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Quark and gluon GPDs at finite skewness from strings in holographic QCD:
Evolved and compared with experiment
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We present a framework for constructing generalized parton distributions (GPDs) using holographic
QCD in the large N, limit, with a focus on low-x and finite skewness. Our approach utilizes holographic
amplitudes for exclusive electroproduction processes to extract the spin-j conformal (Gegenbauer)
moments of GPDs, which are then evolved to higher resolution scales using QCD evolution equations.
Our evolved GPDs (reconstructed from their evolved conformal moments) are applied to analyze the

electroproduction of p** and ¢ mesons, and we account for nonperturbative contributions in the s 4 u-
channel using holographic QCD. The results compare well with the existing experimental data. Our GPDs
provide detailed information about partonic distributions and are useful for future experimental studies and

global data analyses.
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I. INTRODUCTION

The general parton distributions (GPDs) provide a
comprehensive framework for addressing the longitudinal
momentum and spatial distributions of partons in hadrons.
They consolidate the physical content of form factors,
parton distribution amplitudes (DA), and parton distribu-
tion functions (PDFs) into a single framework. A number of
current and future electron machines, such as the EIC and
ElcC [1,2], will be dedicated to measuring them.

The GPDs capture several invariants of the off-forward
and nonlocal quark or gluon bilinears. In this work, we will
focus on the unpolarized quark and gluon GPDs H(x, 7, 1)
and quark axial GPDs H(x,n,t) in the large N, limit.
For the quarks, they can be combined into valence (iso-
vector) and singlet GPDs. GPDs are a function of the
parton longitudinal momentum fraction x, the skewness
n~&=—AT/2P*, and the momentum transfer A> = —1.
AT and P* are the light front momentum transfer and
averaged momentum of the in-out protons, respectively.
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The GPDs are characterized by two distinct kinematical
regions for fixed Mandelstam ¢ and positive skewness:
the Dokshitzer-Gribov-Lipatov-Altarelli-Parisi (DGLAP)
regions for |x| > & and the ERBL region for |x| < & In
the DGLAP region with positive (negative) x, the GPDs
correspond to removing a quark (antiquark) with momen-
tum k and reinserting it with momentum k + A. In the
ERBL region, the GPDs correspond to emitting a meson-
like quark-antiquark pair with momentum —A. As a result,
the forward limit with zero skewness of the GPDs coincides
with the quark and gluon PDFs, while the x-integrated
GPDs with finite skewness coincide with form factors.

GPDs play an important role in exclusive processes and
are at the cornerstone of hadronic tomography. Deeply
virtual Compton scattering (DVCS) is one of the processes
suggested for the empirical extraction of the GPDs [3,4].
Assuming factorization, the invariant Compton amplitudes
are usually expressed as integral transforms of the leading
twist-2 quark operators in the form of generalized sum
rules. The extraction of the quark GPDs requires their
inversion, usually using a perturbative analysis of the
pertinent moments. This is a nontrivial deconvolution
problem [5].

Holographic QCD provides a nonperturbative approach
to a variety of scattering processes in QCD in the double
limit of a large number of colors and strong ’t Hooft gauge
coupling. It is a proposal following on the AdS/CFT or
gauge/gravity duality established in string theory [6]. In
short, a strongly coupled gauge theory in four dimensions is
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dual to weakly coupled string theory in higher dimensions.
The original correspondence holds for type IIB superstring
theory in AdSs x S5, but is commonly assumed to hold for
a string theory in a general background.

In this work, we propose to use holographic QCD with a
soft wall to evaluate electroproduction of photons and
mesons by combining the leading s- and f-channel
exchanges at finite skewness. The 7-channel exchanges
are dominated by open and closed string exchanges in the
double limit, and they are dominant in the Regge
kinematics.

A key outcome from this construction is exclusive
amplitudes with a well-defined dependence on all kin-
ematical variables. This yields well-defined expressions for
the initial quark and gluon GPDs in the ERBL region to
evolve at higher resolution with the help of perturbative
renormalization group equations. The interface between the
perturbative and nonperturbative and stringy aspects of
QCD will be shown to set in for a gauge coupling a; (uy) ~
% at a resolution yy ~ 1.8 GeV.

In our analysis, the deconvolution problem is altogether
bypassed through the use of Gegenbauer moments for
pertinent GPDs. The holographic construction allows their
identification for any value of the conformal spin-j in the
large number of colors limit. Their spin-j resummation in
the GPDs can be carried explicitly in the ERBL region in
the Regge limit. The extension to the DGLAP region can be
sought using a reorganized Gegenbauer expansion. Once
evolved, the results can be used in any exclusive process.
They also should prove useful for the extraction of the
GPDs in global data analyses. For completeness, we note
the holographic GPDs analysis in [7].

To our knowledge, the holographic framework provides
the most economical way to encode the stringy properties
of QCD at low resolution, in line with the dual Veneziano
amplitudes and empirical Regge phenomenology. In the
double limit of large N, and strong ’t Hooft coupling, the
holographic amplitudes capture the key aspects used in
QCD dispersive analyses, such as crossing symmetry,
unitarity, and spectral densities, all while enforcing the
essential symmetries of QCD with very few stringy
parameters.

The paper is structured as follows: In Sec. II, we use
large N, arguments to extract the conformal moments of
GPDs from the holographic exclusive amplitudes for
electroproduction of mesons at low-x and low resolution
1o by matching the holographic exclusive amplitudes with
the exclusive amplitudes in QCD which are based on
factorization theorems. This matching is done explicitly for
the electroproduction of mesons, photons (DVCS), a pair of
pions, and a neutral pion. In Sec. III, the extracted
conformal moments of GPDs will be evoloved, to higher
resolution u, using renormalization group equations
(RGEs). The evolved GPDs will also be reconstructed
using their evolved conformal moments. In Sec. IV, we use

the evolved singlet quark and gluon GPDs to analyze in
detail the electroproduction of neutral p°. The total and
differential cross sections are derived and compared to the
available data for a wide range of energies /s and
momentum transfer. In Sec. V, we extend the analysis to
the electroproduction of ¢, using the evolved gluon GPDs.
The results are compared to some existing data. In Sec. VI,
we make use of the evolved nonsinglet (valence) quark
GPDs to derive the total and differential cross sections for
the electroproduction of charged p™. The results are also
compared to existing data, mostly at low /s. Our con-
clusions are in Sec. VII.

The notations and kinematics are summarized in
Appendix A and Appendix B, respectively. The matrix
elements defining the GPDs are detailed in Appendix C.
Appendix D provides the RGE for evolving these elements
to higher p. Additionally, the QCD exclusive electropro-
duction amplitudes are summarized in Appendix E, which
should be compared with the corresponding holographic
amplitudes derived in Appendix H.

Finally, for better understanding of our results in the
main body of the paper, we recommend reading the
Appendixes A—E first.

II. CONFORMAL MOMENTS OF GPDs FROM
t-CHANNEL STRING EXCHANGE IN AdS/QCD

In this paper, we investigate the use of general parton
distributions in exclusive processes, such as leptoproduc-
tion of photons and hadrons, where factorization is
assumed to work. GPDs capture the off-forward partonic
content of a hadron, and their importance lies in their ability
to combine the physical content of form factors, parton
distribution amplitudes, and parton distribution functions in
a single framework. We focus on the unpolarized quark and
gluon GPDs H(x, 7, t), and quark axial GPDs H(x, 7, t), in
the large N limit.

We propose a method to determine the matrix elements
that define GPDs at some initial soft renormalization scale
U = pg, which carries information on confinement and
chiral symmetry breaking, and then evolve them using the
renormalization group equation to higher p. Our proposed
method involves using holographic QCD, a dual string
approach in AdS, in the double limit of large N and strong
’t Hooft coupling. We identify the twist-2 quark and gluon
GPD conformal moments at finite skewness 7 # 0 and an
initial renormalization scale g ~ Q using various exclu-
sive t-channel open and closed string exchange electro-
production amplitudes in soft-wall holographic QCD, as
detailed in Appendix H. The closed strings in soft-wall AdS
are dual to spin-j glueballs in QCD, while the open strings
attached to bulk filling N, D9-branes in soft-wall AdS are
dual to spin-j vector and axial mesons.

We match various exclusive electroproduction ampli-
tudes in holographic QCD to various electroproduction
amplitudes in QCD, written in terms of quark and gluon
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GPDs based on the leading-order factorization theorems,
by matching their respective large-N,. dependence at fixed
’t Hooft coupling A, = g>?N,. We determine the large-N,
dependence of the exclusive processes in the holographic
side by using the bulk gravitational constant 2x> ~ 1/N>
and the bulk D9-brane coupling constant g% ~1/N.. The
matching of exclusive electroproduction amplitudes is
illustrated in Figs. 1-4.

We consider only tree-level Witten diagrams in AdS and
the leading-order exclusive electroproduction amplitudes in
QCD, as they are the only diagrams that contribute in the
large-N,. limit. The rules for the tree-level Witten diagrams
stem from the SUGRA fields and their couplings in bulk,
which are detailed in Appendix H. These rules enable us to
evaluate electroproduction of photons and mesons in holo-
graphic QCD, combining the leading s- and #-channel
exchanges at finite skewness, and resulting in exclusive
amplitudes with well-defined dependence on all kinematical
variables.

FIG. 1.
Witten diagram in the large-N . limit.

(a)

In summary, this section presents the proposed method
for determining GPDs using holographic QCD in the large
N, limit, and summarizes the key results of this paper.
The relevant notations and kinematics are summarized in
Appendix A and Appendix B, respectively. The matrix
elements that define GPD are detailed in Appendix C. The
RGE used to evolve the matrix elements to higher u is
detailed in Appendix D. Furthermore, the exclusive electro-
production amplitudes in QCD are summarized in
Appendix E, which should be compared with the corre-
sponding holographic amplitudes derived in Appendix H
where we have illustrated the comparisons in Figs. 1-4.

A. Electroproduction of vector mesons

The leading order electroproduction amplitude for vector
mesons (with quark DA and gluon GPD) is of order - as
illustrated in Fig. 1(a). In the large-N,. limit, it is of order

GNe _ A
NZ T NZ

This matches the #

dependence for the

Electroproduction of a vector meson probing the gluon GPD: (a) leading QCD contribution in the Regge limit; (b) leading

FIG. 2. Electroproduction of double pions probing the nonsinglet (valence) vector quark GPDs: (a) leading QCD contribution in the

Regge limit; (b) leading Witten diagram in the large-N . limit.
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FIG. 3. Deeply virtual Compton scattering probing the singlet axial quark GPDs: (a) leading QCD contribution in the Regge limit;
(b) leading Witten diagram in the large-N. limit.

(a)

FIG. 4. Electroproduction of neutral pion probing the nonsinglet (valence) axial quark GPDs: (a) leading QCD contribution in the
Regge limit; (b) leading Witten diagram in the large-N, limit.

holographic vector meson electroproduction amplitude, using the corresponding tree-level Witten diagram illustrated in
Fig. 1(b). More specifically, the N, dependence of the electroproduction of vector mesons written in terms of Gegenbauer
moments,

1 1 1 ! D9(z) |
Ay (5.1 Qo 0. €,) & € x g X 5 A7) [ A dz;eqz(l = Z)] X xa(pa)u(py)
1 1 /f dx ( x2> 5/2 (x)]
XY —X— X — (1= ) x5 ()| x FUE t;ud), 2.1
jzzgj Nj_2 <%> |: 0 5 52 Jj2 5 j( 0) ( )
for even j = 2,4, ..., matches the holographic result

1 1 1 1
LL 2 -
Ay, (5,1, Q0 €. €) ~ e xg—x gs X 2K x5 % 0 x [fy] x my x @(py)u(p)

5 0
x i% * {m X [A(. 7, 8, (). 1) + Dy (.7 Ay (7). D] (2.2)
=2 g
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foreven j = 2,4, ..., with the details of the derivation given
in Appendix H. The five-dimensional bulk gravitational
coupling is 2x? = 82%/N2, and g5 ~ 1/+/N...

A comparison of (2.1) and (2.2) allows the extraction
of the Gegenbauer (conformal) moments of the gluon
GPDs

[F?(’Y ~¢, t;ﬂg) X m
x [A(j 7, 84()) 1) + D, (J. 7. 8y()). 1)),

(2.3)

with n~ ¢ following from +/s > —t, with the details
of the kinematics given in Appendix B. The anomalous

21=4,(j) i—2
A(j. 1. A, (j). -t =K?*) = <(T— 1)1“(]—

=2 A,()) =2

dimension of the spin-j conformal gluon operator at
=g~ Qp and even j =2,4,... s

M) =2+ m

with jo, =2 -2/ /2, and the ’t Hooft coupling of QCD at
W = Ho given by

A=A, (u) = dma, ()N, — 11.243.

Below we suggest the matching scale py = 1.808 GeV (see
Sec. D 4). In addition, we have set the Mandelstam variable
t = —K?, and defined the n-independent gluonic spin-j
(with even j =2,4,...) form factors of the proton (with
twist 7) as

+T—A”—(j)+l>l“<g+AgT(j)+r—l>

2

[\
~

ag
— 1:— 4+ 1: =1
2 T 2+’2+2+T+’>

2 2 2 “)
= (ax AG) S j=2 A()  Jax  j=2 .
x2F1<2 5 +2, s tT——5 +2,2+ 5 +7+2;-1) ), (24)

where ,F, is the regularized hypergeometric function, with
ag = K?/4&%. The skewness or 7-dependent spin-j D,-
terms are given by
D,(jz.A, (/) ~1=K*) = (&(1.-k)-1)

X [A(j’T?Ag(j)7K’kT)

—As(j.7.84()).K.ks)l,  (2.5)
where
As(j, 7. 84(7), K, &) = A(j, 7, Ay (j), K, &y = Kg)  (2.6)
and
R j1—=j 1  4m3
dj(r]’_Kz):ZFl (_27 2 $§_]s K2 Xrlz . (27)

Note that the A-form factor for the spin-2 exchange is
given by

A) = A(j=2.7,0,(j =2) =4, -1 = K?),

and the D-form factor for the same spin-2 exchange (the
spin-2 D-term) is given by

PD(t) = D,(j = 2.7.A,(j = 2) = 4, —t = K?).

Both form factors play an important role in the holographic
electroproduction of heavy mesons near threshold [8—10]
(and references therein).

B. Electroproduction of pion pair

The electroproduction amplitude for a pair of mesons
(with gluon DA and quark GPDs) at leading order is
order of f,— Therefore, in the large-N,. limit, it is of order

gZN—AZI = % [see Fig. 2(a)]. We find the same # dependence

for the holographic meson pair electroproduction amplitude
using the corresponding tree-level Witten diagram [see
Fig. 2(b)] and compare the N, dependence of the electro-
production of pair mesons written in terms of Gegenbauer
momnents (2.8) and the holographic one (2.9) below:
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4

I @Iz 1 _
Ay a5 Qi) ) % oy o | [ e O el
xilx L {/AEQCB.”({) XZQ F (m~Enud)  (2.8)
= fj Nj—l(%) 0 5 j—1 g - q" j(valence) s 0
forodd j=1,3,..., and
ALL (5,8, Q€13 Mpg) ~ € X~ x g5 X 2 X = X = x [A% (mp)] X —— x (p)u(py)
vy p—anp S, 1, U0, €15 My, e a5 9s K 4 QO eluon m,, 2mN u(pr)u( py
S L F G AU+ DG n AL (29)
jil 5] F(Aq<.]) - 2)
|
for odd j = 1,3, ..., with the five-dimensional bulk gravi-  and the quark spin-j skewness dependent D, -terms are

tational coupling 2x> = 822/N2, and gs ~1//N,. The
detailed derivation of (2.9) is given in Appendix H.
Comparing (2.8) to (2.9), we identify the conformal

moments
1

T(8,() -2)
X [Fi(j, 7. 0, (j). 1)
+ Dy, (j.7. A, (). 1)].

[qu'(valence) ('7 ~ 5’ 1 ,U(Z)) x

(2.10)

The anomalous dimension of the spin-j conformal valence
quark operator at u = ug~ Qp, and odd j=1,3,... is

given by
B,(7) =2+ [V = Jog)-

with jo, =1-1/ V4, and the "t Hooft coupling at u =
fixed as

A= Ag(uo) = dmarg(ug) N, = 11.243.

The #-dependent valence quark spin-j (with odd j =1, 3,
5,7, ...) form factors of the proton with twist 7 = d — s, is
Filj.n.84() ~t = K*)  A(j = j+ Lz Ay = A1)
(2.11)
J

LT / /% 0 * SHUPO
AL (5.1, Qo €L, €7) R €€, X N X ie7G,p, %

=1
x—x —

05 Jj=1 5 N j-1 <%)

forodd j = 1,3, ..., and

Edx .
x [ C%/2 ( )] X Z ?I[F;?(Singlm (n~&tpd)
0 & g 72

an(j’T, Aq(j)’t)

1
ocD”<j—>j+l,T,Ag—>Aq,t;f<T—>§xf<V), (2.12)

where A and D, are given by (2.4) and (2.5), respectively, for
odd j =1,3,5,7,....

Note that the Dirac electromagnetic form factor
(ignoring the Pauli contribution) for the spin-1 exchange
is given by

Fy(t)

=Fi(j=LzA,(j=1)=3-1=K).

C. DVCS amplitude

The DVCS amplitude in QCD at leading order is order of
N [see Fig. 3(a)], and the NLO correction (due to the gluon

gzN

GPD contribution) is order of ¢ = %X = ‘ and can be

ignored in the large-N. and small ’t Hooft couphng limit.
Using the corresponding tree-level Witten diagrams [see
Fig. 3(b)], we find the same NY dependence for the
holographic DVCS amplitudes in the large-N, limit [com-
pare the N dependence of the axial part of DVCS written
in terms of Gegenbauer moments (2.13) and the holo-
graphic DVCS (2.14) below],

x a(py)ytysu(pr)

(2.13)
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LT
A, (5.1, Qs €L, €7) 0

1
<D g

for odd j=1,3,... with gs~1/y/N, and the Chern-
Simons coupling k., ~ N,.. The detailed derivation of
(2.14) is given in Appendix H. The matching of (2.13)
to (2.14) in leading order in 1/N,, yields

1
I(a,()-2)
X [fA(.]’ T, Aq(.j)’ t)
+ Day(J. 7. 84 (). 1)1

[F?(singlet) (’7 ~& T ﬂ(z)) X

(2.15)

where the spin-j axial form factors F,(j,z,A,(j).t) and
Dy,(J. 7, Aq(j),t) are given by (H102) and (H105), re-
spectively, for odd j = 1,3, .... The anomalous dimension
of the spin-j conformal singlet axial quark operator at
u=pg~Qpand odd j =1,3,... is given by

A, () =24/ VA3 = jog)-

with jo, = 1-1/V2.

[(a,() =2)

{/)1 dz q)ﬂ(Z)] « pi+ x u(p2)y*ysu(py) x -1

1 3 1 % ; SHUPO 7 B
= —X—X g5 X g5Kc5 X k;_zeL/leTp X 1&g s X ”(Pz)h?’s”(lh)
N

X [Falir 7 8q(). 1) + Day (U 7, A () 1)] (2.14)

Note that the axial electromagnetic form factor for the
spin-1 exchange is given by

Fa(t)=Fa(i=11=3A,(j=1) =3,—t = K?).

D. Electroproduction of neutral pion

Finally, the electroproduction amplitude for mesons
(with quark DAs and quark GPDs) at leading order is

order of CZC—g? with Cp = % [see Fig. 4(a)]. Therefore, the

electroproduction amplitude for mesons (with quark DAs

AV

TNy
1

using Cr ~=¢ in the large-N, limit. We find the same -

dependence for the holographic meson electroproduction
amplitude using the corresponding tree-level Witten dia-
gram [see Fig. 4(b)] and compare the N, dependence of the
electroproduction of z° written in terms of Gegenbauer
moments (2.16) and the holographic one (2.17) below:

Z

V2

e

Qd Jj(valence) (7] 5 5 #0)> (216)

1 1 1 -1

[zl X 7% 0, X IS X u(p2)yTysu(py) x NG
X Fa(j.t.8,(j). 1) x O(1/N,) = 0 (2.17)

1 1 1
.A’}j’;)_m p(s, 1,Qp,€,€1) R e X< A N X Ag(Hg) X o X
ad 1 1 |:/de)€ 3/2(X>:|
X — X ——X —=C/5 =
z;fj N;ioi(3) 0 ¢
X Qu~7(valence) (7] ~ é:’ t§/‘0)
for even j = 2,4, ..., and
1
7L*Lp—m°p(5’ t,Qo.€r.€) = e X o X g5 X g5 X
5
S
=& T(A0)

for even j = 2,4, ..., with g5 ~ 1/y/N,. The details of the
derivation of (2.17) can be found in Appendix H. Note that
the holographic amplitude (2.17) is 1/N,. suppressed since
there is no direct coupling between axial-axial-vector
mesons at tree level. Similarly, comparing (2.16) to
(2.17), the Gegenbauer (conformal) moments of the va-
lence axial GPDs at y = p vanish,

=q (
Jj(valence)

n~é&tug)=0. (2.18)

III. RG EVOLUTION OF QUARK AND GLUON
GPDs IN QCD

In the inclusive deep inelastic scattering (DIS) process,
the hadron’s partonic content varies with the probing virtual
photon’s Q2. In massless QCD, a scale-free theory, this
leads to scaling violations or logarithmic deviations from
free partons. DIS structure functions are convolutions
of perturbatively determined coefficient functions with
fixed Q?/u? and relevant PDFs at resolution u, due to
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factorization. The PDFs’ evolution and mixing are deter-
mined by DGLAP, reflecting the RG flow independence of
the original structure functions.

Contrasting with PDFs (diagonal matrix elements of
gauge invariant bilocals), GPDs are off-diagonal (double
parton distributions) and follow the exclusive kernels’
evolution described by ERBL. The ERBL evolution can
be recast into a DGLAP evolution when expressed in terms
of hadronic DA moments. Similarly, GPDs’ evolution can
be transformed into a DGLAP-type evolution when
expressed in terms of Gegenbauer (conformal) moments,
as detailed in [11].

