a function of the

centrality, which smears the imbalance distributions accordingly. This smearing is

small but visible in the distributions, and shifts the mean of the Aj spectrum by

about 0.008 in both data and MC.

In addition to the resolution effect, in the cases where the true recoil jet is not

found on the away side, a fake jet formed by a local background fluctuation may be

selected as the subleading jet. This effect would also increase with the quenching of

jets, absorbing the actual recoil jet completely or pushing its momentum below the

analysis thresholds. Such mismatches are subtracted from the results by estimating

from small A0 events, as described in the earlier subsection 6.2.4. Therefore the final

result does not exhibit a specific trend (such as the effects in analyses where this

contamination is not subtracted [71]), however here it poses systematic uncertainties,

which are evaluated from the estimated rate of such events.

At higher leading jet PT selections, such background events disappear completely,

and the resolution effect gets less significant. Next, we will examine what happens to

the observed energy-loss when higher PT selections are imposed, and try to quantify
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Figure 6-5: Dijet asymmetry ratio, Ai, for leading jets of PT, > 120 GeV/c and
subleading jets of PT,2 > 30 GeV/c with a selection of A0 > 27r/3 between the two
jets. Results are shown for six bins of collision centrality, corresponding to selections
of 70-100% to 0-10% of the total inelastic cross section. Results from data are shown
as points, while the histogram shows the results for PYTHIA dijets embedded into
HYDJET PbPb simulated events. Data from pp collisions at 2.76 TeV are shown as
open points in comparison to PbPb results of 70-100% centrality. The error bars
represent the statistical uncertainties. From [5].

the momentum-dependence of the imbalance.

109

0.3

c 0.2 5

04-
0 0.2
C
L,'0 .15

> 0.1

0.05

C 0.25
0
O 0.2

4-0.15

> 0.1
w

0.05

1* I I . . I

1

-I * I I I I I I I I I I I I I I I I i ; ; I , , I
0.3

0



6.2.7 Momentum dependence of imbalance
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Figure 6-6: Dijet asymmetry ratio, Ai, in bins of leading jet transverse momentum
from 120 < PT,1 < 150 GeV/c to PT,1 > 300 GeV/c for subleading jets of PT,2 >

30 GeV/c and Aq0 > 27r/3 between leading and subleading jets. Results for 0-
20% central PbPb events are shown as points, while the histogram shows the results
for PYTHIA dijets embedded into HYDJET PbPb simulated events. The error bars

represent the statistical uncertainties. From [5].

The first observation from the study of imbalance in different PT,1 bins is that a

certain amount of energy loss is happening in all these PT values. Now it is interesting

to observe any trends in the different imbalance distributions when varying in PT,1.

To first order, the distributions can be characterized by their mean value, which is

plotted against PT,1 in figure 6-8. This figure has various features, which deserve some

discussion. The MC reference distributions all have an increasing trend. This trend

shifts (downward) little as centrality is varied, due to background fluctuations causing

slightly more imbalance. Remember, however, that the background fluctuations are

only a fraction among the factors affecting the jet resolution.
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Figure 6-7: Subleading jet transverse momentum fraction (PT,2/PT,1), in bins of lead-
ing jet transverse momentum from 120 < PT,1 < 150 GeV/c to PT,1 > 300 GeV/c for
subleading jets of PT,2 > 30 GeV/c and A0 > 27r/3 between leading and subleading
jets. Results for 0-20% central PbPb events are shown as points, while the histogram
shows the results for PYTHIA dijets embedded into HYDJET PbPb simulated events.
The arrows show the mean values of the distributions and the error bars represent
the statistical uncertainties. From [5].

6.2.8 Energy resolution effects on the observed imbalance

The results shown in the previous subsections have been in "reconstructed" level.

Which means, we are looking at the convolution of multiple effects, which allows us to

only make very rough qualitative statements on the observed energy loss. Figure 6-9

shows how different the imbalance result is, in the absence of resolution effects. In the

same figure it is also shown that the resolution effects can be emulated by a random

smearing of generator-level MC events. This procedure for model comparisons will

be discussed later in section 7.0.3.

