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➤ observed increase in di-jet asymmetry in AA 
collisions due to peeling-off of soft radiation 
[both vacuum-like and medium-induced]

E
T1

E
T2

<E
T1

1
2
 f
m

Casalderrey, Milhano, Wiedemann ::1012.0745 [hep-ph]



2010

➤ observed increase in di-jet asymmetry in AA 
collisions due to peeling-off of soft radiation 
[both vacuum-like and medium-induced]

➤ NOT compatible with jet energy loss via 
induced radiation of few hardish gluons
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➤ observed increase in di-jet asymmetry in AA 
collisions due to peeling-off of soft radiation 
[both vacuum-like and medium-induced]

➤ NOT compatible with jet energy loss via 
induced radiation of few hardish gluons

➤ original works assumed [at least implicitly] 
considerable path-length difference between 
the two jets
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2010

➤ observed increase in di-jet asymmetry in AA 
collisions due to peeling-off of soft radiation 
[both vacuum-like and medium-induced]

➤ NOT compatible with jet energy loss via 
induced radiation of few hardish gluons

➤ original works assumed [at least implicitly] 
considerable path-length difference between 
the two jets
➤ thus, that path-length difference was 

assumed important for the increase of 
asymmetry
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DOES THE LEADING JET TRAVERSE LESS QGP?

➤ small bias towards smaller path-length for leading jets 
➤ however, significant fraction [34%] of events have longer path-length for leading jet 
➤ consequence of fast medium expansion
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Fig. 3 Di-jet asymmetry AJ in central (b = 0) Pb+Pb events
in a scenario where the di-jet production points are dis-
tributed according to the Glauber model (’full geometry’)
compared to a scenario where all jets are produced at the
centre of the collision (’central production’). The yellow band
in the ratio plot shows the statistical uncertainty on the refer-
ence (the denominator in the ratio), i.e. on the red histogram.

the same. If in the sample with distributed produc-
tion points a strong bias for the leading jet to have
the smaller path-length was present and such di↵erence
was driving the asymmetry, then the di-jet asymmetry
should be significantly larger in this scenario than in the
‘central production’ case where all path-lengths are the
same. Figure ?? shows clearly that this is not the case.
The di↵erence between the asymmetry computed in the
two scenarios is small. This provides clear evidence that
fluctuations, rather than systematic path-length di↵er-
ences, are most relevant in building up the asymmetry.

In Jewel, and arguably in general, jet-medium in-
teraction depends on the amount of medium traversed
by the jet. The relevant path-length that accounts for
the evolving medium density profile is the density weight-
ed path-length given by

Ln = 2

R
d⌧ ⌧n(r(⌧), ⌧)R
d⌧ n(r(⌧), ⌧)

, (2)

where ⌧ =
p
t2 � z2 is the proper-time and n(r(⌧), ⌧))

is the position and time dependent density of medium
scattering centres. As we consider a boost invariant
medium, Ln is rapidity independent.

Figure ?? shows the distribution of the path-length
di↵erence (�Ln = Ln,2�Ln,1) between the sub-leading
and leading jet in di-jet events, together with analogous
distributions obtained in single-inclusive jet events and
without any jet cuts. The path-lengths for the leading
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Fig. 4 Comparison of di↵erences in path-length between
leading and sub-leading jet when no jet cuts are placed (red),
when only one jet passing the p? cut for the leading jet is
required (blue) and when a di-jet system is required (green).

jet Ln,1 and sub-leading jet Ln,2 in each di-jet event
are computed from the di-jet production point and the
direction of each of the reconstructed jets in the pair.
For single-inclusive jet events, the jet is required to pass
the same leading jet p? cut as in di-jet events and the
sub-leading jet, which is not reconstructed, is assumed
exactly back-to-back (the azimuthal angle between the
two jets is �� = ⇡). The distribution in the case where
no jet cuts are imposed simply reflects the Glauber dis-
tribution of production points. Here, the angles and
transverse momenta of the out-going partons of the ma-
trix element are used to evaluate the path-lengths.

