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Abstract

Within the conjectured duality between N/ = 4 super Yang-Mills and Anti-deSitter string
theory, the BFKL Pomeron of the gauge theory corresponds to the graviton mode of the dual
string. As a first step towards analyzing multigraviton exchange, we investigate R-current six-
point functions within the supergravity approximation. We compute the analogue of diffractive
scattering, and we analyze the triple Regge limit. In the supergravity approximation the triple
graviton vertex is found to vanish.
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1 Introduction

Since many years, the high energy behavior of scattering amplitudes in quantum field theory
has attracted interest, and extensive calculations have been performed in order to understand the
structure well beyond leading orders of perturbation theory. In this context, a special role is played
by the Regge limit which is closely connected with unitarity of the theory.

The AdS/CFT correspondence [I] [2, 3] 4] has raised new hopes to determine the high energy
behavior to all orders of the 't Hooft coupling A, including the strong coupling region, at least for
those gauge theories which possess a dual string theory description. The most prominent example
of such a duality relates 4D super Yang-Mills (SYM) theory with A/ = 4 supersymmetries to type
IIB string theory in the Anti-deSitter background AdSs5 x Ss. Through the correspondence, the
gauge theoretic BFKL Pomeron [5, [6] [7] gets related to graviton on the string theory side [8][9].

In [I0] and [IT] we have examined this correspondence in some detail. Stimulated by QCD where
Y*~y* scattering provides a safe framework for investigating the BFKL Pomeron, we have studied
the elastic scattering of two R-currents [12] in /=4 SYM theory. On the weak coupling side, the
high energy scattering amplitude factorizes into the current impact factors and the BFKL Green’s
function. In [I0] the R-current impact factor has been calculated to leading order. The BFKL
Green’s function is known also in NLO [13| [I4] [I5]. In the strong coupling region, the method
of calculating leading order correlations function was defined in [3]. It involves the summation of
Witten diagrams containing supergravity fields which live on the AdSs5 space. Our calculation of
the high energy behavior of Witten diagrams has shown that the scattering amplitudes for infinite
't Hooft coupling A also come as a convolution of impact factors and an exchange propagator, just
as in the weakly coupled theory. The convolution is defined through an integration over the radial
direction of the AdSs geometry. As a result of our calculation, we have obtained an expression
for the R-current impact factor at A — oo. Corrections of the order 1/A require string theory


http://arxiv.org/abs/0912.3072v2

Figure 1: Unitarity corrections in QCD: (a) a fan diagram; (b) the six-point function

calculations. As to the exchanged graviton, Witten diagrams in the Regge limit yield a power law
behavior Ag,quiton ~ s, with j = 2 being the spin of the graviton. The higher order corrections

to the graviton trajectory
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cannot be derived from Witten diagrams, and they have been deduced from other lines of ar-

j=2-

guments [8, [@]. In [I6] a representation for the Regge limit of four current correlators has been
suggested which would allow to interpolate between weak and strong limits. We have not attempted
to cast our result for the Witten diagram into this form.

Within QCD, it is well known that the BFKL Pomeron violates unitarity bounds since it grows
as Aprir ~ s’ with j = 1 + wprir at very high energies. Consequently the Pomeron must
be tamed by suitable corrections. Elaborate calculations have been performed in order to identify
the relevant corrections within perturbation theory. An example arises in the context of deep
inelastic electron proton scattering at small z (which is related to the elastic scattering of a virtual
photon on the proton). It has been argued that the most important corrections to the BFKL
exchange are given by ’fan’ diagrams (an example is shown in fig. [Th) which contain the triple
Pomeron vertex. This vertex describes the splitting of one BFKL Pomeron into two Pomerons.
A derivation of this result is obtained by considering, first, the scattering of the virtual photon
on two (weakly coupled) nucleons and, then, closing the two BFKL Pomerons at the lower end
by integrating over the 'diffractive’ squared mass M? (fig. Ib). As a key feature, the fan diagram
in fig. [h. contains, in its lower part, the exchange of two BFKL Pomerons which comes with
a minus sign relative to the single BFKL exchange. At high energies, double Pomeron exchange
grows as Agoubie BrrL ~ —is T2“BFKL and thus starts to weaken the growth of the single BFKL
exchange. In preparation for extending this discussion to A" = 4 SYM theory, one may replace
the two nucleons at the bottom by virtual photons. In this way, the essential amplitude to be
studied, becomes the six-point electromagnetic current correlator, evaluated in the triple Regge
limit. It is a remarkable feature of QCD that the two lower Pomerons do not couple directly to
the upper impact factor. Such a ’direct’ coupling would correspond to the eikonal approximation.
The absence of this direct coupling in the leading logarithmic approximation of QCD means that
the eikonal picture is not supported.

Turning to A/ = 4 SYM theory, the analogous correlator is the six-point correlator of R-currents.
Our comments on QCD suggest to investigate, as a first step of addressing the unitarization, the
six-point R-current correlator in the limit s; ~ so > M?2. In the weak coupling limit, this high
energy limit of the six-point R-current correlator in A = 4 SYM theory has been studied in [17].
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Figure 2: High energy limit of the six-point function in N' =4 SYM

The main result is illustrated in fig. At high energies, the six-point amplitude can be written
as a sum of several pieces [18]; each of them corresponds to a distinct set of simultaneous energy
discontinuities, in agreement with the Steinmann relations. For our discussion we are interested
only in those terms which contribute to the discontinuity in the energies s1, s2 and in the square
of the diffractive mass, M?2. In the leading log approximation, the triple Pomeron vertex (fig. 2
right figure) is the same as in QCD. The amplitude corresponding to this diagram has the form
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where the signature factors are given by

e~ Piw _ 1 e—iﬂ(w—wl—wg) -1
Ew) = e E(w,wi,wa) = R p— (1.2)
and
Flw,wi,w) = Q) @G(W) @V eG(w)®e(Q%) ®Gw) @ 2(QF). (1.3)

Here ® denotes the integration over transverse momenta, G(w) is the BFKL Green’s function, ®
is the impact factor presented in [I0], and details on the triple Pomeron vertex V' can be can be
found in [17]. The discontinuity of this six-point function across the cut in M? leads to the cross
section of the diffractive scattering process (in the notations of QCD) v* + v* — Mx + v*. Since
M? is large, we obtain a contribution of ’large diffractive masses’. In all three w variables, the
leading singularity is given by the BFKL characteristic functions

4N .osIn 2
- .

w=w = ws = ax(r=0,n=0) = (1.4)
As an important feature of N’ =4 SYM theory we find an extra contribution (see fig. 2l left figure)
where the two BFKL exchanges couple directly to the upper R-currents. The presence of this
"direct’ coupling, which is absent in QCD and might be viewed as a support of eikonalization in
N =4 SYM theory, can be traced back to the fact that fermions (and scalars) belong to the adjoint
representation. The corresponding scattering amplitude is of the form

ATt = 5152//%STIS?&(MK(M)F(MQ;%wz)v (1.5)
where
F(M*w,ws) = ®(Q% M?)™ " © Glwn) © ®(Q%) © Glwe) ® 2(QF).- (1.6)



Figure 3: Witten diagrams for the two graviton exchange in the ¢t—channel

An expression for the new impact factor ®(M?; Q?))%"e¢* which describes the coupling of the two
BFKL Pomerons to the upper R-current can be found in [19] 20] and [17] [21] [ For large M?,
this impact factor falls off as M ~*. For the diffractive cross section one takes the M2-discontinuity
of the six-point amplitude, i.e. the M?2-discontinuity of the impact factor ®(M?;Q?))4ect. The
latter falls off as M8, i.e. it contributes to the region of small diffractive masses.

In the present paper we continue the investigtion of the high energy limit in the strongly coupled
theory using Witten diagrams. Our main interest now is in the six-point R-current correlators.
In the triple Regge limit, the amplitude is dominated by t—channel exchanges of gravitons. The
relevant diagrams are shown in figs. Bland @l There is an obvious correspondence between the two
contributions on the weak (fig. 2) and on the strong coupling side (figs. Bl and [ left diagram).
These Witten diagrams will be considered as the strong coupling analogue of our weak coupling
results obtained in A/ = 4 SYM theory .

Our article is organized as follows. Section [2]is devoted to a brief review of our notation used
in [I1]. In section [ we present computations of the scattering amplitude with the two t—channel
gravitons and one intermediate R-boson carrying mass M (fig. B). We rewrite the amplitude to
momentum space and perform the high energy limit. The amplitude is found to be proportional
to the square of two large energy variables, namely s2s3. The planar graph (left part of fig. B)) has
a cut for positive M2, starting at M? = 0, and, for large M? (triple Regge limit), falls off as M ~2.
Correspondingly, the crossed graph (right part of fig. ) has a cut for negative values of M?. Finally,
in section [ we consider the correlation function with the triple graviton vertex (fig.[). In the triple
Regge limit, the expected contribution to the triple Regge behavior ~ (s1/M?)71 (so/M?)72(M?)I
with j = j; = jo = 2 vanishes. Instead, we find contributions proportional to s?, s2, and s;ss.

