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S Introduction
"~ ® TMD: Transverse Momentum Distributions (k - & longi. Momentum):

® How is proton’s spin correlated with the motion of the quarks/gluons?
o ... probed by the inclusive process

® 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?

o ... probed by the exclusive process

® From 1D to 3D picture of hadron & nuclei
® Origin of the Proton mass & spin
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® TMD: Transverse Momentum Distributions (k - & longi. Momentum):

® How is proton’s spin correlated with the motion of the quarks/gluons?
...... probed by the inclusive process

® 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

® From 1D to 3D picture of hadron & nuclei
® Origin of the Proton mass & spin
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|Introduction
® Energy: arXiv:2102.09222,
electron + proton: 3.5 GeV X 20 GeV Front. Phys. 16, 64701 (2021)
electron + 3He: 3.5 GeV X 40 GeV (nucleus energy)

® Luminosity:
Instantaneous Lumi: 2 x 1033 cm s!
Integrated Lumi for simulation = 50 fb-! for ep & e3He
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% Introduction

® Energy: arXiv:2102.09222,
electron + proton: 3.5 GeV X 20 GeV Front. Phys. 16, 64701 (2021)
electron + 3He: 3.5 GeV X 40 GeV (nucleus energy)

® Luminosity:
Instantaneous Lumi: 2 x 1033 cm s!
Integrated Lumi for simulation = 50 fb-! for ep & e3He
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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?

'
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> Introduction
Electron lon Collider in China...Huizhou(Z& M) in Guangdong province
‘ R e W E \) i : -.www:)w, ‘- ‘} | - j/

GUANGDONG S

HIAF/EicC

............

Electron Ion Collider in China, EicC

HIAF under construction

EIC in China
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> Inclusive Process
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e Inclusive Process

arXiv:2103.10276 Flavored Helicity PDF@EicC:
reweighting Hessian PDF sets by ePump

(e — . — — 0.06 prompeeemey r — —— SN . — —
Au(x.Q) at Q7 =10.0 GeV? 68%C.L. b Ad(xQ) at Q7 =10.0 GeV 68%C.L. As(x,Q) at Q> =10.0 Ge V2 68%C.L.
0st DSSV 14 ] 0.03 DSSV 14 1 0.02fF DSSV 14 -
2 DSSV14+EicC50fb | DIS £ DSSV14+EicC50fb ! DIS - DSSVI4+EicC50fy | DIS
osk T DSSV14+EicC50fb'SIDIS 0.00 1 DSSV [4+EicC50fb' SIDIS ' DSSV [ 4+EicC50ib 'SIDIS
o o > 001} -
203 ] = N 7
< 3006 F g
%02 ] >< *0.00
000F
0.1 ] 012 N2tg T A
Il & 0.01F y
00 -;;"_.1 |2 |1 1 L 7015 _14_11 |j l] 1 L 1 _|4_|:‘ |2 Il L 1 1
0t 107 10 0! 02 035 09 0f 0% 107 107 02 05 09 0t 07 o ' 02 05 09
X X
(O — . — — — r — — S . — —
{ Au(x,Q) at Q2 =10.0 GeV? 68%C.L. 0.02 \ Ad(x,Q) at Q2 =10.0 GeV? 68%C.L. 1 04F Ag(x,Q) at Q2 =10.0 GeV? 68%C.L. L
DSSV 14 DSSV14 1 DSSV14
} DSSV 14+EicC50fb | DIS © DSSV 14+EicC50fb DIS 03F DSSV 14+EicCS0fb ' DIS ]
0.02 DSSV14+EicC50fv 'SIDIS 4 £ DSSV14+EicC50fb ' SIDIS DSSV14+EicC50fb™ ' SIDIS
. ) ~ 0,00 - _ 02} ]
< Z <o & o4
[}= = =0 Ll
4 < < :
£ 000k 5 2 00
0.02 §/
-0.02 02F 3
_:‘_l -] L 1 1 L L 7004 ‘\_u ol L L L L L _03 . . 'l 1 1 'l L
10% 107 107 . 0t 02 05 09 w0t w0 107 . 0t 02 05 09 0% 107 107 . ! 02 05 09

