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Outline & Confession

1.Review
2.0utlook

In this presentation, | blatantly took a lot of materials from:
* EIC white paper
* EICyellow report
* Great talks presented by Andrey Kim, Dariah Sokhan, Stepan Stepanyan,
Nicole d’"Hose and many others



0
£
s
0
S
0
£
0
<
S
03

Trodded paths




Generalized Parton Distributions (GPDs)

Unpolarized x+§ | x—<
He(x,0,0) =qp(x) &=t=0 First Moment fo(X, ¢, t)dx = Flf(t)

N < » GPDs - , > Dirac FF
He(x,0,0) = Aqp(x) PDFs P \g/’ P Form Factors fEf(x, £ t)dx = sz(t)

Polarized t = (P —P")? Pauli FF

» GPDs embody both PDFs and FFs

Provides information on the interesting properties of the nucleon.

» Mapping the transverse plane distribution of parton
» Pressure distribution inside nucleon
77 Y
X

r’p(r) in GeV fm’!
» Angular momentum of parton L S ]

0.01 | fof"’ dr p(r) = 07

'\_/1_' p 0.005;- + confining

1 1 0 \_//

Jq = EJ 1dx x[H1(x,&,0) + E1(x,&,0)] 0005 |- repulsive InzQSM
N 0 0.5 1 rin fm

Ji’s Sum Rule
M. Polyakov, P. Schweitzer, Int.J.Mod.Phys. A33 (2018) 4



Exclusive Process

» Use exclusive processes, where all final state particles are “detected”,
to access the muliti-variable dependence of GPDs, and constrain the
GPD parameterization with measurements in various phase space.

» Processes:

Deeply Virtual Compton Scattering (DVCS)
Deeply Virtual Meson Production (DVMP)
e Time-like Compton Scattering (TCS)
Double DVCS (DDVCS)

S LY

DVCS DVMP DDVCS



Deeply Virtual Compton Scattering

DVCS:l+p—->1U+p +7vy

» DVCS is regarded as the golden channel and gives access to four chiral-even GPDs
H HE, E(x, ¢, t). Its interference with the well-understood Bethe-Heitler process
gives access to more info.



Compton Form Factors (CFFs)

From Goeke, Polyakov, Vanderhaeghen, PNPP47 (2001)

M. Polyakov, C. Weiss, Phys.Rev. D60 (1999) 114017

REAL part Imaginary part
H ) )t "
~P[ dx TR i £ )
x_

Im H (x, t)
X

- + A(t)



Transverse Imaging and Pressure Distribution

M. Polyakov, P. Schweitzer, Int.J.Mod.Phys. A33 (2018)

Mapping in the transverse plance
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Polarized Beam & Unpolarized Target

»  Experimental access by cross-sections and spin asymmetries

DVCS BH
| |, 2
:: + +
O O O
(a) (b) (c)

4
d*o({p T> try)  _ do-BH 4 (d(rmfcls + P, d(rDr/j(—-S) £ (e T+ Dol D)
d-\.BdQ'dlfld(/) Well known unpo po

doB? ch '3 clBH cos & + cZBH cos 2¢

VCS DVCS . DVCS ..« D
d(rfl)”pol oc o + ¢y cos ¢ + cos 2¢
doDVeS o $PVCS sing

Rel o ¢, +c|cosd+chcos2d+c. cos3g

Im/ o s sind+ s sin2é
1 2

~ p .
Change P, 5,'= Im F Changee, P, dcC,'= Re F F =FH + EF+F)H + t/am’F, E Twist-2, NLO
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Sensitivity to CEFE's

» The target polarization can be explored as well.

Beam, target

polarisation Proton = Neutron
For example: ~
— | ~ Im {Hp, H, E}
@ Aoy ~ sind S(FyH + Gy H — 4M2 FyE) dé Im{i, I, En}
. Aoy, ~ sin ¢ \s(FlH + &Gy (H + 7E) Im {Hp’ Hp};,
S 4M2F2E+---> 1 Im{H,, E,, E,}
Aoy ~ cos ¢ ( (FoH — I\ E) + ...)do Im {H E }
@ o Im {ﬁl
— Aocpp ~ (A+ Bcos¢) §R(F1ﬁ Re{ }
_@') Gy (H + “2B) + ..)d¢

2 Re{l E E.}
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Sensitivity to CEFE's

» The target polarization can be explored as well.

