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ultra-relativistic heavy ion collisions

� Pb-Pb collisions at s1/2 = 2.76 TeV/nucleon pair [ALICE, CMS, ATLAS]

�� largest jump in energy in collider history [RHIC: s1/2 = 200 GeV/nucleon pair]

• access to an extended kinematic range

• access to new high-pt observables [e.g. fully reconstructed jets] 

�� the collision creates a hot and dense QCD medium [the Quark-Gluon Plasma ?] 
resulting in 

• collective behaviour :: see J.-Y. Ollitrault’s talk later in the week

• modified QCD dynamics due to medium presence :: this talk



the main objective of the LHC heavy ion experimental programme is to unveil the 
properties of the created medium



high-pt hadron production in HIC
� factorized description of hadron production at high-pt in heavy ion collisions is a, 
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PDFs [initial state]
•universal, non-perturbative
•scale dependence from DGLAP evolution
•determined from global fits [eA, pA]
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jet quenching :: the modifications effected on the propagating parton, and on its shower, by the QCD medium it traverses



dual role of jet quenching studies
� ultimately jet quenching studies [medium induced modifications of observed 
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� ultimately jet quenching studies [medium induced modifications of observed 

properties of high-pt properties] allow for detailed characterization of produced 
medium

�� high-pt probes are created early

�� their production mechanism is under good theoretical control

�� they can traverse a significant in-medium path length 

�� the observable consequences of probe-medium interactions encode detailed 
information on medium properties

HOWEVER 

� full potential as medium probes limited by theoretical understanding of the 
microscopic dynamics responsible for the observed modifications

�� jet quenching studies provide the necessary constraints on the dynamics 

wished full theoretical description of dynamics of in-medium high-pt parton and its current status [the rest of this talk]



:: disclaimer ::

	 this talk focus on only those issues for 
	 which there has been, in my opinion, 
	 significant theoretical and 
	 phenomenological progress triggered 
	 by LHC heavy ion data.
	
	 consequently, many omissions ...
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in general: medium induced parton energy loss and kt broadnening
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abridged to do list [full theory of jet quenching]

in-medium jet calculus rules

single parton energy loss
•single gluon medium induced radiation [in-medium parton splitting]
•elastic energy loss + medium recoil
•iteration of multiple splittings [in particular, modification of coherence pattern] 
•parton mass effects [heavy quarks]

dynamics of emitted quanta
•in particular transport of soft quanta

full jets

color exchanges with medium
•in particular, effects on hadronization dynamics

hadronic spectra

Monte Carlo implementation
•first principle probabilistic formulation
•or, effective theory formulation

embedding in realistic medium
•hydrodyamical expansion and flow, ...

event generator



parton energy loss



� Brownian motion

� accumulated phase

� number of coherent scatterings

� gluon energy distribution

� average energy loss

parton energy loss [single emission]
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parton energy loss [approaches]
� several pQCD based calculations/frameworks

�� BaierDokshitzerMuellerPeignéSchiff — Zakharov /ArmestoSalgadoWiedemann

�� GyulassyLevaiVitev

�� HigherTwist [Wang et al.]

�� ArnoldMooreYaffe for a detailed comparison see ‘QGP brick’ [arXiv:1106.1106]
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Figure 4: Nuclear modification factor RAA (filled circles) as a function of pT for six central-
ity intervals. The error bars represent the statistical uncertainties, and the yellow boxes the
pT-dependent systematic uncertainties on the RAA measurements. An additional systematic
uncertainty from the normalization of TAA , common to all points, is shown as the shaded band
around unity in each plot.
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parton energy loss [approaches]
� several pQCD based calculations/frameworks

�� BaierDokshitzerMuellerPeignéSchiff — Zakharov /ArmestoSalgadoWiedemann

�� GyulassyLevaiVitev

�� HigherTwist [Wang et al.]

�� ArnoldMooreYaffe

�� new SCET-based approach [Idilbi, Majumder / Eramo, Liu, Rajogopal

� differ substantially on essential points [assumptions and approximations]

�� treatment of parton branching and of elastic energy loss; modeling of medium; kinematic approximations; 
multiple gluon emission 

� implemented at Monte Carlo level  [HIJING, HYDJET++/PYQUEN, JEWELL, Q-PYTHIA/Q-HERWIG, YaJEM, 
MARTINI]

� elastic energy loss not in same footing as induced radiation [HYDJET++/PYQUEN, JEWELL, MARTINI]

� all account for hadronic jet quenching data [leading hadron spectra, di-hadron correlations]

� AdS/CFT based approaches elucidating on the effect of strongly coupled medium

:: none treats parton-medium interactions in rigorous field theoretical terms ::

:: hadronic jet quenching observables insufficient to constrain the dynamics ::

for a detailed comparison see ‘QGP brick’ [arXiv:1106.1106]
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multiple emissions

� rigorous attempts to understand interference between successive emissions 

� breakdown of coherence between emitters due to medium momentum transfers 
and colour exchanges :: no angular ordering

�� medium induced radiation out-of-cone [anti-angular ordering]

�� so far limited to singlet and octet antennas

�� not yet implemented at monte carlo level

Mehtar-Tani, Salgado, Tywoniuk [2010-11]
Casalderrey-Solana, Iancu [2011]

Onset of color decoherence for soft gluon radiation in medium 3
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Figure 1. Diagrammatic representation of the the gluon radiation amplitude of an

energetic quark-antiquark antenna produced inside a QCD medium.
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, occurs at large angles and is suppressed inside the antenna. The second
one describes large angle emissions by the total charge of the pair, i.e.,C
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for gluon,
and vanishes in the case of a virtual photon. The spectrum, given by Eq. (5), has a
simple form and o↵ers an intuitive physical picture: Interestingly enough, the medium
parameters are fully contained in a multiplicative factor,
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while the functional shape is vacuum-like. In the dilute limit,�
med

! 0, we recover the
pure vacuum spectrum,dN ! dN

vac. With increasing density, the decoherence rate is
controlled by the parameter�

med

. In the limit of a completely opaque system,�
med

is
bounded by unitarity so that �

med

! 1. Then the interferences are completely washed
out and the soft emissions in the presence of a medium reduces to independent radiation
o↵ the quark and antiquark, as if they were radiating in the vacuum. This is what we
call total decoherenceof the spectrum. This implies a memory loss e↵ect in the medium,

3

third terms correspond to gluon bremsstrahlung where
only the quark rescatters and exhibits a soft divergence,
see Eq. (10). Keeping only the bremsstrahlung contribu-
tion, the amplitude for soft gluon emission o↵ the quark
and antiquark reads
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This generalizes Eq. (2) which we recover by puttingU =
1, i.e., in the absence of the medium.

Let us now discuss the color singlet antenna in
medium. The spectrum in the soft limit is readily found
from Eq. (12) to be
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which only a↵ects the interference term,J . The brack-
ets in Eq. (14), "...#, stand for the medium expectation
value, which we will discuss at length below. The color
factor, CF , appearing in Eq. (13), demonstrates that the
emission takes place o↵ the quark or the antiquark. Fol-
lowing the same decomposition as for the vacuum, lead-
ing to Eq. (4), the soft gluon spectrum o↵ the quark in
medium reads

dN tot
q," ! =

#sCF

!
d"
"

sin%d%
1 ! cos%

[⇥(cos%! cos%qøq) ! �med ⇥(cos%qøq ! cos%)] . (15)

Equation (15) is a direct generalization of our previous
result in the soft limit [11] to multiple interactions. It
has a simple form and o↵ers an intuitive physical pic-
ture. Interestingly enough, the information about the
medium is fully contained in a multiplicative factor,
�med , while the functional shape is vacuum-like. In the
dilute limit, �med $ 0, we recover the pure vacuum spec-
trum, dN tot
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q," ! . With increasing density, the de-

coherence rate is controlled by the parameter�med . In
the limit of a completely opaque system,�med is bounded
by unitarity so that �med $ 1. Then the soft emission in
the presence of a medium reduces to independent radia-
tion o↵ the quark and antiquark, as if they were radiating
in the vacuum. This is what we call total decoherenceof
the spectrum
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In other words, the strict angular ordering condition is
entirely removed. Thus, �med appears as an order pa-
rameter controlling the transition between a coherent and
decoherent situation.

The general features of the spectrum interpolating be-
tween the dense and dilute medium limits are illustrated
in Fig. 1, where we plot the angular spectrum of soft
gluon emission o↵ the quark for a qøq antenna with open-
ing angle %qøq = 0 .2. For %< %qøq, the spectrum is com-
pletely given by vacuum emissions, falling o↵ as 1/ %. At
%= %qøq the medium-induced radiation takes over, con-
trolled by the medium parameter �med . The limit of
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FIG. 1: The soft gluon emission spectrum o! a energetic
quark in the presence of a medium for a qøq pair with open-
ing angle ! q øq = 0 .2 and " med = 0 .5 (solid line). Here
ø" ! " sCF / #. Vacuum radiation is conÞned within ! < ! q øq,
while the medium-induced radiation is radiated at ! > ! q øq.
The limit of opaque medium, given by " med = 1, is marked
by the dashed line.

dense media is delineated by the dashed curve in Fig. 1.
In this case, �med = 1 and the total spectrum drops
monotonously like 1/ %without any discontinuity.

So far we have considered the generic behavior of the
soft gluon spectrum without going into the details of how

interference



multiple emissions

� rigorous attempts to understand interference between successive emissions 

� breakdown of coherence between emitters due to medium momentum transfers 
and colour exchanges :: no angular ordering

�� medium induced radiation out-of-cone [anti-angular ordering]

�� so far limited to singlet and octet antennas

�� not yet implemented at monte carlo level

�� realistic quark-gluon antenna

Mehtar-Tani, Salgado, Tywoniuk [2010-11]
Casalderrey-Solana, Iancu [2011]

Abreu, Apolinário, Casalderrey-Solana, Milhano [in progress]Onset of color decoherence for soft gluon radiation in medium 3
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Figure 1. Diagrammatic representation of the the gluon radiation amplitude of an

energetic quark-antiquark antenna produced inside a QCD medium.
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FIG. 1: The soft gluon emission spectrum o! a energetic
quark in the presence of a medium for a qøq pair with open-
ing angle ! q øq = 0 .2 and " med = 0 .5 (solid line). Here
ø" ! " sCF / #. Vacuum radiation is conÞned within ! < ! q øq,
while the medium-induced radiation is radiated at ! > ! q øq.
The limit of opaque medium, given by " med = 1, is marked
by the dashed line.

dense media is delineated by the dashed curve in Fig. 1.
In this case, �med = 1 and the total spectrum drops
monotonously like 1/ %without any discontinuity.

So far we have considered the generic behavior of the
soft gluon spectrum without going into the details of how
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mass effects [heavy quarks]

� massive partons expected theoretically to lose less energy due to veto of radiation at 
small angle [the dead cone effect]

� recall previous slide, medium induced breakdown of interference between splittings 
also suppresses radiation at small angles

�� calculations generalized for massive case

appears fine, the answer is in beauty...
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Figure 10: Summary of mass e! ects for medium-induced radiation. The solid line refers to
the antenna spectrum, while the dashed line to the independent one.

10. The average energy loss outside of a given emission angle! is studied, and we
Þnd that there is no typical k-broadening in the antenna in either the massless
or the massive cases for small antenna opening angles and small energies of the
emitted gluon, that is the antiangular ordering regime. The antenna spectrum
is found to be dominated by the contribution from independent emitters for
large antenna opening angles and large energies of the emitted gluon.

