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:: leading particle energy loss [‘same’ as RHIC]

! centrality dependent suppression in leading hadron spectra [RAA]

! ... and unsuppressed photons

22 David d’Enterria
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Fig. 15. Invariant !0 yields measured by PHENIX in peripheral (left) and central (right)

AuAu collisions (squares) [89], compared to the (TAA-scaled) pp→ !0+X cross section (cir-

cles) [134] and to a NLO pQCD calculation (curves and yellow band) [119].
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Fig. 16. RAA(pT ) measured in central AuAu at 200 GeV for !0 [89] and % [135] mesons,

charged hadrons [114], and direct photons [136, 137] compared to theoretical predictions for

parton energy loss in a dense medium with dNg/dy= 1400 (yellow curve) [138].

top RHIC energies is very close to the “participant scaling”, (Npart/2)/Ncoll ≈ 0.17,
expected in the strong quenching limit where only hadrons coming from partons

produced at the surface of the medium show no final-state modifications in their

spectra [141]. From the RAA one can approximately obtain the fraction of energy

lost, &loss = 'pT/pT , via

&loss ≈ 1−R
1/(n−2)
AA , (36)

when the AuAu and pp invariant spectra are both a power-law with exponent n, i.e.

1/pT dN/dpT ( p−nT [142]. At RHIC (n≈ 8, RAA ≈ 0.2), one finds &loss ≈ 0.2.
The high-pT AuAu suppression can be well reproduced by parton energy loss

models that assume the formation of a very dense system with initial gluon ra-

pidity densities dNg/dy ≈ 1400 (yellow line in Fig. 16) [138], transport coeffi-

cients 〈q̂〉 ≈ 13 GeV2/fm (red line in Fig. 17, left) [78], or plasma temperatures

d’Enterria (2009)
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Figure 3: RAA in central (0–5%) and peripheral (70–80%) Pb–Pb collisions at
√
s
NN

= 2.76 TeV. Error bars

indicate the statistical uncertainties. The boxes contain the systematic errors in the data and the pT dependent

systematic errors on the pp reference, added in quadrature. The histograms indicate, for central collisions only,

the result for RAA at pT > 6.5 GeV/c using alternative pp references obtained by the use of the pp̄ measurement

at
√
s
NN

= 1.96 TeV [26] in the interpolation procedure (solid) and by applying NLO scaling to the pp data at 0.9

TeV (dashed) (see text). The vertical bars around RAA = 1 show the pT independent uncertainty on 〈Ncoll〉.
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Figure 4: Comparison of RAA in central Pb–Pb collisions at LHC to measurements at
√
s
NN

= 200 GeV by the

PHENIX [30] and STAR [31] experiments at RHIC. The error representation of the ALICE data is as in Fig. 3.

The statistical and systematic errors of the PHENIX data are shown as error bars and boxes, respectively. The

statistical and systematic errors of the STAR data are combined and shown as boxes. The vertical bars around

RAA = 1 indicate the pT independent scaling errors on RAA.
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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 /d!dpT
〈Ncoll〉(1/Npp

evt )d2N
pp

ch /d!dpT
,

where ! = − ln(tan"/2) is the pseudo-rapidity and " 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 #NN

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

|! | < 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

:: evidence for longitudinal softening of leading parton :: 
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::

! parton traversing the medium

! medium characterized by BDMPS transport coefficient

!  how much energy is lost ?

very sketchy theory primer 
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::

! Brownian motion

! accumulated phase

! number of coherent scatterings

! gluon energy distribution

! average energy loss

very sketchy theory primer

〈k2
⊥〉 ∼ q̂L

Ncoh ∼
tcoh

λ
tcoh ∼

ω

k2
⊥
∼

√
ω

q̂

k2
⊥ ∼ q̂ tcoh

characteristic gluon energy

ω
dImed

dωdz
∼ 1

Ncoh
ω

dI1

dωdz
∼ αs

√
q̂

ω

∆E =
∫ L

0
dz

∫ ωc

0
ωdω

dImed

dωdz
∼ αsωc ∼ αsq̂L
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::

! estimates supported by QCD calculations [and MC implementations]

