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Introduction

® From 1D to 3D structure of proton:

x— &4 o+ ¢

Aug. 18-19, 2024, Qinadao

® GPD: DVCS, TCS, DVMP, DDVCS

Deeply Virtual Compton Scattering  § =x3/(2—xB)

Timelike Compton Scattering
share the same final states with nucleon-to-photon TDA
but with backward u-channel E=1/2—-1)

Deeply Virtual Meson Production
share the same light meson with nucleon-to-meson TDA & hadron physics
heavy quarkonium: gravitation form factors or proton mass?
fully construction of all particles & kinematics

The 8th EicC CDR workshop 3/14



> Introduction
® From CFFs to GPDs, for example, in the case of DVCS:

H(rp,t,Q°) = Z / TDVCS v, & Q%) H (1, 6,1, Q7),

a=u,d,...,
e Models inspired by the double distribution ansatz |1/ GK, VGG model
e Models that describe GPDs in the space of conformal moments [15] KM model

e Models that represent Compton form factors as neural networks |19, 2|

PARTONS, Gepard
1. Determination of form factors, more or less directly, from experimental observables

2. Determination of GPDs from the corresponding form factors.

® DVMP: Factorization? cLAS12, 2307.07874, Q2< 8 GeV?
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cIMP>
® 3D structure of nucleon (GPDs) @ EicC
® Worldwide data VS. pseudodata
(flitered by the state-of-the-art detetctor)
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Exclusive Process |: DVCS

High Lumi.
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ciip> Exclusive Process |: DVCS

W
® 3D structure of nucleon (GPDs) @ EicC
® Accessing Compton Form Factors by all pseudo-data of asymmetry at the EicC

~ 1 day running surpasses old data of A; 25 Eroseev 40|
X. C, Jinlong Zhang, EPJC 83 (2023) 505 o 15 | < 20
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® Re-training (less-biased) within Gepard neural network (Kresimir, Yuanyuan Huang)
® Have rewriten and polished most of the text: quark OAM is addressed
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é@% Exclusive Process |l: DVMP

® 3D structure of nucleon (GPDs) @ EicC
® DVMP events generated by updating Sartre (Yaping Xie)
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® Input: state-of-the-art GK model (arxiv: 2206.06547,2209.14493)

|
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S Exclusive Process II: DVMP

® 3D structure of nucleon (GPDs) @ EicC
® DVMP pseudo-data of asymmetry (Ting Lin)
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® Test Factorization up to Q% ~ 20.0 GeV?

'
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> Exclusive Process Il: DVMP

® 3D structure of nucleon (GPDs) @ EicC
® Proton longitudinal spin asymmetry (Jian Zhou)
® Free of the contamination from final state soft gluon radiation effect
® A twist-three contribution, such that the asymmetry can be maximally enhanced
20 , 0.40
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® Probe quark OAM in relation to the Jaffe-Manohr sum rule

e
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é;{é Exclusive Process Ill: Sullivan processes

® From 1D to 3D structure of pions & kaons:

® Pions/Kaons as the approximate Nambu—Goldstone bosons of spontaneously broken chiral
symmetries associated with the (near) masslessness of quarks

® Probed by Drell-Yan process and Sullivan process Pion mass budget Kaon mass budget

® Detection of leading neutron/Lambda "

!. 20%
- EHM+HB: 80 %
HHHHHH 195%

o Structure function: see Weizhi Xiong’s talk
) Sensitivity to elastic form factor and Parton Distribution Functions

PPN

o n*-DVCS
® guarks and gluons interfere destructively
L see J. M. Morgado Chavez et al., Phys.Rev.Lett. 128 (2022) 202501
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> Exclusive Process lll: Sullivan processes

Al
® 1D & 3D structure of meson @ EicC
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® Kaon is hightlighted at EicC

|
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S Exclusive Process Ill: backward DVMP

® Nucleon-to-meson TDA @ EicC
® Forward Photon Detection (Ting Lin)
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® Pseudorapidity distributions of photons from u-channel w production
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Exclusive Process lll: new ideas

® Many new processes proposed @ EicC& EIC
® Mostly Stay at the theoretical level

® backward DVCS

® Timelike Compton scattering

® Double deeply virtual Compton scattering

o ... many others

u

® The small cross sections of those processes emphasize the urgent
need of careful feasibility studies.