The breakdown of the traditional relation between energy loss andk-broadening,
�E / hki2/L, that we obtain in our formalism, is very suggestive of an inter-
pretation of the recent experimental Þndings on reconstructed jets in nuclear
collisions at the LHC [15, 16]. Indeed, the data indicate that the main observed
e↵ect is the emission of soft particles at large angles, while there is no strong
modiÞcation of the fragmentation function or the dijet azimuthal asymmetry.
At the same time, a large energy loss is observed in the energy imbalance be-
tween two back-to-back jets. These two features are di�cult to reconcile in a
traditional formalism as the relation between energy loss and broadening is a
rather general one. Qualitatively, however, they admit a natural interpretation
in terms of the partial decoherence which is found when more than one emitter
is considered, as done here, and where vacuum-like, soft radiation, is found. Al-
though several issues need to be clariÞed before interpreting these data in terms
of an underlying physical mechanism (e.g. the sample of jets studied retains
some bias as demonstrated by the suppression inRCP measured by ATLAS),
the Þndings presented in this paper are very encouraging for a full description
of the data in terms of a medium-modiÞed parton shower.
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early lessons from LHC data 3

High energy heavy-ion collisions enable the study of strongly interacting matter under extreme condi-

tions. At sufficiently high collision energies Quantum-Chromodynamics (QCD) predicts that hot and

dense deconfined matter, commonly referred to as the Quark-Gluon Plasma (QGP), is formed. With the

advent of a new generation of experiments at the CERN Large Hadron Collider (LHC) [1] a new energy

domain is accessible to study the properties of this state.

Previous experiments at the Relativistic Heavy Ion Collider (RHIC) reported that hadron production

at high transverse momentum (pT ) in central (head-on) Au–Au collisions at a centre-of-mass energy

per nucleon pair
!

sNN of 200 GeV is suppressed by a factor 4–5 compared to expectations from an

independent superposition of nucleon-nucleon (NN) collisions [2, 3, 4, 5]. The dominant production

mechanism for high-pT hadrons is the fragmentation of high-pT partons that originate in hard scatterings

in the early stage of the nuclear collision. The observed suppression at RHIC is generally attributed to

energy loss of the partons as they propagate through the hot and dense QCD medium [6, 7, 8, 9, 10].

To quantify nuclear medium effects at high pT , the so called nuclear modiÞcation factor RAA is used.

RAA is defined as the ratio of the charged particle yield in Pb–Pb to that in pp, scaled by the number of

binary nucleon–nucleon collisions "Ncoll#

RAA(pT) =
(1/NAA

evt) d2NAA
ch /dηdpT

"Ncoll#(1/Npp
evt) d2Npp

ch /dηdpT
,

where η = $ ln(tanθ/2) is the pseudo-rapidity and θ is the polar angle between the charged particle
direction and the beam axis. The number of binary nucleon–nucleon collisions "Ncoll# is given by the
product of the nuclear overlap function "TAA#[11] and the inelastic NN cross section σNN

inel . If no nuclear

modification is present, RAA is unity at high pT .

At the larger LHC energy the density of the medium is expected to be higher than at RHIC, leading to a

larger energy loss of high pT partons. On the other hand, the less steeply falling spectrum at the higher

energy will lead to a smaller suppression in the pT spectrum of charged particles, for a given magnitude

of partonic energy loss [9, 10]. Both the value of RAA in central collisions as well as its pT dependence

may also in part be influenced by gluon shadowing and saturation effects, which in general decrease with

increasing x and Q2.

This Letter reports the measurement of the inclusive primary charged particle transverse momentum

distributions at mid-rapidity in central and peripheral Pb–Pb collisions at
!

sNN = 2.76 TeV by the ALICE
experiment [12]. Primary particles are defined as prompt particles produced in the collision, including

decay products, except those from weak decays of strange particles. The data were collected in the first

heavy-ion collision period at the LHC. A detailed description of the experiment can be found in [12].

For the present analysis, charged particle tracking utilizes the Inner Tracking System (ITS) and the Time

Projection Chamber (TPC) [13], both of which cover the central region in the pseudo-rapidity range

|η | < 0.9. The ITS and TPC detectors are located in the ALICE central barrel and operate in the 0.5 T
magnetic field of a large solenoidal magnet. The TPC is a cylindrical drift detector with two readout

planes on the endcaps. The active volume covers 85< r < 247 cm and $ 250< z< 250 cm in the radial
and longitudinal directions, respectively. A high voltage membrane at z= 0 divides the active volume

into two halves and provides the electric drift field of 400 V/cm, resulting in a maximum drift time of

94 µs.

The ITS is used for charged particle tracking and trigger purposes. It is composed of six cylindrical layers

of high resolution silicon tracking detectors with radial distances to the beam line from 3.9 to 43 cm. The

two innermost layers are the Silicon Pixel Detectors (SPD) with a total of 9.8 million pixels, read out by

1200 chips. Each chip provides a fast signal if at least one of its pixels is hit. The signals from the 1200

chips are combined in a programmable logic unit which supplies a trigger signal. The SPD contributes

to the minimum-bias trigger, if hits are detected on at least two chips on the outer layer. The SPD is

d’Enterria (2011)

leading hadron suppression persistent to highest available pt
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High energy heavy-ion collisions enable the study of strongly interacting matter under extreme condi-

tions. At sufficiently high collision energies Quantum-Chromodynamics (QCD) predicts that hot and

dense deconfined matter, commonly referred to as the Quark-Gluon Plasma (QGP), is formed. With the

advent of a new generation of experiments at the CERN Large Hadron Collider (LHC) [1] a new energy

domain is accessible to study the properties of this state.

Previous experiments at the Relativistic Heavy Ion Collider (RHIC) reported that hadron production

at high transverse momentum (pT ) in central (head-on) Au–Au collisions at a centre-of-mass energy

per nucleon pair
!

sNN of 200 GeV is suppressed by a factor 4–5 compared to expectations from an

independent superposition of nucleon-nucleon (NN) collisions [2, 3, 4, 5]. The dominant production

mechanism for high-pT hadrons is the fragmentation of high-pT partons that originate in hard scatterings

in the early stage of the nuclear collision. The observed suppression at RHIC is generally attributed to

energy loss of the partons as they propagate through the hot and dense QCD medium [6, 7, 8, 9, 10].

To quantify nuclear medium effects at high pT , the so called nuclear modiÞcation factor RAA is used.

RAA is defined as the ratio of the charged particle yield in Pb–Pb to that in pp, scaled by the number of

binary nucleon–nucleon collisions "Ncoll#

RAA(pT) =
(1/NAA

evt) d2NAA
ch /dηdpT

"Ncoll#(1/Npp
evt) d2Npp

ch /dηdpT
,

where η = $ ln(tanθ/2) is the pseudo-rapidity and θ is the polar angle between the charged particle
direction and the beam axis. The number of binary nucleon–nucleon collisions "Ncoll# is given by the
product of the nuclear overlap function "TAA#[11] and the inelastic NN cross section σNN

inel . If no nuclear

modification is present, RAA is unity at high pT .

At the larger LHC energy the density of the medium is expected to be higher than at RHIC, leading to a

larger energy loss of high pT partons. On the other hand, the less steeply falling spectrum at the higher

energy will lead to a smaller suppression in the pT spectrum of charged particles, for a given magnitude

of partonic energy loss [9, 10]. Both the value of RAA in central collisions as well as its pT dependence

may also in part be influenced by gluon shadowing and saturation effects, which in general decrease with

increasing x and Q2.

This Letter reports the measurement of the inclusive primary charged particle transverse momentum

distributions at mid-rapidity in central and peripheral Pb–Pb collisions at
!

sNN = 2.76 TeV by the ALICE
experiment [12]. Primary particles are defined as prompt particles produced in the collision, including

decay products, except those from weak decays of strange particles. The data were collected in the first

heavy-ion collision period at the LHC. A detailed description of the experiment can be found in [12].

For the present analysis, charged particle tracking utilizes the Inner Tracking System (ITS) and the Time

Projection Chamber (TPC) [13], both of which cover the central region in the pseudo-rapidity range

|η | < 0.9. The ITS and TPC detectors are located in the ALICE central barrel and operate in the 0.5 T
magnetic field of a large solenoidal magnet. The TPC is a cylindrical drift detector with two readout

planes on the endcaps. The active volume covers 85< r < 247 cm and $ 250< z< 250 cm in the radial
and longitudinal directions, respectively. A high voltage membrane at z= 0 divides the active volume

into two halves and provides the electric drift field of 400 V/cm, resulting in a maximum drift time of

94 µs.

The ITS is used for charged particle tracking and trigger purposes. It is composed of six cylindrical layers

of high resolution silicon tracking detectors with radial distances to the beam line from 3.9 to 43 cm. The

two innermost layers are the Silicon Pixel Detectors (SPD) with a total of 9.8 million pixels, read out by

1200 chips. Each chip provides a fast signal if at least one of its pixels is hit. The signals from the 1200

chips are combined in a programmable logic unit which supplies a trigger signal. The SPD contributes

to the minimum-bias trigger, if hits are detected on at least two chips on the outer layer. The SPD is

d’Enterria (2011)
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Fragmentation Functions in data
• Particle Flow Jet Reconstruction

– Anti kT, R=0.3

– Fully efficient for pT > 40GeV/c

– Good control of jet pT scale

– Applied in pp and PbPb

• Dijet selection
– pT

Jet1>100GeV/c

– pT
Jet2>40GeV/c

– Δφ12>2π/3

• Compare Leading and
Subleading Jet
– Select Tracks in ΔR=0.3 cone

– pT> 4 GeV/c

See Presentation of Y. Yilmaz

Parallel Session, Friday
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Figure 10: Dijet asymmetry ratio, A J, for leading jets of pT,1 > 120 GeV/c, subleading jets of
pT,2 >50 GeV/c and ! ! 12 > 2" /3 for 7 TeV pp collisions (a) and 2.76 TeV PbPb collisions in
several centrality bins: (b) 50–100%, (c) 30–50%, (d) 20–30%, (e) 10–20% and (f) 0–10%. Data are
shown as black points, while the histograms show (a) PYTHIA events and (b)-(f) PYTHIA events
embedded into PbPb data. The error bars show the statistical uncertainities.

The evolution of the dijet momentum balance illustrated in Fig. 10 can be explored more quan-
titatively by studying the fraction of balanced jets in the PbPb events. The balanced fraction,
RB(A J < 0.15), is plotted as a function of collision centrality (again in terms of Npart) in Fig. 11.
It is defined as the fraction of all events with a leading jet having pT,1 > 120 GeV/c for which
a subleading partner with A J < 0.15 and ! ! 12 > 2" /3 is found. Since RB(A J < 0.15) is cal-
culated as the fraction of all events with pT,1 > 120 GeV/c, it takes into account the rate of
apparent “mono-jet” events, where the subleading partner is removed by the pT or ! ! selec-
tion.

The A J threshold of 0.15 corresponds to the median of the A J distribution for pure PYTHIA
dijet events passing the criteria used for Fig. 10. By definition, the fraction RB(A J < 0.15) of
balanced jets in PYTHIA is therefore 50%, which is plotted as a dashed line in Fig. 11. As will be
discussed in Section 3.3, a third jet having a significant impact on the dijet imbalance is present
in most of the large-A J events in PYTHIA.

The change in jet-finding performance from high to low pT, discussed in Section 2.4.3, leads to
only a small decrease in the fraction of balanced jets, of less than 5% for central PYTHIA+DATA
dijets. In contrast, the PbPb data show a rapid decrease in the fraction of balanced jets with
collision centrality. While the most peripheral selection shows a fraction of balanced jets of
close to 45%, this fraction drops by close to a factor of two for the most central collisions. This
again suggests that the passage of hard-scattered partons through the environment created in
PbPb collisions has a significant impact on their fragmentation into final-state jets.
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Figure 10: Dijet asymmetry ratio, A J, for leading jets of pT,1 > 120 GeV/c, subleading jets of
pT,2 >50 GeV/c and ! ! 12 > 2" /3 for 7 TeV pp collisions (a) and 2.76 TeV PbPb collisions in
several centrality bins: (b) 50–100%, (c) 30–50%, (d) 20–30%, (e) 10–20% and (f) 0–10%. Data are
shown as black points, while the histograms show (a) PYTHIA events and (b)-(f) PYTHIA events
embedded into PbPb data. The error bars show the statistical uncertainities.

The evolution of the dijet momentum balance illustrated in Fig. 10 can be explored more quan-
titatively by studying the fraction of balanced jets in the PbPb events. The balanced fraction,
RB(A J < 0.15), is plotted as a function of collision centrality (again in terms of Npart) in Fig. 11.
It is defined as the fraction of all events with a leading jet having pT,1 > 120 GeV/c for which
a subleading partner with A J < 0.15 and ! ! 12 > 2" /3 is found. Since RB(A J < 0.15) is cal-
culated as the fraction of all events with pT,1 > 120 GeV/c, it takes into account the rate of
apparent “mono-jet” events, where the subleading partner is removed by the pT or ! ! selec-
tion.

