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ABSTRACT: We derive an optical theorem for perturbative CFTs which computes the dou-
ble discontinuity of conformal correlators from the single discontinuities of lower order
correlators, in analogy with the optical theorem for flat space scattering amplitudes. The
theorem takes a purely multiplicative form in the CFT impact parameter representation
used to describe high-energy scattering in the dual AdS theory. We use this result to study
four-point correlation functions that are dominated in the Regge limit by the exchange of
the graviton Regge trajectory (Pomeron) in the dual theory. At one-loop the scattering is
dominated by double Pomeron exchange and receives contributions from tidal excitations
of the scattering states which are efficiently described by an AdS vertex function, in close
analogy with the known Regge limit result for one-loop string scattering in flat space at
finite string tension. We compare the flat space limit of the conformal correlator to the
flat space results and thus derive constraints on the one-loop vertex function for type I1IB
strings in AdS and also on general spinning tree level type IIB amplitudes in AdS.
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1 Introduction

In recent years it has been shown that powerful analytical results for scattering amplitudes
in quantum field theory, namely the Froissart-Gribov formula and dispersion relations,
have equally powerful CFT analogues in the Lorentzian inversion formula [1-5] and the
two-variable CFT dispersion relation [6, 7]. Dispersion relations reconstruct a scattering
amplitude from the discontinuity of the amplitude, while the Froissart-Gribov formula
extracts the partial wave coefficients from the discontinuity and makes their analyticity in
spin manifest. The utility of these methods as computational tools for scattering amplitudes
stems from the fact that the discontinuity of an amplitude (or that of its integrand) in
perturbation theory is determined in terms of lower-loop data by the optical theorem,
which in turn is a direct consequence of unitarity.

The CFT analogue of the discontinuities of amplitudes, which contain the dispersive
data and are of central importance in the aforementioned analytical results, is the dou-
ble discontinuity (dDisc) of CFT four-point functions. The Lorentzian inversion formula
computes OPE data (anomalous dimensions and OPE coefficients) from the dDisc of four-
point functions and establishes the analyticity in spin of OPE data. The CFT dispersion
relation, much like its QFT inspiration, directly reconstructs the full correlator from the
dDisc. There also exist simpler single-variable dispersion relations in terms of a single
discontinuity (Disc) of the correlation function that determine only the OPE coefficients
while the anomalous dimensions are required as inputs [8].

The unitarity based methods to compute amplitudes inspire the development of similar
unitarity methods for CFT, in particular, for the dDisc of four-point functions one gains a
loop or leg order for free. It was first noticed in large spin expansions [9-11] and later un-
derstood more generally in terms of the Lorentzian inversion formula that OPE data at one-
loop can be obtained from tree-level data [12, 13]. Generically, in perturbative CFT calcula-
tions the dDisc at a given order only depends on OPE data from lower order or lower-point
correlators. More recently, in the context of the AdS/CFT correspondence [14-16], these
unitarity methods for CFT have been related to cutting rules for computing the dDisc of
one-loop Witten diagrams from tree-level diagrams [17-19]. See also the earlier work of [20].

However, so far we have been missing a direct adaptation of the optical theorem to
CF'T correlation functions. More concretely, we still lack the ability to express the dDisc of
a perturbative correlator, at a given order in the perturbative parameter, in terms of lower
order correlators, without the detour via the OPE data and without making explicit ref-
erence to AdS Witten diagrams. In this paper we provide a direct CF'T derivation of such
unitarity relations. In particular we present an optical theorem for 1-loop four-point func-
tions wherein the dDisc is fixed in terms of single discontinuities of lower-loop correlators.

Let us briefly describe the logic that underlies the perturbative CFT optical theorem.
Throughout this paper we will consider the correlator

A(yi) = (01(y1)O2(y2) O3(y3) O4(y4)) - (1.1)

We begin by expanding the dDisc of this correlator in t-channel conformal blocks. We may
do this by expanding in conformal partial waves and then projecting out the contribution



of the exchange of the shadow operator @. The advantage of this procedure is that when
writing the partial waves as an integrated product of three-points functions, the dDisc
operation factorizes as a product of discontinuities,

dDisc; A(y;) = —% > / dydy' Discaz(02030(y))(O(y)O(y')) Discl4<(91(94(’)(y’)>‘o :
o

(1.2)
where we use the shorthand notation d%y = dy. Notice that the sum runs over all operators
in the theory. We give the precise definitions of the double and single discontinuities of the
correlator in section 2.

Next, let us assume that the correlator admits an expansion in a small parameter
around mean field theory (MFT). The example we have in mind is the 1/N? expansion,

1 1
A = AMFT + mAtree + mAl-IOOp + .- (13)

We can then separate the sum over intermediate operators O into single-, double-, and
higher-trace operators, and rewrite the multi-trace contributions as higher-point functions
of single-trace operators. The contribution of single-trace operators to the ¢-channel ex-
pansion of dDisc in (1.2) is left unchanged and is still given in terms of discontinuities of
three-point functions

__L Z /dydy' Di8023<02(93(’)(y)><@(y)@(y'))Disc14<(’)1(’)4(’)(y'))‘0

st 2 Oes.t.
(1.4)
Here no simplifications occur, however this contribution is already simple as loop corrections

dDisc: A(y;)

come from corrections to the three-point functions of single-trace operators.

The essential simplification that we call the perturbative optical theorem arises for
the contributions of double-trace operators to (1.2), which are now expressed in terms of
discontinuities of four-point functions of single-trace operators

. 1 . .
dDiscr A1 —1o0p (Vi) w=-"3 ) / dysdys Discas Ajeer (yr) S5S6 Discis Atlf)e%4(yk)’[o oul’
o 05,06 56
€ s.t.
(1.5)

Here and henceforth, we shall use the notation A% (y,) = (0,0,0.04) to denote the
correlator of a set of operators other than (O1020350,), which we denote simply as A(y;).
S5S5 A% is defined as the shadow transform of A™%* with respect to the operators Os
and Og. The operators Os and Og are summed over all single-trace operators for which the
tree-level correlators exist. These may have spin, in which case the indices are contracted
between the two tree-level correlators. Importantly, in this case dDisc is of order 1/N* and
can be computed from the product of the discontinuities of tree-level four-point functions,
each of order 1/N?2.

Together equations (1.4) and (1.5) compute the full double discontinuity at one-loop in
large N CFTs, since the contributions from higher traces will start at higher loops. Their
analogue is of course the optical theorem for amplitudes which computes discontinuities
of one-loop amplitudes in terms of two- and one-line cuts. Note that although we use the
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Figure 1. In the Regge limit the dDisc of the genus one closed string amplitude in AdS is given
by the perturbative CFT optical theorem in terms of genus zero amplitudes.

notation Agree and Aj.joop, these refer to conformal correlation functions and in general are
not Witten diagrams. The notation with the terms “one-loop” and “tree” for the correlators
is used only because we always refer to a perturbative expansion. The result is valid for
CFTs with an expansion in a small parameter around MFT. The fact that it naturally
handles cuts of spinning particles gives an advantage over previous CFT unitarity methods
that work in terms of OPE data.

In the second part of the paper, we employ the perturbative CFT optical theorem in
the context of the AdS/CFT correspondence [14-16] to study high-energy scattering of
strings in AdS, which is governed by the CFT Regge limit [21, 22]. This is illustrated in
figure 1. High-energy string scattering in flat space has been of interest for a long time, both
in the fixed angle case [23, 24] and in the fixed momentum transfer Regge regime [25-27].
This second set of works studied the effects of the finite string size on the exponentiation
of the phase shift (eikonalization) in the Regge limit. In particular, it was shown that the
amplitudes indeed eikonalize provided we allow the phase shift to become an operator acting
on the string Hilbert space, whose matrix elements account for the possibility of the external
particles becoming intermediate excited string states, known as tidal excitations. The phase
shift 0(s, ), which depends on the Mandelstam s and on the impact parameter b, is obtained
by Fourier transforming the amplitude with respect to momentum transfer in the directions
transverse to the scattering plane. This gives a multiplicative optical theorem of the form

tree

ms5,05,€5
me,06,€6

1
Im51_100p(s,b):§ > 62 (s, —b) 6ot (s, b)), (1.6)

where the sum is over all possible exchanged particles, characterized by their mass m; and
Little group representation p;, and their polarization tensors ¢;. In [26] the one-loop ampli-
tude for four-graviton scattering in type IIB string theory was presented in a particularly
nice form, where the tidal excitations, which constitute a complicated sum in (1.6), are
packaged into a single explicit scalar function, the so-called vertex function.

To study the analogous process in AdS we derive an AdS/CFT analogue of (1.6) by
transforming the correlators in the CFT optical theorem (1.5) to AdS impact parameter
space [21, 22]. This gives the following multiplicative optical theorem for CFTs

) 1 _ )
—Re Bl-loop(p,p)\ LT3 2 Bu(-p-p) %fe%“(p,p)’
o Os5,06€s.t.

: 1.7
0:04] (1.7)



Here B denotes the impact parameter transform of A. These transforms depend on two
cross ratios S and L, respectively interpreted as the square of the energy and as the
impact parameter of the AdS scattering process, that can be expressed in terms of two
d-dimensional vectors p and p, as will be detailed below. When Oy or Og have spin, B has
tensor structures that depend on p and p. Equations (1.7) and (1.6) are related through the
flat space limit for the impact parameter representation, where the radius of AdS is sent
to infinity and where B(p, p) is mapped to id(s,b). In this way, each of the infinite number
of tree-level correlators with spinning particles 5 and 6 that appear on the right hand side
of (1.7) is partially fixed by the corresponding flat space phase shift. Moreover, we will be
able to efficiently describe the summed result in terms of an AdS vertex function, which is
in turn constrained by the one-loop flat space vertex function, as constructed for example
for type IIB strings in [26].

For neutral scalar operators of dimension four in d = 4, the four-point function con-
sidered here is dual to the scattering of four dilatons in the bulk of AdSs. There are
two expansion parameters that we need to consider, the loop order parameter 1/N?, and
the t'Hooft coupling A\. The large A limit is given by supergravity in AdS. In this limit
the tree-level four-point function is dominated by graviton exchange [21, 22] and beyond
tree-level one can safely resum the 1/N expansion by exponentiating the single graviton
exchange [28, 29]. For finite A, string effects are included at tree-level via Pomeron ex-
change [30] and can be described using conformal Regge theory [31, 32]. A very non-trivial
question we address in this paper is the inclusion of string effects beyond tree-level.

To account for such effects in the Regge limit, the earlier works [31, 33, 34] conjectured
the exponentiation of the tree-level Pomeron phase shift, assuming stringy tidal excitations
to be negligible [35]. More recently [36], the loop effects of Pomeron exchange were system-
atically taken into account from the CFT side in the AdS high-energy limit S > A > 1,
with the crucial use of CFT unitarity to obtain higher-loop amplitudes from the lower-loop
ones. This work also pointed out the suppression of tidal excitations in the supergravity
limit A > 1, in agreement with [31, 33, 34]. In the present work, we take finite A (or )
and include all tidal or stringy corrections. This is made possible because the perturbative
CF'T optical theorem is able to describe cuts involving spinning operators, so we can take
into account intermediate massive string excitations that are exchanged in the t-channel.

This paper has the following structure. In section 2 we first motivate how (1.2) for
double-trace operators leads to the perturbative CFT optical theorem (1.5) using the tech-
nique of “conglomeration” [20], and then give a detailed derivation of (1.5) using tools from
harmonic analysis of the conformal group. Then in section 3 we review some important
ideas from flat space scattering, including impact parameter space, unitarity cuts and the
vertex function, both to guide the AdS version and to serve as a target for the flat space
limit. We subsequently move to the holographic case in section 4, where we transform the
correlator to CFT impact parameter space to write a multiplicative optical theorem for
phase shifts. We use conformal Regge theory in the case of arbitrary spinning operators
leading to the derivation of the AdS vertex function. In section 5 we recover the results for
the one-loop correlator in the large A limit [36] and also derive new t-channel constraints
on CFT data at finite A\. We give the details of the flat space limit prescription in section 6,



and consider the specific four-dilaton amplitude of type IIB strings in section 7, constrain-
ing several spinning tree-level correlators of the dual NV = 4 SYM theory. We conclude
and briefly discuss some generalizations and applications of our work in section 8. Many
technical details and additional considerations about spinning amplitudes are relegated to
the appendices.

2 Perturbative CFT optical theorem

In this section we will give a derivation for the perturbative CFT optical theorem in (1.5)
using results from harmonic analysis of the conformal group following [37], but first let us
motivate (1.5) and (1.4) using the conglomeration of operators [20].

Unitarity in CF'T can be formulated as completeness of the set of states corresponding
to local operators

1=>"10]. (2.1)
@

The right hand side is a sum over projectors associated to a primary operator 0. Such
projectors can be formulated in terms of a conformally invariant pairing known as the
shadow integral [38, 39]

01 = [ dylow) SO, (22)

(@]
which defines the projector to the conformal family with primary operator O, automati-
cally taking into account the contribution of descendants of O. Here we used the shadow
transform, defined by

IOl = - [ de (O)0!(2)0(z). (23)

with an index contraction implied for spinning operators. We normalize the two-point
functions to unity and
d d
PAa-9riE-4)
AT~ A+ [p)T(A + o)

No =74A =1)1,(d— A —1) (2.4)

ol
Note that with this normalization of S[0], S? is 1/Np times the identity map. |p| is the
number of indices of the operator O. The shadow transform is a map from the operator O
to O, where O is in the representation labeled by (A =d—A,p). O is an operator with
scaling dimension A but transforming in the dual SO(d) representation p*.

Inserting the projector (2.2) into a four-point function, one finds the contribution of
the t-channel conformal partial wave ¥ to the four-point function

(0205]0]|0104) o U324 (2.5)

The conformal partial wave is a linear combination of the conformal blocks for exchange
of O and its shadow O. This explains the notation |o adopted in (2.2), since we need to
project onto the contribution from O and discard that of O.



In the large N expansion of CF'Ts, there exists a complete basis of states spanned by
the multi-trace operators. In a one-loop four-point function of single trace operators, with
an expansion as shown in (1.3), only single- and double-trace operators appear

A= Y. (0:05]0]0:04). (2.6)
OGOS.L 5 Od.t.

The right hand side involves three-point functions with single- and double-trace operators.
The double-trace operators are composite operators of the schematic form

(05060 ~ O50°"0y, .. 9,06, (2.7)
and have conformal dimensions
As+ Ag+2n+ £+ O(1/N?). (2.8)

Below we often omit the n and ¢ labels when talking about a family of double-trace op-
erators. To obtain an optical theorem resembling the one in flat space, we would like to
project onto states created by products of single-trace operators |Os(ys5)Og(ys)), rather
than the often infinite sum over n and ¢ of the double-trace operators |[O5O¢,¢(y)). This
can be achieved by relating these two states using the technique of conglomeration [20],
which amounts to using the formula

[[O506]ne(y)) = /dy5dy6|05(y5)(96(y6)><S[O5](y5)s[06](3/6)[(95(96]n,£(y)>- (2.9)

This shows that we can define a projector onto double-trace operators in terms of a double
shadow integral

0500] = [ dusdys [05(5) Oo(ue)) SO wo)SIOGNw) |, - (220)
5Y6
and thus (2.9) is just the projection
|0506|[0506] ) = |[O05O6]n,¢) - (2.11)

The notation |(p,0, means that we project onto the contributions from the double-traces
of the physical operators and discard contributions coming from the shadows, which, as
we will discuss below, can be generated when using this bi-local projector. Using this
projector, together with (2.2) for the single-traces, we can write the one-loop four-point
function in (2.6) as

Aly) = Y (0205]010104) + > (0203]0506/0104) . (2.12)
O€0st. 05,06€0s.+.

The important step in (2.12) is that we replaced the sum over double-trace operators with
a double sum over the corresponding single-trace operators. This is already close to the
single- and double-line cuts that appear in the flat-space optical theorem at one-loop.
The main difference of (2.12) with the flat space optical theorem is that in flat space
one needs to sum only over cuts of internal lines, while if we express (2.12) in terms of



Witten diagrams it would also contain contributions from external line cuts. Another
way to see this is that even the disconnected correlator for O = Oy and O4 = O3 has
contributions of the form

(0203]0205]|0203) , (2.13)

while internal double line cuts in a diagram can only appear starting at one-loop. This
problem is resolved by acting on (2.12) with the double discontinuity. This procedure
shifts the contributions of external double-traces to a higher order in % In the context
of (1.5) that we propose for conformal correlation functions (and not for Witten diagrams
specifically), taking the double discontinuity suppresses the contributions of the external
double-trace operators [O203] and [010,4]. We will expand on this further in section 2.3.

We will make the definitions of the double discontinuity and the single discontinuities
more precise in section 2.3 but for now, let us mention that the double discontinuity can
be written in the following factorized form

1
dDiSCtA(yi) = —5 DiSC14 DiSCQg A(yz) . (214)

The discontinuities on the right hand side are defined in terms of analytic continuations of
the distances y?, and y3; to the negative real axis,

Disc,, A(yi) = A(yi)|y§k—>yj2_kem - A(yi)|y]2-k—>y§ke—m : (2.15)

Note that each term in this discontinuity is defined through a Wick rotation of the two
coordinates y; and y; while we hold the other points Euclidean (or spacelike separated).

The result (1.4) for the exchange of single-trace operators comes from the first term
on the right hand side of (2.12) with the double discontinuity taken on both sides. This
are simply the single-trace terms in the conformal block expansion of the correlator. For
the more interesting result (1.5), let us use the explicit form of the projector (2.10) in the
second term on the right hand side of (2.12). This gives

> [ dusdys (0302105 (55) 06 5 (SIOs) s SIOG)w)|O1O0)| - (216)
05,06€0s . [0506]

We can now take the double discontinuity on the left hand side using (2.14), while on
the right hand side we can take Discog on the first correlator and Disci4 on the second.
This gives the result (1.5). In the next subsections we provide a detailed proof of this
perturbative CF'T optical theorem using results from harmonic analysis of the conformal
group [37].

