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OUTLINE [LECTURE 2]

✓ hard probes 

✓ quarkonia suppression  

✓ high-pt hadrons and jets 

✓ wrap-up
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quarkonia



QUARKONIA MELTING
✓ colour screening in a deconfined plasma reduces binding of 

quarks  

✓ bound states of heavy quarks [c-cbar: J/ψ, ψ’][b-bbar: 𝛶, 𝛶’, 
𝛶’’] have small binding energy and thus should be 
suppressed [melt] in QGP 

✓ effect should increase with increasing QGP temperature 

✓ a very simple, attractive and powerful idea [Matsui, Satz 1986]
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• c-cbar (J/\, \’) and b-bbar (b, b’, b’’) from hard process
• High density of quarks and gluons causes screening

• Changes (binding) potential

• Quarks with distance larger than 
1/m do not see each other
Æ Dissociation of q-qbar pair ! 
Æ Quarkonia “melt”

86

Quarkonia

Introduction to Heavy-Ion Physics – Jan Fiete Grosse-Oetringhaus
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J/𝛹 SUPPRESSION
5

• Observed at SPS in Pb-Pb collisions (�sNN = 17 GeV)

87

J/\ Suppression

Introduction to Heavy-Ion Physics – Jan Fiete Grosse-Oetringhaus

NA60 In-In
NA50 Pb-Pb

EPJC (2011) 71:1534

J/\ yield modification .vs. Npart

In: A = 105
Pb: A = 208

:: first measured at CERN SPS [√s=17 GeV]



RHIC VS LHC
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:: higher temperature at LHC, but more suppression at RHIC ?

J/\ Suppression (3)

Introduction to Heavy-Ion Physics – Jan Fiete Grosse-Oetringhaus 89

RHIC

LHC

LHC Æ RHIC : �sNN 14 times larger … but the suppression is smaller !

RAA .vs. multiplicity



RECOMBINATION
✓ number of c-cbar pairs increases with collision energy  

✓ quarks from different pairs have increasing probability of 
binding together at hadronization [later] stage :: cf 
statistical hadronization models
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• Number of c-cbar pairs 
increase with cms energy

• In a central event
– SPS ~0.1 c-cbar
– RHIC ~10 c-cbar
– LHC ~100 c-cbar

• c from one c-cbar may 
combine with cbar from 
another c-cbar at 
hadronization to form a J/\

90

Charm Abundances

Introduction to Heavy-Ion Physics – Jan Fiete Grosse-Oetringhaus

RHIC LHC

JHEP 1207 (2012) 191

Charm cross-section .vs. �s

:: the simple idea quickly becomes less simple…

LHC

J/\ Regeneration

Introduction to Heavy-Ion Physics – Jan Fiete Grosse-Oetringhaus 91

RHIC

H. Satz

Dissociation and regeneration 
work in opposite directions

J/\ modification .vs. energy density

:: also, quarkonia production in vacuum [pp] not fully understood…



SEQUENTIAL SUPPRESSION
✓ different states should melt at different temperatures

8

:: quarkonia is a QGP thermometer  
[despite all the complications]

• µ = 1/rD increases with T of QGP
– Lattice estimate: µ(T) # 4T

• T controlled by centrality and center of mass energy
• “Spectroscopy” / “Thermometer” of QGP

93

Other Quarkonia

Introduction to Heavy-Ion Physics – Jan Fiete Grosse-Oetringhaus

Table, Cartoon: H. Satz

dissociates lastdissociates first

QGP Thermometer

Introduction to Heavy-Ion Physics – Jan Fiete Grosse-Oetringhaus 94

States with lower binding energies more suppressed !

RAA .vs. binding energy

QGP Thermometer

Introduction to Heavy-Ion Physics – Jan Fiete Grosse-Oetringhaus 94

States with lower binding energies more suppressed !

RAA .vs. binding energy



high-pt hadrons and jets



HADRON SUPPRESSION

✓ hadrons yields are strongly suppressed with respect to pp 

✓ effect increases with increasing centrality [larger and hotter QGP]
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High energy heavy-ion collisions enable the study of strongly interacting matter under extreme condi-

tions. At sufficiently high collision energies Quantum-Chromodynamics (QCD) predicts that hot and

dense deconfined matter, commonly referred to as the Quark-Gluon Plasma (QGP), is formed. With the

advent of a new generation of experiments at the CERN Large Hadron Collider (LHC) [1] a new energy

domain is accessible to study the properties of this state.

Previous experiments at the Relativistic Heavy Ion Collider (RHIC) reported that hadron production

at high transverse momentum (pT ) in central (head-on) Au–Au collisions at a centre-of-mass energy

per nucleon pair
√
s
NN
of 200 GeV is suppressed by a factor 4–5 compared to expectations from an

independent superposition of nucleon-nucleon (NN) collisions [2, 3, 4, 5]. The dominant production

mechanism for high-pT hadrons is the fragmentation of high-pT partons that originate in hard scatterings

in the early stage of the nuclear collision. The observed suppression at RHIC is generally attributed to

energy loss of the partons as they propagate through the hot and dense QCD medium [6, 7, 8, 9, 10].

To quantify nuclear medium effects at high pT , the so called nuclear modification factor RAA is used.

RAA is defined as the ratio of the charged particle yield in Pb–Pb to that in pp, scaled by the number of

binary nucleon–nucleon collisions ⟨Ncoll⟩

RAA(pT ) =
(1/NAA

evt )d
2NAA

ch /dηdpT
⟨Ncoll⟩(1/Npp

evt )d2N
pp

ch /dηdpT
,

where η = − ln(tanθ/2) is the pseudo-rapidity and θ is the polar angle between the charged particle
direction and the beam axis. The number of binary nucleon–nucleon collisions ⟨Ncoll⟩ is given by the
product of the nuclear overlap function ⟨TAA⟩ [11] and the inelastic NN cross section σNN

inel . If no nuclear

modification is present, RAA is unity at high pT .

At the larger LHC energy the density of the medium is expected to be higher than at RHIC, leading to a

larger energy loss of high pT partons. On the other hand, the less steeply falling spectrum at the higher

energy will lead to a smaller suppression in the pT spectrum of charged particles, for a given magnitude

of partonic energy loss [9, 10]. Both the value of RAA in central collisions as well as its pT dependence

may also in part be influenced by gluon shadowing and saturation effects, which in general decrease with

increasing x and Q2.

This Letter reports the measurement of the inclusive primary charged particle transverse momentum

distributions at mid-rapidity in central and peripheral Pb–Pb collisions at
√
s
NN

= 2.76 TeV by the ALICE
experiment [12]. Primary particles are defined as prompt particles produced in the collision, including

decay products, except those from weak decays of strange particles. The data were collected in the first

heavy-ion collision period at the LHC. A detailed description of the experiment can be found in [12].

For the present analysis, charged particle tracking utilizes the Inner Tracking System (ITS) and the Time

Projection Chamber (TPC) [13], both of which cover the central region in the pseudo-rapidity range

|η | < 0.9. The ITS and TPC detectors are located in the ALICE central barrel and operate in the 0.5 T
magnetic field of a large solenoidal magnet. The TPC is a cylindrical drift detector with two readout

planes on the endcaps. The active volume covers 85< r < 247 cm and −250< z< 250 cm in the radial
and longitudinal directions, respectively. A high voltage membrane at z = 0 divides the active volume

into two halves and provides the electric drift field of 400 V/cm, resulting in a maximum drift time of

94 µs.

The ITS is used for charged particle tracking and trigger purposes. It is composed of six cylindrical layers

of high resolution silicon tracking detectors with radial distances to the beam line from 3.9 to 43 cm. The

two innermost layers are the Silicon Pixel Detectors (SPD) with a total of 9.8 million pixels, read out by

1200 chips. Each chip provides a fast signal if at least one of its pixels is hit. The signals from the 1200

chips are combined in a programmable logic unit which supplies a trigger signal. The SPD contributes

to the minimum-bias trigger, if hits are detected on at least two chips on the outer layer. The SPD is



HADRON SUPPRESSION

✓ hadron spectrum is steeply falling 
✓ suppression implies energy loss of what became the hadron [parton] 

✓ this suppression was coined ‘jet quenching’ even before any jet was observed in 
heavy-ion collisions

11

 (GeV/c)
T

p1 10 210

)3 c
-2

 (G
eV

3
/d

p
chN3

Ed

-1210

-210

810

1810

0-5% )25-10%  (x10

)410-30%  (x10 )630-50%  (x10

)850-70%  (x10 )1070-90% (x10
>)

AA
pp reference (scaled by <T

CMS  PbPb and pp
|<1η = 2.76 TeV, |NNs

1 2 3 4 5 6 10 20 30 100

U
nc

er
ta

in
ty

 [%
]

4

6

8

10

 (GeV/c)Tp
1 10 2105

U
nc

er
t. 

(%
)

4

6
8

10
0-10%
10-90%

 [GeV/c]
T

p1 10 210

)3 c
-2

 (G
eV

3
/d

p
chN3

Ed

-1410

-1210

-1010

-810

-610

-410

-210

1
10

-1Ldt = 230 nb∫CMS    
CMS Interpolation
PYTHIA D6T
PYTHIA Perugia0
PYTHIA ProQ20
PYTHIA 8

|<1η = 2.76 TeV, |sCMS  pp  
(a)

 (GeV/c)Tp
1 10 210

D
AT

A 
/ P

re
d.

