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Heavy Ion Collisions at the LHC

2

➤  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

Transverse Energy

Centrality dependence similar to 

RHIC (PHENIX)

PRC71:034908 (2005)

PRC70:054907 (2004)
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● ετ ~ 16 GeV/(fm2c)

RHIC: ετ =5.4±0.6 GeV/(fm2c)
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The Little Bang

3

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
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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



NumHol2016 J. Casalderrey-Solana 01st July 2016 

The Little Bang

3

Very strong collective effects
๏ Emission of 20.000 particles correlated 
with the impact parameter

๏ Hydrodynamic explosion

๏ Correlation measured in 
terms of Fourier coefficients

2.2 Flow 23

)c (GeV/
t

p
0 1 2 3 4 5

{4
-p

ar
tic

le
 c

um
ul

an
t m

et
ho

d}
2v

0.05

0.1

0.15

0.2

0.25
10-20%

20-30%

30-40%
10-20% (STAR)

20-30% (STAR)

30-40% (STAR)

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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Microscopic Structure of Plasma

4

e e

๏ Can we probe the system?
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Jets

5

๏ Energetic Quarks are produced in pairs
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➤  strong non-abelian bremsstrahlung

๏ Energetic Quarks are produced in pairs

๏ Hard process
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Jets

5

➤  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
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How do jets interact with a plasma 
without quasiparticles? 

Can we use the gauge/string to understand 
those interaction?

7
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No Jets at Strong Coupling
• No jets at strong in N=4 at strong coupling!

weak coupling e+e- decay

• No asymptotic freedom.

• A serious problem for hard probes

Hofman and Maldacena 08
Iancu, Mueller, Hatta 08

8



NumHol2016 J. Casalderrey-Solana 01st July 2016 

Eloss at strong coupling

9

๏ Heavy Quark ⇔ classical string attached to boundary

๏ Energy loss ⇔  flux of momentum along the string  
dp

dt
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Tµ⇥(x0) ⇥
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�g(x0)

�S

�gµ⇥(x0)
(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)

⇤⇧(t)⇧(t�)⌅ = ⌅⇥(t� t�) (0.33)

⇤D =
⌅

2MT
(0.34)

D =
2T 2

⌅
(0.35)

D =
3� 6

2⌃T
(0.36)

dp

dt
= �⇤Dp (0.37)

D ⇥ 1

2⌃T

�
1.5

�symN

⇥1/2

(0.38)

4

Langevin

⇒
JCS & Teaney (2006)
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๏ 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

JCS & Teaney (2006)
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Jet Proxies at Strong Coupling

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

@
a

X⌫@
b

X⇢

() r
a

⇧a

µ

= �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 (open) string generated from a point.

➤ Quenching of the string ⇔ falling through horizon

➤ Stopping distance:

Chesler et al 08

7

⇠2
o

! h(u
in

) and the stopping distance (29) takes the
form

x
stop

=

p
⇡ �( 5

4

)

�( 3

4

)

u2

h

u
in

� u
h

+
u4

h

2u2

in

x
0

+O(x�2

0

) . (36)

Neglecting transients at small x, Eq. (30) then yields

�̂
h

(L) =
x

stop

+ u
h

L + u
h

. (37)

This means that �
h

(L) is O(�⇤) when L = O(x
stop

),
from which it follows that ⇡0

0

in (31) may consistently be
taken to be given by the near-endpoint expression (34).
Substituting (37) into (35) and taking L, x

stop

� u
h

we
secure the result

E
out

E
in

=
2

⇡

"s
L(x

stop

� L)

x2

stop

+ cos�1

s
L

x
stop

#
. (38)

Taking the derivative of (38), we find the energy loss rate

1

E
in

dE
out

dL
= � 2

⇡x
stop

s
L

x
stop

� L
. (39)

Eqs. (38) and (39) are our final results for the energy loss
in the (unphysical) case in which x

0

! �1. Eq. (38)
provides a reasonable approximation in the case illus-
trated in Fig. 2, but it cannot be applied in the case
illustrated in Fig. 3.

2. A parton produced at fixed x
0

whose x
stop

! 1

Since a hard parton produced in a heavy ion collision is
produced within the same volume in which the strongly
coupled plasma is produced, the calculation in Fig. 3 in
which the parton was produced just next to the slab of
plasma is a better caricature than that in Fig. 2. We
therefore do not wish to take the x

0

! �1 limit. Hence-
forth, we take the �⇤ ! 0 limit at fixed x

0

. We shall see
below that x

stop

! 1 in this limit. We continue to as-
sume that u

0

= 0, which now means that u
in

! 0 as
�⇤ ! 0. The results we shall derive here in this limit are
a good approximation for small enough �⇤ at any fixed
value of x

0

, in particular for the case in which the parton
is produced just next to the slab of plasma, with x

0

just
to the left of x = 0 as in Fig. 3.