↪→ energy loss of leading parton → longitudinal softening

↪→ kt broadening

very sketchy theory primer

lectures˙jq printed on February 2, 2008 27

Fig. 10. Left: numerical results for the medium induced gluon radiation spectrum
(89) of a quark in a static medium as a function of the dimensionless variables (91).
Right: Same but integrated in kt < ω

The results are given as a function of the variables

ωc ≡
1

2
q̂ L2 κ2 ≡

k2
⊥

q̂L
(91)

One important feature of the spectrum is the presence of small-k⊥ and
large-ω cuts which can be understood by the formation time of the gluon

tform " 2ω

k2
⊥

. (92)

The presence of this coherence length can be traced back to the non-eikonal
terms in the propagators (31). Recalling that these terms come from keeping
k2
⊥/2p+ corrections in the phases and translating light-cone to ordinary

variables
∏

e
i

k2
⊥

2p+
(xi+−x(i+1)+) " ei

k2
⊥

2ω
L, (93)

these contributions define the coherence time (92). When tform # L mul-
tiple incoherent collisions are present and parametrically the spectrum is
proportional to L/tform. In the opposite limit, when tform $ L the gluon
formation time is much larger than the medium size and the whole medium
acts as a single scattering center. As a result, a reduction of the gluon ra-
diation is produced in the last case. This is the generalization to QCD of
the Landau-Pomeranchuk-Migdal effect [39, 40, 45]. The numerical effect
appears clearly in Fig. 10 as a suppression of the spectrum for small val-
ues of κ2. An important consequence is that the spectrum is not collinear
divergent (i.e. it can be safely integrated to k⊥ = 0) nor infrared divergent
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what does LHC data teach us so far?
[calorimetric jets + reconstruction algorithms] 

constrained dynamics?

2

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

6



:: di-jet asymmetry
! jet energy within a cone R=0.4 [ATLAS] (R=0.5 [CMS]) with 

↪→ ET1 > 100 GeV (120 GeV) [leading jet]

↪→ ET1 > ET2 > 25 GeV (50 GeV) [recoiling jet] with azimuthal 
separation Δϕ > π/2 (2/3 π)

! energy asymmetry 

! jet finding in high multiplicity environment is challenging

↪→ [c.f. Gavin’s talk]

E
T1

E
T2

<E
T1

1
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 f
m

AJ =
ET1 − ET2

ET1 + ET2
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:: di-jet asymmetry
↪→ energy asymmetry grows with centrality

↪→ very mild dependence for azimuthal distribution [also unchanged from pp]

3.1 Dijet properties in pp and PbPb data 15
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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.

3.1 Dijet properties in pp and PbPb data 13
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Figure 8: ∆φ12 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
∆φ12 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 ∆φ12 < 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(∆φ) with centrality is explained by the decrease in jet azimuthal angle resolution from
σφ = 0.03 in peripheral events to σφ = 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)
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:: most central events

! clear suppression of more symmetric events [0 < AJ < 0.2]

! enhancement of events with AJ ≈ 0.5

! very mild modification of the azimuthal angle distribution

JA
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:: few observations [pp]

! pp jets are asymmetric

! significant out of cone radiation [average fractional in associated jet]

!  wide energy distribution

p-p events are Asymmetric!

0.2 0.4 0.6 0.8 1

x=E
T

2

/E
T

1

1

2

3

4
(1

/N
ev

t 
) 

 d
N

/d
x p+p Data

• There is significant out of cone radiation in p-p

• The steeply falling spectrum ⇒ ET1 good proxy for ETotal  

x=ET1/ET2 ! fractional energy in the assoc. cone

• The distribution of vacuum energy is quite wide.

• How large is the PbPb effect?

