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holographic QCD with confinement and show that a single closed string exchange contribution
to the eikonalized dipole-dipole scattering amplitude yields a Regge behavior of the elastic am-
plitude. I provide a physical interpretation of the semi-classical worldsheets driving the Regge
behavior for (—¢) > 0 in terms of worldsheet instantons which describe the Schwinger mecha-
nism for string pair creation by an effective electric field induced by the relative rapidity y of the
scattering dipoles. The analysis naturally explains the diffusion in the impact parameter space
encoded in the Pomeron exchange via the Unruh temperature of accelerated strings under the
electric field. I 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 origin of the thermal character
of multiparticle production in ep/pp collisions. After summing over uncorrelated multi-Pomeron
exchanges, I show that the total dipole-dipole cross section obeys the Froissart unitarity bound.
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1. Introduction

Non-perturbative aspects of near-forward, high energy hadronic scattering is a longstanding prob-
lem and carry valuable information about the total cross section and particle multiplicities. Even
though the perturbative description of the leading t-channel exchange (the Pomeron) as Reggeized
gluons [1] is qualitatively consistent with the observed growth of the scattering amplitude [2], some
empirical features of the hadron-hadron scattering (e.g. the Pomeron slope) point to the importance
of non-perturbative effects.

In this talk, I will consider gauge-string duality (or holography) to issue this problem. The use of
holography in high energy scattering and Pomeron physics has been addressed several times in the
past. In [3], exchanges of Minkowskian string surfaces in AdSs has been considered. A similar
semi-classical was pursued in [4] to address the same problem in the confining background of [5].
A different perspective to the problem has been taken in [6]. In this talk, I will explain the approach
advocated in [7] which shares a similar philosophy with [4].

In particular, I consider elastic dipole-dipole scattering D; (p1) + D2 (p2) — Dy (ki) + D2 (k2) with

a dipole size a. The kinematics is given by s = (p1 + p2)%, t = (p1 —k1)%, s+t +u=4m?, p/m =

(cos(0/2),—sin(0/2),0,), p2/m = (cos(6/2),sin(6/2),0,), g = (0,0,q,) and b = (0,0,b, ),

where ¢ is the t-channel momentum (r = —qzl < 0) and b is the impact parameter. In Euclidean
S

signature, the relative rapidity x translates into a Euclidean angle 6 with coshy = 575 —1 — cos 6.

Scattering at high-energy in Minkowski geometry follows from analytically continuing 6 — —iy

in the regime y ~ log (s/2m?) > 1 [8].
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Figure 1: Dipole-dipole scattering configuration in Euclidean space. The dipoles have size a and are b apart.
The dipoles are sloped by an angle 46 /2 (Euclidean rapidity) in the longitudinal x’x" plane.

Using the eikonal approximation, LSZ reduction and the analytic continuation discussed above, the
dipole-dipole scattering amplitude .7 can be reduced to a correlation function of Wilson loops and
in Euclidean space takes the following form [9]
1
—2is
The key ingredient for the scattering amplitude is the dipole-dipole correlation function < WW >.

7(0,q) ~ /d2b P <W(—9/2, —b/2)W(8/2,b/2) — 1> (1.1)
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2. Holographic Calculation of the Scattering Amplitude

In holography, the dipole-dipole correlator < WW > is identified with the partition function of the
dual string propagating in the higher dimensional confining background [5, 10]. The string world-
sheet is bounded by the Wilson loops in Fig 1 which sit on the UV boundary of the holographic
geometry. For small dipoles and large impact parameter b, most of the string worldsheet stays at
the IR end point of the confining geometry and propagates in the flat space-time with an effective
string tension. It is shown in [7] that the contribution of the fermionic sector is suppressed for the
particular kinematical regime y >> A where A >> 1 is the "t Hooft coupling. As a result, the
Pomeron amplitude at large rapidity, translates into the bosonic cylinder partition function in the
string side. The cylinder topology is necessary since it is the topology of the Pomeron in 1/N,

expansion.
*dT [ *dT
— 2 “r —S[x]+ghosts __ K 21
<wWw>=g [ 00 [ dide =g [ SR @
where S is the standard Polyakov action,
b/2
/ drt b/2dc7 x“xu —i—x’”x’u) , (2.2)

subject to sloped boundary conditions of the dipole configuration shown in Fig. 1:
HM(T,6)=x"(0,6) , cos(6/2)x5(t,Fb/2) £5in(6/2)x°(t,Fb/2) =0 (2.3)