Bernard Pire, Pawet Sznajder, Victor Martinez-Fernandez, Jakub Wagner (NCBJ, Warsaw)

e
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Summary

® Fruitful exclusive processes have been written in the EicC CDR
® Seclected observables are highlighted in different processes

® A |ot of efforts from detector group
® Coverage, reconstruction efficiency and resolution of detector
® small Q2 & large-t

® Detect all particles! efficiency” saquuks  pion  valence
gluons cloud quark
: / ’ /[
Efforts and comments are welcome N Sl * l |
longitud. o | J ‘ J . ‘
(a) ® x~0003 x~003 x~03

Special Thanks to Many Contributors in Exclusive Working Group .....
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Introduction

® From 1D to 3D structure of proton:

L
L
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® TDA: backward (u-channel) processes

Backward meson production

Backward DVCS
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i Exclusive Process |: DVCS

® 3D structure of nucleon (GPDs) @ EicC: ~ 1day running surpasses old data of A ;
® Accessing Compton Form Factors: An Impact study on Img

see X. C, Jinlong Zhang, arXiv:2301.06940, EPJC 83 (2023) 505
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® quark OAM: neutron target or a transversely polarized proton beam
® reweighting the replicas from PARTONS(EPJC79:614) by sin(¢—d;)cos(é) module of A
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it Exclusive Process |: DVCS

W
® 3D structure of nucleon (GPDs) @ EicC
® Accessing Compton Form Factors by all pseudo-data at the EicC
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® Re-training (less-biased) within Gepard neural network

® Have rewriten and polished most of the text
I
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> Exclusive Process llI: Sullivan processes

v\)

® structure function of meson through inclusive processes @ EicC
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® Kaon is hightlighted at EicC
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e Exclusive Process lll: Sullivan processes

® 1D & 3D structure of meson @ EicC

® 7*-DVCS through Sullivan process (filtered by detector at EicC)
® Over eff. ~20.0%
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® Nucleon-to-meson TDA @ EicC
® Forward Charge Pion Detection (Ting Lin)

S Exclusive Process lll: backward DVMP
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® pseudorapidity distribution of T from u-channel p0 production
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Introduction

One of the central scientifical goal of EicC is to map parton transverse spatial distribution which
is encoded in Generalized Parton Distributions(GPDs) |1, , ). GPDs depend on three
kinematics variables: .z, that is the average longitudinal momentum fraction carried by the active
quark; ¢ and t, which are the half longitudinal momentum faction transferred to the target and
the squared four-momentum transferred to the target, respectively. The study of GPDs allows us
to address a variety of aspects of hadron structure. First of all, they reduce to the corresponding
ordinary PDFs in the forward limit £ = 0 and #+ = 0. The electromagnetic form factors of

Another important motivation for studying GPDs in physics is to understand the spin struc-
ture of nucleons. According the Ji’s sum rule [3]|, the total angular momentum of partons is
related to the first - moment of the sum of GPDs H and E which can be measured in exclusive
processes. For example, the GPD H can be measured in Deeply Virtual Compton Scattering
(DVCS) process, while the most promising observable for accessing the GPD FE' is the target
transverse single spin asymmetry in exclusive .J/¢) production in ep collisions [10]. The quark

ploring the internal nucleon structure from many aspe(its, the experimental studies of GPDs at
EicC have been identified as the one of the central scientific goals.

Auag. 18-19, 2024, Qinagdao The 8th EicC CDR workshop 21/14
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Introduction

with corresponding partonic hard-scattering amplitudes 7*. For example, in the case of DVCS,

@2) = Z / —TDVC,S 2.6, Q%) H (2,6,t,Q%),
a=1u,d,. *

where £ =~ xp/(2 — xp). The above form factors are complex functions, each corresponding to a
GPD (e.g., H, £, etc.), making the extraction of GPDs a two-step process:

The situation is analogous to deep inelastic scattering (DIS), where structural functions
F;(x.Q?) were first determined, followed by the extraction of parton distribution functions
(PDFs). However, the GPD extraction problem is more involved due to a greater number of
unknown functions and of independent kinematic variables on which they depend.

