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I. what we want to understand
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[once T～150 MeV back to hadronic matter]

hadrons 
[what is seen by experiments]
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what we want to understand 
•how we get here? 
•what it is? 
•how it stops being?
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a slight misnomer…

[beam axis view of collision]

initial spatial anisotropy 
[pressure gradients]

Φ

final state soft particles preferably aligned the collision plane

final state momentum anisotropy

a natural consequence of hydrodynamics

QGP flows :: it is a [rather perfect] liquid



QUARK-GLUON PLASMA

9



QUARK-GLUON PLASMA

•an almost perfect liquid [the most perfect ever observed] of fundamental degrees of 
freedom [quarks and gluons] :: direct manifestation of collective behaviour in a fundamental 
non-abelian Quantum Field Theory [QCD] 
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QUARK-GLUON PLASMA

•an almost perfect liquid [the most perfect ever observed] of fundamental degrees of 
freedom [quarks and gluons] :: direct manifestation of collective behaviour in a fundamental 
non-abelian Quantum Field Theory [QCD] 

•a unique, experimentally accessible and theoretically tractable, opportunity to further the 
understanding of QCD in a novel regime [deconfined, yet strongly interacting, quarks and 
gluons] also of critical importance in the early history of the Universe

•current focus on understanding of dynamics and precise measurement of properties :: must 
rely on self-generated probes [short-lived QGP]

9



FLOW AND STRONG COUPLING
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strong coupled systems flow
Shape analysis of strongly-interacting systems: the heavy ion case 5
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Figure 2. Time evolution of spatial anisotropy two strongly-coupled systems. Left: A
degenerate Fermi gas of ultra-cold Li atoms released from an anisotropic trap. From [14].
Reprinted with permission from AAAS. Right: Hydrodynamical calculation of the evolution
of a Au+Au collision at

p
sNN = 130 GeV. Evolution on the right corresponds to an equation

of state (EoS) for an ideal massless gas. On the left, the EoS includes a first-order transition
between hadronic and QGP phases. From [12], reprinted with permission.

plasma is generated within a few fs, at temperatures of 105 � 106 K. The plasma expands
rapidly (⇠ ps), cooling as it does so, and returns to charge-confined degrees of freedom.
Plasma hydrodynamics and two-component “blast-wave” pictures [21] are used to describe
and understand the source evolution [17].

With huge changes in physical scales and “color charge” replacing “electric charge,”
the above describes the situation with RHIC collisions rather well, down to the blast-wave
parameterizations [22]. In both cases, too, the final-state anisotropy carries important physical
information. The anisotropic final-state geometry of a microexplosion is measured directly
by a scanning electron microscope; c.f. Figure 3. In a heavy ion experiment, it is the final-
state momenta that are directly measured, and azimuthally-sensitive two-particle intensity
interferometry must be used to measure the coordinate-space geometry.

Since the first proof-of-principle microexplosion experiments, there has been
considerable activity to extract the equation of state of the matter– the plasma state, phase
transitions, etc. The approach taken is essentially identical to the one we now propose at
RHIC: to measure the final-state anisotropy as the initial energy of the system is varied, and

Lisa et al. ::  New J.Phys 13 (2011)
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understanding QGP can be invaluable for understanding strongly 
coupled systems in general 

[and vice-versa]

QGP is the strongly coupled system closest to Standard Model 
microscopic degrees of freedom



II. how we can probe (to try to understand) QGP 



PROBES OF QGP I WILL NOT TALK ABOUT

•soft particle correlations :: flows, … 

◦ sensitive to global QGP properties 

◦ analogous behaviour in high multiplicity pA and pp confounds straightforward 
interpretation [very personal opinion] 

•electroweak bosons 

◦ oblivious to QGP [benchmark] 

•quarkonia/heavy flavour 

◦ sensitive to temperature 

◦ underconstrained vacuum benchmark

13
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14

scatter something off it

Abstruse  Goose

cannot [easily] understand a frog from scattering it off another frog



HOW TO PROBE ANYTHING
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scatter something you understand off it

7 1.1 QCD, DIS, and the parton model

k

k
0

q

Figure 1.1: Lepton-hadron scattering experiment

proton ⇠ 1 fm), the internal (deep) structure of the hadron is probed.

In deep inelastic scattering (DIS) experiments, fig. 1.2, a lepton9 is scattered o↵ a hadronic

target10.
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Figure 1.2: Deep inelastic scattering

Here, k is the momentum of the incoming lepton (l), k
0 the momentum of the lepton in the

final state (l0). The exchanged photon has momentum q = k � k
0, p is the momentum of

the hadronic target of mass M , and pX = p + q is the momentum of the final state hadronic

system.

It is convenient to define the Lorentz invariants:

s = (p + k)2 , (1.5)
9Or anti-lepton.

10In general, the lepton can also be a neutrino. In that case, the interaction is due to the exchange of a
charged vector boson (W±). For a charged lepton, the exchanged boson is either a photon or a Z

0. Hereafter,
we shall only consider the scattering of charged leptons, at energies well below the Z

0 threshold, such that
the exchanged boson will always be a photon.

deep inelastic scattering is the golden process for proton/nucleus structure determination

dial Q2 = -q2=- (k’- k)2 to probe distances λ= ℏ/Q

QGP too short-lived for external probes to be of any use
to mimic DIS paradigm need multi-scale probes produced in the 
same collision as the QGP 

jets



WHY PROBING WITH JETS ?
16

UNIQUE AMONGST QGP PROBES 

•multi-scale  
:: broad range of spatial and momentum scales involved in jet evolution in QGP 

•multi-observable  
:: different observable jet properties sensitive to different QGP scales and properties 

• very well understood in vacuum  
:: fully controlled benchmark 

• feasible close relative of a standard scattering experiment



jet definition [in elementary collisions]
:: a jet is defined by a set of rules and parameters [a jet algorithm] specifying how to combine constituents and when to stop :: 



1. compute all distances dij and diB 

2. find the minimum of the dij and diB 

3. if it is a dij, recombine i and j into a single 
new particle and return to 1 

4. otherwise, if it is a diB, declare i to be a 
jet, and remove it from the list of 
particles. return to 1 

5. stop when no particles left

jet definition [in elementary collisions]
:: a jet is defined by a set of rules and parameters [a jet algorithm] specifying how to combine constituents and when to stop :: 

2.2.5 The anti-kt algorithm

One can generalise the kt and Cambridge/Aachen distance measures as [33]:

dij = min(p2pti , p
2p
tj )

∆R2
ij

R2
, ∆R2

ij = (yi − yj)
2 + (φi − φj)

2 , (10a)

diB = p2pti , (10b)

where p is a parameter that is 1 for the kt algorithm, and 0 for C/A. It was observed in [33]
that if one takes p = −1, dubbed the “anti-kt” algorithm, then this favours clusterings that
involve hard particles rather than clusterings that involve soft particles (kt algorithm) or
energy-independent clusterings (C/A). This ultimately means that the jets grow outwards
around hard “seeds”. However since the algorithm still involves a combination of energy
and angle in its distance measure, this is a collinear-safe growth (a collinear branching
automatically gets clustered right at the beginning of the sequence).12 The result is an
IRC safe algorithm that gives circular hard jets, making it an attractive replacement for
certain cone-type algorithms (notably IC-PR algorithms).

One should be aware that, unlike for the kt and C/A algorithms, the substructure clas-
sification that derives from the clustering-sequence inside an anti-kt jet cannot be usefully
related to QCD branching (essentially the anti-kt recombination sequence will gradually
expand through a soft subjet, rather than first constructing the soft subjet and then re-
combining it with the hard subjet).

2.2.6 Other sequential recombination ideas

The flexibility inherent in the sequential recombination procedure means that a number of
variants have been considered in both past and recent work. Some of the main ones are
listed below.

Flavour-kt algorithms. If one is interested in maintaining a meaningful flavour for jets
(for example in purely partonic studies, or when discussing heavy-flavour jets), then one
may use a distance measure that takes into account the different divergences for quark and
gluon branching, as in [81, 82]. The essential idea is to replace eq. (4) with

y(F )
ij =

2(1− cos θij)

Q2
×
{

max(E2
i , E

2
j ) , softer of i, j is flavoured,

min(E2
i , E

2
j ) , softer of i, j is flavourless,

(11)

where gluonic (or non-heavy-quark) objects are considered flavourless. This reflects the
fact that there is no divergence for producing a lone soft quark, and correctly ensures that
soft quarks are recombined with soft antiquarks. In normal algorithms, in contrast, a soft
quark and anti-quark may end up in different jets, polluting the flavour of each one. Full

12If one takes p → −∞ then energy is privileged at the expense of angle and the algorithm then becomes
collinear unsafe, and somewhat like an IC-PR algorithm.

24

e.g., generalized kT family of sequential recombination jet algorithms

p = 1  :: kT algorithm 

p = 0  :: Cambridge/Aachen algorithm 

p = -1 :: anti-kT algorithm
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jet definition [in elementary collisions]
:: a jet is defined by a set of rules and parameters [a jet algorithm] specifying how to combine constituents and when to stop :: 

jet algorithm

a jet is a jet is a jet is a jet
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Figure 1: A sample parton-level event (generated with Herwig [8]), together with many random soft
“ghosts”, clustered with four different jets algorithms, illustrating the “active” catchment areas of
the resulting hard jets. For kt and Cam/Aachen the detailed shapes are in part determined by the
specific set of ghosts used, and change when the ghosts are modified.

the jets roughly midway between them. Anti-kt instead generates a circular hard jet, which clips a
lens-shaped region out of the soft one, leaving behind a crescent.

The above properties of the anti-kt algorithm translate into concrete results for various quanti-
tative properties of jets, as we outline below.

2.2 Area-related properties

The most concrete context in which to quantitatively discuss the properties of jet boundaries for
different algorithms is in the calculation of jet areas.

Two definitions were given for jet areas in [4]: the passive area (a) which measures a jet’s
susceptibility to point-like radiation, and the active area (A) which measures its susceptibility to
diffuse radiation. The simplest place to observe the impact of soft resilience is in the passive area for
a jet consisting of a hard particle p1 and a soft one p2, separated by a y − φ distance ∆12. In usual
IRC safe jet algorithms (JA), the passive area aJA,R(∆12) is πR2 when ∆12 = 0, but changes when
∆12 is increased. In contrast, since the boundaries of anti-kt jets are unaffected by soft radiation,

4

Figure 1: A sample parton-level event (generated with Herwig [8]), together with many random soft
“ghosts”, clustered with four different jets algorithms, illustrating the “active” catchment areas of
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lens-shaped region out of the soft one, leaving behind a crescent.
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tative properties of jets, as we outline below.

2.2 Area-related properties

The most concrete context in which to quantitatively discuss the properties of jet boundaries for
different algorithms is in the calculation of jet areas.
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diffuse radiation. The simplest place to observe the impact of soft resilience is in the passive area for
a jet consisting of a hard particle p1 and a soft one p2, separated by a y − φ distance ∆12. In usual
IRC safe jet algorithms (JA), the passive area aJA,R(∆12) is πR2 when ∆12 = 0, but changes when
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• kT R=0.4 jets are different from anti-kT R=0.4,  

• also, anti-kT R=0.2 are not the inner R=0.2 core of anti-kT R=0.4 jets, etc.  

• jets reconstructed with a given algorithm can be reinterpreted [reclustered] with a different 
algorithm to benefit simultaneously from experimental robustness and direct theoretical 
interpretation 

•  however, C/A reclustering of anti-kt R=0.4 jet is not C/A R=0.4 jet 

• jet diversity is a tool rather than a hindrance :: grooming/substructure methods 

jet diversity

Cacciari, Salam, Soyez 0802.1189 



• defined by same jet algorithm[s] as in elementary collisions with essential 
background subtraction

jets in heavy ion collisions

jet algorithm 
+ 

background subtraction



• defined by same jet algorithm[s] as in elementary collisions with essential 
background subtraction

jets in heavy ion collisions

jet algorithm 
+ 

background subtraction

what has to be calculated? 

what is in a heavy ion jet? 



III.   a few of the things we have learnt about jets in QGP 



JETS AND HADRONS LOSE ENERGY WHEN TRAVERSING QGP 

•RAA only measures suppression :: it does not quantify energy loss in a model independent 
way 

•both jets and hadrons (which belong to jets) are suppressed, but differently

25
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We introduce a new “quantile” analysis strategy to study the modification of jets as they traverse
through a droplet of quark-gluon plasma. To date, most jet modification studies have been based
on comparing the jet properties measured in heavy-ion collisions to a proton-proton baseline at the
same reconstructed jet transverse momentum (pT ). It is well known, however, that the quenching
of jets from their interaction with the medium leads to a migration of jets from higher to lower pT ,
making it challenging to directly infer the degree and mechanism of jet energy loss. Our proposed
quantile matching procedure is inspired by (but not reliant on) the approximate monotonicity of
energy loss in the jet pT . In this strategy, jets in heavy-ion collisions ordered by pT are viewed
as modified versions of the same number of highest-energy jets in proton-proton collisions, and the
fractional energy loss as a function of jet pT is a natural observable (QAA). Furthermore, despite
non-monotonic fluctuations in the energy loss, we use an event generator to validate the strong
correlation between the pT of the parton that initiates a heavy-ion jet and the pT of the vacuum jet
which corresponds to it via the quantile procedure (pquantT ). We demonstrate that this strategy both
provides a complementary way to study jet modification and mitigates the e↵ect of pT migration in
heavy-ion collisions.

The deconfined phase of QCD matter, the quark-gluon
plasma, was first discovered in collisions of heavy nuclei
at the Relativistic Heavy Ion Collider [1–5] and confirmed
at the Large Hadron Collider [6–8]. As in high-energy
proton-proton collisions, heavy-ion collisions produce col-
limated sprays of particles, called jets, from highly ener-
getic scatterings of quarks and gluons. The observation
of “jet quenching”—a strong suppression and modifica-
tion of jets in heavy-ion collisions [7–9]—ushered in a new
era of studying the properties of the quark-gluon plasma
by measuring its e↵ect on jets [10–23].

A central issue in interpreting jet quenching measure-
ments is that medium-induced modifications necessarily
a↵ect how jets are identified experimentally. Current
methods compare proton-proton and heavy-ion jets of the
same final (reconstructed) transverse momentum pT and,
as such, inevitably su↵er from significant biases from the
migration of jets from higher to lower pT due to medium-
induced energy loss (see [24, 25]). While these methods
have been very successful in qualitatively demonstrat-
ing the phenomena of jet quenching, quantitive studies
often necessitate interpreting the data through theoreti-
cal models which include migration e↵ects. Ideally, one
would like to isolate samples of jets in proton-proton and
heavy-ion collisions which were statistically equivalent
when they were produced, di↵ering only by the e↵ects
of the plasma.

In this letter, we propose a novel data-driven strat-
egy for comparing heavy-ion (AA) jet measurements to
proton-proton (pp) baselines which mitigates, to a large
extent, the e↵ect of pT migration. The famous jet ra-
tio RAA compares the e↵ective cross-section for jets in
proton-proton and heavy-ion collisions with the same re-

constructed pT :

RAA =
�e↵
AA

�e↵
pp

����
pT

, (1)

as illustrated in blue in Fig. 1a. Here, we introduce a
“quantile” procedure, which divides jet samples sorted by
pT into quantiles of equal probability. Our new proposed
observable for heavy-ion collisions is the pT ratio between
heavy-ion and proton-proton jets in the same quantile:

QAA =
pAA
T

pppT

����
⌃eff

, (2)

as illustrated in red in Fig. 1b, where 1�QAA is a proxy
for the average fractional jet energy loss. (QAA is not
related to QpA used by ALICE [29]).
To give an intuitive understanding of Eq. (2), consider

a simplified scenario where medium-induced energy loss
is monotonic in the pT of the initial unquenched jet. In
that case, the nth highest energy jet in a heavy-ion sam-
ple is a modified version of the nth highest energy jet in
the corresponding proton-proton sample. Thus, in this
simplified picture of energy loss, we can obtain a sam-
ple of heavy-ion jets that is statistically equivalent to
its proton-proton counterpart by selecting jets with the
same (upper) cumulative e↵ective cross-section:

⌃e↵(pmin
T ) =

Z 1

pmin
T

dpT
d�e↵

dpT
. (3)

Note that for comparison to proton-proton cross-sections,
heavy-ion cross-sections must be rescaled by the average
number of nucleon-nucleon collisions hNcolli: �e↵

pp = �pp,

�e↵
AA = �AA/hNcolli. Of course, energy loss is not strictly
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Note that for comparison to proton-proton cross-sections,
heavy-ion cross-sections must be rescaled by the average
number of nucleon-nucleon collisions hNcolli: �e↵

pp = �pp,

�e↵
AA = �AA/hNcolli. Of course, energy loss is not strictly
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We introduce a new “quantile” analysis strategy to study the modification of jets as they traverse
through a droplet of quark-gluon plasma. To date, most jet modification studies have been based
on comparing the jet properties measured in heavy-ion collisions to a proton-proton baseline at the
same reconstructed jet transverse momentum (pT ). It is well known, however, that the quenching
of jets from their interaction with the medium leads to a migration of jets from higher to lower pT ,
making it challenging to directly infer the degree and mechanism of jet energy loss. Our proposed
quantile matching procedure is inspired by (but not reliant on) the approximate monotonicity of
energy loss in the jet pT . In this strategy, jets in heavy-ion collisions ordered by pT are viewed
as modified versions of the same number of highest-energy jets in proton-proton collisions, and the
fractional energy loss as a function of jet pT is a natural observable (QAA). Furthermore, despite
non-monotonic fluctuations in the energy loss, we use an event generator to validate the strong
correlation between the pT of the parton that initiates a heavy-ion jet and the pT of the vacuum jet
which corresponds to it via the quantile procedure (pquantT ). We demonstrate that this strategy both
provides a complementary way to study jet modification and mitigates the e↵ect of pT migration in
heavy-ion collisions.

The deconfined phase of QCD matter, the quark-gluon
plasma, was first discovered in collisions of heavy nuclei
at the Relativistic Heavy Ion Collider [1–5] and confirmed
at the Large Hadron Collider [6–8]. As in high-energy
proton-proton collisions, heavy-ion collisions produce col-
limated sprays of particles, called jets, from highly ener-
getic scatterings of quarks and gluons. The observation
of “jet quenching”—a strong suppression and modifica-
tion of jets in heavy-ion collisions [7–9]—ushered in a new
era of studying the properties of the quark-gluon plasma
by measuring its e↵ect on jets [10–23].

A central issue in interpreting jet quenching measure-
ments is that medium-induced modifications necessarily
a↵ect how jets are identified experimentally. Current
methods compare proton-proton and heavy-ion jets of the
same final (reconstructed) transverse momentum pT and,
as such, inevitably su↵er from significant biases from the
migration of jets from higher to lower pT due to medium-
induced energy loss (see [24, 25]). While these methods
have been very successful in qualitatively demonstrat-
ing the phenomena of jet quenching, quantitive studies
often necessitate interpreting the data through theoreti-
cal models which include migration e↵ects. Ideally, one
would like to isolate samples of jets in proton-proton and
heavy-ion collisions which were statistically equivalent
when they were produced, di↵ering only by the e↵ects
of the plasma.

