Threshold charmonium photoproduction at JLab

Lubomir Pentchev
Jefferson Lab (GlueX Collaboration)




~50 years J/y photoproduction
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~50 years J/y photoproduction
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~50 years J/y photoproduction
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e 12 GeV continuous polarized

Hall C
= electron beam up to ~80 A

e Delivers beam to all 4
| experimental halls



Luminosity, pb'
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Hall D beam line and detector

Photon Tagger Pair Spectrometer

1 2 G eV e- l & n’P’?!XPlQ’?! Imeter ___

North LINAC |
Photon
Beam Dump

Diamond Radiator Electron Collimator GlueX
East ARC Beam Dump Spectrometer
L
8.5

Hall D GlueX yp — Jlyp — ete p

Linearly-polarized photon beam from coherent Bremsstrahlung off thin diamond
Photon energy tagged by scattered electron: 0.2% resolution

Intensity: ~ 2 107 — 5 107 y/sec above J/y threshold (8.2 GeV)
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Uniqueness of threshold J/y photoproduction -
relation to gluonic properties of proton

JIy (VMVID) 120 '
Jhy 100
80}
= 60 A
S © S
2+ graviton-like exchange? o2 s £\
M| ENE
g GPD factorization X 2 é! g 2 g .
gluonic FF 0

Mm M, MgWTo'tal

C. Alexandrou et al., (ETMC), PRL 119, 142002 (2017)
C. Alexandrou et al., (ETMC), PRL 116, 252001 (2016)

e No common quarks with proton target - interaction via gluon exchange

e Close to threshold J/y is produced ~ at rest, amplitude dominated by real part (at high energy
Pomeron exchange gives imaginary amplitude), therefore sensitive to trace anomaly (Kharzeev, Satz,
Syamtomov, Zinovjev 1996-1999) contribution to proton mass (Ji 1995), important information about
p-J/y interaction at low energies

e GPD factorization valid for skewness & — 1 (Guo, Ji at al. 2021-2024), 2g dominated by 2*Texchange

(graviton) allows to study mass properties of the proton: gravitational form factors — mass radius of
the proton (Hatta, Kharzeev, Ji et al. 2018-2021)
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Uniqueness of threshold charmonium photoproduction -
GPD approach

y C ( Jly

gGPD(x, ¢, 1)

o Compton-like amplitudes, form-factors ,Qfg(t), %’g(z‘), ng(t), as in Deeply Virtual Compton

scattering (DVCS)
However:
e gluon (not photon) probe
e Threshold kinematics is very different: high momentum transfer r and skewness &
e In heavy-quark limit: t > c0o £ —> 1
For £ — 1 expansionin x/¢:
doldt = F(E)EYGy(t) + E2Gy(1) + E*Gy(D] + ..., G(D) functions of o/ 7(1), BY(1), € (1)
In leading-moment approximation:
gluon Gravitational Form Factors Ag(t), Bg(t), Cg(t) are leading terms of .Qig)(t), %éz)(t), C{o”g(t)
GPD analysis by Guo, Ji, Liu, Yuan PRD 109 (2024)



Gluon Gravitational Form Factors

}/* 5 2T graviton-like
exchange
" P g Compton FF — P
e.m. FFs IO _
Gravitational FFs
do _ do 1 G2 TG2 do A , )
), ~\aa), ae [0 <E) = FE)EGY0) + G0 + £°G,(0)

yp—>Jhyp

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

1
(1+1/0.71GeV?)? Ag(D), By(0), C(1) ~

Gi(1), Gy (1) ~ Gp(t) =

(1 + t/m?)20)

Rosenbluth separation

_do (do e+ e , ) _ do £2 . )



Near-threshold do/dt measurements
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Differential cross sections from J/y-007 and GlueX
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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)



Ey (GeV)

Gravitational Form Factors (model approach) - J/y-007
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—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:
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Gluon Form
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Factors (Rosenbluth separation) - GlueX data

Testing energy independence
of the gluon Form Factors

o _do & = E72G()+G, (1)
RO F(E,) 0 2

Go(1) = lO'RO(El-, ) — ogo(E; r)]/
|20 - 68, 0|

E>04



Gluon Form Factors (Rosenbluth separation) - all data

O - 2/ ndf 50.76 / 60 ) )
G  1o018=01431| Testing energy independence
Mg | 1.432 = 0.07607
0.25 == fitofall data of the gluon Form Factors
— —e— GlueX
0.2 — —e— all other: JAp-007
= s global syst. error
0.15 —
0.1
0.05E-
0F
005
-0.15 Fits with:
G(0)
a1
&) £ (1 + t/m?)*
05
- E> 0.4,
U E,> 9.3 GeV
~0.5—
E 2/ Indf 53.2 /60
G,(0)  -14.26 = 5.831
Mg, 0.9909 + 0.1038
2 fit of all data
—e— GlueX LP and E.Chudakov
—e— all other: Jhp-007 .
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Gluon Gravitational Form Factors - all data

- fit of exp. data

lattice

..........

