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

• access to an extended kinematic range

• access to new observables 

�� for most central [0-5%] collisions 

• ～ 380 nucleons participate in the collision

• ～ 1600 charged particles in mid-rapidity
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� the collision creates a coloured, dense and hot QCD medium [the Quark-Gluon 
plasma?]

�� unique setting to study collective properties of a non-abelian quantum gauge 
field theory of fundamental degrees of freedom

�� prevalent in the early history of the Universe

�� direct observability of collective behaviour 

�� modified QCD dynamics due to medium presence

• to a large extend still unchartered land

• understanding essential to unveil medium properties

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



Little Bangs  versus   Big Bang 
Hydro evolution of fluctuating initial condition reveals matter properties 

Ωb = 0.044−0.04
+0.04 ΩΛ = 0.73−0.04

+0.04…η s = 0.08−...
+...

•  Uncertainties in initial conditions 
•  Many observables 

•  Many small events 

•  Uncertainties in initial condition 
•  Many observables 

•  One big event 
     (additional uncertainty: cosmic variance) 

vn pT( ), n =1,...,10 cl, l =1,...,1000

U Wiedemann, QM2012



Little Bangs  versus   Big Bang 

•  Fluctuation analyzed since 2009 
     ~ 100 % uncertainty on  

•  After more than a decade of analysis 
     and measurements,  
     ~1 % accuracy on key parameter  

η s

•  Improved measurements upcoming 
     (future RHIC & LHC running) 

•  Improved measurements upcoming 
     (PLANCK, …) 

•  Parameter listed in PDG •  Parameter not yet listed in PDG 

     (Note: feasibility of analysis method 
                fully established, see rhs …)  U Wiedemann, QM2012



 Quenchings & Suppressions 
•  Light hadrons 

•  Heavy flavors 

•  Quarkonia 

•  Jets 

π, K, p, Λ, ...
fast, propagation 
close to eikonal 

slow up to medium pT  
random walk? 

fragile 

D0, D+,D*+, ...

J ψ ,ψ ',ϒ(1s), ϒ(2s)...

Carry 
robust 

tag 

formed 
late 

τ had ≈
1
Qhad

pT
Qhad

formed 
earlier 

τ D/B ≈
1

MD/B

pT
MD/B

slow but 
not static 

Robust 
up to Tdiss  

formed  
early  (endogamously) 
or late (exogamously) 

fast, propagation 
close to eikonal 

Forms throughout 
medium evolution 

from fragile 
to robust 

Hard probes: - initiated at 
  - propagate up to 
   

τ init ≈1 Qhard <<1 fm
τ final ≈10 fm

Hard probes challenge picture of a plasma 
that does not carry quasi-particle excitations.  

U Wiedemann, QM2012
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[reconstructed jets and their high-pt hadronic content]
in heavy ion collisions aims at their use as probes of 
the properties of the hot, dense and coloured matter 
created in the collisions

#1 establishing the probe

#2 probing the medium
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hadron spectra

� clear and strong suppression of all 
hadronic yields

�� persistent to high-pt

�� no apparent strong rising trend

�� photons/Z0 unsupressed

�� centrality dependence
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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
√
s
NN
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 modification 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 )d
2NAA

ch /dηdpT
〈Ncoll〉(1/Npp

evt )d2N
pp

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
√
s
NN

= 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
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hadronic observables intrinsically sensitive to hadronization and oblivious to 
broadening effects on radiation
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‘back-to-back’ di-jets
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Figure 10: Dijet asymmetry ratio, AJ , 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(AJ < 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 AJ < 0.15 and ��12 > 2⇥/3 is found. Since RB(AJ < 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 AJ threshold of 0.15 corresponds to the median of the AJ distribution for pure PYTHIA
dijet events passing the criteria used for Fig. 10. By definition, the fraction RB(AJ < 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-AJ 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.

imbalance of jet energy within a cone of radius R for 
‘back-to-back’ di-jets
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� no disturbance of azimuthal distribution

E
T1

E
T2

<E
T1

1
2
 f
m

AJ =
ET1 � ET2

ET1 + ET2

3.1 Dijet properties in pp and PbPb data 15

0 0.5 1

Ev
en

t F
ra

ct
io

n

0.1

0.2 =7.0 TeVspp  

PYTHIA

CMS -1L dt = 35.1 pb∫

, R=0.5TAnti-k

(a)

0 0.2 0.4 0.6 0.8 1

Ev
en

t F
ra

ct
io

n

0

0.1

0.2

20-30%

(d) 0.2 0.4 0.6 0.8 1

0.1

0.2 =2.76 TeVNNsPbPb  

PYTHIA+DATA

50-100%

(b)

Iterative Cone, R=0.5

-1bµL dt = 6.7 ∫

)
T,2

+p
T,1

)/(p
T,2

-p
T,1

 = (pJA
0.2 0.4 0.6 0.8 1

0.1

0.2

10-20%

(e) 0.2 0.4 0.6 0.8 1

0.1

0.2

30-50%

(c)

 > 120 GeV/c
T,1

p

 > 50 GeV/c
T,2

p

π3
2 > 

12
φΔ

0.2 0.4 0.6 0.8 1

0.1

0.2

0-10%

(f)

Figure 10: Dijet asymmetry ratio, AJ , 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(AJ < 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 AJ < 0.15 and ��12 > 2⇥/3 is found. Since RB(AJ < 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 AJ threshold of 0.15 corresponds to the median of the AJ distribution for pure PYTHIA
dijet events passing the criteria used for Fig. 10. By definition, the fraction RB(AJ < 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-AJ 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)
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 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 fluctuations
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)

imbalance of jet energy within a cone of radius R for 
‘back-to-back’ di-jets



dijet asymmetry

� significant enhancement of asymmetry

� no disturbance of azimuthal distribution

� energy lost from jet cone recovered in soft fragments 
at large angles
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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 inefficiencies in 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 > 0.5 GeV/c, pro-
jected onto the leading jet axis (solid circles). The ⇥�p⌅T⇤ values are shown as a function of dijet
asymmetry AJ for 0–30% 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 as vertical bars.

The figure also shows the contributions to ⇥�p⌅T⇤ for five transverse momentum ranges from 0.5–
1 GeV/c to pT > 8 GeV/c. The vertical bars for each range denote statistical uncertainties. For
data and simulation, a large negative contribution to ⇥�p⌅T⇤ (i.e., in the direction 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 0.5–8 GeV/c
regions. Looking at the pT < 8 GeV/c region in detail, important differences between data
and simulation emerge. For PYTHIA+HYDJET both centrality ranges show a large balancing
contribution from the intermediate pT region of 4–8 GeV/c, while the contribution from the
two regions spanning 0.5–2 GeV/c is very small. In peripheral PbPb data, the contribution of
0.5–2 GeV/c tracks relative to that from 4–8 GeV/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 seen in PYTHIA+HYDJET. In data, the 4–8 GeV/c region
makes almost no contribution 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 efficiency and fake rate described in Sec-
tion 3.2. A 20% uncertainty was assigned to the final result, stemming from the residual dif-
ference between the PYTHIA generator-level and the reconstructed PYTHIA+HYDJET tracks at
high pT. This is combined with an absolute 3 GeV/c uncertainty that comes from the imperfect
cancellation of the background tracks. The background effect was cross-checked in data from
a random cone study in 0–30% central events similar to the study described in Section 3.2. The
overall systematic uncertainty is shown as brackets in Figs. 14 and 15.

Further insight into the radial dependence of the momentum balance can be gained by studying
⌅⇤p⌃T⇧ separately for tracks inside cones of size �R = 0.8 around 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 observes that for both data and MC an in-cone imbalance of ⌅⇤p⌃T⇧ ⇥ �20 GeV/c is found for
the AJ > 0.33 selection. In both cases this is balanced by a corresponding out-of-cone imbalance
of ⌅⇤p⌃T⇧ ⇥ 20 GeV/c. However, in the PbPb data the out-of-cone contribution is carried almost
entirely by tracks with 0.5 < pT < 4 GeV/c whereas in 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 PYTHIA+HYDJET results are indicative of semi-hard initial or final-state radiation as the
underlying cause for large AJ events in the MC study. This has been confirmed by further
studies which showed that in PYTHIA the momentum balance in the transverse plane for events
with large AJ can be restored if a third jet with pT > 20 GeV/c, which is present in more than
90% of these events, is included. This is in contrast to the results for large-AJ PbPb data, which
show that a large part of the momentum balance is carried by soft particles (pT < 2 GeV/c) and
radiated at large angles to the jet axes (�R > 0.8).

4 Summary
The CMS detector has been used to study jet production in PbPb collisions at ⌥sNN = 2.76 TeV.
Jets were 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 with
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 increasing momentum im-
balance. Data were compared to PYTHIA dijet simulations for pp collisions at the same energy
which were embedded into real heavy ion events. The momentum imbalances observed 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, AJ < 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 AJ > 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 AJ 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 AJ .
However, for data, the relative contribution of low-pT tracks grows with AJ , 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

CMS



dijet asymmetry

� significant enhancement of asymmetry

� no disturbance of azimuthal distribution

� energy lost from jet cone recovered in soft fragments 
at large angles
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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 inefficiencies in 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 > 0.5 GeV/c, pro-
jected onto the leading jet axis (solid circles). The ⇥�p⌅T⇤ values are shown as a function of dijet
asymmetry AJ for 0–30% 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 as vertical bars.