0.6
0.8
1.0
1.2
1.4
1.6

energy loss



PARTON ENERGY LOSS

✓ energetic hadrons come from hard partons 

✓ first step in understanding hadron suppression is to tackle parton energy loss 

✓ take a QGP as discrete set of non-interacting [screened] and recoilless 
scattering centres expanding or not [here not] 

✓ interaction between parton and QGP on timescale much shorter than 
characteristic QGP time scales [compute for fixed configuration and average 
over ensemble later on] 

✓ momentum exchange purely transverse — medium gauge field written as 

✓ assuming gaussian distribution, medium properties enter via 2-point correlator

12

−1

......
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Jet physics in heavy-ion collisions 7

non-perturbative input is constrained by global fits to data in a manner analogous
to the PDFs.

Alternatively, as is the case Monte-Carlo event generators, the partonic branch-
ing can be performed down to a scale Q0 ⇠ 1 GeV at which an e↵ective hadroniza-
tion dynamical procedure is invoked. In these implementations, the partonic frag-
ments are grouped into color neutral structures (Lund strings,59 clusters60) which
dynamically decay into the final state hadrons.

When addressing observables involving reconstructed jets, a strict definition —
an algorithm specifying how to group the fragments completed by a set of param-
eters (e.g., the jet radius) — of what the jet is must be given. Since, in general,
di↵erent jet definitions result in di↵erent jets, comparison between theory calcula-
tions and data are only meaningful when the same definition is used. The rationale
behind the various existing jet definitions, their applicability and robustness are
discussed at length in Ref. 61.

3. Probing the medium

The jets probe the underlying medium, which we proceed to discuss. We com-

pare di↵erent models for the medium and consider thermal e↵ects that arise

in the plasma. Subsequently, the concrete model realization of the medium

properties is treated as an input to the calculation of medium e↵ects on jets

in the following sections.

In the rest frame of a highly energetic particle the incoming medium is strongly
Lorentz contracted and nearly translationally invariant. One therefore typically as-
sumes that the probe will not be sensitive to the longitudinal structure of the plasma
but only to its static properties. In other words, that the interaction between probe
and medium is instantaneous. Leaving a discussion about this point to the end of
this section, we will presently implement this approximation which translates into
the fact that the momentum exchange is purely transverse. The medium gauge field,
A

�
med(q) ⌘ t

a

A

a,�
med(q),

d where q is the momentum transfer from the medium and t

a

is a SU(3) matrix in the fundamental representation, can therefore conveniently be
written in terms of the e↵ective field

A

�
med(q) = 2⇡ �(q+)

Z 1

0

dx

+
e

iq

�
x

+

A

�
med(q, x

+) , (5)

which, in this mixed representation, depends only on the light-cone time x

+e and
the transverse momentum q ⌘ (q1, q2). To simplify the expression in the following
we will identify the symbol t with the light-cone time, t ⌘ x

+.
In the setup described above, assuming a Gaussian distribution for the medium

field, the input from an underlying theory of the plasma enters in the simplest case

dWe will work in the light-cone gauge A

+ = 0 where A

� is the only relevant component of the
medium field.
eLight-cone coordinates are defined as x

± ⌘ (x0 ± x

3)/
p
2.
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as a two-point function correlator, which can be written as

hAa,�
med(q, t)A

⇤ b,�
med (q0

, t

0)i = �

ab

n(t) �(t � t

0) (2⇡)2�(2)(q � q

0) �(q2) , (6)

where �(q2) contains the microscopic details of the interaction with the medium
constituents and n(t) the density of color charges (which could be a function of
the interaction time for expanding media). Note that the correlator is instanta-
neous reflecting the assumption about a translationally invariant medium. Neglect-
ing higher-order correlators in all observables corresponds to treating the medium
as a set of independent scattering centers. In fact, this correlator, at lowest order
in the medium coupling g, scales with the medium length and is leading compared
to higher-order ones in the limit of large media and g ⌧ 1.62

This can also be understood in terms of screening phenomena in the plasma.
Consider the squared Yukawa potential (in momentum space)

�GW(q2) =
g

2

(q2 +m

2
D

)
2 , (7)

which is screened by the characteristic (Debye) mass m
D

. In coordinate space this
corresponds to the fact that the potential extends up to a characteristic distance
rscr ⇠ m

�1
D

. This physical setup models the medium as a set of static, randomly
distributed scattering centers with a mean free path given by �mfp ⇠ (n(t)�el)�1,
where the elastic cross section is simply �el / R

d

2
q �(q2)/(2⇡)2. This is the so-called

Gyulassy-Wang (GW) model of the QGP.11,63,64 Assuming that rscr ⌧ �mfp allows
us to treat the scattering centers as independent and justifies the simplifications
above. In the opposite case the probe can, in principle, be sensitive to higher-order
correlators which capture collective behaviors of the plasma.f

Gluon fields at finite temperatures generate screening e↵ects as well. These ef-
fects can be studied by high-temperature e↵ective theories, such as the hard thermal
loop (HTL) approximation66,67 (see, e.g., Refs. 68,69 for reviews). It was found that
the longitudinal (electric) gluon fields are screened by a dynamically generated De-
bye screening mass, which relates to the temperature of the medium as m

D

⇠ gT .
The (static) magnetic components are, on the other hand, not screened (see, e.g.,
Ref. 70 for further details). Since the mean free path scales with an additional factor
of the inverse density, and thus scales as (g2T )�1, in the weakly coupled regime,
g ⌧ 1, the assumption of independent scattering centers is justified.47

First and foremost, the interaction with the thermal fields induces thermal
masses of the probe due to the modification of their (static) self-energies, see Eq. (23)
below. Besides, the probe can alter its kinematics during propagation by exchanging
momentum with the thermal medium. Historically, one first calculated the elastic
rescattering cross section71,72 which gives rise to so-called elastic energy loss.7 Due
to the inherent collinear nature of radiative processes it was quickly realized that,
although being suppressed by a power of the coupling, they could contribute at the

fNon-eikonal corrections, allowing for recoil e↵ects, have recently been calculated in Ref. 65.



PARTON ENERGY LOSS
✓ parton can exchange 4-momentum with QGP 

✓ transfer to QGP results in [elastic] energy loss 

✓ transfer from QGP results in energy gain which can 
stimulate radiation :: medium induced radiation is the 
leading mechanism for parton energy loss

13

historical figure [one of the ugliest I have ever seen]
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Fig. 1. Diagrams contributing to the dipole scattering rate in Eq. (10) (one must also add the
complex conjugate diagrams).

same level as elastic scattering due to phase space enhancement and become domi-
nant for propagating partons of su�ciently high energy. This was first discussed in
the context of photon radiation at finite temperatures45,46,75,76 and later extended
to gluons.47,77 This gives, in turn, rise to the so-called Landau-Pomeranchuk-Migdal
(LPM) e↵ect:73,74 the formation time of induced radiation can exceed the mean free
path giving rise to interference e↵ects between subsequent rescatterings, see Sec. 4.1
for a comprehensive discussion. Since the radiative processes scale with a larger
power of the in-medium path length, see Eq. (29) and discussion below, compared
to elastic ones, one usually neglects the latter e↵ects for highly energetic probes and
large media.7 While elastic rescattering e↵ects should be incorporated consistently
for low-p

T

observables, see also Ref. 78 and comment below, we will not currently
examine them in more detail.g

Then, for soft momentum transfers from the medium, |q| ⌧ T , the potential
(squared) at leading order in the coupling becomes76

�HTL(q
2) =

g

2

q

2(q2 +m

2
D

)
, (8)

and scales as �HTL ⇠ Nq

�4 for |q| � T , where the constant is e.g. given in Ref. 84.
Comparing to the static potential, Eq. (7), one observes a divergent behavior for
small |q|. Higher-order corrections in g to Eq. (8) are also known,85 and lead to an
even bigger enhancement of the soft sector. Thermal e↵ects are included in several
theoretical calculations45–47,86–88 of radiative processes in medium, recently also in
the presence of a finite chemical potential.89

From our discussion so far, the probe will be sensitive to medium characteristics
through interactions which induce dependence on parameters. The second moment
of the correlator in Eq. (6), historically called q̂, is a measure of the transverse
momentum (squared) acquired by the probe per unit length in the elastic scattering
and, as we will see below, is a highly important quantity for the study of jets in
medium. We will define it stripped of its relevant color factor, as

q̂(t) ⌘ ↵

s

n(t)

Z

|q|<q

⇤
dq

2
q

2
�(q2) , (9)

gOther e↵ects, such as, e.g., transition radiation,79 absorptive e↵ects80,81 and Mach cone cre-
ation82 or Cherenkov radiation83 due to supersonic motion in the plasma, can also play a role but
will not be discussed here.

q̂ ' µ2

�
transport coefficient  
[average momentum square transfer per unit length]



SINGLE EMISSION [BDMPS-Z]
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hk2
?i ⇠ q̂L

�E =
Z L

0
dz

Z !c

0
!d!

dImed

d!dz
⇠ ↵s!c ⇠ ↵sq̂L

2

q̂ ' µ2

�

:: Brownian motion [accumulated transverse momentum]

:: accumulated phase
⌧

k2
?L

!