We provide a concise summary of the central RG
evolution results for conformal (Gegenbauer) moments
derived from the holographic construction at the initial
resolution . See Appendix D for detailed derivations.
The evolved GPDs, reconstructed from the evolved
conformal moments, will be utilized in the -electro-
production analysis of p°, ¢, and p* vector mesons, and
compared with experimental data in Secs. IV, V, and VI,
respectively.

A. RG evolution of nonsinglet (valence) quark GPDs

The leading-order RG evolution of Gegenbauer (con-
formal) moments of valence (nonsinglet) vector quark
GPDs is given by (see Eq. 4.244 in [11])

(G

2 — .
[Fj(valence) <}7’ L ) - [Fj(valence) (77’ 1 Hp) X a (”2)
s

(3.1)

for odd j = 1,3, ..., where the input valence quark GPDs
[F;?(va]eme) (n, t; y%) are given in (2.10). Hence, the evolved

valence quark GPDs H?

valence

(x,n, t; u*) are given by

3
HY e 1 5182) =~ Eoo 4W<% §> i <f>
valence \"*» '[» ©» = nj_le—l(%) j—1 n

n=
X ﬂ:.?(valence)(n’ t;:“z)’ (3.2)
for odd j=1,3,.... Here the weight and normalization

factors are

w(xly) = (1 —xz)”_l/z,
F2(1/2)F(2D +(-1)
P -D)+D)e+G-1))

Nji(v) =2"%

and C} (x) are the Gegenbauer polynomials.

B. RG evolution of singlet quark and gluon GPDs

The singlet quark and gluon GPDs mix under evolution.
Also as we noted earlier, the initial holographic input for
the singlet quark evolution vanishes in leading order in
1/N,, simplifying the initial data.

The evolved conformal moments of singlet quark
[F?(Sm{glet> (n,t;u*) and gluon [F? (n,t;u*) GPDs are
given by

2 fsinge (1-154°)
q

aq -

1 2(7/ i —7-_1) 2\ 75, /B

— (3)] 1 _./ X[F;r(l’],l‘;//l%)x <as(/'4(2))> j-1
3 Vic1 77V ay(u?)

e -2 (7%)1'—1 —}’f_1>

— ag (qu) 7’;_1//)’0
X[Fj (’YJQM%)X (a—o) s

Vi =V s (1?)
(3.3)

g -
Fi(n.t:p%)

2(7/9”. ) 2\ 7,/

(0)j-1 ay(ug) \ 7"

) e (2

7;11_}’]—1 / 0 a; (1)

S

-2(rfom)
+2X+<—)J:X [F;(n,t;y%) X (
Vi1~ Vj-1

23\ ¥i_1/Po
o

where

49
1 7)1
Fi(n.tud) = Z%ﬁ('l’ tug).  (3.5)
Y(0)j-1 ~7j-1

For two flavor [up (u) and down (d)] quarks, we will also
assume that )°, [qu.(singlet)(n, t 1) o ﬂz;giﬁglet) (n, t; %)
Fis d glet) (n,t;4*). Also note that the input gluon GPD
[F;?(n, t;u3) is given in (2.3).

Finally, in terms of the evolved conformal (Gegenbauer)

moments (3.3)—(3.4), the evolved singlet quark and gluon
GPDs are given by
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3
S Pt ) =155 ()5,
singlet x LK n = ’,lj—le_l( j(singlet) n’ H

q

1 x2> oo 1 1 3/2( )
=—x[1-=]x — X X [Fglne (n, t; 3.6
p < ” Z; N (%) Z glet) %), (3.6)

and

Fi(x,n t0%) =

1x<1 x2>2xi L xC5/2<>x[Fg( 1) (3.7)
= — —_ 5 _ - 'rla ’,"4 . °
0 7 2 2 Nj_2(> 2\ j

IV. ELECTROPRODUCTION OF LONGITUDINAL comparison to data will be discussed in the next sections.
0 Clearly, most of our analysis applies to heavier meson
0
P %E%OgL‘IY(I)Tl;IHGE"I;?LX%%S/IIPNAG;ESZEIEI)EI{?)RK production such as J/¥ and Y with minor kinematical
EXPERIMENT changes.

We now apply the preceding results to the electro-
production of vector mesons as illustrated in Fig. 1. In ) )
this section, we will focus mostly on the electroproduction To summartze, the electroproduction of neutral rho
of longitudinal neutral p° and the comparison to the  MEsON (p°) in terms of quark DAs and quark GPDs is
available detailed data for this process. The extension to ~ given by (see Eqs. 219-221 in [12])
the charged p*™ production, and the ¢ mesons, with
|

A. Evolved quark GPD contribution for p°

LL(quark) I o & l 2 l : (D/’_(Z) L + +
A}/*[I—VIOP (S, t3 Qa€L9€L) - eX NC X 2 X (4776(‘(/1 )) X Q X 0 dZ z X p+ {Apoph +Bﬂ0pe }’ (41)

where ®,(z) is the neutral rho meson DA, and

B L2y d ) ! _ 1
Ay, = \/_(Q” o ) = QuH (x, .t >){f—x—i€ §+x—i€}’

_ ; u AN d ) 1 _ 1
By, = _ldxﬂ(QuE (x, 7, 15 12) = QE4(x, . ty )){g—x—ie 5+x—ie}‘ (4.2)

2N 1, we can rewrite (4.1) as

Using Cr =

LL(quark) AU _ L 2, L oo,E] 1 + L
Ay*p_,pop(S’va,€L,€L)—€X2X2X(1 N x4ﬂxas(,u)xQx | dz . xp+xu(p2)y u(pl)xﬂ

1 1 1
X / dx(Qquinglet(x’ m, t;/’lz) - Qnginglet(x’ m, I;MZ)) X { T . }’ (43)

0 E—x—ie E+4+x-—ie

where we have defined H;ﬂnglet (x,n, t; u?) = H9(x,n, t; u*) — H9(=x,n, t; 4*), and we have ignored the Pauli contribution

for —t < 4m%. Using the conformal expansion of the singlet quark GPDs in the ERBL region, we can write the amplitude
(4.3) in terms of the conformal moments as

086026-9
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LL(quark) I\ l l _L l 1 q)p<z) 1 — L
Ay*p_)ﬂop (s,t,Q,eL,eL)—ex2x2x<1 N%)X4ﬂa3(ﬂ>xQX ; dz . ><—2mN><u(p2)u(p1)><\/§

! 2x
x |:‘/0 dx§2_x2x (QuH?inglet(x7ns l;ﬂz)—QdHfinglet(x,n, l;/,tz)>
Jriﬂ'(Q H (&t 2)_Q HA (En.1; 2))

ullginglet\&5 11, 1L H dginglet\&- 11, L5

- i”(QMHsuinglet(_é:’ n, t;/’lz) - QdH(siinglet<_§”1’ [;ﬂz)):| ’

)
_ex;x;x (1 ]\1’2> x47zas(/¢)xéx {[)ldz /’(Z)} x%xﬁ(pz)u(pl)x\/i_

c Z 2

X Xz
. /@chs/z ()
N —) o n 1-% \n

(QM ; (singlet) (’7’[ M ) Qdu:;'l(singlet)(n’ t;/’lz)) + iﬂ-(QMI{Zinglet(g’'77 t;ﬂz) - Qnging]et(‘f’n’ [;ﬂz))

- i”(QuH:ing]et(_g’ ’7’ [’luz) - QdH(gling]et(_g’ ’7’ t’luz)):| ’

1 1 1 1 ® 1 1
zex§x<1——c>x47zas(,u)x§x [A dz pZ(Z)] xﬁxﬁ(pz)u(pl)xﬁ

| 1 Sdxx 35 (x y ] )

(4.4)

where in the last line we have used 1 ~ &, and dropped the izH contributions in the Regge limit. We can also rewrite the
amplitude (4.4) in a more compact form

uark 11 . u
A}L,I*L[;(ipop) (S’ tv Q! €L, 62) reX fV X as(/’l) X ézzg X Nq(.]) X (Quﬂ:j(singlet) (éa [, /’tz) - Qdﬂ:?l(singlet) (éa tnuz))
j:
1
X X U u , 4.5
2\/§mN (p2)u(py) (4.5)
where we have defined
N(')—lx 1 ! X A7 x ! x 1,(j) (4.6)
=3 N2 i N. (2) o) '
J=1\2
and the integrals (with ¥ = x/&.)
1 ®,(2) . Lo }
fyv= /0 dsz, 1,(j) = M dxxC?{zl(x)} (4.7)

1. Resummation by j-contour

Following [13], we rewrite the sum over even j = 2,4, ... in (4.5) as a contour integral in the complex j-plane

djl+e ™ 1 1 .
/ I/ - —_ R d . 2
$.1.0-61.€1) c4i sinxj ) (fj x F(Ag(j) -2) XN oli) > (Q“ singte (& 1514°) = O fsingi (611 )>

xu(p2)u(py), (4.8)

LL(quark) (
v p—=r"p

xex fyxa(u)

Q 2\/_mN
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where the contour C, shown in Fig. 5, is at the right most of Im(j)
the branch point of

1 1
TA,() =2 TV = o) ) o ©c
PWAAAAAAAAAAAAAAAAAAY
and enclosing the poles at even j = 2,4, .... Here we have 2 -t 6
defined Re(j)

ﬂe?(singlet)(f’ t;/'lz) = F(Ag(j) - 2) X F?(singlet)(f’ t;ﬂz) (49)

in order to reveal the branch point at j = jo, =2 -2/ VA
coming from our holographic input conformal
(Gegenbauer) moments of the gluon GPD at y = ug ~ Q.

We evaluate the amplitude (4.8) by wrapping the j-plane
contour C to the left

FIG. 5. [Illustration of the integration contour C in the complex
Jj-plane used for computing the contour integral (4.8) with a
branch cut displayed for Re(j) < jo, =2 -2/ VA

X — X Im

uar Joydjl+e ™ 1 1
ALL(q k)(sats QseLae/L)%_/o _J - |:

:| X (Quﬂ}\:;'t(singlet) (f, [;ﬂz) - Qdﬂ%;'l(singlet) (é’ 5 ﬂ2)>

7' p=p"p w 20 sinmj & I'(iy)
1 1
XN, (j)xex fyxa X — X X 0 u , 4.10
q() fyxasu) x5 NG (p2)u(p1) (4.10)
with iy = iy/ 2ﬂ(j0g —Jj). For, y - 0, we may approximate ﬁ ~ iye’=¥ with the Euler constant yz ~ 0.577216, and
write Im[ﬁ] ~ ycos(ygy) = sin(y) for y — 0 or j — jo,. Therefore, for j — jo,, we find

LL(quark A S . 1 1 _
A},*p(ipop) (S’ ta Q’ €L’ €/L) ~ (Qu[Fjo(Singlet) (55 t»/’tz) - Qdﬂ:‘?u(sing]et) (55 t’ :u2)> X Nq(]Oq) X eraS(/’l) 62\/51’” u(pZ)u(pl)
N
Judjl+e™ 1 . .
><—/_°CJ TsinizrjngSHl( 2\//_1(]09—])>. (4.11)

2. Real and imaginary parts
We separate the amplitude (4.11) into its real and imaginary parts

Afflf)(il;r;) (S, t, Q, €, €/L) = ALL(quark) — Re [ALL(quark)] + ilm [ALL(quark)] ,
with

Re [ALL(quark)] = Nq (jOg) X (Qul]t_;toq(singlet) (5’ L /’tz) - Qd[[:_?oq(singlel)(fv t;/’lz))

1 1 Jodjl+coszj 1 . . .
x efva (1) () x = [ G Lcsin(y/2viCo, - ) ).

02v2my o 2 sinzmj &
Im [ALL(quark)] = Nq (qu) X (Qul]t_‘l;”q(singlet)(f’ I Mz) - Qdﬂejloq(singlet)(a t;/'l2))
1 1 Jodj 1
X Ju)=———u X ——— X sin 2V o — J) ). 4.12
efvn) g5 zmtpauto) %[5 5xsin( 2V~ 1) (@.12)

With the change of integration variable y*> = Zﬂ( Jjog — J)» we turn the imaginary part into a Gaussian integral that can be
evaluated exactly [with 7 = log(1/¢)]
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Im [ALL(quark)] = Nq(jOg) X (Qu[r:yoq(singlet)(a t;.“z) - Qdﬂt_;ioq(singlet) (f’ 5 /"2>)
1 1 ©_dy
Xefya,(U) =———=—1u u X — X —
fro() 02v2my (P2)ulp1) < /—oo amivi

= Nq (jOg) X (Qulﬁ;'toy(sing]et) (éa t’ /’tz) - Qdﬂejoq(singlet) (57 t’ ﬂz))

e—%yZ /22 e,

< ef ()1 1 i(py)u(py) X 1 X(\//_l/Z )1/2Xe—\/71/2% @13
efyas(u) =——=—u(py)u — n — .
vag\U Qz\/sz P2 P1 é]”y ’1'3/2
[
Note'the emergence of .1 / .fjf)g in the imaginary Part of the 1 +- COS.JT J o .2 +O>-2), (4.14)
amplitude in (4.13) with jo, =2 —2/+/2. This follows sin zj n(j—2)

from the transmutation of the graviton with spin j = 2,
to a Pomeron with spin j,, after Reggeization.

We now compute the real part of the amplitude
Re[ALL(@wak)] by first expanding its prefactor near j = 2
|

and establishing the identity 0;[e~**Re[AlL(aak)]] =
—(2/7)e~Im[ ALL(@ak)] which gives us an approximation
for the real part

Re [ALL(quaIk)] = N‘](j()g) X <Quﬂ?’;oq(singlet)(§’ 5 Mz) - Qdﬂt_;‘log(singlet)(g’ t;ﬂ2)>

1 1

x efyay(p) 02Vome i
N

Small corrections in the order of O(Im[ALL(@uak)]/
log(1/¢)) and O(Im[ALL@®)]/\/7) to (4.15) can be
computed in a standard perturbation series but can be
ignored for £ — 0 and fixed large VA

3. Small-E regime

We then compute the integral in (4.15) in the small-¢
regime, i.e., 7 = log(1/£) — co at fixed large v/A, where
the integral is dominated by its end point and can be
approximated by

a(po)ulpr) x (VA/2m)V2 ; x / ® g

/ 2¢=2% /Vi-Vi/2%

7 (4.15)

o 2 =27 |\A—\/A) 2% )
/ 7= (Vi z) x V]

# T

VA2 i
XW(1+O(\/E/1)). (4.16)

Finally, combining this approximation for Re[AX(auark)]
with the exact result for Im[A*L(@2%)] (4.13), we find the
complex amplitude with evolved singlet quark GPDs (for
input gluon GPDs part)

LL k - =
Ay*p(il;%rp) (S, t’ Q’ €L’ elL) =~ <Qu|]:jl"{og(singlet) (5? [’ luz) - Qdﬂ:}iog(single[) (5’ t’ IMZ))

X [(ﬂ/2ﬂ)1/2 X ;2 x (ﬂ/n) x e~ 2V %

1 e—V2/2%
+ix—x (VA/272)"/? x ———
/0_1] T3

&

Vi

%3/2

1

] x Ny (jog)efvas(u) ém i(pa)u(py),

= (Quﬂ:‘l;(,g(singlet) (5’ L /’lz) - Qdﬂ:;'loy(singlet) (5’ L Mz))

X Ny (joy) efva.xmému(pz)u(pl)

(Va/z) i
X [52—2/\/1 T 52—2/\/1

] x (VA)2m)1/% x

e~ VA/2%

:L:3/2

(4.17)

Therefore, the full complex amplitude due to the evolved singlet quark GPDs is given by (4.17)
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LL(quark Su . i .
Ay*p(ipop) (S, f, Q? €r, elL) & (Qun:jog(singlet) (5’ N MZ) - Qd[F;‘iUg(singlet) (5’ L M2)>

1 (VA/7) i
() () X [52_2/ | @.18)
where we have approximated A 4(Jog) x €% (ﬂ /27)'/? x = /2 " to be a constant since it varies very slowly with s.

B. Evolved gluon GPD contribution for p°

In addition, the electroproduction of neutral tho meson (p°) in terms of quark DAs and gluon GPDs is given by (see
Eq. 282 in [14])

LL(gluon 1 1
Ay*p(_g)pop)(s,[, Q.,¢.,€))=¢e xng—X47rxa (1?) x—x {/ dzZe I—Z)]

c

L F9(x,n, t; 4?) 1 1
x/_ldx 4 TRl (4.19)

On the light front,
pt
h* = a(p2)yu(p:) R % i(p2)u(py),
my

and ignoring the Pauli contribution EY(x,n,t; u?) to F9(x,n,t;u*) for —t < 4m%, we have

+

h 1
FI(x,n, t;4%) ® p—+Hg(x, 015 0%) = HOxn, 15 4%) X 5= > i(pa)u(py), (4.20)
N

which simplifies (4.19)

LL(gluon) (
v p=r°p

8 N.
D1(z) L HI(x,n, t; u?) 1 1
X{/o dzzq:eqz(l_@]xl dx . X{cf—x—ie_cf—f—x—ie}' (4.21)

Using the conformal expansion of gluon GPDs, the amplitude (4.21) can be written in terms of the conformal moments of
gluon GPDs as

1 1
5,1,0,€1,€1) = e X =X — X — X 41 X a;(u*) X —— x i(p,)u(p;)
2mN

LL(gluon) I\ 1 i l q)q Z) L 1 Hg(x’ n, t;ﬂz)
.Ay*p_)pop (s.1,0,€1,€;) =ex—X X — X o dzZe X 52 X ; dx ————"-

zZ(1-72) _x
(1-%)
) . I _
+ imHI(E, n, tp?) — inHY (=&, 7, tzuz)} X ——xu(py)u(p),
N

o1 I ®9(z) 1
7exzxﬁcx§xas(ﬂ2) X {A dz;eqm] x — X u(py)u(pr)

my

2\ 2
(IR 1 /ndx(l—fi—z) 5/2<x>
X |=x) —x x L xC ) | x Fy, t; u4?
e () [() raly) | <

+ inHI(E,n, t;4%) — inHI (=&, 1; MZ)]
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1 1 1 Dz 1
ReX X xaxa‘ 2)><[/ dzZeq } m—Nxﬁ(pz)u(pl)

© 1 1 Edx x2 .
Lo 0@ memn
J=2\ 2

in the last line we have used # ~ £. Note that the izHY contribution vanishes for £ = 7. We can rewrite (4.22) more
compactly as

1 21
AL (51,0, e €)) me x fiy X ag(1?) x = x Yo X N () x FI(E 12 4.23
L 51 Q ) = X X ) x g X DX N ) X e ) s X Hpup). (423
|
where we have defined A;if;;’;)( 1,0.€..€,)
1 1 A 1 1 _
= . ) [F!] ot 2 X / . o
Ny(J) 15N X2\/§XNA 2@ x1,(j), (424) Jog(f w) xefya (ﬂ)QZ\/sz i(pa2)u(p:)
=
Va/r) + i 4.26
and the integrals (X = x/&) 52 2/\/— [( #/x) } (4.26)

/ dzZe l—z

with jo, =2 — 2/v/2, and 7 = log(1/£). We have also

1,(j) = A dx(1 - ) i >(%). (4.25)  approximated Ny (jog) x € x (VA/)27)"/? x e;{zﬁ to be a
constant (that will be fixed by experimental data) since it
The resummation by j-contour for the gluon GPD con-  varies slowly with s.

tribution (4.23) is similar to the resummation for the singlet
quark GPDs, and the detailed derivation is given in
Appendix F. Here we only provide the final answer.

After the resummation by j-contour, the full complex . i
amplitude due to the evolved gluon GPD is given To summarize, we have found the singlet quark GPD
by (F11) .. contribution to the p* amplitude to be given by

C. Total quark and gluon GPDs contribution to the
electroproduction of p°

LL k Au 2d
A},*p(il;;rp) (S’ f, Qv €L, €/L) x (Quﬂ:jog(singlet) (59 f /“tz) - Qdﬂ:jog(singlet) (51 I8 ﬂz))

| S (V) 7) i
vaas(ﬂ)ému(pz)u(m) X {52_2/\/; + 22/
1
quark —
I3 t, 7} u , 4.27
(5:1:0) % 3 apa)u(p) (4.27)
where we have normalized the singlet quark conformal moments using the lattice data from [15] as
ey (6 5 17)
Ru+d singles
Flsingien) (6. 1 42) = 0.526 X —— J(singlet) - (4.28)
F}Zilnglet(g 0,1 =0;u> =4 GeV?)’
2 - ﬂEq—ﬁl &
Fj(sﬁglet)(g, t;u?) = 0.210 x = (singien 2) = (4.29)
j smglet (5 0,7r= O;H =4 GeV )
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with I8 (& 1 02) = T(A(j) = 2) x Fust (& 1 4°)
which is given in (3.3). Note that we have used the average

u Ru+d
value  of A2+d( 1= O) — 1 j=2(singlet) (5 0.1=0; ﬂ

4 GeVz) = 0.526 from Table XV and Table XVI of [15].

We have also used the average value of AY™4(—t = 0) =

Y ingten (6 = 0.1 = 0; 42 = 4 GeV2) = 0210 from

Table IX and Table X of [15]. Also note that we have

Au
[Fj(sing]et) (57 L /'42)
u+d

1 Ru—d
= E X <[F j(singlet) (g Lp ) + [Fj(singlet)(é’ f MZ)) ’ (430)

~

Ad
[Fj(singlet) (57 t;ﬂz)

u+d

1 Au—d
= 5 X (ﬂ: j(singlet) (5 Lp ) F'(singlet)(éa L /"2)) . (431)

We have also found the gluon GPD contribution to the p°
amplitude to be

LL(gl
A (g“;’“)(s, t,Q.€r,€)

Yy p=pp
11
JOJ(f 1) X f’vas(ﬂ)émﬁ(pz)u(pl)
(\f/ﬂ) i
52 2/V2 g 2/V2
o A5 (5,1, Q) x i(p2)u(py), (4.32)

2\/§mN

with jo, = 2 = 2/V/A, T =log(1/&), fiy ~ fv, and we have
normalized the gluonic conformal moments using the
lattice data from [15] as

FIG. 6.
to the electroproduction of a vector meson.