The figure also shows the contributions to ⇥�p⌅T⇤ for five transverse momentum ranges from 0.5–
1 GeV/c to pT > 8 GeV/c. The vertical bars for each range denote statistical uncertainties. For
data and simulation, a large negative contribution to ⇥�p⌅T⇤ (i.e., in the direction 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 0.5–8 GeV/c
regions. Looking at the pT < 8 GeV/c region in detail, important differences between data
and simulation emerge. For PYTHIA+HYDJET both centrality ranges show a large balancing
contribution from the intermediate pT region of 4–8 GeV/c, while the contribution from the
two regions spanning 0.5–2 GeV/c is very small. In peripheral PbPb data, the contribution of
0.5–2 GeV/c tracks relative to that from 4–8 GeV/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 seen in PYTHIA+HYDJET. In data, the 4–8 GeV/c region
makes almost no contribution 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 efficiency and fake rate described in Sec-
tion 3.2. A 20% uncertainty was assigned to the final result, stemming from the residual dif-
ference between the PYTHIA generator-level and the reconstructed PYTHIA+HYDJET tracks at
high pT. This is combined with an absolute 3 GeV/c uncertainty that comes from the imperfect
cancellation of the background tracks. The background effect was cross-checked in data from
a random cone study in 0–30% central events similar to the study described in Section 3.2. The
overall systematic uncertainty is shown as brackets in Figs. 14 and 15.

Further insight into the radial dependence of the momentum balance can be gained by studying
⌅⇤p⌃T⇧ separately for tracks inside cones of size �R = 0.8 around 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 observes that for both data and MC an in-cone imbalance of ⌅⇤p⌃T⇧ ⇥ �20 GeV/c is found for
the AJ > 0.33 selection. In both cases this is balanced by a corresponding out-of-cone imbalance
of ⌅⇤p⌃T⇧ ⇥ 20 GeV/c. However, in the PbPb data the out-of-cone contribution is carried almost
entirely by tracks with 0.5 < pT < 4 GeV/c whereas in 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 PYTHIA+HYDJET results are indicative of semi-hard initial or final-state radiation as the
underlying cause for large AJ events in the MC study. This has been confirmed by further
studies which showed that in PYTHIA the momentum balance in the transverse plane for events
with large AJ can be restored if a third jet with pT > 20 GeV/c, which is present in more than
90% of these events, is included. This is in contrast to the results for large-AJ PbPb data, which
show that a large part of the momentum balance is carried by soft particles (pT < 2 GeV/c) and
radiated at large angles to the jet axes (�R > 0.8).

4 Summary
The CMS detector has been used to study jet production in PbPb collisions at ⌥sNN = 2.76 TeV.
Jets were 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 with
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 increasing momentum im-
balance. Data were compared to PYTHIA dijet simulations for pp collisions at the same energy
which were embedded into real heavy ion events. The momentum imbalances observed 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, AJ < 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 AJ > 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 AJ 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 AJ .
However, for data, the relative contribution of low-pT tracks grows with AJ , 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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photon-jet correlations

� analogous to dijet case

�� azimuthal distribution unmodified

�� knowledge of initial parton energy [obvious advantage]

�� energy lever-arm [very] limited by statistics

3.4 Systematic uncertainties 9
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Figure 3: Ratio of pT between the photon (pg
T > 60 GeV/c) and jet (pJet

T > 30 GeV/c, DfJg >
7
8 p) after subtracting background. The area of each distribution is normalised to unity. All
panels show PbPb data (filled circles) compared to pp data at 2.76 TeV (filled squares), and
to the PYTHIA + HYDJET MC simulation (shaded histogram) in bins of increasing centrality
left to right. The error bars on the points represent the statistical uncertainty. See text for an
explanation of the open and shaded red systematic uncertainty boxes.

the observables related to momentum asymmetry, hxJgi and RJg. Additionally, the momentum
asymmetry observables are also influenced by the relative photon and jet energy calibrations.
For the measurement of s(Df), the uncertainty due to the photon angular resolution is negli-
gible, less than 10�5.
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Figure 4: (a) Average ratio of jet transverse momentum to photon transverse momentum as a
function of Npart. The empty box at the far right indicates the correlated systematic uncertainty.
(b) Average fraction of isolated photons with an associated jet above 30 GeV/c as a function of
Npart. In both panels, the yellow boxes indicate point-to-point systematic uncertainties and the
error bars denote the statistical uncertainty.

The uncertainty in the relative photon+jet energy scale consists of four main contributions. The
first one comes from the 2% relative uncertainty of the jet energy scale in the barrel for 30 <
pJet

T < 200 GeV/c, when compared with the ECAL energy scale [30]. The second contribution
is the residual data-to-MC energy scale difference in pp collisions, which is not corrected for in
this analysis, for which we quote the 2% maximum relative uncertainty which applies in the
range |hJet| < 1.6. Thirdly, the additional uncertainty for the jet energy scale in the presence of
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jets in heavy ion collisions 

vacuum jets under overall excellent theoretical control
•factorization of initial and final state

jet :: collimated spray of hadrons resulting from the QCD branching of a hard [high-pt] 
parton and subsequent hadronization of fragments and grouped according to given 
procedure [jet algorithm] and for given  defining parameters [eg, jet radius]



jets in heavy ion collisions 

jet :: collimated spray of hadrons resulting from the QCD branching of a hard [high-pt] 
parton and subsequent hadronization of fragments and grouped according to given 
procedure [jet algorithm] and for given  defining parameters [eg, jet radius]

in HIC jets traverse sizable in-medium pathlength 



jets in heavy ion collisions 



jets in heavy ion collisions 
same factorizable structure [challengeable working hypothesis]



jets in heavy ion collisions 

=

sufficiently constrained in 
relevant kinematical domain
[further improvement from 

future pA data]
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jets in heavy ion collisions 

=

sufficiently constrained in 
relevant kinematical domain
[further improvement from 

future pA data]

⊗

nPDF i nPDF j

⊗

hard scattering

localized on point like scale
oblivious to surrounding matter

[calculable to arbitrary pQCD order]
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jets in heavy ion collisions 

⊗

nPDF i nPDF j

⊗

hard scattering

factorized initial state
[insensitive to produced medium]
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jets in heavy ion collisions 

⊗

QCD branching

very well [and perturbatively] understood in vacuum
•coherence between successive splittings leads to angular ordering
•faithfully implemented in MC generators 
medium modified
•induced radiation [radiative energy loss]
•broadening of all partons traversing medium
•energy/momentum transfer to medium [elastic energy loss]
•strong modification of coherence properties
•modification of colour correlations 
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factorized initial state
[insensitive to produced medium]



=

jets in heavy ion collisions 

⊗

QCD branching

⊗

nPDF i nPDF j

⊗

hard scattering

factorized initial state
[insensitive to produced medium]

hadronization

⊗
h1

h2

h3

in vacuum
•effective description in MC [Lund strings, clusters, ...]
•FF for specific final state [jet, hadron class/species, ...]
in medium
•time delayed [high enough pt] thus outside medium
•colour correlations of hadronizing system changed

fragmentation outside medium = vacuum FFs ???



=

jets in heavy ion collisions 

⊗

QCD branching

very well [and perturbatively] understood in vacuum
•coherence between successive splittings leads to angular ordering
•faithfully implemented in MC generators 
medium modified
•induced radiation [radiative energy loss]
•broadening of all partons traversing medium
•energy/momentum transfer to medium [elastic energy loss]
•strong modification of coherence properties
•modification of colour correlations 

⊗

nPDF i nPDF j

⊗

hard scattering

factorized initial state
[insensitive to produced medium]

hadronization

⊗
h1

h2

h3

in vacuum
•effective description in MC [Lund strings, clusters, ...]
•FF for specific final state [jet, hadron class/species, ...]
in medium
•time delayed [high enough pt] thus outside medium
•colour correlations of hadronizing system changed

fragmentation outside medium = vacuum FFs ???

fragmentation function

jet
 re

co
ns

tru
cti

on



=

jets in heavy ion collisions 

⊗

QCD branching

very well [and perturbatively] understood in vacuum
•coherence between successive splittings leads to angular ordering
•faithfully implemented in MC generators 
medium modified
•induced radiation [radiative energy loss]
•broadening of all partons traversing medium
•energy/momentum transfer to medium [elastic energy loss]
•strong modification of coherence properties
•modification of colour correlations 

⊗

nPDF i nPDF j

⊗

hard scattering

factorized initial state
[insensitive to produced medium]

hadronization

⊗
h1

h2

h3

in vacuum
•effective description in MC [Lund strings, clusters, ...]
•FF for specific final state [jet, hadron class/species, ...]
in medium
•time delayed [high enough pt] thus outside medium
•colour correlations of hadronizing system changed

fragmentation outside medium = vacuum FFs ???