In this letter, we propose a novel data-driven strat-
egy for comparing heavy-ion (AA) jet measurements to
proton-proton (pp) baselines which mitigates, to a large
extent, the e↵ect of pT migration. The famous jet ra-
tio RAA compares the e↵ective cross-section for jets in
proton-proton and heavy-ion collisions with the same re-

constructed pT :

RAA =
�e↵
AA

�e↵
pp

����
pT

, (1)

as illustrated in blue in Fig. 1a. Here, we introduce a
“quantile” procedure, which divides jet samples sorted by
pT into quantiles of equal probability. Our new proposed
observable for heavy-ion collisions is the pT ratio between
heavy-ion and proton-proton jets in the same quantile:

QAA =
pAA
T

pppT

����
⌃eff

, (2)

as illustrated in red in Fig. 1b, where 1�QAA is a proxy
for the average fractional jet energy loss. (QAA is not
related to QpA used by ALICE [29]).
To give an intuitive understanding of Eq. (2), consider

a simplified scenario where medium-induced energy loss
is monotonic in the pT of the initial unquenched jet. In
that case, the nth highest energy jet in a heavy-ion sam-
ple is a modified version of the nth highest energy jet in
the corresponding proton-proton sample. Thus, in this
simplified picture of energy loss, we can obtain a sam-
ple of heavy-ion jets that is statistically equivalent to
its proton-proton counterpart by selecting jets with the
same (upper) cumulative e↵ective cross-section:

⌃e↵(pmin
T ) =

Z 1

pmin
T

dpT
d�e↵

dpT
. (3)

Note that for comparison to proton-proton cross-sections,
heavy-ion cross-sections must be rescaled by the average
number of nucleon-nucleon collisions hNcolli: �e↵

pp = �pp,

�e↵
AA = �AA/hNcolli. Of course, energy loss is not strictly
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JETS AND HADRONS LOSE ENERGY WHEN TRAVERSING QGP 

•RAA only measures suppression :: it does not quantify energy loss in a model independent 
way 

•both jets and hadrons (which belong to jets) are suppressed, but differently
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We introduce a new “quantile” analysis strategy to study the modification of jets as they traverse
through a droplet of quark-gluon plasma. To date, most jet modification studies have been based
on comparing the jet properties measured in heavy-ion collisions to a proton-proton baseline at the
same reconstructed jet transverse momentum (pT ). It is well known, however, that the quenching
of jets from their interaction with the medium leads to a migration of jets from higher to lower pT ,
making it challenging to directly infer the degree and mechanism of jet energy loss. Our proposed
quantile matching procedure is inspired by (but not reliant on) the approximate monotonicity of
energy loss in the jet pT . In this strategy, jets in heavy-ion collisions ordered by pT are viewed
as modified versions of the same number of highest-energy jets in proton-proton collisions, and the
fractional energy loss as a function of jet pT is a natural observable (QAA). Furthermore, despite
non-monotonic fluctuations in the energy loss, we use an event generator to validate the strong
correlation between the pT of the parton that initiates a heavy-ion jet and the pT of the vacuum jet
which corresponds to it via the quantile procedure (pquantT ). We demonstrate that this strategy both
provides a complementary way to study jet modification and mitigates the e↵ect of pT migration in
heavy-ion collisions.

The deconfined phase of QCD matter, the quark-gluon
plasma, was first discovered in collisions of heavy nuclei
at the Relativistic Heavy Ion Collider [1–5] and confirmed
at the Large Hadron Collider [6–8]. As in high-energy
proton-proton collisions, heavy-ion collisions produce col-
limated sprays of particles, called jets, from highly ener-
getic scatterings of quarks and gluons. The observation
of “jet quenching”—a strong suppression and modifica-
tion of jets in heavy-ion collisions [7–9]—ushered in a new
era of studying the properties of the quark-gluon plasma
by measuring its e↵ect on jets [10–23].

A central issue in interpreting jet quenching measure-
ments is that medium-induced modifications necessarily
a↵ect how jets are identified experimentally. Current
methods compare proton-proton and heavy-ion jets of the
same final (reconstructed) transverse momentum pT and,
as such, inevitably su↵er from significant biases from the
migration of jets from higher to lower pT due to medium-
induced energy loss (see [24, 25]). While these methods
have been very successful in qualitatively demonstrat-
ing the phenomena of jet quenching, quantitive studies
often necessitate interpreting the data through theoreti-
cal models which include migration e↵ects. Ideally, one
would like to isolate samples of jets in proton-proton and
heavy-ion collisions which were statistically equivalent
when they were produced, di↵ering only by the e↵ects
of the plasma.

In this letter, we propose a novel data-driven strat-
egy for comparing heavy-ion (AA) jet measurements to
proton-proton (pp) baselines which mitigates, to a large
extent, the e↵ect of pT migration. The famous jet ra-
tio RAA compares the e↵ective cross-section for jets in
proton-proton and heavy-ion collisions with the same re-

constructed pT :

RAA =
�e↵
AA

�e↵
pp

����
pT

, (1)

as illustrated in blue in Fig. 1a. Here, we introduce a
“quantile” procedure, which divides jet samples sorted by
pT into quantiles of equal probability. Our new proposed
observable for heavy-ion collisions is the pT ratio between
heavy-ion and proton-proton jets in the same quantile:

QAA =
pAA
T

pppT

����
⌃eff

, (2)

as illustrated in red in Fig. 1b, where 1�QAA is a proxy
for the average fractional jet energy loss. (QAA is not
related to QpA used by ALICE [29]).
To give an intuitive understanding of Eq. (2), consider

a simplified scenario where medium-induced energy loss
is monotonic in the pT of the initial unquenched jet. In
that case, the nth highest energy jet in a heavy-ion sam-
ple is a modified version of the nth highest energy jet in
the corresponding proton-proton sample. Thus, in this
simplified picture of energy loss, we can obtain a sam-
ple of heavy-ion jets that is statistically equivalent to
its proton-proton counterpart by selecting jets with the
same (upper) cumulative e↵ective cross-section:

⌃e↵(pmin
T ) =

Z 1

pmin
T

dpT
d�e↵

dpT
. (3)

Note that for comparison to proton-proton cross-sections,
heavy-ion cross-sections must be rescaled by the average
number of nucleon-nucleon collisions hNcolli: �e↵

pp = �pp,

�e↵
AA = �AA/hNcolli. Of course, energy loss is not strictly
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We introduce a new “quantile” analysis strategy to study the modification of jets as they traverse
through a droplet of quark-gluon plasma. To date, most jet modification studies have been based
on comparing the jet properties measured in heavy-ion collisions to a proton-proton baseline at the
same reconstructed jet transverse momentum (pT ). It is well known, however, that the quenching
of jets from their interaction with the medium leads to a migration of jets from higher to lower pT ,
making it challenging to directly infer the degree and mechanism of jet energy loss. Our proposed
quantile matching procedure is inspired by (but not reliant on) the approximate monotonicity of
energy loss in the jet pT . In this strategy, jets in heavy-ion collisions ordered by pT are viewed
as modified versions of the same number of highest-energy jets in proton-proton collisions, and the
fractional energy loss as a function of jet pT is a natural observable (QAA). Furthermore, despite
non-monotonic fluctuations in the energy loss, we use an event generator to validate the strong
correlation between the pT of the parton that initiates a heavy-ion jet and the pT of the vacuum jet
which corresponds to it via the quantile procedure (pquantT ). We demonstrate that this strategy both
provides a complementary way to study jet modification and mitigates the e↵ect of pT migration in
heavy-ion collisions.

The deconfined phase of QCD matter, the quark-gluon
plasma, was first discovered in collisions of heavy nuclei
at the Relativistic Heavy Ion Collider [1–5] and confirmed
at the Large Hadron Collider [6–8]. As in high-energy
proton-proton collisions, heavy-ion collisions produce col-
limated sprays of particles, called jets, from highly ener-
getic scatterings of quarks and gluons. The observation
of “jet quenching”—a strong suppression and modifica-
tion of jets in heavy-ion collisions [7–9]—ushered in a new
era of studying the properties of the quark-gluon plasma
by measuring its e↵ect on jets [10–23].

A central issue in interpreting jet quenching measure-
ments is that medium-induced modifications necessarily
a↵ect how jets are identified experimentally. Current
methods compare proton-proton and heavy-ion jets of the
same final (reconstructed) transverse momentum pT and,
as such, inevitably su↵er from significant biases from the
migration of jets from higher to lower pT due to medium-
induced energy loss (see [24, 25]). While these methods
have been very successful in qualitatively demonstrat-
ing the phenomena of jet quenching, quantitive studies
often necessitate interpreting the data through theoreti-
cal models which include migration e↵ects. Ideally, one
would like to isolate samples of jets in proton-proton and
heavy-ion collisions which were statistically equivalent
when they were produced, di↵ering only by the e↵ects
of the plasma.

In this letter, we propose a novel data-driven strat-
egy for comparing heavy-ion (AA) jet measurements to
proton-proton (pp) baselines which mitigates, to a large
extent, the e↵ect of pT migration. The famous jet ra-
tio RAA compares the e↵ective cross-section for jets in
proton-proton and heavy-ion collisions with the same re-

constructed pT :

RAA =
�e↵
AA

�e↵
pp

����
pT

, (1)

as illustrated in blue in Fig. 1a. Here, we introduce a
“quantile” procedure, which divides jet samples sorted by
pT into quantiles of equal probability. Our new proposed
observable for heavy-ion collisions is the pT ratio between
heavy-ion and proton-proton jets in the same quantile:

QAA =
pAA
T

pppT

����
⌃eff

, (2)

as illustrated in red in Fig. 1b, where 1�QAA is a proxy
for the average fractional jet energy loss. (QAA is not
related to QpA used by ALICE [29]).
To give an intuitive understanding of Eq. (2), consider

a simplified scenario where medium-induced energy loss
is monotonic in the pT of the initial unquenched jet. In
that case, the nth highest energy jet in a heavy-ion sam-
ple is a modified version of the nth highest energy jet in
the corresponding proton-proton sample. Thus, in this
simplified picture of energy loss, we can obtain a sam-
ple of heavy-ion jets that is statistically equivalent to
its proton-proton counterpart by selecting jets with the
same (upper) cumulative e↵ective cross-section:

⌃e↵(pmin
T ) =

Z 1

pmin
T

dpT
d�e↵

dpT
. (3)

Note that for comparison to proton-proton cross-sections,
heavy-ion cross-sections must be rescaled by the average
number of nucleon-nucleon collisions hNcolli: �e↵

pp = �pp,

�e↵
AA = �AA/hNcolli. Of course, energy loss is not strictly
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Jasmine Brewer,1, ⇤ José Guilherme Milhano,2, 3, † and Jesse Thaler1, 4, ‡

1Center for Theoretical Physics, Massachusetts Institute of Technology, Cambridge, MA 02139, USA
2LIP, Av. Prof. Gama Pinto, 2, P-1649-003 Lisboa, Portugal
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We introduce a new “quantile” analysis strategy to study the modification of jets as they traverse
through a droplet of quark-gluon plasma. To date, most jet modification studies have been based
on comparing the jet properties measured in heavy-ion collisions to a proton-proton baseline at the
same reconstructed jet transverse momentum (pT ). It is well known, however, that the quenching
of jets from their interaction with the medium leads to a migration of jets from higher to lower pT ,
making it challenging to directly infer the degree and mechanism of jet energy loss. Our proposed
quantile matching procedure is inspired by (but not reliant on) the approximate monotonicity of
energy loss in the jet pT . In this strategy, jets in heavy-ion collisions ordered by pT are viewed
as modified versions of the same number of highest-energy jets in proton-proton collisions, and the
fractional energy loss as a function of jet pT is a natural observable (QAA). Furthermore, despite
non-monotonic fluctuations in the energy loss, we use an event generator to validate the strong
correlation between the pT of the parton that initiates a heavy-ion jet and the pT of the vacuum jet
which corresponds to it via the quantile procedure (pquantT ). We demonstrate that this strategy both
provides a complementary way to study jet modification and mitigates the e↵ect of pT migration in
heavy-ion collisions.

The deconfined phase of QCD matter, the quark-gluon
plasma, was first discovered in collisions of heavy nuclei
at the Relativistic Heavy Ion Collider [1–5] and confirmed
at the Large Hadron Collider [6–8]. As in high-energy
proton-proton collisions, heavy-ion collisions produce col-
limated sprays of particles, called jets, from highly ener-
getic scatterings of quarks and gluons. The observation
of “jet quenching”—a strong suppression and modifica-
tion of jets in heavy-ion collisions [7–9]—ushered in a new
era of studying the properties of the quark-gluon plasma
by measuring its e↵ect on jets [10–23].

A central issue in interpreting jet quenching measure-
ments is that medium-induced modifications necessarily
a↵ect how jets are identified experimentally. Current
methods compare proton-proton and heavy-ion jets of the
same final (reconstructed) transverse momentum pT and,
as such, inevitably su↵er from significant biases from the
migration of jets from higher to lower pT due to medium-
induced energy loss (see [24, 25]). While these methods
have been very successful in qualitatively demonstrat-
ing the phenomena of jet quenching, quantitive studies
often necessitate interpreting the data through theoreti-
cal models which include migration e↵ects. Ideally, one
would like to isolate samples of jets in proton-proton and
heavy-ion collisions which were statistically equivalent
when they were produced, di↵ering only by the e↵ects
of the plasma.

In this letter, we propose a novel data-driven strat-
egy for comparing heavy-ion (AA) jet measurements to
proton-proton (pp) baselines which mitigates, to a large
extent, the e↵ect of pT migration. The famous jet ra-
tio RAA compares the e↵ective cross-section for jets in
proton-proton and heavy-ion collisions with the same re-

constructed pT :

RAA =
�e↵
AA

�e↵
pp

����
pT

, (1)

as illustrated in blue in Fig. 1a. Here, we introduce a
“quantile” procedure, which divides jet samples sorted by
pT into quantiles of equal probability. Our new proposed
observable for heavy-ion collisions is the pT ratio between
heavy-ion and proton-proton jets in the same quantile:

QAA =
pAA
T

pppT

����
⌃eff

, (2)

as illustrated in red in Fig. 1b, where 1�QAA is a proxy
for the average fractional jet energy loss. (QAA is not
related to QpA used by ALICE [29]).
To give an intuitive understanding of Eq. (2), consider

a simplified scenario where medium-induced energy loss
is monotonic in the pT of the initial unquenched jet. In
that case, the nth highest energy jet in a heavy-ion sam-
ple is a modified version of the nth highest energy jet in
the corresponding proton-proton sample. Thus, in this
simplified picture of energy loss, we can obtain a sam-
ple of heavy-ion jets that is statistically equivalent to
its proton-proton counterpart by selecting jets with the
same (upper) cumulative e↵ective cross-section:

⌃e↵(pmin
T ) =

Z 1

pmin
T

dpT
d�e↵

dpT
. (3)

Note that for comparison to proton-proton cross-sections,
heavy-ion cross-sections must be rescaled by the average
number of nucleon-nucleon collisions hNcolli: �e↵

pp = �pp,

�e↵
AA = �AA/hNcolli. Of course, energy loss is not strictly
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essentially measures fraction of jets that lost little or no energy  
• in steeply falling spectrum large energy losses translate into 

very small effects 
• RAA provides quantitative handle on energy loss only within 

some model framework 
• it compares jets [hadrons] that were detected with same pT, not 

born alike



SUPPRESSION IS NOT THE SAME AS ENERGY LOSS
• the standard approach to assess QGP effects on jets [quenching] compares a given 

observable in AA and pp collisions for jets with the same reconstructed pt  

• e.g., a jet shape 
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The quark-gluon plasma (QGP) [1], a deconfined state of quarks and gluons, can be created in
relativistic heavy ion collisions. It can be probed with energetic partons emerging from initial
hard scattering processes in the same collisions. The outgoing partons eventually fragment,
and each forms a jet of collimated particles that can be observed experimentally. The inter-
actions of the partons with the medium, and therefore the modification of the resulting jets,
can be related to the thermodynamical and transport properties of the traversed medium [2–7].
To better understand the dynamics of the QGP, it is important to explore the mechanisms by
which the partons lose energy to the medium, whether by heating it, scattering off its point-like
constituents, or by some other processes [8–12].

The CERN LHC collaborations have studied the medium-induced modifications of jets by mea-
suring the jet yield for a given transverse momentum (pT) [13–17] and jet substructure [18–28].
In these types of jet measurements, there is limited information on the initial energy of the
parton, i.e., before its interaction with the medium. On the other hand, by studying jets pro-
duced in association with an electroweak boson, such as a photon or a Z boson, whose pT can
be precisely measured, the initial parent parton pT can be tightly constrained, as electroweak
bosons do not interact strongly with the medium [29–31]. At LHC energies, these type of pro-
cesses have an additional advantage: jets associated with an electroweak boson are dominated
by quark jets for p

jet
T > 30 GeV/c [32], hence providing information specifically on quark en-

ergy loss, and therefore constraining the dependence of energy loss on parton (quark or gluon)
flavor [33, 34].

The CMS Collaboration has previously measured the azimuthal correlation and momentum
imbalance of isolated photon+jet pairs in proton-proton (pp) and lead-lead (PbPb) collisions
at nucleon-nucleon center-of-mass energies of

p
sNN = 2.76 and 5.02 TeV [35, 36], and of Z+jet

pairs at 5.02 TeV [37]. More recently, the fragmentation functions of jets tagged with an isolated
photon were measured [38]. A photon is considered isolated if the total transverse energy
of other particles in a cone of fixed radius around its direction is small after taking into ac-
count the underlying event (UE) contributions as explained in Refs. [36, 39]. This definition
suppresses dijet events in which a high-pT photon originates from one of the jets, either via
collinear fragmentation of a parton (“fragmentation photons”) or via decays of neutral mesons
(“decay photons”). The results showed that in central PbPb collisions there is an excess of
low-pT particles and a depletion of high-pT particles inside the jet cone. The jet fragmentation
functions reflect the momentum distribution inside the parton shower in the longitudinal di-
rection, making it highly sensitive to the hadronization process. A complementary observable
for medium-induced modifications that features reduced sensitivity to hadronization is the jet
radial momentum density profile, i.e., the jet shape, which is a measure of the component of the
momentum transverse to the jet axis [40, 41]. Jet shape measurements so far were done using
inclusive jet [19, 28] or dijet samples [23].

This Letter reports the first measurement of the differential jet shape for jets associated with an
isolated photon. The differential jet shape r(r) is defined as

r(r) =
1
dr

Âjets Â
ra<r<rb

(p
trk
T /p

jet
T )

Âjets Â
0<r<rf

(p
trk
T /p

jet
T )

, (1)

where dr = rb � ra is the width of the annulus of inner and outer radii ra and rb with respect
to the jet axis, respectively, p

trk
T is the pT of tracks falling within each annulus of the jet with

p
jet
T , and r =

p
(hjet � htrk)2 + (fjet � ftrk)2 is the distance between the track and the jet axis

in pseudorapidity (h) and azimuthal angle (f) plane. The distribution is normalized such that
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The quark-gluon plasma (QGP) [1], a deconfined state of quarks and gluons, can be created in
relativistic heavy ion collisions. It can be probed with energetic partons emerging from initial
hard scattering processes in the same collisions. The outgoing partons eventually fragment,
and each forms a jet of collimated particles that can be observed experimentally. The inter-
actions of the partons with the medium, and therefore the modification of the resulting jets,
can be related to the thermodynamical and transport properties of the traversed medium [2–7].
To better understand the dynamics of the QGP, it is important to explore the mechanisms by
which the partons lose energy to the medium, whether by heating it, scattering off its point-like
constituents, or by some other processes [8–12].

The CERN LHC collaborations have studied the medium-induced modifications of jets by mea-
suring the jet yield for a given transverse momentum (pT) [13–17] and jet substructure [18–28].
In these types of jet measurements, there is limited information on the initial energy of the
parton, i.e., before its interaction with the medium. On the other hand, by studying jets pro-
duced in association with an electroweak boson, such as a photon or a Z boson, whose pT can
be precisely measured, the initial parent parton pT can be tightly constrained, as electroweak
bosons do not interact strongly with the medium [29–31]. At LHC energies, these type of pro-
cesses have an additional advantage: jets associated with an electroweak boson are dominated
by quark jets for p

jet
T > 30 GeV/c [32], hence providing information specifically on quark en-

ergy loss, and therefore constraining the dependence of energy loss on parton (quark or gluon)
flavor [33, 34].

The CMS Collaboration has previously measured the azimuthal correlation and momentum
imbalance of isolated photon+jet pairs in proton-proton (pp) and lead-lead (PbPb) collisions
at nucleon-nucleon center-of-mass energies of

p
sNN = 2.76 and 5.02 TeV [35, 36], and of Z+jet

pairs at 5.02 TeV [37]. More recently, the fragmentation functions of jets tagged with an isolated
photon were measured [38]. A photon is considered isolated if the total transverse energy
of other particles in a cone of fixed radius around its direction is small after taking into ac-
count the underlying event (UE) contributions as explained in Refs. [36, 39]. This definition
suppresses dijet events in which a high-pT photon originates from one of the jets, either via
collinear fragmentation of a parton (“fragmentation photons”) or via decays of neutral mesons
(“decay photons”). The results showed that in central PbPb collisions there is an excess of
low-pT particles and a depletion of high-pT particles inside the jet cone. The jet fragmentation
functions reflect the momentum distribution inside the parton shower in the longitudinal di-
rection, making it highly sensitive to the hadronization process. A complementary observable
for medium-induced modifications that features reduced sensitivity to hadronization is the jet
radial momentum density profile, i.e., the jet shape, which is a measure of the component of the
momentum transverse to the jet axis [40, 41]. Jet shape measurements so far were done using
inclusive jet [19, 28] or dijet samples [23].

