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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(JO,Nc , λ) ≡ Zgravity(ϕ0, g5, α
′/R2), where J ≡ ϕ0.

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

ds2 =
R2

z2
(
ηµν dx

µdxν − dz2
)
, ηµν = diag(1,−1,−1,−1),

with 0 ≤ z ≤ ∞, connects the UV boundary (z → 0) to the IR (z → ∞), and mass
gap/confinement induced by a background dilaton field ϕ(z) = κ2z2.
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Two-point function

Jµ(x ; 0) Jµ(x ′; 0)
1
g5

1
g5

V (q, z = ϵ)

Figure: Witten diagram for the two-point function of the current operator with g2
5 ∼ 1

Nc
.

The bulk-to-boundary propagator for the virtual photon is

V(Q, z) = g5
∑
n

Fn ϕn(z)

Q2 +m2
n

= Γ

(
1 +

Q2

4κ2

)
κ2z2 U

(
1 +

Q2

4κ2
; 2;κ2z2

)
,

where Γ is the Gamma function and U is the Tricomi confluent hypergeometric function.
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Spin-1 (Electromagnetic) Form Factors of Proton

Jµ(x ; 0)

z

V (q; z)

OP(y ; 0)

ŌP(y
′; 0)

Ψ̄(p; z)

Ψ(p′; z)

1
g5

g5

Figure: Witten diagram for EM form factor due to the exchange of vector mesons with g2
5 ∼ 1

Nc
.
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Spin-1 (Electromagnetic) Form Factors of Proton

The scattering amplitude in AdS is

SEM
Dirac [i , f ] = (2π)4 δ4(p′−p−q)

1

g5
× g5 usf (p

′) ϵµ(q)γ
µ usi (p)

×1

2

∫
dz

z2M
e−ϕ V(Q, z)

(
ψ2
L(z) + ψ2

R(z)
)
.
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Spin-2/0 (Gravitational) Form Factors of Proton

The gravitational form factors (GFFs) of the proton are defined via the
energy-momentum tensor (EMT):

⟨p2 | Tµν(0) | p1⟩ = u(p2)

(
A(k)γ(µpν) + B(k)

i p(µσν)αkα
2mN

+ C (k)
kµkν − ηµνk2

mN

)
u(p1),

with k = p2 − p1. Often one writes D(k) ≡ 4C (k).
The bulk metric fluctuations decompose into spin-2 (transvers-traceless part h) and spin-0
(traceful part f ) [Kanitscheider (2008)]:

hµν(k , z) ⊃
[
ϵTTµν h(k , z)

]
+
[
1
3 ηµν f (k , z)

]
.

For non-degenerate 2++ and 0++ glueball spectra, the holographic coupling includes both
transverse-traceless (spin-2) and scalar (spin-0) fluctuations, respectively.
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Spin-2/0 (Gravitational) Form Factors of Proton

T µν(x ; 0)

z

h(k ; z) → 2++

OP(y ; 0)

ŌP(y
′; 0)

Ψ̄(p; z)

Ψ(p′; z)

1
κ5

κ5

Figure: Witten diagram for spin-2 gravitational form factor due to the exchange 2++ glueballs with
κ25 ∼ 1

N2
c
.

A(K , κT ) =
1

2

∫
dz

√
g e−ϕ z

(
ψ2
R(z) + ψ2

L(z)
) ∞∑
n=0

√
2κ5 Fn ψn(z)

K 2 +m2
n

.
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Holographic Gravitational Form Factors

T µ
µ (x ; 0)

z

f (k ; z) → 0++

OP(y ; 0)

ŌP(y
′; 0)

Ψ̄(p; z)

Ψ(p′; z)

1
κ5

κ5

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

D(K , κT , κS) = −
4m2

N

3K 2

[
A(K , κT ) − AS(K , κS)

]
,
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Comparison with Lattice Data
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Four-point correlation functions < P̄JµJνP > with spin-j exchange

γ∗(q) γ(q′)

p p′
GPD

collinear factorization

≡
γ∗(q) γ(q′)

moments of

GPD

with BFKL kernel

≡
OP(y ; 0)

Oγ∗(x ; 0)

ŌP(y
′; 0)

Oγ(x
′; 0)

ΨP(
p; z

′ ) Ψ̄
P (p ′; z ′)

V (q; z) V (q
′ ; z)

G (j ; t; z ; z ′)

z ′

z

1
g5

κ5

κ5

with BPST (holographic) kernel

the scattering amplitude using the BFKL kernel:

ImAγ∗
L/T

p→Vp(j , s, t) =

∫ ∞

0
k⊥ k⊥

∫ ∞

k⊥

k ′⊥ k ′ ΦA(k⊥,Q)G (j ; t; k⊥; k
′
⊥) ΦB(k

′
⊥) ,

ImAγ∗
L/T

p→Vp(s, t) =

∫ C+i∞

C−i∞

j

2πi

( s

s0

)j−1
I
(
j ,Q

)
× F
(
j , t
)
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Four-point correlation functions < P̄JµJνP > with spin-j exchange

Feature BFKL (λ≪1) BPST (λ≫1)

Transverse variable k⊥ z ∝ k⊥

Differential kernel k2⊥∂
2
k⊥

+ k⊥∂k⊥ − 4

Dp

(
j − jp0

)
k2⊥∂

2
k⊥

+ k⊥∂k⊥ − 4

Dh

(
j − jh0

)
Intercept shift jp0 = 1 +

λ ln 2

π2
jh0 = 2− 2√

λ

Diffusion width Dp =
7 ζ(3)

2π2
λ Dh =

2√
λ
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Four-point correlation functions < P̄JµJνP > with spin-j exchange

the scattering amplitude using the holographic kernel:

Aγ∗
L/T

p→Vp(j , s, t,Q
2) ∼ − 1

g5
× 2κ2 × Vhγ∗

L/T
V (j ,Q)× VhΨ̄Ψ(j , t)

×
[
qµ1qµ2 ...qµj Pµ1µ2...µj ;ν1ν2...νj (k) p

ν1
1 pν21 ...p

νj
1

]
× 1

mN
× ū(p2)u(p1)

the summation over all spin-j glueball/meson exchanges is performed using the
Sommerfeld–Watson formula

Atot
γ∗p→V /π0p(s, t,Q

2) = −
∫
C

dj

2πi

s j ± (−s)j

sin(πj)
Aγ∗p→π0/Vp(j , s, t,Q

2) ,

where the contour C is taken to the left of all even or odd poles (See Kemal’s talk on
Wednesday)
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Photoproduction of Heavy Mesons Near Threshold

OP(y ; 0)

Jµ(x ; 0)

ŌP(y
′; 0)

Jµcc̄(x
′; 0)

ΨP
(p;

z
′ ) Ψ̄

P (p ′; z ′)

V (q; z)
V
J/Ψ (q

′ ; z)

G t(q − q′; z ; z ′)

z ′

z

1
g5

κ5

κ5

Figure: Witten diagrams for the holographic photo/electroproduction of J/Ψ with g2
5 ∼ 1

Nc
and

κ25 ∼ 1
N2

c
.
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Photoproduction of heavy mesons near threshold

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

dσ

dt
= N 2 ×

[
A(t) + η2D(t)

]2
× 1

A2(0)
× 1

32π(s −m2
N)

2
× F (s, t,MV ,mN)×

(
1− t

4m2
N

)
with the normalization factor N defined as

N 2 ≡ e2 ×
(

fV
MV

)2

× V2
hγ∗J/Ψ ×

(
2κ25
)2 × A2(0) = 7.7682 nb/GeV6

note that F (s, t) ∼ s4 ∼ 1/η4 with the amplitude A ∼ s2 × A(t) + s0 ×D(t) as expected
from 2++ and 0++ glueball t-channel exchanges
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Extraction of the 2++ glueball contribution
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Figure: The extracted A(−t) form factor from γp → J/ψ p near threshold, as measured by the J/ψ-007
Collaboration at JLab [Duran et al. (Nature, 2022)].
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Extraction of the 0++ glueball contribution

Figure: Similarly, the extracted D(−t) (or 4C (−t)) form factor from near-threshold photoproduction at
JLab.
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Electroproduction of heavy mesons near threshold

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

dσ(s, t,Q,MJ/Ψ, ϵT , ϵ
′
T )

dt
∝ I2(Q,MJ/Ψ)×

( s

κ2

)2
×
[
A(t) + η2D(t)

]2
dσ(s, t,Q,MJ/Ψ, ϵL, ϵ

′
L)

dt
∝ 1

9
× Q2

M2
J/Ψ

× I2(Q,MJ/Ψ)×
( s

κ2

)2
×
[
A(t) + η2D(t)

]2
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Electroproduction of heavy mesons near threshold

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

I(Q,MJ/Ψ) =
I(0,MJ/Ψ)

1
6 ×

(
Q2

4κ2
J/Ψ

+ 3

)(
Q2

4κ2
J/Ψ

+ 2

)(
Q2

4κ2
J/Ψ

+ 1

) ,

with I(0,MJ/Ψ) =
g5fJ/Ψ
4MJ/Ψ
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Electroproduction of heavy mesons near threshold
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Figure: The variation of the total differential cross section with t and Q2 for s = 21 GeV 2. The blue
curve is for Q = 0. The red curve is for Q = 1.2 GeV . The green curve is for Q = 2.2 GeV . The data
is from GlueX collaboration at JLab in 2019.
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Electroproduction of heavy mesons near threshold
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Figure: The variation of the total cross section (near threshold) with Q2 and
√
s. The blue band is for

