
Coherence Effects at Strong Coupling

Jorge Casalderrey-Solana



5th HI Jet Workshop @ CERN J. Casalderrey-Solana 22nd August 2017 

Jets in Medium

2

๏ Jets probe different scales

virtual parton



5th HI Jet Workshop @ CERN J. Casalderrey-Solana 22nd August 2017 

Jets in Medium

2

๏ Jets probe different scales

virtual parton

๏ In medium 



5th HI Jet Workshop @ CERN J. Casalderrey-Solana 22nd August 2017 

Jets in Medium

2

๏ Jets probe different scales

virtual parton

๏ In medium 

• Small size ⇒ Only rare fluctuations alter splittings.  



5th HI Jet Workshop @ CERN J. Casalderrey-Solana 22nd August 2017 

Jets in Medium

2

๏ Jets probe different scales

virtual parton

๏ In medium 

• Small size ⇒ Only rare fluctuations alter splittings.  

Induced radiation is still possible with   
• Virtual partons carry a colour charge ⇒  



5th HI Jet Workshop @ CERN J. Casalderrey-Solana 22nd August 2017 

Jets in Medium

2

๏ Jets probe different scales

virtual parton

๏ In medium 

• Small size ⇒ Only rare fluctuations alter splittings.  

Induced radiation is still possible with   
• Virtual partons carry a colour charge ⇒  

unresolved

• After formation, partons  may be not resolved by the medium 
Radiation as single objects



5th HI Jet Workshop @ CERN J. Casalderrey-Solana 22nd August 2017 

Jets in Medium

2

๏ Jets probe different scales

virtual parton

๏ In medium 

• Small size ⇒ Only rare fluctuations alter splittings.  

Induced radiation is still possible with   
• Virtual partons carry a colour charge ⇒  

unresolved

• After formation, partons  may be not resolved by the medium 
Radiation as single objects

single hard

multiple soft



5th HI Jet Workshop @ CERN J. Casalderrey-Solana 22nd August 2017 

Why strong coupling for jets?

3

๏ Jets probe different scales

virtual parton

unresolved

single hard

multiple soft

๏ What are the typical scales? 

• Average energy loss controlled by hardest splittings
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Medium Modification of Jet Shapes and Jet Multiplicities

Carlos A. Salgado and Urs Achim Wiedemann
Theory Division, CERN, CH-1211 Geneva 23, Switzerland

(Dated: February 1, 2008)

Medium-induced parton energy loss is widely considered to underly the suppression of high-pt

leading hadron spectra in
√

sNN = 200 GeV Au+Au collisions at RHIC. Its description implies a
characteristic kt-broadening of the subleading hadronic fragments associated to the hard parton.
However, this latter effect is more difficult to measure and remained elusive so far. Here, we discuss
how it affects genuine jet observables which are accessible at LHC and possibly at RHIC. We
find that the kt-broadening of jet multiplicity distributions provides a very sensitive probe of the
properties of dense QCD matter, whereas the sensitivity of jet energy distributions is much weaker.
In particular, the sensitive kinematic range of jet multiplicity distributions is almost unaffected by
the high multiplicity background.

Hard partons produced in dense QCD matter are ex-
pected to loose a significant fraction of their energy due
to medium-induced gluon radiation prior to hadroniza-
tion [1]. This follows from calculations of the underly-
ing non-Abelian Landau-Pomeranchuk-Migdal effect and
allows to predict the dependence of parton energy loss
on pathlength and density in a static [2, 3, 4, 5] or ex-
panding [6, 7, 8] medium. Recent measurements [9] of
high-pt hadroproduction and its centrality dependence
in Au-Au collisions at

√
sNN = 200 GeV provide the first

evidence [10] for the occurrence of this jet quenching phe-
nomenon. They allow to access properties of the dense
medium produced in nucleus-nucleus collisions by ana-
lyzing the medium modification of high-pt hadroproduc-
tion [8, 11, 12].

So far, these analyzes are limited to the study of lead-
ing hadron spectra and leading hadron back-to-back cor-
relations. However, energy loss of the leading parton im-
plies a redistribution of the associated jet energy in trans-
verse phase space or multiplicity. Thus, the observed en-
ergy degradation of leading hadrons should be reflected
in the modification of genuine jet observables such as jet
shapes and jet multiplicity distributions. The main aim
of this letter is to calculate for the first time medium-
modified jet observables in the same theoretical frame-
work on which the current jet quenching interpretation
of suppressed high-pt hadroproduction is based.

We start from the kt-differential medium-induced dis-
tribution of gluons of energy ω radiated off an initial hard
parton [4, 13, 14],

ω
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ȳl

dξ n(ξ) σ(u) ∂

∂y
·

∂

∂u

×
∫ u=r(ȳl)
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Medium properties enter (1) via the product of the
medium density n(ξ) of scattering centers times the
dipole cross section σ(r) which measures the interaction

strength of a single elastic scattering. We first estab-
lish that Eq. (1) implies a one-to-one correspondence be-
tween the average energy loss of the parent parton, and
the transverse momentum broadening of the associated
gluon radiation, as argued in Ref. [2]. To this end, we
evaluate ω dImed

dω dk for αs CF = 4
9 in two approximations:

In the multiple soft scattering limit n(ξ)σ(r) ≈
1
2 q̂(ξ) r2, the transport coefficient q̂ characterizes the av-
erage transverse momentum squared transferred from the
medium to the projectile per unit pathlength. In this
case, medium-induced gluon radiation is limited to gluon
energies ω < ωc = 1

2 q̂ L2, see Fig. 1. In medium path-
length L and transport coefficient q̂ determine not only
the average energy loss of the leading parton, ∆E =
∫

dω ω dImed

dω ∼ αsωc, but also the typical transverse
momentum transferred from the medium. This limits
medium-induced gluon radiation to κ2 = k2

q̂ L < 1.