Xu CAQO, 10-12 Jul. 2023 3D hadron imaaging at the EicC 9/28



% clusive Process
QUAILSD |n
arXiv:2102.09222 SIDIS and TMD@EicC
0> > 1GeV>, W >5GeV, W > 2GeV., 03 < z < 0.7

n™ production from the proton K* production from the *He beam.
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Inclusive Process

D
arXiv:2208.14620 SIDIS and TMD@EicC
Q%> 1GeV>, W >5GeV, W > 2GeV, 0.3 < z < 0.7
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> Inclusive Process

arXiv:2208.14620 The precision of extractions of Sivers functions @ EicC
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i Exclusive Process

VN
® From 1D to 3D structure of proton & atom:
® GPD: DVCS, TCS, DVMP, DDVCS
® TDA: backward (u-channel) meson production

® Deeply Virtual Compton Scattering
§=xp/(2—xp)
o Timelike Compton Scattering
o share the same final states with nucleon-to-photon TDA
° but with backward u-channel E=1/2—-1)
o 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
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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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i Exclusive Process

® 3D structure of nucleon (GPDs) @ EicC
® Accessing Compton Form Factors: An (Unbiased) Impact study on Img

see Xu Cao, Jinlong Zhang, arXiv:2301.06940, EPJC
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-

Xu CAQO, 10-12 Jul. 2023 3D hadron imaaging at the EicC 15/28



e Exclusive Process
® 3D structure of nucleon (GPDs) @ EicC

® Accessing Compton Form Factors: An (Unbiased) Impact study on Img

see Xu Cao, Jinlong Zhang, arXiv:2301.06940, EPJC
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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
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=]
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&
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150+

&~

[ 8]

{

5

10

15
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20

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

~ >5mrad (previously 2mrad)
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Exclusive Process

® Detector efficiency
® coutercy of detector group
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i Exclusive Process
® Detector efficiency

° before after
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é\&? Exclusive Process
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® 3D structure of nucleon (TDA)
® u-channel meson production (borrowed from Bill Wenliang@WM&JLab)

Exclusive Process

'3% GPD "1, o TDA =
L, (Backward)
o
/ ) Collinear
Hard structure | factorization —— Dead Zone ——
W
- - e
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By X. Jietal. Szymanowski and K F
in 1997 St v-Tian-Shansky
in 2000
s =10 GeV?, a° u-Channel Production
90 o PANDA <
E ®  Jlab E12-20-007 g 10
200 - PANDA A JLab GlueX (Q*=0 GeV?) ]
[ Al Y ElcC = A
B +e’+1r0% e EC s :
& L == s ms JLab E12-20-007 ” I
£ 100 10 1
“‘g & vvvy v ElcC 1
) ®E 3 {3 eeeee |EIC .:
iF. $ JLab GlueX e+p—>e+p+:r° 3 1
F 10 Ly
E 0 1!
&0 TE VY R T e | TORRYIS NPT PR VI VO ¢ T U Y T |2
210 0 5 10 't ey 't
@2 (GeV?) _Jmnl : _Jllax
.. Max 1 Min
Lumi.isOK,but T lm e e e - —————————— = - --

15 (VS. 4.5)mRad acceptance for 2y from =°

other mesons: reduce the dead zone near the beamline
|
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Exclusive Process

® 3D structure of pion (GPDs)
® 7*-DVCS through Sullivan process (2110.09462)

