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Does available LHC data imply qualitative rethinking/development of 
fundamental ingredients of ‘Jet Quenching’ ? 
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::for the purpose of this talk::
observed asymmetry robust against background issues at [least at] the level of qualitative features



di-jet asymmetry [qualitative features]

� asymmetry increases with centrality 

�→ [increased in-medium path length for recoiling jet]
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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.

CMS
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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.
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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)

� very mild centrality dependence for azimuthal distribution and 
essentially unchanged from pp

�→ [minor medium-induced jet deflection]

CMS
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embedded into PbPb data. The error bars show the statistical uncertainities.
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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,
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most central events

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

� enhancement of events with AJ # 0.4÷0.5

� sharp fall-off at large AJ not entirely physical [focus on not too large AJ]

� very mild modification of the azimuthal angle distribution
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out-of-cone radiation in PbPb
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� pp di-jet events are substantially asymmetric

� significant out of cone radiation 

� wide energy distribution
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increased large angle medium induced radiation  

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

underlying dynamics must be such that medium effects 
LEAD

to significant out of cone radiation 
WITHOUT

significant distortion of azimuthal distribution 

at given fixed angle

τ ∼ 1
ωθ2 :: harder gluons are emitted earlier

:: [semi-]hard gluons deflect jet
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transport of radiated gluons  

radiation of soft gluons at small angle
:: no sizeable effect on jet direction

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

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

� sufficiently soft modes are decorrelated from the jet direction
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the medium acts as a frequency collimator efficiently 
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jet [frequency] collimation

� energy carried by soft modes [that can be decorrelated] necessary to account 
for observed energy loss from jet cone In-Medium Jets

⇒
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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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log 1/z
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vac: MLLA

med: medium modified MLLA

jet frequency collimation affects all soft modes in the jet ‘wave-function’
:: mechanism effective even if there is no additional medium induced radiation/splittings

[transports vacuum soft gluons out of the jet cone]
:: softening of the spectrum [from medium induced radiation] enhances the effect
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�→ if jet collimation is the sole medium 
effect [or with additional medium 
induced softening], transport 
coefficient needed to account for 
asymmetry can be estimated from 
earlier energy loss bounds



jet [frequency] collimation

� energy carried by soft modes [that can be decorrelated] necessary to account 
for observed energy loss from jet cone In-Medium Jets

⇒

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
0

1

2

3

4

Ξ

d
D
�dΞ

0.05 0.10 0.15 0.20

0.1

0.2

0.3

0.4

0.5

z

E
�z��ET

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)

∆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)

1

• The medium softens the parton distribution via medium induced 
gluon radiation.

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
0

1

2

3

4

Ξ

d
D
�dΞ

0.05 0.10 0.15 0.20

0.1

0.2

0.3

0.4

0.5

z

E
�z��ET

• The extra partons are emitted mostly collinearly. 

At formation, the accumulated transverse momentum is 

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)

∆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

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)

E(z)
ET

=
� ∞

log 1/z
dξ e−ξ dD

dξ

vac: MLLA

med: medium modified MLLA

ω2 = z2E2
T ≤ q̂L

85
�

ET

E0

�2

GeV2

60
�

ET

E0

�2

GeV2

62
�

ET

E0

�2

GeV2

40
�

ET

E0

�2

GeV2

35
�

ET

E0

�2

30
�

ET

E0

�2

24
�

ET

E0

�2

18
�

ET

E0

�2

ATLAS [E0 = 100 GeV]

CMS [E0 = 120 GeV]

vacuum

medium

vacuum

medium

≤ q̂L ≤

�→ if jet collimation is the sole medium 
effect [or with additional medium 
induced softening], transport 
coefficient needed to account for 
asymmetry can be estimated from 
earlier energy loss bounds



(in .vs. out) of cone radiation 
� energy lost from cone via jet collimation is soft 

�→ [medium strongly enhances soft out-of-cone radiation]

� soft modes can be transported to large angles

� in given asymmetry class, jet collimation leaves hard modes unchanged
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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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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 dynamical mechanism
:: consistent with data
:: necessary ingredient for jet quenching theory and 
related event-generators


