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Jets in heavy ion collisions

• Hard work at RHIC and the LHC have still left us with very basic 
questions to address about the sQGP 

• In particular, we need to better understand the initial state (nPDFs) 
and the initial conditions (which seed the hydro evolution): 
• How are initial PDFs modified by the nucleus? 

• How do we characterize pre-equlibirum physics? 

• What are the constituents of the system at early times?  

• Is the system strongly or weakly coupled at early times? 
• Need to understand soft and hard physics to address these questions
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Initial state Initial conditions Dynamic evolution Freezeout

How can jets help with this?



Jet modifications in the equilibrated medium
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Jet probes of  the quark gluon plasma (2)

6

•QGP can modify jets in multiple ways:
1. Collisional energy loss (analog of  Bethe-Bloch) 
2. Radiative energy loss (enhanced splitting)
3. Broadening of  parton shower
⇒ 2 & 3 will depend on jet radius

Jet - QGP 
interactions 
schematically 

Thursday, June 5, 14

Quite complicated - and an evolving 
story on theory & experimental sides  

Increasing interest in flavor 
dependence (q vs. g) & jet structure

medium

jet 
cone

Radiative and collisional processes, with 
the radiated partons themselves 

interacting in the medium
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Figure 6: Ratios of D(z) for six bins in collision centrality to those in peripheral (60–80%) collisions, D(z)|cent/D(z)|60�80,
for R = 0.4 jets. The error bars on the data points indicate statistical uncertainties while the yellow shaded bands indicate
systematic uncertainties.
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Figure 7: Ratios of unfolded D(pT) distributions for six bins in collision centrality to those in peripheral (60–80%) collisions,
D(pT)|cent/D(pT)|60�80, for R = 0.4 jets. The error bars on the data points indicate statistical uncertainties while the yellow
shaded bands indicate systematic uncertainties.
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D(z)0-10%

D(z)60-80%

Physics Letters B 739 (2014) 320–342

http://www.sciencedirect.com/science/article/pii/S0370269314007989?np=y


Probes of pre-equilibrium physics?

4

Classical Yang-Mills:  
hotspots beyond 

Glauber?
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Picturing perturbative parton cascades in QCD matter

Aleksi Kurkela and Urs Achim Wiedemann1

1Physics Department, Theory Unit, CERN, CH-1211 Genève 23, Switzerland

Based on parametric reasoning, we provide a simple dynamical picture of how a perturbative
parton cascade, in interaction with a QCD medium, fills phase space as a function of time.

I. INTRODUCTION

There are essentially two motivations for studying how
a perturbative parton shower, embedded in QCD mat-
ter, evolves on all energy scales and on all angular scales.
First, this process has been recognized since long as a
useful set-up for elaborating the dynamics of thermaliza-
tion in QCD [1]. This is so, since the parton distribution
characterizing a jet is initially far from equilibrium, but
in a thermal QCD medium it will evolve at late times
into a distribution that is indistinguishable from a ther-
mal one. In this context, recent detailed analyses have
determined for instance that the thermalization time ob-
tained from a weak coupling treatment [2–4] is compara-
ble to that established for non-abelian gauge theories in
the strong coupling limit [5–8]. Secondly, studying the
medium-modifications of perturbative parton showers is
motivated, of course, by the recent measurements of re-
constructed jets in heavy ion collisions at the LHC [9–16]
that characterize in unprecedented detail the medium-
induced redistribution of jet energy and jet quanta in
longitudinal (i.e. along the jet axis) and transverse (i.e.
orthogonal to the jet axis) phase space. While it is con-
ceivable that strong coupling techniques are needed to
explain these data [17], the observation of modified but
vacuum-like fragmentation patterns [11, 12] in high en-
ergy jets at the LHC gives support to approaches that
formulate medium effects within a perturbative frame-
work [18]. Recent approaches extend the early per-
turbative formulation of medium-induced parton energy
loss [19–25] in particular by better analyzing the role of
color coherence and transverse broadening in the evo-
lution of the medium-modified perturbative parton cas-
cade [26–34], and by developing full Monte Carlo models
for medium-modified parton showers [35–37].
Remarkably, the recent developments towards a jet