2.1 Conformal blocks and partial waves

A conformal correlator can be expanded in s-channel conformal blocks as follows,

A(y) = T4 y) A4z, 2), APz, 2) = Z c120¢310 96242, 2) (2.17)
@



with the kinematical prefactor

A1 AN:71

1234 1 y%4 B ?/%4 B
T (yi):ymmml(> () ) (2.18)

2 2
12 Y34 Y24 Y1s

where A;; = A; — A and the cross-ratios are defined as

2z =

2,92 2,2
IV (1)1 - z) = e (2.19)
Y13Y24 Y13Y24
The t-channel OPE is obtained by exchanging the labels 1 and 3, thus

A(y) = T3 (y;) A3 (2,2),  APM(2,2) = Z c30c140 gt (1 — 2,1 — 2),  (2.20)
@]

Note that although A7 (y;) is invariant under permutations of the jklm labels, the or-
dering of the labels is meaningful in A¥"™ (2, 2) because of the pre-factor T7*™(y;). For
the conformal blocks we will also use the notation

GE™ (yr) = T (yr) 95 (2, 2) (2.21)

and similarly for ¢-channel blocks.

In order to perform harmonic analysis of the conformal group, one expands the four-
point function not in conformal blocks but in conformal partial waves of principal series
representations A = % +iv, v € RY [40]. A conformal correlator can be expanded in terms
of s-channel conformal partial waves as follows

2 4ico dA
2 1234(ab .
Ayi) = E /é Gy 13;334(A,p)\1’0 ( )(y@) + discrete, (2.22)
p 72

where the operator O is labeled by the scaling dimension A and a finite dimensional
irreducible representation p of SO(d), which we take to be bosonic. I, is the spectral
function carrying the OPE data, and it can be extracted from the correlator using the
Euclidean inversion formula. We will assume that there are no discrete contributions. The
conformal partial waves are defined as a pairing of three-point structures

V5 ) = [ dy (010:0()) (010,07 (1), (2:23)
where a and b label different tensor structures in case the external operators have spin.
The conformal partial wave \Ilg 34(a) i5 velated to the conformal block Gg34(ab) and to the
block for the exchange of the shadow by

W) — §(050,4][01). G + §(0,0,[0])°, Gg?"‘(cb) . (2.24)

The matrices S(0;0;[Ok])%, are part of the action of the shadow transform (2.3) on three-
point functions,
5(0102[05])%

(010,8[05]) @ = Now

(010,05)") (2.25)



with No, as defined in (2.4). Acting with the shadow transform on an operator within a
three-point structure also rotates into a different basis of tensor structures. The shadow
coefficients/matrices S act as a map between the two bases. Note that the inverse of
S(0102]03])% is (1/Noy)S(O105[03))%,

The usual conformal block expansion (2.17) can be obtained from (2.22) by insert-
ing (2.24) and using the identity [2]

Ip(A, p) S(03040")c = Le(A, p) S(010:[0]) (2.26)
to replace the contribution of the shadow block with an extension of the integration region
to %l — 100,

dA 1234 1234(ab)
yl Z a C (A7 ,0) GO (yl) ’ (227)
where
Cap™ (A, p) = 13274 (A, p) S(O304[01])%. (2.28)

The conformal block decays for large real A > 0, so the contour can be closed to the right
and the integral is the sum of residues
- JBes O (A7) =) oo aChaonp - (2:29)
I

The sum over I in (2.29) is over degenerate operators with the quantum numbers (A*, p*).
Degeneracies among multi-trace operators are natural in expansions around mean field
theory.!

In section 2.2 we will use the partial wave expansion of the shadow transformed four-
point function. To obtain it let us now apply the shadow transform in (2.3) to O; and Oy
on both sides of the partial wave expansion (2.22). Using (2.23) this gives

(S[01]8]0:2]0304) = Z/ ;234(A,p)

27” (2.30)

x [ dy (SIOS(O:10) (00,01 (1))

From (2.25), we thus obtain the partial wave expansion of the shadow transformed corre-

lator
(SIOL]S[02]0305) Z/ ¢ +ico dA s1]sp]34(A )‘1,2234(1117)(%)7 (2.31)
where _
[SIUSE _ s 5((91[](\?2]0)’”71 5([01]1[02(9)% 7
o) 01 (2.32)
‘Pgwab) /dy (010,0(y)) (030,07 (y)) ).

There are examples of the S coefficients computed in [37] which tell us that they have the

11234

appropriate zeroes to kill the double-trace poles in and replace them with the poles

for the double-traces of the shadows, as would be appropriate for 7S[1S[2]34,

LA simple example built with spin 1 operators are the families OF0"Og,u and Og‘@u(’)y[l"*@é’, which
we wrote schematically. Both these sets of operators have quantum numbers A = A5 + Ag +2n and p = e.

~10 -



2.2 A derivation using harmonic analysis

We are ready to begin the derivation of the perturbative CFT optical theorem (1.5).
S5S6AL264(y;) in (1.5) is the coefficient of 1/N? in the correlator (S[Og]S[O5]T0104), and

tree

A3652(4,) is the coefficient of 1/N? in (0302050¢). Consider the following conformally

tree
invariant pairing of two four-point functions

/dy5dy6 03020506><S[06]TS[O5]T0104> = (2.33)

T dA dA' S[6]S[5]14 3256(ab 6514(cd
B Z/ i 27i 15’556(A,p) ICd[ o (A’,p’) /dy5dy6 \IIO ( )(yi) \IJO/ ( )(yz)

To compute the y5 and yg integrals, we use (2.23) and the following result for the pairing
of the three-point structures by two legs, which is known as the bubble integral,

e (0:0,0)@, (0]0}O")®)
/ dy1dy2(010,0(y)) (01010 (') = ( ) 1y 000, (2.34)

with door = 2m0(s — s")0,,. Here pu(A,p) is the Plancherel measure and the brackets
denote a conformally invariant pairing of 3-point functions, given by

dy1dyadys
volSO(d + 1,1)

((010:05). 01010h) = [ (0,0,03)(B] 0501 . (2.35)
Using (2.23) and the bubble integral in (2.34) we find

((0:050M®, (0§010))

dysdye lI,3256(ab) \1165/14(cd) vi) = Sy y3214(ad)) ui).
[ dus ¥ ) A 00 <(>236)
We can now plug (2.36) into (2.33) which gives
| dusdys (0302050681041 S[05110:04) = (237)
dy 050501 ®)_(OIOI0)©
—Z/ T, igpsinga, im;)ﬁ ) ggreayy,

In the next steps we will show that the factor ({0500, <(5g(’~)g(’)>) in (2.37) , along
with the various shadow coefficients, will cancel the contribution of the OPE coefficients

clg/éf;é] in the spectral functions 13256 and 7561

5114 T the simple case where at least one of
the spectral functions in (2.37) belong to scalar MFT correlators (which requires pairwise

equal operators) this is particularly easy to see, since [37]

1(A, p)
((010,01),(0]0}0))

MT(A, p) = S([01]020) S(0,[04)0) (2.38)

so that the pairing of three-point functions can be canceled directly with one of the spectral
functions. The general case is less obvious because the cancellation happens on the level
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of OPE coefficients, not spectral functions. Here we use (2.31) in (2.37), and extend the
range of the principal series integral as in (2.27) by repeated use of (2.26). This gives

A
/ dysdye(03020506)(S[06]'S[05]T0,0,) = Z / 13256165145(0104[(9*])

é .

2

y S(OG[Os]O)mn S([06]050)nc <<05060T>( )7 <Og0;0>(6)) G3214(al)( ) (2 39)
No, No, wA; p) oW

Using (2.28) we can express (2.39) as

A a
/dy5dy6 O30:0506)(S[06]TS[05]T0,0,4) = Z/ 03256 6514 lem G:(*)9214( @)
(2.40)
where,
Q S(06[05]0)™, S([O6]65O)”C <<O5066T>(b), (626;(9)(6)) S(O5OG[OT])kb
650 =

No, Nos (A, p) No
(2.41)

Next we analyze the pole structure of the spectral function in (2.40) and close the integra-
tion contour to obtain the block expansion. First let us consider the simple poles at the
dimensions of the double-trace operators Ojsq in each of C3%56 and C%14, We will show
that Qgs0(A, p) has a zero at each of these dimensions, canceling one of the two poles
from C3256 and C%°'4. This ensures that in the MFT limit the spectral function in (2.40)
has a simple pole for each double-trace dimension. This can be seen explicitly in specific
examples for the S coefficients computed in [37], but in general let us note the following
identity, which can be derived by applying Euclidean inversion on the expansion (2.22) for
the MFT correlator [37]

LA, p)
1(A, p)

Since all operators are bosonic, (2.42) can be expressed as

((0loloh®), (06050))) = S([06]050)1 S(Os[O5]0) . (2.42)

1 12556 (A, p) S(06[05]0)™ S((06]050)"

((050501)®), (0} 0L0Y) = a1

(2.43)
Using (2.27) and (2.41), we rephrase (2.43) as
Cor M (A, p) QEEb (A, p) = 3 (2.44)

Let (A, p) be (A*, p*) for the double-trace operators OF ..., where I labels degenerate oper-

(561

6556, MFT
Cak

ators, as discussed previously. The coefficient has a simple pole at this location

and therefore (2.44) implies that Q65O(A, p) is its inverse matrix and has a corresponding
zero at this value. Evaluated at A = A*, (2.44) takes the form

MET,I METI '\ km _
(Z C65[56] ,aC56[56]* k) " =4, (2.45)
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here METT METI
w 65[56} ,a%56[56]%,

(’)[56} and ¢*™ is the coefficient of the first order zero of Q650 at A*.

Note that the matrix of OPE coeflicients cé\;[[lggi Ia %[{ZGT} !

operator is singular. In general, (2.44) and (2.45) imply that there are sufficiently many

;, is the contribution to the residue of 6’6556 MET corresponding to

for a specific double-trace

degenerate double-trace families so the matrix obtained by summing over all of them is not
singular. In the case where there is a unique tensor structure, such as when Os and Og are
scalars, the 1 x 1 matrix is of course non-degenerate, so degenerate double-trace operators

need not exist. Contracting both sides of (2.45) with Cé\g[5£ Jm, we obtain

MFTI  km MFT.J oI

C56[56)* k& m065[56} =0 (2.46)
Finally, using (2.29) and (2.46) we obtain the contribution of the (A*, p*) pole to the
spectral integral in (2.40)

3214 ad 3214(ad
- Res Car*Crnd " Q5o G ,Hp 2‘332 56]* 014[56]* d G 56+ ( )(yi)- (2.47)

Given that this is precisely the contribution of the double-trace operators [O50g] to the
correlator A3214(y;), this shows that the conformally invariant pairing we started with
in (2.33) computes precisely this contribution, to leading order in 1/N? because we used
MFT expressions along the way. Thus

(1 + 0(1/N2)) AW 10,00 = /dy5dy6 A%2(yp) S5S6A1564(yk)’[0506] : (2.48)

In the context of the projector defined in the previous section in (2.10), this result can be
phrased as

> |[0506]h | = 105 05| + O(1/N?) . (2.49)

n,l, 1
The labels n, ¢ sum over the double-trace operators with different dimensions and spins,
while I sums over degenerate operators. The projection |[@506} appears on the two sides
of (2.48) for different reasons. On the left hand side it selects one family of double-trace
operators among all the operators appearing in the OPE, while on the right hand side
it serves to discard poles from shadow operators that we would pick up when we close
the contour in (2.40). For example, it is evident from the first equation in (2.32) that
Q(A, p) has poles at the double-traces O[%g] composed of (55 and (56 and we pick up these
contributions too. Let us take for simplicity the case with O5 and Og scalars and O with
integer spin ¢ in 4 dimensions. The corresponding three-point function has only one tensor
structure and the expressions for S(Og[O05]0) and S([06]O50) are known [37]

r (W) r (M)
2 2

T (A6+A5—A+K> ’ T (A6+Z5—A+€> ‘
2 2

S(06[05]0) ~ S([06]050) ~ (2.50)

Therefore, the product has poles at the double-traces [(7)5(56] (and zeroes at the double-
traces [O50¢]). To determine such contributions in the same way as above, we should
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express 13250 in terms of I32SPISI6 by inverting (2.31) at (2.37) in the derivation above.
We can follow the remaining steps and use an identity for the MFT spectral function similar
to (2.42) (see [37]). This gives the contribution from the double-traces of shadows (’)[Igg] to
be of the same form as in (2.47). Note that in the case of scalar MFT correlators, these
poles in Q(A, p) are canceled by zeros in the MFT spectral function (2.38) and hence we

do not have these contributions from the double-traces of shadows.

2.3 Discontinuities in the large IN expansion

Equation (2.48) by itself is not very useful because of the O(ﬁ) error term. External double
traces contribute already at O(N®) so that their contributions at O(§z) are already not
attainable by (2.48). This problem is solved by taking the double discontinuity of (2.48),
which will ensure that both sides of the equation are valid to O(ﬁ) for all double traces
[O506], both external and internal.

The discontinuities are given by commutators in Lorentzian signature, hence we ana-
lytically continue the correlators to Lorentzian signature and take the difference of different
operator orderings. Euclidean correlators can be continued to Wightman functions using
the following prescription [41]

(O1(t1,21)Oa(ta, T2) -+ - Op(tn, Zn)) = el,-iglo<01(t1 —i€1,%1) - Op(tn — i€n, Tn)), (2.51)
with 7; = it; where 7 is Euclidean and ¢ Lorentzian time. The limits are taken assuming
€1 > €3> - > €p.

Let us assume without loss of generality that Oy is in the future of Oy, that Oy is
in the future of O3 and that all other pairs of operators are spacelike from each other.
Now we apply the epsilon prescription to (O102050,) with €4 > €; and €3 > e3. The
relative ordering of epsilons is unimportant for the spacelike separated pairs. This gives the
Lorentzian correlator A® = (O2030,01), which is equal to the time ordered correlator for
the assumed kinematics. Similarly, we obtain A®° = (0302010y) from the ordering €4 < €1,
€2 < €3. The Euclidean configurations Agy. correspond to the mixed orderings €4 > €1,
€ < €3 and €4 < €1, €2 > €3. We can then relate the dDisc; to these four configurations by

dDisc; A(y:) = Apuc(¥i) — % (A% (yi) + A% (y)) = —%<[(927 O3] [04,O1]) - (2.52)

Using (2.17) this gives the conventional definition of the double discontinuity [1]

dDisc; A(y;) = T34 (y;) [COS (m(a + b)) A (2, 2)
(2.53)
. % <6m(a+b)A1234(Z7 zo) + e—m(curb)/41234(27 ZO)> ]7

where @ = Aoy /2 and b = Azy/2. 2z and z° denote that z is analytically continued by a
full circle counter-clockwise and clockwise around z = 1, respectively.?

2The relation between (2.52) and (2.53) can be obtained by assigning the phases y?j — yfjeii” to the
timelike distances y14 and yos.
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The gluing of correlators on the right hand side in (2.48), with the shadow integrals
now written explicitly, is a sum of terms of the form

— / dy5 dy6 dy7 dyg <OZO3OGO5> <O5O7> <OGOT> <O7080104> (2.54)
N(95 No,

Note that O = O7 and Og = Og but we have used the different labels to denote the inser-
tion points. We can apply the same e-prescriptions on (2.54) while we hold ys, ys, y7, Us
to be Euclidean. Taking the same combinations as in (2.52) we arrive at

[ dus dys dys dys ([0, 03] 0605) (G501 (O0L) (010 [0, 0. (2.55)
N@5 Noy
The commutators in (2.55) give discontinuities in the correlator as defined in (2.15).

We will now show that taking the dDisc of (2.33) ensures that the external double-
traces [0104] and [0203] which usually appear at O(NV) are suppressed in 1/N so that
they appear at the same order as other double trace operators. To this end, let us briefly
discuss the 1/N expansion of correlators and associated CFT data. The leading contri-
bution is Aypr, which is simply the disconnected correlator if the external operators are
pairwise equal and is absent otherwise. Because of this, the only operators that appear at
O(NV) are the ones appearing in the disconnected correlator,

00 = Ao+ 1 T
i§[0iO051ne = Cij[0:0;]n, 2 Gij[0,0; ;
e JZN”[l} (2.56)
A[Oioj]n,é = Al + AJ + 2n + 6 + W fy[oioj]n,é +

Other double-trace operators can only appear at higher orders in the OPE, therefore

Lo .
Cij[O0kOlne = N2 Cig[O0kOn,e +e i,j # kL. (2.57)

The analytic continuation of a t-channel conformal block to the Regge sheet is given by
the following simple expression

G211 - 2, (1 - 2)eP) = R g (2.58)

As a result, the action of the single and double discontinuities on the ¢-channel block
expansion in (2.20) is given by

Disci4 A4 (yy) Z 2isin ( (to—A1— A4)) CijOC140 Ggm(yk) ,
Discas A2 (yy,) Z 2¢sin ( (to—Ag— Ag)) €320Cij0 G(’) (yk) (2.59)
(T
dDisc; A(yx) ZZmn( (to— A A4)> sin (2(70A2A3)> €320C140 G%?M(yk)‘

The sines in the expansions are responsible for suppressing the contribution of external
double-traces. Therefore, using (2.59), (2.56) and (2.57), the leading contribution to the
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discontinuity of a correlator is O(1/N?)

1
Disciy A(y;) = o0 Discig Agree (i) + O(1/N*) = (2.60)
(1)

. O .. T c
= Y ir X[ Mo c20GH5 + ) 2isin (2(70 AV A4)) ]\?g ca0GE,
O=[0,04] O#[0104]
and similarly the leading contribution to the double discontinuity is O(1/N?)
. 1 .

dDisc; A(y;) = N dDisc; A1 100p (yi) + O(1/N) . (2.61)

In particular, when acting with (2.14) on the left hand side of (2.33) we have
- 3652 __ . YO MFT 3256
Discoz A = Z iT——5 €320 €560 GO

.. T c
+ Y 2isin (2(7'0 —Ag — A3)> ]3\%9 cse0 G50
(975[(9203]

2.62
Disc A1564 Z MFTG6514 (2.62)
14 277 2 Cgs0C140
O=[0104]
™ C(I)O 6514
+ > 2isin (2(70 Ay — A4)> ‘Go Nz GO
O#[0104]

Since every term is these expansions already has an explicit factor of 1/N2, the only oper-
ators that can contribute at this order are the ones ~VViEh cs60 = O(NY) or co = O(N 9,
which are the double-traces O = [050¢] and O = [O50¢]. Applying the discontinuities to
both sides of (2.48) leaves us with one of our main results, the perturbative optical theo-
rem for the contributions of double-trace operators to the 1-loop dDisc of the correlator,

as stated in the introduction

dDisc; Al—loop (yl)

=3 /dy5dy6 Discas Atree (yk) S5S¢ Disci4 Atree (yk)‘
Og

057
€ s.t.