The A J threshold of 0.15 corresponds to the median of the A J distribution for pure PYTHIA
dijet events passing the criteria used for Fig. 10. By definition, the fraction RB(A J < 0.15) of
balanced jets in PYTHIA is therefore 50%, which is plotted as a dashed line in Fig. 11. As will be
discussed in Section 3.3, a third jet having a significant impact on the dijet imbalance is present
in most of the large-A J events in PYTHIA.

The change in jet-finding performance from high to low pT, discussed in Section 2.4.3, leads to
only a small decrease in the fraction of balanced jets, of less than 5% for central PYTHIA+DATA
dijets. In contrast, the PbPb data show a rapid decrease in the fraction of balanced jets with
collision centrality. While the most peripheral selection shows a fraction of balanced jets of
close to 45%, this fraction drops by close to a factor of two for the most central collisions. This
again suggests that the passage of hard-scattered partons through the environment created in
PbPb collisions has a significant impact on their fragmentation into final-state jets.
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Figure 8: ��12 distributions for leading jets of pT,1 > 120 GeV/c with subleading jets of pT,2 >
50 GeV/c for 7 TeV pp collisions (a) and 2.76 TeV PbPb collisions in several centrality bins: (b)
50Ð100%, (c) 30Ð50%, (d) 20Ð30%, (e) 10Ð20% and (f) 0Ð10%. Data are shown as black points,
while the histograms show (a) PYTHIA events and (b)-(f) PYTHIA events embedded into PbPb
data. The error bars show the statistical uncertainties.

120 GeV/c and pT,2 > 50 GeV/c. The threshold of 3.026 corresponds to the median of the
��12 distribution for PYTHIA (without embedding). The results for both the PbPb data and
PYTHIA +DATA dijets are shown as a function of the reaction centrality, given by the number
of participating nucleons, Npart , as described in Section 2.3. This observable is not sensitive
to the shape of the tail at ��12 < 2 seen in Fig. 8, but can be used to measure small changes
in the back-to-back correlation between dijets. A decrease in the fraction of back-to-back jets
in PbPb data is seen compared to the pure PYTHIA simulations. Part of the observed change
in RB(��) with centrality is explained by the decrease in jet azimuthal angle resolution from
⇥� = 0.03 in peripheral events to ⇥� = 0.04 in central events, due to the impact of ßuctuations
in the PbPb underlying event. This effect is demonstrated by the comparison of PYTHIA and
PYTHIA +DATA results. The difference between the pp and PYTHIA +DATA resolutions was used
for the uncertainty estimate, giving the dominant contribution to the systematic uncertainties,
shown as brackets in Fig. 9.

3.1.3 Dijet momentum balance

To characterize the dijet momentum balance (or imbalance) quantitatively, we use the asym-
metry ratio,

AJ =
pT,1 � pT,2

pT,1 + pT,2
, (1)

without jet deflection
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Figure 10: Dijet asymmetry ratio, A J, for leading jets of pT,1 > 120 GeV/c, subleading jets of
pT,2 >50 GeV/c and ! ! 12 > 2" /3 for 7 TeV pp collisions (a) and 2.76 TeV PbPb collisions in
several centrality bins: (b) 50–100%, (c) 30–50%, (d) 20–30%, (e) 10–20% and (f) 0–10%. Data are
shown as black points, while the histograms show (a) PYTHIA events and (b)-(f) PYTHIA events
embedded into PbPb data. The error bars show the statistical uncertainities.

The evolution of the dijet momentum balance illustrated in Fig. 10 can be explored more quan-
titatively by studying the fraction of balanced jets in the PbPb events. The balanced fraction,
RB(A J < 0.15), is plotted as a function of collision centrality (again in terms of Npart) in Fig. 11.
It is defined as the fraction of all events with a leading jet having pT,1 > 120 GeV/c for which
a subleading partner with A J < 0.15 and ! ! 12 > 2" /3 is found. Since RB(A J < 0.15) is cal-
culated as the fraction of all events with pT,1 > 120 GeV/c, it takes into account the rate of
apparent “mono-jet” events, where the subleading partner is removed by the pT or ! ! selec-
tion.

The A J threshold of 0.15 corresponds to the median of the A J distribution for pure PYTHIA
dijet events passing the criteria used for Fig. 10. By definition, the fraction RB(A J < 0.15) of
balanced jets in PYTHIA is therefore 50%, which is plotted as a dashed line in Fig. 11. As will be
discussed in Section 3.3, a third jet having a significant impact on the dijet imbalance is present
in most of the large-A J events in PYTHIA.

The change in jet-finding performance from high to low pT, discussed in Section 2.4.3, leads to
only a small decrease in the fraction of balanced jets, of less than 5% for central PYTHIA+DATA
dijets. In contrast, the PbPb data show a rapid decrease in the fraction of balanced jets with
collision centrality. While the most peripheral selection shows a fraction of balanced jets of
close to 45%, this fraction drops by close to a factor of two for the most central collisions. This
again suggests that the passage of hard-scattered partons through the environment created in
PbPb collisions has a significant impact on their fragmentation into final-state jets.
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Figure 8: ��12 distributions for leading jets of pT,1 > 120 GeV/c with subleading jets of pT,2 >
50 GeV/c for 7 TeV pp collisions (a) and 2.76 TeV PbPb collisions in several centrality bins: (b)
50Ð100%, (c) 30Ð50%, (d) 20Ð30%, (e) 10Ð20% and (f) 0Ð10%. Data are shown as black points,
while the histograms show (a) PYTHIA events and (b)-(f) PYTHIA events embedded into PbPb
data. The error bars show the statistical uncertainties.

120 GeV/c and pT,2 > 50 GeV/c. The threshold of 3.026 corresponds to the median of the
��12 distribution for PYTHIA (without embedding). The results for both the PbPb data and
PYTHIA +DATA dijets are shown as a function of the reaction centrality, given by the number
of participating nucleons, Npart , as described in Section 2.3. This observable is not sensitive
to the shape of the tail at ��12 < 2 seen in Fig. 8, but can be used to measure small changes
in the back-to-back correlation between dijets. A decrease in the fraction of back-to-back jets
in PbPb data is seen compared to the pure PYTHIA simulations. Part of the observed change
in RB(��) with centrality is explained by the decrease in jet azimuthal angle resolution from
⇥� = 0.03 in peripheral events to ⇥� = 0.04 in central events, due to the impact of ßuctuations
in the PbPb underlying event. This effect is demonstrated by the comparison of PYTHIA and
PYTHIA +DATA results. The difference between the pp and PYTHIA +DATA resolutions was used
for the uncertainty estimate, giving the dominant contribution to the systematic uncertainties,
shown as brackets in Fig. 9.

3.1.3 Dijet momentum balance

To characterize the dijet momentum balance (or imbalance) quantitatively, we use the asym-
metry ratio,

AJ =
pT,1 � pT,2

pT,1 + pT,2
, (1)

without jet deflection

3.3 Overall momentum balance of dijet events 21

for both centrality ranges and even for events with large observed dijet asymmetry, in both
data and simulation. This shows that the dijet momentum imbalance is not related to unde-
tected activity in the event due to instrumental (e.g. gaps or inefÞcienciesin the calorimeter) or
physics (e.g. neutrino production) effects.

0.1 0.2 0.3 0.4

>
 (

G
eV

/c
)

Tp<

-40

-20

0

20

40 PYTHIA+HYDJET 0-30%

In-Cone

R<0.8!

(a)

0.1 0.2 0.3 0.4

>
 (

G
eV

/c
)

Tp<

-40

-20

0

20

40

JA
0.1 0.2 0.3 0.4

>
 (

G
eV

/c
)

Tp<

-40

-20

0

20

40
CMS 0-30%

=2.76 TeVNNsPb+Pb  
-1

bµL dt = 6.7 "

In-Cone

R<0.8!

(c)

JA
0.1 0.2 0.3 0.4

>
 (

G
eV

/c
)

Tp<

-40

-20

0

20

40

0.1 0.2 0.3 0.4

-40

-20

0

20

40

> 0.5 GeV/c
0.5 - 1.0 GeV/c
1.0 - 2.0 GeV/c
2.0 - 4.0 GeV/c
4.0 - 8.0 GeV/c
> 8.0 GeV/c

Out-of-Cone

0.8#R!

(b)

  > 120GeV/c
T,1

p

  > 50GeV/c
T,2

p

$6
5>  

1,2
%! | < 1.6

1,2
&|

0.1 0.2 0.3 0.4

-40

-20

0

20

40

JA
0.1 0.2 0.3 0.4

-40

-20

0

20

40

Out-of-Cone

0.8#R!

(d)

JA
0.1 0.2 0.3 0.4

-40

-20

0

20

40

Figure 15: Average missing transverse momentum, ! "p#
T$, for tracks with pT > 0.5GeV/ c, pro-

jected onto the leading jet axis (solid circles). The ! "p#
T$values are shown as a function of dijet

asymmetry A J for 0Ð30%centrality, inside (�R < 0.8)one of the leading or subleading jet cones
(left) and outside (�R > 0.8) the leading and subleading jet cones(right). For the solid circles,
vertical bars and brackets represent the statistical and systematic uncertainties, respectively.
For the individual pT ranges,the statistical uncertainties are shown asvertical bars.

The Þgure also shows the contributions to ! "p#
T$for Þve transversemomentum rangesfrom 0.5Ð

1 GeV/ c to pT > 8 GeV/ c. The vertical bars for eachrange denote statistical uncertainties. For

data and simulation, a largenegative contribution to ! "p#
T$(i.e., in the dir ection of the leading jet)

Leading Jet

Associated Jet
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by the pT > 8 GeV/ c range is balanced by the combined contributions from the 0.5Ð8GeV/ c
regions. Looking at the pT < 8 GeV/ c region in detail, important dif ferencesbetween data
and simulation emerge. For PYTH IA +H YDJET both centrality ranges show a large balancing
contribution from the intermediate pT region of 4Ð8 GeV/ c, while the contribution from the
two regions spanning 0.5Ð2GeV/ c is very small. In peripheral PbPb data, the contribution of
0.5Ð2GeV/ c tracks relative to that from 4Ð8GeV/ c tracks is somewhat enhanced compared to
the simulation. In central PbPb events, the relative contribution of low and intermediate- pT

tracks is actually the opposite of that seenin PYTH IA +H YDJET. In data, the 4Ð8GeV/ c region
makes almost no contri bution to the overall momentum balance,while a large fraction of the
negative imbalance from high pT is recovered in low-momentum tracks.

The dominant systematic uncertainty for the pT balance measurement comes from the pT-
dependent uncertainty in the track reconstruction efÞciency and fake rate described in Sec-
tion 3.2. A 20% uncertainty was assigned to the Þnal result, stemming from the residual dif-
ference between the PYTH IA generator-level and the reconstructed PYTH IA +H YDJET tracks at
high pT. This is combined with an absolute 3 GeV/ c uncertainty that comesfrom the imperfect
cancellation of the background tracks. The background effect was cross-checkedin data from
a random conestudy in 0Ð30%central events similar to the study described in Section3.2. The
overall systematic uncertainty is shown asbrackets in Figs. 14and 15.

Further insight int o the radial dependenceof the momentum balancecanbegained by studying

! "p#
T$separately for tracks inside conesof size ! R = 0.8around the leading and subleading jet

axes, and for tracks outside of these cones. The results of this study for central events are
shown in Fig. 15 for the in-cone balance and out-of-cone balance for MC and data. As the
underlying PbPb event in both data and MC is not ! -symmetric on an event-by-event basis,
the back-to-back requirement was tightened to ! ! 12 > 5" / 6 for this study.

One observesthat for both data and MC an in-cone imbalance of ! "p#
T$% &20 GeV/ c is found for

the A J > 0.33selection. In both casesthis is balancedby acorresponding out-of-cone imbalance

of ! "p#
T$ % 20 GeV/ c. However , in the PbPbdata the out-of-cone contribution is carried almost

entirely by tracks with 0.5 < pT < 4 GeV/ c whereasin MC more than 50%of the balance is
carried by tracks with pT > 4 GeV/ c, with a negligible contribution from pT < 1 GeV/ c.

