
Jet Quenching 

Jorge Casalderrey Solana

1



Jet Quenching 
via Jet Collimation

Jorge Casalderrey Solana
J. G. Milhano and U. A. Wiedemann

2

J.Phys.G G38 (2011) 035006 (arXiv:1012.0745)



Quenched Jets
(on the event display)
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FIG. 1: Event display of a highly asymmetric dijet event, with one jet with ET > 100 GeV and no evident recoiling jet, and
with high energy calorimeter cell deposits distributed over a wide azimuthal region. By selecting tracks with pT > 2.6 GeV
and applying cell thresholds in the calorimeters (ET > 700 MeV in the electromagnetic calorimeter, and E > 1 GeV in the
hadronic calorimeter) the recoil can be seen dispersed widely over azimuth.

|η| < 3.2. The hadronic calorimetry in the range |η| < 1.7
is provided by a sampling calorimeter made of steel and
scintillating tiles. In the end-caps (1.5 < |η| < 3.2),
LAr technology is also used for the hadronic calorime-
ters, matching the outer |η| limits of the electromag-
netic calorimeters. To complete the η coverage, the LAr
forward calorimeters provide both electromagnetic and
hadronic energy measurements, extending the coverage
up to |η| = 4.9. The calorimeter (η,φ) granularities are
0.1 × 0.1 for the hadronic calorimeters up to |η| = 2.5
(except for the third layer of the Tile calorimeter, which
has a segmentation of 0.2×0.1 up to |η| = 1.7), and then
0.2× 0.2 up to |η| = 4.9. The EM calorimeters are longi-
tudinally segmented into three compartments and feature
a much finer readout granularity varying by layer, with
cells as small as 0.025×0.025 extending to |η| = 2.5 in the
middle layer. In the data taking period considered, ap-
proximately 187,000 calorimeter cells (98% of the total)
were usable for event reconstruction.

The bulk of the data reported here were triggered
using coincidence signals from two sets of Minimum
Bias Trigger Scintillator (MBTS) detectors, positioned
at z = ±3.56 m, covering the full azimuth between
2.09 < |η| < 3.84 and divided into eight φ sectors and two
η sectors. Coincidences in the Zero Degree Calorimeter
and LUCID luminosity detectors were also used as pri-
mary triggers, since these detectors were far less suscep-
tible to LHC beam backgrounds. These triggers have a
large overlap and are close to fully efficient for the events
studied here.

In the offline analysis, events are required to have a
time difference between the two sets of MBTS counters
of ∆t < 3 ns and a reconstructed vertex to efficiently
reject beam-halo backgrounds. The primary vertex is
derived from the reconstructed tracks in the Inner De-
tector (ID), which covers |η| < 2.5 using silicon pixel and

strip detectors surrounded by straw tubes. These event
selection criteria have been estimated to accept over 98%
of the total lead-lead inelastic cross section.
The level of event activity or “centrality” is char-

acterized using the total transverse energy (ΣET ) de-
posited in the Forward Calorimeters (FCal), which cover
3.2 < |η| < 4.9, shown in Fig. 2. Bins are defined in cen-
trality according to fractions of the total lead-lead cross
section selected by the trigger and are expressed in terms
of percentiles (0-10%, 10-20%, 20-40% and 40-100%) with
0% representing the upper end of the ΣET distribution.
Previous heavy ion experiments have shown a clear cor-
relation of the ΣET with the geometry of the overlap
region of the colliding nuclei and, correspondingly, the
total event multiplicity. This is verified in the bottom
panel of Fig. 2 which shows a tight correlation between
the energy flow near mid-rapidity and the forward ΣET .
The forward ΣET is used for this analysis to avoid biasing
the centrality measurement with jets.
Jets have been reconstructed using the infrared-safe

anti-kt jet clustering algorithm [9] with the radius pa-
rameter R = 0.4. The inputs to this algorithm are “tow-
ers” of calorimeter cells of size ∆η×∆φ = 0.1× 0.1 with
the input cells weighted using energy-density dependent
factors to correct for calorimeter non-compensation and
other energy losses. Jet four-momenta are constructed
by the vectorial addition of cells, treating each cell as an
(E, #p) four-vector with zero mass.

The jets reconstructed using the anti-kt algorithm con-
tain a mix of genuine jets and jet-sized patches of the un-
derlying event. For each event, we estimate the average
transverse energy density in each calorimeter layer in bins
of width ∆η = 0.1, and averaged over azimuth. In the
averaging, we exclude jets with D = ET (max)/〈ET 〉, the
ratio of the maximum tower energy over the mean tower
energy, greater than 5. The value Dcut = 5 is chosen

 (not the typical event but not infrequent)

Plan for the talk:

• Quick discussion of the di-jet asymmetry data.

• Simple kinematical arguments ⇒ Jet frequency Collimation

• Early estimate on medium parameters.
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• Jet energy within a cone ET1>ET2.

Observation of a Centrality-Dependent Dijet Asymmetry in Lead-Lead Collisions at√
sNN = 2.76 TeV with the ATLAS Detector at the LHC

G. Aad et al. (The ATLAS Collaboration)∗

Using the ATLAS detector, observations have been made of a centrality-dependent dijet asym-
metry in the collisions of lead ions at the Large Hadron Collider. In a sample of lead-lead events
with a per-nucleon center of mass energy of 2.76 TeV, selected with a minimum bias trigger, jets are
reconstructed in fine-grained, longitudinally-segmented electromagnetic and hadronic calorimeters.
The underlying event is measured and subtracted event-by-event, giving estimates of jet transverse
energy above the ambient background. The transverse energies of dijets in opposite hemispheres is
observed to become systematically more unbalanced with increasing event centrality leading to a
large number of events which contain highly asymmetric dijets. This is the first observation of an
enhancement of events with such large dijet asymmetries, not observed in proton-proton collisions,
which may point to an interpretation in terms of strong jet energy loss in a hot, dense medium.