FIG. 1: The gluon energy distribution (1) as a function of the
rescaled gluon energy ω/ωc and the rescaled gluon transverse
momentum κ.
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• In a steeply falling spectrum losses are 
dominated by softer emissions 
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• Can we get and equally good description? 
• Can we find different characteristic features?
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Figure 4. A cartoon showing the gravitational description of a jet propagating through the strongly
coupled fluid, losing energy to hydrodynamic modes. The cartoon is a snapshot at one moment in
time. The string is moving along the jet direction, as it falls. The fact that the endpoint of the string
is falling as it moves corresponds, in the boundary theory, to the fact that the red sphere encompassing
all the nonhydrodynamic stress energy — aka the jet — expands as it moves. In the gravitational
description, the falling string encodes the description of both the nonhydrodynamic stress energy
corresponding to the jet itself and the hydrodynamic stress corresponding to its wake.

with L the AdS radius. The boundary of the geometry, which is where the dual field theory

lives, is at AdS radial coordinate u = 0. The geometry contains an event horizon at radial

coordinate u = u
h

= 1/(⇡T ) with T the Hawking temperature of the black brane, which

coincides with the temperature of the SYM plasma.

Adding a massless quark jet to SYM plasma is equivalent to adding an open string to the

black brane geometry [37]. The string falls under the influence of gravity towards the black

brane, with the approach to the event horizon encoding the thermalization of the jet in the

field theory, see Fig. 4. The presence of the string perturbs the metric G
MN

,

G
MN

= G(0)

MN

+
L2

u2

H
MN

, (3.2)

where G(0)

MN

is the AdS-Schwarzschild metric (3.1). The metric perturbation H
MN

is governed

by the linearized Einstein field equations,

LMN

AB

H
MN

= 8⇡G
Newton

J
AB

, (3.3)

where LMN

AB

is a linear di↵erential operator (whose precise form follows from linearizing the

Einstein equations about the AdS-Schwarzschild metric), G
Newton

is the 5d gravitational

constant and J
AB

is the 5d string stress tensor.

Let h�Tµ⌫i be the perturbation in the stress due to the presence of the jet,

h�Tµ⌫i ⌘ hTµ⌫i � hTµ⌫

eq

i, (3.4)

– 12 –

Chesler & Rajagopal  16
๏ Tμν associated to falling string

• High energy core

• Hydro excitations
Jet

Thermalised lost energy
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larger values of x. It is easy to see from (1.5) that as x ! x
therm

the opening angle grows like

✓
jet

⇠ ✓init
jeth

1 � x
x
therm

i
2

. (1.9)

From this expression and (1.4), we see that as x increases to x
therm

� x ⇠ 1/T — where the

jet exits the SSR — the opening angle of the jet increases rapidly to ✓
jet

= O(1). At this

point neither our result (1.5), plotted in the left panel of Fig. 1, nor the expression (1.9) are

valid any longer. In fact, once x
therm

� x ⇠ 1/T the jet is itself no longer sharply defined.

We also calculate the instantaneous rate of energy loss for the jet while it is in the SSR

and find
1

E
init

dE
jet

dx
= � 4x2

⇡x2

therm

q
x2

therm

� x2

. (1.10)

This expression is identical to that obtained in our previous work [30]. From Eqs. (1.4) and

(1.10) we therefore see that the energy loss rate is, up to normalization, entirely fixed by the

opening angle of the jet and the plasma temperature. In particular, the fractional energy loss

�E
jet

/E
init

su↵ered by a jet propagating for a distance x, obtained by integrating (1.10), is

entirely determined by x, T and ✓init
jet

in the single combination x/x
therm

and doesn’t depend

on E
init

at all. All jets with a given initial opening angle ✓init
jet

, with any value of the initial

energy above the minimum possible, su↵er the same fractional energy loss if they traverse

the same length of plasma. In this sense, jet energy loss is controlled by the initial opening

angle of the jet and the trajectory of the jet through the plasma, not by the initial energy of

the jet.