fragmentation function

jet
 re

co
ns

tru
cti

on

jet quenching :: 
observable consequences [in jet and jet-like hadronic observables] of the effect of the medium 



to establish quenched jets 
[their hadron ‘jet-like’ and full jet observables] 
as medium probes requires a full theoretical account of

in the presence of a generic medium

and 
a detailed assessment of the sensitivity of observables 
to specific medium effects

•QCD branching
•effect on hadronization [if any]

:: probe :: 
physical object/process under strict theoretical control for which a 
definite relationship between its observable properties and those 
of the probed system can be established
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� single gluon emission understood in 4 classes of pQCD-based formalisms

�� Baier-Dokshitzer-Mueller-Peigné-Schiff–Zakharov

�� Gyulassy-Levai-Vitev

�� Arnold-Moore-Yaffe

�� Higher-Twist [Guo and Wang]

� differ in modeling of the medium and some kinematic assumptions [most shared]

� all build multiple gluon emission from [ad hoc] iteration of single gluon kernel

�� Poissonian ansatz [BDPMS and GLV]; rate equations [AMY]; medium-modified 
DGLAP [HT]

� systematic comparison in a simple common model medium [the BRICK] 

�� large discrepancies [mostly due to necessary extension of formalism beyond 
strict applicability domain]
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Figure 10: Comparison of quark fragmentation function ratios using four different formalisms for a
uniform medium with L = 2 fm (upper panels) and L = 5 fm (lower panels). For both upper and lower
panels the left plot is at T = 250 MeV and the right plot is at T = 350 MeV. For details, see text.
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� single gluon emission understood in 4 classes of pQCD-based formalisms

�� Baier-Dokshitzer-Mueller-Peigné-Schiff–Zakharov

�� Gyulassy-Levai-Vitev

�� Arnold-Moore-Yaffe

�� Higher-Twist [Guo and Wang]

� differ in modeling of the medium and some kinematic assumptions [most shared]

� all build multiple gluon emission from [ad hoc] iteration of single gluon kernel

�� Poissonian ansatz [BDPMS and GLV]; rate equations [AMY]; medium-modified 
DGLAP [HT]

� systematic comparison in a simple common model medium [the BRICK] 

�� large discrepancies [mostly due to necessary extension of formalism beyond 
strict applicability domain]

medium induced radiation

none necessarily right or wrong, all incomplete
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�� medium induced splitting + interference with vacuum like radiation
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in-medium dynamics

� enhanced and softened radiation :: parton energy loss

�� medium induced splitting + interference with vacuum like radiation

�� coherent interaction of parton and radiated gluon with medium scatterers 
[LPM effect] 

� transverse momentum transfers with medium :: kt broadening
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� Brownian motion

� accumulated phase

� number of coherent scatterings

� gluon energy distribution

� average energy loss

parton energy loss [BDMPS-Z]
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� energy of radiated gluon assumed [not in AMY] much smaller than that of emitter 
[x=ω/E≪1] but emission spectrum  computed for all allowed phase space with 
violation of energy-momentum conservation cured by explicit cut-offs 



relaxing approximations

� energy of radiated gluon assumed [not in AMY] much smaller than that of emitter 
[x=ω/E≪1] but emission spectrum  computed for all allowed phase space with 
violation of energy-momentum conservation cured by explicit cut-offs 

�� large-x limit computed in path-integral formalism, explicitly in the multiple soft 
scattering approximation, and small-large x interpolating ansatz
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Figure 6: Evolution of the medium-induced gluon radiation spectrum (48) of a quark in a
static medium for different values of x and p+/ω+

c . The left plots correspond to the double
differential spectrum (two different values of p+/ω+

c in (a) and (b)) and the right ones are
the same integrated over q⊥ (two different values of ω+

c L+ in (a) and (b)).
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relaxing approximations

� energy of radiated gluon assumed [not in AMY] much smaller than that of emitter 
[x=ω/E≪1] but emission spectrum  computed for all allowed phase space with 
violation of energy-momentum conservation cured by explicit cut-offs 

�� general case computed in SCET d’Eramo, Liu, Rajagopal [1010.0890]

Ovanesyan & Vitev [1103.1074, 1109.5619]

•promising powerful framework
•elastic and inelastic [+broadening] energy loss within same formalism

•same aim in different approach [Zapp, Krauss, Wiedemann [1111.6838]]
•recoils

•based on scale hierarchy
•hard scale [∼"√s∼"λ0]"≫ jet scale [∼"pt ∼"λ1]"≫ soft radiation scale [∼"λ2]

•degrees of freedom
•collinear modes: pc ∼"[λ0,"λ2,"λ]
•soft modes: ps ∼"[λ2,"λ2,"λ2]
•Glauber modes [jet-medium interaction]: q ∼"[λ2,"λ2,"λ]

application for jet quenching pioneered by  
Adilbi & Majumder [0808.1087]
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[de]coherence of multiple emissions

� bona fide description of multiple gluon radiation requires understanding of emitters 
interference pattern

�� qqbar antenna [radiation much softer than both emitters] as a TH lab

�� also for initial/final state

k�, � MAJOR EFFORT 
Mehtar-Tani, Salgado, Tywoniuk [1009.2965 … 1205.5739]

Casalderrey-Solana & Iancu [1105.1760]

3

is suppressed at large angles due to destructive interference effects between the emitters. This can be seen clearly
by considering inclusive quantities. For instance, by taking the azimuthal average along the longitudinal axis of the
incoming quark one obtains that its corresponding gluon emission probability reads [3]

〈dNvac
in 〉φ =

αs CF

π

dω

ω

dθ

θ
Θ
(

θqq − θ
)

, (7)

where θ is the angle of emission and θqq is the opening angle between the incoming and the outgoing quark which
is related with the virtuality Q2 of the off-shell particle (a photon in DIS) in the hard scattering. Eq. (7) indicates
that the radiated gluon emissions will be confined in the cone with opening angle θqq along the incoming or outgoing
quark. This property is known as angular ordering. The procedure described in this section can be extended to higher
orders and constitutes the basic building block for the construction of a coherent parton branching formalism [4].

III. RADIATION IN A QCD MEDIUM

p p p

k k k

p p pqq q q q q

* * *

− − −

FIG. 1: Sketch of the t-channel scattering process in the presence of the QCD medium. Gluon radiation can take place either
before the hard scattering and the formation of the QCD medium (left) or after it (middle and right). Note that θpp̄ ≡ θqq
introduced before.

In the previous section we gave a short overview of the main aspects of the radiation pattern in the absence of a
medium. To include medium modifications to the radiation spectrum, we consider an asymptotic highly energetic
quark produced in the remote past that suffers a hard collision at x+

0 and afterwards crosses a static QCD medium
of finite size L+ =

√
2L, L being the size of the medium. For simplicity, the QCD medium is placed exactly after the

hard scattering at x+ = x+
0 . Gluon radiation is emitted either before or after the hard scattering (see Fig. 1 for an

illustration of the physical configuration under consideration).
In the semi-classical approach, the quark fields act as a perturbation around the strong medium field Amed and the

total field is written as

Aµ ≡ Aµ
med +Aµ

(0) + Aµ
(1) , (8)

where A(0) is the gauge field of the quarks field in vacuum, Eq. (4), and A(1) is the response of the field at first
order in Amed. The medium gauge field is described by A−

med(x
+,x) and it is a solution of a two-dimensional Poisson

equation −∂A−
med(x

+,x) = ρ(x+,x), where ρ(x+,x) is the static distribution of medium color charges that is treated
as a Gaussian white noise. Notice that in this approximation Ai

med = A+
med = 0 [22]. In Fourier space the medium

gauge field reads

A−
med(q) = 2π δ(q+)

∫ ∞

x+
0

dx+ A−
med(x

+,q) ei q
−x+

. (9)

At first order in the medium field, the continuity relation for the induced eikonalized current becomes ∂µJ
µ
(1) =

ig
[

A−
med, J

+
(0)

]

. Its solution can be written

Jµ
(1) = ig

pµ

p · ∂
[

A−
med, J

+
in

]

+ ig
p̄µ

p̄ · ∂
[

A−
med, J

+
out

]

≡ Jµ
in,(1) + Jµ

out,(1) , (10)

Armesto, Ma, Martínez, Mehtar-Tani, Salgado[1207.0984]

a challenge for factorization ???
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[de]coherence of multiple emissions

� bona fide description of multiple gluon radiation requires understanding of emitters 
interference pattern

�� qqbar antenna [radiation much softer than both emitters] as a TH lab

�� colour decoherence open up phase space for emission

• large angle radiation [anti-angular ordering]

• geometrical separation

k�, �

•qqbar colour coherence survival probability 

•time scale for decoherence

•total decoherence when L > τd

�med = 1� exp

⇢
� 1

12

q̂✓2qq̄t
3

�

⌧d ⇠
✓

1

q̂✓2qq̄

◆1/3

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

Ma

�

(k) =

� ig


 · ✏

�

x (p · k)U
ab

p

(L, 0) Qb

q

+
̄ · ✏

�

x̄ (p̄ · k)U
ab

p̄

(L, 0) Qb

q̄

�
.

