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1. Introduction

In the framework of QCD with a large number of colours N, >> 1, strong interactions are
mediated by the exchange of interacting BFKL pomerons, which split and fuse by triple pomeron
vertices. This picture can be conveniently described by an effective non-local quantum field theory
[1]. In terms of the relevant Feynman diagrams contributions standardly separate into tree diagrams
and diagrams with pomeron loops, which corresponds to division into quasi-classical contribution
and quantum corrections. The relative contribution of loops is characterized by the parameter
Oc;‘ch exp(AgrkLy), where y is the rapidity and Agrk is the intercept of the BFKL pomeron (minus
unity) [2]. So although the loop contributions are damped by factor 1/N? as compared with the tree
contributions, which depend on o,xN,, the large exponential factor makes their relative order grow
with energy. It is of vital importance then to estimate the role of pomeron loops at present energies
to have some idea of the validity of the quasi-classical methods which are currently applied to the
analysis of the high-energy scattering in the framework of QCD, such as the Balitski-Kovchegov
equation [3, 4], its generalization to nucleus-nucleus collisions [5] and the Color Glass Condensate
approach (see the review [6] and references therein).

There were quite a few attempts to estimate loop contribution, all suffering from crude approx-
imations and uncertainties. In [7, 8] the pomeron loop was calculated under the assumption that the
triple-pomeron vertex is independent of conformal weights. Later in [9] a step forward was taken to
take into account the dependence of the loop on inner conformal weights. This allowed to study the
relative magnitude of the loop for the BFKL propagator with a fixed (dominant) conformal weight.
Still this result did not solve the real physical problem, the contribution of the loop to the scattering
amplitude, which is obtained after integration over all conformal weights and requires knowledge
of the triple pomeron vertex as a function of three conformal weights.

In this paper [10] we try to exploit explicit formulas for triple-pomeron vertex [11] to actually
calculate the contribution of the pomeron loop to the hadronic scattering amplitude in full rigour.
This contribution turns out to be quite large and becomes comparable to the tree result at rapidities
of the order of 10.

2. Conformal invariant technique

The BFKL pomeron propagator satisfies the BFKL evolution equation:
d o _ -
(jy + Hprkr)gy—5(r,r2371,72) = 6(y —9)V; 2V2 25(2)(r1 —n )5(2)(’”2 —72), 2.1
where y is the rapidity and r; are transverse coordinates of the reggeized gluons, r;; = r; — ;.
The solution of this equation was found in terms of expansion in the conformal basis [12]:

&y—y (r,riF1,72) = Y Eu(r1,m2)Epy (71, 72)gn(y —Y'), (2.2)
u>0

formed by functions E;. In complex notations they are

Eu(rl,rz):( 2 )h( iz )h, 2.3)
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where = {n, Vv, ry} denotes a set of conformal weights n, v and two-dimensional center-of-mass
coordinate ry. Integer n and real v enumerates functions of the basis. The conformal weight defined
by n,V is
1+4+n
2
For simplicity we shall also use /4 to denote a set {n, v}. Restriction 4 > 0 means using half of the

whole set with v > 0, so that

1
y = Z dw—/dm,% %f gyt (2.5)

u>0 n=-—oo

h= tivy h=1-h" 2.4)

Passing from rapidity y to the complex angular momentum j = 1 + @, we have the pomeron
propagator

8o(ri,r;Fi, i) = / dye” gy (ri,r;71,72). (2.6)
As a function of w, in the conformal basis, the propagator is
1 1
= 2.7
gw,h lnv o — C()h ’ ( )
where @, are the BFKL energy levels

w, = 204(y(1) — Rey/(h)) (2.8)

and .

4

h=— " (2.9)

ap+-1,van—1,v
The form of the triple-pomeron vertex I' can be extracted from the interaction part of the
Lagrangian of the effective non-local field theory [5]. Passing to the conformal representation one
presents:

[(ry,ra|r3,rasrs,re) = Z | AT O (rl,rg)Ezz(r3,r4)E;3(r5,r6). (2.10)
Mo, 13>0

In the lowest order

©

/J.1|,u,2,[,l3 = R?QIZR(ZD%}R(])%S X (C‘C‘) X Q(/jll 7h27h3)' (21 1)

The conformal vertex Q was introduced and studied by Korchemsky [11] and corresponds to planar
diagrams contribution, which gives the dominant part in the limit of large number of colours.

In any pomeron Feynman diagram BFKL propagators and triple vertices are convoluted by
integration over coordinates or momenta. One can perform this integration using expansions (2.2),
(2.10) and completeness condition for the conformal basic functions. As a result this convolution
is substituted by the summation over conformal weights and integration over intermediate center-
of-mass coordinates.

