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FIG. 3: String exchange between two sources
(crosses) separated by the impact parameter b: the
cold string case � < �H (a); the near-critical string
case � ! �H (b).

lision energies (not reached at colliders) it may
approach the Hagedorn temperature T ! TH .
At current energies (LHC) it can also happen,
as fluctuations. We will argue that in this new
regime the string will develop large excitations
in the form of a “string ball” depicted in Fig.3b.

The SZ model [? ? ] is based on bosonic
string exchanges between the colliding high en-
ergy objects. It is essential that the QCD string
with a nonzero tension related to QCD confine-
ment is used, and not the conformal superstring
which has a massless spin-2 graviton excita-
tion. There is no supersymmetry and gravi-
tons transmutes to a massive spin-2 glueball
with an exponentially small contribution in the
Pomeron di↵usive limit [? ? ]. However there is
still a large Nc parameter, related with a small
string coupling gs and a large ’t Hooft coupling
� = gsNc so that 1/� e↵ects of the curved ge-
ometry will be considered as subleading.

At very high energies the rapidity interval pa-
rameter can be used as a large parameter

� = ln(s/s
0

)� 1 (12)

It will play the role of the e↵ective time in what
follows. Transverse momentum transfer is held
fixed t = �q2 and soft. The main phenomenon
to be studied is the string di↵usion. Two lon-
gitudinal directions – time and the beam di-
rection, also often used as light cone variables
x± – are complemented by two transverse co-
ordinates plus a “scale coordinate” z. Its ini-
tial value corresponds to a physical size of the
colliding dipoles and di↵usion means the pro-
duction of small size closed strings. The z-
coordinate is not flat. We will model its metric
by an AdS

5

with a wall. The number of trans-
verse coordinates, which will play an important

FIG. 4: Dipole-dipole scattering with separation b:
Pomeron exchange (a); Reggeon exchange (b).

role in the following, is thus

D? = 3 (13)

We will now review the Pomeron results and
its associated entropy in this setting. The am-
plitude of the elastic dipole-dipole scattering in
Fig. 4a reads [? ? ? ]

1
�2is

T (s, t; k) ⇡ g2

s

Z
d2

b eiq·b
KT (�,b; k)(14)

where KT is the Pomeron propagator for dipole
sources of color Nc-ality k describing the string
flux. k runs over all integers till Nc/2 for even
Nc and Nc/2 + 1/2 for odd ones. In the real
world with the SU(3) color group, k = 1 is
the usual string between fundamental charges
(quarks) and the largest tension k = 2 is the one
between two baryon junctions. The first argu-
ment of the propagator is � = 2⇡b/�, where
b is the impact parameter. gs ⇡ 1/Nc is the
string coupling.

The explicit form of KT for the standard long
strings regime

b > � > �H (15)

follows from the Polyakov string action,

KT (�,b; 1) =
✓

�

4⇡2

b

◆D?/2

(16)

⇥
1X

n=0
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H/2�2
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Holographic AdS/QCD models of the Pomeron unite a string-based description of hadronic re-
actions of the pre-QCD era with the perturbative BFKL approach. The specific version we will
use due to Sto↵ers and Zahed [1–4], is based on a semiclassical quantization of a “tube” (closed
string exchange or open string virtual pair production) in its Euclidean formulation using the scalar
Polyakov action. This model has a number of phenomenologically successful results. In this work we
point out that the periodicity of a coordinate around the tube allows the introduction of a Matsubara
time and therefore an e↵ective temperature on the string. We observe that in the LHC setting this
temperature is approaching the Hagedorn temperature of the QCD strings. We therefore conclude,
based on studies of the stringy thermodynamics of pure gauge theories, that there should exist two
new regimes of the Pomeron: the “near-critical” and the “post-critical” ones. In the former one,
string excitations should create a high entropy “string ball” at mid-rapidity, with high energy and
entropy but small pressure/free energy. Amusingly, we find that this ball is dual to a certain black
hole. Furthermore, as the intrinsic temperature of the string narrows on the Hagedorn temperature
or T/TH � 1 = O(1/Nc), or even higher ones, the stringy ball develops repulsive interactions, a
pressure, and becomes a post-critical explosive “QGP ball”. We speculate that the high multiplicity
trigger in pp and pA selects events with such a “string ball” cluster. The hydrodynamical flow
resulting from this scenario is discussed elsewhere [5].

I. INTRODUCTION

A. The main ideas

Historically, the description of strong inter-
actions has been shifting between an emphasis
on perturbative and non-perturbative physics.
This can be seen in the theory of hadronic col-
lisions as well. The phenomenology of the 1960
and 1970’s has revealed Regge trajectories and
Pomeron and Reggeon exchanges, which later
– due to Veneziano and others – were shown to
be related with QCD strings. The discovery of
QCD gave rise to weak coupling or pQCD, in-
strumental in the field of hard processes. When
theorists returned to hadronic collisions in the
Regge kinematic s � t in such an approach,
they found the so called BFKL Pomeron [6],
through the re-summation of gluonic ladders.
After the discovery of the AdS/CFT corre-
spondence, the last decade saw the rapid de-
velopments of holographic models, collectively
called AdS/QCD, which unify weak and strong
coupling regimes within the same framework.
Holography adds an extra dimension of space,

identified with the “scale” in the sense of the
renormalization group. The ultraviolet (UV)
end of this space is at weak coupling and large
momentum transfer |t| � ⇤2

QCD, while the in-
frared (IR) part is at strong coupling appro-
priate to small |t| < 1 GeV2 in the typical
hadronic collisions. In this work we will use
a particular version of such a model developed
by Sto↵ers, Zahed and others [1–4] and based
on scalar Polyakov strings propagating in the
5-dimensional holographic space. A historical
evolution of the pomeron in holography can be
found in a number of references within the past
decade [7–13] .

The understanding of the dynamics of
Pomerons and Reggeons still remains a chal-
lenging task. Traditionally the quality of the
models have been judged by their predictions
on a rather limited number of observables, such
as the dependence of the total and elastic cross
sections on s. Fluctuations in the system are
in principle reflected in di↵raction phenomena,
as well as two- (many) particle correlations. A
radically new turn of events has taken place
at the beginning of the LHC operation which
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Two historic views on 
the Pomeron

1960’s: Veneziano 
dual resonance 
amplitude => 

appearance of strings

Prehistoric: Regge, Pomeranchuk, Gribov 

1970’s QCD 
Gribov,Lipatov => 
gluon ladders => 

BFKL 

So, do we have two different Pomerons,  
soft (strongly coupled) and hard (weakly coupled)?

d�

dt
⇠ s↵(t)

↵(t) = ↵(0) + ↵0t+ ...

intercept +string scale



small digression: few (more exotic)	

non-perturbative Pomerons

• Kharzeev-Levin 2000: gluon ladder 
but with sigma rungs	


• Shuryak-Zahed 2000: instanton 
vertices, sphaleron rungs 

• Polchinski-Strassler 2002:            
AdS/CFT Pomeron, basically 
graviton exchange ↵(0) = 2�O(1/�)

1/2



Holographic Pomeron 
based on AdS/QCD

• the answer to the question is No: 	


• Only one Pomeron because  the gauge description 
on the boundary is dual to string description in the 
bulk. Weak and strong coupling are its limits	


• Concrete model of this type has been worked out by 
Zahed et al (Stoffers,Basar, Kharzeev): I will call it Z+	


• Our main statement: as a function of b there are 
three distinct regimes: subcritical, near-critical and 
supercritical!



AdS/QCD
• Holographic down-to-top model	


• 5-th curved coordinate z=1/r	


•  z=>0, large r is UV=> conformal	


• r=>0, large z is IR => confining wall
x

z confining wall=end of space

Maldacena  
pending strings

V (R) ⇠
p
�

R

V (R) ⇠ R

reproduces many things including correct Regge trajectories
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We revisit the problem of dipole-dipole scattering via exchanges of soft Pomerons in the context
of holographic QCD. We show that a single closed string exchange contribution to the eikonalized
dipole-dipole scattering amplitude yields a Regge behavior of the elastic amplitude; the correspond-
ing slope and intercept are di↵erent from previous results obtained by a variational analysis of
semi-classical surfaces. We provide a physical interpretation of the semi-classical worldsheets driv-
ing the Regge behavior for (�t) > 0 in terms of worldsheet instantons. The latter describe the
Schwinger mechanism for string pair creation by an electric field, where the longitudinal electric
field E

L

= �

T

tanh(�/2) at the origin of this non-perturbative mechanism is induced by the relative
rapidity � of the scattering dipoles. Our analysis naturally explains the di↵usion in the impact pa-
rameter space encoded in the Pomeron exchange; in our picture, it is due to the Unruh temperature
of accelerated strings under the electric field. We also argue for the existence of a ”micro-fireball”
in the middle of the transverse space due to the soft Pomeron exchange, which may be at the ori-
gin of the thermal character of multiparticle production in ep/pp collisions. After summing over
uncorrelated multi-Pomeron exchanges, we find that the total dipole-dipole cross section obeys the
Froissart unitarity bound.

PACS numbers: 12.39.Fe,12.38.Qk,13.40.Em

I. INTRODUCTION

Near-forward parton-parton and dipole-dipole scatter-
ing at high energies is sensitive to the infared aspects
of QCD. General QCD arguments show that the re-
summation of a class of t-channel exchange gluons may
account for the reggeized form of the scattering am-
plitude [1], qualitatively consistent with the observed
growth of the scattering amplitude [2]. Nevertheless
some empirical features of the hadron-hadron scattering
(e.g. the Pomeron slope) point to the importance of non-
perturbative e↵ects.

A nonperturbative formulation of high-energy scatter-
ing in QCD was originally suggested by Nachtmann [3]
and others [4, 5] using arguments in Minkowski space. At
high energy, the near-forward scattering amplitude can
be reduced to a correlation function of two Wilson lines
(parton-parton) or Wilson loops (dipole-dipole) in the
QCD vacuum. The pertinent correlation was assessed
in leading order using a two-dimensional sigma model
with conformal symmetry [4], and also the anomalous
dimension of the cross-singularity between the two Wil-
son lines [5]. Both analyses were carried out in Minkowski
geometry, with a close relation to QCD perturbation the-
ory.

An Euclidean formulation was used within the stochas-
tic vacuum model through a cumulant expansion in [6]
to assess the Wilson loop correlators in Euclidean space.

⇤

Electronic address: basar@tonic.physics.sunysb.edu

†

Electronic address: Dmitri.Kharzeev@stonybrook.edu

‡

Electronic address: hyee@tonic.physics.sunysb.edu

§

Electronic address: zahed@tonic.physics.sunysb.edu

Their phenomenological relevance to proton-proton sca-
tering was pursued in [7]. The instanton vacuum ap-
proach to the parton-parton and dipole-dipole scatter-
ing amplitudes was used in [8] to estimate the role of
instanton-antinstanton configurations in both the elastic
and inelastic amplitudes. In particular, a class of singu-
lar gauge configurations reminiscent of QCD sphalerons
were shown to be at the origin of the inelasticities. The
smallness of the pomeron intercept was shown to follow
from the smallness of the instanton packing fraction in
the QCD vacuum. The “instanton ladder” has been ar-
gued to generate the soft Pomeron both at weak [9, 10]
and strong coupling, through D-instantons [11]. First
principle considerations of the Wilson-line correlators in
Euclidean lattice gauge theory have now appeared in [12]
which may support the arguments for non-perturbative
physics in di↵ractive processes.

Elastic and inelastic scattering in holography have
been addressed initially in the context of the confor-
mally symmetric AdS

5

setting using Minkowskian string
surface exchanges between the Wilson-line/loops in the
eikonal approximation [13]. This approach was further
exploited in [14–17] to address the same problem in holo-
graphic QCD with confinement [18] for quark-antiquark
scattering. In the confined Euclidean background geom-
etry, it was assumed that the most part of string world-
sheet stays at the infrared (IR) end point in the holo-
graphic direction, so that the problem e↵ectively reduces
to the flat space one with an e↵ective string tension at
the IR end point. The helicoidal surface was argued as
the minimal string surface between two Wilson lines for
large impact parameter. The inelasticities (a deviation
of the amplitude from being a pure phase) were iden-
tified through a multibranch structure in analytic con-
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Contains the basic calculation of the string amplitude   
!
Euclid-Minkowski relation 
!
Wilson Line correlator 
!
!

3

of strings, so that the results for large k should be
modified.

In view of computing the connected expectation value
of two largely separated Wilson loops, we comment on
one aspect of our result. Indeed, we note that the semi-
classical worldsheets responsible for (1) exist for large
impact parameters. They are sustained by the rapidity
of the two Wilson loops. In the case of zero rapidity,
that is, for a pair of static Wilson loops, it has been
known that there is a phase transition at large distance
where semi-classical worldsheets connecting the two Wil-
son loops cease to exist [25], and one necessarily goes
to the perturbative supergravity mode exchanges. Inter-
estingly, this Gross-Ooguri transition is removed in our
case by a finite rapidity di↵erence between the two Wil-
son loops: there always exist semi-classical worldsheets
between the two Wilson loops with rapidity angle. In
the T-dual picture, this is due to the fact that a finite
electric field always admits stringy worldsheet instantons
for any separation of two end points of the string. One
can also check, for example in (35), that these contribu-
tions disappear in a static limit � ! 0, conforming to
the perturbative supergravity exchange regime, thanks
to the occurence of an essential singularity.

Although our results are based on general features of
holographic models with confinement, it is nonetheless
useful to have a reference model, expecially when we dis-
cuss the regime of validity of our approximations. We
will consider the double Wick-rotated non-extremal D4-
brane geometry by Witten [18]. This holographic QCD
with D4 branes o↵ers a nonperturbative framework for
discussing Wilson loops in the double limit of large num-
ber of colors Nc and t’ Hooft coupling � = g

2

Nc. The
e↵ective string tension at the IR end point is given by
�T = 2

27⇡M
2

KK� (or ↵0 = 1/2⇡�T ), although the expres-
sion is model-dependent and not essential for our pur-
poses.

The outline of the paper is as follows: in section II we
set the definitions for the eikonalized dipole-dipole scat-
tering amplitudes in the impact parameter space repre-
sentation, and review their analysis in Euclidean pertur-
bation theory. In section III we compute the string am-
plitude of t-channel closed string exchange between the
two dipole Wilson loops in holographic QCD, based on
a few reasonable assumptions. The Wilson-loop correla-
tion function is shown to pick up a real part (correspond-
ing to inelasticity) from the pole contributions generated
by the rapidity twisting of the bosonic zero modes. We
then identify these contributions with the semi-classical
worldsheet instantons in the Schwinger mechanism in the
T-dual picture, where the electric field is induced by the
relative rapidity. We also argue that not all contributions
from multiple k > 1 windings are physical due to a dif-
ference between real D0 brane and our Wilson loops, and
one necessarily needs to truncate the sum up to k = k

max

depending on the representation of the Wilson loops: for
the fundamental representation, k

max

= 1. We discuss a
related interesting issue of N -ality and k-strings in our

picture. In section IV, we obtain our elastic dipole-dipole
scattering amplitude from soft Pomeron exchange in the
momentum space, and discuss the phenomenology of our
results. The parallel between our Pomeron and the em-
pirical soft Pomeron advocated by Donnachie ans Land-
sho↵ are detailed in section V. In section VI, we exam-
ine the validity regime of our assumptions taken in the
computation. We then show in section VII that the to-
tal cross section from the eikonal exponentiation of our
results obeys the Froissart unitarity bound. Our conclu-
sions are in section VIII.

II. PERTURBATION THEORY

We consider an elastic dipole-dipole scattering

D

1

(p
1

) +D

2

(p
2

) ! D

1

(k
1

) +D

2

(k
2

) , (2)

with a dipole size a, and s = (p
1

+p

2

)2, t = (p
1

�k

1

)2, s+
t+u = 4m2. The color and spin of the incoming/outgoing
quarks inside the dipoles are traced over.
In Euclidean signature, the kinematics is fixed by not-

ing that the Lorentz contraction factor translates to

cosh� =
s

2m2

� 1 ! cos ✓ , (3)

where ✓ is the Euclidean angle between the two
high energy trajectories in the longitudinal space and
cosh(�/2) = � = (1 � v

2)�1/2 in the center of mass
frame. Scattering at high-energy in Minkowski geom-
etry follows from analytically continuing ✓ ! �i� in
the regime � ⇡ log (s/2m2) � 1 [26]. It is convenient
to consider the trajectories in the impact space repre-
sentation as p

1

/m = (cos(✓/2) ,�sin(✓/2), 0
?

), p
2

/m =
(cos(✓/2) , sin(✓/2), 0

?

), q = (0, 0, q
?

) and b = (0, 0, b
?

),
where q is the t-channel momentum (t = �q

2

?

< 0) and
b is the impact parameter. (The first two coordinates
are longitudinal space and the ? collectively means the
transverse two dimensional impact parameter space).

Using the eikonal approximation, LSZ reduction and
the analytic continuation discussed above, the dipole-
dipole scattering amplitude T in Euclidean space takes
the following form [3]

1

�2is
T (✓, q) ⇡
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d
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b e
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⇥
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iq?·b
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(4)

where

W(✓, b) =
1

Nc
Tr

✓
Pcexp

✓
ig

Z

C✓

d⌧ A(x) · v
◆◆

(5)

is the normalized Wilson loop for a dipole, hWi ⌘ 1.
In Euclidean geometry C✓ is a closed rectangular loop of
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pirical soft Pomeron advocated by Donnachie ans Land-
sho↵ are detailed in section V. In section VI, we exam-
ine the validity regime of our assumptions taken in the
computation. We then show in section VII that the to-
tal cross section from the eikonal exponentiation of our
results obeys the Froissart unitarity bound. Our conclu-
sions are in section VIII.

II. PERTURBATION THEORY

We consider an elastic dipole-dipole scattering
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) , (2)

with a dipole size a, and s = (p
1

+p

2

)2, t = (p
1

�k

1

)2, s+
t+u = 4m2. The color and spin of the incoming/outgoing
quarks inside the dipoles are traced over.
In Euclidean signature, the kinematics is fixed by not-

ing that the Lorentz contraction factor translates to

cosh� =
s

2m2

� 1 ! cos ✓ , (3)

where ✓ is the Euclidean angle between the two
high energy trajectories in the longitudinal space and
cosh(�/2) = � = (1 � v

2)�1/2 in the center of mass
frame. Scattering at high-energy in Minkowski geom-
etry follows from analytically continuing ✓ ! �i� in
the regime � ⇡ log (s/2m2) � 1 [26]. It is convenient
to consider the trajectories in the impact space repre-
sentation as p

1

/m = (cos(✓/2) ,�sin(✓/2), 0
?

), p
2

/m =
(cos(✓/2) , sin(✓/2), 0

?

), q = (0, 0, q
?

) and b = (0, 0, b
?

),
where q is the t-channel momentum (t = �q

2

?

< 0) and
b is the impact parameter. (The first two coordinates
are longitudinal space and the ? collectively means the
transverse two dimensional impact parameter space).

Using the eikonal approximation, LSZ reduction and
the analytic continuation discussed above, the dipole-
dipole scattering amplitude T in Euclidean space takes
the following form [3]
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is the normalized Wilson loop for a dipole, hWi ⌘ 1.
In Euclidean geometry C✓ is a closed rectangular loop of
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width a that is slopped at an angle ✓ with respect to the
vertical imaginary time direction (see FIG. 1). The two
dimensional integral in (4) is over the impact parameter
b with t = �q

2

?

, and the averaging is over the gauge
configurations using the QCD action.

In (4-5), the dipole sizes are fixed ; as such T is their
scattering amplitude. In [3], this amplitude is folded
with the target/projectile dipole distributions to generate
the pertinent hadron-hadron scattering amplitude. We
note their size a is generic for either longitudinal (aL) or
transverse (aT ) dipole size. In general, the dipole-dipole
scattering amplitude depends on the orientation of the
dipoles. We expect the amplitude to be of the form:

a

2 ! a

2

T + a

2

L/sin
2(✓/2) (6)

After analytic continuation to Minkowski space, the lon-
gitudinal orientation is suppressed by a power of 1/s
which is just the Lorentz contraction factor. Throughout,
a

2 will refer to a

2

T as the longitudinal dipole orientation
is suppressed at large s.