(12)

This generalizes Eq. (2) which we recover by putting U =
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

(2⇡)2!
dN
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ets in Eq. (14), h...i, stand for the medium expectation
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Equation (15) is a direct generalization of our previous
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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 qq̄ antenna with open-
ing angle ✓

qq̄

= 0.2. For ✓ < ✓
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, the spectrum is com-
pletely given by vacuum emissions, falling o↵ as 1/✓. At
✓ = ✓

qq̄

the medium-induced radiation takes over, con-
trolled by the medium parameter �
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FIG. 1: The soft gluon emission spectrum o↵ a energetic
quark in the presence of a medium for a qq̄ pair with open-
ing angle ✓qq̄ = 0.2 and �med = 0.5 (solid line). Here
↵̄ ⌘ ↵sCF /⇡. Vacuum radiation is confined within ✓ < ✓qq̄,
while the medium-induced radiation is radiated at ✓ > ✓qq̄.
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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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 putting U =
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Let us now discuss the color singlet antenna in
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ets in Eq. (14), h...i, stand for the medium expectation
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factor, C
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, appearing in Eq. (13), demonstrates that the
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lowing the same decomposition as for the vacuum, lead-
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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,
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the limit of a completely opaque system,�

med

is bounded
by unitarity so that �
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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 decoherence of
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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 qq̄ antenna with open-
ing angle ✓

qq̄

= 0.2. For ✓ < ✓
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, the spectrum is com-
pletely given by vacuum emissions, falling o↵ as 1/✓. At
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the medium-induced radiation takes over, con-
trolled by the medium parameter �
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FIG. 1: The soft gluon emission spectrum o↵ a energetic
quark in the presence of a medium for a qq̄ pair with open-
ing angle ✓qq̄ = 0.2 and �med = 0.5 (solid line). Here
↵̄ ⌘ ↵sCF /⇡. Vacuum radiation is confined within ✓ < ✓qq̄,
while the medium-induced radiation is radiated at ✓ > ✓qq̄.
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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third terms correspond to gluon bremsstrahlung where
only the quark rescatters and exhibits a soft divergence,
see Eq. (10). Keeping only the bremsstrahlung contribu-
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This generalizes Eq. (2) which we recover by putting U =
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
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ets in Eq. (14), h...i, stand for the medium expectation
value, which we will discuss at length below. The color
factor, C
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, appearing in Eq. (13), demonstrates that the
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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-
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In other words, the strict angular ordering condition is
entirely removed. Thus, �
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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 qq̄ antenna with open-
ing angle ✓
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= 0.2. For ✓ < ✓
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pletely given by vacuum emissions, falling o↵ as 1/✓. At
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FIG. 1: The soft gluon emission spectrum o↵ a energetic
quark in the presence of a medium for a qq̄ pair with open-
ing angle ✓qq̄ = 0.2 and �med = 0.5 (solid line). Here
↵̄ ⌘ ↵sCF /⇡. Vacuum radiation is confined within ✓ < ✓qq̄,
while the medium-induced radiation is radiated at ✓ > ✓qq̄.
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, �
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= 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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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 putting U =
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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ets in Eq. (14), h...i, stand for the medium expectation
value, which we will discuss at length below. The color
factor, C
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, appearing in Eq. (13), demonstrates that the
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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,
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med
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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 decoherence of
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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 qq̄ antenna with open-
ing angle ✓
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= 0.2. For ✓ < ✓
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, the spectrum is com-
pletely given by vacuum emissions, falling o↵ as 1/✓. At
✓ = ✓

qq̄
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FIG. 1: The soft gluon emission spectrum o↵ a energetic
quark in the presence of a medium for a qq̄ pair with open-
ing angle ✓qq̄ = 0.2 and �med = 0.5 (solid line). Here
↵̄ ⌘ ↵sCF /⇡. Vacuum radiation is confined within ✓ < ✓qq̄,
while the medium-induced radiation is radiated at ✓ > ✓qq̄.
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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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 putting U =
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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In other words, the strict angular ordering condition is
entirely removed. Thus, �
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appears as an order pa-
rameter controlling the transition between a coherent and
decoherent situation.
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in Fig. 1, where we plot the angular spectrum of soft
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ing angle ✓
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FIG. 1: The soft gluon emission spectrum o↵ a energetic
quark in the presence of a medium for a qq̄ pair with open-
ing angle ✓qq̄ = 0.2 and �med = 0.5 (solid line). Here
↵̄ ⌘ ↵sCF /⇡. Vacuum radiation is confined within ✓ < ✓qq̄,
while the medium-induced radiation is radiated at ✓ > ✓qq̄.
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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third terms correspond to gluon bremsstrahlung where
only the quark rescatters and exhibits a soft divergence,
see Eq. (10). Keeping only the bremsstrahlung contribu-
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This generalizes Eq. (2) which we recover by putting U =
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
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value, which we will discuss at length below. The color
factor, C

F

, 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
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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, �
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! 0, we recover the pure vacuum spec-
trum, dN tot
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⇤ ! dN

vac

q,�

⇤ . With increasing density, the de-
coherence rate is controlled by the parameter �
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. In
the limit of a completely opaque system,�
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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 decoherence of
the spectrum

dN

tot

q,�

⇤

���
opaque

=
↵

s

C

F

⇡

d!

!

sin ✓ d✓

1� cos ✓
. (16)

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 qq̄ antenna with open-
ing angle ✓

qq̄

= 0.2. For ✓ < ✓

qq̄

, the spectrum is com-
pletely given by vacuum emissions, falling o↵ as 1/✓. At
✓ = ✓

qq̄

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 qq̄ pair with open-
ing angle ✓qq̄ = 0.2 and �med = 0.5 (solid line). Here
↵̄ ⌘ ↵sCF /⇡. Vacuum radiation is confined within ✓ < ✓qq̄,
while the medium-induced radiation is radiated at ✓ > ✓qq̄.
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

Δmed → 0 coherence

Δmed → 1 decoherence
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broadening
� medium induced radiation off a single quark in a dense medium BDMPS-Z revisited

we notice the change of sign that takes place around k

f

. As mentioned previously, for

momenta k

2

f

< k2

< Q

2

s

the momentum broadening of the “in-in” contribution sets it apart

from the out-of-medium contribution, lower row of eq. (5.15), preventing the appearance

of a pure vacuum component.7 For k2

> Q

2

s

these contributions cancel exactly with part

of the “in-in” contribution, as anticipated in the discussion below eq. (5.10).

5.3 Leading behavior of medium-induced radiation

In summary, the single-gluon spectrum o↵ an accelerated charge in the presence of a

medium consists of three parts. First and foremost, the induced component of the in-

dependent spectrum is given by
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This is a novel, transparent way of writing the BDMPS-Z spectrum. Let us recap the

main features of this spectrum. It describes the emission of a gluon with momentum

k0, distributed mainly around the preferred value k

f

which corresponds to the amount

of momentum accumulated during its formation time t

f

. After the gluon is formed it is

no longer correlated with the emitting quark and its subsequent Brownian motion along

its trajectory leads to a characteristic momentum broadening. This spectrum scales with

the length of the medium L, since the medium-induced emissions can take place at any

point along the trajectory of the quark through the medium. The remaining terms are

not enhanced neither by the medium length L nor are they enhanced by a logarithmic

divergence, such as for the bremsstrahlung, and they can therefore be neglected at the

level of our approximations.

In addition, one has the soft and hard bremsstrahlung contributions which are de-

scribed in detail in sec. 5.2.

5.4 Analytical continuation prescription for short formation times

While the independent spectrum by itself permits a fully analytical discussion, see the

previous section, this is not the case for the interferences. To highlight the interesting

features of these contributions in a well-controlled manner we will therefore introduce a

procedure which captures the leading behavior of the independent spectrum around the

typical medium scale at emission, k02 ⇠ k

2

f

, and which still permits an analytical treatment.

In the subsequent sections we will show that this procedure also can be applied to the

interference spectra.

