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AdS/CFT

The AdS/CFT correspondence can be used to compute correlation functions of local
operators [Maldacena (1998); Gubser, Klebanov, Polyakov (1998); Witten (1998)]:

Zgauge(Joa Ne, )\) = Zgravity(¢07g5a O//R2), where J = ¢g.

Correlation functions are evaluated via Witten diagrams in AdS.
For non-conformal theories with a mass gap (dual to a deformed AdS background),
scattering amplitudes can likewise be computed using these Witten diagrams in AdS

R2
d52 = ?(n#«l’ dx*dx” — dzz), Nuy = dlag(17 _17 _17 _1)7

with 0 < z < oo, connects the UV boundary (z — 0) to the IR (z — o), and mass

gap/confinement induced by a background dilaton field ¢(z) = x2z2.
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Spin-2/0 (Gravitational) Form Factors of Proton

T (x;0), )
= Op(y";0)

Op(y;0)

Figure: Witten diagram for spin-2 gravitational form factor due to the exchange 27" glueballs with
2 1
Hs ~ NZ-

1 2 k5 Fntbn
AK,kT) = 2/dz\/ge ?z (V&(2) + 9¥1(2)) Z ;§+:2 2,
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Holographic Gravitational Form Factors

Op(y;0)

Figure: Witten diagram for scalar gravitational form factor due to the exchange 0 glueballs.

2
4 my,

3K?

D(K. k7, ks) = 5724 |A(K.r) — As(K, k)],
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Comparison with Lattice Data

———— 77—
05— 050

X L

g <
3 5 !
1.0 I
A5
0.0 L L L L -20r, L L L I
0.0 0.5 1.0 15 2.0 0.0 0.5 1.0 15 2.0
K2 [GeVE] K2 [GeV?|

Recent lattice QCD results [Pefkou:2021] (red points) compared to holographic fits (blue
curves) with k7 = 0.388 GeV, ks = 0.217 GeV. The green line is a tripole fit to the same
lattice data.
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Photoproduction of Heavy Mesons Near Threshold

Figure: Witten diagrams for the holographic photo/electroproduction of J/W with g2 ~ N% and

2 1
K/SNI\T?.
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Photoproduction of heavy mesons near threshold

o the differential cross section for photoproduction of heavy vector mesons (J/% or T),
near threshold, is given by

G N (A + P D()
1 1

A2(0) * 32r(s — m2)

X

t
X F(s,t,M X[(1——5
2 (57 3 V,mN) < 4ml2v>

with the normalization factor A/ defined as

A 2
N?=e? x <M—V> x V2. g % (262)° x A2(0) = 7.768% nb/Ge V'
v

e note that F(s,t) ~ s* ~ 1/n* with the amplitude A ~ s? x A(t) + s® x D(t) as expected
from 27+ and 07 glueball t-channel exchanges
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Extraction of the 27" glueball contribution
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Extraction of the 0™ glueball contribution
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Electroproduction of heavy mesons near threshold

o the differential cross section for electroproduction of heavy vector mesons (J/1 or T),
near threshold, is given by

dO'(S, t, Q: MJ/\IM €T, 6IT)

72(Q, M) % (%)2 « [A(t) + 2D(1)]?

dt
do(s,t,Q, MJ/\U,GL,fIL) 1 Q> ) 512 ) 5
pm x5 X1 X I%(Q, M ) x <?> x [A(t) +n°D(t)]

Jjv
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Electroproduction of heavy mesons near threshold

@ where we defined the transition form factor that controls the @ dependence as

I(Ov MJ/\U)

1 Q? Q? Q? ’
6 X <4/¢3/w +3> (4/{3/\” + 2) (4&3/“, + 1)

Z(Q,Mypy) =

. f,
with Z(0, M,y) = %
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Spin-j Form Factor of Proton

@ the spin-j form factors of proton can be defined as

ipl”l plL3 . p/l'j 0-#204 kOé

(pa| THIH2Hi(0)|p1) = T(p2) (A(k’j)’ympm'“pw + B(k.J) 2my

+C(k,Jj)

kMikb2 | kK — pPbzplisis Hj—114j 2
n 7 n ) u P1)
my
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Spin-j Form Factor of Proton

@ the spin-j form factor, can be computed using the Witten diagram

Figure: Witten diagram for the spin-j form factor due to the exchange of spin-j glueball resonances.
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Four-point correlation functions < I5JMJVP > with spin-j exchange

Op(y:0)

with BPST (holographic) kernel

collinear factorization with BFKL kernel

@ the scattering amplitude using the BFKL kernel:

im Ay peovilis, ) = [ o ds /k K dK ®a(ki, Q) GUi ti ki K,) (kL)
0

1

C+ioco dj j—1 ] ]
Im'A'YZ/Tp_)Vp(S’ t) = / 2 (i) I, Q) x F(j. t)

C—ico 2T \Sp
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Four-point correlation functions < I5JMJVP > with spin-j exchange

Feature

BFKL (A<1)

BPST (A>1)