Without the resolution effects (or smearing), figure 6-9 shows that the imbalance

in Pythia already has an increasing trend for this observable. This is because the ra-
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Figure 6-8: Average dijet momentum ratio PT,2/PT,1 as a function of leading jet PTfor

three bins of collision centrality, from peripheral to central collisions, corresponding to

selections of 50-100%, 30-50% and 0-20% of the total inelastic cross section. Results

for PbPb data are shown as points with vertical bars and brackets indicating the

statistical and systematic uncertainties, respectively. Results for PYTHIA+HYDJET
are shown as squares. In the 50-100% centrality bin, results are also compared with

pp data, which is shown as the open circles. The difference between the PbPb

measurement and the PYTHIA+HYDJET expectations is shown in the bottom panels.

From [5].

diation dynamics in vacuum may change with the changing PT selection. In addition,

energy resolution shifts this result by a PT-dependent amount. From the discussion

in section 4.1, we have already seen that the jet resolution is a function of the jet PT,

and this is directly reflected in the imbalance results.

The value of the PT,2/PT,1 is therefore difficult to translate analytically into the

fraction of lost energy. In chapter 7, we will attempt to quantify the conclusions with

a more detailed look at these multiple effects.

6.2.9 Systematic uncertainties

The dominant sources of uncertainty are those from the resolution of jets (and accu-

racy of background model), which was mentioned in section 4.2.1, and the jet energy

scale, which was discussed in section 4.2.1.
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Figure 6-9: Comparison of imbalance result from smeared jets to fully simulated
Pythia sample.

First of all, a priori to all measurements, the fragmentation of the jets observed

in PbPb may be different than in pp. Since the jet energy corrections are based

on pp fragmentation, and the resolution is estimated in the same assumption, the

uncertainty of the fragmentation effects directly influence the uncertainty of the jet

energy scale and resolution simultaneously. The effects are studied by variation of

jet corrections by the amount of uncertainty. This variation is applied to high and

low PT ranges with maximum difference. The envelope that contains the amount of

variation to be applied to the jet energy scale is determined from the discussion in

section 4.2.1.

The presence of a large underlying event activity certainly affects the resolution.

The resolution is important to estimate correctly since it has a role in MC to data

comparison, as will be discussed in chapter 7. The uncertainty due to background fluc-

tuations is estimated from comparison of embedded events to non-embedded events,

and also to events embedded into different background generator tune 4.2.1.

The summary of systematic uncertainties on the dijet imbalance results [5] is

displayed on table 6.3.
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Table 6.3: Summary of the (PT,2/PT,1) systematic uncertainties. The percentages
represent the ratio of absolute uncertainty to the actual value of the variable, which
ranges from 0.6 to 0.8.

20-30% 0-10%
Source PT,1 < 140 PTJ, > 300 PT,1 < 140 PT,1 > 300
Underlying Event 3% 3% 5% 5%
Jet Energy Scale 3% 3% 3% 3%
Jet Efficiency 1% < 0.1% 1% < 0.1%
Jet Fake Rate < 0.1% < 0.1% 1% < 0.1%
Calorimeter Noise < 0.1% < 0.1% < 0.1% < 0.1%
Jet ID < 0.1% < 0.1% < 0.1% < 0.1%
Total 4.5% 4.5% 6% 6%
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6.3 Other observations

6.3.1 Jet fragmentation pattern

The fragmentation pattern of the jets can also be a probe of the medium effects.

With the measurements of the fragmentation, one can observe possible modifications

in the profile of the parton shower, and get ideas on the radiation and scattering

pattern of the partons traversing the medium. It is also of importance for the jet

reconstruction performance studies. The effects on the fragmentation can influence

the jet PT determination due to the non-linearities introduced by calorimeter response

and tracking efficiency. The fragmentation patterns of leading jets and subleading

jets are studied separately [6]. The fragmentation is quantified by the distributions

in the variable.

ptrack
In ; z = t (6.1)

where ptrack is the projection of the track momentum onto the jet axis, in the

frame of the dijet, defined as Tldijet = (1 -F q2 )/2, as illustrated in figure 6-10.