2 Six-point correlation functions at strong coupling

Let us consider A = 4 super Yang-Mills (SYM) theory in four dimensional Euclidean space. The
Fourier transform of the six-point correlator reads as

6
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i=1

By J; we denote R-currents with j labelling the spacial directions, j = 1,...,d = 4. The & =
(21,2, 23, x4) stands for the four dimensional Euclidean vector (the value j = 0 refers to the fifth

IRef. [2I] discusses the M? discontinuity of the two-Pomeron impact factor. In order to obtain the full impact
factor from this discontinuity, one writes a (unsubtracted) dispersion relation.
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Figure 4: Left figure: triple graviton exchange with the triple graviton vertex. Right figure: two
graviton exchange with the direct coupling of two gravitons and two bosons.

coordinate).

We use the same notations as in [IT]. Starting with the Euclidean notation §'= (p1, p2, p3, p4)
and |p] = \/p?, the Wick rotation continues |p|? = p*> — —p? = —p3 + p} + p3 + p3 in Minkowski
space. In the high energy limit, our scattering amplitude depends upon the energies si, s3, the
diffractive mass squared M?, and the momentum transfers ¢, to, and t. Furthermore, ||, |pal,
|5], (|p4] ,|P5] and |pg|) are the virtualities of the incoming (outgoing) currents. In Euclidean
notation we have

s1. = —(p1+p2)?, sa = —(p1+ps):, M = —(Pi+ P2+ Ds),
—t = (P1+pu)?, —t1 = (p2+55)°, —to = (P5+5s)>. (2.2)

After Wick rotations, the energy variables si, so, and M? are positive, whereas the momentum
transfer variables ¢, t1, t2 remain negative; the masses of the external currents are kept negative
(space-like), —|p;|. After Wick rotation, we still continue to use the vector symbol p’ for the
Minkowski vector (py, pa,p3, p4), but now p? = —p?.

The high energy limit is defined as
S1, S2 > M2 - t; _tla _t27_|@|2' (23)

For the two graviton exchange diagrams we will keep M? finite, whereas for the triple graviton
diagram we take the triple Regge limit where also M? becomes large.

Finally, we find it convenient to present the scattering amplitude in the helicity basis. To this
end we contract the correlator A with appropriate polarization vectors

Axaarsiaarsre (D3] 81,82, M2t t1,t2) =

A - A - A - A o x (A Sk (A o\ % -
=S @)D (7)) (B )ent) (5a) €0 (55) €0 (Bo)* A jasaininio F) (24
Ji

where \; = L, 4 runs through the possible helicities and we introduced the polarization vectors
e; (p;) such that p{eg)‘i)(p"i) =0.

In order to calculate the amplitude (ZI)) in the limit of infinite t Hooft coupling [10] we make
use of the conjectured AdS/CFT correspondence [2] between IIB string theory on AdSs space and
N =4 SU(N,.) super Yang-Mills theory. An efficient calculation can only be performed in the limit
of large N.. Moreover the full string theory on AdSs is well approximated by classical supergravity
when 't Hooft coupling A = g% ,,N. goes to infinity.



According to the AdS/CFT correspondence, correlation functions are related with a classical
supergravity action Sags by [3] 4]

571
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where the factor w, comes from the relative normalization [22] while the sources ¢y of operators

(J)J(2)...J())crr = exp(—Saas|[dol])] 5, - (2.5)

in super Yang-Mills theory correspond to the boundary values of supergravity fields in AdSs5 in
the 4-dimensional quantum field theory, i.e. ¢|saas ~ ¢o. We are using the following conventions
concerning the Anti-deSitter space AdS4+1. Its Euclidean continuation is parameterized by zg > 0

and & with coordinates x; enumerated by the Latin indices i = 1,...,d. We use the metric
2 1 2 =2
ds® = —(dzg +di®), (2.6)
<0

where d#? can be related to the metric of Minkowski space by Wick rotation. The limit zg — 0
corresponds to the boundary of the Anti-deSitter space. The most interesting case is for d = 4
which can be related to QCD.

To simplify notation we truncate the SU(4) R-current group to U(1)g. However, our consid-

erations may easily be generalized to the non-Abelian case. The supergravity action is defined

by
1

S = F/dﬂ“lz\/g(—RJrA)+Sm, (2.7)
d+1

where R is the scalar curvature while the covariant matter action reads as [23], 22, [24] 25]

1
2"§§+1

Sy = /derlZ\/g |:2FH,,F‘“V - AHJ“ + ... . (2.8)
Here 2 is fixed by matching two- and three-point protected operators [23,22], while F, v is the field
strength of the gauge field A. Throughout this note, Greek indices refer to the (d+ 1)-dimensional
space, i.e. they take values from 0 to d. Latin subscripts, on the other hand, parameterize directions
along the Euclidean d-dimensional boundary of AdSy41. Contractions of the full metric (Z0) are
denoted with upper and lower indices while contractions of both lower indices denotes simple
summation with Kronecker delta.

After these technical preparations we can now begin to evaluate the high energy limit of our six-
point correlator at strong coupling, where supergravity on AdS is believed to provide an accurate
description. To this end we make use of a very convenient and intuitive diagrammatic procedure
that was first proposed by Witten [3] and then developed further by many other authors. It relies
on summing diagrams which in our case contain only three basic building blocks, namely the
bulk-to-bulk propagators for the graviton and the gauge R-bosons as well as the bulk-to-boundary
R-boson propagator. They are connected by vertices defined in eqs. 27)) and (2.8). In the high
energy limit it is enough to analyze diagrams plotted in figs. 3] @l

3 Two Graviton exchange: Low diffractive masses

In this section we analyze two Witten diagrams depicted in fig. These will later turn out to
contain all leading order contributions to the high energy limit of the full amplitude. After a very
detailed discussion of the first diagram we can obtain the contribution from the second diagram
through analytic continuation. The results are spelled out in eqgs. (827) and (3:30). They involve
a new impact factor, defined in eq. ([.2I]), whose properties shall be analyzed in subsection 3.3.
The final subsection is then devoted to a study of the deep inelastic limit of the amplitude.



3.1 The Momentum space representation

We start from the expression for the two graviton exchange in configuration space. Its contribution
to the six current matrix element i

e Aty [ dttly dd+1 dd+1
I2G,pl<m<xr / / / / 14 Y, pg(Z y) (31)

Guu;u’u’ (Z, w)Gpa;p’U’ (ya U)T(25),u/1/ (w)T(36)p’a’ (U) )

where the stress-energy tensor
Tanyw = 20uGxp (2, 81)00 Gy, (2, 71) + 2501, G, (2, 81)0,G ) (2, )
1 . S
—Enguya[aGB]pl (Z,xl)a[aGﬂ]j4(Z,I4). (32)

In the high energy limit, the highest contribution comes from the first two terms. For the coupling
of the two gravitons to the upper currents one can define the double stress-energy tensor

T(14);w,po = (5uu’5VV’ + 5HV’6VH’)(5pp’5UU’ + 590’5013’)

[2(2):'4882[“/ G)\]j1 (Zv fl)ay[p/ 8z[l,/ Gk]r] (Z, y)ay[d/ GT] ,Ja (yv 54)

1 o .
- §Zgy85#/v/az[a G)\]j1 (Za Il)ay[p/ az[a G)\]‘r] (Za y)Gay[g/ GT],j4 (yv $4)

1 o .
_§y§z§50/p,az[u,Gwl(z,xl)aywazm,aw(z,y)aymG 10 (Y, Ta)

1 - S
+Zygz(2)60’/)’ 5H’V’6Z[a Gji (2, xl)ay[g aZ[a G (2, y)awa 7]ja (y,74)].  (3.3)

In the high energy limit, only the first term contributes to the leading power in energy. The
expressions for the propagators are listed in Ref. [I1].