.~ 02— %NLO
e (I") P
° of #* '}+ 'l'} H
R e
* ¥ ¢ $ PR i
—e— 1<Q%<2 + } H +} + }
—n— 2<QP<4
02— —» 4<Q<12
02— LI NLO
3 byt $ | i  og
m . il +++
o—+ |
. +TJ ++} 2 o
—— 1<Q <2 il
_02_+ 2<822<42 } +% ++ §i¥ []
—— 4<Q <1 : * .*
90 180 270 §{deg) 3
102 e e >
% E § 5‘. ----------- s :H,,HZ "‘.‘ 1
o B E e PO ‘-‘. . .
>~ & iy . Py ee® e «
NO L S Cratapadanta e "A‘-n‘.
.-‘-.:.:‘:_ ____ -
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C ‘b+ o ) Y e .y
B ..\ ""-‘.:4 -.'-' 1 . ".‘- LA ] :lii ] jii
~ eo wan®® “hiota, 'ou' ' "“-_:' ot 1‘3:! *
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N Exclusive Process

® 3D structure of nucleon (gravitation form factors & internal excitation)

® Require heavy flavor reconstruction: detect Positron & Electron from heavy quarkonium decay;
approaching near-threshold: slow Upsilon need more luminosity.

_ T T T T T
1072 10" gnl

100;

/ [ 10
= el Gey

- 10°
o) 101 10 1112 13 14 15 16 17
c

E \_,Q thre'%hmd
o} T ]
1074 o i
10%F
E B.CHL; 2-gluon ) .
— yp=Y(AS)p ; s ey
Y p — Y(2S) p | ' - - dipole Pomeron Q° = 50 GeV* 16 L ‘ | ‘ ‘
105 5 | 10 11 12 13 14 15 16 17
114 116 11.8 12.0 12.2 12.4 126 12.8 13.0 107+ ; ' T '
W (GeV) 10 10
W (GeV)
P. Sun, X-B Tong, F. Yuan, 2111.07034, 2103.12047, PhysRevD.101.074010
see also 2101.02395, 1808.02163 Front. Phys. 18(4), 44600 (2023)

® Theorists usually ask for very low W or large-|t| or high-Q?
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<tip> Exclusive Process
- @ From 1D to 3D structure of proton & atom: e, TMD, TDA

® From light quarks to charm and up to bottom:

® Photo- and electro-production of narrow exotic states
® Generated by IAger and eSTARIight

4 — —— 10° 3 e ‘ — 102
10? '| ep — epJiy 3.5 GeV x 20 GeV | 10 - lep —>epr'35GeV x20GeV |
10°E 0.055<y<0.96, Q° < 1 GeV? 0.383<y<0.938, Q< 1 GeV2 | (o0 10
- 03570433 0546 066 iy o 102
102€ 0.282‘ Lo o 1 - = 3
E = a=d 5 -u-l-l ' II E E _
o [ = 0. "'ll .. .'h o~ ~ ]
%J 1055 *h‘.ﬁuﬂ-‘-tnﬁq.li %J i T
O E& 10 010 — —J 10
< 1F s F 1 ]
107" - i
F L3
10—2E -
-3 : 1 1
"% 8 10 12 1 1075
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S Exclusive Process

® From light quarks to charm and up to bottom:

® Photo- and electro-production of narrow exotic states
® Resolution generated by detector group

Mom. Res. = 0.1% Recoil of scattered electron
n [WI10-15]GeV |
8 8 150000
- £
! 20000/ o =8 MeV w [ o =55 MeV
H 10000
10000 so00l
0 ot
0.2 0 0.2 0.2 0 0.2
Ay (GeV) Ay (GeV)
W[5-10]GeV | wesGev
& 000/ 8 8o
£ :
w w

o =14 MeV 60 o =27 MeV

4000 —

2000

0 1 I 1 I
-0.2 0 0.2 -0.2 0 0.2
Ay (GeV) Ay (GeV)
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i Exclusive Process

® From light quarks to charm and up to bottom:

® Photo- and electro-production of narrow exotic states
® Premininary pseudo-data