�
⇠ q̂L2

!
⇠ !c

!

characteristic [maximum] gluon energy

N
coh

⇠ t
coh

�
t
coh

⇠ !

k2
?
⇠

r
!

q̂

k2
? ⇠ q̂ t

coh

→ number of coherent scatterings

:: coherence time [time it takes for a gluon decohere from its emitter]

:: radiated gluon energy distribution

!
dI

med

d!dz
⇠ 1

N
coh

!
dI1

d!dz
⇠ ↵

s

r
q̂

!
non-abelian LPM

:: average energy loss



BEYOND BACK THE ENVELOPE [PATH-INTEGRAL]
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where the Wilson line

W↵
f

↵
i

�
xf+, xi+; r(⇠)

�
= P exp

(
ig

Z x
f+

x
i+

d⇠A�
�
⇠, r(⇠)

�
)

(2.2)

accounts for the colour rotation resulting from an arbitrary number of scatterings o↵ the

medium field A� ⌘ Aa�T a (T a being the colour matrix in the corresponding representation),

while the free propagator

G0(xf+,xf ; xi+,xi|p+) =

Z
r(x

f+)=x

f

r(x
i+)=x

i

Dr(⇠) exp

(
ip+
2

Z x
f+

x
i+

d⇠

✓
dr

d⇠

◆2
)

=
p+

2⇡i(xf+ � xi+)
exp

⇢
ip+
2

(xf � xi)2

xf+ � xi+

� (2.3)

describes the random walk in the transverse plane. The Wilson line W↵
f

↵
i

in eq. (2.2),

and consequently G↵
f

↵
i

in eq. (2.1), should be understood to carry colour indices in the

relevant representation for the parton under consideration. In the following, fundamental

colour indices, as relevant for propagating quarks, will be written in uppercase latin letters,

while for the gluon the adjoint indices will be written in lowercase latin letters.

For compactness, and improved readability, we introduce the shorthand notation

G↵
f

↵
i

(Xf , Xi, |p+) ⌘ G↵
f

↵
i

(xf+,xf ; xi+,xi|p+)

= G(Xf , Xi; r|p+)W↵
f

↵
i

�
xf+, xi+; r

�
,

(2.4)

where Xf,(i) ⌘ (xf,(i)+,xf,(i)), G(Xf , Xi; r|p+) should be read as the r.h.s. of the first line

in eq. (2.1) and a path integration in r is understood.

2.2 Amplitudes

To compute the radiation of a gluon o↵ an energetic quark produced in a hard process in

the early stages of a heavy-ion collision, two separate contributions to the amplitude ought

to be considered: the case in which the splitting occurs outside the medium (see figure 1a)

and thus only the initial quark experiences medium interactions; and the complementary

situation in which the splitting occurs within the medium (see figure 1b) and the inter-

action of all partons with the medium must be accounted for2. Taking into account the

dominance of the plus component of the initial momentum (/p ' p+��) and the preserva-

tion of the longitudinal light-cone momentum of the radiated gluon through propagation

in the medium (k1+ = k+ ) ✏k · k1 = 0), the total amplitude can be written as

Ttot = Tout + Tin , (2.5)

where the out and in contributions are given respectively by

Tout = � g

(2⇡)3

Z +1

�1
dx dx0 e�ix·(k+q)+ix0·p0 T a

BA1
GA1A(X, X0|p0+)

⇥ 1

4(k · q) ū(q)/✏⇤k(/k + /q)�+��Mh(p0+)�(k + q � p0)+

(2.6)

2
We recall that the hard process, of amplitude M

h

, from which the quark originates is unmodified by

the surrounding environment since it occurs within a scale too small to be resolved by the medium.

– 4 –

the region of validity of this kind of assumption can be quite comfortable, it demands a

large medium to be crossed by the radiating partons which does not hold for the ones that

are emitted close to the edge of the medium. In order to avoid, once again, assumptions and

to gain further insight into the description of the whole in-medium showering process, in

this work we do not assume such constraint on the formation time, making the calculations

more general without the colour simplifications that the small formation time limit allows.

In addition, by analysing the q ! qg process, we cannot take advantage of the symmetry

between final state particles that exist in g ! gg. The connection with the findings in the

QCD antenna in previous works [37–41] is done through the process of colour decoherence

of the final particles.

This paper is organized as follows: In section 2, the formalism used to describe the

in-medium propagation of partons will be introduced, and the di↵erent contributions to

the single-gluon emission spectrum for a static colour medium profile will be calculated.

A proper average over all possible colour configurations of the medium is carried out in

section 3, and the resolution of the corresponding path-integrals in section 4. The final

conclusions are presented in section 5. The technical details of all calculations are given in

the appendices that are part of this manuscript.

2 In-medium q �! qg splitting

2.1 Quasi-eikonal in-medium parton propagation

The time scale involved in the propagation of energetic partons is much smaller than the

characteristic time of changes in the configuration of the medium they traverse. This

di↵erence in time scales allows for the computation of the parton-medium interaction to

be performed for a fixed, but arbitrary, medium configuration and, at a later stage, for the

ensemble of medium configurations to be accounted for through an averaging procedure

(see section 3).

The multiple scattering of the propagating parton o↵ medium components is mediated

by the exchange of gluons with typical, purely transverse, momenta of the order of the

characteristic medium scales. As a result, the otherwise eikonal trajectory of the parton –

the rotation of its colour phase without degradation of its (large) longitudinal momentum

– is perturbed by Brownian motion in the transverse plane. The in-medium propagation

of a parton with light-cone1 plus momentum p+ from transverse position xi at time xi+

(where its colour is ↵i) to transverse position xf at time xf+, with colour rotated to ↵f ,

is given by the Green’s function

G↵
f

↵
i

(xf+,xf ; xi+,xi|p+) =

Z
r(x

f+)=x

f

r(x
i+)=x

i

Dr(⇠) exp

(
ip+
2

Z x
f+

x
i+

d⇠

✓
dr

d⇠

◆2
)

⇥ W↵
f

↵
i

�
xf+, xi+; r(⇠)

�
,

(2.1)

1
Light-cone coordinates, a = (a0, ax

, a

y

, a

z

) = (a+, a�,a) with a± = (a0 ± a

z

)/

p
2 and transverse

2-vectors a = (a

x

, a

y

), are used throughout.

– 3 –

the region of validity of this kind of assumption can be quite comfortable, it demands a

large medium to be crossed by the radiating partons which does not hold for the ones that

are emitted close to the edge of the medium. In order to avoid, once again, assumptions and

to gain further insight into the description of the whole in-medium showering process, in

this work we do not assume such constraint on the formation time, making the calculations

more general without the colour simplifications that the small formation time limit allows.

In addition, by analysing the q ! qg process, we cannot take advantage of the symmetry

between final state particles that exist in g ! gg. The connection with the findings in the

QCD antenna in previous works [37–41] is done through the process of colour decoherence

of the final particles.

This paper is organized as follows: In section 2, the formalism used to describe the

in-medium propagation of partons will be introduced, and the di↵erent contributions to

the single-gluon emission spectrum for a static colour medium profile will be calculated.

A proper average over all possible colour configurations of the medium is carried out in

section 3, and the resolution of the corresponding path-integrals in section 4. The final

conclusions are presented in section 5. The technical details of all calculations are given in

the appendices that are part of this manuscript.

2 In-medium q �! qg splitting

2.1 Quasi-eikonal in-medium parton propagation

The time scale involved in the propagation of energetic partons is much smaller than the
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be performed for a fixed, but arbitrary, medium configuration and, at a later stage, for the

ensemble of medium configurations to be accounted for through an averaging procedure

(see section 3).
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Mh(p0) p, A

...

p1, A1

k, a

q, B

(a) q ! qg splitting where only the initial particle interacts with the medium.

Mh(p0) p, A

...

...

...

p1, A1

q1, B1

k1, a1

k, a

q, B

(b) q ! qg splitting where all particles interact with the medium.

Figure 1: Diagrams that contribute to the medium q ! qg splitting.

and

Tin =
ig

(2⇡)3

Z L+

x0+

dx1+

Z +1

�1
dx0 dx1 dy dz e�iz·k�iy·q+ix0·p0

⇥ GBB1(Y, X1|q+)T a1
B1A1

GA1A(X1, X0|p0+)Gaa1(Z, X1|k+)

⇥ 1

2
ū(q)/✏⇤k��Mh(p0+)�(k + q � p0)+ ,

(2.7)

with X0 = (x0+,x0) the coordinates of the quark at the beginning of the medium, X1 =

(x1+,x1) its coordinates at the emission point and X = (L+,x) , Y = (L+,y) , Z =

(L+, z), the coordinates after the final scatterings of, respectively, the initial quark, the

final quark and the gluon.

To determine these amplitudes for a parton leaving the hard scattering with a fixed

momentum p0, we have inserted a �-function for the conservation of momenta after the

hard scattering in the form of its Fourier transform

�(p � p0) =

Z
d4x0

(2⇡)4
eix0·(p�p0) . (2.8)

A further �-function has been introduced to constrain the initial x0+ coordinate to be the

beginning of the medium.

– 5 –

:: eikonal [straight line] parton trajectory resumming multiple exchanges

−1

......

