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1 INTRODUCTION

Understanding the passage of particles through matter @is1¢o understanding properties of the mat-
ter through which the particles pass. This is illustrateyl dy the Bethe-Bloch formula for the mean
rate of energy loss-dE/dzx. For electrically charged particles,dE/dx depends on several properties
of matter, including its atomic excitation and ionizatioroperties and its polarizability, which can be
characterized by its plasma energy [1]. In this way, the 8d&loch formula provides, for instance,
information about the suitability of solids, liquids andsga to serve as detector materials for character-
izing the identity and energy of an impinging particle. Irtireg this logic, the same medium-dependence
could be used to characterize (unknown) properties of magteneasuring the energy loss of identified
and well-calibrated particles. This inverse problem igttiel practical relevance for the characterization
of materials, whose properties are determined by the elyatamical interaction, and for whose char-
acterization a broad array of other techniques exists. Mewyéor the characterization of the strongly in-
teracting, high-density matter produced in ultra-relatie heavy ion collisions, alternative methods are
scarce, and the study of medium-induced parton energy lasparton fragmentation has become one
of the most promising tools for a detailed characterizafia#6]. Although the tight interplay of theory
and experiment has lead to rapid progress in recent yearsuthent understanding of medium-induced
parton energy loss is incomplete, and any pure review i$ylikebe outdated soon. As a consequence,
the present article will focus mainly on the generic physidsich a complete theory of medium-induced
parton energy loss should incorporate finally. The curyeptirsued heuristic approaches of modeling
parton energy loss will be discussed only in this more geruenatext. Their comparison to data from
RHIC is reviewed in another article in this volume [7].

Relativistic heavy ion collisions have been studied expentally in the last decades at increasing
center-of-mass energies at the Brookhaven Alternatingli€né Synchrotron AGS,(s; < 5 GeV),
the CERN Super Proton Synchrotron SRS, < 20 GeV) and the Brookhaven Relativistic Heavy lon
Collider RHIC (/5 < 200 GeV). Soon, the Large Hadron Collider LHC at CERN will studsaity
ion collisions at a center-of-mass energy ., = 5.5 TeV, which is almost a factor 30 higher than the
maximal collision energy at RHIC. Here, we focus on colliisicat RHIC [8-11] and at LHC [12-14]
collider energies, which produce matter at the highestggnéensity in the largest volume and with the
longest lifetime, which can be attained in any laboratonyegiment. More precisely, the initial volume
is governed by the overlap of the colliding nuclei, the aitgi energy density exceeds the critical energy
density for the phase transition to a Quark Gluon Plasmagdandg its expansion the ultra-dense par-
tonic system spends at least the first few fm/c above thigakiénergy density. This is a long lifetime
compared to typical strong interaction times, and henca-uélativistic heavy ion collisions provide
a unique opportunity for studying how properties of strgnigiteracting non-abelian partonic matter
emerge from the fundamental interactions of quantum chdymamics (QCD). But it is a lifetime far
too short to test the produced system with external probless,Tcharacterization of the properties of the
produced system must proceed by studying its decay praddt®BHIC and even more so at LHC col-
lider energies, partonic interactions at pertubativelgdanomentum transfer become abundant and the
remnants of high energy partons become experimentallysasit#¥e. This gives access to a qualitatively
novel class ofiuto-generated hard probex the produced matter. The idea behind this concept is that
the identity and energy of these initially produced pareartgns can be calibrated independently, e.g.
by the experimentally measured and pertubatively caledlgteld of the hard process in proton-proton
collisions, or by the measured energy of the recoiling higlparticle, or by calorimetric measurements
which suitably subtract the high-multiplicity backgrouafithe heavy ion collision. Hence, the partons
produced in high)? processes in a heavy-ion collision may be viewed as wetititied and calibrated
projectiles, which suffer medium-induced energy loss &/pifopagating through the dense matter pro-
duced in the collision. The task is to characterize the mmaediuodification of the parton propagation and
to relate it to fundamental properties of the produced ma8everal aspects of this challenge are char-
acteristically different from the problem of shooting ardttically charged particle into normal matter.
In particular:



1. The projectile has a complicated time evolution even in geium.
In the standard Bethe-Bloch formula, the charged progs@re asymptotic initial states, which
can be prepared in the infinite past. They are eigenstateseo@ED hamiltonian; so, in the
absence of interactions with a medium, these particles toadtate or fragment. In contrast, the
partons produced in high? interactions are the seeds of final state parton showessatéighly
virtual and branch in the vacuum under the QCD time evolutidm multi-parton final states. As a
consequence, the nature of the projectile changes as édinioéthe time passed since production.
What matters is not only whether the projectile interacthaitarget, but also when.

2. In parton energy loss problems, initial and final states hdiferent physical degrees of freedom.
For highly virtual partons, the initial stage of this fragmetion process can be accounted for per-
turbatively. The non-perturbative latter stage of jet fregtation is hadronization. Fragmentation
ends when hadronization is complete, since hadrons arestages of the QCD time evolution.
The experimentally accessible remnant of a parent partg.athe jet, is a multi-hadron final
state, and its medium-modification must be established protdhis hadronic structure. This
is very different from QED, where elementary, electricallyarged projectiles such as electrons
or muons do not change their identity during the interactiod the medium-madification of the
projectile is fully characterized by dE'/dxz and by its final transverse momentum.

3. Thetarget is a source of momentum transfer and of color feanand this color must be bleached.
Hadronization of a final state parton shower is a dynamiclirazeutralization process, which
bleaches colored partons into color-singlet hadrons. \éthorough dynamical understanding of
hadronization is lacking, we know that this process proséechlly in phase space. Hence, coarse
features of the phase space distribution of jets can be &egém be unmodified by hadronization.
But QCD is a finite resolution theory, and for sufficiently firesolution, hadronization effects
matter. Hence, while some characteristics of a jet may b&itsensolely to medium modifications
which originate in the early partonic stage of the heavy ioliston, other characteristics may
be sensitive to the later stage. Any color transfer bertweejectile and medium will affect the
dynamics of hadronization and thus jet hadrochemistry.

4. The target evolves strongly.

From the combined analysis of soft single-inclusive hadnpectra, two-particle correlations and

their azimuthal dependence, one knows that the matter peadin a heavy ion collisions expands

rapidly. Thus, the highly energetic partonic projectilegagates through an environment whose
energy density decreases rapidly. As we shall review belmwever, parton energy loss can

depend quadratically on the in-medium path length. In thiecinteractions at late times are more
efficient in degrading the energy of the leading partoniggmtile, and in some model scenarios

this can compensate completely the decreasing energytyefishe expanding system. In any

case, control over the geometrical extension and dynaraiqadnsion of the produced matter is

important for any quantitative comparison with data.

Up until recently, most experimental and theoretical workgarton energy loss focussed on
single-inclusive hadron spectra at high transverse mamnt > 5 — 10 GeV). Such hadrons can be
regarded as the leading fragments of parent partons anétb@ccompanied by a jet-like spray of sub-
leading particles. However, as discussed below, requitetgction of a highyr hadron is a significant
trigger bias on jet fragmentation, and the jet-like spralected in this way differ strongly from samples
of jets selected by calorimetric measurements. We expattrhcomparison to high-triggered jet-
like multi-particle states, the internal structure of js¢dected by 'true’ calorimetric jet measurements is
significantly more sensitive to properties of the mediummy because any trigger bias of a partonic
fragmentation pattern can obscure the imprints of a mediependence. For the purpose of this arti-
cle, we draw from this the radical consequence to discudsgiiiagitative expectations of the medium
modification of true jets, before turning to the physics ofy# inclusive hadron spectra and their biases,
and before discussing the current state of the art in therataaeling and theoretical modeling of jet



guenching.

2 Jets in the absence and in the presence of a medium

Hard processes are hadronic processes involving a largeenmtam transfer. Their medium-dependence
must be established on top of a reliable baseline. The obViaseline is the same hard process, measured
in the absence of a medium, that is, in elementary hadrotecaations such as proton-proton collisions.
The study of hard processes in elementary collisions is drieeomost successful textbook chapters
of QCD, see e.g. [15-17]. Here, we recall in an eclectic maonyy those few aspects, which are of
particular relevance for the following discussion of mediaffects. In particular, factorization theorems
ascertain that many hard processes can be factorized mtorig distance physics of hadrons, which is
not perturbatively calculable but processes-independewntthe short-distance physics of partons, which
is process-dependent but perturbatively calculable. iRgies inclusive hadron spectra in proton-proton
collisions, for instance, this factorization takes theesohtic form:

doPtP=h+X — Z doPP= /X g Dy_p(z, M%) ) (2.1)
f
where
doP TP = N (21,Q%) ® fp(2, Q) @ Gijm ik - (2.2)
ijk...

Here, ® denotes convolutions. The long-distance information ist@oaed in the parton distributions
fipp(, Q?) of partonsi contained in the incoming proton, and in the fragmentatiorctionD ., (2, 1)
for a partonf to fragment into a hadroh. The hard partonic cross sectiof)_, s, ... depends in gen-
eral on the partonic center of mass energy, the momentursférag, the renormalization scale, and
possibly the masses of the partons involved in the processs gartonic cross section is calculable
perturbatively as a power series in the strong coupling temma; (1) up to a remainder term, which is
suppressed by a power ¢f. The controlled computability of hadronic cross secticests on the scale
dependence of the functions in (2.1) ahd2.2). This scapemigence is governed by QCD evolution
equations. Physically, it emerges from the fact that thewarhof parton branching, which needs to be
included in the incoming parton distributions or outgoinggimentation functions, depends on the scale,
at which the hard process is interfaced with these functions

Equation[(2.R) denotes the single inclusive cross secfibaml partonsf, which underlies the cal-
culation of jet cross sections. For a jet definition which barcompared to data, one needs to understand
how the partong’ fragment, and one requires an operational procedure weliates hadronic fragments
to jets. In the present chapter, we discuss jet measuremdhtsn emphasis on those features which
are sensitive to propagation through dense QCD matter. dpteh[3, we then turn to single inclusive
hadron spectra.

2.1 Parametric estimates relevant for embedding hard procgses in the medium

Factorization. Does factorization apply if one embeds a hard process su€d.Bsin hot and dense
QCD matter? Factorization theorems, which include the mmaeinodifications relevant for heavy-ion
collisions, are not known. A simple parametric estimate riflagtrate the reason: Let us assume that
some of the partons flowing into or out of the hard processqieate in a second interaction with some
momentum transfe€)’. The cross section of this secondary scattering is of order,/Q"?. Hence,
medium-modifications are suppressed by powerk/6f'. However, factorization in the sense bf (2.1),
(2.2) is established typically only up to terms which are posuppressed iih/Q. Moreover, if the
medium dependence results from relatively soft, sr@alsecondary interactions, then the leading term
in an expansion of inverse powersaf/Q’?> may be unreliable.

For some special classes of measurements in electronusuatel proton-nucleus collisions, the
Liu-Qiu-Sterman (LQS) formalism guarantees the extensfdactorization theorems to specific medium

3



effects [18, 19]. The key observation in this context is th&tre is a parametrically dominant class of
geometrically enhanced medium-effects, which is propodi to the in-medium path length and hence
to A'/3. These medium effects are of ordera, A'/3/Q’?, and they are perturbatively calculable. In
these cases, hadronic cross sections are known to be givenampaccuracy) (o AY/3 /Q?) by the
convolution of process-independent (twist-four) partomrelation functions in the nucleus and a hard
matrix element. However, the central ideas of the LQS foisnahave not been shown to carry over to
hadronic cross sections in nucleus-nucleus collisions.

Localization of the hard process.In the phenomenological praxis of heavy ion collisions, Ergely
bypasses the issue of factorization. One aims at constgawith experimental data the absolute yield of
highly energetic partons produced within some kinemateaade in a nucleus-nucleus collision, and one
then proceeds to calculating the medium-modifications efffopagation and fragmentation of these
partons. In this way, one circumvents first principles clatons of absolute hadronic yields the
presence of hot and dense QCD matter, for which factorizatieorems would be needed, and one turns
to the analysis ofelative hadronic yieldsthe absolute yield of the produced hard partons is com&tgai
by data rather than calculated.

Tagged measurementsare the simplest example for this procedure. In a tagged umnerment, one
measures for instance a sample of photons or Z-bosons aiautiy high transverse momentum. These
gauge bosons are produced in hard processes but they caoglarocharge and they thus leave the
medium unattenuated. The large transverse momepfuimplies that the hard interaction is localized
within a small length scalé\z ~ 1/pr and time scaleAt ~ 1/pr. If this scale is much smaller
than the typical length scales in the medium [which can beebgul to be set by the temperatdre~
0O(200 MeV) or the saturation scalg, ~ O(2 GeV)],

Az ~1/pr < 1/T,1/Qs, (2.3)

then the hard partonic production process can be expectetitnaffected by the medium. That means in
particular, that the recoil transverse momentum assatiatth the triggered Z-boson or photon leaves
the hard partonic interaction in the same partonic configamaas in a proton-proton collision. Con-
ceptually, this turns the recoil partons of photons and Zebs into probes, whose initial energy is
constrained kinematically on an event-by-event basiswiith can interact with the medium in their
subsequent propagation. More generally, even if there factorization theorem which determines the
rate of high energy partons produced in hard collisiongetiaee multiple and mutually consistent ways
of selecting in nucleus-nucleus collisions data samplaswhich the rate of high energy partons pro-
duced in the initial hard processes is constrained. In géniérese high energy partons, after emerging
from the hard interaction, propagate through the mediumth@&cextent to which the numerical size of
the resulting medium-effects is much larger than the uag@rés in constraining the initial kinematical
condition of the propagating parton, this enables a charaetion of medium-modifications without
relying on theoretical control over the absolute spectiaanfl processes.