The PYTH IA +H YDJET results are indicative of semi-hard initi al or Þnal-state radiation as the
underlying cause for large A J events in the MC study. This has been conÞrmed by further
studies which showed that in PYTH IA the momentum balancein the transverseplane for events
with large A J can be restored if a thir d jet with pT > 20 GeV/ c, which is present in more than
90%of theseevents, is included. This is in contrast to the results for large-A J PbPbdata, which
show that a large part of the momentum balanceis carried by soft particles (pT < 2 GeV/ c) and
radiated at large angles to the jet axes(! R > 0.8).

4 Summar y

The CMS detector hasbeenused to study jet production in PbPbcollisions at
'

sN N = 2.76TeV.
Jetswere reconstructed using primarily the calorimeter information in a data sample corre-
sponding to an integrated luminosity of Lint = 6.7 µb&1. Events having a leading jet wi th
pT > 120 GeV/ c and |#| < 2 were selected. As a function of centrality, dijet events with a
subleading jet of pT > 50 GeV/ c and |#| < 2 were found to have an increasingmomentum im-
balance. Data were compared to PYTH IA dijet simulations for pp collisions at the sameenergy
which were embedded into real heavy ion events. The momentum imbalancesobserved in the

Momentum balance

¥ Even for large cone radius, out of cone radiation is mostly soft

¥ The hard part of the near side seems mostly unchanged.
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were corrected for tracking efficiency and fake rates using corrections that were derived from
PYTHIA+HYDJET simulations and from the reconstruction of single tracks embedded in data.
In each panel, the area of each colored region in pT and �R corresponds to the total transverse
momentum per event carried by tracks in this region.

For the balanced-jet selection, A J < 0.11, one sees qualitative agreement in the leading and
subleading jet momentum distributions between PYTHIA+HYDJET (top) and data (bottom). In
data and simulation, most of the leading and subleading jet momentum is carried by tracks
with pT > 8 GeV/c, with the data tracks having a slightly narrower �R distribution. A slightly
larger fraction of the momentum for the subleading jets is carried by tracks at low pT and
�R > 0.16 (i.e., beyond the second bin) in the data.

Moving towards larger dijet imbalance, the major fraction of the leading jet momentum con-
tinues to be carried by high-pT tracks in data and simulation. For the A J > 0.33 selection, it is
important to recall that less than 10% of all PYTHIA dijet events fall in this category, and, as will
be discussed in Section 3.3, those that do are overwhelmingly 3-jet events.

While the overall change found in the leading jet shapes as a function of A J is small, a strong
modification of the track momentum composition of the subleading jets is seen, confirming the
calorimeter determination of the dijet imbalance. The biggest difference between data and sim-
ulation is found for tracks with pT < 4 GeV/c. For PYTHIA, the momentum in the subleading
jet carried by these tracks is small and their radial distribution is nearly unchanged with A J.
However, for data, the relative contribution of low-pT tracks grows with A J, and an increasing
fraction of those tracks is observed at large distances to the jet axis, extending out to �R = 0.8
(the largest angular distance to the jet in this study).

The major systematic uncertainties for the track-jet correlation measurement come from the
pT-dependent uncertainty in the track reconstruction efficiency. The algorithmic track recon-
struction efficiency, which averages 70% over the pT > 0.5 GeV/c and |⇥| < 2.4 range included
in this study, was determined from an independent PYTHIA+HYDJET sample, and from sim-
ulated tracks embedded in data. Additional uncertainties are introduced by the underlying
event subtraction procedure. The latter was studied by comparing the track-jet correlations
seen in pure PYTHIA dijet events for generated particles with those seen in PYTHIA+HYDJET
events after reconstruction and background subtraction. The size of the background subtrac-
tion systematic uncertainty was further cross-checked in data by repeating the procedure for
random ring-like regions in 0–30% central minimum bias events. In the end, an overall sys-
tematic uncertainty of 20% per bin was assigned. This uncertainty is included in the combined
statistical and systematic uncertainties shown in Fig. 13.

3.3 Overall momentum balance of dijet events

The requirements of the background subtraction procedure limit the track-jet correlation study
to tracks with pT > 1.0 GeV/c and �R < 0.8. Complementary information about the over-
all momentum balance in the dijet events can be obtained using the projection of missing pT
of reconstructed charged tracks onto the leading jet axis. For each event, this projection was
calculated as

⇥p⌃T = ⇥
i
�pi

T cos (�i � �Leading Jet), (2)

where the sum is over all tracks with pT > 0.5 GeV/c and |⇥| < 2.4. The results were then
averaged over events to obtain ⇤⇥p⌃T⌅. No background subtraction was applied, which allows
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Figure 10: Dijet asymmetry ratio, A J, for leading jets of pT,1 > 120 GeV/c, subleading jets of
pT,2 >50 GeV/c and ! ! 12 > 2" /3 for 7 TeV pp collisions (a) and 2.76 TeV PbPb collisions in
several centrality bins: (b) 50–100%, (c) 30–50%, (d) 20–30%, (e) 10–20% and (f) 0–10%. Data are
shown as black points, while the histograms show (a) PYTHIA events and (b)-(f) PYTHIA events
embedded into PbPb data. The error bars show the statistical uncertainities.

The evolution of the dijet momentum balance illustrated in Fig. 10 can be explored more quan-
titatively by studying the fraction of balanced jets in the PbPb events. The balanced fraction,
RB(A J < 0.15), is plotted as a function of collision centrality (again in terms of Npart) in Fig. 11.
It is defined as the fraction of all events with a leading jet having pT,1 > 120 GeV/c for which
a subleading partner with A J < 0.15 and ! ! 12 > 2" /3 is found. Since RB(A J < 0.15) is cal-
culated as the fraction of all events with pT,1 > 120 GeV/c, it takes into account the rate of
apparent “mono-jet” events, where the subleading partner is removed by the pT or ! ! selec-
tion.

The A J threshold of 0.15 corresponds to the median of the A J distribution for pure PYTHIA
dijet events passing the criteria used for Fig. 10. By definition, the fraction RB(A J < 0.15) of
balanced jets in PYTHIA is therefore 50%, which is plotted as a dashed line in Fig. 11. As will be
discussed in Section 3.3, a third jet having a significant impact on the dijet imbalance is present
in most of the large-A J events in PYTHIA.

The change in jet-finding performance from high to low pT, discussed in Section 2.4.3, leads to
only a small decrease in the fraction of balanced jets, of less than 5% for central PYTHIA+DATA
dijets. In contrast, the PbPb data show a rapid decrease in the fraction of balanced jets with
collision centrality. While the most peripheral selection shows a fraction of balanced jets of
close to 45%, this fraction drops by close to a factor of two for the most central collisions. This
again suggests that the passage of hard-scattered partons through the environment created in
PbPb collisions has a significant impact on their fragmentation into final-state jets.
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Figure 8: ��12 distributions for leading jets of pT,1 > 120 GeV/c with subleading jets of pT,2 >
50 GeV/c for 7 TeV pp collisions (a) and 2.76 TeV PbPb collisions in several centrality bins: (b)
50Ð100%, (c) 30Ð50%, (d) 20Ð30%, (e) 10Ð20% and (f) 0Ð10%. Data are shown as black points,
while the histograms show (a) PYTHIA events and (b)-(f) PYTHIA events embedded into PbPb
data. The error bars show the statistical uncertainties.

120 GeV/c and pT,2 > 50 GeV/c. The threshold of 3.026 corresponds to the median of the
��12 distribution for PYTHIA (without embedding). The results for both the PbPb data and
PYTHIA +DATA dijets are shown as a function of the reaction centrality, given by the number
of participating nucleons, Npart , as described in Section 2.3. This observable is not sensitive
to the shape of the tail at ��12 < 2 seen in Fig. 8, but can be used to measure small changes
in the back-to-back correlation between dijets. A decrease in the fraction of back-to-back jets
in PbPb data is seen compared to the pure PYTHIA simulations. Part of the observed change
in RB(��) with centrality is explained by the decrease in jet azimuthal angle resolution from
⇥� = 0.03 in peripheral events to ⇥� = 0.04 in central events, due to the impact of ßuctuations
in the PbPb underlying event. This effect is demonstrated by the comparison of PYTHIA and
PYTHIA +DATA results. The difference between the pp and PYTHIA +DATA resolutions was used
for the uncertainty estimate, giving the dominant contribution to the systematic uncertainties,
shown as brackets in Fig. 9.

3.1.3 Dijet momentum balance

To characterize the dijet momentum balance (or imbalance) quantitatively, we use the asym-
metry ratio,

AJ =
pT,1 � pT,2

pT,1 + pT,2
, (1)

without jet deflection
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for both centrality ranges and even for events with large observed dijet asymmetry, in both
data and simulation. This shows that the dijet momentum imbalance is not related to unde-
tected activity in the event due to instrumental (e.g. gaps or inefÞcienciesin the calorimeter) or
physics (e.g. neutrino production) effects.
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Figure 15: Average missing transverse momentum, ! "p#
T$, for tracks with pT > 0.5GeV/ c, pro-

jected onto the leading jet axis (solid circles). The ! "p#
T$values are shown as a function of dijet

asymmetry A J for 0Ð30%centrality, inside (�R < 0.8)one of the leading or subleading jet cones
(left) and outside (�R > 0.8) the leading and subleading jet cones(right). For the solid circles,
vertical bars and brackets represent the statistical and systematic uncertainties, respectively.
For the individual pT ranges,the statistical uncertainties are shown asvertical bars.

The Þgure also shows the contributions to ! "p#
T$for Þve transversemomentum rangesfrom 0.5Ð

1 GeV/ c to pT > 8 GeV/ c. The vertical bars for eachrange denote statistical uncertainties. For

data and simulation, a largenegative contribution to ! "p#
T$(i.e., in the dir ection of the leading jet)
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by the pT > 8 GeV/ c range is balanced by the combined contributions from the 0.5Ð8GeV/ c
regions. Looking at the pT < 8 GeV/ c region in detail, important dif ferencesbetween data
and simulation emerge. For PYTH IA +H YDJET both centrality ranges show a large balancing
contribution from the intermediate pT region of 4Ð8 GeV/ c, while the contribution from the
two regions spanning 0.5Ð2GeV/ c is very small. In peripheral PbPb data, the contribution of
0.5Ð2GeV/ c tracks relative to that from 4Ð8GeV/ c tracks is somewhat enhanced compared to
the simulation. In central PbPb events, the relative contribution of low and intermediate- pT

tracks is actually the opposite of that seenin PYTH IA +H YDJET. In data, the 4Ð8GeV/ c region
makes almost no contri bution to the overall momentum balance,while a large fraction of the
negative imbalance from high pT is recovered in low-momentum tracks.

The dominant systematic uncertainty for the pT balance measurement comes from the pT-
dependent uncertainty in the track reconstruction efÞciency and fake rate described in Sec-
tion 3.2. A 20% uncertainty was assigned to the Þnal result, stemming from the residual dif-
ference between the PYTH IA generator-level and the reconstructed PYTH IA +H YDJET tracks at
high pT. This is combined with an absolute 3 GeV/ c uncertainty that comesfrom the imperfect
cancellation of the background tracks. The background effect was cross-checkedin data from
a random conestudy in 0Ð30%central events similar to the study described in Section3.2. The
overall systematic uncertainty is shown asbrackets in Figs. 14and 15.

Further insight int o the radial dependenceof the momentum balancecanbegained by studying

! "p#
T$separately for tracks inside conesof size ! R = 0.8around the leading and subleading jet

axes, and for tracks outside of these cones. The results of this study for central events are
shown in Fig. 15 for the in-cone balance and out-of-cone balance for MC and data. As the
underlying PbPb event in both data and MC is not ! -symmetric on an event-by-event basis,
the back-to-back requirement was tightened to ! ! 12 > 5" / 6 for this study.

One observesthat for both data and MC an in-cone imbalance of ! "p#
T$% &20 GeV/ c is found for

the A J > 0.33selection. In both casesthis is balancedby acorresponding out-of-cone imbalance

of ! "p#
T$ % 20 GeV/ c. However , in the PbPbdata the out-of-cone contribution is carried almost

entirely by tracks with 0.5 < pT < 4 GeV/ c whereasin MC more than 50%of the balance is
carried by tracks with pT > 4 GeV/ c, with a negligible contribution from pT < 1 GeV/ c.