Beam, target

polarisation Proton Neutron
For example:

— | ~ Im {H H , B }
‘ @ Aoy ~ sind S(FyH + Gy H — 4M2 FyE) dé Im{H E }

. 5 Aoy ~ smqb ;s(FlH + G (H + 7E) ]m{ }

Aoy ~ cos ¢ ( (FoH — I\ E) + ...)do Im {H E }

- @ i Im {ﬁl

Ao ~ (A+ Bceos¢) R(FLH X Re{ }

—@-) B
+EG M (H + TE) + ...)d¢ Re{ n, }

» Neutron target: flavor decomposition & access to E
11



The Past and Present Experiments

e-p Collider forward fast proton

» HERA: H1 and ZEUS
Polarised 27 GeV e-/e+
Unpolarized 920 GeV proton
~ Full event reconstruction

Fixed target mode slow recoil proton

» HERMES: Polarised 27 GeV e-/e+
Long., Trans. polarised p, d target
Missing mass technique, 2006-09 with recoil detector

> Mab: Hall A, €, CLAS High Luminosity Polar. 6 & 12 GeV e-

Long., (Trans.) polarised p, d target Sas
Missing mass technique (A,C) and complete detection (CLAS) Tl Ry

ECALO

» COMPASS @ CERN: Polarised 160 GeV p+/p- reco proton - wetx SR
. . . . B N
p target, (Trans.) polarised target with recoil p detection CAMERA '
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Landscape — Global Programs ot DVCS

IIIIIII 1 IIIIIII 1 L 1 I

Current DVCS data at colliders:

10 3 — QO ZEUS- total xsec [0 H1- total xsec N
® ZEUS- do/dt B H1-do/dt 3
B Hi-Agy N7

Current DVCS data at fixed targets:

A HERMES-A; A HERMES-AcU
A HERMES- ALy, AuL, AL

A HERMES-Ayr * HallA- CFFs
X CLAS-Ay % CLAS-Ay

Planned DVCS at fixed targ.:

Al
>
GJ COMPASS- d()/dt, ACSUy ACST
(D e JLAB12- do/dt, ALy, Aul, AL
N

le

I | IO O A

IIIIIII
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| ' .
Current DVCS data at colliders: N

10%F0 ZEUS " e o i

- ® ZEUS 2 ]

®m H1-Acu 2 N

Current DVCS data at fixed targets:

A HERMES-A; A HERMES-AcU
A HERMES- Ay, Ay, Au

A HERMES-Ayr * HallA- CFFs
X CLAS-Aly % CLAS-Ay

2
— 10|
N> - Planned DVCS at fixed targ.:
q) B %] COMPASS- dO'/dt, Acsu, ACST
Q) I © JLAB12- do/dt, ALy, Aur, Al
o\ L
@]
10
1 -

Measurements

Starting with lower energy — intermediate to high x



A complete set of DVCS asymmetries at Hermes

A " Kk = t/4M2 .
1 Ac P N HERMES provided a complete
%™ | Charge 7 Re (FyJH + &F +F)H +KFE) set of observables
AT '
. ; 2001: 15t DVCS publication as CLAS & H1
psm e A k ; ~ 2007: end of data taking
Az IjJH__H I'm (F\H +|&(F+F)H +kF,E ) 2012: still important publications
e /‘ "polTarget e JHEP 07 (2012) 032 A A,
oo polTarget HERMES oogen
85 |Long Pol Beam' et JHEP10(2012) 042 A,
A2 b O CGAS(eravs) with recoil detection (2006-7)
G amd | Ayt e Im (k(F,H-F,E))
l('_c A::?_”m*' H——H E
_ Af:;“ 8 )eing b
§ A u_._n E
%Aﬁ_j’éﬁ;ﬁlcs ALT R Re (k(F,H - F,E)) > Electron & positron beams on proton
= AL —te— > Beam energy of 27.6 GeV
A — > Luminosity < 1031 cm™2%s71
o+ Aal:* m B E ~ _—y . .
B e | Ayl en | Im(FIFEFFR)H+YAHHE) ) T 7 ot data witnin:
E e = ~ " j{ Z.GeV_2x<BQ_2 < 6 GeV?
£ aw ALL e Re (FLHAEF +F)(H +E/(1+8)E)) T
Y | e
c Ay TR T I . ol
3 04 02 |:|] 02 04 06