Remember from section 3.1.7 that the tracking algorithm, including the geomet-

rical acceptance, is not 100% efficient in capturing all charged hadrons that are pro-

duced in the event. In order to correct for this effect, the tracks that are counted

in fragmentation function are weighted by a factor of inverse efficiency, so that the

lost tracks are accounted for. The efficiency is only defined as an average quantity

for various types of fragmentation possible for a jet to undergo, therefore such a

track-by-track application of weights is a source of uncertainty in the analysis. This

uncertainty is estimated from difference of results with and without track weights,

and also from non-closure in MC for a given sub-set of events with a specific frag-

mentation. This is the dominant uncertainty in the analysis and has an effect of 10%

in distributions.

In the fragmentation function study, it is both convenient and required to use

the pp data sample as reference, rather than MC. The different amounts of jet PT
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Figure 6-10: Definition of the fragmentation variable z [6]. The track momentum
is projected on the jet axis, in the frame of the dijet which is approximated by

r7dijet ~ (' i + 'q2)/2. The black arrows represent the momenta of the reconstructed
leading and subleading jets, where it is important to note that this definition for

jet momenta is not expected to represent the momentum of the parton in the hard

scattering, but rather the final state of the shower that forms while and after traversing
the medium.

resolution in PbPb and pp may cause a difference in the observed distributions. The

comparison is performed in the reconstructed-jet level, therefore in order to have a

consistent resolution, the PT values of the jets in the pp sample are artificially smeared

by the quadratic difference of estimated resolutions in PbPb and pp, resulting in the

same effective resolution. The fragmentation function obtained this way is compared

to the PbPb data.

The dijet sample is analyzed in bins of Ai. The corresponding pp reference is not

produced by the same Aj cut, but rather by reweighting the events in jet PT so that

the PT distributions are the same as in PbPb. In this way, the effects that are solely

due to the momentum difference are eliminated to a good extent, with uncertainties

due to the unknown parton composition.
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Figure 6-11: (a-d) Fragmentation functions for the leading (open circles) and sub-
leading (solid points) jets in four regions of Aj in central PbPb collisions compared to
the pp reference. (e-h) Ratio of each fragmentation function to its pp-based reference.
Error bars shown are statistical. The systematic uncertainty is represented by hollow
boxes (leading jet) or gray boxes (subleading jet). Only statistical uncertainties are
shown. From [6].
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6.3.2 Jet cross-sections and nuclear modification factor

As mentioned earlier, the enhanced momentum imbalance in the dijet events does

not directly reveal the average amount of energy loss per parton, mostly because the

leading jet is also subject to quenching. The analysis of inclusive jet cross-sections

in PbPb and pp, as a function of jet pT,however, can give the exact complementary

information on the quenching that we need.

In the introduction, we had defined the factorization theorem based on the distinc-

tion between the long-time and short-time physics. Assuming the short-time physics

is same for parton interactions that occur in PbPb and pp collisions, one can expect

the production rate for a parton with a given PT to be the same in both systems.

What is different however, is the evolution of the parton into jets, and since the jet

PT is a falling spectrum, the cross-section for jets in a given PT in PbPb will appear

to be shifted to lower values than the expected production.

In order to compare PbPb and pp, it is important to estimate the amount of

underlying nucleon collisions, N,011, and scale the PbPb result accordingly. The details

of centrality determination are discussed in appendix 5. The nuclear modification

factor, RAA, is defined as

dN /dPT
RAA =es (6.2)

< Nc,11 > dNgPP

This is measured by CMS with the data from PbPb and pp collisions at 2.76

TeV [7]. The jet PT spectra are obtained by Bayesian-unfolding the observed reconstructed-

jet PT spectra for the resolution effects. The response matrix of jet PT are obtained

from full Pythia simulations, without fitting. The results as a function of jet PT are

in figure 6-12.