Transverse variable ki z X k|
4 4
Differential kernel kf_@é + k1 0k, — D—(J _jg) kiali + k1O, — D—(J —jcl)7)
P h
Aln2
. P ih
Intercept shift =1+ = ib=2- My
7((3 2
Diffusion width D, = < ))\ Dy = —
272 vV
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Four-point correlation functions < I5JMJVP > with spin-j exchange

o the scattering amplitude using the holographic kernel:

) 1 ) )
A’YZ/TPHVP(/PS’ t) ~ _gTS X 2K% X V’WZ/TV(/’ Q) X Vh\T!\U(/? t)

. »
X [qm q"...q" Pmuz.-.uj;ulw...vj(k) Pllllplllz'"plj}

X a(p)u(py)
my
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Four-point correlation functions < I5JMJVP > with spin-j exchange

@ we use the identity

9" G"...0" Ppiyyiy..inva (M, K) PV Py’ = (p1- q) x dj(n, t)

with
. J1-j 1 . 4my o,
d; = ,F ;
fi(n, t) = 21<2 5 i X
where the skewness parameter is given by n ~ 5. Also note that, for j = 2, we have

P
the massive spin-2 projection operator Py, ,,. 1,11,2(6 Pv.ap(k) defined as

1 2
Pw;aﬂ(k) 5 <Pu;aPu;f3 + PupPuia — 3Pu;VPa;ﬁ>
which is written in terms of the massive spin-1 projection operator
Pu;a(k) = Npa — kuka/k2
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Four-point correlation functions < I5JMJVP > with spin-j exchange

@ separating the skewness 7 dependent and independent part, we can rewrite the scattering
amplitude as

1
-A’y;_k/Tp—>Vp(jaSa t) ~ _g__s X 2’{’2 X Vh"/Z/-,—V(jv Q) X [”4(./7 t) + DT](jana t)]
1

x (pr-q) x ——x d(p2)u(p1)
N
where
Dol t) = (din,e) = 1) x [Al, 1) = As(, 0]
with

As(j? t) = A(jv;HT — "15)
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Holographic parametrization of conformal moments of gluon GPDs

@ our holographic parametrization of conformal moments of gluon GPD at finite skewness,
and at input scale p = pyg, is given by

FSO (.t 10) = Ag(, £ 10) + Dy 7, £ 110)

for even j =24, ...
@ we use

1
Ag(j, t; po) :/ dxxf_zxg(x;,uo)xaT
0

with the input gluon PDF xg(x; io) at o = po, and ar = —o/ft
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Holographic parametrization of conformal moments of gluon GPDs

@ the skewness or n-dependent terms are fixed by holography as
Dgy(j,m, ti o) = (671(77, t) — 1) X [Ag(j, t; o) — Ags(J, t; po)]
where
Ags(is tipo) = Ag(, ti po, a'F — )
o the A-form factor of the gluon gravitational form factor of the proton is given by
Ag(ti po) = Ag(j = 2, t; o)

and the D-form factor (or the D-term) of the gluon gravitational form factor of the
proton is

1 Dg(t; o) = Dgy(j = 2,m, t; po)
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Holographic parametrization of conformal moments of non-singlet quark

GPDs

o the holographic parametrization of the conformal moments of the non-singlet (valence)
quark GPDs at u = pg is given by

FS (o, £ 10) = F§ Gt 10) + Fl) (G, £ 10)
for odd j =1,3,---, where we have defined
1 .
F, t o) = / dx ! gy (x; po) X%
0
with the input valence (non-singlet) quark PDF

qu(x: j10) = q(x: o) — G(x: p10) = Hy (x,7 = 0, = 0; ) at 11 = pro, and ag = —alyt,

where a; is a Regge slope parameter
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Holographic parametrization of conformal moments of non-singlet quark

GPDs

@ we also have the flavor combinations

(-) uy(x; po) £ dv(x; p1o)
IE?u:l:d(./ mn, t; NO / dx 1 J+au:|:dt

assummg i(x, po) = d(x, o)
o we fix o/, ,, using the experimental Dirac electromagnetic form factor of the proton
(F1p(t)) and neutron (Fin(t)) from their valence combination

FD, (1, £ 10) = 3 (Fup(t) + Fra(t)) .
and the isovector combination

FC) (1,m, 6 o) = Fip(t) — Fia(t)
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Holographic parametrization of conformal moments of singlet quark GPDs

@ the holographic parametrization of the conformal moments of the singlet (sea) quark
GPDs at pu = pg are given by

N¢ N
> FD (. 5 o) = > FO, 5 o) + Fo (o, £ o)
q:]_ q=1

for even j =2,4,--., where we have defined

Ny
Z]:( .t Mo)_/ dx I~ IZQH) X; fio) X
g=1 q=1

with the input singlet quark PDF

SN g (o) = SN q(x o) + G(x; o) = Y0 HEY (%, = 0,8 = 0; 1g) at
p = po, and ag = —agt.
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Holographic parametrization of conformal moments of singlet quark GPDs