Lifetime of the virtual parton. A parton emerging from a hard interaction with high transeenomen-
tum pr carries an initial virtuality@, which can be assumed to be logarithmically distributeavbenh
pr and a lower hadronic scale. For high, this virtuality is perturbatively large. According to Hein-
berg’s uncertainty relation, the parton will degrade itsuality (i.e. will start evolving closer to on-shell
conditions) on a time scalke/Q in its rest frame. This degradation of virtuality is achiéu® multiple
parton branchings and it is at the basis of the final statepatiower. Given that the time- scalg@

is small, the question arises to what extent the final stat®mpahower can be altered by a medium,
and to what extent a branching process will be completed pitme scales of order/T" or 1/Qs, on
which medium-effects are expected to become relevant, ge€€3). In this context, it is crucial that
the lifetime of the virtual parton is Lorentz-dilated in thest frame of the medium by a gamma factor



~ Eparton/m, Where the mass of the parton can be identified with its Vitjyzo

Epart
Tvirtual life =~ % . (24)

In the extreme case of a parton with,;1on = 100 GeV and maximal virtuality@? ~ (100 GeV)2, this
time scale iSryirtuallife = (1/500) fm/c, which is much smaller than the typical wavelengths withia t
medium components. So, this parton can be expected to b@imthto interacting with the medium.
On the other hand, if a parton with this energy has a rathetl sin@ality of Q% ~ (1 GeV)Q, then
Tvirtuallife = 20 fm/c. Such a parton will not branch within the path length of thediam, except if it
interacts inelastically with the medium. These numericiihgates of hadronization times are indicative
of the expected order of magnitude, but may vary dependingaufel assumptions [20].

In general, the description of fragmentation and hadradioigan elementary collisions (i.e. in
the vacuum) requires momentum space information only. htrast, the description of medium effects
must also be based on a picture of how the hard process is eetdbén and propagates through the
spatio-temporal region over which the medium extends. Técaes of the typd (2.4) determine the
spatio-temporal embedding of hard processes and thusededidther and at what stage within their
fragmentation process, remnants of high energy partonsggmyefrom a hard process will interact with
the medium. We note that at least some aspects of this piateréestable. In particular, the non-
perturbative stage of parton fragmentation, a.k.a. hagation, occurs as soon as the parton shower has
evolved to sufficiently low virtuality, sa@? < (1 GeV)Q. According to eq.[(2]4), if at that scale in the
evolution a leading parton still carries an energyf..on = 10 GeV, then its lifetime iSyirtyal tife >~ 2
fm/c. For hadronization to occur §2 < (700 Me\/)z, we would extract a lifetime of i riuainife ~ 4
fm/c. Qualitatively, these estimates indicate that if tbading parton in a parton shower carries more
than O(10) GeV energy at the end of the perturbative evolution, theraiit lbe expected to live long
enough to hadronize outside the medium in the vacuum. Asguthat leading partons fragment into
leading hadrons, this indicates that abgve > O(10) GeV medium-modifications of single inclusive
hadron spectra should show the same relative hadrocheoupgbosition as in the vacuum, since their
hadronization is unaffected by the medium. This is consistéth observations of the particle-species
independence of highr hadron suppression, made at RHIC.

Formation time. The process of parton fragmentation involves numericatipartant quantum inter-
ference effects, see sectioh 4. As a result, the picture aft@mp shower as a probabilistic iteration of
parton branching processes has limitations. Interesgtitigh most important interference effects can be
included in a probabilistic language. In particular, thexea one-to-one correspondence which maps
the destructive interference between subsequent gluossamionto an angular ordering prescription
between subsequent probabilistically iterated branchid§, 21]. This is implemented in technically
different ways in the QCD parton showers of state of the amitdcCarlo event generators [22—24].

For targets of finite spatial extension, this is not the ontportant quantum interference effect. If
a parton branches a gluon before entering a secondary agtierathe question arises whether the two
decay products should be considered as independent fliegjectr whether they scatter coherently. A
simple quantum mechanical argument helpful in deciding djuiestion is based on estimating the phase
difference between the decay products. Here, the relevasepfactor in the wave function of each
parton is~ exp [iE, Az], whereE is the transverse energy aid: is the distance in the direction in
which the projectile propagates. For instance, if a quaagrfrents; — ¢ g a gluon with energyw and
transverse momentuky-, then the inverse transverse energy defines the formatian ti

2w
Tform = k‘_2 . (25)
T

For Az = 7o, the relative phasé | Az between the two daughter parton wave functions is unity,
and that indicates decoherence of the wave function of thezhgluon from its parent. On time scales
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small compared teg.,.,, however, the two components of the projectile wave fumctian be expected
to act coherently, that means, scattering proceeds as dfitiom is not yet formed, see section 414.3 for
more details.

We note that if a virtual parton splits in the vacuum into twapeximately massless daughters
with momentum fractiong and(1 — z), then the relative transverse momentum between the owgtgoin
partons satisfies? ~ z (1 — z) Q2. Taking the soft daughter parton to be the gluon with energy
2 Eparton @nd setting1 — 2) ~ 1, one find2 w/k% ~ 2 Eyarton/Q?. This shows that the estimaté€s (2.4)
and [2.5) are closely related.

2.2 Jet definitions

A jet is the collimated set of hadronic decay products of &pgparton. But the concept of a parton is
ambiguous, for instance because it is scale dependent. &ssgaguence, there are different definitions
of what a jet is, and these correspond to different algosstfion searching jets in hadronic collisions and
- in general - they yield different results. It is hence intpat that the theoretical calculation of a jet
matches the measurement procedure. According tSMO®WMASS accord25], which were agreed
on by experimentalists and theorists in 1990, a 'good’ jéiniteon should be simple to implement in
experimental analysis and theoretical calculations, auth be defined and yield finite cross sections
at any order of perturbation theory, and the obtained cresdons should be relatively insensitive to
hadronization. Because of the requirement on the validitgesturbation theory, the algorithm with
which jets are characterized in hadronic collisions musinfrared and collinear safe, i.e., the notion
of a jet should not depend upon adding or subtracting a sdficfgaor upon collinearly splitting a hard
particle. Also, it should be as insensitive as possible eéaufiderlying event.

There has been significant progress recently on improvindggnitions (see e.g. Ref. [26] and
references therein) in line with the SNOWMASS accords aedetlare arguments that this novel gener-
ation of jet definitions should be suited for analyzing jetshe high-multiplicity environment created in
heavy ion collisions. So far, essentially all high-data analyses at RHIC have been carried out either
on the level of single inclusive hadron spectra, or by camsing jet-like particle correlations with the
help of highp trigger particles. Only recently, a first attempt was madad®e calorimetric jet defini-
tions for the analysis of RHIC data [27]. This analysis idleed calorimetric towers with a jet energy
Eie; < 40GeV, which is large for RHIC kinematics, but which is still smatbmpared to the energy
scales at which one characterizes jets normally. Theserldtieal limitations at RHIC are certainly one
of the reasons for why there is still little experience in lgpm calorimetric jet definitions to the high-
multiplicity environment of heavy ion collisions. We expdlat this situation will change radically with
the much wider kinematic range accessible at the LHC.

2.2.1 Jetalgorithms

Classical jet algorithms can be grouped roughly into twesda:
Cone algorithmsaim at defining jets as dominant directions of energy flow inithcircle of radius

R =/(Ay)* + (A¢)? (2.6)

in the (y, ¢)-plane of rapidityy and azimuths. [Longitudinally invariant cone algorithms are clearly
formulated in terms of rapidity rather than pseudo-rapigitbut there are cone algorithms formulated in
y.] The center of this cone is defined by the sum of the momeirtg Ip the cone. Most cone algorithms
are seeded, that means that the algorithmic reconstructiets starts from a set of seeds which are e.g.
all calorimetric towers in théy, ¢)-plane showing more than a certain energy. The idea is theario
the content of the cone and thus its direction, till it cottes with a local maximum of energy flow in the
(y, ¢)-plane. A complication of cone algorithms is that differenhes may overlap. One thus requires a
prescription which either prevents the algorithm from firgdoverlapping cones, or which defines how to



distribute the content in the overlap of two jet cones. Battnaies have been explored in the praxis. In
particular, by iteratively removing those calorimetrievirs from the event, which have been attributed
to a jet (iterative cone algorithms with progressive rentipvane ensures that overlap does not occur.
Alternatively, there are iterative procedures which antdarsplitting and merging overlapping cones
(cone algorithms with split-merge). A second complicati@that for the simplest jet cone algorithms,
the addition of an infinitely soft particle can in principlaange the clustering of jets in an event. Most
currently used cone algorithms have procedures implerddnteontrol or remedy this phenomenon,
but the performance of these procedures in the high-migitiplenvironment of a heavy ion collision
deserves further studies. There is one recently proposed afgorithm, SISCONE [28] (Seedless
Infrared-Safe Cone jet algorithm) which meets the SNOWMASE&ords, that means, it is infrared and
collinear safe.

From jet production at LEP, LEP2 and Tevatron, one know tbejdts of energy 100 GeV, ap-
proximately 70 % of the jet energy is contained in a cone ofusa@& = 0.3, and approximately 90 %
of the jet energy is contained in a cone of raditis= 0.5. These jet energy fractions narrow slightly
with increasing jet energy, and there is a parametrizateset on data from the DO-collaboration [29].
Clearly, to capture most of the jet energy, a cone radlus 0.3 is needed. In hadronic collisions, one
typically uses cone radil.7 < R < 1.0.

Jet reconstructions based on successive recombinationshese reconstruction algorithms are based
on defining a distance;; between any pair of objects in an event as well as a so-cadlathldlistance
d;p for each object. For each event, one identifies the smalisstnate. If this distance is smaller than
the beam distance, then one combines the two objects intolbiias larger, then the object is called
a jet and removed from the event. This is repeated till noathgeleft. There are essentially three
successive recombination algorithms, which are inframed @ollinear safe. They are defined by the
distance measures

dij = min (kizrpzvkizrpg) (Ayi; + Agyy) (2.7)
dip = RKF,. (2.8)

Depending on the integer, these distances define the Cambridge/Aachen algorithp313@or p = 0,
the kr algorithm [32] forp = 1 and the antkr algorithm [33] forp = —1.

A variant of thekr algorithm specially suited for™ e~ collisions is the Durham clustering algo-
rithm [34], where one defines for each pair of final state pladithe distance

dij = 2min(E7, E7)(1 — cos 0;5)/ Egy - (2.9)
The pair of particles with smalles}; is then replaced by a pseudo-particle, whose energy and ntame
are the sums of its daughters. The procedure is repeatedliati; exceed a given thresholtl ;.

In the above, we have focussed mainly on jet algorithms of#itend generation, which meet the
SNOWMASS accords. A short overview of other currently usstdhjgorithms is given in Ref. [26].

2.2.2 Background and background fluctuations for jet retroigtion

In a central Pb-Pb collision at the LHC, there is - unrelateptt production - typically a total transverse
energy per unit rapidity oflEr/dn of 1 TeV or more. This estimate is obtained by multiplying the

expected average\/p?ﬁ ~ 700 MeV per hadron with a minimal multiplicity/N/dn = 1500 of the

sum of charged and neutral particles. The afea = 7 R? of a jet cone covers a significant fraction
of the entire area;t,1 = An x A¢ = 27 within one unit of pseudo-rapidity. As a consequence, the
high-multiplicity environment leads - unrelated to jet goation - to an energy of

{ 45GeV forR=0.3

A'e
Epg(R) > - 1TeV =

125GeV  forR = 0.5 (2.10)
Atotal

245GeV  forR =10.7



These numbers indicate that in a heavy ion collision, thaestrarse energy of the underlying event
in a cone of typical radiu®.3 < R < 0.7 is comparable in magnitude to the energy added by the
jet. Reducing the cone size or applying a transverse momrentu does both reduce the background
strongly whereas it affects the jet signal to a much lesstmex

The reconstruction of the energy of a jet can be at best asatea@s the estimate of the background
energy, which is contained in the same jet cone and which imeistubtracted. For event-by-event
jet reconstruction, this accuracy is limited by the fluciued in the background. We distinguish two
different contributions:

1. Fluctuations caused by event-by-event variations in impatameter
A centrality class is a selection of events with a certairagrin multiplicity and in impact param-
eter. This spread translates into a fluctuation of the t@ekbround energy inside a cone

AEST o B2 (2.11)

Since the variation of impact parameter affects multiptiéhside and outside the cone in a cor-
related way, information from outside the cone (e.g. frolmeotapidity windows) can be used to
estimate the effects of this fluctuation on an event-by-ebasis.

2. Out-of-cone multiplicity fluctuations in events at fixed acigoarameter
Under the assumption that the particles produced in thésimil are uncorrelated, these back-
ground fluctuations are Poissonian, and their r.m.s. isdsgpeRef. [12])

AE]E’gisson — \/N <pT>2 + UIQJT x R. (2.12)

Here, NV is the number of uncorrelated particle in the cone, apdis the rm.s. of the trans-
verse momentum spectrum. However, the intermediate artdphigoarticles, which dominate
AEEgiSS"n, show jet-like correlations. This leads to fluctuations athare stronger than those
obtained in the Poissonian limit

AER > AEpIS" (2.13)

Any estimate about the extent to which the Poisson assumptiderestimate multiplicity fluctu-
ations requires a dynamical understanding of jet-likeedations.

2.3 Characterizations of the intra-jet structure

Since jets are multi-particle final states, a large numbdandépendent measurements has been used
for their characterization. In general, these measuresneimaracterize the energy flow, the particle
distribution, particle correlations and particle identitithin a jet. In the following, we discuss the most
common measures.