This Letter reports the first measurement of the differential jet shape for jets associated with an
isolated photon. The differential jet shape r(r) is defined as

r(r) =
1
dr

Âjets Â
ra<r<rb

(p
trk
T /p

jet
T )

Âjets Â
0<r<rf

(p
trk
T /p

jet
T )

, (1)

where dr = rb � ra is the width of the annulus of inner and outer radii ra and rb with respect
to the jet axis, respectively, p

trk
T is the pT of tracks falling within each annulus of the jet with

p
jet
T , and r =

p
(hjet � htrk)2 + (fjet � ftrk)2 is the distance between the track and the jet axis

in pseudorapidity (h) and azimuthal angle (f) plane. The distribution is normalized such thatcomparison between AA and pp at same reconstructed jet 
pt confounds QGP-induced shape modification with bin-
migration effects 
• here the comparison is between jets that were born 

different 
• again, some model framework that must be invoked for 

assessment of what was modified in a jet



BETTER CAN DE DONE

• divide jet samples sorted in pt [from highest] in quantiles of equal probability  

• compare the pt of jets in AA and pp in the same quantile
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We introduce a new “quantile” analysis strategy to study the modification of jets as they traverse
through a droplet of quark-gluon plasma. To date, most jet modification studies have been based
on comparing the jet properties measured in heavy-ion collisions to a proton-proton baseline at the
same reconstructed jet transverse momentum (pT ). It is well known, however, that the quenching
of jets from their interaction with the medium leads to a migration of jets from higher to lower pT ,
making it challenging to directly infer the degree and mechanism of jet energy loss. Our proposed
quantile matching procedure is inspired by (but not reliant on) the approximate monotonicity of
energy loss in the jet pT . In this strategy, jets in heavy-ion collisions ordered by pT are viewed
as modified versions of the same number of highest-energy jets in proton-proton collisions, and the
fractional energy loss as a function of jet pT is a natural observable (QAA). Furthermore, despite
non-monotonic fluctuations in the energy loss, we use an event generator to validate the strong
correlation between the pT of the parton that initiates a heavy-ion jet and the pT of the vacuum jet
which corresponds to it via the quantile procedure (pquantT ). We demonstrate that this strategy both
provides a complementary way to study jet modification and mitigates the e↵ect of pT migration in
heavy-ion collisions.

The deconfined phase of QCD matter, the quark-gluon
plasma, was first discovered in collisions of heavy nuclei
at the Relativistic Heavy Ion Collider [1–5] and confirmed
at the Large Hadron Collider [6–8]. As in high-energy
proton-proton collisions, heavy-ion collisions produce col-
limated sprays of particles, called jets, from highly ener-
getic scatterings of quarks and gluons. The observation
of “jet quenching”—a strong suppression and modifica-
tion of jets in heavy-ion collisions [7–9]—ushered in a new
era of studying the properties of the quark-gluon plasma
by measuring its e↵ect on jets [10–23].

A central issue in interpreting jet quenching measure-
ments is that medium-induced modifications necessarily
a↵ect how jets are identified experimentally. Current
methods compare proton-proton and heavy-ion jets of the
same final (reconstructed) transverse momentum pT and,
as such, inevitably su↵er from significant biases from the
migration of jets from higher to lower pT due to medium-
induced energy loss (see [24, 25]). While these methods
have been very successful in qualitatively demonstrat-
ing the phenomena of jet quenching, quantitive studies
often necessitate interpreting the data through theoreti-
cal models which include migration e↵ects. Ideally, one
would like to isolate samples of jets in proton-proton and
heavy-ion collisions which were statistically equivalent
when they were produced, di↵ering only by the e↵ects
of the plasma.

In this letter, we propose a novel data-driven strat-
egy for comparing heavy-ion (AA) jet measurements to
proton-proton (pp) baselines which mitigates, to a large
extent, the e↵ect of pT migration. The famous jet ra-
tio RAA compares the e↵ective cross-section for jets in
proton-proton and heavy-ion collisions with the same re-

constructed pT :

RAA =
�e↵
AA

�e↵
pp

����
pT

, (1)

as illustrated in blue in Fig. 1a. Here, we introduce a
“quantile” procedure, which divides jet samples sorted by
pT into quantiles of equal probability. Our new proposed
observable for heavy-ion collisions is the pT ratio between
heavy-ion and proton-proton jets in the same quantile:

QAA =
pAA
T

pppT

����
⌃eff

, (2)

as illustrated in red in Fig. 1b, where 1�QAA is a proxy
for the average fractional jet energy loss. (QAA is not
related to QpA used by ALICE [29]).
To give an intuitive understanding of Eq. (2), consider

a simplified scenario where medium-induced energy loss
is monotonic in the pT of the initial unquenched jet. In
that case, the nth highest energy jet in a heavy-ion sam-
ple is a modified version of the nth highest energy jet in
the corresponding proton-proton sample. Thus, in this
simplified picture of energy loss, we can obtain a sam-
ple of heavy-ion jets that is statistically equivalent to
its proton-proton counterpart by selecting jets with the
same (upper) cumulative e↵ective cross-section:

⌃e↵(pmin
T ) =

Z 1

pmin
T

dpT
d�e↵

dpT
. (3)

Note that for comparison to proton-proton cross-sections,
heavy-ion cross-sections must be rescaled by the average
number of nucleon-nucleon collisions hNcolli: �e↵

pp = �pp,

�e↵
AA = �AA/hNcolli. Of course, energy loss is not strictly
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We introduce a new “quantile” analysis strategy to study the modification of jets as they traverse
through a droplet of quark-gluon plasma. To date, most jet modification studies have been based
on comparing the jet properties measured in heavy-ion collisions to a proton-proton baseline at the
same reconstructed jet transverse momentum (pT ). It is well known, however, that the quenching
of jets from their interaction with the medium leads to a migration of jets from higher to lower pT ,
making it challenging to directly infer the degree and mechanism of jet energy loss. Our proposed
quantile matching procedure is inspired by (but not reliant on) the approximate monotonicity of
energy loss in the jet pT . In this strategy, jets in heavy-ion collisions ordered by pT are viewed
as modified versions of the same number of highest-energy jets in proton-proton collisions, and the
fractional energy loss as a function of jet pT is a natural observable (QAA). Furthermore, despite
non-monotonic fluctuations in the energy loss, we use an event generator to validate the strong
correlation between the pT of the parton that initiates a heavy-ion jet and the pT of the vacuum jet
which corresponds to it via the quantile procedure (pquantT ). We demonstrate that this strategy both
provides a complementary way to study jet modification and mitigates the e↵ect of pT migration in
heavy-ion collisions.

The deconfined phase of QCD matter, the quark-gluon
plasma, was first discovered in collisions of heavy nuclei
at the Relativistic Heavy Ion Collider [1–5] and confirmed
at the Large Hadron Collider [6–8]. As in high-energy
proton-proton collisions, heavy-ion collisions produce col-
limated sprays of particles, called jets, from highly ener-
getic scatterings of quarks and gluons. The observation
of “jet quenching”—a strong suppression and modifica-
tion of jets in heavy-ion collisions [7–9]—ushered in a new
era of studying the properties of the quark-gluon plasma
by measuring its e↵ect on jets [10–23].

A central issue in interpreting jet quenching measure-
ments is that medium-induced modifications necessarily
a↵ect how jets are identified experimentally. Current
methods compare proton-proton and heavy-ion jets of the
same final (reconstructed) transverse momentum pT and,
as such, inevitably su↵er from significant biases from the
migration of jets from higher to lower pT due to medium-
induced energy loss (see [24, 25]). While these methods
have been very successful in qualitatively demonstrat-
ing the phenomena of jet quenching, quantitive studies
often necessitate interpreting the data through theoreti-
cal models which include migration e↵ects. Ideally, one
would like to isolate samples of jets in proton-proton and
heavy-ion collisions which were statistically equivalent
when they were produced, di↵ering only by the e↵ects
of the plasma.

In this letter, we propose a novel data-driven strat-
egy for comparing heavy-ion (AA) jet measurements to
proton-proton (pp) baselines which mitigates, to a large
extent, the e↵ect of pT migration. The famous jet ra-
tio RAA compares the e↵ective cross-section for jets in
proton-proton and heavy-ion collisions with the same re-

constructed pT :

RAA =
�e↵
AA

�e↵
pp

����
pT

, (1)

as illustrated in blue in Fig. 1a. Here, we introduce a
“quantile” procedure, which divides jet samples sorted by
pT into quantiles of equal probability. Our new proposed
observable for heavy-ion collisions is the pT ratio between
heavy-ion and proton-proton jets in the same quantile:

QAA =
pAA
T

pppT

����
⌃eff

, (2)

as illustrated in red in Fig. 1b, where 1�QAA is a proxy
for the average fractional jet energy loss. (QAA is not
related to QpA used by ALICE [29]).
To give an intuitive understanding of Eq. (2), consider

a simplified scenario where medium-induced energy loss
is monotonic in the pT of the initial unquenched jet. In
that case, the nth highest energy jet in a heavy-ion sam-
ple is a modified version of the nth highest energy jet in
the corresponding proton-proton sample. Thus, in this
simplified picture of energy loss, we can obtain a sam-
ple of heavy-ion jets that is statistically equivalent to
its proton-proton counterpart by selecting jets with the
same (upper) cumulative e↵ective cross-section:

⌃e↵(pmin
T ) =

Z 1

pmin
T

dpT
d�e↵

dpT
. (3)

Note that for comparison to proton-proton cross-sections,
heavy-ion cross-sections must be rescaled by the average
number of nucleon-nucleon collisions hNcolli: �e↵

pp = �pp,

�e↵
AA = �AA/hNcolli. Of course, energy loss is not strictly
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(1-QAA) is a proxy for the average energy loss :: would be exact if energy loss was strictly monotonic 
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FIG. 1. Illustration comparing the ratio and quantile procedures. (a) The inclusive jet pT spectra measured by CMS [26], for a
jet radius of R = 0.4. The standard jet ratio RAA (blue) compares heavy-ion and proton-proton jet cross-sections vertically at
the same reconstructed jet pT . (b) The jet pT cumulative cross-sections extracted from Jewel [27, 28]. The quantile procedure
QAA (red) compares heavy-ion and proton-proton jet pT thresholds horizontally at the same cumulative cross-section. From
this, one can map each pAA

T (base of red arrows) into the pT of proton-proton jets in the same quantile, pquantT (tip of red arrows).

For completeness, we also show the pseudo-quantile eQAA (orange, with corresponding epquantT ) defined on the cross-section and

pseudo-ratio eRAA (purple) defined on the cumulative cross-section, though we will not use these in the present study.

monotonic in pT , since other properties of a jet and of
the jet-medium interaction influence its energy loss and
cause jets with the same initial pT to lose di↵erent frac-
tions of their energy. Below, we will quantify the useful-
ness of this quantile picture in the context of a realistic
event generator where significant non-monotonicities are
indeed present.

Due to the steeply-falling jet production spectrum
(� ⇠ p�6

T ), jets within a given range in reconstructed
heavy-ion pT are dominated by those which were least
modified (see e.g. [30]). Addressing this issue requires
comparing jets that had the same pT when they were
initially produced. In rarer events where an energetic �
or Z boson is produced back-to-back with a jet, the un-
modified boson energy approximates the initial energy of
the recoiling jet [15, 31]. In general jet events, however,
the jet energy before medium e↵ects cannot be measured.

A key result of this work is that the quantile picture
also provides a natural proxy for the unmodified jet pT
that is observable in general jet events. Given a heavy-
ion jet with reconstructed momentum pAA

T , we can define
pquantT implicitly as the momentum of a proton-proton jet
with the same (upper) cumulative cross-section:

⌃e↵
pp(p

quant
T ) ⌘ ⌃e↵

AA(p
AA
T ). (4)

In this quantile picture, pquantT is viewed as the initial jet
pT prior to medium e↵ects. The mapping from pAA

T to

pquantT is illustrated by the red arrows in Fig. 1b, with
pAA
T = pquantT QAA(p

quant
T ). Intriguingly, we will show

that pquantT approximates the pT of a heavy-ion jet before
quenching with comparable fidelity to the unmodified bo-
son energy pZT available only in rarer Z+jet events.

For the remainder of this work, we consider samples
of Z+jet and di-jet events in the heavy-ion Monte Carlo
event generator Jewel 2.1.0 [27, 28], based on vacuum
jet production in Pythia 6 [32]. For each process, we
generate 2 million each of proton-proton and head-on
(0�10% centrality) heavy-ion events at 2.76TeV and re-
construct anti-kt jets using FastJet 3.3.0 [33, 34] with
radius parameter R = 0.4 and pseudorapidity |⌘| < 2.
We include initial state radiation but do not include
medium recoils, since medium response is not expected
to have a significant e↵ect on Eq. (3) at the values of
pmin
T considered here. For Z+jet events we identify the Z

from its decay to muons and consider the leading recoiling
jet, and for di-jet events we consider the two highest-pT
jets. The default heavy-ion background in Jewel is a
Bjorken expanding medium with initial peak tempera-
ture Ti = 485MeV and formation time ⌧i = 0.6 fm, con-
sistent with the parameters used to fit data at 2.76TeV
in more realistic hydrodynamic simulations [28, 35].

Using these Z+jet and di-jet samples from Jewel,
Fig. 2a shows the standard RAA (also called IAA for
Z+jet) and Fig. 2b shows the pT ratio QAA. Although
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COMPLEMENTARY INFORMATION

• QAA and RAA provide very different information 

• RAA depends on different spectral shape for quark and gluon initiated jets :: QAA does not
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FIG. 2. Distributions of (a) RAA as a function of pjetT and (b) QAA as a function of pquantT , for the Z+jet (dashed) and di-jet
(solid) samples in Jewel. Although RAA and QAA are derived from the same underlying jet pT spectra, they provide di↵erent
and complementary information. For example, the pT dependence of RAA is very di↵erent for Z+jet and di-jet events in Jewel,
while the average fractional pT loss 1�QAA is similar. Note that RAA requires binning of the data, while QAA, which is based
on the cumulative cross-section, can be plotted unbinned.

the RAA for Z+jet and di-jet events have significantly dif-
ferent pT -dependence, it is interesting that the average
fractional energy loss of jets is very similar, as quantified
by 1 � QAA. This might be surprising since Z+jet and
di-jet events have di↵erent fractions of quark and gluon
jets, though Ref. [36] suggests that quark and gluon jets
may experience similar energy loss in Jewel; whether
this is borne out in data is an open question. Regardless,
it is clear that RAA and QAA o↵er complementary probes
of the jet quenching phenomenon and are therefore both
interesting observables in their own right. The quantile
procedure also shows that the highest-pT jets lose a small
fraction of their energy on average ((1 � QAA) ⇠ 5%),
even though RAA is far below one. This result can be
compared to other methods for extracting the average
energy loss from data, for example Ref. [37].

We now turn to validating the interpretation of pquantT
as a proxy for the initial pT of a heavy-ion jet before
quenching by the medium. In Z+jet events, pZT can be
used as a baseline for the (approximate) initial pT of the
leading recoiling jet, since the Z boson does not interact
with the quark-gluon plasma. For a given value of pZT ,
there is a distribution of recoil jet momenta whose mean
is shown in the upper panel of Fig. 3a. Even in proton-
proton collisions, the recoiling jet pT is systematically
lower on average than pZT due to out-of-cone radiation
and events with multiple jets. In heavy-ion collisions, it
is even lower due to energy loss. Intriguingly, the mean
value of pquantT (red) is much more comparable to that
of pppT (dashed black) than pAA

T (blue) is, indicating that
pquantT is a good proxy for the initial jet pT . On the
other hand, the standard deviation of pquantT , shown in
the lower panel of Fig. 3a, is higher than that of pppT

due to energy loss fluctuations. These cannot be undone
by the quantile procedure, which can only give a perfect
reconstruction of the distribution of pppT in the case of
strictly monotonic energy loss.
We emphasize that the distribution in Fig. 3a is phys-

ically observable and could be used to validate the quan-
tile procedure in experimental data. Crucially, quan-
tile matching can also provide a baseline for the initial
jet pT in general jet events. To validate this in di-jet
events at the generator level, we use the pT of the par-
tons from the initial hard matrix element in Jewel, pMC

T ,
as an (unphysical and unobservable) baseline for the ini-
tial jet pT (see [38]). We consider the two highest-pT
jets and match each jet with the pMC

T that minimizes

�R =
p
�⌘2 +��2 between the jet and the parton.

Each of the two jets then enters independently in Fig. 3b,
which demonstrates the correlation of the jet pT to pMC

T
for proton-proton and heavy-ion jets, with the results of
the quantile procedure in red. Fig. 3b is the only figure
in this work that involves an unobservable quantity, and
it shows remarkably similar features to Fig. 3a which can
be measured experimentally.
It might be surprising that the curves in Fig. 3 are

fairly flat as a function of the baseline initial pT . This
can be understood, however, from a minimal model in
which the final energy of a jet is obtained from its initial
energy via gaussian smearing. Consider the probability
distribution

p(pAA
T |pinT ) =

Z
dpppT N (pAA

T |µ̃2p
pp
T , �̃2p

pp
T )

⇥ N (pppT |µ̃1p
in
T , �̃1p

in
T ). (5)

Here, N (x|µ,�) is a normal distribution in the variable x
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QUANTILE PROCEDURE AS PROXY FOR INITIAL ENERGY

• provides a proxy for the initial pt of a quenched [prior to QGP-induced energy loss]
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FIG. 1. Illustration comparing the ratio and quantile procedures. (a) The inclusive jet pT spectra measured by CMS [26], for a
jet radius of R = 0.4. The standard jet ratio RAA (blue) compares heavy-ion and proton-proton jet cross-sections vertically at
the same reconstructed jet pT . (b) The jet pT cumulative cross-sections extracted from Jewel [27, 28]. The quantile procedure
QAA (red) compares heavy-ion and proton-proton jet pT thresholds horizontally at the same cumulative cross-section. From
this, one can map each pAA

T (base of red arrows) into the pT of proton-proton jets in the same quantile, pquantT (tip of red arrows).

For completeness, we also show the pseudo-quantile eQAA (orange, with corresponding epquantT ) defined on the cross-section and

pseudo-ratio eRAA (purple) defined on the cumulative cross-section, though we will not use these in the present study.

monotonic in pT , since other properties of a jet and of
the jet-medium interaction influence its energy loss and
cause jets with the same initial pT to lose di↵erent frac-
tions of their energy. Below, we will quantify the useful-
ness of this quantile picture in the context of a realistic
event generator where significant non-monotonicities are
indeed present.

Due to the steeply-falling jet production spectrum
(� ⇠ p�6

T ), jets within a given range in reconstructed
heavy-ion pT are dominated by those which were least
modified (see e.g. [30]). Addressing this issue requires
comparing jets that had the same pT when they were
initially produced. In rarer events where an energetic �
or Z boson is produced back-to-back with a jet, the un-
modified boson energy approximates the initial energy of
the recoiling jet [15, 31]. In general jet events, however,
the jet energy before medium e↵ects cannot be measured.

A key result of this work is that the quantile picture
also provides a natural proxy for the unmodified jet pT
that is observable in general jet events. Given a heavy-
ion jet with reconstructed momentum pAA

T , we can define
pquantT implicitly as the momentum of a proton-proton jet
with the same (upper) cumulative cross-section:

⌃e↵
pp(p

quant
T ) ⌘ ⌃e↵

AA(p
AA
T ). (4)

In this quantile picture, pquantT is viewed as the initial jet
pT prior to medium e↵ects. The mapping from pAA

T to

pquantT is illustrated by the red arrows in Fig. 1b, with
pAA
T = pquantT QAA(p

quant
T ). Intriguingly, we will show

that pquantT approximates the pT of a heavy-ion jet before
quenching with comparable fidelity to the unmodified bo-
son energy pZT available only in rarer Z+jet events.

For the remainder of this work, we consider samples
of Z+jet and di-jet events in the heavy-ion Monte Carlo
event generator Jewel 2.1.0 [27, 28], based on vacuum
jet production in Pythia 6 [32]. For each process, we
generate 2 million each of proton-proton and head-on
(0�10% centrality) heavy-ion events at 2.76TeV and re-
construct anti-kt jets using FastJet 3.3.0 [33, 34] with
radius parameter R = 0.4 and pseudorapidity |⌘| < 2.
We include initial state radiation but do not include
medium recoils, since medium response is not expected
to have a significant e↵ect on Eq. (3) at the values of
pmin
T considered here. For Z+jet events we identify the Z

from its decay to muons and consider the leading recoiling
jet, and for di-jet events we consider the two highest-pT
jets. The default heavy-ion background in Jewel is a
Bjorken expanding medium with initial peak tempera-
ture Ti = 485MeV and formation time ⌧i = 0.6 fm, con-
sistent with the parameters used to fit data at 2.76TeV
in more realistic hydrodynamic simulations [28, 35].