In the right panel of Fig. 1 we plot E
jet

(x)/Einit

jet

. Mirroring the behavior of ✓
jet

above,

the jet energy decreases only slowly until x/x
therm

⇠ 0.5. Indeed initially,
dE

jet

dx

⇠ x2 meaning

that very little energy is lost. In this regime we can expand and integrate (1.10), obtaining

�E

E
init

= 1 � 4

3⇡

✓
x

x
therm

◆
3

� 2

5⇡

✓
x

x
therm

◆
5

� 3

14⇡

✓
x

x
therm

◆
7

� . . . (1.11)

This expansion, to the order shown, deviates from the full result for �E obtained by inte-

grating (1.10) by 0.2% at x/x
therm

= 0.5 and only by 2.5% for x/x
therm

= 0.75, which is to

say by at most 2.5% over distances for which �E/E
init

< 0.22. However, as x ! x
therm

,
dE

jet

dx

diverges like 1/
p

x
therm

� x, meaning that the majority of the jet’s energy is lost in the final

stages of its trajectory. In fact, more than three quarters of the initial energy of the jet is

lost in the last quarter of x
therm

and the last 17% of the jet’s energy is lost in the last 1% of

its trajectory. The rate of energy loss increases until x
therm

�x ⇠ 1/T , at which point the jet

exits the SSR and the jet’s instantaneous rate of energy loss becomes ill-defined. Nevertheless,

we see from (1.10) and (1.3) that for x
therm

�x & 1/T , the jet still has a parametrically large

amount of energy (compared to T ), meaning that the thermalization of the jet coincides with

a dramatic burst of energy being transferred to the plasma. This behavior, which was first

suggested in [19], is reminiscent of a Bragg peak.

– 6 –

๏ Dumping of energy into hydro modes at a rate

depend on 
jet energy

number

energetic excitations are described as a string moving in the dual gravitational spacetime
whose endpoint is attached to a space-filling D7-brane and can therefore fall into the hori-
zon [22, 23, 41]. The former has the advantage that the set-up is fully determined within
the strongly coupled theory, while in the latter the initial conditions that characterize the
hard creation of these excitations need to be specified. The latter has the advantage that
the string describes an isolated excitation whose energy can be tracked, emerging from the
initial configuration. These two approaches lead to qualitatively similar results for certain
observables, such as the parametric dependence of the maximal stopping distance of en-
ergetic partons, but differ quantitatively. While both computations are valid within the
context of strongly coupled gauge theories, it is unclear which is a better proxy for QCD
hard processes in strongly coupled medium. Since the string-based computations provide
the energy loss rate explicitly [41], we will adopt this second approach to construct our
hybrid model.

In Refs. [22, 41], a pair of high energy ‘quark jets’ in the fundamental representation
of the gauge group are produced moving in opposite directions. In Ref. [41] the setup is
such that one of the ‘quark jets’ is incident upon a ‘slab’ of strongly coupled plasma with
temperature T , that is finite in extent with thickness x. The dual gravitational description
of the ‘quark jet’ is provided via a string whose endpoint falls downward into the bulk,
as in the left portion of the sketch in Fig. 1. After propagating for a distance x through
the plasma the string, which is to say the quark, emerges into vacuum. The energy E of
the ‘quark jet’ that emerges from the slab of plasma, as well as its other properties, can be
compared to the initial energy E

in

of the parton incident upon the slab and to the properties
of the ‘jet’ that would have been obtained had their been no slab of plasma present [41].
For our purposes, we are interested in how the energy of the ‘quark jet’ depends on x,
which is to say the rate of energy loss dE/dx. If the high energy ‘quark’ is produced next
to the slab, meaning that it enters it immediately without first propagating in vacuum,
and if the thickness of the slab is large enough that initial transients can be neglected,
meaning x � 1/(⇡T ), the rate of energy loss is independent of many details of the string
configuration and takes the form [41]

1

E

in

dE

dx

= � 4

⇡

x

2

x

2

stop

1q
x

2

stop

� x

2

(3.1)

where E

in

is the initial energy of the ‘quark’, as it is produced and as it is incident upon
the slab of plasma and where x

stop

is the stopping distance of the ‘quark’. Since E ! 0

as x ! x

stop

, the expression (3.1) is only valid for 1/(⇡T ) ⌧ x < x

stop

. The parametric
dependence of x

stop

on E

in

and T was obtained previously in Refs. [22, 23]. For a string
whose initial state is prepared in such a way as to yield the maximal stopping distance for
a ‘quark’ produced with a given E

in

propagating through the strongly coupled N = 4 SYM
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jet

hydrodynamic
modes

boundary

horizon

falling string

Figure 4. A cartoon showing the gravitational description of a jet propagating through the strongly
coupled fluid, losing energy to hydrodynamic modes. The cartoon is a snapshot at one moment in
time. The string is moving along the jet direction, as it falls. The fact that the endpoint of the string
is falling as it moves corresponds, in the boundary theory, to the fact that the red sphere encompassing
all the nonhydrodynamic stress energy — aka the jet — expands as it moves. In the gravitational
description, the falling string encodes the description of both the nonhydrodynamic stress energy
corresponding to the jet itself and the hydrodynamic stress corresponding to its wake.

with L the AdS radius. The boundary of the geometry, which is where the dual field theory

lives, is at AdS radial coordinate u = 0. The geometry contains an event horizon at radial

coordinate u = u
h

= 1/(⇡T ) with T the Hawking temperature of the black brane, which

coincides with the temperature of the SYM plasma.

