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QCD Matters

• Colour is liberated
• Filled the universe μs after Big Bang

A new phase: Quark Gluon Plasma

Hadron Gas
• Colour is confined

• Hadrons re-scatter

Tc
“phase transition”
Tc ≈ 2×1012 K

≈ 170 MeV

What are the properties of the 
plasma close to the transition?

• A gas of quark and gluons

2
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Equation of State

3

Wuppertal-Budapest Col.  arXiv: 1007.2580

Rapid cross over transition: 
• Deconfined matter

• Chiraly restored matter
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A Gas of Quarks and Gluons
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At T>104 GeV: 

≪
T
1

gT
1 ≪

g2T
1

inter-particle 

spacing

Interaction 
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mean free 
path

Resummations can extend the validity of perturbative methods to 
much lower temperatures!
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What is the correct picture of the plasma?

αs=0.3⟹g=2

5

T~gT~g2T

At T~0.2 GeV 

Is it a gas of quark and gluons?Is it a system without long lived excitations? Is it a system without quasiparticles? 
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Heavy Ion Collisions at the LHC
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➤  About 20.000 particles

I.2. Glauber Theory 
Assumption: inelastic collisions of two nuclei (A-B) can be described by 

            incoherent superposition of the collision of “an equivalent number of  
            nucleon-nucleon collisions”.  

            How many? 

            Establish counting based on 

U.A.Wiedemann 

Npart= 7 

Ncoll.= 10 

Nquarks +gluons = ? 

Ninelastic= 1 

Participating nucleons 

Spectator nucleons 

To calculate Npart or Ncoll,  take   

            = inelastic n-n cross section 

A priori, no reason for this choice other than 

that it gives a useful parameterization.  

! 

"
➤  Up to 400 participating 
nucleons

➤ ET ∼1 GeV per particles

➤ Very large initial energy density

16
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The Little Bang
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Very strong collective effects
๏ Emission of 20.000 particles correlated 
with the impact parameter

The quark gluon plasma is a very good fluid

๏ Hydrodynamic explosion

๏ Correlation measured in 
terms of Fourier coefficients

2.2 Flow 23
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Figure 2.8 Transverse momentum dependence of the elliptic flow v
2

(p
T

) for
di↵erent centrality bins. Measurements made by the ALICE Collaboration
at the LHC (colored points) are compared with parametrized data from the
STAR Collaboration at RHIC (grey shaded bands). We see v

2

increasing as
one goes from nearly head-on collisions to semi-peripheral collisions. Figure
taken from Ref. [5].

measured at
p

s = 200 GeV by the STAR collaboration at RHIC out to
beyond 4 GeV in pT . On a qualitative level, this indicates that the quark-
gluon plasma produced at the LHC is comparably strongly coupled, with
comparably small ⌘/s, to that produced and studied at RHIC.

Heavy ion collisions at both RHIC and the LHC feature large azimuthal
asymmetries. To appreciate the size of the measured elliptic flow signal, we
read from (2.6) that the ratio of dN/d3p in whatever azimuthal direction it
is largest to dN/d3p ninety degrees in azimuth away is (1 + 2v2)/(1 � 2v2),
which is a factor of 2 for v2 = 1/6. Thus, a v2 of the order of magnitude
seen in semi-peripheral collisions at RHIC and LHC for pT ⇠ 2 GeV, as
illustrated in Fig. 2.8, corresponds to collisions that are azimuthally asym-
metric by more than a factor of 2. In addition to being large, this flow
signal displays a characteristic centrality dependence, as we discuss now.
The azimuthal asymmetry v2 of the final state single inclusive hadron spec-
trum is maximal in semi-peripheral collisions. v2 is less for more central
collisions. Therefore, the measured elliptic flow v2 traces the event-averaged
spatial eccentricity of the initial condition at least qualitatively: the initial
event-averaged geometric asymmetry is less for more central collisions since
the almond-shaped collision region becomes closer to circular as the impact
parameter is reduced.

ALICE

J. Bernhard, J.S. Moreland, S. Bass, J. Liu, U. Heinz arXiv:1605.03954
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Implication of η/s Value
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๏ It is the smallest value ever measured in any substance.
The Quark Gluon Plasma is the most perfect fluid!

๏ It was predicted in 2001 (Policastro, Son, Starients)

=      =0.08
4π 
1 

s 
η 

... but for a large class of non-abelian gauge theories at 
infinite coupling via holography

๏ It is incompatible with quasiparticles

Boltzmann equation ⇒
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QFT with no Quasi Particles
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๏ This all may be a remarkable coincidence
Different theories, different matter content, different symmetries... 