Amplitude Value 15



Beam Spin Sum and Dift of DVCS at JL.ab Hall A

» After the pioneering E00-110 in 2004 at Hall-A, the

E07-007 experiment in 2010

» High precision cross-section measurement in a small kinematic region: Generalized Rosenbluth separation of the DVCS?
(scales as EZ?) and the BH-DVCS interference (scales as E2) terms. NLO and/or higher-twist improve model agreement

Unpolarized Helicity Dependent
004 d*c=do“ +do” Ao =do< —do™
i 4 0.01
0.03 | [
0.02 |
i +0.005
0.01 F
T
S olF—48 : 0
s . 5
c i
L i
001 f i i
i i
w/ i 4-0.005
0024 L NLO-DVCS? H
- § — HT-DVCS? ; :
003 ¢ B NLO-interference "‘;ii - -0.01
e HT-interference ]
—0.04 a b
[ I L1 11 I | I - I | | I L1 1 I L1 11 I 111 I | | I L1 1 i
0 100 200 300 0 100 200 300

© () L

Defurne et al., Nature Communications 8 (2017) 1408

> E,:4.5&5.6 GeV
> 02:1.5,1.9,2.3 GeV? at fixed x5: 0.36

U

P Twist-2, NLOP

nb/GeV*

« Two scenarios: higher-twist or

« Significant differences between pure DVCS and
interference contributions.

 Sensitivity to gluons.

« Separation of HT and NLO effects requires scans across
wider ranges of Q2 and beam energy = JLab 12

16



Beam Spin Sum and Dift of DVCS at JL.ab Hall A

» After the pioneering E00-110 in 2004 at Hall-A, the EQ7-007 experiment in 2010

> High precis  ormomanm 1 | kinematic region: Generalized Rosenbluth separation of the DVCS?
(scalesas E T2 .o M T sas E3) terms. NLO and/or higher-twist improve model agreement
;: I ] ] ;_‘:
U TE
004 d*o 2_ M _:4 <«
2 Daman — — | Ep>eyp
0.03 - g0 % :
002 > E.:4.5&5.6 GeV
: > (?%:1.5,1.9,2.3 GeV? at fixed x5: 0.36
0.01
3
0] 0
~0.01 / « Two scenarios: higher-twist or
i ] E « Significant differences between pure DVCS and
oergs @ | L interference contributions.
oosl = . I  Sensitivity to gluons.
%:; % @ g « Separation of HT and NLO effects requires scans across
004f a - _ _______ Q ______ ' ol o O K wider ranges of Q2 and beam energy = JLab 12
° M . R L o » First experimental extraction of all four helicity-conserving CFFs

= : F. Georges et al. (JLab Hall A Collaboration), Phys. Rev. Lett. 128, 252002 (June 2022)
Defurne et al., Nature Communications 8 (2017) 1408 1



Nucleon Tomography in the Valence Domain with CLAS Data

Fitof 8 CFFsat L.O. and L.T.

len' I---Ilzmuu

(ImH, ReH, ImE, ReE, ImH, ReH, ImE, ReE) =T \F/ffls rr;?gil ot
—\ 7— intimJsji=A¢e
Better Constrained Q%*=1.11 GeV? Q°=1.63 GeV* Q°=2.23 GeV?
X=0.126 X=0.185 X=0.335
> Wide kinematic coverage 6F .. AF5.30:0.95 . A=4.9810.56 f . AF1.44:1.25
» Carried out measurements with i \\\b‘-=4'25i°'93 £:23.03:0.55 4 b:=1.04:3.68
logitudinally polarized target as I§3f 'I'I i h“““‘k—;x i ‘}
well 21' fL. %\F; e §-~-l_--.'[;::::—_f:_
0 .................... S S T .
1 N ST TN TN T SRR 1
= 6f :
Ep>eyp s HII—;; S R
22 - -
> Valence quarks at Centre o_ ............... + { ............................ ‘[’ ....... .