Adding a massless quark jet to SYM plasma is equivalent to adding an open string to the

black brane geometry [37]. The string falls under the influence of gravity towards the black

brane, with the approach to the event horizon encoding the thermalization of the jet in the

field theory, see Fig. 4. The presence of the string perturbs the metric G
MN

,

G
MN

= G(0)

MN

+
L2

u2

H
MN

, (3.2)

where G(0)

MN

is the AdS-Schwarzschild metric (3.1). The metric perturbation H
MN

is governed

by the linearized Einstein field equations,

LMN

AB

H
MN

= 8⇡G
Newton

J
AB

, (3.3)

where LMN

AB

is a linear di↵erential operator (whose precise form follows from linearizing the

Einstein equations about the AdS-Schwarzschild metric), G
Newton

is the 5d gravitational

constant and J
AB

is the 5d string stress tensor.

Let h�Tµ⌫i be the perturbation in the stress due to the presence of the jet,

h�Tµ⌫i ⌘ hTµ⌫i � hTµ⌫

eq

i, (3.4)
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• High energy core

• Hydro excitations
Jet

Thermalised lost energy

larger values of x. It is easy to see from (1.5) that as x ! x
therm

the opening angle grows like

✓
jet

⇠ ✓init
jeth

1 � x
x
therm

i
2

. (1.9)

From this expression and (1.4), we see that as x increases to x
therm

� x ⇠ 1/T — where the

jet exits the SSR — the opening angle of the jet increases rapidly to ✓
jet

= O(1). At this

point neither our result (1.5), plotted in the left panel of Fig. 1, nor the expression (1.9) are

valid any longer. In fact, once x
therm

� x ⇠ 1/T the jet is itself no longer sharply defined.

We also calculate the instantaneous rate of energy loss for the jet while it is in the SSR

and find
1

E
init

dE
jet

dx
= � 4x2

⇡x2

therm

q
x2

therm

� x2

. (1.10)

This expression is identical to that obtained in our previous work [30]. From Eqs. (1.4) and

(1.10) we therefore see that the energy loss rate is, up to normalization, entirely fixed by the

opening angle of the jet and the plasma temperature. In particular, the fractional energy loss

�E
jet

/E
init

su↵ered by a jet propagating for a distance x, obtained by integrating (1.10), is

entirely determined by x, T and ✓init
jet

in the single combination x/x
therm

and doesn’t depend

on E
init

at all. All jets with a given initial opening angle ✓init
jet

, with any value of the initial

energy above the minimum possible, su↵er the same fractional energy loss if they traverse

the same length of plasma. In this sense, jet energy loss is controlled by the initial opening

angle of the jet and the trajectory of the jet through the plasma, not by the initial energy of

the jet.

In the right panel of Fig. 1 we plot E
jet

(x)/Einit

jet

. Mirroring the behavior of ✓
jet

above,

the jet energy decreases only slowly until x/x
therm

⇠ 0.5. Indeed initially,
dE

jet

dx

⇠ x2 meaning

that very little energy is lost. In this regime we can expand and integrate (1.10), obtaining

�E

E
init

= 1 � 4

3⇡

✓
x

x
therm

◆
3

� 2

5⇡

✓
x

x
therm

◆
5

� 3

14⇡

✓
x

x
therm

◆
7

� . . . (1.11)

This expansion, to the order shown, deviates from the full result for �E obtained by inte-

grating (1.10) by 0.2% at x/x
therm

= 0.5 and only by 2.5% for x/x
therm

= 0.75, which is to

say by at most 2.5% over distances for which �E/E
init

< 0.22. However, as x ! x
therm

,
dE

jet

dx

diverges like 1/
p

x
therm

� x, meaning that the majority of the jet’s energy is lost in the final

stages of its trajectory. In fact, more than three quarters of the initial energy of the jet is

lost in the last quarter of x
therm

and the last 17% of the jet’s energy is lost in the last 1% of

its trajectory. The rate of energy loss increases until x
therm

�x ⇠ 1/T , at which point the jet

exits the SSR and the jet’s instantaneous rate of energy loss becomes ill-defined. Nevertheless,

we see from (1.10) and (1.3) that for x
therm

�x & 1/T , the jet still has a parametrically large

amount of energy (compared to T ), meaning that the thermalization of the jet coincides with

a dramatic burst of energy being transferred to the plasma. This behavior, which was first

suggested in [19], is reminiscent of a Bragg peak.

– 6 –

๏ Dumping of energy into hydro modes at a rate

depend on 
jet energy

number

energetic excitations are described as a string moving in the dual gravitational spacetime
whose endpoint is attached to a space-filling D7-brane and can therefore fall into the hori-
zon [22, 23, 41]. The former has the advantage that the set-up is fully determined within
the strongly coupled theory, while in the latter the initial conditions that characterize the
hard creation of these excitations need to be specified. The latter has the advantage that
the string describes an isolated excitation whose energy can be tracked, emerging from the
initial configuration. These two approaches lead to qualitatively similar results for certain
observables, such as the parametric dependence of the maximal stopping distance of en-
ergetic partons, but differ quantitatively. While both computations are valid within the
context of strongly coupled gauge theories, it is unclear which is a better proxy for QCD
hard processes in strongly coupled medium. Since the string-based computations provide
the energy loss rate explicitly [41], we will adopt this second approach to construct our
hybrid model.