The distribution without jet cuts is symmetric around
zero, while both the di-jet and single-inclusive jet cases
show a shift towards positive �Ln. This shift, favour-
ing somewhat smaller path-lengths for the leading jet,
is a consequence of the p? cut imposed on the lead-
ing jet2. This is not, however, a large e↵ect. In fact,
in 34% of the di-jet systems the leading jet has the
longer path-length. Such configurations are only possi-
ble in the presence of sizeable vacuum and/or medium
energy loss fluctuations. As figure ?? shows, there is a
mild correlation between the path-length di↵erence and
the di-jet asymmetry (the mean path-length di↵erence
increases from h�Lni = 0.56 in the most symmetric to
h�Lni = 1.86 in the most asymmetric bin). This shift
is still small compared to the width of the distribution,
which is a measure for the importance of fluctuations.

The path-length of a jet produced in the centre is
4 fm, while in the scenario with distributed production
points the average path-length is 3.74 fm. Therefore,

2The near coincidence of the distributions for the di-jet and
single-inclusive jet cases results from the very asymmetric p?
cuts (p?,1 > 100GeV and p?,2 > 20GeV) that are imposed.

density weighted path-length  
[accounts for medium expansion, rapidity independent for boost invariant medium]
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CAN AJ BE GENERATED FOR EQUAL PATH LENGTHS ?
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Abstract The di-jet asymmetry — the measure of the
momentum imbalance in a di-jet system — is a key jet
quenching observable. Using the event generator Jewel
we show that the di-jet asymmetry is dominated by fluc-
tuations both in proton-proton and in heavy ion colli-
sions. We discuss how in proton-proton collisions the
asymmetry is generated through recoil and out-of-cone
radiation. In heavy ion collisions two additional sources
can contribute to the asymmetry, namely energy loss
fluctuations and di↵erences in path length. The latter
is shown to be a sub-leading e↵ect. We discuss the im-
plications of our results for the interpretation of this
observable.

Keywords Heavy ion collisions · Jet quenching

1 Introduction

The ability to systematically reconstruct jets above the
large and fluctuating background present in ultra-relati-
vistic heavy ion collisions [?] has opened up a versatile
path [?,?,?,?,?,?,?,?,?,?,?,?,?,?,?,?,?,?,?] to study the
properties of Quark Gluon Plasma (QGP). Jets are sen-
sitive, through the wide range of scales involved in their
development, to a variety of properties of the expanding
QGP they traverse. Unlike measurements that involve
hadrons (e.g. single hadron suppression), jet observ-
ables are mostly immune to the uncertainties arising
from the ill-understood physics of hadronization.

The extensive use of jets in both hadron and lepton
collisions is grounded on solid theoretical understand-
ing. Both the jet production and jet evolution giving
rise to the characteristic jet structure are calculable in

??e-mail: guilherme.milhano@tecnico.ulisboa
??e-mail: korinna.zapp@cern.ch

perturbation theory [?] and are encoded in Monte Carlo
event generators [?,?,?]. This is in contrast with the
present situation in heavy ions where, albeit very im-
portant theoretical developments in the last few years
(for a recent review see [?]), the dynamical details of
jet-medium interactions remain partly ununderstood.

Although current Monte Carlo implementations of
jet dynamics in the presence of a medium [?,?,?,?,?,?]
are necessarily incomplete, they can be used meaning-
fully in a variety of studies. Ultimately, the endowment
of jets with full probing potential requires the depen-
dence of a given jet observable on specific medium prop-
erties to be clearly identified. By considering an event
generator — Jewel [?,?] — that has been validated
for a wide set of observables (jet rates and shapes, frag-
mentation functions, di-jet observables, leading hadron
suppression etc.) and the di-jet asymmetry as an exam-
ple for a jet observable, we illustrate a generic strategy
for achieving such identification.