:: off-eikonal [transverse motion] parton trajectory resumming multiple exchanges 

:: observables computed from medium averages of G correlators

:: calculations become rather complicated very quickly



HOW TO PROBE ANYTHING

so far we haven’t invoked the best way probing anything
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HOW TO PROBE ANYTHING

scatter something off it

Abstruse  Goose
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HOW TO PROBE ANYTHING

scatter something off it

Abstruse  Goosecannot [easily] understand a frog from scattering it off another frog
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HOW TO PROBE ANYTHING

scatter something you understand off it

7 1.1 QCD, DIS, and the parton model

k

k0

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.

kl

k0
l0

q �⇤

p
)

p
X

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 p
X

= 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 Z0. Hereafter,
we shall only consider the scattering of charged leptons, at energies well below the Z0 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
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WHAT IS A JET ?

jet is a jet is a jet is a jet 

[theory view] 
the offspring of the  QCD 
branching of a hard parton 
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WHAT IS A JET ?

jet is a jet is a jet is a jet

[theory view] 
the offspring of the  QCD 
branching of a hard parton 

[experimental view] 
collimated bunch of particles 
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WHAT IS A JET ?

jet is a jet is a jet is a jet

[theory view] 
the offspring of the  QCD 
branching of a hard parton 

[experimental view] 
collimated bunch of particles 

[strictly] 
defined by a jet algorithm

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
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WHAT IS A JET ?

jet is a jet is a jet is a jet

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

23



A JET IN QGP :: HARD PRODUCTION
robust arguments for non-modification wrt vacuum :: familiar 
physics  

⊗ ⊗

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]
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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

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
{

1
(1− x)xp+

×
∫

dy+ dȳ+ dx⊥ dx̄⊥ dz⊥ e−iq⊥·(x⊥−x̄⊥) 1
N

∂

∂y⊥
× Tr

〈
G(y+,y⊥ = 0⊥; ȳ+, z⊥|q+)W †(y+, ȳ+;0⊥)

〉
F

· 1
N

∂

∂ ȳ⊥
Tr

〈
G†( ȳ+, ȳ⊥ = 0⊥; L+,x⊥|q+)

× G( ȳ+, z⊥; L+;x⊥|q+)
〉
F + 2

q⊥
q2

⊥

·
∫

dy+ dx⊥ e−iq⊥·x⊥ 1
N

∂

∂y⊥
× Tr

〈
G(y+,y⊥ = 0⊥; L+,x⊥|q+)

× W †(y+.L+;0⊥)
〉
F

}
, (31)
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A JET IN QGP :: HADRONIZATION
very little known about QGP induced modifications of already 
ill-understood hadronization in vacuum

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
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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
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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
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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?

this is probably hopeless  [depression]I

I

I
I !
I
I

I

Zapp :: QM17 

27



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 

work with what you have to eventually have more  [acceptance]
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THE FIVE STAGES OF HEAVY ION JET PHENOMENOLOGY

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

29

the theoretical, phenomenological, and experimental challenges posed by the 
complexity of jets in heavy ion collisions are the best shot we have at furthering our 

understanding of the QGP



from partons [hadrons] to jets



MULTIPLE EMISSIONS :: VACUUM ANTENNAS
➤ bona fide description of multiple gluon radiation requires 

understanding of emitters interference pattern 

➤ qqbar antenna [radiation much softer than both emitters] as a 
TH lab

k�, �

::vacuum:: 

•transverse separation at formation time 

•wavelength of emitted gluon 

for                   emitted gluon cannot resolve emitters, 
thus emitted coherently from total colour charge 

large angle radiation suppressed :: angular ordering 

r? ⇠ ✓qq̄ ⌧f ⇠ ✓qq̄
✓2!

�? ⇠ 1

k?
⇠ 1

!✓

�? > r?
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MEDIUM ANTENNAS

➤ new medium induced colour 
decorrelation scale 

➤ such that decorrelation driven by 
timescale

k�, � MAJOR EFFORT  
Mehtar-Tani, Salgado, Tywoniuk 

Casalderrey-Solana & Iancu  
Blaizot, Dominguez, Iancu, Mehtar-Tani 

Mehtar-Tani, Milhano, Tywoniuk [review]

⇤med ⇠ 1

k?
⇠ 1p

q̂L

⌧d ⇠
✓

1

q̂✓2qq̄

◆1/3
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[DE]COHERENCE OF MULTIPLE EMISSIONS

➤ colour decoherence opens up phase space for emission 

➤ large angle radiation [anti-angular ordering] 

➤ geometrical separation [in soft limit]

k�, �

3

third terms correspond to gluon bremsstrahlung where
only the quark rescatters and exhibits a soft divergence,
see Eq. (10). Keeping only the bremsstrahlung contribu-
tion, the amplitude for soft gluon emission o↵ the quark
and antiquark reads

Ma

�

(k) =

� ig


 · ✏

�

x (p · k)U
ab

p

(L, 0) Qb

q

+
̄ · ✏

�

x̄ (p̄ · k)U
ab

p̄

(L, 0) Qb

q̄

�
.

(12)

This generalizes Eq. (2) which we recover by putting U =
1, i.e., in the absence of the medium.

Let us now discuss the color singlet antenna in
medium. The spectrum in the soft limit is readily found
from Eq. (12) to be

(2⇡)2!
dN

tot

�

⇤

d

3

k

=
↵

s

C

F

!

2

(R
coh

+ 2�
med

J ) , (13)

where we have used that Q

a

q

Q

b

q̄

= �

ab

/(N2

c

� 1)Q
q

· Q
q̄

.
The interaction with the medium is completely contained
in �

med

, given by

�
med

= 1� 1

N

2

c

� 1
hTrU

p

(L, 0)U†
p̄

(L, 0)i , (14)

which only a↵ects the interference term, J . The brack-
ets in Eq. (14), h...i, stand for the medium expectation
value, which we will discuss at length below. The color
factor, C

F

, appearing in Eq. (13), demonstrates that the
emission takes place o↵ the quark or the antiquark. Fol-
lowing the same decomposition as for the vacuum, lead-
ing to Eq. (4), the soft gluon spectrum o↵ the quark in
medium reads

dN

tot

q,�

⇤ =
↵

s

C

F

⇡

d!

!

sin ✓ d✓

1� cos ✓
[⇥(cos ✓ � cos ✓

qq̄

)��
med

⇥(cos ✓
qq̄

� cos ✓)] . (15)

Equation (15) is a direct generalization of our previous
result in the soft limit [11] to multiple interactions. It
has a simple form and o↵ers an intuitive physical pic-
ture. Interestingly enough, the information about the
medium is fully contained in a multiplicative factor,
�

med

, while the functional shape is vacuum-like. In the
dilute limit, �

med

! 0, we recover the pure vacuum spec-
trum, dN tot

q,�

⇤ ! dN

vac

q,�

⇤ . With increasing density, the de-
coherence rate is controlled by the parameter �

med

. In
the limit of a completely opaque system,�

med

is bounded
by unitarity so that �

med

! 1. Then the soft emission in
the presence of a medium reduces to independent radia-
tion o↵ the quark and antiquark, as if they were radiating
in the vacuum. This is what we call total decoherence of
the spectrum
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In other words, the strict angular ordering condition is
entirely removed. Thus, �

med

appears as an order pa-
rameter controlling the transition between a coherent and
decoherent situation.

The general features of the spectrum interpolating be-
tween the dense and dilute medium limits are illustrated
in Fig. 1, where we plot the angular spectrum of soft
gluon emission o↵ the quark for a qq̄ antenna with open-
ing angle ✓

qq̄

= 0.2. For ✓ < ✓

qq̄

, the spectrum is com-
pletely given by vacuum emissions, falling o↵ as 1/✓. At
✓ = ✓

qq̄

the medium-induced radiation takes over, con-
trolled by the medium parameter �

med

. The limit of
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FIG. 1: The soft gluon emission spectrum o↵ a energetic
quark in the presence of a medium for a qq̄ pair with open-
ing angle ✓qq̄ = 0.2 and �med = 0.5 (solid line). Here
↵̄ ⌘ ↵sCF /⇡. Vacuum radiation is confined within ✓ < ✓qq̄,
while the medium-induced radiation is radiated at ✓ > ✓qq̄.
The limit of opaque medium, given by �med = 1, is marked
by the dashed line.

dense media is delineated by the dashed curve in Fig. 1.
In this case, �

med

= 1 and the total spectrum drops
monotonously like 1/✓ without any discontinuity.

So far we have considered the generic behavior of the
soft gluon spectrum without going into the details of how

ω → 0

3

third terms correspond to gluon bremsstrahlung where
only the quark rescatters and exhibits a soft divergence,
see Eq. (10). Keeping only the bremsstrahlung contribu-
tion, the amplitude for soft gluon emission o↵ the quark
and antiquark reads
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This generalizes Eq. (2) which we recover by putting U =
1, i.e., in the absence of the medium.

Let us now discuss the color singlet antenna in
medium. The spectrum in the soft limit is readily found
from Eq. (12) to be
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where we have used that Q
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.
The interaction with the medium is completely contained
in �

med

, given by

�
med

= 1� 1

N

2

c

� 1
hTrU

p

(L, 0)U†
p̄

(L, 0)i , (14)

which only a↵ects the interference term, J . The brack-
ets in Eq. (14), h...i, stand for the medium expectation
value, which we will discuss at length below. The color
factor, C

F

, appearing in Eq. (13), demonstrates that the
emission takes place o↵ the quark or the antiquark. Fol-
lowing the same decomposition as for the vacuum, lead-
ing to Eq. (4), the soft gluon spectrum o↵ the quark in
medium reads
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Equation (15) is a direct generalization of our previous
result in the soft limit [11] to multiple interactions. It
has a simple form and o↵ers an intuitive physical pic-
ture. Interestingly enough, the information about the
medium is fully contained in a multiplicative factor,
�
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, while the functional shape is vacuum-like. In the
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the presence of a medium reduces to independent radia-
tion o↵ the quark and antiquark, as if they were radiating
in the vacuum. This is what we call total decoherence of
the spectrum

dN

tot

q,�

⇤

���
opaque

=
↵

s

C

F

⇡

d!