. R 1 1 1 1 1

6
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G = (4,0) ~ = (3,00

Galt) = 261 (6 o)+ 2
2= B0 — (A (0+B,0))

In leading-moment approximation
access to gluon GFFs A (1), C,(7)

(neglecting Bg(t)):

Go(1) ~ AZ(1)
Go(1) + Gy(1) ~ A (DC (1)

also

LP and E.Chudakov
arXiv:2404.18776
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LHCb pentaquarks and J/y photo-production

« If LHCb pentaquarks exist they should be seen in s-channel photoproduction (free of re-

scattering effects in the final state):

Main uncertainty:

™ —— cosfl, weighted data LHCb * Br‘ ratio P c — J/ l//p
[ — ol o~ %2(PC — Jlyp)
'_ —— polynornial + broad P,  VMD assumption
L = polynomial Y

I

oo
P

V.Kubarovsky and M.B.Voloshin, PRD 92.031502 (2015).
M.Karliner and J.Rosner, arXiv: PLB 752, 329 (2016).

&

00 4250 4300 4350 4400 4450 4500 4550 460I)LHCb P, related to yp ->P->J/yp

Mo MEV]

A.Blin, C.Fernandez-Ramirez, A.Jackura, V.Mathieu, V.Mokeev, A.Pilloni, and
A.Szczepaniak, PRD 94,034002 (2016).
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J/y-007: much lower upper limits based on

modeling t-dependance of Pj production



Other reaction mechanisms: open-charm, 5g exchange
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18 —————————
yp~J/Yp

1.5_- -

________________________________________________________________________________________________________________ 12 ]

)
: + .................... £ 0.9 -
1 Guiv] Tl e
GLsX| © os| 3%
7| —e— GlueX j 0.3 L ‘ ]
—A— Corr(1§e|| : : W}%/ :
b — AD channel q_ —1OGeV- 00 L — WL 0 Vel 0 1001

(")
S IEEETEREEE A D channel q _‘| 2 GeV| 3.9 4.1 4.3 4.5 4.7 4.9
........... I.........,...,.1.615.....} ,.10., ,.105., ,.111..,.11 5 W (GeV)
' E,,GeV ' Strakovsky et al. PRC 108 (2023)
Du et al. EPJ C80 (2020)

JIy

/2N

JPAC PRD 108 (2023) 21



Threshold photoproduction of higher-mass charmonium states
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C-event charmonium states at threshold with GlueX

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

(7]
hry
N

- Gui

Preliminary

Events /(0.005)
N B o

—h
o
II|III|III|III|III|II

4

m, — gy, = 0.415 GeV
m, — my, = 0.460 GeV

N

Cbkgd =-0.726 = 0.32
Nbkgd = 29.8 + 6.3

chic1 = 56.5 = 8.2

hic2= 12.7 + 4.5
mean1 = 0.4142 = 0.0023
mean2 = 0.4610 = 0.0052
sigma = 0.0138 + 0.0018

e
0915 0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55 0.6

M(e*ey)-M(e*e’), GeV

o y.1(3511)and y.,(3556), 17" and 2** (1P),

E/" =10.1 GeV

First ever evidence for photoproduction of C-even charmonium
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C-even charmonium states with GlueX

. photoproduction '

photon exchange

—10°
>
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
24



-(tt ), GeV?

C-even charmonium states with GlueX
C-odd (J/y, y’) vs C-even ( y,) production

o Dramatic difference: y, distribution in (E,, 1) vs J/y

o | | | e Lo10F
- : : : : D [~
. Y., C-even : S T
B : : : ; - : ~ }
T ot Rt St B S =5 J/y, C-odd
B GL% : '1’, : :. : {%’, :
B Prelihinary 3 /', 3 - 3 3 I - e -
e ] : SR
: e m m | : : L -
B .;. m : : - m : B
- 2 u - | s R
T B B R 2 =
B .‘- - - = : I -
B -_- = o= -: - 1 7 E_
0 o | | (- -‘ i PRI B 0 8 5 9 9 5 10 10 5 11
10 10.2 104 10.6 10.8 11 11.2 114 E. GeV
E,,GeV v

e At threshold other possible mechanisms may dominate:
S-channel exchange of 5q Open-charm exchange