» Sea quarks spread out 2f

Hygys Fip_

01 02 03 04 05 01 02 03 04 05 04 02 03 04 05
-t (GeV?) - (GeV?) -t (GeV?)
H.-S. Jo et al. (CLAS) PRL115, 212003 (2015) 212003

N. Hirlinger Saylor et al (CLAS) PRC 98 (2018) 045203

towards the periphery.

e
?F%eyp

» Simultaneous fit to BSA, TSA & DSA - Information on relative distribution
of quark momenta (PDFs) and quark helicity, Aq(x)

H(z,0,0) = q(x) H(2,0,0) = Agq(x)
fjll Hdxr = F} f_+11 Hdr =G4
» Indication that axial charge is more concentrated than electromgnatic charge

—

<Q*> =152 (GeV/c)
<Xg== 0.179

-

Hypo Higy

I

<Q*>=1.97 (GeV/c)
<xg>=0.255

i

<Q™> =241 (GeV/e)
<Xg>=0.255

B

II|:r|' I,!J:n

B

<Q™> =26 (GeV/cy
<xg>=0.345

<Q*> =331 (GeV/c)
<Xg== 0.453

—+— Im(H)

electromagnetic charge distribution

—+— Im(H )

axial charge distribution

Pisano et al. PRD91, 052014 (2015)

Seder et al. PRL114, 032001 (2015)



Nucleon Tomography in the Gluon Domain at HERA

dgPVCs /d|t] « e Ble| | B related to the transversed size of the scattering object
o e

Aaron et al., H1 Coll, PLB659 (2008) 10

< O H1
- . > C
Dominance of Im#f N el g °f | :
f W = 104 GeV m 6f T . S
Q? =32 GeV? - freneeeennnne., i """""
10k aF ‘
C L. ® H1HERAIllep
< [L © H1HERAI —
? \¢ 2 [ ==+ A (1-B"log(Q%(2 GeV?)) W=82 GeV
o Y Y SPEPEPE EPEPEPEP PR EPEPEPIPI B PR
5 [ Tt 0 5 10 16 20 25 30
z L I N Q’1GeV?|
K= C
3 — 8
t 2 “ [ e H1HERANlep <Q2>=10GeV? H1
S H1 8 7F 3 3 3
[ _ S <Xz>=6.210> 2.10° 1.10
ZEUS-H1 10_1_ W . 82 GeV . m s - B $
e Q?=8GeV? ’ ....£ ............ .i. ....................
Data collected F 4Q%=155GeV? 5F
- vQ%=25GeV? s
1995-2007 o .e.....i «f B=545+0.19+0.34 GeV?
0 01 02 03 04 05 06 07 08 N I T T
-t (GeV?) 0 20 40 60 80 100 120

W |GeV]

<r?(xg)> = 2B'(xg) /< 1? >=0.65+0.02 fm
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Nucleon Tomography ot COMPASS Preliminary Result

® COMPASS: <Q’> = 1.8 (GeV/c)?
¢ ZzEUsS: <Q’> = 3.2 (GeV/c)?
DVCS | | _Bltl ( 2( )) ~ ( ) A HI: <Q?> = 4.0 (GeV/c)?
dO- /d tl X e LARY: ~ 2B XB) At small xg ¥ H1: <Q’> = 8.0 (GeV/c)’
W Hl1: <Q?> = 10. (GeV/c)?
8 06
COMPASS preliminary | -

B

[nb (GeV/c) 7]
8{\)

B=6.6+06,+ 0.3, [(GeV/c)? ]

I IIII!||

o
= N
T 5
.e|® >
?h-
W YFE &
© Jres L
- @ 3 <Q?> = 1.8 (GeVicy
= - ) KM15 model —0.2
B S <= =10. [Gew.':]"} mode
L 1(GeVic)2<Q? <5 (GeVic)? — - zgzz i :IIDB [gegcﬁ } GK model 01
10 GeV < v < 32 GeV " =10 (GeVie I
1= — =
i~ 4 | | 1 | 1 | 1 1 I | | | | | | | | | I | | | | I | u 1 1 ||||||| | 1 ||||||| 1 | |||||||n
0 0.1 0.2 0.3 0.4 0.5 10 107 102 10”
I1tl [(GeV/ic)? ] Xg;/ 2

» The transverse-size evolution as a function of x> Expect at least 3 x bins from full 2016-17 data
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GPDs and Pressure Distribution

V. D. Burkert, L. Elouadrhiri, F. X. Girod
Nature 557, 396-399 (2018)

m— World data > With all the data from beam spin sum %
cLastz and difference of CLAS at 6 GeV

I CLAS12 proj.