The PYTH IA +H YDJET results are indicative of semi-hard initi al or Þnal-state radiation as the
underlying cause for large A J events in the MC study. This has been conÞrmed by further
studies which showed that in PYTH IA the momentum balancein the transverseplane for events
with large A J can be restored if a thir d jet with pT > 20 GeV/ c, which is present in more than
90%of theseevents, is included. This is in contrast to the results for large-A J PbPbdata, which
show that a large part of the momentum balanceis carried by soft particles (pT < 2 GeV/ c) and
radiated at large angles to the jet axes(! R > 0.8).

4 Summar y

The CMS detector hasbeenused to study jet production in PbPbcollisions at
'

sN N = 2.76TeV.
Jetswere reconstructed using primarily the calorimeter information in a data sample corre-
sponding to an integrated luminosity of Lint = 6.7 µb&1. Events having a leading jet wi th
pT > 120 GeV/ c and |#| < 2 were selected. As a function of centrality, dijet events with a
subleading jet of pT > 50 GeV/ c and |#| < 2 were found to have an increasingmomentum im-
balance. Data were compared to PYTH IA dijet simulations for pp collisions at the sameenergy
which were embedded into real heavy ion events. The momentum imbalancesobserved in the

Momentum balance

¥ Even for large cone radius, out of cone radiation is mostly soft

¥ The hard part of the near side seems mostly unchanged.
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were corrected for tracking efficiency and fake rates using corrections that were derived from
PYTHIA+HYDJET simulations and from the reconstruction of single tracks embedded in data.
In each panel, the area of each colored region in pT and �R corresponds to the total transverse
momentum per event carried by tracks in this region.

For the balanced-jet selection, A J < 0.11, one sees qualitative agreement in the leading and
subleading jet momentum distributions between PYTHIA+HYDJET (top) and data (bottom). In
data and simulation, most of the leading and subleading jet momentum is carried by tracks
with pT > 8 GeV/c, with the data tracks having a slightly narrower �R distribution. A slightly
larger fraction of the momentum for the subleading jets is carried by tracks at low pT and
�R > 0.16 (i.e., beyond the second bin) in the data.

Moving towards larger dijet imbalance, the major fraction of the leading jet momentum con-
tinues to be carried by high-pT tracks in data and simulation. For the A J > 0.33 selection, it is
important to recall that less than 10% of all PYTHIA dijet events fall in this category, and, as will
be discussed in Section 3.3, those that do are overwhelmingly 3-jet events.

While the overall change found in the leading jet shapes as a function of A J is small, a strong
modification of the track momentum composition of the subleading jets is seen, confirming the
calorimeter determination of the dijet imbalance. The biggest difference between data and sim-
ulation is found for tracks with pT < 4 GeV/c. For PYTHIA, the momentum in the subleading
jet carried by these tracks is small and their radial distribution is nearly unchanged with A J.
However, for data, the relative contribution of low-pT tracks grows with A J, and an increasing
fraction of those tracks is observed at large distances to the jet axis, extending out to �R = 0.8
(the largest angular distance to the jet in this study).

The major systematic uncertainties for the track-jet correlation measurement come from the
pT-dependent uncertainty in the track reconstruction efficiency. The algorithmic track recon-
struction efficiency, which averages 70% over the pT > 0.5 GeV/c and |⇥| < 2.4 range included
in this study, was determined from an independent PYTHIA+HYDJET sample, and from sim-
ulated tracks embedded in data. Additional uncertainties are introduced by the underlying
event subtraction procedure. The latter was studied by comparing the track-jet correlations
seen in pure PYTHIA dijet events for generated particles with those seen in PYTHIA+HYDJET
events after reconstruction and background subtraction. The size of the background subtrac-
tion systematic uncertainty was further cross-checked in data by repeating the procedure for
random ring-like regions in 0–30% central minimum bias events. In the end, an overall sys-
tematic uncertainty of 20% per bin was assigned. This uncertainty is included in the combined
statistical and systematic uncertainties shown in Fig. 13.

3.3 Overall momentum balance of dijet events

The requirements of the background subtraction procedure limit the track-jet correlation study
to tracks with pT > 1.0 GeV/c and �R < 0.8. Complementary information about the over-
all momentum balance in the dijet events can be obtained using the projection of missing pT
of reconstructed charged tracks onto the leading jet axis. For each event, this projection was
calculated as

⇥p⌃T = ⇥
i
�pi

T cos (�i � �Leading Jet), (2)

where the sum is over all tracks with pT > 0.5 GeV/c and |⇥| < 2.4. The results were then
averaged over events to obtain ⇤⇥p⌃T⌅. No background subtraction was applied, which allows
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transport of soft quanta away from jet

� all jet components accumulate an average transverse momentum [Brownian motion]

� in the presence of a medium soft modes are formed early

� sufficiently soft modes are completely decorrelated from the jet direction
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� all jet components accumulate an average transverse momentum [Brownian motion]

� in the presence of a medium soft modes are formed early
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results in jet energy loss with no significant jet deflection
energy is lost by transport of soft components to large angles
efficient even in absence of medium induced radiation
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FIG. 1: Sketch of the evolution process for the associated jet in a di-jet event. The fragmentation proceeds by several splittings
from the initial hard vertex up to the final particles. The jet reconstruction procedure, represented by the blue cone, does not
include all the fragments generated in the evolution. Thus, not all the splittings are directly connected to the particles used
for the jet reconstruction. Note that all the fragments within the cone originate from a common ancestor (the parent parton,
marked with a double line) and prior splittings only change the overall kinematics of that parton. From all the splittings in
the chain, only n

R

splittings, represented by circles, are seeded by the parent parton and connected to the final reconstructed
fragments, these splittings influence the most the final fragment distribution (up to kinematical changes).

result in overall kinematical changes. Thus, for each final parton, we reconstruct the full chain of branchings back to
the parent parton. To avoid double counting in jets with more than one final state parton, splittings common to two
or more particles are counted only once. Also, only splittings that are causally connected to those partons that fall
within the specific jet selection and reconstruction procedure will be taken into account. Fig. 1 provides a pictorial
description of this procedure.

The probability distribution Pout

R

(L) for splitting after a given time L is obtained from the event generator as the
average over the Monte Carlo sample

Pout

R

(L) =

⌧
n

out

R

(L)

n

R

�
, (3)

where the index R indicates that only branchings in the chains of those partons that end up within the jet definition
are included, n

R

is the total number of such splittings in a an event, and n

out

R

(L) the number of those that occur
at ⌧

S

> L. The distribution Pout

R

(L) depends on the specific procedure employed to select and reconstruct the jet
sample, in particular on the jet definition, via the Monte Carlo average.

As we have stressed repeatedly, the above procedure provides only an estimate of the typical distribution since it
is based on the identification of the typical scale of the emission process and assumes that all the splittings occur at
such fixed time. This procedure clearly overestimates the emission time, since in reality it is given by a distribution in
times with characteristic value ⌧

f

, with emission both at earlier and later times than ⌧

f

being allowed. To account for
this spread, we will use a simple assumption for the emission time distribution: the probability that a given splitting
with typical formation time ⌧

f

occurs at time ⌧ , D(⌧) is given by

D(⌧) =
1

⌧

f

e

�⌧/⌧f
. (4)

This allows us to assign to each splitting a (random) emission time and, by following the discussion around eq. (2),
determine the absolute time of each emission. We will use these two evaluations of the emission time — with a fixed
typical time given by eq. (1) and with a random sampling around ⌧

f

, eq. (4) — as an estimate of the uncertainty in
the distribution.

We constructed our event samples by generating di-jet events with PYTHIA 6.4 [36] for pp collisions at a centre-
of-mass energy of 2.76 TeV without underlying event. Jets were reconstructed at the partonic level using the anti-k
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FIG. 4: Fraction of splittings of the parent parton that occur outside of the medium, assuming that in heavy ion collisions jet
evolution proceeds as in vacuum. The analysis is performed for di-jet events of leading jet transverse momentum p

T,leading

> 100
GeV and associated jet momentum p

T,associated

> 40 GeV and for a lead-lead collision with centrality class 0� 30 %. A very
mild dependence of this fraction is observed both in the reconstruction radius R (left) and in the z�fraction of transverse
momentum (right). Note that in the two plots sample di↵erently the distribution of splittings (see text for discussion).

di↵erence between the two procedures is not large and does not a↵ect significantly the conclusions of our study. It
should be kept in mind that our observations are not based on a well grounded theoretical model and should not be
taken for more than indication of the underlaying dynamics.

In addition to this uncertainty, we would like to stress once more that our analysis has been performed at parton
level and hadronization e↵ects have not been taken into account. While the time scale estimation of the gluon shower
is not a↵ected by such e↵ects, hadronization can alter the distribution of particles within the reconstruction cone,
specially at small radius [42]. Furthermore, the decay of the final partonic system into hadrons will lead to a softer
distribution of fragments at hadronic level than at partonic level. In this sense, the p

T

-cut we have imposed in the
distribution in Fig. 4 (a) is too low for a comparison with experimental data; generically, hadrons with p

T

> 4 GeV
will be the result of the hadronization of more energetic partons. However, as we have shown in Fig. 2, imposing a
higher p

T

cut pushes the distribution of splittings to later times, increasing the fraction f

out

.
Finally, the particular value of f

out

we have obtained depends on the absorption model for jets that we have
described in section III. As stressed there, while we view this model as theoretically motivated, the exact length
dependence of the jet energy loss is not known [43–45]. A weaker length dependence than the one we have used would
reduce the di↵erence of path lengths between leading and associated jets and the value of f

out

for each of them would
be between the two bands in Fig. 4. A stronger length dependence would increase that separation, increasing f

out

for
the leading jets and reducing it for the associated ones. However, unless a very strong dependence on L is advocated,
which is neither theoretical nor phenomenologically justified, we do not expect a dramatic change in the f

out

value.
In particular, for leading jets and for any length dependence, the fraction of relevant splittings outside of the medium
will be always larger than 70% (in the kinematic range of interest and for R = 0.3).

V. SUMMARY AND DISCUSSION

In this note we have studied the time structure of jet evolution in the vacuum by following the DGLAP chain
and assigning to each splitting a decay time given by eq. (1). For the kinematic range currently explored in jet
measurements at the LHC, several splittings occur as the partons produced in an elementary collision shower towards
final hadrons. We have studied the time distribution of those splittings from the parent parton, fig. 2, defined as
the latest step in the decay chain common to all the fragments within the reconstructed cone, and concluded that for
those jets the fragmentation process in vacuum takes a long time, comparable to the nuclear radius. We have also

Casalderrey-Solana, Milhano, Quiroga-Arias [2011]
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FIG. 1: Sketch of the evolution process for the associated jet in a di-jet event. The fragmentation proceeds by several splittings
from the initial hard vertex up to the final particles. The jet reconstruction procedure, represented by the blue cone, does not
include all the fragments generated in the evolution. Thus, not all the splittings are directly connected to the particles used
for the jet reconstruction. Note that all the fragments within the cone originate from a common ancestor (the parent parton,
marked with a double line) and prior splittings only change the overall kinematics of that parton. From all the splittings in
the chain, only n

R

splittings, represented by circles, are seeded by the parent parton and connected to the final reconstructed
fragments, these splittings influence the most the final fragment distribution (up to kinematical changes).

result in overall kinematical changes. Thus, for each final parton, we reconstruct the full chain of branchings back to
the parent parton. To avoid double counting in jets with more than one final state parton, splittings common to two
or more particles are counted only once. Also, only splittings that are causally connected to those partons that fall
within the specific jet selection and reconstruction procedure will be taken into account. Fig. 1 provides a pictorial
description of this procedure.

The probability distribution Pout

R

(L) for splitting after a given time L is obtained from the event generator as the
average over the Monte Carlo sample

Pout

R

(L) =

⌧
n

out

R

(L)

n

R

�
, (3)

where the index R indicates that only branchings in the chains of those partons that end up within the jet definition
are included, n

R

is the total number of such splittings in a an event, and n

out

R

(L) the number of those that occur
at ⌧

S

> L. The distribution Pout

R

(L) depends on the specific procedure employed to select and reconstruct the jet
sample, in particular on the jet definition, via the Monte Carlo average.