We carry out a detailed analysis of what drives the
enhancement of di-jet energy imbalance in heavy ion
collisions relative to the proton-proton case. In doing
so, we attempt to qualify common assumptions made
in the literature. Di-jet asymmetry carries the histor-
ical weight of having been the first observable to be
measured for fully reconstructed jets in heavy ion col-
lisions [?] and of having triggered nearly immediate in-
sight on the underlying dynamics at play [?,?]. Since
then more di↵erential measurements, e.g. [?], and at-
tempts to observe a di-jet asymmetry at RHIC [?] have
been carried out.

The di-jet asymmetry

AJ =
p?,1 � p?,2

p?,1 + p?,2
, (1)
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CAN AJ BE GENERATED FOR EQUAL PATH LENGTHS ?

➤ di-jet event sample with no difference in path-length have AJ 
distribution compatible with realistic [full-geometry] sample 
➤ ‘typical’ event has rather similar path-lengths 
➤ difference in path-length DOES NOT play a significant 

role in the observed modification of AJ distribution 

JEWEL+PYTHIA full geometry
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1 Introduction

The ability to systematically reconstruct jets above the
large and fluctuating background present in ultra-relati-
vistic heavy ion collisions [?] has opened up a versatile
path [?,?,?,?,?,?,?,?,?,?,?,?,?,?,?,?,?,?,?] to study the
properties of Quark Gluon Plasma (QGP). Jets are sen-
sitive, through the wide range of scales involved in their
development, to a variety of properties of the expanding
QGP they traverse. Unlike measurements that involve
hadrons (e.g. single hadron suppression), jet observ-
ables are mostly immune to the uncertainties arising
from the ill-understood physics of hadronization.

The extensive use of jets in both hadron and lepton
collisions is grounded on solid theoretical understand-
ing. Both the jet production and jet evolution giving
rise to the characteristic jet structure are calculable in
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perturbation theory [?] and are encoded in Monte Carlo
event generators [?,?,?]. This is in contrast with the
present situation in heavy ions where, albeit very im-
portant theoretical developments in the last few years
(for a recent review see [?]), the dynamical details of
jet-medium interactions remain partly ununderstood.

Although current Monte Carlo implementations of
jet dynamics in the presence of a medium [?,?,?,?,?,?]
are necessarily incomplete, they can be used meaning-
fully in a variety of studies. Ultimately, the endowment
of jets with full probing potential requires the depen-
dence of a given jet observable on specific medium prop-
erties to be clearly identified. By considering an event
generator — Jewel [?,?] — that has been validated
for a wide set of observables (jet rates and shapes, frag-
mentation functions, di-jet observables, leading hadron
suppression etc.) and the di-jet asymmetry as an exam-
ple for a jet observable, we illustrate a generic strategy
for achieving such identification.

We carry out a detailed analysis of what drives the
enhancement of di-jet energy imbalance in heavy ion
collisions relative to the proton-proton case. In doing
so, we attempt to qualify common assumptions made
in the literature. Di-jet asymmetry carries the histor-
ical weight of having been the first observable to be
measured for fully reconstructed jets in heavy ion col-
lisions [?] and of having triggered nearly immediate in-
sight on the underlying dynamics at play [?,?]. Since
then more di↵erential measurements, e.g. [?], and at-
tempts to observe a di-jet asymmetry at RHIC [?] have
been carried out.

The di-jet asymmetry

AJ =
p?,1 � p?,2

p?,1 + p?,2
, (1)
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CORRELATION OF PATH-LENGTH DIFFERENCE WITH AJ

➤ mild correlation between path-length difference and AJ 
➤ [more asymmetric events arise from larger average path-length differences] 
➤ however, shift of distribution from lowest to highest AJ much smaller than width of distributions 

➤ effect of average path-length clearly seen in centrality dependence of AJ distribution [not for this talk] 
➤ effect of difference in path-length clearly seen from azimuthal angle dependence [not for this talk]
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JEWEL [AND BASELINE]

➤ a lot of discussion in this meeting on ability to describe accurately pp baselines 
➤ not an issue here: JEWEL provides reasonable description of AJ in both pp 

and AA  
➤ all in this talk is JEWEL with NO recoils 
➤ the whole analysis is RIVET[ized] :: recall Lisbon Accord