๏ But there is certain degree of universality
Some properties are the same in all theories with holographic duals 

Different theories, different matter content, different symmetries... 
Despite: 

๏ All those strongly coupled theories 
have plasmas with no quasi particles
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Holography
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Hot QCD and 
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Gauge/String Duality, Hot QCD and Heavy Ion Collisions

Jorge Casalderrey-Solana, Hong Liu, 
David Mateos, Krishna Rajagopal 

and Urs Achim Wiedemann

Heavy ion collision experiments recreating the quark–gluon plasma that filled the 

microseconds-old universe have established that it is a nearly perfect liquid that 

flows with such minimal dissipation that it cannot be seen as made of particles. 

String theory provides a powerful toolbox for studying matter with such properties.  

This book provides a comprehensive introduction to gauge/string duality and 

its applications to the study of the thermal and transport properties of quark–gluon 

plasma, the dynamics of how it forms, the hydrodynamics of how it flows, and its 

response to probes including jets and quarkonium mesons. 

Calculations are discussed in the context of data from RHIC and LHC and results 

from finite temperature lattice QCD. The book is an ideal reference for students and 

researchers in string theory, quantum field theory, quantum many-body physics, 

heavy ion physics, and lattice QCD. 

Jorge Casalderrey-Solana is a Ramón y Cajal Researcher at the Universitat de 

Barcelona. His research focuses on the properties of QCD matter produced in ultra-

relativistic heavy ion collisions.

Hong Liu is an Associate Professor of Physics at MIT. His research interests include 

quantum gravity and exotic quantum matter.

David Mateos is a Professor at the Universitat de Barcelona, where he leads a group 

working on the connection between string theory and quantum chromodynamics.

Krishna Rajagopal is a Professor of Physics at MIT. His research focuses on QCD at 

high temperature or density, where new understanding can come from unexpected 

directions.

Urs Achim Wiedemann is a Senior Theoretical Physicist at CERN, researching the 

theory and phenomenology of ultra-relativistic heavy ion collisions.

Cover illustration: an artist’s impression of the hot 

matter produced by a heavy ion collision falling into the 

black hole that provides its dual description. Created 

by Mathias Zwygart and inspired by an image, courtesy 

of the ALICE Collaboration and CERN.
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J. M. Maldacena, Adv. Theor. Math. Phys 2, 231 (1998)
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Thermalization at Strong Coupling
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ε∕ρ4

ρz

ρt

๏ Simulation of full collision dynamics
  ➤ Collisions of lump of energies

shock wave collisions

JCS, M. Heller, D. Mateos W. van der Schee 13,14 

 

Chesler and Yaffe 11 

 

๏ Fast onset of hydrodynamics thydro = 0.63 / Thydro

dual model

  ➤ Hydrodynamics without isotropy

  ➤ Hydrodynamics without equation of state
Attems, JCS, et. al.  16  

Chesler & Yaffe, Wu & Romatschke, Heller, Janik & Witaszczyk, 
Heller, Mateos, van der Schee, Trancanelli
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Microscopic Structure of Plasma

12

e e

๏ Can we probe the system?
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Jets

13

➤  strong non-abelian bremsstrahlung

➤  Jets: sprays of particles within a fixed 
resolution R

๏ Energetic Quarks are produced in pairs

๏ Hard process
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Jets as Probes

14
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Jet Quenching

15
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Soft Fragment Decorrelation

16
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JCS, Milhano, Wiedemann 10
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Energy Loss of a Single Quark

February 6, 2008 21:23 WSPC/Trim Size: 9in x 6in for Review Volume GVWZ

JET QUENCHING AND RADIATIVE ENERGY LOSSIN DENSE NUCLEAR MATTER15

where qi = pi − pi−1, and Ai is shorthand for

Ai(qi) = T aAa
i (qi) = −2igE0T

aV a
i (qi) . (11)

The differential cross section averaged over initial and summed over final
colors of both projectile and target partons reduces to the familiar form for
low transverse momentum transfers:

dσi/dq2
⊥i ≈ Ci

4πα2

(q2
⊥i + µ2)2

, (12)

where the color factor is

Ci =
1

ddi
Tr(T aT b)Tr(T a

i T b
i ) = C2C2i/dA . (13)

For SU(3), the number 2Ci gives the usual color factors 4/9, 1, 9/4 for
qq, qg, gg scattering respectively. In our notation, the angular distribution
is given by

dσi/dΩi =
1

ddi
Tr|Ai(qi)|2/(4π)2 . (14)