Let us now specify d = 4. Using the expressions for the propagators presented in Ref. [11] we
rewrite the formulae in the momentum space. We define Fourier transform of stress-energy tensors

as
T(14)W(Z) d*py | d'pye P ETT) o (F-54) T4y (205 P15 Pa) (3.4)
and
Taympe(zy) = (2;)12 / dpy / s / dp o= (F=T1) =i (=) =7 (7—2)
T14)yuv,po (20, Y03 D1, s Pa) - (3.5)
This gives

T4y (2001, 01) = —2501(,Gxjpy (20, 51)Pap, Gajja (20, Pa)

— 20011, Gy (20, P1)Pag, Gjja (20, Pa) (3.6)

2The correlation functions and amplitudes are calculated up to multiplicative constants, which can be easily
restored from the action (2.



with piry =40, and
T14yuv,pe (20,503 1, 5, 01) - = 2095011 Gl (205 P[P Gl (205 Y03 P)Pafo G s (Y0, Pa) (3.7)
+209501 (G iy (20, P1)P1oP1 G (20, Y0; P)Pago G5 (W0, Pa)
+2095P1 1, Gy (20, D) Do P G el (20, Y05 P)Pag, Gy, gy (Y0, Ba)
2095011, Gy (205 1) D101 Gy (20, Y03 P)Pa,Grl. gy (Y0, Ba)

with 0z, = —ip;, Oy, = —1Di, Po = 10, Do = 10y,, P1g = 10z, Pag = 0y, In the above formulae the

approximation indicates that we omit terms which, in the high energy limit, are power suppressed.
Finally, our expression in the four-dimensional momentum space takes the following form

6
2G,planar — —iZ;-P; ,planar __
(27T)46(4)(Zp )Ajlj;j]';%js(p) = H/d4xje g I2G P! -
i =1
d dv dw dz
= (2n)* 4) / o / — / — / 2 T 14y por (205 Y03 B B1 + P2 + Ps, F1)

G,uu;,u/v/ (207 w0;172 + ﬁS)T(25)u’V’ (wo;ﬁ%ﬁS)Gpo;p’a” (2/07 00;53 + ﬁG)T(36)p’a’ (vo;ﬁ3aﬁﬁ) :

3.2 The high energy limit

In the high energy limit, the leading contribution can be obtained exactly in the same way as it
was done for four point functions [IT]. For the incoming R-boson propagators, the only important
parts are those proportional to px, namely

piGyj(20,0) = 20(Prdi; — pidk;) P K1 (20[P1) = zopkdij [P K1 (20(P]) (3.8)

pGopj(20,0) = i20(6k;1P1” — pipr) Ko(z0|pl) & —izop;peKo(20(p1) , (3.9)

where 0z, = —ip;, po = 10,,. Making use of the Ward identity, i.e. shifting the polarization vectors
(listed in [11], Appendix A), we can remove terms without py. To simplify the notation of the
bulk-to-bulk R-boson propagator we introduce

S < zoyolp]
T = TEEOTR+ )\ V22 + o8

2k+a
Ka(20,yo; |P1) ) Koea(IP1y/ 25 +95),  (3.10)

and

Ka (20, yo; [B1) i R < Z,LOW

This allows us to rewrite the bulk-to-bulk R-boson propagators as

2k+a
) KowralPly/Z +33) . (311)

Guj(20,y0,0) = L0u52090K1 — £pi6u020y3Ko , (3.12)
and
Guo(20,90,0) = 26.0(28 +y3)K1 — $0,02050K0 + 2505 2040Ko - (3.13)
Furthermore, in the high energy limit the leading term of the graviton propagator is given by

Guu;u’u’ (207 wOuﬁ) ~ (6;“/ 51/1/ + 6Mu’5uu’)g(207 ’U}O,m ) (314)



with

G(z0,wo;p) = Ka=2(20,wo;|p]) - (3.15)

To calculate the scattering amplitude we have to contract the resulting expression with the polar-
ization vectors, namely

3 6
2G,plance Aa) (= G,plan: )/ -
AN s ashs = Zj. Ega )(Ba) (AZGPInary e adae Egbb)(Pb)*- (3.16)
“a=1 b=4

Substituting the expressions for the propagators, the double stress-energy tensor reads as
T(14),uv,pcr (ZOa yo;ﬁluﬁﬁﬁl) ~ _%Zéyépl klpkzpk3p4k4 (5uk1 51//@3 + 6uk3 51//@1)(5;)192 50'194 + 6pk4 5(7192)

> W (51, 5a) Kon (20151 ) Ko (20, y0; [91) Ko (yolBal) ,— (3.17)
m=0,1

where we have introduced the vector
P = P1+ P2+ ps. (3.18)
The tensor part, namely
Wi, (01,0a) = (85,54 |P11|Paldm.1 — P1j,Paj,0m.0) (3.19)
in the basis of polarization vectors basis (cf. [I1]), can be written as
Wi, L) = Y e e (50 W, (5, )
Ji,Ja

P [1P4] (Omy 107, wOxs b+ Oy 000, LON, L) - (3.20)

Q

In analogy with [II], we introduce the impact factor for the coupling of two gravitons

P, (191, 191 Pals 20, 90) = Z W2, (515 ) Ko (20151 ) Ko (20, Yo |91) Ko (ol Pal) . (3.21)
m=0,1

We rewrite eq. B.IT) as
T14)uv,po (20, Y03 DL B3 P2) R — 2 20Y0D1 gy PPk Py (Opuky Sues + Spuies O, )
(OpkaOoka + OpkaOoks)Pryxy (D1, [P, [Pal; 20,%0) - (3.22)
For the lower stress-energy tensors we make use of the impact factors introduced in [IT]

ol Pl wo) =Y WL, (B2, 55) Ko (wo D2 ) o (wo | B51) (3.23)
m=0,1

q)A2>\5(

With this notation, the lower stress-energy tensors can be written in the form

P2, P55 wo) (3.24)

T2y (Wo; P2, P5) = 2w§p2k/2p5kg (O kg Ouriy, + Oy Ouriy) Pasns (

and

T(36)p07 (V03 D3, D6) ~ 2”3?3%176% (Oprky 0okt + Opriy Oorky,) Pasag (ID31, 19615 v0) - (3.25)

We note that, similarly to the four point correlators in [I1], helicity is conserved in all impact
factors. With the vector p'= p1 + p2 + p5 from eq. (B.I8) and with

M? = —p? (3.26)



we now perform the Wick rotation to positive M?: |p| — iM. In the limit of large s; and sy we
thus arrive at:

o0 o0 o0 o0
2G,planar _ 2.2 3,3,,3,,3 g ; 2.
AN o s s he = 25152/ dZO/ dyO/ dwo/ dvo z5ypwyvy P, a, (|1, iM, [Pal; 20, yo)
0 0 0 0

G (20, wo; P2 + P5)G (Yo, vo; P3 + Pe) Payas (1921, 195]; wo) Pasas (193], P65 v0) - (3.27)

This formula summarizes our results for the high energy limit of the planar amplitude in fig. [3
The second Witten diagram with crossed bulk-to-bulk graviton propagators can now be obtained
very easily. Introducing the vector
P = P+ P+ e, (3.28)
with
P[P = M? +t =t —to+ |pr|* + [pul* = M2 + [ + [pul?, (3.29)

the high energy limit of the crossed diagram has the form

oo oo oo o0
2G,crossed _ 2.2 3,3,,3,,3 g - = .
~’4,\1,\2,\3,\4,\5,\6 = 25152/ dZO/ dyO/ dwo/ dvo zyyowy vy Py, (191, [P, [P4l; 20, 90)
0 0 0 0

G(yo, wo; P2 + P5)G (20, v0; P3 + P6) Pagas (1921, 195]; wo) Pasas (193], P65 v0) - (3.30)

For large M? we could substitute |p'| — M, but for the moment we keep M? finite.

3.3 Analytic structure of the two graviton impact factor

In the last section we have identified the two graviton impact factor ([B2I) as one of the new
building blocks for the planar amplitude. Let us pause for a moment and have a closer look at
its analytic structure. We are interested in the region where M? = —|p]? is positive and we have
substituted |p] — —iM. The impact factor contains the function K, (zo,yo; |p]) that arises from
the intermediate bulk-to-bulk R-boson propagator and is defined as the analytic continuation of
Ko (20, y0; M). Since K, (z0,y0; M) is defined as an infinite sum over modified Bessel functions,
see eq. ([BIT), its analytic continuation

has a cut for positive M? with a branching point at M? = 0, its discontinuity being given by
7M™ J,(M). While the upper sign corresponds the region above the cut which is related to the
Feynman propagator, the lower sign is valid below the cut.

The analytic structure becomes more transparent if we make use of another representation of
the bulk-to-bulk R-boson propagator |27, 28]

. < wdw
K (20, Yo; = / ————JIm(wzg) I (W
(20, Yo; 1) o w2t |p2 (wz0) Jm (wyo)

= Km(20[p1) Im (40|P)O(20 — yo) + Km (yolP1) Im (20P1)0(y0 — 20) , (3.32)

where K, (z) and I, (z) are modified Bessel functions. The subscripts m = 1 and m = 0 correspond
to the transverse and longitudinal polarization, respectively. Making use of the first line on the
right hand side of eq. (832)), one can rewrite the two graviton impact factor as a superposition of
products of single graviton impact factors

4 = T wdw m (= -
xxa (], 21 [Pl 20, 90) = /0 m Z WX x, (B1, P4) K (20|D1]) T (w0)
m=0,1

I (wyo) Km (yolPa]) - (3.33)
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Using eq. ([3:20)), the second line on the right hand side can be rewritten as

. . 1 © wdw m e .
P (P11 101, 1Pals 20,90) = |Z71||ﬁ4|/o w2+ P2 Z WX a, (1, P4) K (20D ]) T (w20)
m=0,1
Z W s, (01, Da) T (Wyo) K (yo Pal) - (3.34)
m’=0,1

Performing the Wick rotation, substituting |p] — M and comparing with the single graviton
impact factor in eq. (3:23]) we identify the right hand side as a dispersion integral over the product
of the imaginary parts of two single graviton impact factors, where one of the currents has been
analytically continued into the time like region

. ) . 4 1 © wdw . . _
(I))\1>\4(|pl|a _ZMa |p4|7 205 yO) = p |ﬁ1||ﬁ4| / w2 — M2 Im(lmq))\l)\4(|pl|7 — Wy ZO)) X
0

X Im (8" @y, x, (—iw, |Pal; yo)) - (3.35)

On the other hand the dispersion integral is given by

o0
Ban, (]~ o) = 3 [ S (@, (]~ il 20, 30)) - (3:30)
T )y w?-—M
Comparing the previous two equations we conclude that the imaginary part of the two graviton

impact factor is equal to the product of imaginary parts of two single graviton impact factors.