We will assume that the impact parameter b is large
in comparison to the typical time characteristic of the
Coulomb interaction inside the dipole, i.e. b � ⌧

0

⇡
a/g

2. As a result the dipoles are color neutral, and the
amplitude in perturbation theory is dominated by 2 gluon
exchange. Thus [8]
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cotan2 ✓

b

4

, (7)

for two identical dipoles of size a with polarizations along
the impact parameter b. The analytic continuation shows
that cotan ✓ ! 1, leading to a finite total cross section.
We note that T ⇠ (a/b)4�/N2

c , and thus subleading at
large Nc.

III. HOLOGRAPHIC COMPUTATION AND
THE SCHWINGER MECHANISM

In this section, di↵ractive dipole-dipole scattering in
holographic QCD will be pursued through closed string
exchanges between the two dipole Wilson loops. Instead
of working in the semi-classical approximation as origi-
nally proposed in [13–16] and dictated by the tenets of
holography, in the present approach we will attempt to
compute a full string partition function with reasonable
approximations. As a consequence some of our results in-
clude subleading ↵

0-corrections such as the intercept, al-
though the main focus of our discussion is on the leading
large � contributions dominated by semi-classical world-
sheets. Our motivation is to identify these contributions
via a more rigorous computation compared to the vari-
ational approaches taken in [14–16], resolving some of
the issues related to the multibranch structures in them.
Also, our computation will give us more physicsal insight
on the nature of these semi-classical worldsheets in terms
of a stringy version of the Schwinger mechanism with an
electric field induced by the probes relative rapidity.
For small dipoles and large impact parameter b, we

assume that most of the string worldsheet stays at the
IR end point, so that we have e↵ectively a flat-space with
an e↵ective string tension neglecting fluctuations along
the holographic direction. This approximation is based
on the generic form of the confining metric

ds
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2

z

2

f(z)
+

dx · dx
z

2

+ · · · , (8)

where dx · dx is the 4 dimensional flat metric and · · ·
stands for an extra compact space depending on a par-
ticular string theory compactification which is not im-
portant for our argument. For confinement, the func-
tion f(z) has a zero at some finite z = z

0

in the holo-
graphic direction. In order to minimize its area, the
string worldsheet connecting the dipoles that are placed
on the boundary z = 0 and separated by a large im-
pact parameter b, rapidly falls down to the IR end-point
z = z

0

. At the horizon where the string lives, the string
area is measured in units set by the e↵ective string ten-
sion �T ⌘ 1

2⇡↵0 =
1

2⇡l2s

1

z2

0

. For example, for Witten’s [18]

confining metric we have �T = 2

27⇡M
2

KK�. In fact, this
flat-space approximation is valid only in the regime of
the soft Pomeron where (�t)  M

2

KK [19], and this will
be assumed throughout our paper.
Also, we will neglect the fermionic degrees of freedom

on the string worldsheet, which is a deviating point from
the analysis in[19]. This is a question of worldsheet one-
loop determinant corrections to the leading semi-classical
string partition function. It is motivated by the results
in [27] for the standard Wilson loop, where it was shown
that for the static Wilson loop (✓ = 0), the worldsheet
one-loop contribution to the quark-antiquarkWilson loop
is dominated by massless bosonic degrees of freedom giv-
ing a Lüscher-type contribution, whereby the bosonic

5
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FIG. 2: (a) Closed string exchange as a funnel contribution
(b) Approximation similar to D0 brane scattering with subtle
di↵erences explained in the text. The coordinates are the
same as in FIG. 1.

mode along holographic direction and all worldsheet the
fermionic modes become massive and give only subdom-
inant contributions. In section VI, a more precise condi-
tion for this to be valid in our case will be presented, espe-
cially in comparison to the “locality” assumption in [19]
which breaks down for su�ciently large � = ln s. Based
on these approximations, our problem e↵ectively reduces
to the one in the flat space bosonic string theory. How-
ever, when we discuss dipoles of higher representations
at the end of the section, the nature of gauge/gravity
correspondence of holographic QCD will be important.

The Euclidean connected dipole Wilson loops correla-
tor

WW =
D
W(�✓/2,�b/2)W(✓/2, b/2)� 1

E
(9)

appearing in (4) gets the leading large Nc contribution
from the exchange of one closed string as in FIG. 2(a):
the closed string makes a funnel connecting the two
dipole Wilson loops. Note that the funnel has been
proposed long time ago as the geometry underlying the
Pomeron exchange within the framework of the “topolog-
ical expansion” [28]. We would like to compute the string
partition function summing over all possible fluctuations
within the same topology. This problem is di↵erent from
the closed string exchange between D-branes in a number
of ways:

1. In our case of funnels, the area inside the funnel is
empty so that the string action is reduced by that
amount, whereas for the D-brane case, there is no
such e↵ect.

2. In the D-brane case, multi-winding of the cylinder
topology is allowed without further large Nc sup-
pression, while it is not in the case of emission from
a string worldsheet. To have multi-winding, the
string genus has to increase leading to further 1

N2

c

suppression. This point will be relevant later when

we discuss the truncation of the multi-winding con-
tributions and the dipoles of higher representations.

As this is a di�cult problem in string theory due to
a finite dipole size a, we necessarily have to make rea-
sonable approximations that would allow us to proceed
while still giving us all essential features of the expected
result. For a small dipole size a, the two boundaries of
the funnel will be highly pinched along the dipole di-
rection, so that they e↵ectively lie on two straight lines
aligned along the direction of the Wilson loop trajecto-
ries as depicted in FIG. 2(b). This leads to a reason-
able approximation of treating these boundaries strictly
sitting on two straight lines inside the two dipole Wil-
son loops, and the string partition function over these
restricted configurations can be computed in a similar
manner as in the case of D0 brane scattering. After that,
the locations of the two boundary lines inside each dipole
will be integrated over with a measure naturally obtained
from the Polyakov string action, which gives us the final
amplitude with dependency on the dipole size a. As our
final result contains all the expected behaviors of Regge
trajectory and the intercept, the subset of full configu-
rations that we have chosen seems to be large enough to
contain all essential configurations relevant in the Regge
regime.
As discussed before, there are di↵erences between the

real D0 brane scattering amplitude and the amplitude we
would like to compute. The first point in regard to the
area reduction inside the funnels is fine in our approxima-
tion because the D0 brane cannot have a non-zero area
anyway. However, the second point is relevant and we
have to discard all higher winding contributions in our
final result as they are artifacts of D0 brane and are not
the allowed configurations in our original problem. They
will be relevant for scattering of dipoles in higher color
representations.
With these in mind, the Euclidean correlator as a

string partition function of one closed string exchange
is given by

WW = g

2

s

Z
1

0

dT

2T
K(T ) , (10)

where

K(T ) =

Z

T

d[x] e�S[x]+ghosts

, (11)

is the string partition function on the cylinder topology
with modulus T (T is the circumference of cylinder when
its length is normalized to 1) with suitable boundary con-
ditions that we just discussed above, and the Polyakov
string action is

S =
�T

2

Z T

0

d⌧

Z
1

0

d�

�
ẋ

µ
ẋµ + x

0

µ
x

0

µ

�
, (12)

in a conformal gauge h

ab = �

ab for the worldsheet met-
ric. The ghosts contributions follow from the diagonal
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mode along holographic direction and all worldsheet the
fermionic modes become massive and give only subdom-
inant contributions. In section VI, a more precise condi-
tion for this to be valid in our case will be presented, espe-
cially in comparison to the “locality” assumption in [19]
which breaks down for su�ciently large � = ln s. Based
on these approximations, our problem e↵ectively reduces
to the one in the flat space bosonic string theory. How-
ever, when we discuss dipoles of higher representations
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correspondence of holographic QCD will be important.

The Euclidean connected dipole Wilson loops correla-
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appearing in (4) gets the leading large Nc contribution
from the exchange of one closed string as in FIG. 2(a):
the closed string makes a funnel connecting the two
dipole Wilson loops. Note that the funnel has been
proposed long time ago as the geometry underlying the
Pomeron exchange within the framework of the “topolog-
ical expansion” [28]. We would like to compute the string
partition function summing over all possible fluctuations
within the same topology. This problem is di↵erent from
the closed string exchange between D-branes in a number
of ways:

1. In our case of funnels, the area inside the funnel is
empty so that the string action is reduced by that
amount, whereas for the D-brane case, there is no
such e↵ect.

2. In the D-brane case, multi-winding of the cylinder
topology is allowed without further large Nc sup-
pression, while it is not in the case of emission from
a string worldsheet. To have multi-winding, the
string genus has to increase leading to further 1
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suppression. This point will be relevant later when

we discuss the truncation of the multi-winding con-
tributions and the dipoles of higher representations.

As this is a di�cult problem in string theory due to
a finite dipole size a, we necessarily have to make rea-
sonable approximations that would allow us to proceed
while still giving us all essential features of the expected
result. For a small dipole size a, the two boundaries of
the funnel will be highly pinched along the dipole di-
rection, so that they e↵ectively lie on two straight lines
aligned along the direction of the Wilson loop trajecto-
ries as depicted in FIG. 2(b). This leads to a reason-
able approximation of treating these boundaries strictly
sitting on two straight lines inside the two dipole Wil-
son loops, and the string partition function over these
restricted configurations can be computed in a similar
manner as in the case of D0 brane scattering. After that,
the locations of the two boundary lines inside each dipole
will be integrated over with a measure naturally obtained
from the Polyakov string action, which gives us the final
amplitude with dependency on the dipole size a. As our
final result contains all the expected behaviors of Regge
trajectory and the intercept, the subset of full configu-
rations that we have chosen seems to be large enough to
contain all essential configurations relevant in the Regge
regime.
As discussed before, there are di↵erences between the

real D0 brane scattering amplitude and the amplitude we
would like to compute. The first point in regard to the
area reduction inside the funnels is fine in our approxima-
tion because the D0 brane cannot have a non-zero area
anyway. However, the second point is relevant and we
have to discard all higher winding contributions in our
final result as they are artifacts of D0 brane and are not
the allowed configurations in our original problem. They
will be relevant for scattering of dipoles in higher color
representations.
With these in mind, the Euclidean correlator as a
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width a that is slopped at an angle ✓ with respect to the
vertical imaginary time direction (see FIG. 1). The two
dimensional integral in (4) is over the impact parameter
b with t = �q

2

?

, and the averaging is over the gauge
configurations using the QCD action.

In (4-5), the dipole sizes are fixed ; as such T is their
scattering amplitude. In [3], this amplitude is folded
with the target/projectile dipole distributions to generate
the pertinent hadron-hadron scattering amplitude. We
note their size a is generic for either longitudinal (aL) or
transverse (aT ) dipole size. In general, the dipole-dipole
scattering amplitude depends on the orientation of the
dipoles. We expect the amplitude to be of the form:

a

2 ! a

2

T + a

2

L/sin
2(✓/2) (6)

After analytic continuation to Minkowski space, the lon-
gitudinal orientation is suppressed by a power of 1/s
which is just the Lorentz contraction factor. Throughout,
a

2 will refer to a

2

T as the longitudinal dipole orientation
is suppressed at large s.

We will assume that the impact parameter b is large
in comparison to the typical time characteristic of the
Coulomb interaction inside the dipole, i.e. b � ⌧

0

⇡
a/g

2. As a result the dipoles are color neutral, and the
amplitude in perturbation theory is dominated by 2 gluon
exchange. Thus [8]
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4

, (7)

for two identical dipoles of size a with polarizations along
the impact parameter b. The analytic continuation shows
that cotan ✓ ! 1, leading to a finite total cross section.
We note that T ⇠ (a/b)4�/N2

c , and thus subleading at
large Nc.

III. HOLOGRAPHIC COMPUTATION AND
THE SCHWINGER MECHANISM

In this section, di↵ractive dipole-dipole scattering in
holographic QCD will be pursued through closed string
exchanges between the two dipole Wilson loops. Instead
of working in the semi-classical approximation as origi-
nally proposed in [13–16] and dictated by the tenets of
holography, in the present approach we will attempt to
compute a full string partition function with reasonable
approximations. As a consequence some of our results in-
clude subleading ↵

0-corrections such as the intercept, al-
though the main focus of our discussion is on the leading
large � contributions dominated by semi-classical world-
sheets. Our motivation is to identify these contributions
via a more rigorous computation compared to the vari-
ational approaches taken in [14–16], resolving some of
the issues related to the multibranch structures in them.
Also, our computation will give us more physicsal insight
on the nature of these semi-classical worldsheets in terms
of a stringy version of the Schwinger mechanism with an
electric field induced by the probes relative rapidity.
For small dipoles and large impact parameter b, we

assume that most of the string worldsheet stays at the
IR end point, so that we have e↵ectively a flat-space with
an e↵ective string tension neglecting fluctuations along
the holographic direction. This approximation is based
on the generic form of the confining metric
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2

f(z)
+

dx · dx
z

2

+ · · · , (8)

where dx · dx is the 4 dimensional flat metric and · · ·
stands for an extra compact space depending on a par-
ticular string theory compactification which is not im-
portant for our argument. For confinement, the func-
tion f(z) has a zero at some finite z = z

0

in the holo-
graphic direction. In order to minimize its area, the
string worldsheet connecting the dipoles that are placed
on the boundary z = 0 and separated by a large im-
pact parameter b, rapidly falls down to the IR end-point
z = z

0

. At the horizon where the string lives, the string
area is measured in units set by the e↵ective string ten-
sion �T ⌘ 1

2⇡↵0 =
1

2⇡l2s

1

z2

0

. For example, for Witten’s [18]

confining metric we have �T = 2

27⇡M
2

KK�. In fact, this
flat-space approximation is valid only in the regime of
the soft Pomeron where (�t)  M

2

KK [19], and this will
be assumed throughout our paper.
Also, we will neglect the fermionic degrees of freedom

on the string worldsheet, which is a deviating point from
the analysis in[19]. This is a question of worldsheet one-
loop determinant corrections to the leading semi-classical
string partition function. It is motivated by the results
in [27] for the standard Wilson loop, where it was shown
that for the static Wilson loop (✓ = 0), the worldsheet
one-loop contribution to the quark-antiquarkWilson loop
is dominated by massless bosonic degrees of freedom giv-
ing a Lüscher-type contribution, whereby the bosonic
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simple sum of fundamental strings, and it is typically de-
scribed by D-branes wrapping appropriate cycles. For
example, in Witten’s geometry, the k-antisymmetrized
representation, corresponding to k-string, is described by
D4 brane wrapping the internal S3 ⇢ S

4 cycle, whose
string tension features Casimir scaling [38]

�k = �T k(Nc � k)/(Nc � 1) , (69)

although the precise form of the string tension �k is
model-dependent [39].

On these composite worldsheets made of k
max

funda-
mental strings, it is indeed possible to attach k multi-
winding worldsheets of fundamental strings up to k 
k

max

. It is easy to understand this as in FIG. 4.
For example, if dipole the Wilson loops in the k

max

-
antisymmetrized representation emit/absorb k multi-
wound strings, the interior of the funnel should be a
(k

max

� k)-string worldsheet by string charge conserva-
tion. This gives an inequality k  k

max

. Therefore, in
the sum (65) one might keep the terms up to k  k

max

.
However, there are two subtleties regarding this. The

first one is the additional large Nc suppression as k be-
comes close to k

max

. The way to count the Nc depen-
dence is the following. One can think of a k

max

-string as
a simple sum of a k

max

number of fundamental strings for
the purpose of large Nc counting. Assume that one fun-
damental string gets emitted from them. The emission
from a single string entails gs ⇠ 1

Nc
, and there are k

max

possible ways to attach the emitted string, so this process
has k

max

Nc
factor as a coupling constant. For the two string

emission (corresponding to k = 2), one has k
max

(k
max

�1)

2N2

c

because a single string cannot emit two strings without a
large Nc suppression. For a general k, it is k

max

Ck ·N�k
c .

When k

max

⇠ Nc, there is indeed no additional large
Nc suppression in the summation over k for small k, but
when k ⇠ k

max

it is clear that they are a↵ected by an ad-
ditional large Nc suppression. Another subtlety is that
the k’th contribution in (65) contains the tension of k

number of strings as k�T , which can be seen in the first
term in the exponent of the second line. When k ⇠ Nc

in the case of k
max

⇠ Nc, this tension should be replaced
by the suitable k-string tension, for example (69). As
a result, one can really trust the k-sum in (65) only for
small k ⌧ Nc.

IV. HOLOGRAPHY: ELASTIC AMPLITUDE

The elastic dipole-dipole scattering amplitude follows
from (4) after inserting the pole contributions (65). Per-
forming the integration over transverse b yields
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⇥d(n) s�2n/k+D?/12k+↵0t/2k
, (70)

with k

max

depending on the representation. Although
the Gaussian b-integral is dominated by the imaginary
saddle point

b = i↵

0

�

p�t/k , (71)

in the real b-space it is clear that the dominant region is

b ⇠ min

✓p
2�↵0

/k,

1p�t

◆
. (72)

All the n 6= 0 contributions from string vibrations are
suppressed by s

�2n/k relative to n = 0 contributions at
large s. Thus
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(73)

where

↵Pk(t) = 1 +
D

?

12k
+

↵

0

2k
t . (74)

Therefore we have multiple Pomeron-like trajectories of
↵Pk(t). One has ↵Pk(t) > ↵P(k+1)

(t) when

(�t) <
D

?

6↵0

=
⇡D

?

�T

3
=

2D
?

81
M

2

KK� , (75)

which is always satisfied for the soft Pomeron regime,
so that the leading Pomeron trajectory for dipole-dipole
scattering follows from a closed string exchange with k =
1.
In [14, 16] a result similar to (74) was derived for quark-

quark scattering using a classical helicoidal surface ex-
change and then corrected by one-loop bosonic quantum
fluctuations. Our construction is physically transparent
as it details the physical nature of the mechanism, and
describes the produced states at the origin of the inelas-
ticity in dipole-dipole scattering. The produced states
are initially heavy extended strings of typical energy
EL ⇠ b�T ⇠ bM

2

KK� that ultimately decay (in 1/Nc)
to lighter closed string glueballs of energy EG ⇠ MKK�

0

[40].
The Pomeron slope for dipole-dipole scattering is ↵0

/2.
The contribution D

?

/12 in the intercept is the Lüscher-
type contribution [41] noted in [16], although it di↵ers by
a factor of 1/8 from our result. Numerically, the leading
Pomeron parameters of (74) are

(↵P1

,↵

0

P1

) = (1.58, 0.45 GeV�2) , (76)

for D

?

= 7 and ↵
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(crosses) separated by the impact parameter b: the
cold string case � < �H (a); the near-critical string
case � ! �H (b).

lision energies (not reached at colliders) it may
approach the Hagedorn temperature T ! TH .
At current energies (LHC) it can also happen,
as fluctuations. We will argue that in this new
regime the string will develop large excitations
in the form of a “string ball” depicted in Fig.3b.

The SZ model [? ? ] is based on bosonic
string exchanges between the colliding high en-
ergy objects. It is essential that the QCD string
with a nonzero tension related to QCD confine-
ment is used, and not the conformal superstring
which has a massless spin-2 graviton excita-
tion. There is no supersymmetry and gravi-
tons transmutes to a massive spin-2 glueball
with an exponentially small contribution in the
Pomeron di↵usive limit [? ? ]. However there is
still a large Nc parameter, related with a small
string coupling gs and a large ’t Hooft coupling
� = gsNc so that 1/� e↵ects of the curved ge-
ometry will be considered as subleading.

At very high energies the rapidity interval pa-
rameter can be used as a large parameter

� = ln(s/s
0

)� 1 (12)

It will play the role of the e↵ective time in what
follows. Transverse momentum transfer is held
fixed t = �q2 and soft. The main phenomenon
to be studied is the string di↵usion. Two lon-
gitudinal directions – time and the beam di-
rection, also often used as light cone variables
x± – are complemented by two transverse co-
ordinates plus a “scale coordinate” z. Its ini-
tial value corresponds to a physical size of the
colliding dipoles and di↵usion means the pro-
duction of small size closed strings. The z-
coordinate is not flat. We will model its metric
by an AdS

5

with a wall. The number of trans-
verse coordinates, which will play an important

FIG. 4: Dipole-dipole scattering with separation b:
Pomeron exchange (a); Reggeon exchange (b).

role in the following, is thus

D? = 3 (13)

We will now review the Pomeron results and
its associated entropy in this setting. The am-
plitude of the elastic dipole-dipole scattering in
Fig. 4a reads [? ? ? ]

1
�2is

T (s, t; k) ⇡ g2

s

Z
d2

b eiq·b
KT (�,b; k)(14)

where KT is the Pomeron propagator for dipole
sources of color Nc-ality k describing the string
flux. k runs over all integers till Nc/2 for even
Nc and Nc/2 + 1/2 for odd ones. In the real
world with the SU(3) color group, k = 1 is
the usual string between fundamental charges
(quarks) and the largest tension k = 2 is the one
between two baryon junctions. The first argu-
ment of the propagator is � = 2⇡b/�, where
b is the impact parameter. gs ⇡ 1/Nc is the
string coupling.