Using these Z+jet and di-jet samples from Jewel,
Fig. 2a shows the standard RAA (also called IAA for
Z+jet) and Fig. 2b shows the pT ratio QAA. Although
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FIG. 1. Illustration comparing the ratio and quantile procedures. (a) The inclusive jet pT spectra measured by CMS [26], for a
jet radius of R = 0.4. The standard jet ratio RAA (blue) compares heavy-ion and proton-proton jet cross-sections vertically at
the same reconstructed jet pT . (b) The jet pT cumulative cross-sections extracted from Jewel [27, 28]. The quantile procedure
QAA (red) compares heavy-ion and proton-proton jet pT thresholds horizontally at the same cumulative cross-section. From
this, one can map each pAA

T (base of red arrows) into the pT of proton-proton jets in the same quantile, pquantT (tip of red arrows).

For completeness, we also show the pseudo-quantile eQAA (orange, with corresponding epquantT ) defined on the cross-section and

pseudo-ratio eRAA (purple) defined on the cumulative cross-section, though we will not use these in the present study.

monotonic in pT , since other properties of a jet and of
the jet-medium interaction influence its energy loss and
cause jets with the same initial pT to lose di↵erent frac-
tions of their energy. Below, we will quantify the useful-
ness of this quantile picture in the context of a realistic
event generator where significant non-monotonicities are
indeed present.

Due to the steeply-falling jet production spectrum
(� ⇠ p�6

T ), jets within a given range in reconstructed
heavy-ion pT are dominated by those which were least
modified (see e.g. [30]). Addressing this issue requires
comparing jets that had the same pT when they were
initially produced. In rarer events where an energetic �
or Z boson is produced back-to-back with a jet, the un-
modified boson energy approximates the initial energy of
the recoiling jet [15, 31]. In general jet events, however,
the jet energy before medium e↵ects cannot be measured.

A key result of this work is that the quantile picture
also provides a natural proxy for the unmodified jet pT
that is observable in general jet events. Given a heavy-
ion jet with reconstructed momentum pAA

T , we can define
pquantT implicitly as the momentum of a proton-proton jet
with the same (upper) cumulative cross-section:

⌃e↵
pp(p

quant
T ) ⌘ ⌃e↵

AA(p
AA
T ). (4)

In this quantile picture, pquantT is viewed as the initial jet
pT prior to medium e↵ects. The mapping from pAA

T to

pquantT is illustrated by the red arrows in Fig. 1b, with
pAA
T = pquantT QAA(p

quant
T ). Intriguingly, we will show

that pquantT approximates the pT of a heavy-ion jet before
quenching with comparable fidelity to the unmodified bo-
son energy pZT available only in rarer Z+jet events.

For the remainder of this work, we consider samples
of Z+jet and di-jet events in the heavy-ion Monte Carlo
event generator Jewel 2.1.0 [27, 28], based on vacuum
jet production in Pythia 6 [32]. For each process, we
generate 2 million each of proton-proton and head-on
(0�10% centrality) heavy-ion events at 2.76TeV and re-
construct anti-kt jets using FastJet 3.3.0 [33, 34] with
radius parameter R = 0.4 and pseudorapidity |⌘| < 2.
We include initial state radiation but do not include
medium recoils, since medium response is not expected
to have a significant e↵ect on Eq. (3) at the values of
pmin
T considered here. For Z+jet events we identify the Z

from its decay to muons and consider the leading recoiling
jet, and for di-jet events we consider the two highest-pT
jets. The default heavy-ion background in Jewel is a
Bjorken expanding medium with initial peak tempera-
ture Ti = 485MeV and formation time ⌧i = 0.6 fm, con-
sistent with the parameters used to fit data at 2.76TeV
in more realistic hydrodynamic simulations [28, 35].

Using these Z+jet and di-jet samples from Jewel,
Fig. 2a shows the standard RAA (also called IAA for
Z+jet) and Fig. 2b shows the pT ratio QAA. Although
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VALIDATION IN Z+JET

• quantile procedure closely reconstructs unquenched [initial] pt :: in this case measurable  

• quantile procedure cannot [yet] undo fluctuations
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FIG. 3. Mean (top) and standard deviation (bottom) of the distribution of jet pT compared to a baseline initial pT . Shown
are (a) Z+jet events where the baseline is the physically observable pT of the recoiling Z boson and (b) di-jet events where the
baseline is the unphysical and unobservable pMC

T of the initial hard scattering obtained from Jewel. The reconstructed jet pT
for proton-proton and heavy-ion jets are shown in dashed black and blue, respectively. The pquantT of the heavy-ion sample,
shown in red, more closely matches the initial jet pT than the reconstructed heavy-ion pT does.

with mean µ and standard deviation �, and µ̃1,2 and �̃1,2

are dimensionless constants. Eq. (5) describes the prob-
abilistic relation between the seed-parton momentum pinT
(interpreted as pZT or pMC

T ) and the quenched momentum
pAA
T via two stages of gaussian smearing: first from pinT

to the unquenched jet momentum pppT , and then from
pppT to the quenched momentum pAA

T . Integrating over
intermediate values of pppT gives p(pAA

T |pinT ), the probabil-
ity of pAA

T for fixed pinT . The fact that µ2 = µ̃2p
pp
T means

that the average energy loss is monotonic in pT , but since
�̃2 6= 0 energy loss is not monotonic in pT jet-by-jet.

The mean and standard deviation of the distribution
in Eq. (5) can be calculated analytically (see [39]):

hpAA
T /pinT i = µ̃1 µ̃2,

�
�
pAA
T /pinT

�
=

q
µ̃2
1 �̃

2
2 + µ̃2

2 �̃
2
1 + �̃2

1 �̃
2
2 ,

(6)

though the resulting distribution is not generally gaus-
sian. These can be compared to the upper and lower
panels, respectively, of Fig. 3. The fact that Eq. (6) has
no pinT -dependence is consistent with the fact that the
curves in Fig. 3 are approximately flat. To the extent
that this model is semi-realistic, Eq. (6) and a measure-
ment of Fig. 3a would provide an estimate of the average
energy loss and the size of energy loss fluctuations. Tak-
ing approximate values from Fig. 3a at pZT = 300GeV
of hpppT /pZT i ⌘ µ̃1 ⇡ 0.87, �

�
pppT /pZT

�
⌘ �̃1 ⇡ 0.17,

hpAA
T /pZT i ⇡ 0.74, and �

�
pAA
T /pZT

�
⇡ 0.18, Eq. (6) yields

µ̃2 ⇡ 0.85 and �̃2 ⇡ 0.12. It is satisfying that this ex-
tracted µ̃2 value is comparable to QAA in Fig. 2b, which
is a more direct proxy for fractional energy loss.

As a final application in this letter, we demonstrate

FIG. 4. Distribution of m/pT for proton-proton (dashed
black) and heavy-ion (blue) jets in di-jet events with recon-
structed pT 2 [100, 200] GeV. Heavy-ion jets with pquantT 2
[100, 200] GeV, corresponding to pAA

T 2 [80, 173] GeV, are in
red. The heavy-ion result is normalized to match the proton-
proton baseline but the quantile result has the correct nor-
malization by construction. Partially compensating for pT
migration via the quantile procedure shifts m/pT towards be-
ing less modified.

how the quantile procedure can be used to charac-
terize the e↵ects of pT migration via an example jet
substructure observable, the dimensionless ratio m/pT .
Fig. 4 shows distributions of m/pT for proton-proton
and heavy-ion jets in a range of reconstructed pT in
dashed black and blue, respectively. Heavy-ion jets with
that range of pquantT are those in the same quantile as
the proton-proton baseline, and m/pT for that sample is
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PERFORMANCE IN DI-JET EVENTS

• similar performance to Z+jet 

• access to unmeasurable quantity :: allows for comparison of large statistics samples of jets 
that were born fairly equal
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FIG. 3. Mean (top) and standard deviation (bottom) of the distribution of jet pT compared to a baseline initial pT . Shown
are (a) Z+jet events where the baseline is the physically observable pT of the recoiling Z boson and (b) di-jet events where the
baseline is the unphysical and unobservable pMC

T of the initial hard scattering obtained from Jewel. The reconstructed jet pT
for proton-proton and heavy-ion jets are shown in dashed black and blue, respectively. The pquantT of the heavy-ion sample,
shown in red, more closely matches the initial jet pT than the reconstructed heavy-ion pT does.

with mean µ and standard deviation �, and µ̃1,2 and �̃1,2

are dimensionless constants. Eq. (5) describes the prob-
abilistic relation between the seed-parton momentum pinT
(interpreted as pZT or pMC

T ) and the quenched momentum
pAA
T via two stages of gaussian smearing: first from pinT

to the unquenched jet momentum pppT , and then from
pppT to the quenched momentum pAA

T . Integrating over
intermediate values of pppT gives p(pAA

T |pinT ), the probabil-
ity of pAA

T for fixed pinT . The fact that µ2 = µ̃2p
pp
T means

that the average energy loss is monotonic in pT , but since
�̃2 6= 0 energy loss is not monotonic in pT jet-by-jet.

The mean and standard deviation of the distribution
in Eq. (5) can be calculated analytically (see [39]):

hpAA
T /pinT i = µ̃1 µ̃2,

�
�
pAA
T /pinT

�
=

q
µ̃2
1 �̃

2
2 + µ̃2

2 �̃
2
1 + �̃2

1 �̃
2
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though the resulting distribution is not generally gaus-
sian. These can be compared to the upper and lower
panels, respectively, of Fig. 3. The fact that Eq. (6) has
no pinT -dependence is consistent with the fact that the
curves in Fig. 3 are approximately flat. To the extent
that this model is semi-realistic, Eq. (6) and a measure-
ment of Fig. 3a would provide an estimate of the average
energy loss and the size of energy loss fluctuations. Tak-
ing approximate values from Fig. 3a at pZT = 300GeV
of hpppT /pZT i ⌘ µ̃1 ⇡ 0.87, �

�
pppT /pZT

�
⌘ �̃1 ⇡ 0.17,

hpAA
T /pZT i ⇡ 0.74, and �

�
pAA
T /pZT

�
⇡ 0.18, Eq. (6) yields

µ̃2 ⇡ 0.85 and �̃2 ⇡ 0.12. It is satisfying that this ex-
tracted µ̃2 value is comparable to QAA in Fig. 2b, which
is a more direct proxy for fractional energy loss.

As a final application in this letter, we demonstrate

FIG. 4. Distribution of m/pT for proton-proton (dashed
black) and heavy-ion (blue) jets in di-jet events with recon-
structed pT 2 [100, 200] GeV. Heavy-ion jets with pquantT 2
[100, 200] GeV, corresponding to pAA

T 2 [80, 173] GeV, are in
red. The heavy-ion result is normalized to match the proton-
proton baseline but the quantile result has the correct nor-
malization by construction. Partially compensating for pT
migration via the quantile procedure shifts m/pT towards be-
ing less modified.

how the quantile procedure can be used to charac-
terize the e↵ects of pT migration via an example jet
substructure observable, the dimensionless ratio m/pT .
Fig. 4 shows distributions of m/pT for proton-proton
and heavy-ion jets in a range of reconstructed pT in
dashed black and blue, respectively. Heavy-ion jets with
that range of pquantT are those in the same quantile as
the proton-proton baseline, and m/pT for that sample is
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MITIGATION OF MIGRATION EFFECTS :: AN EXAMPLE

• part of observable modification due to bin migration [comparison of jets with different initial 
energy] 

• quantile procedure isolates ‘true’ modification
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FIG. 3. Mean (top) and standard deviation (bottom) of the distribution of jet pT compared to a baseline initial pT . Shown
are (a) Z+jet events where the baseline is the physically observable pT of the recoiling Z boson and (b) di-jet events where the
baseline is the unphysical and unobservable pMC

T of the initial hard scattering obtained from Jewel. The reconstructed jet pT
for proton-proton and heavy-ion jets are shown in dashed black and blue, respectively. The pquantT of the heavy-ion sample,
shown in red, more closely matches the initial jet pT than the reconstructed heavy-ion pT does.

with mean µ and standard deviation �, and µ̃1,2 and �̃1,2

are dimensionless constants. Eq. (5) describes the prob-
abilistic relation between the seed-parton momentum pinT
(interpreted as pZT or pMC

T ) and the quenched momentum
pAA
T via two stages of gaussian smearing: first from pinT

to the unquenched jet momentum pppT , and then from
pppT to the quenched momentum pAA

T . Integrating over
intermediate values of pppT gives p(pAA

T |pinT ), the probabil-
ity of pAA

T for fixed pinT . The fact that µ2 = µ̃2p
pp
T means

that the average energy loss is monotonic in pT , but since
�̃2 6= 0 energy loss is not monotonic in pT jet-by-jet.

The mean and standard deviation of the distribution
in Eq. (5) can be calculated analytically (see [39]):

hpAA
T /pinT i = µ̃1 µ̃2,
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though the resulting distribution is not generally gaus-
sian. These can be compared to the upper and lower
panels, respectively, of Fig. 3. The fact that Eq. (6) has
no pinT -dependence is consistent with the fact that the
curves in Fig. 3 are approximately flat. To the extent
that this model is semi-realistic, Eq. (6) and a measure-
ment of Fig. 3a would provide an estimate of the average
energy loss and the size of energy loss fluctuations. Tak-
ing approximate values from Fig. 3a at pZT = 300GeV
of hpppT /pZT i ⌘ µ̃1 ⇡ 0.87, �

�
pppT /pZT

�
⌘ �̃1 ⇡ 0.17,

hpAA
T /pZT i ⇡ 0.74, and �

�
pAA
T /pZT

�
⇡ 0.18, Eq. (6) yields

µ̃2 ⇡ 0.85 and �̃2 ⇡ 0.12. It is satisfying that this ex-
tracted µ̃2 value is comparable to QAA in Fig. 2b, which
is a more direct proxy for fractional energy loss.

As a final application in this letter, we demonstrate
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FIG. 4. Distribution of m/pT for proton-proton (dashed
black) and heavy-ion (blue) jets in di-jet events with recon-
structed pT 2 [100, 200] GeV. Heavy-ion jets with pquantT 2
[100, 200] GeV, corresponding to pAA

T 2 [80, 173] GeV, are in
red. The heavy-ion result is normalized to match the proton-
proton baseline but the quantile result has the correct nor-
malization by construction. Partially compensating for pT
migration via the quantile procedure shifts m/pT towards be-
ing less modified.

how the quantile procedure can be used to charac-
terize the e↵ects of pT migration via an example jet
substructure observable, the dimensionless ratio m/pT .
Fig. 4 shows distributions of m/pT for proton-proton
and heavy-ion jets in a range of reconstructed pT in
dashed black and blue, respectively. Heavy-ion jets with
that range of pquantT are those in the same quantile as
the proton-proton baseline, and m/pT for that sample is
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FIG. 3. Mean (top) and standard deviation (bottom) of the distribution of jet pT compared to a baseline initial pT . Shown
are (a) Z+jet events where the baseline is the physically observable pT of the recoiling Z boson and (b) di-jet events where the
baseline is the unphysical and unobservable pMC

T of the initial hard scattering obtained from Jewel. The reconstructed jet pT
for proton-proton and heavy-ion jets are shown in dashed black and blue, respectively. The pquantT of the heavy-ion sample,
shown in red, more closely matches the initial jet pT than the reconstructed heavy-ion pT does.

with mean µ and standard deviation �, and µ̃1,2 and �̃1,2

are dimensionless constants. Eq. (5) describes the prob-
abilistic relation between the seed-parton momentum pinT
(interpreted as pZT or pMC

T ) and the quenched momentum
pAA
T via two stages of gaussian smearing: first from pinT

to the unquenched jet momentum pppT , and then from
pppT to the quenched momentum pAA

T . Integrating over
intermediate values of pppT gives p(pAA

T |pinT ), the probabil-
ity of pAA

T for fixed pinT . The fact that µ2 = µ̃2p
pp
T means

that the average energy loss is monotonic in pT , but since
�̃2 6= 0 energy loss is not monotonic in pT jet-by-jet.

The mean and standard deviation of the distribution
in Eq. (5) can be calculated analytically (see [39]):
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though the resulting distribution is not generally gaus-
sian. These can be compared to the upper and lower
panels, respectively, of Fig. 3. The fact that Eq. (6) has
no pinT -dependence is consistent with the fact that the
curves in Fig. 3 are approximately flat. To the extent
that this model is semi-realistic, Eq. (6) and a measure-
ment of Fig. 3a would provide an estimate of the average
energy loss and the size of energy loss fluctuations. Tak-
ing approximate values from Fig. 3a at pZT = 300GeV
of hpppT /pZT i ⌘ µ̃1 ⇡ 0.87, �
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pppT /pZT
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⌘ �̃1 ⇡ 0.17,

hpAA
T /pZT i ⇡ 0.74, and �
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⇡ 0.18, Eq. (6) yields

µ̃2 ⇡ 0.85 and �̃2 ⇡ 0.12. It is satisfying that this ex-
tracted µ̃2 value is comparable to QAA in Fig. 2b, which
is a more direct proxy for fractional energy loss.

As a final application in this letter, we demonstrate

FIG. 4. Distribution of m/pT for proton-proton (dashed
black) and heavy-ion (blue) jets in di-jet events with recon-
structed pT 2 [100, 200] GeV. Heavy-ion jets with pquantT 2
[100, 200] GeV, corresponding to pAA

T 2 [80, 173] GeV, are in
red. The heavy-ion result is normalized to match the proton-
proton baseline but the quantile result has the correct nor-
malization by construction. Partially compensating for pT
migration via the quantile procedure shifts m/pT towards be-
ing less modified.

how the quantile procedure can be used to charac-
terize the e↵ects of pT migration via an example jet
substructure observable, the dimensionless ratio m/pT .
Fig. 4 shows distributions of m/pT for proton-proton
and heavy-ion jets in a range of reconstructed pT in
dashed black and blue, respectively. Heavy-ion jets with
that range of pquantT are those in the same quantile as
the proton-proton baseline, and m/pT for that sample is
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FIG. 3. Mean (top) and standard deviation (bottom) of the distribution of jet pT compared to a baseline initial pT . Shown
are (a) Z+jet events where the baseline is the physically observable pT of the recoiling Z boson and (b) di-jet events where the
baseline is the unphysical and unobservable pMC

T of the initial hard scattering obtained from Jewel. The reconstructed jet pT
for proton-proton and heavy-ion jets are shown in dashed black and blue, respectively. The pquantT of the heavy-ion sample,
shown in red, more closely matches the initial jet pT than the reconstructed heavy-ion pT does.

with mean µ and standard deviation �, and µ̃1,2 and �̃1,2

are dimensionless constants. Eq. (5) describes the prob-
abilistic relation between the seed-parton momentum pinT
(interpreted as pZT or pMC

T ) and the quenched momentum
pAA
T via two stages of gaussian smearing: first from pinT

to the unquenched jet momentum pppT , and then from
pppT to the quenched momentum pAA

T . Integrating over
intermediate values of pppT gives p(pAA

T |pinT ), the probabil-
ity of pAA

T for fixed pinT . The fact that µ2 = µ̃2p
pp
T means

that the average energy loss is monotonic in pT , but since
�̃2 6= 0 energy loss is not monotonic in pT jet-by-jet.

The mean and standard deviation of the distribution
in Eq. (5) can be calculated analytically (see [39]):

hpAA
T /pinT i = µ̃1 µ̃2,

�
�
pAA
T /pinT

�
=

q
µ̃2
1 �̃

2
2 + µ̃2

2 �̃
2
1 + �̃2

1 �̃
2
2 ,

(6)

though the resulting distribution is not generally gaus-
sian. These can be compared to the upper and lower
panels, respectively, of Fig. 3. The fact that Eq. (6) has
no pinT -dependence is consistent with the fact that the
curves in Fig. 3 are approximately flat. To the extent
that this model is semi-realistic, Eq. (6) and a measure-
ment of Fig. 3a would provide an estimate of the average
energy loss and the size of energy loss fluctuations. Tak-
ing approximate values from Fig. 3a at pZT = 300GeV
of hpppT /pZT i ⌘ µ̃1 ⇡ 0.87, �
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⇡ 0.18, Eq. (6) yields

µ̃2 ⇡ 0.85 and �̃2 ⇡ 0.12. It is satisfying that this ex-
tracted µ̃2 value is comparable to QAA in Fig. 2b, which
is a more direct proxy for fractional energy loss.