[0506]

(2.63)
The integrals in this formula are over FEuclidean space. It would be very interesting to
derive a fully Lorentzian generalization of this formula. In [3] it was shown that there is a
Lorentzian version of the shadow integral which computes the conformal block without the
need to project out shadow operators. A Lorentzian version of (2.63) might have this fea-
ture as well. In section 4 we will propose a Lorentzian fomula that is valid in the Regge limit.
To obtain the full double discontinuity, this generally has to be supplemented by the
contributions of single trace operators, which already had the appropriate form in terms of
three-point functions of single trace operators from the start, as shown in (1.4). The two
types of contributions are analogous to double and single line cuts of scattering amplitudes
in the S-matrix optical theorem.
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3 Review of flat space amplitudes

In this section we review the Regge limit in D-dimensional flat space. Then we review
the optical theorem in impact parameter space and explain how the notion of a one-loop
vertex function arises. Not only does this serve as a hopefully more familiar introduction
before discussing the same concepts in AdS, but it also provides the results we need later
when we take the flat space limit of our AdS results and match them to known flat space
expressions. To mimic the 1/N expansion in the CFT, it will be convenient to define an
expansion in G for the flat space scattering amplitude

2G 26N\ 2
As.8) = 25 A1) 4 <7TN> Avtoop(5,8) + - | (3.1)

and we use an identical expansion for the phase shifts d(s,b) defined below.

3.1 Regge limit and Regge theory

We start by introducing the impact parameter representation, following [42]. Let us con-
sider a tree-level scattering process with incoming momenta k; and ks that have large
momenta along different lightcone directions. For simplicity we assume for now that all
external particles are massless scalars. This process is dominated by ¢-channel exchange
diagrams of the type

ko ks
(3.2)
q
k1 ky
and the amplitude can be expressed in terms of the Mandelstam variables
s = —(k’l + /{33)2 , t= —(k‘l — k2)2 . (3.3)

The amplitude now depends only on s and the momentum exchange ¢ in the transverse
directions, because we are considering the following configuration of null momenta, written
in light-cone coordinates p = (p*, p*,p1)

2 2
p_(pu 44 w_ (4 40 4
k1_<k’4k“’2>’ ks <4/~c”’k’ 2)’
(3.4)

2 2
p (e 4 p_ (4L g0 4
K _<k”4ku’ 2)’ ky <4k’”’k’2>'

Notice that we reserve the letter ¢ for (D — 2)-dimensional vectors in the transverse mo-

mentum space. In the Regge limit k" ~ k¥ — oo the Mandelstams are given by

s~ kUkY, t=—q>. (3.5)
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The tensor structures in such amplitudes are fixed in terms of the on-shell three-point ampli-
tudes. For the case with two external scalars and an intermediate particle (labeled I') with
spin J there is only one possible tensor structure for the three-point amplitudes given by

A12I — CLJ(E] . k1>J, A34I — CLJ(EI . k‘g)‘], (3.6)

where we encode traceless and transverse polarization tensors in terms of vectors satisfying

2

€; = €; - ki = 0. We can then write the four-point amplitude as

A121 2341
ZE[ A A ~ a?] SJ

t—m?2 t—m?2’

A,y (8,t) = (3.7)

where we used that for large s the sum over polarizations is dominated by er, k} ~ k*
and e k5 ~ kY. The s’ behavior is naively problematic at high energies, especially if the
spectrum contains particles of large spin, as is the case in string theory. However, bound-
edness of the amplitude in the Regge limit means there is a delicate balance between the
infinitely many contributions in the sum over spin.® The precise framework to describe
this phenomenon is Regge theory [43], which was reviewed for flat space in [32, 44].

In the Regge limit one has to consider the particle with the maximum spin j(m?) for
each mass. The function j(m?) is called the leading Regge trajectory and the contributions
from these particles get resummed into an effective particle with continuous spin j(¢). In
this work we will focus on the leading trajectory with vacuum quantum numbers known as
the Pomeron. At tree-level the amplitude for Pomeron exchange factorizes into three-point
amplitudes involving a Pomeron and the universal Pomeron propagator 3(t). For example,
in the case of 4-dilaton scattering in type IIB strings we have

8 12p sap (s 7
Atree(sat) - *,A 6(014 () y (38)
o 4
with ,
2 F(_%t) e—i%a/t ‘
I'(1+5t)

AUP are the three-point amplitudes between the external scalars and the Pomeron with

B(t) =2m (3.9)

the s-dependence factored out and normalized such that in the case of 4-dilaton scatter-
ing AYP = 1. This is convenient since later on, when we consider more general string
states with spin, the string three-point amplitudes defined this way will contain just tensor
structures. Diagrammatically we can write (3.8) as

2 3 2 3
2 / ](t)
P P P T 4
1 4 1 4

3The couplings a; are dimensionful, [a;] = 3 — D/2 — J, and accommodate for higher derivatives in the

couplings to higher spin fields. In string theory the dimensionful scale is o’ and the dimensionless couplings
are all proportional to the string coupling gs.

~ 18 —



Amplitudes involving a Pomeron can be computed in string theory using the Pomeron
vertex operator [30, 45, 46]. The factorization into three-point functions and a Pomeron
propagator holds for general external string states [30, 47].

3.2 Optical theorem and impact parameter space

Next we consider the expression for the two-line cut of the one-loop amplitude in the impact
parameter representation, which will be given in terms of the tree-level pieces we have
discussed so far. The two-line cut receives a contribution from two-Pomeron exchange,
which is the leading term in the Regge limit of the one-loop amplitude. Consider the
following configuration of momenta

ko ks
Iy
ks | Yke - (3.11)
b
k1 k4

The external momenta are again in the configuration (3.4) with Mandelstams (3.5). The
optical theorem tells us to cut the internal lines of the diagram, putting the corresponding
legs on-shell. This implies the following equation for the discontinuity of the amplitude

dl
2Im Aj00p(S, q) Z / ! 27115(k5 + m2) 2mid (k2 + m2) A2 (s, 15)* ALSC4(s.1)

ms5,05,€5
me,06,€6

(3.12)
where one sums over all possible particles 5 and 6 with masses m, in Little group repre-
sentations p and with polarization tensors e. The sums over polarizations can be evaluated
using completeness relations. In order to remove the delta functions we express ks and
kg in terms of I; and the external momenta (3.4). Then we write the loop momentum
as I = (I“,1°,q1) and use the delta-functions to fix the forward components of the loop
momentum [, and [, to
mi+ @t t+q-q p_ mtad-gaa

kv ’ kv ’

leaving only the transverse integration over ¢;. We arrive at the equation

"=

(3.13)

dgidgs §(
I Apteop(s,0) = 3 / qidgy 6(¢ —q1 — Q2)A3652( @) A (s q), (3.14)

D—2 tree tree
mipes ) (270) ds
me,06,€6

where we introduced the transverse momentum ¢» = ¢ — ¢; to write the expression in a
more symmetrical way. Using that the tree-level amplitudes are given in the Regge limit
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5 6 2 3
RS / «
ms,pP5,€5 P1 P2
me,pP6,€6
Py 1 4 5 6

Figure 2. Optical theorem in the Regge limit in terms of Feynman diagrams. The tree-level
correlators are dominated by s-channel Pomeron exchange. The ellipses on the lL.h.s. indicate that
all string excitations are taken into account.

by Pomeron exchange, we can write (3.14) diagrammatically as in figure 2. The optical
theorem can be simplified even further by transforming it to impact parameter space. To
this end the amplitude is expressed in terms of the impact parameter b, which is a vector
in the transverse impact parameter space RP~2 using the following transformation

d(s,b) = 218/(273%_284%4(3,1&). (3.15)

We can use this definition together with (3.14) to compute

Imdy. loOp S, b Z 65’12532 S _b)* 5t1rizﬁe4($7 b) : (316)
m57poveo
me,P6,€6

We conclude that the impact parameter representation absorbs the remaining phase space
integrals in the optical theorem, resulting in a purely multiplicative formula. In fact, in the
case where the particles on the left and right of the diagram do not change (i.e. 1,5,2 and
3,6,4 are identical particles), such a statement holds to all-loops, leading to exponentiation
of the tree-level phase shift, which is the basis for the famous eikonal approximation.

3.3 Vertex function

Another notion we will use is that of the vertex function, which arises when combining
the optical theorem (3.14) with the factorization of the tree-level amplitudes (3.8) into
three-point amplitudes. By combining the two results one sees that the sums over particles
and their polarizations factorize into separate sums for particles 5 and 6, which we call the
vertex function V'

Vig,e)= Y. AP (q)APP(g). (3.17)

ms5,pP5,€5
Moreover, such a sum over representations and polarizations for each mass is given by
tree-level unitarity as the residue of the four-point amplitudes with two external Pomerons

Res A0 (ks g1 q0) = ) AP (q1) AP (go). (3.18)

k2=—m2
5 5 P5,€5
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In terms of diagrams this reads

2 Py
Vg, q2) = = Res 5
mSvPoae" kz——mg
1 P
(3.19)

The vertex function combines all information about the exchanges of possibly spinning
particles 5 and 6 into a single scalar function. In terms of the vertex function the optical
theorem (3.14) in the Regge limit becomes

1 dqpd
Im Ay j00p(s, q) = I / (2?)% 6(¢ —q1 — g2) (3.20)

)

g (3)25@1)*6(&)1/((11,(12)2 (of)f(tlw(tz)

where t; = —g?.

3.4 Spinning three-point amplitudes

Since it will be important later to compare tensor structures in AdS and flat space, we
will provide here some more details on the tensor structures of the three-point amplitudes
that appear in the unitarity cut of the four-point amplitude A2"172 discussed above. The
external momentum k1 and the exchanged momentum [, with light-cone components given
in the Regge limit by (3.13), fix the momentum k5 = k1 — [; as shown in the figure below.
We may, however, change frame such that ks has no transverse momentum [47]. Such
change of frame does not alter the fact that the light-cone components of ; are subleading.
The same applies to ls. Thus in the Regge limit we can safely write

ko la 2
ks ~ <k5, k5 0)
ks 3.21
lo = (0,0,q2), ky = ks — 2, (8:21)
llz(oaoa(h)) k1:k5+l1-
k1 Il

We focus on the three-point amplitude A1 (q;), which is related to the four-point am-
plitude via the tree-level unitarity (3.18). In this relation we have a sum over a basis
of possible polarizations €5, which can be evaluated using completeness relations, e.g. for
massive bosons [4§]

H1--Hp| V1--Vip| '71 Vpl5 1+ p|
> e € =P .. Py Pgy .. Pyl (3.22)

where 7, is the projector to the irreducible SO(D — 1) representation p and

kEks
Py, =0 — =5+,
5

(3.23)
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is a projector to the space transverse to ks;. We will always absorb the projectors Pk,
into the three-point amplitudes, i.e. consider amplitudes in a transverse configuration.
That means that the indices corresponding to particle 5 have to be constructed from the
projected momenta of the other particles, which are identical

Pl = P ki . (3.24)
Apart from that, massive particles can also have a longitudinal polarization v which satisfies
v-ks=0, v? =1, (3.25)

and is given in this frame explicitly by

1 m2
v, = — [ kY, —=20 3.26
1% ms ( 5 ku ) ( )
For the case that particle 1 is a scalar, we can then construct A" in terms of the following
manifestly transverse tensor structures

lps]
15P 71ps|— ko
A Z s p5 ‘p5‘\/ Ve Qg - - Dy (3.27)

ms5,pP5,1H

where we introduced boldface indices p as multi-indices that stand for the |p| indices for
the irrep p. By abuse of language we defined the vector ¢; = (0,0, q1), since g is transverse.
If particle 1 carries spin as well, as will be the case for the gravitons considered later on,
we construct the polarization tensors out of the vector & = (£}, &7, €1). In this case, again
defining €; = (0,0, €1), the amplitudes take the following form in the Regge limit

l

15P 1 lpsl—n |P5|\/7‘p5|+61 —2n—k t1—n

m57P57N Z Z am5 ps ( 1°q1) 398
n=0 k=0 ( . )

X €lpy - €l Vpngr - Vg Qppnggegr =+ - D 0

as can be checked by comparing with the explicit amplitudes computed in [47]. These
choices for the tensor structures are particularly convenient since ¢ - v = € - v = 0.
Contact with the momentum frame used in the previous subsections is made by identifying

the Lorentz invariant A2F1F2,

4 AdS impact parameter space

Our goal in this section is to compute the Regge limit of a scalar four-point function in a
perturbative large N CFT at one-loop and finite Ag,,. At finite Ag,, we have to consider
the t-channel exchange of all possible double-trace operators and also single-trace operators,
which are respectively dual to tidal excitations of the external scattering states and to
long-string creation in the string theory context. It was shown in [36] that the exchange
of single-trace operators dual to the long-string creation effects is subleading in the Regge
limit. Therefore we only need to consider the exchange of double-trace operators. This is
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Figure 3. Kinematics in the central Poincaré patch with coordinates g;. Time is on the vertical
axis, transverse directions are suppressed.

where the new perturbative CF'T optical theorem (1.5) takes a central role, as it allows us
to compute the contributions of double-trace operators to the correlator starting from the
corresponding tree-level correlators. The contribution of the leading Regge trajectory to
the scalar tree-level correlators is known to leading order in the Regge limit [31, 32].

In this section we will therefore study (1.5) in the Regge limit, and this time we expand
the tree-level correlators in the s-channel. In the Regge limit the four external points are in
Lorentzian kinematics as depicted in figure 3. In this configuration all distances between
points are spacelike except for y3,,y3; < 0. The Regge limit is reached by sending the
four-points to infinity along the light cones

Yy — —o00, yi — 400, yz — —00, y; — +0o. (4.1)

The Regge limit can be directly applied to the left hand side of (1.5). The terms on
the Regge sheets A°(y;) and A®(y;) are dominant over the Euclidean terms in this limit.
However, we cannot apply the Regge limit directly to the right hand side of (1.5) as the
shadow integrals range over Euclidean configurations. Hence we will apply Wick rotations
on the points ys5, yg, y7, ys to obtain a gluing of the discontinuities of Lorentzian correlators.
We will assume that in the Regge limit the dominant contribution to the gluing formula
comes from the domain where the individual tree-level correlators are in the Regge limit
themselves. We do not provide a proof of this assumption but we justify it in section 4.1.

When each four-point function in (2.54) is in the Regge limit, the points ys5, ys, y7, ys
are placed in the same positions as y1, y4, yo, y3 in figure 3, respectively. Thus y~ is in the
future of yg and this pair is spacelike from y1, y4, ys5, ys. Similarly, yg is in the future of
ys5 and is spacelike from v, y3, y7, ys. For the chosen kinematics we put the pair ys, yg in
anti-time order using the epsilon prescription of (2.51) with €5 > €g, and the pair y7, ys in
time order using €7 > eg. Applying this on (2.63) gives the following formula for the Regge
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limit of the double discontinuity

1 1 .
. _ =+ s t
dDisc A1 1o0p (9| =3 O;OG No.No / dysdysdyrdys ([Oa, 03]0506) tree(O507)

x (O6OL)(0705[04, O1])tree . (4.2)

[0506]

The relative ordering between ¢35, €7 and €g, €g is irrelevant as the pairs, appearing in the
two-point functions on the right hand side of (4.2), are spacelike separated in the Regge
configuration.

In this section we define the discontinuities as the commutators inserted into the fully
Lorentzian correlators

Disciy A (y;) == (0705]04, 01]) = AB™O(y;) — AR (y,)
Discag A%%92(y;) = ([O2, 03]050p) = Afoc?(y;) — A*20(y;).

Euc

(4.3)

This definition differs slightly from the one in (2.15). Stripping out the appropriate pre-
factors from (4.3), one can check that these single discontinuities can be equivalently defined
as

Disciy ./41234(2, 2) — ei7r(a—|—b)‘/41234(Z7 > '\) . e—iﬂ(a+b)A1234(Z7 2) ’

Discag A'23(2, 2) = A1234(2, 2) — A11(2,27) (4.4)

Discos ./43412(2:7 2) — efiﬂ(a+b)A3412(Z’ 5) _ 6iﬂ(a+b)¢43412(2, EO) .

Starting from the discontinuity defined in (2.15), these expressions result from continuing
another half circle in z, so that the different terms are either evaluated at the original
position or continued a full circle around 1. The extra phase comes from the additional
Wick rotations. The final result matches the definition of the discontinuity in [44]. Note
that Z is continued an extra half circle in opposite directions for the first two lines in (4.4),
so that with these definitions the relation to the dDisc in (2.14) remains valid.* Therefore

the optical theorem in the Regge limit can still be expressed as
: 1 . .
dDisciAitoop(yi)| = —5 > / dysdys Discas AP (yk) S5S6 Discry Atlfeﬁf(yk)‘

05,06
€ s.t.

d.t. [0505] ’

(4.5)
with the discontinuities as defined in the first and third lines of (4.4), and the gluing
and shadow integrals now ranging over Minkowski space. This formula is also depicted in
figure 4 in terms of Witten diagrams.

We should also note that for real z,z, Discos in the third line of (4.4) is related to
Discy4 in the first line by

: 3412/, =\ (1 1234, =\ -
Discog A" (2, 2) = <D1s014A (2, z)) (@) —r(—b—a) ’ 0<zz<1. (4.6)
Applied to the correlators appearing in (4.5) this reads
: 3652/, =\ _ (T 1564, =\
Discas A°%(2,2) = (Dlsc14 AP (2, z)) 5643652 (4.7)

4For t-channel blocks, the new definitions for the discontinuities in (4.4) are related to the old definition

in (2.15) by a phase, for example, for Disci4 the relative phase is eimTo/2,
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dDiscy

Figure 4. Optical theorem in the Regge limit in terms of Witten diagrams. The tree-level cor-
relators are dominated by s-channel Pomeron exchange. The external operators are scalars, while
Os and Og are summed over all states that couple to the external scalars and the Pomeron (tidal
excitations). The ellipses on the Lh.s. indicate that all string excitations are taken into account.