The explicit form of KT for the standard long
strings regime

b > � > �H (15)

follows from the Polyakov string action,

KT (�,b; 1) =
✓

�

4⇡2

b

◆D?/2

(16)

⇥
1X

n=0

d(n) e���b (1��2
H/2�2

+8⇡n/��2)
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� is our large parameter (14). The last inte-
ger argument k describes the color string flux,
known also as Nc-ality and related to Young
tableaux of the color representations. In partic-
ular, for the antisymmetric ones k runs over all
integers till Nc/2 for even Nc, and Nc/2 � 1/2
for odd ones. While we will show k in some
formulae below, we will only use the usual
string between fundamental charges (quarks)
and k = 1, for the real world of SU(3) color.
Only when we will need the large-Nc counting
we will recall more general groups. Note that
the first factor in the amplitude or the string
coupling is gs ⇡ 1/Nc in the standard large-Nc

counting.
The previous literature focuses on what we

call the “cold” regime of the string

b � � � �̃H (17)

where the former inequality follows from large
collision energy (14) and the latter implies that
the string is nearly straight, with small e↵ective
excitations (small e↵ective T ). The meaning of
the tilde on the Hagedorn temperature (or the
corresponding Matsubara time � = 1/T ) will
be explained below in (36). The explicit form
of KT was calculated in [4] using the Polyakov
string action. For reasons to become clear as
we proceed to the main part of this paper, we
rewrite it in somewhat di↵erent notations

KT (�,b; 1) =

✓
�

4⇡

2

b

◆D?/2

⇥e

���b (1�(

˜�H/�)

2/2) (18)

⇥
1X

n=0

d(n) e

���b (1��2
H/2�2

+8⇡n/��2)

The first combination of parameters in the
exponents 2(��/2b) is the classical action.
Here we emphasize the length �/2 or the semi-

circle, which first appeared in the semi-classical
approach to pair production in an electric field
process back in 1931’s [32]. Note that we calcu-
late the elastic amplitutude, in which a pair of
virtually produced open strings makes a com-
plete circle. This amplitude is the same as the
cross section, or the modulus square of the in-
elastic amplitudes, with each corresponding to
a tube cut in half, or two semicircles .

The first correction in the second line is due
to the “thermal” excited states of the string:
it corresponds to the so called Luscher term in
the string-induced potential. We wrote it using
the (tilde) Hagedorn temperature of the double
string (11) . While physically in inelastic am-
plitude one produces an ordinary fundamental
string, the conjugated amplitude has another
anti-string, making it into a double string. (
The e↵ective temperature is defined di↵erently,
as the Unruh temperature related to a fixed ac-
celeration/tension of the string: in this case it
depends on k as �U = �/k = 2⇡b

�k )
The last term in the exponent, contains a

summation over the integer n. It is due to
“tachyon string modes. The asymptotic den-
sity of states calculated long ago in [33] is

d(n � 1) ⇡ e

2⇡
p

D? n/6

/n

D?/4 (19)

with d(0) = 1 and d(1) = D?.
As we mentioned, the expression (18) has

been derived in [4] from the semiclassical ap-
proach to a Polyakov string, but ( to leading
order in 1/�) it can alternatively be derived
from a di↵usion equation

�
@� + Dk

�
M

2

0

� r2

b

��
KT = 0 (20)

where the rapidity � interval is the time and
the di↵usion happens in the (curved) transverse
space with the di↵usion constant Dk = ↵

0
/2k =

l

2

s/k. This di↵usion (20) is nothing else but the
Gribov di↵usion of the Pomeron, leading on av-
erage to an impact parameter

⌦
b

2

↵
= Dk� for

close Pomeron strings. If the “mother dipoles”
are small in size, the di↵usion is close to the UV
end of the holographic coordinates and pertur-
bative results are expected. For large times or
dipole sizes, b is large and the string di↵uses
to the confining holographic region near the IR
end of space, with a “confining wall”.

The tachyon mass is related to the string
modes as

M

2

0

=
4D?
↵

0

 1X

n=1

n

e

2�n/k � 1
� 1

24

!
(21)

with D? = 3 in AdS
5

with a wall. The extra
z coordinate is di↵erent from others. A finite
size dipole sitting at a height z a finite distance
from the confining wall, experiences corrections
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close Pomeron strings. If the “mother dipoles”
are small in size, the di↵usion is close to the UV
end of the holographic coordinates and pertur-
bative results are expected. For large times or
dipole sizes, b is large and the string di↵uses
to the confining holographic region near the IR
end of space, with a “confining wall”.

The tachyon mass is related to the string
modes as
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5

with a wall. The extra
z coordinate is di↵erent from others. A finite
size dipole sitting at a height z a finite distance
from the confining wall, experiences corrections

7

S

T

3

Tc TH T

A

B

FIG. 3: (Color on-line) Schematic temperature de-
pendence of the entropy density. The dashed line
represents equilibrium gluodynamics with a first or-
der transition at T = Tc. The solid line between
points A and B represents the expected behavior of
a single string approaching its Hagedorn tempera-
ture TH .

nomenon not discussed previously. Another
new element of our discussion (which is based
on some recent ideas and technical progress
in string theory) is the strong similarities we
demonstrate between this “string ball” and the
black hole, in terms of an e↵ective temperature-
entropy relations and even an e↵ective viscosity
we will evaluate.

II. HOLOGRAPHIC POMERON

A. The SZ model

The SZ model [2, 3] is based on the QCD
string with a nonzero tension related to QCD
confinement, not the conformal superstring
with its famed massless excitations including
the spin-2 graviton. There is no supersymmetry
and gravitons transmutes into a massive spin-2
glueball with an exponentially small contribu-
tion in the Pomeron di↵usive limit [4, 8].

The holographic approach used in the SZ
model is inherently bottom-up with the holo-
graphic direction playing the role of the renor-
malization group as noted in the introduction.

However there is still a large Nc parameter for
book-keeping, with a small string coupling gs

and a large ’t Hooft coupling � = gsNc so
that 1/� e↵ects of the curved geometry will be
considered as subleading. The setting includes
AdS

5

-like space with a confining wall where the
important number of transverse directions is
physically identified with

D? = 3 (13)

containing the transverse plane and the holo-
graphic direction. We refer to it as the SZ
model: noting however that its technical core
– the calculation of the Euclidean amplitude of
the twisted tube exchange – was done in [4].

At very high energies the standard large pa-
rameter

� = ln(s/s

0

) � 1 (14)

will play the role of an e↵ective time. The
transverse momentum transfer is held fixed t =
�q

2 ⇠ 1 GeV ⌧ s. The main phenomenon
to be studied is the string di↵usion. The two
longitudinal directions – time and the beam di-
rection, are often substituted by the light cone
variables x± – are complemented by two trans-
verse coordinates plus one more holographic or
“scale coordinate” z. The initial value of z cor-
responds to the physical size of the colliding
dipoles. The di↵usion describes the appear-
ance of smaller or larger size dipoles. The z-
coordinate is not flat: one models its metric by
an AdS

5

with a wall.
We will now review the Pomeron results

in this setting. The amplitude of the elastic
dipole-dipole scattering reads [2–4]

1

�2is

T (s, t; k) ⇡ g

2

s

Z
d

2

b e

iq·b
KT (�,b; k)(15)

where KT is the Pomeron propagator. One
of its arguments, b, is the impact parameter,
which is the length of a “twisted tube”, pro-
viding a semiclassical solution to the problem.
The other � is the circumference (not radius) of
the tube. Its analogy with the Matsubara time
leads to introduction of an e↵ective temperature

T . Its value depends on the rapidity interval �

and is proportional to the impact parameter

� =
1

T

=
2⇡b

�

(16)

� = log(s)
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a single string approaching its Hagedorn tempera-
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where KT is the Pomeron propagator. One
of its arguments, b, is the impact parameter,
which is the length of a “twisted tube”, pro-
viding a semiclassical solution to the problem.
The other � is the circumference (not radius) of
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leads to introduction of an e↵ective temperature
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� is our large parameter (14). The last inte-
ger argument k describes the color string flux,
known also as Nc-ality and related to Young
tableaux of the color representations. In partic-
ular, for the antisymmetric ones k runs over all
integers till Nc/2 for even Nc, and Nc/2 � 1/2
for odd ones. While we will show k in some
formulae below, we will only use the usual
string between fundamental charges (quarks)
and k = 1, for the real world of SU(3) color.
Only when we will need the large-Nc counting
we will recall more general groups. Note that
the first factor in the amplitude or the string
coupling is gs ⇡ 1/Nc in the standard large-Nc

counting.
The previous literature focuses on what we

call the “cold” regime of the string

b � � � �̃H (17)

where the former inequality follows from large
collision energy (14) and the latter implies that
the string is nearly straight, with small e↵ective
excitations (small e↵ective T ). The meaning of
the tilde on the Hagedorn temperature (or the
corresponding Matsubara time � = 1/T ) will
be explained below in (36). The explicit form
of KT was calculated in [4] using the Polyakov
string action. For reasons to become clear as
we proceed to the main part of this paper, we
rewrite it in somewhat di↵erent notations

KT (�,b; 1) =

✓
�

4⇡

2

b

◆D?/2

⇥e

���b (1�(

˜�H/�)

2/2) (18)

⇥
1X

n=0

d(n) e

���b (1��2
H/2�2

+8⇡n/��2)

The first combination of parameters in the
exponents 2(��/2b) is the classical action.
Here we emphasize the length �/2 or the semi-

circle, which first appeared in the semi-classical
approach to pair production in an electric field
process back in 1931’s [32]. Note that we calcu-
late the elastic amplitutude, in which a pair of
virtually produced open strings makes a com-
plete circle. This amplitude is the same as the
cross section, or the modulus square of the in-
elastic amplitudes, with each corresponding to
a tube cut in half, or two semicircles .

The first correction in the second line is due
to the “thermal” excited states of the string:
it corresponds to the so called Luscher term in
the string-induced potential. We wrote it using
the (tilde) Hagedorn temperature of the double
string (11) . While physically in inelastic am-
plitude one produces an ordinary fundamental
string, the conjugated amplitude has another
anti-string, making it into a double string. (
The e↵ective temperature is defined di↵erently,
as the Unruh temperature related to a fixed ac-
celeration/tension of the string: in this case it
depends on k as �U = �/k = 2⇡b

�k )
The last term in the exponent, contains a

summation over the integer n. It is due to
“tachyon string modes. The asymptotic den-
sity of states calculated long ago in [33] is

d(n � 1) ⇡ e

2⇡
p

D? n/6

/n

D?/4 (19)

with d(0) = 1 and d(1) = D?.
As we mentioned, the expression (18) has

been derived in [4] from the semiclassical ap-
proach to a Polyakov string, but ( to leading
order in 1/�) it can alternatively be derived
from a di↵usion equation

�
@� + Dk
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� r2

b

��
KT = 0 (20)

where the rapidity � interval is the time and
the di↵usion happens in the (curved) transverse
space with the di↵usion constant Dk = ↵

0
/2k =
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s/k. This di↵usion (20) is nothing else but the
Gribov di↵usion of the Pomeron, leading on av-
erage to an impact parameter
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↵
= Dk� for

close Pomeron strings. If the “mother dipoles”
are small in size, the di↵usion is close to the UV
end of the holographic coordinates and pertur-
bative results are expected. For large times or
dipole sizes, b is large and the string di↵uses
to the confining holographic region near the IR
end of space, with a “confining wall”.

The tachyon mass is related to the string
modes as
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e

2�n/k � 1
� 1

24

!
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with D? = 3 in AdS
5

with a wall. The extra
z coordinate is di↵erent from others. A finite
size dipole sitting at a height z a finite distance
from the confining wall, experiences corrections
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been derived in [4] from the semiclassical ap-
proach to a Polyakov string, but ( to leading
order in 1/�) it can alternatively be derived
from a di↵usion equation

�
@� + Dk

�
M

2

0

� r2

b

��
KT = 0 (20)

where the rapidity � interval is the time and
the di↵usion happens in the (curved) transverse
space with the di↵usion constant Dk = ↵

0
/2k =

l

2

s/k. This di↵usion (20) is nothing else but the
Gribov di↵usion of the Pomeron, leading on av-
erage to an impact parameter

⌦
b

2

↵
= Dk� for

close Pomeron strings. If the “mother dipoles”
are small in size, the di↵usion is close to the UV
end of the holographic coordinates and pertur-
bative results are expected. For large times or
dipole sizes, b is large and the string di↵uses
to the confining holographic region near the IR
end of space, with a “confining wall”.

The tachyon mass is related to the string
modes as

M

2

0

=
4D?
↵

0

 1X

n=1

n

e

2�n/k � 1
� 1

24

!
(21)

with D? = 3 in AdS
5

with a wall. The extra
z coordinate is di↵erent from others. A finite
size dipole sitting at a height z a finite distance
from the confining wall, experiences corrections

⇥
X

n=0..1
d(n)exp(�2�n)

connection to 	

Gribov diffusion
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M2pp^2
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the slope at MM=0 (called prime) is  propotional to size squared, 
so the size ratio is
(the larger slope of the daughter means the object has smaller size!) 
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J

Pomeron => 
!

1st daughter

Based on PC=++ states from lattice studyDaughter trajectories 
must be multiply degenerate because string  
number of states grows exponentially

4

more quantitiative for certain gauge theories,
unfortunately not (yet) for confined QCD.

A schematic picture of the (color) dipole-
dipole scattering via a surface exchange is
shown in Fig.1. It can be alternatively viewed
as an exchange of a closed string glueball state,
or a virtual production of a pair of open strings,
which later annihilate each other. The deriva-
tion of the elastic and inelastic amplitudes gen-
erated by a surface exchanges were addressed
using bosonic variational surfaces [7–9]. It
has been realized that in pure AdS with N=4
supersymmetry and conformal symmetry the
holographic Pomeron should be associated with
a spin-2 graviton exchange [10], see also a
black-disk model [11].

C. Glueball Regge trajectories

Nowhere in this paper the presence of quarks
– fundamental color charges – in QCD would be
important, as all objects discussed are made of
glue. Therefore it is instructive to completely
forget about quark-related states (mesons and
baryons) and the corresponding Regge trajec-
tories, and discuss only those which are associ-
ated with physical states of pure gauge theory,
the glueballs. The glueball spectroscopy on the
lattice is well developed, from e.g. [29], but we
still review it in connection with later data and
Reggeons.

In Fig. 2 we display a compilation of all
J

PC = J

++ states defined in the lattice sim-
ulations [30]. There are several Regge trajec-
tories. The upper one includes four states, the
Pomeron and the J

++ = 2++

, 4++

, 6++ states.
Its quadratic fit is

J = ↵(0) + ↵

0(0)M2 +
↵

00(0)

2
M

4 (2)

↵

0(0) = 0.92/M

2

2++

, ↵

00(0) = 0.05/M

4

2++

using units of M

2++

= 2.15 GeV. Its continua-
tion to negative t = M

2 is separately observable
in scattering experiments.

The “first daughter” trajectory, consisting of
three states J

++ = 0++

, 2⇤++

, 3++, seems to
be quite linear with a negative intercept. Using

glueball reggeons
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FIG. 2: (Color online) Glueball Regge trajectories
from lattice [30].

the “input Pomeron” [25] one finds the inter-
cept gap

�↵

1

= ↵P (0) � ↵D1

(0) ⇡ 2.0 (3)

The next three daughter trajectories (also in-
dicated on the plot, but by the dashed lines)
have only one – the scalar – excited glueball in
[30], so in the plot we had to assume that all
daughters share the same slope (of course this
needs not be generally be correct). The second
gap

�↵

2

= ↵P (0) � ↵D2

(0) ⇡ 4 (4)

which is in overall agreement with the holo-
graphic result (31) below, with the gaps 2 and
4, respectively.

The di↵erence in slopes ↵

0
D1

> ↵

0
P , observed

in the glueball spectra is not predicted by the
string models in flat space. Physically this dif-
ference means that the states of the daughter
trajectories have larger spatial size than the
Pomeron one. Since the second daughter tra-
jectory corresponds to even higher excitations,
their size and thus their slope ↵

0
D2

is perhaps
also larger than ↵

0
D1

. Thus the gap between
the intercepts �↵

2

is perhaps larger than the
estimate above.

Since the number of states with momentum
J is J(J + 1) and MJ ⇠ p

J one might think
that the density of states grow as a power of
the mass. However, this is not so, as has

Harvey Meyer, hep-lat 0508002
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one and 2 particle spectra: 
Kancheli-Mueller diagrams
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strings. In fact two particle correlation func-
tions in high multiplicity events are measured
by CMS. Including the leading Pomeron and its
first daughters to the 2-particle correlation, i.e.

dN

d�y

= CP e

�y(1�↵P (0)) + CP 0
e

�y(��↵1) + . . .

(81)
one can try to describe the CMS data, The
second contribution stands for the first daugh-
ter, while the dots for the higher ones. Note
that the Pomeron has an empirical intercept
of 1.08 � 1.20, making the first contribution
slightly rising with the rapidity interval, as
is indeed observed. The “Pomeron daughter”
contribution rapidly decreases with the rapid-
ity interval since the di↵erence of intercepts is
large (3). (The same is even more so for the sec-
ond daughter since the di↵erence in interceptys
is even larger. We don’t see that component at
all.)

In Fig. 8 we show the experimental data
on the two-particle rapidity distribution from
CMS which we fitted as a function of �y. The
fit suggests �↵

1

= 2.2 ± 0.2, which is in the
vicinity of the value (3) obtained by the Regge
extrapolation of the lattice glueball data.

The most notable feature of this fit is the fact
that the coe�cient of the “Pomeron daughter”
is larger by a factor ⇠ 30 than that of the lead-
ing Pomeron. We take it as the first direct con-
firmation of a large cluster production in high
multiplicity events. Such a strong enhancement
of the subleasing Pomeron is also supported by
our holographic estimate (31). To summarize
this point, we suggest that the so-called “jet-
peak” structure seen in two-particle correlators,
is actually a hadronic cluster originating from
a string-ball.

This suggestion should of course be tested
further. The peak is not only in rapidity �y

variable, but it also has a certain shape in az-
imuthal angle ��. At this time, we have not
analyzed whether this shape can or cannot be
described by the exchanged Pomeron and its
daughters.

Another prominent observed structure is the
so called away-side peak at �� ⇡ ⇡. At large
p? this is ascribed to di-jet events. At smaller
p? the away-side balances kinematically the
trigger particle. If the Pomeron is described
perturbatively, via gluon ladders in weak cou-
pling, then the back-to-back correlations are
natural. In central pA collisions those are en-
hanced, and a quantitative discussion of this
e↵ect is available due to Dusling and Venu-
gopalan [48]. As shown by those and other
authors, gluon diagrams also generate certain
elliptic asymmetry v

2

, as the impact parameter
direction is dynamically di↵erent from the other
transverse direction. Our stringy Pomeron,
even in “cold” regime, is also a tube elongated
along the impact parameter. The v

2

-like ellip-
tic e↵ect in particles originated from it remains
to be calculated.