As a final application in this letter, we demonstrate

FIG. 4. Distribution of m/pT for proton-proton (dashed
black) and heavy-ion (blue) jets in di-jet events with recon-
structed pT 2 [100, 200] GeV. Heavy-ion jets with pquantT 2
[100, 200] GeV, corresponding to pAA

T 2 [80, 173] GeV, are in
red. The heavy-ion result is normalized to match the proton-
proton baseline but the quantile result has the correct nor-
malization by construction. Partially compensating for pT
migration via the quantile procedure shifts m/pT towards be-
ing less modified.

how the quantile procedure can be used to charac-
terize the e↵ects of pT migration via an example jet
substructure observable, the dimensionless ratio m/pT .
Fig. 4 shows distributions of m/pT for proton-proton
and heavy-ion jets in a range of reconstructed pT in
dashed black and blue, respectively. Heavy-ion jets with
that range of pquantT are those in the same quantile as
the proton-proton baseline, and m/pT for that sample is
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FIG. 3. Mean (top) and standard deviation (bottom) of the distribution of jet pT compared to a baseline initial pT . Shown
are (a) Z+jet events where the baseline is the physically observable pT of the recoiling Z boson and (b) di-jet events where the
baseline is the unphysical and unobservable pMC

T of the initial hard scattering obtained from Jewel. The reconstructed jet pT
for proton-proton and heavy-ion jets are shown in dashed black and blue, respectively. The pquantT of the heavy-ion sample,
shown in red, more closely matches the initial jet pT than the reconstructed heavy-ion pT does.
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are dimensionless constants. Eq. (5) describes the prob-
abilistic relation between the seed-parton momentum pinT
(interpreted as pZT or pMC

T ) and the quenched momentum
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T via two stages of gaussian smearing: first from pinT

to the unquenched jet momentum pppT , and then from
pppT to the quenched momentum pAA

T . Integrating over
intermediate values of pppT gives p(pAA

T |pinT ), the probabil-
ity of pAA

T for fixed pinT . The fact that µ2 = µ̃2p
pp
T means

that the average energy loss is monotonic in pT , but since
�̃2 6= 0 energy loss is not monotonic in pT jet-by-jet.

The mean and standard deviation of the distribution
in Eq. (5) can be calculated analytically (see [39]):
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though the resulting distribution is not generally gaus-
sian. These can be compared to the upper and lower
panels, respectively, of Fig. 3. The fact that Eq. (6) has
no pinT -dependence is consistent with the fact that the
curves in Fig. 3 are approximately flat. To the extent
that this model is semi-realistic, Eq. (6) and a measure-
ment of Fig. 3a would provide an estimate of the average
energy loss and the size of energy loss fluctuations. Tak-
ing approximate values from Fig. 3a at pZT = 300GeV
of hpppT /pZT i ⌘ µ̃1 ⇡ 0.87, �
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µ̃2 ⇡ 0.85 and �̃2 ⇡ 0.12. It is satisfying that this ex-
tracted µ̃2 value is comparable to QAA in Fig. 2b, which
is a more direct proxy for fractional energy loss.

As a final application in this letter, we demonstrate

FIG. 4. Distribution of m/pT for proton-proton (dashed
black) and heavy-ion (blue) jets in di-jet events with recon-
structed pT 2 [100, 200] GeV. Heavy-ion jets with pquantT 2
[100, 200] GeV, corresponding to pAA

T 2 [80, 173] GeV, are in
red. The heavy-ion result is normalized to match the proton-
proton baseline but the quantile result has the correct nor-
malization by construction. Partially compensating for pT
migration via the quantile procedure shifts m/pT towards be-
ing less modified.

how the quantile procedure can be used to charac-
terize the e↵ects of pT migration via an example jet
substructure observable, the dimensionless ratio m/pT .
Fig. 4 shows distributions of m/pT for proton-proton
and heavy-ion jets in a range of reconstructed pT in
dashed black and blue, respectively. Heavy-ion jets with
that range of pquantT are those in the same quantile as
the proton-proton baseline, and m/pT for that sample is
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JETS AND HADRONS LOSE ENERGY WHEN TRAVERSING QGP 

•both jets and hadrons (which belong to jets) are suppressed, but differently 

◦ can the difference be understood? is it important?
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We introduce a new “quantile” analysis strategy to study the modification of jets as they traverse
through a droplet of quark-gluon plasma. To date, most jet modification studies have been based
on comparing the jet properties measured in heavy-ion collisions to a proton-proton baseline at the
same reconstructed jet transverse momentum (pT ). It is well known, however, that the quenching
of jets from their interaction with the medium leads to a migration of jets from higher to lower pT ,
making it challenging to directly infer the degree and mechanism of jet energy loss. Our proposed
quantile matching procedure is inspired by (but not reliant on) the approximate monotonicity of
energy loss in the jet pT . In this strategy, jets in heavy-ion collisions ordered by pT are viewed
as modified versions of the same number of highest-energy jets in proton-proton collisions, and the
fractional energy loss as a function of jet pT is a natural observable (QAA). Furthermore, despite
non-monotonic fluctuations in the energy loss, we use an event generator to validate the strong
correlation between the pT of the parton that initiates a heavy-ion jet and the pT of the vacuum jet
which corresponds to it via the quantile procedure (pquantT ). We demonstrate that this strategy both
provides a complementary way to study jet modification and mitigates the e↵ect of pT migration in
heavy-ion collisions.

The deconfined phase of QCD matter, the quark-gluon
plasma, was first discovered in collisions of heavy nuclei
at the Relativistic Heavy Ion Collider [1–5] and confirmed
at the Large Hadron Collider [6–8]. As in high-energy
proton-proton collisions, heavy-ion collisions produce col-
limated sprays of particles, called jets, from highly ener-
getic scatterings of quarks and gluons. The observation
of “jet quenching”—a strong suppression and modifica-
tion of jets in heavy-ion collisions [7–9]—ushered in a new
era of studying the properties of the quark-gluon plasma
by measuring its e↵ect on jets [10–23].

A central issue in interpreting jet quenching measure-
ments is that medium-induced modifications necessarily
a↵ect how jets are identified experimentally. Current
methods compare proton-proton and heavy-ion jets of the
same final (reconstructed) transverse momentum pT and,
as such, inevitably su↵er from significant biases from the
migration of jets from higher to lower pT due to medium-
induced energy loss (see [24, 25]). While these methods
have been very successful in qualitatively demonstrat-
ing the phenomena of jet quenching, quantitive studies
often necessitate interpreting the data through theoreti-
cal models which include migration e↵ects. Ideally, one
would like to isolate samples of jets in proton-proton and
heavy-ion collisions which were statistically equivalent
when they were produced, di↵ering only by the e↵ects
of the plasma.

In this letter, we propose a novel data-driven strat-
egy for comparing heavy-ion (AA) jet measurements to
proton-proton (pp) baselines which mitigates, to a large
extent, the e↵ect of pT migration. The famous jet ra-
tio RAA compares the e↵ective cross-section for jets in
proton-proton and heavy-ion collisions with the same re-

constructed pT :

RAA =
�e↵
AA

�e↵
pp

����
pT

, (1)

as illustrated in blue in Fig. 1a. Here, we introduce a
“quantile” procedure, which divides jet samples sorted by
pT into quantiles of equal probability. Our new proposed
observable for heavy-ion collisions is the pT ratio between
heavy-ion and proton-proton jets in the same quantile:

QAA =
pAA
T

pppT

����
⌃eff

, (2)

as illustrated in red in Fig. 1b, where 1�QAA is a proxy
for the average fractional jet energy loss. (QAA is not
related to QpA used by ALICE [29]).
To give an intuitive understanding of Eq. (2), consider

a simplified scenario where medium-induced energy loss
is monotonic in the pT of the initial unquenched jet. In
that case, the nth highest energy jet in a heavy-ion sam-
ple is a modified version of the nth highest energy jet in
the corresponding proton-proton sample. Thus, in this
simplified picture of energy loss, we can obtain a sam-
ple of heavy-ion jets that is statistically equivalent to
its proton-proton counterpart by selecting jets with the
same (upper) cumulative e↵ective cross-section:

⌃e↵(pmin
T ) =

Z 1

pmin
T

dpT
d�e↵

dpT
. (3)

Note that for comparison to proton-proton cross-sections,
heavy-ion cross-sections must be rescaled by the average
number of nucleon-nucleon collisions hNcolli: �e↵

pp = �pp,

�e↵
AA = �AA/hNcolli. Of course, energy loss is not strictly
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era of studying the properties of the quark-gluon plasma
by measuring its e↵ect on jets [10–23].
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ments is that medium-induced modifications necessarily
a↵ect how jets are identified experimentally. Current
methods compare proton-proton and heavy-ion jets of the
same final (reconstructed) transverse momentum pT and,
as such, inevitably su↵er from significant biases from the
migration of jets from higher to lower pT due to medium-
induced energy loss (see [24, 25]). While these methods
have been very successful in qualitatively demonstrat-
ing the phenomena of jet quenching, quantitive studies
often necessitate interpreting the data through theoreti-
cal models which include migration e↵ects. Ideally, one
would like to isolate samples of jets in proton-proton and
heavy-ion collisions which were statistically equivalent
when they were produced, di↵ering only by the e↵ects
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In this letter, we propose a novel data-driven strat-
egy for comparing heavy-ion (AA) jet measurements to
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extent, the e↵ect of pT migration. The famous jet ra-
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proton-proton and heavy-ion collisions with the same re-
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as illustrated in blue in Fig. 1a. Here, we introduce a
“quantile” procedure, which divides jet samples sorted by
pT into quantiles of equal probability. Our new proposed
observable for heavy-ion collisions is the pT ratio between
heavy-ion and proton-proton jets in the same quantile:
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as illustrated in red in Fig. 1b, where 1�QAA is a proxy
for the average fractional jet energy loss. (QAA is not
related to QpA used by ALICE [29]).
To give an intuitive understanding of Eq. (2), consider

a simplified scenario where medium-induced energy loss
is monotonic in the pT of the initial unquenched jet. In
that case, the nth highest energy jet in a heavy-ion sam-
ple is a modified version of the nth highest energy jet in
the corresponding proton-proton sample. Thus, in this
simplified picture of energy loss, we can obtain a sam-
ple of heavy-ion jets that is statistically equivalent to
its proton-proton counterpart by selecting jets with the
same (upper) cumulative e↵ective cross-section:
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The deconfined phase of QCD matter, the quark-gluon
plasma, was first discovered in collisions of heavy nuclei
at the Relativistic Heavy Ion Collider [1–5] and confirmed
at the Large Hadron Collider [6–8]. As in high-energy
proton-proton collisions, heavy-ion collisions produce col-
limated sprays of particles, called jets, from highly ener-
getic scatterings of quarks and gluons. The observation
of “jet quenching”—a strong suppression and modifica-
tion of jets in heavy-ion collisions [7–9]—ushered in a new
era of studying the properties of the quark-gluon plasma
by measuring its e↵ect on jets [10–23].

A central issue in interpreting jet quenching measure-
ments is that medium-induced modifications necessarily
a↵ect how jets are identified experimentally. Current
methods compare proton-proton and heavy-ion jets of the
same final (reconstructed) transverse momentum pT and,
as such, inevitably su↵er from significant biases from the
migration of jets from higher to lower pT due to medium-
induced energy loss (see [24, 25]). While these methods
have been very successful in qualitatively demonstrat-
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often necessitate interpreting the data through theoreti-
cal models which include migration e↵ects. Ideally, one
would like to isolate samples of jets in proton-proton and
heavy-ion collisions which were statistically equivalent
when they were produced, di↵ering only by the e↵ects
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egy for comparing heavy-ion (AA) jet measurements to
proton-proton (pp) baselines which mitigates, to a large
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as illustrated in blue in Fig. 1a. Here, we introduce a
“quantile” procedure, which divides jet samples sorted by
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observable for heavy-ion collisions is the pT ratio between
heavy-ion and proton-proton jets in the same quantile:
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as illustrated in red in Fig. 1b, where 1�QAA is a proxy
for the average fractional jet energy loss. (QAA is not
related to QpA used by ALICE [29]).
To give an intuitive understanding of Eq. (2), consider

a simplified scenario where medium-induced energy loss
is monotonic in the pT of the initial unquenched jet. In
that case, the nth highest energy jet in a heavy-ion sam-
ple is a modified version of the nth highest energy jet in
the corresponding proton-proton sample. Thus, in this
simplified picture of energy loss, we can obtain a sam-
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its proton-proton counterpart by selecting jets with the
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UNDERSTANDING DIFFERENT SUPPRESSION OF JETS AND HADRONS
•essential to describe both within same theoretical framework 

◦ here in the strong/weak coupling hybrid model [conclusions are general]

35

Gauge Theory

DGLAP

Horizon

Falling
String

Induced
Vertex

Figure 1. Sketch of the interaction of high energy jets with the strongly coupled plasma. In the
gauge theory, an energetic virtual parton propagates through the medium loosing energy and splits
via (vacuum) DGLAP evolution. The soft interactions are represented in the dual theory as a string
lagging behind the parton, transporting energy from the quark to the horizon. The splitting of the
dual parton induces a vertex, not describable in the gravity theory, that leads to the appearance
of two new strings, lagging behind each corresponding end points. The dashed line represents the
(hypothetical) location of the string merging curve.

with the factor of two chosen such that in the soft limit it coincides with the standard
formation time expression. We will also assume that the strong virtuality order in the QCD
shower translates into time ordering, with the hardest splittings occurring first. This implies
that the later stages of the evolution, for which the virtuality is close to the hadronization
scale, occurs also at later times.

In between any of the virtuality relaxing splittings, the partons in the jet propagate in
plasma. The momenta exchanged between these patrons and the medium is of order the
medium temperature, and therefore, for plasma temperatures not far from the deconfining
transition, the relevant coupling is not small. It is at this stage when strong coupling
dynamics play a role. From the point of view of the jet shower, the medium takes energy
away from the propagating patrons reducing the overall energy of the jet. In a perturbative
picture, this energy is taken away by additional medium-induced splittings which propagate
out and re-interact, potentially departing from the jet area. While it is conceivable that
multiple soft exchanges may lead to additional in-medium radiation even if the plasma is
strongly coupled, we will not consider here this possibility and assume that there are no
hard processes in between the DGALP vertices and that the dynamics of these partons

– 4 –

➤ physics at different scales merit different treatments 

➤ vacuum jets where each parton loses energy non-
perturbatively [as given by a holographic AdS-CFT 
calculation]  

➤ lost energy becomes a wake [QGP response], part of which 
will belong to the jet

[Can Gulan, Hulcher, Yao], Casalderrey, Milhano, Pablos, Rajagopal :: since 2014

branch of the shower is formed, and splits. We model the energy loss of each parton in the shower
as a continuous process, supplementing the in-medium evolution with an explicit energy loss rate
dE/dx that models the strongly coupled dynamics of parton energy loss. We do not track what
becomes of the energy lost by each parton in the shower, implicitly assuming that the lost energy
is incorporated into the strongly coupled fluid, ultimately becoming soft hadrons with momenta of
order T that we do not model. The form that we assume for the rate of energy loss dE/dx therefore
fully encodes all the strongly coupled in-medium dynamics incorporated in our model.

In our model, we explore the consequences of an energy loss rate dE/dx whose form is that
appropriate for the rate of energy loss of an energetic massless quark (excitation in the fundamental
color representation) traversing a slab of plasma with temperature T and thickness x in the strongly
coupled plasma of N = 4 supersymmetric Yang-Mills (SYM) theory [77],

dE

dx

����
strongly coupled

= � 4

⇡
Ein

x2

x2stop

1q
x2stop � x2

, xstop =
1

2sc

E1/3
in

T 4/3
, (2.1)

obtained via the gauge/gravity duality. Here, Ein is the initial energy that the massless quark has
before it enters the plasma, E(x) is the energy that it has after traversing the slab of thickness x,
and xstop is the stopping distance of the high energy excitation — the smallest slab thickness that
results in the energetic excitation losing all of its energy within the slab of plasma. In N = 4

SYM theory, the dimensionless constant sc appearing in the expression for xstop is determined
explicitly in terms of the ´t Hooft coupling � and is sc = 1.05�1/6 [67, 72, 75]. The premise of
our hybrid model is that the form of dE/dx in the strongly coupled quark-gluon plasma of QCD
is the same as in (2.1); we shall see that this hypothesis is uncontradicted by many and varied
sets of data. However, there is no reason at all to expect that the relationship between sc and
� should be the same in QCD and N = 4 SYM theory, as the strongly coupled plasmas of the
two theories have different, and differently many, microscopic degrees of freedom. Furthermore,
there are ambiguities in the definition of jets in N = 4 SYM theory: since hard processes in this
theory do not produce jets [65, 92], different theoretical calculations have been developed in which
highly energetic colored excitations are formed in different ways – no one of which is preferred
over others as a model for jets in QCD since none is model for jet production in QCD. And, the
proportionality constant between E1/3

in /T 4/3 and xstop can depend on details of the particular way
in which a highly energetic colored excitation is formed. For both these reasons, and as discussed
in more detail in Ref. [23], in our model we will assume that any differences between dE/dx

in the strongly coupled plasmas of QCD and N = 4 SYM theory can be absorbed in the value
of sc, which we therefore take as a free parameter whose value must be fixed by fitting to data.
We will refer to the form (2.1) for dE/dx as strongly coupled energy loss. Our hybrid model
constitutes applying this prescription for energy loss branch-by-branch to the partons in a shower
that described in vacuum by PYTHIA. We shall specify the implementation of our hybrid model
fully in subsequent subsections.

In order to have some other benchmarks against which to compare the success of our hybrid
model, as in Ref. [23] we will also explore two other quite different forms for the energy loss
rate dE/dx, one inspired by perturbative calculations of radiative energy loss and the other by

– 6 –

single free parameter 
[accounts for QCD/N=4 SYM differences] 



• excellent global fit for LHC data :: tension with RHIC data 

• high pT hadrons originate from narrow jets [fragmented less] which are less suppressed than inclusive jets 

• simultaneous description of jet and hadron RAA natural feature of any approach that treats jets as such [ie, 
objects with internal structure]

wide and narrow jets :: jet and hadron RAA
Results

18Daniel Pablos McGill / JETSCAPE
In preparation
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Global Fit

With increasing        , 
hadrons & jets
preferred value is
more similar Lres = 2/⇡T

Hadrons 0-5% Jets 0-10%

Lres

* with LHC data only

*

4

a starting time of ⌧0 = 0.6 fm, before which we assume there
is no energy loss. We stop applying energy loss when the local
temperature goes below Tc, using two different values for this
quantity as noted above. In order to estimate the contribution
to the final hadron spectra coming from the wake generated
by the passage of the jet through the plasma, as in Ref. [17]
we assume that the wake hydrodynamizes subject to momen-
tum conservation, becomes a small perturbation to the bulk
hydrodynamic flow, and yields a correction to the final hadron
spectrum (obtained via the Cooper-Frye prescription [63]) that
is also a small perturbation that can be linearized. We perform
the hadronization of the parton shower using the Lund string
model present in PYTHIA, where, for simplicity, the color flow
among the different partons is not modified.

We present in the six panels of Fig. 1 the results for the
fits to the best values of sc for the two different values of Tc

(first three panels for Tc = 145 MeV, last three for Tc = 170
MeV), and for Lres = 0 and 2/(⇡T ). The fits have been done
in two different ways. First, the individual points with error
bars are obtained by fitting the model, separately, to each of
ten different sets of data using a standard �2 analysis with
different sources of experimental uncertainty (statistical, un-
correlated systematic, correlated systematic, and normaliza-
tion) accounted for appropriately, as in Ref. [65]. And, sec-
ond, the horizontal colored bands are obtained by performing
a global fit to all nine LHC data sets. The uncertainty bands
on these global fits correspond to the values of sc for which
�2 = �2

min ± 1 (1�) and �2 = �2
min ± 4 (2�).

We conclude from the global fit that our model can simulta-
neously describe data on the suppression of both hadrons and
jets, yielding a satisfactory overall agreement between all sets
of LHC data within the narrow range for sc indicated by the
global fit for either value of Lres and Tc. Although we cer-
tainly find no statistically significant preference for Lres = 0
or Lres = 2/(⇡T ) whatsoever, if we squint at Fig. 1 it appears
that the agreement between the band of values of sc found via
the global fit and the jet suppression data looks slightly better
for Lres = 2/(⇡T ). The global fit shows that this impression
is not significant at present, but this impression — and the goal
of constraining the value of Lres — motivates future higher
statistics measurements of jet suppression. Note that although
at fixed sc the effect of varying Lres on jet suppression is sig-
nificant, as noted in Ref. [66], this dependence becomes rather
weak after fitting the model parameter that controls the rate of
parton energy loss — in our case sc which we determine via
our global fit. In any comparison between a perturbative anal-
ysis and data, fitting the value of the jet quenching parameter
q̂, as is appropriate and necessary, will have comparable con-
sequences.

We see in Fig. 1 that the measurements of the suppression
of ⇡0 yields in RHIC collisions [65] favor a larger value of sc

than the one that we obtain from the global fit to LHC data,
corresponding to a stronger coupling between energetic par-
tons and the QGP that they traverse in the lower temperature
QGP produced at RHIC. This is in line with the finding of pre-
vious studies [67, 68]. However, the distinction between the
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FIG. 2: Results for Rhad
AA and Rjet

AA from our model with its param-
eter fixed via the global fit, compared to CMS [55] and ATLAS [58]
data. Error bars on the experimental data points show only the uncor-
related error. The corrected data points have been shifted according
to the best fit value of the correlated error correction [65]. Colored
bands show results from the hybrid model with Lres = 2/(⇡T ), with
the bands spanning results obtained with Tc = 145 and 170 MeV, in
each case using the value of sc obtained from the global fit in Fig. 1

value of sc preferred for RHIC and LHC collisions is not at
the 5� level. This motivates future higher statistics measure-
ments of both hadron and jet suppression at RHIC. It would
also be interesting to extend this analysis to different centrality
classes.

