Threshold charmonium photoproduction - an access
to gluonic structure of the proton
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e Gluonic contribution to the mechanical properties of
the proton equally important as the quark one:

Lattice calculations of Gravitational Form Factors (GFFs) show similar

contributions from gluons (g) and quarks (u+d+s).
Hackett, Pefkou, Shanahan arxiv:2310.08484 (2023)

e Quark masses and kinetic energies of quarks and gluons
are not enough to explain the mass of the proton: gluon
condensate, or anomalous contribution to the mass of
the proton is significant:
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Threshold charmonium photoproduction - GPD and holographic
approaches

gGPD(x,¢, 1)

o Compton-like amplitudes ?/gc(f, 1),

%gc(éf, 1) and form-factors as in DVCS

e In contracts: threshold kinematics is very
different: at high momentum transfer  and
skewness & (hard process):

()
dt yp—=>Jhyp

e Leading terms in Gy(¢) and G,(¥) contain
gGFFs A, (1), B,(1), C,(1)

e Absolute calculations, but require knowledge
of gGFFs

GPD analysis by Guo, Ji, Yuan PRD 109 (2024)

= F(E)E[Gy(0) + EG,(D] + . ..

Witten diagram

lrepresentat/on

e Using gauge/string correspondence
e In the double limit of large N, and strong gauge

coupling (soft process):
= H(E)[A;(1) + n°8A,(NC,(D)] + ...

()
at yp—>Jlyp

o Approximate theory, requires 1/N, corrections

o Relative calculations (H(E},) normalized to
GlueX total cross-sections), but predicts Ag(t)
and Cg(t) shapes from Regge trajectories

Holographic analysis by Mamo and Zahed PRD 106 (2022),
PRD, PRD 101 (2020), Hatta and Yang PRD 98 (2018)



Gluonic Form Factors - data vs

GPD
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Kinematic (Rosenbluth-like) separation using only &/#-scaling applied to JLab data, 9.3 < E < 10.8 GeV

Extracted FF combinations do not depend on energy ()(2/d0f ~ 1) - consistent with £/n-scaling predictions
General agreement with lattice, would be the case in leading-term approximation

General agreement b/n two diametric theories, each with specific corrections (higher moments, 1/N,)
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Higher-mass charmonium states at threshold

yp = x.p = Jlyy)p = (eTeTy)p

1,2
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photon flux, A.U.

linear polarization

Threshold charmonium photoproduction at 22 GeV era
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Other reaction mechanisms: open-charm, 5g exchange

o(yp — J/yp),nb
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o(yp — J/y p) [nb]

do/dt [nb/GeV?]
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107 |

JPAC arxiv:2305.01449 (2023)

Phenomenological approach: JPAC results

- pac

o GlueX (2023)
= Single channel (1C)
= Two channels (2C)

L
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—— Single channel (1C) .
—— Two channels (2C)
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o(y p = J/y p) [nb]
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do/dt [nb/GeV?]

o GlueX

= Nonreso:
Resonant (3C-R)

(2023)

nant (3C-NR)
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o GlueX (2023)

Resonant (3C-R)

2 4

—t [GeV?]

Global fit of both Hall C & D do/d1(t) and Hall D o,,(E,)

Phenomenological model based
on s-channel PW expansion (I < 3):
e (1C) J/yp interaction

e (2C) J/wp and D*A,
e (3C-NR) J/yp, DAC, D*AC (non-
resonant solution)

No stat. significant preference:

e 9 GeV structure requires sizable
contribution from open charm

e Severe violation of VMD and
factorization not excluded

e s-channel resonance not
excluded

e t-enhancement indicates s-
channel contribution: due to
proximity to threshold or open-
charm exchange
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Data used for extraction of gluon FFs in GPD analysis
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Gluonic Form Factors

},>x<
P P P Gluonic P
e.m. FFs .
Gravitational FFs
do -4 2
— = F(E,)){[Gy(t) + GO + . ..
o Jo | ) : yp=>Jlyp
<d_£2> - <dsz> (I+7) [GEUH?GM(Z)I
ep—ep M do_ 2 2
E) = HE (1) + P24 (OB + ..

yp—Jlyp
Model approach - fit dipole/tripole FFs (within some model) to data

1
(1 —1/0.71GeV?)?