The main lesson learned from the considerations in section 5 is that the time di↵erence

of emission in the amplitude and complex conjugate amplitude, denoted by �t, is limited

by the formation time, t
f

, due to the LPM suppression. This is, e.g., clearly seen in the

7There is, of course a non-zero probability that the gluon does not experience further broadening while

traversing the medium and reaches the final-state cut with momentum k = k0. This contribution is indeed

the genuine vacuum contribution.
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large broadening [beyond quasi-eikonal] is a prominent 
dynamical mechanism for jet energy loss [dijet asymmetry]
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broadening [jet collimation]

AN IMPORTANT LESSON FROM DATA 

large broadening [beyond quasi-eikonal] is a prominent 
dynamical mechanism for jet energy loss [dijet asymmetry]

•in-medium formation time for small angle and soft gluons 
[vacuum] is very short

•democratic broadening is a large effect for soft partons
•soft radiation decorrelated from jet direction/transported 
to large angles
•enhancement of soft fragments outside the jet
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broadening [jet collimation]

AN IMPORTANT LESSON FROM DATA 

large broadening [beyond quasi-eikonal] is a prominent 
dynamical mechanism for jet energy loss [dijet asymmetry]

•in-medium formation time for small angle and soft gluons 
[vacuum] is very short

•democratic broadening is a large effect for soft partons
•soft radiation decorrelated from jet direction/transported 
to large angles
•enhancement of soft fragments outside the jet
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underlying dynamics

increased large angle medium induced radiation  

at given fixed angle

⌧ ⇠ 1
!✓2 :: harder gluons are emitted earlier

:: [semi-]hard gluons deflect jet
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sizeable out-of-cone radiation implies sizeable modification of azimuthal distribution  

at given fixed angle
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!✓2 :: harder gluons are emitted earlier
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underlying dynamics

increased large angle medium induced radiation  

sizeable out-of-cone radiation implies sizeable modification of azimuthal distribution  

underlying dynamics must be such that medium effects 
LEAD

to significant out of cone radiation 
WITHOUT

significant distortion of azimuthal distribution 

at given fixed angle

⌧ ⇠ 1
!✓2 :: harder gluons are emitted earlier

:: [semi-]hard gluons deflect jet



underlying dynamics

transport of radiated gluons  

radiation of soft gluons at small angle
:: no sizeable effect on jet direction [see later]



underlying dynamics

transport of radiated gluons  

radiation of soft gluons at small angle
:: no sizeable effect on jet direction [see later]

� 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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jet collimation [circa 2010]
� sufficiently soft modes decorrelated [lost] from jet
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jet collimation [circa 2010]
� sufficiently soft modes decorrelated [lost] from jet
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jet collimation [circa 2010]
� sufficiently soft modes decorrelated [lost] from jet
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of average medium induced 

asymmetry



improvements [2012]



� geometry

�� path length fluctuations with realistic nuclear profile

�� all distances density weighed and account for 1/τ expansion

improvements [2012]



� geometry

�� path length fluctuations with realistic nuclear profile

�� all distances density weighed and account for 1/τ expansion

� parametrized NLO jet spectrum

improvements [2012]



� geometry

�� path length fluctuations with realistic nuclear profile

�� all distances density weighed and account for 1/τ expansion

� parametrized NLO jet spectrum

� energy loss fluctuations

improvements [2012]



� geometry

�� path length fluctuations with realistic nuclear profile

�� all distances density weighed and account for 1/τ expansion

� parametrized NLO jet spectrum

� energy loss fluctuations

�� average number of vacuum gluons from MLLA [spectrum at Q0 = 1 GeV]

improvements [2012]



� geometry

�� path length fluctuations with realistic nuclear profile

�� all distances density weighed and account for 1/τ expansion

� parametrized NLO jet spectrum

� energy loss fluctuations

�� average number of vacuum gluons from MLLA [spectrum at Q0 = 1 GeV]

�� event-by-event number of gluons with Poissonian assumption

improvements [2012]



� geometry

�� path length fluctuations with realistic nuclear profile

�� all distances density weighed and account for 1/τ expansion

� parametrized NLO jet spectrum

� energy loss fluctuations

�� average number of vacuum gluons from MLLA [spectrum at Q0 = 1 GeV]

�� event-by-event number of gluons with Poissonian assumption

�� additional medium induced gluons from Gaussian distributed ‘BDMPS’ formula

• path length dependent

• event-by-event with [independent] Poissonian assumption

improvements [2012]

!
dI

d!
=

CR

⇡
↵s

r
q̂L2

!

[= 0.3]



� geometry

�� path length fluctuations with realistic nuclear profile

�� all distances density weighed and account for 1/τ expansion

� parametrized NLO jet spectrum

� energy loss fluctuations

�� average number of vacuum gluons from MLLA [spectrum at Q0 = 1 GeV]

�� event-by-event number of gluons with Poissonian assumption

�� additional medium induced gluons from Gaussian distributed ‘BDMPS’ formula

• path length dependent

• event-by-event with [independent] Poissonian assumption

• qhat is the ONLY variable parameter

improvements [2012]

!
dI

d!
=

CR

⇡
↵s

r
q̂L2

!

[= 0.3]



� geometry

�� path length fluctuations with realistic nuclear profile

�� all distances density weighed and account for 1/τ expansion

� parametrized NLO jet spectrum

� energy loss fluctuations

�� average number of vacuum gluons from MLLA [spectrum at Q0 = 1 GeV]

�� event-by-event number of gluons with Poissonian assumption

�� additional medium induced gluons from Gaussian distributed ‘BDMPS’ formula

• path length dependent

• event-by-event with [independent] Poissonian assumption

• qhat is the ONLY variable parameter

�� vacuum baseline from data [CMS]

improvements [2012]
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energy dependence of dijet imbalance
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� leading and recoiling jet probe different path-length ranges
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together provide tight constraint on underlying dynamics
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consistent multi-observable description 
very simple but well motivated physical input 

establishes importance of large broadening effects

provides tight constraints on relevant 
dynamics to be described from first principles 

may be sufficiently simple to allow for reliable extraction 
of medium properties



jets in heavy ion collisions 

medium modified
•induced radiation [radiative energy loss]
•broadening of all partons traversing medium
•energy/momentum transfer to medium [elastic energy loss]
•strong modification of coherence properties
•modification of colour correlations 

in medium
•time delayed [high enough pt] thus outside medium
•colour correlations of hadronizing system changed
fragmentation outside medium = vacuum FFs ???

QCD branching hadronization

⊗

h1

h2

h3



contribution of colour flow to jet quenching

A. Beraudo, JGM, U. Wiedemann 

[1109.5025 &1204.4342]

[hadronization interface]
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interplay of branching and hadronization

� colour of all jet components rotated by interaction with medium

�� colour correlations modified with respect to vacuum case

• theoretically controllable within a standard framework [opacity expansion] 

Beraudo, Milhano, Wiedemann [1109.5025, 1204.4342]
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first steps towards fully colour differential framework



N=1 opacity [colour inclusive]

� medium modifications only for quanta of sufficiently short formation time
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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)

projectile

target

projectile

target

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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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
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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
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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
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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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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
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large factor proportional to the square root of the projectile energy. This effect is seen in more than
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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
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dIrad≡dIvac+dImed that can be written as an expansion
in powers of the ratio ζ ≡ L+/λ+
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Here, 〈. . .〉 denotes averaging over the transverse mo-
mentum transfer q of a single interaction, and K1 ≡
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enter via the factor
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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
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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
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highM contain medium effects and can be
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ter, as we discuss now.

ar
X

iv
:1

10
9.

50
25

v1
  [

he
p-

ph
]  

23
 S

ep
 2

01
1

CERN-PH-TH/2011-233

Medium-induced color flow softens hadronization
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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
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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
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respond to color flow between projectile components (upper
diagrams, contribution dImed

lowM ) or between projectile and tar-
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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
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(
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)
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)

=
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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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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.
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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,
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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
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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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=
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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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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,
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=
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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
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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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)
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)

=
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0 for 1/ω−
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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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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,
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=
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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
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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
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)
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=
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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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contribute to the single-gluon spectrum with an interference term decreasing the weight of the vacuum

radiation.

neither color nor transverse momentum is transferred from medium to the fragmenting q → q + g

system. It is usual to refer to these contributions as contact terms and they are needed for a
formulation that conserves probability, thus playing the role of virtual corrections. The contact

terms contributing to M2 are shown in Figure 8. To first order in opacity, one has
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The radiation amplitude can be recast in a form more suitable for a color differential calculation:
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where
M1 = Maa1 +Ma1a and M0 +Mcont

2 = Ma. (3.24)

In contrast to the left-hand side of (3.23), interference terms between different contributions on the
right hand side vanish to leading order in Nc. This allows us to derive, in the large-Nc limit, the
color-differential radiation cross sections by squaring the individual contributions from the various
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color-differential radiation cross sections by squaring the individual contributions from the various

color channels. More explicitly, the Ma a1 term reads

iMaa1 = −i g (tata1)eip
+x−

0

N
∑

n=1

θ(x+
n −x+

0 )

∫

dq

(2π)2
A(q) T a1

(n) e
−iq·xnJ(p+)

× eiω0x
+
n e

i M2

2p+
x+
0 2 εg ·

[

K0 −
(

1− e−iω1(x
+
n−x+

0 )
)

K1

]

. (3.25)
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formation times

� additional formation time becomes relevant [final state gluon]

� look at phenomenologically most relevant limit

�� there is parton energy loss and final state gluon has short formation time

2

For a projectile with (light-cone) energy much larger
than that of its target scattering partner, p+ ! t+, and
for x " 1, the most energetic parton in the final state
in Fig. 1 is defined unambiguously and carries energy
p+f ≡ (1 − x) p+. Distributing the energy of the gluon
equally between its q and q̄-legs in the large Nc-limit (our
final conclusions will not depend on this assumption), the
energy and invariant mass of the most energetic singlet
cluster in a vacuum splitting read

P+
Cvac

% (1 + x/2) p+f , M2
Cvac

% k2/2 x . (5)

These relations hold for the leading color singlet clusters
of the vacuum contribution (1), for the virtual correc-
tion dImed

virt in (4), and for dImed
lowM (in the latter case,

the distributions in x and k contain information about
the medium modification). In contrast, for dImed

highM color
flows from the most energetic final state parton directly
to a target component of momentum t, and

P+
Ctarg

% p+f , M2
Ctarg

= (pf + t)2 % p+ QT . (6)

Here, QT ≡
√
2Eth and Eth is the typical (thermal) en-

ergy of the target component. The invariant mass in (6)
is parametrically larger than in the vacuum case (5) by
a factor

√

p+. This motivates the choice of subscripts in
dImed

lowM and dImed
highM .