To sum up: we suggest that the so called
“jet” peak in the correlation function (at not
too high p? < 4 GeV) has nothing to do with
actual jets and pQCD, but is a result of a string
ball production. In Regge language it is de-
scribed by the enhanced exchange due to the

first Pomeron daughter .
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CMS correlation function does 
contain small rapidity correlation
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so it means the second daughter works, for some reason

let me plot the Regge plot for glueballs and try to understand it 
I use lattice glueball masses as input from Harvey 0508002 4d su(3) table 7.12
notations are JPC and I used the lower states with ++ signatures

 M0ppd 1.475; M2ppd 2.15; M3ppd 3.385; M4ppd 3.64; M2stard 2.88; M6pp
d 4.36; M0star1d 2.755; M0star2d 3.37; M0star3d 3.99;

M0pp := 1.475
M2pp := 2.15
M3pp := 3.385
M4pp := 3.64
M2star := 2.88
M6pp := 4.36

M0star1 := 2.755
M0star2 := 3.37
M0star3 := 3.99

pomd 0, 1.08 ; scald M0pp2, 0 ; tend M2pp2, 2 ;  threed M3pp2, 3 ; four

�y

dN

d�y

D1

P

It was interpreted as jet, but we interpret is as a “string ball” 
cluster. Note it is seen  for medium pt=1-3 GeV. 

exp(�2�⌘)

4 5 Results

|h| < 1 region for pT > 0.6 GeV/c. For the multiplicity range studied here, little or no depen-
dence of the tracking efficiency on multiplicity is found and the rate of misreconstructed tracks
remains at the 1–2% level.

Simulations of pp, pPb and peripheral PbPb collisions using the PYTHIA, HIJING and HYDJET
event generators, respectively, yield efficiency correction factors that vary due to the different
kinematic and mass distributions for the particles produced in these generators. Applying
the resulting correction factors from one of the generators to simulated data from one of the
others gives associated yield distributions that agree within 5%. Systematic uncertainties due
to track quality cuts are examined by loosening or tightening the track selections on dz/s(dz)
and dxy/s(dxy) from 2 to 5. The associated yields are found to be insensitive to these track
selections within 2%.

ηΔ-4
-2

0
2

4

φΔ 0
2

4

φ
Δ

 dη
Δd

pa
ir

N2 d
 

tri
g

N1 0.16
0.18
0.20

 < 35trk
offline = 5.02 TeV, NNNsCMS pPb  

 < 3 GeV/c
T

1 < p
(a)

ηΔ-4
-2

0
2

4

φΔ 0
2

4

φ
Δ

 dη
Δd

pa
ir

N2 d  
tri

g
N1 1.6

1.7
1.8

 110≥ trk
offline = 5.02 TeV, NNNsCMS pPb  

 < 3 GeV/c
T

1 < p
(b)

Figure 1: 2-D two-particle correlation functions for 5.02 TeV pPb collisions for pairs of charged
particles with 1 < pT < 3 GeV/c. Results are shown (a) for low-multiplicity events (Noffline

trk <
35) and (b) for a high-multiplicity selection (Noffline

trk � 110). The sharp near-side peaks from jet
correlations have been truncated to better illustrate the structure outside that region.

5 Results

Figure 1 compares 2-D two-particle correlation functions for events with low (a) and high (b)
multiplicity, for pairs of charged particles with 1 < pT < 3 GeV/c. For the low-multiplicity
selection (Noffline

trk < 35), the dominant features are the correlation peak near (Dh, Df) = (0, 0)
for pairs of particles originating from the same jet and the elongated structure at Df ⇡ p for
pairs of particles from back-to-back jets. To better illustrate the full correlation structure, the jet
peak has been truncated. High-multiplicity events (Noffline

trk � 110) also show the same-side jet
peak and back-to-back correlation structures. However, in addition, a pronounced “ridge”-like
structure emerges at Df ⇡ 0 extending to |Dh| of at least 4 units. This observed structure is
similar to that seen in high-multiplicity pp collision data at

p
s = 7 TeV [17] and in AA collisions

over a wide range of energies [3–10].

As a cross-check, correlation functions were also generated for tracks paired with ECAL pho-
tons, which originate primarily from decays of p0s, and for pairs of ECAL photons. These
distributions showed similar features as those seen in Fig. 1, in particular the ridge-like corre-
lation for high multiplicity events.

To investigate the long-range, near-side correlations in finer detail, and to provide a quanti-

Note: a cluster is  
there, with or  
without ridge



fluctuations of flat membrane 
and a tube are different

• The (T=0) potential <W>                           
is linear at large b and Coulombic (pQCD) 
at small b :  yet transition is smooth 

• The tube has a periodic variable => 
quantization formally the same as the 
(Matsubara) thermal formalism => thus                     
we expect thermal-like behavior with a 
nontrivial transition to pQCD regime
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has allowed to trigger on very high multiplic-
ity (and low probability) events [14–18]. This
has opened the issues of strong fluctuations in
the collision system, which current perturba-
tive, non-perturbative and holographic models
try to describe.

Before we delve into the specifics of our anal-
ysis, let us identify the main ideas of the pa-
per. A key idea is that perturbative gluons and
non-perturbative strings behave di↵erently un-
der excitations. Perturbatively, one finds that
gluon ladders can smoothly lead to a denser
out-of-equilibrium gluonic matter and eventu-
ally to thermally equilibrated glue, or QGP.
However, non-perturbatively we know that the
process is not at all smooth, and is associ-
ated with dramatic phase transitions. Using
the glue-only sector one finds a first order de-
confinement transition. In the stringy descrip-
tion it has an explanation in terms of the so
called Hagedorn-Polyakov-Susskind (HPS) phe-
nomenon [19–21], related to the exponentially
rising spectrum of string states.

Based on the analogy to thermodynamics
of the glue (its technical reasons are to be
explained in detail in section III) we will argue
that in high energy collisions the excitations of
the exchanged non-perturbative objects (two
open strings or a closed string) should also pro-
ceed subsequently through three distinct stages:

1. A “cold” regime, with low string ex-
citations;

2. A “near-critical” or “HPS regime”, in
which strings indefinitely increase their energy
and entropy, but not their free energy /
pressure;

3. An “explosive regime”, in which the string
occupies large portion of space and generates
su�cient pressure for hydrodynamical explo-
sion.

Returning to recent events, we note that the
current LHC experiments provide high lumi-
nosity and high-rate detectors, capable to study
very low probability fluctuations of the system.
In the first LHC pp run the CMS collabora-
tion [14] has used this opportunity and trig-
gered on events with high multiplicity. This was
followed in similar (but much less expensive)
triggered studies in pPb [15] . Multiple stud-
ies to follow – including experimental [16–18]

and theoretical papers associated those obser-
vations with the production of a small-size hot
fireball made of a Quark-Gluon Plasma (QGP)
, that explodes hydro-dynamically. Those re-
cent papers include ours [5], which predicted
that the radial flow in high multiplicity pp and
pA events should be even stronger than in AA

in collisions. Radial flow has been recently ob-
served.

The paper is structured as follows: Two more
subsections of the Introduction contain a brief
introduction to the Pomeron phenomenology
and its stringy description I B, as well as of
the thermodynamics of the glue ID. The main
body of the paper starts in Section II from a
review of glueball Regge trajectories I C and
their relation to particle correlations VIB. We
emphasize the role of correlation measurements
for finding “clustering” of hadrons, related in
the Regge language with the exchange of the
excited (”daughter”) Pomerons. In section II A
we introduce the physical setting and the main
results of the SZ Pomeron model, including its
weak coupling limit II B and daughter trajecto-
ries II C.

The core of the paper is section III devoted to
quantum fluctuations of the exchanged strings.
In spite of the fact that we are dealing with
zero temperature scattering amplitude, in sub-
section III A we explain that string excitations
naturally have a thermodynamical description
including temperature and entropy. Those take
the central stage as we discuss in subsection IV
the transition to the near-critical regime. We
then argue that a string-ball in this regime can
be thermodynamically viewed as a black hole
in section V B, which leads to discussion of vis-
cosity and Hawking radiation V C. In our final
discussion section we provide a summary of the
results VIA, a comparison to predictions of the
perturbative models VIB, and future outlooks
.

B. Pomerons, Reggeons and QCD strings

The Pomeron is an e↵ective object corre-
sponding to the the highest Regge trajectory
↵(t) and dominating the high energy cross sec-
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Edward Shuryak and Ismail Zahed

Department of Physics and Astronomy,

Stony Brook University,

Stony Brook, NY 11794, USA

(Dated: November 5, 2013)

Holographic AdS/QCD models of the Pomeron unite a string-based description of hadronic re-
actions of the pre-QCD era with the perturbative BFKL approach. The specific version we will
use due to Sto↵ers and Zahed [1–4], is based on a semiclassical quantization of a “tube” (closed
string exchange or open string virtual pair production) in its Euclidean formulation using the scalar
Polyakov action. This model has a number of phenomenologically successful results. In this work we
point out that the periodicity of a coordinate around the tube allows the introduction of a Matsubara
time and therefore an e↵ective temperature on the string. We observe that in the LHC setting this
temperature is approaching the Hagedorn temperature of the QCD strings. We therefore conclude,
based on studies of the stringy thermodynamics of pure gauge theories, that there should exist two
new regimes of the Pomeron: the “near-critical” and the “post-critical” ones. In the former one,
string excitations should create a high entropy “string ball” at mid-rapidity, with high energy and
entropy but small pressure/free energy. Amusingly, we find that this ball is dual to a certain black
hole. Furthermore, as the intrinsic temperature of the string narrows on the Hagedorn temperature
or T/TH � 1 = O(1/Nc), or even higher ones, the stringy ball develops repulsive interactions, a
pressure, and becomes a post-critical explosive “QGP ball”. We speculate that the high multiplicity
trigger in pp and pA selects events with such a “string ball” cluster. The hydrodynamical flow
resulting from this scenario is discussed elsewhere [5].

I. INTRODUCTION

A. The main ideas

Historically, the description of strong inter-
actions has been shifting between an emphasis
on perturbative and non-perturbative physics.
This can be seen in the theory of hadronic col-
lisions as well. The phenomenology of the 1960
and 1970’s has revealed Regge trajectories and
Pomeron and Reggeon exchanges, which later
– due to Veneziano and others – were shown to
be related with QCD strings. The discovery of
QCD gave rise to weak coupling or pQCD, in-
strumental in the field of hard processes. When
theorists returned to hadronic collisions in the
Regge kinematic s � t in such an approach,
they found the so called BFKL Pomeron [6],
through the re-summation of gluonic ladders.
After the discovery of the AdS/CFT corre-
spondence, the last decade saw the rapid de-
velopments of holographic models, collectively
called AdS/QCD, which unify weak and strong
coupling regimes within the same framework.
Holography adds an extra dimension of space,

identified with the “scale” in the sense of the
renormalization group. The ultraviolet (UV)
end of this space is at weak coupling and large
momentum transfer |t| � ⇤2

QCD, while the in-
frared (IR) part is at strong coupling appro-
priate to small |t| < 1 GeV2 in the typical
hadronic collisions. In this work we will use
a particular version of such a model developed
by Sto↵ers, Zahed and others [1–4] and based
on scalar Polyakov strings propagating in the
5-dimensional holographic space. A historical
evolution of the pomeron in holography can be
found in a number of references within the past
decade [7–13] .

The understanding of the dynamics of
Pomerons and Reggeons still remains a chal-
lenging task. Traditionally the quality of the
models have been judged by their predictions
on a rather limited number of observables, such
as the dependence of the total and elastic cross
sections on s. Fluctuations in the system are
in principle reflected in di↵raction phenomena,
as well as two- (many) particle correlations. A
radically new turn of events has taken place
at the beginning of the LHC operation which
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been emphasized in the 19700s by Polyakov
and Susskind [20, 21]. In fact the number of
stringy excitations grows with an excitation en-
ergy exponentially. To see this, imagine a d-
dimensional lattice with spacing a and draw all
possible strings of length L/a making all possi-
ble turns (except going backward) at each site,
that is

N(E) ⇡ (2d � 1)L/a = e

E(L)/TH (5)

where in the last term we changed length into
energy using the string tension E(L) = �T L

and defined

TH =
�T a

ln(2d � 1)
(6)

Thus, on one hand the states are on near-
straight and approximately equidistant Regge
trajectories. On the other hand, the number of
states must grow exponentially. The resolution
of these seemingly contradicting statements lies
in the fact that the daughter Regge trajecto-
ries must be multiply degenerate (which is not
shown on the figure, of course, as only special
quantum number is selected). The high de-
generacy d(n) of the daughter trajectories with
n > 0 will play an important role in what fol-
lows.

D. QCD strings and thermodynamics of
the glue

As emphasized by Hagedorn [19] systems
with exponentially growing density of states
have very peculiar thermodynamics, e.g. the
thermal partition sum

Z(T ) =

Z
dE e

E/TH
e

�E/T (7)

diverges as T ! TH , known as the Hagedorn
temperature[49]. Hagedorn argued [19] that
hadronic systems cannot be heated above this
temperature. It is important to note that both
the energy and entropy S = lnN(L) diverge,
but in the free energy F = E � TS the two
terms cancel out causing F to e↵ectively van-
ishes. Since F = �pV , the string in the HPS
regime carries zero pressure.

Hagedorn originally concluded that there ex-
ists a fundamental upper bound on tempera-
tures, as such systems can reach infinite en-
ergy density with T ! TH . The emergence of
QCD in the seventies and the development of
the theory of the Quark Gluon Plasma, show
that at some energy density the strings melt
and T > TH follows color deconfinement. In the
eighties with the development of lattice gauge
theories, the Hagedorn phenomenon was ana-
lyzed in great details through the thermody-
namics of glueballs (pure gauge theories) and
hadrons.

The Hagedorn phenomenon happens a bit
di↵erently in gluodynamics and QCD with light
quarks. The di↵erence is due to di↵erent quan-
tum numbers and tensions of string involved,
so it is important to have clarity on that. The
string tension of a fundamental string we call

�T ⇡ (0.42 GeV)2 (8)

where we also give its value in QCD with light
quarks, also in the real world units. This value
also provides the basic QCD string scales

2⇡�T =
1

↵

0 =
1

l

2

s

(9)

and the QCD Hagedorn temperature, to be
used in the form

T

2

H =
3

D?

�T

2⇡

⇡ (0.176 GeV)2 (10)

close to the critical temperature of the QCD
deconfinement and chiral restoration.

By a convention widely used by lattice prac-
titioners, the expression for the fundamental
string tension (8) is held to be the same nu-
merical value in all other theories considered,
which is basically a definition of what ”GeV”
means. The same convention is used not only
for QCD-like theories with modified number
and masses of quarks, but also for gluodynam-
ics without quarks. In this case, however, there
are no mesons and baryons containing funda-
mental strings: the hadrons are glueballs and
their thermodynamics that of closed or double
strings.

This di↵erence is important for the discus-
sion to follow: so we introduce the correspond-
ing notations. The double string tension 2�T

7

S

T

3

Tc TH T

A

B

FIG. 3: (Color on-line) Schematic temperature de-
pendence of the entropy density. The dashed line
represents equilibrium gluodynamics with a first or-
der transition at T = Tc. The solid line between
points A and B represents the expected behavior of
a single string approaching its Hagedorn tempera-
ture TH .

nomenon not discussed previously. Another
new element of our discussion (which is based
on some recent ideas and technical progress
in string theory) is the strong similarities we
demonstrate between this “string ball” and the
black hole, in terms of an e↵ective temperature-
entropy relations and even an e↵ective viscosity
we will evaluate.

II. HOLOGRAPHIC POMERON

A. The SZ model

The SZ model [2, 3] is based on the QCD
string with a nonzero tension related to QCD
confinement, not the conformal superstring
with its famed massless excitations including
the spin-2 graviton. There is no supersymmetry
and gravitons transmutes into a massive spin-2
glueball with an exponentially small contribu-
tion in the Pomeron di↵usive limit [4, 8].

The holographic approach used in the SZ
model is inherently bottom-up with the holo-
graphic direction playing the role of the renor-
malization group as noted in the introduction.

However there is still a large Nc parameter for
book-keeping, with a small string coupling gs

and a large ’t Hooft coupling � = gsNc so
that 1/� e↵ects of the curved geometry will be
considered as subleading. The setting includes
AdS

5

-like space with a confining wall where the
important number of transverse directions is
physically identified with

D? = 3 (13)

containing the transverse plane and the holo-
graphic direction. We refer to it as the SZ
model: noting however that its technical core
– the calculation of the Euclidean amplitude of
the twisted tube exchange – was done in [4].

At very high energies the standard large pa-
rameter

� = ln(s/s

0

) � 1 (14)

will play the role of an e↵ective time. The
transverse momentum transfer is held fixed t =
�q

2 ⇠ 1 GeV ⌧ s. The main phenomenon
to be studied is the string di↵usion. The two
longitudinal directions – time and the beam di-
rection, are often substituted by the light cone
variables x± – are complemented by two trans-
verse coordinates plus one more holographic or
“scale coordinate” z. The initial value of z cor-
responds to the physical size of the colliding
dipoles. The di↵usion describes the appear-
ance of smaller or larger size dipoles. The z-
coordinate is not flat: one models its metric by
an AdS

5

with a wall.
We will now review the Pomeron results

in this setting. The amplitude of the elastic
dipole-dipole scattering reads [2–4]

1

�2is

T (s, t; k) ⇡ g

2

s

Z
d

2

b e

iq·b
KT (�,b; k)(15)

where KT is the Pomeron propagator. One
of its arguments, b, is the impact parameter,
which is the length of a “twisted tube”, pro-
viding a semiclassical solution to the problem.
The other � is the circumference (not radius) of
the tube. Its analogy with the Matsubara time
leads to introduction of an e↵ective temperature

T . Its value depends on the rapidity interval �

and is proportional to the impact parameter

� =
1

T

=
2⇡b

�

(16)

As T=>TH   the entropy 
and energy grow, but not free energy 

(pressure) as F=E-TS and two terms cancel
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particular, in the BFKL 1-Pomeron approxima-
tion it is given by [36]

N

BFKL(�, z, c, r) ⇡ 2
e

(↵BFKL�1)�

(4⇡D

BFKL
�)3/2

⇥ z

cr

2

ln

✓
16r

2

zc

◆
e

�ln

2
⇣

16r2

zc

⌘
/(4DBFKL �)

,

with the BFKL intercept ↵

BFKL and di↵usion
constant D

BFKL

↵

BFKL = 1 +
�

⇡

2

ln 2

D

BFKL = 7�⇣(3)/(8⇡

2) (28)

Modulo the Pomeron intercept and the di↵u-
sion constant which are di↵erent (weak cou-
pling or BFKL versus strong coupling or holog-
raphy) , the holographic result in the conformal
limit is identical to the BFKL 1-Pomeron ap-
proximation.

The occurence of the 3/2 exponent reflects
on di↵usion in D? = 3. This point is rather
important as it shows that the conformal na-
ture of the QCD string is recovered if the QCD
string evolves in curved AdS

5

instead of flat 4-
Minkowski dimensions. The curved and extra
dimension captures the dipole scale evolution
or equivalently the size of the closed string ex-
change during the collision.

C. Regge trajectories in SZ model

A dual description of the scattering ampli-
tude (15) is in terms of Pomerons and Reggeons
in the holographic limit. Specifically,

T (s, t) ⇡ ig

2

s(⇡a)2
[Nc/2]X

k=1

1X

n=0

(�1)k

k

✓
k⇡

ln s

◆D?/2�1

d(n) s

1+

D?
12k � 2n

k +

↵0t
2k

(29)

with all k N-alities included. The closed string
or glueball trajectories following from (29) are

J ⌘ 1+
D?
12k

� (D? � 1)2

8
p

�

� 2n

k

+
↵

0

2k

M

2

n,k (30)

where the leading AdS
5

curvature correction is
shown. We note that a proper P and C parity
assignment for the glueball states follows from
a Mellin transform of (29) and its parity conju-
gate. It will not be necessary for our discussion.
For source dipoles in the fundamental represen-
tation or k = 1, the Pomeron trajectory corre-
sponds to M

2

0,1, while its daughters to M

2

n>0,1.
Their intercepts ↵P,D(0) are tied by

↵P (0) � ↵Dn(0) = 2n (31)

while their common slopes are set by ↵

0
/2.

We note that the stringy glueball mass spec-
trum in (30) or

M

2

n,k = 4k⇡�T

⇥
✓

J � 1 � D?
12k

+
(D? � 1)2

8
p

�

+
2n

k

◆

(32)

yields M

2

n,k ⇡ �T ⇡ � for all J � 1 in the holo-
graphic limit. In contrast, the original dilaton
and graviton approaches to the glueball spec-
trum for only J  2 yield M

2

n,k ⇡ �

0 [37].