Finally, it is also interesting to investigate the behavior of the two graviton impact factor for
large values of M?2. Making use of the integral representation ([3.32)) of the R-boson propagator
along with the completeness relation for Bessel functions, one can expand the propagator for large
M to obtain

~ 0(zo — ¥y 1
Kep (20,05, [P]) = (Z?JTTPO)_W

A similar analysis also applies to the crossed amplitude. For large M? we have |p'|? ~ M?2.

/ dww® Jep (w20) Jep (Wyo) + - . . . (3.37)
0

Therefore the leading contributions proportional to 1/M? cancel from the sum of the two diagrams.
We are left with the asymptotic behavior ~ 1/M* of the combined amplitude. This behavior of the
two graviton impact factor (B.2I) may be compared with the analogous impact factor on the weak
coupling side, @4t in eq. (LLG). It is curious to observe that the latter has the same asymptotic
behavior ~ 1/M* for large values of M?2.

3.4 The deep inelastic limit

In this subsection we turn to the diffractive cross section which is given by the discontinuity of the
six-point correlator across the positive M2 cut. For this discussion we specialize on the kinematic
limit where the virtualities of the upper bosons are much larger than the virtualities of the lower
ones, namely

P12, [al? > 152, 17s]%, 19512, |56 (3.38)
For further simplification we set
7 = 1 = Q4 (3.39)
and
|2

Pl = Ipsl* = 15s]* = Ip6l® = Q. (3.40)
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This is the kinematic limit probed in, e.g., deep inelastic electron proton scattering; for this reason
we name this limit as ’deep inelastic limit’. This limit will allow us to perform the integrations
over the fifth coordinates and to obtain explicit analytic expressions. In particular, this limit will
allow us to study the large-M? behavior of the imaginary part of the impact factor which, in the
diffractive cross section, determines the large-M? behavior of the cross section.

To simplify notation we define dimensionless variables

2z = 20M, ym = yoM, vy = voM, wy = weM, (3.41)
the ratios
= Qa/M, B = Qp/Qa. (3.42)
and
ev = |@l/@e. @ = P2+D5, @& = P3+De. (3.43)

With these definitions we rewrite the the planar amplitude (B.27) as

2 2
A2G7p1anar - 9 S1 52 16ﬁ4 -2 Ood Ood Ood Ood 3.3 .3.3
MaApiA: o) \gg) @ Q4 oy | do | dun | dea v 2

Koo (2000) Kooy (2ars ynss =) Koy (yara)
G(zar, war;e1aB)G (Yar, var; e20e5)
Knap) (W aB) Kpyap, ) (W B) Ko (A o) (VM @B) Koy (a ) (Va1 B) - (3.44)

Here we have inserted the definitions of the impact factors. Making use use of helicity conservation
we can rename the helicity variables such that Ay = Ay = A4 and Ap1 = A2 = A5, Apa = A3 = Xg.
Furthermore, m(\) = 0 for longitudinal polarization, and m(\) = 1 for transverse polarization.
We have also a similar expression for the crossed diagram.

As a first step of simplification let us consider the forward limit

er — 0, (3.45)

for k =1,2, i.e. t; =ty — 0, so that the graviton propagator

1w,
0
4(ZM ( Wiy

G(zam,war; 0) =

Then

2G, planar 1/ s\ (52 16002 [ > > > 3.3 .3 3
AN Aeame = 2l 77 3 | @8R, dym don dwpy dzMWrV Zp Y
8\ Q% Q% 0 0 0 0

Koo (20) Koy (2ars yass —1) Kooy (Y a)

2 2 2 2
Wi UM i UM
<—Z%/I 0(zm — U}M)_y%/[ O(ym — vmr) + 2. O(wnr — ZM)—y]gw O(ynm — var)

M
,w2 2 22 2
+ 20 0ens —wan) DL 0w — yar) + 2L 0(war — 2a1) 2L O(vps — yM)>
M U Wy U

Km(ABl)(wMaB) m()\Bl)(wMaﬁ) >\B2)(UMO‘ﬁ) >\B2)(UMCYB) (347)

Making use of expressions given in the Appendix [Alis is possible to do the integrals over wy; and
var, and with the saddle point method described in Appendix [Cl one can investigate the large M?
limit. However, we chose another way.
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We turn to the DIS limit (8:38), which implies § — 0, and we expand in powers of 5. Due
to the fast vanishing of the Bessel functions of the two graviton vertex (which do not contain the
B variable) one can the lower impact factors in powers of 8 and perform the integrals over wys
and vys. In the case of transverse polarizations of the lower R-currents, the small-8 behavior of
the Bessel functions gives rise to logarithmic divergences for small 3. The appearance of such
logarithms is known already from the single graviton exchange [II]. For two gravitons we have
maximally two logarithms in 5. Using eq. ([8.32) one can then perform the integrals over zj; and
ya- Thus, the amplitude of the planar diagram becomes

2 2
G,planar ~ — S1 52 m m _
where the function I(—a?) stands for the result of the integrals over zps and ys
0172 o o B .
I(-a®) = ~ 33 dZM/ dyns 23y Koy (20) Ko n) (201 /0, yaa [ s —i) Ko (0 () -
0 0
(3.49)
The integrations can be done analytically leading to
—o?I(—a?) = (pg\o) —|—p5\1) log(—a?) —I—pg\?) log(p)) . (3.50)
o=

The functions pg\i) are rational functions in « and p, and their detailed form is presented in Appendix
BB Due to the In(—a?), the function I has a cut for real positive a? = Q% /M?, i.e a right cut
in M? starting at M? = 0. There no no poles in M2. If we would have taken the virtualities of
the currents p; and p> to be different from each other, we would have obtained also logarithms in
the ratio p1/ps. For further details we refer to Appendix C.

The contribution related to the crossed diagram is obtained by substituting: —M? — M? =
MRt bt P, e AT o,
in the M? plane. As we have already discussed before, in the large-M? limit the leading term of
A2Gerossed ig ot the order M2 ~ —M~2, and it cancels with the leading term of A2%P!nar

AaAB1AB2) AaAB1AB2®
This means that the sum is of the order M %,

is obtained from the analytic continuation of A

2 2 2
2G,planar 2G,crossed Q 51 52 7 m(\ m(A —
The function
I(e?) = a 2(In(-a?) — L((a™2 +2)71)), (3.51)

describing the sum of the planar and crossed impact factor has both right and left hand cuts in
M?2. The absolute value of a*1 (a?) is shown fig. Bl and [B both for transverse and longitudinal
polarizations. In both cases, there is a maximum at the beginning of the M?2-cuts. In contrast
to the transverse impact factor, the longitudinal one is logarithmically divergent at M? = 0 and

M? = 0. These divergences come from the logarithmic behavior of the longitudinal R-boson
propagator (3I1). In the large M2 limit the leading term of I (a2 = 0) is of the form
. > 8
L(a?=0) = / d’I”T7K72n()\) (r) = gf(él —mA)T' (4 +m((N)). (3.52)
0

From eq. (350), with the explicit form of pf\l) being given in the appendix, it is straightforward
to determine the discontinuity of the amplitude (3.48) across the right hand cut in M?
57622 (a? — 1) 7 (a® — 1
discppo I (—a?) = — ( = )7 = ) : (3.53)
(@®+1)°(a2+1)

3In the appendix we discuss the more general case |p1| # |ps4| and consider the function Iy as a function of
and p = |p1|/|pa|. The results of this section are obtained by taking the limit p = 1.
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Figure 5: The logarithm of the absolute value of a*Ty(a?) plotted as a function of a2 = M?/Q%.
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4 3 2 4 0 1 2
M?/Q%

Figure 6: The phase of the upper impact factor, namely 7 arg(—a4f A(a?)), plotted as a function
of ™2 = M?/Q%. For M? > 0 we present the branch above the cut while for M? < 0 we show
the phase below the cut.
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and

6400 (ot — 402 + 1) 7 (a* — 4a® + 1
discye I (—a?) = ——2 (a : - ;); ():(0‘1)5 41 (3.54)
o+ a“ +

For M — 0 the discontinuity for transversely polarized R—bosons vanishes as M?2, while the
2G,planar
AaAB1AB2
is proportional to M 12 (M~%) for the longitudinal (transverse) polarization. Finally, one can

also notice that the rescaled imaginary part, a~*Im I(—a?), is invariant under the substitution
a? « (a?)7L.
We end this section with a comment on the diagram on the rhs of fig.4. It contains a direct

longitudinally polarized one goes to a constant. For large M2, the imaginary part of A

coupling of two gravitons to the upper R boson, and it does not depend upon M?2. At the end of
the following section we will show that its dependence upon s; and ss is quite similar to the triple
graviton diagram to which we turn in the following section.