With u
0

= 0 and x
0

fixed in value, we find that x
stop

in (29) takes the form

x
stop

=
u
h

�( 1

4

)2

4
p
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+ (x
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� u
h

) +O(
p
�⇤) (40)

in the small-�⇤ limit. We see that if �⇤ is small enough
that we can neglect the (x

0

� u
h

) term we have x
stop

�
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| = |x
0

|+u
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and �⇤ = O�
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2

h
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2
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�
= O�

1

(⇡Tx

stop

)

2

�
.

In the limit in which we take �⇤ ! 0 with u
0

= 0 and
x

0

fixed we can also derive a relationship between x
stop

and E
in

, defined in Eq. (32), valid to leading order in �⇤.
Note that the expression (34) tells us that the energy
density on the string is greatest near the string endpoint.
This observation allows us to see that, to leading order
in �⇤, Eq. (32) yields

E
in

=
⇡T

0

2�3/2

⇤
p

2 ✏  0(�⇤)
. (41)

Comparing (41) and (40) and using T
0

=
p
�

2⇡

, u
h

= 1/⇡T ,
we find

x
stop

=
⇡4/3C
⇡T

✓
E

inp
�⇡T

◆
1/3

, (42)

where the dimensionless constant C is given by

⇡4/3C =

✓
✏ 25T 2 0(�⇤)

⇡

◆
1/6

�( 1

4

)�( 5

4

). (43)

The x
stop

⇠ E
1/3

in

scaling was first obtained in Refs. [18,
23]. Numerical simulations of the string equations in
Ref. [18] yielded an estimate for the maximum possible
value of C, for jets whose initial state is prepared in such
a way as to yield the maximal stopping distance for a
given E

in

, namely max(C) ⇡ 0.526. The value C ⇡ 0.526
was recently verified analytically in Ref. [19].
We have a calculation of x

stop

in hand in (40) and
can now ask about the value of E

in

. In this context,
we can reread the maximal value of C in (42) as telling
us the minimum possible E

in

that can correspond to a
given x

stop

, assuming optimal preparation of the initial
state. Note that if the initial state is prepared well to
the left of the slab of plasma as in Fig. 2 then, even if
the initial state is prepared optimally at x = x

0

, after
the string has propagated in vacuum from x = x

0

to
x = 0 its state is not optimally prepared when it enters
the plasma, and C must be less than 0.526 in (42). We
can see this by noting that if we start from a case like
that in Fig. 2 and move the point of origin x

0

to x
0

=
0, making no other change and in particular keeping u

0

fixed, this does not change E
in

but it decreases u
in

(to
u

in

= u
0

) and increases x
stop

, for example from 12.71 to
17.54 in the case of Fig. 2. We see from (40) that this x

0

-
dependence of x

stop

is subleading in the small-�⇤ limit:
at small enough �⇤, moving x

0

from -5 as in Fig. 2 to
0 would have a negligible e↵ect on x

stop

. Nevertheless,
the consequence of this formally subleading e↵ect is that
the minimum value of E

in

/(⇡T ) in Fig. 2 must be greater
than that given by (42) with x

stop

= 12.71 and C = 0.526.
The expression (42) with C = 0.526 can be applied

without caveats in Fig. 3. There, x
stop

= 10.73 and
the minimum possible incident energy of the “jet” in
Fig. 3, assuming optimal preparation of the initial  (�),
can be read from (42) with C = 0.526 and is given by
E

in

/(⇡T ) = 87.0
p
�. If we think of a slab of plasma in

which ⇡T ⇠ 1 GeV, the slab in Fig. 3 is 1.6 fm thick and
the “jet” depicted in the Figure, which loses 24.3% of its

10

Chesler et al 08

Ficnar & Gubser 13
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Energetic Excitations
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FIG. 3: (a) A classical particle in the AdS5-Schwarzschild space-time, moving in the x3 direction

as it falls from the boundary to the black brane in the fifth dimension u. (b) The presence of the
particle (the large dot) perturbs the boundary theory in a manner that spreads out diffusively as

the particle approaches the horizon for x0 → ∞.

where the stopping distance x3
stop(q

2) is given by (1.7). We will verify that this formula
precisely reproduces the x3 # E1/3 case (1.1a) of our previous result.

We can now see where the (EL)1/4 scale comes from. It is only time-like source momenta
q2 < 0 that produce jets. The typical value of time-like q2 for the source of Fig. 2a is
q2 ∼ −E/L, corresponding to ε ∼ L−1. Putting this into (1.7), the typical stopping distance
in this case is therefore

x3

typical ∼ (EL)1/4 . (1.9)

Note that it is the q2 of the source that determines the stopping distance, and that the
typical value of q2 is determined by L in the case of Fig. 2a.

The estimate (1.9) of the stopping distance ceases to make sense if the size L of the source
becomes as large as the stopping distance itself. This happens when

L ∼ x3

stop ∼ (EL)1/4, (1.10)

which gives
x3

stop ∼ E1/3. (1.11)

We will see later that this is precisely the case where the wave packet in AdS5-Schwarzschild
can no longer be approximated as a particle. The moral is that the simple particle picture
gives us not only the (EL)1/4 scale but also, simply by estimating where it breaks down, the
E1/3 scale as well.