Since the pp result is the common denominator of all RAA results, the statistical

fluctuations in the pp data are reflected in RAA of all centralities. Aside from that,

one can see that the PT dependence of the RAA is very little, the ratio is very close to

flat distribution in a given centrality bin. On the other hand, there is a very strong
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Figure 6-12: Results for the nuclear modification factor, RAA, for inclusive jet PT
spectra in various centrality bins. Results with different R parameters in jet definition
(with anti-kT, see section 3.4), exhibit similar results. Notice that the statistical
fluctuations of the reference (pp) spectrum is reflected in results at all centralities.
From [7].

correlation to the collision centrality. Figure 7-2 shows the centrality dependence of

the jet suppression, by presenting RAA as a function of Npart.

The results from the jet RAA measurement will be combined with momentum

imbalance results in order to achieve true distinction between models that are explored

in section 7.

One should remark that charged hadron RAA measurement provides equivalent

information, given the jet fragmentation not modified strongly. The jet fragmentation

will be discussed in the next subsection.
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Chapter 7

Results and discussion

The analyses discussed have taught us important lessons about the jet-quenching

phenomenon. Although the jets behave in a similar manner to pp in peripheral PbPb

collisions, the central collisions, in which a greater amount of material is involved,

exhibit interesting effects that imply the loss of energy in the formation of the jets.

The results showing these modification to the jets in the most central collisions are

summarized in figure 7-1.

1.8 Qf 0.8- 01----------O--i --1W --- 4
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1.4 0-5% 0. 0.95 -0

S1.2 0 0 .
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Figure 7-1: The summary of the quenching results that construct the primary input
to the discussion of the magnitude of energy-loss, with results from [7] and [5].

Although the measurement of leading jet momentum dependence of imbalance is

a simple one, it is not very straightforward to extract the physics of the observed
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behavior. When trying to interpret the middle figure 7-1, one has to avoid the wrong

conclusions by keeping in mind the following:

* The rise of the mean PT-ratio is not due to any weakening of energy-loss : Al-

though the mean pT-ratio in PbPb data approaches 1, so does the imbalance in

pp, because of vacuum QCD and resolution effects. Only the contrasts between

the two results is relevant, whose comparison may be complicated. Although it

is difficult to conclude about the exact pT-dependence of the effect, the energy

loss effect does exist by a significant amount in even the highest-pT selection.

" A constant difference of mean pT-ratio in PbPb and pp does not mean jets

lose a constant fraction of their energy, neither it excludes the scenario. The

x-axis represents the leading jet after energy loss, and it is significantly affected

by quenching as well.

A short time after the PT-dependent imbalance results were published, the inclu-

sive jet suppression results were also presented by CMS and Atlas experiments, as

discussed in 6.3.2. These results confirm the existence of quenching up to highest jet

PT ranges observed, and provide an additional constraint on the energy loss mecha-

nism. The discussion here tries to combine these observations to clarify the physics

message of the dijet imbalance.

Since the dijet imbalance study had focused on the centrality bin of 0-20%, in

the discussion of results in the next chapter, we will constrain the quenching model

parameters by the RAA data, and for 0-20%, we will use the region shown in figure 7-2

to define whether the model is compatible with the data for this centrality selection.

7.0.3 Modeling of results

As emphasized earlier, the message of the dijet imbalance results have to be treated

very carefully. For any model that attempts to describe the quenching effect, one

should compare exactly the same variables as the data is presented in. This involves

applying the proposed effect on realistic vacuum-QCD MC events, and plotting results
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Figure 7-2: Centrality dependence of the inclusive jet RAA. One may observe that
the turn-on of the quenching effect appears very sharp at the peripheral events. A
band containing, with systematic uncertainties, the most central bins is chosen to
represent the result for 0-20% central collisions, to be used in constraining the models
discussed later in the chapter. The data points are from the analysis in [7], however
the interpolation to 0-20% and region for testing model compatibility is chosen by
the author.

in the reconstructed level. The detector simulation and reconstruction software may

not be available for any theorist trying to test a hypothesis. However, the experiment

claims the ability to represent the detector effects by simple toy MC, in which a

gaussian smearing is applied in order to account for the jet energy resolution. The

discussion below illustrates the approach, and presents examples of compatibility tests

for very simple quenching scenarios.