CMS pp data
JEWEL+PYTHIA
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EVENT SAMPLES
➤ √s = 2.76 TeV 
➤ simple parametrized background [few tests with full hydro showed no sizeable difference] 
➤ τi =0.6 fm; Ti =485 MeV; Tc =170 MeV 
➤ fully central events only [b=0] :: this is not a data comparison exercise 
➤ matching baseline samples for pp 

➤ di-jet sample [JEWEL 2.0.2] 
➤ anti-kt R=0.4 jets within |η|<2 
➤ pT,1>100 GeV; pT,2>20 GeV; Δφ12>π/2 

➤ γ-jet sample [unreleased extension of JEWEL 2.0.2 :: Rajhav’s talk] 
➤ pT<5 GeV photons removed before jet reconstruction  
➤ anti-kt R=0.4 jet within |η|<5 with pT>20 GeV 
➤ initial parton within |η|<2.5 with pT>20 GeV [to avoid cases where no jet is reconstructed 

because there is no initial parton in relevant phase space] 
➤ LO matrix element [only one initial parton in the event]



AJ IN pp COLLISIONS
➤ in pp collisions di-jet asymmetry can only arise from fluctuations in the splitting pattern of the 

jets  
➤ radiation out of reconstruction cone [multiple jet events, fatter jets] 
➤ initial pair of hard partons cannot have an asymmetry [this statement is also true beyond LO] 
➤ define initial asymmetry as including all recoil effects from ISR [taken by final state partons] 

and first FSR [taken by the other final state parton]

JEWEL+PYTHIA reconstructed jets
JEWEL+PYTHIA initial asymmetry
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accounted for by asymmetry of 
‘initial’ parton configuration

effect of recoil against first FSR is 
small [not shown]



EbE INITIAL-FINAL ASYMMETRY CORRELATION

➤ showering slightly increases average asymmetry
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EbE INITIAL-FINAL ASYMMETRY CORRELATION

➤ showering slightly increases average asymmetry
➤ larger energy loss for sub-leading jet
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EbE INITIAL-FINAL ASYMMETRY CORRELATION

➤ showering slightly increases average asymmetry
➤ larger energy loss for sub-leading jet
➤ sub-leading jets originate from initial partons with higher 

mass to pt ratio [those with a softer fragmentation pattern]
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GAMMA-JET INTERMEZZO [still pp]
➤ transverse momentum loss when going from parton to reconstructed jet in di-jet events 

requires ill-defined parton-jet matching procedure 
➤ straightforward in γ-jet events without ISR 

➤ no ISR jets 
➤ only one initial parton from which all reconstructed jets must originate 
➤ associate hardest reconstructed jet to initial parton 
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Fig. 8 Contributions of the di↵erent bins in initial asymme-

try A(in)
J to the final di-jet asymmetry in p+p events.

pensated within the event. Since the incoming partons
have to stay parallel to the beams, the recoil from ini-
tial state emissions is taken by the final state partons.
Similarly, the recoil of the first emission from the fi-
nal state is transferred to the other final state parton.
The recoil of all later final state emissions can be com-
pensated more locally, i.e. by partons originating from
the same parent parton and is more likely to end up
reconstructed in the same jet. To quantify the e↵ect
of the recoil distribution we define an initial configu-
ration which consists of the outgoing partons of the
2 ! 2 configuration and includes the recoil from all
initial state and the first final state emission from each
leg 3. The asymmetry of this initial configuration A(in)

J

can be computed by substituting the jet p?’s p?,1 and

p?,2 by the p?’s of these initial partons p
(in)
?,1 and p(in)?,2 in

equation ??. It is shown in figure ?? compared to the fi-
nal asymmetry after parton showers, hadronisation and
jet reconstruction. The initial asymmetry accounts for
most of the observed (final) asymmetry, particularly so
for large values of AJ . We have further checked, by con-
sidering the asymmetry obtained without initial state
radiation, that the e↵ect of recoil against the first final
state emission is small.