To benefit from this useful relation, we will always strip out a pre-factor such that we obtain
the correlator A3%°2(z, ) on the right hand side of (4.5). Otherwise we would have to use
the second line of (4.4) for Disces. Finally, in the Regge limit the analytically continued
correlators are dominant over the Euclidean contributions so that we have

Disciy ./41234(2, 2) ~ eiw(a+b)A1234(z, ZO),

Discgs AM2(2, 2) ~ —e/™(@H0) 34125 70y (4.8)

1/ . )
dDisc, A1234(z, 7) ~ -5 (ez7r(a+b)A1234(27 Zo) + e—m(a+b)A1234(27 50)> :

where the & sign means we took the Regge limit. In order to account for the tidal excita-
tions, the operators Os and Og can carry spin, in which case their indices are contracted
with the ones of @5 and O and sums over tensor structures are implied. In subsec-
tions 4.1, 4.2 and 4.3 below we will mostly suppress the aspect of spinning correlators. We
will come back to this issue in subsection 4.4.

4.1 Regge limit

To obtain the impact parameter representation, we first change the coordinate system
placing each point on a different Poincaré patch as shown in figure 5. We use the following
coordinate transformations

T; = (azj,x;,xu) = —yl_i_ (Lyﬁyu), 1=1,2,57,
i

i (4.9)
xi:(‘rj_axi_vxil):_yi(17y127yiL)7 i:3747678’
)

In the new x; coordinates, the Regge limit corresponds to placing the four external points
at the origin of their respective Poincaré patches,

T1,%9,x3,24 — 0. (4.10)

However, x5 to xg are integrated over in the CFT optical theorem.

— 95—



Figure 5. The external operators at coordinates x; in their respective Poincaré patches P;. The
black dotted lines are identified when the Poincaré patches are wrapped on the boundary of the
global AdS cylinder.

Conformal correlators transform covariantly under the transformation (4.9). In the
scalar case we have

Ay) = (—u) 2 ()2 (—y3) ™ (yy) A () (4.11)

In the spinning case, one must additionally account for the Jacobian matrix dy®/dz™.

Next we use conformal symmetry to express the correlator in terms of two vectors.
This is similar to expressing the correlator in terms of two scalar cross-ratios, with the
difference that here we fix two, instead of the customary three, positions using translations
and special conformal transformations to express the correlator in terms of the remaining
two position vectors. We can follow [35] and use a translation to send z; to 0 which,
due to the different transformations in (4.9) (see also [49]), will act as a special conformal
transformation on the Poincaré patches for 3 and x4,

2
$3’4 — $374$1
1—2x34- 21+ 56374%% '

1 — O, T2 — T2 — X1, T34 — (4.12)

Next we implement a translation on the x3 and x4 patches (acting as special conformal
transformation on x12) to also map x4 to 0 in its own patch and find that the correlator
as a function of the Poincaré patch coordinates A(z;), as defined in (4.11), can always be
expressed as
A(xy, x9, 13, 14) = A0, —x,2/2%,0) = Az, T), (4.13)
with
TR X — T2, T~ x3— T4, (4.14)

in the Regge limit (4.10).

SFor external spinning operators, the conformal transformations have a non-trivial rotation matrix
Ay®/0z™. Conformal covariance of the correlators gives, in the representative example of two vectors

—1— — a b
and two scalars [35], A% (y;) = (—yf—y;) Ay (—yg_yz;_) s gffn gilzm

that the inversion tensors are correctly mapped from y; to x; variables, preserving their form.

A™™ (z;). These matrices ensure
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It is further convenient to implement the coordinate change using embedding space
coordinates PM ¢ R24

PM = (P, P, P™), P.-P=—-P"P™ 4+ 9,,P"P". (4.15)
These are related to the coordinates y™ € R4~ of physical Minkowski space by [35]
PM=(yty ", 1,y%y) = Py=-2P-P=(y—y), (4.16)
and to the coordinates x; by

PIJV[ = _yl+ <_1? _:E%aljln) ) PQA/[ = y;r (_L _$%7xgm> )

P =~y (~eh—1aR). PM i (~eh-La]) o
One can easily show that the cross-ratios (2.19) are given in terms of z and z as
27 = 2°7% (1-2)(1—2)=1+2*2*+22 -7, (4.18)
and the kinematic prefactor (2.18) becomes
71234 _ (=) 2 (e ) 22 (—ys) 22 (ya )2 ' (4.19)

rA1+A2 FA3+Ay

When combining (2.17) and (4.11), the numerator of the last expression cancels the Jaco-
bian prefactor in (4.11) to give,

A1234(Z, 2)

If we now study the correlator A3%52(z;), a priori we have to take into account that only
x9 and x3 are affected by the Regge limit. However, we will assume that the integration
will be dominated by the region where the integration points are also boosted. Using the
embedding space coordinates

P5M = —yg' (—1,—a:§,xg”) , Péw =y (—x%,—l,xgn) , (4.21)

we find

'~ x5 — a9, ¥~ x3—xg. (4.22)

Where the primed variables are meant to emphasize that the points 1,4 are replaced by
5,6 in this correlator as compared to (4.13). Performing these steps for all the correlators
in (4.5) we find,

. 1 .
leSCtA1_100p<H?12, .%'34) = —5 Z /dac5dx6 DISC23 Ag?e?(%%, 3752)
05,06 (4.23)

. 1564
X S5S¢ Disci4 Agee (15, 3764)‘ )
[O50¢6]

where we stop explicitly mentioning that we are dealing with only the contribution of
double-trace operators as single-trace contributions are subleading in the limit considered.
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Let us stress that in order to write the correlators on the right hand side in terms of
two differences, we assumed that each of the individual tree-level correlators are in the
Regge limit themselves. The easiest way to justify this is in Fourier space using the impact
parameter transform defined below. Each tree-level position space correlator is dominated
by a power ¢'~7*) in the Regge limit, which maps to a power of the AdS center of mass
energy S7W~1 in impact parameter space. Since the optical theorem is multiplicative
in impact parameter space, subleading Regge trajectories or kinematical corrections from
the conformal block at finite boost get mapped to smaller powers of S, and therefore
do not contribute to the leading behavior. The eikonal approximation in AdS [28] gives
additional intuition for this, since it means that even in AdS, the particles remain essentially
undeflected, scattering forward each time they exchange a Pomeron. Furthermore, we will
show in section 5 that this configuration reproduces the behavior at one-loop derived in [36].

4.2 Impact parameter space

Let us now consider the two-point functions (OsO7) and (OsOg) for the shadow transforms
in (4.23). In the Regge configuration, x5 is the patch of x;, x4 is the patch of z4, x7 is
the patch of x5 and xg is the patch of x3. As explained in [3, 28], the two-point function
between two coordinates on adjacent Poincaré patches has an additional phase factor e!™
and this phase can be accounted for by switching from the ie prescription of a Feynman
propagator to that of a Wightman propagator (see [28]). The normalization of the shadow
transform in (2.3) and (2.4) is obtained from the Fourier transform of a two-point function
as the shadow transform acts multiplicatively in Fourier space (see section 3.2 of [37]).
The normalization in (2.4) is obtained from the Fourier transform of a Euclidean two-
point function, which matches the one of a Lorentzian two-point function with Feynman ie
prescription. The Wightman propagator in momentum space however has support only on
the future lightcone and the coefficient of the Fourier transform is different (see appendix
B of [28] and section 2.1 of [50])

672iq-x A—2
[do s~ Moo el (~) 7 (4.24)
with
27.‘.%-&-1
Mo = (4.25)

NNV

Consequently we change the normalization Ny of the shadow transform in (2.3) to (for
scalar operators)

No =MoMg. (4.26)
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Next we define, following [31], the impact parameter representation as the Fourier
transform of the discontinuity of the correlator in the two remaining vectors®

Discig Aljk4(x1j,xk4) = /dp dﬁe_2ip‘x1j_Qiﬁ“k‘lBle(p,13) , (4.27)

where the function B(p,p) has support only on the future Milne wedge of p and p. Us-
ing (4.7) on (4.27) we get the Fourier transform of Discas.

Discas A7 (23, 2j9) = /dp dp e~ 2wk =2ipzi2 B3RI2(_yy )% (4.28)

The causal relations and thus the ie prescription in (4.28) are opposite to those in (4.27)
and the complex conjugation prescribed in (4.7) compensates for that. Inserting (4.27)
into (4.23) and using that Atlr‘r’eﬁe4 is a double shadow transform of AL} we obtain, upon
using (4.7) for the Discos,

dDisci A1 1oop (212, 234) = Z /d:v5 dxg dr7 dxs /dp dp dp' dp’
05,(’)6
e i s ) B il B ) (4.29)
T(Ps)(gjm) T(pﬁ)(-TGS)

A ) A
No5 [ (295 —i€)? + &%5]" 7" Nog [—(a8s — i€)? + 75s]" ° 10,04

T)(z;;) is the tensor structure for the two-point function of an operator with SO(d)
quantum number p. For example it is the familiar inversion tensor n** — 2$ 2" for spin 1
operators. Note that we have B354 instead of BLS4, as the superscripts now only indicate
the dimensions of the corresponding operators and As = Ay, Ag = As.

We can now express the two-point functions from the shadow transforms in Fourier

space by inverting (4.24)

T(p) (z)

[~ (20 —ie)2 + 72472

d@ /dq e~ 2z ) (g) (—qQ)g*A : (4.30)

The Fourier space integral is over the future Milne wedge M as the Fourier transform has
support only on this domain. T (q) is the tensor structure of the two-point function in
Fourier space, which has been discussed for example in [50]. It is a tensor composed of g
and 7 that can be factorized into a product of new tensors t(¥)(g) as follows

EaS e e 01...0

T(P) (Q)Vllml/\l;\‘ — ¢(p) (Q)ai...o:ﬁ“t(p)(Q)ull...u“pﬁ‘ . (4.31)
Using (4.30) in (4.29) we end up with four position integrals over xs,xg,x7,xg and six
integrals over ¢, ¢ (from the four-point functions) and p, p,p’, p’. The four position integrals

5The AdS impact parameter representation was previously defined in [22, 31, 33] as the Fourier transform
of the correlator on the second sheet A(z,2°). Since this contribution dominates in the Regge limit, it is
indistinguishable from the discontinuity of the correlator in this limit. However, in the ¢-channel the two
notions are clearly different and it was necessary to take the discontinuity to derive (1.5). In the next
section we will see that the discontinuity is the better choice also in the s-channel.
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give four Dirac delta functions with which we can eliminate the ¢, g, p’, p’ integrals to obtain

7T2d

1 , _
dDiSCtAl_loop(x127x34) = 7 Z /\/loj\/lo/dp dﬁefm(p-x12+p-134)
5 6

i i (4.32)
Bé”r(iiz( —p, —p)* TWs)(p) T (p ) B8 (p, p)

d a
(—p2)2s 3 ()R [0506]

)

with an implicit index contraction between BL26* and B3652 and the tensor structures T,
At this point we use (4.31) and absorb the t(”)(g) tensors into the definition of the phase
shifts Biree. This means that one needs to take it into account if one wants to relate tensor
structures of CF'T correlators and phase shifts, but we will not need to do such a basis
change explicitly in this work. Using (4.8) we see that the double discontinuity corresponds
to the quantity — Re B(p, p) in impact parameter space. Thus we find the following gluing

formula for the impact parameter representation, which is purely multiplicative,

7'['2d 1 B3652( ]5 ) B1564(p ]3)
— Re By, p,D) = — tree ) tree \1) . 4.33
oop( ) 2 052’(:96 MO5M06 (*p )A57§(7p )A6 g ’[0506] ( )

Let us consider the case when O = O and Og = Os. In this case, it is useful to strip out
a scale factor similar to that in (4.20) from the impact parameter representation

Mo, Mo, B“kk(}? D)
d_A. d_ .
(—p?) 2 (—p2)5 2

Using (4.24) one sees that with this choice of normalization the impact parameter repre-

BIkF (p, p) =

(4.34)

sentation of the MFT correlator is BﬁF’r} = 1, which is necessary for the eikonalization of
the phase shift in AdS gravity. Inspired by this fact we choose the normalization

3 Mo,Mo, Mo, Mo, B* (p, p)
B (p, p) = v e s (4.35)

() T (-») ®

for the general case. This gives the following compact form for the optical theorem in

impact parameter space

— Re Biutoop(p, Z B (—p, —p)* Bl (p, D) : (4.36)

05706 [O50¢]
In [36], the Regge limit of a one-loop four-point function of scalars was studied in the
large A regime with S > A > 1. The contribution of tidal excitations to the correlator is
suppressed in this regime. It corresponds to just one term in the sum on the right hand
side of (4.36) i.e. with O5 = O; and O = O3. We show in section 5.1 that this term
from our formula (4.36) reproduces the result from [36] in the large A or equivalently the

large A2, limit. We do not need to discard any shadow double-trace contributions for this

gap
match. This motivates us to assume that the only non-zero contributions to the gluing of
tree-level correlators in the Regge limit is from the physical double-traces [O50g], and we
will drop the explicit projections henceforth. This is compatible with the intuition that

there is no need to project out shadow operators in a Lorentzian CFT optical theorem.
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4.3 s-channel discontinuities in the Regge limit

Next we have to analyze the discontinuities on the right hand side of the optical theo-
rem (4.5). The discontinuity of the scalar s-channel block was recently computed in general
without taking the Regge limit in [44] and we will review it here. The generalization to
external spinning operators is done in section 4.4, after taking the Regge limit. Let us take
the conformal partial wave expansion (2.22) in the s channel and use the symmetry of the
integrand to extend the integration region at the cost of a factor 1/2

1234, - _ 1 50 dA o0 1234
Az = 03 [ S AL el o (2. 2). (437)
J 5—200

Let '234(z,2) be the partial wave W!234(y;) with the prefactor T'23* stripped off.
glggfi o (%, Z) is the conformal partial wave with an additional term that vanishes for integer
spin but ensures favorable properties for non-integer spin [44]. The new partial wave is

given by

et 0(2,2) = E* (2, 2) + 21 S(O304[0")) Ky g-1,1— A§AJ 9roi11-a(22), (4.38)

where 91234(z, Z) is the usual conformal block, the constants a,b are defined below (2.53)
and o
glad) _ (S(a b (b ) O(—J-%5%)
A J A+J A+2 d—J F(—J) ’
@) _ sin (7(a + £/2)) sin (7(b+ 5/2))
B - . )
sin(7f3) (4.39)
Kag = HA-1) “(Aab)
b - (]7
ra-g) ="

) _ (50T (5 +a)T(5 —0)(5 +b)
g 22T (3 — 1)T(B)

With this conformal partial wave it is possible to compute the discontinuity exactly [44]

DlSCl4 ngOd O( 2) . R1234(Z E)

= (4.40)
S(0304(01)) Tk
Here R is the so-called Regge block
1234 7) = 1234 (a b) 1234 I'd-A-1I'(A- 5) (a b) 1234
I(J+d— 2)F( —J - %) K/(aﬁb) ,{/(avb) 91234 ‘
with /ilﬁ(a’b) defined as
a,b)
/(a,b) Téa,b) _ F(g + a’)r(g =+ b) (4 42)
a,b) : :
e r(3)
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Discgs in the 3412 OPE channel can be obtained by using (4.6) on (4.40)

Disc 3412 2, z 3412 =
23 good,£9( ) _ RO (_(bziz)) ’ (443)
S(0,0,]01)) s

AJ

which was the reason to consider this channel for the correlators on the right hand side
of (4.5). The Regge block is dominated in the Regge limit by [1, 31, 44]

rira g
#5alem) = T (0, )+ 0(0)) (449

The o, p cross-ratios introduced here are defined as

+z -
=2z =Vx2x%, cosh(p) = i = — ) 4.45
7 W=z~ Ve (4.45)

Qi (p) is the harmonic function on d — 1 dimensional hyperbolic space Hy_1 transverse to

the scattering plane in AdSg41 [21]

_ivsin(riv)I'(h — 14+ w)l'(h — 1 —iv)

Qil/(p) = 1
2T AT (- ) (4.46)
, . 1 1 —cosh(p)
< oFy (h=14ivh—1—ivh— o, =) .

Inserting everything into (4.37), we find the following expression for the discontinuity of
the correlator in the Regge limit

Disery A24(z,2) = 27 ) / dv o, J) o (p) | (4.47)
J — 00
with . :
3728(0304[( —iv — H'N T d
04(1/7 J) — _ 2 ( (3b)4[( w 2) ]) (ZV) ]’1234 (Zl/+ 7J> ) (448)
27r/£iZ’+%JF(iv+%—1) 2

As in flat space the sum in (4.47) is dominated by the large J contributions in the
Regge limit and only finite due to a conspiration of the coefficients to ensure Regge bound-
edness. The next step is therefore to perform a Sommerfeld-Watson resummation over J to
evaluate (4.47). Also, note that the spectral function, as given by the Lorentzian inversion
formula [1], is of the form

11234(V) — _[1234’t(y) + (_1)J11234,u(y) ) (449)

Let us first consider the case of a correlator with pairwise equal external operators i.e.
a=>b=0, 1?3t = [1234¢ where only even spins are exchanged. Now for the resummation
we replace the sum by an integral,

eiﬂ'J
2 dJ ———. 4.
> —>/C U (4.50)

J even
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The contour C' encloses all poles on the positive real axis (at even integers) in a clockwise
direction. The leading Regge trajectory is given by the operators with the lowest dimension
A(J) for every even spin J and a(v,J) has poles at iv = £(A(J) — d/2). Defining the
inverse function j = j(v) of the spectral function A(J) by

v+ (A(j(u)) _ 2>2 o, (4.51)

we see that the poles in v translate into a single pole at J = j(v). By deforming the .J
contour to the left one sees that the J integral is given by the residue at J = j(v), i.e.