PACS numbers: 25.75.-q

Collisions of heavy ions at ultra-relativistic energies are
expected to produce an evanescent hot, dense state, with
temperatures exceeding two trillion kelvins, in which the
relevant degrees of freedom are not hadrons, but quarks
and gluons. In this medium, high-energy quarks and glu-
ons are expected to transfer energy to the medium by
multiple interactions with the ambient plasma. There is
a rich theoretical literature on in-medium QCD energy
loss extending back to Bjorken, who proposed to look
for “jet quenching” in proton-proton collisions [1]. This
work also suggested the observation of highly unbalanced
dijets when one jet is produced at the periphery of the
collision. For comprehensive reviews of recent theoretical
work in this area, see Refs. [2, 3].

Single particle measurements made by RHIC experi-
ments established that high transverse momentum (pT )
hadrons are produced at rates a factor of five or more
lower than expected by assuming QCD factorization
holds in every binary collision of nucleons in the on-
coming nuclei [4, 5]. This observation is characterized
by measurements of RAA, the ratio of yields in heavy
ion collisions to proton-proton collisions, divided by the
number of binary collisions. Di-hadron measurements
also showed a clear absence of back-to-back hadron pro-
duction in more central heavy ion collisions [5], strongly
suggestive of jet suppression. The limited rapidity cover-
age of the experiment, and jet energies comparable to the
underlying event energy, prevented a stronger conclusion
being drawn from these data.

The LHC heavy ion program was foreseen to provide
an opportunity to study jet quenching at much higher
jet energies than achieved at RHIC. This letter provides
the first measurements of jet production in lead-lead col-
lisions at

√
sNN = 2.76 TeV per nucleon-nucleon col-

lision, the highest center of mass energy ever achieved
for nuclear collisions. At this energy, next-to-leading-
order QCD calculations [6] predict abundant rates of jets
above 100 GeV produced in the pseudorapidity region
|η| < 4.5 [7], which can be reconstructed by ATLAS.

The data in this paper were obtained by ATLAS during
the 2010 lead-lead run at the LHC and correspond to an
integrated luminosity of approximately 1.7 µb−1.
For this study, the focus is on the balance between

the highest transverse energy pair of jets in events where
those jets have an azimuthal angle separation, ∆φ =
|φ1 − φ2| > π/2 to reduce contributions from multi-jet
final states. In this letter, jets with ∆φ > π/2 are la-
beled as being in opposite hemispheres. The jet energy
imbalance is expressed in terms of the asymmetry AJ ,

AJ =
ET1 − ET2

ET1 + ET2
,∆φ >

π

2
(1)

where the first jet is required to have a transverse en-
ergy ET1 > 100 GeV, and the second jet is the highest
transverse energy jet in the opposite hemisphere with
ET2 > 25 GeV. The average contribution of the under-
lying event energy is subtracted when deriving the in-
dividual jet transverse energies. The event selection is
chosen such that the first jet has high reconstruction ef-
ficiency and the second jet is above the distribution of
background fluctuations and the intrinsic soft jets asso-
ciated with the collision. Dijet events are expected to
have AJ near zero, with deviations expected from gluon
radiation falling outside the jet cone, as well as from in-
strumental effects. Energy loss in the medium could lead
to much stronger deviations in the reconstructed energy
balance.
The ATLAS detector [8] is well-suited for measuring

jets due to its large acceptance, highly segmented elec-
tromagnetic (EM) and hadronic calorimeters. These al-
low efficient reconstruction of jets over a wide range in
the region |η| < 4.5. The detector also provides precise
charged particle and muon tracking. An event display
showing the Inner Detector and calorimeter systems is
shown in Fig. 1.
Liquid argon (LAr) technology providing excellent en-

ergy and position resolution is used in the electromag-
netic calorimeter that covers the pseudorapidity range
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• Energy asymmetry between leading and associated jet 

• The jet asymmetry grows with centrality.

• Many caveats on the measurement such as background 
fluctutions (Cacciari, Salam, Soyez 11). But not so many for 
the CMS cuts
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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 ∆φ12 > 2π/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 ∆φ12 > 2π/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 ∆φ 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 10: Dijet asymmetry ratio, AJ , for leading jets of pT,1 > 120 GeV/c, subleading jets of
pT,2 >50 GeV/c and ∆φ12 > 2π/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 ∆φ12 > 2π/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 ∆φ 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.

AJ

ET1>100 GeV
ET2>25 GeV

ET1>120 GeV

ET2>50 GeV



p-p events are Asymmetric!
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• There is significant out of cone radiation in p-p

• The steeply falling spectrum ⇒ ET1 good proxy for ETotal  
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• The distribution of vacuum energy is quite wide.