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

ETotal
≈ 1

Nevt

∫
dxx

dN

dx
= 0.67 (0.6)

〈ET2〉PbPb

ETotal
<

1

Nevt

∫
dxx

dN

dx
= 0.54 (0.7)

∆E

ETotal
=
〈ET2〉pp − 〈ET2〉PbPb

ETotal
> 0.1 (0.8)

1

3

ET1 good approximation to Etot

[data sample biased to leading 
jets with ‘little’ energy loss]

x= ET2/ET1

[fractional energy in associated jet]

〈x〉pp ≤ 1
Nevt

∫
dx x

dN

dx
= 0.67
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:: out-of-cone radiation in PbPb

! ‘moderate’ additional out-of cone radiation in PbPb

↪→ estimate energy loss

• [underestimate] all jets interact equally 

• [overestimate] only fraction (1-α) interact [corona effect]

0.2 0.4 0.6 0.8 1
x=ET2

/ET1

1

2

3

4

(1
/N

ev
t )  

dN
/d

x Pb+Pb Data 0-10%
p+p Data

〈x〉pp − 〈x〉PbPb $ 0.13

〈E〉
ET

> 0.1

〈E〉
ET

< 0.2
α < 0.5

:: requires medium induced transverse broadening ::

〈x〉PbPb ≤
1

Nevt

∫
dx x

dN

dx
= 0.54
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:: out-of-cone emission

! large angle medium induced hardish radiation ?

deflects recoiling jet → sizeable modification of azimuthal distribution  

12



:: out-of-cone emission

! transport of radiated gluons

! very effective for softer components

the medium acts as a frequency collimator efficiently 
trimming away the soft components of the jet 

13



:: (in .vs. out) of cone radiation 
! no missing transverse momentum [CMS] :: who is where?

3.3 Overall momentum balance of dijet events 21

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

! given AJ achieved in PbPb by out-
of-cone radiation of extra soft 
modes

↪→ medium strongly enhances out-
of-cone soft radiation

! mild softening of in-cone radiation 
pattern

3.3 Overall momentum balance of dijet events 19

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 |η| < 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 (φi − φLeading Jet), (2)

where the sum is over all tracks with pT > 0.5 GeV/c and |η| < 2.4. The results were then
averaged over events to obtain 〈!p‖T〉. No background subtraction was applied, which allows
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a simple underlying dynamical 
mechanism ?

[beyond and before any specific 
formal implementation]

E
T1

E
T2

<E
T1

1
2
 f
m

:: enhanced asymmetry
:: unchanged azimuthal distribution
:: small in-cone effect
:: increase of out-of-cone soft radiation
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:: jet collimation
E

T1

E
T2

<E
T1

1
2

 f
m

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

! soft modes are formed early 

! sufficiently soft modes are decorrelated from the jet 
direction

↪→ [the medium filters out soft components of the jet 
‘wave-function’]

〈k⊥〉 ∼
√

q̂L

τ ∼ ω

k2
⊥ 〈k2

⊥〉 ∼ q̂τ

−→ 〈τ〉 ∼
√

ω

q̂

ω ≤
√

q̂L

the mechanism does not require further splitting 
[but it is further enhanced by it]  

q̂ ! µ2

λ

[with Jorge Casalderrey-Solana and Urs Wiedemann]

arXiv:1012.0745 [hep-ph], J Phys G (2011)
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:: energy fraction in soft components

! parton distribution within [vacuum MLLA] jet [evolved to Q0 = 1 GeV]

! significant amount of energy stored in soft modes 

Vacuum Jets
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ETotal
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= log 1/z (0.12)

1

• 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)
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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

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. 9

E(z)
ET

=
∫ ∞

log 1/z
dξ e−ξ dD

dξ
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:: energy fraction in soft components

! medium effects [medium modified MLLA :: Borghini/Wiedemann] further 
soften parton distribution [medium induced gluon radiation]

! larger energy fraction stored in soft modes

↪→ further mechanisms for early radiation of soft modes [Mehtar-Tani, 
Salgado, Tywoniuk 2010-2011]
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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

10

• 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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:: an estimate of qhat

! use estimates for out-of-cone energy loss
E

T1

E
T2

<E
T1

1
2

 f
m

11

Estimating q
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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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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
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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

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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0.1

0.2

0.3
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z
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!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

(
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

(vacuum distribution)

(med. mod. distribution)

(E0=100 GeV)

35
(
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E0

)2

≤ q̂L ≤ 85
(
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E0

)2

GeV2

30
(
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E0

)2

≤ q̂L ≤ 60
(
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E0

)2

GeV2

[vacuum distribution :: MLLA]

[medium modified distribution]

ω2 = z2E2
T ≤ q̂L

E0 = 100 GeV

partons with energy

are decorrelated from the jet
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jet frequency collimation is a natural 
mechanism to explain existing data
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