III. QUANTUM FLUCTUATIONS OF
QCD STRINGS

A. The temperature and the entropy

Although the scattering amplitudes involve
string dynamics at zero temperature, the en-
suing formula resemble those of a thermody-
namical string. The reason stems from the
string membrane exchanged as shown in Fig. 1
which is quantized on a circle making it for-
mally identical to the thermal Matsubara for-
malism. Furthermore, the e↵ective string tem-
perature depends on the world-sheet coordinate
0  �W  1 [4]

T (�W ) =
�

2⇡b

1

cosh(�(�W � 1/2))
(33)

7

�b
�b

� �

(   ) (    )

� t-channel

s�channel

Monday, August 19, 13

FIG. 3: String exchange between two sources
(crosses) separated by the impact parameter b: the
cold string case � < �H (a); the near-critical string
case � ! �H (b).

lision energies (not reached at colliders) it may
approach the Hagedorn temperature T ! TH .
At current energies (LHC) it can also happen,
as fluctuations. We will argue that in this new
regime the string will develop large excitations
in the form of a “string ball” depicted in Fig.3b.

The SZ model [? ? ] is based on bosonic
string exchanges between the colliding high en-
ergy objects. It is essential that the QCD string
with a nonzero tension related to QCD confine-
ment is used, and not the conformal superstring
which has a massless spin-2 graviton excita-
tion. There is no supersymmetry and gravi-
tons transmutes to a massive spin-2 glueball
with an exponentially small contribution in the
Pomeron di↵usive limit [? ? ]. However there is
still a large Nc parameter, related with a small
string coupling gs and a large ’t Hooft coupling
� = gsNc so that 1/� e↵ects of the curved ge-
ometry will be considered as subleading.

At very high energies the rapidity interval pa-
rameter can be used as a large parameter

� = ln(s/s
0

)� 1 (12)

It will play the role of the e↵ective time in what
follows. Transverse momentum transfer is held
fixed t = �q2 and soft. The main phenomenon
to be studied is the string di↵usion. Two lon-
gitudinal directions – time and the beam di-
rection, also often used as light cone variables
x± – are complemented by two transverse co-
ordinates plus a “scale coordinate” z. Its ini-
tial value corresponds to a physical size of the
colliding dipoles and di↵usion means the pro-
duction of small size closed strings. The z-
coordinate is not flat. We will model its metric
by an AdS

5

with a wall. The number of trans-
verse coordinates, which will play an important

FIG. 4: Dipole-dipole scattering with separation b:
Pomeron exchange (a); Reggeon exchange (b).

role in the following, is thus

D? = 3 (13)

We will now review the Pomeron results and
its associated entropy in this setting. The am-
plitude of the elastic dipole-dipole scattering in
Fig. 4a reads [? ? ? ]

1
�2is

T (s, t; k) ⇡ g2

s

Z
d2

b eiq·b
KT (�,b; k)(14)

where KT is the Pomeron propagator for dipole
sources of color Nc-ality k describing the string
flux. k runs over all integers till Nc/2 for even
Nc and Nc/2 + 1/2 for odd ones. In the real
world with the SU(3) color group, k = 1 is
the usual string between fundamental charges
(quarks) and the largest tension k = 2 is the one
between two baryon junctions. The first argu-
ment of the propagator is � = 2⇡b/�, where
b is the impact parameter. gs ⇡ 1/Nc is the
string coupling.

The explicit form of KT for the standard long
strings regime

b > � > �H (15)

follows from the Polyakov string action,

KT (�,b; 1) =
✓

�

4⇡2

b

◆D?/2

(16)

⇥
1X

n=0

d(n) e���b (1��2
H/2�2

+8⇡n/��2)
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particular, in the BFKL 1-Pomeron approxima-
tion it is given by [36]

N

BFKL(�, z, c, r) ⇡ 2
e

(↵BFKL�1)�

(4⇡D

BFKL
�)3/2

⇥ z

cr

2

ln

✓
16r

2

zc

◆
e

�ln

2
⇣

16r2

zc

⌘
/(4DBFKL �)

,

with the BFKL intercept ↵

BFKL and di↵usion
constant D

BFKL

↵

BFKL = 1 +
�

⇡

2

ln 2

D

BFKL = 7�⇣(3)/(8⇡

2) (28)

Modulo the Pomeron intercept and the di↵u-
sion constant which are di↵erent (weak cou-
pling or BFKL versus strong coupling or holog-
raphy) , the holographic result in the conformal
limit is identical to the BFKL 1-Pomeron ap-
proximation.

The occurence of the 3/2 exponent reflects
on di↵usion in D? = 3. This point is rather
important as it shows that the conformal na-
ture of the QCD string is recovered if the QCD
string evolves in curved AdS

5

instead of flat 4-
Minkowski dimensions. The curved and extra
dimension captures the dipole scale evolution
or equivalently the size of the closed string ex-
change during the collision.

C. Regge trajectories in SZ model

A dual description of the scattering ampli-
tude (15) is in terms of Pomerons and Reggeons
in the holographic limit. Specifically,

T (s, t) ⇡ ig

2

s(⇡a)2
[Nc/2]X

k=1

1X

n=0

(�1)k

k

✓
k⇡

ln s

◆D?/2�1

d(n) s

1+

D?
12k � 2n

k +

↵0t
2k

(29)

with all k N-alities included. The closed string
or glueball trajectories following from (29) are

J ⌘ 1+
D?
12k

� (D? � 1)2

8
p

�

� 2n

k

+
↵

0

2k

M

2

n,k (30)

where the leading AdS
5

curvature correction is
shown. We note that a proper P and C parity
assignment for the glueball states follows from
a Mellin transform of (29) and its parity conju-
gate. It will not be necessary for our discussion.
For source dipoles in the fundamental represen-
tation or k = 1, the Pomeron trajectory corre-
sponds to M

2

0,1, while its daughters to M

2

n>0,1.
Their intercepts ↵P,D(0) are tied by

↵P (0) � ↵Dn(0) = 2n (31)

while their common slopes are set by ↵

0
/2.

We note that the stringy glueball mass spec-
trum in (30) or

M

2

n,k = 4k⇡�T

⇥
✓

J � 1 � D?
12k

+
(D? � 1)2

8
p

�

+
2n

k

◆

(32)

yields M

2

n,k ⇡ �T ⇡ � for all J � 1 in the holo-
graphic limit. In contrast, the original dilaton
and graviton approaches to the glueball spec-
trum for only J  2 yield M

2

n,k ⇡ �

0 [37].

III. QUANTUM FLUCTUATIONS OF
QCD STRINGS

A. The temperature and the entropy

Although the scattering amplitudes involve
string dynamics at zero temperature, the en-
suing formula resemble those of a thermody-
namical string. The reason stems from the
string membrane exchanged as shown in Fig. 1
which is quantized on a circle making it for-
mally identical to the thermal Matsubara for-
malism. Furthermore, the e↵ective string tem-
perature depends on the world-sheet coordinate
0  �W  1 [4]

T (�W ) =
�

2⇡b

1

cosh(�(�W � 1/2))
(33)
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FIG. 4: (Color on-line) The e↵ective string tem-
perature Te↵ (GeV) versus the c.m. beam gamma
factor �, solid for black disc estimate Fgray = 1 and
dashed for gray factor Fgray = 0.7. As argued in
the text, its value is to be compared to the e↵ective
Hagedorn temperature T̃H .

with its highest value at the center or T (1/2) ⌘
T = �/2⇡b. It is instructive to focus on the ac-
tual e↵ective temperature values, correspond-
ing to LHC collisions. For that we define a typ-
ical impact parameter b

e↵

for pp collisions at
energy s as

b

e↵

(s) =

s
�P (s)

⇡F

gray

(34)

where �P (s) is the Pomeron’s part of the total
pp and p̄p cross section [50], and F

gray

< 1 is
the factor which shows how “gray” is the nu-
cleon. Inserting (34) into the e↵ective temper-
ature (16) yields Fig. 4. The e↵ective tempera-
ture slowly rises with the collision energy. For
gray or non-black-disc nucleons with F

gray

< 1,
the e↵ective impact parameter is larger result-
ing into a downward shift in the e↵ective tem-
perature.

As we noted earlier in (24) the e↵ects of the
AdS

5

curvature causes e↵ectively the string to
move in e↵ectively D̃? < D? with

D? ! D̃? = D?

✓
1 � 3(D? � 1)2

2kD?
p

�

◆
(35)

This translates to a higher e↵ective Hagedorn
temperature T̃H > TH through (10) with

T

2

H ! T̃

2

H =
3

D̃?

�T

2⇡

⇡ 1.8 T

2

H (36)

where in the last equality we used a typical
value � = 20, which gives T̃H ⇡ 0.224 GeV.

The curvature-related corrections of shift the
e↵ective Hagedorn temperature upward. The
shift is close to the factor

p
2 one expects from

the double-tension gluonic strings (as discussed
in the thermodynamical introduction above).
We may argue that higher order curvature cor-
rections perhaps shift it a bit more, to the
critical temperature of the Yang-Mills theory
Tc ⇡ 0.27 GeV.

Comparing those expectations with the ef-
fective temperature values calculated from the
impact parameter in Fig.4 we find that the ex-
changed string is expected to reach the near-
critical regime only at collision energies � >p

s/2M ⇠ 104 exceeding the current LHC do-
main of � = 2 � 7 ⇤ 103.

This justifies that so far the Pomeron was
still described by a cold (far from critical)
string. The near-critical strings will be de-
scribed further below. The thermal anal-
ogy allows us to define the free energy F =
�lnKT /�U and the entropy corresponding to
small string vibrations [2, 3]

S = �D?

1X

n=1

✓
ln

�
1 � e

��kn
�

+
�kn

e

�kn � 1

◆

+D?

✓
�k

12
� 1

2

✓
1 + ln

✓
�k

2⇡

◆◆◆
(37)

At large collision energy � � 1 the entropy is
dominated by the last term due to the tachyon,
so

S ⇡ D?�k

12
(38)

Since �k = 2�/k the entropy scales with the
rapidity interval �. In contrast, the energy
E ⇡ �b with on average

⌦
b

2

↵ ⇡ Dk�, scales
with the root of �, and therefore is sublead-
ing for asymptotically large �. This is a major
di↵erence between the “cold” regime and the
others that we will discuss below.
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FIG. 4: (Color on-line) The e↵ective string tem-
perature Te↵ (GeV) versus the c.m. beam gamma
factor �, solid for black disc estimate Fgray = 1 and
dashed for gray factor Fgray = 0.7. As argued in
the text, its value is to be compared to the e↵ective
Hagedorn temperature T̃H .

with its highest value at the center or T (1/2) ⌘
T = �/2⇡b. It is instructive to focus on the ac-
tual e↵ective temperature values, correspond-
ing to LHC collisions. For that we define a typ-
ical impact parameter b
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for pp collisions at
energy s as
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where �P (s) is the Pomeron’s part of the total
pp and p̄p cross section [50], and F
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< 1 is
the factor which shows how “gray” is the nu-
cleon. Inserting (34) into the e↵ective temper-
ature (16) yields Fig. 4. The e↵ective tempera-
ture slowly rises with the collision energy. For
gray or non-black-disc nucleons with F

gray

< 1,
the e↵ective impact parameter is larger result-
ing into a downward shift in the e↵ective tem-
perature.
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This translates to a higher e↵ective Hagedorn
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where in the last equality we used a typical
value � = 20, which gives T̃H ⇡ 0.224 GeV.

The curvature-related corrections of shift the
e↵ective Hagedorn temperature upward. The
shift is close to the factor

p
2 one expects from

the double-tension gluonic strings (as discussed
in the thermodynamical introduction above).
We may argue that higher order curvature cor-
rections perhaps shift it a bit more, to the
critical temperature of the Yang-Mills theory
Tc ⇡ 0.27 GeV.

Comparing those expectations with the ef-
fective temperature values calculated from the
impact parameter in Fig.4 we find that the ex-
changed string is expected to reach the near-
critical regime only at collision energies � >p

s/2M ⇠ 104 exceeding the current LHC do-
main of � = 2 � 7 ⇤ 103.

This justifies that so far the Pomeron was
still described by a cold (far from critical)
string. The near-critical strings will be de-
scribed further below. The thermal anal-
ogy allows us to define the free energy F =
�lnKT /�U and the entropy corresponding to
small string vibrations [2, 3]
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Here is our 1st observation:	

the middle of a string develops a “string ball” 7
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FIG. 3: String exchange between two sources
(crosses) separated by the impact parameter b: the
cold string case � < �H (a); the near-critical string
case � ! �H (b).

lision energies (not reached at colliders) it may
approach the Hagedorn temperature T ! TH .
At current energies (LHC) it can also happen,
as fluctuations. We will argue that in this new
regime the string will develop large excitations
in the form of a “string ball” depicted in Fig.3b.

The SZ model [? ? ] is based on bosonic
string exchanges between the colliding high en-
ergy objects. It is essential that the QCD string
with a nonzero tension related to QCD confine-
ment is used, and not the conformal superstring
which has a massless spin-2 graviton excita-
tion. There is no supersymmetry and gravi-
tons transmutes to a massive spin-2 glueball
with an exponentially small contribution in the
Pomeron di↵usive limit [? ? ]. However there is
still a large Nc parameter, related with a small
string coupling gs and a large ’t Hooft coupling
� = gsNc so that 1/� e↵ects of the curved ge-
ometry will be considered as subleading.

At very high energies the rapidity interval pa-
rameter can be used as a large parameter

� = ln(s/s
0

)� 1 (12)

It will play the role of the e↵ective time in what
follows. Transverse momentum transfer is held
fixed t = �q2 and soft. The main phenomenon
to be studied is the string di↵usion. Two lon-
gitudinal directions – time and the beam di-
rection, also often used as light cone variables
x± – are complemented by two transverse co-
ordinates plus a “scale coordinate” z. Its ini-
tial value corresponds to a physical size of the
colliding dipoles and di↵usion means the pro-
duction of small size closed strings. The z-
coordinate is not flat. We will model its metric
by an AdS

5

with a wall. The number of trans-
verse coordinates, which will play an important

FIG. 4: Dipole-dipole scattering with separation b:
Pomeron exchange (a); Reggeon exchange (b).

role in the following, is thus

D? = 3 (13)

We will now review the Pomeron results and
its associated entropy in this setting. The am-
plitude of the elastic dipole-dipole scattering in
Fig. 4a reads [? ? ? ]
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where KT is the Pomeron propagator for dipole
sources of color Nc-ality k describing the string
flux. k runs over all integers till Nc/2 for even
Nc and Nc/2 + 1/2 for odd ones. In the real
world with the SU(3) color group, k = 1 is
the usual string between fundamental charges
(quarks) and the largest tension k = 2 is the one
between two baryon junctions. The first argu-
ment of the propagator is � = 2⇡b/�, where
b is the impact parameter. gs ⇡ 1/Nc is the
string coupling.

The explicit form of KT for the standard long
strings regime
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follows from the Polyakov string action,
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ment is used, and not the conformal superstring
which has a massless spin-2 graviton excita-
tion. There is no supersymmetry and gravi-
tons transmutes to a massive spin-2 glueball
with an exponentially small contribution in the
Pomeron di↵usive limit [? ? ]. However there is
still a large Nc parameter, related with a small
string coupling gs and a large ’t Hooft coupling
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ometry will be considered as subleading.
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where KT is the Pomeron propagator for dipole
sources of color Nc-ality k describing the string
flux. k runs over all integers till Nc/2 for even
Nc and Nc/2 + 1/2 for odd ones. In the real
world with the SU(3) color group, k = 1 is
the usual string between fundamental charges
(quarks) and the largest tension k = 2 is the one
between two baryon junctions. The first argu-
ment of the propagator is � = 2⇡b/�, where
b is the impact parameter. gs ⇡ 1/Nc is the
string coupling.

The explicit form of KT for the standard long
strings regime

b > � > �H (15)

follows from the Polyakov string action,
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The re-summed result follows the paper of
Arvis [38], which obtained the potential in-
duced by the Nambu-Goto string. The result
obtains the square root (which will play an im-
portant role in what follows)

KT (�,b; 1) ⇡
✓

�

4⇡

2

b

◆D?/2

e

���b (1�˜�2
H/�2)1/2

(40)
In the NG realization of the Pomeron the tachy-
onic contribution to the transverse propagator
KT is still dominated by the tachyon provided
that the impact parameter is larger than the
critical bC = ⇡ls. Clearly (40) reduces to (39)
for �̃H/� ⌧ 1.

The resummed expression (40) shows that
the exponent – the e↵ective string tension —
vanishes at the Hagedorn point

�

⇣
1 � �̃

2

H/�

2

⌘
1/2

! 0 (41)

in agreement with the universal behavior ob-
served for strings in a heat bath [39]. As we
noted above, this occurs when the impact pa-
rameter b ⇡ �ls.

The scattering amplitude associated to such
regime can be obtained by inserting (40) in
(15). The result in the saddle point approxi-

mation reads

T (s, t; 1) ⇡ ig

2

s (42)
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1� 1

4 (1+

p
1�2/t)
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1+

p
1�2/t+1/t

⌘1/2

In this expression t is in string units, so ac-
tually it is ↵

0
t, and k = 1. This expression

(43) reduces to the Pomeron amplitude (23) for
s � �t > 1/↵

0. One may in principle observe
the corresponding modifications in the elastic
scattering. However, we think this to be only
possible at energies well above the LHC, so we
will not elaborate further on this point.

Instead we estimate the small cross section
�NC for the production of near-critical (NC)
strings, which we interpret as high multiplicity
events. From (15) with q = 0, b ⇡ �ls and
N-ality k = 1, we have by the optical theorem

�NC ⇡ g
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2
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!D?/2

(43)
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e

��
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˜�H

where �� = � � �̃H is the distance to the crit-
ical value. The probability is obtained after
normalization to the minimum bias (MB) cross
section �MB estimated in [4] – after an eikonal
resummation of the subcritical strings – to be

�MB ⇡ ⇡D?↵

0

3
�

2 (44)

The ratio of the high multiplicity events to the
minimum bias events can be estimated as

�NC

�MB
⇡ g

2

s

1

�

D?/2

✓
��

�̃H

◆
e

��
p

��/2

˜�H (45)

where we have dropped an overall number of
order 1 and set D? = 3.

B. Very high multiplicity events:
transition to post-critical (explosive) regime

As we emphasized above, the near-critical
string ball has very small free energy or pres-
sure. One can view this as a consequence of the

12

For clarity, let us emphasize that this en-
tropy characterizes the number of states of the
“tube”, or strings produced at the initial vir-
tual stage of the collision. It is obviously not

the number or states or entropy physically pro-
duced in the collision and observed in the detec-
tor, although we will argue below that there is
a positive correlation between the two, at least
in some regimes.

IV. HIGH MULTIPLICITY EVENTS

A. Near-critical strings

So far we have discussed the average colli-
sion event: its impact parameter was extracted
from the total (Pomeron-induced) cross section.
Now we switch to another subject, of selected
– by a special trigger –fluctuations in a system,
producing unusually high multiplicity, typically
in some range of rapidities (around zero in the
CM collider frame).

Those events are certain fluctuations in the
system. A possible origin of these events could
be multiple Pomeron exchanges [2, 3].The mul-
tiple exchanges start to interact as they di↵use
transversely. Their number density in trans-
verse space is set by the squared stringy satu-
ration scale [2, 3]. Although each exchange is
penalized by a small string coupling g

2

s ⇡ 1/N

2

c ,
it still leads to a shadowing of the dipole-dipole
cross section and saturation after an eikonalized
re-summation. In this scenario, the exchanged
strings are sub-critical with T < TH . This sce-
nario is favored at not-too-high collision ener-
gies.

Another existing source of fluctuations sim-
ply comes from more central collisions with
smaller impact parameters, which kinemati-
cally corresponds to thinner tubes with higher
e↵ective temperatures. The central idea of
this paper is that the change is expected to
come when the e↵ective string temperature ap-
proaches the Hagedorn temperature T ! T̃H

(the tilde is a reminder of the curvature cor-
rections). The string fluctuations change from
small as shown in Fig.5a, to large as shown in
Fig.5b. The reduction of the e↵ective string
tension leads to a proliferation of string fluctu-
ations. The energy of the string and its entropy

grow, as the e↵ective temperature T approaches
T̃H . We will argue that in this case a string gen-
erates a massive cluster, to be called a “string

ball” below. The physical analogy to what hap-
pens in the thermal (heat bath) setting is at the
origin of this idea.