As we have stressed repeatedly, the above procedure provides only an estimate of the typical distribution since it
is based on the identification of the typical scale of the emission process and assumes that all the splittings occur at
such fixed time. This procedure clearly overestimates the emission time, since in reality it is given by a distribution in
times with characteristic value ⌧

f

, with emission both at earlier and later times than ⌧

f

being allowed. To account for
this spread, we will use a simple assumption for the emission time distribution: the probability that a given splitting
with typical formation time ⌧

f

occurs at time ⌧ , D(⌧) is given by

D(⌧) =
1

⌧

f

e

�⌧/⌧f
. (4)

This allows us to assign to each splitting a (random) emission time and, by following the discussion around eq. (2),
determine the absolute time of each emission. We will use these two evaluations of the emission time — with a fixed
typical time given by eq. (1) and with a random sampling around ⌧

f

, eq. (4) — as an estimate of the uncertainty in
the distribution.

We constructed our event samples by generating di-jet events with PYTHIA 6.4 [36] for pp collisions at a centre-
of-mass energy of 2.76 TeV without underlying event. Jets were reconstructed at the partonic level using the anti-k
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FIG. 4: Fraction of splittings of the parent parton that occur outside of the medium, assuming that in heavy ion collisions jet
evolution proceeds as in vacuum. The analysis is performed for di-jet events of leading jet transverse momentum p

T,leading

> 100
GeV and associated jet momentum p

T,associated

> 40 GeV and for a lead-lead collision with centrality class 0� 30 %. A very
mild dependence of this fraction is observed both in the reconstruction radius R (left) and in the z�fraction of transverse
momentum (right). Note that in the two plots sample di↵erently the distribution of splittings (see text for discussion).

di↵erence between the two procedures is not large and does not a↵ect significantly the conclusions of our study. It
should be kept in mind that our observations are not based on a well grounded theoretical model and should not be
taken for more than indication of the underlaying dynamics.

In addition to this uncertainty, we would like to stress once more that our analysis has been performed at parton
level and hadronization e↵ects have not been taken into account. While the time scale estimation of the gluon shower
is not a↵ected by such e↵ects, hadronization can alter the distribution of particles within the reconstruction cone,
specially at small radius [42]. Furthermore, the decay of the final partonic system into hadrons will lead to a softer
distribution of fragments at hadronic level than at partonic level. In this sense, the p

T

-cut we have imposed in the
distribution in Fig. 4 (a) is too low for a comparison with experimental data; generically, hadrons with p

T

> 4 GeV
will be the result of the hadronization of more energetic partons. However, as we have shown in Fig. 2, imposing a
higher p

T

cut pushes the distribution of splittings to later times, increasing the fraction f

out

.
Finally, the particular value of f

out

we have obtained depends on the absorption model for jets that we have
described in section III. As stressed there, while we view this model as theoretically motivated, the exact length
dependence of the jet energy loss is not known [43–45]. A weaker length dependence than the one we have used would
reduce the di↵erence of path lengths between leading and associated jets and the value of f

out

for each of them would
be between the two bands in Fig. 4. A stronger length dependence would increase that separation, increasing f

out

for
the leading jets and reducing it for the associated ones. However, unless a very strong dependence on L is advocated,
which is neither theoretical nor phenomenologically justified, we do not expect a dramatic change in the f

out

value.
In particular, for leading jets and for any length dependence, the fraction of relevant splittings outside of the medium
will be always larger than 70% (in the kinematic range of interest and for R = 0.3).

V. SUMMARY AND DISCUSSION

In this note we have studied the time structure of jet evolution in the vacuum by following the DGLAP chain
and assigning to each splitting a decay time given by eq. (1). For the kinematic range currently explored in jet
measurements at the LHC, several splittings occur as the partons produced in an elementary collision shower towards
final hadrons. We have studied the time distribution of those splittings from the parent parton, fig. 2, defined as
the latest step in the decay chain common to all the fragments within the reconstructed cone, and concluded that for
those jets the fragmentation process in vacuum takes a long time, comparable to the nuclear radius. We have also
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FIG. 1: Sketch of the evolution process for the associated jet in a di-jet event. The fragmentation proceeds by several splittings
from the initial hard vertex up to the final particles. The jet reconstruction procedure, represented by the blue cone, does not
include all the fragments generated in the evolution. Thus, not all the splittings are directly connected to the particles used
for the jet reconstruction. Note that all the fragments within the cone originate from a common ancestor (the parent parton,
marked with a double line) and prior splittings only change the overall kinematics of that parton. From all the splittings in
the chain, only n

R

splittings, represented by circles, are seeded by the parent parton and connected to the final reconstructed
fragments, these splittings influence the most the final fragment distribution (up to kinematical changes).

result in overall kinematical changes. Thus, for each final parton, we reconstruct the full chain of branchings back to
the parent parton. To avoid double counting in jets with more than one final state parton, splittings common to two
or more particles are counted only once. Also, only splittings that are causally connected to those partons that fall
within the specific jet selection and reconstruction procedure will be taken into account. Fig. 1 provides a pictorial
description of this procedure.

The probability distribution Pout

R

(L) for splitting after a given time L is obtained from the event generator as the
average over the Monte Carlo sample

Pout

R

(L) =

⌧
n

out

R

(L)

n

R

�
, (3)

where the index R indicates that only branchings in the chains of those partons that end up within the jet definition
are included, n

R

is the total number of such splittings in a an event, and n

out

R

(L) the number of those that occur
at ⌧

S

> L. The distribution Pout

R

(L) depends on the specific procedure employed to select and reconstruct the jet
sample, in particular on the jet definition, via the Monte Carlo average.

As we have stressed repeatedly, the above procedure provides only an estimate of the typical distribution since it
is based on the identification of the typical scale of the emission process and assumes that all the splittings occur at
such fixed time. This procedure clearly overestimates the emission time, since in reality it is given by a distribution in
times with characteristic value ⌧

f

, with emission both at earlier and later times than ⌧

f

being allowed. To account for
this spread, we will use a simple assumption for the emission time distribution: the probability that a given splitting
with typical formation time ⌧

f

occurs at time ⌧ , D(⌧) is given by

D(⌧) =
1

⌧

f

e

�⌧/⌧f
. (4)

This allows us to assign to each splitting a (random) emission time and, by following the discussion around eq. (2),
determine the absolute time of each emission. We will use these two evaluations of the emission time — with a fixed
typical time given by eq. (1) and with a random sampling around ⌧

f

, eq. (4) — as an estimate of the uncertainty in
the distribution.

We constructed our event samples by generating di-jet events with PYTHIA 6.4 [36] for pp collisions at a centre-
of-mass energy of 2.76 TeV without underlying event. Jets were reconstructed at the partonic level using the anti-k

t
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FIG. 4: Fraction of splittings of the parent parton that occur outside of the medium, assuming that in heavy ion collisions jet
evolution proceeds as in vacuum. The analysis is performed for di-jet events of leading jet transverse momentum p

T,leading

> 100
GeV and associated jet momentum p

T,associated

> 40 GeV and for a lead-lead collision with centrality class 0� 30 %. A very
mild dependence of this fraction is observed both in the reconstruction radius R (left) and in the z�fraction of transverse
momentum (right). Note that in the two plots sample di↵erently the distribution of splittings (see text for discussion).

di↵erence between the two procedures is not large and does not a↵ect significantly the conclusions of our study. It
should be kept in mind that our observations are not based on a well grounded theoretical model and should not be
taken for more than indication of the underlaying dynamics.

In addition to this uncertainty, we would like to stress once more that our analysis has been performed at parton
level and hadronization e↵ects have not been taken into account. While the time scale estimation of the gluon shower
is not a↵ected by such e↵ects, hadronization can alter the distribution of particles within the reconstruction cone,
specially at small radius [42]. Furthermore, the decay of the final partonic system into hadrons will lead to a softer
distribution of fragments at hadronic level than at partonic level. In this sense, the p

T

-cut we have imposed in the
distribution in Fig. 4 (a) is too low for a comparison with experimental data; generically, hadrons with p

T

> 4 GeV
will be the result of the hadronization of more energetic partons. However, as we have shown in Fig. 2, imposing a
higher p

T

cut pushes the distribution of splittings to later times, increasing the fraction f

out

.
Finally, the particular value of f

out

we have obtained depends on the absorption model for jets that we have
described in section III. As stressed there, while we view this model as theoretically motivated, the exact length
dependence of the jet energy loss is not known [43–45]. A weaker length dependence than the one we have used would
reduce the di↵erence of path lengths between leading and associated jets and the value of f

out

for each of them would
be between the two bands in Fig. 4. A stronger length dependence would increase that separation, increasing f

out

for
the leading jets and reducing it for the associated ones. However, unless a very strong dependence on L is advocated,
which is neither theoretical nor phenomenologically justified, we do not expect a dramatic change in the f

out

value.
In particular, for leading jets and for any length dependence, the fraction of relevant splittings outside of the medium
will be always larger than 70% (in the kinematic range of interest and for R = 0.3).

V. SUMMARY AND DISCUSSION

In this note we have studied the time structure of jet evolution in the vacuum by following the DGLAP chain
and assigning to each splitting a decay time given by eq. (1). For the kinematic range currently explored in jet
measurements at the LHC, several splittings occur as the partons produced in an elementary collision shower towards
final hadrons. We have studied the time distribution of those splittings from the parent parton, fig. 2, defined as
the latest step in the decay chain common to all the fragments within the reconstructed cone, and concluded that for
those jets the fragmentation process in vacuum takes a long time, comparable to the nuclear radius. We have also
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FIG. 1: Sketch of the evolution process for the associated jet in a di-jet event. The fragmentation proceeds by several splittings
from the initial hard vertex up to the final particles. The jet reconstruction procedure, represented by the blue cone, does not
include all the fragments generated in the evolution. Thus, not all the splittings are directly connected to the particles used
for the jet reconstruction. Note that all the fragments within the cone originate from a common ancestor (the parent parton,
marked with a double line) and prior splittings only change the overall kinematics of that parton. From all the splittings in
the chain, only n

R

splittings, represented by circles, are seeded by the parent parton and connected to the final reconstructed
fragments, these splittings influence the most the final fragment distribution (up to kinematical changes).

result in overall kinematical changes. Thus, for each final parton, we reconstruct the full chain of branchings back to
the parent parton. To avoid double counting in jets with more than one final state parton, splittings common to two
or more particles are counted only once. Also, only splittings that are causally connected to those partons that fall
within the specific jet selection and reconstruction procedure will be taken into account. Fig. 1 provides a pictorial
description of this procedure.

The probability distribution Pout

R

(L) for splitting after a given time L is obtained from the event generator as the
average over the Monte Carlo sample

Pout

R

(L) =

⌧
n

out

R

(L)

n

R

�
, (3)

where the index R indicates that only branchings in the chains of those partons that end up within the jet definition
are included, n

R

is the total number of such splittings in a an event, and n

out

R

(L) the number of those that occur
at ⌧

S

> L. The distribution Pout

R

(L) depends on the specific procedure employed to select and reconstruct the jet
sample, in particular on the jet definition, via the Monte Carlo average.

As we have stressed repeatedly, the above procedure provides only an estimate of the typical distribution since it
is based on the identification of the typical scale of the emission process and assumes that all the splittings occur at
such fixed time. This procedure clearly overestimates the emission time, since in reality it is given by a distribution in
times with characteristic value ⌧

f

, with emission both at earlier and later times than ⌧

f

being allowed. To account for
this spread, we will use a simple assumption for the emission time distribution: the probability that a given splitting
with typical formation time ⌧

f

occurs at time ⌧ , D(⌧) is given by

D(⌧) =
1

⌧

f

e

�⌧/⌧f
. (4)

This allows us to assign to each splitting a (random) emission time and, by following the discussion around eq. (2),
determine the absolute time of each emission. We will use these two evaluations of the emission time — with a fixed
typical time given by eq. (1) and with a random sampling around ⌧

f

, eq. (4) — as an estimate of the uncertainty in
the distribution.