Folding the resolution effects

As discussed earlier in 6.2, the momentum dependence of the imbalance of recon-

structed jets displays the cumulative effect of various factors involved. One approach

123

cI

Compatibility region
chosen for 0-20%

ts R= 0.3 -

400



Table 7.1: Parameters of the functional form for the jet energy resolution
-P PecoTe") given in Eq. 4.1, obtained from GEANT4 simulation of PYTHIA pp

jets and from PYTHIA jets embedded in HYDJET events for various PbPb centrali-
ties (indicated by the % ranges in parentheses). The units of S are VGeV/c and the
units of N are GeV/c.

Source C S N (pp) N (0-20%)
Published 0.0246 1.213 0.001 5.23
Rounded 0.025 1.2 0 5

in deducing the amount of actual energy loss can be by assuming a certain model,

and test its consistency with data by applying the resolution effects to obtain the

same observable. We can do this for many models, however, the most important is

to test the accuracy of this approach by first doing it for the reference distribution,

which is Pythia in this case. The most realistic application of the resolution effects

can be achieved by fully simulating the detector response and the underlying events,

as in section 4.2.1. However, this is not feasible for an extended study of all models,

since not all theorists can afford such computation, neither can access the detailed

CMS detector description and software. We need to therefore be able to emulate the

same effects on a probabilistic basis with simple smearing methods.

One should notice the fact that the resolution effect applied this way is not a simple

smearing of the imbalance variable by the combined two jet resolution. Instead, each

jet in the event is smeared by the resolution, and the leading and subleading jets are

determined only after this smearing procedure. This means, the leading jet before

smearing can become the subleading jet after smearing, and the third jet can become

the subleading jet after smearing. Such different scenarios are displayed on Figure 7-3.
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Figure 7-3: The colors represent the different permutations of the reconstructed jets.
As an example, (2,3,1) refers to the events in which the leading GenJet has become the
third highest PT RecoJet and the subleading GenJet has become the leading RecoJet.
The first two type of permutations are those in which the third jet or a background
fluctuation has not affected the analysis. The dominant contribution among the rest
is the case in which the third jet (or background fluctuation) supersedes the true
subleading jet, colored in red.
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7.0.4 Simple energy loss scenarios

It would be interesting to visualize how a certain amount of energy loss affects the

reconstructed result with a certain resolution, and parametrized by the leading jet.

We can apply simple energy loss distributions on the jets in generator level pythia

events. With following assumptions:

* that the energy loss acts on scales at which the full pythia shower down to a

radius of 0.3,

" that the GenJet represents the collinear portion of the shower

we can subtract the energy from GenJets, and apply the resolution effects. With

this assumption of the GenJets representing the parton passing through the medium,

we will use the term "parton" when referring to the object in the following discus-

sion. The observations of the jet fragmentation patterns, which were discussed in

section 6.3.1 support the idea of well resolved partons which fragment after reaching

the vacuum, and we are interpreting the observed jet to be well representing this

parton.

A jet of a given PT does not always lose a fixed amount of its energy, but rather

can suffer different amount of energy loss at different times due to the fact that:

" The material that is present in the trajectory of the parton is different in every

collision.

" The energy loss happens through processes of quantum mechanical nature.

This means that the energy loss will appear as a distribution from zero up to the

total energy of the parton. We can add a further assumption that this distribution

peaks at zero.

Since the available measurement focuses on the average effect for a given PT and

centrality selection. The probability distribution for energy-loss can be described with

a single width parameter, and the results are not very sensitive to the shape of the

126



- ,,,,I,,,,I,,,,I,,,, I

I I

- Gaussian energy-loss

- Uniform energy-loss

I. ., I-

0.99

0.98

0.97

a)

0.95

0.94

0.93

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

ApT/KAp T)

0.2 ' . . ' .
100 120 140 160 180 200 220 240 260 280 300

0.85

0.8

0.75

0.7

0.65

0.6

0.55

0.5 -
120

Gaussian energy-loss

Uniform energy-loss

(ApT) T 20 GeV

. (APT) ~ 40 GeV

150 200 250 300 350

P T1

140 160 180 200 220 240 260 280 300

PT,1

Figure 7-4: Test of sensitivity of results to the underlying probability distribution
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distribution. This is illustrated in figure 7-4, where gaussian and uniform probability

distributions for energy-loss are compared.

