Threshold charmonium photoproduction with GlueX

Lubomir Pentchev
GlueX Collaboration)
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~50 years J/y photoproduction
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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)



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

—*— HallC (E) =9.18 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)



Threshold charmonium photoproduction - GPD approach

o Compton-like amplitudes # (¢, 1),
%gc(é, t) and form-factors as in DVCS:

gGPD(x, &, 1)

(do/dt) = F(E)|(1 = )| o |” = 2E°Re(H* 08 ) — (E7 + 1/4m*) | & I2]

yp—>Jhyp

However (in contrast to DVCS):

e gluon (not photon) probe

e Threshold kinematics is very different: high momentum transfer ¢
and skewness & (in heavy-quark limit: t > o0 & —> 1)

o Different expansion of the amplitudes (in x/&)

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



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), BY (1), CP(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)



Gluon Form Factors

},>X<
e.m. FFs Com!otop FF — P
Gravitational FFs
ﬁ . do 1 ) 1 ) ﬁ 3 . ,
<d9> a <dQ>M (1+7) [GE(” + GGM(t)] < dt) = F(E)E[Gy() + E°Gy(D] + . ...
pmr yp—>Jlyp

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

1
A(), By(1), Cy(1) ~

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

(1 —1/0.71GeV?2)? (1 —t/m?)*®

Rosenbluth separation

do ,(do ) U+ _ 60+ 620 do & E72G(£) + G, (D)
Op = = — 5 = — ~
fma \aq/), ¢ ¢ BT M R~ dr F(E,) 0 ?
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Data used for extraction of
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85 9 95 10 105 11
E,, GeV

gluon FFs

0.9 wp E> 04

085 Pf}, > 9.3 G?V (away from
DA and D*A thresholds)

0.8
0.75
0.7
0.65
0.6
0.55

0.5 * GlueX

0.45 o J/y-007

O 4 Error bars: relative errors in
A.U. (not related to y-axis)



AE*(do/dt)/F/AE?

(do/dty/F
S
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Gluon Form Factors (Rosenbluth separation) - GlueX data

—— 10.82 GeV
—e— 0.86 GeV
e 8.93 GeV

............................................................................
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. .
Itl, GeV?

do_¢
dr F(E,)

Go(1) = lGRO(Ei’ 1) — GRO( » )]
20 - 68 0|

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

ORo = = E2G()+Gy (1)

Using highest-energy data at

i Requires inter-/extrapolation of El-

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

Energy independence of the

— G(2) functions as a test of

the &-scaling



oro Vs | 1] in GeV?

¥ / ndf 61.33 /64

My 1.854 + 0.07223

Bs(0) 0.07076 = 0.02884

Mg 4.779 = 1.657

M 1.082 + 0.05987
9.63 GeV

t

05 T 05 2725 37351

9.92 GeV

15 27557335,

10.38 GeV

R

Global fit of JLab data

9.33 GeV

107

9.78 GeV

171572 25 3 35 4

10.07 GeV

10.55 GeV

T35 27553735 145

1071 3 \
—
——
102k
2.5 35 4 45

9.47 GeV

E>04

1072k

E,> 9.3 GeV
* GlueX
 J/y-007

0.5

1

52725 3 33

9.86 GeV

Fit in leading-moment approx.

10.23 GeV

A(D) = A0
S+ tIMP)3
B.(#) = B,(0)
ST+ /MR
C,0)
C.(t) =

S+ /M3

A (0) = 0.414, gluon

momentum fraction (CT18)

Cg(O) = — 0.642, lattice
Hackett, Pefkou, Shanahan

10—1 -
102F
R
10.82 GeV
107'F h
107 I

arxiv:2310.08484 (2023)

Only this fitted function used
[ in the analysis




Gluon Form Factors (Rosenbluth separation) - all data

2/ ndf 50.76 / 60 )
%0 101801431 Energy independence of the
025E fit of all data G,(?) functions in agreement
02F e z:uoet:er: Jwp-007 | with the &E-scaling
0.15F
0.1
0.05E-
0; Fits with:
005 Gy(0)
0.1E (1 —t/mgo)*
G,(0)

2 4 + Con St *

E> 04,
Ey > 0.3 GeV

%2/ ndf 51.04 / 59~

G,(0) ~10.32 = 4.068 \

G, changes sign at hight > 4 GeV?

_.; GlueX

—o— all other: JAp-007
- | @ global syst. error LP and E.Chudakov
22— arXiv:2404.18776

Itl, GeV?



Gluon Gravitational Form Factors - all data

2

2
Go0) = (1,0) =7 (2.0
Gy(1) = 21 (DB 1)+

t 2
2= B0 — (A (0+B,0))

In leading-moment approximation
access to gluon GFFs Ag(t), Cg(t)

(neglecting Bg(t)):

Go(1) = QAL A (1))

Go(1) + Gy(1) & QAL A(1))(BA™Y C,(1))
A = 5/4

also

Note however, we have used:
A, 0) =0.414,

C,(0) = — 0.642

when extrapolating reference
energy data

6 7 LP and E.Chudakov
Il GeV2 arXiv:2404.18776



e Check with all JLab data if

dt

is valid for & above some &,
e We found that for £ > 0.4, despite big differeaces in v

do/dt for different energies,
extracted G;(¢) data points are energy independent E
(within errors)
e £, = 0.4 is too low according to GPD analys

- 0.4 should be consider as lower limit, it
with improved statistics

do EXE,, 1)

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

do  EXEuD)

Summary (so far) on Gluon Form Factors

(do/dt)/F

107!