4 The triple Regge limit: triple graviton exchange

There are two more Witten diagrams that can contribute to the six-point correlators of R-currents,
namely the two terms that are depicted in fig. @l The first one involves the triple graviton vertex.
We will construct the vertex in the following subsection before we evaluate the Regge limit of the
entire diagram in subsection 4.2. The second diagram in fig. @ is the subject of subsection 4.3.
It contains a vertex between two gravitons and two R-bosons. Through our analysis, the only
term that could contribute to the discontinuity in M? is found to vanish. Furthermore, we shall
show that the remaining M?2-independent terms from the two diagrams in fig. H are subleading
compared to the contributions from the Witten diagrams in fig. Bl

4.1 Triple graviton vertex

In order to analyze the first diagram of fig. [l we need an expression for the three graviton vertex.
This vertex was derived before in Ref. [26]. In the following, we re-derive the vertex at prepare for
the high energy limit. As usual, our task is to expand the Einstein Hilbert action

1

S = —
2’i§+1

/dd“z\/gR, (4.1)

in small fluctuations h,, of the metric g,, = gu + hu around the metric g,, of the AdS
background. In order to fix our conventions we recall that the curvature, Ricci tensor and Riemann
tensor are defined through

R = Rul/gwj = Ruaﬁuguygaﬂu (42)

Ruapr = GunRlg, = 9un(0sT0, — 8,0, + 7,00, —T7,1%,), (4.3)

where the Christoffel symbols are given by
ng = %gap(aﬂgvp + 0v98p — 0p9p~) - (4.4)

In the following calculation we need to expand both the inverse metric g®? and the determinant g
up to third order in the fluctuation h,,. For the inverse metric we find

gaﬁ — gaﬁ — gom h#ll’lgylﬁ + g hy,,,, o h#2y2gl’2ﬁ — G Ry, 57 By G h#3l,3g”35 o
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while
VI = explnyg & Vi1 + 157 hpo — 237 o, 37 hpro + £(G7 hoo ) +
+537 P 8 Popy 1, G2 s — §(G7 Ropin G Ny )G My + 35(57Rpe)®). (4.5)

After the substitution g,, — guv + hu we can expand the Langrangian of the Einstein Hilbert
action,

~ VR = VG (R+HO +HD + HO) (4.6)
up to third order in the fluctuation field k. The constant term is determined by the AdS curvature
—R = —d(d+1). The first order corrections to the curvature R involve the quantity

1 - -
HY = —23(d—2)(d — 1)hoo(2) + 523(@5 —3)d +4)h — z3(d — 4)9oh
+282(d — 2)0ahao + 28 (000uh — Dadphas) , (4.7)

where h = hae is the trace of the fluctuation field. After multiplication with the factor V9, we can
write these terms as a total derivative, in agreement with the fact that we are expanding around
a solution g of the Einstein Hilbert action. The equation of motion for the fluctuation field h is
related to the second order terms H(?) in the expansion of the Lagrangian. We have reproduced an
explicit expression in Appendix What we really need here is the form of the terms that appear
in the third order,

1 .1 1 _
H® = (@d=11)d+ 36)20h° — gzg‘((d —11)d + 34)hooh® + 5(d- 11)dz8hhaohao

1 ~ 1
+ (1 —d)d - 40)z5haphash + Zzg‘((d —11)d + 38)hashashoo

1 1 o
—25(d — 8)(d — 3)haphaohso + E((d —11)d + 48)z0hagharhgy + §z§haahaﬁavhm
_ 1 -1 _
+1528haohaoh + 928 hoy hapOyhapg — gzg(d — 8)h20oh + gzgaaaghag(Qhw,hw, —h?)
1 . 1 . _ _
+Zzg(d — 6)h?0nhao + 5zg(d — 8)hhoaOuh — 24 (d — 6)hhoadshas
1 ~ _
+§zg(d — 9 hhaplohas — 24 (d — 5)hhasdahso — 25dhoyhpadyhsa
—20(d — 8)hoahgadph + 225 (d — 6)hoahgadyhay + 228(d — 5)hoahsyOyhaa
1 ~ 1
+2¢(d + 2)hapharOohgy + Zzg(d — 8)hapghasdoh — §z5(d — 6)hashas0yhqyo
8 3 8 8 1 8
+20h8a0phapdshyy + gzohﬁaa'vhﬁp Ohap = 29hpadphyp Oyhap — §Zoh5aa'rhﬁp Ophar
_l 8 Lo l 8 A .8 § 8
22’0 h@aayhaﬂ (%h 420h,@aaah Ogh zohﬂahpvavagha,, + 42’0h,@aaﬂhvp 80¢th
+25hsa0shay Oyh — 225h3a08hay Ophyp + 2§ hgahay 00y h — 225 hgahary 040,ha,
+208h6ah0w 0p0phpy + Zghﬂaavhaﬁ Ophyp + Zghﬂaavhav 8ﬂh - Zoghﬂaavhow Iphsp
_ 1 o 1 - 1 B _
+25hhs,0500h oy — Ezghhmaaaahm - Ezghaahaﬂaﬁh - gzgaaaah(%whw — h?)

3 4 . 1gr - = 1 g0 _
—gzgha.yhaga.yhaﬁ + Zzghaahﬁvaﬁhw - gzghozhah - §zghh578ﬁ8.yh. (4.8)
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In the following analysis we shall now specialize to d = 4. Having spelled out the third order terms
H®) we can now read off the triple graviton vertex V7. In order to spell out the answer, we
shall split the vertex into four different contributions,

TR TR,11 TR,20
V#1V17#2V27#3V3 (Ql ) Q2’ Q3) = V#1V11#2V21#3V3 (Ql’ QQ, Q3) + V#1V11#2V21#3V3 (Ql’ Q2’ Q3)
TR,10 TR,00
+ V,ulvl,,u2U2”u3U3 (le Q27 QB) + Vp,11/1,,u.21/2”u3l/3 (le Q2a Q3) . (49)

Here, we group terms according to the number of the Kronecker deltas which connect different

gravitons, i.e. Kronecker deltas of the form ¢,, ,, and those involving internal (summed) labels are

VTR,ZO

not counted. Explicitly, the terms that contribute to are given by

TR,20
V,ulvl,,ugvz”u3v;g (Qla QQa Q3)

3 1
_ 3 3
- _55#17#251/111/25#371’3@111/@271’20 - 55#11#251/171/25#371’3@271’@271’20
43600000 Q2,11 Q3,00 28 + 011 0200 112 Q2,115 Q3.5 20
PRGERSA T 2,11 &304 20 1,2 0u1, 02 W2, 13 03,0520
15 1) 1) 3446 1) 3
_5 1,291, 00 #37V3Q21VQ37VZO + Opy v V17#3Q37#2Q3,V230
1 3 1 3
+15H17M25V1;V2Q3,H3Q3,V320 - Z(Sﬂhﬂz6111,1/26#3;1’3@3,1/@3,1/20
55 1) 1) 2156 1) 1) 2
_5 p1,p2fv1,v2 #371’3Q21OZO + 905,13 002,05 07#1Q37V1'ZO

2 2
+6H1 M2 6111 V2 60,1/3 Q37M3 20 — 6#1 M2 6111 V2 6#3 V3 Q37020

3 5
_§5H17M25V1,V25H37V320 + §5H27M36V2,V360;H160,V1 20 - (410)

All terms we displayed contract the indices among two of the three fluctuation fields. Terms in
which the contractions involve all three graviton fields are collected in

TR,11
VM1V1,H2V2,H3V3 (Qla QQa Q3)

1
_ 3 3
- _51/11#3 51/2,1/3 QZM Q31#2ZO - _5#11#2 51/17#3 Q27V3Q37V2ZO

2
3 3
_26111,#2 51/27#3 Q27M1 Q3,V3 20 — 6#1;#3 51/17#2 Q27V2Q37V320
F ST VAN o Mo NPT DD S SRS NS T
9 OH1p2 O3 Cva,vs 2,v3,0% v1,13 92,033, 11 W3,02 20

3 3
_25#17#3 51’11#2 Q3,V2 Q3,V3 Zy + 6#11#3 51/17#2 51’211/3 Q37VQ37VZO

2 2
_26111 V3 5#2 M3 60;#1 Q37V2 20 — 4(5111 V2 5#2 K3 60;#1 Q37V3 20

10
+66H1 13 6111 12 51’27113 Q&OZS + ?5H1 yH2 51’1 V3 51’2 NTEE]

+45#17#2 51’1,#3 80,200,520 - (4.11)
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M1, V1

Q1
U2, V2 M3, V3

Figure 7: The three graviton vertex.