One can determine the kinematic conditions and time
scales required for dImed

highM to contribute. The color-

inclusive sum (4) depends on the formation time 1/ω−
1 .

To first order in opacity, we find that the color-differential
contributions on the right hand side of (4) carry inter-
ference factors involving two formation times 1/ω−

1 and
1/ω−

0 ≡ 2k+/k2 (see [11] for full result). Here, we focus
on the relevant limiting cases.
If parton energy loss becomes negligible (ω−

1 L+ " 1)
and if the formation time of the final state gluon is large
(ω−

0 L+ " 1), then

k+
dImed

virt

dk+ dk
= −ζ

αsCR

2π2

〈

K0
2
〉

,

k+
dImed

lowM

dk+ dk
= ζ

αsCR

2π2

〈

K0
2
〉

, k+
dImed

highM

dk+ dk
= 0 . (7)

In this case, the color exchange between the medium and
the projectile occurs predominantly at early times before
the splitting and hence the color flow and invariant mass
of the leading color singlet is vacuum-like, dImed

highM = 0.

In contrast, in the limit 1/ω−
0 " L+ " 1/ω−

1 , one
finds that dImed

virt ∼ −3〈K0
2〉, dImed

lowM ∼ 〈K0
2〉, and

dImed
highM ∼ 2〈K0

2〉. Thus, even if the color-inclusive
sum (4) vanishes, there is a kinematic regime in which
medium-induced color flow changes the invariant mass of
the leading color singlet significantly.
If there is parton energy loss, one finds in the limit

1/ω−

1 , 1/ω−

0 " L+

k+
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dk+ dk
=−3 ζ
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2π2

〈

K0
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〉
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= ζ

αsCR

2π2

〈

(K0 −K1)
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〉
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dk+ dk
= ζ

αsCR

2π2
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(K0−K1)
2+K1

2+K0
2
〉

. (8)

In summary, whenever the color-averaged contribution
(4) to radiative energy loss is significant, the resulting
medium modification of color flow changes the kinematic
properties of the most energetic color singlet in more than
50% of all cases, dImed

highM > 0.5 dImed.

For a gluonic projectile, one finds [11] to first order in
opacity, and in the large Nc limit a similar fraction of
clusters Ctarg of parametrically large invariant mass (6).
To higher orders in opacity, multiple interactions between
projectile and target enhance the fraction of color singlet
clusters Ctarg [11]. Therefore, the calculation above illus-
trates generic features of medium-modified color flow in
models of parton energy loss.

Since color is conserved in QCD and since hadrons
are color singlets, a dynamically consistent hadroniza-
tion prescription must relate hadrons to color singlet
fragments of the parton shower. We therefore expect
on general kinematic grounds that the medium-modified
distribution (8) of leading color singlets has consequences
for the dynamics of hadronization. We now illustrate this
point in a cluster hadronization model that encodes es-
sential features of the prescription implemented in the
MC event generator HERWIG [12]; the parton shower
is evolved perturbatively to a hadronic scale (Q0 % 600
MeV in Ref. [12]) at which the entire shower is decom-
posed into its color singlet components (‘clusters’). Clus-
ters C of low invariant mass (MC < Mcr = 4GeV) are
then decayed directly into pairs of hadrons, while clus-
ters of larger invariant mass are decayed first into pairs
of daughter clusters, C → X Y , till the invariant mass
of the daughters satisfies the condition for decay into
hadrons. In parton showers evolved in the vacuum, far
more than 90% of all clusters are found to have a small
invariant mass, MC < 4 GeV [12]. We therefore take in
the following MCvac

< 4GeV. We want to adapt this
cluster hadronization model to a medium-modified par-
ton shower, for which at the final scale Q0 the most en-
ergetic parton carries energy p+f . In more than 50% of
these showers, color will flow from this parton directly to
the target, and one finds for the most energetic cluster
Ctarg an invariant mass MCtarg

> 4GeV within the range
p+f > p+cr = M2

cr/QT . Estimating the thermal energies of
target scatterers by their ideal gas value Eth % 2.7T , we
find for T = 200 (500) MeV a value of QT % 760 (1900)
MeV corresponding to p+cr = 21.0(8.4) GeV. Therefore,
for a wide, phenomenologically relevant range of parton
energies p+f > p+cr, hadronization of Ctarg involves an ad-
ditional step Ctarg → X Y that is absent in the fragmen-
tation of cluster Cvac, and that leads to a most energetic
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medium modified channel [gluon decohered] 
accounts for more than half  the cases

shifted in transverse momentum due to the rescattering of the radiated gluon in the medium

∝
〈

K2
1

〉

. For the corresponding color differential contributions, we find from (3.28), (3.29)
and (3.30)

k+ dImed

dk+dkg

∣

∣

∣

∣

aa1

∼
ωiL+→∞

CF

2

αs

π2

L+

λ+
g

〈

(K0 −K1)
2 +K2

1

〉

, (3.35a)
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αs
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(
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2

)

(〈
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2
〉

+
〈

K2
1

〉)

+
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λ+
q

CFK
2
0

]

, (3.35b)

k+ dImed

dk+dkg

∣

∣

∣

∣

a

∼
ωiL+→∞

CF

2

αs

π2

L+

λ+
g

(−3K2
0) . (3.35c)

After inspection of the color factors and of the mean-free-paths involved, the above terms
admit a transparent physical interpretation. Eq. (3.35a) is the sum of half of the GB spectrum

〈(K0−K1)2〉 by an on-shell quark and half of the contribution of reshuffled vacuum radiation
〈K2

1〉 by an off-shell quark. Eq. (3.35b), on top of this, gets an additional contribution from
the vacuum radiation K2

0 by an off-shell quark which then suffers a further elastic scattering

in the medium. In this limit, the medium-modified color differential contribution ‘a1a’ is the
largest. As a consequence, the radiated gluon is decorrelated in color from the leading partonic

fragment in more than half of the medium-modified parton branchings. This case is depicted
for instance in Fig. 3.

2. Totally coherent case (1/ωi & L+)
For very large gluon formation times, the gluon is produced far outside the medium. At the
level of the color-inclusive result the medium is not a source of an enhanced rate of parton

branching: the color-averaged medium-induced spectrum in Eq. (3.31) vanishes. However,
with the probability that an elastic interaction occurs, the fragmenting projectile is color

connected to the medium (‘aa1’ channel) rather than to the hard production process (‘a’
channel):

k+ dImed

dk+dkg

∣

∣

∣

∣

aa1

∼
ωiL+→0

L+

λ+
q

CF
αs

π2
K2

0 , (3.36a)

k+ dImed

dk+dkg

∣

∣

∣

∣

a1a

∼
ωiL+→0

0 , (3.36b)

k+ dImed

dk+dkg

∣

∣

∣

∣

a

∼
ωiL+→0

−
L+

λ+
q

CF
αs

π2
K2

0 . (3.36c)

The rearrangement between the ‘aa1’ and ‘a’ channels reflects the fact that color is exchanged

between medium and projectile even if the color averaged spectrum (3.31) remains unchanged,
i.e. even if there is no overall enhanced probability of gluon radiation induced by the medium.

Notice, however, that in both channels the gluon is color correlated with the highest-pT
fragment.
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interplay of branching and hadronization

� colour correlations modified with respect to vacuum case

�� essential input for realistic hadronization schemes
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Figure 13. The pT and η distributions of the hadrons from the fragmentation of the Lund strings shown

in Fig. 12. Both the quark and the gluon are emitted at midrapidity at relative angle φ = 0.1. Left

panel: fragmentation pattern in the FSR (in red) and ISR (in green) color channels. Right panel: rapidity

distribution of the hadrons in the ISR channel. The sharpest peak around to η = 0 (continuous line) comes

from the fragmentation of the leading string. The pattern “broad peak + plateau” (dashed line) arises

from the fragmentation of the subleading string, connected to the beam remnant (hence the long plateau).