With a help of this rule one can immediately write down the Schwinger-Dyson equation for a
full conformal pomeron propagator G, j,, which includes arbitrary number of loop insertions:

Gon = gon—ZonliZorGon (2.12)
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where l% comes from the triple-pomeron vertex operator L acting on the incoming and outgoing
pomeron propagators. Function X, 5, is the pomeron self-mass in the conformal basis:

8aN? [day
Lon= ;2 orn Z h‘hl 1 G GonLny iy n- (2.13)

The formal solution of equation (2.12) is

1
Goph=—"-—"7-7-—. (2.14)
N gwn+ REon

In the lowest order one should change G, , — gw, and L'y, p,, — ¥

ol in (2.13).

3. Scattering amplitude

The amplitude for the scattering of two hadrons at rapidity y can be presented as

A@ﬂzm/Mde ° £ (), 3.1)

O —ic 27i

where function f(g?) is a t-channel partial wave for fixed transferred momentum.
In the approximation of a single bare pomeron exchange it is a convolution of the bare pomeron
propagator g, with two impact factors describing interaction of the pomeron with external hadrons:

fol?) = [ rdt 1(1.q)h ()3 ), (32)

where the pomeron propagator in the mixed representation is
(27)*¢ly(r.r') 8% (g—¢') = /dszzR, R R gy (r1,ralr3, ). (3.3)

Here gf,(r,7") describes propagation of the pomeron with momentum transfer ¢ and can be inter-
preted as the amplitude for the scattering of two dipoles with sizes r and 7.

The expression g¢(r,7) in the conformal basis can be easily found if one uses the correspond-
ing conformal expansion for the bare propagator.

For our purposes it will be sufficient co consider scattering at zero transferred momentum, i.e.
forward scattering amplitude f,,(0). The Fourier transformation of conformal functions (2.3) in the
region of small momentum transfer was investigated in [12]. One can use this results to pass to the
limit ¢ = O:
sz '\ n/2

(Z5) g (34)

rr’*

gw(rr 2]rr|2/ dv

We shall be interested only in the leading contribution, which comes from n = 0. Therefore the

forward scattering amplitude is

1 /> ; :
ful0) = — /0 dv gwy / d*rd(r,0)|r| T2 / d*r' ®* (¢, 0)|F |12, (3.5)
It is natural to choose the impact factor in a Gaussian form
M)
®(r,0) = e, (3.6)
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where b is the inverse of the hadron radius squared b = 1/R,. Putting this result into (3.5) we find

1= Aty o, 1 T
fw(O)—ﬁ/O dng,vX?(V +Z)m7 3.7

where g v is a conformal propagator (2.7) with n = 0.
To take into account the loop contribution one has to substitute the bare propagator g v by the
full Green function. With a single loop insertion
1 1 1 Yo

Goy = - o ev (3.8)
VT goy T B0y lvo—0y (0—0y)?

The first term in (3.8) comes from exchange of the bare pomeron. It is not difficult to show
that in terms of rapidity y it gives

2 (e}
(1) 1 A 1 T o
Ao =—2 [ 4 v, 3.
O =15a2 7 fy Y <v2+£> cosh(mv) (39)

The second term in (3.8) corresponds to the lowest order loop contribution. As a function of @

@y =1 / dv 16<v 1) Zo.v ” 3.10
fu(0) 1672 b *3 (@ — wy)? cosh(v) (3.10)
with the explicit form of X , given in [9]:
4772 2 2 2 . : :
N Q=(1/2 1/2 1/2
Zw v as v] v2 ( / +lV, / +1V1, / —+ lV2) (311)

L I P e

and the conformal vertex Q given by [11].
For numerical calculations it is convenient to pass to rapidity. Performing integration over @

we find
T

@) B 1 / 1
O =—my 16(" +4>cosh(7w)

2 2
v v
/ dvidv, o 2 Q¥(1/2+iv,1/2+ivi,1/2+iv,)

4N2
8 10

(3.12)

< ea)vyy ea)vl y e(wvl +(D\/2 )y
- : :)
(l)v a)vl a)VZ (a)v - wvl - O)VZ) ((DV - wvl - sz)
The total forward scattering amplitude with the lowest order loop correction is a sum of (3.9) and
(3.12):
A,(0) =AY (0)+4%(0) (3.13)
y y y : :

Numerical calculations of (3.9) and (3.12) will be presented in the next section.



Scattering amplitude and pomeron loops in pQCD at large N, A.N. Tarasov

4. Numerical studies

We have set up a program which calculates the bare pomeron exchange amplitude (3.9) and
single-loop contribution (3.12). By far the most difficult part is the computation of the triple-
pomeron vertex Q. It requires complicated numerical procedures and is extremely time-consuming.
The vertex is a complex function which depends on three conformal variables v. We have restricted
this variables to lie in the interval 0 < v < 3.0 and introduced a grid dividing this interval into N
points. We found the vertex on the grid, which requires calculation at N> points. This strongly lim-
its numbers N admissible for given calculation resources. In our case we used N = 30 compatible
with reasonable computation time. The value of the vertex in between the grid points was found by
interpolation.