The second step is further complicated by the inherent impossibility of deconvoluting the
expression (1), a challenge highlighted by the issue of "shadow GPDs" [30, 31]. Generally,

Auag. 18-19, 2024, Qinagdao The 8th EicC CDR workshop 22/14



Introduction

the separation and extraction of these functions are greatly facilitated when the experimental
facility can work with polarized particles and covers a wide range of kinematic variables —
characteristics that EicC should possess. The extended range of available values for the scale ()2
is particularly interesting, as the evolution of GPDs with Q?, a well-known phenomenon, may
provide an additional means of extracting these functions.

GPDs play a role in a series of exclusive processes, with deeply virtual Compton scattering
(DVCS), time-like Compton scattering. and deeply virtual meson production (DVMP) [2, 3]
being among the most studied, see Figure 1. The amplitudes for all these processes are known
up to next-to-the-leading order (NLO) ref. Recently, some other processes involving GPDs,
such as double DVCS [32, 33, 31, 35] or boson pair production [30, 37, 3%, 39, 10], have gained
prominence, with their first experimental measurements yet to come. Brief mention of other new
ideas: backward TCS ...

(b) e
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e Introduction

Currently, GPD extractions are primarily based on DVCS data and, to a somewhat lesser
extent, on DVMP data. Some earlier extractions |11, 12, 13] were conducted locally, only for
kinematic points corresponding to experimental measurements, thus minimizing model dependen-
cies and uncertainties due to extrapolation and interpolation in the multidimensional kinematic
space. The obtained results generally show the dominance of the GPD H for most observables
and demonstrate general consistency of the entire approach. However, for a genuine understand-
ing of the three-dimensional quark-gluon structure of nucleons, global extractions are necessary,
requiring the selection of a GPD model and fitting it to the data.

Several categories of models have been proposed in the literature:

e Models inspired by the double distribution ansatz |11]
e Models that describe GPDs in the space of conformal moments |17]

e Models that represent Compton form factors as neural networks |19,

Auag. 18-19, 2024, Qinagdao The 8th EicC CDR workshop 24/14
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Introduction

Most published fits and extractions are currently at the leading-order (LO) level of pertur-
bative QCD, which lags behind the standards for extracting ordinary PDFs and GPD-related
Transverse Momentum Dependent PDFs (TMDs), routinely performed at the next-to-next-to-
the-leading order (NNLO). The reason for this is, on one hand, the lack of computer implemen-
tations of known relevant NLO and NNLO hard-scattering amplitudes and evolution operators,
and on the other hand, the insufficient precision and kinematic range of currently operational
experimental facilities (JLab). This situation will undoubtedly change with the advent of EicC.
An exception is the historically first fit to DVCS data in [10] performed at the NLO level in the
MS scheme (and even at NNLO in a special CS scheme), as well as recent NLO fits simulta-
neously to DVCS and DVMP data [53]. Although these fits are limited to small values of xp
and are not genuinely global, they clearly show that at high energies (and thus likely in EicC
kinematics), the NLO approach is necessary, especially in multi-channel fits due to the different
roles of gluons in DVCS and DVMP processes.
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Introduction

True global fits [27, 17, 1¥] are currently still at the LO level. Thanks to the dominance of
the imaginary part of high-energy amplitudes and the fact that at LO, the imaginary part of the
hard-scattering amplitude in (1) is proportional to §(x — &), experimental observables are most
sensitive to the so-called cross-over trajectory x = £. Extraction is cleanest on this trajectory.
One way to reliably extract GPDs for x # £ is to use lattice QCD results [54, 55], and the other is
to use measurements with a wide range of Q?, which will again be possible with the EicC facility.
Until then, considering the current state of fits and extractions, it can be said that most work has
been done using DVCS, and some CFF form factors are reasonably well-extracted in the middle
range of zp from CLAS, COMPASS, Hall A, and HERMES collaboration data. Various groups
agree well on the values of ‘H and H, while the knowledge of £, whose corresponding GPD FE is
crucial for the Ji sum rule [3], still has a relatively large uncertainty.
Regarding fits to DVMP data, the popular GK model [50, 57] has been developed using them,
showing reasonably good agreement for describing DVCS data as well [55], thus demonstrating
the universality of GPD functions, further confirmed in [53].

what is particular for EicC?
Breif summary on GPD physics requirement for detector (Weizhi, Yutie).
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Exclusive Process |l: DVMP

GPDs were proposed to study the exclusive processes at large ()* such as the deeply virtual
compton scattering, deeply virtual meson production (DVMP) (see e.g.[126, 127]). what is
particular for EicC? It is interesting to study GPDs, especially transversity one, which are no
well known, in future experiments on exclusive DVMP at EicC.