@ the skewness or 7n-dependent terms are given by

Nf Nf
> Fadlon tino) = (din, ) = 1) x [ > F§, ti0) = FEE G, £ o)
q=1

g=1
where
N¢ Ny
S FDU i) = Y FS o, ol — aly)
g=1 g=1
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Holographic parametrization of conformal moments of singlet quark GPDs

o the A-form factor of the quark gravitational form factor of proton is given by

Nf Nf
> Aqltipo) = > 5V = 2,8 o)
q=1 g=1

and the D-form factor (or the D-term) of the quark gravitational form factor of the
proton is given by

Ny Ny
P> Dltipo) =Y Fo) (i = 2.1, t; o)
qg=1 qg=1

Kiminad Mamo (WM) String-GPDs May 19, 2025 26 /38



Comparison of the conformal moments to lattice QCD
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Figure: Our evolved moments of u — d quark GPD H“~9(x,n, t; 1) at u = 2 GeV (black-solid line).
The other colored curves and data points are lattice results from [Bhattacharya 2023] (Cyan data
points), [LHPC 2007] (Orange and Brown data points), [Lin 2020] (Pink curve), [Alexandrou 2019]
(Red data points), and [Hackett 2023] (Blue curve).
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Comparison of the conformal moments to lattice QCD
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Figure: Our evolved moments of u — d quark GPD HY~9(x,n, t; 1) at u = 2 GeV, are represented by
black line. The other colored curves and data points, corresponding to lattice data, from various
sources are shown for comparison.
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Comparison of the conformal moments to lattice QCD
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Figure: Our evolved moments of u — d quark GPD HY~9(x,n, t; u) at u = 2 GeV, are represented by
black line. The other colored curves and data points, corresponding to lattice data, from various
sources are shown for comparison.
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Comparison of the conformal moments to lattice QCD
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Figure: Our evolved moments of u -+ d quark GPD H“*9(x,n, t; i) at 1 = 2 GeV (black-solid line).
The lattice results are from [Bhattacharya 2023] (Cyan data points), [LHPC 2007] (Orange and brown
data points), [Alexandrou 2018] (Purple data points), [Djukanovic 2023] (Magenta data points), and
[Hackett 2023] (Blue curve).
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Comparison of the conformal moments to lattice QCD
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Figure: Our evolved moments of u -+ d quark GPD H“+9(x,n, t; ) at = 2 GeV, are represented by
black line. The other colored curves and data points, corresponding to lattice data, from various
sources are shown for comparison.
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Comparison of the conformal moments to lattice QCD
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Figure: Our evolved moments of u -+ d quark GPD H“+9(x, 7, t; ) at 1 = 2 GeV, are represented by
black line. The other colored curves and data points, corresponding to lattice data, from various
sources are shown for comparison.

Kiminad Mamo (WM) String-GPDs May 19, 2025



Comparison of the conformal moments to lattice QCD
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Figure: Our evolved moments of gluon GPD Hé+)()<,777 t;p) at u =2 GeV, are represented by black
line. The other colored curves and data points, corresponding to lattice data, from various sources are

shown for comparison.
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Reconstructing quark and gluon GPDs from their conformal moments

o the gluon GPD series expansion interms of their conformal (Gegenbauer) moments is
extended to a Mellin-Barnes-type integral to facilitate the incorporation of complex-valued
conformal spins [Mueller:2005]:

(+) - L (21 e gy.(— S TT—
HEO e tin) = 57 [ i S (5o m) + oy o) B G,

with the partial waves
g _0 1 ep. X P 1 €0, X
pilam) = 00 = X2 #Pi () + 0 =m) =55 | 5
1 27Ir(3/2 4+
—j,j—|—1,3'§ (14.5))&

71 n
P <%> 7)) TG -
€9; <i) = 2f (J%l, é +J; 77_2> sin(rlj + 1)

Il

7N

—

+

3| X
~_
N

N

T

NlWw —/

n
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Reconstructing quark and gluon GPDs from their conformal moments

o for quark GPDs we have

() AN N PSS . COVTI.
HE om0 = 5 [ i s (e )6 i),

with the partial waves

where

pileo) = 001~ D5 (£) 4 00— 5 0y (%)
1(1+5>> y 2T(3/2 +))
n

n
A(G) = (o3 (oonsd (o02)

x2

O
I/~
3| X
~

Il

N

o
I/~
N |~

-

l\)“‘l‘

—_
N W
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Reconstructing quark and gluon GPDs from their conformal moments

@ The non-singlet isovector quark GPD, denoted as HL(I:L(

difference between the up and down quark distributions,

x,m, t; i), represents the

1 1 oy
HO (o, t ) = 2;/" sin(7)) Pl FS G, £ 1)

@ The analytically continued conformal PWs p;(x,7) have support —n < x <1
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Comparison of our reconstructed u — d quark GPDs to lattice
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Figure: Purple for n = 0, —t = 0, green for n = 1/3, —t = 0.69 GeV?, yellow for n = 0.1,

—t = 0.23 GeV? (all with u =2 GeV), and pink for n =0, —t = 0.39 GeV?, and u = 3 GeV.
Lattice results: [Alexandrou 2020] (purple, and green curves), [Holligan,2023] (yellow curve), and
[Lin 2020] (pink curve).
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Thank You!
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