Now, is there any connection between the
e↵ective thermodynamics of the virtual ex-
changed string we discussed above, and the
multiplicity of the produced hadrons? The
initial string configuration we discuss in con-
nection with the elastic amplitude does not of
course directly correspond to the physical final
states. Two open strings make a virtual (un-
der the barrier) semi-circle and are then born
into the physical Minkowski world, as particles
in the Schwinger pair production. Their virtual
Euclidean evolution ends there, the subsequent
evolution in Minkowski signature happens with
the probability one and thus is irrelevant for
the scattering amplitude, and is not described
by the formalism we use.

Yet, at least in the near-critical regime, one
may argue that the large energy and entropy of
the string ball cluster is simply proportional to
the physical length of the string. These strings
are to be stretched longitudinally, and then
broken into pieces, corresponding to physical
mesons whose multiplicity we trigger. While
those phenomena are complicated (and de-
scribed by phenomenological models, e.g. those
originated from the Lund model), we may still
argue that the final multiplicity should grow
with the length of the initial but virtual string.
Furthermore, we think that the final multiplic-
ity should simply be proportional to the initial
length of the string, to its energy or entropy.

Let us now see how the scattering amplitude
and other properties of the string change as one
enters this new “near-critical” regime. Recall
first the expressions discussed above, such as
(18), which were derived using the Polyakov ac-
tion in the regime �̃H < � < b. They were
dominated by the ground state mode n = 0, so

KT (�,b; 1) ⇡
✓

�

4⇡

2

b

◆D?/2

e

���b (1�˜�2
H/2�2)

(39)
However, as the e↵ective temperature becomes
closer to the Hagedorn temperature � ! �̃H ,
the string excitations are no longer small and
the �̃H/� corrections need to be re-summed.
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FIG. 3: (Color on-line) Schematic temperature de-
pendence of the entropy density. The dashed line
represents equilibrium gluodynamics with a first or-
der transition at T = Tc. The solid line between
points A and B represents the expected behavior of
a single string approaching its Hagedorn tempera-
ture TH .

nomenon not discussed previously. Another
new element of our discussion (which is based
on some recent ideas and technical progress
in string theory) is the strong similarities we
demonstrate between this “string ball” and the
black hole, in terms of an e↵ective temperature-
entropy relations and even an e↵ective viscosity
we will evaluate.

II. HOLOGRAPHIC POMERON

A. The SZ model

The SZ model [2, 3] is based on the QCD
string with a nonzero tension related to QCD
confinement, not the conformal superstring
with its famed massless excitations including
the spin-2 graviton. There is no supersymmetry
and gravitons transmutes into a massive spin-2
glueball with an exponentially small contribu-
tion in the Pomeron di↵usive limit [4, 8].

The holographic approach used in the SZ
model is inherently bottom-up with the holo-
graphic direction playing the role of the renor-
malization group as noted in the introduction.

However there is still a large Nc parameter for
book-keeping, with a small string coupling gs

and a large ’t Hooft coupling � = gsNc so
that 1/� e↵ects of the curved geometry will be
considered as subleading. The setting includes
AdS

5

-like space with a confining wall where the
important number of transverse directions is
physically identified with

D? = 3 (13)

containing the transverse plane and the holo-
graphic direction. We refer to it as the SZ
model: noting however that its technical core
– the calculation of the Euclidean amplitude of
the twisted tube exchange – was done in [4].

At very high energies the standard large pa-
rameter

� = ln(s/s

0

) � 1 (14)

will play the role of an e↵ective time. The
transverse momentum transfer is held fixed t =
�q

2 ⇠ 1 GeV ⌧ s. The main phenomenon
to be studied is the string di↵usion. The two
longitudinal directions – time and the beam di-
rection, are often substituted by the light cone
variables x± – are complemented by two trans-
verse coordinates plus one more holographic or
“scale coordinate” z. The initial value of z cor-
responds to the physical size of the colliding
dipoles. The di↵usion describes the appear-
ance of smaller or larger size dipoles. The z-
coordinate is not flat: one models its metric by
an AdS

5

with a wall.
We will now review the Pomeron results

in this setting. The amplitude of the elastic
dipole-dipole scattering reads [2–4]

1

�2is

T (s, t; k) ⇡ g

2

s

Z
d

2

b e

iq·b
KT (�,b; k)(15)

where KT is the Pomeron propagator. One
of its arguments, b, is the impact parameter,
which is the length of a “twisted tube”, pro-
viding a semiclassical solution to the problem.
The other � is the circumference (not radius) of
the tube. Its analogy with the Matsubara time
leads to introduction of an e↵ective temperature

T . Its value depends on the rapidity interval �

and is proportional to the impact parameter

� =
1

T

=
2⇡b

�

(16)

m2 ⇠ �2 � �2
H < 0

strings break 

< �+�(0)�+�(b) >= |�|4 + e�b
p

|�2
H��2|

In string language it means that a black hole is formed 
 which can hide one end of a fundamental string
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section to proton-proton and deeply virtual Compton scattering data.

The dipole picture has been used to describe exclusive diffractive processes, see for ex-

ample [17], [18], [19, 20, 21, 22]. Within the gauge/gravity duality, hadron-hadron scattering

and the holographic pomeron has been discussed in numerous places, see e.g. [23, 1, 2, 24,

25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39]. In particular, pp diffraction was

studied in [40, 41] and DVCS in [42, 43, 44, 45]. Our construction relies on the holographic

results established in [1, 2] which involve a non-critical string in D⊥ = 3 dimensions and

whereby the pomeron is the tachyon mode at large impact parameter. They are rooted in

the widely used approach to dipole-dipole scattering at high-energy. This paper is structured

as follows. We will briefly review the main results of [1, 2] in section 2 before comparing

the differential pp cross section to CERN ISR and LHC data in section 3. A comparison to

DVCS data from HERA is done in section 4 and the conclusions given in section 5.

2 Diffractive scattering as dipole-dipole scattering

In the dipole-dipole scattering approach at high energies (χ = ln( s
s0
) ≫ 1), the scattering

amplitude for the process a p → c p factorizes and can be written as

T(χ,b⊥) =

∫ ∞

0

du

∫ ∞

0

du′ ψ∗
a(u)ψ

∗
p(u

′) TDD(χ,b⊥, u, u
′) ψb(u)ψp(u

′), (1)

with transverse impact parameter b⊥, rapidity χ and dipole-dipole amplitude TDD. The

wave functions ψ are parametrized by u = −ln(z/z0), with the effective dipole size z and

the IR cutoff z0. The dipole-dipole amplitude is evaluated using the gauge/gravity duality

and the virtuality of the scatterers is identified with the holographic direction of the curved

space [2], [28, 29], [15, 16].

In the eikonal approximation the differential cross section reads

dσap→cp

dt
(χ, |t|) =

1

16πs2
|T(χ, |t|)|2 (2)

=
1

4π

∣
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i
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db⊥
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du

∫

du′ eiq⊥·b⊥ |ψab(u)|2|ψp(u
′)|2 (1− eWW)

∣

∣

∣

∣

2

(3)

=
π

4

∣

∣
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i

∫

d|b⊥|2
∫

du

∫

du′ J0(
√

|b⊥|2|t|) |ψab(u)|2|ψp(u
′)|2 (1− eWW)

∣

∣

∣

∣

2

(4)

with t = −q2⊥. Here, J0 is the Bessel function and the overlap amplitude is defined by

|ψab(u)|2 ≡ ψ∗
a(u)ψb(u). Note that the scattering amplitude in (2) is purely imaginary. In

2

[1, 2] the eikonal WW, which is the correlator of two Wilson loops, was obtained through

closed string exchange in a weakly curved, confining space. The string exchange can be

viewed as a funnel connecting the two dipoles at a holographic depth z and z′. Identifying

these positions z, z′ of the endpoints of the funnel with the effective size of the dipoles gives

rise to a density N of wee-dipoles surrounding each parent dipole. For D⊥ = 3, we identify

[2]

WW ≈ −
g2s
4
(2πα′)3/2 zz′ N(χ, z, z′,b⊥) . (5)

We consider transverse AdS3

ds2⊥ =
1

z2
(db2

⊥ + dz2) , (6)

with a cutoff (hard wall) imposed at some z0. The effective string tension will be defined as

gs ≡ κ
1

4πα′2Nc
≡ κ

λ

4πNc
, (7)

with t’Hooft coupling λ and α′ = 1/(2πσT ) ≡ 1/
√
λ the string tension (in units of the AdS

radius). Nc is the number of colors and the parameter κ is fixed by the saturation scale, see

[2]. The density reads

N(χ,b⊥, z, z
′) =

1

zz′
∆(χ, ξ) +

z

z′z20
∆(χ, ξ∗) , (8)

and the heat kernel ∆ in the background (6) is given by

∆⊥(χ, ξ) =
e(αP−1)χ

(4πDχ)3/2
ξe−

ξ2

4Dχ

sinh(ξ)
, (9)

with the chordal distances (u = −ln(z/z0))

coshξ = cosh(u′ − u) +
1

2
b2
⊥ eu

′+u

coshξ∗ = cosh(u′ + u) +
1

2
b2
⊥e

u′−u . (10)
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4πα′2Nc
≡ κ

λ

4πNc
, (7)

with t’Hooft coupling λ and α′ = 1/(2πσT ) ≡ 1/
√
λ the string tension (in units of the AdS

radius). Nc is the number of colors and the parameter κ is fixed by the saturation scale, see

[2]. The density reads

N(χ,b⊥, z, z
′) =

1

zz′
∆(χ, ξ) +

z

z′z20
∆(χ, ξ∗) , (8)

and the heat kernel ∆ in the background (6) is given by

∆⊥(χ, ξ) =
e(αP−1)χ

(4πDχ)3/2
ξe−

ξ2

4Dχ

sinh(ξ)
, (9)

with the chordal distances (u = −ln(z/z0))

coshξ = cosh(u′ − u) +
1

2
b2
⊥ eu

′+u

coshξ∗ = cosh(u′ + u) +
1

2
b2
⊥e

u′−u . (10)
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becomes more dilute and the proton shrinks.

Figure 2 shows the slope parameter for |t| = 0 GeV 2 and |t| = 1 GeV 2. In our setup, the

momentum distribution between the two constituents of each dipole is symmetric resulting

in a small-size dipole, whereas asymmetric, large-size pairs dominate the small |t| region,
see e.g. [56]. Thus, we suspect large-size dipoles to dominate the region |t| ≤ 1 GeV 2. The

Coulomb contribution to the scattering amplitude can be neglected in the kinematic region

|t| > 0.01 GeV 2 [57, 58].

3.2 Comparison to data: LHC

Elastic pp scattering at LHC energies of
√
s = 7 TeV , allows us to test the energy dependence

of our model. With the numerical values fitted at energies
√
s ∼ 20 − 60 GeV , the fit in

Figure 3 indicates a miss match in the energy dependence of the holographic model. In order

to get a better fit to the LHC data, the parameters governing the overall strenght (κ), the

position of the dip (zp) and the slope of the shoulder (z0) are adjusted. The fit (blue, dashed

line) in Figure 3 is obtained with κ = 3.75, zp = 3.1 GeV −1, z0 = 1.5 GeV −1, while the fit

(red, dotted) uses the values in section 3.1, κ = 2.5, zp = 3.3 GeV −1, z0 = 2 GeV −1. This

new parameter set for the LHC data is overall consistent with the set for the ISR data.
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Figure 3: Differential pp cross section. Black dots: data from the TOTEM experiment at
LHC, [59]. Dashed blue line and red dots: holographic result. See text.
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Figure 1: Differential pp cross section. Dots: data from CERN ISR. Solid line: holographic
result. See text.

data.

3.1 Comparison to data: ISR

A comparison of the differential elastic pp cross section, (3), to the CERN ISR data [50] is

made by fitting the position of the dip and the slope of the shoulder region (|t| > 1.5 GeV 2).

We use the full, unitary amplitude including higher order terms in the eikonal WW. The

importance of higher order terms in the eikonalized amplitude was also noted in [51]. A fit

yields z0 = 2 GeV −1, zp = 3.3 GeV −1 and Np = 0.16, see Figure 1. To leading order, the

position of the (first) dip is sensitive to the effective size of the scatterer and the energy

of the scattering object and scales with 1/(Dχz2p). The fit with zp > z0 is larger than the

cutoff set by the hard-wall at z0. This shortfall is readily fixed by considering a smooth

wall which is also more appropriate for describing hadron resonances [52]. The analysis

of the dipole-dipole scattering amplitude in the smooth-wall background will be discussed

elsewhere.

At high momentum transfer (|t| > 2 GeV 2), the typical length scales probed are of the

5

the energy dependence	

 is not very good because	


of approximation
 p(u) = �(u� u0)
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FIG. 3: (Color on-line) Schematic temperature de-
pendence of the entropy density. The dashed line
represents equilibrium gluodynamics with a first or-
der transition at T = Tc. The solid line between
points A and B represents the expected behavior of
a single string approaching its Hagedorn tempera-
ture TH .

nomenon not discussed previously. Another
new element of our discussion (which is based
on some recent ideas and technical progress
in string theory) is the strong similarities we
demonstrate between this “string ball” and the
black hole, in terms of an e↵ective temperature-
entropy relations and even an e↵ective viscosity
we will evaluate.

II. HOLOGRAPHIC POMERON

A. The SZ model

The SZ model [2, 3] is based on the QCD
string with a nonzero tension related to QCD
confinement, not the conformal superstring
with its famed massless excitations including
the spin-2 graviton. There is no supersymmetry
and gravitons transmutes into a massive spin-2
glueball with an exponentially small contribu-
tion in the Pomeron di↵usive limit [4, 8].

The holographic approach used in the SZ
model is inherently bottom-up with the holo-
graphic direction playing the role of the renor-
malization group as noted in the introduction.

However there is still a large Nc parameter for
book-keeping, with a small string coupling gs

and a large ’t Hooft coupling � = gsNc so
that 1/� e↵ects of the curved geometry will be
considered as subleading. The setting includes
AdS

5

-like space with a confining wall where the
important number of transverse directions is
physically identified with

D? = 3 (13)

containing the transverse plane and the holo-
graphic direction. We refer to it as the SZ
model: noting however that its technical core
– the calculation of the Euclidean amplitude of
the twisted tube exchange – was done in [4].

At very high energies the standard large pa-
rameter

� = ln(s/s

0

) � 1 (14)

will play the role of an e↵ective time. The
transverse momentum transfer is held fixed t =
�q

2 ⇠ 1 GeV ⌧ s. The main phenomenon
to be studied is the string di↵usion. The two
longitudinal directions – time and the beam di-
rection, are often substituted by the light cone
variables x± – are complemented by two trans-
verse coordinates plus one more holographic or
“scale coordinate” z. The initial value of z cor-
responds to the physical size of the colliding
dipoles. The di↵usion describes the appear-
ance of smaller or larger size dipoles. The z-
coordinate is not flat: one models its metric by
an AdS

5

with a wall.
We will now review the Pomeron results

in this setting. The amplitude of the elastic
dipole-dipole scattering reads [2–4]

1

�2is

T (s, t; k) ⇡ g

2

s

Z
d

2

b e

iq·b
KT (�,b; k)(15)

where KT is the Pomeron propagator. One
of its arguments, b, is the impact parameter,
which is the length of a “twisted tube”, pro-
viding a semiclassical solution to the problem.
The other � is the circumference (not radius) of
the tube. Its analogy with the Matsubara time
leads to introduction of an e↵ective temperature

T . Its value depends on the rapidity interval �

and is proportional to the impact parameter

� =
1

T

=
2⇡b

�

(16)
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fact that all fields of the string are inside them,
with QCD strings being rather thin and non-
interacting with each other. But still, as the
string density (energy, entropy density) grows
further, the string eventually fills most of the
available space and its repulsive self-interaction
should eventually become important. In ther-
modynamics this is seen as the high end of
the near-critical regime (the point B in Fig.3)
from which the system goes into the deconfined
phase.

We now suggest that an individual string ball
reaching such an energy/entropy density does
the same. Due to self-repulsion of the string
bits, its energy and entropy density or ✏/T

4 and
s/T

3 respectively, stop growing and stabilize at
certain values. Further excitations proceed via
an increase in T . A string ball becomes a QGP
fireball. The pressure is growing, quickly reach-
ing p = ✏/3, and an explosion follows – all of
this is already familiar from studies of AA col-
lisions. A very high multiplicity events trig-
gered at the LHC collider in pp and pA col-
lisions do indeed possess a “ridge” now inter-
preted as a hydrodynamical elliptic flow. The
explosion should also include a radial flow even
exceeding in magnitude that in AA collisions,
as predicted in our paper [5], which recently
was also observed by CMS and ALICE in the
spectra of identified secondaries.

The onset is expected when the entropy be-
comes as large as that of the gluons, which core-
sponds to

s ⇡ N

2

c T̃

3

H (46)

The estimate of the probability of this to hap-
pen in LHC pp events can be done using

��

�̃H

=
T̃H

T

� 1 = O
✓

1

Nc

◆
(47)

For near critical strings we have (47) and gs ⇡
1/Nc. At LHC, � ⇡ 10 so using (45) we find

�NC

�MB
⇡ 10�5 (48)

which is comparable to the probability of the
high multiplicity events in which the CMS col-
laboration discovered the “ridge” phenomenon.

An estimate of the corresponding critical
multiplicity (above which an explosion should

happen) is not so straightforward. We can cal-
culate the entropy of the string, as it leaves the
Euclidean (under-the-barrier) part of its path,
but we do not describe its further evolution in
the Minkowski world, including its fragmenta-
tion into the observed hadrons. While this evo-
lution does not change the probability of the
process, it does include the production of new
entropy.

Let us suggest two arguments to this point.
One is a lower bound: since the entropy never
decreases, the string-ball entropy should pro-
vide a lower bound on the final entropy and
thus the multiplicity. The critical multiplicity
Nc associated with the explosion of the black-
hole is limited by entropy near the Hagedorn
transition subject to the condition (46)

Nc > 7.5S ⇡ ��Hb

⇣
1 � �̃

2

H/�

2

⌘�1/2

(49)

where the conversion factor of 7.5 is borrowed
from the entropy-to-hadron density relation at
freeze out. Substituting �̃H/� �1 ⇡ 1/Nc from
(46), we find the critical charge particle multi-
plicity to be

NC > 7.5 �/2 ⇡ 50 (50)

This bound (50) surprisingly agrees with the
measured threshold charge tracks multiplicity
of N > 50 for events with the ridge, accord-
ing to the CMS collaboration [16]. The agree-
ment is however purely accidental, because if
one includes the actual acceptance of the CMS
detector in p?, as well as include factor 1.5 for
neutral secondaries, the actual multiplicity in-
creases the latter number by about a factor of
3 or so.

The second argument is that since string
fragmentation is essentially a local process,
the resulting multiplicity is proportional to the
string length. Since in the near-critical regime
the string entropy is proportional to its length
as well, we suggest that the string entropy we
calculate and the final multiplicity should be,
in this regime, proportional to each other.

While in this paper we do not discuss the
explosive (hydrodynamical) stage itself, let us
briefly comment on it. The hydrodynamics can
be viewed essentially as a tool allowing to re-
late the observed multiplcity, entropy and col-
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measured threshold charge tracks multiplicity
of N > 50 for events with the ridge, accord-
ing to the CMS collaboration [16]. The agree-
ment is however purely accidental, because if
one includes the actual acceptance of the CMS
detector in p?, as well as include factor 1.5 for
neutral secondaries, the actual multiplicity in-
creases the latter number by about a factor of
3 or so.

