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AdS/CFT

e AdS/CFT correspondence can be used to compute correlation functions of local operators

Zgauge(J07 Ne, )\) = Zgravity(¢0>g57 O//RZ)

with J = ¢

@ the computation of the correlation functions is done using Witten diagrams in AdS

@ for non-conformal theories with mass gap dual to some gravity theory in deformed AdS
background, we can use Witten diagrams to compute scattering amplitudes
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Spin-1 (Electromagnetic) Form Factors of Proton

o the Dirac and Pauli form factors of proton are defined by

(Al (O)n) = w(ez) (A + Fal?) 5 ) )

@ in holographic QCD they can be computed using the Witten diagram in AdS

Figure: Witten diagram for spin-1 (electromagnetic) form factors of proton (p|J% (0)|p1) due to
the exchange of spin-1 (vector) meson resonances.
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Spin-1 (Electromagnetic) Form Factors of Proton

@ the bulk-to-boundary propagator for virtual photon
Fnon 2 2
Z ¢ (z) <1+Q—2) Kz u(1+ Qo mvz2)
4rky, 4K2 Ky

@ the scattering amplitude is given by

1
Dlrac[l f] = 2g2 dZd4y\/Ee ﬁ
1T N 1 040 33 1T N 1 070 33
SR R (ngT +VNT)\U1,-+\UZW (ngT —|-VNT>\IJ2,-

= (2n)**(p' — p—q) Fn(P') Frn(p) x ;5 X 2g5 x ey X s, (p")e(q)us (p)

x %/;_;e_qbV(O,Z) (¥i%(2) + vr*(2))
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Spin-2 (Gravitational) Form Factor of Proton

o the gravitational form factors of proton defined as

v)efe
<+ C(k)

iplho
(02| T (0)|p1) = 5(p2) (A(k)fy%”) + BT =

ki kv — 77'“‘”/(2
———— | u(p)
my

can also be computed by the corresponding Witten diagrams:
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Spin-2 (Gravitational) Form Factor of Proton

N

Figure: Witten diagram for the spin-2 gravitational form factor due to the exchange of spin-2
glueball resonances.
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Spin-2 (Gravitational) Form Factor of Proton

°°o f(k:z) or p(k;2)

Figure: Witten diagram for the spin-0 gravitational form factor <p2| T‘L(0)|p1> due to the
exchange of spin-0 glueball resonances.
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Spin-2 (Gravitational) Form Factor of Proton

@ the gravitational form factors of proton follow from the coupling of the irreducible
representations of the metric fluctuations h,, to a bulk Dirac fermion

@ and the bulk metric fluctuations can be decomposed in terms of the 2 @ 0 invariant
tensors [Kanitscheider:2008]

huw(k,z) ~ [ 10 h(k,z) + [%nwf(k,z)}

which is the spin-2 made of the transverse-traceless part h plus the spin-0 tracefull part f
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Spin-2 and Spin-0 (Gravitational) Form Factor of Proton

@ the scattering amplitudes are given by

" 1 b o
e ViD,(p1, P2, k) = —E/dz\/Ee °2U(p2, 2)el 7P’ W(p1, 2)H(K, 2)
and

1 . 1 Y-
37108V gy (P12 ke) = —§/dz\/§e °2U(p2, 2)1apy P’ W(p1, 2) F(K, 2)
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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)

NGV - 77#1#277#3ﬂ4m77#j71#jk2
u(p1)
my

Kiminad Mamo (WM) Witten diagrams in AdS/QCD March 20, 2024 @ JLab Cake Seminar 10 /33



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 >

=" - I

electroproduction of a vector meson probing the gluon GPD: (a) leading QCD
contribution in the Regge limit; (b) leading Witten diagram in the large-N. limit.
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Four-point correlation functions < I5JMJVP >

@ the scattering amplitude is given by

1 1

h . 2 . _

‘A’YZ/TP—>VP(J757 t) ~ "5 " 2K° X Vﬁ%ﬁv(la Q, My) x e i(p2)u(pr)
[o¢]

X Z [qll«lql&‘”q/‘j PM1M2~~~Mj;V1V2~~Vj(m"7 k) pflp?p]lfj]
n=0

X Vh\TI\IJ(j: K, m,,)
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Four-point correlation functions < I5JMJVP >

@ we use the identity

014" 0" Pyys. pianvs.n (M K) PV PY2.py = (p1 - g x dj(n, m3)

with

. j1—j1  4am?
) = 2k (41505 -
n

where the skewness parameter is given by 1 ~ 22%- Also note that, for j = 2, we have
the massive spin-2 projection operator Py, .10, (M, k) = Ppy.ap(Mn, k) defined as

1 2
Pm/;aﬁ(mm k) = 2 (Pu;apv;ﬂ + Pu;,@PV;a - 3Pu;VPa;B>
which is written in terms of the massive spin-1 projection operator

Puia(mn, k) = Npa — k,ukoz/m%
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Four-point correlation functions < I5JMJVP >

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

. 1 v . [ ]- —
Agz/Tpavp(I»Sa t) ~ T X 267 % Vﬁvz/Tv(J, Q, Mv) x (p1- q) x m x a(p2)u(p)
X ['A(./7 t) + DU(j? 777 t)]

where
DG t) = (din,8) = 1) x [Al, 1) — As(j. 8]
with

As(j, t) = A(,;kT — Ks)
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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 Gt 10) = FS G, £ 0) + Fop Gy, £ 110)

for odd j =1,3,---, where we have defined

1 -
F, t o) = /0 dx ! gy (x; po) X%

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

Kiminad Mamo (WM) Witten diagrams in AdS/QCD March 20, 2024 @ JLab Cake Seminar 18 /33



Holographic parametrization of conformal moments of non-singlet quark

GPDs

@ the skewness or n-dependent ]-',g;)—terms are given by

Fa U timo) = (G100, ) = 1) x [0, ti o) = FS U £ o)
where
FG tipo) = FEU ti o, oy — al)

o the Dirac electromagnetic form factor of the proton is given by

2
Fl(t) = Z = 1 t; ,u,o)
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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
STED o tipe) = S0 FG b o) + Fo G, t o)

g=1 gq=1
for even j =2,4,--., where we have defined
N¢
zﬂ i) = [ aen L3 69 o)

g=1 qg=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)

where

N¢ Ny
S FPG o) = Y FEU o, oy — o)
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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
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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; 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; ) 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; ) 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.
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Comparison of the conformal moments to lattice QCD
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Figure: Our evolved moments of gluon GPD Hsgymmem-c(x,n, t; ) at p =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

@ 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]:

(1)
sin(mj)

1 , .
Hg(x,m, t; 1) = E/(;‘jf &p;(x, mFg(j,n, t; %)
with

1 1
o 1) = 00— )Py () 00— )20y (%)

where the functions &P; and 8Q; are given by

2
&p; (i) (1+§> 2F (—j,j+1,3
n n

. . 2 . .
g0, (XY — p (4= .3, 0 sin(xli+1])
Q,(n 21 {5 ’2'2+J'x2 -
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Reconstructing quark and gluon GPDs from their conformal moments

o for quark GPDs we have

1
Hq(x,m, t; p) = 21/6’ sm(7rJ)pJ( ;MFq(,n, t; )
with

pico) = 000~ )57 () + 0tx - m) 505 (%)

() - () o)
. 172> . sin(f)

™

where
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Comparison of our reconstructed u — d quark GPDs to lattice
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Figure: Comparsion of our reconstructed u — d quark GPD Hl(l:z.,(x,n, t; ) with lattice.

results
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Thank You!
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