Within the handbag model that is used in GK model [?] the meson production amplitude at
sufficiently high photon virtuality Q? is factorized [?, 7, ?] into a hard subprocess amplitude H
and GPDs, which contain information on the hadron structure. The GPDs are estimated using
the double distribution (DD) representation [?] that connect GPDs with PDFs with the help of
DD integration that generates the skewness £ dependence of GPDs.

The leading twist contributions to the Vector Meson Production (VMP) amplitude off spin
non-flip and spin flip proton can be described in terms of various parton contributions

M4 v = (H) x f ydoHg,, H(x, &) (4)
Myt = (E) f da fHﬂ ot B2, &)

2

*a = ! (dﬂ + € dL + €C0os 20 dorr + v/ 2€(1 +F)Cuaudc;fT)

dtdo 2 dt dt
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e Introduction
® GPD: General Parton Distributions (trans. spatial position b & longi. Momentum):
® TDA: Transition Distribution Amplitudes (nucleon-to-photon & nucleon-to-meson):
® How does proton's spin influence the spatial distribution of partons?

...... probed by the exclusive process

ALDesbe £ qOAM: 135)%

® From 1D to 3D picture of hadron & meson
® Origin of the Proton/Meson mass & spin

As: -4(1)%

Ad: -41(2)%

Proton mass budget Pion mass budget Kaon mass budget

" HB:1% .
I —_ EHM: 0 % _— HB:5% EHM: 0 %

EHM: 93 % EHM+HB:95%

EHM+HB: 80 %
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Exclusive Process |l: DVMP

QE

291 GeV?, xp — 098

EXr, + O

oLy
TrT
Model I

- Maodel 11

400 400
Q= 2.71 GeV?, xg = 0.34 ¢ coLtor
_ 300f & o _ 300
= I B Jr7 o
=
., A0 L 3 ¥ Model 1 ‘@ 200
g [ Madel 1 =
= 100 = loof
% $
- 0 T 0
= —100 = —100H
L':-. » .E_
T —200f T 200+
— 1 1 L Can
g 0.5 1.0 L5 30 3005
t] [GeV]
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e Exclusive Process II: TCS
® 3D structure of nucleon (GPDs) @ EicC

® Preliminary simulation of timelike Compton Scattering, Detector efficiency is not implemented
® cross section 0.05nb (3 — 8% of DVCS)

— T — T 10°
o |ep—»epe'e'3.5 XZUGeV’I

0.01<y<0.95, Q* < 0.01 GeV? W = 2 GeV

10°

Q?/ GeV?

10?

1.11::.:1 L Ll L L1
1072 x, 107 1

Included: BH + GPD

® Quasi-Real photon! Not-included: vector meson electroproduction
® generated by EpIC, Eur. Phys. J. C (2022) 82:819
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i Exclusive Process VI

® 3D structure of pion (GPDs) @ EicC (Phys.Rev.Lett. 128 (2022) 202501)
® 7*-DVCS through Sullivan process
e (1"

Relies on a state-of-the-art model of n*-GPD

75 € [0.1;0.5] .

:.2— %NLO
2 b4
PR S N
' ] 4 L J O
102: —o—1<O:<2 + §{ *% +} +} } *
< o e |
w | 02— yob o NLO
¥ H
< by { 0g
18 & al, ' H *H w/o gluon GPD
C +q, o—+ i
g @ 1l H‘{ I .
[ mall bbby ot o
i 02—+ 4<Q<12 {* 4 }
Jo7 10° ! 0 30 T80 770 0 (deg) 360
31/14
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C{;@D
Q

1
|w) = alqq) + blqgg)'+ -~
Amendolia 86"
Bebek 74'
Bebek 76'
Bebek 78'
Volmer 01'
Horn 06'
Tadevosyan 07'
Huber 08'

a0 +

oo

2 3 4 5
Q° [GeV?]

® Nucleon GPDs (from 2307.09869)

H"(x,0,0)

Hx, 0,0

Aug. 18-19, 2024, Qinadao

E"(x,0,1)

F(Q?)