Discis A% (2, 2) = 2ri / dv a(v) a0y (), (4.52)
where
in] 752 G(0304[(—iv — D)) T d
a(y) _ Res Zl e _iWJT('Q ((a?l;) 4[( ‘ w - 2) ]) (Zl/) 11234,15 <ZV+2,J> . (453)
J=jv) 1—e /fw;Lg,J Diiv+§—1)

When the operators are not pairwise equal, the even and odd spin operators organize into
two analytic families as evident from the Lorentzian inversion formula [1]. To obtain the
contribution of the leading Regge trajectory we still sum over the even spin exchanges.
The result is of the same form as in (4.52) with 1234 replaced by 112! in a(v). For the
other correlator we can use (4.6) to see that we get an analogous result with the complex
conjugate spectral function

o0
Discgg A3412(2, 2) = 2mi / dv a(v)* a0, (p) . (4.54)

One can show that the corresponding impact parameter representation is given in general
by the same spectral function times a multiplicative factor which cancels poles for the
external double-trace operators [22]

B(p.p) =2mi [ dv B(r) S 100(L), (4.55)
where od .
B(V) _ am (\/M(’)1M(’)2M(’)3M(94) a(V) ’ (4.56)
Xjiw) (V) Xj)(=V)
with the definition
A+ As+j(v)—d/2+iv As+ A4+ j(v)—d/2+iv
Xj(u)(V)=F< (2) / >F< (2) / ) (4.57)
The impact parameter space cross-ratios, analogous to (4.45), are
S = \/p?p?, cosh = — 2P (4.58)

VPP
In the dual AdS scattering process these cross ratios are interpreted as the squared of the en-
ergy with respect to global time and as the impact parameter in the transverse space Hy_1.
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4.4 Spinning particles and the vertex function

In this section we will introduce concrete expressions for the tree amplitudes with spin-
ning external legs and show that the contributions of the contracted spinning legs can
be expressed in terms of a scalar function of three spectral parameters which we call the
vertex function, analogous to (3.17) in flat space. We construct tensor structures in terms
of differential operators, which are a Regge limit version of weight-shifting operators that
generate spinning conformal blocks from the scalar ones [51, 52]. It is convenient to work
with tensor structures which are homogeneous in p and p, i.e. independent of the cross-ratio
S in (4.58), such that all tensor structures have the same large S behavior in the Regge
limit. These differential operators can be constructed from the covariant derivative on the
hyperboloid Hy_; and from p = p/|p|,p = p/|p| [35, 53]. The possible differential operators
that generate spin for a single particle are

DLE(D) = P,y - - PV, - .me‘p‘ , k=0,...,|p|. (4.59)

Tree diagrams for exchange of the Pomeron then have the form

Bl(ﬁrinps%(AG,PG)(p’ﬁ) — i / dv Sj(u)—lggﬁg,ps)v(A&PG)(V> Qi (L). (4.60)

Here Bay ") (Aﬁ’pﬁ)(p,ﬁ) is defined just as in (4.27) and (4.35), but with tensor structures
constructed from p and p. In (4.60) we introduced the following definition for the combi-
nation of spectral functions 5(v) and differential operators that generate different tensor

structures
(Be.5) (B.6) SR sk k g
D (B5:05).(8s.p6 Z Z 5(275;5 ) (Do) ( VDo (p)DRe e (p) - (4.61)
k5=0 kg=

Notice that, in contrast to flat space, we do not impose a full factorization into three-
point structures but rather allow for a separate spectral function for each combination of
three-point structures.

The next step is to derive the general functional form of (4.36) after the contractions
and sums have been done. We begin by inserting (4.60) into (4.36),

[e.o]

—Re Biiioop(p, P) = 272 Z dvydyg §91)+i(v2)—2 (4.62)
As5,A6,05,06— 00

< ©%§»95)’(A6796)(V1)* Qi (L) 7P @(As,ps)) (A67PG)(V2) Qi (L) .

Here 7, is the projector to the irreducible representation p of SO(d), which is necessary
because the operators (4.59) do not ensure the properties of irreducible representations
such as tracelessness and Young symmetrization. Next we will show how one can replace
the contractions and derivatives in the previous equation by spectral parameters. Note first
that due to p-V,, = 0, all contractions involving p or D give factors of their norm —1. The
remaining contractions involve only covariant derivatives. These contracted derivatives can

~34 -



all be replaced by functions of the spectral parameters by using the Laplace equation for
the harmonic function

(V. +v*+(d/2 = 1)?) Qu (L) = 0. (4.63)

Using this equation, factors of V?) can directly be replaced. To evaluate contractions
between derivatives acting on different harmonic functions we expand the product of two

scalar harmonic functions as follows,
o0
Qi (L) Qv (L) = / dv B (11, va, ) (L), (4.64)

where ®(v1, 2, v) was computed (for the similar case of harmonic functions on AdSg41) in
appendix D of [54].” By acting repeatedly with (4.63) on this equation, one can determine
the function Wy that appears in

\Y

Pmy Y Pmy,

Uy Qi (L)Y T, (L) = / dv Wi, (2,12, 0%) (11, va, ) Qun (L)

(4.65)
Wi is a fixed kinematical polynomial of maximal degree k in its arguments. For example,
the first non-trivial case is

o0
d 2
/ dv®(vy,v9,0) % Q, (L) = <y12+u§+ (2—1> ) Qivy (L) Qo (L) =2V Qi (L) Vi1, (L),

(4.66)
from which one can read off Wy and W; to be

1
Wo(Wi,v3,v*) =1, Wi (vi, v, v?) = 5(1/12 +v2 - (d)2 - 1)2). (4.67)

More generally, by acting with the Laplacian on both sides of (4.65) one can derive a
recursion relation of the form

/ dv Wisr (vs) B () Qo (L) = / dv Wiy (v) Wi (vs) ® (v) (L) e
+ % (IV2 Vo - Vi J Qi (L)V™ V™ Qi (L) + (1 5 1) ) |

The terms with commutators, which will vanish in the flat space limit, can be evaluated
using the fact that the commutators of covariant derivatives can be replaced by Riemann
tensors, which for the hyperboloid can be written in terms of the metric. This means that
these terms have two derivatives less than the other terms, and will therefore produce less
than maximal powers of v;. This shows that the maximal power of v; in Wy, is just given
by repeatedly multiplying W;. Therefore we have

2 2 o\ k
Wk@g,,,g,yz):(MV;”) +O(REDY. (1.69)

7N0t€ that q)hcrcﬂiu (0) = Pthere-
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Having shown that all derivatives can be replaced by polynomials of the spectral parame-
ters, we can define

As,p5),(Ae, * m:p_n: As,ps),(Ae,
BDEné p5),(Ae pe)(yl) Qyy, (L) 0Py @£q5 p5),(Ae pe)(y2) Qi (L)

a s o o (4.70)
= /dVW(As,P5)7(A6,P6)(V17V2’I/ )@(Vl,VQ,V)Qiy(L).

This gives the contribution of a given pair of intermediate states labeled by (As, p5) and
(Ag, ps) to —ReBijoop(p,p). Now we can define the vertex function V(vq,v2,r), which
is even in all its arguments, in analogy to (3.17) as the sum over all such contributions
in (4.62)

Z W(A5,p5),(A6,p6) (V127]/227V2) = B(Vl)*ﬁ(VQ)V(VhVQvV)Qa (471)
As5,A6,p5,06,

and reach the following representation for the 1-loop amplitude

_Re Bl_loop(p’ p) = o2 / dvdvydvs B(v1)*B(v2) V (v, va, V)2 (4.72)
_m ’

x §IFTIED 2P (11 vy, 1) Qi (L) .

All the information about the spinning tree-level correlators and their contractions is en-
coded in the vertex function V(v1, 2, v) which mirrors the role of its flat space analogue.

However, in order to compute the full impact parameter representation rather than
just its real part, we have to go through a detour via the Lorentzian inversion formula, as
described in [36]. We first Fourier transform back to dDisc; Ai.1p0p from which we obtain
the s-channel OPE coefficients. Then we can compute Disci4 Aj.100p Which we can finally
Fourier transform to obtain Bi.joop(p, p). Since in the Regge limit the difference between
dDisct Aj-o0p and Discig Aj1o0p s just a phase factor (see [36]), the same happens for the
impact parameter representation

5 S ) ood e 1_'_€—i7r(j(l/1)+j(1/2)—1) ) y )
1—100p(p7p) = —4m / vaviavy 1 o—2riG) 13 ()—-1) B(VI) ﬁ(yz) (V1,l/2,u)

x §ID+I(2)=2 @ (1 vy, 1) Uy (L) . (4.73)

It is important to emphasize that this provides a finite Ay, description for the one-loop
correlator in the Regge limit up to the knowledge of the vertex function V (v1, vs,v)2. For
CFTs that admit a flat space limit, we will see in sections 6 and 7 how one can fix part of
this vertex function from the knowledge of its flat space analogue. In section 5 below, we
make a comparison with the large Ayq, limit studied in reference [36], and also describe
the implications of (4.72) for t-channel CFT data.

5 Constraints on CFT data

5.1 Comparison with the large Ag,p limit

In [36] the Regge limit of the four-point correlator of pairwise identical scalars was studied
in an expansion in 1/N in the limit of large Ag,,. The specific limit considered was
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2
S>> A2

Regge trajectory, but tidal excitations are ignored. Since we have kept Ag,, finite, we

> 1, so the result is sensitive to all the higher spin interactions in the leading

should be able to obtain a match between the result for the one-loop correlator in [36] with
our result (4.36) after dropping the tidal excitations Os # O; and Og # Os.

We pick the term A5 = A; and Ag = Ag that is the sole contribution to (4.36) in the
large Agap limit, and use (4.55) to obtain

— Re Biioop(S, L) = 272 /dl/ldVle/ B*(v1)B(v2) ®(v1, v2,v) Sj(”1)+j(”2)_QQiU(L)

[0506]
(5.1)

Now let us extract the corresponding result from [36]. Equation (3.15) of [36] gives the
double discontinuity of the one-loop correlator G2 as follows (with Ay = A and Ay = Aj)

leSCt[g(Q) (Z Z /dl/ldljgdl/ X](Vl)Jr](yQ) (V) Xj(l,l)Jrj(l,Q),l(—l/)./\/

, , (5.2)

XAV (00) @1, (22) T 0, (S og(2/2))
where X;(,,)4j(s)—1() is defined in (4.57) but with j(v) replaced by j(v1) + j(v2) — 1,
and with Ay = Ay and Ay = Ags. It accounts for the double-trace exchanges [O10;] and
[O303] analytically continued to spin j(v1) 4 j(r2) — 1. The operators contributing to the
t-channel expansion in the large Ag,p, limit are the double-traces [O1 03], ¢ with dimensions
and OPE coeflicients given by

N C) B S ¢S N SN ¢) 0 _
Ah,hiAhﬁ—i_Z‘f "Yh +N77hh+ SN Ahﬁ—Al—f‘Ag‘an‘i‘g, (53)
_ MF ) (2) ’
P, =P <1+26P +—45P + - )

(1)

where h, h = A F{. The tree-level anomalous dimensions i and tree-level corrections to

OPE coefficients 5P}§£ can be extracted respectively from 7 (v) and 513( )(y) by
IS / dvAD (v) (hh)' )1, (log(h/h))
ﬂ; (5.4)
5Py / v 5P (v) (1)) i (Tog(h/ )

7MW () and 5/]\3(1)@) can be obtained respectively from the real and imaginary parts of the
phase shift, and are related to 3 by®

T (v) = 2Rep(v),
5/]\3(1)(1/) = 27 ImB(v).

8Note that due to difference in conventions, NS for us is equal to 3, as defined in [36].

(5.5)
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Taking the Fourier transform to impact parameter space on (5.2) and then using (5.5)
9

gives
— Re Biioop(S, L) = 27° / dvidvady ReB(v1) Ref(v2) ®(v1, va, 1) S7 272 0 (L),
(5.6)
We need to compare (5.1) with (5.6). The only difference are the real parts in (5.6),
however Imf in (5.1) is related to tree-level corrections to the OPE coefficients and these
are suppressed at large Ag,p [36]. This can be seen for example from (5.5) and using in it
the explicit expression for a(v) from [36]. The result is

_ —mIm 71'61-:1(‘”3/
00 = ) ) g (5i0)3%0). 6D
Re (1Zflejjrj(u)) 2

The suppression is due to the tan factor, since for large N theories it is known that [30-32]

jv)y=2-2 ”222‘”2)2 +0(Agh). (5.8)
gap

The anomalous dimensions

(1) -2
0P, ¢ are at order A 7.

"Thus we have matched our result for the Regge limit of the dDisc of a one-loop correla-

- are order 1, while the corrections to the OPE coefficients

1)
h,h

tor at large Ag,p to that of [36]. Note that we managed to reproduce the result without the
need for any projections to the physical double-traces. Therefore it is reasonable to assume
that the gluing of tree-level correlators in the Regge limit does not receive contributions
from the double-traces of shadows and we can use the optical theorem (4.36) without the
projections onto [O50g].

5.2 Extracting t-channel CFT data

Next we shall see how we can extract the CFT data for the double-trace operators ex-
changed in the t-channel to order 1/N* from the vertex function V(v#,12,12?). To this
end we follow section 3.2 of [36] and extend the results therein by including tidal exci-
tations, which make our statements valid at finite Ag,,. As discussed in the previous
section, the only operators contributing to the ¢-channel expansion in the large Ag,p limit
are the double-traces [O103] [55]. The three-point function of these double-traces with
their constituent operators O and Oz has the large N behavior

<0103[0103]> ~1. (5.9)

By including tidal excitations we have to include also double-traces [O50g] corresponding
to additional double-traces coupling to @1 and Osz. These satisfy

(0103]0506]) ~ [0506] # [0105] , (5.10)

N2’

°In our conventions the Fourier transform takes dDisc;[G® (z, Z)] to —N Re B upto scaling factors.
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so that only their classical dimension and leading OPE coefficient squared!'®

L OMFT 5 (56)
b O, + - (5.11)

Ah/,i_z’ =Ao; +Aps +2n+ L, Ph’,l_z’ =
appear in the one-loop correlator. This is compatible with the large N behavior for single-
trace exchange in the direct channel,

1
N
which justifies that the OPE coefficients co, 0,050, start at order 1/N 2. As explained

1
(010:0a(0)) ~ 77+ (Oa()O603) ~ (5.12)

in [36], the cross channel expansion of the correlator is then dominated by the terms

A toop (% 2) MFT 2) 2 W) sp) T ) 5
WzZP z {mvhh—i—éP —|—z7whh5PhE - (%h) ]ghﬁ(l—z,l—z)
h,h

+ > PMETsP 5?3, Gyl — 21— 3). (5.13)
R b/

We shall now compare with our result for the one-loop correlator in the Regge limit
and use it in the light of (5.13) to extract CFT data. We start with the dDisc of the
correlator in the impact parameter representation as in (4.72). Doing an inverse Fourier
transform on this and taking out the appropriate scale factors gives us the dDisc of the
one-loop correlator in the Regge limit

dDiscrAl-100p(2, 2) = (B*(v1)B(v2) + B(11)B* (v2))V (11, 12, v)?

(5.14)

X®(11, V2, ) X)) -1 (V) Xjwn)+i (wa)—1(—1) 0T EI7102 04, (p)

where we symmetrized the product of 5’s by using the symmetry of the expression under

v1 <> 2. We can now use the Lorentzian inversion formula [1] on (5.14), as shown in [36],
to obtain the one-loop correlator in the Regge limit, and then use (5.5) to express it as

1 + e—im(i(v1)+i(v2)-1)

2
— e—2mi(j(v1)+j(v2)—1) V(Vlv V2, V) (515)

‘Al loop( ) ~

X <I>(V1’ V2, V) X)) =1 (V) X )i (wa) 1 (—¥) 0> 77702 ()
D) 5 1 ) 0
< (100030 00) + 58P 00) 5P )]

We now take the t-channel expansion (5.13), and use in it (5.4), (4.64), and the following
ansatz,

10~ [ dvndvady 3O, v, v) (RRDE2 0, (10g(0/ ),

(5.16)

sp®? (2)/(56)

Ik (v1,v2,v) (hh) D=2 0 (Tog(h /D))

/(56) ~ / dVldVQdV(S/P

1We are free to insert PMFT here, defining §P accordingly. This will be useful below in (5.18).
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to obtain

(22) 2 AL 1oop (2, 2) & / duldygdylz(hh) i) =2 0 (log h/h) PMET (5.17)
h,h

N 7 R —~ (1 . —~ (1
x [m<2><u1, va) + 5 (1000 5P () + 700 5P 01) ) @01, 10,0)
. —~ (2 _
_ ?7(1)( 1) AN (1) D (11, 9, 1) + 5P( )(Vl,ljg,l/):| Ipp(l—2,1-2)

+ 3 PMET 5P 0 (0, v, ) (WY EOHED=2 0 (log W IR gy (1 — 2,1 — z)] .
h' h/

We can approximate the h,h and h’/,h’ sums with integrals, Zh,ﬁ — % f(fo dhdh, and
evaluate them using Bessel function integrals (see section 2.2 of [36]) to arrive at the result

.(U1)+j(l/2)71(V)Xj(y1)+j(y2)71(_V)O.Q*J.(Vl)*j(llz)Qiy(p)

‘Al loop( )

71.2

. . . (2
X [ZWV(Q)(Vl,VQ,V)—2")/(1)(1/1)’7(1)(1/2)(I)(I/l,VQ,V)—i-(SP( )<V1,V2,l/) (5.18)
7 (39005 (1) 4500 5P 01) ) @(01,020) 4 5P (1,00 .
Comparing the real parts of the coefficient of x(v)x(—v)o?=11)=i(2)Q); (p) in the inte-
grands of (5.15) and (5.18), and using

]_ _|_ e_iw(j(yl)+j(y2)_1) 1 7/ T, . .
|~ o Gt 1) 5 T tan (2(‘7(”1) + 7(”2))> ’ (5.19)

we conclude that

56) 1

—~ (2 —~ ~ —~
5P( )(Vl, v v) + 6P( (v1,v9;v) = D) |:7I‘2 (V(Ul, v, 1/)2 — 1)7(1)(1/1) '7(1)(1/2) (5.20)

+ V(v1,v9,v)? 5]\3(1)(1/1) 5173(1)(1/2)] O(vy,19,v).

This is the general result for fixed Ag,, that extracts OPE data from the AdS vertex
function. Let us now take the large Ag,p, limit to make contact with [36]. In this limit,
V(vi,v9,v)? = 1and 51\3(1), 5]\3(56)
as was obtained in [36].

are suppressed with respect to 51). Therefore 5P}E2}—Z =0,

Similarly, comparing the imaginary parts we have

D)= =5 | (30 5P )+ 5P 03V 00 )+ mtan (T G00) +500) )

N N 1 ~qa —~(1
><V(ul,y2,y)2(7<1>(yl)fy(1>(y2)+ﬁap( )(11)6P" )(VQ))}@(M,VQ?V). (5.21)
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—~( —~(
The term 6P' )(1/1) 5P )(VQ) is suppressed by A 1 with respect to the other terms. At
leading order in Agyp,, we can discard this term and set V (v, va, v)2 = 1. We can then
use (5.7) to simplify the expression to,

3 o1, 0mi) = —gwtan (3s0n) ) tan (G ) tam (G(i0) + 00) )

x 7D ()W (1)@ (11, 12, ) .