Multiple scenarios are implemented, with different assumptions on the correlation

of the different jets' energy loss. At each scenario, the PT dependence is separately

applied with two options: constant energy loss and constant fractional energy loss.

Independent energy loss for the jets

In the simplest scenario, we assume all jets among the chosen events to be subject

to the same amount of medium, and let quantum fluctuations introduce a variety of

energy values to be dissipated, assumed to be gaussian. This approach neglects the

fact that the amount of material traversed highly depends on where in the medium

the dijets were produced, in addition to the motion of the medium itself. A number

of calculations available in literature follow this approach for simplicity, referring to

the assumption as a "brick of QGP", with a nice comparison of different formalisms

in [72].

In each one the amount of energy loss is determined randomly from a positive

gaussian function with a width of UAP,(PT) = vE, where pi is the GenJet PT

before artificial energy loss and E is the input energy loss parameter, either being

E = constant, or E = constant x ln(p ) or E = constant x p', where i stands

for the index of the jet among the N jets available in the event. The energy-loss

probability distribution is shown i figuren 7-5. Later when comparing to path-length

related modulation of energy-loss, we will see that the gaussian parametrization of

the probability is a reasonable approximation. However, here the quenching of the

jets is treated independently, which will be the main contrast to the next calculations

where a geometry model is used.

After the application of energy-loss, the jets undergo the resolution smearing pro-

cedure described in section 7.0.3. This way, supposedly "reconstructed jets" are

obtained. The leading and subleading jets are determined among the collection of

the N jets in the acceptance (Ir/q < 2) based on the "reconstructed" energy. This way,

the model calculates the exact quantity that the data represent.
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Figure 7-5: Probability distribution of energy-loss for a given parton. The distribu-
tions are characterized by their average value, which is constructed to have a specific
PT dependence. On the right, the distribution of the energy-loss (with an arbitrary
scale) for the two back-to-back partons.

Figure 7-6 shows the comparison of model results to data. The top row shows

the RAA results, which intends to calibrate the average amount of energy loss. The

second rows shows the momentum imbalance results, which is somehow smeared as a

result of the energy loss. It can be observed that, for a given amount of energy loss,

it is difficult to cause an imbalance of dijets to the extent in data when the energy

loss of the two jets is completely independent.

In the third row of 7-6, as well as later figures, shows the matched dijet fraction,

which is of complementary nature to the momentum imbalance, which is restricted

to completely found dijets, with cut-offs. The dijet fraction represents the below-

threshold extrapolation of the imbalance distributions. If the underlying distribution

is too wide (towards low values), then this is reflected by a large amount of missing

subleading jets. Interestingly, this test challenges the PT-dependence of the energy

loss with better success than others, limiting the possibilities a lot more in a PT-

linear energy loss. This challenge is also observed in later figures where a different

underlying mechanism, based on collision geometry, is implemented.
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Figure 7-6: Comparison of results from simple independent energy-loss model with
data. In order to introduce a large imbalance between the two jets, the average energy
loss has to be very high, which is not compatible with the RAA results (e.g. the green
curves). The RAA result for PbPb data is interpolated to 0-20% as described in
figure 7-2.
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Energy loss based on collision geometry

Studies of harmonic flow [46] have taught us of how fluctuations in the geometry of

the nuclei in a collision are important in determining the properties of the matter

produced. They also show that the so-called Glauber calculations are very effective

in emulating the general features of the geometry fluctuations for central nuclear

collisions. This observation naturally implies that the medium effects on jets also

depend on these fluctuations, and on the orientation of the jets inside the medium.