In the next section, we will briefly review the trajectories of massless particles in AdS5-
Schwarzschild and derive the corresponding stopping distance (1.7). In section III, we discuss
the conditions for being able to approximate the 5-dimensional wave problem with particle
trajectories and verify that they apply in the case of interest. Then we use the particle
picture in section IV to simply reproduce our original result (1.1a) for charge deposition for
x3 # E1/3. In section V, we generalize our results to jets created by other types of source
operators than those originally considered in Ref. [4]. We will see that Fig. 1 is modified to
Fig. 4. Finally, we offer our conclusions in section VI.
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FIG. 4: A typical falling string studied in this paper, plotted in blue at four di↵erent instants in time. The string is created
at a point and, as time passes, evolves into an increasingly extended object. Well after the creation event, but long before the
plunge into the horizon, the string profile approaches a universal null string configuration which is largely insensitive to the
initial conditions. Consequently, the string endpoint trajectories, shown in green and yellow, approach null geodesics.

the black hole. Our strategy in this subsection is to con-
struct an approximate solution to the string equations of
motion which will provide a good description for times
su�ciently long after the initial creation event but well
before the string endpoints reach the horizon. This will
be possible because, as we will discuss, at times well after
the creation event but long before the final “plunge”, typ-
ical string configurations approach near-universal forms
which are characterized by only a few parameters. This
observation will allow us to prepare states illustrating
universal features and understand the resulting physics
of quark energy loss, without requiring a detailed de-
scription of the early-time dynamics responsible for the
production of the quark-antiquark pair.

For reasonable falling string solutions, we will see that
the endpoint motion is well-approximated by the trajec-
tory of a light-like geodesic. Equations for null geodesics
in the AdS-BH geometry are easy work out. For motion
in the x-u plane, one finds

✓
dx

geo

dt

◆
2

=
f2

⇠2

, (4.5a)
✓

du
geo

dt

◆
2

=
f2

�
⇠2 � f

�

⇠2

, (4.5b)

where ⇠ is a constant which determines the initial incli-
nation of the geodesic in the x-u plane and, more funda-
mentally, specifies the conserved spatial momentum asso-
ciated with the geodesic, f(u)�1dx

geo

/dt = ⇠�1. More-
over, we have

✓
dx

geo

du

◆
2

=
1

⇠2 � f
. (4.6)

From this equation, one sees that geodesics which start
close to the boundary, at u = u

⇤

! 0, can travel very far
in the x̂ direction provided ⇠2 ⇡ f(u

⇤

) ! 1. In particu-
lar, the total spatial distance such geodesics travel before
falling into the horizon scales like u2

h/u
⇤

.

We will be interested in string configurations where the
spatial velocity of the string endpoint is close to the local
speed of light for an arbitrarily long period of time (since
this will maximize the penetration distance). Because
open string endpoints must always travel at the speed of
light, the velocity in the radial direction must be small
and correspondingly, the radial coordinate of the string
endpoints will be approximately constant for an arbitrar-
ily long period of time. As the string endpoints become
more and more widely separated, the string must stretch
and expand. For reasonable string profiles, this implies
that short wavelength perturbations in the initial struc-
ture of the string will stretched to progressively longer
wavelengths, resulting in a smooth string profile at late
times.4 Moreover, as the string endpoints separate, the
middle of the string must fall toward the event horizon.
This occurs on a time scale �t of order uh. (This scale
sets the infall time of a particle released at rest at the
boundary, or of a null geodesic with ⇠ > 1.)

The origin of this behavior can also be understood as
follows. Consider the string at some time t shortly after
the creation event. It will have expanded to a size ⇠ t.
By construction, one half of the string will have a posi-
tive large momentum in the spatial x̂ direction, while the
other half has negative x̂ momentum. The spatial mo-
mentum density must be highly inhomogeneous so that
the two endpoints move o↵ in opposite directions. As
time progresses, the parts of the string with the highest
momentum density will remain close to a string endpoint.
Portions of the string with low spatial momentum den-

4 “Unreasonable” string profiles can have structure on arbitrarily
short wavelengths. While the initial structure will be inflated
as time progresses, because the string endpoints can only travel
a distance of order u

2

h/u

c

before reaching the horizon, one can
always cook up initial conditions such that fluctuations in the
string profile never become small during this time interval. We
will avoid such unreasonable initial conditions in this paper.

Q-Qbar pair: string Boosted virtual photon

strongly coupled matter within the plasma [24, 25, 39, 41, 42]; and those in which single
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, 45]. 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 [45], we will adopt this second approach to construct our
hybrid model.

In Refs. [22, 45], a pair of high energy ‘quark jets’ in the fundamental representation
of the gauge group are produced moving in opposite directions. In Ref. [45] 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 [45].
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 [45]

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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where we have introduced a dimensionless constant 

sc

, the subscript signifying “Strong
Coupling”, that in the calculation of Ref. [22] is given by 

sc

= 1.05�

1/6, with � the
´t Hooft coupling. In the case of a slab of plasma in which T , and therefore x

stop

is
constant, the energy loss rate (3.1) can easily be integrated to obtain E(x) [45]. We shall
be describing the energy loss of partons in a shower that are propagating through a medium
whose temperature is changing as a function of space and time as in a heavy ion collision;
in this context what we need from Ref. [45] is dE/dx, namely (3.1).