Terms in which only two of the graviton fields are contracted directly through a single contraction
are grouped together into the vertex

TR,10
V,ulvl,;@vz,;%va (Qla QQa Q3)

1
_ 3 3
- 15#1102 51/111/2 5#2701 5#371’3 QLU1 Qlt‘fz Zg + 55#1101 51/171’2 5#2102 5#371’3621701 Qlffz 20

3 3
+6M1,0161/171/26#2,(725#3,1/3@2701 Q270220 + 6#1,0261117#26”2,01 5#371/3@2701 Q370220
3 3
+6M1,<71 6”1,#2 51’2,02 5#3#’3 Q2701 Q3702 Zy + 6#1@1 6”1,#2 6112,02 5#371/3@3701 Q3702 20
2 2
+25#1,#2 51’2101 5#3,11350,1/1 QQ,Ul zy + 6#1101 51/1,#2 5#3,1/3 50,112 QQ,Ul 20

+46V1>V2 6#2701 6#3,1/3 507111 Q37U1 2(2) + 6#1»#2 5#3#’3 60,1/1 507112 20 - (4'12)

What remains are those terms of the three graviton vertex that contain no direct contractions of
two different graviton fields,

TR,00
V,ulljl,,uzvz”u3y3 (Qlu Q27 Q3)

1 1
_ 3 3
- _g(sHlle 51/1,(725#2,1/26#3,1/3@1,01 Ql,azzo + g(SHl;Vl 6#271125#371/3601,02Q1,01Q170220

1
3 3

_55#170151/1,025#2,1/25#3,1/3@1,01 Q2,U2ZO + 55#1,1/15#271’25#371’3501102621101@270220

1 3 1 3
_§5H1701 51’1,025#2,1/26#3,1/3@2,01 QQ,UzzO - 15H1,<725V1,016#2,1/26#37”3@2,01@370220

15 19 1) 1) 2926 1) 1) 1) 2
+§ p1,v19p2,v2%u3,v3 0701Q11UIZO = 4Cu1,01 92,02 %u3,v3 01V1Q270120

1 1

2

_E'Zoém,l’l 6#27112507111 Q3,H3 + E(SHLVI 6#2,1/25#37”320

3
_15#271/26#3,1/350,#150,1/120 . (413)

The symbols Qi denote five dimensional derivatives acting on k-th external graviton propaga-
tors (k runs from 1 to 3, cf. fig. [7),
Qrp =0z, - (4.14)
Before turning to the high energy limit, we still have to symmetrize these expressions. This can
be done in two steps. To begin with, we symmetrize the two indices (uy, i) for each graviton
(labelled by k). Then, in a second step, we also symmetrize in the label k.
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4.2 The triple Regge limit

So far we have worked in configuration space. The Fourier transform is defined as before, and
derivatives in configuration space, as before, turn into external momenta, p1,...,ps. When com-
puting the scattering amplitude in the triple Regge limit one notices that the large energy variables,
s1 and so, are constructed by contracting large momenta contained in the stress-energy tensors
via Kronecker deltas from the graviton propagators and from the triple graviton vertex. Since the
graviton vertex involves at most two contractions of external indices from two different gravitons,
the amplitude with the triple graviton vertex provides terms proportional to s, s3, or s152 plus
lower order contributions. In fact, the leading contribution from the triple Regge limit comes form
the terms (@II) and @I0). While the former leads to terms which are proportional to s;sz, the
latter provides two types of terms which are either proportional to s? or to s3.

We compare this result with one expects from general arguments [I8]. In the notation of
Regge theory, the kinematic limit which we referred to as the ’'triple Regge limit’ is a mixed Regge-
helicity limit. For this high energy limit the Steinmann relations allow for four sets of non-vanishing
energy discontinuities. Following the arguments in [18] as well as eq. (4.24) of the same paper, one
expects the six-point scattering amplitude to consist of four terms. If we label the leading angular
momentum singularities in the three ¢ channels by j, j1, and ja, respectively, the four terms have
the following energy dependence

(i) (M2)y—h—dgltgl and
() ), (i) sYTHTREGIRIIE Gy

The only term which contributes to the discontinuity in M? is the first one: This is the six-point
amplitude in QCD (or ' = 4 SYM) which we have described in the introduction. In the weak
coupling limit, the leading singularities in the angular momentum plane are given by the BFKL
Pomeron. Returning to graviton exchange we have computed the complete (i.e. not restricted
ourselves to the M2-dependent piece) six-point correlator in the supergravity approximation. The
leading singularities are at j = j; = jo = 2, and the three terms we have found are in agreement
with the energy dependence of (ii) - (iv). The first term is absent, i.e. in the Witten diagram with
‘elementary’ graviton exchange, the triple graviton vertex is found to vanish.

From the point of view of Feynman diagrams, this result can also be understood as follows.
In [IT] it has been demonstrated that the helicity structure of graviton exchange at high energies
can be viewed as the exchange of two spin one bosons, each of them being in a circular polarized
t-channel helicity state. Correspondingly, in our high energy limit where the graviton exchanges
above and below the triple vertex can be viewed as double-boson exchanges, the triple graviton
vertex acts like a product of two triple boson vertices. A simple look at the triple gluon boson
vertex of QCD shows that - in the triple Regge limit - the six-point amplitude with three gluon
exchange comes with two terms: One of them is proportional to s; while the other is proportional
to s2. Again, no term proportional to s1s2(M?)~! appears. Consequently, the product of two such
three gluon exchanges produces three terms, proportional to s?, s3, and slsgﬁp

A similar result can also be found in flat supergravity [30, [3I]. In the zero slope limit the
triple graviton vertex decouples. A non-vanishing triple graviton exchange is expected to appear
only once the gravitons are reggeized. This, however, requires a genuine string calculation and
thus goes beyond the scope of this paper.

41t is interesting to note that a nonzero triple vertex of reggeizing gluons in QCD has been found [29]. After
integration over M? this vertex becomes zero, thus restoring signature conservation.
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4.3 The coupling of two gravitons and two R—bosons

There is one more diagram we need to compute, namely the second one depicted in fig. 4. In the
high energy limit it will turn out to contribute to the same order as the triple graviton exchange.
The analysis follows the same steps we have described at great length in the first two subsections.
Hence, we can be rather brief now. Copying our derivation of the triple graviton vertex, one can
calculate the vertex with two R—bosons and two gravitons, i.e. the vertex that appears in the
second diagram of fig. @l Making use of eqs. (£2)-(5]) we expand the kinetic term of R—bosons

— VgF, F" = g(FO 4+ FO + p@)y (4.15)
where F(O) = —24F,, F,, and the stress-energy tensor is defined by
1
FY = (228F,,F,, - 570 Fop Fopduw) 25y = Tuwzghyu (4.16)

The coupling of two gravitons and two R—bosons can be read from

1 1 1
F(2) = (ZFPUFP05#1#25V1V2 - gFPUFPU5#1V15#2V2 + 5 P#2FPV25#1V1
1 8
+§ P#IFPVI 5#21’2 - F#1V2Fl’1lt2 - 2F#1#2FV1V2 ZOhﬂlvl h#2l/2 . (417)

In the high energy limit, the diagram under consideration can only give subleading contribution
which are proportional to s7, s3, or s1s2. In fact, as we have argued previously, powers of 51 and s,
appear if and only if momenta (derivatives) from the field strength tensors F),,, are contracted by
the Kronecker deltas coming with the graviton propagators. In the coupling (£1I7) of two gravitons
and two R—Dbosons, each term involves only two field strength tensors. Since each field strength
tensor contains only one momentum that is contracted with the graviton by using eqs. (3.3)-(3.9),
contributions proportional to s?s2 are impossible to obtain. The first two terms of the vertex lead
to traces over the graviton propagator and hence they furnish constant contributions to high energy
scattering. The remaining terms behave as s;s;, at most. Hence, at high energies, the six-point
correlator of R-currents is dominated by the two diagrams in fig. Bl The two diagrams in fig. [
are subleading.

5 Summary

In this paper we have investigated the correlation function of six R-currents at high energies and
in the strong coupling limit. Interest in such six-point functions comes from the observation that
graviton exchanges at high energies need to be unitarized. As a first step, we need to compute
the coupling of two gravitons to the R-current. Such a coupling appears as a part of the six-point
function. We have two classes of Witten diagrams, one containing the two graviton exchanges
depicted in fig. B the other one containing the three graviton exchange in fig. @ The latter one
represents the triple Regge limit. These Witten diagrams have their analogues on the weak coupling
side, i.e. in the high energy behavior of R-current correlators in N' = 4 SYM: The diagrams in
fig. Bl correspond to the exchange of two BFKL Pomerons on the weak coupling side, see fig. 2 left
figure. On the other hand, the triple graviton diagram in fig. [ has its weak coupling counterpart
in the triple Pomeron diagram on the right hand side of fig. Bl It is remarkable that the existence
of the former contribution is a consequence of the supersymmtric structure of N' = 4 SYM, and
it does not hold for (nonsupersymmetric) QCD. The study of the present paper can be viewed as
the strong coupling analogue of an earlier paper [17].
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Beginning with the two graviton exchange, the correlation function has the same structure
as on the weak coupling side, a convolution of impact factors and exchange propagators. The
integration is over the position of the impact factors in the direction of the fifth coordinate. One
of our main results is the new impact factor which describes the coupling of two gravitons to the
upper R-boson. Similar to its weak coupling counterpart (which consists of a closed loop of spinors
and scalars in the adjoint representation of the color group), it has a cut in the mass variable M2,
is maximal for small M? and, for large M?, falls off as M ~*.