• How large is the PbPb effect?
5

Lc =
1

q+
=

1

xT
(0.1)

〈
p2

out

〉
vac
≈ 400GeV 2 (0.2)

〈
p2

out

〉
me
≈ 35GeV 2 (0.3)

〈
p2

out

〉
= q̂L (0.4)

dE

dx
=

1

2
q̂L (0.5)

〈ET2〉pp

ET1
≈ 1

Nevt

∫
dxx

dN

dx
= 0.67 (0.6)

〈ET2〉PbPb

ET1
<

1

Nevt

∫
dxx

dN

dx
= 0.54 (0.7)

∆E

ETotal
=
〈ET2〉pp − 〈ET2〉PbPb

ETotal
> 0.1 (0.8)

∆E

ETotal
<

1

1− α

〈ET2〉pp − 〈ET2〉PbPb

ETotal
< 0.2 (0.9)

q̂ (0.10)

ω2
d ≤ q̂L (0.11)

= log 1/z (0.12)

q̂τ ∼
√

q̂ω ' q̂L (0.13)

1



• “Moderate” additional out of cone E-loss in PbPb.

2

the angular dijet distribution in ∆φ, see Fig. 1(bottom).
This distribution displays a significant broadening in the
range π/2 < ∆φ < 3π/4 that contains a very small frac-
tion O(5%) of all dijets. In the region 3π/4 < ∆φ < π,
where more than 95 % of all dijets lie, the distribution
dN/d∆φ broadens at best rather mildly.

Jet finding in the high multiplicity environment of a
heavy ion collision poses challenges beyond those present
in p-p collisions. This is the case since in the 10% most
central Pb-Pb collisions there are of the order of 1500
[13] charged particles with typical transverse momentum
larger than 500 MeV which result in O(100 GeV) back-
ground energy in any cone of radius R = 0.4. While
this background energy can be subtracted, background
fluctuations could lead to large artificial asymmetries in
the reconstructed dijet energy. However, the ATLAS
and CMS collaborations have put such concerns largely
to rest by embedding simulated dijets without medium-
modifications both into a Monte Carlo model of the back-
ground [10] and into real event samples [11]. This pro-
vides strong support to the crucial assumption that the
measured asymmetries are due to medium modifications
of the jet properties.

The data shown by ATLAS are normalized to the
’number of events’ and not to the total number Ntot of
leading jets with energy ET1 > 100 GeV. For the study of
jet quenching, one would prefer that yields are normal-
ized toNtot. To the extent to which there are leading jets,
for which no recoiling jet with ET2 > ET,min is found by
the jet finding algorithm, Nevt will be smaller than Ntot.
Any medium-induced softening of the leading jet to val-
ues ET2 < ET,min (but also any multiplicity-dependent
inefficiency in finding jet recoils of low ET2 > ET,min

GeV) will result in a reduction of Nevt that is more pro-
nounced in Pb-Pb than in p-p.

These and other considerations prompt us to limit the
following discussion largely to qualitative statements. We
start by shortly recalling the qualitative picture on which
models of jet quenching are based, before interpreting the
ATLAS data in the context of this picture.

3. A qualitative picture of dijet production in
heavy ion collisions. Fig. 2 illustrates how a dijet is
embedded in a heavy ion collision. In the plane trans-
verse to the beam direction, a central Pb-Pb collision
fills a region of diameter 10 fm with dense QCD mat-
ter. In contrast, the primary partonic process of a dijet
event in this region occurs at a large momentum transfer
of O(ET ) and is therefore localized on a point-like scale
∼ 1/ET within the QCD matter. This sharp localiza-
tion, illustrated by the red dot in Fig. 2, implies that
typical soft momentum components of the surrounding
QCD matter cannot resolve the primary hard partonic
interaction and therefore will not modify it. However,
the partons produced in the primary hard process may
traverse a significant path length within the QCD mat-
ter, and it is during this final state propagation that the
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FIG. 1: Top: Dijet distributions measured by ATLAS as de-
scribed in the text, and plotted as a function of x = ET2/ET1

for ET1 > 100 GeV. Data from proton-proton collisions at√
s = 7 TeV are compared to data from the 10 % most central

Pb+Pb collisions at
√
sNN = 2.76 TeV. Bottom: The same

dijet sample, plotted as a function of the azimuthal angle ∆φ
between leading and recoiling jet.

medium can modify the jet structure.

We note that already in proton-proton collisions, there
are characteristic differences between the leading jet and
its recoil. In particular, requiring a maximal jet energy
ET1 within a cone of R = 0.4, one selects jet fragmen-
tation patterns that deposit more than the average jet
energy fraction inside the subcone of size R = 0.4. In
the presence of medium effects, further trigger biases can
occur. In particular, if there is a medium-induced mech-
anism that degrades the jet energy fraction in a sub-cone
as a function of in-medium path length then the leading

• Estimate 1: all jets interact equally (underestimate).

• Estimate 2: only a fraction (1-α) of jets interact (overestimate).
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• “Moderate” additional out of cone E-loss in PbPb.
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the angular dijet distribution in ∆φ, see Fig. 1(bottom).
This distribution displays a significant broadening in the
range π/2 < ∆φ < 3π/4 that contains a very small frac-
tion O(5%) of all dijets. In the region 3π/4 < ∆φ < π,
where more than 95 % of all dijets lie, the distribution
dN/d∆φ broadens at best rather mildly.

Jet finding in the high multiplicity environment of a
heavy ion collision poses challenges beyond those present
in p-p collisions. This is the case since in the 10% most
central Pb-Pb collisions there are of the order of 1500
[13] charged particles with typical transverse momentum
larger than 500 MeV which result in O(100 GeV) back-
ground energy in any cone of radius R = 0.4. While
this background energy can be subtracted, background
fluctuations could lead to large artificial asymmetries in
the reconstructed dijet energy. However, the ATLAS
and CMS collaborations have put such concerns largely
to rest by embedding simulated dijets without medium-
modifications both into a Monte Carlo model of the back-
ground [10] and into real event samples [11]. This pro-
vides strong support to the crucial assumption that the
measured asymmetries are due to medium modifications
of the jet properties.