The energy loss rate Eq. (3.1) has two characteristic features that distinguish it para-
metrically from analogous perturbative expressions that describe the energy loss of a single
hard parton propagating through (a slab of) weakly coupled plasma with temperature T ,
expressions that we shall provide in the following subsection. First, while x is not yet
comparable to x

stop

the rate of energy loss dE/dx is independent of E
in

and grows rapidly
with x, with a characteristic x

2 dependence. Later, though, once x has become comparable
to x

stop

we see that dE/dx depends in a nontrivial (i.e. non-power-law) way on both E

in

and x and grows rapidly, diverging as x ! x

stop

and E ! 0. We note that in spite of the
simple relation between E

in

and the stopping distance x

stop

, the parametric dependence of
the energy loss rate on the path length x is intricate, deviating from a simple power of the
length very substantially at late times.

The energy lost by the energetic parton propagating through the strongly coupled
plasma is quickly converted into hydrodynamic excitations with wave vectors q ⇠ ⇡T and
smaller. This happens over a very short time 1/�

1

, with �

1

= 2⇡T ⇠ T/0.16 the width of
the lowest non-hydrodynamical quasinormal mode of the strongly coupled plasma, deter-
mined in the dual gravitational theory in Ref. [46]. The hydrodynamic excitations are, in
turn, dissipated as heat after a damping time 3Ts/(4q

2

⌘) (for sound waves) or Ts/(q

2

⌘)

(for diffusive modes) [47]. If we take the shear viscosity to entropy density ratio to be
⌘/s ⇠ 2/(4⇡), hydrodynamic modes with q ⇠ ⇡T dissipate over a time ⇠ (0.5 � 0.6)/T .
Longer wavelength modes live longer. This means that most of the ‘lost’ energy rapidly
becomes part of the plasma, thermalizing and resulting in a little more, or a little hotter,
plasma. From an experimental point of view, the lost energy becomes extra, soft, hadrons
with momenta ⇠ ⇡T moving in random directions. These extra hadrons will be uniformly
distributed in angle, on average, if the passage of the jet does not induce any substantial
collective motion of the plasma.

Because we shall focus on reconstructed jet data, which is to say measurements of the
components of the jet that emerge from the plasma, we shall make no attempt to track the
lost energy in our hybrid model. Of course, since the ‘lost’ energy ends up as soft hadrons
going in all directions, some of it will end up in the jet cone. We will make no attempt to
add soft hadrons corresponding to some of the lost energy to the jets in our model. The
reason that we make no such addition to our jets is that when experimentalists reconstruct
jets from data, they use some background subtraction procedure designed to remove soft
hadrons that are uncorrelated with the jet direction, for example subtracting an ⌘ $ �⌘

reflection of the event from the real event. This means that if the ‘lost’ energy ends up
perfectly uniformly distributed in angle, it will be subtracted during the jet reconstruction
procedure. If this assumption is correct, the ‘lost’ energy does not appear in the jets as

– 10 –

q̂ = 5� 10GeV

2
/fm (0.40)

q̂pert ⇡ 4GeV

2
(0.41)

q̂ = 1.9± 0.7GeV

2
/fm (0.42)

SC / �

0
(0.43)

4

(Chesler, Jensen, Karch, Yaffe 08)

(Arnold & Vaman 10)
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A Hybrid Model

• Jet interaction with medium is a multi-scale problems

➤    Hard evolutions (perturbative)

➤    Exchanges at medium scale

➤    Soft jet fragments
strong

coupling}

➤    Hard production (perturbative)

• Simple (and phenomenological) approach

➤    Leave jet evolution unmodified (Q>>T)
➤    Each in-medium parton losses energy (not necessarily perturbative)
➤    Neglect in-medium radiation (first approximation)

JCS, Gulhan, Milhano, Pablos and Rajagopal 
2014, 2015
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FIG. 3: As in Fig. 2, except here the slab has thickness L = 8/(⇡T ) and the quark is produced next to the slab at x
0

= �10�3

with u
0

= 0 and �⇤ = 0.025. It emerges from the slab at ⇡Tx = 8 with u
out

= 0.267 and �̃⇤ = 0.0769. As in Fig. 2, after
exiting the slab of plasma the string rapidly approaches a semicircular arc configuration. Using (35), E

out

/E
in

= 0.757. The
approximation (46) yields E

out

/E
in

= 0.780. So, as in Fig. 2 the string has lost a substantial fraction of its energy in the plasma
and yet emerges looking just like a string produced in vacuum with energy E

out

. We shall see in Section II.C that, under certain
assumptions, this string describes a “jet” with an incident energy E

in

= 87.0
p
�⇡T and, consequently, an outgoing “jet” that

emerges from the slab with energy E
out

= 65.9
p
�⇡T .

geometry. Restricting our attention to strings created
near the boundary, we also set u