2.2. GLV Formalism

In Refs.54,55 a systematic recursive graphical technique was developed and
translated into an algebraic operator method. The goal was to compute
medium induced gluon radiation amplitudes of the type shown in Fig. 12.
The exponential growth of the number of graphs with the number of in-

M5,1,10

p

k,c

q1,a1 q2,a2 q3,a3 q4,a4 q5,a5

tt0 t1 t2 t3 t4 t5

σ=(0,0,1,0,1)
→

l=(0 2  + 0 2  + 1 2  + 0 2  +1 2   ) ⁄ 2 21 2 3 4 5

Fig. 12. Induced radiation amplitude54 contributing to fifth order and higher orders in
the opacity expansion of QCD energy loss in the GW model72. The crosses denote color
screened Yukawa interactions on a scale µ. The blob is the initial hard jet amplitude.

BDMPS-Z 96

(GLV, ASW, AMY, HT ...)
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(Review: JCS & C. Salgado

arXiv:0712.3443 )

17

๏ Medium Induced gluon bremsstrahlung

dN

dy
� 800 (0.1)

⇥estimate � 5 GeV/fm3 (0.2)

dN

dpT d⌅
=

dN

dpT

1

2⇤
[1 + 2v2(pT ) cos(⌅) + ...] (0.3)

q̂ =
(momentum transferred)2

length
⇥ �2

sT
3 (0.4)

dE

dx
=

1

2
q̂L (0.5)

q̂ (0.6)

1

µ

3 ⌘ Energy

TransverseArea

(0.27)

q̂ = 17GeV

2
/fm (0.28)

1p
q̂L

(0.29)

Range of interaction

1

mD
⌧ 1

�m. f. p
mean free path (0.30)

q̂ =

(mean transferredmomentum)

2

length

⇠ m

2
D

�m. f. p
(0.31)

3

๏ Non-abelian energy loss:
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๏ How do jets loose energy in a system 
with no quasiparticles?

๏ Holography provides a tool to address 
this problem
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Eloss at strong coupling

19

๏ Heavy Quark ⇔ classical string attached to boundary

๏ Energy loss ⇔  flux of momentum along the string  
dp

dt

= �⌘

D
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(6.3)

where g is the determinant of the metric at that point. In the boundary, since the spacetime
is asymptotically flat, this factor approaches one and may be ignored. The action includes
the DBI term (1.8) and the Nambu-Goto action for the string. The interaction between the
string and the D7 brane is governed by these terms.

As the string moves, a flux of energy

Figure 18: The D7-brane covers the AdS space down
to a minimal radial position, away from the string,
denoted um. The trailing string is moving to the right
at constant velocity ⌘v. An energy flux flows down the
string toward the black brane horizon, located at u =
uh. This energy is supplied by a constant U(1) electric
field living on the D7-brane. Besides, the D7-brane is
deformed in the neighborhood of the endpoint of the
string over a length scale of order ⇤ 1/M .

and momentum flows down the string to
the black hole horizon, as shown in Fig.
18. This flux of energy and momentum
is responsible for the drag force on the
quark in the dual gauge theory. The pre-
sence of the string pulls on the D7 brane,
deforming it. However, in the large mass
limit the trailing string will only deform
the D7 brane over length scales of order
M = 1. As M ⌅⇧, the string endpoint
approaches the boundary and the size of
the region in which the D7 brane is sig-
nicantly deformed shrinks to zero.

The idea of the drag force can be
brought about by considering that the
string does not hang straight down from
the quark - rather, it trails out behind it.
If the shape is assumed not to change as
the quark moves forward, then it must be
specified by a small variant of the radially
homogeneous value vt:

x(t, u) = vt + ⇥(u) (6.4)

for some function ⇥(u), such that it goes to zero on the boundary. This function determines
the induced metric on the string (1.3) which is needed in the following calculations.

To calculate the four-momentum �p delivered from the quark over a time �t, one can
integrate the conserved worldsheet current pµ of spacetime energy-momentum, over an ap-
propriate line-segment I on the worldsheet:

�p = �
�

I
dt
⌃
�gpu (6.5)

so that the drag force is given by

– 37 –

JCS & Teaney (2006)

S. Gubser (2006)

Herzong, Karch, Kovtun,Kozcaz, 
Yaffe (2006)

๏ Compatible with lattice extractions! 
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Perturbative estimate (�s~0.2, g~1.6):                    Strong coupling limit: 
 

 LO:   2�TD � 71.2           2�TD = 1 
 NLO:  2�TD � 8.4 

            [Moore&Teaney, PRD71(2005)064904,                         [Kovtun, Son & Starinets,JHEP 0310(2004)064] 
         Caron-Huot&Moore, PRL100(2008)052301] 

[H.T.Ding, OK et al., PRD86(2012)014509] Heavy (charm) quarks

H. T. Ding et. al 2012
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Figure 1: (Color online) A typical falling string profile obtained numerically. Each purple

line shows the string at a di↵erent instant in time. The string is created at a point at

u
c

= 0.1u
h

and evolves to an extended object. The endpoints of the string move away

each other and fall toward the horizon.