In Fig. 2 we provide an impression of how individual points
in Fig. 1 are obtained by showing a subset of our results com-
pared to data for Rjet

AA with anti-kt radius of R = 0.4 [64], and
Rhad

AA (plotted together, meaning that the horizontal axis cor-
responds to either hadron or jet pT ) for PbPb collisions withp
sNN = 2.76 TeV at the LHC. The bands from the model

comprise the results obtained for the 2� range for sc as ex-
tracted from the global fits for both values of Tc, and using
Lres = 2/(⇡T ).

Modification of jet fragmentation functions. Following the
discussion in the Introduction, we turn now to jet fragmenta-
tion functions. By definition, fragmentation functions count
the mean number of hadrons, per jet, that carry a fraction z
of the whole jet energy, with z usually defined in experimen-
tal analyses as z ⌘ (ph · pj)/|pj|2, where ph and pj are the
three-momentum of the hadron and jet, respectively. The ra-
tio of fragmentation functions in PbPb and pp collisions was
introduced as an observable that is affected by jet quenching
in Ref. [69] and has been measured by both CMS and AT-
LAS [69–71]. Here, we are interested in the enhancement in
this ratio close to z ⇠ 1 [75]. As we described in the Intro-
duction, due to the steeply falling jet spectrum whenever we
trigger on a high pT hadron we are biasing our sample towards
narrow jets that fragmented into few, hard, hadrons. We see
from the fragmentation function ratio near z ⇠ 1 in Fig. 3 that
such jets are more common in PbPb collisions than in pp col-
lisions. While the first results from ATLAS at

p
sNN = 2.76

TeV already showed hints of an enhancement in this ratio at

Casalderrey, Hulcher, Milhano, Pablos, Rajagopal :: 1808.07386 [hep-ph]



• modification of FF is essential for joint description :: jets change 

• QGP resolves the internal partonic structure of a jet

wide and narrow jets :: jet and hadron RAA
Casalderrey, Hulcher, Milhano, Pablos, Rajagopal :: 1808.07386 [hep-ph]
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FIG. 3: The ratio of fragmentation functions for jets in PbPb col-
lisions with 125 GeV < pjetT < 160 GeV to those for jets with the
same pT in pp collisions, with hybrid model predictions for Lres = 0
and 2/(⇡T ) compared to ATLAS data [70]. The enhancement in the
PbPb fragmentation functions for z near 1, on the left, shows that jets
in PbPb collisions are more likely to feature a few hard fragments that
each carry a significant fraction of the whole jet momentum than is
the case for jets in pp collisions. Note that, in this observable, we do
see some evidence favoring Lres = 2/⇡T over Lres = 0. The dis-
agreement between the hybrid model predictions and data at small z,
on the right, points to the need to improve the current hybrid model
implementation [17] of the wakes that jets deposit in the medium.

high z [70], this behavior has been convincingly demonstrated
by the recent precise measurements reported in Ref. [71] forp
sNN = 5.02 TeV. The agreement between our hybrid model

calculations, which predate Ref. [71], and these measured data
suggests that this enhancement in the probability for finding
hard fragmenting jets has the same origin as the lesser sup-
pression of hadron yields relative to jet yields that our model
also describes. We shall confirm this quantitatively in Fig. 4.

In Fig. 4, we show hybrid model calculations of Rhad
AA and

Rjet
AA for anti-kt radius R = 0.4, in collisions with

p
sNN =

2.76 TeV with sc set to its best fit value for Tc = 145 MeV
and Lres = 2/(⇡T ), namely sc = 0.438. By convolving the
PbPb (pp) jet spectrum with the appropriately binned frag-
mentation functions obtained in PbPb (pp) collisions whose
ratio is depicted by the dashed yellow curve in the inset, one
can recover the corresponding hadronic spectra and, in par-
ticular, the ratio of medium over vacuum spectra, as can be
seen via the agreement between the dashed yellow curve in
the main panel of Fig. 4 and the solid blue one. This had to
work out, since the dashed yellow, red and blue curves are
taken from the same hybrid model calculation. The most in-
teresting comparison in Fig. 4 comes when we (incorrectly)
assume that the jet fragmentation function in PbPb collisions
is the same as in pp collisions, as in the dotted yellow curve
in the inset. We see that upon making this assumption we
completely lose the ability to explain the difference between
hadron and jet suppression, with the dotted yellow curve in
the main panel showing that when the jet spectrum is con-
volved with this (incorrect) PbPb fragmentation function, the
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FIG. 4: Hybrid model results for Rhad
AA (solid blue) and Rjet

AA (solid
red) in LHC collisions with

p
sNN = 2.76 TeV. Hadron spectra can

be obtained from jet spectra by convolving the jet spectra with a jet
fragmentation function. Here, we do so in two ways. First, by con-
sistently using the PbPb and pp fragmentation functions from the hy-
brid model calculations themselves (dashed yellow in the inset), we
do indeed recover the hybrid model result for Rhadron

AA from the hy-
brid model result for Rjet

AA. If instead, in dotted yellow, we wrongly
assume that the quenched fragmentation functions are unmodified
from the vacuum ones, we obtain an incorrect, but interesting, result.

resulting (incorrect) hadron spectrum is rather similar to the
jet spectrum. What we learn from this is that the difference
between the suppression of hadron yields and jet yields, with
Rhad

AA > Rjet
AA seen in experiments and in the hybrid model,

is equivalent to the presence of a high-z enhancement in the
fragmentation function ratio.

Conclusions. The enhancement in the ratio of fragmenta-
tion functions in PbPb and pp collisions at high-z was pre-
dicted using the hybrid strong/weak coupling model [17]. It
originates from the fact that wider jets containing more par-
tons at large angles on average lose more energy than nar-
rower jets. If two jets have the same momentum, the one
that is narrower, meaning that it has a smaller jet mass, will
lose less energy than the wider one made up of more frag-
ments that are sufficiently separated from each other that they
each lose energy independently. This effect, together with the
steeply falling jet spectrum, means that selecting a sample of
jets with a given energy in PbPb collisions results in a bias
toward finding narrow, hard fragmenting, jets. This mecha-
nism thus also leads to the enhancement of the fragmentation
function at high-z, as measured in experiments.

The same effect also means that since when we select a
sample of high-pT hadrons we are selecting hadrons that come
from unusually narrow jets with unusually hard fragmenta-
tion, we are selecting hadrons from jets that lose less energy
than typical jets do. Hence, hadron yields are less suppressed
in PbPb collisions than jet yields are.

In support of these conclusions, we have seen that at the
same time that the hybrid model provides a good description
of the fragmentation function ratio at high-z, it provides a si-
multaneous description of hadron and jet suppression in heavy
ion collisions.

the QGP resolution power



VERY IMPORTANT LESSONS
•the QGP resolves the partonic structure of an evolving branching sequence  

◦ this is a highly non-trivial statement 

•quark and gluons [partons] are NOT asymptotic states [an infinite resolution spacetime detector/
tracker  CANNOT see partons] :: the QGP allows us to ‘see’ them 

•evolving branching sequence resolves the QGP 

◦ explore sub-structure to see spatio-temporal dynamics of QGP [a lot of ongoing work] 

•jet quenching depends strongly on branching ‘width’ 

◦ branching ‘width’ is dictated [because QCD is angular ordered] by first branching step 

◦ first branching step occurs before QGP forms :: it is vacuum physics 

◦ vacuum physics drives jet quenching

38



• parton branching in vacuum driven by initial mass [p2] and species [quark or 
gluon], and angular ordered 

• scale of first splitting defines jet envelope 

• vacuum-like evolution at play, and dominant, within QGP :: jets are modified not re-
invented 

• first splitting in QGP always vacuum-like [very short formation time] 

• number of constituents largely determined by vacuum-like physics

the importance of vacuum-like parton branching in QGP 

large m2 :: wide jet :: more constituents small m2 :: narrow jet :: fewer constituents



[MANY] LESSONS FROM THE FIRST JET MEASUREMENT AND ITS REMEASURENTS

•AJ distribution shifted to larger asymmetries 

•no modification of acoplanarity distribution
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di-jet asymmetry 
:: energy imbalance of back-back jets 
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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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FIG. 3: (top) Dijet asymmetry distributions for data (points) and unquenched HIJING with superimposed PYTHIA dijets

(solid yellow histograms), as a function of collision centrality (left to right from peripheral to central events). Proton-proton

data from
p
s = 7 TeV, analyzed with the same jet selection, is shown as open circles. (bottom) Distribution of ��, the

azimuthal angle between the two jets, for data and HIJING+PYTHIA, also as a function of centrality.

(asymmetries larger than 0.6 can only exist for leading
jets substantially above the kinematic threshold of 100
GeV transverse energy). The �� distributions show that
the leading and second jets are primarily back-to-back in
all centrality bins; however, a systematic increase is ob-
served in the rate of second jets at large angles relative
to the recoil direction as the events become more central.

Numerous studies have been performed to verify that
the events with large asymmetry are not produced by
backgrounds or detector e↵ects. Detector e↵ects primar-
ily include readout errors and local acceptance loss due to
dead channels and detector cracks. All of the jet events
in this sample were checked, and no events were flagged
as problematic. The analysis was repeated first requiring
both jets to be within |⌘| < 1 and |⌘| < 2, to see if there
is any e↵ect related to boundaries between the calorime-
ter sections, and no change to the distribution was ob-
served. Furthermore, the highly-asymmetric dijets were
not found to populate any specific region of the calorime-
ter, indicating that no substantial fraction of produced
energy was lost in an ine�cient or uncovered region.

To investigate the e↵ect of the underlying event, the
jet radius parameter R was varied from 0.4 to 0.2 and
0.6 with the result that the large asymmetry was not re-
duced. In fact, the asymmetry increased for the smaller
radius, which would not be expected if detector e↵ects
are dominant. The analysis was independently corrobo-
rated by a study of “track jets”, reconstructed with ID
tracks of pT > 4 GeV using the same jet algorithms. The
ID has an estimated e�ciency for reconstructing charged

hadrons above pT > 1 GeV of approximately 80% in the
most peripheral events (the same as that found in 7 TeV
proton-proton operation) and 70% in the most central
events, due to the approximately 10% occupancy reached
in the silicon strips. A similar asymmetry e↵ect is also
observed with track jets. The jet energy scale and under-
lying event subtraction were also validated by correlating
calorimeter and track-based jet measurements.
The missing ET distribution was measured for mini-

mum bias heavy ion events as a function of the total ET

deposited in the calorimeters up to about ⌃ET = 10 TeV.
The resolution as a function of total ET shows the same
behavior as in proton-proton collisions. None of the
events in the jet selected sample was found to have an
anomalously large missing ET .
The events containing high-pT jets were studied for the

presence of high-pT muons that could carry a large frac-
tion of the recoil energy. Fewer than 2% of the events
have a muon with pT > 10 GeV, potentially recoiling
against the leading jet, so this can not explain the preva-
lence of highly asymmetric dijet topologies in more cen-
tral events.
None of these investigations indicate that the highly-

asymmetric dijet events arise from backgrounds or
detector-related e↵ects.
In summary, first results are presented on jet recon-

struction in lead-lead collisions, with the ATLAS detector
at the LHC. In a sample of events with a reconstructed
jet with transverse energy of 100 GeV or more, an asym-
metry is observed between the transverse energies of the

ATLAS :: PRL 105 (2010)
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Figure 1. (left) Jet collimation: soft gluons emmited at small angles are transported

outside the jet cone by their multiple random scatterings with medium components.

(right) Azimuthal angle distribution of dijet events: the considered values of q̂L
correspond to the cases in which either all recoiling jets are taken as interacting with

the medium or only a fraction (⇠ 0.5) do.

35  q̂L  85GeV
2

(ATLAS [1]) , (5)

24  q̂L  62GeV
2

(CMS [3]) . (6)

The inclusion of other medium induced e↵ects, such as medium induced radiation,

leads in general to a softening of the intra-jet multiplicity. While these other e↵ects

may not be important for the description of the jet asymmetry data, they are crucial

in accounting for the suppression of single particle observables. The inclusion of these

e↵ects leads to the generic observation that the same energy loss would be achieved with

lower values of q̂L. In this sense, the estimates eqs. (7, 8) provide upper bounds. Since

there is not yet a consensus on the precise underlying dynamics leading to this softening

[7], in [5], we use one particular simple model [8] as an estimate of this e↵ect:

30  q̂L  60GeV
2

(ATLAS [1]) , (7)

18  q̂L  40GeV
2

(CMS [3]) . (8)

These values of q̂L will necessary lead to a modification of the azimuthal dijet

distribution. For jet collimation to be a valid candidate mechanism of jet quenching,

these modifications need to be su�ciently small as not to contradict the very mild

distortion observed experimentally. To estimate the e↵ect of the medium induced

broadening, we take the reference azimuthal distribution from the proton-proton case

in [3, 4] as corresponding to an unmodified jet that can be embedded in a heavy ion

event. The e↵ect of jet collimation on this distribution can be assessed by smearing

the transverse momentum corresponding to each azimuthal angle pT = hET2i sin(⇡��)

peeling-off of soft gluons is driving 
mechanism of jet energy loss
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outside the jet cone by their multiple random scatterings with medium components.

(right) Azimuthal angle distribution of dijet events: the considered values of q̂L
correspond to the cases in which either all recoiling jets are taken as interacting with

the medium or only a fraction (⇠ 0.5) do.
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(CMS [3]) . (6)

The inclusion of other medium induced e↵ects, such as medium induced radiation,

leads in general to a softening of the intra-jet multiplicity. While these other e↵ects

may not be important for the description of the jet asymmetry data, they are crucial

in accounting for the suppression of single particle observables. The inclusion of these

e↵ects leads to the generic observation that the same energy loss would be achieved with

lower values of q̂L. In this sense, the estimates eqs. (7, 8) provide upper bounds. Since

there is not yet a consensus on the precise underlying dynamics leading to this softening

[7], in [5], we use one particular simple model [8] as an estimate of this e↵ect:

30  q̂L  60GeV
2

(ATLAS [1]) , (7)

18  q̂L  40GeV
2

(CMS [3]) . (8)

These values of q̂L will necessary lead to a modification of the azimuthal dijet

distribution. For jet collimation to be a valid candidate mechanism of jet quenching,

these modifications need to be su�ciently small as not to contradict the very mild

distortion observed experimentally. To estimate the e↵ect of the medium induced

broadening, we take the reference azimuthal distribution from the proton-proton case

in [3, 4] as corresponding to an unmodified jet that can be embedded in a heavy ion

event. The e↵ect of jet collimation on this distribution can be assessed by smearing

the transverse momentum corresponding to each azimuthal angle pT = hET2i sin(⇡��)

peeling-off of soft gluons is driving 
mechanism of jet energy lossNOT out of cone semi-hard rare 

emissions as previously thought
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the medium or only a fraction (⇠ 0.5) do.
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The inclusion of other medium induced e↵ects, such as medium induced radiation,

leads in general to a softening of the intra-jet multiplicity. While these other e↵ects

may not be important for the description of the jet asymmetry data, they are crucial

in accounting for the suppression of single particle observables. The inclusion of these

e↵ects leads to the generic observation that the same energy loss would be achieved with

lower values of q̂L. In this sense, the estimates eqs. (7, 8) provide upper bounds. Since

there is not yet a consensus on the precise underlying dynamics leading to this softening

[7], in [5], we use one particular simple model [8] as an estimate of this e↵ect:

30  q̂L  60GeV
2

(ATLAS [1]) , (7)

18  q̂L  40GeV
2

(CMS [3]) . (8)

These values of q̂L will necessary lead to a modification of the azimuthal dijet

distribution. For jet collimation to be a valid candidate mechanism of jet quenching,

these modifications need to be su�ciently small as not to contradict the very mild

distortion observed experimentally. To estimate the e↵ect of the medium induced

broadening, we take the reference azimuthal distribution from the proton-proton case

in [3, 4] as corresponding to an unmodified jet that can be embedded in a heavy ion

event. The e↵ect of jet collimation on this distribution can be assessed by smearing

the transverse momentum corresponding to each azimuthal angle pT = hET2i sin(⇡��)

peeling-off of soft gluons is driving 
mechanism of jet energy lossNOT out of cone semi-hard rare 

emissions as previously thought

paradigm change triggering 
experimental analyses and 
theoretical developments
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•cartoon implicitly suggests importance of path-length 
difference in di-jet asymmetry
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•cartoon implicitly suggests importance of path-length 
difference in di-jet asymmetry

•follows naive intuition and introduces cognitive bias that can 
compromise your conclusions
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[MANY] LESSONS FROM THE FIRST JET MEASUREMENT

•cartoon implicitly suggests importance of path-length 
difference in di-jet asymmetry

•follows naive intuition and introduces cognitive bias that can 
compromise your conclusions

◦ it should not have in this case as peeling-off of soft jet 
components is the key mechanism for jet energy loss [in 
whatever language you choose to address it]
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[MANY] LESSONS FROM THE FIRST JET MEASUREMENT

•cartoon implicitly suggests importance of path-length 
difference in di-jet asymmetry

•follows naive intuition and introduces cognitive bias that can 
compromise your conclusions

◦ it should not have in this case as peeling-off of soft jet 
components is the key mechanism for jet energy loss [in 
whatever language you choose to address it]

•however there is much more to it

42
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A TOOL :: MONTE-CARLO EVENT GENERATOR

•JEWEL implements most known jet quenching physics as modification of parton shower from 
scattering of constituents with QGP partons 

•JEWEL tackles jet evolution and jet-QGP interaction within a common framework solidly 
based on perturbative QCD 

•JEWEL has been validated for a wide set of observables 

•JEWEL can be used as an exploration tool 
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KEY LESSON :: ALWAYS CHECK

•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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AJ CAN BE GENERATED FOR EQUAL PATH LENGTHS
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AJ CAN 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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AJ CAN 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 
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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
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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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JET ENERGY LOSS DOMINATED BY FLUCTUATIONS

•not all same-energy jets are equal 

◦ number of constituents driven by initial mass-to-pt 
ratio 

◦ more populated jets have larger number of 
energy loss candidates 
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Escobedo, Iancu 1609.06104 [hep-ph] for related work
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JET ENERGY LOSS DOMINATED BY FLUCTUATIONS

•transverse momentum loss largely determined by 
mass-to-pt ratio of initial configuration in both pp 
and AA 

◦ 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 

◦ effect of medium induced fluctuations seen in 
flattening for low pt jets
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• same conclusion for holographic ‘jets’ •
Chesler, Rajagopal  1511.07567 

Rajagopal, Sadofyev, van der Schee 1602.04187 
Brewer, Rajagopal, van der Schee 1710.03237 



A VERY IMPORTANT LESSON AND REASONABLE QUESTION
•quenched jets share most of their features with vacuum jets 

◦ vacuum parton branching is a drastic process through which highly virtual partons quickly 
relax their virtuality down to the hadronic scale 

◦ QGP induced modifications are comparatively small effects 

•however, modifications have been clearly measured and mostly theoretically described 

•can quenched and unquenched [vacuum or those that escaped QGP without significant  
modification] be distinguished on a jet-by-jet basis ? 

◦ can a machine learn to tell them apart with minimal theoretical input?
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CLASSIFICATION OF QUENCHED JETS

•jet representations with varying theoretical input for different ML/DL architectures 

◦ jet images :: 2-channel [pT and multiplicity] calorimetric images in a grid centred on jet axis 
:: Convolutional Neural Network (CNN) :: channels both normalized and unnormalized  

◦ Lund plance coordinates :: (kT, ΔR) for primary branch of C/A [angular ordered] 
declustering of jet :: Recurrent Neural Network (RNN)  

◦ Tabular data :: global (pT and multiplicity) for each jet :: Dense Neural Network (DNN) 

•benchmark case with minimal information

49
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CLASSIFICATION OF QUENCHED JETS
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3.2 Performance of the Deep Learning Architectures

The outputs of the DL networks are shown in fig. 9 for the validation data set. During
network training, the Vacuum sample is identified with a true target value of 0 and the
Medium sample with 1. Thus, the distribution of the predicted labels should be closer to 1
for jets obtained from the Medium sample and closer to 0 for jets obtained from the Vacuum
simulation. This is observed for all DL architectures.

Figure 9: Distribution of the di�erent Deep Learning outputs for the Vacuum and Medium
samples.