FI(&. 1 p2)
T (E=0,1=0,4’ =4 Gev?)’
(4.33)

FI(e 1) = 0474 Xz

where [Iei((f, tu*) =T(A,())
(3.4). Note that we have used the fact that AJ(—7r=0) =
Fl2(6=0,t=0;2=4Gev?) =1 -A(-1=0)=1 -
Ru+d

Fi—2(singtet)(§ = 0,1 =0; 2=4GeV?) =1-0.526 =0.474
from [15].

g . 2 . . .
=2) x Fj(& t; ) is given in

D. s + u-channel contribution to the
electroproduction of p°

In this section, we first compute the s+ u-channel
contribution to DVCS, shown in Fig. 6(a), and generalize
the result to determine the s + u-channel contribution to the
electroproduction of p°, shown in Fig. 6(b). See (4.56) for
the final answer to p° electroproduction.

The holographic DVCS amplitude shown in Fig. 6(a)
involves the bulk Dirac fields

Y120 (2) = (Wr(2)PL +ywi(2)P) X u(py),
Wip,/2p,(2) = (p2) X (wr(z )P+ +wi(2)Py).
Yipp(2) =¥1(p.zin=0),
‘//R/L(Z) = V/R/L(Z; n= 0)- (4-34)
To proceed, we define
G'(py+q.M,) =iG*(p1 + 4. M,,)
] M
i(p1+4+M,) (435)

C(p1+q)? - M2 +ie

£

ov(d;2) 7

V(g;2)

(b)

(a) Holographic s-channel contribution to the electroproduction of a photon (DVCS). (b) Holographic s-channel contribution
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in terms of which the Dirac contribution to the s-channel is
ie, e T,

.02 2 HY 2 2
s(Dirac) (S’Z’Q ’ Q/ ZZG G/*T s(Dirac) nx’s $0%, Q/ )

. 1
(n,05.1:0%.0%) = / 5o % [/ Fe % () x (i) x (VT 4 VT )
x (wR(Z’; n)P, + WL(Z/;nx>P—) xG*(p1+q.M, ) x (l/fze(z; n)P_+ (2 nx)P+>
) Z

X (—iyh) X GVS(qZ)TOﬂL Vﬁ(CIZ)T3>‘I’1m( )+ /dz\@e_“ /dz Ve R

- 1
B () % (i) ¢ (SVUENT 4 VGO )  (a(@im) P v ()P,

/% rHY
l€ e T s(Dirac)

G'(p1+ .M, ) x (WR(Z;nx)P+ +WL<Z;nx)P—) x (—iy")
( %(qz2)T° + V3(qz)T3)‘I‘2pl( ). (4.36)

Setting ¢* = —Q?, we have 1V9(g2)T° 4+ V;(q2)T* = ¢, x 3V(Qz) for the proton, we have

2/2Z

ie,,e,’,*T?fDirac)(nx,s,t;Qz,Q’z):/dz\@e"“z /dz Ve e R
1
X i(py) x (—iy") x e, V(Q'7) x E(V/R(Z/)WR(Z/;”X)PJr +wL(Z’)wL(Z’;nx)P-)
N 1
xG*'(p1+q.M, ) x (=iy") X (V/R (zin)wgr(z)Py +WL(Z;nx)V/L(Z)P—)

xe Q) xulpi) + [ deie ™ % [ VFet Sl x (i) <l V(Q2)

3 (W )P- -y (L (n )P ) <G (1 +0. My, ) (=ir)
x5 (wrlEndva(@P- +n (@n Iy QP ) xeV(00) <u(p)
= (pa) x5 (Ta(Q' )P ATL(Q )P, ) x (i) x G (p1 .M, ) % (~ip*)

1
x> (Ta(Qn )P, +T1(Q.n)P-) e, xu(py)

2
+a(py) x e XZ(IR(Q n )P, +Z,(Q n,)P )X(—iy”)xf?s(pl+q,Mn,)><(—ir")
X%(IR(Q,nX)P_+IL(Q,nx)P+) xe,xu(py) (4.37)

or more explicitly
= u(p2) x € x (=iy") X iGy(p1 + ¢, M,, ) x (=iy") x €
x 1 (ZolQn TR )P + T(Q m)TL(Q.m)P_) X ulp)
+i(py) x € x (=iy") x iG5(py + . M, ) x (—=iy*) x €,
x 1 (Tol@n)TL(Q.m )P+ Ty (0 n)TR(Q )P ) x u(p)
+a(py) x e x (—iy*) x iG{(p; + q.M, ) x (—iy") x €,
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< 1 (Tol@ ) TR(Q.n )P+ T, (Q 1 )TL(Q )P, )  u(p)

() X € X (=) X G + 4. M,.) X (=ir) x ¢,

x 1 (ZolQn)TL(Q. )P + T, (0 m)T(Q.n)P_) X u(p)
= i(pa) x & X (=iy") X iGy(p1 + ¢, M,,) x (=ir*) X ¢,

x 1 (Tol@n)TR(Q.n) + To(Q )T (0.0)) X u(py)

+(py) x e x (=iy") X iGy(p1 + ¢, M,,) % (=ir") x €,

X % (IR(Q,’ nx):Z-L(Q’ nx) + IL(Q/7 nx)IR(Q’ nx)) X u<pl)’ (438)

where we have used the identities P2 = P, P.P. =0, G M) — (71 +4a)
and y*P, = P_y*, and we have defined P +a.M,,) = (p1+q)* =M% +ic’
M

, 4.40
(p1+q)* — M} +ie (4.40)

- i +4+M,,) Gy(p+q. M, ) =
Gs(p1+Q7MnX) = 5 2", X z(p] 4 1*)
(p1+q)* = M;, +ie
=iGi(p1 +q.M,,) +iG5(p1 + q.M,,)
(4.39)  we have also dropped the longitudinal contributions by
assuming ¢- g =¢' - ¢' = 0.
with Finally, after some simplification, we find

64 Tl (5502 0%) = =30 ) x € 1 X Gl (py 4 4:M,) 7,

1
X 5 (IR(QI7 nx)IR(Q» nx) +IL(Q/3 nx)IL(Q’ nx)) S u(pl)
+a(py) x € xy' x Gy(pr +q. M, ) X' X ¢,

<3 (TH(Q )T Q) 4 T ) T(@on)) xulpy)| ()

for transverse ¢, € polarizations. For Q"> = 0, the sum is dominated by the ground state since 7z .(Q' =0,n,) =&, ,and
we find

v _ ! 1
T?(Dirac)(s’ L QZ) = —M(Pz) X },D X Gi(pl + q, MO) X 7/” X 5 (IR(QvO) +-,Z’-L(Q’O)) X u(pl)

1
+ii(p2) X7 x G3(p1 + 4. My) X 7' x 3 (T1(.0) + Zr(Q.0) ) x u(py),
= —C1(Q) x (p2) x 1 X G*(py + 4. Mo) X 7" x u(py). (4.42)

Including the Pauli contribution in similar fashion, we find

e T (5,1, 0%) = —e €0 X ii(pa) X v x G*(py + q. M) X y* x (FI(Q) - F,(0) 4 ) xu(py), (4.43)

2M,

where we have also ignored the longitudinal contribution (by imposing € - ¢ = 0) in order to write

€, x o'q, =€, < i(y"y" —n")q, = €, X iy'y.
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The holographic proton Dirac and Pauli form factors F; ,(Q) are given in (4.55). The u-channel contribution follows by

inspection

q

€T (5.1 %) = —c,el” x i(pa) X P (Ff<Q> - F§<Q>—) X GH(py = q.Mo) x 7 xu(py). (4:44)

1. High-energy limit

In the high energy limit (s, u > M3) we can ignore the
target mass, and G** simplify

p1+4+ M, P1+4q
G’ My = ~ ,
(P1+ 4 Mo) (P +q)° =MG+ie (pi+q)+ie
P-4+ My Pi—9
G —-q.My) = & .
(P~ q.Mo) (p1—q)* =Mg+ie (p1—q)* +ie
(4.45)

G (pr 4 q.My)y* =

(p- ?1)(11— £+ ie) {SMW <2

we have for the s + u-contribution

1 1 (1 3
(p-q)n, +5(1 —é)pa>yp+lsﬂ/’ (§pg+qg>m§}

2M,

Using the light-cone kinematics [11]

1 1 1
(pr+q)?+ie (p-g)1-E+ie’

(4.46)

with £ the longitudinal momentum transfer or skewness,
and the spin reduction (for p, = p,, = 0) [11]

2

v - s v Veu %
T = —u(p2) X [/G*(p1 + 4. Mo)y* +1*G"(py — q. Mo)r*] <Ff(Q) ~F Q)5 ) xulp)
1 - ~ vipo P ovpo T 1 P oHUpo S T
=57 Cl O (- 297 n FL(Q) + i p, FJ(Q) | + 5= CliT (@ 2ie g, FL(0)). (447)
I
We have defined the spin structure and the nucleon matrix elements
SHPT = i o — b=a(p)u(pi). b=u(ps)r’u(py).
and the sum of the ratios W =a(py)rtu(py), W = a(py)r'y’u(py),
| | ¥ =a(py)ic™u(py), # =a(p,)ic"y’u(p,). (4.51)
chEl(e) = 4.48
©) ) E—1—ie &+ 1—ie (448)

The vector and axial form factors are

ht et
F2(0) = p, (p—Jf(Q) +p—+F§(Q)) — p, x F7(Q).

. ht et .
F;(Q) =p, (FFf(Q) +p_+F5(Q)) = p, X F7(Q).
(4.49)
respectively, with the Dirac bilinears
Mg Mg
o= = (4.50)
2M, 2M,

2. TT and LL s + u-channel holographic DVCS amplitude

Contracting the s+ u-channel holographic amplitude
%, with the transverse polarization tensors €7, and €7,
we find

, 1,
er e, T (s.1:0%) = —er - ¢ x | 5 () x FP(Q)] .

(4.52)

Similarly, contracting the s 4+ u-channel holographic
amplitude 7%, with the longitudinal polarization tensors
€r, and €7, we find
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) |
€1l T (s.1:0%) = —e, - € x |5 CITIE) x FP(Q)]. (4.53)

We will also use the approximation

B = a2y u(py) = X i) (4.54)

and our holographic electromagnetic form factors F ﬁ ,(0)

a aplag(ty —1)—1)

Fr(o) = (22 B 1) +0.44 oot -1 !

1<Q) <2 +TN> S (TN7aQ+ )+O 8X<aQ+TN>(aQ+TN+1) (TN an+ )a
Fg(Q):1.793XTNXB(TN,CIQ+1>,

aplap(ty —1)—=1)

FN(Q) = —0.478 x —2--9 B(zy — 1,ap + 1),

1Q) (ag +ox + Dag t o) 20~ 1do 1)
FY(Q) = =1913 x 7y x B(ty,ag + 1), (4.55)

where ay = Q%/4xk3, with Q% = —¢*.

3. Generalization of s +u-channel contribution to DVCS to the electroproduction of p°

The holographic s-channel contribution to the electroproduction of p° follows from the Witten diagram shown in
Fig. 6(b) which is readily obtained from the results (4.53)—(4.55) for the s-channel DVCS amplitude, shown in Fig. 6(a), by

assuming that the bulk wave function of the rho vector meson is independent of z, i.e., ¢y (z) = g5 X 1{;—Vv)

A}I;f;(i:g;channel) (s,2,0,€1,€]) x e X gs X [eLﬂefyT{:iu(s, : Qz)] X gs X %
\%4
Q P fV 1 1
& = x F! « w(pr) X
2 < F(@)x 27 () <
o AN (s. 1. Q) x i(p2)u(p1), (4.56)

2\/§mN

where in the last line we have absorbed e x /2 x g2 into the proportionality constant that will be fixed by experimental

data. We have also approximated ¢; - €} & Miv in the high energy limit.

E. Differential cross section for p°

Finally, combining the singlet quark (4.27) and gluon (4.32) GPD contributions, along with the s-channel contribution,
we have the total longitudinal differential cross section [including the real s-channel background amplitude (4.56)] for
electroproduction of p° meson

doy, (,00) . 1 1 LL(total)
dt  16zs? x Eszpl; AV*P—W%

1
1672 2 Z

spin

2
N x A+ N (Aq“‘“k + Agl‘“’“)

2

N ALL s+u —channel) +./\/ « < LL(quark) +ALL(g]u0n)> ‘2

v p=r"p v p=r°p 7 p=r"p

1
X = x

4.57
167rs ( )

where
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stu Y fv 1
A/)‘T (S,t,Q) _M_VXFIID(Q) XM_VXI——SZ’
uarl Au N 1 \/Z .
AR (s.1.0) = (Qu[Fjog(singlen(f’ 1:42) = QulF gt (& ’;”Z)) X frasu) 5% &2_;\7/2) " 52_;/ﬂ ’
uon A y 1 \/Z
Aﬁ}) (5:1:0) =F, (& 1) x fia ) 0 {(52_252 " 52_;/\/1} (4.58)

Note that, in the last line of (4.57), we have summed over
the spin as

> iy (pa)us(p1)iay(py)ug (p2)

5,8

=Tr <Zus’ (Pz)f‘s’(l’z)”s(l?l)ﬁs(l?l)>

s.s"

1
- ZTr((W’é +my) (v py + ’”N))

2

K
= 8m? x <1+> ~ 8m?,,

(4.59)

for % < 1 or py ~ p, which we are assuming in the high
N

energy limit s > —t.

F. Total cross section for p’

Using (4.57), we can compute the total cross section by
employing the optical theorem as

dﬁL( 0) 1/2
(1671'Ttﬂ>
1+p =0

where p is the ratio of the real and imaginary part of our
total complex amplitude Af*i(f;}; defined in (4.57).

We have compared our total cross section (4.60) to
experimental data in Figs. 7-9. We have also compared
our total differential cross section (4.57) to experimental
data in Fig. 10. Note that throughout this paper, we use
the ’t Hooft coupling constant A = 11.243, mass scales
Ry = Ky = 0.402 GeV, and k7 = 0.388 GeV.

o (p°) = (4.60)

G. Comparison to experiment for p°

Here, we present the comparison of our results with
experimental measurements. In Table I, we provide the
values of various parameters such as 4, 7, Ky, and Ky y,
|

which have been obtained previously by constraining
the electromagnetic and gravitational form factors and
the holographic J/y photoproduction in the high energy
limit [22]. These parameters are fixed and predetermined
for the GPDs under consideration here.

However, the normalization constants A, have
been determined empirically by fitting to the analyzed
cross sections shown in Figs. 7-10, as summarized in
Table I. It is important to note that the same normalization
constants A/, = 1.687 and N’y = —131.503 have been used
for all the total cross section figures shown in Figs. 7-9.

However, different normalization constants A, have
been used for each bin in the differential cross section vs —¢
shown in Figs. 10(a)-10(e). This is because the kinematic
factors of order O(—t/(Q?) have been ignored for both the
s + u-channel and GPD contributions, which do not affect
the total cross sections (shown in Figs. 7-9) computed at
—t = 0 using the optical theorem (4.60).

Furthermore, the values of the physical parameters
my = 0.94 GeV, m . = 0.775 GeV, and f;)w =for =

0.216 GeV have been used throughout the analysis. In
Fig. 7, the solid blue curves are using the evolved singlet
quark (up and down) and gluon GPDs, the red curves are
the sum of the s-channel background and the evolved
singlet quark plus gluon GPDs [i.e., (4.60)], the brown data
points are from 4.2 GeV CLAS [16], yellow data points are
from CORNELL [23], cyan data points are from HERMES
[18], purple data points are from E665 [19], and black data
points are from 5.754 GeV CLAS [17].

V. ELECTROPRODUCTION OF LONGITUDINAL
¢ MESON WITH EVOLVED GLUON GPD: A
COMPARISON TO EXPERIMENT

The electroproduction of the ¢ meson with the evolved
gluon GPD is similar to the gluon contribution to the p°
meson (4.32), and is given by

uon ’ Ag y 1 1 _ \/j_. ]
AL 0..0.61.4) o B (6 10) ¢ Sy ) 5ot < [ S5+
N
uon 1 -
o A5G (5,1, Q) Xmu(m)”(m), (5.1)
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FIG. 7. Longitudinal cross section for the electroproduction
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1000
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a
o

p - p.p) [nb]

*
L

S
5
5F —— GPDs + s+u—channel
—— GPDs only
! 1 5 10 50 100
W [GeV]
FIG. 8. Longitudinal cross section for the electroproduction of

neutral tho mesons versus W = /s in GeV, for 0% =4 GeV2.
The solid blue curves show the evolved up and down singlet
quark and gluon GPDs. The red curves show the sum of the
s-channel background, the evolved up and down singlet quark,
and gluon GPD contribution at amplitude level [i.e., (4.60)]. Note
that here we have also rescaled our total cross section by an
overall factor of 10° since the unit of the cross section here is
in nb. The brown data points are from 4.2 GeV CLAS [16]; black
data points are from 5.754 GeV CLAS [17]; cyan data points are
from HERMES [18]; purple data points are from E665 [19]; gray
data points are from ZEUS [20]; and pink data points are
from HI [21].

where jo, = 2-2/v2, #=1log(1/&) and f}, ~fy. In
terms of (5.1), the total longitudinal differential cross
section for electroproduction of ¢ meson reads

dO'L(¢) 1
dt  16xs? 2

Z ‘ N, x ALL gluon)

Y p—op

‘N x Aghon2 (5.2)

1 671's

where the total amplitude .Ailuon is defined in (5.1). We also
compute the total cross section using the optical theorem as

167 do(p)\ 1/2
7) , (5.3)

1+p

o) =

t=0

where p is the ratio of the real and imaginary part of the
total amplitude. We have compared our total cross sec-
tion (5.3) to experimental data in Figs. 11 and 12. Note that

|

1

Ay = /1 dx(H”(x,n, t;u*) — H(x, 1, l;ﬂz)){
1

B, =/ dx(E*(x,n, t;4*) — E4(x. 1, t;ﬂ2)>{
-1

these relations carry to heavier mesons J/¥ and T with
slight changes.

A. Comparison to experiment for ¢

In Table I, we present the parameters for the AdS
construction with a soft wall: 1 =11.243, 7 =3, k74 =
0.388 GeV, and Ky y = 0.402 GeV, as well as the nor-
malization constants N, = 0.200 and NV, = 0. We then
illustrate the longitudinal cross section for the electro-
production of phi mesons [N, =0.200 in Eq. (5.3)]
as a function of W = /s and Q% in Figss. 11 and 12,
respectively. The values of the physical parameters used
are my = 0.94 GeV, m,;=1.019GeV, and f;s:fzﬁ:
0.233 GeV.

It is important to note that the solid blue curve represents
the evolved gluon GPD only, as the strange singlet quark
GPD has been set to zero. Additionally, we assume the phi
meson’s coupling to the proton (g,,, = 0) to be zero,
effectively setting the s-channel background contribution
to zero. Experimental data points are included from various
sources: CLAS 2008 (orange) [24], CLAS 2001 (brown)
[25], HERMES 2000 (cyan) [29], ZEUS (gray) [26], H1
(pink) [27], and H1, ZEUS (black) [28]. Figures 5 and 7
from [29,30], respectively, also display these data points.

VI. ELECTROPRODUCTION OF LONGITUDINAL
p* MESON WITH EVOLVED VALENCE QUARK
GPDs: A COMPARISON TO EXPERIMENT

The electroproduction of longitudinal charged rho meson
(p™) in terms of quark DAs and quark GPDs is given by
(see Eq. 219 with Egs. 222 and 223 in [12])

ALL - (s,1,0,€¢1,€))

7 p=ptn

Cr 1 1 1D
=—e XN_IZXEX (4mag(u?)) x5 {A deT(Z)}

1
XA+ Bye (6.1)

where @, (z) is the charged rho meson (p*) distribution
amplitude (DA), and

Qu _ Qd
E—x—ie E+x—ie’
Qu Qd
cf—x—ie_f—l-x—ie}‘ (62)
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FIG.9. Longitudinal cross section for the electroproduction of neutral tho mesons versus Q% in GeV? for different values of Bjorken x
as indicated in the alphabet label of each subfigure, except for the last subfigure where the value of W is added. The solid blue curves
show the evolved up and down singlet quark and gluon GPD contributions. The red curves show the sum of the s-channel background,
the evolved up and down singlet quark, and gluon GPD contributions at amplitude level. The black data points are from 5.754 GeV
CLAS [17].

086026-23



KIMINAD A. MAMO and ISMAIL ZAHED

PHYS. REV. D 108, 086026 (2023)

doy/dt(y;p - p.p) [ub/GeV’]

0.001

doy/dt(y;p - p.p) [ub/GeV’]

0.005
0.0

0.500

0.100 |
0.050

0.010 |
0.005

—— GPDs + s+u—channel |

—— GPDs only

n L L L L L L L L L L
0.5 1.0 1.5 2.0 25 0.0 0.5 1.0 1.5 2.0 25 3.0

-t [GeV?]
(a) Q2 =0-1.9 GeVZ?, xg = 0.16 — 0.22

0.500

0.100 |

0.050

0.010 |

0.5 1.0 1.5 2.0 2.5
-t [GeV?]

(¢) @2=1.9-22GeV? xg =0.34 — 0.40

0.500 -

0.100
0.050 [~

0.010 |

doy/dt(y;p - p.p) [ub/GeV’]

0.005 [~

—t [GeV?]
(b) Q2=12.2-25GeV?, xg =0.22 —0.28

0.500

0.100 ¢
0.050 -

0.010

0.005

doy/dt(y;p - p.p) [ub/GeV?]

0.001
0.0

0:5 1:0 1:5 2:0 2:5 3.0
-t [GeV?]
(d) Q% =3.1-3.6GeV?, xg = 0.40 — 0.46

0.500

0.100 |
0.050

0.010 |

doy/dt(y;p - p.p) [ub/GeV’]

0.005

0.0 0.5 1.0

1:5 2:0 2:5 3.0
-t [GeV?]

(e) @2 =4.1-46 GeV?, xg =0.58 — 0.64

FIG. 10. Longitudinal differential cross section for the electroproduction of neutral tho mesons versus —¢ in GeV? for different values
of Q% and x; as indicated in the alphabet label of each subfigure. The solid blue curves show the evolved up and down singlet quark and
gluon GPD contributions. The red curves show the sum of the s-channel, the evolved up and down singlet quark, and gluon GPDs at
amplitude level [i.e., (4.57)]. Note that with increasing xz > 0.34, that is, in (c) to (e), the contribution from the s + u-channel starts to
control the ¢ dependence in the large ¢ regime. The black data points are from 5.754 GeV CLAS [17]; see Fig. 26 in [17].