The Nambu-Goto action can be recovered by substituting Eq. (2.7) into the Polyakov

action. Variation of the Polyakov action with respect to the embedding functions Xµ leads

to the equation of motion

@
a

⇥p�⌘ ⌘abG
µ⌫

@
b

X⌫

⇤
=

1

2

p�⌘ ⌘ab
@G

⌫⇢

@Xµ

@
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() r
a
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= �T0

2
⌘ab

@G
⌫⇢

@Xµ

@
a

X⌫@
b

X⇢, (2.8)

where ⇧a

µ

are the canonical momentum densities associated with the string that are ob-

tained from varying the action with respect to the derivatives of the embedding functions,

⇧a

µ

(⌧,�) ⌘ 1p�⌘

�SP

�(@
a

Xµ(⌧,�))
= �T0 ⌘

ab @
b

X⌫ G
µ⌫

. (2.9)

The open string boundary conditions are

⇧�

µ

(⌧,�⇤) = 0 , (2.10)

where �⇤ = 0 or ⇡ is a string endpoint.

In order to optimize the performance of the numerical integrator, we choose a world-

sheet metric of the form [55, 59, 60]

k⌘
ab

k =

 
�⌃(x, u) 0

0 ⌃(x, u)�1

!
, (2.11)

where ⌃ is called a stretching function, which can be a function of x(⌧,�) and u(⌧,�). In

fact, the choice of worldsheet metric is a choice of gauge. A common choice is conformal

– 5 –

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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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)

– 9 –

๏ Light Quark ⇔ free end point 

๏ Energy loss rate 

Chesler & Rajagopal 14, 15
Gubser et al 08, Chesler et al. 08, 

Ficnar and Gubser 13
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A Hybrid Model
• Jet interaction with medium is a multi-scale problem

➤    Hard evolutions (perturbative)

➤    Exchanges at medium scale

➤    Soft jet fragments
strong

coupling}
• The hybrid approach

➤    Leave jet evolution unmodified (Q>>T)
➤    Each in-medium parton losses energy 

➤    Hard production (perturbative)

JCS, Gulhan, Milhano, Pablos and Rajagopal 

2014, 2015, 2016

21

➤    We assume that all differences between theories can be packed 
into one single (fit) parameter 
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Observables
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γ
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Success of the Hybrid Model

23
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Tested Predictions

24

Jet suppression: Photon-Jet events 

Core features of the model have been validated by e.g. photon-jet observables predictions

No strong evidence so far of hard point-like scatterers

12
Talk by R. Bi on Wed 

 

Jet suppression: Photon-Jet events 

Core features of the model have been validated by e.g. photon-jet observables predictions

No strong evidence so far of hard point-like scatterers

12
Talk by R. Bi on Wed 
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Medium Back-Reaction

25

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 

➤    Essential to understand soft particle distribution around jets.
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Recovering Jet Energy

26
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• Medium response completely fixed by Eloss

➤    No additional parameters
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Jet Masses

27

Medium response on jet substructure
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Charged jet mass

cancellation between two effects

from D. Caffarri’s talk on Tue 

17

• Little sensitivity to strong quenching!
E

T1

E
T2

<E
T1

1
2
 f
m

➤    Puzzling result 

➤    Removing soft fragments ⇒

Jet mass narrowing

Medium response on jet substructure
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Jet fragmentation function Jet shapes

increasing #soft particles
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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
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Not Everything Works: Jet Shapes
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➤ All current models fail in some observable

JCS, Gulhan, Milhano, Pablos and Rajagopal 16

28

• Jet Narrowing too strong for this observable

• Overall description of jets is competitive

• Trash the model?