!

sin ✓ d✓

1� cos ✓
. (16)

In other words, the strict angular ordering condition is
entirely removed. Thus, �
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appears as an order pa-
rameter controlling the transition between a coherent and
decoherent situation.

The general features of the spectrum interpolating be-
tween the dense and dilute medium limits are illustrated
in Fig. 1, where we plot the angular spectrum of soft
gluon emission o↵ the quark for a qq̄ antenna with open-
ing angle ✓

qq̄

= 0.2. For ✓ < ✓

qq̄

, the spectrum is com-
pletely given by vacuum emissions, falling o↵ as 1/✓. At
✓ = ✓
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the medium-induced radiation takes over, con-
trolled by the medium parameter �
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FIG. 1: The soft gluon emission spectrum o↵ a energetic
quark in the presence of a medium for a qq̄ pair with open-
ing angle ✓qq̄ = 0.2 and �med = 0.5 (solid line). Here
↵̄ ⌘ ↵sCF /⇡. Vacuum radiation is confined within ✓ < ✓qq̄,
while the medium-induced radiation is radiated at ✓ > ✓qq̄.
The limit of opaque medium, given by �med = 1, is marked
by the dashed line.

dense media is delineated by the dashed curve in Fig. 1.
In this case, �

med

= 1 and the total spectrum drops
monotonously like 1/✓ without any discontinuity.

So far we have considered the generic behavior of the
soft gluon spectrum without going into the details of how

Δmed → 0 coherence

Δmed → 1 decoherence

•qqbar colour coherence survival probability  

•time scale for decoherence 

•total decoherence when L > τd
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FROM ANTENNAS TO JETS

✓ rt < Λmed :: antenna unresolved by medium :: vacuum like 

✓ rt > Λmed :: medium probes antenna :: strong suppression of 
interference :: independent radiation from each constituent  

✓ in-medium jet dynamics driven by number of resolved charges

34

Casalderrey, Mehtar-Tani, Salgado, Tywoniuk [1210.7765]
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FIG. 1. A sample jet event resolved with Rmed = 0.1 (left
panel) and 0.15 (right panel). The blue histogram denotes
the hardest resolved sub-jet, the green the next-to-hardest
one, while the pink histogram denotes soft fragments.

only loosing energy by induced radiation as a single par-
ton. As will be shown below, for typical LHC kinematics
there is a significant probability that the experimentally
reconstructed jet with cone parameter R accommodates
only one resolved charge which contains the leading con-
stituents carrying nearly all of the total jet transverse
energy.

From the antenna to the jet. The dynamics of a
QCD jet in vacuum is described in terms of the scales
of the problem. The initial hardness, given by the jet
transverse mass E⇥

jet

, where E is the jet energy and ⇥
jet

its aperture, is distributed among several constituents in
the course of a branching process. Multiple emissions in
the shower are governed by color coherence which can
most easily be understood in the context of the antenna

radiation, the soft gluon radiation o↵ a pair of highly
energetic color correlated partons. The antenna serves
as the building block for a probabilistic scheme of jet
evolution.

In the radiation process from any such antenna of
opening angle ⇥, the emitted gluon transverse wave-
length �?, which is related to its transverse momentum
by �? ⇠ 1/k?, needs to be compared to the transverse
separation of the pair at the time of formation of the
gluon, r? = ⇥ t

f

, with t
f

⇠ k2

?/! and ! the gluon fre-
quency . If �? > r?, the gluon cannot resolve the two
components of the antenna which act coherently as a sin-
gle emitter; in the opposite case, when �? < r?, the
radiative spectrum is the superposition of independent
gluon emissions o↵ each of the antenna components. In
other words, radiation with �? > r? is only sensitive to
the total charge. This relation takes a particularly simple
form for the angular distribution of gluons, namely glu-
ons emitted at small angles ✓ < ⇥ resolve the individual
charges while those with ✓ > ⇥ behave as if emitted o↵
the total charge. This generic feature is responsible for

the angular ordering constraint [5].
The presence of a deconfined medium introduces a new

transverse length scale into the problem, which we sim-
ply denote by ⇤

med

, defining the transverse size of the
color correlations of the plasma as seen by a probe. The
response of a single, energetic parton immersed in this en-
vironment is the radiation of modes with k? . 1/⇤

med

,
giving rise to an energy depletion of the projectile. The
nature of this radiation has been extensively discussed
in the literature and is generically referred to as the
BDMPS-Z spectrum [6]. For more than one simultane-
ously propagating parton, this medium-induced compo-
nent will also be accompanied by a modification of the
color correlation structure among the di↵erent charges
[4], which we proceed to discuss.

Let us start by the simplest case of a single antenna
in a static and homogeneous medium of length L. The
maximal degree of decoherence, due to color randomiza-
tion, of the two constituents of the antenna is controlled
by [4]

�
med

' 1 � e� 1
12 q̂Lr2? ⌘ 1 � e�(⇥/✓c)

2

. (1)

Here q̂ is the well known quenching parameter, character-
izing the degree of momentum broadening in the trans-
verse plane per unit length, and r? = ⇥L. Moreover,
1/⇤2

med

⌘ q̂L. Since the first jet splitting defines the
largest antenna in the jet, it is now simple to discuss the
two possible scenarios, depicted in Fig. 1, for a jet with
opening angle ⇥ = ⇥

jet

.
When ⇥

jet

⌧ ✓c, the whole jet is not resolved by the
medium. Therefore, all its components act as a single
emitter. This gives rise to two central consequences.
Firstly, the fragmentation pattern of the jet is unmod-
ified compared to the vacuum. Secondly, the jet energy
is depleted coherently proportionally to the color charge
of the jet initiator (e.g., with color charge CR = CF in the
case of a quark jet). In other words, for a jet energy loss
�E, each parton reduces its energy by a constant factor
1��E/E. This is a manifestation of color transparency
for highly collimated jets.

For the case ⇥
jet

� ✓c, on the other hand, some parts
of the jet can be resolved by the medium depending on
the formation time of the di↵erent jet fragments. Nev-
ertheless, the partons within the jet may be reorganized
into a reduced e↵ective number of emitters which are sen-
sitive to medium e↵ects in the shower.
An estimate of the relevance of color coherence

for LHC conditions. As a proof-of-principle study,
we have analyzed the transverse structure of vacuum
jet showers in the kinematic range of the LHC. Using
PYTHIA 8.150 [7], we studied jet events at partonic level
in p+p collisions at 2.76 TeV identified via the anti-kt al-
gorithm, as implemented in FastJet 3.0.3 [8]. Since the
resolution power of the medium depends upon the ge-
ometry encountered by the jet, we have embedded these
events into an evolution model for the plasma. Each
event was assigned a production point in the transverse
plane according to the N

coll

distribution in the Glauber



HADRON AND JETS

✓ hadrons belong to jets 

✓ jets more suppressed than hadrons… 

✓ the QGP resolves the jets [‘sees’ its components]
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what can jets do for you?

better, what can you do with jets?



significant progress requires detailed understanding 
of the sensitivity of each observable



A TOOL :: MONTE-CARLO EVENT GENERATORS

✓ MCs implement most known jet quenching physics  

✓ many MCs in the market [Q-PYTHIA, PYQUEN, MATTER, 
MARTINI, Hybrid,…] implementing various ‘alternatives’  

✓ MCs allow for fair comparison with data 

✓ MC status not the same as in pp :: we don’t know all the 
physics yet ! 

✓ MCs that have been validated for a wide set of observables 
can be used as an exploration tool 
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JEWEL [AN MC I LIKE]

➤ jet evolution and interaction with medium described within single formalism 

➤ jet evolution well understood in pp :: use standard tools from pp 
description 

➤ dynamical model of jet evolution anchored in analytical understanding of 
pQCD  

➤ key assumptions  

➤ medium seen by jet as collection of quasi-free partons  

➤ use infra-red continued perturbation theory to describe all jet-medium 
interactions  

➤ formation times govern the interplay of different sources of radiation 
[vacuum-like and medium induced]  

➤ LPM effect encoded through eikonal limit analytical results

Zapp, Krauss & Wiedemann, JHEP 1303 (2013) 080 
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JEWEL: MEDIUM RESPONSE

I

I

!
I

I

I

!
I

Zapp and Kunnawalkam Elayavalli 

➤ two possible operating modes in JEWEL 

➤ medium partons not included in event record :: no tracking of medium 
response 

➤ medium partons that interact with jet included in event record 

➤ part of the medium becomes correlated with jet and thus part of jet 

➤ requires subsequent background subtraction :: only 4-momentum acquired 
by medium partons should survive not that in thermal distribution 

➤ no further re-scattering of medium partons :: jet-correlated medium 
arguably too hard  
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[MANY] LESSONS FROM THE FIRST JET MEASUREMENT

✓ AJ distribution 
shifted to larger 
asymmetries 

✓ no modification of 
acoplanarity 
distribution
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di-jet asymmetry 
:: energy imbalance of back-to-back jets 
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José Guilherme Milhano??,??,??, Korinna Christine Zapp??,??,??
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Received: date / Accepted: date