In Refs. [22, 41], a pair of high energy ‘quark jets’ in the fundamental representation
of the gauge group are produced moving in opposite directions. In Ref. [41] the setup is
such that one of the ‘quark jets’ is incident upon a ‘slab’ of strongly coupled plasma with
temperature T , that is finite in extent with thickness x. The dual gravitational description
of the ‘quark jet’ is provided via a string whose endpoint falls downward into the bulk,
as in the left portion of the sketch in Fig. 1. After propagating for a distance x through
the plasma the string, which is to say the quark, emerges into vacuum. The energy E of
the ‘quark jet’ that emerges from the slab of plasma, as well as its other properties, can be
compared to the initial energy E

in

of the parton incident upon the slab and to the properties
of the ‘jet’ that would have been obtained had their been no slab of plasma present [41].
For our purposes, we are interested in how the energy of the ‘quark jet’ depends on x,
which is to say the rate of energy loss dE/dx. If the high energy ‘quark’ is produced next
to the slab, meaning that it enters it immediately without first propagating in vacuum,
and if the thickness of the slab is large enough that initial transients can be neglected,
meaning x � 1/(⇡T ), the rate of energy loss is independent of many details of the string
configuration and takes the form [41]

1

E

in

dE

dx

= � 4

⇡

x

2

x

2

stop

1q
x

2

stop

� x

2

(3.1)

where E

in

is the initial energy of the ‘quark’, as it is produced and as it is incident upon
the slab of plasma and where x

stop

is the stopping distance of the ‘quark’. Since E ! 0

as x ! x

stop

, the expression (3.1) is only valid for 1/(⇡T ) ⌧ x < x

stop

. The parametric
dependence of x

stop

on E

in

and T was obtained previously in Refs. [22, 23]. For a string
whose initial state is prepared in such a way as to yield the maximal stopping distance for
a ‘quark’ produced with a given E

in

propagating through the strongly coupled N = 4 SYM
plasma with temperature T , it is given by

x

stop

=

1

2 

sc

E

1/3

in

T

4/3

, (3.2)
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๏ Treat small scale processes at strong coupling
• Each parton is considered as an energetic excitation in plasma
• Energy loss proceeds as in strong coupling

energetic excitations are described as a string moving in the dual gravitational spacetime
whose endpoint is attached to a space-filling D7-brane and can therefore fall into the hori-
zon [21, 22, 43]. The former has the advantage that the set-up is fully determined within
the strongly coupled theory, while in the latter the initial conditions that characterize the
hard creation of these excitations need to be specified. The latter has the advantage that
the string describes an isolated excitation whose energy can be tracked, emerging from the
initial configuration. These two approaches lead to qualitatively similar results for certain
observables, such as the parametric dependence of the maximal stopping distance of en-
ergetic partons, but differ quantitatively. While both computations are valid within the
context of strongly coupled gauge theories, it is unclear which is a better proxy for QCD
hard processes in strongly coupled medium. Since the string-based computations provide
the energy loss rate explicitly [43], we will adopt this second approach to construct our
hybrid model.

In Refs. [21, 43], a pair of high energy ‘quark jets’ in the fundamental representation
of the gauge group are produced moving in opposite directions. In Ref. [43] the setup is
such that one of the ‘quark jets’ is incident upon a ‘slab’ of strongly coupled plasma with
temperature T , that is finite in extent with thickness x. The dual gravitational description
of the ‘quark jet’ is provided via a string whose endpoint falls downward into the bulk,
as in the left portion of the sketch in Fig. 1. After propagating for a distance x through
the plasma the string, which is to say the quark, emerges into vacuum. The energy E of
the ‘quark jet’ that emerges from the slab of plasma, as well as its other properties, can be
compared to the initial energy E

in

of the parton incident upon the slab and to the properties
of the ‘jet’ that would have been obtained had their been no slab of plasma present [43].
For our purposes, we are interested in how the energy of the ‘quark jet’ depends on x,
which is to say the rate of energy loss dE/dx. If the high energy ‘quark’ is produced next
to the slab, meaning that it enters it immediately without first propagating in vacuum,
and if the thickness of the slab is large enough that initial transients can be neglected,
meaning x � 1/(⇡T ), the rate of energy loss is independent of many details of the string
configuration and takes the form [43]

1

E

in

dE

dx

= � 4

⇡

x

2

x

2

stop

1q
x

2

stop

� x

2

(3.1)

where E

in

is the initial energy of the ‘quark’, as it is produced and as it is incident upon
the slab of plasma and where x

stop

is the stopping distance of the ‘quark’. Since E ! 0

as x ! x

stop

, the expression (3.1) is only valid for 1/(⇡T ) ⌧ x < x

stop

. The parametric
dependence of x

stop

on E

in

and T was obtained previously in Refs. [21, 22]. For a string
whose initial state is prepared in such a way as to yield the maximal stopping distance for
a ‘quark’ produced with a given E

in

propagating through the strongly coupled N = 4 SYM
plasma with temperature T , it is given by