• Are there physics missing? 
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Transverse Size Resolution
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๏ Perturbative analysis of non-abelian classical currents

r⊥

๏ Colour exchanges decorrelate the currents

xwsh
a± = x1± � x2± (0.14)

xwsh
r± =

x1± + x2±

2
(0.15)

GR(ŵ) = � lim
z⇥0

R2

2⇤l2s

(⇤T )3

ẑ
F�w(ẑ)⇧ẑFŵ(ẑ) (0.16)

q̂ = q̂pQCD (0.17)

q̂ = 10 q̂pQCD (0.18)

⇧µT
µ� = 0 (0.19)

T µ� = (�+ p) uµu� + pgµ� + ⇥�µ� (0.20)

⇥

s
⇤ 1

4⇤
(0.21)

�ne
in�n =

�
rnein⇥

⇥

⌃rn⌥ (0.22)

vn ⇧ �n (0.23)

1 < 4⇤
⇥

s
< 2.5 (0.24)

⌅qp ⇤ 5
⇥

s

1

T
⌅ 1

T
(0.25)

⌅hyd =
0.88

µ
(0.26)

µ3 ⇥ Energy

TransverseArea
(0.27)

q̂ = 17GeV2/fm (0.28)

1�
q̂L

(0.29)

2

time τcoh is still much smaller than L so long as θqq̄ ≫ θc ; one has indeed

τcoh =

(

θc

θqq̄

)2/3

L . (2.18)

Accordingly, in this regime too, the interference contribution to spectrum of medium–induced

radiation is strongly suppressed:

R =
τcoh

L
=

(

θc

θqq̄

)2/3

≪ 1 . (2.19)

Note that, in this case, the medium–induced radiation by the dipole (the incoherent sum of

the two corresponding spectra by the quark and the antiquark) is distributed at large angles

θq ≃ θq̄ ! θf ≫ θqq̄, that is, well outside the dipole cone.

3. Very small dipoles angles θqq̄ " θc. We have just noticed that the medium–induced

radiation produced by a dipole with angle θqq̄ < θf is necessarily localized far outside the dipole.

One may wonder why the total radiation in that case is not simply zero (as it would be for a

color–singlet dipole in the vacuum). The reason is that, so long as θqq̄ ≫ θc, a qq̄ pair immersed

in the medium is not a ‘color singlet’ anymore, except for a very brief period of time ∼ τcoh.

However, when the dipole angle is even smaller, θqq̄ " θc, this coherence time τcoh becomes as

large as the medium size L, as clear from Eq. (2.18). In that case, the qq̄ pair preserves its color

and quantum coherence during the entire history of its propagation, so the interference effects

are maximal and they precisely cancel the effects due to direct emissions (as generally the case

for the emissions at large angles). In this regime, the total medium–induced radiation by the

dipole vanishes.

Note that, although so far we have focused on gluons with relatively soft energies, ω ≪ ωc,

our main conclusion on the suppression of interference effects remains valid when ω approaches

the limiting value ωc, as one can check by inspection of the previous results. When ω ∼ ωc,

one has τf ∼ L and θf ∼ θc, so the intermediate regime of ‘relatively small dipole angles’

ceases to exist. Yet, Eq. (2.16) implies that, so long as θqq̄ ≫ θf (ωc) = θc, the interference

effects are relatively small even for ω ∼ ωc. This is so because the time scale τint which limits

quantum coherence is still much smaller than L in this regime. Hence, when ω ∼ ωc, the case of

‘relatively large dipole angles’ defined above extends all the way down to θc. This being said, in

our subsequent analysis we shall still concentrate on gluons with ω ≪ ωc, because such gluons

have relatively large emission angles θq ! θf (ω) ≫ θc and short formation times τf ≪ L, and

they dominate over the bremsstrahlung gluons for the given kinematics; hence these gluons are

the most efficient ones in spreading the jet energy in the transverse plane. The restriction to

ω ≪ ωc also entails some simplifications in the calculations, which will permit us to obtain final

results in analytic form.

In summary, we have argued that in all the situations where there is some non–trivial

medium–induced radiation by the dipole, meaning for dipole angles θqq̄ ≫ θc, the associated

interference effects are negligible and the total spectrum is the incoherent sum of two BDMPS–

Z spectra produced by the quark and the antiquark. The purpose of the remaining part of this

paper will be to demonstrate the previous, qualitative, arguments via explicit calculations.