The second argument is that since string
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While in this paper we do not discuss the
explosive (hydrodynamical) stage itself, let us
briefly comment on it. The hydrodynamics can
be viewed essentially as a tool allowing to re-
late the observed multiplcity, entropy and col-

The appearance of QGP  
pressure leads to hydro 
explosion, which we discuss 
in a separate paper

High Multiplicity pp and pA Collisions: Hydrodynamics at its Edge and Stringy Black Hole  
Edward Shuryak, Ismail Zahed (SUNY, Stony Brook). Jan 2013.  
Published in Phys.Rev. C88 (2013) 044915 ; arXiv:1301.4470

http://inspirehep.net/record/1215110
http://inspirehep.net/author/profile/Shuryak%2C%20Edward?recid=1215110&ln=en
http://inspirehep.net/author/profile/Zahed%2C%20Ismail?recid=1215110&ln=en
http://inspirehep.net/search?cc=Institutions&p=institution:%22SUNY%2C%20Stony%20Brook%22&ln=en
http://arxiv.org/abs/arXiv:1301.4470


2 

“Ridge” in pp collisions 

Unexpected ridge-like correlations in high multiplicity pp! 

pp N>110, 1<pT<3 GeV/c 
September, 2010 

Two-particle Δη-Δϕ correlation 
Opportunity of studying novel QCD  
phenomena opened up by the LHC 

Planar particle emission 

Not in minimum bias pp or pp MC models 

the first discovery at LHC

10^10$ per 10^10 events, 
but those cost 1000000$ 
each



CMS pPb: v2 from 2 and 4-particles

!

Gunther Roland RBRC Workshop, Apr 15-17, 2013 

v2 in pPb and PbPb 

v2 smaller in pPb than PbPb 

v2{4} drops at low multiplicity  

“Peripheral subtraction” has small effect at high multiplicity 

PbPb pPb 

Gunther Roland RBRC Workshop, Apr 15-17, 2013 

v2 in pPb and PbPb 

PbPb pPb 

38 7 Results

 (GeV/c)
T

p
2 4 6

n
v

0.0

0.1

0.2

 = 2.76 TeVNNs(a) PbPb  

 < 260trk
offline N≤220 

 (GeV/c)
T

p
2 4 6

n
v

0.0

0.1

0.2

 = 5.02 TeVNNs(b) pPb  
|>2}ηΔ{2, |2v

{4}2v
|>2}ηΔ{2, |3v

Figure 36: The differential v2{2} and v3{2} values (open markers) as a function of pT obtained
for |h| < 2.4 from long-range two-particle correlations with |Dh| > 2 for 1 < passoc

T < 2 GeV/c
is shown, together with the differential v2{4} values (solid markers) as a function of pT for
|h| < 2.4 obtained with three reference particles in the pT range of 0.3-3 GeV/c. The results refer
to 2.76 TeV PbPb collisions (left) and to 5.02 TeV pPb collisions (right).

(v2{2, |Dh| > 2}) for 1 < passoc
T < 2 GeV/c, are shown in Fig. 36 in open markers. At a given pT509

value, v2 is observed to be 3–4 times bigger than v3. While the requirement of |Dh| > 2 com-510

pletely removes the near-side jet-like correlations, additional non-hydrodynamical correlations511

from back-to-back jets, as well as effects of energy-momentum conservation on the away side512

of two-particle correlation function could still contaminate the v2 and v3 values obtained from513

two-particle correlations.514

In order to further restrict the residual non-flow effect on the away side, the technique of four-515

particle cumulant is used to extract the v2 value (v2{4}). See section. 6.2 for more details about516

this method. Note that no Dh gap is applied here (as well as in the two-particle correlation517

method) since, upon correlating four particles at the same time the non-flow correlations are518

naturally suppressed, especially for high multiplicity events (in fact, it is suppressed by an519

additional factor of 1/N as compared to two-particle correlation method). The measured v2{4}520

values as a function of pT are also shown in Fig. 36 in solid markers. As one can see, v2{4} is521

below v2{2} over the whole pT range, with similar behavior in pPb and PbPb collisions. This is522

expected because the event-by-event v2 fluctuation contribute to v2{4} and v2{2} in opposite523

ways, approximately following the relations:524

v2{2} =
q
< v2 >2 +s2

v2
, v2{4} =

q
< v2 >2 �s2

v2
, (30)

which always results in a larger value for v2{2} than v2{4}.525

Fig. 37 shows the multiplicity dependence of v2{2}, v2{4} and v3{2} for 1 < pT < 2 GeV/c526

in PbPb and pPb collisions. For Noffline
trk & 40, v2{2} and v3{2} show moderate increase with527

Noffline
trk in PbPb collisions, while they are approximately constant in pPb collisions. On the other528

hand, the v2{4} results show a very intriguing behavior, rapidly turning on at Noffline
trk ⇠ 40� 60529

in both pPb and PbPb , and then remaining approximately constant in Noffline
trk up to the highest530

multiplicity ranges explored in this analysis. Furthermore, the amount of event-by-event v2531

40 7 Results

fluctuations could be estimated from Eq. 30, if one assumes that hydrodynamic flow would be532

the only source of correlations in v2{2} and v2{4}. Considering that this could be the case, then533

sv2

v2
=

s
v2

2{2}� v2
2{4}

v2
2{2}+ v2

2{4}
. (31)

The results for pPb and PbPb collisions are shown in the bottom panel of Fig. 37, indicating534

about 45–55% v2 fluctuations in PbPb collisions, as compared to ⇠ 60% in pPb collisions. Con-535

sidering the expected non-flow effects in v2{2}, these data serve as an estimate of an upper536

limit on v2 fluctuations in pPb and PbPb collisions.537
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With growing multiplicity, the pp and pA collisions enter the domain where the macroscopic description
(thermodynamics and hydrodynamics) becomes applicable. We discuss this situation, first with simplified thought
experiments, then with some idealized representative cases, and finally address the real data. For clarity, we do not
do it numerically but analytically, using the Gubser solution. We found that the radial flow is expected to increase
from central AA to central pA, while the elliptic flow decreases, with higher harmonics being comparable. We
extensively study the magnitude and distribution of the viscous corrections, in Navier-Stokes and Israel-Stuart
approximations, ending with higher gradient resummation proposed by Lublinsky and Shuryak. We found that
those corrections grow from AA to pA to pp, but remain tractable even for pp.
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I. INTRODUCTION

High energy heavy ion collisions are theoretically treated
very differently from pp and pA ones. While the for-
mer are very well described using macroscopic theories—
thermodynamics and relativistic hydrodynamics—the latter
are subject to what we would like to call the “pomeron
physics”, described with a help of microscopic dynamics in
terms of (ladders of) perturbative gluons, classical random
gauge fields, or strings. The temperature and entropy play a
central role in the former case, and are not even mentioned or
defined in the latter case.

The subject of this paper is the situation when these two
distinct worlds (perhaps) meet. In short, the main statement
of this paper is that specially triggered fluctuations of the pp
and pA collisions of particular magnitude should be able to
reach conditions in which the macroscopic description can
be nearly as good as for AA collisions. While triggered by
experimental hints at the Cern Large Hadron Collider (LHC)
to be discussed below, this phenomenon has not yet been a
subject of a systematic study experimentally or theoretically,
and is of course far from being understood. So on onset let us
enumerate few key issues to be addressed.

(i) How do the thermodynamical and hydrodynamical
(viscosities, relaxation time, etc.) quantities scale with
the change in the system size R and the multiplicity N?
What are the criteria for macroscopic (hydrodynamical)
behavior?

(ii) What are the consequences of the fact that the strongly
coupled quark-gluon plasma (sQGP) phase of matter is
approximately scale invariant?

(iii) Do high multiplicity pp and pA collisions in which the
(double) “ridge” has been recently observed at the LHC
[1–3] fit into the hydrodynamical systematics tested so
far for AA collisions?

(iv) What is the expected magnitude of the radial flow in
pp and pA collisions, and how is it related to that in
AA? What are the freeze-out conditions in these new
explosive systems?

(v) How do amplitudes of the second and higher angular
harmonics vn scale with n, R, and η/s? In which pt

region do we expect hydrodynamics to work, and for
with vn?

The major objective of the heavy ion collision program
is to create and study properties of a new form of matter,
the quark-gluon plasma. Among many proposed signatures
proposed in [4], the central role is played by production
of macroscopic fireball of such matter, with the subsequent
collective explosion described by the relativistic hydrodynam-
ics. Its observable effects include radial and elliptic flows,
supplemented by higher moments vm,m > 2. At the BNL
Relativistic Heavy Ion Collider (RHIC) and LHC the AA
collisions has been studied in detail by now, with multiple
measured dependences, with excellent agreement with hydro-
dynamics in a wide domain, for n < 7 and in the range of
pt < 3 GeV.

Let us start with a very generic discussion of applicability
of hydrodynamics. The basic condition is that the system’s
size R should be much larger than microscopic scales such as,
e.g., the correlation lengths or the inverse temperature T −1.
The corresponding ratio is one small parameter

1
T R

≈ O(1/10) ≪ 1, (1)

where the value corresponds to well-studied central AA
collisions. Another important small parameter which we seem
to have for sQGP is the viscosity-to-entropy-density ratio

η

s
= 0.1 . . . 0.2 ≪ 1. (2)

This tells us that viscous scale—the mean free path in kinetic
terms—is additionally suppressed compared to the micro scale
1/T by strong interaction in the system. The product of both
parameters appearing in expressions below suggests that one
can hope to apply even ideal hydrodynamics in AA collisions
with few percent accuracy, as also is seen phenomenologically.

The reason why the fireballs produced in AuAu collisions
at RHIC and PbPb at LHC behaves macroscopically is related
to the large size of the colliding nuclei used. Yet smaller
systems, with sizes O(1 fm) occurring in pp or pA, should
also be able to do so, provided certain conditions are met. Let
us thus start to define a proper comparison, starting with our
thought experiment 0, in which two systems (see a sketch in
Fig. 1) A and B have the same local quantities—temperatures,
viscosities and the like—but different sizes RA > RB . (For
example, think of AuAu and CuCu collisions at the same
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FIG. 8. (Color online) The slopes of the m⊥ distribution T ′ (GeV)
as a function of the particle mass, from [13]. The numbers on the right
are track multiplicity.

In the remaining radial Cooper-Fry integral over the freeze-
out surface one should substitute proper time τ (r) and its
derivative, as well as transverse rapidity κ(τ (r), r), defined
via tanh(κ) = v⊥. The spectra are fitted to exponential form at
large m⊥ [see Fig. 9(a)] and finally in Fig. 9(b) we compare
the slopes T ′ observed by the CMS (in the highest multiplicity
bin) to theoretical results.

We start doing it by comparing to other models. We do
not include the parton cascade models Hijing, as it has no
flow by design and obviously fails in such a comparison. The
(latest version of the) hydrodynamical model “Epos LHC” [25]
predicts spectra with slopes shown by asterisks: as evident
from Fig 9.(b) it misses the slope by a lot, for the protons
by about factor 2. Even further from the data are the slopes
calculated from the AMPT model [26] (diagonal crosses and
dashed line).

Upper two lines in Fig. 9(b) show our results, corresponding
to two selected values of Tf , 0.12, and 0.17 GeV. The former
is in the ballpark of the kinetic freeze-out used for AA data:
but as Fig. 9(b) shows it overpredicts the radial flow for the
pA case. The second value corresponds to the QCD critical
temperature Tc: it is kind of the upper limit for Tf since it is
hard to imagine freeze-out in the QGP phase. As seen from
the figure, such value produces reasonable amount for the
collective radial flow as observed by the CMS. The same level
of agreement holds not only in the highest multiplicity bin, but
for most of them. We thus conclude that in pA the chemical
and kinetic freeze-out coincide.

Apart from the effective m⊥ slopes T ′ for each multiplicity
bin and particle type, the paper [23] also gives the mean
transverse momenta. Like slopes, they also display that
radial flow in few highest multiplicity pA do exceed that in
central AA. Those data also agree reasonably well with our
calculation.

(a)

dN

dydm2
⊥

(y = 0)

m⊥(GeV )

(b)

m(GeV )

T (GeV )

FIG. 9. (Color online) (a) A sample of spectra calculated for
π, K, p, top-to-bottom, versus m⊥ (GeV), together with fitted
exponents.(b) Comparison of the experimental slopes T ′(m) versus
the particle mass m (GeV). The solid circles are from the highest
multiplicity bin data of Fig. 8, compared to the theoretical predictions.
The solid and dash-dotted lines are our calculations for freeze-
out temperatures Tf = 0.17, 0.12 GeV, respectively. The asterisk-
marked dashed lines are for Epos LHC model, diagonal crosses on
the dashed line are for AMTP model.

(The reader may wander why we do not compare the spectra
themselves. Unfortunately we cannot do it now, neither in
normalization more in shape because of significant “feed-
down” from multiple resonance decays, strongly distorting
the small-pt region. Event generators like HIJING and AMPT
use “afterburner” hadron cascade codes for that.)

B. Higher harmonics

The repeated motive of this paper is that the smaller systems
should have stronger radial flow, as they evolve “longer” (in
proper units, not absolute ones) and the pressure gradient
driving them never disappears. Higher harmonics are not
driven permanently but are instead oscillating, plus damped
by the viscosity. Since the only harmonics in the pA and pp
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the slopes T ′ observed by the CMS (in the highest multiplicity
bin) to theoretical results.
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not include the parton cascade models Hijing, as it has no
flow by design and obviously fails in such a comparison. The
(latest version of the) hydrodynamical model “Epos LHC” [25]
predicts spectra with slopes shown by asterisks: as evident
from Fig 9.(b) it misses the slope by a lot, for the protons
by about factor 2. Even further from the data are the slopes
calculated from the AMPT model [26] (diagonal crosses and
dashed line).

Upper two lines in Fig. 9(b) show our results, corresponding
to two selected values of Tf , 0.12, and 0.17 GeV. The former
is in the ballpark of the kinetic freeze-out used for AA data:
but as Fig. 9(b) shows it overpredicts the radial flow for the
pA case. The second value corresponds to the QCD critical
temperature Tc: it is kind of the upper limit for Tf since it is
hard to imagine freeze-out in the QGP phase. As seen from
the figure, such value produces reasonable amount for the
collective radial flow as observed by the CMS. The same level
of agreement holds not only in the highest multiplicity bin, but
for most of them. We thus conclude that in pA the chemical
and kinetic freeze-out coincide.

Apart from the effective m⊥ slopes T ′ for each multiplicity
bin and particle type, the paper [23] also gives the mean
transverse momenta. Like slopes, they also display that
radial flow in few highest multiplicity pA do exceed that in
central AA. Those data also agree reasonably well with our
calculation.
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the particle mass m (GeV). The solid circles are from the highest
multiplicity bin data of Fig. 8, compared to the theoretical predictions.
The solid and dash-dotted lines are our calculations for freeze-
out temperatures Tf = 0.17, 0.12 GeV, respectively. The asterisk-
marked dashed lines are for Epos LHC model, diagonal crosses on
the dashed line are for AMTP model.

(The reader may wander why we do not compare the spectra
themselves. Unfortunately we cannot do it now, neither in
normalization more in shape because of significant “feed-
down” from multiple resonance decays, strongly distorting
the small-pt region. Event generators like HIJING and AMPT
use “afterburner” hadron cascade codes for that.)

B. Higher harmonics

The repeated motive of this paper is that the smaller systems
should have stronger radial flow, as they evolve “longer” (in
proper units, not absolute ones) and the pressure gradient
driving them never disappears. Higher harmonics are not
driven permanently but are instead oscillating, plus damped
by the viscosity. Since the only harmonics in the pA and pp
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We predicted the radial flow 
in pp/pA to be even stronger  
than in central AA
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but collective flow: p=m v
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FIG. 6: (Color on-line) The string ball: RH is the
Rindler horizon along the longitudinal direction L,
with the string streching along the transverse T
direction with impact parameter b.

lective flows at the freeze-out time to the ini-
tial size and shape of the system. In particu-
lar, the radial flow depends on the initial size
and temperature of the fireball. The values of
the observed azimuthal harmonics of the flow
vm, m = 2, 3, . . . are related to the initial defor-
mation parameters of the system ✏m via calcu-
lable ratios, e.g.

✏m = v

observed

m

✓
✏m

vm

◆

hydro

(51)

Extracted ✏m are then compared to various
models of the initial state. Predictions of the
shape of the initial state – with perhaps a new
stringy event generator – is beyond the limits
of the current work. While we made some first
steps toward it in our paper [5], much more de-
tailed studies of “explosive” events are needed
to understand their origin.

V. THE STRING BALL AS AN
EFFECTIVE BLACK HOLE

This section contains some additional theo-
retical material, which is not necessary for un-

derstanding the rest of the paper, but provides
interesting alternative physical analogies and
results. In it we will show that the “string
ball” state is thermodynamically (and perhaps
in other respects) dual to a black-hole (BH).

This BH is very di↵erent from that appear-
ing in the e↵ective thermal AdS metric used in
most of the thermal AdS/CFT studies of the
sQGP: the horizon is not static, placed along
the holographic z-direction. The BH is dynam-
ically produced and we will focus on the part
of its horizon located along the longitudinal L-
direction, as schematically shown in Fig. 6. (We
remind that the SZ model has a holographic z-
coordinate with a confining wall at z = z

0

, not
a thermal horizon.)

The near-critical string has a propagator (40)
that behaves like a thermal ensemble with Un-
ruh temperature 1/�U . Its free energy or pres-
sure F = �lnKT /�U [2] are small

F(�,b) ⇡ k� b

 
1 � �̃

2

H

�

2

!
1/2

(52)

but the energy and the entropy are very large

E = @�U
(�UkF) ⇡ k�b

 
1 � �̃

2

H

�

2

!�1/2

(53)

S = �

2

U@�U
F ⇡ (�̃2

H/�)k�b

 
1 � �̃

2

H

�

2

!�1/2

For � ⇡ �̃H this coincides with the first law
of thermodynamics for black-holes in Rindler
coordinates as noted by Susskind [40]

S ⇡ �HE = 2⇡ (Els) (54)

and vanishingly small pressure (52). We note
the Rindler temperature TR = 1/2⇡ and there-
fore the Rindler energy ER = Els. The emer-
gence of a Rindler temperature is expected
since the stringy Pomeron exchange is charac-
terized by a line element [2]

ds

2 ⇡ �a

2

⇢

2

dt

2 + d⇢

2 + ds

2

? (55)

with a Rindler acceleration a = �/b. At this
regime the acceleration is a = k/ls. On the
streched horizon at ⇢ = ls/k in (55), the warp-
ing of time is 1 since t/t⇢ = (b/�)/⇢ ! ls/k⇢.
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FIG. 6: (Color on-line) The string ball: RH is the
Rindler horizon along the longitudinal direction L,
with the string streching along the transverse T
direction with impact parameter b.
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results. In it we will show that the “string
ball” state is thermodynamically (and perhaps
in other respects) dual to a black-hole (BH).

This BH is very di↵erent from that appear-
ing in the e↵ective thermal AdS metric used in
most of the thermal AdS/CFT studies of the
sQGP: the horizon is not static, placed along
the holographic z-direction. The BH is dynam-
ically produced and we will focus on the part
of its horizon located along the longitudinal L-
direction, as schematically shown in Fig. 6. (We
remind that the SZ model has a holographic z-
coordinate with a confining wall at z = z
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, not
a thermal horizon.)
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that behaves like a thermal ensemble with Un-
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and vanishingly small pressure (52). We note
the Rindler temperature TR = 1/2⇡ and there-
fore the Rindler energy ER = Els. The emer-
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A cartoon of the string ball as a black-hole is
shown in Fig. 6.

The transverse area of the black-hole is the
area of the di↵using string in rapidity

ABH = 2⇡

2

⇣p
�/k ls

⌘
3

(56)

in transverse D? = 3 provided that the di↵u-
sion length in the z-direction is within the con-
fining wall. As a result, we have the Bekenstein-
Hawking type relation

SBH

ABH
⌘ 1

4G

5

(57)

with an e↵ective Newton constant

G

5

= ⇡

2

⇣
(�/k

3)(1 � �̃

2

H/�

2)
⌘

1/2

l

3

s (58)

For a fundamental string, the Planck and string
constants are related with G

5

through G

5

=
l

3

P = g

2

s l

3

s . We recall in the large Nc counting
g

2

s ⇡ 1/N

2

c .
The transmutation of the near-critical strings

into a black-hole at the string scale was foreseen
by Susskind and others in the context of string-
based gravity [40, 41]. Furthermore, it was
later shown that the Bekenstein-Hawking for-
mulae emerge from a direct statistical counting
of quantum string states. In hadronic collisions
at large rapidity �, the e↵ective relation (58)
shows that this transmutation can be achieved
in a twofold way: (i) one is discussed in this pa-
per �/�̃H ! 1 (the near-critical regime); and
another (ii) is a more exotic case possible in
large Nc limit, namely exchange of a string with
very large color charge k/� ! 1 which we do
not discuss.