x

stop

=

1

2 

sc

E

1/3

in

T

4/3

, (3.2)
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energetic excitations are described as a string moving in the dual gravitational spacetime
whose endpoint is attached to a space-filling D7-brane and can therefore fall into the hori-
zon [21, 22, 43]. The former has the advantage that the set-up is fully determined within
the strongly coupled theory, while in the latter the initial conditions that characterize the
hard creation of these excitations need to be specified. The latter has the advantage that
the string describes an isolated excitation whose energy can be tracked, emerging from the
initial configuration. These two approaches lead to qualitatively similar results for certain
observables, such as the parametric dependence of the maximal stopping distance of en-
ergetic partons, but differ quantitatively. While both computations are valid within the
context of strongly coupled gauge theories, it is unclear which is a better proxy for QCD
hard processes in strongly coupled medium. Since the string-based computations provide
the energy loss rate explicitly [43], we will adopt this second approach to construct our
hybrid model.

In Refs. [21, 43], a pair of high energy ‘quark jets’ in the fundamental representation
of the gauge group are produced moving in opposite directions. In Ref. [43] the setup is
such that one of the ‘quark jets’ is incident upon a ‘slab’ of strongly coupled plasma with
temperature T , that is finite in extent with thickness x. The dual gravitational description
of the ‘quark jet’ is provided via a string whose endpoint falls downward into the bulk,
as in the left portion of the sketch in Fig. 1. After propagating for a distance x through
the plasma the string, which is to say the quark, emerges into vacuum. The energy E of
the ‘quark jet’ that emerges from the slab of plasma, as well as its other properties, can be
compared to the initial energy E

in

of the parton incident upon the slab and to the properties
of the ‘jet’ that would have been obtained had their been no slab of plasma present [43].
For our purposes, we are interested in how the energy of the ‘quark jet’ depends on x,
which is to say the rate of energy loss dE/dx. If the high energy ‘quark’ is produced next
to the slab, meaning that it enters it immediately without first propagating in vacuum,
and if the thickness of the slab is large enough that initial transients can be neglected,
meaning x � 1/(⇡T ), the rate of energy loss is independent of many details of the string
configuration and takes the form [43]
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where E

in

is the initial energy of the ‘quark’, as it is produced and as it is incident upon
the slab of plasma and where x

stop

is the stopping distance of the ‘quark’. Since E ! 0

as x ! x

stop

, the expression (3.1) is only valid for 1/(⇡T ) ⌧ x < x

stop

. The parametric
dependence of x

stop

on E

in

and T was obtained previously in Refs. [21, 22]. For a string
whose initial state is prepared in such a way as to yield the maximal stopping distance for
a ‘quark’ produced with a given E

in

propagating through the strongly coupled N = 4 SYM
plasma with temperature T , it is given by
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Theory Comparison: Central PbPb xJγ
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• In general, models appear to describe xJγ  
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8.3 Disturbance of the plasma induced by an energetic heavy quark 319

Figure 8.4 Energy density (top) and momentum flux (bottom) induced
by the passage of a supersonic heavy quark moving through the strongly
coupled N = 4 SYM theory plasma in the xk direction with speed v = 0.75.
(�"(x) is the di↵erence between "(x) and the equilibrium energy density;
since S = 0 in equilibrium, �S(x) is simply S(x).) The flow lines on the
surface are flow lines of �S(x). These disturbances are small compared to
the background energy density and pressure of the plasma (both of which
are / N2

c

). The perturbation is small and it is well described by linearized
hydrodynamics everywhere except within a distance R ⇡ 1.6/T from the
quark. Since the perturbation is small, the kinetic energy contribution of
the di↵usion mode to the energy density is suppressed by N2

c

and, thus, it
does not contribute in the upper panel.

to the spatial momentum q, and where the counterterm D is a complicated
function of ! and q that depends on the quark velocity and the plasma
temperature and that is given in Ref. [289].

Chesler &Yaffe 06

• The QGP is an extremely good fluid
➤    Medium response to Eloss must be collective
➤    Strong coupling computations provide an explicit example 

JCS, Shuryak & Teaney 06

➤    Collectivity starts at short distance 1/T from the jet 
➤    There is a strong momentum flux along the jet direction 
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quark. Since the perturbation is small, the kinetic energy contribution of
the di↵usion mode to the energy density is suppressed by N2

c

and, thus, it
does not contribute in the upper panel.

to the spatial momentum q, and where the counterterm D is a complicated
function of ! and q that depends on the quark velocity and the plasma
temperature and that is given in Ref. [289].

Chesler &Yaffe 06

• The QGP is an extremely good fluid
➤    Medium response to Eloss must be collective
➤    Strong coupling computations provide an explicit example 

JCS, Shuryak & Teaney 06

➤    Collectivity starts at short distance 1/T from the jet 
➤    There is a strong momentum flux along the jet direction 

• We only model the generic contribution to (soft) particles from E&M 
conservation

➤    Underestimates production at pT>>T (model dependent) 



5th HI Jet Workshop @ CERN J. Casalderrey-Solana 22nd August 2017 

Recovering Jet Energy

11

�40

�30

�20

�10

0

10

0.1 0.3 0.5 0.7 0.9 1.1 1.3 1.5 1.7 1.9

PbPb R=0.3, 0-30%

Quenching + Medium Response

h /p
k T
i

�

8.0-300.0

4.0-8.0

2.0-4.0

1.0-2.0

0.5-1.0

h/pkT i�

CMS

Leading Jet

Associated Jet

• Medium response completely fixed by Eloss

➤    No additional parameters
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Medium response on jet substructure
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quenching back-reaction