15

| [ .

Repulsive
pressure

—

10

[xH(x & D= My(0) + gfzdl(t)

>

X i (rv/—1

= i) o [ 2D pryay
NQ

M,(t) : Mass/energy distribution inside the nucleon
d,(t) : Forces and pressure distribution

Confining
pressure
-«
Bessel Integral relates d,(t) to the radial pressure p(r).

] A I O Y
0 02 04 06 08 10 12 14 16 18 20

r (fm)

* Repulsive pressure near center
p(r=0) = 103 Pa
* Confining pressure atr > 0.6 fm

Atmospheric pressure: 10> Pa
Pressure in the center of neutron stars < 1034 Pa
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GPDs and Nucleon Spin

td=>Etnvy(p)
Aoy ™= Im (F, 3 + 2 (Fy, +F5, )i["'

» First experimental constraint on E4 from

neutron DVCS beam spin asymmetry at Hall A.

M. Mazouz et al, PRL 99 (2007) 242501

» Provides constraints on orbital angular
momentum of quarks

]q=

1

2

1
Lo+ Lg= %j_ldx x[H9(x,&,0) + E9(x,&,0)]

Jd +d

(p>tpy
anf) AGUT sin(¢- ¢s) cos ¢ = __
AGLT sin(¢p- ¢s) cos ¢ = __

e

Im (sz ﬂ_FlpE)
Re(sz }[_Flpf)

Model dependent extraction of JU and Jd

04
[ HERMES JHEP 0806 (08)
03> (model based)
358
L
0283 §
. m 5]
e 3
c<
Nz E
0025 .: -
R Dﬂ o
I -
-01- L \
o, @7=4GeV? _:
00 01 02 03 04 05 06 07
Ju+ﬁ

Goloskokov & Kroll, EPJ C59 (09) 809
Diehl et al., EPJ C39 (05) 1

Guidal et al., PR D72 (05) 054013

Liuti et al., PRD 84 (11) 034007
Bacchetta & Radici, PRL 107 (11) 212001
LHPC-1, PR D77 (08) 094502
LHPC-2, PR D82 (10) 094502

QCDSF, arXiv:0710.1534

Lattice QCD

Wakamatsu, EPJ A44 (10) 297
Thomas, PRL 101 (08) 102003

Thomas, INT 2012 workshop

Dudek et al., EPJA48 (2012)
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GPDs and Nucleon Spin

td=>Etnvy(p)
Sing — (77
Aoy = Im (Fy 3 + £ (Fy, +Fo, JH + FonE) 5
600? E = 445 GeV L -, (exp) = d, (exp)
i - -- BH, -- BH,
500:— — — VGG — Cano—Pire Od‘
g o - E = 5.55GeV DV
3 300] - =
52 -
3 200 | ..’GE-_ &£
%
, k-
100 ¢ < 212001
el
[ I T LA il | | E D
-040 -035 -0.30 -025 -0.20 -0.15 I —040 I—IO.SIS —030 —025 —020 —015 I | 8
t(GeV?) t(GeVd) g L : iyl L
- O
i S . } h 5 B
» Recent input from Result of neutron- —01. s | euvquakem e | S L @
F -50- @ dquark (HT) "y ]
DVCS at Hall A E08-025 ( done on 2010) F ol e vquark (L) i T _
» with E, = 4.5 &5.5 GeV on LD, target. < L0297 e |
Q2 >=1.75 Gevzl < XB >=0.36 00 O By s w2 ooa 03 o2
M. Benali et al., Nature Phys. 16(2), 191 (2020) t(GeV?) t(GeV)
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DVMP



Deeply Virtual Meson Production (DVMP)

4 chiral-even GPDs: helicity of parton unchanged

2 T ®T HY(e, €, 1) E9a, &, 1)

_Q ~J ~J

= q q

: i, &, 1) E9(x, & t)

; E i + 4 chiral-odd or transversity GPDs: helicity of parton changed

©

-]

O .