The correlation of the energy loss between the to jets may be emulated by a simple

model where the amount of matter that a parton traverses is approximated by the

amount of participating nucleons along the line of motion. Using the PHOBOS

Glauber MC [67], we have calculated the material event-by-event [73] , and applied

the energy loss on the jets with the earlier prescription. An example dijet event is

shown in figure 7-7, where all nucleons along the path of the jets are highlighted. Such

calculation naturally introduces the geometry bias of figure 1-12 in the observable,

since the selection is based on the leading jet PT.

Before moving onto dijets, we can observe the material distribution for inclusive

jets. In figure 7-8, the result is compared to the AuAu calculation in [4].

Figure 7-9 shows the material distributions for the first and second jet. The cor-

respondence of these to the leading and subleading jet is unknown at this point, the

assignment of first vs second jet is completely arbitrary since the distribution is sym-

metric. The energy-loss is correlated to geometry using three different quantities. The

first is the number of participant nucleons encountered by a parton along the path of

motion. Since the parton-medium interaction scales may be of comparable magnitude

to the length scales of the medium, the coherence of the states may have significant

impact on the energy loss, which may introduce dependencies on the medium size.

With this in mind, length-related terms are also used in the calculation, and the sec-

ond material variable is the sum of the L =nucieon - iFvertex for the nucleons along

the path, and the third variable is the sum of L2 . Each of these material-related

quantities are used to represent the amount of energy loss in different models.
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Figure 7-7: An example event, generated by modified PHOBOS Glauber MC. The
blue and red correspond to nucleons belonging to different nuclei before the collision,
however treated equally once the collision happens. The faint circles are spectator
nucleons which have not participated in the collision, and the dark open circles are
participating (wounded) nucleons. Among these, the solid circles represent the nu-
cleons that fall in the path of the two back-to-back jets.
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Figure 7-8: Left : The distribution of the scaled amount of material (to give average
- 1), to be later multiplied with the energy-loss parametrization in jet PT. Right
The density-weighted path-length calculation in AuAu from [4].
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Figure 7-9: Material distributions for the two back-to-back parton trajectories.

Figure 7-10 shows the projection of the material distributions for a single jet.

The first column is similar to the calculation in [4]. The distribution is scaled

horizontally to have an average of 1, so that the amount of energy-loss is purely set

by the momentum-dependent term used in the earlier parts. This is a reason why it

is quantitatively different in scale from figure 1-11.
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Figure 7-10: Top row shows the scaled projections of material distributions for the

two back-to-back parton trajectories. The mean of each distribution is set to 1. The
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134

ca
0
2~

-a
-0
0

0.5

O4

O 3

0,2

0.1

9

0

0.25

0 2

0.1

0.

00

0

0

0

0



Figure 7-11 shows results from the material-proportional energy loss when the

material is simply quantified by the number of nucleons (or equivalently, the energy

density along the path). This calculation is similar to a density-weighted path-length

calculation as in [4]. Such an approach neglects the time-dependence (expansion and

flow) of the medium, treating it to be static throughout the motion of the parton.
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Figure 7-11: Material without distance weighting. The RAA result for PbPb data is
interpolated to 0-20% as described in figure 7-2.

In the two other models shown in figures 7-12 and 7-13, the material estimation

starts to include a distance dependence with an arbitrary parametrization of L'. The

sum over the nucleons is weighted by L or L2 , where L is the distance between the
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target nucleon and the dijet origin. The actual distance effects may correspond to a

different L-dependence, however, by understanding the systematic effects introduced

by a this variation in the model, we are effectively testing the possible tails introduced

to the anti-correlations illustrated earlier in figure 7-9. If such an enhanced anti-

correlation is responsible for the observed data, it may also help to adjust the more

realistic quenching models.
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Figure 7-12: L weighted material. The RAA
0-20% as described in figure 7-2.

result for PbPb data is interpolated to

In most of the variations of the model, the data is shown to be capable of excluding

a large range of medium parameters. One of the models, figure 7-12, succeeds to have
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Figure 7-13: L 2 weighted material. The RAA result for PbPb data is interpolated to
0-20% as described in figure 7-2.
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a configuration that the results are consistent with data in both the three parts of the

measurement. The PT-dependence is not very strongly distinguished when considering

the uncertainties in data (although with a hint of a logarithmic, therefore slow, PT-

dependence). Here the material is L-weighted, which suggests that the energy-loss

correlations may look more like the second panel of figure 7-9. It may be however,

a result of a different effect, combined with a different material description, which

explains with a similar correlation.
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Chapter 8

Conclusions

The data...