(5.22)

This is the same result as obtained in [36] for 7 (v, v9; ). More generally, knowledge of
the vertex function V' (v1, vo,v)? and of the (O103]0504]) OPE coefficients gives additional
information about the one-loop CFT data of the [O103] double-trace operators. It would

be interesting to analyze these equations order by order in the 1/A2,  expansion.

gap
6 Flat space limit

Having fixed the general form of the impact parameter representation of the one-loop
correlator from first principles in section 4, we now want to fix part of the dynamical data
by taking the flat space limit, which relates it to the known flat space amplitudes. The
prescription to achieve this was discovered in [31], where it was applied to scalar tree-level
amplitudes. This limit is taken by sending the AdS radius R to infinity while scaling the
relevant quantities in order to match them to flat space quantities in a sensible way. The
dimensionless quantities .S and L are sent to dimensionless combinations of R with the flat
space center of mass energy s and impact parameter b as
R?s b

S:T’ LZE' (6.1)

Note that L is the AdS impact parameter, as it describes the geodesic distance on Hy_
between the impact points in transverse space. If we impose the identification of Casimir

eigenvalues
A(A —d) = R*m?, (6.2)
for the states on the leading Regge trajectory and take this equation off-shell, it becomes
d 2
V2 + (2) = R*¢*, (6.3)
so for large R we further impose
V2 = R%?. (6.4)

Our expressions in AdS are integrals in v, while in flat space we have vector integrals in
g, where we recall that ¢ is a vector in the transverse space RP~2. In order to compare
the expressions, it is instructive to do the flat space angular integrals and keep only the
integral over the modulus |g|. In this way, the exponential is replaced by the harmonic
function wgy(b) according to

[ =2 o,

RD-2
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so that [56]

>}

—2

2
T g ), (66)
2(21) %22 |1 2

wqe(b) = ¢ / (27:?,;_2 P §(p? — ¢*) =

RD-2

2

where J denotes the Bessel J-function and we recall that w,(b) only depends on the modulus
of the vectors ¢ and b. One can check that the flat space limit of the Hy_; harmonic
function (4.46) yields the flat space harmonic function

R3PQ, (L) = wy(b), v>0. (6.7)

For even d this can be checked directly, while for general d it is convenient to use an
integral representation for the hypergeometric function which under the limit is related to
an integral representation for the Bessel function [57]. For even d the relation is also valid
for v < 0.

In the context of string theory we further have the dimensionless coupling A which is
expressed in terms of o/ and R as

VA= ig (6.8)

meaning we can also express S as

Vas

o 6.9
4 (6.9)
To summarize, the flat space limit is taken by sending the AdS radius R to infinity while
replacing
A ! b R2

and impact parameter representations can be compared by using (6.7). We can also use
these relations to relate Ayqp, to A taking as reference a string state of mass m? = 4/d/,
therefore

2
Az T (6.11)

gap
6.1 Matching in impact parameter space

Let us now see what we can learn when we apply the flat space limit to the impact parameter
representations studied in section 4. We begin with the tree-level correlator of four scalars
for which the limit was originally imposed in [31]. The flat space limit of the AdS result
B in (4.55) should match the flat space impact parameter representation id from (3.15) of
the amplitude (3.8)!

_ T () — . 7 16\ J()—1
Buree(p, p) = A / dv B(1) SO (L) = i6uee(s, b) = 2i / dlql B(#) (‘“4) wy(b).
0 0

(6.12)

HThe relative factor ¢ in B — 6 can be determined by matching the exponents in the eikonal approxi-
mation for A — co.
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Here and below we do not always write the overall factors of R as in (6.7), but they do
work out correctly when including the expansion parameters from (1.3) and (3.1) and using

the relati
e relation 1 1 20x

NZITRbE .
From (6.7) and (6.9) we see that this does indeed match, provided the flat space limit of
the AdS Regge trajectory and spectral function are sent to the flat space Regge trajectory

(6.13)

and Pomeron propagator!?

im—1
2

J) = ), AT - o B, (6.14)

The power of A in the relation of 3’s is necessary to cancel the powers of A in the relation

between S and o's. It is compatible with the expectation that each derivative in the

couplings of the spin J operators forming the Pomeron comes at least with a power of ATd
Next we consider the optical theorem in AdS (4.36) and flat space (3.16)

1 1
_ § : 3652 * 121564 _ 3652 * 1564
— Re Bl—loop - 5 Btree Btree — Im 51—100p(b) Y E : 5tree 5tree . (6'15)

Ag,pe

The similarity is striking, however we have to make sure the sums and summands are in
fact related by the flat space limit. The additional sums over polarizations can be evaluated
using completeness relations such as (3.22), which evaluate to contractions just as in the
AdS equation. We also have to make sure that the labels p on both sides are irreducible
representations of the same group SO(d). This is indeed the case for massive particles if
we consider the flat space limit AdS;;; — R, which has the massive Little group SO(d).

The next step is to match the tree-level correlators (4.60) and amplitudes (3.8) that
involve spinning particles 5 and 6. In this case the flat space limit gives

B30 (Bere) () 5y — g / dv STV pGra)l(Bere) ). (L) — (6.16)
0

i(t)—1
. o(ms,p5),(me,p6) iy dgq o's\’ 12P 34P ig-b
— i0mn 7Y (5,0) =1 / @np2 <4> A psm (6:0) B A oo n(@,v) €

RD-2
-Oo o/s\ IO 12P . 34P :

=2 [dlgl (%) AR (100,0) B (- i0h.0) 0, ).
0

where the derivative 0 is with respect to the components of the transverse vector b. The
difference compared to (6.12) is that in AdS we have differential operators that generate
tensor structures, while in flat space the tensor structures are the ones of the on-shell three-
point amplitudes. As discussed in section 3.4, these three-point amplitudes are given in
terms of the Pomeron momentum ¢ and, for massive particles, the longitudinal polarization
vector v, which is transverse to q. We will now study the relation of these two kinds of
tensor structures to the flat space limit.

125(v), j(t) and B(v), B(t) are different functions and not the same function with different arguments.
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We begin with the covariant derivatives and will argue that they become derivatives
in impact parameter in flat space, i.e.

Vi (L) — ROj'e™ = Rig™e™? . (6.17)

In order to show this, we will act with two contracted covariant derivatives either on a
single harmonic function or on two different ones, covering all situations that can occur.
Acting on a single harmonic function we obtain, from (4.63) and (6.10),

7 v;% 1,2 (L) - _O/Q%,Q Wivy o (b) . (6.18)

The action of contracted covariant derivatives on two different harmonic functions is cap-
tured by the functions Wy, in (4.65), which is given in the flat space limit by the leading
term (4.69)

k
Wi (v}, 13, 12) Sk B W OV ek Bk
(VA" 2v/A 2

where we used that ¢ = ¢; + g2. This implies that the flat space limit of (4.65) is

1
vaml e v
ib-q1 M1

= (=) iy QU €T gy e (6.21)

We conclude that both (6.18) and (6.21) are compatible with (6.17). Apart from the
covariant derivative, tensor structures depend also on the direction p, which is normal to

k
) = () (~q1 - @), (6.19)

Qiv, (L)V .V Qi (L) — (6.20)

Pmy,

the transverse space Hy_; and satisfies p> = —1. In flat space the only possible direction
for polarizations that is normal to the transverse space is the unit vector v, hence we have
to require that in the flat space limit

[ (6.22)

With the identifications (6.17) and (6.22), the matching in (6.16) works provided that

the spectral functions 6?2’5‘25) (A pﬁ)(u) in (4.61) are such that

AT B (Bere) 1y 0 (L) — 1 e w(—i0y, v) B(E) A3 (=i, v) wg(b).

~—

o £ims,ps.m me,P6,1
(6.23)
Using the explicit tensor structures for three-point amplitudes in (3.27), the matching (6.23)
can also be expressed for the spectral function for any given tensor structure
iw)=1 lesl=ks  leel—ke .k I ke
2\ 4 1 ﬁ(ZB"ZB)’(AS’%)(y) — 5 Om 505 (1) @ o6 (1) B(T) - (6.24)
The powers of A are again compatible with a factor of AT in 5?2:,?05),( AG71)6)(v) for each

derivative in the coupling. Such a scaling is expected from the general arguments of [53, 58].
We have now shown that all tree-level phase shifts appearing in the AdS and flat space
optical theorems can be related by the flat space limit.
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Let us also compare the vertex functions that appear in both AdS and flat space impact
parameter representations of the one-loop amplitudes. The flat space limit of (4.72) is given
by the impact parameter transform of (3.20), i.e

— Re Bl—loop(pﬁﬁ) — Im 51—loop(57 b) ) (6'25)

becomes

272 / dvdvidvs B(11)* B(v2) V (v, va, v) 2SI T 02220 (1 1y 1) Q4 (L) —

(6.26)

iq-b

dgdqyd
2 / I q1 q2 g—q1—q)e

a/8>j(t1)+j(t2)—2

511" lta) Vi ao)? (]

In this case we can use the delta function to write all the other scalar functions in terms
of ¢, g% and ¢?, however we need to do the angular integral over the delta function itself.
To this end we can define

[e.o]

dq:d
/(Qil)Dq_QQé(q a1 —q2) /\Q1|d|Q2|¢ (91:92,9) - (6.27)
RD-2 0

Using this and (6.5), we can compute the angular integrals in

dq1dg ib-(g1+ dq1dgadq ib
/ (2m)2D-) © ) / mfﬂ a1 —q2)e”?, (6.28)

RD—-2 RD-2

to find the flat space version of (4.64)
way (b) wa, (b) = Q/d!fJW(ql,qz,q) wq(b) . (6.29)
0

Using the explicit expressions for ® and ¢ (which can be found for instance in appendix E
of [54]), one can further check that under the flat space limit

RY7Po(v1,v0,v) — ¢(q1,42,9) - (6.30)

With this relation is clear that the expressions in (6.26) are indeed related by the flat space
limit provided that the vertex functions are related by

Vv, va,v) = Vigi,q2) = V(t1,t2,t). (6.31)

6.2 Constraining AdS quantities

We saw above that all elements of the impact parameter optical theorems in AdS and flat
space are related by the flat space limit provided that j(v), B(v), 6&’5‘;5 (A6 pﬁ)(y) and
V(V%, V3, 1/2) are given by their flat space counterparts in the limit. In this subsection, we

briefly review how the limit actually constrains these functions. All of these objects depend
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on two dimensionless quantities, the spectral parameters v and the t’Hooft coupling A. Let
us discuss this for a generic function f(v) that is required to satisfy the flat space limit

fv,\) — f(t). (6.32)

Existence of the gravity limit requires the function to have an expansion in negative powers
of v/X of the form

f@«A>::2§%{;$2. (6.33)

In order for the flat space limit (6.10) of the function to be finite, the functions f,,(v) must
have an expansion in large v with leading power not larger than 2n,

falv) = anmyzn + an,n,lu%”_l) + an7n,21/2("_2) + ..., (6.34)

which ensures finiteness of the limit order by order in the large A expansion. The flat space
limit of f(v,\) is then

2

v, A\ 3 ann r_ ' 3 ann o). 6.35
fw,A) — 2;% (»fk> — 2;% (a'q) (6.35)

At every order in 1/v/X the leading power of v survives and is fixed by the flat space limit,
while all the other powers are subleading, and cannot be determined from this condition.
These considerations hold for j(v), 5(v), 5?2’:,25),@6,%)(”) and V' (v1,v9,v), fixing part of
these functions. These facts have been explored in detail for the functions j(v) and B(v)

in [32, 33].

7 Relating type IIB string theory in AdS and flat space

Let us now apply our general ideas to a concrete example, the scattering of four dilatons in
type IIB superstring theory on AdSs x S°. In the flat space limit this is related to type IIB
superstring theory on 10-dimensional flat space where the kinematics is restricted to the
five dimensions arising from AdS. This happens since both the dilatons and the Pomerons
are R-symmetry singlets, meaning the tidal excitations they couple to also have to be
singlets. As a consequence, the Regge limit does not probe the 10 dimensional nature of
the string scattering process, as we consider only states with the vacuum quantum numbers
associated to the compact manifold S°. For this case the discontinuity of the (finite o) one-
loop amplitude in the Regge limit was computed in [26] and is precisely of the form (3.20)
with D = 5. The regime of validity of this description was discussed in detail in [26]. All we
need to specify are the four dynamic quantities that we already discussed in the previous
section. For the Regge trajectory and Pomeron propagator we have

' o T(—5t) —%t‘

j(t) :2~|—%t, B(t) = 21 e (7.1)
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As discussed in section 3.3 the vertex function can be obtained from the scattering am-
plitude of two dilatons and two Pomerons. This amplitude was computed in [26] and
reads

T(1+a'qia/2) T( - a’E — o/q1a/2) T (o' E)

A12P1P2( / / s e
I (—a/q12/2) T(1 + o/ q12/2 + o/ %) T'(1 — o/ %)

k?thZ) = - > (72)
where q12 = ¢1 - go. This amplitude has poles at the masses (m? = 4n/a’) of the string
states with residues

(—d/q12/2)n
n!

2
Res A12P1P2(k,q1,q2)=( ) L on=01,2...,  (13)

k2=—4n/o’

and the resulting vertex function is given by (3.19)

- <(—O/Q12/2)n>2 _ T+t (7.4)

Vg1, q2) = :
( 1 2) T;) n! P(1+(Jélt1+iz_t)2

Using the reasoning of section 6.2, this immediately fixes the leading terms in v, v; of the
AdS vertex function at every order in A
F(l . V%+V22,V2)

V(vi,vo,v) = 22 + vanishing in flat space limit . (7.5)

Thus, the first two corrections from expanding (7.5) at large \ are

1
V(v,vo,v) =1+ (0 (W v )+ 0170)— (7.6)

VA

n ﬁ(y2+yz_y2)2+c (V2 + 12 /o9 1
og Vi 5 2.1 V1—|—I/2)+6271V + 20 )\—l—...,
where we also included the constants that are not fixed by the flat space limit. We note
that the constants multiplying the leading power of v at order (ﬁ) ~" have a uniform
transcendentality of weight n, which can be seen by explicitly expanding (7.5). It would
be interesting to understand the relation of this property with features of maximal tran-
scendentality in AV =4 SYM [59, 60].

Finally, all the spectral functions ,Bé{gfps)’( Ae,pe)(’/) of tree-level correlators that con-
tribute to the optical theorem are constrained by the flat space limit. Their flat space
limit (6.24) is parameterized by on-shell three-point amplitudes in flat space. These am-
plitudes are in principle encoded in the result (7.3), which separates the contributions of
particles with different masses, but not the ones of particles in different representations p.
The attempt to expand (7.3) into products of three-point amplitudes for different p and
tensor structures k using (3.18) shows that this does not fully fix the af, ps (1) in (3.27)
because the equations are quadratic. However the three-point amplitudes can of course be
computed in string theory, which is what the next subsection is about. We will start with
the 10D open superstring amplitudes of a massless vector, a Pomeron and an open string
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state up to mass level 2 which were computed in [47] by studying string-brane scattering.
These amplitudes have to be squared to obtain closed string amplitudes. Then the irre-
ducible representations of the 10D massive Little group SO(9) have to be branched into
irreducible representations of SO(4) to match with the CFT irreps and account for the fact
that we have five non-compact dimensions.

7.1 Massive tree amplitudes in flat space

Now we will discuss the flat space three-point amplitudes that take part in the process and
that will fix part of the tree-level correlators with external spinning legs in AdS via the flat
space limit. The goal is to derive the three-point amplitudes that appear in the unitarity
cut (7.3) of the four-point amplitude of two dilatons and two Pomerons (7.2). It will be
convenient to consider the more general case of two gravitons instead of dilatons, with
iz Bov

= ¢; ¢/, and obtain the dilaton amplitudes in the very end by replacing

polarizations €; i €5

et

" with n*¥. By using explicitly transverse three-point amplitudes and the completeness

relation (3.22), we can write tree-level unitarity (3.18) in the form

/ 2
L Res AR g = (ETDE) e g2 > AL A )
where for the massive levels, on which we will mostly focus, p is summed over irreducible
representations of SO(4) and ¢ is summed over degenerate states in the same representation.

Our starting point will be the open string three-point amplitudes of a massless vector,
a Pomeron and an arbitrary massive state up to mass level 2 (we give some simpler explicit
examples in appendix A). These amplitudes were computed in [47] by studying string-brane
scattering. Since in flat space there is no interaction between the left- and right-moving
string modes, the closed string amplitudes factorize into products of open string amplitudes.
We can indeed check that the square root of the residues (7.7) matches the expansion in
terms of the open string three-point amplitudes of [47]

(—0'q12/2) 15P 52P,
\/ s ARk ) = —— (@) = pZAn,p;aw?iAn,pf,v- (78)
L
We did this consistency check for the first three mass levels, for which py, is summed over
the bosonic part (NS sector) of the chiral superstring spectrum in 10 dimensions, given
by [61]
n=0: DS ,

n=1: ng@E,

(7.9)

|

n=2: W@ ] & ‘@H @[ -
L1 9 9

L1 o9

In order to obtain three-point amplitudes for closed strings in 10D, we need to square (7.8)

and expand again in irreducible representations. The first step is trivial

12P, P> _ 15P; 15P; (s e’ ﬁ,& 52P> 52P5
kQZ%ii/a’A (kyq12) = > Anpla Anor8 Tor Tor Anproy Anpps (7.10)
PL;PR
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however expanding this into irreducible representations requires some more work. On an
abstract level this is easily done in terms of the tensor product

pL @ pr=EPrc, (7.11)
pc

which can be computed explicitly in terms of characters using e.g. the WeylCharacterRing
implementation in SageMath [62]. For example, the closed string spectrum for the first
two mass levels is

n_O:DS@)DS_D:IS@EL@.’ (7.12)

2 |
nzl:(ng@@): @ @2_“@3— ol T 111

9 L 9
L1 9 L1 9

L 9 9 L
L1 9

|
® I el ] @ o2 o3 @2539@25@2-.
9 9
9

To use the tensor product in explicit calculations requires considerably more work and
can be done by formulating (7.11) as an equation in terms of projectors to irreducible
representations

oy, B0 _ E : af8 wv, Y0
o Tpr = Ppr@pr—pc.nTpc Por@pr—pcv - (7‘13)
PcCPLOPR

The tensors p,; ©pz—po are constructed from Kronecker deltas and are uniquely determined
by this equation. By inserting (7.13) into (7.10) we find the expansion of the residue

Res AP (k g1p) = Z AP iy AS2D (7.14)

k2=—4n/o’ n,pLRPR—PC K" pC T TPLOPR—PCV )
PLsPR;PC

in terms of the closed string amplitudes

15P _ 415P, 15P ap

npL@pr—pcap = Anpr o n,p;,ﬂ DPpr@pr—po.p (7.15)

The final step is to restrict the indices of the amplitudes to five dimensions and expand

once again into irreducible representations, this times for the massive Little group SO(4).