We constructed our event samples by generating di-jet events with PYTHIA 6.4 [36] for pp collisions at a centre-
of-mass energy of 2.76 TeV without underlying event. Jets were reconstructed at the partonic level using the anti-k
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FIG. 4: Fraction of splittings of the parent parton that occur outside of the medium, assuming that in heavy ion collisions jet
evolution proceeds as in vacuum. The analysis is performed for di-jet events of leading jet transverse momentum p

T,leading

> 100
GeV and associated jet momentum p

T,associated

> 40 GeV and for a lead-lead collision with centrality class 0� 30 %. A very
mild dependence of this fraction is observed both in the reconstruction radius R (left) and in the z�fraction of transverse
momentum (right). Note that in the two plots sample di↵erently the distribution of splittings (see text for discussion).

di↵erence between the two procedures is not large and does not a↵ect significantly the conclusions of our study. It
should be kept in mind that our observations are not based on a well grounded theoretical model and should not be
taken for more than indication of the underlaying dynamics.

In addition to this uncertainty, we would like to stress once more that our analysis has been performed at parton
level and hadronization e↵ects have not been taken into account. While the time scale estimation of the gluon shower
is not a↵ected by such e↵ects, hadronization can alter the distribution of particles within the reconstruction cone,
specially at small radius [42]. Furthermore, the decay of the final partonic system into hadrons will lead to a softer
distribution of fragments at hadronic level than at partonic level. In this sense, the p

T

-cut we have imposed in the
distribution in Fig. 4 (a) is too low for a comparison with experimental data; generically, hadrons with p

T

> 4 GeV
will be the result of the hadronization of more energetic partons. However, as we have shown in Fig. 2, imposing a
higher p

T

cut pushes the distribution of splittings to later times, increasing the fraction f

out

.
Finally, the particular value of f

out

we have obtained depends on the absorption model for jets that we have
described in section III. As stressed there, while we view this model as theoretically motivated, the exact length
dependence of the jet energy loss is not known [43–45]. A weaker length dependence than the one we have used would
reduce the di↵erence of path lengths between leading and associated jets and the value of f

out

for each of them would
be between the two bands in Fig. 4. A stronger length dependence would increase that separation, increasing f

out

for
the leading jets and reducing it for the associated ones. However, unless a very strong dependence on L is advocated,
which is neither theoretical nor phenomenologically justified, we do not expect a dramatic change in the f

out

value.
In particular, for leading jets and for any length dependence, the fraction of relevant splittings outside of the medium
will be always larger than 70% (in the kinematic range of interest and for R = 0.3).

V. SUMMARY AND DISCUSSION

In this note we have studied the time structure of jet evolution in the vacuum by following the DGLAP chain
and assigning to each splitting a decay time given by eq. (1). For the kinematic range currently explored in jet
measurements at the LHC, several splittings occur as the partons produced in an elementary collision shower towards
final hadrons. We have studied the time distribution of those splittings from the parent parton, fig. 2, defined as
the latest step in the decay chain common to all the fragments within the reconstructed cone, and concluded that for
those jets the fragmentation process in vacuum takes a long time, comparable to the nuclear radius. We have also
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colour flow
� colour exchanges between parton and medium can affect hadronization 

irrespective of where it happens

�� colour flow within standard parton energy calculation results in characteristic 
softening of leading hadron spectra [additional suppression]

�� further uncertainty in extraction of medium properties

Beraudo, Milhano, Wiedemann [2011]
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Medium-induced parton energy loss, resulting from gluon exchanges between the QCD matter
and partonic projectiles, is expected to underly the strong suppression of jets and high-pT hadron
spectra observed in ultra-relativistic heavy ion collisions. Here, we present the first color-differential
calculation of parton energy loss. We find that color exchange between medium and projectile en-
hances the invariant mass of energetic color singlet clusters in the parton shower by a parametrically
large factor proportional to the square root of the projectile energy. This effect is seen in more than
half of the most energetic color-singlet fragments of medium-modified parton branchings. Applying
a standard cluster hadronization model, we find that it leads to a characteristic additional softening
of hadronic spectra. A fair description of the nuclear modification factor measured at the LHC may
then be obtained for relatively low momentum transfers from the medium.

High transverse momentum partons (pT ! 10 GeV)
produced in heavy ion collisions interact with the QCD
matter in the collision region while branching. This in-
teraction is thought to cause the strong medium modi-
fication of hadronic spectra and jets measured in heavy
ion collisions at the LHC and at RHIC. The modeling
of this jet quenching phenomenon has focussed so far on
medium-induced parton energy loss prior to hadroniza-
tion [1], assuming that for sufficiently high pT hadroniza-
tion occurs time-delayed outside the medium. However,
if the color flow of a parton shower is modified within the
medium, then hadronization can be affected irrespective
of when it occurs. Here, we analyze for the first time
the medium-induced color flow in a standard parton en-
ergy loss calculation. Compared to the current modeling
of parton energy loss [2–7], this will be seen to result in
a characteristic softening of the ensuing hadronization.
It may thus affect significantly the extraction of medium
properties from the measured nuclear modification factor
at the LHC [8–10].
We start by considering an elementary building block

of a parton shower, the q → q g parton splitting. For
a small light-cone energy k+ of the gluon compared to
the parent parton, x ≡ k+/p+ $ 1, and for transverse
gluon momentum k with K0 ≡ k/k2, the gluon spectrum
reads, to leading order in αs,

k+
dIvac

dk+ dk
=

αsCR

π2
K0

2 . (1)

In the presence of QCDmatter, interactions between pro-
jectile parton and medium result in a modified spectrum
dIrad≡dIvac+dImed that can be written as an expansion
in powers of the ratio ζ ≡ L+/λ+

el of in-medium path
length L+ and an elastic mean free path λ+

el (for details,
see [1]). To first order in this opacity expansion, the
medium-induced radiation spectrum reads

k+
dImed

dk+ dk
=ζ

αsCR

π2

〈

(

(K0 −K1)
2−K0

2 +K1
2
)

TI
〉

. (2)
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FIG. 1: N = 1 opacity diagrams for gluon radiation from
a projectile quark in the large-Nc limit. The most energetic
color-singlet clusters are denoted by thicker lines and cor-
respond to color flow between projectile components (upper
diagrams, contribution dImed

lowM ) or between projectile and tar-
get (lower diagrams, contribution dImed

highM ). Diagrams on the
right hand side include a 3-gluon vertex.

Here, 〈. . .〉 denotes averaging over the transverse mo-
mentum transfer q of a single interaction, and K1 ≡
(k − q)/(k − q)2. Medium-induced interference effects
enter via the factor

TI =

(

1−
sin
(

ω−
1 L+

)

ω−

1 L+

)

=

{

1 for 1/ω−

1 $ L+ ,
0 for 1/ω−

1 ! L+ .

(3)
Thus, the medium-modification dImed can occur only
for quanta of sufficiently small formation time 1/ω−

1 ≡
2k+/ (k− q)2 $ L+. To first order in opacity and at
large Nc, we identify three contributions with distinct
color flow

dImed = dImed
virt + dImed

lowM + dImed
highM . (4)

Here, dImed
virt arises from probability-conserving virtual

corrections that do change neither color flow nor kine-
matic distributions in the projectile. The contributions
dImed

lowM and dImed
highM contain medium effects and can be

characterized by the invariant mass of their leading clus-
ter, as we discuss now.
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FIG. 3: The nuclear modification factor RAA(pT ). The base-
line calculation of kinematic effects (solid black curve) is sup-
plemented with the effect of color-flow modified hadronization
according to (13).

Rfact
AA . For ft = 100%, this brings the model into reason-

able agreement [16] with preliminary results of ALICE
and CMS at the LHC.
Recent measurements of the nuclear modification fac-

tor RAA in central Pb-Pb collisions at the LHC have es-
tablished unambiguously that RAA(pT ) increases notably
at intermediate transverse momentum pT ∈ [5; 20] GeV,
and they provided first information about the continuing
slow rise of RAA(pT ) in the range pT ∈ [20; 100] GeV.
This has been used in several recent studies [2–7] to con-
strain medium properties entering the modeling of parton
energy loss. It is a common feature of all these models
to assume gluon exchanges between the projectile par-
ton and the medium, while neglecting in their dynamical
implementation the ensuing changes in the color struc-
ture of the parton shower. Although heuristic models
of medium-modified hadronization have been discussed
previously [14, 15], we assessed here for the first time the
color-differential information that is implicitly contained
in standard implementations of parton energy loss. From
Figs. 2 and 3 we learn that medium-modified color flow
may affect single inclusive hadron spectra significantly
up to the highest transverse momenta (pT > 100 GeV,
say). Also, remarkably, in contrast with the temperature
dependence of the baseline Rfact

AA , the smaller the thermal
energy in (12), the larger the color-flow induced contri-
bution to the suppression of RAA. As a consequence, a
significantly smaller density of the medium may then be
sufficient to account for the observed suppression of RAA.
Medium-modified color flow is an inevitable conse-

quence of models of parton energy loss. However, its
numerical manifestation in RAA may depend sensitively
on the microscopic implementation of parton energy loss,

including e.g. the spatio-temporal embedding of the par-
ton shower in the QCD matter and the probability that
the produced partons escape the medium without gluon
exchange. As illustrated in Fig. 3, the effect of medium-
induced color flow is potentially large and thus needs to
be constrained in phenomenological applications. It is
thus important to include the effect of medium-modified
color flow in full microscopic simulations of parton en-
ergy loss, where also refined or different hadronization
prescriptions can be explored. Such further studies could
give insight into the existence or absence of changes in the
hadrochemistry and in the fragmentation pattern of jets
in heavy ion collision. They could also help to understand
any possible difference between the RAA of reconstructed
jets and leading hadrons.

We thank G. Corcella and K. Zapp for helpful dis-
cussions. JGM acknowledges the support of Fundação
para a Ciência e a Tecnologia (Portugal) under project
CERN/FP/116379/2010.
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Andrea Beraudo,1, 2 José Guilherme Milhano,1, 3 and Urs Achim Wiedemann1

1Physics Department, Theory Unit, CERN, CH-1211 Genève 23, Switzerland
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Medium-induced parton energy loss, resulting from gluon exchanges between the QCD matter
and partonic projectiles, is expected to underly the strong suppression of jets and high-pT hadron
spectra observed in ultra-relativistic heavy ion collisions. Here, we present the first color-differential
calculation of parton energy loss. We find that color exchange between medium and projectile en-
hances the invariant mass of energetic color singlet clusters in the parton shower by a parametrically
large factor proportional to the square root of the projectile energy. This effect is seen in more than
half of the most energetic color-singlet fragments of medium-modified parton branchings. Applying
a standard cluster hadronization model, we find that it leads to a characteristic additional softening
of hadronic spectra. A fair description of the nuclear modification factor measured at the LHC may
then be obtained for relatively low momentum transfers from the medium.

High transverse momentum partons (pT ! 10 GeV)
produced in heavy ion collisions interact with the QCD
matter in the collision region while branching. This in-
teraction is thought to cause the strong medium modi-
fication of hadronic spectra and jets measured in heavy
ion collisions at the LHC and at RHIC. The modeling
of this jet quenching phenomenon has focussed so far on
medium-induced parton energy loss prior to hadroniza-
tion [1], assuming that for sufficiently high pT hadroniza-
tion occurs time-delayed outside the medium. However,
if the color flow of a parton shower is modified within the
medium, then hadronization can be affected irrespective
of when it occurs. Here, we analyze for the first time
the medium-induced color flow in a standard parton en-
ergy loss calculation. Compared to the current modeling
of parton energy loss [2–7], this will be seen to result in
a characteristic softening of the ensuing hadronization.
It may thus affect significantly the extraction of medium
properties from the measured nuclear modification factor
at the LHC [8–10].
We start by considering an elementary building block

of a parton shower, the q → q g parton splitting. For
a small light-cone energy k+ of the gluon compared to
the parent parton, x ≡ k+/p+ $ 1, and for transverse
gluon momentum k with K0 ≡ k/k2, the gluon spectrum
reads, to leading order in αs,

k+
dIvac

dk+ dk
=

αsCR

π2
K0

2 . (1)

In the presence of QCDmatter, interactions between pro-
jectile parton and medium result in a modified spectrum
dIrad≡dIvac+dImed that can be written as an expansion
in powers of the ratio ζ ≡ L+/λ+

el of in-medium path
length L+ and an elastic mean free path λ+

el (for details,
see [1]). To first order in this opacity expansion, the
medium-induced radiation spectrum reads
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FIG. 1: N = 1 opacity diagrams for gluon radiation from
a projectile quark in the large-Nc limit. The most energetic
color-singlet clusters are denoted by thicker lines and cor-
respond to color flow between projectile components (upper
diagrams, contribution dImed

lowM ) or between projectile and tar-
get (lower diagrams, contribution dImed

highM ). Diagrams on the
right hand side include a 3-gluon vertex.