0

! 0. This is not nec-
essary. As we discuss in Section IV, it will be interesting
in future to systematically explore how our results vary
as a function of u

0

and �⇤.
We now return to the case of interest in this paper,

namely a slab of plasma whose thickness L is less than
x

stop

meaning that, as in Figs. 2 and 3, the endpoint of
the string and some of the (blue) null geodesics describing
a segment of the string near its endpoint emerge from
the slab of plasma. Let us define the function �

h

(x), for
0 < x < L, by the condition that x

geo

(t,�
h

) = x and
u

geo

(t,�
h

) = u
h

. That is, �
h

(x) labels the null geodesic
that falls into the horizon at x. From (16) we see that
�
h

(x) is the solution to

x = �u
h 2

F
1

�
1

4

, 1

2

; 5

4

; 1

⇣(�)

�
(30)

+ u

2

h
u

in

(�)

2

F
1

�
1

4

, 1

2

; 5

4

; u

4

h
⇣(�)u

in

(�)

4

�
,

meaning that �
h

(x
stop

) = �⇤. The energy of the string
segment that exits the slab can then be written as

E
out

= �
Z

�h(L)

�⇤

d� ⇡0

0

. (31)

E
out

is clearly less than the energy of the string segment
that enters the slab, which we shall take to be

E
in

= �
Z

�h(0)

�⇤

d� ⇡0

0

, (32)

because some null geodesics and therefore some energy
has fallen into the horizon between x = 0 and x = L.

To go further, we henceforth assume u
0

! 0 and �⇤ ⌧
1. In the �⇤ ⌧ 1 limit we see from (28) that ⇡0

0

(�)
becomes highly concentrated in a region �� ⇠ �⇤ near
� = �⇤. Expanding

 (�) =  0(�⇤)(� � �⇤) +O �
(� � �⇤)

2

�
, (33)

we obtain from (28) the leading order expression for ⇡0

0

,

⇡0

0

=
�T

0

�2

p
2✏  0(�⇤)(� � �⇤)

. (34)

This expression, together with Eqs. (30), (31) and (32),
allows us to compute E

out

/E
in

, which is to say the frac-
tional energy lost by the high energy parton as it tra-
verses the slab of plasma. We obtain

E
out

E
in

=
�̂
h

(0)
⇣p

�̂
h

(L)� 1 + �̂
h

(L) cos�1

q
1

�̂h(L)

⌘

�̂
h

(L)
⇣p

�̂
h

(0)� 1 + �̂
h

(0) cos�1

q
1

�̂h(0)

⌘ ,

(35)
where �̂

h

(x) ⌘ �
h

(x)/�⇤. Although it does not look par-
ticularly simple, this expression is fully explicit. For ex-
ample, as noted in the captions of both Figs. 2 and 3,
we can use it to compute E

out

/E
in

for the “jets” in both
these figures.
We shall next describe two contexts in which the ex-

pressions (29) and (35) simplify considerably.

1. A parton incident from x
0

= �1

The first simplifying limit that we shall consider is the
limit in which we take x

0

! �1 while fixing u
in

small
compared to u

h

. As is evident from (36) below, this is
equivalent to keeping x

stop

finite (but large compared to
u
h

) as x
0

! �1. This limit, which is not realistic from
the point of view of heavy ion collisions, corresponds to
considering an incident parton that has propagated for
a long distance before it reaches the slab of plasma, but
that was prepared with such a small initial opening angle
that when it reaches the slab of plasma the size of the
cloud of energy density that it describes is still small. In
this limit, �⇤ = arctan(u

in

/|x
0

|) vanishes as |x
0

| ! 1 at
fixed, small, u

in

. In the x
0

! �1 limit, ⇠
in

! 1 and

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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• Energy loss of light quarks crossing a slab of plasma

• We use κSC as a fitting parameter

• κSC is not robust

➤  κSC~λ1/6   (λ~g2 Nc) in string computations

➤  κSC~λ0   (λ~g2 Nc) in U(1) field decays

Gubser et al 08, Chesler et al. 08, Ficnar and Gubser 13, Chesler & Rajagopal 14

Hatta, Iancu and Mueller 08, Arnold & Vaman 10

Chesler & Rajagopal 14

} order one
(λ ~ 10) 

Chesler & Rajagopal 15

13
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Success of the Hybrid Model
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Not Everything Works
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➤ Angular distribution of jet energy incorrectly described

➤ Crucially dependent on multiple parton propagation

JCS, Gulhan, Milhano, Pablos and Rajagopal to appear
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Transverse Size Resolution

17

๏ Perturbative analysis of multiple partons
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๏ Colour exchanges decorrelate the currents
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3-Jet events

➤ Hard gluon emission by an energetic q-q pair.-
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3-Jet events

➤ Hard gluon emission by an energetic q-q pair.-

➤ Soft fields between colour objects

Lund string model: gluons associated to kinks in the string

18
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Basics of “Jets” in Vacuum

Boundary
z0↕

v∞z

tform

z(t)

θ

θ= v∞z

θ= z/t

t>>tform ⇒ z v∞z t 

➤ Most of the energy over a fixed angular size θ
➤ String bits far from the quark carry less energy distributed at 
wider angles.