Event-by-event correlation between initial and final
asymmetry follows from figure ??, where the final asym-
metry AJ is shown for di↵erent values of the initial
asymmetry A(in)

J . The final asymmetry is indeed not
very di↵erent from the initial asymmetry, albeit with
a clear tendency for the final asymmetry to be larger
than the initial one. This increase in asymmetry im-
plies a larger transverse momentum loss for the sub-

3This configuration is easily accessible in Jewel , since there
is no a posteriori reshu↵eling of momenta in the parton
shower. It is known as soon as the scale of the first split-
ting on each of the outgoing partons from the matrix element
has been determined.
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Fig. 9 Mass to transverse momentum ratio for the partons
forming the initial configuration in p+p. The yellow band in
the ratio plot shows the statistical uncertainty on the refer-
ence (the denominator in the ratio), i.e. on the red histogram.

leading jet. Sub-leading jets originate from initial par-
tons with a higher mass to p? ratio than leading jets,
see figure ??. Equivalently, sub-leading jets are those
with a softer fragmentation pattern (for the same ini-

tial parton p(in)? , a larger number of fragments of lower
average p?). Thus, the fraction of the initial parton p?
captured within a given reconstruction radius by the
jet algorithm is on average smaller for the sub-leading
jet than for the leading jet resulting in an increase of
the asymmetry. This is a statement about averages and
does not preclude the possibility that the leading jet
loses more energy than the sub-leading one, leading to
a decrease of the asymmetry (figure ?? shows that this
does indeed happen).

The e↵ect of transverse momentum loss when going
from initial parton to reconstructed jet cannot be stud-
ied in the di-jet sample, as it is impossible to match a
jet to an initial parton in this case. It can, however, be
isolated by considering a sample of �-jet events with ini-
tial state parton showering disabled. In this case there
is only one initial parton and no initial state jets, so
all observed jets must originate from this initial state
parton. Here, we associate the hardest final state jet
with the initial parton and study the p? di↵erence be-
tween the two, �p? = p(in)? � p(jet)? . The relative trans-

verse momentum loss �p?/p
(in)
? is largely determined

by the mass to transverse momentum ratio of the ini-
tial parton, as shown in figure ??. The p? loss increases
strongly with increasing m(in)/p(in)? and then levels o↵.
This saturation occurs because for very large masses in-

transverse momentum loss largely 
determined by mass-to-pt ratio



GAMMA-JET INTERMEZZO [still pp]

➤ transverse momentum loss largely determined by mass-to-pt 
ratio 
➤ strong dependence for bulk of distribution  
➤ saturation at high ratio result from reconstruction cone 

radius [large angle structure beyond R] :: will shift to higher 
values for higher R
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INITIAL MASS ASYMMETRY [still pp]

0 < A(in)

m/p⊥
< 0.2

0.2 < A(in)

m/p⊥
< 0.4

0.4 < A(in)

m/p⊥
< 0.6

0.6 < A(in)

m/p⊥
< 1

0

1

2

3

4

5

dependence of AJ on mass asymmetry in pp in JEWEL+PYTHIA
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Fig. 10 Transverse momentum di↵erence between initial par-
ton and reconstructed jet in �-jet events in p+p collisions for
quark jets reconstructed using the anti-k? algorithm with
R = 0.4 as function of mass and p? of the initial parton.
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Fig. 11 Final di-jet asymmetry binned in mass asymmetry
in p+p events. The yellow band in the ratio plot shows the
statistical uncertainty on the reference (the denominator in
the ratio), i.e. on the red histogram.

creasing the mass further a↵ects mostly the large angle
structure already outside the chosen jet reconstruction
radius R. The point at which the saturation sets in de-
pends on the reconstruction radius and moves to larger
values of m(in)/p(in)? with increasing R. It should be

noted that the m(in)/p(in)? distribution is concentrated

in the small m(in)/p(in)? region which is in the rising part

of the �p?/p
(in)
? dependence for all reasonable jet radii

(cf. figure ??).