The data shown by ATLAS are normalized to the
’number of events’ and not to the total number Ntot of
leading jets with energy ET1 > 100 GeV. For the study of
jet quenching, one would prefer that yields are normal-
ized toNtot. To the extent to which there are leading jets,
for which no recoiling jet with ET2 > ET,min is found by
the jet finding algorithm, Nevt will be smaller than Ntot.
Any medium-induced softening of the leading jet to val-
ues ET2 < ET,min (but also any multiplicity-dependent
inefficiency in finding jet recoils of low ET2 > ET,min

GeV) will result in a reduction of Nevt that is more pro-
nounced in Pb-Pb than in p-p.

These and other considerations prompt us to limit the
following discussion largely to qualitative statements. We
start by shortly recalling the qualitative picture on which
models of jet quenching are based, before interpreting the
ATLAS data in the context of this picture.

3. A qualitative picture of dijet production in
heavy ion collisions. Fig. 2 illustrates how a dijet is
embedded in a heavy ion collision. In the plane trans-
verse to the beam direction, a central Pb-Pb collision
fills a region of diameter 10 fm with dense QCD mat-
ter. In contrast, the primary partonic process of a dijet
event in this region occurs at a large momentum transfer
of O(ET ) and is therefore localized on a point-like scale
∼ 1/ET within the QCD matter. This sharp localiza-
tion, illustrated by the red dot in Fig. 2, implies that
typical soft momentum components of the surrounding
QCD matter cannot resolve the primary hard partonic
interaction and therefore will not modify it. However,
the partons produced in the primary hard process may
traverse a significant path length within the QCD mat-
ter, and it is during this final state propagation that the
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FIG. 1: Top: Dijet distributions measured by ATLAS as de-
scribed in the text, and plotted as a function of x = ET2/ET1

for ET1 > 100 GeV. Data from proton-proton collisions at√
s = 7 TeV are compared to data from the 10 % most central

Pb+Pb collisions at
√
sNN = 2.76 TeV. Bottom: The same

dijet sample, plotted as a function of the azimuthal angle ∆φ
between leading and recoiling jet.

medium can modify the jet structure.

We note that already in proton-proton collisions, there
are characteristic differences between the leading jet and
its recoil. In particular, requiring a maximal jet energy
ET1 within a cone of R = 0.4, one selects jet fragmen-
tation patterns that deposit more than the average jet
energy fraction inside the subcone of size R = 0.4. In
the presence of medium effects, further trigger biases can
occur. In particular, if there is a medium-induced mech-
anism that degrades the jet energy fraction in a sub-cone
as a function of in-medium path length then the leading

• Estimate 1: all jets interact equally (underestimate).

• Estimate 2: only a fraction (1-α) of jets interact (overestimate).
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Possible Mechanisms
• Large angle medium-induced (hard) radiation (formed outside 

of the cone)

• Transport of radiated gluons out of cone after formation

Leads to recoil of 
the hard jet

More effective for 
softer components

The medium effectively trims away soft jet components.

“ jet frequency collimator” or filter7



Soft Emissions
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• These data support a model of soft emissions.

• Angular distribution of the associated jet is largely unchanged. 
Differences occur at large angles, but those are a small fraction.

• Can “jet collimation” account for the observed asymmetry?

8
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Jet Collimation Model
• The medium is characterized by a momentum 

broadening parameter
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• Collinear modes are put on shell faster by 
interaction with the medium.

• After formation, all modes in the “jet wave function” suffer 
additional momentum broadening.

4

So, for total energies ET in excess of 100 GeV, medium
effects in Pb-Pb collisions deposit at least 10 GeV ad-
ditional energy outside the cone R=0.4 of the recoiling
jet.

The estimate Eq. (3) is only a lower bound on the en-
ergy lost by out-of-cone radiation in the medium since
we are assuming that all jets interact with the medium.
But as discussed above, there is the corona effect: due
to geometry, a significant fraction of dijet events are pro-
duced tangentially to the collision region and will differ
only mildly from dijets in p-p. To give an upper bound
on 〈∆E〉 /ET , we take account of the corona effect by
an all-or-nothing mechanism, according to which only a
fraction (1 − α) of recoil jets interacts with the medium
while the rest remain unchanged. From the ratios of the
yields at x ∼ 1 in Fig. 1 we estimate that the fraction of
unmodified jets α is α <∼ 0.5. This implies a mean loss of
energy in the medium

〈∆E〉m
ET

<
〈x〉pp − 〈x〉PbPb

1− α
< 0.2 . (4)

We conclude from the above that the interaction of the
jet with the medium must be able to transport at least 20
GeV outside the jet cone. Therefore, while the suppres-
sion of single particle spectra at the LHC [16] requires
a strong degradation of the longitudinal distribution of
jet fragments, the ATLAS data imply a strong medium
induced transverse broadening.

A mechanism that leads both to large energy degra-
dation and significant broadening is the medium induced
radiation of a single hard parton at a large angle. How-
ever, since a significant fraction of the jets lose more than
20% of their energy, such a mechanism would imply an
azimuthal displacement of those jets by ∆φ > 0.1 lead-
ing to a clearly distinguishable modification of the az-
imuthal distribution with respect to p-p. This is in clear
contradiction to the data in Fig. 1. Thus, the constraints
imposed by these data are indicative of a mechanism of
energy loss involving the out of cone emission of many
soft partons.