quenching phenomenology applicable to all jet energy
and angular scales, as well as the recent studies of the
conceptually related thermalization problem, have iden-
tified largely independent of each other a set of paramet-
ric momentum scales and angular scales that characterize
different aspects of the jet quenching phenomenon. The
present work grew out of our attempt to combine, what
is parametrically known from these studies, into a simple
dynamical picture of how a perturbative parton cascade
embedded in thermal QCD matter fills phase space as
a function of time. In elaborating this picture, we came
across parametric estimates of physics effects that we had
not seen discussed before, such as parametric estimates
for the interplay between vacuum and medium-induced
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FIG. 1: Parametrically accurate picture of how a medium-
modified parton cascade fills phase space. At time t, quanta
can be formed up to momentum scale kform and they are
formed with O(1) probability per log p at lower scale ksplit.
Quanta below ksplit split further and their energy cascades to
the thermal scale T in less than an epoch t. Transverse Brow-
nian motion moves quanta up to the angle θBR(p) denoted by
the thick purple line. The Molière region at larger θ is dom-
inated by rare large angle scattering. At even larger angle,
there are O(αs) quanta per double logarithmic phase space
from DGLAP ’vacuum’ radiation, and for momenta below
ksplit these cascade within time t to T . After the jet escapes
the medium, the jet and the emitted fragments will undergo
vacuum radiation. This late time vacuum radiation emitted
by the original parton dominates at sufficiently small log θ (re-
gions marked “late DGLAP” and bounded by θvac and θα),
whereas the late time radiation of the fragments dominates
in the region denoted by “Vacuum cascade of the medium
induced quanta”. Details given in the text.

radiation, for the medium-induced cascading of DGLAP
vacuum radiation to lower momentum scales, for the late
time (i.e. after the jet has left the medium) vacuum cas-
cading of medium-induced radiation, and for the angular
scales at which rare large angle scattering dominates over

Are there regimes, 
manifest in angular distributions 

of fragments, or ∆ɸ of jets 
(e.g. d’Eramo et al, or parton cascade) 
which can elucidate the microscopic 

properties of the medium at 
early times? 

Glauber Modeling in Nuclear Collisions 10

Figure 4: Glauber Monte Carlo event (Au+Au at
√

sNN = 200 GeV with impact
parameter b = 6 fm) viewed in the transverse plane (left panel) and along the

beam axis (right panel). The nucleons are drawn with a radius
√

σNN
inel/π/2.

Darker disks represent participating nucleons.

The optical form of the Glauber theory is based on continuous nucleon density
distributions. The theory does not locate nucleons at specific spatial coordinates,
as is the case for the Monte Carlo formulation that is discussed in the next section.
This difference between the optical and Monte Carlo approaches can lead to subtle
differences in calculated results, as will be discussed below.

2.4 Glauber Monte Carlo approach

The virtue of the Monte Carlo approach for the calculation of geometry related
quantities like ⟨Npart⟩ and ⟨Ncoll⟩ is its simplicity. Moreover, it is possible to
simulate experimentally observable quantities like the charged particle multi-
plicity and to apply similar centrality cuts as in the analysis of real data. In
the Monte Carlo ansatz the two colliding nuclei are assembled in the computer
by distributing the A nucleons of nucleus A and B nucleons of nucleons B in
three-dimensional coordinate system according to the respective nuclear density
distribution. A random impact parameter b is then drawn from the distribution
dσ/db = 2πb. A nucleus-nucleus collision is treated as a sequence of indepen-
dent binary nucleon-nucleon collisions, i.e., the nucleons travel on straight-line
trajectories and the inelastic nucleon-nucleon cross-section is assumed to be inde-
pendent of the number of collisions a nucleon underwent before. In the simplest
version of the Monte Carlo approach a nucleon-nucleon collision takes place if
their distance d in the plane orthogonal to the beam axis satisfies

d ≤
√

σNN
inel/π (10)

where σNN
inel is the total inelastic nucleon-nucleon cross-section. As an alterna-

tive to the black-disk nucleon-nucleon overlap function, e.g., a Gaussian overlap
function can be used (31).

Kurkela & WiedemannSchenke et alGlauber

Density fluctuations 
from initial-state 

glauber geometry



ATLAS at the LHC

5

Hermetic electromagnetic and hadronic calorimeters,extending out to |η|<4.9.   
Centrality estimated using Forward Calorimeters (FCal, 3.2<|η|<4.9).