Q2 = 0 (the data is from GlueX in 2019), the red band is for Q2 = 1.22 GeV2, the green band is for
Q2 = 2.22 GeV2.
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Electroproduction of heavy mesons near threshold
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Figure: The variation of the total cross section with Q2 (near threshold), s=W2 = 4.42 GeV2.
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Electroproduction of heavy mesons near threshold
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Figure: The total cross section for J/Ψ photoproduction.
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Witten diagrams for γ(∗)p→π0p
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Figure: Holographic s + u + t-channel Witten diagrams for neutral-pion electro/photoproduction.Kiminad Mamo (WM) Holographic Method July 28, 2025 24 / 31



Neutral π0 electro/photoproduction in holographic QCD

Unified amplitude

Mγ(∗)p→π0p = Ft(Q
2, s, t)Mt + Fs(Q

2, s)Ms + Fu(Q
2, u)Mu,

with soft-wall form factors

Ft(Q, s, t) =
Nt g

3
5κCS g5cπκ

2
[
15− Q2

4κ2

]
Γ(τ)

4κ2 Γ
(

Q2

4κ2 + 4
)
Γ
(

Q2

4κ2 + 1
)−1

× −t/(4κ2
t ) + 2τ

Γ
(
−t/(4κ2

t ) + τ + 1
)
Γ
(
−t/(4κ2

t ) + 1
)−1

1

E 3
π

,

Fs(Q, s) =
Ns g5cπκ

2
[
τ(2τ − 1) + (τ − 1) Q2

4κ2

]
Γ(τ)

4 (M2
0 − s) Γ

(
Q2

4κ2 + τ + 1
)
Γ
(

Q2

4κ2 + 1
)−1

, Fu = Fs (s→u).

t–channel fixed by the Chern–Simons term dominates forward angles.

s, u Born towers (infinite baryon spectrum) become relevant for |t| ≳ 1 GeV2.

Veneziano duality prevents double counting when all three channels are combined.
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Model vs. data (JLab CLAS / Hall A)

Forward-angle structure functions U = T + εL, LT , TT reproduced in all 18 (Q2,W )
bins with a single Ft .

dσT
dt

= AT + BT cos θ + CT cos2 θ + DT cos3 θ

Regge-resummed Ft gives the correct σT (Q
2,W ) without extra parameters.

Large-|t| photoproduction requires s + u Born terms explains “shoulder/dip” near
|t| ≃ 0.5 GeV2.

Fit coefficients (Nt ,Ns , κt) are stable across kinematics.
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Electroproduction: forward-angle observables
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Figure: FIG. 2(a): W ≃ 2.43 GeV bin— U, LT ,
TT vs. −t. Points: CLAS/Hall-A data; curves:
holographic t-channel fit.
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Figure: FIG. 2(b): W ≃ 2.21 GeV bin— same
legend as (a).
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Total π0 electroproduction cross sections
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Figure: FIG. 3(a): σT vs. Q2 at W ≃ 2.16 GeV.
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Figure: FIG. 3(b): σT vs. W at Q2 ≃ 1.34 GeV2.
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Photoproduction from forward to backward angles
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Figure: FIG. 4: Differential cross section dσ/dt for γp→π0p at W = 3.17–3.20 GeV. Circles: world
data; squares: CLAS; solid curve: full holographic amplitude Ft + Fs + Fu.
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Summary

Holographic dictionary. Soft-wall AdS/CFT maps QCD currents and hadrons to bulk
fields V ,A,Ψ (spin-1), h (spin-2) and f (spin-0); correlation functions and amplitudes are
computed with Witten diagrams.
Nucleon structure. Unified treatment of spin-1 and spin-2/0 form factors: EM FFs fixed
by vector towers; gravitational FFs from 2++ / 0++ glueball exchange reproduce lattice
and phenomenology.
π0 electro/photoproduction. Single amplitude Ft + Fs + Fu — CS-driven t-channel +
Veneziano-dual s, u Born towers — fits CLAS/Hall-A structure functions and world
photoproduction data with one parameter set.
Heavy-quarkonium near threshold. J/ψ, Υ production isolates gluonic GFFs through
2++ and 0++ glueball exchange; holographic amplitude matches JLabJ/ψ-007 and GlueX
cross sections.
Regge regime. BPST kernel (strong-coupling analogue of BFKL) links small-x
four-point functions to GPD moments.
Complementarity. Holographic QCD offers a comprehensive, self-contained framework
that complements GPD factorization, providing unified insight into exclusive and inclusive
processes at JLab and the future EIC.
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Thank You!
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