. _ N2-1 o o .
Using Cr = 55—, and Q, = +2/3(Q, = —1/3), we can rewrite (6.1)-(6.2) as

1 1 1 1@ (z) 1
ArL*Lp—m*n(s’t’Q,eL,e’L):—exzx <1_W) X4ﬂxas(ﬂ2)X§X [A dz—* ] Xp—+XM(P2)7+”(P1)

c

Z

1 2
X |:/ dx(Hl\falence(x’n’t;:“z) _Hgalence(x’”’t;ﬂz)){ g : }
0

_X—
2x &2 —x?

! 1 2x
+A dx(Hsuinglet(x’n’t;ﬂz) _Hginglet(x’n’[;ﬂz)){ }

+inx Q, (H"(E.n.t:u%) — H (€1,

gxfz—xz

tp?)) —inx Qq(H" (=& n.t:p%) —H (=&, t6%)) |, (6.3)
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TABLE 1. Summary of the values we used for the predetermined parameters (4= 11.243, 7 =3,
krs = 0.388 GeV, kyy = 0.402 GeV) of holographic QCD with a soft wall and the overall normalization
constants AV, ; which are fitted to the pertinent cross-section data, according to the corresponding (colored) figures
for the neutral rho (p°), phi (¢), and charged rho (p™) meson production.

Holographic QCD (this work) y) T Rrg (GeV) Ryy (GeV) N,(ub x GeV?) N (ub x GeV?)
o1 (p°) vs W or Q?

Figs. 7-9 (blue) 11.243 3 0.388 0.402 1.687 0

Figs. 7-9 (red) 11243 3 0.388 0.402 1.687 —131.503
d(’L(ﬁ ) Vs —t

Flgs. 10(a) (blue) 11.243 3 0.388 0.402 6.319 0

Figs. 10(a) (red) 11.243 3 0.388 0.402 6.319 —5.662 x 1077
Figs. 10(b) (blue) 11243 3 0.388 0.402 194.649 0

Figs. 10(b) (red) 11.243 3 0.388 0.402 194.649 —5.454 x 1077
Figs. 10(c) (blue) 11243 3 0.388 0.402 125.468 0

Figs. 10(c) (red) 11.243 3 0.388 0.402 125.468 —196.937
Figs. 10(d) (blue) 11.243 3 0.388 0.402 1206.470 0

Figs. 10(d) (red) 11.243 3 0.388 0.402 1206.470 —838.781
Figs. 10(e) (blue) 11.243 3 0.388 0.402 342.628 0

Figs. 10(e) (red) 11.243 3 0.388 0.402 342.628 —767.554
o.(¢) vs W or Q?

Figs. 11-12 (blue) 11.243 3 0.388 0.402 0.200 0
or(p*) vs W

Figs. 14 (blue) 11.243 3 0.388 0.402 724.513 0

where we have defined HY . (x.n t;4%) = Hi(x,n, t;4*) + HI(=x,n, ; p?), qumglet(x, Nt p*) = Hi(x,n, t; p%)—
H4(—x,n,t;4*), and we have ignored the Pauli contribution for —t < 4m3,.

Ignormg the singlet quark GPDs contribution in (6.3) by assuming H*
of p* meson with only evolved valence quark GPDs is given by

singlet = H. finglet, the longitudinal electroproduction

valence 1 1 1 l : q) +(Z) 1 U
Af*Lp(—Jm )(s,t, Q,¢e.,€;) =—ex 3 X 5 <1 _N—f) X drag(u) X 0 X [/0 dz pz } X 2my X i(py)u(py)

2x
|:A dngx 4:2 _x X (Hleence(x n.Lu ) Hgalence(x’ n t;/’tz))
+imx Qu(H"(&n. t47) = HY (&, 15 47)) — iz x Qq(H* (=&, m. ;%) — H (=&, 1547)) |,
:—exlxlx (1—L) X 4rag(u) ! [/%ZzM} XLxﬁ(pz)u(m)
272 A 2

5 X — X
N (0] z my

x2
1 &1 /r/dx(l_n_z) 3/2<x>]
—XE — X — 2 xC -
{f Flﬂjl Nj—l 2) {0 no1-5 - n

.2 d .2
X (u:‘l;(valence)(n’ Lu ) - [Fj(valence) (’7’ Lu )

i Qu(HY (B 1:4%) — HY(E. . 15422)) — i x Qu(HY(=Eon. £:42%) — HA(=E.m, mﬂ))} ,

N —e x%x (1 —%) x 4z (p) xéx [/01 dzq)f(zq szx u(py)u(pr)

c Z mpy

L | 1 Sdx 35 (x
S —c2 (= F ~Enpt) —F ~Enp7)),
) ffXN_l(é)XM g 1\e X<J<va1ence>(’7 &K = Fivtence) (1~ € ”)>

(6.4)
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with odd j = 1,3, ..., and in the last line we have used 7 ~ £. Again, the izH"? contributions vanish for & = +7. We can

also rewrite (6.4) more compactly as

LL(valence
L {valence)

1
popin (81,0, €, €1 ) & —e X v x ag(p) x 0 X

J

1 _
X M X u(pa)u(pi)s

where we have defined

) 1 1
Nq(valence)(.]) = E X <1 _m> X 4z x

c Nj—l (%)
X Iq(valence) (])’ (66)
and the integrals (with ¥ = x/&)
L@,z : Lo 3.
J‘;—A deT>, Iq(valence) (J) = |:A dxcfizl (x):| )
(6.7)

(¢S] 1 ) .
g X Nq(valence) (]) X ([Fj(valence) (5’ t; /"2) - [F;'l(valence) (é’ t; /"2))
=1

(6.5)

A. Final amplitude for p*

The resummation by j-contour for the valence quark
GPDs contribution (6.5) is similar to the resummation for
the singlet quark and gluon GPDs (albeit using a different
integration contour shown in Fig. 13), and the detailed
derivation is given in Appendix G. Here we only provide
the final answer.

After the resummation of (6.5) using the contour integral
(G1) with the integration contour C in the complex j-plane,
shown in Fig. 13, and using the result for Re[.ALL(valence)]
given in (G8) and Im[AFL(valenee)] oiven in (G6), the full
complex amplitude with the evolved valence quark GPDs is
given by

—Va/4%
LL(val - . Ad . 1 _~ e
AT (5,1, 0, €,) o (Y ence) (6 57) = P2 atnce) (6 1:47) ) X [(\/1/47;)1/2 xgx (VA/2) x eV
o1 1/2 eV ; + 11
+lX@X (\//_1/47[> X /2 :| XNq(valence)(]Oq) X (_1) Xeras(/'OéM”(pZ)u(pl)’
g
= 1 — GPDs only
E oy
S =
* = 0-100¢
2 =
g — GPDs only g_ 0.010¢ L
0.5F * =~
b
8 0.001} I
01 5 10 50 100
W [GeV] 10-4 L ‘ ‘ ‘ ‘
1 5 10 50 100
FIG. 11. Longitudinal cross section for the electroproduction of Q’[GeV?]

phi mesons versus W = /s in GeV for Q% = 3.8 GeV? (solid
blue curves) in (5.3) with A/, = 0.2. The solid blue curves are
only with the evolved gluon GPD. The orange data point is from
CLAS 2008 [24]; brown data point is from CLAS 2001 [25];
cyan data point is from HERMES 2000; gray data points are from
ZEUS [26]; and pink data points are from H1 [27].

FIG. 12. Longitudinal cross section for the electroproduction of
phi mesons versus Q% in GeV? for W = /s = 75 GeV (solid
blue curve) in (5.3) with A, = 0.2. The solid blue curve is only
with the evolved gluon GPD. The black data points are from H1,
ZEUS [28].
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2y L, ad o, 1 (V4/27) i
x (ﬂ:joq(valence)(é:’ Lp ) - [Fjoq(valence) (55 Ly )) ( ) X fVas( )az—u(pZ)u(pl) X 51—1/\/1 fl—l/ﬁ ’
[
o A (5.1, 0) X Som i pa)ulp). (6.8)
where we have absorbed e X N, (yatence) (og) X (VA/471)1/? x if;fr into the normalization constant as it varies slowly

with 5. We have also defined the normalized and flavor separated quark conformal moments as

Ru+d

[Fj(valence) (é’ L 'uz)

[F(valence (5 Lu )— 0.151 x =

Au—d

Jj=3(valence) (

E=0,1=0;> =4 GeV?)’

n:;'](valence) (5’ 5 MZ)

F; Jj(valence) (5 Lu ) =0.070 x =

Jj=3(valence)

u+d Ru—d
X <[F j(valence) (5 Lu ) + D:j(valence)(é:v t;/"z))v

ﬂt_;(valence) (5, t; ﬂ2> =

A

2d
[Fj(valence) (5» M ,Uz) =

N = N =

where the normalization coefficients are fixed using the
lattice data in [15], and [Fq(va]ence (& np*) =T(A,()) -
2) x F? J(valence) (.f t;u?) is given in (3.1). Note that we have

used the average value of Ag‘*d(—t =0)= l]:’;+3d(valence (&=

0,1 =0;u> =4 GeV?) = 0.151 from Table XV and Ta-

ble XVI of [15]. We have also used the value of AY™¢(—t =

O) = A;t gvalence (5 =0,r=0; /,52 — 4 GeV? = 0070)

from Table IX of [15].

B. Differential and total cross sections for p*

Finally, using the valence quark GPDs contribution (6.8),
we have the total longitudinal differential cross section for
electroproduction of p™ meson

Im(j)
] C
Jog >
AWAAAAAAAAAAAAAAAAAA
1 B 3 5
Re(j)
FIG. 13. Illustration of the integration contour C in the complex

j-plane used for computing the contour integral (G1), with a
branch cut displayed for Re(j) < jo, =1 -1/ V.

u+d
X <[F (talence (5 Lu )

(E=0,t=0;u> =4 GeV?)’

o) (& 124 ) (6.9)
I
) 16; <o VoA
- ‘ N, x Ava]ence (6.10)

We also calculate the total cross section using the optical

theorem as
167 dop(p)\ 1/2
N e

6.11
L+p =0 ( )

where p is the ratio of the real and imaginary part
of our total complex amplitude. We have compared our
total cross section (6.11) to the experimental data in Fig. 14.
We fix the value of the normalization parameter A/, by the
charged rho meson data as detailed in the next subsec-
tion below.

C. Comparison to experiment for p*

In this section, we present our result for the electro-
production of charged rho mesons (p™) and its comparison
to experimental data. First, we list the parameters used in
our AdS construction with a soft wall, namely 1 = 11.243,
7=3, Krg=0.388 GeV, kKyy =0402 GeV, and the
normalization constants N, = 724.513 and Ny = 0, which
are given in Table L

Next, we show the longitudinal cross section for the
electroproduction of p™ mesons versus W = /s in GeV in
Fig. 14. In these figures, we have used the evolved valence
up and down quark GPDs [i.e., (6.11)] with A/, = 724.513.
We have also used the values of the physical

parameters my = 0.94 GeV, my+ = 0.775 GeV, and
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s
2|
o)
= =
:Ct, 1L +Qt‘ 1k
< T
g_ 0.50 ] *3. 0.5
= | &
© —— GPDs only 02t
0.10 - E
0.05 ‘ : : - 0.1 ‘ : :
[} 5 10 15 20 o 5 10 15 20
W [GeV] W [GeV]
(a) Q2 =1-1.5 GeV?2 (b) Q% =1.5—2.0 GeV?
10} ,
2| i
sl ]
= =
+ =~ +
Q@ < 1t .
T T
o o
= =
s 'f i 8 * 1
05f ]
L L L L 0.2} L L L ]
5 10 15 20 5 10 15 20
W [GeV] W [GeV]
(c) Q% =2.0 — 2.5 GeV? (d) Q% =25-3.0
2| i
2l i
= =
+ +~ 1F 1
Q 1F i Q
T T
S T os
>. S [ b
~— 0.5} - -
g g
02} i
0.2 b
g 1‘0 1‘5 2‘0 ‘5 1‘0 1‘5 2‘0
W [GeV] W [GeV]
(e) Q% =3.0 — 3.5 GeV? (f) @* =3.5-4.0
1l ,
=
+
Q. 0.50 1
N
o
=
5
0.10 1
0.05 ‘ . :
5 10 15 20
W [GeV]

(g) Q% = 4.0 — 4.5 GeV?

FIG. 14. Longitudinal cross section for the electroproduction of charged rho mesons (p™) versus W = /s in GeV. The blue curve
shows the evolved valence up and down quark GPDs, i.e., (6.11). The black data points are from 5.776 GeV CLAS [31].
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f;}w = fo+ =0.216 GeV. It is important to note that we

have assumed that the coupling of the p™ meson to the
proton and neutron (g,+,,) is zero and we have set the
s-channel contribution to zero, that is, Ny = 0.

In the comparison of our results with experimental data,
in Fig. 14, the black data points are from the 5.776 GeV
CLAS experiment [31] (see Fig. 4 of [31]).

VII. SUMMARY AND CONCLUSION

In this paper, we have presented a framework for
constructing general parton distributions at low-x and finite
skewness using holographic QCD in the double limit of
large N, and strong gauge coupling. We have first con-
structed holographic amplitudes for exclusive electro-
production processes, dominated by bulk spin-j gravitons
and vector or axial meson exchanges in AdS, which are
dual to pomerons and Reggeons in QCD, respectively. By
comparing the holographic exclusive amplitudes with the
corresponding exclusive amplitudes in QCD, which are
based on factorization theorems, we have extracted the
spin-j conformal moments of GPDs and constructed
the GPDs.

Using the holographically fixed conformal moments
of GPDs at the initial or low renormalization scale
U~ o~ 1.8 GeV, we have used one-loop pQCD evolution
equations to obtain their counterparts at a higher renorm-
alization scale u > u,, which enhances the perturbative
partonic content at low-x in addition to the nonperturbative
one captured by the holographic construction at the low
renormalization scale.

We have used our evolved GPDs to specifically deter-
mine the exclusive longitudinal electroproduction of neu-
tral rho (p°), phi (¢), and charged rho (p*) mesons, using
the factorization theorems in QCD, and compared them to
the existing data from CLAS, HERMES, and H1 experi-
ments. Specifically, in the data analysis of the longitudinal
electroproduction of p°, we have found that the holographic
GPDs (similar to previous GPD models) alone cannot
explain the low /s data, and we have accounted for the
nonperturbative physics coming from the s-channel.
We have successfully determined such nonperturbative

|

H4(x) = quark GPDs,
H4(x) = axial quark GPDs,
HY(x) = gluon GPDs,
Hgence (¥) =V
Zingle[ (x)
(x)

contribution in the s-channel using holographic QCD
and found that its contribution at low /s is in good
agreement with the experimental data. We expect the
holographic s-channel contribution to play a key role in
the future experimental extraction of GPDs at JLab and
future EIC.

Our extracted quark and gluon GPDs for fixed skewness
n provide explicit and detailed dependence on the kin-
ematical variables 7 and #, with their moments satisfying all
the polynomiality conditions in . They should prove useful
for extracting the GPDs using global data analysis and
carry detailed tomographic information about the partonic
distributions inside a nucleon after Fourier transforming to
coordinate space with respect to ¢.

Additionally, our framework can be extended to longi-
tudinal heavier vector mesons such as J/¥ and T, and
yields detailed predictions for exclusive processes such as
the electroproduction of photons in DVCS or the longi-
tudinal electroproduction of single and double axial
mesons.

In conclusion, this paper provides a powerful framework
for constructing GPDs at low-x and finite skewness using
holographic QCD in the large N limit. We have demon-
strated the potential of this approach for analyzing exclu-
sive electroproduction processes and provided useful
results for future experimental studies and global data
analyses.

ACKNOWLEDGMENTS

K. M. is supported by the U.S. Department of Energy,
Office of Science, Office of Nuclear Physics, Contract
No. DE-AC02-06CH11357 and an LDRD initiative at
Argonne National Laboratory under Project No. 2020-
0020. L. Z. is supported by the Office of Science, U.S.
Department of Energy under Contract No. DE-FG-
88ER40388.

APPENDIX A: NOTATIONS

Here, we summarize the key notations used for the GPDs
and their conformal (Gegenbauer) moments:

alence quark GPDs, which are H?(x) + H(—x),
= singlet quark GPDs, which are H?(x) — HI(—x),
= valence axial quark GPDs, which are H%(x) — H7(—x),
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f{‘l

singlet

q
Jj(valence)

q
[Fj(singlet)

J(valence)
Tq
F Jj(singlet)

[Fjg = conformal

APPENDIX B: KINEMATICS

Here, we summarize the pertinent kinematics for the
GPDs, see Fig. 15. Following [11], we define

1 1
51=§(q+q’), pzi(pﬁpz),
A=p-p=4~q (B1)
5 ~ 0? A-g
2__ 2’ — ., =7 B2
7> =-0 §=5,7 =20 (B2)
O, P=—-®. w—-2 (B3
2pi-q
2
Q2:%<Q2+Q’2+%>, (B4)
B Q2+Q12+A2/2
€_2Q2/XB_Q2+Q/2+A2’
B QZ_Q/Z
120 - O+ 07+ A (53
n_ (1.1 ~2_A72 2_ n ~2_A72
o= (1-))o-5 =45 o

FIG. 15.
B1)-(B7).

Illustration of the kinematic variables defined in

(x) = singlet axial quark GPDs, which are HY(x) + H?(—x),

= conformal (Gegenbauer) moments of valence quark GPDs,

= conformal (Gegenbauer) moments of singlet quark GPDs,

= conformal (Gegenbauer) moments of valence axial quark GPDs,

= conformal (Gegenbauer) moments of singlet axial quark GPDs,
( )

Gegenbauer) moments of gluon GPD.

and

B (B7)

(£ )0 - £/
(14+n)0* —EA2/2

We also introduce a pair of light-cone vectors such
that n> =n*> =0 and n-n*=n*n; = 1. They can be
chosen as

1 1
n=——(1,0,0,-1), n*=-—(1,0,0,1).
v : ooy

Any four-vector a* can be decomposed into its light-cone
components as

(B8)

a'=atn* +an+d), (B9)
with
a+Ea-n:L(a0+aZ), a_Ea-n*:L(ao—aZ).
V2 V2
(B10)
Scalar products are written as
a-y=ay =a'y +ay"—a; -y, (Bll)
The light-cone derivatives are defined as follows:
r=t r=Ct a=2C @1

APPENDIX C: QUARK AND GLUON GPDs FROM
THEIR CONFORMAL (GEGENBAUER)
MOMENTS

The framework for analyzing the evolution equations for
the GPDs consists of defining the operators in the OPE in
the representations of the conformal group. The conformal
operators transform multiplicatively under renormalization.
As a result, the anomalous dimensions of conformal
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operators are only labeled by spin-j, in reference to the
conformal spin of the composite operator [11] (and
references therein). In this section, we will briefly review
the relevant quark and gluon spin-j operators, which enter
the leading GPDs at twist-2. The spin-j operators are the
Gegenbauer moments of the various quark and gluon
GPDs.

1. Quark and gluon operators
a. Quarks

We define leading-twist bilocal quark operators as [11]

O (wi,wy) =y wi)wiwalrty(wy),  (C1)

0wy wy) = w(wi) Wi wilr riw(wy).  (C2)

where we have added the Wilson line in the adjoint
representation

.
Wi, wy]% = Pexp (g/ 1 dw"f"bCAj(w",Ol)>
wy
to respect gauge invariance.

b. Gluons

We define the two-dimensional tensors [11]

g/i_v = 9w — nyn; - I’lyl’l;, <C3)
€}J4‘D = e"ﬂ/’”gi-ﬂgj—vn;n(,, (C4)

where the totally antisymmetric tensor is normalized
as €912 = 1.

We also define the gauge potential in the light-cone
gauge

A =AY +IAY, A=A —iA, (C5)
and the gluon field-strength tensors
0YA,| = F™ —iF™ = i(F™ —iF™),
OTAL = FH 4+ iF ™ = —i(F™ + i),
FY, =F\"=iF",  F =F"+iF}", (Co)

with the dual gluon field strength defined as
Frv = 12eM° F

on SO that FTA =¢'Ft} for two-
dimensional transverse indices.

Using these definitions we introduce the leading-twist
gluonic operators [11]:

O%(wi,wy) = Fa" (wi)wi w]® g Fyt (w).  (CT)

O%(wy,wy) = Fa"(wi)[wi, w3 ]®ies Fyt (w3),

(C8)

2. Operator matrix elements and GPDs

We define the spinor bilinears [11] as

b=1u(py)u(p), b= u(py)r’u(p,),
W =u(py)r'u(pr). B =ua(p2)r"y’u(py).
" = u(p,)ic"u(p;), # = u(p,)ic*y u(py). (C9)

The matrix elements for quark operators can be decom-
posed in terms of the above spinor bilinears as

I o
(P2|O%(—w=,w7)|p1) =/ dxe™™P" { W HY(x, n, A%) + e* E4(x, 5, A%)}

-1

Similarly, the matrix elements for gluon operators can be decomposed in terms of the spinor bilinears as

F

(2| O%(=w=, w7)|p1) =

l . + .
=pt / dxe PV Fa(x,n, A?), (C10)
-1
~ 1 (e B
(PO (== w7)|py) = / dxe v LR B (o, A7) + 2 B (x,n, A7) |
l . + o~
= p+/ dxe™ PV Fd(x,n, A?). (C11)
-1
1 o
p+/ dx e (I H9(x, . A%) + e* E9(x.7. A%)}
-1
2 1 o
(P ) / dxe xp™w Fg<x’,7’ Az)’ (C12)
-1

4
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p [ o

p+
4

4>|~

(P2|O%(—w= w7)|py) =

—

3. Spin+ quark and gluon operators

Classically, massless 4D QCD is invariant under the
conformal group SO(4,2) with 15 generators (1-dilatation,
4-conformal, 4-translation, 6-Lorentz). The OPE expansion
on the light cone involves Wilsonian operators which
transform covariantly under the Lorentz group SO(3,1)
but not under the conformal group SO (4, 2). Since SL(2) on
the light front is a subgroup of the conformal group, a way to
reorganize the Wilsonian expansion is in terms of conformal
tensors of spin j = % (d + s) (the eigenvalue of the collinear
subgroup of the conformal operator) where the twist is
7 =d — s [11]. More specifically, the twist-2 vector quark
and gluon operators are (see Eq. 4.138 in [11])

. <
0¥ = (iory =y 3 (D /o ).