Inclusive jet suppression in Pb+Pb

6

Jets reconstructed with anti-kt algorithm 
R=0.2-0.4, after iterative flow-sensitive UE 

background subtraction 

UE jets rejected by requiring  
a track jet (pT>7 GeV) or EM cluster (pT>8 GeV)



Inclusive jet suppression in Pb+Pb

7

Fully unfolded inclusive jet rates in Pb+Pb,  
scaled by cross sections  

from 2013 2.76 TeV pp data (4.0 pb-1): 
extends accessible pT range.

Jet suppression

2

If we assume:
★ Standard collinear factorization of hard cross section!
★ Parton density set by nucleon PDFs times density of 

nucleons in geometric overlap region

= hTAAicent ⇥
d2�pp

jet

dpTdy

Number of expected jets!
per event of a given 
centrality

RAA =

1
Nevt

d2Njet

dpTdy

���
cent

hTAAicent ⇥
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dpTdy

Is a test of 
ordinary QCD 
factorization in 
AA collisions

Tests magnitude of factorization breaking 
via final-state interactions: jet quenching
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UE jets rejected by requiring  
a track jet (pT>7 GeV) or EM cluster (pT>8 GeV)



Inclusive jet suppression in Pb+Pb
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Fully unfolded inclusive jet rates in Pb+Pb,  
scaled by cross sections  

from 2013 2.76 TeV pp data (4.0 pb-1): 
extends accessible pT range.

Constant in more peripheral bins, 
Significant rise at higher pT in central 

events.

Large (~2x suppression) observed  
in the most central events,  

consistent with previous ATLAS  
measurements of central/peripheral ratios

Jet suppression

2
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Centrality & rapidity dependence
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varies path length in medium: 
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in magnitude of suppression
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Rapidity dependence

• Might expect multiple contributions 
to rapidity dependence of RAA, 
some directly related to initial state 

• Steeper spectrum in forward 
rapidities  

• nPDFs could enhance/decrease jets 
resulting from different x1,x2 
combinations 

• Quark vs. gluon composition of jets 
should also vary, and they could have 
different quenching patterns 

• Different path length: potentially 
longer for more forward jets  

• In this context, lack of observed 
variation seems quite surprising

10
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Path length dependence
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Jets propagate through 
the expanding medium 
we study in detail using 

flow harmonics

Expect jets to be sensitive to 
the direction of their emission  

relative to the event plane:  
path-length dependence of 

jet quenching

in plane

out of plane



Path length dependence
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Path length dependence
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Information in phi modulation nearly exhausted by 
the extracted v2

jet even when data shown as a pure suppression ratio  
f2 = 1 - RAA(out)/RAA(in): little room for higher harmonics

Phys. Rev. Lett 111, 152301 (2013)
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Nearby jets in Pb+Pb
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�R�R

�⇢
R�R

0–10% 40–80% 0–10%
JES 12% 6% 5 %
JER 4% 2% 2%

Angular 2% 0.5% 2%resolution
Unfolding 6% 2% 5%

MC 5% 5% 5%
Trigger 5% – 5%

Table 1: Maximal systematic uncertainties on R�R

(�R�R

) and ⇢
R�R

(�⇢
R�R

) for d = 0.4 jets in 0–10% and
40–80% centrality bins. The systematic uncertainty on the trigger is applicable only for E

test
T < 90 GeV.

70–80, 80–90, 90–110, 110–140, and 140–300 GeV. The bins in E

nbr
T cover four intervals in ET: 30–45,

45–60, 60–80, and 80–130 GeV. Other configurations have also been examined where all the bins in E

test
T

have the same upper bound of 300 GeV or all the bins in E

nbr
T have the same upper bound of 300 GeV. A

subset of the distributions corresponding to these di↵erent configurations is presented here.
Fig. 4 shows the fully corrected R�R

distributions for d = 0.4 and d = 0.2 jets evaluated as a function
of E

test
T . The distributions are shown for four centrality selections and three selections on minimum

transverse energy of neighbouring jets, E

nbr
T > 30, 45, and 60 GeV. The shaded error bands on the plots
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Figure 4: R�R

distributions for d = 0.4 jets (upper) and d = 0.2 jets (lower) evaluated as a function
of E

test
T . The three di↵erent columns show R�R

distributions evaluated for three di↵erent thresholds on
minimum neighbouring jet transverse energy, E

nbr
T > 30, 45, and 60 GeV. The four di↵erent centrality

bins are denoted by di↵erent markers in each plot. The shaded bands indicate systematic uncertainties,
vertical errors represent statistical uncertainties. The data points for the 10–20%, 20–40%, and 40–80%
centrality bins are shifted along the horizontal axis with respect to the 0–10% centrality bin for clarity.

indicate the systematic uncertainties discussed in the previous section. The R�R

distribution exhibits an

8

Jets in Heavy Ion Collisions

The purpose of this analysis is to study properties of �nal state with 
neighbouring jets.