Gg(D), Gy(t) ~ Gp(1) =

Ag(t), B (t)’ Cg(t) ~ (1 _ t/mi2)2(3)

Rosenbluth separation

do &2 5
UG = — ~ é Go(t) + Gz(t)
dt F(E
do ( do e(l+7) € _, 5 t F( }’)
M oy = ~ =2 (1) + 8A (1)

~ dr F(E)



Ey (GeV)

Gravitational Form Factors (model approach) - J/y-007

05 -1073
JIV =007 using M-Z approach JIV =007 using M-Z approach
—— J/¥ — 007 using G-J-L approach —— J/V —007 using G-J-L approach
AT Lattice A e Lattice
04 |
107 B. Duran et al. (J/y-007),
03 Nature 615 (2023)
) )
< Q -0t k2= —1
02
01 -10°
0.0
05 10 15 20 25 30 35 40 45 05 10 15 20 25 3.0 35 40 45
k? (GeV?) k2 (GeV?)
Global fit of all Hall C do/dt data with 3 parameters, 114, m., C(0):
120 | o jw-007 (dipole) o J/¥-007 (dipole)
¥ GlueX e JIV-007 (exp.) Ag(O) Cg(O)
| ¢ Gluex A () = , C.(t) = , D (1) =4C (1)
11.5 8 (1 —t/m,2)3 8 (1- f/mc2)3 8 8
e (Ag(O) fixed from global DIS analysis) using two theoretical models:
11.0
R. Wang et. al . . . . .
—o— (2020) T 1) Guo, Ji, Liu PRD103 (2023), using GPD factorization
10.5 _m | o~ ,
— e
—e— ® o
10.0 —. I 2—0——
— —— ; )
—— e Lattice calculations of GFF: Pefkou, Hackett, Shanahan PRD105 (2022)
—e r —e—
95 N
: _ - Mass radius and anomalous contribution to proton mass:
9.0 Kharzeev et al. NPA 661 (1999), Kharzeev PRD 104 (2021), Guo at al. PRD
Lattice (2021) 103 (2021)
852 04 06 08 0.0 0.1 0.2 03 11

radius (fm) My/M



Gluon Form Factors (Holographic Rosenbluth separation) - GlueX

(do/dt)/F, nb/GeV?

n2(do/dt)/H

Av*(do/dt)/H/ An?
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do n=2
O = — =
K dr H(E)

A1) = lO'RO(Ei, ) — oo, t)]/

|12 ) = 7, )

N2 J(1D)+8 (DB (1)

Using highest-energy data at
E; = 10.82 GeV as reference and

subtract it from all other data at EJ

= Requires interpolation of E. data to

match the 7-values of the other
energies

Energy independence of the
A g(t) functions as a test of

EE—

the &-scaling



doldt-n~%/H vs |t| (GeV?)

Using #-scaling to describe data (Holographic approach)

%2 1 ndf 108.7 /102
Aq(0) 0.3174 + 0.06962
M, 1.164 = 0.0623
C,(0) -3.64 = 1.613
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in the analysis
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Gluon Form Factors (GPD Rosenbluth separation) -

(do/dt), nb/GeV?
S
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221 Using highest-energy data at

E; = 10.82 GeV as reference and
subtract it from all other data at EJ

- Requires inter-/extrapolation of E;

data to match the range of the
other energies (see next slide)

Energy independence of the
G,(?) functions as a test of

[

the &-scaling
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Using &-scaling to describe data (GPD approach)

doldt - E2/F vs |t| (GeV?)
2 / ndf 53.96 / 63
Gy(0) 0.1417 + 0.07354
Mgo 1.386 + 0.1518
G,(0) -2102+ 1.37
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Only this fitted function used
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Gluon Form Factors (GPD Rosenbluth separation) - all data

o5 = %2/ ndf 50.76 / 60 )
03 6  1o018=01431| Fnergy independence of the
Mgo 1.432 = 0.07607 . i
025E fit of all data G,(?) functions in agreement
— —e— GlueX
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0.15F
0.1
0.05E-
0; Fits with:
005 Gy(0)
_0.1E (1 —t/mg)*
G,(0)

+ const.

E> 04,
Ey > 0.3 GeV

%2/ ndf 51.04 / 59~

G,(0) 1032 = 4.068
Mg, +0.1272
dw G, changes sign at high t > 4 GeV?

sz fit of all data

—e— GlueX
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22— arXiv:2404.18776
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Threshold charmonium photoproduction - GPD approach

o Compton-like amplitudes %gc(f, 1),
e il ( %gc(ﬁ, t) and form-factors as in DVCS

However (in contrast to DVCS):

e gluon (not photon) probe

e Threshold kinematics is very different: high
momentum transfer t and skewness & (in

gGPD(x, &, 1)

heavy-quark limit: t - o0 & — 1)
o Different expansion of the amplitudes (in x/&):

0 1
Re (£, 1) = Zﬁ%@”m(g 1) (seriesinx/&) V(& 1) =J dxx""'H,(x,&,1)
n=0 0

do/dt = F(E, )ET 4[G0(t) + ész(t) + §4G4(t) .. (higher moments + Im%gc , Im% o)
G = (400)) - (99@)@))

m2

Go(t) = 2P (1) + 27— BB ~ (AP0 + 99?@))2

Gy(t) = (1 —#) (Cfgg(t))Z

In leading-moment approximation ,Qféz)(t), %’g)(t), (gg(t) are proportional to gGFFs Ag(t), Bg(t), Cg(t)

GPD analysis by Guo, Ji, Yuan PRD 109 (2024) - absolute calculations, require knowledge of gGFFs