. ot
Q¥ = F*,(i07)2C32 (’D /a+> Fet, o (Cl4)
and the twist-2 axial-vector quark operator is
99 _ 1
B = g (io" )~y tysCY (D /a+) (C15)

Here D is the symmetrized long derivative on LF". C%(x)
are the Gegenbauer polynomials, a generalization of the
Legendre polynomials to (2v + 2)-D space. Their explicit
form in terms of hypergeometric functions is

n+2v+1\ /x+1\2
ao = (") ()
x—1

1 1
><2F1<—n,—n—y+§;1/+5;x+l> (C16)

with support in [~1, +1], and the orthonormalization with
weight factor w(x|v) = (1 — x?)*~1/2,
7F21_2”F(n+2y
(n+v)P?W)(n+1) ™"
(C17)

/_ dx(1— 3240y (x) Ct (1) =

4. Conformal moments of quark and gluon GPDs
a. Valence vector quark

The conformal (Gegenbauer) moments of the valence
vector quark GPDs are directly related to the matrix

/ —zxp wo Fq(x 1, AZ)

—lxp wo h+1:]g(x,l7, A2) + é+Eg(x”7’ A2)}

(C13)

elements of the spin-j conformal operators in QCD (see
Eq. 4.243 in [11])

j— 3/2
[F;Z(Vﬁlence)(n’t;ﬂ%):nj 1/ dXC/ < )Fgalence(x”/ht;ﬂ(z))
=(p")U " p2|0Y (0) 1)

forodd j=1,3,....

(C18)
The valence and x-even combination

Flgence (X113 12) = FU(x,m5 p%) + F(=x, 15 %)

stands for either HY . (x,n;42) or EZ . (x,n;p4%).

b. Singlet vector quark

The conformal (Gegenbauer) moments for the vector-
singlet combinations are also related to the spin-j con-
formal operators by (see Eq. 4.243 in [11])

j— 1 3/2
F ngten (7 1:43) = 177! A dxC2 (X p oo (51 1483)
= (p") U= (p,|0%(0)|py)  (C19)

for even j = 2,4, .... The valence and x-odd combination

Fpge (X p?) = FU(x, s p47) = F9(=x, 1 )

fo q o2 q L2
is either Hsinglet(x,r],,u ) or Esinglct(x,r],ﬂ ).

c. Singlet axial quark

The conformal (Gegenbauer) moments of the singlet
axial quark GPDs are related to the conformal operators
in QCD via (straightforward generalization of Eq. 4.243
in [11] for the axial GPDs)

- . 1 32 (X =
F ingten (1 5315) = 177! A dxC}l3 , Fligied 1,13 483)
= (p*)U=D"1(p, |09 (0)| py)

forodd j =1,3,....

(C20)
Again, the x-even singlet combination
Floga(on tu?) = FU(x,n, t;4%) + F4(=x,n, 1, 4%)

will refer to either HY o (x, 77, 1 4%) or EG o (X1, 15 4%).
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d. Valence axial quark

The conformal (Gegenbauer) moments for the axial-
valence combinations are tied to the spin-j twist-2 axial
operator (straightforward generalization of Eq. 4.243
in [11] for the axial GPDs),

1
~ . 3/2 X\ ~
ﬂr?(valence) (’7’ 5 Iu(z)) =n : /O dxcjil <5> Fgalence(x7 n.t Iu(z))

= (p*) U= p,|0%(0)|p1).

foreven j = 2,4, .... The x-odd valence axial combination

(C21)

Flne(xon 1:0%) = F1(x.n. t:4%) = F9(=x. . t: 4?)

will refer to either A7 . (x,n, t;42) or EL . (x, 1, 1; 4i2).

e. Gluons

For gluon operators, we have (see Eq. 4.284 in [11])

5 )
Hzalence(x’ n. t;’u%) . i—1 3 J—1
Ti= 7 ING (z)

forodd j = 1,3, ..., with

3/2 (X 2
X 3 X Cj—l (_> x ﬂ:j(valence) (’7’ L ,Lto),

-2 2(1/2)C(2v + j)

9 2 i [! 5/2 (X g 2
[Fj(ﬂ, tug) =2n | dxCjl5 ﬁ F9(x,n, t; ug)

=4(p*)~Um (] 0F(0) I p1) (€22)

for even j =2,4,....

5. Reconstruction of quark and gluon GPDs from their
conformal moments

The conformal (Gegenbauer) moments can be inverted
using their orthonormality (C17) to give the quark and
gluon GPDs at a given resolution in explicit form. We now
give the inversion with explicit support in |x| <#, and
briefly comment on the inversion in the full support |x| < 1.

a. Valence vector quark

The valence vector quark GPD follows by inversion (see
Eq. 4.242 in [11]),

X
.2
<5> [Fj(valence) (77’ I MO),

(C23)

(C24)

N;w) =

20+ 1)(v + ).

b. Singlet vector quark

Similarly, the singlet vector quark GPD is (see Eq. 4.264 in [11])

H‘I

1 X2 oo 1 §
) 1= Z j AN i - F, . £ u?
n - < '72) ) = 77J_l ]\7/_1 (3) J-1 <;7> X Jj(singlet) (77’ 9”())

for even j = 2,4, ....

The valence axial quark GPD is

I:Izalence (x’ r]’ t; M%) =

for even j =2,4,....

x|3
W(n|2) C3/2

l o8]
.2
singlet(x’ n.1 'uO) = z : - J=
n n 1Nj_1<%>

X
(ﬁ) ﬂr?(singlet) (’7’ 5 'u(z))

x C32 (C25)

X\ ~
> S vatence) (1 £3 15)

1 3/2 X ~
- ) X Cj—l <Z> X [Fj(valence)(n’ 5 'u(z)) (C26)
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d. Singlet axial quark
The singlet axial quark GPD is

Fra ) 5N W(ﬂ%) 3/2 (X =q )
Hsinglct(x"]’ t’in) = HZ i1 3 Cj—l Z X [Fj(singlet)m’ L H
=N j—-1 <§>
1 x2 - 1 1 3/2 (X ~
= Z X (1 - F) X ZN 3 X ;7/—_1 X Cjil ; X [Fj(singlet) (7], t,ﬂ%) (C27)
)
forodd j =1,3,....
e. Gluons
The gluon GPD is (see Eq. 4.264 in [11])
g 2 5N W<$|%) 5/2 (X g 2
H9(x,n, t; u5) :;Zﬁcj_z " Fi(n. 5 15)
=2 N, (z)
1 .X2 2 - 1 1 5/2 X 2
:;X (1 —F> 22’1]—_2)( 5) XC]—Z( ) X[Fg(l’[, t’/’t()) (CZS)
=

for even j =2,4,....

APPENDIX D: RG EVOLUTION OF QUARK AND
GLUON GPDs IN QCD

1. RG evolution of nonsinglet (valence) quark GPDs

The leading-order RG evolution of Gegenbauer
moments of valence (nonsinglet) vector quark GPDs is
given by (see Eq. 4.244 in [11])

2 qq;Y;Ns//}]
ooy ) 0‘;(/40) Yoy I
[F?(V&lence) (n’ Lu ) - [F?(Valence) (’7’ t’/uO) X (a‘ (/42))
s

(D1)
for odd j = 1,3, ..., where the input valence quark GPDs
i vatence) (1: 13 445) are given in (2.10), and the vector non-
singlet anomalous dimensions are

. 2
qq:V _ _ _ .
o) = CF< 4W(]+2>+4W(1)+7(j+1)(j—|—2)+3)'

(D2)

The Euler y-function is given in terms of the harmonic
numbers

n—1

W) = S nT(m) =y(1) + Y,

k=1

(D3)

with the Euler constant yz = —y/(1) = 0.577216.

The leading and one-loop RG evolution equation for the
valence (nonsinglet) vector quark GPDs is given by (see
Eq. 4.240 in [11])

d
i Hoaence (1. 1 47)
) [ o
= — —k -, Hvaence /R ‘f‘(')as '
2 oy 0y e )+ O(ad)
(D4)

k?g) (x/n,y/n) is the leading-order quark-quark generalized
exclusive kernel (see Eq. 4.38 in [11] for its explicit form),
with Gegenbauer polynomials ij 21 (x) as eigenfunctions,

Ldx 3 <x> " (x y> agN 32 <)’>
C}_ — 1k -, =] = ’A_ C-_ - . D5
/_177’171(0)7171 fo- Gl ) (B9)

Conversely, since the exclusive kernel is diagonal in the
Gegenbauer basis which is complete in L*[—1,1], the
explicit solution to (D4) is (see Eq. 4.242 in [11])

Hzalence (X, n, L ﬂz)

o Wil

: i 3/2 x .2
:Ezlmcj—l E l]:]q(va]ence>(7'], t,/,l )
j= —

(Do)
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for odd j=1,3,.... Here the weight and normalization
factors are
w(xly) = (1 = x?)~1/2,
I2(1/2)r(2 -1
Nj(v) =217 (1/2r@v+(i-1)

PG -D+ D+ -1)

2. RG evolution of singlet quark and gluon GPDs

The combined singlet vector quark and gluon GPDs,

Flge(om, 15487
F(x,n,r;;ﬂ)z(Zq st 61 5 )>, (D7)

F9(x,n, t; 42)

evolve in leading order as (see Eq. 4.264 in [11])

F(x,n. 1:4°) i <> (. t;4%) (D8

=2

with the matrix valued coeffcients

C(ELd 0
Falr) = < (N NE )
)

w(x|v
Ej(x|v) = N,(u)

for even j = 2,4, ...,

(D9)

Note that we do not need to reexpand the GPDs using
additional orthogonal polynomials, since our input
GPDs are nonzero only for —n < x < 7. Equation (D8)
is invertible

v (R (/) 0
F;(n, 1;4%) :/ dx 5/2
0 0 W2 C (x/n)

x F(x,n, t; %), (D10)

thanks to the ortogonality and completeness of the
Gegenbauer polynomials.
Equation (D10) evolves as (see Eq. 4.271 in [11])

Fi(n. ;%) = € (W, 15)F;(n, 15 15),  (D11)

with the evolution operator

a, 2 7?/ﬂ0 a, 2 7;/ﬂ0
8.,<(u2,/4(2))=P.,-+< (”°)> +P;< (”0)) . (D12)

o (1?) o (1?)

given in terms of the projection operators

+ _
Py =

+1
—(r0); =77 )

(D13)
i =7

constructed from the eigenvalues of the leading-order
anomalous dimension matrix

Yoy Yo
J J
Yo = ( 99 99 ) (D14)
Ti 1)
as
1 2
+_ [, 99 a9 _ 99 94 .49
7P =3 <7<o>j Tro,E \/ (vl — i) + 4y<o>17<0)j)-
(D15)
The projection operators have the properties
£\2 _ p= +p- + - _
(P7)* =Py, PiP; =0, Pr+P; =1, (DI6)
and
7(0)) —}/JP++YJP_ (D17)

Note that, at leading- = order, the evolution operator
satisfies the equation (see Eq. 4.272 in [11])

d 2,2 1 2 9
dina.(u?) ! = =2 710);¢; DI
dlnax(ﬂz)“:]('u Ho) 7o 70, €i(u* u5)  (D18)

with the boundary condition

1 0
g 1=, | )

In addition, the leading-order diagonal anomalous
dimensions are given by (see Eq. 4.152—4.159 in [11])

. 2
qq;V .
V— —Cp( =y (j+2) + () + 43,
Y(0); F< w(j+2)+4y( )+(j+1)(j+2)+ >
(D19)
24 3j+4
99V _ _ 24N, T J ) D20
o TrGrng oGy 0
.2 .
: Jjo+3j+4
G ./ S S (091

3+ 1) +2)
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) (—4w<j +2) + 4y (1)

P +3j43 ﬁ0>

GANG+2G+3) ) PP

and

. 2
qq:A ;
= —( —4 +2))+4yp(l)+—m—n——

(D23)
A4 — _ 24N TF% (D24)
o S VERVE)
9aA _ J+3)
== Cpo D25
GO TR ES E

A . 8 ﬂO
Y0y =—Ca (—41l/(]+2)+4l//(1) +m—a)-

(D26)
We can rewrite the RG evolution of the singlet

Gegenbauer moments (D11) more explicitly in terms of
|

(1 -
2 Y0)j-1 ~¥j-1
Fiin.t;4%) = 4——— ( 9 F(n.t;p5) %
Viet —Vj Y(0)j-1

the projection operators as

F;(n, t;4%) = P} F;(n, 1, u5) ¥ <

— as(ﬂ) }’;_,/ﬁo
-l-Pj_]Fj(n,t;y%)X( ‘ g) . (D27)

ay(u*)
And, using
aq ¥
+2 Y(0)j-1~7j-1
P F(’?JMO)—— ’ F(n.t:p5)
99
Y J/j 1 7(())]'_1
(D28)
with
1 7
0)j
Ffw,r;uo)——#w’( 543),  (D29)
4yd Y(0); yj 1

we find the evolved singlet quark and gluon GPDs in matrix
form as

as(ué))ﬁ-l/ﬂ(’
o, (%)

-2 Y (0))- 7’] 1\ a,(u)\ 7i-1/Po
++__< 94 Fj(ﬂ,l;,u%)x S( g) ,
Vi-1 = 7¥j-1 Y(0)j-1 s \H

279 77.) S U7 o

Y=Y Vi—1/Po Y-y Vi—1/Po
_ j=1" =1 Fjr(i’], l;ﬂ(z)) (as(ﬂg)) -1 i j=1"Tj=1 F]_(”], t;,u%) <as(ﬂg)> -1 7

2(}/%1)]._]) A (/’4 ) -2 (y{g)j_]) N (/’l )
Vi YT

2(7?(?),‘—1_7;—1) (Mo) R -2 (7'?(?)/‘-1_7;—1) — N KA. 7i-1/Po
J’;]—J’/ll F ('I’ t IMO) ( ) 7;1_7;1 F/ (’77 t’ IMO) ax(ﬂZ)
2(7%])1'71)

/Po
as(ug) | !
yjf_l_ylf_l F (’%f MO)( ( ))

2(y% —y a /P
et i 08) (2

I —2(7’4::(;]),:1t7;1) F (’1, u 0) (mgﬂ ;) - 1/Po

_2(7%{)]‘71) — as u3) 7i1/Po
YT Fj (77’ H 0) a,(1?)

Vil jm Vi ™V (D30)
0 2bm) ai) |, 2,) a )\ 71/
7’71 J- j-1 F (11,1 //lo) ag(p ) + Vic17V -1 F (”’t 'MO) ag(p )
Therefore, we explicitly find
Z[F?(singlet) (n’ 5 Mz)
2
Fi.tp") = | ¢ , (D31)

g .2
ﬂ:/(i’], t,/«l )
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where Z[F;?(Smglet) (n,t;14%)

Z[F?(singlet) ('7’ Lu 2)

q

2(7‘”- -77 ) 2V\ 7, /8
(0)j-1 j—1 a (/I ) Vj-1/Po
xfij<n,t;ug>x( : 0)

9  _ - + -1 as(ﬂz)
X T - xXr; (n, t; ) < 2 oy ot N -
Vi1 =V ag (1) 1 Y0)j-177j=1 _ ) g (u3)\ 71 /Po
+5Xx T - x[F; (n.tsp5) % | =% ,
(14 - 3 Vi-1=7j-1 ' ay (1)
Yoy ~1m1) F=(g.1.2) (%(ué))yf'-'//’(’
7j—1 — V-1 / 0 a, (1) (D34)
(D32)
F(n, t; u*
2(7?3) 1) (u2) Y/ Po ](’1 "
i as(uy) \ 7 9q +
[Fg(n,t;ﬂz)mij_xﬁ(n,t;ﬂz)x( ) 2\7(0) 1) ay(u3)\ 71-1/Po
! y;r—l —Vj-1 ! 0 as(ﬂz) =2x % X H:Jr(’?,t ﬂo) X ig) 1
y} 1 }/] 1 a\(l'l )
—2(;/ . ) 2\ 7. /B
(0)j-1 _ ay(pug)\ 71" 9q )
X F; (. tsp5) % ( ) =2(7(0)j-1 a,(u2)\ 1i-1/Po
7j+_1 —Vj-1 ! 0 as(ﬂz) +2x ﬁ X [F;(’?’ t§/"(2)) X (al EZQ;) :
(D33) j—1 j—1 s (D35)

for even j = 2,4, .... Note that we fix the proportionality
constants in the above equations (D32) and (D33)

) . 5 5 Finally, in terms of the evolved conformal (Gegenbauer)
by demanding that Zq IF j(singlet)(ﬂ, typu* =pug) =0, and

moments (3.3)—(3.4), the evolved singlet quark and gluon
[F?(’% LU= pp) = ":?(71, Lug), ie. GPDs are given by

3
1 & W(%b) 3/2
ZFZinglet(x’ n, t;,uz) = _Z . 3 ( ) Z j(singlet) ’7’ Lu )
q =y Nj—l <§) q
1 x2) =, 1 1 (x)
=—-x[(1—-—=]x —— X< X l’],tﬂ) (D36)
n < ’,]2 — ’1J 1 Nj_l (§> n Z j(singlet)

q

and

1 X2 2 = 1 1 5/2 X g )
n . Nj—2(§> n

3. Evolution of quark and gluon GPDs to the asymptotic regime g — oo

For completeness, we summarize the asymptotic forms of the GPDs at infinite resolution, which are fixed by the free
parton model and are dominated by the leading spin-1 or spin-2 Gegenbauer moments. More explicitly, the asymptotic
GPDs for nonsinglet (valence) quark GPDs are (see Eq. 4.245 in [11])

3.1 2
Hence (1. 1: 47 = 00) = 7 <1 _;_2> x F(1) x 0 = [x]),
J 5 3.1 x? J
El jence(Xom, 17 = 00) = 15X 1 == | x F3(t) x 0(n — |x|). (D38)
n n
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For singlet quark GPDs, they are (see Eqs. 4.289 and 4.290 in [11])

15 N 1 x?
S HY (o, 14 ==L x-x(1-5
a1 1467 ) 44CF+NfX'7X< nz)
15 N 1 x2
g El R —— s —x(1-5
 Fng 0 610 = ) =46, < n2>

And, for gluon GPDs, they are (see Eqs. 4.291 and 4.292 in [11])

15 4C
Hg(x,r],t;,uzaoo):—in—x 1
15 4c, 1
E!} ) 11; 2 = Y A~ - 1_
(o 6% = o) 84cp+NanX<

4. Matching A in soft-wall holographic QCD
to A, (u3) in pQCD
In our previous work [8], we fixed the "t Hooft coupling
A = 11.243 in the soft-wall holographic QCD by using the
photoproduction data for J/'¥'. Now, we suggest to map this
fixed and large ’t Hooft coupling in holographic QCD to the
running ’t Hooft coupling in pQCD, which will allow us to
determine the value of the initial scale p,. More specifi-
cally, the running 't Hooft coupling A,(u3) = ¢?(u3)N. =
ay(u3) x 4 x N, at y = py maps onto

Ae(pd) = 2 =11.243 (D41)
which translates to
As(U3) y) 11.243
2 s\Ho
= = = = 0.298. D42
o () 4zN, 4zN, 4zN. ? ( )

This result is remarkably close to the value of % commonly
used to initialize pQCD evolutions. This is welcome since
our holographic description is set to describe the non-
perturbative physics at y. Therefore, using a, (43) = 0.298
in the two-loop exact transcendental equation for the QCD
running coupling constant a,(u?) [11]

(_

2

n —_—
AZ_
MS

4z

0%s (/‘2>

_ 4 —éln
as(/’ﬂ) /)70

By -&> (D43)

Il

with

1 x
x—x 2 SO AL 1) + 2Dy (0) ] x 001 = Ix1),
non 4
1 x
x2S E (1) = 1PD, (1) b x 00n = ) (D39)
non 4
X2 2
-5 {0+ 7D, x 0l b
xZ 2
772> x {E,(0) =D, (1) } x 61 ). (D40)
4 11
[7)0 = gTFNf - ?CA’ (D44)
10 34
By = 3 CuN; +2CpNy — 3 C3, (D45)
and
1 N2 -1
TF - 5, CF = 2NC N CA - Nc’ (D46)

we find the input scale p, = 1.808 GeV (or uj =
3.269 GeV?), using N, = Ny =3, and Ay = 0.34 GeV.

APPENDIX E: EXCLUSIVE
ELECTROPRODUCTION OF MESONS AND
PHOTON WITH TWIST-2 QUARK AND GLUON
GPDs IN QCD

In this section of the appendix, we review the various
amplitudes for electroproduction of mesons and photon
with twist-2 quark and gluon GPDs in QCD.