10
2]
10 §  GlueX 2019
¢ GlueX_new
—— i SLAC % }
101 i I L { Data before 2002
3 t+ Photoproduction
g . i Gluex 2019 < 5
& 1071 & GlueX_new B
$  SLAC
i Data before 2002
10-1 § Photoproduction
1021 : : , ,
5 10 15 20 4 5 6 7
W(GeV) W(GeV)

Rescaled to recent Jlab data
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;@f Exclusive Process

® From light quarks to charm and up to bottom:

® Photo- and electro-production of narrow exotic states
® Premininary pseudo-data

o
1024 W= (4.57,4.6)
- ;
10 . ! P _
. g
5 g
‘é . ¥ GlueX 2019 =
B 1071 & GlueX_new LQ;
$ SLAC =)
{ Data before 2002 %
_ § Photoproduction
10714 103}
10_2 T T T N
5 10 15 20 0 1 2
W(GeV) |t|(GeV?)

Rescaled to recent Jlab data
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S Summary

® Fruitful inclusive & exclusive measurements are expected at the EicC.
Selected topics are present:

® TMD

® GPD & TDA

® Heavy flavor

® A lot of efforts from detector group
® Coverage, reconstruction efficiency and resolution of detector

Not cover here:

® DVMP

® TCS, DDVCS

® Light nuclei: medium effect

Special Thanks to PARTONS, Gepard .....
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é;{% Projection Bins of DVCS@EicC

10° T | ep>epy35 x20Gev? |

0.01<y<0.95, Q® > 1 GeV?, W > 2 GeV

" @ 1.0< Q2<30.0 GeV?2
® |[t[>0.01, At>0.02 GeV?
VS. [t[>0.03, At>0.03@US-EIC

Pp. < 99% of beam, ep. > 2 mrad

o

10

104

Q?/ GeV?
)

® TipSZ Coverage extension to
30.0 < Q%< 80.0 GeV?
several bins with relative big errors

102

1 4 1 L Pyt 1 i 111
-2 1
10 x, 10 1

®Magnitude of asymmetry is tiny with [t|<0.01, so the relative errors are usually above 50% there
®A big challenge for the detector design for |t|~0.002 & At~0.002: detector simulation?

® Also true for TCS and DVMP

'
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S Projection Bins of DVCS@EicC

N
0.03
L ] 0.04- 1
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) 3 [£Z] Future EicC DVCS measurement [ in1.0<@<16GeV* ¢ 05 Foonis<Pe2ecew 0.5
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- F : 20,02 e e e
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S Deeply Virtual Compton Scattering (DVCS)

»Proejction Bins of DVCS@EIcC: Assume [t|>0.01, At>0.02
®1. Only several projection points with |t|<0.01

®2. Magnitude of asymmetry is tiny with |t|<0.01, so the relative errors are usually above 50% there

@3. A big challenge for the detector design for |t|~0.002 & At~0.002: detector simulation?

the first t-bin in 1.63< Q2<2.64 GeV? absolute asymmetry: GK model for illustration only
- S T
<0.02 . 0.04 2, Xg, t .
£ 4-fold (Q?, xg, t, 9) y [ EicC PROJECTION (%% 9 -
= i ] [ in163<0° <264 GeV? \ 05
SUYE 0.03|- 1
<D > B . g
e i ;‘w
5 0.02 () "0 e
Q Ver 1 55
m : §) o A: g
- { i i -
0.01- } T R
: SRS
:u PR S TR AN TN NN TR T AN S T SR SR SN S i L | Ll M L
0 100 200 300 107 102 10" 1
¢ (degree) 4 (GeVz)
10 ¢ bins each [t}<0.01 GeV? It| ~ 1 GeVvz2
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S Accessing CFF ImME@EicC

L CFF@EicC0.121b" A, @ = 4.0 GeV?
PARTONS neural network

. PARTONS reweighted
H. Moutarde, P. Sznajder, J. Wagner, Eur. Phys. J. C (2019) 79:614 +t=0.40 GeV? -2
2 0.05 0.1 015 0.2
The CFF impact study of EicC with reweighting replicas 0
under PARTONS neural network (NN) 1=0.20GeV? -

EIm&

0.05 0.1 015 0.2

Stastical uncertainties only — 7 hours running YRR

0 0.05 0.1 015 0.2

Y

£ = Xo/(2-X )

4sind) o IIl] {Fl?’f + E(F]. 4+ Fg)ﬁ — %FQS} .