– 13 –

I(in)(⌅, k�) ⇧ ��sCF ⇥2
f⇤int

⌅

Q2
s

exp

⌅
�(k� � k+uL)2

Q2
s

⇧
(0.1)

I(in)(⌅, k�) ⇧ ��sCF ⇥2
f⇤coh

⌅

Q2
s

exp

⌅
�(k� � k+uL)2

Q2
s

⇧
(0.2)

P(in)(⌅, k�) ⇧ �sCF ⇥2
f L+ ⌅

Q2
s

exp

⌅
�(k� � k+uL)2

Q2
s

⇧
. (0.3)

R =

���I(in)
���

P(in)
=

⇤int

L
<

⇥
⌅

⌅c

⇤1/2

(0.4)

R =

���I(in)
���

P(in)
=

⇤coh

L
⌅ 1 (0.5)

q̂ ⇤ 10 GeV2/fm (0.6)

⇥c ⇤ 0.005 (0.7)

⌅c ⇤ 900 GeV (0.8)

L ⇤ 6 fm (0.9)

⌅ ⌅ ⌅c ⇥
1

2
q̂L2 (0.10)

⇤f =

⌃
2⌅

q̂
(0.11)

⇥2
f =

⌃
q̂

⌅
(0.12)

⇥2
s =

q̂L

⌅2
(0.13)

⇥2
c =

1

q̂L3
(0.14)

1

๏ Coherence is lost at a time

๏ Fragments at small angles cannot be resolved

JCS, Iancu arXiv:1105.1760
Mehtar-Tani, Tywoniuk, Salgado arXiv:1009.2965, 1102.4317

arXiv:1112.5031, 1205.5739
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Quantum Calculation

Interferences

30

๏ Double emission rate off in-medium quark

Hard Vertex

Hard Gluon

Soft Gluon

τf =          2ω
k2

⊥

➤    Confirms the classical calculation on interferences

➤    Supplements time structure of the process 
JCS, Pablos and Tywoniuk 16
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New Picture for Jet Quenching
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FIG. 2. The probability of not resolving the substructure of
the hardest jet in the event at Rmed (upper panel) and the
energy missing from the leading fragment (lower panel) for
jets traversing a medium with K = 1, 10 for continuous and
dashed lines. The entries are trimmed (fcut = 0.1) anti-kt jets
with R = 0.2 in pT -bins of 100-150 GeV (blue) and 200-300
GeV (green).

random direction. The time-dependent energy density of
the quark-gluon plasma, ⇧, along the jet trajectory was
sampled from a 3D hydrodynamical code [9] enabling us
to define q̂(⌅) = 2K�(⌅)3/4 locally. This procedures as-
signs to each jet a resolution scale Rmed, which equals
⇥c computed for this jet trajectory sampling a local q̂(⌅)
along its path, and is given by — see Eq. (1)

Rmed � 2

✓Z
d⌅ ⌅2q̂(⌅)

◆�1/2

. (2)

To identify what jet substructure would be resolved by
the medium, we have performed a re-clustering of the
jet constituents using the Cambridge/Aachen algorithm
with Rmed as the resolution scale. Examples of this pro-
cedure can be seen in Fig. 1. As a first estimate of the
overall uncertainties related to the soft constituents of
the jet, we have discarded substructures below a frac-
tional transverse momentum cut-o⌅ fcut = 0.1.This pro-
vides our estimate of the number of sub-jet structures
which the medium can resolve.

For this jet sample we compute the probability that
the jet is unresolved, i.e. that it contains only one sub-
jet of size Rmed inside the jet reconstructed with radius
R = 0.2, as the function of the partonic longitudinal
momentum fraction z, see the upper panel in Fig. 2.
This probability of unresolved jets is large and clearly
decreases when the resolution power of the medium in-
creases (increasing K). As expected, we observe that the
presence of hard fragments in the jet are correlated with
very collimated jet structures which are mostly not re-

solved by the medium. We have also checked that this
probability is only mildly dependent on the jet recon-
struction radius R, since increasing the jet radius tends
to collect soft jet fragments which do not contribute much
to the energy balance. This is also clear by considering
the fraction of the total jet energy missing from this lead-
ing sub-jet, again as a function of the parton constituent
z, see lower panel of Fig. 2. We have explicitly checked
that this quantity does not depend on the details of the
substructure analysis.
The above estimates clearly demonstrate the relevance

of color coherence e⌅ects for jets in heavy-ion collisions
at the LHC which leads to a reduction of the number
of e⌅ective emitters for medium-induced radiation in the
parton shower. We have put emphasis on the simplest
possible situation of only one leading sub-jet and showed
the large probability of this configuration. This implies
not only a smaller energy loss with respect to the totally
incoherent case but also that many of the jets in a heavy
ion environment follow a (angular ordered) vacuum frag-
mentation process, since all their fragments are contained
within one unresolved emitter. It is worth pointing out
that our estimates should be taken as conservative since
we have not taken into account the e⌅ect of energy loss
in the studied jet distributions. Would this e⌅ect have
been taken into account, the number of resolved jets for
a given jet energy would obviously decrease, as a result
of the bias due to the steeply falling jet spectrum, since
they loose more energy.
A new picture of in-medium parton shower. For