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
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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 p

T

> 4 GeV using the same jet algorithms. The
ID has an estimated e�ciency for reconstructing charged

hadrons above p

T

> 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 E

T

distribution was measured for mini-
mum bias heavy ion events as a function of the total E

T

deposited in the calorimeters up to about ⌃E
T

= 10 TeV.
The resolution as a function of total E

T

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 E

T

.
The events containing high-p

T

jets were studied for the
presence of high-p

T

muons that could carry a large frac-
tion of the recoil energy. Fewer than 2% of the events
have a muon with p

T

> 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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[MANY] LESSONS FROM THE FIRST JET MEASUREMENT

measurement of increase of di-jet 
asymmetry without disturbance of 
acoplanarity distribution
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Casalderrey-Solana, Milhano, Wiedemann :: J. Phys. G38 (2011)

Jet quenching via jet collimation 3
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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  85GeV2 (ATLAS [1]) , (5)

24  q̂L  62GeV2 (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  60GeV2 (ATLAS [1]) , (7)

18  q̂L  40GeV2 (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

NOT out of cone semi-hard rare 
emissions as previously thought

paradigm change triggering 
experimental analyses and 
theoretical developments
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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

E
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E
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<E
T1

1
2
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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]

Milhano and Zapp :: Eur.Phys.J. C76 (2016))
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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

??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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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 

leading parton
sub-leading parton
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Mass distribution of partons in the initial configuration in p+p
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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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understanding of sensitivity of an observable paves 
the way for physical understanding of QGP properties 

experimental measurement of di-jet imbalance allows 
for identification of leading mechanism of jet energy 
loss and isolates the importance of all same energy 

jets not all losing the same energy    



DIGGING DEEPER :: A NEW GENERATION OF JET OBSERVABLES
➤ instead of looking at back-to-back jets, focus on what happens 

inside each jet 

➤ look at the widest angular separated hard prongs in a jet

Milhano, Wiedemann, Zapp :: 1702.xxxxx

SoftDrop procedure:: Larkoski, Marzani, Soyez, Thaler :: JHEP  1405 (2014)

➤ in vacuum this measures the fundamental [Altarelli-Parisi] 
QCD splitting probabilities

I

I zg =
(p?, , p?, )

p?, + p?,

I p(zg ) =
P(zg ) + P( � zg )R /

z z P(z) + P( � z)
⇥(zg � z )

zg =
min(p?,1, p?,2)

p?,1 + p?,2
zg > 0.1
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zg : GROOMED SHARED MOMENTUM FRACTION 

1. cluster jets with anti-kt 
2. re-cluster with Cambridge/Aachen [from closest to 

furthest in angle] 
3. undo last clustering [jet as 2-prong object] step 

and compute zg  
4. if  zg > zcut stop,  

else discard softer prong and go back to 3 zg =
min(p?,1, p?,2)

p?,1 + p?,2

modified Mass Drop Tagger / Soft Drop [β=0]

at LO

p(zg) =
P (zg) + P (1� zg)R 0.5

zcut
dz

�
P (z) + P (1� z)

� ⇥(zg � zcut)

��� ��� ��� ��� ��� ��� ���
�

�

�

�

�

��

�
σ

�σ
���

������� �������� ��������
������++ � �� ��� ���

�� = ���� β = �
�� > �� ���
�� > ��� ���
�� > ��� ���
�� > ���� ���
���
�

➤ in vacuum, the procedure measures the 
LO Altarelli-Parisi splitting function 

50



DIGGING DEEPER :: A NEW GENERATION OF JET OBSERVABLES
➤ substancial modification observed in PbPb collisions

Milhano, Wiedemann, Zapp :: 1707.04142

➤ proceed as with di-jets to isolate physical origin 

51
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The Soft Drop algorithm [10, 11] reconstructs jets with
the anti-k? algorithm [12] and reclusters them with a pre-
scription entirely based on angles (Cambridge/Aachen).
The last step of this reclustering is then undone to give
the two prongs with the largest angular separation. If
the p?-sharing between the two prongs satisfies

zg ⌘ min (p?,1, p?,2)

p?,1 + p?,2
> zcut

✓
�R12

R

◆�

, (1)

then the prongs are accepted and the algorithm termi-
nates. Otherwise, the softer of the prongs is rejected,
the last reclustering step on the hard prong is undone,
and the algorithm continues till condition (1) is satisfied.
This is one of a variety of grooming techniques that can
be used to systematically reject (or study) soft contribu-
tions associated to jets. In eq. (1), R denotes the jet ra-
dius. In the following, we work for � = 0, and we use the
default zcut = 0.1. We also require that only configura-
tions with�R12 > 0.1 are included in the zg-distribution.
This condition was added by the CMS collaboration to
the original Soft Drop proposal, and we adopt it to facil-
itate comparison to the preliminary data [13].

Here, we investigate the physical mechanisms underly-
ing the softening of the groomed shared momentum frac-
tion zg in Jewel, including the possibility that recoil
e↵ects contribute. In general, the momentum of recoil-
ing partons is composed of a thermal component that
they carry before the jet-medium interaction, as well as
the momentum transferred when interacting with jet con-
stituents. Only the latter contributes to the medium re-
sponse, the former is removed experimentally by back-
ground subtraction techniques. However, these tech-
niques cannot be applied to Jewel as it does not gen-
erate full heavy ion events. Instead, consistent with ex-
perimental procedures, the (thermal) background contri-
bution is subtracted from generated event samples with
a so-called 4-momentum subtraction technique validated
in [6].

We emphasize that for hadronization, Jewel converts
all recoiling partons into gluons that are inserted into
the strings that connect the partons forming the jets. It
is therefore not meaningful to label hadrons in the event
record as belonging to the jet or to the medium response.
However, one can hadronize events in Jewel with or
without the recoiling partons. Fig. 1 shows the corre-
sponding zg-distributions. Since recoiling partons do not
rescatter in Jewel, and since rescattering induces ther-
malization processes, generated events with recoiling par-
tons may overestimate the physically expected medium
response. The truth is therefore expected to lie in be-
tween the green (without recoil) and blue (with recoil)
curves in Fig. 1, and the di↵erence between both curves
should be regarded as an upper bound for the expected
medium-response.

Even without including recoiling partons, the simu-
lated zg-distribution in Fig. 1 shows a mild tilt towards
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FIG. 1. (top) Jewel+Pythia result for the groomed shared
momentum fraction zg in central PbPb events analyzed with
(blue curve) and without (green curve) keeping track of
medium response and compared to simulated pp events (red
curve). (bottom) The ratio of the zg-distributions in PbPb
and pp events, compared to CMS data for jet p? between 140
GeV and 160 GeV. All results are for

p
sNN = 5.02 TeV and

are shown background subtracted (4-momentum subtraction
method) and on hadron level.

smaller zg in comparison to the proton-proton baseline.
Without additional information, the interpretation of
this tilt remains ambiguous. The reason is that the zg-
distribution is a self-normalizing curve. A tilt of the type
shown in Fig. 1 can therefore arise either (i) from an en-
hanced contribution at small zg (that reduces the bin
entries at large zg due to normalization), or (ii) from
a depletion of jets with large zg (that would enhance
bin entries at small zg by normalization). The first of



DIGGING DEEPER :: A NEW GENERATION OF JET OBSERVABLES
Milhano, Wiedemann, Zapp :: 1702.xxxxx

➤ requires account of QGP response 

➤ predicted additional measurable component at large angular separation  

➤ effect conceivably arising from promotion of configuration where 
sub-leading prong became hard enough due to contribution from 
QGP response to pass hardness cut :: seeing QGP response
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The Soft Drop algorithm [10, 11] reconstructs jets with
the anti-k? algorithm [12] and reclusters them with a pre-
scription entirely based on angles (Cambridge/Aachen).
The last step of this reclustering is then undone to give
the two prongs with the largest angular separation. If
the p?-sharing between the two prongs satisfies

zg ⌘ min (p?,1, p?,2)

p?,1 + p?,2
> zcut

✓
�R12

R

◆�

, (1)

then the prongs are accepted and the algorithm termi-
nates. Otherwise, the softer of the prongs is rejected,
the last reclustering step on the hard prong is undone,
and the algorithm continues till condition (1) is satisfied.
This is one of a variety of grooming techniques that can
be used to systematically reject (or study) soft contribu-
tions associated to jets. In eq. (1), R denotes the jet ra-
dius. In the following, we work for � = 0, and we use the
default zcut = 0.1. We also require that only configura-
tions with�R12 > 0.1 are included in the zg-distribution.
This condition was added by the CMS collaboration to
the original Soft Drop proposal, and we adopt it to facil-
itate comparison to the preliminary data [13].

Here, we investigate the physical mechanisms underly-
ing the softening of the groomed shared momentum frac-
tion zg in Jewel, including the possibility that recoil
e↵ects contribute. In general, the momentum of recoil-
ing partons is composed of a thermal component that
they carry before the jet-medium interaction, as well as
the momentum transferred when interacting with jet con-
stituents. Only the latter contributes to the medium re-
sponse, the former is removed experimentally by back-
ground subtraction techniques. However, these tech-
niques cannot be applied to Jewel as it does not gen-
erate full heavy ion events. Instead, consistent with ex-
perimental procedures, the (thermal) background contri-
bution is subtracted from generated event samples with
a so-called 4-momentum subtraction technique validated
in [6].