—e—10.82 GeV
1] —e—9.86 GeV

R 8.93 GeV

E2(do/dt)/F

>0 for E;> E,

a2 e F(E)

(E,, 1)

dr F(E))

8
Itl, GeV?

N> 0 (Gult) = (szfg?)(r))z - 4—;2 (%é,”(r))z >0)

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

14



Example of model-independent extrapolation

Instead of constraining Ag(O) and Cg(O), vary oggatt =1 GeV? to minimize

the;(2 of the Gy(?) fit, i.e. requiring energy independence of G,

—— data 10.82 Ge V|-
—— 0OpRy(1)=0.79

[
H

£2do/dt/F, nb/Ge V>

10_1 o |

102k _— T — T T
Cp e T e

0O 1 2 3 4 5 6 7 8 9
Itl, GeV?

0.75

/attlce/nleadlng-
‘moment approx.

£2do/dt/F(t=1 GeV?), nb/GeV?

Requires much higher statistics!
15



Using extracted G;(¢) functions to describe data

doldt (nb/GeV?) vs |t| (GeV?)

x2 / ndf 65.39 / 68
G,(0) 1.018= 0
Mgo 1432+ 0
G,(0) -10.36+ O
Mgo 1.094+ 0
consty, 0.03342:+ 0

9.63 GeV

9.92 GeV

-I 1 1 1 1 1 1 1
05 1 15 2 25 3 35 4

10.38 GeV

9.33 GeV

9.78 GeV

10.07 GeV

9.47 GeV

Upturn the problem:
How the parametrized Gy and Gy:
Go(0)

9.86 GeV

10.23 GeV

05 1 15 2 25 3 35 4 45 5

10.82 GeV

1 2 3 4 5 6 7 8 9

(14 t/mgy)*
G,(0)

= F(E)EGy(t) + E2Gy(1)]
yp—Jlyp
describe the data?

e y2/ndf ~ 1 (not afit) in the chosen
kinematic region

e G, sign change responsible for describing
t >4 GeV? data

e £ < 0.4 data points (blue) deviate from
&-scaling

16



Threshold photoproduction of higher-mass charmonium states

17



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

18



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
19



-(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




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

N
N

XC1 thlS proposal ....................................
— phase-l + 2020 '
—— 1(2S) this proposal _

(2S) phase-l + 2020,2 ......................................................................

[\
=]

—_
N

10

llll[fl'l'l]llll[lflI]llll[l

o 105 11 115 12
EY,GeV

vp—=Jpyp—=eep

2 naturality 1+ 0.2821

—_
IIIIIIIII

W l
IAVALV/ER |
PONPANANIAN
a ] |

-2 B ——©6—— Present data errors
B —=o— This proposal - 2g exchange
3 - 3g exchange - C-parity violation
- 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 I 1
-150 =100 =50 0 50 100 150

q)hel—CI), deg
21



Outlook
e Procedure for testing the GPD predicted behavior at high £ was demonstrated, extracting
the corresponding form factors as data points using Rosenbluth separation technique
e At the current level of available data, lattice results, and theoretical understanding, the
experimental results are generally consistent with the predicted &-scaling:

- Extracted G ,(?) functions are energy independent (within the errors)

- Differential/reduced ross-sections at fixed ¢ increase with energy

- In leading-moment approximation, extracted combinations of gGFFs are consistent
with the lattice results, however lattice constraints are used in this procedure;

model-independent extraction requires much higher statistics
e Questions:

- &> 0.4 too wide region: works by chance due to low statistics or follows from more
general theoretical approach?
- How good is the leading-moment approximation (based on comparison with lattice) ;
what is the contribution of the higher moments, imaginary parts of the amplitudes?
If leading term dominates, extracted gGFFs would complement lattice for higher ¢
- Is G,() sign change indeed needed to describe # > 4 GeV? data (may come from
‘gg(t) sign change or %’g(t) contribution at high 7)?
e SoLID as ultimate J/y factory may answer most of these questions
e Future planned and proposed GlueX running will be complementary to the J/y results,
studying hight-mass charmonia and also using polarized photon beam 22
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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

25



Other reaction mechanisms: open-charm, 5g exchange

o(yp — J/yp),nb

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) 26



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



Gluon Form Factors (Rosenbluth separation) - all data

1.

- 16 - 2/ ndf 50.76 /60
- Gy(0) 1.018 = 0.1431

14

Mg 1.432 +0.07607 5 < 0.4 data deviates from

—e— exp. data £50.4

¢ fit of exp. data £50.4 5-5C0ling

- global syst. error

: lattice
—e— exp. data £€<0.4

Itl, GeV?
° E>04
E<04
¥2/ ndf 53.2/60
G,(0) -14.26 + 5.831
Mg, 0.9909 = 0.1038 E]/ > 93 GeV

—e— exp. data £50.4

& fit of exp. data £50.4

global syst. error Fits with:
e anp i 504 GO
(1 — t/m2)?
" K LP and E.Chudakov
_ PR SN TN N A T SN TN N SN TN NN TN TN AN SRR NN SO TN NN TN SO SRR NN SN SRR SO SRR NN SN T N S’ GrXiV:2404.18776
0 1 2 3 4 5 6 7

Itl, GeV?