Also shown (dot-dashed line) is the case in which both endpoints of the subleading string are attached to

a medium particle.

there is hadronic yield in a transverse momentum range that exceeds the pT of the leading quark.
In the Lund model, this accounts for the fact that QCD is a finite resolution theory in which a

perturbatively radiated gluon does not automatically increase the hadronic multiplicity by order
unity or more: it is not necessarily ‘lost’ but, remaining color-connected with the other daughter of
the branching, may still contribute to the formation of the leading hadron. In contrast, the ISR case

(green curve) clearly shows that medium modification of color connections between the radiated
gluon and the projectile fragment results in a softening of the hadron distribution: all hadronic

yield above pT is suppressed and an additional contribution arises at soft momenta below kT . The
reason is that, for the ISR contribution, the color-decohered gluon and quark belong to different
strings and thus cannot contribute to the same leading hadronic fragment. Therefore, hadronic

multiplicity increases by construction with each color-decohered gluon by order unity or more, and
the additional multiplicity is found in soft fragments of transverse momentum lower than kT , which

is much smaller than pT .
These differences in the color flow of the ISR and FSR contribution have consequences for

the distribution of hadronic fragments. In particular, the fragmentation of the Lund string of
a vacuum-like (FSR) contribution results mainly in semi-hard and hard hadrons. For instance,
fragmentation of the FSR string of total energy ∼ 55 GeV in Fig. 13 yields on average 〈Nh〉 = 5.4

hadrons, of which 3.9 carry pT > 2 GeV transverse momentum. Since the multiplicity of Lund

strings grows only mildly with the total length and with the number of small kinks, the string
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generic [robust] effects:
•softnening of hadronic spectra
•lost hardness recovered as soft multiplicity

•at work even if radiative energy loss 
kinematically unviable

•survives branching after medium escape
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Figure 12. The N = 1 opacity correction to the fragmentation of a high-pT quark, interfaced with the

Lund-string hadronization routine. In the case of final state radiation (FSR, left hand side) the radiated

gluon remains color connected with the other daughter of the branching and, if sufficiently collinear, can

contribute to the energy of the leading hadron. For initial state radiation (ISR, right hand side), the

gluon results color decohered from the leading projectile fragment, independently on the emission angle;

an independent Lund string is associated to it, whose decay will contribute to an enhanced multiplicity of

soft particles.

case of Initial State Radiation (right panel of Fig. 12), the radiated gluon is color decohered from

the projectile fragment; this means that it is instead linked through an independent string to a
low-pT particle in the medium. For the following, the Lund strings in Fig. 12 are defined in terms

of the 4-momenta of their end-points and kinks. For simplicity both the leading quark fragment and
the radiated gluon are assumed to be emitted at mid-rapidity (η = 0, i.e. θ = π/2) and at relative

azimuthal angle φ. The other endpoint of the string will then be attached either to a particle from
the medium or from the beam remnant: in both cases it will sit at low-pT . Medium particles are
taken with a typical thermal energy ∼ 3T , with random event-by-event momentum orientation. For

the temperature we take the value T = 200 MeV5. For the antiquark from the beam remnant, we
choose a large momentum along the beam direction (E = 1 TeV and pT = 0). The only dependence

on E resides in the extension of the plateau in the rapidity distribution of (very soft) hadrons from
the decay of the subleading string.

Figure 13 shows examples of the distribution of hadronic fragments of the Lund strings de-

picted in Fig. 12. These results were obtained for a typical partonic configuration with a quark
at high transverse momentum pT and a radiated gluon at much smaller transverse momentum (as

an illustration we chose here and in the following kT = 0.1 pT ). In the left panel of Fig. 13 we
display, for the two different color channels, the fragmentation pattern of a hard quark branching

in the medium. The FSR case (red curve) corresponds to a vacuum-like color flow: in this case

5The results were found to have a negligible dependence on the temperature. This is consistent with the idea that
the precise position of the soft endpoint of a string is unimportant for the hadronization of hard fragments.
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interplay of branching and hadronization

� colour correlations modified with respect to vacuum case

�� essential input for realistic hadronization schemes
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Figure 13. The pT and η distributions of the hadrons from the fragmentation of the Lund strings shown

in Fig. 12. Both the quark and the gluon are emitted at midrapidity at relative angle φ = 0.1. Left

panel: fragmentation pattern in the FSR (in red) and ISR (in green) color channels. Right panel: rapidity

distribution of the hadrons in the ISR channel. The sharpest peak around to η = 0 (continuous line) comes

from the fragmentation of the leading string. The pattern “broad peak + plateau” (dashed line) arises

from the fragmentation of the subleading string, connected to the beam remnant (hence the long plateau).

Also shown (dot-dashed line) is the case in which both endpoints of the subleading string are attached to

a medium particle.
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In the Lund model, this accounts for the fact that QCD is a finite resolution theory in which a

perturbatively radiated gluon does not automatically increase the hadronic multiplicity by order
unity or more: it is not necessarily ‘lost’ but, remaining color-connected with the other daughter of
the branching, may still contribute to the formation of the leading hadron. In contrast, the ISR case
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gluon and the projectile fragment results in a softening of the hadron distribution: all hadronic

yield above pT is suppressed and an additional contribution arises at soft momenta below kT . The
reason is that, for the ISR contribution, the color-decohered gluon and quark belong to different
strings and thus cannot contribute to the same leading hadronic fragment. Therefore, hadronic

multiplicity increases by construction with each color-decohered gluon by order unity or more, and
the additional multiplicity is found in soft fragments of transverse momentum lower than kT , which

is much smaller than pT .
These differences in the color flow of the ISR and FSR contribution have consequences for

the distribution of hadronic fragments. In particular, the fragmentation of the Lund string of
a vacuum-like (FSR) contribution results mainly in semi-hard and hard hadrons. For instance,
fragmentation of the FSR string of total energy ∼ 55 GeV in Fig. 13 yields on average 〈Nh〉 = 5.4
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strings grows only mildly with the total length and with the number of small kinks, the string

– 27 –

generic [robust] effects:
•softnening of hadronic spectra
•lost hardness recovered as soft multiplicity

•at work even if radiative energy loss 
kinematically unviable

•survives branching after medium escape

i
i

i

i
i i

Mediumhigh−pT quark

Nucleus 1

Nucleus 2
hard process

j

j k k

l

l
l

l

i i

Mediumhigh−pT quark

Nucleus 1

Nucleus 2
hard process

l

l
l

l

i

i j

j
j

j
k

k

Subleading string

Leading string

Figure 12. The N = 1 opacity correction to the fragmentation of a high-pT quark, interfaced with the

Lund-string hadronization routine. In the case of final state radiation (FSR, left hand side) the radiated

gluon remains color connected with the other daughter of the branching and, if sufficiently collinear, can

contribute to the energy of the leading hadron. For initial state radiation (ISR, right hand side), the

gluon results color decohered from the leading projectile fragment, independently on the emission angle;

an independent Lund string is associated to it, whose decay will contribute to an enhanced multiplicity of

soft particles.

case of Initial State Radiation (right panel of Fig. 12), the radiated gluon is color decohered from

the projectile fragment; this means that it is instead linked through an independent string to a
low-pT particle in the medium. For the following, the Lund strings in Fig. 12 are defined in terms

of the 4-momenta of their end-points and kinks. For simplicity both the leading quark fragment and
the radiated gluon are assumed to be emitted at mid-rapidity (η = 0, i.e. θ = π/2) and at relative

azimuthal angle φ. The other endpoint of the string will then be attached either to a particle from
the medium or from the beam remnant: in both cases it will sit at low-pT . Medium particles are
taken with a typical thermal energy ∼ 3T , with random event-by-event momentum orientation. For

the temperature we take the value T = 200 MeV5. For the antiquark from the beam remnant, we
choose a large momentum along the beam direction (E = 1 TeV and pT = 0). The only dependence

on E resides in the extension of the plateau in the rapidity distribution of (very soft) hadrons from
the decay of the subleading string.

Figure 13 shows examples of the distribution of hadronic fragments of the Lund strings de-

picted in Fig. 12. These results were obtained for a typical partonic configuration with a quark
at high transverse momentum pT and a radiated gluon at much smaller transverse momentum (as

an illustration we chose here and in the following kT = 0.1 pT ). In the left panel of Fig. 13 we
display, for the two different color channels, the fragmentation pattern of a hard quark branching

in the medium. The FSR case (red curve) corresponds to a vacuum-like color flow: in this case

5The results were found to have a negligible dependence on the temperature. This is consistent with the idea that
the precise position of the soft endpoint of a string is unimportant for the hadronization of hard fragments.
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single hadron spectra

� single hadron spectra sensitive to the hard tail of the fragmentation function

�� FF convoluted with steeply falling spectra, thus sensitive to higher moments

�� for same parton energy loss, colour connections can be significant source of 
suppression [contribution to hadron RAA]
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Figure 14. The ratio of 6-th moments of the ISR and FSR contributions to the fragmentation functions

of partonic configurations shown in Fig. 12. Here, prior to hadronization the leading quark has transverse

momentum pT , and the radiated gluon carries a scaled transverse momentum kg = 0.1 pT and is emitted

at φ = 0.1.

the color connections can introduce an additional significant source of suppression of the hadronic
spectrum. Quantitatively, in the case displayed in Fig. 13, one finds for instance 〈x6〉ISR = 0.052 and
〈x6〉FSR = 0.078 for the ISR and FSR channels respectively. In summary: since medium-induced

color decoherence of radiated gluons depletes naturally the high-pT tail of fragmentation functions,
it can contribute to reducing the nuclear modification factor RAA. A similar observation was made

in a recent study [19], in which parton splittings with medium-modified color flow were interfaced
with a cluster hadronization model. Also in that case the suppression showed a weak dependence

on transverse momenta and persisted at transverse momenta exceeding 100 GeV. Fig. 14 supports
the picture that medium-induced color decoherence can be a relevant factor for understanding the
value and pT -dependence of the nuclear modification factor at high transverse momentum.