We emphasize that for hadronization, Jewel converts
all recoiling partons into gluons that are inserted into
the strings that connect the partons forming the jets. It
is therefore not meaningful to label hadrons in the event
record as belonging to the jet or to the medium response.
However, one can hadronize events in Jewel with or
without the recoiling partons. Fig. 1 shows the corre-
sponding zg-distributions. Since recoiling partons do not
rescatter in Jewel, and since rescattering induces ther-
malization processes, generated events with recoiling par-
tons may overestimate the physically expected medium
response. The truth is therefore expected to lie in be-
tween the green (without recoil) and blue (with recoil)
curves in Fig. 1, and the di↵erence between both curves
should be regarded as an upper bound for the expected
medium-response.

Even without including recoiling partons, the simu-
lated zg-distribution in Fig. 1 shows a mild tilt towards
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FIG. 1. (top) Jewel+Pythia result for the groomed shared
momentum fraction zg in central PbPb events analyzed with
(blue curve) and without (green curve) keeping track of
medium response and compared to simulated pp events (red
curve). (bottom) The ratio of the zg-distributions in PbPb
and pp events, compared to CMS data for jet p? between 140
GeV and 160 GeV. All results are for

p
sNN = 5.02 TeV and

are shown background subtracted (4-momentum subtraction
method) and on hadron level.

smaller zg in comparison to the proton-proton baseline.
Without additional information, the interpretation of
this tilt remains ambiguous. The reason is that the zg-
distribution is a self-normalizing curve. A tilt of the type
shown in Fig. 1 can therefore arise either (i) from an en-
hanced contribution at small zg (that reduces the bin
entries at large zg due to normalization), or (ii) from
a depletion of jets with large zg (that would enhance
bin entries at small zg by normalization). The first of

3

these two possibilities has been argued [15, 16] to be the
dominant one, based on the following two observations:
first, to lowest perturbative order in QCD (and without
medium-e↵ects), the zg-distribution p(zg) for � = 0 is
given by the LO QCD splitting functions P (z) [14]

p(zg) =
P (zg) + P (1� zg)

R 1/2
zcut

dz [P (zg) + P (1� zg)]
, (2)

and second, medium-induced gluon radiation is expected
to soften the perturbative splitting functions. Therefore,
if one neglects recoiling partons, the medium-induced en-
hancement of gluon splittees in the parton shower pro-
vides a candidate mechanism for enhancing the frac-
tion of subleading subjets with small groomed momen-
tum fraction zg. However, for this mechanism to be ef-
ficient, medium-induced gluon radiation must be su�-
ciently hard to pass the cut (1). Inspection of generated
events reveals that this condition is rarely satisfied in
Jewel. Indeed, while medium-induced parton splitting
underlies the simulation of jet quenching in Jewel, par-
tonic splittees induced by jet-medium interactions carry
rarely a su�cient energy O (Ejet zg) to make it above
the cut (1), and hadronization reduces this contribution
further. Also, in simulations without recoiling partons,
the likelihood of medium-induced splittees to cluster with
other jet fragments to subjets that pass the cut (1) is
small. Rather the dominant contribution to the small tilt
of (1/NJ)dNJ/dzg in simulations without recoiling par-
tons comes from the fact that all partons in the shower
undergo parton energy loss and that this suppresses in
particular the yield of events with large zg. As jets with
a large zg will show a softer fragmentation, this is con-
sistent with earlier observations that such broader jets
are more susceptible to energy loss and thus more likely
to fail analysis cuts [8, 17, 18]. We have checked this
statement for the present analysis (data not shown).

Once recoiling partons are included in the analysis,
the tilt in the zg-distribution increases significantly and
the shape is in quantitative agreement with experimental
data (see r.h.s. of Fig. 1). In contrast to the case with-
out recoil, the dominant contribution to the tilt comes
now from an enhancement of jets with soft subleading
subjets that pass the grooming cut (1). The reason is
that soft large-angle recoil contributions get clustered
into (sub)jets and can thus promote candidate prongs of
low z to above the Soft Drop condition (1). Our simula-
tions thus suggest that the long-sought medium response
that provides a negligible or di�cult to discriminate con-
tribution in many other jet quenching observables may
dominate the zg distribution. We next ask to what ex-
tent this interpretation can be corroborated by comple-
mentary measurements.

To this end, we study first for the jet sample that
contributes to the zg-distribution the relative separation
�R12 in the �⌘⇥��-plane between the leading and sub-
leading prongs. As described above, jets with broader
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FIG. 2. Distribution in the relative separation �R12 of the
two subjets for jets that pass the Soft Drop condition (1),
supplemented by the �R12 > 0.1 requirement (grey band).

fragmentation patterns are expected to fail analysis cuts
such as (1) more easily. Consistent with this picture, in
the absence of recoil e↵ects (see green curve on the r.h.s.
of Fig. 2) the fraction of jets with large �R12 that pass
the analysis cut is strongly reduced. If medium response
is included in the analysis, the�R12-distribution changes
qualitatively in a very characteristic way. The reason is
that if a subleading candidate prong is further separated
from the leading prong, then there is a larger area in the
�⌘ ⇥��-plane from which soft recoil contributions can
be clustered together with this soft prong. This makes it
more likely to promote soft prongs above the Soft Drop
condition (1) if �R12 is larger. As a consequence, the
�R12-distribution increases with increasing �R12 up to
a separation scale that is set by the jet radius. There-
fore, the �R12-distribution (blue curve) peaks at a value
�R12 somewhat smaller than R. We conclude that the
increase of the �R12-distribution with increasing �R12

would be a characteristic telltale sign for the dominance
of recoil e↵ects in medium-modifications of the groomed
shared momentum fraction zg.
By now, several independent model studies support the

at least partial cancellation of two qualitatively di↵er-
ent e↵ects in many jet quenching observables [6, 18, 19].
On the one hand, parton energy loss e↵ectively peels o↵
soft components from the jet, thereby narrowing the jet
core. On the other hand, medium response can coun-
teract this tendency as recoil e↵ects contribute to jet
broadening. The interplay of both e↵ects has been ob-
served to be at work also in some jet shape observables,
including jet mass and girth [6, 18]. However, the kine-
matical distribution of recoil is generally di↵erent from
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➤ modification of girth distribution of sub-leading prong 
should be unique to jet-correlated medium mechanism

g =
X

i

p?,i �Rij

pJ?
:: first radial moment of the intra-jet p⊥ distribution
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FIG. 3. Jewel+Pythia results for the first radial moment (3)
(girth g) of the leading (l.h.s.) and subleading (r.h.s.) subjet
in jets reconstructed with the anti-k? algorithm for R = 0.4
and that pass the Soft Drop condition (1). Results are for
jets simulated on hadron level in

p
sNN = 5.02 TeV PbPb

collisions with (blue curve) and without (green curve) recoil
e↵ects, as well as for proton-proton reference data (red curve).
The 4-momentum subtraction method is used to provide back-
ground subtracted data consistent with experimental proce-
dures.

that of medium-induced radiation, and despite partial
cancellation of both e↵ects, di↵erential distributions in
other jet substructure observables may thus be expected
to maintain some characteristic sensitivity to medium re-
sponse. Here, we discuss this possibility for girth g, which

is defined by summing over the momenta p
(k)
? of all con-

situents of the jet with a weight given by the distance

�RkJ from the jet axis,

g =
1

pjet?

X

k2J

p
(k)
? �RkJ . (3)

In general, this radial moment of the jet profile is ex-
pected to increase with recoil e↵ects that broaden the
jet, and it is expected to decrease if radiation narrows
the jet core by peeling o↵ preferentially soft large angle
components. Both mechanisms are clearly seen at work
for the girth of the leading subjet, where the girth in
PbPb events reconstructed without recoil e↵ects is seen
to be reduced compared to the pp baseline, while the
girth is increased in events including recoil e↵ects (top
panel, Fig. 3). Both e↵ects cancel partially, consistent
with earlier observations. For the leading subjet, the net
e↵ect is a shift of the magnitude of girth that is approx-
imately independent of zg.
The situation is somewhat di↵erent for the girth of the

subleading subjet. First, in the absence of recoil e↵ects,
jet quenching leads to a much smaller reduction of girth.
The reason is that the jet can only get narrower by losing
energy, but subleading subjets cannot lose much energy
without failing the Soft Drop condition (1). If the sub-
leading subjet fraction zg is larger, then this bias is less
significant, and this explains the slight increase in the re-
duction of girth with increasing zg. On the other hand,
for the case in which recoil e↵ects are included in the
analysis, the girth of subleading subjets is approximately
a factor 2 more strongly enhanced for small zg ' 0.1 than
for zg ' 0.5. This is an independent test of the argu-
ment that the tilt of the zg-distribution is mainly due to
recoil e↵ects that promote soft candidate prongs above
the Soft Drop cut condition (1): if subleading subjets at
low zg have a pronounced recoil contribution, then they
are expected to be particularly broad, and this is what is
reflected in a more strongly enhanced girth at small zg.
The combined analysis of the girth of leading and sub-
leading subjets provides thus independent sensitivity to
recoil e↵ects and can therefore help to disentangle e↵ects
from medium response in jet quenching models.
We finally dare to share our experience that physics

conclusions about the presence of recoil e↵ects can only
be drawn from models of a certain technical maturity.
For instance, hadronization e↵ects are also known to
contribute to the broadening of jets. In our simula-
tions, the girth one extracts from generated data at (un-
observable) parton level shows qualitatively similar but
much stronger recoil e↵ects than the data on hadron level
discussed here. The use of an independently validated
hadronization prescription is therefore important for ar-
riving at realistic physics conclusions. An analogous re-
mark applies to the use of background subtraction tech-
niques.
The zg-distribution and the girth of subjets are not

the only jet measurements that are sensitive to recoil ef-
fects. Recent studies indicate that also the ratio of jet
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FIG. 3. Jewel+Pythia results for the first radial moment (3)
(girth g) of the leading (l.h.s.) and subleading (r.h.s.) subjet
in jets reconstructed with the anti-k? algorithm for R = 0.4
and that pass the Soft Drop condition (1). Results are for
jets simulated on hadron level in

p
sNN = 5.02 TeV PbPb

collisions with (blue curve) and without (green curve) recoil
e↵ects, as well as for proton-proton reference data (red curve).
The 4-momentum subtraction method is used to provide back-
ground subtracted data consistent with experimental proce-
dures.