In the second part we have considered the three graviton diagram. We derived an expression for
the triple graviton vertex, and found that the coupling of three elementary gravitons vanishes in
the triple Regge limit. In agreement with the Steinmann relations, we obtained three terms which
grow as s3, s3, and s;sa, respectively. We expect that the triple graviton vertex will be nonzero
once the attached gravitons reggeize. This, however, requires genuine string scattering amplitudes
and thus goes well beyond the analysis of Witten diagrams. Note that the triple vertex of the
BFKL Pomeron in weakly coupled QCD possesses a non-trivial inner structure. This is linked to
the fact that the BFKL Pomeron is a composite object. Hence, it is tempting to expect some kind
of reggeization for the dual graviton so as to match its triple vertex with that of the Pomeron.

As we have said at the beginning, our present study was mainly motivated by the interest
in two-graviton exchange. As a first step, we have investigated the coupling of two gravitons to
the R-current. The existence of the direct coupling hints at the importance of eikonalization.
Nevertheless, the triple graviton diagram also needs further investigation.

Our study of higher order R-current correlators should be seen also within another context.
One of the most important ingredients in the analysis of gauge/string dualities is the remarkable
appearance of integrability. For multi-color QCD is was shown many years ago, see [32],[33,[34], that
the BKP Hamiltonian, i.e. the operator that encodes the rapidity evolution of n-gluon ¢ channel
states, corresponds to a closed spin chain and is integrable. Such BKP states enter the high energy
limit of scattering amplitudes with more than eight external legs. Our study of the six-point
amplitude therefore also serves as a preparation for pursuing further studies in this direction.
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A Integrals for the forward case

To calculate the forward case as well as the OPE limit we have found the following integrals

7/00 dvavaKo(va)Ko(va) = —7- (KO(W)ilg)i)_(Jfol()v)Kl - Vylzog_(z) +0 (%)
(A1)

and

42 (YKo(yv) K1 (v) = Ko(v) K1 (yv))

7/00 dvpgvaKy(va)Ki(vay) = (v+1)(y-1)

= log(v™!) + (log(2) — vE) + % +0 (v2) (A.2)
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as well as
N 4(v2+1)vt 32yt +492+1)0?
/ dvavy Ko(va)Ko(vay) = <— ( 5 )2 - ( 2 1 ) Ko(v)Ko(yv)
0 (v*=1) (-1
VP 16 (292 + 1) 03 N 64 (vt + 472+ 1)
7 -1 (2 —1)° (2 =1)°

) K1 (v)Ko(yv)
v 167 (2 +2) v 64(v°+492 +9)v
1-~2 (v - 1)° (v*—1)°

( 8yvt N 96 (v* +) v?

R AN CEE Vi

+32 (=3v*+2(y* + 492+ 1) log(y) + 3)

) Ko(v) K1 (yv)

) K1(v)Kq(yv)

A3
(v2—1)° -
and
Y 5 _ 8yv! 96 (v* + ) v? v v
/0 dvaviK1(va)Kq1(vay) = <(~y2 e 1) )Ko( ) Ko(yv)
yv? 87 7?2 +5) 03 192 (V¥ +7)v
* <1 2 -1y (12-1)° ) )
8(52+1)v®  192(y'++?)v
i <72 EE VT ) folofa G
4(v+1)v B 16 (v* + 1072 4+ 1) v?
" < (v —1)° (v - 1)* ) oy
+16 78 + 99 — 992 — 12 (v* + %) log(y) — 1) (A1)
v(y2-1)°

The above results can be also used to perform integrals from [IT].

B Integrals appearing in the DIS limit

In this appendix we present further details of the six-point amplitude, restricting ourselves to the
limit of deep inelastic scattering. We will be slightly more general than in section 3.4, by allowing
the external virtualities to be less restricted. In particular, we allow |71], |74] > 2], |73, |75 |P6]s
without the constraints || = |p4| etc., and we define

= |pil/M, B = |p2|/|pil, p = |Pal/lPL].  p1 = |Dsl/IP2|,  p2 = |psl/IP3]. (B.1)

As a result, our integrals depend also upon the variables p, p1, p2. Thus, the exchange defined by
planar diagram reads as

2 2
anar _ S1 S9
Aiif}n)@g ~ —M7? < S = > ( S = > I)\(_a27p)L)\Bl(/Bap1)L)\B2 (ﬂ,pz) ) (BQ)

|P111P4] |P111P4]
where the integrations over lower vertices give
177?7,()\3)
m o ( plog(p®
Lag(B,p) = log™*?)(57%) <p2—_(1)) (B:3)



while contribution coming from the integral over upper vertices, I (—a?, p), is defined by

—o?ply(—a?,p) = p§ +p{log(—a?) +piP log(p) (B.4)

For the transverse polarization we found that

p(o) _ 9602 p*
g (a2 +1)" (p2 = 1)® (a2p? + 1)*

(0° (P +1) (p"% = 9p" + 17p% — 8585 + 17p* — 9p> + 1)

—2p% (5p'0 — 39p™ 4+ 172p" + 1333p'" + 2938p° + 1333p° + 172p"* — 39p* + 5) a'?
+p(p* +1) (p'°+11p"* — 261p'* — 4081p'% — 8980p° — 4081p° — 261p" + 11p* + 1) a'°
=2 (p'" 4+ 42p"® + 1609p"? 4 7020p"" + 120560 + 7020p" + 1609p° + 42p* + p) o®
—p (p* +1) (18p" + 883p"" + 6856p° + 13886p° + 6856p" + 883p% + 18) o

—4p (8p"% 4 437p"° + 2125p° + 3680p° + 2125p" + 437p* + 8) o*

—p (p* +1) (23p° + 1298° + 3238p" + 1298p” + 23) o®

—2p (3p° + 178p° + 478p" + 178p% + 3)) (B.5)
O 5764 (a2 — 1) ' (a2p2 — 1) (B.6)
T T @ @y '
) 1152a2p”

P PP

(10a® (5p* + 18p* 4+ 5) p'* + a® (145" + 669p° + 334p° — 36p" + 9p* — 1) p*

+20 (p° + 6p* + 6p% + 1) + o (94p® + 534p° + 464p* + 34p* — 6)

+at (171p" + 897p% + 632p° — 18p* — 3p* + 1)) (B.7)
while for the longitudinal polarization

192a2p8
(@ + 1) (7 —1)° (22 + 1)

(p (p” — 8p'% 4+ 28p13 — 186p'! — 510p” — 186p" + 28p° — 8p® + p) alt

W= -

—(p* +1) (p"° — 4p™ — 8p" +612p"° + 1738p° + 612p° — 8p* — 4p> + 1) o'?
+ (5p"° — 34p™ — 688p"% — 4552p'% — 7102p® — 4552p° — 688p" — 34p +5) a'”
—2(p* +1) (3p"* 4 236p"% + 1704p° + 3464p° + 1704p" + 236p> + 3) o®
—2(62p"% + 791p'" + 3653p° + 5688p° + 3653p" + 791p” + 62) a°

—6 (p* + 1) (41p° + 336p° + 716p* + 336p” + 41) o*

—2(93p° + 743p° + 1268p* + 743p* + 93) o

—10 (p* + 1) (5p" +32p* +5)) (B.8)
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1 6412 (a4 — 402 + 1) 08 (a4p4 —402p% + 1) (B.9)
P (@@ +1)° (@0 + 1) '

p(z) o 128028
- (02— 1) (a%p? +1)°

(p* (100p™ + 1125 4 1251p° + 16p° + 36p* — 9p* + 1) o®

+p (275p"* 4 3681p"% + 5652p° + 512p° — 63p* + 27p* — 4) a°
+ (316p"% + 4617p"% + 8523p° + 1888p°% — 252p" + 27p° + 1) a*
+9 (19p"% +293° + 608p° + 208p"* — 7p* — 1) o

+36 ((p* +2) (p* + 14p° +8) p* + 1)) (B.10)

One can notice that the poles in a?-plane are spurious, i.e. all poles of pg\k)(a2, p) cancel each other
in the sum.
The contribution related to the crossed diagram is defined by the formula with —M? — M? =
— — QG, ssed - . . . QG, lan: .
M? 4+t —t1 — to + |p1]* + |[pa]?, namely AY 0% is analytic continuation of AY Y *\ "in M?

plane. In the large M2 limit the leading terms of A2%™%°d "which is of M~2 ~ M~2 order,

AAaAB1AB2’
cancels with the leading term of Ain’la'j\ar . This means that the sum is of M ~* order
AAB1AB2
A2G,planar A2G,crossed o |ﬁl||ﬁ4| S1 ? 52 ? j 2 L L
)\A)\BIAB2+ AadBiAB2 M4 |ﬁl||ﬁ4| |ﬁ1||ﬁ4| )\(OZ 7/)) ABl(ﬁvPl) )\Bz(ﬂap2)v

(B.11)

where t; = to = t = 0. The function describing the sum of the planar and crossed upper impact
factor reads as