The parameter 7 in (2.1) is the modulus of the cylinder, analogous to proper time. Here I have
assumed that the dipole size a is much smaller than the impact parameter b. In this limit, the
rectangular Wilson loops on the boundaries simply shrink into lines. The path integral in (2.1)
with the sloped boundary conditions (2.3) can be evaluated in a straightforward fashion by mode
expansion and zeta function regularization [7] and leads to the propagator

sinh (wnT/2)

K(T) = 2 =01’ T/2 n=Do(iT /)
(T) =mora”e nor/2) sinh( 9T/2 Hﬂsmh n(n+s6/m)T/2)

2.4)

In this expression, the term inside the exponent is the classical world-sheet area. The next term,
n(iT/2), is the Dedekind eta function, and comes from the transverse fluctuations. D, is the
number of transverse dimensions. The sinh~! is the contribution of the longitudinal zero mode,
and the infinite product is the contribution of the ghosts and non zero longitudinal modes.

After analytical continuation 8 — —iy to Minkowski space, the sinh~! term develops poles on the
real axis for T = 2kn/y. Deforming to contour below the negative poles and above the positive
poles results in picking only the positive poles whose residues are purely real:

k
1 %2 NP (ikm/y) (2.5)

8
<WW > 0= 4sa

2 a2 o (_
>
k=1

The expression (2.5) corresponds to the production rate of a “k-string” with tension ko (see [7]

for details). However since the boundaries are Wilson lines, not DO branes, the strings with k£ > 1
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need to have multiple wrappings and therefore their contributions are further suppressed by factors
of 1/N?. The leading term is the k = 1 pole which gives

1 DL/Z 2 !
x) e—b /20’ x+D, x /12 (2.6)

2 2 NnND,| —1
— 4 1 -
<WW >= —qg°mgi(4ma’) (2 ;

at large rapidity. For notational simplicity, I will denote this leading pole contribution as < WW >
from now on. From (1.1) the scattering amplitude is found as

i )DL/H s, @2.7)

T (s,t) = —2is/d2b el < (WW — 1) >=id’n’g? (m
Note that, the elastic amplitude (2.7) is purely imaginary, not a pure phase, signaling the inelastic-
ity. This inelasticity is tied to the exchange of strings. The associated Regge trajectory is given by
o(t)=1+ % + %'t. The slope of the trajectory is given by the half of o, consistent with the topol-
ogy of two gluon exchange. In contrast with [6], the intercept 1 + D, /12 is in general different
from 2, which is simply the spin of the graviton. This is expected because we have a non-critical
string with no fermionic degrees of freedom thus no massless graviton exist in the spectrum. In
fact, the term D, /12 is the Casimir energy or the Liischer correction [11] of the bosonic fluctua-
tions around the classical string world-sheet, as also pointed out (although with a different value) in
[4]. Also recalling that the supersymmeries of the gauge theory are associated with isometries extra
dimensions in the dual geometry, it is conceivable to assume D | = 2 to account for a non super-
symmetric gauge configuration. Indeed, in Sakai-Sugimoto model, the kinematical limit y >> A
is identical with the limit where the impact parameter is much larger than the curvature scale of the
extra dimensions [7], and the fluctuations in these directions should be suppressed. With D =2,
the intercept is

a(0)~1.17 (D, =2) (2.8)

This result is in between the BFKL [1] or “hard pomeron” value (a(0) ~ 1.3) and the experimental
fit of Donnachie and Landshoff (c¢(0) ~ 1.08) [12]. The discrepancy might be due to the fact that
the evolution in dipole sizes and multiple pomeron interactions have not been taken into account in
this analysis. The former point is further pursued in [13]. Finally, the total cross section is given
by the forward (r = 0) amplitude

T \DL/2-1
Otor = azﬂ'zgf <m> sP/12 = a?rn* g% (D, =2) 2.9

3. Gribov Diffusion and Schwinger Mechanism

The Regge behavior of the scattering amplitude naturally describes a diffusion in the transverse
space. These two are simply related by a Fourier transform. Factoring out the normalized diffusion
kernel from the expression (2.7)