5. The medium as a frequency collimator. The
picture that energy loss is carried by soft components is
also supported by simple kinematic arguments. In the
dense QCD matter produced in heavy ion collisions, par-
tonic jet fragments interact within a path length of sev-
eral fm with several constituents of the medium. We
expect that these interactions show the main qualitative
features of partonic scattering cross sections, namely they
are dominated by small-angle scattering and they have a
relatively weak dependence on center of mass energy. As
a consequence of the dominance of multiple small angle
scattering, all components formed in the parton shower
undergo Brownian motion. Let us denote by q̂ the aver-
age squared transverse momentum that a partonic com-
ponent accumulates per unit path-length by this Brown-
ian motion. In a medium of length L, all jet fragments

will accumulate on average a transverse momentum
√
q̂ L.

Therefore, the softest jet fragments of energy

ω ≤
√

q̂L (5)

will be decorrelated completely from the initial jet di-
rection. In other words, the medium acts as an efficient
frequency collimator which trims away the soft compo-
nents of the jet.
The picture advocated above and sketched in Fig. 2 is a

classical one: all partons in the parton shower accumulate
on average the same transverse momentum due to mul-
tiple scattering in the medium. The less energetic these
components are, the more the medium-induced scatter-
ing will decorrelate them from the jet axis. To make this
picture quantum mechanically consistent, one requires
an argument that the softest partonic components in the
parton shower can be regarded as independent quanta
while propagating through the medium; that means, soft
components must decohere from the parton shower on a
sufficiently short time scale. This point can be argued
on the basis of several QCD-based calculations of parton
energy loss that support the following qualitative conclu-
sion: The typical formation time τ , needed for a parton
to decohere and become an independent quanta, is set
by the inverse of its transverse energy τ ∼ ω

k2
T
(measured

with respect to the direction of its parent parton). In
the dense QCD medium, the squared transverse momen-
tum of the gluon grows by Brownian motion,

〈
k2T

〉
∼ q̂ τ ,

and the average formation time for partons of energy ω
becomes

〈τ〉 ∼
√

ω

q̂
. (6)

So, in the QCD medium, softer gluons decohere from
the parton shower at earlier time scales than harder ones
because medium-induced scattering decorrelates them
faster from the direction of the parent parton.
The kinematical argument outlined above shows that

soft jet components are easily transported out of a cone of
finite radius. We now turn to the question whether these
soft components can carry a sufficiently large fraction of
the total jet energy outside the jet cone. Our discussion
will be based solely on the mean energy distribution of
partonic components inside a jet; fluctuations around this
mean remain to be considered in a more detailed study.
For a parton shower evolving in the vacuum, intra-jet

multiplicity distributions as a function of the longitudi-
nal momentum fraction z ≈ ω/ET can be calculated for
sufficiently small values z within the modified leading log-
arithmic approximation (MLLA). These distributions are
functions of both the jet energy scale ET and the resolu-
tion scale Qf down to which components in the parton
shower are counted. The single inclusive parton distri-
bution as a function of ξ = log 1/z obtained by MLLA
evolution from an initial hard scale Q0 = ET sin(R) down

soft modes are formed early!

• Sufficiently soft modes are totally de-correlated with the 
jet direction.
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(non-eikonal motion)

• The mechanism is at work even if there are no additional 
medium induced splittings. 9
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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

22 4 Summary

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 φ-symmetric on an event-by-event basis,
the back-to-back requirement was tightened to ∆φ12 > 5π/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 |η| < 2 were selected. As a function of centrality, dijet events with a
subleading jet of pT > 50 GeV/c and |η| < 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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• Vacuum jets have many soft parton with z=Eparton/ETotal<<1.
Parton distribution D within a jet determined with MLLA

• How much energy is carried by partons with z0<z?

(evolved to a partonic scale Q0=1GeV)

5

0 1 2 3 4 5
0

2

4

6

8

10

Ξ
d
D
!dΞ

FIG. 3: Dashed: Inclusive parton distribution in a jet of en-
ergy ET = 100 GeV obtained by MLLA evolution from an
initial scale Q0 = ET sin(R), (R = 0.4) up to a final partonic
scale Qf = 1 GeV. Solid: same distribution obtained by a
medium modified MLLA kernel [15]. Note that due to kine-
matical constraints, there are no gluons with z < ET sin θ/Q.

to a final scale Qf is shown in Fig. 3 (dashed line). Con-
sistent with the praxis in Monte Carlo event generator we
choose Qf = 1 GeV as the lowest scale for partonic evolu-
tion. At this scale, one sees that high energy jets contain
already many soft partons. From the single inclusive dis-
tribution, the average energy fraction of the jet carried
by partons with energy fraction smaller than z is given
by

E(z)

ET
=

∫ ∞

log 1/z
dξ e−ξ dD

dξ
, (7)

which is shown in Fig. 4 (dashed line). As long as the
integration involves only soft components, z ! 1, MLLA
provides a good approximation for E(z)/ET .

If the frequency collimation of soft partons is the sole
medium modification, we can estimate q̂ L by determin-
ing from Fig. 4 the value z for which the mean fractional
energy coincides with the bounds on energy loss, Eq. (3)
and Eq. (4). Since partons with energy ω2 = z2 E2

T ≤ q̂L
are lost from the cone, we obtain

35

(
ET

E0

)2

≤ q̂L ≤ 85

(
ET

E0

)2

GeV2 (estimate 1) ,

(8)
with ET the jet energy given in units of E0 = 100 GeV.