It may help to disentangle the contributions of path length and 
'uctuations to the quenching.

It may provide more detailed insight on the modi�cation of the parton 
shower in the quark gluon plasma.

3

Neighbouring jet production  

7

Measured variable is de�ned as 

The rate of the neighbouring jets that accompany a test jet with given E
T

test.  

Two di&erent binning logics are used:

 Minimum E
T,min

nbr 

 Minimum E
T,min

test    

    

       

Neighbouring jet

Test jet

ΔR
min

ΔR
max

Annulus around the test jet

η

φ

The centrality dependence is studied by evaluation 

central to peripheral ratios ρ
RΔR

 .

Measurement of jets in annulus ∆R=(0.5-0.8)-1.6 
(depending on jet radius R=0.2-0.4) nearby inclusive jets, 

after subtracting combinatoric background w/ min. bias data. 
Based on technique (arxiv:1207.4957) used by D0 to measure αs. 

Provides insight into medium modification of parton shower. 
Nearby jets suppressed with increasing centrality →

Neighbouring jet production  

7

Measured variable is de�ned as 

The rate of the neighbouring jets that accompany a test jet with given E
T

test.  

Two di&erent binning logics are used:

 Minimum E
T,min

nbr 

 Minimum E
T,min

test    

    

       

Neighbouring jet

Test jet

ΔR
min

ΔR
max

Annulus around the test jet

η

φ

The centrality dependence is studied by evaluation 

central to peripheral ratios ρ
RΔR

 .

ATLAS-CONF-2014-028

“test” = trigger, “neighbor” = associated
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Figure 6: The ratio of R�R

for three bins of collision centrality to those in 40–80% collisions,
⇢

R�R

= R�R

|cent/R�R

|40�80 for d = 0.4 jets. The ⇢
R�R

is evaluated as a function of E

test
T for three di↵erent

choices of threshold on E

nbr
T (upper) and as a function of E

nbr
T for three di↵erent choices of threshold

on E

test
T (lower). The shaded bands indicate systematic uncertainties, vertical errors represent statistical

uncertainties. The data points for 10–20%, 20–40%, and 40–80% centrality bins are shifted along the
horizontal axis with respect to 0–10% centrality bin for clarity.

the central-to-peripheral ratio of R�R

distributions, ⇢
R�R

. The trends seen in ⇢
R�R

evaluated as a function
of neighbouring jet ET indicate an increase with increasing neighbouring jet ET which is however of a
limited significance due to limited statistics of available data sample. The ⇢

R�R

evaluated as a function of
test jet ET exhibits a suppression reaching values of 0.5 � 0.7 in 0–10% central collisions and exhibiting
no strong ET dependence.
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Figure 6: The ratio of R�R

for three bins of collision centrality to those in 40–80% collisions,
⇢

R�R

= R�R

|cent/R�R

|40�80 for d = 0.4 jets. The ⇢
R�R

is evaluated as a function of E

test
T for three di↵erent

choices of threshold on E

nbr
T (upper) and as a function of E

nbr
T for three di↵erent choices of threshold

on E

test
T (lower). The shaded bands indicate systematic uncertainties, vertical errors represent statistical

uncertainties. The data points for 10–20%, 20–40%, and 40–80% centrality bins are shifted along the
horizontal axis with respect to 0–10% centrality bin for clarity.

the central-to-peripheral ratio of R�R

distributions, ⇢
R�R

. The trends seen in ⇢
R�R

evaluated as a function
of neighbouring jet ET indicate an increase with increasing neighbouring jet ET which is however of a
limited significance due to limited statistics of available data sample. The ⇢

R�R

evaluated as a function of
test jet ET exhibits a suppression reaching values of 0.5 � 0.7 in 0–10% central collisions and exhibiting
no strong ET dependence.
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Neighbouring jet production  

7

Measured variable is de�ned as 

The rate of the neighbouring jets that accompany a test jet with given E
T

test.  