1. Electroproduction of vector mesons with twist-2
gluon GPD in QCD

In pQCD, the twist-2 gluon GPD drives the near-forward
electromagnetic production of heavy vector mesons
such as charmonia and bottomonia, in the Regge limit,
as illustrated in Fig. 1(a). More specifically, the gluon
GPDs contribution F9(x, 7, t; 4?) to the longitudinal vector
meson electroproduction amplitude is given by (see
Eq. 282 in [14])
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1
% _ ALL __ 20,2
€1u€1, T i(with gluon GPDs) = 'Ag]uon exXo 3 X m X g5 (W )N, x é

L F9(x,n, t; u?) 1 1
{/ dzZe l—z} /_ldx X §—x—i€_§+x—ie' (E1)

In leading order in 1/Q and a,, the meson structure function enters as a constant through the integral of the pertinent quark
flavor combination in the meson DA ®9(z). On the light front

_ pt
bt =a(py)y u(p,) o iu(p2)u(p)s
N

and ignoring the Pauli contribution EY(x, 7, t; u?) to F9(x,n,t;u*) for Q > /—t, we have

h* 1 _
Fi(xn, top?) — HO(x,n, ;%) = HO(x.n, %) X 5— x i(pa)u(ps). (E2)
p 2my
which simplifies to
I 1 1 1 U CHI(x,n ) 1
ALL (&1, p%) = e X — X —5 X — X A( {/ dz ] —x/dxéx—xﬁp u(py),
gl ( ) 4 N% Q ; qZ(l—Z ‘52 0 (1_2_;) mN ( 2) ( 1)
(E3)
where we have defined the running 't Hooft coupling constant in QCD as A,(4?) = ¢?(u*)N..
The gluon GPD at y = u, can be written in terms of their Gegenbauer (conformal) moments I]:j(_2 (n,t; ) as
re Gl
HI(xn, tpg) == ) ——1—=C; 2( )[Fg(n,t H3) x 0(n = |x]).
n J:Zz WN; () T\
1 x2)2 - 1 1 5/2 (X>
L (1) x> % % €2 (2 X Fn,1:8) x 001 - [x]), (E4)
n ( s ,;n” Nio@) ™ ) 0
for even j = 2,4, ..., where we used the weight and normalization factors as

r2(1/2)r2v + (j —2))

w(x|v) = (1 = x2)p-1/2 (y) = 21w .
a2 PWI((j-2)+ )+ (j-2))

And, using the conformal expansion of gluon GPDs (E4) in the amplitude (E3), we find

11 1 I 9(z) 1 Lo HI(x,n, 1)
gluon(g L) =e X7 xN% xQ—OxiS(lﬂ) X {A dz;eqz(l —z)] X {?xl dx4(1 _ ) 0

52

. : |-
. 548) + iAo ) | % ()

111 ! ®1(x)] 1
:exeN—%xQ—Oxﬂx(uz)x {/) dzzq:eqz(l—z)] xm—qu(pz)u(pl)

2\ 2
& 1 ndx(l—i;—z) e o
Sty | _4;(2)”"2(%) Pl tsd)

5
= i-23 n (1—?

+ inHI(E, 0, t; p5) + imHY (=1, f;ﬂ%)]
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I 1 1 DI(z 1
zexé—th2 Qox/l(y [/ dzZe ]xm—xﬁ(pz)u(pl)

N
© l 1 5@ x_2 5/2 g o,
x ;(gj x N, () x [A & (1 B 52) x i 2(9] x F(E, 1 u5), (E5)

where in the last line we have used n ~ &, and dropped the izHY contributions as they vanish in the Regge kinematics.

2. DVCS with twist-2 quark GPDs in QCD

The leading order pQCD deep virtual Compton scattering (DVCS) amplitude written in terms of quark GPDs in the twist-
2 approximation is given by [11] (see Eq. 5.32 there)

T
with quark GPDs —

Ty q/ deCq x, &) { P q)S" P, Fi(x,n, A) + ie"°p, (xF,q,(x,n, A))}

1
2p-q

deCq H(x, f){Zze"”f"’q,,Fq(x 1, A)} (E6)

The tree-level coefficient functions are

T R R S1C [M) (E7)
0) E—x—ie E+x—ie
and the distributions in the twist-2 approximation are given by
p ht e’
P 8) = (o H 50, 8) 4 B 8) ) = x P, ), (E8)
- ht - e .
Fp(‘x7 7]7 A) = pp (p_+Hq<x7 ’/Ia A) + p_+Eq(x7 7]7 A)) = pp X Fq(‘x’ 7]’ A) (E9)

a. Vector contribution

By contracting (E6) with the transverse 77 polarization tensors, we can separate the vector contribution to DVCS as
1
eTﬂe?uTl\i/l;th quark GPDs — —€r- €T / dxch[ )C é:) X p X Ft](x , A) (E]O)

The singlet vector quark GPDs at y =y, can be written in terms of their conformal (Gegenbauer) moments
q Ty
' singter) (1 T 115) s

I W (E %) x
Loy 1 3/2 _
H;]inglet(x’ n.t //l%) - Z AN C; <_> [Fj(singlet) (’7’ 5 ﬂ%)

_ J=1
M= IN;_ (%) n
1 x2 © 1 1 3/2 X q 2
< (1-5) Xy [ ) Pl @)
i=1\2
for even j = 2,4, ..., where we used the weight and normalization factors as

r2(1/2)r2v+ (j-1))

wixly) = _x2y—]/2 () = 1-2v : : .
() = (=0 N ) = 2 B R G = D+ D0+ (= 1)
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And, using the conformal expansion of singlet quark GPDs (E11) in the vector part of the amplitude (E10), we find

) 1 1 2x
€TM€/TDTI\:VL;th quark GPDs — —€r- €/T X N? X 2mN X u(p2)u(p1) X 5 |:/0 deQCZI X 52 —x2 X Hginglet(x’ , t;l“(z))
q

- mZQz X Hinge(6:11-1:45) + i”ZQ2 X Hpgier (=11, t;,u%)},
q

2

1 11 &1 1 ndx%(l_;_z) e
= —ep- € X NO X —— X ii Sex Y x——x2| [ L (=

52
X ZQé X [F;{(single[)(n’ I;M%) + l”ZQS X Hginglet(f’ n M%) + i”ZQz X Hgmglet( 55 m, t;:u(z))
q q q

1 _
~ —er - €p X N X%X iu(psy)u(py)

=1 1 ¢d
XZ?(N._ 3 XM ?xxg 13/21< )] ZQ2 singlen) (6 13 3) (E12)
J=1\2

J=2

for even j=2,4,..., and, in the last line, we have used n~¢&. The izHY contribution vanishes at &= 4.

b. Axial contribution

By contracting (E6) with the longitudinal-transverse LT polarization tensors, we can separate the axial contribution to
DVCS as

eLﬂelfkuT/:vI;lh quark GPDs — 2p q/ ZCC[H] )C 5){614# X 2lgﬂVP5q p S F ()C n, A)} (E13)

The singlet axial-vectror quark GPDs at y = p can be written in terms of their Gegenbauer (conformal) moments
=y o
[Fj(singlet) (’7’ 1 /"()) as

~ 1 )C2 - 1 1 3/2 (X
ZQ%IHZingla(x’ n. [;ﬂ(z)) =-X (1 - _2) X 273 X X Cjil " ZQ(I Jj(singlet) (77’ t;ﬂ%) (E14)
. n n =g ( ) " n

forodd j = 1,3, .... And, using the conformal expansion of the axial-vector singlet quark GPDs (E14) in the axial part of
the DVCS amplitude (E13), we find

1
1% Y _ /% 0 P oHUPO 7 . y +
€Lﬂ€TbTwiﬂ1 quark GPDs €Lu€ry X Nc X 1€ 46Pp X p+ X u(p2)7 ySu(pl)

xéxfx {/l

T iﬂzQ%IFIZinglet(_é:v n,t, ,Lt%):| s
q

% D03l ) + i G365
q

1
= ep,€l, X NO X igh°g,p, X — P i(py)rtysu(py)
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3
5 &

2
2 Zoo 1 2 "dx ;2 3/2 E: 274 c2
X @ X '7]_1 x X o N 1-— ﬁ Qq[F] (singlet) ’7’ L ﬂO)
=LA () :
j—1

+MZQ4 Sngte (8113 ) +’”2Qq Singlet( f,n,t;ﬂ%)],

. - |
R €p,€l, X N X ie"’°G,p, X e i(py)rysu(py)

(5]

4 1 1 ¢d
XQZXZ&'IX(S)XM Tah(3)] - D03 (1~ . 1:40). (EL5)
2

=1 N,

J

for odd j = 1,3, .... In the last line we have used 5 ~ & and dropped the izH in the Regge limit.

3. Pair meson electroproduction with nonsinglet (valence) vector quark GPDs in QCD

In leading order in «,, the amplitude for electroproduction of a pair of pions (or any other pair of mesons) in pQCD
is illustrated in Fig. 2(a). It is given in terms of gluon DA of mesons, and quark GPDs as (see Eq. 283 in [14] and Eq. 10
in [32])

2xdma, 1 1 DI(z)

1 1 1
LL s by k) ; = —— d d Fq ’ ’t; 2 : E16
A (5,2,Q.€5m,,) =ex N 0/, Zz(l—z)x/_1 xzq:Qq (.7 'u)Lf—x—ie—'—f—i—x—ie (E16)

Y p—rap

In leading order, ®Y(z) is the gluon distribution amplitude for the emission of two pions, with z a gluon-parton fraction of
the 2-pion longitudinal momentum in the final state. F¥(x, 7, t; ) is the unpolarized and skewed quark parton distribution
in the nucleon, with both skewed Dirac and Pauli form factors. In the Regge limit with s > —, we can ignore the Pauli
contribution and rewrite (E16) as

2¢°N, 1 ®I(z) 1
LL . — s
AJ’ P—)ﬂl[p(‘g? I8 Q7€L,m7m> =ex N% é |:/ dZZ(l—Z):| szqu(pZ) (Pl)

1 1 1
[ a0 02 |+ . (E17)
q

x—ie &E+x—ie

The nonsinglet (valence) vector quark GPDs at y = u, can be written in terms of their conformal (Gegenbauer) moments

2
lFJq'(Valence) (’77 t ,Uo) as

Hgalence(x .t ﬂO = _Z )’

) 3/2 (X
(3) Cjil <;) [F;?(Valence) (’/I’ t;:u(z)) X 9(7] -
2

2

1 X2> l l 1 3/2 (.X)
=X [(1=-5]|xY —x—F<xC/5 =) xF n.tu3) x 0(n — |x|), E18
n < ;/]2 g -1 Nj_l <3> J=1 n j(leence)( 0) ( | ( )

for odd j =1,3,..., where we have used the weight and normalization factors as

_ - _ 2(1/2)r2v + (j - 1))
w(xjy) = — x2)1/2 - (p) =21- '
(o) = (1 ) ’ Nj-i(v) =2 (G- +D)E+(G-1)

And, using the conformal expansion (E18) in the amplitude (E17), we find
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2 1 1 DI(z 1
ALLp—»n'ﬂp(s’t’ QO’eL;mmr) =exX iS(MO) Xm XQ_O X |:/(; dZZ(l (_>Z):| X M S l/l(pz) (pl)

|:A dxf 2% ZQq Valence(x nt ”0 + lﬂZQq valence(é: 1,1, ﬂO)
+ iﬂZQqH\(ialence(_g, , [;ﬂ%):| s
q

=e></1s(uo)><l><i>< Mldz a0 } XLX'(pz) (P1)
1

N2~ Q Z(1=2)] 2my

2
ndx - 2_2 32 (X >
—X 1 2 x Cj—l o x z :Q‘I[F?(valence) (’7’ B lu0>
o7 —-= n P

52

2 1 1
X —xzﬁxix
R

+ iﬂZQqHzalence(g’ n, t;,u(%) + iﬂZQqHzalence(_g’ n.4 lu(z)) ’
q q

N 4 1 L ®I(z) 1
Nexﬂs(,uo)xN—%XQ—OX {/0 dZZ(l—Z)] XMX”(PZ) u(p1)

| 1 £dx X
T [ | Fen (gﬂ %S0 e (1~ &8, (E19)
j—1\2 q

forodd j = 1,3, .... In the last line, we have used n ~ &, and dropped the izH? contributions as they vanish in the Regge
limit.
4. Neutral pion electroproduction with nonsinglet (valence) axial quark GPDs in QCD
In the leading-twist expansion, the pQCD electroproduction of neutral pion (z°) in Fig. 4(a) can be written in terms of the
meson DAs and the nucleon axial quark GPDs (see Eq. 230 with Eqs. 231 and 232 in [12])

Cr 1 1 1o@,(2)] 1 - i
A;‘*’I;y_)”()p(s,t, 0.¢,€;) =ex N—i X 5 X (4ray) Xé X [A dz - ] X p—Jr{A,[oNh+ —l—BﬂoNe“L}, (E20)

where @,0(z) is the pion distribution amplitude (DA),
1

-1 . . 1 1
A = _ H" 2\ — H4 2 _
ﬂoﬁ . d'x\/z(Qu (X,”],t,/«t ) Qd (X,I’],t,/l )>{§—x—i€ §+X—i€}’

[ B - 1 1
Bo — d—( Ev(x.n. 1:4%) — QB4 ,,t;2> - . 21
p . x\/i Qu (XI1 /'l) Qd ()Ci’] ,Lt) .f—x—ie §+X—l.€ ( )
1

Using the Casimir Cr = Aél\; = ‘ in the large-N,. limit, and defining the ’t Hooft coupling constant as g°N,. = A, we can
rewrite (E20) as

11 1

1 1
ALL (5,1, 0,€1,€)) =€ X =X =X — X A xéx[/ dz
0

D,(z) 1 —1
v p—r’p 2727 N,

X — X U Tysu X —
. = (P2)r*rsu(py) 7

1 1
E—x—ie E+x—ie

X / dx(Quljlzalence(x’ n.t ”2) - nggalence(x’ n.t /’tz)> { }’ (E22)
0

where we have ignored the Pauli contribution for s > —t.
The nonsinglet (valence) axial quark GPDs at 4 = p can be written in terms of their Gegenbauer (conformal) moments

|}Af;{(valf:nce) (77’ t; ﬂ(z)) as

086026-43



KIMINAD A. MAMO and ISMAIL ZAHED PHYS. REV. D 108, 086026 (2023)

! ) an ()
Hgalence <x’ "E Mé) “ ﬁ Cj_l _ [F?(valence) (’7a t;ﬂ%)
= n~ Nj_l(i) n

3/2 (X =
x €3 <;> X Fatence) (1 15 13) (E23)

for even j = 2,4, .... And, using the conformal expansion of axial-vector valence quark GPDs (E23) in the z° production
amplitude (E22), we find

1 (2)] 1 ~1
L 272N, 2,

1 1 1 I ®
ALL 5,6,00,€1,6/) =eX=X=X—XJ x—x[/ dz X — XU Tyeu X —
( Qo €L, €1) s (Ho) o B Dt (P2)rFrsu(py) /2

1 2x . y
X |:A dx 62 — 52 X (QqualenCe(xaﬂv t;,u%) - Qngalence(x’ 1, t;/,t%))
* iﬂ(Qul:Igalence(é’ > t;/,t%) - nggalence(g’ n,t /’l%))
+ l.ﬂ'(QuHCalence(_g’ n, t’ lu(z)) - le:li,ialence(_g, n, t, ﬂ%)):| s

—eXlX—XiXﬂs(ﬂo)inOX [AleCI)ﬂT(z)] XPLX”(PZ)J’ rsu(pi) X \_/15

2 &1 1 £ (1 —%)
x{—xzﬁxix[/”gig XZ XC;/%()}
5 =2 n Nj—l (%) o n 1- z n

(QM j(valence) (’1’ 5 IMO) QdﬂN:}l(va]ence) (’7’ 5 /’t%))

+ i”(Qui—‘Isalence(é:’ n,t M(2)) - Qdﬁgalence(f’ n, L /’l%))

+ i”(QMI:Izalence(_g’ n5 H(Z)) - Qdﬁgalence(_g’ n, t;”%)):| ’

~eX

11 1 1 @(z)} 1 1
— X — X Ay X — X dz—= X — XU Tysu X ——
gy astio) x| [P ety psuton) <

bt ()

X (Q”[r:;(valence)(” ~ 5’ L ﬂo) Qd Jj(valence) (’1 g 5 ﬂO)) (E24)

for even j = 2,4, .... Again, in the last line, we have used # ~ &, and dropped the izH contributions.

APPENDIX F: DETAILS ON THE RESUMMATION BY THE j-CONTOUR FOR GLUON GPD
CONTRIBUTION IN THE ELECTROPRODUCTION OF p°

1. Resummation by j-contour

We first rewrite the sum over even j = 2,4, ... in (4.23) as

LL(gluon) ’ d]1 +e_i”j 1 1 . g )
LU €, == | = = ; (&1
Ay*p—»pop (S Q €r €L> c 4; sinzj X é/ X F(Ag(]) _2) XNg(]) X 1(5 H )
1 1
x e X fi, xa,(u) X = x X i u , F1
Iy s (1) 0 2\/5”11\/ (p2)u(p1) (F1)
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where the contour C is at the rightmost of the branch [fij?(g, t;,uz) = F(Ag(j) —-2)x ﬂ:?(g, t;,uz) (F2)
point of
1 _ 1 to make explicit the branch point at j = jj, =2 -2/ Vi,
T(A,() =2) T(V2A4( - Jog)'?) ' originating from the holographic input conformal
(Gegenbauer) moments of gluon GPD at y = py ~ Q.
and leftmost of the poles at even j = 2,4, .... Here we have We now evaluate the input gluon GPD part of the
defined evolved gluon GPD
|
LL(gluon) ’ d]l + e 1 1 . ~g s
* 5 , ) ) = - . B . i . F ) ta
A}’ [7_’/)0]7 (S Q €L €L) c 4l Slnﬂj X é} X F(AQ(J> _2) XNg(J) X ‘/(5 /’t )
1 1
X e X fi, X ay(u) X —= % x u(py)u(py). F3
fy < as(u) 0 2vamn (p2)u(pr) (F3)

by wrapping the j-plane contour C to the left

ALL(gluon)(s’ . Q’ €. G/L) ~ _/

Jodjl+e™ 1 1
7 r—p"p 2

W20 sinzj & ()
|

<X fy X () X X5 i paul). (F4)

| sy x B2Ge 1)

where we have defined

iy = i\/2V(jog — J)-

For y — 0, we may approximate ﬁ ~ iye'’e¥ with the Euler constant y; =~ 0.577216 and write Im[ﬁ] ~ycos(ypy) ~
sin(y) for y — 0 or j — jo, Therefore, for j — jg,, we find

LL(gluon . ~ 1 1 —
AL (5.1 Qe ) RN o Y, (& 150) x ey (1) 5 Jom Hpu(p)
odjl4 e 1 \/7
><—/_00 2sin;zjxf§jxsm< 2\//_1(]0_(1—])>. (F5)

2. Real and imaginary parts
We separate the amplitude (F5) into its real and imaginary parts

ALL(gluon) (s.1,0.€5. €,L) = ALL(glon) — Re [ALL(gluon)] + iIm [ALL(gluon)] :

v p=p"p
N 1 1
Re ALL(gluon) =N (i x 9 A 2) % / X = —
[ ] g(JOg) Jo_q(‘f p*) x efyag(p) QT/ZmN iu(py)u(pr)
Jodjl+coszj 1 . . .
X—/_oo TTﬂ-‘jngS1n< 2\/1(.]09—])),
. 1 1
Im[ALLEomT — A7 (o) X B (1 42) x eflya,(p) =——=——1i u
[ ] g(]()g) ,0_[,(5 1) fvas(u) Q2\/§mN (p2)u(pr)
Jogdj 1 . . .
X / o x sin( \/2VA(jo, = J) |- (Fo)

With the change of integration variable y> = 21/1 (Jog — J)» we turn the imaginary part into a Gaussian integral that can be
evaluated exactly [with 7 = log(1/¢)]
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Ny 1 ) a0 -
m{ AL = 7o) B, (8. 142) x efa ) 5 wgwm>x5;x[mzﬁﬁyeWﬂﬂax
. 1 —2ﬂ/4?
= Ny (og) % U:Jgog(f? tu?) X ef/VaS(ﬂ)éN—Tmﬁ( p2)u(py) X 57 X (\/_/2”)1/2 W (F7)
N

We compute the real part of the amplitude Re[.AZL(glon)]
by first expanding its prefactor near j = 2

1 4+ cosxj 2
S a(j-2)

and establishing the identity 0;[e~**Re[AlL(EoM]] =
—(2/x)e>Im[ ALL(go)] which gives us an approximation
for the real part

+0(-2). (F8)

sinzj

Re[ALL(gluon)] NN’ o (iog) X [F (5 t;u?)

1 1
X ef/VaS(ﬂ)EZ\/_Tm
N

x (Va/2m)'/? xé—lz

iu(pa)u(py)

. ~/26—2i’/ﬂ—ﬂ/2i’

Small corrections in the order of O(Im[ALE(elon)]/
log(1/¢€)) and O(Im[ALEEMM]/\/1) to (F9), can be
|

ALE (5,1, 0, €1 €1) 2 Ny jog) Y, (&, 1:42) x efya ()

rp=pp

|:(\/_/27T)1/2 X — x (V/z) x e ¥V x

= Ny (jog) B, (& 11 1%) X efyas ()

52 2/f

with jo, =2 —2/v/1 and ¥ = log(1/¢).

[(\/_/ﬂ) + l} x (VA)27)'/? x

|
computed in a standard perturbation series but can be
ignored for & — 0 and fixed large v/A.

3. Small-£ regime

We then compute the integral in (F9) in the small-¢

regime, i.e., 7 = log(1/&) — oo at fixed large v/ where the
integral is dominated by its end point, and can be
approximated by

. 2 27 |\A—\/2) 2% )
/ d%’eT/z = (ﬂ/ﬂ) X 6_21/\/1
7 T

—\/./27
- (1+0(V1/7)).

(F10)

Finally, combining this approximation for Re[ALE(glon)]
with the exact result for Im[AL-(&WoM)] (F7), we find the full
complex amplitude with evolved gluon GPD (for input
gluon GPD part)

1

ému(m)”(ﬁl)
\/—/21 \/—/21
+Lx (\/_/27r)1/2 |

I _

ému(m)u(m)
e—V2/2%
(F11)

%3/2 >

APPENDIX G: DETAILS ON THE RESUMMATION BY THE j-CONTOUR FOR VALENCE QUARK
GPDs CONTRIBUTION IN THE ELECTROPRODUCTION OF p*

1. Resummation by j-contour

We rewrite the sum over odd j = 1,3, ...

in (6.5) as contour integrals in the complex j-plane

LL(valence) / d.ll — e 1 1 ( u Td .2 )
* + 1 U, P ~ e s NN A N Ay valence F L F o1
'Ay p=ptn (5.1.Q.€1.€1) c4i sinzxj ) & x (A, () =2) XN taenc) () Jvatence) (5 K- j(valence)(g #)
1 1

X (=1) x e x fy X ag(pu) x = x 3 X up2)ulpy),

0

- (G1)
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where the contour C is at the rightmost of the branch point of

1 1

T(Aa,()=2) T4 = jog)"?)

and leftmost of the poles at odd j = 1,3, .... Here we have defined
ﬂe?("alence)(é’ t;'uz) = F(Aq(]) - 2) X [Fg(valence) (5’ t;/’tz) (GZ)

in order to reveal the branch point at j = jo, =1 -1/ /2 coming from our holographic input conformal (Gegenbauer)
moments of valence quark GPDs at u = py ~ Q.