2.3.1 Jet event shapes

Some of the best studied measurements of jet energy flowspame to perturbatively calculable,
infrared-safe quantities. In the context of heavy-ion jdgstheir study has started only recently, but
it is of potential interest for several reasons. First, ysdtive calculability indicates that the measure-
ment is mainly determined by the partonic laxgé-part of the parton shower. This corresponds to very
early times of order E/Q? into the parton shower evolution [see equat[on](2.4)], aod ainy medium-
modification of such measurements can be expected to bdigensithe early and dense stage of the
collision. Second, infrared-safe quantities may be edsieharacterize within the high-multiplicity en-
vironment of a heavy-ion collision, since infrared safetplies a relatively weak dependence (ideally,
an insensitivity) to the underlying event. Thrastthrust majorTy,,; and thrust minofl},,;, are amongst
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subsequent hadronization. RHS: In a model, in which the nmedhduces additional gluon radiation, all thrust disttibns
broaden significantly compared to the vacuum baseline.réggaken from Ref. [36].

the best studied perturbatively calculable, infrared:gaf event shapes [16]. For these quantities, one
sums over the three-momenigof all final state particles. According to the definition ofuht,
> 1pi - it
T = maxj, —s——, (2.14)
" Zz |7

a 2-jet event is pencil-like i’ = 1, that is if all particles are aligned parallel or antipaghtb a thrust
axis7ip. The event is spherical i = 1/2. Thrust major and thrust minor characterize the jet energy
flow in the plane orthogonal to the thrust axig. Thrust major is defined as the projection of all particle
momenta on the directiom, which is orthogonal t@r and along which the momentum flow is maximal

Sl

22 |pil
Thrust minor sums up the componepts of the final particle momentg;, which are orthogonal to the
plane defined by: and7ir,

in = = > °

> |pil
The left hand side of Fid.l1 shows data from the ALEPH collabion, compared to a Monte Carlo
simulation. We note that according to perturbative QCD dibstructive interference between successive
gluon emissions translates into a strong angular ordefitigegarton shower. As a consequence, the first
branching process in the parton shower typically carrigsicantly more transverse momentum (mea-
sured with respect to the thrust axis) than subsequent branchings. This implies that the firsidhiag
largely determines thrust major. Also, the orientationhaf $econd branching with respectip andr
significantly influences the degree to which thrust minor @emarrow than thrust major. On the level
of these qualitative considerations, one sees alreadyttinat, thrust major and thrust minor provide
a detailed test of the dynamical description of multipletg@arbranching processes. Moreover, since
branchings at low virtualitie§)? do not result in significant transverse momenta between dhgler
partons, these quantities are relatively insensitive ¢o"tate” low-Q? stage of the parton shower and
to hadronization. The right hand side of Hig). 1 illustratest tdespite their perturbative calculability for
elementary interactions, these event shapes show in matieil@tions a strong sensitivity to a class
of potential medium-modifications. For instance, any itépn between the medium and the parton
shower, which induces additional gluon radiation at eadgass of the parton shower does leave distinct
traces in thrust, thrust major and thrust minor.

(2.15)

Tinaj = MaXg,.7—0

T (2.16)



The interaction of a jet with the dense QCD matter produceldeimvy ion collisions can be ex-
pected to lead to a broadening of the jet energy flow, whictbeacharacterized by jet shape observables.
Characteristics of the broadening can be expected to b#igem®t only to properties of the dense QCD
matter, but they will also give access to the microscopicadyias of the interaction between probe and
medium. On general grounds, for instance, elastic intienrastbetween probe and medium (which are
sometimes referred to as collisional energy loss) are dateihby small-angle scattering processes, and
the degrees of freedom in the medium which accept the sicattercoil, will have low energy in com-
parison to the projectile partons. As a consequence elagtiactions are likely to lead to a broadening
of jet shape observables, which is dominated by fgwparticles. In contrast, any medium-induced
additional parton splitting tends to increase the broaugnof jet event shapes by modifying the parton
shower in the range of intermediate and high transverse m@am@& here are by now first quantitative
model studies which support this qualitative idea [36].

There is a wide class of event shape observables. It inchydsdtities such as oblateness, spheric-
ity, planarity, aplanarity and total jet broadening. Imgiple, many of these observables are independent.
In the practice of comparing Monte Carlo simulations of riap#rticle final states with data, it turns out
that simulations typically account satisfactorily for ethevent shape observables, if they account for
thrust, thrust major and thrust minor. For this reason, Vier te the literature for discussion and data of
other event jet observables.

2.3.2 Jet substructures

As discussed in sectiofi_2.2, the definition of jets dependtherlistance scale with respect to which
jets are defined. This distance can be a coneRjzee eq.[(Z]6), or a distance of the tylpel(2[7)] (2.8).

To be specific, consider the Durham cluster algorithml (Z'&g number of clusters separated by a
distance larger thati.; is defined to be the numberof jets. The so-called-jet fraction measures then
the number of jets in an event as a function of the resolugigh As one decreases the resolution scale
Yeut, & parton fragmentation pattern which has been countediagla get for some resolutiof.,, may
be resolved into more than one jet. This dependence of théauai jets in an event on the resolution
Yeut 1S particularly sensitive to the discrete and stochastianeaof the partonic fragmentation process.

If the interaction of a jet with the QCD matter results in diddial, sufficiently energetic, medium-
induced gluon radiation, then these additional partonsbeaaxpected to be seeds of additional jets at
sufficiently fine resolutiony.,;. AS a consequence, one expects to count more jets at gmallon the
other hand, elastic interactions between jet and mediunurdieely to have a significant effect on the
n-jet fraction, since they are dominated by small-angletsgag, which has little effect on the distance
(2.9). First Monte Carlo studies support these qualitativeclusions [36].

2.3.3 Jet multiplicity distributions

In this subsection, we discuss mainly the understandingadfisive single-hadron intra-jet multiplicity
distributionsdN/d¢, £ = In[1/z] as a function of the logarithm of the hadron momentum fractio
x = p/Eje along the jet axis. These distributions can be measuredlifcharged hadrons, or for
identified hadron species. In principle, they can also besomea separately for quark and for gluon-
initiated jets. In what follows, we shall denote & /d¢ not only hadronic, but also partonic multiplicity
distributions. Since the multiplicity in a parton showecrgases during the evolution, the latter are
functions of the evolution scalE = In [Q/Qo], Qo < O(Aqcp)-

In contrast to jet shapes, which are relatively insensitivéadronization, one may expect that
the hadronic multiplicity within a jet shows a stronger degence on the dynamics at hadronization,
since any hadronic decay process affects the hadronic yiellde final state. Remarkably, however,
perturbative QCD has been used with significant phenomgitalbsuccess in comparisons of the shape
and hadrochemistry of inclusive single-hadron jet muttipt distributions [37—39]. Qualitatively, this
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Figure 2: The single inclusive hadron distribution as a fioncof ¢ = In [Eje./p]. Data are taken from the" e~ collision
experiments TASSO and OPAIE;.; = +/s/2. Lines through data denote the MLLA limiting spectrum dészd in the
text. Dashed and dash-dotted curves labeled "in mediumtaiailated for a model in which medium effects enhance gluon
emission. Figure taken from [40].

may be understood as a consequence of two facts: First, iiadtion becomes relevant at low virtu-
ality. This low virtuality limits the phase space of furtheranching processes and hence it limit the
degree to which the hadronic yield can be augmented compated perturbatively calculated partonic
multiplicity above but close to hadronization scale. Sekdhere is evidence that important aspects of
hadronization are local, in the sense that partonic midiijds give rise to hadronic multiplicities within
the same phase space region. Taken together, these olmsenatpport a picture, in which hadronic
intra-jet multiplicity distributions can be related to paric multiplicity distributions by an overall fit
factor of order unity, which does not depend on kinematiealables. Perturbative QCD can then pre-
dict the shape and jet energy dependencéNdfds.

For details of the perturbative description of jet multjiies, we refer to the literature [37, 38].
Here, we note solely that destructive interference betvgadingluon emissions within a jet is known
since the early days of QCD to suppress hadron productiomall snomentum fractions = p/Ejct.
Already in the double logarithmic approximation, the QCletion equations ir” show the charac-
teristic hump-backed plateau, seen in datad¥d¢, see FiglR. For a quantitatively reliable descrip-
tion of sufficiently small momentum fractions and sufficiently large jet energies, whdre[l/x| ~
In[E/Qo] ~ O(1/,/as), however, one must take into account terms of relative o(der. This is
achieved in in the modified leading logarithmic approximmat{MLLA), which provides an analytically
controlled calculation in the region of sufficiently large only. Supplementing this partonic MLLA
calculation [37, 38] with the hypothesis of local parton twdduality (LPHD) [39] results in a good
agreement with the jet multiplicity distributions obseshia elementary collisions, see e.g. Hig. 2.

While MLLA accuracy per se is not sufficient to describe thelusive single-hadron distribution
as a function of the transverse momentum with respect tetlaxjs, this is possible in a recent approach
called NMLLA [41, 42], in which some parametrically higherder terms are kept. Physically, these
terms amount to improving energy momentum conservatiorael @arton branching. Exact energy
conservation combined with MLLA accuracy can be achieveduoyerical techniques [43] and appears
to be quantitatively important in most of thé and£-range explored experimentally so far.

The presence of dense QCD matter produced in a heavy iosioollis expected to degrade the
energy of the most energetic partons in the shower. Sincetlemergy is conserved, a reduction in the
energy of the most energetic partons within a jet impliesxangase in the total jet multiplicity. Figuré 2

11



(a) Fragmentation in vacuu (b) Medium-modified
fragmentation

Target parton

A

Figure 3: Sketch of an entirely gluonic parton shower in #rgéN. limit, where gluons are represented as pairggfiermion
lines, and quarks as single lines. (a) Fragmentation ofl@ngn the vacuum. (b) Interaction of the gluon with a targeark

in the medium via a single gluon exchange. This interactizeinges the color flow and may affect hadronization, see text.
Figure taken from Ref. [46].

shows a model study which illustrates this phenomenon toc#se of medium-induced additional gluon
splitting. Most generally, one expects that the yield ofhhégergy partons (smaj) decreases while the
yield of partons of lower energy (larg@ increases. Assuming local parton hadron duality, thisikhbe
reflected directly in the hadronic distribution. One alspeaxts that the multiplicity distribution broadens
in transverse momentum space due to multiple scattering.

2.3.4 Jet hadrochemistry

From a general perspective, highly energetic partons getpay through a dense plasma can be viewed
as probes, which are initially very far away from the equilim state of the surrounding matter. By
interacting with the medium, they participate in equildima processes, which can by characterized by
studying the medium-modification of jets. The measuremdistsussed so far allow us to characterize
kinetic aspects of equilibration. In contrast, jet hadeistry addresses the question to what extent
the jet embedded in the medium participates in hadrochérmdpalibration processes. The sensitivity
of hadrochemical jet measurements arises from the factieabhadrochemical composition of jets in
the vacuum is known to differ characteristically from thétttoe bulk hadronic composition in heavy
ion collisions [44]. It also differs from the hadrochemicaimposition in RHIC heavy ion collisions at
intermediate transverse momentum, which seems to foll@vigcounting rules [45].

From the previous subsection, we know that important catalé and quantitative features of
jet multiplicity distributions can be accounted for by pektation theory. In particular, supplementing
MLLA [37,38] with LPHD [39] amounts to extending the pertative shower evolution down tdqcp
and then assuming a one-to-one correspondence betweenipammd hadronic degrees of freedom. For
jets in elementary collisions, this hadronization prggan has been applied successfully to jet hadro-
chemistry. By evolving the parton shower for different ladspecies down to scales set by the hadron
masses, one can account for the main characteristic diffesein the hump-backed plateaus of pions,
kaons and protons. If this hadronization assumption gergisthe presence of a dense QCD matter,
then it leads to specific predictions for the medium-modifiedrochemical composition of quenched
jets [46].

However, several other dynamical mechanisms are condejwahich may affect the hadrochem-
istry of jets in the medium considerably. In particular, kstshed in Fig 3, any gluon exchange between
the parton shower and the medium changes the color flow. Simdenization must implement color
neutralization, this can change significantly the hadrodhal composition of jet fragments. In partic-
ular, for the case of a hadronization model based on stragnfentation, Fid.|3 illustrates clearly that
the initial invariant mass distribution of strings may bgesgted to be rather different from that in the
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vacuum. One may also speculate on other mechanisms. Fandestif components of the medium are
kicked by the parton shower to sufficiently high transversemantum, then the hadrochemical com-
position of what is kicked can affect jet hadrochemistry. &pect that jet hadrochemistry will be
characterized in detail within the LHC heavy ion program.

3 Leading hadrons in the absence and in the presence of a mediu

At sufficiently high transverse momentum, inclusive siAgéglron spectra in proton-proton collisions
can be calculated within the perturbative QCD factorizewhiism, as discussed shortly in the context
of equations[(Z]1) and (2.2). The qualitative discussiotenfjth scales and time scales in secfiod 2.1
applies to highpr inclusive hadron spectra, as well. In particular, highhadrons result from highly
energetic partons, which have evolved in the parton showendo a hadronic virtualityQy.q.. The
lifetime of these partons can be estimated according 19 (@.6e of the ordefp,ton/ Q3,4 Which
takes values of the order of a nuclear radiusAgy,+.n, ~ 10 GeV and typical hadronization scales. The
far-reaching consequence of this parametric estimatatsaoh sufficiently high transverse momentum,
leading hadrons form outside the medium. Thus, the mediwdiioation of highpr inclusive hadron
spectra is expected to be sensitive solely to the mediumifioatibn of parton propagation, and should
not depend on the interaction of hadronized fragments viighrhedium. An important test of this
conclusion is to verify that the particle-secies dependasfanedium-modifications is trivial, i.e., that it
arises solely from differences in the medium-modificatibmhe parent gluons, light quarks and heavy
quarks.

3.1 Trigger biases

Hadronic measurements select classes of partonic fragtm@npatterns. Depending on the measure-
ment, this selection can show a significant bias. Thesedrigises can be seen clearly, for instance, on
the level of the average momentum fractiaf, which is carried by the most energetic hadron inside the
experimentally selected partonic fragmentation patterns

Trigger bias in the vacuum. The calculation of single inclusive spectra proceeds byaloiting the
probability D, () dz of a partonf of transverse momentupy to fragment into a hadrol of momen-

tum fractionz = pl /pr with the probability%dm of producing a parton with this momentum.