Two di&erent binning logics are used:

 Minimum E
T,min

nbr 

 Minimum E
T,min

test    

    

       

Neighbouring jet

Test jet

ΔR
min

ΔR
max

Annulus around the test jet

η

φ

The centrality dependence is studied by evaluation 

central to peripheral ratios ρ
RΔR

 .

Relative yield of neighboring jets between 
central and peripheral events shows overall 

suppression with increasing centrality, 
for ETnbr ranges, no trend with increasing ETtest
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Figure 6: The ratio of R�R

for three bins of collision centrality to those in 40–80% collisions,
⇢

R�R

= R�R

|cent/R�R

|40�80 for d = 0.4 jets. The ⇢
R�R

is evaluated as a function of E

test
T for three di↵erent

choices of threshold on E

nbr
T (upper) and as a function of E

nbr
T for three di↵erent choices of threshold

on E

test
T (lower). The shaded bands indicate systematic uncertainties, vertical errors represent statistical

uncertainties. The data points for 10–20%, 20–40%, and 40–80% centrality bins are shifted along the
horizontal axis with respect to 0–10% centrality bin for clarity.

the central-to-peripheral ratio of R�R

distributions, ⇢
R�R

. The trends seen in ⇢
R�R

evaluated as a function
of neighbouring jet ET indicate an increase with increasing neighbouring jet ET which is however of a
limited significance due to limited statistics of available data sample. The ⇢

R�R

evaluated as a function of
test jet ET exhibits a suppression reaching values of 0.5 � 0.7 in 0–10% central collisions and exhibiting
no strong ET dependence.
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A decrease in suppression seen with increasing ETnbr: 
As the two jets have more similar ET,  

perhaps they are suppressed in a similar way? 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Figure 6: The ratio of R�R

for three bins of collision centrality to those in 40–80% collisions,
⇢

R�R

= R�R

|cent/R�R

|40�80 for d = 0.4 jets. The ⇢
R�R

is evaluated as a function of E

test
T for three di↵erent

choices of threshold on E

nbr
T (upper) and as a function of E

nbr
T for three di↵erent choices of threshold

on E

test
T (lower). The shaded bands indicate systematic uncertainties, vertical errors represent statistical

uncertainties. The data points for 10–20%, 20–40%, and 40–80% centrality bins are shifted along the
horizontal axis with respect to 0–10% centrality bin for clarity.

the central-to-peripheral ratio of R�R

distributions, ⇢
R�R

. The trends seen in ⇢
R�R

evaluated as a function
of neighbouring jet ET indicate an increase with increasing neighbouring jet ET which is however of a
limited significance due to limited statistics of available data sample. The ⇢

R�R

evaluated as a function of
test jet ET exhibits a suppression reaching values of 0.5 � 0.7 in 0–10% central collisions and exhibiting
no strong ET dependence.
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Multi-jet observables potentially sensitive to details of  
geometry and energy loss, including fluctuations

Neighbouring jet production  

7

Measured variable is de�ned as 

The rate of the neighbouring jets that accompany a test jet with given E
T

test.  

Two di&erent binning logics are used:

 Minimum E
T,min

nbr 

 Minimum E
T,min

test    

    

       

Neighbouring jet

Test jet

ΔR
min

ΔR
max

Annulus around the test jet

η

φ

The centrality dependence is studied by evaluation 

central to peripheral ratios ρ
RΔR

 .



Jets in p+Pb
• Some indications of hot, dense matter 

observed in p+Pb collisions (“double 
ridge”) 

• Strong energy loss not expected, due 
to much shorter transverse path 
length in p+Pb than in Pb+Pb 

• No overall suppression relative to 
pp has been observed for 
hadrons or jets 

• ATLAS has measured jets in p+Pb 
over a very wide kinematic region and 
as a function of centrality 

• Kinematic regions selected where 
efficiency & unfolding corrections 
are smallest
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Jet yield in minimum-bias 
p+Pb relative to pp

18

Also using the 2013 p+p  
data set, interpolated 

to 5.02 TeV using xT scaling.