To ascertain that the mass to transverse momen-
tum ratio of the initial parton is causing the increase
in asymmetry when going from initial partons to jets,
we define, analogously to the p? asymmetry, an initial
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Fig. 12 Initial di-jet asymmetry binned in mass asymmetry
in p+p events. The yellow band in the ratio plot shows the
statistical uncertainty on the reference (the denominator in
the ratio), i.e. on the red histogram.

mass asymmetry as

A(in)
m/p?

=

���m(in)
1 /p(in)?,1 �m(in)

2 /p(in)?,2

���

m(in)
1 /p(in)?,1 +m(in)

2 /p(in)?,2

. (3)

Figure ?? shows that the final di-jet p? asymmetry is on
average larger in configurations with large mass asym-
metry than in those with small mass asymmetry while,
figure ??, this is clearly not the case for the initial p?
asymmetry.

In summary, the di-jet asymmetry in p+p collisions
results mostly from the recoil against initial state emis-
sions. Although recoil from final state emissions also
plays a role, it does so to lesser extent. This initial
asymmetry is increased due to parton showering and
jet reconstruction, since the leading jets tend to have a
smaller mass and thus fragment harder than softer jets.
As the fraction of the parton p? that ends up in the re-
constructed jets depends on the fragmentation pattern,
hard jets contain a larger fraction of the initial parton’s
p? than soft jets, implying a jet asymmetry larger than
the initial parton asymmetry.

3.3 Di-jet asymmetry in heavy ion collisions

Having already discarded the in-medium path-length
di↵erence between leading and sub-leading jets as a
sizeable source of the additional asymmetry observed in
heavy ion collisions, we assess now the possible medium
e↵ects that could lead to asymmetry increase for both
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reconstructed jet AJ strongly correlated 
with initial mass asymmetry

reconstructed jet AJ independent of 
initial mass asymmetry

increase of asymmetry from parton to jet driven by initial mass



[finally] AJ IN AA COLLISIONS
➤ what drives the increase of asymmetry in heavy ion collisions? 

➤ NOT path-length difference 
➤ nPDF effects are very small in the relevant kinematics 
➤ first FSR, typically hard, occurs on very short time-scale 

[~0.01 fm] and is unaffected by medium  
➤ ‘initial’ [partonic] asymmetry is the same as in pp

the increase in asymmetry in AA collisions must originate from 
fluctuations in vacuum like fragmentation pattern and/or fluctuations 

of jet-medium interactions 



VACUUM-LIKE OR MEDIUM INDUCED
➤ distinction obviously not meaningful 

➤ a gluon is a gluon is a gluon is a gluon 
➤ however, emissions at scales well above medium scales cannot 

be attributed to jet-medium interaction :: we refer to these as 
the vacuum-like part of the fragmentation pattern 
➤ which does NOT mean they are irrelevant for energy loss  

➤ [in fact quite the contrary]



ROLE OF VACUUM-LIKE FRAGMENTATION IN ENERGY LOSS
➤ jets with softer fragmentation pattern [softer and in larger 

number constituents] lose more energy 
➤ each resolved jet constituent is candidate for energy loss 

➤ the more constituents the larger the energy loss 
➤ soft components more likely to be transported away from 

reconstruction radius 

➤ both mechanisms present in JEWEL

Casalderrey, Mehtar-Tani Salgado, Tywoniuk ::1210.7765 [hep-ph]

Casalderrey, Milhano, Wiedemann ::1012.0745 [hep-ph]

jet-medium interactions leading to energy loss amplified in jets with 
softer fragmentation [higher initial mass to pt ratio]



ROLE OF VACUUM-LIKE FRAGMENTATION IN ENERGY LOSS

➤ same qualitative behaviour for momentum loss as in pp 
➤ importance of vacuum-like fluctuations of fragmentation pattern 
➤ pt loss larger [by a factor of 2] than in pp  
➤ near independence of mass to pt ratio for lower energy jets shows 

importance of fluctuations of medium induced energy loss
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INTERPLAY OF VACUUM AND MEDIUM-INDUCED FLUCTUATIONS