In terms of representation theory, this is done by using branching rules to expand the SO(9)
representations in terms of irreps of the product SO(4) x SO(5),

o= @ (o). (7.16)

(o) Cpc

where, for massive levels, p is an irreducible representation of SO(4) and o of SO(5). Since
we consider Pomeron exchange, which caries the vacuum quantum numbers, we project
onto the singlets of SO(5)

pcles= D (o). (7.17)

(P,.)CPC
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This step is also abstractly implemented in SageMath. For example, we have

(1o = ([T ses) ® (o[ 15) @ (04,01 ;) @ (o1, 05) (7.18)

and after projection to SO(5) singlets

ng\.5 [T, ®e. (7.19)

In this way we find the SO(5) singlets for the closed string spectrum in terms of SO(3) or
SO(4) irreps for the first two levels

n=0: [T lse];® 2e,
n=1: [TTT10,eH e o210 4 s,
4 4 4

@55 ®10[ |, ®9ey. (7.20)
4

As for the tensor product, we can rephrase (7.17) as an equation in terms of projectors.
In this case we get an equation for the SO(9) projector with indices restricted to the SO(4)
directions a =1,...,4

ab __ Z a m;n ;b
Tpc = bpc—m,m Tp bpc—mvn’

(7.21)
pCPCleg

where the tensors b,,_;, are uniquely determined by this equation and can be expressed in
terms of Kronecker deltas and the SO(4) Levi-Civita symbol. Since we are assuming the
flat space limit kinematics to be restricted to five dimensions, we can simply insert this
into (7.14) and obtain the residue in the anticipated form (7.7)

Res A12P1P2(k’, q12) — Z A15P1 7Tm7nA52P2 (722)

g , n,pL®pRr—pc—pm’ p n,pLRPR—PC PN
kf=—dn/a PLPRPC P

with the 5D closed string amplitudes given by

15P; _ A15P1 ba (723)

n,pL®pPR—pC—>p,m n,pL@®PR—pC,A"pCc—p,m *
7.1.1 Example

Let us now give a specific example of the procedure outlined above. We will consider the
following chain of expansions at mass level 1, starting from the product of two open string
massive spin 2 fields that give rise to a 5D scalar

LLJe®[ Lo =[] Jg—ea (7.24)

In this example we discard the 5D massive spin 2 field that also appears in the projec-
tion (7.19). We alert the reader that whenever we write explicit amplitudes they are neither
appropriately symmetrized nor traceless in order to write them more compactly. All ex-
plicit amplitudes should be understood as objects to be contracted with the projector for
the associated representation.
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We start with the open string amplitude for the state (1,[ [ |y) from [47]

15P o 1
Al losnas = T\ 5 <€1a1Q1a2 + §(Q1 c€1) Ualva2> : (7.25)

Squaring this amplitude produces the following closed string states

(o[ y =TI ToH oHH e e[Tlyes. (2
9 9

L 9

To construct the relation (7.13) we need the projectors for all the representations in this
list. They can be found in [63, 64], however here we just remind the reader of two of the
most familiar ones

1 1
7_‘_{%52,1/11/2 — i(nmmnugw + nmwn,uzlq) _ g nul,uznlquz , Te = 1, (7‘27)

and state that the closed string state [ [ ], comes in (7.13) with the tensor

36 : 516
Pt = oy T 029

where we introduced additional projectors contracted with metrics in order to have the
correct index properties. This determines the following closed string amplitude via (7.15)

/
15P; «

AL[2]9®[2]9—>[2]9,M1H2 - 47\/@ [(ql,#l (€1,u0q1 * €1+ 3q1,5) (7.20)

+ €11 (q1,0@1 - €1 — 3t1€1 1) + Uy Vpn (1 61)2)} .

The branching rule for [ | ], was already considered in (7.19). Using the projectors (7.27)
it is easy to see that we can write explicitly

5
Wiz;];zg,blbg _ 5%111 (5%2271'&1"12’“1”2(5211 5222 + % 5a1az7r.5b1b2 , (7'3())

from which we read off

aia a1 sa aia ) aia
b[ﬁ93[2]4,m1m2 = Oy Oy » b[21]9104 ~ V36 o (7.31)
Finally, inserting (7.29) and (7.31) into (7.23) we compute the 5D closed string amplitude

. 1[5

We derive the complete list of such level 1 three-point amplitudes in appendices B and C.

7.2 Constraints on spinning AdS amplitudes

In this section we use the flat-space string amplitudes to constrain the high-energy, tree-
level AdS5 amplitudes with two dilatons and two spinning operators (¢p¢pO50¢). Since the
operators in question are of stringy nature (i.e. the bulk fields have m? ~ 4n/a’ for a
very large AdS radius), their dimensions grow with the ’t Hooft coupling (A ~ A'/4) and
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transform in the SO(4) representations discussed above in the flat space case. This means
that generically Os and Og are in bosonic mixed-symmetry representations.

As discussed in section 6.1, the spectral functions that determine the spinning AdS
correlators (4.60) via (4.61) are determined in the flat space limit by the three-point am-
plitudes (3.27)

j(v)—1 —k | —kg
J(VQ) losl=ks | 1o61=k6 Lo K

1
ATTONTT BRI S depe) ) %a’;ﬁm(t)a’;gm(t)ﬁ(t). (7.33)

A

In other words, the leading term in v at each order in A is fixed by the flat space expression
(see section 6.2)

Jw)=1 _lpsl—ks _lpgl—ke
2\ 4 1

ks ,k _ k k
P (a0 1) = i (1) i (PO o 4 (734)
A
where ... are terms that vanish in the flat space limit. Let us now use this to study

some specific examples. We begin with the example of section 7.1.1 where we computed an
amplitude involving a graviton, a Pomeron and a particular scalar at mass level 1 in (7.32).
In this result €1, is such that €,, = €1 €1, parametrizes a general graviton polarization
which must be replaced by the metric €,, — 7, to obtain the dilaton amplitude

3 /5

D5P _ 0 _

L 2lo®[2ls (2o ses = W/l los2lo—lo—ed () =~ g7 @t (7.35)
where we used that (q; - €1)? = —t; for the dilaton case. Thus, for the AdS correlator of
this particular scalar and three dilatons we have

g%0 (v) = §\/ EV—Q B(v) + vanishing in the flat space limit (7.36)
AT 4.0, (40 8V 91/ & P ' ‘

Note that with respect to the case of four dilaton scattering we have an extra power of 1/ VA,
so the term of order \° is absent, confirming that tidal excitations are suppressed at large X,
which in turn agrees with the considerations of [36] (we verified this fact for all amplitudes
at level 1). In particular, this is consistent with the large A suppression of Copyhaj(v) fOT
non-identical scalars, since our stringy mode is certainly different from the dilaton. Such
a suppression is not a priori obvious from writing a bulk interaction between two different
scalars and a spin J field (to be Sommerfeld-Watson transformed into a Pomeron), which
makes this a non-trivial realization of the bounds derived in [53, 58]. This example is
particularly simple, since there is a unique three-point structure in the case of the scalar.

More generally, we can consider amplitudes with several tensor structures constructed
from v,’s and ¢,’s (equivalently, p and V,, in AdS). Let us take as a representative example,
the case of the spin 4 operator at level 1. This operator is typically used to define Ay, and
sits in the leading Regge trajectory. The corresponding graviton-Pomeron-spin 4 amplitude
was worked out in appendices B and C, and reads

1
AEZ%@%—HMQ—W&M(EI) - éa/(%l:al(ﬂ,@ + Va, Vay 1 * €1) (2€1,05q1,a5 + VasVas 1 - €1) - (7.37)
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We again emphasize that it is understood that the amplitude should be contracted with
8
Ja*
This means that upon doing the dilaton replacement, we have

7T[CZ Furthermore, we are using the simplifying transverse kinematics discussed above.

/
, o
A[aigétl[%]al94~>[4]9~>[4]4 = g( - tlval Vag Va3 Vay + 4va1 Vay qLasqLM) ) (7'38)
where we used the symmetry of the indices and note that transverse kinematics ensures that
the term proportional to €14, €1,4, gets mapped to a transverse metric which is annihilated
by the projector to [4]4. In this case we can directly use (6.23) to match both tensor
structures at once
1
AT 4. [4]4),(4,0 W), o ~ ~ o
gz(zmztjsaz;[ ) )(’/) = ﬁ(v PaiPazPasPay + 4pa1pa2 vpa3vpa4) (7 39)
+ vanishing in flat space limit .

We again note that these corrections are suppressed at large .

8 Conclusions

In this work, we derived a perturbative CF'T optical theorem which computes the dDisc of a
correlator in the 1/N expansion in terms of single discontinuities of lower order correlators.
Notably, this allows the determination of double-trace contributions to a given one-loop
holographic correlator, even when the intermediate fields have spin, which makes them
much harder to handle using unitarity formulas in terms of the CFT data. This also
clarifies the underlying CFT principles behind cutting formulas for AdS Witten diagrams,
which so far used bulk quantities [18, 19].

Using the perturbative CFT optical theorem we fixed the form of the AdS one-loop
four-point scattering amplitude in the high-energy limit, accounting for the physical effect
of tidal excitations. This corresponds to box Witten diagrams with two-Pomeron exchange
and general string fields as intermediate states. To do this, we transformed the optical
theorem to CFT impact parameter space, in which the loop level phase shift is obtained as
a contraction of tree-level phase shifts. Using the general structure of spinning correlators
in the s-channel Regge limit, we rewrote all the tidal excitations in terms of a single scalar
function, the AdS vertex function.

For the case of N' =4 SYM, dual to type IIB strings, we fixed part of the answer by
relating our expression to the flat space results of [25-27] for high energy string scattering,
requiring consistency with the flat space limit in impact parameter space. This procedure
fixes part of the AdS vertex function and therefore also part of the CFT correlation function
at one-loop in the Regge limit. Additionally, interpreting the previous result in terms of
unitarity, we used the flat-space behavior to constrain the spectral function for certain
spinning CF'T correlators at tree level in the Regge limit.

There are several open directions and applications of this work. First, we emphasize
that the CFT optical theorem is quite general and does not rely on AdS ingredients.
Moreover, it works directly at the level of correlators instead of having to extract the CFT
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data, which is very difficult to resum into correlators. It would be interesting to test and use
this formula for more general holographic correlators and, since the expansion parameter
does not necessarily need to be 1/N, in weakly coupled CFTs such as ¢* theory at the
Wilson-Fisher fixed point in 4 — ¢ dimensions.

Another playground to apply our gluing formula is N' = 4 SYM at weak t’Hooft
coupling in the Regge limit. One could try to derive the order 1/N* correlator explicitly
at leading order in A, using the techniques introduced in [33]. The corresponding double
discontinuity should be the square of order 1/N? correlators with impact factors that
include the intermediate states.

In the Regge limit there are kinematical conditions in the CFT optical theorem that
simplified the integrations over Lorentzian configurations. An interesting generalization
would be to systematically study kinematic corrections to the Regge limit. In fact, in the
recent work [44] the authors derived a Regge expansion for the correlator valid for any
boost. It would be interesting to see how to incorporate this into our analysis, both in
a general structural way, but also potentially to impose specific constraints from the flat
space limit in a more general kinematic setup. More generally, it would be interesting
to understand the Regge limit integrations in terms of light-ray operators [3], and to use
the more general Lorentzian machinery of [2, 3] to write an intrinsically Lorentzian gluing
formula in general kinematics.

A possible extension of this work is to consider a higher number of bulk loops. This
was analyzed in the large Ag,p limit in [36]. Let us give a few concrete ideas for the stringy
generalization of that analysis. The leading contribution in the Regge limit at k—1 loops is
expected to be k-Pomeron exchange, related to a k-fold product of tree-level phase shifts.
By repeatedly using (4.64) one can define a generalization of the function ® for such a
product, so we expect that the contribution of intermediate states can again be expressed

by a vertex function'?

o0 k
—ReBi_1(S,L) = / dv (H dynﬁ(*)(un)> V(vi,..., v, v)? S d(vm)—k 51)
—c0 n=1 8.1

X CI)(I/l, ey Vg, V) QZ’V(L) s

where the product of 5(vy,) must be real, which means that the answer is slightly different
depending on whether the number of loops is even or odd [36]. In order to find the flat
space limit of this (k — 1)-loop vertex function we would need to consider the flat space
result for higher loops, which is known at least in integral form [25-27]

do; |€ia]- _ eial|a’ql-(1j ) (8.2)

k
Vilqr, . qn) =
(@1 k) /zzl_[l

2m 1<j<i<k

Note that the symmetry of the integrand is such that only k£ — 1 integrals are non-trivial.

13This corresponds to eikonalization in the operator sense of [26] where the phase shift is an operator in
the string Hilbert space, with matrix elements between all possible string states.
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For example, the one-loop case just gives

CLU
2

(14 o/bt2=t)

(1 4 o/bta=t)?’

do1dos

(2m)?

io1 _ ioa|o/qua _ _ o [d/qui2 _
e e'%?| |1 — e |

Va(qi, q2) = / (8.3)

recovering (7.4).
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A Additional examples of string amplitudes

In this appendix we provide some additional examples and comments on the chiral and
closed string amplitudes.

A.1 Chiral amplitudes

In the chiral case it is trivial to reproduce level 0. Here we have only the massless particles
with residue

15P, _o;3 452P
\/;fz{i%AuPl& (k,q12) = e’fAua lﬂﬁ][:AﬁV 2eh = e’fnuanaﬁng,,eg = €1 - €, (A1)
where we have used A}Ef 1 = Ny and Wﬁ]’g = 8. At higher levels we will have non-trivial
three-point functions. It will be convenient to absorb the external polarization into the
amplitude

ey AP = AR (A.2)

n, f,p5,V — L IN,p5,V 0
to be more compact in writing the amplitudes (we are using the integer n to label the mass
level of the state).

From the spectrum described above, we will have two amplitudes at level 1 which are

15P, 15P,
Al 10,0 And A -
Here we will keep in mind the Young diagrams explained above, along with the index
symmetrization that comes with them, packaged in our boldface multi-index notation.

The explicit level 1 three point amplitudes in the IIB superstring are

15P. V6 15P o 1
Al,[l,ll,l]g,a = milelaﬂhazvas ) Al,[2}19,a == 5 (61011(11042 + 5(‘11 : el)valvfm ) (A?’)
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with my = 2/ V! being the mass at level 1, and ¢; is the transverse momentum carried
by the Pomeron P; (similarly for g2 and the Pomeron P;). All the relative factors between
the different tensor structures and the overall normalization are fixed by computing the
three-point amplitudes with the correctly normalized vertex operators for the excited NS
states in IIB super string theory [47]. We can now contract the three-point amplitudes on
each side using the projector for the appropriate representation and check the residue

A52P1 +A15P2 aﬂA52P2

Res Al2PP (k’ q12) A15P1 [2}

b ke

o (A.4)

=5 (—a- @) e),

where we refrained from writing the representation labels in the amplitudes since they are
contracted with a projector with the appropriate label. This matches what we extracted
from A“1%2(q9), or equivalently from the vertex function. We can continue this procedure
to the second level, where mixed symmetry tensors appear for the first time. For example,
the [2,1, 1] tensor has the amplitude

A15§11,1]97 \/7V Q1a2 + 2U0¢2) €la1 91lazVay s (A5)

where my = /8/d’ is the mass at level 2. It is important to emphasize that the level 2
amplitude contains a term with more powers of o’ than any of the level 1 amplitudes. This
would lead to further suppression in 1/v/X in the AdS theory.™

The remaining amplitudes can be found in section 5 of [47]. For our purposes it is just
important to know that the amplitudes satisfy

2
k2=78/a ey’ P, P 2,p,8 2| (Aﬁ)

S ={[3o, [2,1,1]9, [2,1]0, [1,1]g, [1]o},

which we explicitly checked. More generally, we can conclude that the square root of the

_a
\/ Res AP (k qip) = Y AP AP = (L) QQ)2(61'62)7

residue at mass level n of A2P172(k ¢15) can be recovered by unitarity if we account for
all the covariant SO(9) representations corresponding to the massive NS states. This gives
a microscopic interpretation for the vertex function at a given mass level. As already
mentioned, summing over all these mass levels reconstructs the full vertex function.

A.2 Closed string amplitudes

Here we consider the simple but instructive level 0 case for the closed string amplitudes,
where the little group is SO(8). The square of the residue reads

15P1 15P1 Y ﬂé 52P2 52P2
ALl ARLp (”[1]8 This ) ALy ARLs (A7)
. 15P, 415P; /. af L1231V ~4 52P> 452P> . 2
= 2 A AR e mespomm T Pie tsmpo i) ALy ARty = (€17 €2)°,

c=[2]s,[1,1]g,e8

14 (Clearly, states with higher spin, which can only appear at higher levels, can have higher powers of o
leading to a spin-dependent suppression of couplings, as is expected from the general arguments of [53, 58].
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where we used the group theoretical tensor product identity for projectors

ayy _Bié af i1 vV, YO
Ts™s = Z p[1]8®[1]8—>ﬂc,mu27rp(11 o 2p[1}8®[1}8—>pc7vwz' (A.8)
pc=[2]s,[1,1]s,08

We can solve this equation for the tensors p by contracting with polarization vectors for
the left and right modes on both sides of the projector (zr,zr and zr,Zg) and equating
the polynomials in scalar products of z’s. In practice we will always use this procedure, or
a similar one where we contract with amplitudes to fix coefficients. In this case it is trivial
to directly check that

; ;0 — Y8 6 1
T, = 10" = w0 g (4.9)
1 1 1 1
- (2(77‘”775‘5 +n%n77) — 877"‘577”‘5> + 5 (07 =)+ (™),
. afs _ (e —
where, obviously Py oy g = 05ty O » Pljsels—[ s mps 00, and

o

Plls@[l]s—ses = %no‘ﬁ extracts traces, thereby projecting to a singlet state.