Elementary formation time arguments suggest [29] that hadronization can occur time-delayed
outside the medium, and that the earliest parton branchings in a shower can be medium-modified

since they occur inside the medium. However, these earliest branchings may be followed by subse-
quent partonic branchings outside the medium prior to hadronization. The question arises whether
the features observed in Fig. 13 and 14 are robust against inclusion of such subsequent parton

branchings. The structure of typical parton branching histories indicates that inclusion of a single
additional splitting on top of the ISR and FSR contributions of Fig. 12 provides already significant

insight into the question of how final state branchings may alter the effects of medium-induced color
decoherence on hadronization 7. As shown in Fig. 16, inclusion of another parton splitting adds an

7 As a consequence of the steeply falling pT dependence of spectra, by triggering on the pT of a parton at the end
of a shower evolution one typically selects parton showers that have suffered a very limited number of branching.
For instance, for a sample of quarks at LHC energy generated by Pythia in a ‘hard event’ + ‘final state shower’
process, one finds for a trigger pT ∼ 50 GeV of the final quark an average number of daughter gluons of order ∼ 2.5.
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colour flow is a non-negotiable ingredient for jet-quenching 
studies that can be addressed perturbatively and provides input 
for non-perturbative hadronization prescriptions

it results in softening of hadronic spectra, increased soft 
multiplicity, fragmentation patterns unmodified over wide 
range, .... 
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very appealing pQCD based overall picture

BUT

can we confidently exclude a conceptually different 
scenario in which strong jet-medium coupling effects 
drag energy loss on all jet ‘propagators’ and ‘vertices’ 
remain pQCD like ???



Probes propagating in a perfect liquid 

Heavy quarks propagate without mean free path 
-> Lost momentum goes into Mach cone and wake 

Do hard probes have a finite mean free path? 
AdS/CFT view 

Chesler, Yaffe 
arXiv:0712.0050  

Light partons/jets propagate towards thermalization 
(no collinear structure emerges, jet=hedgehog) 

If       is finite 

€ 

λmfp

Energy moved to softer scales via  
elastic (aka collisional) and  
inelastic (aka radiative) mechanisms  

Fragmentation broader but  
collinear dynamics present. 

Collinear structure can also result from 
evolution outside the medium   
=> Need to understand formation times talk by W. 

Horowitz 

talk by G. 
Milhano 

U Wiedemann, QM2012



#2 probing the medium



realistic medium

� establish relationship between properties of realistic medium and parameters 
effecting jet quenching

�� first principle [SU(2) lattice] computation of

�� for a weakly coupled medium 

�  full embedding of probe in dynamical hydro medium [Monte Carlo]

�� most complete effort :: MARTINI + MUSIC

• hard partons from Pythia

• McGill-AMY for radiative and elastic

• 3+1 hydro medium 

2

various regions of phase space will be explored. In
Sect. V, dispersion relations that will be used to
evaluate the operator products will be set up. In
Sect. VI we discuss the details of the lattice gauge
theory calculation. We conclude in Sect. VII with
an outlook for future work.

II. PQCD PROCESSES IN A QGP BRICK

The notion that jet transport coe�cients repre-
sent properties of the medium and thus should be
calculable in lattice QCD has definitely been infor-
mally considered for some time now. The most naive
approach would be to simply take the expression for
a given transport coe�cient, say q̂, as derived in an
appropriate e↵ective theory in Ref [27], where

q̂ =
4⇡2↵s

Nc
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dy�d2y?d
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(2⇡)3

e
i
k2
?y�

2q�
�ik?·y?

⇥
D
P
���Tr

h
taF a

?
+µ(y�, y?)t

bF b
?
+

,µ

i���P
E
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and attempt to compute this on the lattice (In the
equation above F?

µ⌫ is a gauge field strength opera-
tor, one of whose indices are either 1 or 2). This par-
ticular form of the transport coe�cient is obtained
in either covariant gauge or light-cone gauge.

The equation above is not manifestly gauge invari-
ant and requires the introduction of Wilson lines.
At first sight, the path taken by the Wilson lines
seems arbitrary. However, following the arguments
in Ref. [28], one obtains four di↵erent Wilson lines
that need to be included, two along the light-cone di-
rection and two along the transverse direction. The
fully gauge invariant expression for q̂ is now given
as,

q̂ =
4⇡2↵s
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In the equation above, U represents a Wilson line
along the (�) light-cone direction and T represents
a Wilson line along the transverse light-cone direc-
tion. If the calculation were being carried out in co-
variant gauge, only the light-cone Wilson lines will
contribute, while for the calculation in light-cone
gauge, only the transverse Wilson lines will con-
tribute. Thus while the exact expressions are rather
di↵erent in the two gauges, both may be derived
from Eq. (2). Given the extent of the Wilson lines
(and the issues related with analytically continuing

an euclidean operator product to one that is almost
light-like separated), it appears almost impossible to
evaluate these on a finite size lattice.

However, there exists an alternative, based on the
similarity between q̂ and the gluon distribution func-
tion and the method by which parton distribution
functions (PDFs) are evaluated on the lattice [29–
32], i.e., using the method of operator product ex-
pansions. Imagine a high energy process e.g. the
deep inelastic scattering (DIS) of an electron with
momentum k o↵ a single quark prepared with mo-
mentum p, at one edge of a finite volume V which
is maintained at a fixed temperature T ⇠ ⇤QCD.
At this temperature the volume will be filed with
strongly interacting matter, which at temperatures
somewhat below ⇤QCD will be a hadronic gas and at
very high temperatures will be quark gluon plasma.
We maintain the chemical potential µ = 0 so that
the contents have the conserved charges of the vac-
uum. On scattering o↵ the electron, the quark will
produce a hard virtual quark which will then prop-
agate through the medium. In vacuum such a par-
ton would undergo a perturbative shower, spraying
partons with ever lower virtuality until the scale be-
comes comparable to ⇤QCD and hadronization be-
gins to set in. In the presence of a strongly inter-
acting medium the produced shower will scatter o↵
the constituents in the medium, di↵use in transverse
and longitudinal momentum, and be induced to ra-
diate more partons leading to a further degradation
in the energy of the part of the jet which escapes the
medium.

If the medium is not larger than E/µ2
0, where E

is the energy of the jet, and µ0 is the minimum scale
below which pQCD is no longer applicable, a portion
of the jet will hadronize outside the medium. The
di↵erential cross section for any particular outcome
from such a hard scattering process can be expressed
using the standard factorized formula,

d�h =
↵2

k · pQ4
Lµ⌫dW

µ⌫ , (3)

where Lµ⌫ is the usual leptonic tensor and dWµ⌫

is the di↵erential hadronic tensor for the particular
process of interest; all interactions which involve the
QCD coupling g are contained within the hadronic
tensor.

Say further that in the hadronic tensor, we could
factorize the initial distribution of the hard quark,
the hard scattering o↵ the photon and the final prop-
agation through the medium as,

dWµ⌫ =

Z
dxf(x)d�̂µ⌫D({pf}). (4)

In the equation above, f(x) represents the distribu-
tion of the initial quark; in the case of quark inside a
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and longitudinal momentum, and be induced to ra-
diate more partons leading to a further degradation
in the energy of the part of the jet which escapes the
medium.

If the medium is not larger than E/µ2
0, where E

is the energy of the jet, and µ0 is the minimum scale
below which pQCD is no longer applicable, a portion
of the jet will hadronize outside the medium. The
di↵erential cross section for any particular outcome
from such a hard scattering process can be expressed
using the standard factorized formula,

d�h =
↵2

k · pQ4
Lµ⌫dW

µ⌫ , (3)

where Lµ⌫ is the usual leptonic tensor and dWµ⌫

is the di↵erential hadronic tensor for the particular
process of interest; all interactions which involve the
QCD coupling g are contained within the hadronic
tensor.

Say further that in the hadronic tensor, we could
factorize the initial distribution of the hard quark,
the hard scattering o↵ the photon and the final prop-
agation through the medium as,

dWµ⌫ =

Z
dxf(x)d�̂µ⌫D({pf}). (4)

In the equation above, f(x) represents the distribu-
tion of the initial quark; in the case of quark inside a
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outlook
•in just over ten years jet quenching has gone from ‘an idea’ to a robust 
experimental reality 
•recent efforts have established a clear pathway to conclude [soon] the 
‘establish the probe’ programme
•recent efforts have readied the necessary [embedding] tools  for realistic 
medium probing

•pA as complementary baseline [CNM]

•time to think hard about ‘new’ observables 

•direct sensitivity to formation times
•jet reclustering

•direct sensitivity to resolution scales
•...