the remaining sample of jets with more than one emitter,
the role of the subleading sub-jets cannot be neglected for
a precise determination of medium e⌅ects. For these jets
coherence e⌅ects should be taken into account succes-
sively in the parton branching. These aspects are com-
pletely novel to the modelling of “jet quenching” and call
for a rigorous formulation which is beyond the scope of
this Letter. Nevertheless, based on the antenna analy-
ses, we can postulate a more detailed picture of a parton
shower including coherent branching in a medium. This
picture is grounded on a study of the relevant scales ap-
pearing at each individual branching, analogous to the
one summarizing the vacuum fragmentation pattern, de-
scribed above. As in that case, the emission dynamics
depend on the transverse separation of the partons in the
antenna at the time of formation of the emitted fragment,
r⇥ ⇥ ⇥ tf . For those radiations that lead to additional
in-medium antennas, tf < L, the relevant decoherence
parameter, �med, is obtained by replacing L with tf in
Eq. (1) and ⇤med ⇥ 1/

p
q̂tf .

When r⇥ ⇤ ⇤med, the antenna is smaller than the
medium correlation length such that �med ⌅ 0 and
the emitted parton is formed before the medium resolves
the antenna constituents. This immediately implies that
medium-induced gluons, with k⇥ . 1/⇤med can only be
produced coherently by the pair. Radiation not induced
by the medium is also possible but due to the angular or-
dering restriction, it is constrained to ⇤⇥ < r⇥ and there-

ξ ≡ path length

➤    Effective emitters control energy loss fluctuations

31

๏ Jet substructure is resolved by the medium 
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Finite Resolution at Strong Coupling
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Single Particle Spectra

33

Hadron suppression at LHC
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selects narrow jets that lost little energy
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decrease of stopping distances 
due to finite resolution

greater quenching on leading tracks

Z. Hulcher’s poster 
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tension in 
centrality evolution

p
s = 5.02ATeV

p
s = 5.02ATeV

improved
agreement

JCS, Gulhan, Hylcher, Milhano, Pablos, Rajagopal

in preparation

๏ Resolution effects are important for single particle suppression
Hadron suppression at LHC
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triggering on a high energy hadron

selects narrow jets that lost little energy

Rhad
AA > Rjet

AA

decrease of stopping distances 
due to finite resolution

greater quenching on leading tracks

Z. Hulcher’s poster 
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tension in 
centrality evolution
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๏ But also to reconcile the √s dependence of quenching

➤    A common problem in all models of jet quenching
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๏ Heavy ion collisions provide access to the QGP 

➤    Deconfined matter

➤    A very good fluid

➤    A system with no quasiparticles

๏ Hard probes provide access to the microscopic dynamics

➤    Promising description based on strong coupling techniques 
➤    Dynamical implementation: allows us to understand 
successes and limitations 
➤    Ultimate goal: can we understand the nature of plasma 
degrees of freedom from these measurements? 
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➤ Soft fields between colour objects
Lund string model: gluons associated to kinks in the string

37

๏ Hard gluon emission by an energetic q-q pair
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To have a well defined quark-gluon string as in Fig. 1,
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) is
maximal. Since v
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z (✓) determines the angular size, the

requirement that the quark and the gluon excitations are
separated in the gauge theory imposes that the veloc-
ity of both the endpoint and the kink must be smaller
than ✓qg. Similarly, imposing v

1
z (✓

min

) � ✓qg ensures
that the excitation associated with the string away from
those points does not overshadow the contribution of the
localised quark-gluon excitations. This is similar to the
contribution of inter-jet soft radiation in QCD.

In the presence of a black brane, highly energetic
strings can fall into the horizon prior to ⌧

form

. In
those cases, the second term in (7), which is indepen-
dent of ", dominates the dynamics. Therefore, the
entire string between the endpoint and the kink falls
into the horizon at the same time, leading to an unre-
solved string. Constraining ⌧

form
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where Eqg is the energy in the string between the end-
point and the kink, which is always smaller than E, the
energy of the entire right half of the string. Figs. 3 and 4
show that the resolution angle depends on z

0

; the small-
est possible angle that a resolved quark-gluon system of
energy E can have corresponds to z

3

0⇤ =
p
�z

2

H/(2⇡E),
the value at which the energy dependent stopping dis-
tance of a jet saturates its maximal geometric limit [41].
Therefore, the jet resolution angle is
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In Fig. 5 we confront this result with the resolution an-
gles extracted from numerical simulations of the three-jet
strings with several di↵erent sets of initial conditions.