The integrals in (3.9) and (3.12) were calculated by the Newton-Cotes integration formulas.
The limits in v were taken as before 0 < v < 3.0. The number of sample points was chosen to
provide relative error of the order of 1073, The same integration strategy was used for the vertex
integrals [11].

We have performed calculations for the standard value of the QCD coupling constant ¢, = 0.2
and N, = 3. In Fig. 1 the dash-dotted line presents the bare pomeron exchange contribution (3.9).
The behavior of the amplitude is determined by the initial pole of the conformal BFKL propagator
(2.7). As expected, the curve grows with rapidity roughly as ¢®Y, where A ~ 0.48. The behavior of
the single-loop contribution (3.12) is shown in Fig. 1 by the solid line. It roughly grows twice faster,
as ~ e?, again as expected. Note that the results in Fig. 1 are normalized by factor 1672b/A2.

For small rapidities the loop term is suppressed by the smallness of the QCD coupling constant.
However, its faster growth with rapidity compensates this very early. As a result we conclude that
the loop contribution becomes visible already at rapidities 3 — 8 and starts to dominate at y ~ 8 —10.

5. Conclusions

We have studied a single loop contribution to the scattering amplitude of two colliding hadrons.
We have found expression for the amplitude in a framework of conformal invariant technique with
more or less general form of the impact factors. The triple-pomeron vertex with full dependence
on the intermediate conformal weights was calculated and used.

Numerical analysis shows that smallness of the QCD coupling constant is compensated by
rapid growth of the single-loop amplitude with rapidity. We found that the loop contribution man-
ifests itself at relatively small rapidities y ~ 3 — 8 and dominates the bare pomeron exchange am-
plitude already at y ~ 8 — 10.

Thus loops have to be taken into account already at present energies. Higher order loops
calculation is required for larger values of rapidity with summation of all loops in the limit y — oo,
This nontrivial problem is left for future investigations together with inclusion of other type of
scattering hadron and running coupling.
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Figure 1: The bare pomeron exchange (3.9) (dash-dotted curve) and single-loop (3.12) (solid curve) contri-
butions to the forward scattering amplitude as functions of rapidity.

References
[1] M.A.Braun, Conformally invariant pomeron interaction in perturbative QCD with large N, Eur.
Phys. J C 48 (2006) 511.
[2] A.H.Mueller, Unitarity and the BFKL pomeron, Nucl. Phys. B 437 (1995) 107.
[3] LBalitsky, Operator expansion for high-energy scattering, Nucl. Phys. B 463 (1996) 99.

[4] Yu.Kovchegov, Small-x F> structure function of a nucleus including multiple Pomeron exchanges,
Phys. Rev. D 60 (1999) 034008;
Yu.Kovchegov, Unitarization of the BEKL Pomeron on a nucleus, Phys. Rev. D 61 (2000) 074018.

[5] M.A.Braun, NucleusPnucleus scattering in perturbative QCD with N, — oo, Phys. Lett. B 483 (2000)
115;
M.A.Braun, Conformal invariant equations for nucleusPnucleus scattering in perturbative QCD with
N, — oo, Phys.Lett. B 632 (2006) 297.

[6] FE.Gelis, E.Iancu, J.Jamal-Marian and R.Venugopalan, The Color Glass Condensate, Ann. Rev. Nucl.
Part. Sci 60 (2010) 463.

[7] R.Peschanski, Dual Shapiro-Virasoro amplitudes in the dipole picture of QCD at small x, Phys. Lett.
B 409 (1997) 491.

[8] J.Bartels, M.Ryskin and G.P. Vacca, On the triple-Pomeron vertex in perturbative QCD, Eur. Phys. J.
C 27 (2003) 101.

[91 M.A. Braun, Pomeron loops in the perturbative QCD with large N,, Eur. Phys. J. C 63 (2009) 287.

[10] M.A. Braun, A.N. Tarasov, Scattering amplitude and pomeron loops in perturbative QCD at large N,,
Phys. Lett. B 726 (2013) 300.

[11] G.Korchemsky, Conformal bootstrap for the BFKL pomeron, Nucl. Phys. B 550 (1999) 397.
[12] L.N. Lipatov, The bare pomeron in quantum chromodynamics, Sov. Phys. JETP 63 (1986) 904.

[13] E.Iancu, J.T. de Santana Amarel, G.Soyez, D.N, Triantafyllopoulos, One-dimensional model for QCD
at high energy, Nucl. Phys. A 786 (2007) 131.