%
—_ XC
C




o (nb)

and proposal for phase-lll (double intensity):

Prospect for charmonium threshold production at JLab

e GlueX has planned running till 2025 (phase-Il) Run Period T/ xer (2S)

e Results from from Hall B expected soon
e SoLID detector (in Hall A) would be the ultimate J/y factory at threshold (800k) , including
electroproduction (20k) - mentioned in the recommendations of 2023 Long Range Plan for

nuclear science, under reviewing process

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

e JLab energy increase up to 22 GeV (white paper - arXiv:2306.09360) critical in justifying
charmonium photoproduction near threshold as a method to study mass properties of

the proton; also passing thresholds ofX(3872) Z+(3900) photoproductlon ( 12 GeV)
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107"

5 s°|_|D SIMULATION ) electroproductlon e(p)+ee—

T 1 Illllll
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JIhy Production e photoproduction (e)p+ee _|
' o  exclusive ep+ee 3

| IIIIIII[

A Cornell photoproduction
m  GlueX photoproduction
2+3-gluon fit

1 IllIIII|

85 79 705 10 105 11 115 12 125
E, (GeV)

o(yp = /% /¥' p),nb

—

—— GIueX J/tp Phase I
—o— GlueX Jhp 17 GeV
—o— GlueX y_22 GeV

—a— GlueX w 22 GeV

—=— SLAC Jly :
pov b by T T T T T T Ty 1 T 26




Summary

After ~50 years, thanks to 12 GeV CEBAF, precise measurements of J/y photoproduction
in full near-threshold kinematic region

> Near-threshold cross sections contain important information about gluonic (mass)
properties of proton target and p-J/y interaction at low energies

> Gluon Form Factors extracted from JLab data are energy independent in agreement with
GPD factorization and within some models can be related to Gravitational Form Factors,
showing general agreement with lattice, however more data and theoretical efforts are
needed

- No evidence for LHCb pentaquarks in the s-channel found

First ever evidence for C-even charmonium photoproduction - important to understand
reaction mechanism, complementary to J/y (C-odd charmonium) studies

' Future planned and proposed experiments at JLab will increase significantly the
statistics, critical for justifying threshold charmonium production as a tool to study
gluonic structure of the nucleon 27



Hall D Apparatus with 17+ GeV electron beam
17+ GeV e photon Tagger

Pair Spectrometer

12 GeV e- linearly polarized ~ 'ehPolarimeter ___
l tagged photon bea X

North LINAC

' Photon
Beam Dump

Diamond Radiator  Electron Collimator GlueX
Beam Dump Spectrometer

East ARC

—_ GIueX 17 GeV
—— GlueX Phase-I

photon flux, A.U.

o(yp = Y/x /¢'p),nb

—— GIueX J/mp Phase I
—o— GlueX Jhp 17 GeV
—e— GlueX y_ 22 GeV

—a— GlueX w 22 GeV
—E— SLAC Jhy

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 I 1 1 1 I 1
0o 2 4 6 8 10 12 14 16
E,, GeV Ey, Gev

*  Moving end point from 12 GeV to 17+ GeV:

- higher flux (and polarization) toward higher energies, while low energies less affected (no load on -
detectors)




linear polarization

Charmonium polarization measurements at 22 GeV

— GlueX 22 GeV

— GlueX 12 GeV

naturality X (—=1)’=P

naturality

+ ............................................................. + ..... 2g

L5

__________________________________ + 39

Any deviation from the expected (via
gluon exchange) naturality indicates
contribution of mechanism different
from what is needed to study mass
properties of the proton

29



o(yp — J/y p) [nb]

do/dt [nb/GeV?]

10

107

107 |

JPAC arxiv:2305.01449 (2023)

Phenomenological approach: JPAC results

- pac

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

L

9 10 11

E, [GeV]

doldt

T

- gpAc

E, =893 GeV
o GlueX (2023) ]
—— Single channel (1C) .
—— Two channels (2C)

2 4

—t [GeV?]

12

o(y p = J/y p) [nb]

10

do/dt [nb/GeV?]

o GlueX

= Nonreso:
Resonant (3C-R)

(2023)

nant (3C-NR)

9 10
E, [GeV]

11 12

doldt

T T

—— Nonresonant (3C-NR)

- gpac

E, =893 GeV
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