“Soft Gluonic Fields”

“quark”

19
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Creating a “Gluon” Jet
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H∂ ty
LH0,
s
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➤ At initial time, add transverse momentum.

➤ Add a lot of momentum in a string bit away from endpoint

➤ Creates a localized excitations (without flavor)

➤ Stretches two string pieces “Gluon”
Gubser 08

20
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A 3-Jet Event in Plasma
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Conditions for 3 Jets

➤ Well separated endpoint and “kink”

➤ U-Shaped string:

y
z
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Conditions for 3 Jets

➤ Well separated endpoint and “kink”

➤ U-Shaped string:

y
z

➤ Finite T ⇔ black brane horizon

➤ different string pieces 
fall at different times 
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Resolved Strings
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Unresolved Strings
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Resolution and Stopping
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Resolution and Stopping
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Resolution Angle

QuarkGluon

➤ Motion of the string at different angles

➤ In vacuum (high energy)
4

v

1
z (✓). Both of these scales are determined by the en-
ergy per unit angle in the string, "(✓):

⌧

form

=

✓
8⇡z3

0

"(✓)p
�

◆
1/2

, v

1
z (✓) = C

✓
2⇡z

0

"(✓)p
�

◆�1/2

(8)
where C ⇡ 1.29 and where we used

p
� = L

2

/↵

0.
To have a well defined quark-gluon string as in Fig. 1,

"(✓) needs to have a U -shaped form, with a local mini-
mum at some ✓

min

between the endpoint and the kink.
This ensures that at t � ⌧

form

, the velocity v

1
z (✓

min

) is
maximal. Since v

1
z (✓) determines the angular size, the

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

1
z (✓

min

) � ✓qg, ensures that
the excitation associated to the string away from those
points does not overshadows the contribution of the lo-
calised 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 Eq. 7, which is inde-
pendent 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

> x

stop

, with x

stop

=
(
p
⇡�(5/4)/�(3/4)) z2H/z

0

, the maximal stopping dis-
tance of a geodesic initally parallel to the boundary at
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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)
[41], the value at which the energy dependent stopping
distance of a jet saturates its maximal geometric limit.
Therefore, the jet resolution angle is

✓
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=
24/3

⇡

�(3/4)2

�(5/4)2

✓
Ep
�T

◆�2/3

. (10)

In Fig. 5 we confront this result with the resolution an-
gle 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

stopping

is
also controlled by ✓

res

. For these, the second term of (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 on the energy loss pattern may be used to
extract ✓

res

by correlating these fluctuations to 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.
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entire string between the endpoint and the kink falls
into the horizon at the same time, leading to an unre-
solved string. Constraining ⌧
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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)
[41], the value at which the energy dependent stopping
distance of a jet saturates its maximal geometric limit.
Therefore, the jet resolution angle is
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In Fig. 5 we confront this result with the resolution an-
gle 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

stopping

is
also controlled by ✓

res

. For these, the second term of (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 on the energy loss pattern may be used to
extract ✓

res

by correlating these fluctuations to 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.
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form

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

3

0⇤ =
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[41], the value at which the energy dependent stopping
distance of a jet saturates its maximal geometric limit.
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In Fig. 5 we confront this result with the resolution an-
gle extracted from numerical simulations of the three-jet
strings with several di↵erent sets of initial conditions.

The resolution angle of strings with ⌧

form
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is
also controlled by ✓
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. For these, the second term of (7)
becomes important after the string reaches its asymptotic
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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
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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 � ✓
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.
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
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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 on the energy loss pattern may be used to
extract ✓

res

by correlating these fluctuations to 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.

4

v

1
z (✓). Both of these scales are determined by the en-
ergy per unit angle in the string, "(✓):

⌧

form

=

✓
8⇡z3

0

"(✓)p
�

◆
1/2

, v

1
z (✓) = C

✓
2⇡z

0

"(✓)p
�

◆�1/2

(8)
where C ⇡ 1.29 and where we used

p
� = L

2

/↵

0.
To have a well defined quark-gluon string as in Fig. 1,

"(✓) needs to have a U -shaped form, with a local mini-
mum at some ✓

min

between the endpoint and the kink.
This ensures that at t � ⌧

form

, the velocity v

1
z (✓

min

) is
maximal. Since v

1
z (✓) determines the angular size, the

requirement that the quark and the gluon excitations are
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of both the endpoint and the kink must be smaller than
✓qg. Similarly, imposing v
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) � ✓qg, ensures that
the excitation associated to the string away from those
points does not overshadows the contribution of the lo-
calised 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 Eq. 7, which is inde-
pendent 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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, with x
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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)
[41], the value at which the energy dependent stopping
distance of a jet saturates its maximal geometric limit.
Therefore, the jet resolution angle is
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In Fig. 5 we confront this result with the resolution an-
gle 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

stopping

is
also controlled by ✓

res

. For these, the second term of (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 on the energy loss pattern may be used to
extract ✓