Charged jet mass

cancellation between two effects

from D. Caffarri’s talk on Tue 

17

• Little sensitivity to strong quenching!
E

T1

E
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<E
T1

1
2
 f
m

➤    Puzzling result 

➤    Removing soft fragments ⇒

Jet mass narrowing
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Jet fragmentation function Jet shapes

increasing #soft particles

quenching back-reaction

increasing #wide particles

Charged jet mass

cancellation between two effects

effect in the right direction,
but clearly not enough

17

• Medium response regenerates the missing mass

JCS, Pablos, Hulcher, Milano, Rajagopal (in preparation)
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Soft Back-reaction
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๏ Energy is recovered in soft (~ T) particles
➤    Expected deficiency of the treatment 

➤    But also in the region where incomplete thermalisation 
should appear (e.g. radiative processes)
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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 –

๏ What is the origin of the discrepancy?

Ratio of jet shapes

• Shape modification may be sensitive to perturbative emissions
• Treatment of back-reaction may be too crude

• Additional physics processes may be required
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Figure 11. Ratio of the jet fragmentation function in PbPb collisions at
√
s = 2.76ATeV to that

in proton-proton collisions. As in figure 10, we compare the results of our hybrid model calculation
with and without the inclusion of the particles coming from the backreaction of the medium in
0-10% centrality (left) and 10-30% centrality (right) collisions to data measured by CMS [51].

By comparing the results of our simulations with and without backreaction, the jet

fragmentation functions clearly show where the particles resulting from the wake in the

plasma that get reconstructed as part of the jet end up. The hard part of the jet is practi-

cally unaffected by the backreaction of the medium, with an almost identical distribution

of hard fragments in the two calculations. (The small differences arise from the the small

change in reconstructed jet momentum associated with the addition of soft particles from

the backreaction of the medium to the jet.) Both of the simulations show an enhance-

ment of hard fragments at the largest values of z (smallest log 1/z) in PbPb collisions.

As we have seen in other ways, wide jets (with more softer fragments) lose more energy,

so at any given energy the jets that remain tend to be narrower, and tend to contain

fewer, and therefore more energetic fragments, than in proton-proton collisions. Such an

enhancement therefore seems generic to any mechanism of energy loss which significantly

reduces the soft, large angle, components of jets. (See ref. [105] for a similar effect in a

perturbative-based jet quenching Monte Carlo [76, 77, 81, 82].) The small-z region of the

fragmentation function is sensitive to backreaction effects. The emission of soft particles by

the jet-induced wake compensates the suppression of soft fragments due to energy loss and

leads to an overall enhancement of soft tracks in the PbPb jets relative to proton-proton

jets. The comparison between our calculations with and without the particles coming from

the backreaction of the medium also shows the range of momenta at which back reaction

contributes significantly to the particles reconstructed as part of a jet, namely pT up to

pT ∼ 2.5GeV. At this scale our approximate approach to the wake distribution eq. (4.7)

underestimates particle production, as we discussed after eq. (4.5). At softer momenta, by

neglecting the effects of viscosity as the sound waves produced by the jet damp out and

heat the plasma we are underestimating the particle production also.

Comparing the fragmentation function ratios that we have obtained in our calculations

including the particles from the backreaction of the medium to the ratios measured by

CMS [51], we see qualitative similarities, but not quantitative agreement. At large z (small

ln(1/z)) our calculated ratio is above 1 while there is no evidence for this in the data.

– 36 –

Ratio of FF

• Other model implementations show sensitivity to recoil/back-
reaction in these and other observables

Tachibana, Chang and Quin, 17, Kunnawalkam, Elayavalli and Zapp 17, Milhano, Wiedemann and Zapp 17
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๏ Preparing “multi partonic” excitations in holography

gluons ⇒ string with kinks

• Lund string picture
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Resolution effects
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๏ Phenomenological implementation

Jet Shape Ratio
CGMPR 1609.05842; Hulcher, Pablos, KR, 2017
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• Introducing a resolution length of Lres = 1/(⇡T ) or Lres =
2/(⇡T ) pushes the jet shape ratio up at intermediate and

large r.

• Introducing the soft particles from the wake in the plasma

created by the jet pushes the jet shape ratio up at large r,

but not as much as in the data.

Fragmentation Function Ratio
CGMPR 1609.05842; Hulcher, Pablos, KR, 2017
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• Introducing a resolution length of Lres = 1/(⇡T ) or Lres =
2/(⇡T ) pushes the fragmentation function ratio up at in-

termediate and soft fragment-p
T

.

• Introducing the soft particles from the wake in the plasma

created by the jet pushes the fragmentation function ratio

up at soft fragment-p
T

, but not as much as in the data.