The resolution angle of strings with ⌧

form

⌧ x

stop

is
also controlled by ✓

res

. In this case, the second term in (7)
becomes important after the string reaches its asymptotic
v

1
z (✓) and di↵erent string bits possess di↵erent stopping
distances. These are determined by the maximum dis-
tance travelled by a geodesic with initial velocity v

1
z (✓).

The string will be resolved when the shortest stopping

FIG. 5. The resolution angle ✓res as a function of energy,
for several di↵erent sets of initial transverse profiles (di↵erent
colors). Di↵erent lines within a given color are obtained by
extracting the smallest energy at which the ratio from Fig. 4
for a fixed angle is equal to 1.05, 1.06, ..., 1.1. Dashed line
indicates our analytical result (10).

distance of any string bit equals the stopping distance of a
jet carrying the entire energy of the quark-gluon system.
Since for well defined three-jet strings, v1z (✓

min

) < ✓qg,
these strings will be resolved as long as ✓qg � ✓

res

.
4. Discussion. As we have shown, in the infinite cou-
pling limit of N = 4 SYM, ✓

res

exhibits a characteris-
tic E

�2/3 scaling with the jet energy. This di↵ers from
the scaling expected in perturbative computations. By
identifying the coherence length of a dense perturbative
QCD plasma ⌧

coh

[33, 34] with the stopping distance of
a jet, �x [42], the perturbative resolution angle scales
as ✓

pQCD

res

/ E

�3/4 [43]. It would be interesting to un-
derstand whether the di↵erent scaling power is generic of
strong coupling by, for example, exploring di↵erent holo-
graphic duals. The framework we have developed can be
easily extended to those constructions.
The picture that emerges from this study is much like

in pQCD [29]. Even at strong coupling, the interaction of
energetic jets in non-abelian plasma may be organised in
terms of e↵ective energy loss sources. As we have shown,
a coloured excitation of opening angle smaller than ✓

res

interacts with the strongly coupled medium as a single
coloured object, while well defined three-jet excitations
are resolved above this scale. In the latter case, the for-
mation of quark-like and gluon-like strings observed in
Fig. 1 suggests that su�ciently resolved multiple jets may
lose energy as independent excitations.
This picture also suggests a possible route to help con-

strain the dynamics of the QCD plasma from LHC data.
Fluctuations of the energy loss pattern may be used to ex-
tract ✓

res

by correlating these fluctuations with the sub-
jet distribution of reconstructed jets or with the number
of neighbouring jets as in [26]. Further phenomenolog-
ical studies are needed to gauge the sensitivity of these
measurements to this important medium scale.

๏ Resolution angle infinite medium

Finite length medium

๏ At weak coupling:

๏ Infinite medium, maximal length= stopping distance
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distance of any string bit equals the stopping distance of a
jet carrying the entire energy of the quark-gluon system.
Since for well defined three-jet strings, v1z (✓

min
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these strings will be resolved as long as ✓qg � ✓
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.
4. Discussion. As we have shown, in the infinite cou-
pling limit of N = 4 SYM, ✓
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�2/3 scaling with the jet energy. This di↵ers from
the scaling expected in perturbative computations. By
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QCD plasma ⌧

coh

[33, 34] with the stopping distance of
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�3/4 [43]. It would be interesting to un-
derstand whether the di↵erent scaling power is generic of
strong coupling by, for example, exploring di↵erent holo-
graphic duals. The framework we have developed can be
easily extended to those constructions.
The picture that emerges from this study is much like

in pQCD [29]. Even at strong coupling, the interaction of
energetic jets in non-abelian plasma may be organised in
terms of e↵ective energy loss sources. As we have shown,
a coloured excitation of opening angle smaller than ✓

res

interacts with the strongly coupled medium as a single
coloured object, while well defined three-jet excitations
are resolved above this scale. In the latter case, the for-
mation of quark-like and gluon-like strings observed in
Fig. 1 suggests that su�ciently resolved multiple jets may
lose energy as independent excitations.
This picture also suggests a possible route to help con-

strain the dynamics of the QCD plasma from LHC data.
Fluctuations of the energy loss pattern may be used to ex-
tract ✓

res

by correlating these fluctuations with the sub-
jet distribution of reconstructed jets or with the number
of neighbouring jets as in [26]. Further phenomenolog-
ical studies are needed to gauge the sensitivity of these
measurements to this important medium scale.

๏ Fluctuations in jet energy loss may help distinguish between the 
different microscopic realisations
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➤    Comment on crude 
hadronic treatment
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