res

by correlating these fluctuations to 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.
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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
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; the small-
est possible angle that a resolved quark-gluon system of
energy E can have corresponds to z
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[41], the value at which the energy dependent stopping
distance of a jet saturates its maximal geometric limit.
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In Fig. 5 we confront this result with the resolution an-
gle extracted from numerical simulations of the three-jet
strings with several di↵erent sets of initial conditions.
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distances. These are determined by the maximum dis-
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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 (✓
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) < ✓qg,
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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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 ⌧
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[33, 34] with the stopping distance of
a jet, �x [42], the perturbative resolution angle scales
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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 ✓
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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 on the energy loss pattern may be used to
extract ✓

res

by correlating these fluctuations to 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.
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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
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; 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)
[41], the value at which the energy dependent stopping
distance of a jet saturates its maximal geometric limit.
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In Fig. 5 we confront this result with the resolution an-
gle extracted from numerical simulations of the three-jet
strings with several di↵erent sets of initial conditions.
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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 (✓
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) < ✓qg,
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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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
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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 on the energy loss pattern may be used to
extract ✓

res

by correlating these fluctuations to 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.

⇒
⇒
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Resolution Angle

QuarkGluon

➤ Motion of the string at different angles
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where C ⇡ 1.29 and where we used
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0.
To have a well defined quark-gluon string as in Fig. 1,

"(✓) needs to have a U -shaped form, with a local mini-
mum at some ✓

min

between the endpoint and the kink.
This ensures that at t � ⌧

form

, the velocity v

1
z (✓

min

) is
maximal. Since v

1
z (✓) determines the angular size, the

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

1
z (✓

min

) � ✓qg, ensures that
the excitation associated to the string away from those
points does not overshadows the contribution of the lo-
calised 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 Eq. 7, which is inde-
pendent 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

> x

stop

, with x
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=
(
p
⇡�(5/4)/�(3/4)) z2H/z

0
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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)
[41], the value at which the energy dependent stopping
distance of a jet saturates its maximal geometric limit.
Therefore, the jet resolution angle is
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=
24/3
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�(5/4)2

✓
Ep
�T
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. (10)

In Fig. 5 we confront this result with the resolution an-
gle 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

stopping

is
also controlled by ✓

res

. For these, the second term of (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 on the energy loss pattern may be used to
extract ✓

res

by correlating these fluctuations to 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.
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ergy per unit angle in the string, "(✓):
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where C ⇡ 1.29 and where we used
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0.
To have a well defined quark-gluon string as in Fig. 1,

"(✓) needs to have a U -shaped form, with a local mini-
mum at some ✓

min

between the endpoint and the kink.
This ensures that at t � ⌧

form

, the velocity v

1
z (✓

min

) is
maximal. Since v

1
z (✓) determines the angular size, the

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

1
z (✓

min

) � ✓qg, ensures that
the excitation associated to the string away from those
points does not overshadows the contribution of the lo-
calised 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 Eq. 7, which is inde-
pendent 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

> x

stop

, with x

stop

=
(
p
⇡�(5/4)/�(3/4)) z2H/z

0

, the maximal stopping dis-
tance of a geodesic initally parallel to the boundary at
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⌧ zH , the angle of those unresolved string satisfies
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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)
[41], the value at which the energy dependent stopping
distance of a jet saturates its maximal geometric limit.
Therefore, the jet resolution angle is

✓

res

=
24/3

⇡

�(3/4)2

�(5/4)2

✓
Ep
�T

◆�2/3

. (10)

In Fig. 5 we confront this result with the resolution an-
gle 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

stopping

is
also controlled by ✓

res

. For these, the second term of (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 on the energy loss pattern may be used to
extract ✓

res

by correlating these fluctuations to 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.

⇒
⇒

➤ In plasma (close to the boundary)
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Resolution Angle

QuarkGluon

➤ Motion of the string at different angles
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where C ⇡ 1.29 and where we used
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To have a well defined quark-gluon string as in Fig. 1,

"(✓) needs to have a U -shaped form, with a local mini-
mum at some ✓
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between the endpoint and the kink.
This ensures that at t � ⌧

form

, the velocity v

1
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) is
maximal. Since v

1
z (✓) determines the angular size, the

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

1
z (✓

min

) � ✓qg, ensures that
the excitation associated to the string away from those
points does not overshadows the contribution of the lo-
calised 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 Eq. 7, which is inde-
pendent 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

> x

stop

, with x
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=
(
p
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, the maximal stopping dis-
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z

0

⌧ zH , the angle of those unresolved string satisfies

✓

unresolved

< 8
�(3/4)2

�(5/4)2
z

5

0

z

4

H

Eqgp
�

< 8
�(3/4)2

�(5/4)2
z

5

0

z

4

H

Ep
�

(9)

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)
[41], the value at which the energy dependent stopping
distance of a jet saturates its maximal geometric limit.
Therefore, the jet resolution angle is
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=
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. (10)

In Fig. 5 we confront this result with the resolution an-
gle 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

stopping

is
also controlled by ✓

res

. For these, the second term of (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 on the energy loss pattern may be used to
extract ✓

res

by correlating these fluctuations to 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.
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where C ⇡ 1.29 and where we used
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0.
To have a well defined quark-gluon string as in Fig. 1,