Theoretical tools II: BLFQ

® Structure of pion/kaon (Elastic Form factors) (from Jiangshan Lan, Xingbo zhao et al. )

- _—
|K) = alq5) + blq5g) it -
— BLFQ

= CERN SPS 8¢'

4 FermiLab 80"
JLab E93-018'
JLab E98-108

EYx,0,0
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S Projection Bins of DVCS@EicC

N
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- F : 20,02 e e e
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- e ZEUS-do/dt £ | I dp £ 002 i I dp
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- s HERMES-A, - " : & . 10° 107 1 107 107 1
- 4 HERMES-A., - -t (GeV?) -t (GeV?)
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Exclusive Process
3D structure of nucleon (GPDs) @ EicC

Pseudo-rapidity, azimuthal angle coverage and pt coverage?

Any requirement on far-forward detector?

large rapidity coverage, good high momentum resolution

DVCS&DVMP Electron (Q?> 1.0 GeV?, > 2.0); TCS & hadron (Q?<1.0 GeV?) need e-far-forward

Proton: good far-forward detector; Photon: several to 15 GeV, 4x coverage

f)), (Degree)

150 1

=3
=]

W
&

ep 3.5 x 20 GeV?

150+

&~

[ 8]

{

5

10

15
P, (GeV)

20

® 1/K/n/n /ol eseparation: n/n°—y vy required by DVMP and TDA physics

~ >5mrad (previously 2mrad)
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® coutercy of detector group

Exclusive Process
® Detector efficiency

—MC

n »
'g .g 6
= 10° o Smeared s 10
c c
w - Ree. W qo5Lh
10° 6.
k 10*
10
10°
3L
10 102
10° ¢ 10
10 PR IT RN AT S A AT \|\|\|\\|‘|\l‘l\l‘l\l"'\&.:lw. 1|\\|‘|\\|\|\|\||\|\|\|\\|‘| | | |
0 10 2 30 40 50 60 70 80 90 100 0 01 02 03 04 05 06 07 08 09 1
Q? (GeV?) X
8 0= 8
= F E 10°:
5 §
10° - g
; 10°E
10° ¢ 10°-
1%
10° 105
T PP R T P P PR PR P 1% 1 [P I PRI B B
0 01 02 03 04 05 06 07 08 09 1 -3 -25 -2 -15 -1 -05 0
y t (GeV?)
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MpP,

Exclusive Process

3D structure of nucleon (TDA)
u-channel meson production (Bill Wenliang@WM&JLab)

Pseudo-rapidity, azimuthal angle coverage and pt coverage?
outgoing scattered e': 0< 1 <3; recoiled proton: 1.5 <n<4;7%: 0<n<3.69;
Note: n = 3.69 is the far-forward region

Momentum/Energy resolution?
Energy resolution (o(AE / E)) in the far forward region and forward endcap:
0.02 + 0.077~E for photon. minimum requirement 0.35*70.35

0.8 — U8 1 Ky it e .
PID requirements? Note (" for glue, see 2111.08965):
Any requirement on far-forward detector? e ] S
Excellent forward y/neutron separation by 05| a - :
Reconstruct photon energy. Plowarme 1 L

cos @ cos @

The forward acceptance: =7mrad, >*5 mrad

|
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iz Introduction

® e+p, e+d, e+3He ......