A generic feature of all jet quenching models is the
enhancement of small z fragmentation partons as a con-
sequence of medium induced gluon radiation. This effect
is in particular necessary for describing the strong sup-
pression of single inclusive hadron spectra measured at
RHIC and the LHC [16]. Bound Eq. (8) neglects this
effect, since it is based on a vacuum fragmentation func-
tion. By supplementing the MLLA framework with a
medium-induced enhancement of parton branching, one
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FIG. 4: Fraction of the total jet energy, ET , carried by par-
tons of energies less than ω = zET obtained from Fig. 3 via
Eq. (7) in vacuum (dashed) and both in medium (solid). The
plot does not extend to z → 1 since MLLA is only valid at
small z.

can obtain simple models for the longitudinal softening
of jet fragmentation functions [15]. An example of such a
medium-enhancement which is roughly consistent with a
factor 5 suppression of leading hadron spectra, is shown
in Fig. 3 and Fig. 4 (solid lines). Since there is a larger
fraction of the total jet energy stored in soft components,
a collimation up to the same frequency

√
q̂ L leads to a

larger energy loss. In this case, we obtain

30

(
ET

E0

)2

≤ q̂L ≤ 60

(
ET

E0

)2

GeV2 (estimate 2) .

(9)
These estimates are subject to various uncertainties.

Amongst the model-intrinsic ones, we mention the choice
of the final resolution scale Qf that has significant im-
pact on the distributions shown in Fig. 3 and Fig. 4 (solid
lines). Moreover, there are harder partonic components
of order O

(√
q̂L/R

)
that will be partially moved out-

side the jet cone. Including these components properly
will require a discussion of fluctuations. Taking the above
estimates at face value, an extraction of q̂ demands infor-
mation about the distribution of in-medium path length.
To arrive at first reference values, we note that L ∼ 6
fm (L ∼ 10 fm) yields 5 ≤ q̂ ≤ 10 GeV2/fm (3 ≤ q̂ ≤
6 GeV2/fm). It is clear, that these first estimates can-
not replace detailed model studies that must account for
both the suppression of single inclusive hadron spectra
[16] and the quenching of true jets [10, 11].
6. Conclusions. In the discussion of RHIC data on

single inclusive hadron suppression, emphasis was placed
on the strong longitudinal softening of the hardest parton
in the shower. For this, radiative parton energy loss was
identified as the dominant mechanism. However, there
was little experimental constraint so far on the angular
distribution of this radiation. As a consequence, models
of radiative parton energy loss [1–6] did not focus on an

• A significant fraction of the jet energy is stored in relatively soft 
components. 11
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Parton distribution D within a jet determined with MLLA

• How much energy is carried by partons with z0<z?
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FIG. 3: Dashed: Inclusive parton distribution in a jet of en-
ergy ET = 100 GeV obtained by MLLA evolution from an
initial scale Q0 = ET sin(R), (R = 0.4) up to a final partonic
scale Qf = 1 GeV. Solid: same distribution obtained by a
medium modified MLLA kernel [15]. Note that due to kine-
matical constraints, there are no gluons with z < ET sin θ/Q.

to a final scale Qf is shown in Fig. 3 (dashed line). Con-
sistent with the praxis in Monte Carlo event generator we
choose Qf = 1 GeV as the lowest scale for partonic evolu-
tion. At this scale, one sees that high energy jets contain
already many soft partons. From the single inclusive dis-
tribution, the average energy fraction of the jet carried
by partons with energy fraction smaller than z is given
by

E(z)

ET
=

∫ ∞

log 1/z
dξ e−ξ dD

dξ
, (7)

which is shown in Fig. 4 (dashed line). As long as the
integration involves only soft components, z ! 1, MLLA
provides a good approximation for E(z)/ET .

If the frequency collimation of soft partons is the sole
medium modification, we can estimate q̂ L by determin-
ing from Fig. 4 the value z for which the mean fractional
energy coincides with the bounds on energy loss, Eq. (3)
and Eq. (4). Since partons with energy ω2 = z2 E2

T ≤ q̂L
are lost from the cone, we obtain
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(8)
with ET the jet energy given in units of E0 = 100 GeV.

A generic feature of all jet quenching models is the
enhancement of small z fragmentation partons as a con-
sequence of medium induced gluon radiation. This effect
is in particular necessary for describing the strong sup-
pression of single inclusive hadron spectra measured at
RHIC and the LHC [16]. Bound Eq. (8) neglects this
effect, since it is based on a vacuum fragmentation func-
tion. By supplementing the MLLA framework with a
medium-induced enhancement of parton branching, one
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FIG. 4: Fraction of the total jet energy, ET , carried by par-
tons of energies less than ω = zET obtained from Fig. 3 via
Eq. (7) in vacuum (dashed) and both in medium (solid). The
plot does not extend to z → 1 since MLLA is only valid at
small z.

can obtain simple models for the longitudinal softening
of jet fragmentation functions [15]. An example of such a
medium-enhancement which is roughly consistent with a
factor 5 suppression of leading hadron spectra, is shown
in Fig. 3 and Fig. 4 (solid lines). Since there is a larger
fraction of the total jet energy stored in soft components,
a collimation up to the same frequency
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larger energy loss. In this case, we obtain
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These estimates are subject to various uncertainties.