The final goal of these classifiers is to identify jets that experienced strong jet quenching
e�ects. However, the Medium sample does not yield a pure sample of medium-modified jets,
containing also a collection of reconstructed jets that, probabilistically, did not experience
strong energy loss modifications (events for which xjZ ≥ 1). Nevertheless, while learning to
distinguish between the Vacuum and Medium samples, part of the network will learn the
e�ects of jet quenching on each data representation type. At the same time, this fact limits
the capacity of the models to discern between the pure vacuum-like jets (proton-proton
collisions) and medium-like jets (whose fragmentation pattern was modified by the presence
of in-medium scatterings and in-medium radiation).

The outputs provided by the RNN, DNN and CNN trained on unormalised images show
the best separation between the Medium and Vacuum samples generated by JEWEL+PYTHIA.
The e�ect shows up on the corresponding Receiver Operating Characteristic (ROC) curves

15

network outputs [discriminant]

Figure 10: ROC curve for the separation of the Vacuum and Medium samples using the
di�erent Deep Neural Network models.

represented in fig. 10, where the area under the ROC curve (AUC) is also reported. The
CNN for normalised images has the poorer AUC, 0.67, while the remaining models achieve
an AUC around 0.74. This is an indication that the jet absolute pT and number of con-
stituents play an important role on distinguishing between the Vacuum and Medium sam-
ples. In Section 4, we further investigate the outputs provided by the DL architectures
to understand if the two classes of jets identified by the networks are compatible with the
desired medium- versus vacuum-like jets separation.

Moreover, in table 3, we also present the AUCs obtained for the di�erent DL models
over the same samples after performing a pT > 125 GeV cut. The reason to do this is that
by increasing the minimum pT,jet, while keeping the same cut on pT,Z , we are discarding
most of the events with pT,Z <125 GeV on both samples (the few vacuum events that will
pass this cut will be the ones with a large ISR contamination; in the presence of a medium,
those will fall below the cut). Most of the selected events will then have a Z-boson with a
pT,Z that is near the momentum threshold for the jet. As such, while jet quenching e�ects
will still be present, the magnitude of those will be highly reduced by definition, since those
should come from the high end of the pT distribution. We observe that the AUCs obtained
with the DNN, RNN and CNN with unnormalised images decrease around 10% for jets
with pT >125 GeV, where the pT spectra are identical between the medium and vacuum

16

performance
Model pT,jet >30 GeV pT,jet >125 GeV
Normalised jet images CNN 0.67 0.65
Unnormalised jet images CNN 0.75 0.68
Lund sequences RNN 0.74 0.69
Global DNN 0.73 0.64

Table 3: Area under the ROC curve of the di�erent Deep Learning architectures for the
separation of the Vacuum and Medium samples in the pre-defined case (pT,jet > 30 GeV)
and in the large jet transverse momentum regime (pT,jet >125 GeV).

categories. Contrarily, the performance of CNNs trained on normalised images are only
slightly a�ected by the jet pT .

4 Results and interpretation of the Deep Learning architec-

tures

In order to investigate how the DL networks separate between jets reconstructed from the
Vacuum and Medium sample, we plot the predicted DL outputs versus xjZ in fig. 11.
Simultaneously, since xjZ is a good proxy for the quenching phenomenon at the jet level,
this allows evaluating the potential of the networks for a jet quenching tagging application.
The outputs of the di�erent DL architectures are nearly uncorrelated with xjZ for vacuum
(see appendix A), which is a desired property for the tagger since events for which xjZ di�ers
from 1 in the vacuum result from spurious e�ects, independent of jet quenching through
interaction with the QGP. On the other hand, the DNN, RNN and CNN from unnormalised
images have larger predictions for smaller values of xjZ , i.e. when the jet modification by
the medium is also larger on average. Therefore, these networks are predicting better
the labels of jets which are quenched and misidentifying as vacuum jets with lower xjZ ,
e�ectively behaving as a jet quenching classifier. Using normalised images, the CNN seems
only slightly correlated with xjZ , which means that in principle the decision boundary of
the model is not the most adequate for tagging quenched jets. Furthermore, in appendix A,
we inspect the correlations between the DL discriminants.

To test the results of the di�erent architectures, we created two samples of medium-like
and vacuum-like jets as identified by the output of each DL network. On both samples
generated by JEWEL+PYTHIA (Vacuum and Medium), we classified jets as quenched (if
the DL discriminant was above a given reference value) or vacuum (if the result was below).
This reference value was not optimised and it was chosen for illustration purposes only.
Taking the results of fig. 9, we set this reference cut to 0.7 except for the CNN trained on
normalised images, which was set to 0.6. A comparison of the resulting Z-boson spectra
contrasting the Monte Carlo truth is shown in fig. 12. We kept the solid lines representing
the Vacuum (orange) and Medium (blue) simulations withdrawn from JEWEL+PYTHIA,
while the open symbols reflect the selection identified by each network as being Vacuum

17
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Figure 14: Reconstructed jet radial profile (average number of constituents) r, for the dif-
ferent Deep Learning architectures. Monte Carlo truth from JEWEL+PYTHIA is provided
in solid symbols for the Vacuum and Medium samples and a subset of events selected by the
DL discriminant appears in open symbols. The DL output selection employed to identify
vacuum-like jets (open blue) and medium-like jets (open orange) is made explicit in the
legend of each plot.

that shows the highest deviation because it is trained only on the relative fragmentation. It
follows the Lund planes and unormalised jet images. We note that while the presence of jet
quenching will induce a narrower average jet radial profile, the opposite is not necessarily
verified. For this reason, the CNN trained on normalised images results into a more flat
xjZ distribution despite showing a selection of very narrow jets. On the other hand, the DL
networks exploring unnormalised images or Lund planes identify a not so narrow jet, but
that indeed lost a significant amount of energy relative to its initial momentum (pT,Z). The
Global DNN, whose training did not contain any information on the jet substructure, still
selects jets whose centre is depleted concerning the Medium sample. These jets are more
evenly populated, and thus likely to contain medium-induced radiation that travelled along
the jet direction. While retaining this energy, these jets continue to experience collisional
energy loss as its absolute multiplicity continues to be smaller than the Medium Monte
Carlo reference.

Finally, the results on the jet mass are shown in fig. 15. As mentioned before, this

22
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Figure 12: Transverse momentum spectra of the reconstructed Z-boson pT,Z , for the di�er-
ent Deep Learning architectures. Monte Carlo truth from JEWEL+PYTHIA is provided in
solid symbols for the Vacuum and Medium samples and a subset of events selected by the
DL discriminant appears in open symbols. The DL output selection employed to identify
vacuum-like jets (open blue) and medium-like jets (open orange) is made explicit in the
legend of each plot.

jets is also more flat when compared to the Medium sample. The distribution of the output
of this network (fig. 9) for the Medium and Vacuum sample overlaps significantly, making it
more di�cult to select a suitable reference value. Nonetheless, the medium-like xjZ provided
by this CNN seems to enhance medium-like features with respect to the medium sample as
its xjZ distribution is displaced towards smaller values. Training only on jet-wise variables,
such as the Global DNN, provides an excellent description of the vacuum xjZ . As expected,
using pT,jet during the training helps to describe observables that are exclusively sensitive
to energy loss e�ects. The medium-like xjZ provided by the Global DNN is shifted towards
the left and has approximately the same shape as the Medium Monte Carlo truth. By using
a more complete set of jet information - unnormalised images or Lund planes - we see that
the medium-like distribution selected by the corresponding DL architectures is even more
peaked at lower xjZ . The vacuum-like distribution is slightly displaced from the Monte
Carlo truth Vacuum sample. This might also hint that these networks can identify jets in
the Medium JEWEL+PYTHIA sample that did not experience major interactions with the

20

transverse momentum spectrum
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dimension of z equals the number of variables, the AE model will approach the identity348

function, obtaining perfect reconstruction without learning any relations.349

Beside the dimension z, which is the main parameter of interest in this analysis, there350

are number of hyperparameters that determine the training process of the AE, which need351

to be chosen: the number of the encoder and decoder layers, their width (i.e. the num-352

ber of nodes), the non-linear activation function, and optimisation details. Choosing the353

optimal combination of such parameters can be di�cult when performed manually. For354

this reason, we developed a hyperparameter optimisation loop using the python package355

optuna [21]. The network itself was implemented using TensorFlow [22], using its high-356

level API, Keras [23]. The hyperparameter space and optimisation details can be found357

in Appendix B.358

The hyperparameters are tuned for each value of the z dimension, in order to maximise359

the quality of the AE reconstruction, i.e. to minimise the spread in Eq. (14), or equivalently,360

R2, c.f. Eq. (13). Since optuna trains di↵erent models for each value of the dimension of the361

latent space on the pp training set, we take the average of R2 for the top five models in each362

step to assess the quality and stability of the optuna hyperparameter optimisation loop.363

This is shown in Fig. 14, where by comparing with the PCA analogous plot from Fig. 8, we364

see that the AE is capable to reproduce the data fairly well for lower dimensions of z than365

the number of components of the PCA, which is due to the AE capacity to learn non-linear366

relations in the data.367

Figure 14: MvL: Add PCA curveExplained variance R2 as a function of the number of
hidden dimensions nD in the deep autoencoder (mean of top 5 models, see text).

The value of R2 presented in Fig. 14 are an average of the R2 obtained by the quality of368

the reconstruction of each of the variables. In Fig. 15 we present the value of R2 per variable369

as we increase the dimension of the latent space. We see that with only one dimension, the370

AE learns the basic relations between what we have been calling angularity-type variables;371

most of the other variables are not described well. This suggests, just like in the PCA372

20

Figure 18:

From the previous figure we now focus on ⌧1, ktD, and rz as the three variables that419

either in isolation or paired with the others appear to be specially sensitive to the presence420

of the medium. To illustrate the separation power for each of these variables, we find the421

cut value at which half of PbPb sample is accepted and calculate the rejection of pp events422

for each cut. Table 2 shows the cut values and the corresponding pp rejection e�ciency,423

which is 0.78 independent of the selection variable used.424

24

analogous discussion to that presented before, while also capturing non-linear relations324

between the variables. Deep Auto-Encoders have been explored in HEP in the context of325

Anomaly-Detection in searches for new physics [17, 18, 19, 20], while here we will use them326

as a tool for data analysis.327

A Deep Auto-Encoder, AE, is a neural network architecture that attempts to minimise328

a loss function analogous to Eq. (12), i.e. attempt to reconstruct the inputs as they are329

fed-forward through the network, using a neural network with a bottleneck layer with a size330

much smaller than the number of variables. This means that the AE learns how to project331

the data into a lower dimensional space, i.e. to encode it, and then to reconstruct the inputs332

back to their original form, i.e. to decode it. This bottleneck layer is usually referred to as333

the latent space, z. A diagram of a Deep Auto-Encoder neural network structure can be334

seen in Fig. 13.335
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Figure 13: Deep Auto-Encoder schematic. In this schematic, the data has three variables,
both the encoder and the decoder have only one hidden layer with four nodes, and the
latent space has dimension equal to two.

The loss function used to train the AE is very similar to the once in the PCA, but instead336

of finding the optimal orthogonal transformation, we want to find the optimal non-linear337

map implicit in the AE338

min
w

E[kx�AE(x,w)k2] , (14)

where w are the trainable parameters of the neural network, AE, and x are the inputs, i.e.339

the data.340

The dimension of the latent space in the AE plays a similar role as the number of prin-341

cipal components in the PCA. In the PCA we observed that with lower number of principal342

components, the rotation had to maximise the amount of variance the first principal com-343

ponents could explain, capturing the most relevant mutual linear correlations. Likewise,344

we expect the AE to be able to capture the non-linear relations that explain the largest345

group of correlated variables at lower z, and progressively starts explaining more subtle346

e↵ects (and even noise) as we increase the number of z dimensions. In the limit that the347

19

autoencoder :: learns non-linear relations amongst inputs

correlations between observables encode a wealth 
of information

loss of predictive power signals sensitivity to QGP 
effects



FUTURE DIRECTIONS
•importance QGP response 

◦ see equilibration with QGP at work [same physics as emergence of QGP] 

◦ intrinsic property of quenched jets :: unfortunately shares many features with uncorrelated 
background  

•jet sub-structure as probing tool of QGP dynamics 

◦ time structure of jet as clock for direct measurement of time evolution of QGP

53
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A JET IN QGP :: HARD PRODUCTION

55

⊗ ⊗

nuclear structure sufficiently 
constrained in relevant 

kinematical domain 

hard scattering localized on point like scale 
oblivious to surrounding matter 

[calculable to arbitrary pQCD order]

all will be easy [denial]



A JET IN QGP :: PARTON SHOWER
shower constituents exchange [soft] 4-momentum and colour with QGP :: shower modified into 
interleaved vacuum+induced shower :: modified coherence properties :: single parton intuition 
and results do not carry through trivially :: multi-scale problem :: some shower constituents de-
correlate :: some QGP becomes correlated

56

this is tough [anger]

Zapp :: QM17 

Mehtar-Tani, Milhano, Tywoniuk :: Int.J.Mod.Phys. A28 (2013) 

Mehtar-Tani, Tywoniuk, Salgado :: many 

Apolinário, Armesto, Milhano, Salgado ::  JHEP 1502 (2015)

Blaizot, Dominguez, Iancu, Mehtar-Tani :: JHEP 1406 (2014)

L. Apolinário et al. / Physics Letters B 718 (2012) 160–168 163

Fig. 4. Radiation diagram for gluon emission inside the medium for the limiting case
x → 1. The meaning of the variables and indices is analogous to that in Fig. 3.

(a) = γ−p1+/A1p+γ− = p1+A1p−γ−γ+γ−

= 2p1+A1p+γ−, (18)

(b) = 2q1 · A′
1ū(q) − ū(q)/q1︸ ︷︷ ︸

$0

/A′
1. (19)

In this last simplification, we are keeping only the dominant term
of the Dirac equation since q1+ = q+ . But we must not forget that
the q⊥ coming from the spinor ū(q) is actually q1⊥ &= q⊥ . This
means that in the squared modulus, the transverse momentum
that appears from this T -matrix corresponds to an inner mo-
mentum. The same is applied to the gluon transverse momentum
coming from the gluon polarization vector, k⊥ = −q1⊥ .

Using the properties listed in Appendix A and
∫

dq−
2π

dq⊥
(2π)2

e−iq−(x(i+1)+−xi+)+iq⊥·(x(i+1)⊥−xi⊥)

× i

q− − (q2⊥/2q+ − iε)

= Θ(x(i+i)+ − xi+)G0(xi+,xi⊥; x(i+1)+,x(i+1)⊥|q+), (20)

where

G0(xi+,xi⊥; x(i+1)+,x(i+1)⊥|q+)

= q+
2π i(x(i+1) − xi)+

exp
{
ip+
2

(x(i+1) − xi)2⊥
(x(i+1) − xi)+

}

≡
r⊥(x(i+1)+)=x(i+1)⊥∫

r⊥(xi+)=xi⊥

Dr⊥(ξ)exp

{
iq+
2

x(i+1)+∫

xi+

dξ
(
dr⊥
dξ

)2
}

(21)

is the Green’s function of a free particle that propagates in the
transverse plane from xi⊥ at (light-cone) time xi+ to x(i+1)⊥ at
time x(i+1)+ , we get for the T -matrix for a gluon emitted inside
the medium

Tg = 1
2

∫
dy+ dx⊥ e−iq⊥·x⊥GA′A′

1
(y+,y⊥ = 0⊥; L+,x⊥|q+)

× igT a1
A′
1A1

WA1A(x0+, y+;0⊥)Waa1
(
y+, L+;0⊥

)

× ū(q)/ε∗(k)γ−Mh(q + k), (22)

where the use of uppercase (lowercase) color indices in the Wil-
son lines indicate that they are to be taken in the fundamental
(adjoint) as they correspond to the rescattering of a quark (gluon).

The total T -matrix, Ttot , is the sum of both contributions
(Eqs. (15) and (22)). The spectrum is computed as the inelastic
cross-section over the elastic cross-section (see the elastic process
in Fig. 5).

Fig. 5. Elastic process.

Thus

〈
|Mtot|2

〉
= 〈|Ttot|2〉

|Tel|2
=

〈∣∣M2
q
∣∣〉 +

〈∣∣M2
g
∣∣〉 + 2Re

〈{
MgM

†
q
}〉

, (23)

where

Tel = ū(p)Mh(p) ⇒ |Tel|2 =
√
2p+

∣∣Mh(p)
∣∣2. (24)

As a consistency check we are able to recover the vacuum con-
tribution in the limit of x → 1 from the quark amplitude,

〈∣∣M2
q
∣∣〉 = 2g2CF

q2
⊥

x(1− x)
{
1+ (1− x)2

x

}
(25)

⇒ x
dI

dxd2k⊥

∣∣∣∣
x→1

$ CFαs

2π2

1

k2
⊥

= αs

2π2

1

k2
⊥
P g←q(x → 1) (26)

with k⊥ = −q⊥ and the vacuum splitting function [39,40]

Pvac
g←q(z) = CF

[
1+ (1− x)2

x

]
x→1−→ CF . (27)

As for the other two terms in Eq. (23) (the medium contribu-
tion), the Dirac and color algebra are still to be simplified. They
can be simplified using the polarization sum (with η = (0,1,0⊥))

∑

λ

ε∗
µ(k,λ)εν(k,λ) = −gµν + kµην + kνηµ

k · η (28)

and the relation between the Dirac spinors
∑

s

u(q, s)α ū(q, s)β = /qαβ +mαβ . (29)

Using these two relations, we will end up with the trace of γ -
matrices that are easily computed. For the color algebra, one can
reduce all the traces to the fundamental representation using [41]

Wab(x⊥) = 2Tr
[
T aW F (x⊥)T bW F †(x⊥)

]
(30)

to simplify the expression.
Putting all the kinematics in terms of the initial energy p+

and the fraction of momentum carried away by the gluon, x, the
medium amplitude can be written as:

〈
|Mmed|2

〉
=

〈
|Mg |2

〉
+ 2Re

〈
MgM

†
q
〉

= g2CF
1+ (1− x)2

x
1
p+

Re
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1
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×
∫
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q2

⊥

·
∫

dy+ dx⊥ e−iq⊥·x⊥ 1
N

∂

∂y⊥
× Tr

〈
G(y+,y⊥ = 0⊥; L+,x⊥|q+)

× W †(y+.L+;0⊥)
〉
F

}
, (31)



A JET IN QGP :: HADRONIZATION

very little known about QGP induced modifications of already ill-understood hadronization in 
vacuum

57

if you let me do away with this, I will produce some results  [bargaining]
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Figure 2. Example of a hard q q → q q event embedded in a nucleus-nucleus collision in which one of the

high-pT quarks interacts once with the surrounding QCD matter which induces gluon radiation. Gluons

are denoted by qq̄-pairs. The red lines denote the color singlet into which the leading quark k is grouped

to form a cluster (left-hand side) or a Lund-string (right-hand side) in the corresponding hadronization

models.
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Figure 3. Same as Fig. 2, but for the case that the high-pT quark radiates the gluon prior to interacting

with the medium.

projectile with the QCD medium. The second possibility is shown in Fig. 3, where (from the point of
view of color flow) interaction with the medium occurs after the gluon emission. As a consequence,

the leading color singlet cluster combines a quark at projectile energy with a target component
at low (thermal) pT . In [19] the invariant mass of this cluster was shown to be parametrically

larger than the one of the cluster in Fig. 2. Analogously, in the Lund framework the leading
string connects the quark k directly to the target. The radiated gluon is, in both descriptions,
color decohered from the projectile and will contribute only to an increase of the multiplicity of

soft hadrons. In the following, we shall refer to these color configurations as medium-modified or
gluo-decohered.

We finally relate this discussion to the diagrams in Fig. 4 that are usually drawn for the

– 5 –
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Beraudo, Milhano, Wiedemann ::  JHEP 1207 (2012) 

jet-QGP interaction modifies color connections in the jet and thus hadronization pattern  
[in any reasonable effective model] 

can learn about hadronization modifications at an EIC



A JET IN QGP :: JET RECONSTRUCTION
uncorrelated QGP background needs to be subtracted :: jet-correlated QGP should not :: do 
experimental and phenomenological procedures do the same [and the right] thing? :: how can 
I know?

58

this is probably hopeless  [depression]

I

I

I
I !