Dij2 2 /
K(x,b) = ( ) e P 3.1

2ol
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shows that the dipole-dipole correlator satisfies the diffusion equation d, K(x,b) = a’/2 V3 K(x,b).
This diffusion phenomenon was explained by Gribov [14] in the context of random walk in the par-
ton evolution. An alternative perspective for this phenomenon can be constructed in terms of the
Schwinger mechanism for string production in the presence of an effective electric field driven by
the rapidity . A world-sheet T-duality along the longitudinal direction x* — x* is useful for this
purpose. The T-duality acts as: d;xF = dsiF, dpx! = 9,% and converts the sloped boundary condi-
tion (2.3) into an effective electric field E = oy tanh(y /2) acting on the two end points of the open

strings stretching between the two dipoles. The Polyakov action then becomes

or [T b/2 0y2 2 1), E 0_ .0
S — 7/ dr/ do (—(ax 4 (97E) + (9x) ) + 2 /dr (#00x — x°9, ) (3.2)
2 Jo —b/2 2 c==+b/2
The signs of the electric fields on both ends are opposite due to the opposite direction of motions
of the two dipoles, but the two end points of a string carry opposite charges, so that there is a net
acceleration. The dominant contribution of (3.2) to the string partition function comes from saddle
points in proper time T

x* =R(c)cos(2nk/Tt) , = =R(o)sin(2nk/Tt) , x'=0
R(G) =b/ycosh(x/bs) , T=2mk/y , kez* (3.3)

These configurations are also known as world-sheet instantons [15]. The saddle points occur at 7" =
27k /x which coincide with poles of (2.4). For a given positive integer k, each instanton trajectory
(3.3) describes a string wrapping k times around a circle in Euclidean x’%* plane. The classical
action evaluated on the trajectory is S.; = k % Holography then identifies the string production
rate e > with the scattering amplitude. As a result, it is ultimately the world-sheet instantons
which seed the diffusion in transverse space and Regge behavior of the scattering amplitude. The
fluctuations around the classical solution (3.3) or the “instanton determinant” contributes both as
the normalization of the diffusion kernel and as the additional term D, /12 to the intercept.

Furthermore, the Euclidean circular motion in (3.3) becomes acceleration in Minkowski space. The
radius of the circle, R(0), is smallest in the center of the string and increases exponentially towards
the dipoles. In Minkowski space, the inverse radius is the acceleration. The accelerated string feels
an Unruh temperature given by 7'(0) = 27/R(0). At the center, the temperature is 7(0) = x /2nb
and it decreases exponentially as one moves away from the center. This picture relates the Gribov
diffusion with the thermal nature of the string production via the Unruh effect. Remarkably, for
X >> A, the Unruh temperature 7 (0) at the center is greater than the deconfinement temperature in
Sakai-Sugimoto model. As a result, the string exchange at large rapidity creates to a small region of
deconfined matter in the middle of the collision. The existence of this “micro fireball” from a single
soft Pomeron exchange can naturally explain the observed apparent thermal nature of multiparticle
production in high energy collisions and might be the seed of the quark gluon plasma observed in
AA collisions observed in RHIC and LHC.

4. Froissart Bound

The scattering amplitude (2.7) violates unitarity at large rapidity. This is due to the fact that the
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dipole-dipole correlator describes only a single pomeron exchange and this approximation can
break down at large rapidity. One conventional way to overcome this problem is to sum over the
non-interacting multi pomeron exchanges which corresponds to exponentiating the single pomeron

correlator:
5 9( 1) = /dzbeiq'b (1 —exp(< WW >)) . (4.1)
is
Through the optical theorem, the total cross section is found to be
Oror =2 / d?b (1—e<WW>) 4.2)
For large rapidity, the integrand in (4.2) vanishes for b > by = /D1 %’ x since < WW >~

exp(D,x/12 —b*/20/y) — 0. Furthermore it is equal to unity for b < b,y as the second term
in the integrand is exponentially small. This is the well known “black disk” limit where the cross
section has a sharp transition between 1 and 0 at b = bp,,x. The total cross section at large rapidity
is
max nDJ_(X
Ot (5) ~ 2 / 3 x (4.3)

As a result, the total cross section (4.3) saturates the Froissart unitarity bound, i.e. G(s) < xz
[16]. The dimension of the total cross section is naturally given by the string tension.
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