® Effective tool for flavor separation
Particle e d 3et+ @ 1206+ 401 20+ 197 A 79+ 208pp32+ @
Kinetic energy (GeV/u) 3.5 12.00 16.30 10.16 12.00 12.00 9.46 9.28 9.09
Momentum (GeV/c/u) 3.5 12.90 17.21 11.05 12.90 12.90 10.35 10.17 9.98
Total energy (GeV/u) 3.5 12.93 17.23 11.09 12.93 12.93 10.39 10.21 10.02
CM energy (GeV/u) - 13.48 15.55 12.48 13.48 13.48 12.09 11.98 11.87
Jeollision (MHz) - 499.25 499.82 498.79 499.25 499.25 498.54 498.47 498.39
Polarization 80% Yes Yes No No No No No No
Bp (T-m) 11.67 86.00 86.00 86.00 86.00 86.00 &86.00 86.00 86.00
Particles per bunch (x109) 40 6.1 3.0 2.04 1.00 0.30 0.07 0.065 0.055
cz/2y (nm-rad, rms) 20 100/60 100/60 100/60 100/60 100/60 100/60 100/60 100/60
B3/ By (m) 0.2/0.06  0.04/0.02  0.04/0.02  0.04/0.02  0.04/0.02  0.04/0.02  0.04/0.02  0.04/0.02  0.04/0.02
Bunch length (m, rms) 0.01 0.015 0.015 0.02 0.015 0.015 0.02 0.02 0.02
Beam-beam parameter £z/&y 0.007 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002
Laslett tune shift — 0.07 0.06 0.04 0.06 0.06 0.06 0.06 0.06
Current (A) 3.3 0.49 0.48 0.49 0.48 0.48 0.44 0.43 0.40
Crossing angle (mrad) 50
Hourglass — 0.94 0.94 0.92 0.94 0.94 0.92 0.92 0.92
Luminosity at nucleon level (em=2.s71) — 8.48 x 1032 6.20 % 1032 0.75 x 1032 835 x 1032 835 x 10%2  0.37 x 1032 922 x 1032 8.02 x 1032

® The Luminosity is under optimization

® J|ever arm Q2 > 30 GeV?

|
The 8th EicC CDR workshop
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é;{é Exclusive Process

® 3D structure of nucleon (GPDs)
® What is the flagship physics at EicC and the golden observables?
® Beam polarization requirement?

DVCS observables for Compton form factors (Leading Twist GPDs)

Nucleon Polarization

Un-Polarized Longitudinal Polarized  Transversely Polarized
(V) L) (T)
Aoy ~ sing Aoy, ~ cosd sin(¢s-
Im{F1H+E(F1 +F2)(H+XB/2 ¢){k[(2—XB)F1E _4(1 -
opparates 1. o |9 x5)/ (2-xg)F3H)1+..}
ReT DVCS p Timﬁ(X=E,E) p TJm&(x=E,E)
n ImH(x=E,E) n JmH(x=E,E)
Ao, ~ sind Im{F,H + | Ao, ~ (A+Bcos¢) Re{F, 7 | Aoy, ~ (A+Bcosd)
E(F +Fo)H+kFo&+..} | + E(F+F N H4+xg/2 £)- Refk(F,H + F,&)}
E(XB/2 F1 +kF2)’E’}
P ImH(x=EE) |p ReH(GE) |p Relx,E)
n Jméx=E,E) |n ReH(x,E) |[n ReH(x,E)
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Ultimate Goal: impact of EicC on GPD of proton

EJMP‘)
® Flavor seperation? CFF , , & , .,
. ~ t
4'2?6} x Im [ny’-[ +&(Fy 4 FBY)H — I n2F25 _
sin ¢ . E il E - 1 Y-
Ay o< Im [5(F1 + ) (H + T+e )+ FiH 5(1 T (sFl + 4M?F2)5]
COS(;*') E -~ E f ’V]
Aprg o« Re [5_(F1 + Fo)(H + mg) + F\H — 5(1 +5F1 + 4M‘3F )E
sin (¢—s ) cos @ t ¢ i
J4UTE§ bs) o Im [ — 4}[2 (FZ% - Flg) —+ 52 (Fl -+ _1:\[2 Fz) (% + 5)
‘ ~ t o~
2
(R + F s ] .
Agff';ff)_ésmm x Im (Fgﬁ — Fl-::’,g) _.
14%;,(;-‘;—@‘}5]5111(3 x Re (FZH — Fl(‘:) f
Agp P09t o Re (FyH — Fi&E).
39/14
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OCL Ultimate Goal: impact of EicC on GPD of neutron

<IMe

® Error propagation? CFF |, | ~, L GPD H, Ej I—T E
el oc T [ FyH + (B + Fay# - 4_;255 ,

A o I :f(Fl ) (H + 1%5) A - 6= ' ng)é”]
A9 Re :g(FleFQ)('H 1ig )+ FiH — & +£F1+ MIZF;)S]
AT o T [ (B - RE) + @(F+ ) (H+ €)

~&(F + B (H + 4”2?)]

4‘50;] ToSne o I (FyH — FLEE) .
A0 o Re (FyH — FLE),

AP0 o Re (FyH — FIEE) .
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