I
I

I

Zapp :: QM17 



A JET IN QGP :: OBSERVABLES
keeping in mind all the caveats compute something that has been/you want to be measured 
and understand what it might be sensitive to and how it can help removing the caveats 

59

work with what you have to eventually have more  [acceptance]



THE FIVE STAGES OF HEAVY ION JET PHENOMENOLOGY



THE FIVE STAGES OF HEAVY ION JET PHENOMENOLOGY

denial :: anger :: bargaining :: depression :: acceptance



Backups



probing QGP time evolution
Apolinário, Milhano, Salam, Salgado :: 1711.03150 [hep-ph]



PROBING QGP

• all QGP probing so far is only sensitive to its integrated time evolution [flows and 
correlations, jets, …] 

• no time-differential information of a system whose properties are strongly time-dependent

63

time

~1 fm/c  
[~10-24 s]

~ 0.1 fm/c ~ 10 fm/c 



PROBING QGP TIME EVOLUTION
• need probes produced later than at collision time 

• need time delay to be inferable from final state 

• need process that produces time-delayed probes to be accessible [cross-section   luminosity] 
and findable in HI

64

in semi-leptonic top-antitop production the jets from W-decay  
start interacting with QGP only after a series of time delays which is  

strongly correlated with the pt of the top



TIME DELAYS
• at rest                     and 

• the hadronic decays of the W will not interact with QGP until they are resolved [sufficiently 
far apart to be ‘seen’ by QGP] 

• decoherence delay  

• the average delay time [correlated with top pt]

65

jets from hadronically decaying W only see QGP that remains after τtot 

τtop ≃ 0.15 𝖿𝗆/𝖼 τW ≃ 0.09 𝖿𝗆/𝖼

τd = ( 12
̂qθ2

qq̄ )
1/3

⟨τtot⟩ = γt,topτtop + γt,WτW + τd

γt,X = (p2
t,X /m2

X + 1)1
2

transverse boost

Casalderrey-Solana, Mehtar-Tani,  Salgado, Tywoniuk  
:: 1210.7765 [hep-ph] PLB725, 357 (2013) 



TIME DELAYS

• τtot correlated with top pt 

• dispersion from considering random exponential distribution for each component 

• weak dependence on 
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more detailed study that includes also full consideration
of all heavy-ion e↵ects at a given specific collider.

Contributions to the average total delay time, h⌧toti
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FIG. 6. Total delay time and its standard deviation (mark-
ers and corresponding error bars), as given by Eq. (1), for
q̂ = 4GeV2/fm. The average contribution of each component
is shown as coloured stacked bands (see legend). For compar-
ison, the total delay time for q̂ = 1 GeV2/fm is shown as a
dashed line.

The result of Eq. (1) is shown as a function of the
reconstructed top jet transverse momentum in Fig. 6,
broken into its three components, represented as stacked
bands. The range of pt’s shown is guided by expectations
as to what will be accessible at widely discussed scenarios
of potential future colliders [38, 39]. The dispersion �⌧tot

of the sum of the three components is also represented
in Fig. 6, as vertical black lines. To illustrate the weak
dependence of h⌧toti on the value of q̂, the average total
delay time assuming a q̂ = 1 GeV2/ fm (rather than
q̂ = 4 GeV2/ fm) is shown as a dashed line. The larger
result for ⌧tot would translate to a larger reach in ⌧m
values for a given collider setup.

Control of the jet energy scale

To be able to identify the time-induced di↵erence be-
tween quenching of W jets in tt̄ events from full quench-
ing, it is crucial to have a reliable estimate of the expected
reconstructed W mass were quenching of the W jets to
be una↵ected by coherence delays and the W lifetime.

The procedure that we envisage for this purpose is to
use measurements of the Z-jet and �-jet balance in events
with cleanly identified (leptonic) Z bosons and photons
to determine the expectations for full quenching and to
then apply that determination to embedded tt̄ events.

To estimate the potential precision of such an ap-
proach, we examined how well the average xjZ = ptj/ptZ
ratio could be determined at the HL-LHC. Ref. [34] from
CMS gives a projection for the uncertainties on the xjZ

distribution with LPbPb = 10 nb�1. We took that dis-
tribution and created replica distributions by fluctuating
each bin with a Gaussian uncertainty set by the projec-
tion. We then evaluated the standard deviation of the
hxjZi values across many replicas. The result for the
standard deviation was 1.2%. This guides our choice of
1% for the systematic uncertainty on the impact of stan-
dard quenching for the purpose of producing Fig. 5.
We also note that Ref. [20] from ATLAS, shows a 1%

uncertainty (blue lines, bottom panel of Fig.3) for the
cross-calibration uncertainty between PbPb and pp col-
lisions. One should keep in mind that other jet-energy
scale uncertainties that are common to the pp and PbPb
cases should largely cancel when considering the di↵er-
ence between embedded pp results and PbPb data (and
it is precisely this di↵erence that interests us).

Lighter ions

Following the recent successful XeXe machine-
development run at the LHC, the prospect has been
raised [36] that with ions lighter than Pb it might be
possible to achieve e↵ective nucleon-nucleon luminosities
(i.e. total number of hard collisions) that are up to an
order of magnitude larger than for PbPb, in part be-
cause of the reduction of e↵ects such as bound–free pair
production [37]. Generically, higher luminosities would
bring substantially increased sensitivity to the longer
time structure of the QGP medium.
Aside from luminosity considerations, smaller ion

species have both an advantage and a disadvantage. The
advantage is that the intrinsic time scales associated with
the smaller, cooler QGP might be shorter than for PbPb
and so more accessible with top-quark probes. However a
smaller, cooler QGP is also likely to result in less quench-
ing. It is for the purpose of illustrating the tradeo↵s as-
sociated with lighter species that in Fig. 5 we show a
curve labelled KrKr. It uses a quenching of 10% rather
than 15%, in line with observations in CuCu [35] that are
consistent with quenching that goes as A1/3, where A is
the nuclear mass. The reduced quenching means that the
equivalent of Fig. 3 for KrKr would have the bands more
closely spaced. Accordingly one needs to go to higher
luminosities in order to distinguish any two given time
scenarios. At low luminosities the extra factor is rel-
atively limited, about 1.5, while at higher luminosities
it increases to about 3. Note that at higher luminosi-
ties the systematic and pp statistical uncertainties on the
expected standard quenching results start to dominate,
since we have taken them to be independent of the PbPb
equivalent luminosity.

̂q



PROBING QGP TIME EVOLUTION  
• measure jet quenching as modification of the reconstructed invariant mass 

• in pp closely related to W mass 

• average time delay [thus time spent interacting with QGP] from reconstructed top pt 

• long tails in delay time distribution add sensitivity to times significantly larger than average
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more detailed study that includes also full consideration
of all heavy-ion e↵ects at a given specific collider.
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FIG. 6. Total delay time and its standard deviation (mark-
ers and corresponding error bars), as given by Eq. (1), for
q̂ = 4GeV2/fm. The average contribution of each component
is shown as coloured stacked bands (see legend). For compar-
ison, the total delay time for q̂ = 1 GeV2/fm is shown as a
dashed line.

The result of Eq. (1) is shown as a function of the
reconstructed top jet transverse momentum in Fig. 6,
broken into its three components, represented as stacked
bands. The range of pt’s shown is guided by expectations
as to what will be accessible at widely discussed scenarios
of potential future colliders [38, 39]. The dispersion �⌧tot

of the sum of the three components is also represented
in Fig. 6, as vertical black lines. To illustrate the weak
dependence of h⌧toti on the value of q̂, the average total
delay time assuming a q̂ = 1 GeV2/ fm (rather than
q̂ = 4 GeV2/ fm) is shown as a dashed line. The larger
result for ⌧tot would translate to a larger reach in ⌧m
values for a given collider setup.

Control of the jet energy scale

To be able to identify the time-induced di↵erence be-
tween quenching of W jets in tt̄ events from full quench-
ing, it is crucial to have a reliable estimate of the expected
reconstructed W mass were quenching of the W jets to
be una↵ected by coherence delays and the W lifetime.

The procedure that we envisage for this purpose is to
use measurements of the Z-jet and �-jet balance in events
with cleanly identified (leptonic) Z bosons and photons
to determine the expectations for full quenching and to
then apply that determination to embedded tt̄ events.

To estimate the potential precision of such an ap-
proach, we examined how well the average xjZ = ptj/ptZ
ratio could be determined at the HL-LHC. Ref. [34] from
CMS gives a projection for the uncertainties on the xjZ

distribution with LPbPb = 10 nb�1. We took that dis-
tribution and created replica distributions by fluctuating
each bin with a Gaussian uncertainty set by the projec-
tion. We then evaluated the standard deviation of the
hxjZi values across many replicas. The result for the
standard deviation was 1.2%. This guides our choice of
1% for the systematic uncertainty on the impact of stan-
dard quenching for the purpose of producing Fig. 5.
We also note that Ref. [20] from ATLAS, shows a 1%

uncertainty (blue lines, bottom panel of Fig.3) for the
cross-calibration uncertainty between PbPb and pp col-
lisions. One should keep in mind that other jet-energy
scale uncertainties that are common to the pp and PbPb
cases should largely cancel when considering the di↵er-
ence between embedded pp results and PbPb data (and
it is precisely this di↵erence that interests us).

Lighter ions

Following the recent successful XeXe machine-
development run at the LHC, the prospect has been
raised [36] that with ions lighter than Pb it might be
possible to achieve e↵ective nucleon-nucleon luminosities
(i.e. total number of hard collisions) that are up to an
order of magnitude larger than for PbPb, in part be-
cause of the reduction of e↵ects such as bound–free pair
production [37]. Generically, higher luminosities would
bring substantially increased sensitivity to the longer
time structure of the QGP medium.
Aside from luminosity considerations, smaller ion

species have both an advantage and a disadvantage. The
advantage is that the intrinsic time scales associated with
the smaller, cooler QGP might be shorter than for PbPb
and so more accessible with top-quark probes. However a
smaller, cooler QGP is also likely to result in less quench-
ing. It is for the purpose of illustrating the tradeo↵s as-
sociated with lighter species that in Fig. 5 we show a
curve labelled KrKr. It uses a quenching of 10% rather
than 15%, in line with observations in CuCu [35] that are
consistent with quenching that goes as A1/3, where A is
the nuclear mass. The reduced quenching means that the
equivalent of Fig. 3 for KrKr would have the bands more
closely spaced. Accordingly one needs to go to higher
luminosities in order to distinguish any two given time
scenarios. At low luminosities the extra factor is rel-
atively limited, about 1.5, while at higher luminosities
it increases to about 3. Note that at higher luminosi-
ties the systematic and pp statistical uncertainties on the
expected standard quenching results start to dominate,
since we have taken them to be independent of the PbPb
equivalent luminosity.
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• quenching shifts mass peak and reduces number of events that satisfy cuts 

• continuum [mis-reconstruction] reduced with increasing pt 



ANALYSIS
• semi-muonic t-tbar only [NLO+showering] 

• hadron-level, no underlying event 

• expected number of events in HI  

• not embedded in QGP :: introduce momentum re-scaling factor to mimic all sources of 
fluctuations particle-by-particle 

• [embedding + background subtraction + detector resolution + quenching dynamics]
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n( f ) ≃ ℒAA σtt̄
ppA2c( f ) c(0 − 10%) ≃ 0.42

(1 + rσpt
/ pt,i + 1 𝖦𝖾𝖵) r is particle-by-particle Gaussian 

distributed random



ANALYSIS
• baselines 

• pp :: no quenching 

• AA full quenching :: rescale all particle momenta by  

• particles from W hadronic decay scaled by  

• event tagging requires 

• muon + two b-tagged jets + at least two non b-tagged jets [details provided on request]

70

𝒬0 = 0.85

𝒬(τtot) = 1 + (𝒬0 − 1)
τm − τtot

τm
Θ(τm − τtot)



FEASIBILITY
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CMS ::  1709.07411[hep-ex] PRL119 (2017) 242001 

semi-leptonic channel measured in pA and leptonic in AA

References 7
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Figure 4: Inclusive tt cross sections measured with two methods in the combined e+e�, µ+µ�,
and e±µ⌥ final states in PbPb collisions at

p
s

NN
= 5.02 TeV, and pp results at

p
s = 5.02 TeV

(scaled by A
2) from Ref. [21]. The measurements are compared with theoretical predictions at

NNLO+NNLL accuracy in QCD [37]. The inner (outer) experimental uncertainty bars include
statistical (statistical and systematic, added in quadrature) uncertainties. The inner (outer)
theoretical uncertainty bands correspond to nuclear [31, 36] or free-nucleon [32, 33] PDF (PDF
and scale, added in quadrature) uncertainties.
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The multi-TeV energies available at the CERN LHC have opened up the possibility to measure,
for the first time, various high-mass elementary particles produced in heavy ion collisions.
After the observation of the W [1, 2] and Z [3–5] bosons, there remained two heavier elementary
particles in the standard model without direct observation in nucleus-nucleus collisions: the
Higgs boson [6, 7] and top quark. Whereas the Higgs boson lies beyond the reach of heavy
ion collisions at the LHC [8, 9], the top quark is accessible for experimental study in lead-lead
(PbPb) collisions [10]. More specifically, the top quark constitutes a novel and theoretically
precise probe of the nuclear parton distribution functions (nPDFs) in the poorly explored region
where partons have a large fraction of the nucleon momentum, as well as of the properties of
the produced quark-gluon plasma (QGP) [10, 11]. First, precise knowledge of nPDFs is a key
prerequisite to extract detailed information on the QGP properties from the experimental data.
Second, top quarks, on average, decay on a timescale similar to the formation of the QGP,
hence offering a unique opportunity to study its time evolution [11]. The study presented here
shows evidence for the production of the top quark in PbPb collisions as measured by the CMS
detector [12].

The top quark is produced at hadron colliders predominantly in pairs (tt) through quantum
chromodynamics (QCD) processes, mostly gluon-gluon fusion at the LHC, and is thereby a
sensitive probe of the gluon PDF of the incoming nucleons [13]. Once produced, it decays
very rapidly (within an average distance of ⇠0.15 fm) with almost 100% probability into a W
boson and a bottom (b) quark. Top quark pair production is thereby characterized by final
states comprising the decay products of the two W bosons, and two b jets, resulting from the
hadronization products of b quarks. Experimentally, W bosons decaying hadronically, i.e. to a
quark-antiquark pair, have large branching fractions but are more difficult to identify because
of the large QCD multijet background. The dilepton final states, in which both W bosons
decay into electrons (e) or muons (µ) and the corresponding neutrinos (n), are the cleanest final
states for the tt signal measurement, despite their relatively small branching fraction B(tt !

`+`� n`n ` bb) = 5.25% [14], with `± = e±, µ±. Dedicated algorithms deployed in real time [15]
allow the CMS detector to collect events with high transverse momentum (pT) leptons, hence
making the measurement of tt production in PbPb collisions possible in three dilepton final
states, i.e. e+e�, µ+µ�, and e±µ⌥. Figure 1 displays a candidate tt event in the e±µ⌥ final
state in the PbPb data sample.

Electron

Muon

b-tagged jet

b-tagged jet

Figure 1: Event display of a candidate tt event measured in PbPb collisions where each top
quark decays into a bottom quark and a W boson. The b quarks and W bosons, in turn, produce
jets and leptons, respectively. The event is interpreted as originating from the dilepton decay
chain tt ! (bW+)(bW�) ! (b e+ne)(b µ�nµ).

Since the tt production discovery at the Fermilab Tevatron more than twenty years ago [16, 17],

CMS ::  2006.11110 [hep-ex] 



SENSITIVITY TO QGP SIZE AND DELAY TIME

��

��

��

��

��

� ��� ��� ��� 	��

��� ��� ��� ��� ���

������ ���� � 		 
��
� ���� ��� �� ���� 	�	�

�
���
��
��
��
��
� �


��������	 ��� �������� �������

������ 	
��
����� ������

� ��� 	�� ��� ���

��� ��� ��� ��� ��� ���

��� �
������

�� ���� � �� 
��
� ���� ��� �� ���� 	�	�

����������
��������

��� 	�� ����
��� ��� ����

��� � ����
��� 	� ����

� ��� 	�� ��� ���

��� ��� ��� ��� ��� ���

��� �
������

�� ���� � �� 
��
� ���� ��� �� ���� 	�	�

����������
��������

��� 	�� ����
��� ��� ����

��� � ����
��� 	� ����

��

��

��

��

��

� ��� ��� ��� 	��

��� ��� ��� ��� ���

������ ���� � 		 
��
� ���� ��� �� ���� 	�	�

�
���
��
��
��
��
� �


��������	 ��� �������� �������

������ 	
��
����� ������

� ��� 	�� ��� ���

��� ��� ��� ��� ��� ���

��� �
������

�� ���� � �� 
��
� ���� ��� �� ���� 	�	�

����������
��������

��� 	�� ����
��� ��� ����

��� � ����
��� 	� ����

� ��� 	�� ��� ���

��� ��� ��� ��� ��� ���

��� �
������

�� ���� � �� 
��
� ���� ��� �� ���� 	�	�

����������
��������

��� 	�� ����
��� ��� ����

��� � ����
��� 	� ����

• width of bands obtained from dispersion of results in large number of real size pseudo-
experiments 

• distance between bands measures diference in quenching for each QGP size and delay time
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SENSITIVITY TO QGP SIZE [INCLUSIVE]

• at LHC [5.5 TeV, L=10 nb-1] only a QGP of size τm = 1 fm/c can be distinguished from a full 
quenching scenario :: no sensitivity to QGP time evolution beyond 1 fm/c 

• very significant improvements with increases in either or both        and luminosity 
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FIG. 1. Distribution of ⌧tot for events that pass all reconstruc-
tion cuts and have a top-quark candidate (independently of
the reconstructed top-quark and W -boson masses).
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FIG. 2. Di↵erential fiducial proton–proton tt̄ reconstruction
cross section as a function of mreco

W at the LHC and FCC.

former will provide our measure of quenching (and was
once before studied for this purpose [33]). The latter
can be translated to an average ⌧tot and for 200 GeV .
precot,top . 1 TeV the relation reads (see figure 6 in the
supplemental material)

h⌧toti(precot,top) ' (0.37 + 0.0022 precot,top/GeV) fm/c . (3)

The distribution of ⌧tot values is given in Fig. 1 for the
LHC

p
sNN = 5.5 TeV, inclusively over precot,top, and for

a future-circular-collider (FCC) with
p
sNN = 39 TeV,

considering events with precot,top > 400 GeV. Note the long
tails in both cases, which will contribute sensitivity to
times substantially beyond h⌧toti.

Fig. 2 shows the distribution of mreco
W , again for the

LHC and FCC, with a precot,top cut in the latter case. Re-
sults are shown with baseline full quenching for all parti-
cles and without quenching (the latter being equivalent
to pp events embedded in heavy-ion events to account
for the e↵ect of the underlying event). One sees clear
W -mass peaks, superposed on a continuum associated
with events where the W decay jets have not been cor-
rectly identified. The continuum is significantly reduced
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FIG. 3. The average (points) and standard deviation (width
of band) formreco

W across many pseudo-experiments, as a func-
tion of luminosity for an inclusive sample of tt̄ events, as a
function of the integrated PbPb luminosity at the LHC (left)
and the HE-LHC (right).

at high precot,top. The W peaks in the quenched case are
shifted to the left, and the extent of the shift provides an
experimental measure of the quenching. The peaks are
also lower in the quenched case, reflecting the smaller
fractions of events that pass the reconstruction (and, for
FCC, precot,top) cuts.
To estimate the sensitivity of top-quark measurements

to the time-dependence of quenching in the medium, we
consider a toy model in which the quenching is propor-
tional to the time between the moment when theW decay
products decohere, ⌧tot, and a moment when the medium
quenching e↵ect stops being active, ⌧m. This gives a
⌧tot-dependent quenching factor Q(⌧tot) for the W decay
products of

Q(⌧tot) = 1 + (Q0 � 1)
⌧m � ⌧tot

⌧m
⇥(⌧m � ⌧tot) . (4)

Recall that all other hadronic particles undergo quench-
ing with the factor Q0.
For each choice of ⌧m we obtain a mreco

W histogram as
in Fig. 2. We carry out a binned likelihood fit for the his-
togram and the background of incorrectly reconstructed
W ’s using the functional form

N(m) = a exp


� (m�mfit

W )2

2�2

�
+ b+ cm , (5)

which yields good fits. The free parameters a, b, c, � and
mfit

W are constrained to sensible ranges so as to increase
the stability of the fit in low statistics samples.
Fig. 3 shows the results for mfit

W . They are plotted as
bands for di↵erent ⌧m values, as a function of the PbPb
integrated luminosity, LPbPb. The width of each band
represents the standard deviation of mfit

W values that we

cases deemed distinguishable if 
separated by at least 2σ

s



SCENARIOS
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PROBING TIME-DEPENDENCE OF QGP PROPERTIES
• lighter ions bring significant gains wrt to Pb at the LHC, however 

• mild gain from going lighter and lighter  

• inability to distinguish from full quenching dominated by 1% 
[syst]

Apolinário, Milhano, Salam, Salgado :: new result 
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