Use of y* (rapidity in CM frame) 
to account for CM boost in 

p+Pb relative to p+p

At all rapidities, no suppression 
seen, with perhaps a small 

systematic enhancement over pp. 
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Centrality intervals selected, based on 
Pb-going FCal (& standard Glauber) 

Jets are suppressed 
in more central events, 

but enhanced in peripheral events!
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Jet yields in a central selection divided 
by TpPb, relative to same ratio in the 

60-90% selection (closest to pp): “RCP”

Based on RCP,  strong suppression 
observed in forward (proton-going) 
rapidities, increasing w/ centrality,  
and in the forward-going direction

Mysterious given overall  
scaling for minimum bias!
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What controls the relative suppression in p+Pb?

21

An unexpected scaling has been observed for the  
central/peripheral ratios by plotting the RCP in  

all rapidity selections as a function of jet momentum: p=pT x cosh(y*):  

Unifies observations of relative jet suppression at all pT and  
at forward rapidities (no obvious scaling in Pb direction).
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Possible explanations

• Alvioli et al (arxiv:1402.2868, 1409.7381) 
• High-x processes involve smaller proton 

configurations 

• Reduces cross section for soft processes, 
shifts events from central bins to peripheral 
bins 

• Bathe, Bzdak, Skokov (arxiv:1408.3156) 
• Schematic explanation based on “exclusion” 

of partons in high x processes: after making a 
high x jet, do not participate in subsequent 
evolution 

• Reduces multiplicity, but not cross section, 
for each NN collision 

• Shifts events from more central to more 
peripheral bins 

• Similar effect as Alvioli et al. but different 
cause
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FIG. 2: Relative probability of hard processes corresponding
to a small � selection and generic hard processes.

momentum conservation does not work as one observes
both suppression and enhancement of Rhard.
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FIG. 3: Relative probability of hard processes corresponding
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T

. Data [1] are for
x = 0.6 with black crosses taking into account the di↵erence
between ⌫ calculated in the Glauber and CF approaches [13].

With the final data becoming available, it would be
possible to perform a comparison with the model for dif-
ferent x with essentially one free parameter: h�(x)i / h�i

Overall, we find that h�(0.6)i ⇠ (0.5 ÷ 0.6)�
tot

gives
a reasonable description of the data giving a strong sup-
port to the idea that large x configurations have a weaker
interaction strength. A natural question is to what �

these configurations correspond to at fixed target ener-
gies. This can be estimated from the probability conser-
vation property of P (�):

Z
�(s1)

0
P (�, s1)d� =

Z
�(s2)

0
P (�, s2)d�, (6)

leading to the estimate �(x ⇠ 0.6)/�
tot

⇠ 1/4 forp
s = 30 GeV. This value is a factor of two smaller than
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hard for di↵erent centralities as a function of
h�(x)i / h�i.

that obtained for the LHC. This reflects an important
feature of pQCD that the cross section of small size con-
figurations grows faster with collision energy than for the
average configurations.
Our finding has a number of implications. It confirms

the presence of the CF in pA interactions, and, hence,
suggests that CF should contribute to dynamics of the
central AA collisions[12]. A weaker interaction strength
of the x � 0.5 configurations also has important impli-
cation for the EMC e↵ect. It was explained in [14] that
smaller size configurations for bound nucleons should be
suppressed as the consequence of the Le Chatelier’s prin-
ciple. So the presence of the EMC e↵ect of the suppres-
sion of quark distribution in nuclei as compared to the
free nucleons starting at x ⇠ 0.4 and fully developed at
x � 0.5 ÷ 0.6 matches nicely observation of the pattern
of the suppression of the jet production observed at the
LHC. A suppression observed for x ⇠ 0.15 where gluons
still give a large contribution may reflect the fact that the
gluon density enters at a scale 104 GeV2 which for Q

2
0,

corresponds to significantly larger x where we also expect
squeezing for configurations with gluons hence suggesting
presence of the EMC e↵ect for gluons as well.
Further experimental studies are necessary to study

the jet suppression pattern for the processes where gluons
with x

g

� 0.3 give significant contribution. This would
allow to measure the e↵ective size of these configurations
and check directly how e↵ective squeezing is in this case.
Comparison of W

+
,W

� production at large x

q

would
be also very interesting since there are indications of the
di↵erent transverse structure for proton configurations
with leading u and d quarks.
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FIG. 1: a) The nuclear modification factor RpA in p+Pb collisions as a function of the soft particle suppression factor s, see
Eq. (4), for various centrality classes defined by the number of soft particles. b) The central-to-peripheral ratio Rcp, Eq. (2),
where the peripheral class is taken to be 70�80% centrality, as a function of the suppression factor s. In our model events with
high energy jets are characterized by a suppressed number of soft particles thus shifting these events into more peripheral bins.
This naturally results in the suppression (enhancement) of RpA in central (peripheral) collisions, respectively. The suppression
factor is expected to grow with jet energy or transverse momentum.