We evaluate the amplitude (G1) by wrapping the j-plane contour C to the left,

LL(val qudjl_e—i”j 1 1 ~ ~
ALECIENS) (6 1 Q. ey o) /_ 2 M y)) (P aence (& 512) = B ey (6. 1%))

1 1
qu(valence)(j) X (_1> xe Xf¢ X as(/’l) X é Xm X ﬁ(pZ)u(pl)’ (G3)

. . . X_'
o 20 sinzmj &

where we have defined

iy = i\/VA(jog — J)-

For y — 0, we may approximate ﬁ ~ iye'’eY with the Euler constant y; ~ 0.577216 and write Im[ﬁ] ~ycos(ygy) &

sin(y) for y = 0 or j — jo,. Therefore, for j — j,, we find

LL(valence . 1 1 -
A},*p(_,/,+n )(S,l, Q’eLaelL) qu(valence) (JOq) X (_1) xe XfJ\; X as(/’l) XoX—X u<p2)u(pl)

Q0 2my
fu N ) joadjl—e™™ 1 . .
x ([Fjo[,(valenw)(g’t’ﬂ )= ﬂ:/()q(valence) (7 )) X /_oo 9 sinzj XEX sin \//_I(JOII —J))-
(G4)
2. Real and imaginary parts
We separate the amplitude (G4) into its real and imaginary parts
Aﬁi)(f;il;%)(s’ 1,0, €r, €IL> = ALL(Valence) = Re [ALL(Valence)] + iIm [ALL(valence)] ,
with
Re [-ALL(V&ICHCG)} = Nq(valence) (j()q) X (Hﬁ_?oq(valence)(g’ [ /"2) - H:_?Oq(valence)(é t;ﬂz))
1 1 _ jogdjl —cosmj 1 . : .
x (=1) x ef\tas(ﬂ)éﬁu(l?z)u(l?l) X /_OO ETEJ. X g X s1n< ﬂ(]()q —J)>,
Im [.ALL(valence)} = Nq(valence) (jO‘I) X (Ayoq(valencc)(g’ L MZ) - ﬂejoq(valcnce)(g’ t;luz))
1 1 _ Jog d] 1 . . .
(1) xeffa ) G alpulp) x [ U xsin(\ Vo, - ). (@3)

With the change of integration variable y> = ﬂ(j()q — j), we turn the imaginary part into a Gaussian integral that can be
evaluated exactly
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m[ ALL(valence)] — N (valence) ]Oq x

, (valence) 5 Lu ) ﬂ:;'ioq(valence)(g’ t;:uz))

I 1 / o dy >
X e ——1 e Vigiy
x (=1) xefya (/4)Q2 (p2)u(p1) % el B
:N valence ]()q X (AJM va]ence 5 IS H ) ﬂ:;‘qu(valence) (57 ta/'l ))
1 1 eV
x (=1) x efya,(u )62— i(py)u(py) x 51— X (\/_/4”) / PO (G6)
with 7 = log(1/&).
We compute the real part of the amplitude Re[ALL(valence)] by first expanding its prefactor near j = 1
1 —coszj
o — o@Gj-1), G7
sinzj ”(j_1)+ (=1 (G7)
and establishing the identity 0;[e~"Re[ALL(VAence)]] — —(2/7)e~TIm[ ALL(valence)] which gives us an approximation for the
real part,
Re [ALL(valence)] = Nq(valence) (qu) X (ﬂeyoq(va]ence)(f’ t;/'lz) - ﬂejoq(va]ence)(f’ [;/’lz))
. 1 ' 1 o 2e—%’/\//_1—ﬁ/4%/
x (=1) x efyay( )EM”(Pz)“(Pl)X(\/Z/“”) / ngﬂ At (G8)

Small corrections in the order of (O(Im[ALL(Valence)]/

log(1/¢)) and O(Im[ALL0Aee)] /1/7) to (G8) can be
computed in a standard perturbation series but can be

ignored for £ — 0 and fixed large VA

3. Small-€ regime

We then compute the integral in (G8) in the small-£
regime, i.e., 7 = log(1/£) — co at fixed large /A where the
integral is dominated by its end point and can be approxi-
mated by

w e T/Vi-Vi/4T
/ d%/ /—3
F 7T /2

—42/v/2 Vi

><‘3%3/2 <1+O(ﬂ/%)). (G9)

= (ﬂ/2zz) X e

APPENDIX H: DETAILS OF THE
HOLOGRAPHIC CALCULATIONS

A simple way to capture AdS/CFT duality in the
nonconformal limit is to model it using a slice of AdSs
with various bulk fields with assigned anomalous dimen-
sions and pertinent boundary values in the so-called
bottom-up approach which we will follow here using
the conventions in our recent work in DIS scattering
[8,33]. We consider AdSs with a soft wall with a back-
ground metric gy = (1,,, —1)R?/2* with the flat metric

[
Nuy = (1,—1,—1, —1) at the boundary. Confinement will be
described by a harmonic background dilaton ¢ = #y>z>.

1. Bulk vector mesons

The vector meson fields L, R are described by the bulk
effective action [34,35]

S pr—
M 4g5

x Tr(]:MN]:PQ +f§4Nf§Q)

dxe=?3), fgg"P Ve

+ / dx(wk(A) - 0f(A)) (HI)
with the Chern-Simons contribution
1
5 2 3 5
ws(A) = 24 der(.AF +-AF 10.4). (H2)
Here F = dA—iA? and A = AT with T° = %12 and

T = %Ti, with the form notation subsumed. Also the vector
fields are given by V = (R+ L)/2 and the axial-vector
fields are given by A = (R — L)/2. The coupling gs in (H1)
is fixed by the brane embeddings in bulk, or phenomeno-
logically as 1/g% = N,/(127%) [36].
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The flavor gauge fields solve

COVF 4 zefvea, <e"~<12vzz ldZV”> =0,
4

av, -d.(9,V*) =0. (H3)
subject to the gauge condition
0 VH K272 —K272 1 _
VI +ze5% 0, ( e EVZ =0, (H4)

with the boundary condition V,(z.y)|,_o = gﬂ(q)e_i‘fy'
The non-normalizable solutions are

2 2
V. (z,9)=¢,(q)e T 1+= |2 2U| 1 +=:2:%% 72 |,
M( y) ﬂ(q) ( 4]—2_%/> N ( 4’%12\/ N

. 5 5
VZ(Z’y) :%G(Q) .qe—iq-yr <1 +4?Z'2 > U <1 —l-ﬁ;l;l?%ﬂz) s
v v

(H5)

with U(a; b; w) the confluent hypergeometric functions of
the second kind.

2. Bulk Dirac fermions

The bulk Dirac fermion action in a sliced AdSs is

S dsxe_¢(z)\/§(£F1 + ‘CFZ)

F= 2_g§
1
+2_g2 d“x\/ —g¥ (EUVI + £UV2)- (H6)
5

The Dirac and Pauli contributions to L, , are respectively

i

3 @1,2‘3%FA<51L\/’R - ﬁsz'R)‘Pl,z

'CDiracll = (

(M + v<z>>@1,2w1,2),

Lpauiit 2 = i29§ X ﬂ@l,zeAMegﬂAszL;jﬁlPLz’ (H7)
with V(z) =%%2%, e =z8), o*® =L T?], and

Wyy = =@, = 1n,,. The Dirac gamma matrices I =

uzv (2
(y*,—iy’) are chosen in the chiral representation. They
satisfy the flat anticommutation relation {T"4, "2} = 245,
The left and right covariant derivatives are defined as

. 1 .
DXR =79 + g@nas[P T¥] = X4, = Dy — iX§T°,

— 1 D
DXER =", + §60NAB[FA, %]+ iX{T* = Dy + iX{ T

(H8)

The nucleon doublet refers to
(H9)

The nucleon fields in bulk form an isodoublet p, n
with 1,2 referring to their boundary chirality 1,2 = £ =
R, L [37]. They are dual to the boundary sources
Y, 2« O, and ¥,;, < O, , with anomalous dimen-
sions £M = +(A - 2) = £(r - 3/2).

The equations of motion for the bulk Dirac chiral
doublet is

i
(iegFADILV’R — 5 (On)elT™ — (M + V(z)))\PL2 —0.

(H10)
The normalizable solutions to (H10) are
¥ (p,zn) = yr(zn)¥(p) +yi(zn)¥)(p),
Wy (p,zsn) = wr(zn)¥](p) + v, (zn)¥R(p),  (HI)
with the normalized bulk wave functions
wr(zin) =22 x g (zin) = ngy "L (Ey) x 22,
wi(zn) =22 x i (zn) =, & Ly (Ey) x 28, (H12)

Here A =17 +1, &y = %% L () are the generalized

Laguerre, and ng = n; vz — 1 and n;, = =2 /2/T (7).
"l:he free Weyl spinors are P9 /L( p) =P u(p) and
P, /.(p) = u(p)P+, and the free boundary spinors satisfy

2my x a(p')y*u(p) = a(p')(p' + p)ru(p).  (HI3)

The fermionic spectrum Reggeizes m2 = 4&%,(n + 7 — 1).

The assignments 1 = + and 2 = — at the boundary are
commensurate with the substitutions yg; <F w, g by
parity.

Using the Dirac 1-form currents

JiN _ aﬁDiracl _ \i’l eIIXFATalyl,

oL%,
OLp; .
JuN = ZEPIRE _  NPATOp, (H14)
OR¢,

and Pauli 2-form currents
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oL . _
JN = CEPL 4o 3oy M N oABTOW,

oL,y
aMN _ aﬁPauhZ a N _ABTa
J SRS 2% x 17, el e GABTY,, (H15)
MN
we can rewrite (H7) with the explicit isoscalar (a = 0) and isovector (¢ = 3) contributions:
i - > < - i - > < -
Lpi+ Ly D E‘P]eﬁ’lﬂ (Dy —Dy)¥, — (M + V(Z))TIT] + Elpzei\(FA(DN = Dy)¥, = (=M + V(Z))‘lepz
+ VRISV + ARIRY + VRS + ARTEY + Vi IV + AR TN + Vi PN + A 3 (H16)
|
with J¢V = J¢V £ J¢V and JMN = J¢MN 5 JgMN, For the graviton in the axial gauge h,, = h_, = 0. The

3. Bulk glueballs
The graviton in the bulk of AdS space is dual to a
glueball on the boundary. The graviton tensor /,, can be
decomposed into its transverse and traceless part, &, and its
tracefull part, f, using [38]. The decomposition is given by

hy, =€elTh+ el f —k,k,H+ kAL + kAr  (HIT)

where k*ell = el =0 and €], =17, In a gauge
where Aj = 0, the equation of motlon for h decouples,
but the equations for f, H, and ¢ are coupled (see
Egs. 7.16-20 in [38]). Diagonalizing the equations shows
that f satisfies the same equation of motion as & [38]. It is
important to note that f couples to 7% of the gauge theory,
while H couples to k*k*T,, =0 (see Eq. 7.6 of [38]).

The effective action for the graviton (17,, — n,, + h,,)
and dilaton fluctuations (¢p — ¢ + @) follows from the
Einstein-Hilbert action plus dilaton by expanding to quad-
ratic order, and after adding the background de-Donder
gauge fixing term. The result is

S = / dx\/ge™ (L) p + L), (H18)
with
Ly = 4~2 N0, 160, By
+ TQ FNPn0,hogd, by,
Ly=+55 g"” 00,0, (H19)

and 32 = 2k> =
metric.

162Gy = 8x*/N?. Here g,, is the AdS

pertinent couplings follow from linearizing the action (H6)
by replacing n,, = 1, + hyy,

- V2K? v
e -5 [ o /gh,, T
R /2 2
hAA: 2" dx\/Gh,, T, (H20)

with the energy-momentum tensors

T = e_‘/’%z‘i’y” Ly_ L,
Ty =—e? (Z“ﬂ”"ﬂ”ﬂnwF;}’pF}‘,/ﬂ — 2417”/}77”7’FXZF;/Z) - Ly.
(H21)

4. t-channel spin-2 glueball exchange

In the soft-wall model the normalized wave function
for spin-2 glueballs is given by [39] (note that the
discussion in [39] is for general massive bulk scalar
fluctuation but can be used for a spin-2 glueball which
has an effective bulk action similar to massless bulk scalar
fluctuation)

Jh (mn’ Z) =y, (Z) = CnZ4L%L (2ET)’ (H22)
with & = &2z% and
248 D\ z 483
¢, = ( Rpl'(n + >>2 _ oV . (H23)
I'(n+3) (n+2)(n+1)

which is determined from the normalization condition
(for the soft-wall model with background dilaton

¢ =iz
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[ it (@) = g (124
Therefore we have
1 1 4
F,=—| -0, ) =———c,L2(0), H25
\/EK( Z/3 ZW( ) e \/EK () ( )
with y,(z = 0) = ¢,z*L2(0) and with L2(0) = (*I"). We

can also rewrite the normalized wave function of glueballs
(H74) in terms of F, as

TS SRS EUR
Wn(z) - _\/EK X F, x Z X % X L%(O) X éTL%(ZgT)
(H26)
Also note that m2 = 8%%(n + 2),
16 16%
Fi = o T

T2 i+ 2)(n+ 1)

For spacelike momenta (t = k> = —K?), we have the
bulk-to-bulk propagator near the boundary

V2kF,y, () 2

G(z—0,7) o Z =—

K>+ m3 4H<K’Z1)’

(H28)

where, for the soft-wall model [39,40]

58k
h}/l/LV

V’;L'; vig.q . k.m,)= <m>Jh(mn,z) = V23

58k

Vh\p\y(phpbk m ) ( APy

Sleaph(k. z>>>Jh(m”’Z> ="

where we have defined the kinematic factors [in the high energy limit s > —¢ with p

K7 (q.q  er.€r,2) ~

H(K 0= Y V2K (E),

2 2
n K +m11

4 K NE
— 47 F<2+2) <2+2,3,2§T)
T 2 U (%K _1.08

(Fe2)u( -vatr)

:%%)2)/0 dxx* 1(1—x)exp<—1xTx(25T)>7

(H29)

with & =272, ax = K?/4%2, and we have used the
transformation U(m,n;y) = y'"U(1 +m —n,2 —n,y).
Equation (H29) satisfies the normalization condition
H(0,z) = H(K,0) = 1.

For example, the t-channel spin-2 glueball exchange
contribution to electroproduction of vector mesons is
given by

ALy (5:0) = S (.

n

- 1h _ Hv
lA}’*T/LP—’VP (mn’ S, t) - ; X ( )VhyT/L (q7 q,7 k, mn)

X Gﬂvaﬂ(mn’ k)

X (_Z)V;:‘l‘%\ll(pl » P2» ka mn)v (H3O)
with the bulk vertices (defining ¢=k>= A2
andk=A=p,-pr=qg—-4)

1
xi/dz\/ﬁe‘¢z4K’}/L(q,q’,€, ¢, 2)Jy(my, 2),

1 _
2’<2xi/dz\/ée“”Z‘P(pz,Z)rapﬁ‘P(pl,Z)Jh(mmZ), (H31)

= (p1 + p2)/2= py,and ¢* = "] as

—q"q" x V(0. 2)Vy(My.z) = ¢"q" x Kr(Q. My, 2),

v / ! v 1 v
K7’ (9.4 er.€.2) ® —q"q" % o, < 0.V (Q.2)0.Vv(My.2) = ¢"q" x K. (Q. My, 2), (H32)
using
~ ~ ~ (1 dx x&
V,(0,2) = (1 + ap)U(1 4 ag; 2;€) —5/ sx‘eexp| — ,
0 ( —x) 1—x
VylMy.2) = do(z) = 95 x 33 x L) (H33)
with ap = 0?/(4%%) and & = &3 2%
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The full bulk-to-bulk spin-2 glueball (graviton) propa-
gator G,,5(m,. k,z,7') is given by [41,42]

:Jh(mn’z> X Gﬂuaﬁ(’nmk) X Jh(mmz/>’
(H34)

G/waﬁ(mmk’ 2, Z/)

where the massive spin-2 boundary propagator G wap (M k)
is given by

G/waﬁ(mm k) = P;w;aﬁ(mm k) X (H35)

K* —m2 + ie’

with the massive spin-2 projection operator P,,,.,z(1m,, k) is

which is written in terms of the massive spin-1 projection
operator

2
wa — kuko/my.

Pya(my, k) =1

(H37)

For z — 0, t = —K?, and focusing on the transverse part
of the boundary propagator, i.e.,

—i

1
577;4(1771//5 X k2

Goap(mp, k) = —_—
e ) —m2 + i€

(as we did in [8]), we can simplify (H30) as

defined as o , —i
X 5 IA}/*T/LP—»Vp(S’ t) zgS ( )Vhyr "4 (q’ q, k) X 7’7}4(17]1//}
P;w;a/i(mn! k) 2 <Pﬂ aPu[i + Pﬂ;ﬂPu;(x - 3 P,u uP ) X (_i>VZ\?\P(p1’p2’k)’ (H38)
(H36)  with
|
v / 2 ] —p A gty TN 4
Vhy;/Lv(q,q Jky = V2 x5 dz\/ge "z KT/L(q,q L€, € ,Z)Z,
p 1 b ,
Vhé"l’(plvpbkz> = -V 2 x E/dz\/ﬁe ?2¥(pa, 2)r* p*¥(p1, D) MK, 2). (H39)

However, if we instead use the full massive spin-2 boundary propagator Gﬂmﬁ(m

longitudinal vector meson production)

, k) (H35), we find (particularly for

1 1 =
h _ 2
A pvp(s.0) = . X 2K° X o, X Vi v(Q, My) x iy X u(py)u(py) x ; 9"9" Puyap mn»k)P1P1] X Vypy (K, my),
(H40)
with 1 4
<
Vin(QMy) = =3 [ de/Gert0.9,(0. 200y (My.2) T
1 V2KF (2
Viaw(Kom) = =3 [ deetatuala) + i ) x Lo e, (Ha1)

Following [43], we can evaluate

4 p2
0" " Py (m k) pip = (p1 - q)% x (1 +3 5 X n2>

3m;
(H42)
using the general result (see Eq. 279 in [43])
B GG Py i, (M K) DY DYDY
= (pi 'Q)j X Elj(’% m?,) (H43)

where d;(n,m3), for even j=2,4,... is a polynomial
of skewness 5 of degree j which can be written

explicitly in terms of the hypergeometric function
,Fi(a,b,c,d) as

N j1—j 1  4p?
dj(ﬂ’m%) =,F < ; ; !

—5 iy i ><71> (H44)

n

Note that we have also replaced p? ~ p? by —p? and —A?
by m2 in Eq. 279 of [43], since we are using the massive
spin-1 projection operator P,.,(m,., k) = =1, + k,k,/ m?
instead of the massless one P, (A = k) = 1, — k,ko/ A
used in [8] for the conformal case with ,, = (=, +, +, +)
signature.
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Therefore, using (H42) in (H40), we find

1
_ 2
= - 2><21< X

A;l p—»Vp(s’ t) 95

x(p1-q)?

with the A and D gravitational form factors [8—10]

AWK &) =3 [ deyae (@) + (@) x Y

1 1
M, X Viyiv(Q, My) x ¢ iu(pa)u(pr)

< [A(K. &) + n*D(K.Rr.Ks)]

(H45)

EV2kF 3y, (2)
K? + m%

9’

n=0

- %/ dz\/ge ' 2(yi(2) + wi(2)) x H(K, 2),

= A(0) x 6 x

and

l
/dz\/ﬁe 2(wr(2)

2
4my

3R~ A(K, k7).

Following our arguments in [10,44], we also replace

D(K I?T) b d D(K, I%T,l%s)

4 m? 5 5
=370 x MK &)~ Ag(K.kg)]. (H4B)
where
2+ %
Ag(K,&g) = A(0) x 6 x ( +;)
I(4+%)
x2F1<3,“7K;“7"+4, 1), (H49)

with ag = K?/4k3.

5. t-channel spin-j glueball exchange

In the soft-wall model, the spin-j glueballs’ normalized

r2+%)
@+

dg dg
F |3, —;—+4;—-1 H46
21( 5 2+ ) (H46)

4 pi fKann()
3m K2~I—m

4] kF,yp,(z
2311:2 V2kF 2y, (2)

k2+m

’

El

(H47)

[
Laguerre polynomials as [8,9]
o)A La

(&), (H50)

wa(j.z)=c

where & = &2.z%, and the normalization coefficients are

. 2Ag(j)~2(Ag(J) )F(n+1)
= (Criag ) s

with

A7) =2+ 1/2VA(j = o).

where jo, =2 — 2/+/2 for closed strings.

The non-normalized bulk-to-boundary propagators for
spin-j glueballs are given in terms of Kummer’s (confluent
hypergeometric) function of the second kind and its integral

(H52)

wave functions are given in terms of the generalized  representation as (for spacelike momenta k> = —K?)
|
H(j.K,z) =z2U > T () = 1328 | = 220 (2E)22 WU (a(f), b(j); 2&r
N~ . 1 1 o s -
00 (28, 250 / dxd-1(1 — x)-50) <__ 2 > HS3
z v XX X ex ,
( T) F(d(])) 0 ( ) p 1 — ( T) ( )
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where

=g a) = 2=t ) =3-a,0) (H34)

and we have used the transformation U(m,n;y) = y!™U(1 +m — n,2 — n,y). The bulk-to-bulk propagator can also be
approximated as (for spacelike momenta k> = —K?)

va(j,z2=0) FuDwali.2)
== 00~ ) ™ V2R i)
280)=2 (ZK + A_,,2(j)) oA (-4 ZBU)

BT I Wi R )

where we used

H(,K.2) = kaf (a0 ?)