"(✓) needs to have a U -shaped form, with a local mini-
mum at some ✓
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between the endpoint and the kink.
This ensures that at t � ⌧

form

, the velocity v

1
z (✓

min

) is
maximal. Since v

1
z (✓) determines the angular size, the

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

1
z (✓

min

) � ✓qg, ensures that
the excitation associated to the string away from those
points does not overshadows the contribution of the lo-
calised 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 Eq. 7, which is inde-
pendent 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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, with x
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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)
[41], the value at which the energy dependent stopping
distance of a jet saturates its maximal geometric limit.
Therefore, the jet resolution angle is
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=
24/3
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�(5/4)2
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Ep
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In Fig. 5 we confront this result with the resolution an-
gle 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

stopping

is
also controlled by ✓

res

. For these, the second term of (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 on the energy loss pattern may be used to
extract ✓

res

by correlating these fluctuations to 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.

⇒
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➤ In plasma (close to the boundary)
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the excitation associated to the string away from those
points does not overshadows the contribution of the lo-
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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)
[41], the value at which the energy dependent stopping
distance of a jet saturates its maximal geometric limit.
Therefore, the jet resolution angle is
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=
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In Fig. 5 we confront this result with the resolution an-
gle 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

stopping

is
also controlled by ✓

res

. For these, the second term of (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 on the energy loss pattern may be used to
extract ✓

res

by correlating these fluctuations to 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.
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To have a well defined quark-gluon string as in Fig. 1,

"(✓) needs to have a U -shaped form, with a local mini-
mum at some ✓

min

between the endpoint and the kink.
This ensures that at t � ⌧

form

, the velocity v

1
z (✓

min

) is
maximal. Since v

1
z (✓) determines the angular size, the

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

1
z (✓

min

) � ✓qg, ensures that
the excitation associated to the string away from those
points does not overshadows the contribution of the lo-
calised 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 Eq. 7, which is inde-
pendent 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

> x

stop

, with x
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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)
[41], the value at which the energy dependent stopping
distance of a jet saturates its maximal geometric limit.
Therefore, the jet resolution angle is

✓
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=
24/3
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�(3/4)2

�(5/4)2
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Ep
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In Fig. 5 we confront this result with the resolution an-
gle 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

stopping

is
also controlled by ✓

res

. For these, the second term of (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 on the energy loss pattern may be used to
extract ✓

res

by correlating these fluctuations to 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.
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where C ⇡ 1.29 and where we used
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0.
To have a well defined quark-gluon string as in Fig. 1,

"(✓) needs to have a U -shaped form, with a local mini-
mum at some ✓
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between the endpoint and the kink.
This ensures that at t � ⌧

form

, the velocity v

1
z (✓

min

) is
maximal. Since v

1
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

> x

stop

, with x

stop

=
(
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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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=
24/3
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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.
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where C ⇡ 1.29 and where we used
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To have a well defined quark-gluon string as in Fig. 1,

"(✓) needs to have a U -shaped form, with a local mini-
mum at some ✓
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between the endpoint and the kink.
This ensures that at t � ⌧

form
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1
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) is
maximal. Since v

1
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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, with x
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=
(
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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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=
24/3

⇡

�(3/4)2

�(5/4)2

✓
Ep
�T

◆�2/3

. (10)

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.
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"(✓) needs to have a U -shaped form, with a local mini-
mum at some ✓

min

between the endpoint and the kink.
This ensures that at t � ⌧
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) is
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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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, with x
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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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=
24/3
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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.
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This ensures that at t � ⌧
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, the velocity v
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) is
maximal. Since v

1
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.
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those points does not overshadow the contribution of the
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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
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the value at which the energy dependent stopping dis-
tance of a jet saturates its maximal geometric limit [41].
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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.
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form
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also controlled by ✓
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. 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.
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To have a well defined quark-gluon string as in Fig. 1,
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mum at some ✓
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This ensures that at t � ⌧

form
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) is
maximal. Since v

1
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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 ⌧
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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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=
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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.
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) is
maximal. Since v

1
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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 (✓
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) � ✓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 ⌧
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, with x

stop

=
(
p
⇡�(5/4)/�(3/4)) z2H/z

0

, the maximal stopping dis-
tance of a geodesic initally parallel to the boundary at
z

0

⌧ zH , the angle of those unresolved strings satisfies

✓

unresolved

< 8
�(3/4)2

�(5/4)2
z

5

0

z

4

H

Eqgp
�

< 8
�(3/4)2

�(5/4)2
z

5

0

z

4

H

Ep
�

(9)

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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=
24/3

⇡

�(3/4)2

�(5/4)2

✓
Ep
�T

◆�2/3

. (10)

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
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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.

๏ Fluctuations in jet energy loss may help distinguish between the 
different microscopic realisations
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Photon - Jet
JCS, Gulhan, Milhano, Pablos and Rajagopal 2015
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Photon - Jet
JCS, Gulhan, Milhano, Pablos and Rajagopal 2015
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