L(e?p) = a?p H (In(=a?p) = L((@ 2 +14p°) 1, p), (B.12)

In the large M? limit, its value is defined by

Bet=0.0) = o [ dr" Ko (00K (0), (B.13)

and it is plotted in fig. Bl as a function of the ratio of upper virtualities, i.e. p. The function reminds
the Gaussian profile with maximum at |py| = |p4l.
Making use of eq. (332) one can find that the imaginary part of R-boson propagator

Iml€EA (zpr/o,yn /o Fi) = :I:gJEA (zar/a) e, (ypr /@) - (B.14)

This allows to calculate simply the imaginary part of the amplitude (B.2)) related to discontinuity
along M? > 0, namely
57602 (a2 — 1) 7p° (oz2p2 - 1)
(a2 4+1)° (a2p? +1)°

discpp2 Ir(—a?,p) = (B.15)

and
64010 (a4 —4a? + 1) 7p° (a4p4 —4a?%p? + 1)

(a2 +1)° (a2p? +1)° (B.16)

discpp2 I (—a?,p) =

24



12 T .

10 1

-1 -0.5 05 1

~~ O F
|
SRS

Figure 8: Functions Iy(a? = 0,p) = (p + p_l)I)(\O) (p) — 2I§1)(p) plotted as a function of -2 =

14+p
|71 | =P
|P1+Pal
The roots, which are related to the change of the amplitude phase, appear at
D1/ M, |5s] /M =1 for the transverse part, (B.17)
|p1|/ M, |pal /M = %(\/g +1) for the longitudinal part.
Also, similarly to the p = 1 case we can observe the symmetry of
p 2o Im I (—a? p) under pa? & (pa®)7!, (B.18)
where pa? = %. Thus, the discontinuity multiplied by (pa?)~3 is invariant under the inversion
in the M?/(|p1||pa]) variable.
C The saddle point method for large M? expansion
In this appendix we calculate the real part of the integral
Ine?,p) = 3%a‘2p5/ dzM/ dynr 23y Key (23r) Ko, (yarp)Ke, (2ar /0 yar /o 1) (C.1)
0 0

from eq. [3-48) in large M? limit making use expression for the propagator I€€k (2, yn; 1) defined
by eq. (BI1)). Let us change variables zp; = rsin(¢) and ya; = rcos(¢) and |J| = r. Analyzing eq.
(CI) one can find that in its first two order expansion in small o the leading contribution comes

from the region where &k ~ a~2. Thus we can apply the saddle point method with the large k
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parameter, i.e.

~ & 47k73(2 — ey + 2(1 — €x)k)
I 2 — d —ex—2k—2 11+42k+€x .5
e p) /0 rkZ:Oa Tk+)T(k+2) r

/2 r
/0 dpK e, y2k (a) K, (rpcos(¢)) K, (rsin(¢)) cos® (¢) sin® T (¢) (sin(¢) cos(¢))2]C

* = 47F73(2 — ey 4+ 2(1 — €))k) r
_ d —ex—2k—2 1142k+€y 5KE o h k 2
/ ry o T+ I(k+2) P Seat2h (a) (ryk), (C.2)

where
/2 /2
h(’l”, k) — /0 d¢gr(¢) ekf(¢) = /0 de (gr(¢0) + 9;(@50)@’ - ¢0) + %9;/(%)(@5 - ¢0)2 + .. )

T (B0) RS (90) (6=00) + 31K (90) (6=00)*+3T kS (90) (6=60) "+ 1S ) (90) (6b0) +-.. (C.3)
with

9:(9) = Ke\(rpcos(9))Ke, (rsin(g)) cos”™ () sin™ > (¢) (C.4)

and

f(¢) = 2log(sin(¢)cos(p)) = 2log (cos(¢o)sin(¢o)) + 4 cot(2¢0)(¢ — ¢o)
—4esc?(2¢0) (¢ — ¢o)* + 1—36 cot(2¢0) csc?(2¢0) (¢ — ¢o)>

~= ((cos(dgo) + 2) esc*(260)) (& — 60)* + O (9~ 40)) - (C5)

Since we are going to calculate the first two orders we have to expand f(¢) to fourth order and
g(¢) to second order. The saddle point corresponds to zg = yo, i.e. g9 = w/4. It is defined by
cot(2¢p) = 0, so that f/(¢o) = f"'(¢o) = 0. To integrate out ¢ we use

/2 ] k
/ dpe ko —3ko" _\/5 T Ky (3 )
0

2\/5 4
= —\/_k" ~ —\/_k“ + %ﬁk‘% +o(kt), (o)
and
/2 2 8, 4 3 /3 3k 3k
—4k¢p? —S ko _ / hudh i
fi et 16\[3“(1{3(4) Ki(z&))
3 s 105 7
_ _\r _mf AL +0( ) (C.7)
which results
—ex—4k—17 r
Ik(a2,p) = _/ dr Z 2I€5/2F k + 2) (6)\ + 2(€>\ - 1)k - 2)\/ET11K5,\+2]€ (a)
ex+2k
7 o (5) (e (2) e (3)
+Ke, (%) <((p2 +1) 7% — 16ex + 32k — 44) K, (%)
+2v2(ex + 1)rpKe, 11 (%))) +.... (C.8)
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Since the dominant contribution for small « is defined in the region where
k = k/a® with & = fixed, (C.9)

one can exchange sum over k by integral over k. We substitute the large k£ expansion of Bessel
functions, i.e.

r

J . J
1 —ex—2k T(ex + 2k — j) r?
Kopre ~- (= L Ay (AR I C.10
e (/) % 5 (55 ; T(j+1) 40 (G-10)
and making use of
(2k)7 = T(ex —j+2k) a’ N (2622 —2(2j + D)ex +2j(j +1) —9) o® L)
2-2  T(KD(k+2) 26327 16552/ e
we resum j. Finally, one can find that
Le?p) = 10 +1M(p)pe®+..., (C.12)
where
5 o0 o0 2
00 = [ () () [Cacien, s
A (p) 8192 o rr A \/§ A \/5 o Ke K ( )
1w = p /OO drrtt /OO d,%ie_a
»(0) " Jy o 2097152\/2k5
r rp rp 9
167K, — | (2(ex + DK, [ —= ) — V2rpK. (—))Ii
(1678 (5) (2r = 085 () = Vs (2
r AW
+ K., | — 32(ex + 1)rpK., — | K C.14
A(\/i)( (EX )p )\+1<\/§> ( )
+V2 (r* +16(ex — 1)rr® + 862 ((p° + 1) r® + 8(ex — T)ex — 48)) K, (%))) :
Moreover we perform the integrals over k, i.e.
Oy _ P [T
I (p) = ED) drrKe, (r) Ke, (rp) , (C.15)
0
) <
10) = [ arbie (K (1) (e + DI, (00) = 200K ()
+K., (r) (((p2 +1) 72+ 4(ex — 3)ex — 16) K, (rp)
T2(ex + 1rpKe, 41 (rp))) - (C.16)
and over r. For ey = 1 we get
192p*
10 = ﬁ (3p° + 178° + 478p* + 178> + 3)
p? —
192p°1 2
—60(’;70%’) (0% + 6" +6p% + 1), (C.17)
02 —

27



and
96,03
(p? = 1)°
1152p° log(p?)
(P2 —1)°

while for ey = 0 the resulting expression looks like

() = (p"0 + 127p% + 71295 + 712p* + 127p* + 1)

(3p% + 33p° + 68p* + 33p% +3) , (C.18)

1920p°
(> —1)°
192p°log(p?)
(p? —1)°

190 = (50° + 37p" + 37p% + 5)

+12 (p® +160° + 36p" +16p° + 1) , (C.19)

_ 384p*
(p* - 1)°
576p log(p?)

(2 —1)°

Moreover, the integral from eq. (351l reads

D) = (7p% +97p°% + 212p* +97p% + 7)

(p™ +27p% + 112p% + 112p" + 27p° + 1) . (C.20)

he?=0,p) = I70) = (p+p L (p) — 21" (p), (C.21)
so that
- 384p° 4608p° log (p?
i) = ———5 (P° +29p" +29p* +1) — 2—(7) (p*+3p>+1), (C.22)
(p*=1) (p*-1)
5 384p* 1152p% log (p?
i) = o1 (11p* + 380 +11) + ng) (0% +9p* +9p° +1) . (C.23)
D Variations of the action
The second variation of the action reads as , i.e.
1 1 _
H® = 24d-5)(d—-2)haohao — Zzé((d —7)d + 20)hashas + gzg((d —7)d +16)h?

—%zé‘((d — T)d + 14)hooh + 25(d — 6)haodah — 225(d — 4)haoOshas

+25(d — T)hapdohas — 225(d — 3)haslahso — %zg(d — 6)hdoh + 25(d — 4)hOahao
—%zg‘aahﬁ7 Oahpy + %zgaahﬂV Ophar + izgaah Oah — 25hap0a0sh + 2285 0005hay
285 OaBulisy — 20y Dsh + 20uhay Dshi + %zgﬁaaaaﬁ - %zgﬁaaaﬁhaﬁ (D.1)
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