Here, 〈. . .〉 denotes averaging over the transverse mo-
mentum transfer q of a single interaction, and K1 ≡
(k − q)/(k − q)2. Medium-induced interference effects
enter via the factor

TI =
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1−
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(
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1 L+

)
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)

=
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1 for 1/ω−

1 $ L+ ,
0 for 1/ω−
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(3)
Thus, the medium-modification dImed can occur only
for quanta of sufficiently small formation time 1/ω−

1 ≡
2k+/ (k− q)2 $ L+. To first order in opacity and at
large Nc, we identify three contributions with distinct
color flow

dImed = dImed
virt + dImed

lowM + dImed
highM . (4)

Here, dImed
virt arises from probability-conserving virtual

corrections that do change neither color flow nor kine-
matic distributions in the projectile. The contributions
dImed

lowM and dImed
highM contain medium effects and can be

characterized by the invariant mass of their leading clus-
ter, as we discuss now.
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Rfact
AA . For ft = 100%, this brings the model into reason-

able agreement [16] with preliminary results of ALICE
and CMS at the LHC.
Recent measurements of the nuclear modification fac-

tor RAA in central Pb-Pb collisions at the LHC have es-
tablished unambiguously that RAA(pT ) increases notably
at intermediate transverse momentum pT ∈ [5; 20] GeV,
and they provided first information about the continuing
slow rise of RAA(pT ) in the range pT ∈ [20; 100] GeV.
This has been used in several recent studies [2–7] to con-
strain medium properties entering the modeling of parton
energy loss. It is a common feature of all these models
to assume gluon exchanges between the projectile par-
ton and the medium, while neglecting in their dynamical
implementation the ensuing changes in the color struc-
ture of the parton shower. Although heuristic models
of medium-modified hadronization have been discussed
previously [14, 15], we assessed here for the first time the
color-differential information that is implicitly contained
in standard implementations of parton energy loss. From
Figs. 2 and 3 we learn that medium-modified color flow
may affect single inclusive hadron spectra significantly
up to the highest transverse momenta (pT > 100 GeV,
say). Also, remarkably, in contrast with the temperature
dependence of the baseline Rfact

AA , the smaller the thermal
energy in (12), the larger the color-flow induced contri-
bution to the suppression of RAA. As a consequence, a
significantly smaller density of the medium may then be
sufficient to account for the observed suppression of RAA.
Medium-modified color flow is an inevitable conse-

quence of models of parton energy loss. However, its
numerical manifestation in RAA may depend sensitively
on the microscopic implementation of parton energy loss,

including e.g. the spatio-temporal embedding of the par-
ton shower in the QCD matter and the probability that
the produced partons escape the medium without gluon
exchange. As illustrated in Fig. 3, the effect of medium-
induced color flow is potentially large and thus needs to
be constrained in phenomenological applications. It is
thus important to include the effect of medium-modified
color flow in full microscopic simulations of parton en-
ergy loss, where also refined or different hadronization
prescriptions can be explored. Such further studies could
give insight into the existence or absence of changes in the
hadrochemistry and in the fragmentation pattern of jets
in heavy ion collision. They could also help to understand
any possible difference between the RAA of reconstructed
jets and leading hadrons.
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Medium-induced parton energy loss, resulting from gluon exchanges between the QCD matter
and partonic projectiles, is expected to underly the strong suppression of jets and high-pT hadron
spectra observed in ultra-relativistic heavy ion collisions. Here, we present the first color-differential
calculation of parton energy loss. We find that color exchange between medium and projectile en-
hances the invariant mass of energetic color singlet clusters in the parton shower by a parametrically
large factor proportional to the square root of the projectile energy. This effect is seen in more than
half of the most energetic color-singlet fragments of medium-modified parton branchings. Applying
a standard cluster hadronization model, we find that it leads to a characteristic additional softening
of hadronic spectra. A fair description of the nuclear modification factor measured at the LHC may
then be obtained for relatively low momentum transfers from the medium.

High transverse momentum partons (pT ! 10 GeV)
produced in heavy ion collisions interact with the QCD
matter in the collision region while branching. This in-
teraction is thought to cause the strong medium modi-
fication of hadronic spectra and jets measured in heavy
ion collisions at the LHC and at RHIC. The modeling
of this jet quenching phenomenon has focussed so far on
medium-induced parton energy loss prior to hadroniza-
tion [1], assuming that for sufficiently high pT hadroniza-
tion occurs time-delayed outside the medium. However,
if the color flow of a parton shower is modified within the
medium, then hadronization can be affected irrespective
of when it occurs. Here, we analyze for the first time
the medium-induced color flow in a standard parton en-
ergy loss calculation. Compared to the current modeling
of parton energy loss [2–7], this will be seen to result in
a characteristic softening of the ensuing hadronization.
It may thus affect significantly the extraction of medium
properties from the measured nuclear modification factor
at the LHC [8–10].
We start by considering an elementary building block

of a parton shower, the q → q g parton splitting. For
a small light-cone energy k+ of the gluon compared to
the parent parton, x ≡ k+/p+ $ 1, and for transverse
gluon momentum k with K0 ≡ k/k2, the gluon spectrum
reads, to leading order in αs,

k+
dIvac

dk+ dk
=

αsCR

π2
K0

2 . (1)

In the presence of QCDmatter, interactions between pro-
jectile parton and medium result in a modified spectrum
dIrad≡dIvac+dImed that can be written as an expansion
in powers of the ratio ζ ≡ L+/λ+

el of in-medium path
length L+ and an elastic mean free path λ+

el (for details,
see [1]). To first order in this opacity expansion, the
medium-induced radiation spectrum reads
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FIG. 1: N = 1 opacity diagrams for gluon radiation from
a projectile quark in the large-Nc limit. The most energetic
color-singlet clusters are denoted by thicker lines and cor-
respond to color flow between projectile components (upper
diagrams, contribution dImed

lowM ) or between projectile and tar-
get (lower diagrams, contribution dImed

highM ). Diagrams on the
right hand side include a 3-gluon vertex.

Here, 〈. . .〉 denotes averaging over the transverse mo-
mentum transfer q of a single interaction, and K1 ≡
(k − q)/(k − q)2. Medium-induced interference effects
enter via the factor

TI =

(

1−
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(
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)
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1 L+

)

=
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1 for 1/ω−
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0 for 1/ω−
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(3)
Thus, the medium-modification dImed can occur only
for quanta of sufficiently small formation time 1/ω−

1 ≡
2k+/ (k− q)2 $ L+. To first order in opacity and at
large Nc, we identify three contributions with distinct
color flow

dImed = dImed
virt + dImed

lowM + dImed
highM . (4)

Here, dImed
virt arises from probability-conserving virtual

corrections that do change neither color flow nor kine-
matic distributions in the projectile. The contributions
dImed

lowM and dImed
highM contain medium effects and can be

characterized by the invariant mass of their leading clus-
ter, as we discuss now.

4

0 50 100

pT [GeV]

0

0.2

0.4

0.6

0.8

1

R
A

A
(p

T) Baseline RAA
fact  qhat = 1 GeV2/fm

Baseline & color flow, ft= 50%, QT = 760 MeV
Baseline & color flow, ft= 100%, QT = 760 MeV
ALICE (preliminary)
CMS (preliminary)

Pb+Pb,  0-5% central, 2.76 TeV

FIG. 3: The nuclear modification factor RAA(pT ). The base-
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Rfact
AA . For ft = 100%, this brings the model into reason-

able agreement [16] with preliminary results of ALICE
and CMS at the LHC.
Recent measurements of the nuclear modification fac-

tor RAA in central Pb-Pb collisions at the LHC have es-
tablished unambiguously that RAA(pT ) increases notably
at intermediate transverse momentum pT ∈ [5; 20] GeV,
and they provided first information about the continuing
slow rise of RAA(pT ) in the range pT ∈ [20; 100] GeV.
This has been used in several recent studies [2–7] to con-
strain medium properties entering the modeling of parton
energy loss. It is a common feature of all these models
to assume gluon exchanges between the projectile par-
ton and the medium, while neglecting in their dynamical
implementation the ensuing changes in the color struc-
ture of the parton shower. Although heuristic models
of medium-modified hadronization have been discussed
previously [14, 15], we assessed here for the first time the
color-differential information that is implicitly contained
in standard implementations of parton energy loss. From
Figs. 2 and 3 we learn that medium-modified color flow
may affect single inclusive hadron spectra significantly
up to the highest transverse momenta (pT > 100 GeV,
say). Also, remarkably, in contrast with the temperature
dependence of the baseline Rfact

AA , the smaller the thermal
energy in (12), the larger the color-flow induced contri-
bution to the suppression of RAA. As a consequence, a
significantly smaller density of the medium may then be
sufficient to account for the observed suppression of RAA.
Medium-modified color flow is an inevitable conse-

quence of models of parton energy loss. However, its
numerical manifestation in RAA may depend sensitively
on the microscopic implementation of parton energy loss,

including e.g. the spatio-temporal embedding of the par-
ton shower in the QCD matter and the probability that
the produced partons escape the medium without gluon
exchange. As illustrated in Fig. 3, the effect of medium-
induced color flow is potentially large and thus needs to
be constrained in phenomenological applications. It is
thus important to include the effect of medium-modified
color flow in full microscopic simulations of parton en-
ergy loss, where also refined or different hadronization
prescriptions can be explored. Such further studies could
give insight into the existence or absence of changes in the
hadrochemistry and in the fragmentation pattern of jets
in heavy ion collision. They could also help to understand
any possible difference between the RAA of reconstructed
jets and leading hadrons.
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Figure 1: The q → gq (a) and g → gg (b) transitions in the medium and possible color
states of the final two parton systems.

the aspect of the large angle soft gluon emission which is sensitive namely to the total
jet color charge. Evidently the appearance of the higher color states should increase the
multiplicity in the fragmentation region as well. This effect is similar to the modification
of the parton branchings due to color exchanges with the medium discussed recently in
[31] from the point of view of the large-Nc limit. On the other hand, the appearance of
the color singlet gg state may lead to jet events of the diffractive type with a rapidity
gap between the bulk of soft hadrons and a fast moving meson system. The effect may
be enhanced for η and η

′

mesons (or glueballs) due to the two-gluon Fock component in
their wave functions [32]. In principle, the experimental analysis of such events would be
of interest for the glueballs search. And what is interesting to us is that the production
of the {6̄} gq state and {10}, {10} gg states can be a source of the CABF since, as was
noted in the Introduction, these two parton states can create the color strings decaying
into hadron systems with a leading baryon (or an anti-baryon for the {10} gg state).

3.1 Basic concepts of the model

Let us consider the CABF related to the collinear |qg〉{6̄} and |gg〉{10},{10} configurations.
After escaping from the QGP there will be formed the sextet and decuplet color flux tubes
attached to these states. The color neutralization of the sextet color tube formed by the
|gq〉{6̄} system occurs through the tunnel creation from the vacuum of two qq̄ pairs (since
the sextet color wave function is a tensor Ψij with two color spinor indices). It results in
formation of the color singlet primary heavy tube/prehadron state of unit baryon number.
In Fig. 2a such a state is shown in terms of the elementary strings with triplet color flux
and SJ. The hard gluon as in the Lund model [26] is represented by a kink in the color
string. Similarly, for the |gg〉{10},{10} systems the color neutralization of the decuplet color
flux tubes occurs via tunnel production of three qq̄ pairs (since the decuplet color wave
function is a tensor Ψijk with three color spinor indices) 2. For the |gg〉{10} state it results

2In principle, for the decuplet states the color neutralization of the decuplet flux tube can go through
the tunnel production of two gg pairs. However, the tunnel gluon production should be strongly sup-
pressed due to large effective gluon mass in the QCD vacuum, and it is usually neglected in the quark-gluon
string models.
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