— K?+m3(j)
Folj) = % % (=G0 (. 7))l
C(j,K,e) =H(J,K,¢), (H56)

with y,,(j. 2 = 0) ~ ¢, (j)z* L U ~(0) for the soft-wall model.
For example, the electroproductlon of vector mesons [using the spin-j glueball bulk-to-boundary propagator (H55)] is
given by [9]

: 1 . I
A;lz/rpeVp(jvsa t) =—-——X 2K2 X VIZ;E/TV(‘]’ Q7MV) S m_N X M(pz)lfi(p1>

9s
X Z lq"1q"...q" P, ,, Hva; (mn,k)pll"p'f...pi’] X Vyirw(J, K, m,), (H57)
n=0
where
| | D002y |
. _ ! —_4+2(j=2 ~2A,(j
Vhy;i/Tv(J’ O.My) = Z/dZ\/§€ 22070 x Ky (Q. My) x A, () XKy x ra,G)-2)°

. 1 _ i (-
Vil Ko =3 [ de/Ge 2200 (2) + v ()02

V2kF, (j)yali. 2) ag | DO\ U Li2va,0)
n n\J» 2A J)— 21’* K 9 =/ 9\ , HS58
K () (5 +557) i (F58)
with
. . a K? ) 2
Ay(J) =24/ 2VA(j - Jog)s 71( = @ Jog =2-— 7} (H59)
and

KT(Q’ MV’ Z) = _Vy* (Q’ Z)VV(MV’ Z)’

KL(Q’MVv Z) =- X azv}/*(Q’ Z)aZVV<MV7Z>‘ (H60)

1
oMy
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Finally using (H43)

GG @ P o s, (M DY PV DY = (p1 - q) X dj(n, m]) (H61)
in (H57), we find
A (est) = = 2 X VW (7,0, My) X (py - q)) X —— x a(pa)ulp))
b gs ur my
x [A(j, 7. 8y(}). K.Rr) + D, (j. 7. 8,(j). K. Rr, &s)], (H62)

where we have defined the spin-j moments (or spin-j form factors), for even j = 2,4, .., as

i . . 1 s - i
A, 7, Ay()), K. Rr) ZZ/dZ\/Ee P20 D (w3 (2) + wi(z))z U2

V2KF (DG 2)  oa i ag | B,()) 244,
n J()—2r [ 8K g ~j=2+4,(j)
Xy K] x 2 r(2+ 5 )xxT

n

1 .
=5 [ @t Q) + v @)U

(
Ag(j)> o @A)

X H(j, K, 7) x 284002 x F<a—K +

2 2 r ’
_zlr_(—ig)m<(r—1)r<j£2+r—%2(j)+1 r(j%z+A-"T(j)+r—1>
xZF1<%’(—A”2(])+2,];2+7—A92(j)+1-7+J7+r+1, 1>
+F<]_22+T—Ag2(])+2>r<22+A92J)+T>
F(%K Agzm+2,j;2+r—A92(j)+2;%’<+%+r+2;—1>>, (H63)

where ,F| is the regularized hypergeometric function, and we have defined the generalized D,-terms at finite skewness
n#0and even j =2,4,... as

Xi( _) V2kF, (J)alis 2)

. . . 1 W i
Dr/(]’T’ Ag(]),Kva) :E/dz\/f_]e Zaant 2)(11/123(1) +V/L K2+mn( /)

x 28012 r<"_K + Ay_(f)> X FTHA0)

2 "2
1 . . n fkf
=3 / dz\/ge™? 2" U= (wi(z) +wi(z)z U2 x (dj(mkz) - 1) Z _kziin (<J) g
n=0
X 2Ay(j)—2 x F(% A!]z(-])) x ’?;_2+Ag(j)’
- (Elj(n, —K?) - 1) x A(j.7. A, (j), K. Ry). (H64)

Generalizing our arguments in [9] for j = 2 to an arbitrary even j > 2, we replace

Dy(j. 7.8y (j). K. Rr) = D, (.7, Ay (7). K, Ry, Rs) = (21( Kz)_1>X[A(J’TA()KKT) As(j. 7. Ay()), K. &s)],
(H65)
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with

As(J.7.84()). K.ks) = A(J.7. (). K.kp = Ks).  (HO66)

6. -channel spin-1 meson exchange

In the soft-wall model the normalized wave function for
spin-1 (vector) mesons is given by [45]

$u(2) = ¢, k22 Ly (Ry2%) = Jy(m,. 2),  (H6T)

with ¢, =+/2/(n+ 1) which is determined from the
normalization condition (for the soft-wall model with
background dilaton ¢ = &3z%)

/%@wwwmmw=%.am>

Therefore, we have

1 1 2
F,=—|-e?%=0,¢,(7 =—"c,(n+1)i3,
n 95< Z/ z¢n( ))Z/ s n( ) \4

'=e

(H69)

with ¢,(z = 0) = ¢,k z%(n + 1). If we define the decay
constant as f, = —F,/m,, we have

$u(2) = g5 x ’{1— x 282722 LN (k3 2%).  (H70)

n

Note that for z —» 0, we can write the bulk-to-bulk
propagator as

G(z—-0,7)~

¢n(z - 0) Z _gan¢z1 (Z/)
—gs5F, K — mf,
2

= %V(k, 7). (HT1)

_F¢n
2295

For spacelike momenta (t = k> = —K?), we have the bulk-
to-bulk propagator near the boundary

9s n¢n( )_i

G(z—0,7)~ 2 K+ 2 5 V(K,7), (H72)

where [45]

Fn¢n
ViK.2)= gsZKz—i-m

. Lodxe X
—K%/ZZA (l—x)zx K exp [—EK%/ZZ}, (H73)

with the normalization V(0,z) = V(K,0) =

1, and we

2
have defined ay = f—
Ky

7. t-channel spin-j meson exchange

The spin-1 transverse bulk gauge field defined as
zV,(m,, z) obeys the same bulk equation of motion as a
bulk massive scalar field ¢,(j = 1,z) with m*R? = =3,
Therefore, the spin-j normalized meson wave functions
Jy(m,(j),z) can be expressed in terms of the wave
functions of massive scalar fields ¢, (j, z) which are given,
for the soft-wall model, in terms of the generalized
Laguerre polynomials as [39]

. ~ . . N A ()2 %
2dy(my(7).2) = Buli.2) = e, (O L (B). (HT4)
with & = &% z%. The normalization coefficients are

=2(8,()-1) 1
. 2k ! I'ln+1)\z
) = (Fra o). 0
C(n+A,()—1)

and the dimension of the massive scalar fields (with an
additional mass coming from the massive open string states
attached to the D9- or D7-branes) A, (j) is given by

R2
A, () —2+\/4+m2R2+?

=24/ V(i = jog)-

where, in the last line, we have used the fact that
m?R?> = =3, the open string quantized mass spectrum
miR? = (j—1)(R*/a’) = VA(j—1) for open strings
attached to the D9-brane in bulk, and we have defined
j 0q — 1- 1/ \/Z

We now recall that the non-normalized bulk-to-boundary
propagators of massive scalar fields are given in terms of
Kummer’s (confluent hypergeometric) function of the
second kind, and their integral representations are (for
spacelike momenta k> = —K?)

G-=1

(H76)
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B L o
a0 - 1:8)

DE20U (a()).b():E)

f}(‘]’ K, Z) = ZAq(j)U<

N~ . 1 . A
= AN E-2,0) dxx@D=1(1 = x)=b0)
< — XX X
@) Jo (=)
X ~
— H
xexp( l—xé)’ (H77)
withézfc%,zz
K A7) 5, .
KT a(j)=ax+2-—2=, b(j)=3-4,0))
(H73)

after using the identity U(m,n;y) = y'™U(1 + m — n,
2 —n,y). Therefore, the bulk-to-bulk propagator of spin-
j mesons (defined as massive bulk scalar fields) can be
approximated at the boundary as (for spacelike momenta
k2 — _ KZ)

~ . AP &ﬁn(j,Z—)O) % gSJ%n(j)&n(j?Z/)
“”*Q“”[%hm} 2R i)

i)-1

=
s

V(j,K.7), (H79)

where we have defined the non-normalized bulk-to-
boundary propagator of spin-j mesons (which are defined
as massive spin-j scalar fields) as

95 )
V(j.K.7) Z K2+m . (H80)

AL

1
T vy (51,0, My, er,ep) = e X — x 2% X <

9s

4
ALL L (5,1, Q. My, € e’)—exix21<2x
yp_,Vp s by bl VveCLsCp) — gs

11 0

. L [
X —x =X — % [A(K,®y) + n*D(K, &y, &g)] X ——x i(pr)u(p,).

473" M,

s\2 T
i{__) XI(Q’MV)X,._

T

s\ 2 I
.._) XZI(Q,My) Xf(TT

KT

with the mass scalar

fields  m2(j)

spectrum of massive spin-j

:41?%,(n—|—A”T(j>), and we have also

defined
) = UK (L ertigmrand,(.2))
9s =e
C(j.K.e) =V(j,K.e) (H81)

with ¢,(j,z = 0) ~ cn(j)qum‘zLﬁ"(/)_z(O) for the soft-
wall model.

Note that the bulk-to-boundary propagator of spin-j
mesons (H80) is equivalent to the spin-j glueball
bulk-to-boundary propagator (H77) with the replacements

j=Jj+ 1A, = A, Rp =>4 x &y in (H77), ie.,

V(j.K.z:Apiky)

1
EH(j—)j—l—l,K,z;Ag—)Aq;l?T —>2xfcv). (H82)

8. Electroproduction of vector mesons with #-channel
spin-j closed string exchange in AdS

a. Spin-2 glueball z-exchange

The diffractive production vector mesons in holo-
graphy is mediated by bulk spin-2 gravitons near thresh-
old and their Reggeized contribution to the Pomeron
away from treshold. The #-channel spin-2 graviton
(spin-2 glueball resonances) contribution to the transverse
and longitudinal vector meson production amplitude at
finite skewness, 1 # 0, is illustrated in Fig. 1(b) with the
result

~4

Vv

1 B L 1 .
x —x [A(K,kr) + n*D(K, Ry, Ks)] % P X u(pr)u(pi),

N
=4

Vv

(HS83)

A detailed account of this result can be found in [9] to which we refer the reader for completeness. The spin-2 gravitational

form factors A(K,k7) and D(K, &y, Kg) are given by
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MK ) =3 [yt + i) x 3 V2R
n=0 n

=1 [ e it v ) <K ),

F(2+“—K)
:6x72x2F1(3 a—K'a—K+4;—1>,

F(4+“7K) 272
. 4 m3 3 3
D(K, &y, Rs) = —gflg x [A(K,&k7) — Ag(K,&s)], (H84)
with
r(2+f’—’< 5
Ag(K.Rg) = A(0) X 6 X ————L %, F, (3,6’2’(;“2’(+4;—1>, (HS5)
ag

with ax = K?/4k3.
The bulk-to-boundary vector propagators associated to the incoming virtual photon and outgoing vector meson in Fig. 1
set the scale factors in (H83) namely (¢ = Qz):

3 R\ 1 [ @i, a &
10k = () x3 [t T v i) <
:f—VXQSX ’
My &G4+ 12
U 3
2M 0 0 0 '
Y (&+3)(&+2)(&+)
i R\ 1 feo o S ; 5 &
J(Q.ky) = (5‘/) XEA dee™ PE" % 0:V,(8) x 0:Vy (EM ] Q) X
=27 gs !
v ékﬁé %%"‘%%"‘12
1
= —3xZ(Q.My). (H86)

b. Spin-j glueball #-exchange

Away from threshold, the diffractive electroproduction of vector mesons involve heavier spin-j gravitons which
are the holographic dual of spin-j glueballs at the boundary. More specifically, the spin-; glueball exchange contribution to
Fig. 1(b) can be written as

) 2K -
AJZ:?;’%V]?(.]? S, 1, Q’MV’ €r, e/T) = E X Z(
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2 o\ 8-34,(j)+j-2 4 1
ALL Ly (Jhs:1, 0, My, e, €]) = —— X <T> X ——x :
ro=vol veeL€y) 9s Z Ry A,(j) T T(A,() -2)

1 2 0 o . . . .
X g7 % m X M, x Z(j, Q,&y) x [A(j, 7, Ay(j), K) + D, (j, 7, Ay(j), K)]

<o ilpu(p) (H87)

for even j = 2,4..., with the spin-j form factors

Alj, 7, Ay(j), K, Ry) = 20 ((‘L’— I)F(j_z—i—r—Ag(j) + 1)r<j_2+A92(j) +7- 1)

() 2 2 z
+F<;2+1_A92(J)+2)F(J;2+A"2(1)+1>
XZF,(“;-Agz(j)+2,j;2+f—Ag2(j)+2?a21<+j_22+7+2;‘1>>’ (H88)

where ,F| is the regularized hypergeometric function, and the skewness 1 dependent spin-j D,-terms are also given by

D, 7. A (). K. R &s) = (&,00.=K) = 1) x [AG. 7. 8,0, K. 7r) = As(io 7. A,(). K. Rs)], - (H89)
where
As(jvf» Ag(j)’K’i{-S) EA(J,T A ( ) K, &kp —’Ks) (H90)
and
N J I—j 1 . 4m
d;(n, KZ)_2F1< i Ksz;f). (H91)

We have also defined the dimensionless scale functions

2\ =4, (j)—j+2+4) =\4 1 ZZAA()+J+25 .
I(j,Q,rcv)z(K—V) m x(%) X2 A dee S XV () (EMy/0)

0? 2 4
o
_ Ly F(4f2v+1> J+A,() J+ A7)
=577 X9 X > X — F —_—
My PTG G e r) N 2 )R U
F(Q_2+] . . . .
vk i 5 (J+Ag(J)> e (J+Ag(J)>
2 . .
2My T r(E a0 -2) N2 /a2
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0* o) "2

_ R\ A, (D=i42+4) (R N\A 1 oo _pR BAU)TA2S . .
76.0.7)= (5) () x5 [ ke T < @ <o émy/ ),

F(%+ 1)

= —=—"—X(gs X
2M, 9s

_ <ﬁ) X T(j.0.My).

We also have

Ay(j) =24 2V = joy)-

with jo, =2 — 2/+/ for closed strings.

(H93)

9. DVCS with #-channel open string exchanges in AdS
a. Spin-2 vector contribution

The spin-2 vector meson contribution to the transverse
holographic DVCS amplitude at finite skewness, n # 0, is
illustrated in Fig. 3(b). Its explicit contribution to the 7T
holographic amplitude is

T /
Ay*p—»yp(*s‘yt’QaeT’eT)
1 s\2 1 1
/ 2 vector =,
=—€p € X—Xg: X X =T JKy) X =
T €r gg 9s (’?izv ) 4 51nglet(Q N) 4

x[Aq<1<>+n20q<z<>]xﬁxa@z)u(m)xou/m

(H94)
where we have defined
Aq(K) = Aq(] =2,7, Aq(] = 2)’K)’
ﬂqu(K) = qu/(j =2,7, Aq(j = 2)7 K)9
Tineie(Q-ky) = O(1/N,). (H95)

with A,(j,7,A,(j), K) defined below in (H97).

b. Spin-j vector contribution

The spin-j vector mesons contribution is given by (for
even j =12,4,...)

F(%+%(j+Ag(j) +2))

A3

(H2)

[
ATT

y*p_,yp(s, t,0.€r,€7)

1 1
—er € X—=XPEX——X1i xO(1/N,.
er-€r 7 5 i(py)u(pr)xO(1/N,)

1 7 K
X me (g) XZI:;CgF;t(J’ Q.ky) Xm

j=2

X [Aq (7. 84(7). K) + Dy (J,7.84 (). K)]. (H96)

We have defined the quark spin-j form factors, for even
j=2,4,..., as

A7, 84(), K3 Ry)

1
EA(j_)j‘i‘l,T,Ag—)Aq,K;I?T—)EXI’ev), (H97)
and the quark spin-j skewness dependent D,,-terms as

Dy (j. 7. 84()). K)
1
EDﬂ<j—>j+1,T,Ag_>Aan;kT_)EXR'V>’
(HO8)

where A and D, are given by (H88) and (H89), respec-
tively. The polynomial d .(n, m2) is also the same as for the

spin-j glueballs (for even j = 2,4, ...) (H91).We have also
defined the dimensionless scale factors as

T (J, Q. Ry) = O(1/N,) (H99)
and
R2
A) =2+ \/4+m2R2+?(j— 1)
=2+ m (H100)

for even j =2.,4,... with m*R*> = -3. Note that jo, =
1 — 1/+/2 refers to open strings attached to N + D9-branes

(Reggeons), which is to be contrasted with jj, =2 —2/ Vv
for the closed strings (Pomerons).
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c¢. Spin-j axial-vector contribution

The arguments for the vector meson exchange can be extended to the axial vector meson exchange in bulk. In particular,
the spin-j axial meson exchange (for odd j = 1,3, ...) contribution to the DVCS amplitude is

1 1 . -
A;%*C)—)yp(s’ t,Q.e,€7) = g X g_ X gs X gch‘s X I~<—2€L,4€/T*y X e g, X u(py)y,ysu(pr)

N
X i": 1 simtx gl (j, Q,Ry) SR
j=1 1?12\,(]_1) sinelet F(Aq(j) - 2)
X F a7 84(). K) + Day(J. 7. 84 (). K] (H101)
with the Chern-Simons coupling ., = 22,;2' We have defined the spin-j axial form factors as
~ 1
Falj.z.8,0)).1) = A(j - j+1l1,8, > A, KRy — 3 X fcv>, (H102)

with

A(j. 7. A, (). K) = 2780 <(T— 1)F<j_2+7— AyU) | 1>r(ﬁ+ M) o 1)

I(z) 2 2 2 2
><2F1(%K—A92(j)+2,¥+1—A92(j)+1;%’<+¥+1+ 1;—1)
—r(j;2+r—A92(j)+2>r(¥ Agz(j)+z)
x2~1(a7K—Ami+2,%+r—A92(j)+2;%’<+¥+1+2;—1)), (H103)

and the anomalous dimension of the spin-j conformal singlet axial-vector quark operator at u = p

A,(G) =2+ \/VA( = jog). (H104)

with jo, =1 - 1/+/2. The skewness or n-dependent spin-j D, -terms are given by

Doy Ay (). K) = (Ez,-m, - 1) C FalGr Ay () KiRy) = Faslor. Ay (i) 1:55)] (H105)
where
fAS(.j’Tﬂ Aq(j)’K;kS) = fA(j7T’ Aq(j)’K;ch - kS)' (H106)

In principle, we can also calculate the scale factor 7' ;‘,‘i"nig}et (j, Q,Ky) very precisely, using the two virtual photon coupling
to one axial meson derived in [33]. However, we do not need its precise form to extract the moments of axial spin-j (odd

j=1,3,...) or axial singlet moments.

10. Pair meson electroproduction with #-channel open string exchange in AdS
a. Spin-1 vector meson #-exchange

The t-channel spin-1 vector meson resonances contribution to the transverse holographic pair meson production
amplitude at finite skewness, 17 # 0, is illustrated in Fig. 2(b). The bulk #-exchange refers to a spin-1 meson, coupled in bulk
to the bulk-to-boundary virtual photon of momentum ¢, and a spin-2 bulk-to-boundary graviton of momentum ¢’ decaying
to a zz pair at the boundary with momentum p,, and p,, respectively. Specifically, the contribution is
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1 1 N
ALL (S, , Q’ €r; mlﬂ[) = —eX—XgsX 2K2 X %eLﬂpuTZl(/gluom(q/) X Tyeee (Qv KN) X Fl (K)

vy p—nrp gs valence
L
X g X Ap2)u(p). (H107)
where T’; ?gluon)(q’ ) is the gravitational form factor of the pion (or any other meson) in the timelike region, and we have

defined the dimensionless functions

3 1 (&5 1 [o . i, .
T =g x () x5 [ ate e <0 0

Q2
1 Q> 225 F(T +1)
_1.e T\ (H108)
+

X — X X
8 &3 72048 r( i
with & = Qz, and F,(j, 7, A,(j), K) defined below in (H110).

b. Spin-j vector meson z-exchange

The extension of the holographic spin-1 exchange in bulk near threshold extends to the spin-j exchange away from
threshold, using a similar Witten diagram as in Fig. 2(b). Specifically, the spin-j vector meson exchange in bulk contribution
reads

1 1 Y 1 _
A}I/‘*Lpafm:p(sv t’ Q’ €L; mﬂﬂ') =—eX g X 95 X 2K2 X %eLﬂva’j;(g]uon) (q,) X m X u(p2)u<p1)
03 L T (0. R) X =X [F1(j7. A,().K) + D). (H109)
= R_]zv(]_l) valence F(Aq (J) _ 2) q qn
for odd j =1,3,.... We have defined the spin-j vector form factors as
Fr(j. 7. 840). K) = Ay (. 7. 84 (). K3 Ry) (H110)

for odd j = 1,3, .... The spin-j vector form factors .A, and D, are given by (H97) and (H98), respectively. We have also
defined the scale factors

1 R\ A+ 1 [ . _wf, ‘ B RG)-1-(G-D)
Tt .0 =g () [ e T o @S
1 0> 1 2
[ —p— = - 1" (7 A : 3 N
8 2 " (2(J+ () + )) XF(Q72>
45 +3(8, () ++5)

: (H111)

with the anomalous dimension

Aq(j):2+\/4+m2R2+%,2(j—1):2+\/\/Z(j—j0q). (H112)

Here m’R?> = -3, and Jog=1-1/ /4 for open strings attached to N ¢ D9 bulk filling branes.
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11. Neutral pion electroproduction with #-channel open string exchange in AdS

a. Spin-j axial meson #-exchange

The holographic dual of the neutral pion production as shown in in Fig. 4(b) involves the bulk spin-j axial meson

exchange (even j = 2,4,...)

ALL .
*po1m
vp p N

- 1 . f ) ) 5
XZ 52 x = x gs x Tl (0, &Ry) %

1 1 _
(s.1,0,€1.€) =e X g X g% X P78 X ey - p X u(py)er - yysu(py)

=2 1?12\/(1_2> my F(Ava (]) - 2)
X [Falis 7, 8pa(J)s K) + Day (G, 7. 84 (), K)J (H113)
where the scale factor
I, 0. ky) = O(1/N.,), (H114)

and ¥, and Dy, are given by (H102) and (H105), respectively, for even j = 2.4, ....
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