➤ broader distributions in AA 
➤ large initial asymmetries are reduced [events are lost]
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INTERPLAY OF VACUUM AND MEDIUM-INDUCED FLUCTUATIONS

➤ same trend as in pp [importance of vacuum-like fluctuations], 
albeit weaker [importance of jet-medium interaction 
fluctuations]
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Fig. 10 Transverse momentum di↵erence between initial par-
ton and reconstructed jet in �-jet events in p+p collisions for
quark jets reconstructed using the anti-k? algorithm with
R = 0.4 as function of mass and p? of the initial parton.
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Fig. 11 Final di-jet asymmetry binned in mass asymmetry
in p+p events. The yellow band in the ratio plot shows the
statistical uncertainty on the reference (the denominator in
the ratio), i.e. on the red histogram.

creasing the mass further a↵ects mostly the large angle
structure already outside the chosen jet reconstruction
radius R. The point at which the saturation sets in de-
pends on the reconstruction radius and moves to larger
values of m(in)/p(in)? with increasing R. It should be

noted that the m(in)/p(in)? distribution is concentrated

in the small m(in)/p(in)? region which is in the rising part

of the �p?/p
(in)
? dependence for all reasonable jet radii

(cf. figure ??).

To ascertain that the mass to transverse momen-
tum ratio of the initial parton is causing the increase
in asymmetry when going from initial partons to jets,
we define, analogously to the p? asymmetry, an initial
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Fig. 12 Initial di-jet asymmetry binned in mass asymmetry
in p+p events. The yellow band in the ratio plot shows the
statistical uncertainty on the reference (the denominator in
the ratio), i.e. on the red histogram.

mass asymmetry as

A(in)
m/p?

=

���m(in)
1 /p(in)?,1 �m(in)

2 /p(in)?,2

���

m(in)
1 /p(in)?,1 +m(in)

2 /p(in)?,2

. (3)

Figure ?? shows that the final di-jet p? asymmetry is on
average larger in configurations with large mass asym-
metry than in those with small mass asymmetry while,
figure ??, this is clearly not the case for the initial p?
asymmetry.

In summary, the di-jet asymmetry in p+p collisions
results mostly from the recoil against initial state emis-
sions. Although recoil from final state emissions also
plays a role, it does so to lesser extent. This initial
asymmetry is increased due to parton showering and
jet reconstruction, since the leading jets tend to have a
smaller mass and thus fragment harder than softer jets.
As the fraction of the parton p? that ends up in the re-
constructed jets depends on the fragmentation pattern,
hard jets contain a larger fraction of the initial parton’s
p? than soft jets, implying a jet asymmetry larger than
the initial parton asymmetry.

3.3 Di-jet asymmetry in heavy ion collisions

Having already discarded the in-medium path-length
di↵erence between leading and sub-leading jets as a
sizeable source of the additional asymmetry observed in
heavy ion collisions, we assess now the possible medium
e↵ects that could lead to asymmetry increase for both



WHAT WE LEARNT

➤ the path-length difference between the leading and sub-leading jets in a 
di-jet pair does not play a significant role in generating momentum 
imbalance 

➤ the increase in di-jet asymmetry in AA collisions is the result of the 
compound effect of fluctuations in the vacuum-like fragmentation pattern 
[parton shower features also present in the absence of a medium] and 
medium related fluctuations 

➤ to a large extent, the amount of energy lost from a jet is determined by 
the mass to transverse momentum ratio of the parton from which it 
originates  



OTHERS

➤ amplification of energy loss for jets with larger number of  
constituents clearly identified earlier 
➤ here confirmed in a realistic MC 

➤ analogous result from strongly coupled calculation [mass to pt 
ratio ~ jet width] 
➤ [does that make it more robust?]