B Tensor products for projectors

In this appendix we explain how to realize the tensor product of open string states into
closed string states in terms of the corresponding projectors/tensors. We will consider mass
level n = 1. The chiral spectrum at this level is

n=1: ng@@- (B.1)
9

We square the irreps using the tensor product as in the main text and analyze the de-
composition term by term. For example, taking p; = pr = [2]9 corresponds to the tensor

product

(e (=TT TheH1 e e[The e ®2

L 9

which we want to write in terms of SO(9) tensors as

oy ;6 af TH% ol
T120o T2)e — > P2low(2lo—pcu™pe PRla®(2lo—pc v
pc€ES (B3)

S = {[4]9 ) [3’ 1]9 s [27 2]9 ) [2]9 s [1’ 1]9 ’ .9} .

It will be useful to manifestly symmetrize the a and B indices of the tensors p, in order to
write down these tensors more compactly. Therefore, we will use

af _ .« B ~a'p’
Por@pr—pcm = Tprio T pp. 8" Por®@pr—po.m (B-4)
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and we will present the simpler trial tensors p for each case. In this case pr, = pr = [2]9

and we used the trial tensors'®
~[Oéﬁgég[32l}§:[4}9,um2usu4 - 6/3&1163225%552 = 5aﬂ ﬁg]ﬁg}@p]gﬁ[&ug,u = 5gﬂ , (B.5)
ﬁéﬁ@[%_’[mb’“ - \/§5gﬁ ’ ~E§é€21]§2—>[2]97u1u2 - 365a11 55377a2ﬁ1
e o =V T om0 Dol Bl 00 = in‘”ﬁln”@ :

The remaining tensor products have some additional subtleties. Taking the cross term in
the tensor product

|
ng,@ﬁ :@@_‘9@: @_H, (B.6)

L1 9

we note that there is a 4 row tensor appearing. When contracted with the amplitudes, this
contribution will vanish, because we have only 3 independent vectors. However, from the
point of view of the projector equation, we must still have

oy, B;0

2]9 [17171 Z p2]9®[1»1:1]9‘>PC7H' pC p[2}9®[1:1’1}9‘>P07V’
pCES (B?)

S ={[3,1,1]9,[1,1,1]9,[2,1]9,[2,1,1,1]0} .

Qi

with a non-vanishing pf‘ﬁ However, by contracting directly with the

2]9®[1,1,1)9—[2,1,1,1]g, 1"
amplitudes A[Cé]gA[ﬁl,l,l}gA?Q}gA([sl,l,l]g we automatically eliminate the contribution of this
tensor (this also avoids the computation of a complicated 4 row projector). With this in
mind, we use again (B.4), with the trial projectors

B B1sBasBs — |2 sap
p[2]9®[1,1,19—>[3 \/>5/34115/36225u§5u25u§: 1537

535
s _ op _
Bttt tlo—nitlp = \ 3557 0 020 » P tjems izl = 17 00t 02003

(B.8)

With these tensors and setting pgi B[1,1,1]9=[2 — 0, which suffices for our purposes,

1,1,1]g,p
we have that the identity (B.7) holds, but only when inserted between the amplitudes.

The remaining tensor product

|
@@@z D — >, @
9 9 [ ] 9

L1 o L1 9 9 (B.9)

‘ o
e ] @& ® @ng@H © o9,
9 9
9

L1 9

15For irreps with the same number of indices as the tensor product we will always take ﬁfjﬁ x 62"3 .

— H8 —



can be dealt with similarly, by contracting with only 3 independent polarizations instead of
six, eliminating the contributions of the complicated 4 row tensors. The only non-vanishing
contributions to projectors turn out to be

B 5 ; 6
7737‘1)[71]9 [17171]9 Z p[1:171 9®[1,1,1}9~>pc,quCyp?i,l,l]g®[1,1,1]9~>pc,1/ ’
poes” (B.10)
S// - {[27272]97[272]9)[2]97.9} .

where we used (B.4) and the trial projectors

~af o _
Plia)e®[1,1,1)0—[2,2,2]0, f5ﬁi53§5ﬁ§55155§552’ = \/§535,
/12
~af B B B
p[l,l,l]g@[l,l,l]gﬁ)p 2]9,[,& 5 al 15ﬁféﬂgéz§(sﬂi 9
3
~af _ B B B
Pr11je®[1,1,100—2lom \/;77&1 O O

1
_af B , , ,
p[1,171}9®[1,1,1}9_>.9 = \/;nal 1po2B2posfs

where the unusual index ordering is to ensure that the resulting tensor doesn’t vanish when

(B.11)

we act with 7y 1 1), on the trial projectors p. This turns (B.10) into an identity which holds
for two identical [1,1, 1]g tensors, as will be the case for our amplitudes.

C Branching relations for projectors

In this appendix we provide a detailed account of all the branching relations for closed
string state projectors utilized in section 7.1. Let us start by recalling the SO(9) closed
string states at level 1

- - L 9

9 9 L 9

2 |
( Q@E = ® @2_“@3— e[ [ T[] L]

L1 9 L]

9
| |
® 2 el | @& ® 2 ® 3 @2539@25 ©2e. (C.1)
9 9
9

9 L
9

We recall that states with more than 3 columns will not contribute as we only have 3
different vectors to anti-symmetrize. We are going to perform the branching

SO(9) — SO(4) x SO(5)]a, (C.2)

where we denote the projection to singlets of SO(5) by |e. Note that certain representations
can naturally be restricted to SO(4) by simply taking the 5d subset of 10d indices. It is

Bg 5 54, o = o, (C.3)

obvious that
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Additionally, the projector for these representations is identical for SO(9) and SO(4) (up

to restriction of the indices « - a, 5 —b, u—>m,...)
brb by _ 1 b1, asb by, asb
i = = g (e ) ©

Other representations admit a direct restriction, but can also give additional irreps, by
the creation of SO(5) singlets, through the contraction of indices with legs on the compact
manifold. For example the spin 2 states branch as

[Ty = [T, ® ea (C.5)

The spin 2 on the r.h.s. is interpreted as the restriction of indices to the SO(4) and the
singlet as a trace over the compact space indices. In terms of projectors the statement is
simply

aiaz;bibs aiaz;b1ba

5 aa
T2l = T2, + %77 ! anle : (06)

Similarly, for the spin 4 case

N e O N P I PR P (C.7)

and the projector equation is
ab
Ty = Z ﬁl}g—m m T b[4]9—>p, (C.8)
p=[4]4,[2]4,04

It will be again convenient to manifestly symmetrize the tensors, in order to present them
more compactly. We define

bhc—spm = Tpe, a’bpc—m,m ) (C.9)
and then present a list of the simpler b. In this case we have
b([141]z2*a>[34?i7m1m2m3m4 = 6?7/%1 57?’122 57(}"?3 5?’7‘}4 = 6a
C.10
Ba1a2a3a4 _ 395111 5(1 aszaq 5a1a2a3a4 _ % aiaz,,03a04 ( )
(o= [2amima = \[ 50 0mi%m2T "0 Ploen os0" T

The fact that the direct restriction of the irrep [4]g — [4]4 comes with coefficient 1 is a
non-trivial consistency check of the previous procedure.

There are other irreps that don’t admit a direct restriction, because they have more
than two columns (SO(4) Young tableaux have at most two columns, and traces can vanish
by antisymmetry). For this we need to use the SO(4) Levi-Civita tensor. We will simply
write it as €#19293% The simplest case is the 3-form

@ — 4> (C.11)
9

and the corresponding projector equation is

ab o 1 aiazas min _ bibabs
= —¢ m™1], En =4m"

MLt T (1,1, 3]47T[1}4,mn7 (C.12)
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From the first equation we can read off

1
R = 0 o

For the second equality in (C.12) we used the standard identity

ajazazaq b1babzby _ 4y @b
€ € =4y, (C.14)

This is convenient to square the three-point amplitudes when computing the residue of the
four-point function AP Using trace subtractions and products of epsilon tensors we
can now derive branching identities for all the relevant irreps. Let us list the remaining
identities, where we write the trace subtractions and the Levi-Civita tensors using the trial
projectors b, but then appropriately symmetrize them through (C.9)

|| | —>\_|J4@H4a

L1 9
Jaiazaszas 6 ailasaq a 7ajiazasza 42
=/ —¢ 52  pa1a2a3aq — [ ——gaiazas  gaz
(2,1,1]9—[2]4,m1m2 4! m1-m2 “[2,1,1]9—[1,1]a,m1m2 4'5 mi1-“msa
| S mN (C.15)
L1 9 L1 4
7a — 52 Bawzas _ 165601 a2a3
(2,1]o—[2,1]4,m — “m> [2,1]9—[1]a,m — E m177 )
[ |
T e o0
L 9 N
36 ajaqas 7a @

7a — oY §az 50,3 b — ajaqas §a2 50,3
[3,1,1]9—[3]4,m 415 m1“ma2“m3> “[3,1,1]9—[2,1]4,m 4195 m1“ma“ms3 >

Ba1a2a3a4as _ gga1a4a5 a2a3
3.100—[sem ~ \/ 715 m’ =

HEENEEE @54@534, (C.16)

L] 9 L

4
Ba — 42 Ba — E(Sal aza3 gaa Ba — 2776111 azas gas
[3,1]o—[3,1]4,m — %m> Y[3,1)9—[1,1]4,m 10 my 'l m2>Y[3,1]0—[2]4,m 10 my Tl ma>

— e[ 1], ®eu,
4

- - 42 ~ 7
b3 219—[2,214,m = Om> D22l [200m = \/ 353%1 N0 5 b 0)g—rey = \/;77&1”477”@3 ;

=1 ], ® e,

9
~a V 488:11(15(13 £a4a2as Y 285“1“5“3 ctad2a6m

JE— a P S—
b[2,2,2]9—>[2]4,m1m2 - 4! mi ma > Y[2,22]g—es T 4! m

Note that for the last diagram, which has more than 2 boxes in both columns, we are forced
to use two pairs of epsilon tensors. Tensors with more than three rows aren’t allowed by
the 10d kinematics, but even if they were, their branchings do not contain singlets of SO(5)
so we can simply discard them.
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C.1 All 5d closed string amplitudes

Let us first write down in generality the 5d amplitudes using the relations derived in the
main text. We have

A15P1 :A15P1 A15P1 paﬂ a (017)

n,pLOPR—PC—pM PLx “TpR,B PL®PR*>PCvabPC—>P,m°

With all the group theory identities established, we can enumerate all the amplitudes used
in the main text to reproduce the residue at the cut with mass level 1. However, we again
emphasize that we have not explicitly symmetrized the amplitudes by contracting with the
respective projector, in order to maintain some compactness of the tables below. Namely,
all amplitudes are to be contracted with the projector to the SO(4) irrep, and furthermore,
amplitudes where rank(p) = rank(pr) + rank(pg) are also not explicitly symmetrized with
respect to pr, and pg as in equation (B.4). Additionally, for amplitudes where the b tensors
contain a Levi-Civita symbol, we write the square of the amplitude

2 .
(A%®p3—>pc—>p) EAﬁ%@)pR—mc—mW;n,nAﬁL®pR—>pc—>p, (C.18)

since the amplitude itself cannot be written nicely in terms of v, qn,€q. With these
caveats in mind, we list the amplitudes starting by the ones with the most indices

[(TTT]

1
A’L?z]fgg[%lzgg?n[f]g_)[élh = ga/ (261,m1QI,m2 +Um1vaQI '61)

X (2€1,m391,my T VmsVUmaq1-€1)

2

4

1
AQFSQ[%L%ZLEQ]Q_)[Q’QM - §a/ (2617m1 q1,m2 T VUmy Umy Q1 '61)

X (2€1,m391,ms T VmsVUmaq1-€1)

/
1,1,1]o0®[1,1,1]0—[2,2l0—[2,2]s _ &
[m1m}22ng[m4 Jo= 221 ]4_4\/ﬁ[(vm161,m3_UmseLml)(QI'el (Um2q17m4_vm4q1,m2)

+t1 (U €1,ma — Uma€1,ms))

+q1,m1 (€1,m3 (€1,m2@1,ms — €1,ma@1,ms)

+ Umg (Umy (€1,m201° €1 = q1my) +Vimy (q1,mq — €1,m4q1 - €1)))
+q1,ms (€1,my (€1,maq1,ma — €1,maq1ma)

+ Vmy (Umy (@1,ms — €1,ma @1+ €1) + VU, (€1,m4q1 - €1 — q1,my)))]

[TT1, (C.19)

2 o/ 2
(Agl]m[n”g%[gn]gﬁ[g]“) =— (115)2 (48 (q1-€2)? (3 (g2-€1)? +t2)

+ 48t ((QQ-61)2 419 (61 -62) 2) +48 (q1 ~QQ)2 (1 -3 (61 -62)2)
+115(q1 - g2)(e1-€2)(q1-€1) (g2 - €2)
—115(q1-e1)(q1-€2) (a2 1) (q2-€2) ),
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2,

(A[2]9®[111}9ﬁ\[311]9a[1]4)2 _ 625 (0/)2
" 12672

x((q1-€2)(q2-€1) = (q1-q2)(€1-€2)) ,

(A[2]9®[111}9—>[111]9—>[1]4)2 _ 65 (a')?
" 1408

X ((q1-q2)(€e1-€2) — (q1-€2)(q2-€1)) -

(q1-€1)(q2-€2)

(q1-€1)(q2-€2)

And

ol 1]
L1 4

/
«
Agllfgz[%}ge[m]g—%zlh — T\/é[(ql’ml (Ums (2€1.ma41 - €1 — 3¢1.my)

+ Umy (3Q1,m3 — 2€1,m3q1 - 51))
+ 2Q1 "€l (q1,m3 (vmzel,ml - vm161,m2)
+ q1,mq (Um1€1,m3 - Um361,m1)) (020)

+ 3ti€1,m, (Umzel,m:a - Um36170¢2))] )

2 5(a)?
(AQQMHHQ%BH}Q%DM) = 1(15; (6752 (q1-€2)% + 6t ((QQ ce1) 2+ t2 (e1 €2) 2)

+(q1 - q2)(e1 - €2)(q1 - €1)(q2 - €2)
— (q1-€1)(q1-€2)(q2 - €1)(q2 - €2) + 6 (q1 - g2) 2) :

We also have the sixfold degenerate spin 2 states

6 T 1,

A2l _ @

5!
m1ms2 16\/;[(]1,'”11 (561,m2 (Q1 : 61) + 2q1,m2)

+ €1,my (5QI,m2 (QI : 61) - 2t161,m2)
+ 5vmlvm2 (ql : 61) 2} )

«
A£3]57§2[2]9*>[2,2}9*>[2}4 = Z 9 [ —q1,my (Q1,m2 - 261,m2 (QI . 51))

+ €1y (2q1,my (q1 - €1) + t1€1,m,) (C.21)
+ 2vmlvm2 (ql : 61) 2} )

O[/
ARls812lo— 2l 12ls _ ol qu,ml (€1.my (@1 * €1) + 3q1my)

+ €1,m1 (Q1,m2(q1 - €1) — 3t1€1,my)
+ Umy Umg (ql : 61) 2)} y
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A[1,1,1]9®[1,1,1]9~>[2 2]o—[2]a

/
o
e 2\/ﬁ Kqul (91,ms — €1,m2(q1 - €1))

+€1m (_ql,mz <QI “€1) — tlﬁl,mg)
+ Umy Umay <_ (Ql : 6l) 2 751) )} s

ALLo@[1,1, 19— [2]9—[2]a _ o

mimsa Zh/ﬁ [<Q1,m1 (61,m2 (ql : 61) - Q1,m2)

+ €1,m1 (ql,mg (QI : 61) + t1€17m2)
+ Oy Uy (a1 - €0) 2 +11) )], (C.22)

2 a/ 2
(AEI,1,1]9®[1,1,1]9—>[2,2,2]9—>[2]4) - (192)0 (37751 (qo - 61) — T4t1(e1 - €2)(q2 - €1)(q2 - €2)

17 (g1 e)? (27 €2) 2 +12) + 1711 (@27 €2) 2 + 12)
+(q1-€2)? (117 (g2-€1)*+ 37t2)

—74(q1 - €1)(q1 - €2) ((q2 - €1)(q2 - €2) + ta(€1 - €2))

+ (g1 q)? (117(61 reg)? — 37)

+q1-q2 (2q1 - €2 (37q2 - €2 — 117¢€; - €2g2 - €1)

+74q1 - €1(q2 - €1 — €1 - €2q2 - €2)) — 3Ttita (€1 - €2) 2) ,

and 8-fold degenerate spin 0 states

Sey

1
Aploe[2)o—[4]o—es = ZSV 04 4t1—15 (q1-€1) ),

1
Aplow[2lo—[2,20—res = 21 0/(3(611 €1) +t1)

OA

—_

Agjysiziy—iz—e = g\ 57 ((@-e1)” =201). (C.23)

E\Cﬂﬁ

OO

A[2]9®[2]9%°9%04 8\/7 ((‘h 61) _t1>7

1 /3

1 /5
A1 1se (11,1005 2o —es = 3 ﬂO/ ((Q1 '61)2—1—751) :

a/
AL 1o®[111]y 0901 = 8v21 ((fh '61)2+t1> 5

2 o/ 2
(A[1,1,1]9®[1,1,1]9—>[2,2,2]9—>-4) = 5148)0 (—49t1(Q2'€1)2+98t1(€1'62)(Q2'€1)(Q2'€2)

—49(g1-€2)* ((Q2'61)2+t2) —29(q1-€1)? <(Q2'62)2+t2>
~29t1 (g2 €2)*+12) —49(q1-02)? ((e1-¢2) 2 1)
+98(q1-€1)(q1-€2) ((q2-€1)(qa-€2) +t2(e1-€2)) (C.24)
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—98q1-q2(q1-€2(g2-€2—(€1-€2)(q2-€1))
+q1-€1(q2-e1—(e1-€2)(q2-€2))) +49t1t2 (€1 -62)2) .

Upon contracting each of these amplitudes (with a Pomeron P;) with the appropriate pro-

jector and another three-point amplitude (with a Pomeron P;), we recover, upon summing

over all 22 states, the level 1 residue of the four-point amplitude, as described in the main

text.
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