Asymptotic behavior in high & region

e To use available data we need expansion in larger (&,,,,1) region, &, . to be
determined from experiment:

1

ReZ ,(S, 1) = Z ﬁ%gnﬂ)(ﬁ, 1) (seriesinx/¢&) %((g”)(f, 1) = J dxx”_ng(x, E 1)
n=0 0

n=0 Zx 7 En=eo
2
boax 76 t)=(2c§)4
HOE 1) = <25>6

Leading terms in .o/ (1), BL(1), € (1) are the gGFFs AL(1), B (1), C(0)
&iéz’”z)(t) contain moments of order > 2n + 1

GPD analysis by Guo, Ji, Yuan PRD 109 (2024)



Asymptotic behavior in high & region

(doldr) = F(E)|(1 = )| 7 o = 28°Re(T #,c8 ,0) = &+ 1/4m™) | 8

yp—>Jlyp
ReZ ,(S, 1) = E2

Re® o (&,1) = @ &

doldi = F(E)E[Gy(1) + E7Gy(1) + EK(D)] + ... (higher moments + ImJ ¢, ImE )

2
G = (#00)) - (99%)
Got) = 2P O (1) + 27— B0 0) - (D0 + 93;%))2

Gy = (1 - ﬁ) (%g(r))2

In leading-moment approximation sziéz)(t), %’?(t), %g(t) are proportional to gGFFs Ag(l‘), B, (1), Cg(t)

Im%gc(f, 1)—>0
Im& (5, 1) = 0

How to check this &-asymptotic formula against data:

e In which (&,,,,1) region it is valid?

o Can we extract G,(7) as data points, without ( with minimal) additional model assumptions?
e Are there qualitative features in the data that correspond to this &-behavior?

GPD analysis by Guo, Ji, Yuan PRD 109 (2024)



Summary on Gluon Form Factors

_.
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|-e-1082Gev |

e Check with all JLab data if

_
<

dt

(do/dt)/F, nb/GeV?

d
<—“> = F(E)E™Gy(0) + EGo(0)] + ...
yp—>Jlyp

do B , , .
o = H(E ) (t) + 18 (H)F (D] + ..
yp—>Jlyp

is valid (for GPD: & above some &, )
e We found that (for GPD: also & > 0.4), de

differences in do/dt for different energies,

extracted G,(1), Qig(t) ; %g(t) data points are energy < OAOE ............................................................................................................................................
independent (within errors) s ETR |

e Agreement with lattice - would work in leading-term 5 002>> e
approximation 00;’" — o

e General agreement b/n GPD and Holographic oo T e

2 t 2
N> 0 (Gl = (#P0) - = (#20) >0)
>0 for E;> E,

* As Gy(1) =

GRO(EP t) - GRO(E}a t)

do  EXE,t) do _ EXE.D)
dt F(E) dr 7/

, E;> E; orin particular do/dt(E, 1) at fixed 7 increases with £
F(E) 20




C-even charmonium states with GlueX

. photoproduction '

photon exchange

—10°
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B 10%F
= 10’ 3g exchange
S
§ 10
© ]
107" e 3
E 2g+photon exchanN
102 F E
10‘3S ] WIN7_ |10 Gev 1 . Y|+p—) TI(' +p
0.0 0.5 1.0 15 2.0 2.5 3.0
|-t | [GeV?]
Dumitru, Skokov, Stebel, PRD 101 (2020), Dumitru, Stebel,
PRD 99 (2019) .
W~ 7-=10 GeV ?Jg
b
C; a
g g
J o) T(j’z A
g Q-
P \ ngm é . f/ K
\ S \
) kg |

e High energies - perturbative calculation - Odderon

(odd-parity Pomeron) 3g exchange

C-odd (J/y, ') vs C-even ( y..) production

1 I T T

Jrac

o(yp —Xp) [nb]

E, [GeV]
JPAC, PRD 102 (2020)
y Xcl

7
\

e Low energies - non-perturbative approach,

vector meson exchange
21



Differential cross sections from J/y-007 and GlueX
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do/dt, nb/GeV?

do/dt, nb/GeV?

do/dt, nb/GeV?

—*— GlueX (E ) =8.93 GeV
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« 10 energy bins in J/y-007

» Results for the three

GlueX energy bins
compared to closest Hall C

(Jy-007) energies

e Scale uncertainties: 20% in

GlueX and 4% in Hall C
results

» Good agreement within the

errors; note also
differences in average
energies

S.Adhikari et al. (GlueX),

Phys. Rev. C 108 (2023)  °°



yield/50 MeV

Prospect for charmonium threshold production with GlueX

e GlueX has planned running till 2025 (phase-Il) and proposal for
phase-Ill (double intensity and assuming E, = 12 GeV):

Run Period

J/Y  Xer P(25)

2016-2020 Phase I-11

3,960 55 12

2023-2025 Phase II (planned) 3,615 48 11

Phase III (proposal)

11,271 364 178

Projected Total

18,846 467 201
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Prospect for charmonium threshold production with GlueX
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