Casalderrey, Mehtar-Tani Salgado, Tywoniuk ::1210.7765 [hep-ph]

Rajagopal, Sadofyev, van der Schee ::1602.04187 [hep-ph]



NEXT

➤ initial mass to pt ratio obviously not measurable 
➤ find proxy [which is not easy] 
➤ proxy should be jet property that is insensitive to medium 

effects [an unquenchable] 
➤ proxy would be ideal ‘binning variable’ to study 

quenching 

➤ the observable post-mortem protocol outlined here could/should 
be replicated for any observable of interest 
➤ essential to understand what each observable is sensitive to



SOME SPECULATION ON MARTA’S OBSERVABLE



SOME SPECULATION ON MARTA’S OBSERVABLE

which shall remain off-the-record



backups



CONTAMINATION FROM ISR

➤ minor contamination from ISR jets 
➤ ISR jets removed by parton-jet matching 

➤ this is the only plot for which [ill-defined] parton-jet matching is invoked 
➤ ISR jets will not change the conclusions of the study
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Fig. 13 Transverse momentum difference between initial parton and
reconstructed jet in γ -jet events in Pb + Pb collisions for quark jets
reconstructed using the anti-k⊥ algorithm with R = 0.4 as a function
of the mass and p⊥ of the initial parton

Fig. 14 Contributions of the different bins in initial asymmetry A(in)
J

to the final di-jet asymmetry in Pb + Pb events

medium interaction are amplified in jets with an underlying
soft fragmentation pattern.

These effects can be seen in the p⊥ shift shown in Fig. 13,
which was extracted from γ -jet events in the same way as
for p + p collisions. Three observations are in order. First,
the transverse momentum loss is larger in Pb + Pb events
by nearly a factor of two. Second, the dependence on the
m(in)/p(in)

⊥ ratio is qualitatively similar to the p + p case,
which indicates that vacuum-like dynamics plays an impor-
tant role also in the presence of a medium. Finally, this depen-
dence is weaker than in p + p, particularly so for soft jets,
showing the importance of medium related fluctuations. This
can be clearly seen for the 25 GeV < p(in)

⊥ < 50 GeV bin,
where the absence of mass dependence indicates dominance
of fluctuations in the medium-induced energy loss.

The interplay between vacuum-like and medium related
fluctuations can also be seen in the correlation between initial
A(in)
J and final AJ asymmetry for Pb + Pb collisions shown

in Fig. 14. Compared to the p + p case, the distributions

Table 1 Fraction of di-jets that are lost when going from p + p to Pb +
Pb in each A(in)

J bin

A(in)
J bin (σpp − σPbPb)/σpp

0.0 < A(in)
J < 0.2 0.623 ± 0.002

0.2 < A(in)
J < 0.4 0.699 ± 0.009

0.4 < A(in)
J < 0.6 0.729 ± 0.034

0.6 < A(in)
J < 1.0 0.354 ± 0.291

0.0 < A(in)
J < 1.0 0.637 ± 0.002

Fig. 15 Final di-jet asymmetry binned in mass asymmetry in Pb + Pb
events. The yellow band in the ratio plot shows the statistical uncertainty
on the reference (the denominator in the ratio), i.e. on the red histogram

are broader and, for large initial asymmetries, there is a ten-
dency for the final asymmetry to be smaller. Both features are
a direct consequence of medium related fluctuations (these
can both increase and decrease the initial asymmetry, but
when in a configuration with large initial asymmetry becomes
even more asymmetric it is likely to fail the di-jet cuts and
thus disappear from the sample). Figure 14 also reveals that
the fractions of di-jets falling into the different A(in)

J bins is
different from p + p case. The fractions of di-jets that are
missing in the Pb + Pb sample compared to p + p are given in
Table 1, which shows that the probability for a di-jet to disap-
pear because it fails the cuts increases with initial asymmetry
(except for the last bin, which has very poor statistics). This
indicates that the systematic increase of initial asymmetry is
somewhat larger in heavy-ion collisions than in p + p, since
on top of the effects already present in the vacuum case jets
with a softer fragmentation pattern are also more susceptible
to medium modifications.

Finally, Fig. 15 shows the dependence of the final asym-
metry on the initial mass asymmetry in Pb + Pb events.
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