. . . +p—f+X 1
Let us approximate the partonic cross section by a powel‘-lfﬁvyw— X Gy It then follows from

(pr
the hadronic cross sectialr?P—h+X — % dpr Dy_.1(2) dz that its dependence on hadronic

momenturrp’% is determined by thén — 1)-th moment of the fragmentation function

(2)lead.hadr. = /Zn_lDf_)h(Z) dz. (3.1

Within the kinematical ranges tested at RHIC and at the LHEhtard partonic cross section is significant
steeper than the = 4 dependence expected of lowest order perturbative paddopscattering (which
should be valid in the limip; — oo with s/p?p = fixed). One of the main reasons for this steeper fall-

off of % with increasingpr is the z-dependence of the parton distribution functions entering

. These decrease with increasing transverse partomemompr, Sincex; , ro 2,/s. There
g p p > br

are also other effects, for instance, the running of the laogigonstant (p2.) in the hard parton-parton
interaction adds to increasing the powerClearly, for quantitative statements about thedependence
of %, one should turn to a reliable perturbative calculationr the purpose of this argument,

however, it is sufficient to note that one has> 7 over a wide kinematical range at RHIC and at the

LHC.

Let us contrast the measurement of a single-inclusive masipectrum with a measurement, in
which one selects a set of events containing partbrag known transverse momentupy-. In fact,
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calorimetric jet measurements aim at selecting such ahédeat sample by measuring jets with energy
FEiet = pr. According to the definition of a fragmentation functione timost energetic hadron in these
jets carries an average momentum fraction

(2) jet :/sz_m(z) dz . (3.2)

By comparing equations (3.1) arid (3.2), one finds that simgleisive hadron spectra amount to a dra-
matic trigger bias, since th@ — 2)-nd moment of the fragmentation function will lie at muchgler
momentum fractions than its first momeni (3.2). To be spedifi@n £ = 100 GeV jets, measured at
LEP2 and initiated by light quarks (up, down, strange), #sling hadron typically carries a momentum
fraction of ()¢ ~ 1/4. In contrast, leading hadrons tend to carry a momentumidract the order
of (2)1ead.nadr. ~ 3/4. The difference in these averagesalues indicates the numerical importance of
trigger biases.

To sum up: if one requires single hadrons with momenp@r(ltrigger condition), then the yield of
such hadrons will be dominated by biased fragmentationgases in which the parent parton looses as
little energy as possible into the production of subleadiagrons. This is so, since high- partons are
rare, and the bias on the fragmentation pattern will be mewere for larger values of, when highpp
partons are rarer.

[We note as an aside that while equations](3.1) (3.2) setlufor illustrating the above
argument, they remain schematic since we do not specify ther&inematical boundaries of the
integration, and we do not specify the dependence of thefeagation functions on the evolution scale,
which may be different for (311) and (3.2).]

Trigger biases in the medium.Let us assume that a highly energetic parton, produced irdgdaatonic
proces&f+ looses with probability? () a fractione of its initial momentum due to the presence
of the medlum prior to hadronizing outside the medium. TWerage medium-induced fractional energy

loss of such partons is
<A—EF> e = /de e P(e). (3.3)

However, in close analogy to the discussion of trigger lsas¢he vacuum, the medium-modification of
the partonic cross section will be [47]

med
/d Ple da pT/e) (3.4)
de de

If the partonic cross sections falls like 1/p7., then the medium-modified partonic cross section will be
sensitive to the typical energy loss

AFE
— = [ dee" P(e). 3.5
< E >typical / ( ) ( )

The typical energy lost by the parent parton of a triggeregh{nf; hadron is much smaller than the
average energy lost by parent partons of the same momentoma partonic cross section which is
steeply falling inpr, the measured high% hadrons are those which got away with the least medium-
induced energy loss.

The probabilityP(¢) of medium-induced parton energy loss depends on propefttae medium.
In particular, it increases with increasing in-medium patigth. We recall that in heavy ion collisions,
there will always be an outer region of the collision, fromigihparticles can propagate into the vacuum
after little or no interaction with the medium. Since sinbgkedron spectra are dominated by hadrons
which emerge with less than average medium-induced enesgy this implies that the hadrons selected
exprimentally by measuring a single-inclusive cross sectivere produced predominantly in the outer
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parts of the collision region. The measured spectrum Isasface biag[48]. This may limit the ability of
testing the medium with single inclusive hadron spectrd, [gitnply since the sample of hard processes
selected by measuring single inclusive hadrons cannot lbedtded deeply into the medium, and since
the surface bias induces additional uncertainties in aimajythe medium modification.

There are several proposals to bypass this surface bias ahdriacterize the medium-modification
of hard processes which were deeply embedded in the mediumrinciple, jet measurements, based
on the calorimetric measurement of jet energy flow withinhigh-multiplicity environment of a heavy
ion collision, are independent of the surface bias (andrdtlgger biases), since the energy of the initial
parton is conserved throughout the medium-modified panofugon. Another promising approach to
bypass surface bias effects is the study of the recoil medsuarthe direction opposite to a high-
trigger particle. In this case, the fragmentation pattemrttee side of the trigger particle is biased, of
course, but the recoil distribution can be expected to slitthe bias. By now, several studies address
the question to what extent triggering on photo#sbosons or highsr hadrons provides sufficiently
accurate calorimetric information about the recoil.

The surface bias is by far the best know, but possibly not tte qualitatively novel trigger bias,
which arises in the high energy collision of heavy nucleit iRgtance, one often expects that in nucleus-
nucleus collisions the incoming partons can pick up trarsevenomentum by multiple scattering prior
to entering a hard process. In this case, triggering on desimghs hadron will preferably select
processes for which the center of mass of the hard interaatioves in the direction of the triggered
particle. While this effect should be small at sufficientigln transverse momentum, it may play an
important role in the region of the Cronin peak.

3.2 The nuclear modification factor

In the absence of medium effects, the hjghparticle yield grows proportional to the number of hard
partonic interactions, which is proportional to the numdsienucleon-nucleon collisions,

dNA B—h dep—»h ] ]

— = (NABY = without medium effects. (3.6)
d?pr dy d?pr dy
Here, the average numbgV45) of equivalent nucleon-nucleon collisions in a collisioriveeen nuclei
A andB is determined by a Glauber model calculation. The singlrigive spectrumiN/d?pr dy in a
nucleon-nucleon collision is determined either experita@n(e.g. in p+p collisions at RHIC or LHC),
or theoretically within the framework of perturbative faization. To characterize deviations from this
benchmark, one introduces the nuclear modification factor

AB—h
medium

h : _ dpr dy
R g(pr,y, centrality ) = <NAB>dN5§’CEﬁn . (3.7)
coll /' dprdy
This nuclear modification factor characterizes the medmauification of single inclusive spectra fully.
By construction, it equals unity in the absence of mediufaet$, and it decreases if the medium sup-

presses the production of hard particles.

The nuclear modification factor at RHIC Fig.[4 shows data for the nuclear modification fadiy, at
RHIC. With increasing centrality, the highr yield of neutral pions decreases significantly in compari-
son to the benchmark expectatién {3.1). For the most castliaions, this suppression is approximately
5-fold. In contrast, highpr photons appear to be unaffected within errors. This is stersi with the
picture that the strong medium-induced suppression of-pighadrons is a final state effect, which does
not occur for photons since these do not interact hadrdpnici&loreover, if one assumes that high-
photon spectra remain unmodified, then the nuclear modditédctor for photons becomes a test of the
assumption that hard processes in heavy ion collisiong saéh the number of binary nucleon-nucleon
collisions, which can be determined via a Glauber caloutatif (N45).

coll
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Figure 4: The nuclear modification factér (8.2) as a functiénentrality given by the number of participants.. for direct
photons and neutral pions, measured/any = 200 GeV hadronic collisions at RHIC. Particle yields are intagd above
pr > 6 GeV. The p+p direct photon yield is taken from a next-to-legcdorder pQCD calculation with scale uncertainty
indicated by the shaded bar on the right. Dashed lines itelibe error in determiningV2Z) in @2). All other errors are
included in the error bars. Figure taken from Ref. [50].

Fig.[4 is but one manifestation of a generic phenomenon. &wvhén collisions at RHICall

single inclusive hadron spectra are suppressed by comedeafe suppression factors. In particular,
one observes [8-11] :

e Strong and apparentlyr-independent suppression Bfy 4 at highpr .

In /sy = 200 GeV, 5-10% central Au-Au collisions at mid-rapidity, onesebves a suppression
of high-pr single inclusive hadron yields by a facter 5, corresponding t(‘nguAu(pT) ~ (.2
for pr > 5 — 7 GeVie. Within experimental errors, this suppressiopisindependent for higher
transverse momenta in all centrality bins.

Evidence for final state effect.

For the most peripheral centrality bin, the nuclear modikcafactors measured at RHIC are
consistent with the absence of medium-effects in both mseteicleus R 44 ~ 1) and deuterium-
nucleus Rqau ~ 1) collisions. With increasing centrality? 4 4 decreases monotonically. In
contrast, no such suppression is seen in d-Au collision®sé&and other observations indicate,
that the suppression occurs on the level of the producedimgigpartons or hadrons, that it in-
creases with increasing in-medium pathlength in the firrdéstind that it is hence absent in d-Au
collisions, where the in-medium pathlength is negligible.

Independence ak 44 on hadron identity.

For transverse momenia > 5 — 7 GeVl, all identified hadron spectra show a quantitatively
comparable degree of suppression. There is no particldespeependence of the suppression
pattern at highpr. Since cross sections for different hadron species diffieely, the species-
independence of highr R4 indicates that the mechanism responsible for suppressioar®
prior to hadronization.

We emphasize that the suppressionf&fs for hadrons is one of the strongest medium-modifications
observed in heavy ion collisions at RHIC, and that it is a gierghenomenon found in all highy hadron
spectra and persisting up to the highest transverse moroer@420) GeV measured at RHIC. The
strength andr-independence of this phenomenon supports the view thhthichadron suppression
will persist at LHC to much higher transverse momentum. Muee, the above observations suggest
to base a dynamic understanding of hjghhadron suppression on the medium-induced energy loss of
high energy final state partons prior to hadron formation.aA®nsequence, the standard modeling of
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single inclusive hadron spectra proceeds by supplemeatp@CD factorized formalisni (2.1) for single
inclusive spectra with a medium modification of the produpattons prior to hadronization in the final
state, schematically

dof At X =N do (0T @ PHAE, L, g) © D™ (2,13 (3.8)
!

Here, the model-dependent input is in the probabifty AE, L, §) of loosing a fractionAE of the
parton energy while propagating over a path-lengtinside a medium characterized by properties such
as the quenching parametgrExperimental data from RHIC are reproduced in models, wbaiculate
P¢(AE, L, ) for mechanisms of medium-induced radiative energy lossndridh take the nuclear ge-
ometry properly into account [20, 49, 51-53] Some models identify a non-negligible role for parton
energy loss via elastic interactions [54]. For a review aghparisons of these models to RHIC data, see
Ref. [7,55].

3.3 Triggered two-particle correlations

Triggered two-particle correlations are measurementshich a trigger hadron of high transverse mo-
mentumpflflg is correlated with an associated hadron of momentéitt. As a function of azimuthal
angleAg, there are two qualitatively distinct classes of measurgge

Triggered near-side two-particle correlations. A measurement of two sufficiently highr hadrons,
which are close id\n andA¢ characterizes two particles from the fragmentation patéthe same par-
ent parton (assuming that there are no issues with backdrsuisiraction). However, triggered hadrons
select highly biased fragmentation patterns, in whilfﬂ‘? carriesO(3/4)-th of the total energy of the
parent parton, see sectionl4.1. As a consequence, alscsthibudion of associated hadrons is strongly
biased.

In Au-Au collisions at RHIC, the yield of highp-trigger particles decreases by a factor 5 from
peripheral to central collisions, in accordance with theasueed nuclear modification factor. However,
the yield, A¢-width and charge correlation in triggered near-side tadiple correlations is insensitive
to the centrality of Au-Au collisions and coincides with theasurement in d-Au collisions [56, 57].
These data are consistent with the picture of an extremacibias, according to which high- triggers
select those parent partons, whose fragmentation pagemmiodified by the medium.

We are not aware of any study to what extent this surface loalsl e overcome at the LHC by
triggering on significantly higher transverse momenta thenhigh threshold trigge8 GeV < pgflg <
15 GeV used at RHIC. However, since a high-trigger on a steeply falling distribution will always
select those particles which got away with the least enargy, lit is conceivable that the qualitative
features observed at RHIC remain unchanged. At preseng ithro compelling argument that triggered
near-side two-particle correlations are sensitive to nmadiffects which are not yet characterized by the
nuclear modification factor.

Triggered away-side two-particle correlations. Such measurements are expected to characterize cor-
relations between the most energetic leading hadron ofenpparton, and the most energetic hadronic
fragment of the recoiling parent parton. The triggered badwrill be associated to a strongly trigger-
biased fragmentation pattern. However, if one does notyapgik top5°°¢, the recoiling particles may

be expected to emerge from an unbiased fragmentation patténe recoil parton.

For intermediater triggers ¢ GeV < p'{lfig < 6 GeV, data for Au-Au collisions at RHIC show
that the associated particle yield f@}>°c > 2 GeV disappears as a function of centrality. If the trigger
threshold is raised to higher valueéseV < p;fig < 15 GeV), the backside particle reappears again, but
with strongly decreased yield. On a qualitative level, thésnonstrates that by triggering on a high-
particle, one can embed the recoil in such a way, that it isises to the medium. On the other hand, the

azimuthal distribution of recoiling hadrons associatethitgh-p triggers does not show characteristic
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medium-effects, such as broadening [57]. This may be dueetfeict that azimuthal broadening is very
weak. However, it might also indicate a surface bias, adgogrtb which the medium effect on the recoil
either vanishes, or acts so strongly that it removes thet éan the two-particle correlation. It has been
suggested that such an effect may result from a surfacewiash selects predominantly back-to-back
particle production tangential to the collision region][58

Aside of Monte Carlo event generators, which are tailorethéosimulation of muli-particle final
states, there is also one recent analytical approach teveatdulating triggered two-particle correlation
functions and their medium dependence [59, 60].