• Finally, we cut the obtained multiplicity distribu-
tion in p+A into several centrality classes and cal-
culate RpA as a function of the suppression factor s.

RESULTS

The result of our model calculation is presented in Fig.
1. It is worth noting that the results do not depend on
the value of p, provided pN

coll

is much smaller than one 3.
As seen in Fig. 1 for s = 0, RpA = 1. In this case there

is no suppression of soft particle production and clearly
in our model there is no physics that could modify RpA.
However, for s > 0 we observe the expected enhance-
ment for peripheral collisions and suppression for central
events 4. We would like to stress that in our model the
e↵ect comes from a subtle interplay between the pres-
ence of a high energy jet and a slight reduction of soft
particle production, which can alter RpA when centrality
is defined by the number of soft particles. The prelimi-
nary ATLAS data [3] are in qualitative agreement with
the results from our Fig. 1. We conclude that the cur-
rent data for jets of 1000 GeV can be understood with a

3

The only physics that can modify RpA is the postulated suppres-

sion of soft particle production and thus RpA depends only on s

(unless p is large enough to modify the centrality classes). We

explicitly checked that our results are unchanged for values of p

ranging from 10

�3

to 10

�5

.

4

For larger values of s ! 1 (strong suppression of soft particle

production) we reach the limit where all events are classified as

peripheral and RpA ! 0 for all bins, except the most peripheral

one.

moderately low suppression factor of the order of 0.2.

EXPERIMENTAL TEST

In this section we propose an independent experimen-
tal test of the hypothesis discussed in this Letter. We
speculated that soft particle production is suppressed in
events with very high energy jets. Thus it would be in-
teresting to measure the average number of soft particles,
in events with high energy jets, as a function of jet en-
ergy. There is one possible problem, namely it seems
that events with high energy jets may trigger larger val-
ues of N

coll

(the larger the number of collisions the larger
the probability to produce a jet) and consequently larger
number of soft particles. We will show below that this
is not the case. It turns out that if there is no suppres-
sion of soft particle production, the average number of
collisions or participants, calculated for events with jets,
very quickly saturates with the probability to produce
jets. As shown below already for p < 10�2, the number
of collisions for events with high energy jets, hN

coll

i
jets

, is
constant with decreasing p

5. This feature is rather gen-
eral and can be easily derived analytically. The average
number of participants in events with jets is given by

hN
part

i
jets

=

P
N

part

P (N
part

)N
part

⇥
1� (1� p)Npart

�1

⇤
P

N
part

P (N
part

) [1� (1� p)Npart

�1]
.

(5)

5

We checked it numerically up to p = 10

�7

.

arxiv:1409.7381

• arxiv:1408.3156



Summary

• Measurements of jets using the ATLAS calorimeter in Pb+Pb, p+Pb and  p+p 
collisions 

• Fully corrected, unfolded using several different techniques 

• Suppression measured in Pb+Pb for 
• Fully inclusive jets - rapidity dependence sensitive to changing quark/gluon jet mixture 

• Jet v2 and nearby jets - sensitive to path length through hot, dense matter, and possible 
fluctuations (hotspots, etc.) 

• p+Pb shows no overall suppression in minimum bias, but a surprising centrality 
dependence relative to pp and peripheral events 

• Strong differences between scaled jet rates in central and more peripheral event classes 

• Surprising scaling with jet momentum 

• Proposed explanations bear directly on fluctuations of the space-time configurations of the 
nucleon in the initial collision 

• With increasing precision of LHC Run 2, and further input from theory, jets will 
become even more powerful tools for probing the medium over a large range of 
time scales, including early times.
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Extra slides
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Rise at high pT
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 = 2 - 2.1
med
gTheoretical calculation, He, Vitev and Zhang, 

Careful fit to 0-10% 
|y|<2.1 suppression 
vs. pT, accounting  
for correlations,  

shows significant rise

Consistent with theoretical 
predictions from He et al, 

assuming a jet-medium coupling  
strength gmed = 2-2.1

Physics Letters B 713 (2012) 224--232