The high-energy collisions of heavy nuclei produce a medium that can be studied in

the framework of QCD. LHC operations have successfully delivered a large dataset

(150 pb- 1 ) of PbPb, along with a dataset (231 nb 1 ) of pp collisions as reference to

the study of medium effects.

We have explored the basic features of dijet events in the PbPb data and simple

models. The dijets in PbPb have more imbalanced momenta than in pp, for all

selections of leading jet PT. Accompanying the imbalance, a fraction of subleading

jets are lost due to the medium effects. In addition, the energy-loss shifts the jet-pT

spectrum to lower values, resulting in a smaller RAA than unity. These observations

combined can probe three parameters of the underlying energy-loss distribution: the

mean, variance, and the PT-dependence.

Dijet imbalance and jet suppression

When an average amount of energy loss is estimated from inclusive jet RAA, one

can predict the impact of this energy loss on the imbalance, with the assumption

of the energy loss being independent for the two partons. We have shown that such

assumption fails to explain inclusive jet RAA and dijet imbalance data simultaneously,

and a different mechanism in quenching is needed.
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Bjorken had predicted a class of events where the recoil jet gets completely

lost [23]. Such events are observed indeed, however, at high enough momentum

values, there is never enough energy-loss to absorb the energy completely. The turn-

off point for such lost jets helps to constrain model parameters. In addition, the

momentum correlations of the observed dijets illustrates the energy-loss more clearly,

displaying an enhanced imbalance along the full observed PT range, in excess of 300

GeV/c.

Effects of medium geometry on energy-loss

The amount of enhancement of dijet imbalance, for a certain average energy-loss

derived from jet RAA, suggests an anti-correlation of the energy loss between the two

jets. Such an anti-correlation can be due to the initial state geometry, making a

difference where within the nuclear overlap the hard interaction has occurred. The

different geometry models exhibit different energy-loss correlations. These models are

tested and shown to be compatible with data on some configurations, in particular

with a linear L dependence. The Rdijet result, presenting the fraction of matched dijets

as a function of PT, is good at constraining the tails of the energy loss distribution,

and it excludes some very large values of energy loss for highest-pT jets.

Momentum dependence of quenching

The momentum dependence of the per-length energy-loss appears to be very mild,

consistent with most models in theory, however deserves better precision. The fact

that the measured momentum itself is subject to energy-loss does not allow the ex-

traction of the average energy-loss value without the model of the full quenching

mechanism. Studies of photon-tagged events may probe the initial parton momen-

tum dependence more precisely without this caveat. In addition, better understand-

ing of the jet fragmentation, and geometry-related effects may help constraining the

observed momentum dependence.
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Measurement of the quenching weights and the path-length

dependence

The successful set of models displayed here may be coincidentally returning equiv-

alent results to a combination of effects from a different quenching mechanism in a

different medium model. What can be concluded without strong statements on the

quenching mechanism or medium evolution is that the dijet imbalance observed has to

be explained with anti-correlation of the amount of energy lost by individual partons,

and the high energy-loss tails of this anti-correlation are constrained by the data.

This may have implications on the medium properties and the amount of material

traversed by a parton in more realistic models of expansion. A full-fledged theoretical

model should calculate the correlations in the quenching weights, which would be

compatible with data if the model results in a similar distribution to middle figure

of 7-9.

If the path-length dependence is also modeled realistically, the data may have the

capability of differentiating the types of energy-loss. In the simple models discussed

above, an emulation of path-length dependence was introduced by an artificial factor

of distance, in which case the data was able to distinguish the models by one unit of

distance (or time). This factor involves both the dynamics of the energy-loss process,

and the medium expansion.

On the experimental side, the extent of relation between quenching and material

can be further tested with more detailed study of quenching in relation to the event

topology, which can be expected from the LHC experiments in near future.
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