We finally mention a third class of correlation measurements
Triggered away-side particle-jet (photon/Z-boson)-jet orrelations. Ideally, if one triggers on a
prompt photon orZ-boson, one knows the energy of the recoil parton. For sefitby high trigger
pr, the recoil will be a jet, whose medium-modification can barelterized above background by all
the quantities discussed in sectidn 2. Since photonsZahdsons do not interact with the medium, one
expects that the hard vertex at which the jet is producedistsililited homogeneously over the trans-
verse plane (no surface bias). Such measurements havedwsated [61] as an alternative to unbiased
calorimetric jet determinations. In practice, one mustarathnd to what extent the triggered photons
are prompt. The need to reject efficiently photons fmﬁmecays, and the need to accumulate sufficient
yield limits such correlation measurements to the rangéﬂ?f < 70 GeV at the LHC [62,63].Z-boson
triggered jet samples are free from this difficulty but maystagistics limited. To bypass the constraints
of limited statistics, there are also ideas that the fragatem patterns of higlpy+ triggered hadrons
may be understood sufficiently well to obtain useful chamdzations of the recoil energy. We expect
that such ideas will be scrutinized further in the comingrgea a tight interplay between theory and
experiment.

3.4 Features in the underlying event associated to highr triggers

By triggering on a highpr particle or calorimetric tower, one selects events whidtedfrom minimum
bias also with respect to their soft particle distributi@ame, but not necessarily all of these differences
may arise from the soft fragments of the high<{inal state partons. One may group conceivable effects
into two classes:

Medium-modifications of the parton fragmentation at large &, i.e. at lowpr. Jet quenching implies
an increase of soft particle multiplicity above backgroumdhich may be visible above background,
see sectio 2.3.3. A number of medium effects have been stagfjevhich may leave characteristic
imprints on this soft yield associated to high-triggers. For instance, medium-induced gluon radiation
may result in the broadening of the soft multiplicity in a [64], and it may give rise to a double-
peaked structure in two-particle correlations [65]. Aldm soft multiplicity in a jet may be distorted
characteristically by a flow field [66], or it may receive dilstial contributions from target components,
which are kicked by elastic recoil effects into the jet coRessibly the most characteristic modification
would be the emergence of a Mach cone, resulting from thetiatthe parton projectile looses energy
by exciting sound modes in the medium [67, 68]. One commolmiaak of all these effects is that the
energy contained in the soft structure above backgroundhenenergy contained in the high-trigger
must add up to the energy of the parent parton, which in grieaian be constrained independently.

Features in the underlying event not related to final state peon fragmentation.

In a hadronic collision which contains a jet, not all the dwddron multiplicity produced above back-
ground results from the fragmentation of the outgoing hangpt partons. It is known since long that
requiring a high transverse momentum hadronic structut@erncollision increases the multiplicity in

the underlying event over a wide range in rapidity [69]. Adadepart of this so-called pedestal of the
underlying event results from the fact that triggering ongh¥Q)? process implies additional initial state
radiation, which is spread in rapidity.
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For the study of heavy ion collisions, this effect may beriesting, since it sugggests a way of
adding in a controlled and localized way additional muitipy and energy to an event in a region which
is well-separated from the highr trigger. One may then be in a position to study how the medium
interacts with this perturbation. For instance, if the @deis carried by a transverse flow field, then it
could be moved predominantly in the azimuthal directionhef triggered hadron since this direction is
selected predominantly by the surface bias. A hadronicesteolosely related to this picture has been
discussed in Ref. [70]. The result would be a "ridge”, thatis enhancement of multiplicity in a small
pec-range but over a wide range of rapidity, which shows up onltha side of the highpr trigger.
There is some evidence for such a structure at RHIC. LHC mbpytbeclarify the dynamical origin of
such structures since with increasiyf@, the hadronic activity in both the incoming and outgoindesta
expected to increase significantly with the triggerand may manifest itself in a wider rangegf*°°.

4 High-energy parton propagation in dense QCD matter

At high transverse energy the medium-modification of jetd ahsingle inclusive hadron spectra and
jet-like hadron correlations is dominated by modificatidthe partonic propagation prior to hadroniza-
tion. This is supported by data from RHIC (see subsedfioh &l by parametric estimates (see sub-
section 2.11). It motivates us in the present chapter to weeigpects of the in-medium propagation of
partons.

The interaction of an energetic projectile with a comporwr medium can be classified accord-
ing to whether it proceeds via elastic processes (multipddtering without particle production) or via
inelastic processes. In the phenomenology of heavy iofsioik, these processes are often referred to
as radiative and collisional parton energy loss, respalgtivn addition, virtual partons can split without
interacting with the medium. In the following, we discusedh three components of in-medium parton
propagation. We start by discussing the ultra-relatiwibinit of very large projectile energy{ — o),
where parton propagation can be described in the eikonaldiism.

4.1 Parton propagation through dense QCD matter in the eikoal formalism

In-medium parton propagation can be described by solviagdiinac equation for the wave function of
a parton in the spatially extended color field of the targatthle limit of infinite projectile energy, the
solution of this Dirac equation can be written in terms of ¢fl@nal factor

W(x;) = Pexp{i/dz_T“Aj(xi,z_)}. (4.1)

Here, AT is the large component of the target color field &ftlis the generator obU(N) in the
representation corresponding to a given parton. Here amchat follows, we use bold-face variables
such asx; to denote 2-dimensional vectors which lie in the plane gtmal to the beam direction.
Equation [(4.1) is the specific form of the phase factor in thkticone gauged~ = 0 for a projectile
moving in the negative direction, so that the light cone coordinaté = (z + t)/+/2 does not change
during propagation through the target. The phase factastakdifferent form in other gauges or other
Lorentz frames, but the final result is gauge invariant angkhtz covariant, of course.

To be specific, let us consider a high-energy quark of celat transverse positiox with incom-
ing wave functiona(x)). Scattering on the target results in the outgoing wave fonct

Sla(x)) = W(X)gala(x)) - (4.2)

This wave function is the solution of the Dirac equation ia éxternal color fieldd* and in the limit of
infinite projectile energy. More generally, the eikonalif@lism describes the interaction of any set of
projectile partons with the target by a color rotation— ; of each projectile component resulting

in an eikonal phas#/ (x;)q,5,- The out-going wave functiol’ (x) s |{«, x}). Here, the physics is that
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in the ultra-relativistic limit, the target is Lorentz coatted to an infinitesimally thin pancake In the rest
frame of the projectile. As a consequence, the projectifmoachange its transverse position during the
interaction, it propagates on an eikonal straight-lingetit@ry. In this limit, interactions with the target
are recoilless (and hence, there is no collisional energy) land they lead to the color rotation of each
projectile component according fo (4.1). If different campnts acquire a different relative phase due
to interactions with the target, then these componentseofitoming hadron wave function decohere in
the scattering. This decoherence is at the basis of manyufations of radiative energy loss, and hence
we discuss it here explicitly in the simplest case within ¢ileonal formalism. For more details about
the eikonal formalism, we refer to Ref. [71] and referendesdin.

Example: gluon radiation off high-energy quark in the eikonal formalism. We consider a high en-
ergy quark, which impinges on the target with a fully develdpvave function. In the first order in
perturbation theory the incoming wave function contaires flock statg«) of the bare quark, supple-
mented by the coherent state of quasi real gluons which bpilthe Weizsacker-Williams fieldl(x),

wE) = o)+ / dxde f(x) T2 43 b(x, €)) .3)

Here Lorentz and spin indices are suppressed. In the pitejéght cone gaugel™ = 0, the gluon field
of the projectile is the Weizsacker-Williams field
X

A1) o< 0(a7) £i(x). filx) x 95 (4.4)

wherexz~ = 0 is the light cone coordinate of the quark in the wave functidhe integration over the
rapidity of the gluon in the wave function_(4.3) goes over ghaon rapidities smaller than that of the
quark. In the leading logarithmic order the wave functioesloot depend on rapidity and we suppress
the rapidity label in the following. The outgoing wave fuioct reads

we) = WE(0) )+ / dx () TS sWE (0) Wi (x) |y 5 () (4.5)

whereW ' (0) and W4 (x) are the Wilson lines in the fundamental and adjoint reprasiems respec-
tively, corresponding to the propagating quark at the trarse positionk, = 0 and gluon ak, = x.

The projection of the outgoing wave functidn,,; on the subspace spanned by incoming quark
wave functions will describe outgoing quarks which aresdexl’ with gluons. Hence, to count the num-
ber of newly produced gluons in the stdie [4.5), one musts#ie projection ofl,,; on the subspace
orthogonal to the incoming states

|6\Ij out Z |\Ij1n )|\Ijout> (46)

Here, the indexy in the projection operator runs over the quark color indexthait the second term in
(4.9) projects out the entire Hilbert subspace of incomiages.

The number spectrum of produced gluons is obtained by edinglthe number of gluons in the
statedV,, averaged over the incoming color indexAfter some color algebra, one obtains

Nyroa () = = 3 (0Wala} (1) aa(i)| 0,

«

_asCF - X Y [, 1
= /dxdye X2y? 1 N? 1
1 At A
7 (T [ ) W)
1
NZ_1

(T WA W (0) )

+ (T [ WA () W )| >>t] . (4.7)
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Here, we have usefl(x) f(y) = &= 5% for the Weizsacker-Williams field of the quark projectite i

2m x2
configuration space and the symHdl. . )), denotes the averaging over the gluon fields of the target.
We emphasize three findings, which are seen explicitly inefkenal formalism presented here,
and which persist in a more general treatment:
¢ Radiative energy loss dominates over collisional energg &t high energy.
At high projectile energy, momentum transfer between ptidgand target is predominantly trans-
verse. Longitudinal momentum transfer is suppressed byepowf projectile energy. Hence, in
the eikonal formalism the projectile does not transfer ituttinal momentum to target components
via elastic interactions. In contrast, the eikonal forisraliallows for the calculation of inelastic
processes, as discussed above. This illustrates thativadi@echanisms are the dominant source
of medium modification for sufficiently high parton energy.

¢ A light-like Wilson loop defines the medium-dependenceedjltion spectrum.
As seen from the radiation spectrum_(4.7), the entire infdiom about the target resides in the
target average of two light-like adjoint Wilson lines. Adtigh the presence of quarks leads to the
appearance of fundamental Wilson lines in intermediatgestaf the calculation, see e.g. equation
(@.8), the averaging involved ib (4.7) combines them intiat ones with the help of the Fierz
identity W/ (x) = 2 Tr [T W (x)T° WF (x)].

e Particle production in the eikonal formalism is determiri®da decoherence effect.
The above calculation provides an explicit example for tbaegal statement, that gluons are
emitted from a parton projectile if and only if they have ateclated due to medium interactions
a relative phase of order unity with respect to other pactpndjectile components.

4.2 Gluon radiation off quarks produced in the medium

In section 4.1, we considered radiation off a quark, whidppgated a long distance before impinging
on the target. This quark had a fully evolved wave functitiat ineans, it had time to develop a gluon
cloud around it. Medium-induced radiation amounts to thigdastripping of these quasi real gluons in
the quark wavefunction. In the present section, we discuesium-induced gluon radiation off a parton,
which is produced in a large momentum transfer progesde the mediumrThis problem is significantly
more complicated mainly because of two issues:
¢ Interference between radiation in the vacuum and mediwdndead radiation

In the absence of a medium, a parton produced in a hard proditsadiate its large virtualityQ

on a typical timescalé /@ by developing a parton shower. In the rest frame of the medibis

time scale is Lorentz dilated by a facték,.,..n /M, Where the parton massid ~ . Typical

radiation timesv E,aton/Q? are comparable to the typical in-medium pathlengths in deuse

nucleus collision. As a consequence, one expects an irgade pattern between the radiation

present in the vacuum, and the additional radiation indategto scattering in the medium.

e Corrections to eikonal approximation

In the ultra-high energy (eikonal) approximation, the libmgdinal extension of the target is con-

tracted to a delta function. As a consequence, gluon radiafif a hard parton occurs either before

or after the target, but not within the target. In contrastiakke interference effects into account,

it is important to locate the gluon emission vertex inside tedium. This requires a formulation

which is sensitive to longitudinal distances (or the timerdp in the medium. The momentum

conjugate to this distance is the projectile enefggr light cone energy_. So, to place an emis-

sion vertex within the medium, one has to keep track at leladteoO(1/p~)-corrections to the

eikonal formalism.

4.2.1 Gluon radiation in the path integral formalism

In the following, we present the main elements of a formataivhich goes beyond the eikonal approxi-
mation and accounts for interference effects between va@and medium-induced radiation. Up to order
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O(1/p~), one can write the Solutiol o, (Tout, Tgyt ) fdrm (Tin, T35 Touts Toue [P ) Yout (Tin, 25,)
of the Dirac equation for a colored partonic projectile @gating in a spatially extended color field"
in terms of the light-cone Green'’s function [72—75]

r(xout) Tout

Gl it ) = [ Dr(©) exp [pz_ / dﬁfz(é)] W (e(€): 25y woue) - (4.8)
r(z; )=Tin "

W (v 25y, ) = Pexp[ / %“de*(r(s),@]. (4.9)

in

This solution contains a non-eikonal Wilson line, which ggies’ in transverse position along a path
r(§). In the limit of ultra-high parton energyy- — oo, when the finite energy corrections of order
O(1/p~) vanish, this expression reduces to the eikonal Wilson Ho®)(

lim  G(rin, T3 Touts Toue [P~ ) = W (Tin; Ty Toyg) 5(2)(rout — Tip) - (4.10)
p— —00

In the eikonal formalism, gluon radiation (#.7) is detereurby the target average of two eikonal Wilson
lines ((Tr [WAT(y) W4(0)])):. In close analogy, it is the target average of pairs of Geefnictions
K, which determines gluon radiation in the present formalisFhis target average can be defined in
terms of the two-point correlation function of the targelocdield, see Ref. [3, 76] for technical details.
If this color field is parametrized by a set of static scatigigenters of path-dependent density), then
the target average can be written as [73,77]

/

K(I"jz’;r,zm) = /Dr exp z/d£ [—r —|—z% &o()]|] - (4.12)

z

Here,o (r) is the so-called dipole cross section, which is defined imseof the Fourier transform of the
elastic cross section betwee scattering center and ta@get.novel feature of the target average of two
Green’s functiond (418) is that the average depends on grgiesap and(1 — «)p in the arguments of
both Green'’s functions. For this reasda,in (4.11) depends op = «(1 — «)p. In accordance with
the notation used in parton energy loss calculations, we bhanged from light-cone coordinates to the
longitudinal z. One can check that the — oo limit of (4.11]) leads to the average of two eikonal Wilson
lines, entering[(4]6).