• Introduce a transverse resolution parameter π T Lres ~O(1)
• Partons in shower loose independently if L> Lres

๏ Combination of resolution and back-reaction 
• Pushes distributions in the right direction 

• But still not enough… 

Pablos, Hulcher, Rajagopal 17
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Hadron RAA
Casalderrey-Solana, Gulhan, Hulcher, Milhano, Pablos, KR, 2017
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• As an aside, note that with these extensions we can now

also calculate RAA for hadrons from our model, finding

good agreement with data.

• RAA for hadrons in the hybrid model with Lres = 2/(⇡T ) is

in better agreement with data than if we take Lres = 0.

๏ Resolution effects have an impact in the description of charged 
particle RAA

๏ Jet and charged particle RAA show different sensitivity to resolution

JCS, Pablos, Hulcher, Milano, Rajagopal (in preparation)

also noted in  Mehtar-Tani, Tywoniuk, 17
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➡ qualitatively consistent with Jet RAA 
➡ no indication that quenching “turns off” at some large E scale 

➡ important: check CNM effects in data…
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๏ Simultaneous description of Jet and hadron RAA
• Including correct spectrum and flavour
• NPDF
• Fluctuation in jet structure (i.e. not all jets loose the same energy)

JCS, Pablos, Hulcher, Milano, Rajagopal (in preparation)
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๏ How can we discern the nature of the d.o.f from hard probes?

• Not clear yet

• We are exploring the consequences of a strongly coupled physics.

๏ A simple model 

•Incorporates relevant physics from strong coupling

• Is testable and predictive
• We can implement new physics processes
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Figure 9. Predictions of our hybrid model, with strongly coupled energy loss for the partons
in a Pythia shower, as well as our two control models for the partonic fragmentation function
ratios (fragmentation function for jets in Pb-Pb collisions over that for jets in p-p collisions) for
jets produced in association with an isolated photon (upper panels) or a Z-boson (lower panels) in
Pb-Pb collisions at

√
s = 5.02ATeV at two centralities (left and right panels). The fragmentation

functions are constructed with respect to the variable zJ = pparton∥ /pjet∥ .

The general features of the fragmentation function ratios plotted in figure 9 are very

similar to those that we found for inclusive jets in ref. [23] and have confirmed in figure 17 of

appendix B. All the models display an enhancement of the hardest part of the fragmentation

function in Pb-Pb collisions relative to p-p collisions. This is a generic behavior of any

mechanism that removes soft particles from the jet, either via energy loss as here or via

deflecting them into a direction far from that of the jet [129]. Removing soft particles

increases the fraction of jets with a few hard fragments, which leads to the increase in

the hard part of the fragmentation function. For all models there is also a depletion in

the Pb-Pb fragmentation function at intermediate zJ . This is the expected result from

quenching, which tends to reduce the energy of the fragments that propagate in plasma.

Remarkably, for the energy range of bosons and jets explored in those figures, and with

our current uncertainties, the pattern of fragmentation at large and intermediate zJ is

indistinguishable among the three models we explore, despite their very different path

length and energy dependences. We comment further on this below. At smaller values of

zJ , the hybrid model with its strongly coupled energy loss suppresses soft fragments more

than the control models. However, this separation between models occurs in a regime

where the fragments have momenta smaller than 2GeV, meaning that our calculations of

fragmentation functions are not reliable there. Adding in the contributions from a medium
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Figure 10. Predictions of our hybrid model and our two control models for the partonic fragmen-
tation function ratios (Pb-Pb over p-p) for jets produced in association with a boson as a function
of zB = −pparton

T pB
T /(pT

B)2 for two different centralities for photon-jet (upper) and Z-jet (lower)
events in Pb-Pb collisions at

√
s = 5.02ATeV.

that has picked up momentum from the jet passing through it, meaning that it is not

completely removed by the background subtraction, would push the Pb-Pb fragmentation

functions up in this soft region by an amount that our model does not permit us to estimate

at present.

In figure 10 we reanalyze the fragmentation function ratios, this time using the boson

momentum zB to define the scaling variable according to zB ≡ −pparton
T pB

T /(pT
B)2, with

pB
T the transverse momentum of the isolated photon or Z-boson.12 As already mentioned,

our main motivation for redefining the scaling variable is to have a better proxy for the

jet energy prior to quenching. If all bosons were prompt, their momentum would be

insensitive to in-medium effects and energy loss would only affect the numerator of zB.

For those prompt bosons, the mismatch between the boson and the initiator parton of

the jet originates entirely in vacuum processes. This is the case for Z-jet correlations,

where the possibility of producing a Z in a jet shower is highly suppressed. In contrast,

in the isolated photon sample we use, there is a small fraction of fragmentation photons

even after we make our isolation cut, and for these photons energy loss effects are present

via the quenching of their parent parton. Therefore, for photons, there is also a small

12Because of the fluctuations of the rapidity of the centre of mass of the elementary partonic collision

that leads to boson-jet events, the rapidity of the boson and the jets do not need to be correlated, unlike

the transverse momentum. For this reason, to construct zB we have chosen to use only transverse momenta

and chosen not to project the momenta of fragments along the boson direction.
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•Parton level 
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Broadening

Small sensitivity of jet shapes to broadening: 
• strong quenching removes soft fragments that appear early 
• remaining soft tracks fragment late
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Small sensitivity of standard jet shapes to broadening