Amongst the model-intrinsic ones, we mention the choice
of the final resolution scale Qf that has significant im-
pact on the distributions shown in Fig. 3 and Fig. 4 (solid
lines). Moreover, there are harder partonic components
of order O

(√
q̂L/R

)
that will be partially moved out-

side the jet cone. Including these components properly
will require a discussion of fluctuations. Taking the above
estimates at face value, an extraction of q̂ demands infor-
mation about the distribution of in-medium path length.
To arrive at first reference values, we note that L ∼ 6
fm (L ∼ 10 fm) yields 5 ≤ q̂ ≤ 10 GeV2/fm (3 ≤ q̂ ≤
6 GeV2/fm). It is clear, that these first estimates can-
not replace detailed model studies that must account for
both the suppression of single inclusive hadron spectra
[16] and the quenching of true jets [10, 11].
6. Conclusions. In the discussion of RHIC data on

single inclusive hadron suppression, emphasis was placed
on the strong longitudinal softening of the hardest parton
in the shower. For this, radiative parton energy loss was
identified as the dominant mechanism. However, there
was little experimental constraint so far on the angular
distribution of this radiation. As a consequence, models
of radiative parton energy loss [1–6] did not focus on an

• A significant fraction of the jet energy is stored in relatively soft 
components. 11
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• The medium softens the parton distribution via medium induced 
gluon radiation.
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• The extra partons are emitted mostly collinearly. 
At formation, the accumulated transverse momentum is 
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Soft modes accumulate a large momentum after formation

12

• Medium induced splitting increase the energy in soft modes. We 
estimate this enhancement with a medium-modified MLLA

Vacuum
Medium

(Borghini & Wiedemann 05)
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• The medium de-correlates all partons with 
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• We use our estimates on energy-shift to estimate q.^
determining at which z the energy in soft components coincides 
with the estimated shift  
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FIG. 3: Dashed: Inclusive parton distribution in a jet of en-
ergy ET = 100 GeV obtained by MLLA evolution from an
initial scale Q0 = ET sin(R), (R = 0.4) up to a final partonic
scale Qf = 1 GeV. Solid: same distribution obtained by a
medium modified MLLA kernel [15]. Note that due to kine-
matical constraints, there are no gluons with z < ET sin θ/Q.

to a final scale Qf is shown in Fig. 3 (dashed line). Con-
sistent with the praxis in Monte Carlo event generator we
choose Qf = 1 GeV as the lowest scale for partonic evolu-
tion. At this scale, one sees that high energy jets contain
already many soft partons. From the single inclusive dis-
tribution, the average energy fraction of the jet carried
by partons with energy fraction smaller than z is given
by

E(z)

ET
=

∫ ∞

log 1/z
dξ e−ξ dD

dξ
, (7)

which is shown in Fig. 4 (dashed line). As long as the
integration involves only soft components, z ! 1, MLLA
provides a good approximation for E(z)/ET .

If the frequency collimation of soft partons is the sole
medium modification, we can estimate q̂ L by determin-
ing from Fig. 4 the value z for which the mean fractional
energy coincides with the bounds on energy loss, Eq. (3)
and Eq. (4). Since partons with energy ω2 = z2 E2

T ≤ q̂L
are lost from the cone, we obtain
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≤ q̂L ≤ 85
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GeV2 (estimate 1) ,

(8)
with ET the jet energy given in units of E0 = 100 GeV.

A generic feature of all jet quenching models is the
enhancement of small z fragmentation partons as a con-
sequence of medium induced gluon radiation. This effect
is in particular necessary for describing the strong sup-
pression of single inclusive hadron spectra measured at
RHIC and the LHC [16]. Bound Eq. (8) neglects this
effect, since it is based on a vacuum fragmentation func-
tion. By supplementing the MLLA framework with a
medium-induced enhancement of parton branching, one

0.05 0.10 0.15 0.20

0.1

0.2

0.3

0.4

0.5

z

E
!z"#ET

FIG. 4: Fraction of the total jet energy, ET , carried by par-
tons of energies less than ω = zET obtained from Fig. 3 via
Eq. (7) in vacuum (dashed) and both in medium (solid). The
plot does not extend to z → 1 since MLLA is only valid at
small z.

can obtain simple models for the longitudinal softening
of jet fragmentation functions [15]. An example of such a
medium-enhancement which is roughly consistent with a
factor 5 suppression of leading hadron spectra, is shown
in Fig. 3 and Fig. 4 (solid lines). Since there is a larger
fraction of the total jet energy stored in soft components,
a collimation up to the same frequency

√
q̂ L leads to a

larger energy loss. In this case, we obtain

30
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≤ q̂L ≤ 60
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)2

GeV2 (estimate 2) .

(9)
These estimates are subject to various uncertainties.