The inclusive energy distribution of gluon radiation off Bmmedium produced parton can be
expressed in terms of the path integfal (#.11) as [77]

dl  a,Cp Mk emikeu 8 S dEn(€) o(w)
wdw = @) 22Re/dyz/yldyl /du/
u=r(i;)
0.9 Drexp / d£ M . (4.12)
8}’ 811 y=0 m A%

Here,k denotes the transverse momentum of the emitted gluon. Towelitwensional transverse coor-
dinatesu, y andr emerge in the derivation of (4.12) as distances betweendbiiqgns of projectile
components in the amplitude and complex conjugate amplitiie longitudinal coordinateg, y; inte-
grate over the ordered longitudinal gluon emission poimesplitude and complex conjugate amplitude.
The limit |k| < x w on the transverse phase space restricts gluon emissionrtibeadipening angl®,

x = sin ©. For the full angular integrated quantity,= 1.

There are two limiting cases, in which the compact expres@ol2) for the medium-induced
gluon energy distribution can be related to several cugrersed formalism of parton energy loss:
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Opacity expansion:[77, 78] An expansion in powers of opacity is obtained by exjdag the integrand
of (4.12) in powers of the dipole cross sectiofr). In so-called Gyulassy-Wang models [79] , where the
color field strength of the medium is parametrized in terma sét of static scattering centers of density

n(©)
o) =2 [ G35 1A@P (1 - expliar) (4.13)

Here, A(q) is the potential of a single scattering center (for moreitigtacluding the treatment of color
in potential scattering, see Ref. [3]).

In the absence of a medium, that is, to zeroth order in opaarigy finds

BI(N =0) as 1
- L CE

dw dk 7r k (4.14)

@ .
This is the characteristi¢ /k?-gluon radiation spectrum associated to the DGLAP part@mditing
process in the vacuum. Expression (4.14) illustrates thagtuon energy distributioh (4.12) contains
information about the off-shellness of the projectile partsince it allows for gluon radiation without
medium interaction.

For a medium of constant density({) = ny and longitudinal extensioi, the contribution to
(4.12) to first order of opacity takes the form

BI(N=1) a5 Cg dai 5 Zo[L . (L
Tdwdk w20 ) (gmp 0@ (k-a)noT L—l ~sin (;)] B9
where 5 9
w w
. T (4.16)
S (k —a1)?

This is an explicit illustration of the formation time phygsidiscussed in sectign 2.1. The interference
term [T—Ll — sin (T—Ll)] in (4.15) prevents gluons from being radiated.ik 7. According to the discus-

sion of equation[(2]5);; can be regarded as the formation time of the emitted gluar piinteraction
with target. The conditior./m; < 1 then translates into the simple statement that a gluon cigrsoat-
ter if at the time of the scattering it is an independent comemb of projectile wave function, that means,
if it is formed. The generalization of this observation canused for a probabilistic implementation of
medium-induced interference effects, see se¢tionl4.4.3

In general, the medium-induced gluon energy distribut@i?) receives contributions from vac-
uum radiation, from the elastic scattering of vacuum raaiabn the medium, and from additional
medium-induced radiation. These three contributions @ulearly isolated in the formal limit of a
large distance between the location of projectile produmcénd interaction with the medium. This can
be done in the incoherent limit in which — oo butngL = fixed. Up to first order in opacity, one finds

) d3I(m) as
e Z:: ok~ g2 Crlmw)H(K)
s d
S Ceno L [ slaota)P? (H(k + )+ Rik, q1>> . (4.17)

Here, H (k) is the hard, medium-independent radiation (#.14) redugethé probabilityw, that one
interaction of the projectile occurs in the medium. The secterm describes the hard radiation com-
ponent which rescatters once in the medium. The third tertheésmedium-induced Gunion-Bertsch
contribution R(k, q; ) for additional gluon radiation. For realistic kinematieanditions, interference
terms as e.g. in(4.16) interpolate between these simpl@lysically intuitive limiting cases.
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It has been pointed out that the opacity expansion may havedravergence properties [80]. On
the other hand, comparisons of numerical results forthe= 1 opacity expansion and the multiple
soft scattering approximation discussed below show thiit &pproaches can be brought to quantitative
agreement on key parameters.

Multiple soft scattering approximation [73,74,77,81-83]The medium-induced gluon energy distrib
tion (4.12) can be studied in the saddle point approximatidmere it is sensitive to the short distance
behavior of the dipole cross section

n(€)o(r) =5 4(&)r*. (4.18)

Here,j(¢) is refered to as BDMPS (Baier-Dokshitzer-Mueller-Pei@ehiff) transport coefficient. The

path integral becomes that of a harmonic oscillator and earalzulated explicitly. Typical numerical re-
sults for the medium-induced gluon energy distributiod 2} are shown in Figuiig 5 for a static BDMPS
transport coefficienf = ¢(¢£) extending over a finite in-medium pathlength As explored first in [84],

N =

3225
> Lt . BDMPS (R=00)
3 r

R=40000

0.75 ©
05 [

0.25 &

Figure 5: The medium-induced gluon energy distributiog% as a function of the gluon energyin units ofw. = %q L?, and
for different values of the kinematic constraiit= w. L. Figure taken from Ref. [86].

the path integral[(4.12) allows for a saddle point approfiomaalso for the case of time-dependent
densities and quenching parameters of the form

o &0\
a(€) = (?) | (4.19)
Here,q, is the value ofj, taken at the initial plasma formation tingg. The powerx = 0 characterizes
the static medium discussed above. The value 1 is obtained for a system with one-dimensional,
boost-invariant longitudinal expansion. In general, oae encode with a suitable choice @ffor the
characteristic density decrease resulting from the expars the collision region. Remarkably, the ra-
diation spectrumj% satisfies a simple scaling law which relates the radiati@ctspm of a dynamically
expanding collision region to an equivalent static scenarhe linearly weighed line integral [85]

_ &o+L
= e (4.20)
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defines the transport coefficient of the equivalent statnado. The gluon energy distributidn (4.12) of
an expanding scenarib_(4119) is approximately equal to linengenergy distribution of a static scenario
with §(¢) = ¢. The linear weight in[{4.32) implies that scattering cemtehich are further separated
from the production point of the hard parton are more effedih leading to partonic energy loss.

4.2.2 Qualitative features of medium-induced gluon radrat

Main features of the gluon energy distribution in Hig. 5 canumderstood in terms of qualitative argu-
ments. We consider a gluon in the hard parton wave functidms gluon is emitted due to multiple
scattering if it picks up sufficient transverse momentum @oathere from the partonic projectile. For
this, the average phageaccumulated by the gluon should be of order one or larger,

k2 j
(p:<—J‘AZ>N£ — e (4.21)
w w

Thus, from a hard parton traversing a finite path lengtin the medium, gluons will be emitted up to a

“characteristic gluon frequency”

We = % 7 L2 . (4.22)

For an estimate of the shape of the energy distribution, wsider the numbel.;, of scattering centers

which add coherently in the gluon phase (4.2483, ~ Ncon (¢%)mea. Based on expressions for the

coherence time of the emitted gludp,, ~ <% ~ ,/< and N, = L = /% one estimates
kT q A <qT>mcd)‘

for the gluon energy spectrum per unit path length

dI 1 dIl scatt Qs qA
~ ~ ~ o] —. 4.23
w dwdz  Neon w dwdz teoh @ w ( )

This 1//w-energy dependence of the medium-induced non-abeliamgnergy spectrum is expected
for sufficiently smallw < w,.. This dependence is seen in Hi). 5 to be realized by the fplession
(4.12), if one neglects (as for the above estimate) kinaralatbnstraint in transverse phase space, which
cut-off the energy distribution in the infrared. For théntegrated average parton energy loss, one finds
from the above pocket estimates by integrating the diftéaedistribution [4.28) over the in-medium
path lengthL and over the gluon energy up tow,,

[e%S) T s
(AE) = /0 dwwj—w _asCr a2 (4.24)

2
The same parametric dependencg L? can be found? = w. L — oo atw, = fixed [86]. This is the
famous BDMPS-result that the average radiative energyda®ss quadratically with in-medium path
length for sufficiently smallL.. The pocket estimaté (4.23) encodes the main features @dEMaPS

result, namely the correct smallbehavior as well as the correct dependence of the averaggydoss
on density and in-medium path length.

We finally summarize the main results following from the mediinduced gluon energy distribu-
tion (4.12):

e The average parton energy loss grows parametrically like
AE « L?. (4.25)

e The gluon radiation shows a characteristic hierarchicpbddence on the color charge and mass
of the parton projectile

AE‘gluon > AEjlightquark > AEjheaquuark . (426)
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Here, the first inequality follows from the larger color ofparof partons in the adjoint representa-
tion. The second inequality is due to the dead cone effeathwduppresses radiation off massive
particles in the vacuum and in the medium [87-90]. Severaliss have analyzed the extent
to which the hierarchy[(4.26) affects the suppression pattef heavy-flavored single inclusive

hadron spectra and single electron spectra, which are étedrat sufficiently high transverse
momentum by the semi-leptonic decays of heavy-flavoreddmsd{91, 92]. For a concise mini-

review of approaches with focus on lower transverse momensee Ref. [93].

e The average transverse momentum of medium-induced gludiatien grows as expected for
Brownian motion resulting from multiple scattering,

(k7) o< G L. (4.27)

e The formalism studied in this section is recoilless. It metg contributions to parton energy loss,
that result from longitudinal momentum transfer to targegreées of freedom. To improve on this
point, one requires a dynamical description of target degod freedom.

e Thew-dependence of the gluon energy distribution shows a cteaistic steepening due to medium-
effects, see e.g. thgw-modification of [4.2B).

4.2.3 Multiple gluon emission

The formalism discussed in this sectlonl4.2 is based on ledileg matrix elements for one-gluon emis-
sion. To describe the energy degradation of a highly eniergatton in dense QCD matter, one needs to
account for the possibility that a total enerdy¥ is carried away by the emission of an arbitrary number
of n gluons. In the absence of information about the medium+u#gece ofr-gluon emission cross
sections, it has been proposed [47] to treat subsequent glmissions as independent. The probability
distribution P(AE) of losing a total energyA E' in the emission of an arbitrary number of gluons is then

P(AE [H / (AE Zw)e Jdwgs (4.28)

These probabilities are referred to as quenching weighigemeral, they have a discrete and a continuous
part, [85]

P(AE) = po 6(AE) + p(AE). (4.29)

The discrete weighty = e~ Jdi5isa consequence of a finite mean free path. It denotes thalutibp
that no additional gluon is emitted due to in-medium scatteand hence no medium-induced energy
loss occurs. Quenching weights have been calculated feraleformalism of radiative parton energy
loss.

If one treats the medium-induced gluon energy distribu&iz% explicitly as the medium modifi-
cation of a “vacuum” distribution [86]

d[(tot) d[(vac) dI
w 0 =w 0 —I—w%, (4.30)

one can write the total probability of losing parton energgy wvacuum or medium-induced radiation as
the convolution of[(4.28) with the probability of vacuum egeloss

PUN(ARE) = / B P(AE — E) PO™)(E). (4.31)
0

Since gluon radiation in the vacuum underlies the scalertipee of fragmentation functions, this moti-
vates models of medium-modified fragmentation functiomsyhich the vacuum fragmentation function
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is convoluted with[(4.28). More specifically, if the paremiripn loses with probability”(¢) an addi-
tional energy fractior = % prior to hadronization, then the leading hadron is a fragméa parton
with lower energy(1 — e)qu; thus, it carries a larger fractiog™ of the initial parton energy. The
inclusion of this effect amounts to replacing the fragmgaitafunction quh(x,Q2) in (2.1) by the
medium-modified fragmentation function [61, 94]

Dy ). (4.32)

1
med
D@t = [ aep = -

For alternative approaches towards medium-modified fragmtien functions, see Refs. [95-98].

4.2.4 BDMPS, Z, ASW, GLYV, ... and all that

A significant part of the literature on medium-induced gluadiation can be related to limiting cases of
the gluon energy distributiof (4.112):

e BDMPS [47,82,83] is obtained from _(4.12) in the multiple soft $eeihg approximation(4.18),
using the limit

BDMPS
w%(wc = (jL2/2) = limp—y.L—oow

e Zakharov [73-75] has derived the BDMPS-result indepengdmtla very different approach. In
particular, he was the first to introduce the path-integuith which equation[(4.12) can be written
in a compact form. It would be historically correct to referthis formalism as BDMPS-Z.

e ASW [77, 81, 86, 88] The specific forni_(4.12) goes beyond14.33 at this valid for arbitrary
values of R = w. L. In this way, it includes effects from finite in-medium pa#mgth L. (which
result e.g. in the infra-red cut-off of medium-induced glumdiation seen in Figuidd 5) and it
accounts for the rescattering effects in thedifferential gluon emission. This form was derived
firstin [77] and analyzed for massless [86] and massive [B8ftons subsequently. It has been
analyzed in the multiple soft scattering approximatiod®.and in theV = 1 opacity expansion.

e GLV [78,94] While ASW compare®’ = 1 opacity expansion and multiple soft scattering limit,
GLYV focusses entirely on the opacity expansion of mediuduged gluon radiation, which had
been studied first in [77] and in [78]. To first order in opacBW and GLV obtain the same
differential radiation cross sections.