that of medium-induced radiation, and despite partial
cancellation of both e↵ects, di↵erential distributions in
other jet substructure observables may thus be expected
to maintain some characteristic sensitivity to medium re-
sponse. Here, we discuss this possibility for girth g, which

is defined by summing over the momenta p
(k)
? of all con-

situents of the jet with a weight given by the distance

�RkJ from the jet axis,

g =
1

pjet?
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k2J
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In general, this radial moment of the jet profile is ex-
pected to increase with recoil e↵ects that broaden the
jet, and it is expected to decrease if radiation narrows
the jet core by peeling o↵ preferentially soft large angle
components. Both mechanisms are clearly seen at work
for the girth of the leading subjet, where the girth in
PbPb events reconstructed without recoil e↵ects is seen
to be reduced compared to the pp baseline, while the
girth is increased in events including recoil e↵ects (top
panel, Fig. 3). Both e↵ects cancel partially, consistent
with earlier observations. For the leading subjet, the net
e↵ect is a shift of the magnitude of girth that is approx-
imately independent of zg.
The situation is somewhat di↵erent for the girth of the

subleading subjet. First, in the absence of recoil e↵ects,
jet quenching leads to a much smaller reduction of girth.
The reason is that the jet can only get narrower by losing
energy, but subleading subjets cannot lose much energy
without failing the Soft Drop condition (1). If the sub-
leading subjet fraction zg is larger, then this bias is less
significant, and this explains the slight increase in the re-
duction of girth with increasing zg. On the other hand,
for the case in which recoil e↵ects are included in the
analysis, the girth of subleading subjets is approximately
a factor 2 more strongly enhanced for small zg ' 0.1 than
for zg ' 0.5. This is an independent test of the argu-
ment that the tilt of the zg-distribution is mainly due to
recoil e↵ects that promote soft candidate prongs above
the Soft Drop cut condition (1): if subleading subjets at
low zg have a pronounced recoil contribution, then they
are expected to be particularly broad, and this is what is
reflected in a more strongly enhanced girth at small zg.
The combined analysis of the girth of leading and sub-
leading subjets provides thus independent sensitivity to
recoil e↵ects and can therefore help to disentangle e↵ects
from medium response in jet quenching models.
We finally dare to share our experience that physics

conclusions about the presence of recoil e↵ects can only
be drawn from models of a certain technical maturity.
For instance, hadronization e↵ects are also known to
contribute to the broadening of jets. In our simula-
tions, the girth one extracts from generated data at (un-
observable) parton level shows qualitatively similar but
much stronger recoil e↵ects than the data on hadron level
discussed here. The use of an independently validated
hadronization prescription is therefore important for ar-
riving at realistic physics conclusions. An analogous re-
mark applies to the use of background subtraction tech-
niques.
The zg-distribution and the girth of subjets are not

the only jet measurements that are sensitive to recoil ef-
fects. Recent studies indicate that also the ratio of jet



increasingly engineered jet observables can provide 
direct access to QGP response to jets 

or better, how the energy lost by jets couples QGP 
with the jet  

trade-off between observable complexity and 
improved potential for insight worth it
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what is hot nuclear matter? 

what do jets interact with?

Hard Probes 2016 J. Casalderrey-Solana 23rd September 2016 
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 ๏ What is the correct picture of the QGP?

gas of quarks and gluons 
[weakly coupled]
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what is hot nuclear matter? 

what do jets interact with?

can jet-QGP interaction be consistently described for a 
strongly coupled QGP?
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HYBRID STRONG/WEAK COUPLING MODEL  

➤ 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

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 –

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

⇡

E

in

x

2

x

2

stop

1q
x

2

stop

� x

2

, x

stop

=

1

2

sc

E

1/3
in

T

4/3
, (2.1)

obtained via the gauge/gravity duality. Here, E
in

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 x

stop

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 x
stop

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 E

1/3
in

/T

4/3 and x

stop

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] 
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• In general, models appear to describe xJγ  
• LBT has normalization issue relative to other curves 

• To be fixed in conjunction with analyzers 
• JEWEL and HYBRID comparable through all bins
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Theory Comparison: Distribution of xJγ vs. γ pT

• Overlaid PYTHIA, JEWEL, LBT and Hybrid Model
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HYBRID STRONG/WEAK COUPLING MODEL :: PREDICTIONS
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jet-QGP interaction can be described in strong 
coupling  

however, effective models are most informative 
when and where they fail  



THE FAILURES OF THE HYBRID STRONG/WEAK COUPLING MODEL  

➤ an example of generic failure to describe edge structure of jets 
➤ what Physics is missing? 

➤ possibly not all lost energy hydrodynamizes… 

➤ need improved treatment for conclusive check 
➤ fate of lost energy best handle on thermalization [how QGP came into 

being]
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Figure 10: Ratio of the jet shape in PbPb collisions with
p
s = 2.76 ATeV with 0-10% centrality

(left) and 10-30% centrality (right) to the jet shape in proton-proton collisions. The two colored
bands show the results of our hybrid model calculation with no broadening, with both jets and
background hadronized, and with our background subtraction procedure for high-pT jets applied.
In the calculation shown as the red band we include the effects of backreaction, namely the particles
coming from a wake in the medium. We compare our calculation with and without backreaction to
data from CMS [51].

jet energies with a Gaussian whose width corresponds to the difference between the jet energy
resolution in the presence of our background and the jet energy resolution measured by CMS;
we describe the procedure in Appendix B. Last, we subtract background tracks in the jet cone
following a simple procedure from Ref. [51] in which we subtract the ⌘-reflection of each event
from that event. This procedure does not work for jets near ⌘ = 0; this is why |⌘| < 0.3 is excluded
from both our analysis and the measurement reported in [51].

To gauge the effects of adding our simplified background, performing the background sub-
traction procedure, and hadronization on one hand, and the effects due to the backreaction of the
medium, namely the particles coming from the wake in the plasma, on the other in both panels we
show the jet shape ratio computed at the hadronic level with and without backreaction. As we saw
in Section 4, energy loss serves to narrow the angular size of jets in a given window of energies in
heavy ion collisions relative to that of jets with the same energies in proton-proton collisions. As
a consequence, without backreaction the effect of energy loss is to increase the importance of nar-
row jets in the quenched jet sample, leading to a depletion of the jet shape at large angles r. Note
that the only differences between the simulations without backreaction in Fig. 10 and the K = 0

simulations displayed in Fig. 5 are: adding the simplified but fluctuating background that we are
employing, performing our background subtraction and jet reconstruction, and adding hadroniza-
tion. The partonic distributions whose ratio is plotted in Fig. 5 give rise to narrower distributions
that the hadronic ones that go into Fig. 10, a natural consequence of the non-trivial angular distribu-
tion of the Lund strings connecting the hard partons within the jet which means that hadronization
broadens the jet somewhat. (See for example Ref. [185].)

Despite the hadronic uncertainties, the jet shape ratio shows a clear increase at larger values
of the angular variable r when we include backreaction, confirming the expectation that some of
the particles from the wake in the plasma do end up reconstructed as part of the jet, and confirming
the expectation that they are less tightly focused in angle than the jet itself was. That said, it

– 32 –

ratio of jet transverse density profiles

68



a look into the future
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PROBING QGP TIME EVOLUTION
➤ all current observables are 

sensitive to the integrated effect 
of the entire QGP lifetime 

➤ use boosted objects to switch off 
jet-QGP interaction for some 
time
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but that is not all !

oh no.

that is not all …



MANY THINGS I DID NOT TALK ABOUT [AND MAYBE SHOULD HAVE]
✓ all I had to skip [hopefully not too much] 

✓ physics of initial condition: small Bjorken-x/saturation/non-
linear parton evolution/CGC 

✓ physics of initial stages: Glasma, … 

✓ heavy flavour [beyond quarkonia] 

✓ hadrochemistry: statistical hadronization models, … 

✓ strangeness 

✓ femtoscopy 

✓ all I forgot 
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WRAP-UP [IN LINES OF LESS THAN 140 CHAR EACH]
✓ #HI physics is broad spectrum in #theory and #experiment 

@RHIC @LHC 

✓ #HI is #NewPhysics 

✓ #QGP is collective, an almost perfect liquid of #SM 
fundamental particles 

✓ #HI physics at play in #pp and #pA 

✓ #jets can image #QGP and help to understand #BirthOfQGP
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