Amongst the model-intrinsic ones, we mention the choice
of the final resolution scale Qf that has significant im-
pact on the distributions shown in Fig. 3 and Fig. 4 (solid
lines). Moreover, there are harder partonic components
of order O

(√
q̂L/R

)
that will be partially moved out-

side the jet cone. Including these components properly
will require a discussion of fluctuations. Taking the above
estimates at face value, an extraction of q̂ demands infor-
mation about the distribution of in-medium path length.
To arrive at first reference values, we note that L ∼ 6
fm (L ∼ 10 fm) yields 5 ≤ q̂ ≤ 10 GeV2/fm (3 ≤ q̂ ≤
6 GeV2/fm). It is clear, that these first estimates can-
not replace detailed model studies that must account for
both the suppression of single inclusive hadron spectra
[16] and the quenching of true jets [10, 11].
6. Conclusions. In the discussion of RHIC data on

single inclusive hadron suppression, emphasis was placed
on the strong longitudinal softening of the hardest parton
in the shower. For this, radiative parton energy loss was
identified as the dominant mechanism. However, there
was little experimental constraint so far on the angular
distribution of this radiation. As a consequence, models
of radiative parton energy loss [1–6] did not focus on an
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FIG. 3: Dashed: Inclusive parton distribution in a jet of en-
ergy ET = 100 GeV obtained by MLLA evolution from an
initial scale Q0 = ET sin(R), (R = 0.4) up to a final partonic
scale Qf = 1 GeV. Solid: same distribution obtained by a
medium modified MLLA kernel [15]. Note that due to kine-
matical constraints, there are no gluons with z < ET sin θ/Q.

to a final scale Qf is shown in Fig. 3 (dashed line). Con-
sistent with the praxis in Monte Carlo event generator we
choose Qf = 1 GeV as the lowest scale for partonic evolu-
tion. At this scale, one sees that high energy jets contain
already many soft partons. From the single inclusive dis-
tribution, the average energy fraction of the jet carried
by partons with energy fraction smaller than z is given
by

E(z)

ET
=

∫ ∞

log 1/z
dξ e−ξ dD

dξ
, (7)

which is shown in Fig. 4 (dashed line). As long as the
integration involves only soft components, z ! 1, MLLA
provides a good approximation for E(z)/ET .

If the frequency collimation of soft partons is the sole
medium modification, we can estimate q̂ L by determin-
ing from Fig. 4 the value z for which the mean fractional
energy coincides with the bounds on energy loss, Eq. (3)
and Eq. (4). Since partons with energy ω2 = z2 E2

T ≤ q̂L
are lost from the cone, we obtain
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(8)
with ET the jet energy given in units of E0 = 100 GeV.

A generic feature of all jet quenching models is the
enhancement of small z fragmentation partons as a con-
sequence of medium induced gluon radiation. This effect
is in particular necessary for describing the strong sup-
pression of single inclusive hadron spectra measured at
RHIC and the LHC [16]. Bound Eq. (8) neglects this
effect, since it is based on a vacuum fragmentation func-
tion. By supplementing the MLLA framework with a
medium-induced enhancement of parton branching, one

0.05 0.10 0.15 0.20

0.1

0.2

0.3

0.4

0.5

z
E
!z"#ET

FIG. 4: Fraction of the total jet energy, ET , carried by par-
tons of energies less than ω = zET obtained from Fig. 3 via
Eq. (7) in vacuum (dashed) and both in medium (solid). The
plot does not extend to z → 1 since MLLA is only valid at
small z.

can obtain simple models for the longitudinal softening
of jet fragmentation functions [15]. An example of such a
medium-enhancement which is roughly consistent with a
factor 5 suppression of leading hadron spectra, is shown
in Fig. 3 and Fig. 4 (solid lines). Since there is a larger
fraction of the total jet energy stored in soft components,
a collimation up to the same frequency
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larger energy loss. In this case, we obtain
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(9)
These estimates are subject to various uncertainties.

Amongst the model-intrinsic ones, we mention the choice
of the final resolution scale Qf that has significant im-
pact on the distributions shown in Fig. 3 and Fig. 4 (solid
lines). Moreover, there are harder partonic components
of order O

(√
q̂L/R

)
that will be partially moved out-

side the jet cone. Including these components properly
will require a discussion of fluctuations. Taking the above
estimates at face value, an extraction of q̂ demands infor-
mation about the distribution of in-medium path length.
To arrive at first reference values, we note that L ∼ 6
fm (L ∼ 10 fm) yields 5 ≤ q̂ ≤ 10 GeV2/fm (3 ≤ q̂ ≤
6 GeV2/fm). It is clear, that these first estimates can-
not replace detailed model studies that must account for
both the suppression of single inclusive hadron spectra
[16] and the quenching of true jets [10, 11].
6. Conclusions. In the discussion of RHIC data on

single inclusive hadron suppression, emphasis was placed
on the strong longitudinal softening of the hardest parton
in the shower. For this, radiative parton energy loss was
identified as the dominant mechanism. However, there
was little experimental constraint so far on the angular
distribution of this radiation. As a consequence, models
of radiative parton energy loss [1–6] did not focus on an
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Towards Realistic Implementation
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(steps to be done)

• Correct understanding of the time-structure of the parton 
shower and its modification by the medium

are soft modes available at early time?

• Correct vacuum jet fragment distribution at the partonic level. 

MLLA is only an approximation valid at small z

• Improved medium induced gluon radiation treatment.

• Non-eikonal treatment of broadening of soft modes.

• Exploring new mechanisms that lead to additional softening
such as in-medium color decoherence (Mehtar-Tani, Salgado, Tywoniuk 10) 

(GLV, ASW, HT, AMY...)



Conclusions
• Vacuum di-jets are very asymmetric

Any explanation of in-medium asymmetry must take this into account.

• ATLAS and CMS data show increased di-jet asymmetries via soft 
emission.

• Simple kinematics ⇒ soft components are easily trimmed away from 

the jet
Jet frequency Collimation

• Our simple estimate shows that this mechanism alone can account 
for the observed asymmetry yielding reasonable parameters

• Jet collimation is only a part of medium jet-modification.  
Longitudinal softening  (additional splittings) must be also present.

• We hope that this simple idea will be implemented in future Monte 
Carlo effort.