4] (BDMPS)

0 (we = fixed) . (4.33)

We note that all above-mentioned formulations have beematewithin the same kinematic region

E>w> k|, |a =] ail > Aqep - (4.34)

That means, the energy of the initial hard parton is much larger than the energy efdmitted gluon,
which is much larger than its transverse momenkuand the transverse momentujrmaccumulated due
to many scatterings of the projectile. By employing the abmentioned formulations for phenomeno-
logical modeling, one inevitably extends their use beydralrange of their parametric validity (4134).
In particular, to calculate &p-integrated gluon energy distribution, one integratesttaesverse mo-
mentum over the entire kinematical range < [0, O(w)]. Moreover, to account for large parton energy
loss, one allows for the case ~ O(FE). Since exact energy-momentum conservation at the vertex is
lost with the approximation$ (4.84), numerical resultshafse integrals depend inevitably on the cut-off
procedures. For instance, the only difference between Gid/ASW lies in the implementation of these
cut-offs outside the regiom (4.84). For the scope of thegmeseview, we do not discuss these (impor-
tant) details, which are at the basis of an ongoing debatkewaith are currently evaluated quantitatively
by the TECHQM Collaboration [55]. In the view of the presenther, the best way to overcome the
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phenomenological limitations resulting from the approaiion [4.34) is to get rid of this approxima-
tion in the formulation of the medium-induced gluon radiati While this is a very challenging task
in analytical formulations, it can be achieved easily in Mo@arlo formulations, which we discuss in

sectiorf4.b.

We note that there are at least two other formulations of omedinduced gluon radiation, which
are currently used in phenomenological modeling of partwrgy loss

e Higher-twist formalism [95, 99, 100] This is a calculation of medium-induced gluadiation,
which describes properties of the medium in terms of 4-pirgher-twist” matrix elements. As
for the formalisms discussed above, it can describe thefenémnce between vacuum radiation and
gluon radiation, which is phenomenologically importanthisTformalism shares many features
with the above formalisms.

e AMY [101] While all approaches discussed above involve mogdatirdescribing the interaction
between projectile and target, this one does not. It is thg dynamically consistent, model-
independent formulation of medium-induced gluon radrgtioased solely on perturbative QCD.
The price to pay for this theoretical clean situation is fhethtion to a peculiar kinematic region
in which projectile energies are of the order of the tempeeatand where the temperature is very
high (I" > T.) so that hard-thermal-loop improved perturbation thesrgpplicable. Moreover,
one neglects interference effects between vacuum and mdduuced gluon radiation, which are
known from other studies to affect numerical results bydangmbers. As a consequence, for
phenomenological applications one must extrapolate dnimdlism significantly outside its strict
range of validity.

4.3 Elastic interactions between projectile and medium

Collisional mechanisms of parton energy loss, mediate@leaistic interactions, have been explored first
in [102-104]. It was then observed that at sufficiently higbjgctile energy, an essentially recoilless
radiative energy loss mechanism is expected to dominateepergl kinematic grounds [74, 77,78, 83,
99]. At sufficiently small projectile energies, howeverca# is expected to be non-negligible. Several
recent model studies [54,105-108] attribute a sizabletoodellisional mechanisms mediated via elastic
interactions.

Elastic interactions between a partonic projecfiland degrees of freedom in the target can trans-
fer per unit path length a fractioApg of the projectile momentum to the target. Multiple interaes
add incoherently for elastic processes, so that

——=—/d — k“dk k) ———— + -ny (k) ————— | . 4.35

Here,p is the initial andp, the final momentum of the projectil@, andvg denotes its velocity in the
rest frame of the medium. By, (k) andn,(k), we denote the distribution of quark and gluon scattering
centers of momenturh in the medium. The elastic scattering cross section can tmwin the form

do.int

dpf

= 27r/d(cos¢)4pékolj\/l]2d®, (4.36)

where2r [ d(cos) denotes the integration over the direction of the incomarget particle, and®
denotes the phase space volume.

Within this framework, models for collisional energy losdaulations are fully specified in terms
of the densitiesy,, n, and the elastic scattering matrix elemevit. For the latter, one often uses the
expression to lowest order in; with single gluon exchange in the t-chanel described by thé&-H
resummed propagator. This is the starting point of many workcollisional energy loss, including the
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early works! [103, 104]. There is a significant number of reagorks, which implement variations of
this formalism, such as not including any assumption abdwstnallness of momentum transfers [105],
calculating for constant coupling constant [54, 105] oming coupling constant [109]. Also, there are
different models, which parametrize the medium e.g. eifisea set of massless particles with thermal
momentum distribution [54,105], or as a set of initiallytstanassive scattering centers [108]. By making
the target scattering centers dynamical, these modelsgéiae not only the color field strength but also
the capacity of the medium to absorb recoil.

We limit our discussion to some generic observations:

e Elastic scattering cross sections are dominated by smgleacattering involving small momen-
tum transfer. As a consequence, the average collisionébrpanergy loss can be much larger
than the typical parton energy loss encountered by a hjglriggered particle, as discussed in the
sectior 3.11.

e Some recent models result in an average collisional partergg loss which remains numerically
significant over a wide transverse momentum range [54, 13, Although the size of this effect
can depend significantly on the modeling of the medium, tidgcates that collisional effects must
not be neglected in the description of jet quenching.

e While the mass-ordering (4.26) of radiative energy lossedédp on the projectile mass only, the
mass-ordering of collisional energy loss is sensitive grdtoil properties of the medium and can
be inverted compared to that of radiative energy loss [110].

4.4 Monte Carlo Formulations of parton propagation in the medium

In the absence of a medium, the final state parton showersgdeddn modern Monte Carlo (MC) event
generators [22—-24], can account reliably for jet event shaet substructures and the main features of
other intra-jet characteristics, discussed in sedtioh Zddiscuss jet quenching on the level of multi-
particle final states, it is of obvious interest to extendapglicability of MC final state parton showers
to medium effects. Any such attempt must address two ceisgaés:

e Specifying the spatio-temporal embedding of jets in matter
In the absence of a medium, the length and time scales, ovehwhanching processes occur, do
not enter the evolution.Hence, the final state parton shsfermulated completely in momentum
space. This is different in the presence of a medium, whagthesctales and time scales determine
which branching processes occur inside the medium and reguéntly the medium can interact
with the parton shower. One may distinguish two aspects:
i) Specifying the spatio-temporal evolution of the prabsounts to a somewhat model-dependent
choice, since it is difficult to constrain phenomenolodicall his choice should be made consis-
tent with what is known parametrically about the localiaatof partonic processes. In particular,
a complete spatio-temporal ordering can be specified bipatitrg to each virtual parton in the
branching process a lifetime of ordef.,c.. 5. = £/Q? according to equatioi (2.4). Once data
for in-medium modified jets are compared to MC simulatiohgs picture of the spatio-temporal
embedding of jets in matter can be scrutinized in an intgrpitween experiment and MC mod-
eling.
i) The spatio-temporal extension and evolution of the mediuimportant, since parton energy
loss can depend strongly on in-medium path length. The custte of the art of modeling
high-pr hadron suppression uses information from hydrodynamioallations of heavy ion col-
lisions, or simple parametrizations thereof. There is alstass of model studies, which specifies
the geometrical distribution of matter from the nuclearrtafe of Glauber theory [49, 51].

e Specifying the interactions between projectile and medium
Simulations of the medium-modification of jets fragmematcan depend e.g. on the strength
and kinematics of interactions between partonic progsind the medium, on the relative weight
of elastic and inelastic processes, and on the probability which these interactions occur per
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unit path length. In general, varying the nature of theseramtions amounts to varying properties
of the medium. Hence, the model-dependence which comeghigtioroad array of conceivable

interactions, is wanted. The extent to which the medium fieadion of jet fragmentation depends
on assumptions about the interaction between projectidaradium determines the discriminatory
power of jet quenching as a tool for characterizing propsrtif the medium. However, for the case
of multiple interactions, the so-called non-abelian Lan@@meranchuk-Migdal effect, that is the
destructive quantum interference between subsequemsstieproduction processes, is known to
strongly affect medium-induced radiative energy loss. rifitetive control of this interference is a

prerequisite for determining the nature of interactiornsvieen projectile and medium.

In the following, we review shortly the current state of theia encoding elastic and inelastic interac-
tions with the medium in MC parton shower simulations. Weutbmainly on formulations, which aim
at implementing what is known analytically about in-mediparton propagation, as discussed in sec-
tions[4.2 and_4]3. For a self-contained presentation, wewttdn some remarks about final state parton
showers in the vacuum. In what follows, we do not discus&rseveral Monte Carlo studies, which
seem to account for the high suppression patterns at RHIC by invoking specific implemigons of
non-perturbative physics, see e.g. [111-113].

4.4.1 Parton shower in the vacuum

The MC algorithms for leading order final state parton shevielementary collisions are documented
in great detail in the literature [22—24]. There are différeariants, which differ e.g. in the choice of
evolution variable. Here, we recall but some pertinentuiest, which are relevant for the subsequent
discussion of medium effects. We do this by focussing on @mgqular MC implementation, the mass-
ordered parton shower used e.g. in therRIA 6.4 event generator [22]. For each partoim a parton
shower, the kinematics of its branching— b + c is given in terms of the virtuality of the parent parton
and the momentum fractionof its total energy, which is carried by one of its daughtditse probability
that no splitting occurs between an initial and final virityal); and@ f, respectively, is described by the
Sudakov factor

z+ (Q2,E)

_ /2
Sa(QF,QF) = exp | — / Q,2 / g, 2ozl zQ ZPH)C : (4.37)

Here,ﬁa_,bc(z) are the standard LO parton splitting functions for quarks gluons ¢, b, c € {q, g}).
The z-integral must be regularized by an infrared cut-off scatw which parton splittings are con-
sidered to be not resolvable. This defings z_. The probability density=a(Q?, Q?) for a splitting to
occur at virtuality@? is given in terms of the no-splitting probability (4]137) as

21 (Q%,E)
2 N2y _ dSa( i27Q2) _ 2 N2 as(z (I—Z)QQ)
Za( i7Q ) - d(ln QQ) - Sa( i7Q ); / dZ 27 Pa—»bc( ) (438)
©2(Q*E)

Here, the Sudakov form factdf,(Q?, @?) denotes the probability for evolving fro@? to * without
splitting, and the remaining factor is the differential lpability for the splittinge — b+ c atQ?, summed
over allb andc.

To be specific: In this case, the parton shower for a parerbomar of energy E' is initiated
by determining its virtualityQ? according to the probability density,(E?, Q?). In accordance with
(4.38), one then selects the type of parton splitting, ardiibmentum fractions of the daughters within
the kinematically allowed range € [2_(Q2, E), 24 (Q2, E)]. Then, one specifies the virtualiti€,,
Q. of the daughters subject to some constraints: the virjustiould lie in between a hadronization scale
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and the energy of the daugher, and the virtualities of thgltaus should satisf? + Q? < Q2. This
branching is accepted if the momentum fractioohosen initially lie within the kinematically allowed
range for daughter masséxs, Q.. Otherwise, new values fap,, Q. are chosen. If the branching is
accepted, one reconstructs the full four-momentum for batighters. Then, one treats them as seeds for
subsequent branching processes. The partonic branchiegri;ated with the probabilitga(Q?, Q3)

that no further branching occurs up to the hadronizatiotes@g.

Implementing exact angular ordering in the parton showenortant to ensure MLLA accuracy,
see sectioi_2.3.3. In the specific MC implementation dismisbove, this can be achieved by rejecting
the generated-values if angular ordering is not satisfied. In other MC &lthons, which use different
ordering variables, this implementation of angular onugiis achieved differently.

From the above, is should be clear that any MC algorithm ofjgeinching amounts primarily to
specifying how the no-splitting probability (4.137) and fvebability density[(4.38) for branching can be
supplemented by medium effects.

4.4.2 Simulating elastic interactions

Elastic interactions, in which the parton exchanges moamrand color with the medium, can be mod-
eled incoherently. In general, one can assume a densitith which such elastic interactions occur
along the path of the parton projectile, and an elastic gessono,;, which determines the kinematics
of the interaction. In close analogy to the Sudakov fadid8{} one defines [36] then the probability
that no scattering occurs within a time interval

Sho scatt (T) = €Xp [_Uclas n Tﬂ] s (439)

wheres denotes the velocity of the parton and the densitan be a function of the traveled distarite
If the time 7 is specified to be the lifetime of a virtual parton prior to seuent branching, ~ £/Q?,
then [4.39) specifies the probability that this subsequeamdhing occurs without prior interaction with
the medium. With the probabilitil — Sy scatt (7)], the parton scatters at some time< 7. In this case,
the parton exchanges momentum with a scattering centrediegdo the differential elastic cross section
specified by the model. For instance, this could be the dyitagularized, leading perturbativechannel
exchange term for quark-quark’ = 4/9), quark-gluon Cr = 1) and gluon-gluon ¢z = 9/4)
scattering

dog  ma2 |, s*+u?

die] — 82 TR

(4.40)

regularised

Multiple elastic scattering is implemented by specifyitig thomentum of the outgoing partons from
do. and further propagating them according[to (#.39).

This prescription interpolates between two controlleditimy cases: First, in the absence of a
medium, one recovers the benchmark results of a vacuumnpsintawer. Second, in the case that many
elastic interactions occur within the lifetime of a virtyadrton, vacuum branching processes become
unimportant and the code reproduces the results of analgtlisional energy loss calculations, de-
scribed in sectioh 413. In addition, this MC technique pdeg easy access to information about the
dynamical fluctuations around the event average, and tontgon about multi-particle final states,
such as distributions of recoil partilces.

4.4.3 Simulating inelastic processes

MC implementations of medium-induced parton energy loaesd in the early 90’s with HING [114],
which simulates complete nucleus-nucleus collisions aodides a simplified model for radiative energy
loss. More recently, there have been several developm#rgse is FFQUEN [115], which modifiesa
posteriorithe standard PTHIA 6.2 jet events essentially by reducing the energy of paitotie shower

31



and by adding additional gluons to that shower accordingigtvibutions motivated by parton energy
loss calculations. The first version of the final state pagbawer JEWEL [36] implements elastic
energy loss as described in section 4.4.2 and it mimicstreglianergy loss by multiplying the vacuum
splitting function in the parton shower with a factor + fi.q) [40]. A future version of JEWEL
will simulate medium-induced radiation by an algorithm dd®n formation time, which is known to
account for non-abelian quantum interference as desciibtb@ context of equatiomn (4.42) below [119].
Q-PYTHIA [116] simulates medium-modifications of a finaltstgarton shower by modifying the
splitting functions in a PYTHIA vacuum shower as describetb. There is also a modelAJEM
(Yet Another Jet Energy-loss Model), where the virtualifypartons in the shower is increased due
to interactions with the medium thus stimulating additiogluion emissions [117]. This implements
a conceivable microscopic dynamics which is not yet suggobly analytical calculations. There is a
recent comparison study of several medium-modified QCDutiani shower scenarios [118].