Empirical estimates based on DIS data anal-
ysis [2] suggests that the saturation scale is
z

0

⇡ 2/GeV, so that the di↵usion length is
far from the confining wall for

p
�/kls < z

0

or � < 16 for k = 1. For very high energy
collisions, however, given by � > 16 the dif-
fusion length reaches the confining wall. This
should modify scattering at super high energies,
in particularly the transverse area (56) is now
changed to

ABH ⇡ 2⇡

2

z

0

⇣p
�/k ls

⌘
2

(59)

with the corresponding changes in the e↵ective
Newton constant estimate

G

5

= (⇡2

/k)
⇣
1 � �̃

2

H/�

2

⌘
1/2

(z
0

l

2

s) (60)

A. Dual derivation of the string
propagators

We can explicitly check that the tachyon
thermodynamics (52) and (54) follows from
the large n excitation spectrum of the NG
string by using the modular transformation and
the saddle point approximation in flat space.
The modular transform of the transverse string
propagator is an exchange b $ �, which corre-
sponds to going into the close string description
from the open strings. It is basically a change
of coordinates in string quantization, describ-
ing the same “tube” configuration. Indeed, the
modular transform of (18) can be cast as

KT (�,b; k) ⇡ (61)
1X

n=0

d(n) e

���b (1�bc
2/b2

+2⇡n/�b2)1/2

with bc = ((⇡D?)/(12�))1/2 ⌘ ⇡ls and the
density of states (19). The NG form has been
subsumed. (61) is seen to diverge for �  �H .
The divergence is controlled by a large n saddle
point,

nS ⇡ �b

2

2⇡

1

(�/�H)2 � 1
� 1 (62)

for which (61) is to exponential accuracy

KT (�,b; k) ⇡ e

��b
p

�2��2
H (63)

in agreement with the tachyon result above.
The string energy at the large n saddle point

(62) is

E ⇡ �b

r
2⇡nS

�b

2

=
�bp

�

2

/�

2

H � 1
(64)

and the corresponding entropy is

F,p are small, 
 E,S are large 
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FIG. 3: String exchange between two sources
(crosses) separated by the impact parameter b: the
cold string case � < �H (a); the near-critical string
case � ! �H (b).

lision energies (not reached at colliders) it may
approach the Hagedorn temperature T ! TH .
At current energies (LHC) it can also happen,
as fluctuations. We will argue that in this new
regime the string will develop large excitations
in the form of a “string ball” depicted in Fig.3b.

The SZ model [? ? ] is based on bosonic
string exchanges between the colliding high en-
ergy objects. It is essential that the QCD string
with a nonzero tension related to QCD confine-
ment is used, and not the conformal superstring
which has a massless spin-2 graviton excita-
tion. There is no supersymmetry and gravi-
tons transmutes to a massive spin-2 glueball
with an exponentially small contribution in the
Pomeron di↵usive limit [? ? ]. However there is
still a large Nc parameter, related with a small
string coupling gs and a large ’t Hooft coupling
� = gsNc so that 1/� e↵ects of the curved ge-
ometry will be considered as subleading.

At very high energies the rapidity interval pa-
rameter can be used as a large parameter

� = ln(s/s
0

)� 1 (12)

It will play the role of the e↵ective time in what
follows. Transverse momentum transfer is held
fixed t = �q2 and soft. The main phenomenon
to be studied is the string di↵usion. Two lon-
gitudinal directions – time and the beam di-
rection, also often used as light cone variables
x± – are complemented by two transverse co-
ordinates plus a “scale coordinate” z. Its ini-
tial value corresponds to a physical size of the
colliding dipoles and di↵usion means the pro-
duction of small size closed strings. The z-
coordinate is not flat. We will model its metric
by an AdS

5

with a wall. The number of trans-
verse coordinates, which will play an important

FIG. 4: Dipole-dipole scattering with separation b:
Pomeron exchange (a); Reggeon exchange (b).

role in the following, is thus

D? = 3 (13)

We will now review the Pomeron results and
its associated entropy in this setting. The am-
plitude of the elastic dipole-dipole scattering in
Fig. 4a reads [? ? ? ]

1
�2is

T (s, t; k) ⇡ g2

s

Z
d2

b eiq·b
KT (�,b; k)(14)

where KT is the Pomeron propagator for dipole
sources of color Nc-ality k describing the string
flux. k runs over all integers till Nc/2 for even
Nc and Nc/2 + 1/2 for odd ones. In the real
world with the SU(3) color group, k = 1 is
the usual string between fundamental charges
(quarks) and the largest tension k = 2 is the one
between two baryon junctions. The first argu-
ment of the propagator is � = 2⇡b/�, where
b is the impact parameter. gs ⇡ 1/Nc is the
string coupling.

The explicit form of KT for the standard long
strings regime

b > � > �H (15)

follows from the Polyakov string action,

KT (�,b; 1) =
✓

�

4⇡2

b

◆D?/2

(16)

⇥
1X

n=0

d(n) e���b (1��2
H/2�2

+8⇡n/��2)

ImAelastic ⇠ |Ainelastic|2

The unitarity cut is shown by red

The picture includes (twice) 
the Euclidean part of the  
semicircular path  
(as in Schwinger process,  
in fact known  from Sauter,1931)

The  Minkowski part has exp(iS) 	

so the probability=1 	

The end of E. path becomes the initial condition 
for the Minkowski part of the path 

Outlook



t=0

beam• at time zero 
strings are 
born 
transverse, 
in b 
direction	


• then they 
are 
stretched 
along the 
beam 
direction	


If the cluster — string ball — is formed in their center 
and it is heavy enough, a trapped surface appears: it 
creates string breaking, Hawking radiation etc 

Hydro = falling in z under gravity



Gubser,Pufu and Yarom” Heavy ion collisions as that of two black holes 

No time is needed: 
trapped surface 

is there at time zero
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Abstract

AdS/CFT correspondence is now widely used for study of strongly coupled plasmas,

such as produced in ultrarelativistic heavy ion collisions at RHIC. While properties of

equilibrated plasma and small deviations from equilibrium are by now reasonably well

understood, its initial formation and thermal equilibration is much more challenging

issue which remains to be studied. In the dual gravity language, these problems are

related to formation of bulk black holes, and trapped surfaces we study in this work is a

way to estimate the properties (temperature and entropy) of such black hole. Extending

the work by Gubser et al, we find numerically trapped surfaces for non-central collision

of shock waves with different energies. We observe a critical impact parameter, beyond

which the trapped surface does not exist: and we argue that there are experimental

indications for similar critical impact parameter in real collisions. We also present a

simple solvable example of shock wave collision: wall-on-wall collision. The applicability

of this approach to heavy ion collision is critically discussed.

1E-mail:slin@grad.physics.sunysb.edu
2E-mail:shuryak@tonic.physics.sunysb.edu

1

proceed through a very specific “quasiequilibrium” stage. We calculated the spectral densi-

ties and found they deviate from their thermal counterpart by general oscillations. Another

interesting solution describing isotropization of plasma was proposed by Chesler and Yaffe

[23] recently.

The issue we will address in this work is formation of trapped surfaces and entropy

production in the collision of two shock waves in AdS background. The work in this direc-

tion in AdS/CFT context had started with the paper by Gubser,Pufu and Yarom,[4] who

considered central collisions of bulk pointlike black holes. They had located the (marginally)

trapped surface at the collision moment . Its area was then used as an estimate (a lower

bound) of the entropy produced in heavy ion collision. In the limit of very large collision

energy E they found that the entropy grows as E2/3. In section 6 we will critically discuss

how realistic are these results.

In this work we extend their work in two directions. One is the obvious extension to

collision of shock waves with nonzero impact parameter. We find interesting critical phe-

nomenon, analogous to shock wave collision in Minkowski background [12, 13, 14]: beyond

certain impact parameter, the trapped surface disappears and black hole formation does

not happen. The other direction deals with a much simpler case of wall-on-wall collision,

which was in a way overlooked before.

2 Shock Waves Collision and Trapped Surface

It is useful to review the main steps of [4] first. The AdS background can be written as:

ds2 = L2−dudv + (dx1)2 + (dx2)2 + dz2

z2
(1)

where u = t−x3 and v = t+x3. x3 is longitudinal coordinate and x1, x2 are transverse

coordinates.

The shock wave moving in +x3 direction is given by:

ds2 = L2−dudv + (dx1)2 + (dx2)2 + dz2

z2
+ L

Φ(x1, x2, z)
z

δ(u)du2 (2)

with Φ(x1, x2, z) satisfies the following equation:

(
! − 3

L2

)
Φ = 16πG5Juu (3)

3

The 5-Dimensional source Juu can be arbitrary function in principle. ! is the Lapla-

cian in the hyperbolic space H3:

ds2
H3 = L2 (dx1)2 + (dx2)2 + dz2

z2
(4)

The shock wave moving in −x3 direction can be obtained by the substitution u ↔ v

to (2) and (3).

The marginally trapped surface is found from the condition of vanishing of expansion

θ[15]. The trapped surface is made up of two pieces: S = S1 ∪ S2. S1(S2) is associated

with shock wave moving in +x3(−x3) direction before collision. An additional condition is

that the outer null normal to S1 and S2 must be continuous at the intersection C = S1 ∩S2

point u = v = 0 to avoid delta function in the expansion.

To find out S1 associated with the first shock wave,

ds2 = L2−dudv + (dx1)2 + (dx2)2 + dz2

z2
+ L

Φ1(x1, x2, z)
z

δ(u)du2 (5)

the following coordinate transformation is made to eliminate the discontinuity in

geodesics:

v → v +
Φ1

z
Θ(u) (6)

where Θ(u) is the Heaviside step function. S1 is parametrized by:

u = 0, v = −ψ1(x1, x2, z) (7)

The expansion is defined by θ = hµν∇µlν , with lν the outer null normal to S1. hµν

is the induced metric. It can be constructed from three spacelike unit vectors wµ
1 , wµ

2 , wµ
3 ,

which are normal to S1:

hµν = wµ
1 wν

1 + wµ
2 wν

2 + wµ
3 wν

3 (8)

The vanishing of expansion gives the equation:

(
! − 3

L2

)
(Ψ1 − Φ1) = 0 (9)

4

with Ψ1(x1, x2, z) = L
z ψ1(x1, x2, z).

The vanishing of expansion on S2 associated with the second shock wave can be

worked out similarly:

(
! − 3

L2

)
(Ψ2 − Φ2) = 0 (10)

At the intersection C = S1 ∩ S2, S1 and S2 coincide, therefore Ψ1(x1, x2, z) =

Ψ2(x1, x2, z) = 0. The continuity of outer null normal can be guaranteed by ∇Ψ1 ·∇Ψ2 = 4.

In summary, the aim of finding marginally trapped surface becomes the following

unusual boundary value problem:

(
! − 3

L2

)
(Ψ1 − Φ1) = 0

(
! − 3

L2

)
(Ψ2 − Φ2) = 0

Ψ1|C = Ψ2|C = 0 (11)

The boundary C should be chosen to satisfy the constraint:

∇Ψ1 ·∇Ψ2|C = 4 (12)

Note (11) and (12) are written in the form of scalar equation, invariant under coordi-

nate transformation. For central collision, the source Juu are identical for two shock waves.

In [4], they are chosen to be

Juu = Eδ(u)δ(z − L)δ(x1)δ(x2) (13)

The solution of Φ corresponds to this source give rises to the following stress tensor

on the boundary field theory:

Tuu =
L2

4πG5
lim
z→0

Φ(x1, x2, z)δ(u)
z3

=
2L4E

π(L2 + (x1)2 + (x2)2)3
δ(u) (14)

The special source (13) preserves an O(3) symmetry in H3, which is manifest in the

following coordinate system:

5

!1.0 !0.5 0.5 1.0

!1.0

!0.5

0.5

1.0

Figure 1: (left)The shapes of C (the trapped surface at u = v = 0) at G5E
L2 = 1. The impact

parameters used in the plot are 0.4L, 0.6L, 0.8L, 1.0L, 1.1L, 1.14L from the outer to the

inner. The innermost shape being the critical trapped surface. (right)The shapes of C (the

trapped surface at u = v = 0) at G5E
L2 = 100. The impact parameters used in the plot are

1.0L, 2.0L, 3.0L, 4.0L, 5.0L, 5.3L from the outer to the inner. The innermost shape being

the critical trapped surface. As collision energy grows, the trapped surface gets elongated

in the axis of mismatch.

Strapped =
2A

4G5
=

1
2G5

∫
√

gd3x (50)

where A is the area of the boundary C. The prefactor is

L3

G5
=

2N2
c

π
(51)

We plot the lower bound of entropy in the dual field theory for energy G5E
L2 = 100 in

Fig.3

5 Wall-on-wall collisions

We may also work on a simpler form of the shock wave called wall-on-wall in [18], in which

there is no dependence on two transverse coordinates. Grumiller and Romatschke [3] have

started to discuss it, using gravitational shock waves with growing – in fact simple power

dependence – as a function of holographic coordinate z. If so, collision dynamics resembles

the atmospheric turbulence in the sense that the largest perturbation is at the largest z –
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Figure 1: (Color online.) Comparisons between the numerics of [36] and the analytic for-
mula (58). The black dashed curve represents the leading term in (58); the solid red curve
corresponds to the first two terms in (58); the dotted blue curve represents the expression
(58), which is correct up to a term of order O(1/�2); the green dots represent the numerical
evaluations used in figure 3 of [36]; lastly, the vertical green line marks the place where,
according to [36], the maximum impact parameter bmax/L occurs. We thank S. Lin and
E. Shuryak for providing us with the results of their numerical evaluations.
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The b.h. disappears 
at a particular b
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summary
• A single Pomeron, but in 3 regimes	


• it is stringy at large b and perturbative at small b	


• with (crossover near-1st order) phase transition in between	


• strongly fluctuating string => high multiplicity clusters,           
related to Pomeron daughters 	


• near-critical regime is thermodynamically dual to          
black hole	


• outlook: real-time part of the path.is B.H. really 
formed?      (trapped surfaces… ) 

• supercritical regime leads to QGP fireball and hydro 
explosion: hydro description works



seen in pA with few % probabiliy

 high multiplicity trigger in pp  reveals a ``ridge” 
which is also there in pPb  

4 5 Results

|h| < 1 region for pT > 0.6 GeV/c. For the multiplicity range studied here, little or no depen-
dence of the tracking efficiency on multiplicity is found and the rate of misreconstructed tracks
remains at the 1–2% level.

Simulations of pp, pPb and peripheral PbPb collisions using the PYTHIA, HIJING and HYDJET
event generators, respectively, yield efficiency correction factors that vary due to the different
kinematic and mass distributions for the particles produced in these generators. Applying
the resulting correction factors from one of the generators to simulated data from one of the
others gives associated yield distributions that agree within 5%. Systematic uncertainties due
to track quality cuts are examined by loosening or tightening the track selections on dz/s(dz)
and dxy/s(dxy) from 2 to 5. The associated yields are found to be insensitive to these track
selections within 2%.
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Figure 1: 2-D two-particle correlation functions for 5.02 TeV pPb collisions for pairs of charged
particles with 1 < pT < 3 GeV/c. Results are shown (a) for low-multiplicity events (Noffline

trk <
35) and (b) for a high-multiplicity selection (Noffline

trk � 110). The sharp near-side peaks from jet
correlations have been truncated to better illustrate the structure outside that region.

5 Results

Figure 1 compares 2-D two-particle correlation functions for events with low (a) and high (b)
multiplicity, for pairs of charged particles with 1 < pT < 3 GeV/c. For the low-multiplicity
selection (Noffline

trk < 35), the dominant features are the correlation peak near (Dh, Df) = (0, 0)
for pairs of particles originating from the same jet and the elongated structure at Df ⇡ p for
pairs of particles from back-to-back jets. To better illustrate the full correlation structure, the jet
peak has been truncated. High-multiplicity events (Noffline

trk � 110) also show the same-side jet
peak and back-to-back correlation structures. However, in addition, a pronounced “ridge”-like
structure emerges at Df ⇡ 0 extending to |Dh| of at least 4 units. This observed structure is
similar to that seen in high-multiplicity pp collision data at

p
s = 7 TeV [17] and in AA collisions

over a wide range of energies [3–10].

As a cross-check, correlation functions were also generated for tracks paired with ECAL pho-
tons, which originate primarily from decays of p0s, and for pairs of ECAL photons. These
distributions showed similar features as those seen in Fig. 1, in particular the ridge-like corre-
lation for high multiplicity events.

To investigate the long-range, near-side correlations in finer detail, and to provide a quanti-
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a string ball is dual to a black hole: viscosity

The 
correspondence is 
usually derived via 

the entropy	

 (=Hawking-Bekenstein)	


But one can also 
calculate viscosity,	

which gives 1/4pi	

although the calculation is stringy 
not BH. (And even if BH it is 	

very different from that in AdS/
CFT , not located in 5-th	

dimension, so were surprised)
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ishingly smal pressure. To assess the transverse
viscosity of this string without recourse to a full
Nambu-Goto analysis, we make the key obser-
vation that in near Hagedorn regime the expo-
nents in (63) transmute to

�kn! �R n (83)

with n the Rindler frequency of the harmonic
oscillator. At large 1/�k or large Rindler tem-
perature 1/�R, the string energy and entropy
are dominated by the high modes in (63). We
have explicitly checked that the tachyon ther-
modynamics (74) and (76) follow from the large
n excitation spectrum of the NG string by us-
ing the modular transformation and the saddle
point approximation, as we detail in Appendix
B.

At the Hagedorn limit, a long and space fill-
ing string, with D? dimensions, is a very e�-
cient way to carry large entropy. The analogy
between a string ball and black hole thermody-
namics shows that in fact it carries the largest
entropy density possible! With this in mind and
for simplicity, consider a Polyakov string made
of D? harmonic oscillators immersed in a heat
bath with finite but large Rindler temperature
1/�R. The energy of the string is dominated by
the high frequency modes,

ER ⇡ D?

1X

n=1

n

e�Rn � 1
(84)

For large 1/�R it is black-body

ER ⇡ ⇡2

2�2
R

D?
3

(85)

Through the first law of thermodynamics (76)
we can enforce the zero pressure condition on
this highly excited string, with

S ⌘ SR ⇡ �RER =
⇡2

2�R

D?
3

(86)

G. Viscosity at the Rindler horizon

Viscosity can be defined via certain limits of
the correlators of the stress tensor, known as

the Kubo formula. Thus one does not need
hydrodynamics to calculate it, just the stress
tensor. To assess the primordial viscosity, we
follow [2] and write the needed expression on
the streched horizon for the excited string

⌘R = lim
!R!0

AR

2!R

Z 1

0
d⌧ei!R⌧R23,23(⌧) (87)

with AR the area of the black-hole and ⌧ a di-
mensionless Rindler time. The retarded com-
mutator of the normal ordered transverse stress
tensor for the Polyakov string on the Rindler
horizon reads

R23,23(⌧) =
⌦⇥

T 23
? (⌧), T 23

? (0)
⇤↵

(88)

with

T 23
? (⌧) =

1
2AR

X

n 6=0

: a2
na3

n : e�2in⌧ (89)

and the canonical rules
⇥
ai

m, aj
n

⇤
= m�m+n,0�ij .

The averaging in (88) is carried using the black-
body spectrum as in (84). The result is

⌘R = lim
!R!0

AR

2!R

⇡

2A2
R

(!R/2)2

e�R!R/2 � 1
=

1
AR

⇡

8�R

(90)
We note the occurence of the Bekenstein-
Hawking or Rindler temperature �BH = �R in
the thermal factor.

Combining (86) for the entropy to (90) yields
the viscosity on the streched horizon

⌘R

SR/AR
=

1
4⇡

✓
3

D?

◆
⌘ 1

4⇡
(91)

which, for D? = 3, is precisely the celebrated
universal value from AdS/CFT. The result (91)
is remarkable as it follows solely from a string
moving at large “time” � in non-critical dimen-
sions but near its Rindler horizon, not in trans-
verse coordinate z. It emerges naturally in the
near-Hagedorn regime.

The result (91) for the critical pomeron as a
close string exchange on the streched horizon
for large 1/�R is to be contrasted to the same
viscosity ratio but for the low-T pomeron as a

Kubo
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