Arur e
sin (p—gs) cos @ t 2 t
Az om0 xhnﬁiﬂﬂgﬂ—Fﬁpfia+ﬁﬁgﬂy+a

2 7 t o
~E(R+ B A+ 58)].

______________________________________________________________________________________________________________________________________________________|
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S Reweighting replicas @ PARTONS NN

® Given an PARTONS NN ensemble one can evaluate any quantity or experimental observable
O[f] depending on the CFFs by computing OIf] for each of the replicas, and averaging the

results: NNPDF: Nucl.Phys.B849:112,2011 (arxiv: 1012.0836)
N
{(‘J}Z/Of] Df =% Y Olfi]
' k=1
(Pseudo-)data n:{x* (. f) = > (wi — wilfN)ey;' (v; — ys[f))-
ij=1
T ()2 Ve
= Wg = :
- LN (3)zDem i
N v
(O) oy = f O] Paew (/) Df = £ 3" wiOLfi].

Xu CAQO, 10-12 Jul. 2023 3D hadron imaaging at the EicC 33/28



L]
IMP,

Reweighting replicas @ PARTONS NN

Given an PARTONS NN ensemble one can evaluate any quantity or experimental observable
O[f] depending on the CFFs by computing OIf] for each of the replicas, and averaging the
results: NNPDF: Nucl.Phys.B849:112,2011 (arxiv: 1012.0836)

N
fo}ncu - /(}[f] :Dncv. - % Z LLLO fﬂ

k=1

We can quantify this loss of efficiency by using the Shannon entropy to compute the effective
number of replicas left after reweighting:

eﬁ—exp{ Zu;ln (N /wy) }

® If N« becomes too low, the reweighting procedure will no longer be reliable,
1. either because the new data contain a lot of information on the PDFs, necessitating a full

refitting with more replicas. (pseudo-data: integrated luminosity)

2. or because the new data are inconsistent with the old. (pseudo-data: smeared)
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i Schematic Design of EicC
® Energy: Front.Phys.(Beijing)16(2021)64701
electron + proton: 3.5 GeV X 20 GeV * arXiv:2102.09222
electron + 3He: 3.5 GeV X 40 GeV (nucleus energy)

(ToF ] (EMCal) [ ToF ) (COIL] (RICH] (HCal | [ HCal | E

Proton/ion

e-FWD
Ion-FWD
[Cerenkov] [Cerenkov] [ VTX ] [ TRKJ
10-20 m ~3m ~5m ~30m
- s - L > .. ——— -7
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® coutercy of dete

Exclusive Process
® Detector resolution

ctor group
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e Exclusive Process

® Detector efficiency
® coutercy of detector group

—MC

0 0
'g .g 6
-.‘E' 10° o Smeared ..‘..=- 10
i - Rec. W e5Ch
10° 6.
3 10*
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3L
10 102
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10 PR IT RN AT S A AT \|\|\|\\|‘|\l‘l\l‘l\l"'\t.:lw. 1|\\|‘|\\|\|\|\||\|\|\|\\|‘| | | |
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8 1= 8 =
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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 T e

PID requirements? Note (n’ for glue, see 2111.08965):  *!|

Any requirement on far-forward detector? 0l K ] e
Excellent forward y/neutron separation ag| T !
Reconstruct photon energy. et

0.8 0.6 -04 -0.2 0.0 02 04 06 08 -0.8 -0.6 -0.4 -0.2 0.0 0.2 04 06 08
cos @

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

|
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