In this section, we focus mainly on MC algorithms which

1. aim at simulating the medium-modification of the entiretga fragmentation pattern rather than
focussing on the energy degradation of the most energettorgaonly. In particular, the MC
algorithm should reduce to a phenomenologically viableuuat parton shower in the absence of
medium effects.

2. aim at a dynamical MC implementation of the analyticalilssof medium-induced gluon radia-
tion reviewed in section 4.2.

Two different methods of simulating medium-modified parstiowers aim at satisfying these criteria:

The method of medium-modified splitting functionsinelastic interactions between projectile and the
medium may be regarded as a source of an additional mediducéd branchingg — b + ¢ of the
projectile partoru. For instance, within the BDMPS formalism for parton endags, medium-induced
gluon radiation can be written formally as a modification loé tvacuum splitting function, see e.qg.
equation[(4.30) and subsequent discussion. This motieatepproach, in which the splitting function
P,_1c(2) in the vacuum parton shower defined by (4.35), (4.36) is oeplaby a medium-modified
splitting function

paqbc(z)wt = paqbc(z)vac + Apa—>b6(za QQa qAa La E) . (441)

The MC model Q-RTHIA [116] follows this approach and it specifies the medium-rfication
APG_J,C(Z, Q?, 4, L, F) of the parton branching in terms of the analytically knowaayi energy distri-
butionwdI /dw. As such, the medium-modification in_(4141) does not depetelyson the momentum
fraction z, but it depends also on the in-medium path lenblthe energy of the projectil&, properties

of the medium which we characterize here by the quenchingnpeterg and the virtuality@? of the
projectile quark. The current version of Q¢PHIA aims at taking coherence effects into account by
attributing the coherence time_(2.5) to the radiated gluath @alculating subsequent medium-induced
gluon emissions for a reduced in-medium path lenfth [..,., wherel.,, = 2w/k:%. In this way,
Q-PyTHIA is automatically consistent with the vacuum baseline inahsence of a medium, and it
reproduces the analytically known results for the mediuodification of the single gluon energy dis-
tribution. Moreover, this proposal has the advantage tmatréplacemen{ (4.41) is relatively easy to
implement in existing event generators. On the other hamel ptescription[(4.41) does not allow to
follow dynamically the recoil from the projectile partonttee medium - this may be important e.g. for
the description of the soft particle yield associated tilyignergetic jets. A more fundamental problem
can be understood by recalling that a typical parton showvikralso include gluons, which are fully
formed in the sense of independent quanta, well before therpa projectile has traversed the entire
medium. The splitting function of such a gluon should notatepon the maximal remaining in-medium
path lengthl. — I.., Simply since the gluon production process is completedreahe gluon "sees” this
length. This shows that Q¥RHIA remains, strictly speaking, a heuristic proposal, alttoiigncodes
much of what is known analytically about radiative partoerggy loss.
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Figure 6: Results of the Q-AHIA MC final state parton shower for the intrajet parton distiiims in& = In (Ejec /p) (left),
pr (middle) andd = arccos(p./p) (right) of a gluon jet with energy;ec = 100 GeV. The vacuum baseline is compared to a
medium of lengthl, = 2 with transport coefficienj = 5 and 50GeV? /fm. Figure taken from Ref. [116].

Probabilistic implementation of non-abelian quantum interference If the time between subsequent
interactions of a partonic projectile and the medium is miacger than the formation timé_(2.5) of the
gluon produced in an inelastic process, then this inelgsticess is an incoherent gluon production,
which can be iterated probabilistically. The challengedny probabilistic MC implementation of the
medium-dependence of inelastic processes is the oppeasitetisat the gluon formation process extends
over more than one interaction between projectile and nmedithen, spatially separated interactions act
coherently and quantum interference becomes importamfifion production. It has been demonstrated
[119] that this quantum interference can be implementedpro@abilistic MC algorithm by requiring
that the momentum transfer from different scattering asrtiethe partonic projectile acts totally coher-
ently for gluon production, if it occurs within the formatidimet,, and that it acts incoherently, if it
occurs outside;.

The proposed MC algorithm is as follows [119]: To be specimpsider a medium, character-
ized by a distribution of target scattering centérs, which present inelastie?@7 919 and elastic
0997—4RT cross sections to a projectite Consider the case that the MC algorithm specifies that a
particular scattering centé}y is involved in an inelastic process. If the initial formatitme

tf = 2W/kin1t2 (4-42)

of that gluon is shorter than the distance to the next soagteenter, then the gluon is formed in this
interaction. The outgoing gluon and quark are propagatgtiduas independent degrees of freedom.
In the opposite case, the projectile components emergamg fhe first interaction will interact a second
time before the gluon is formed. At this second interactfmoeduction of an additional gluon is not pos-
sible, since it interferes destructively with the not ydlyformed gluon. So, the second scattering center
is the source of an elastic interaction of transverse monmeqt transfered to the projectile components.
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The MC algorithm addgy to the transverse momentum of the first interaction and &@lcetates the in-
elastic gluon production under the assumption that bottiesaag centers act effectively as one coherent
scattering center. In practice, this increases the trassweomentum between the outgoing quark and
gluon tok;,it — kinit + q, and hence it shortens the formation time to

th = 2w/ (Kinit + ) - (4.43)

If this shortened formation tim#% is shorter than the distance to the next (third) scattethry the gluon
is regarded as fully formed. Otherwise, the procedure isatgal and the elastic momentum transfer of
this next scattering center is addedkt,i; + g7.

The above procedure provides a probabilistic implementatif (4.12). This can be seen very
clearly on the level of théV = 1 opacity expansion: Expressing the initial transverse glmomentum
kinit In terms of the outgoing transverse gluon momenkiyy. = k — q, one finds that the gluon
formation times/, t} prior to and after secondary scattering correspond exsetliye formation times
71, T inthe N = 1 opacity result[(4.15). In particular, the interferencemntéf /7 — sin L/7] in (4.15)
prevents gluons from being radiated prior to interactindistancel, if their formation time is too long.
This is exactly the coherence condition in the MC algorithesaibed above.

The algorithm described here is consistent with what is knowalitatively and quantitatively
about medium-induced gluon radiatidn (4.12). In partiguiareproduces thd.?-dependence of the
average energy loss (4125) and the characterjgtiemodification of the gluon energy distribution in the
limit of multiple soft scatterings. The present author etpdhat the same formation time physics can
account reliably for multi-gluon emission. However, vatild is known about the medium-modification
of multi-gluon emissions and, strictly speaking, the aldpon remains at present a credible but heuristic
extrapolation to this case.

4.5 Applying the AAS/CFT correspondence to in-medium parta propagation

The evolution of a parton shower is a weak coupling phenomeasdong as the virtuality of partons lies
well above the hadronic scale. In fact, irrespective of Wwheparton splitting occurs in the vacuum or
in the medium, one expects the coupling at the splittingexetd be perturbatively small if the virtuality
of the parent parton is sufficiently high. However, the iattion between components of the parton
shower and the medium may involve multiple soft momentunharges, which may occur with non-
perturbatively large coupling. This motivates the appiaraof strong coupling techniques to in-medium
parton propagation.

Finite temperature lattice QCD has been the main calculakiwol for first principle calculations
of medium properties at non-perturbatively large couplibg0]. However, information on real-time
dynamics in a strongly coupled quark gluon plasma is diffituextract from lattice QCD. For a large
class of non-abelian thermal gauge theories, the Anti-tterSi Conformal Field Theory (AdS/CFT)
conjecture offers an alternative. The AdS/CFT conjectaseds that in the limit of large number of
colors (V,) and large t'Hooft coupling. = ¢> N, a certain class of non-abelian gauge field theories is
equivalent to the supergravity limit of a corresponding|diieng theory, with the background metric
describing a curved five-dimensional anti-deSitter spaee, Ref. [121] for a review of the original
literature. This AAS/CFT correspondence also appliesdditarmal sector, if the five-dimensional anti-
deSitter space is endowed with a Schwarzschild black holerdctice, the AAS/CFT correspondence
provides a technique for doing complicated or otherwiseagtable calculations in the strong coupling
limit of a quantum field theory by solving a comparatively piar semi-classical problem in the dual
gravity theory.

The gravity dual of QCD is not known. One may identify two mamotivations for applying
the AAS/CFT correspondence to problems in heavy ion phys$igst, on a qualitative level, there are
open conceptual issues in QCD for which one may want to se&agce in other non-abelian field
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theories for which strong coupling technigues exist. Fstance, the strongly coupled plasmas described
by AdS/CFT are known to be free of quasi-particles, and tictupe of the QCD plasma as a system
of weakly coupled quasi-particles is on unclear footingt imost derivations of QCD transport and
hydrodynamics rest on it. Here, the AdS/CFT correspondeaceshed light on the conceptual issue,
which features of transport theory persist beyond the epasicle picture. Second, on a quantitative
level, applications of the AAS/CFT correspondence to QCBtraitimately involve an argument that
what has been calculated for a large class of non-abeliam@uefield theories with gravity dual (which
share many features with QCD), can be used as guidance for. @AiB assumption is supported by
several observations. For instance, the energy densitypeesbure, calculated with the help of the
AdS/CFT correspondence, is three quarters of the SteféizsBann value in the limit of infinitely strong
coupling [122] and it is slightly larger for large but finife in good agreement with the value found in
QCD lattice calculations for temperatures above but at tdercof the critical temperaturg.. Another
well-known example is the calculation of the ratj@s of shear viscosity over entropy density [123].
This quantity turns out to take the same universal and exetow valuel /47 in the strong coupling
limit of all quantum field theories with a gravity dual. On tbae hand, the universality of this result
may be taken as an indication that the value tfin a QCD plasma is also very low. This assumption is
supported by first exploratory lattice calculations [124]d it is in line with hydrodynamical simulations
of RHIC data. These and other examples have prompted intrgears applications of the AAS/CFT
correspondence to the calculation of many quantities, waire of phenomenological interest for heavy
ion physics. Here, we focus solely on two conceptually diffé approaches to studying parton energy
loss with the help of the AAS/CFT correspondence:

Calculation of the quenching parameter[125] This approach does not aim at applying strong coupling
techniques to all aspects of in-medium parton propagaRather, it takes into account that at sufficiently
high virtuality, parton branching in QCD is best describedtprbatively. In the multiple soft scattering
limit, the only non-perturbative input to the medium-inddcgluon energy distributiori_(4.112) is the
guenching parametédr, which is defined as the short distance behavior of a lidglet-Wilson loop,

(W (Clight—tike)) = exp [-%CJL_ 7"2} : (4.44)
Here,Ciighi—1ike denotes a closed path, consisting of two very long paraikglgs of lengthl.~ along the
light cone, which are separated by the transverse distanées explained in detail in Ref. [126], this
definition follows from the observation that in the high eqelimit, the path integral (4.11) reduces to
(4.44). For the\ = 4 super-symmetric Yang Mills (SYM) theory, the result fordart’Hooft coupling

X\ = g% N, has been calculated by use of the AAS/CFT correspondenég [12

. 773/2P(3/4)\/’ 3 3

qsym = W A2 =~ 26.69 \/ asym N.T7 . (4.45)
If one would relate this to QCD by fixingV, = 3 andagyy = .5, thendsyy = 4.4 GeVA/fm for a
temperature of’ = 300 MeV. This number is comparable to the values extracted inpasisons of jet
guenching models to RHIC data. For different theories withvigy dual, one finds that the quenching
parameter scales with the square root of the entropy defi#]. If QCD follows this behavior, then

docp/dsym = 1/47.5/120 ~ 0.63. Moreover,

ANLHC /dp

Juuc = \| ——prre o~ dRHIC - (4.46)
ANRITC [,

Other calculations of the quenching paraméteand their relation to observations at RHIC are discussed
in Ref. [126].

Drag calculations of parton energy los§127-129] This approach applies the AAS/CFT strong cogplin
technique to all aspects of in-medium parton energy los& @nsiders a heavy quark of velocityand
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one calculates the force needed to maintain this velodigt is, the force needed to drag the quark
through the medium at velocity. This allows one to determine the medium-induced energy dbshe

quark at velocity,

dE s v

— == V\T? . 4.47
dx 2 \/7 V1 — 02 ( )

We remark that the derivation @f (4]47) is valid for suffidigriow velocities,

M
V7 < m , (4.48)

while the derivation of the quenching parameter is valid/anlthe opposite limit of sufficiently small
quark masses/ or sufficiently high parton velocities, wheyty > % This is one of the reason which
has made the comparison of drag calculations and calcagatié the quenching parameter difficult.
Arguments have been put forward that for velocities excepdi.48), the drag result (4147) will be
small compared to energy loss due to acceleration [130, 1Bilh particular toy model, energy loss
due to radiation of an accelerated quark was shown to imteldstructively with energy loss due to
drag [131]. The velocity dependence of the drag rebult dsiZharacteristically different from that of
QCD. However, based on a heuristic interpretatiori_of (4id7@¢rms of a quasi-particle picture, one has
argued for a close analogy of the drag result and the QCDtriesuladiative parton energy loss [132].

In contrast to calculations of the quenching parametery dedculations of parton energy loss
provide a complete dynamical description of parton eneogg,lassuming the same non-perturbatively
large coupling constant to all stages of the problem. Whiig treatment neglects the scale-dependence
of the QCD coupling constant, it has the advantage that tieeaiction between partonic projectile and
medium can be formulated without any further model asswnptiDragged quarks are well-defined
sources of hydrodynamic perturbations in non-abeliampées In particular, one finds that at least some
fraction of the energy, deposited by a dragged quark in théiung propagates via sound waves and
gives rise to a Mach cone [133]. A lot of work on the radiatiaitern associated with dragged quarks
has been motivated by suggestions that this Mach cone liketgte survives hadronization and that it
may have been observed already at RHIC in the angular depeadd highpr triggered two-particle
correlations.
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