P — smallt . P’ H1q(w' g’ t) E-?((B, g: t) —_— ~
| - ~ ¢ =2H{ + E%

Hi(x, §,t) Eflx, &, t)

C

i)

_‘g » Universality of GPDs, quark flavor filter

= » Ability to probe the chiral-odd GPDs.

3 » Additional non-perturbative term from meson wave

5 function = more difficult for GPD extraction

[= » In addition to nuclear structure, provide insights into

reaction mechanism
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What Can We Learn from Chiral-GPDs

Polarized Proton Unpolarized Proton
0.6 9
8
0.4 -
0.2 6 _
S U H Er -0.2 2
© 04
1
% ~ - ~0sLYP O- 0
© L H E 06 3
o T
S 0.4 down O / \ 2.5
g _ ) )
= | U E G el el E o 15
53
-0.2 \/\/ 1
-04 0.5
= . . . _o6h 4 Ldown @
» Er is related to the distortion of the polarized "05-G4-07 0 02 04 05 -06-04-0Z 007 04 09

quark distribution in the transverse plane for an Described by £ Described by Ey = 2Hr + Ey

. Lattice Calculation: Gockeler PRL 222001 (2007)
unpolarized nucleon
GPDs parametrization:

» Chiral-odd GPDs Hy Hy
* Generalization of transversity distribution h{(x) tensor charge: T.Ledwig, A.Silva, H.C. Kim
: ~ [dxHyp(x,&,t)
- related to the transverse spin structure T
° Tensor Cha rge transversity PDF: M.Anselmino

Hr(z,& = 0,t = 0) = hy



DVMP Structure Functions with Longitudinally Polarized Beam & Target

21 d*o
T d0%dx,didg 0Tt 6oLt €arrcos2¢ + Je(l + )oyrcosd = Unpolarized

_ 2 — cos ¢ Longitudinally polarized beam
+ Py Pty (\/ 1—e€%0,, + \/6(1 €)o,, 7 cos gb)-> and target

€ : degree of longitudinal polarization
Py initial lepton polarization
Pg: initial target polarization

Fig: M.G. Alexeev et al. Phys.Lett.B 805 (2020)
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Vector Meson Production at CLAS

» Pilot analysis of exclusive w-electroproduction published in EPJ A 24, 445 (2005), followed by analyses of
@, Phys. Rev. C 78, 025210 (2008), and p°, EPJ A 39, 5-31 (2009)

» Test two hypotheses = t-channel Regge trajectory

exchange on the hadronic level and the handbag yﬁ%/p @ ..
diagram approach on the partonic level |
» Regge Model favored by data in CLAS kinematics. p/‘\
5.60
10? ¢ R Py
ol o~ 5.10 “%
: o 10F 1, T(D 0 et
Bl % $ 4.60 cg p
8 c | \ ;
::% g 1? 1 Pl 4.10 !\%ﬂ— '\'Nitt\ M
01 ¢ °) H
T [ o Threg,- . Mgt
10k 3.60 )\‘%; \N‘“’ %%}
0 3 - +_‘_-‘_ ?’;"w,
3.10 \\t‘t \%t \M_
W =28 GeV 10 250 \“\t %\& Nk
1.0 - o * 3
g I 1 250 \% x"ﬁ X"w
© 01 AN 10" 2.20 - B -
\\\ 9 \O\ﬂf X\%_\'— \t
\ 102 o i
T 107 1 10 \\N‘*\% T
2 2 0.22 0.28 0.34 0.40 0.46 0.52 0.58 0.64 0.70

) Q2 (Gev2) 0.16 t 0. 0. . . . . . . 28



GPDs with Vector Meson Production

o(p) [nb]

o (vp->pp) [nb]

10° 10°
o i p0 (— i) production at COMPASS
o N with Transversely Polarized Target
® .4q
- 10 COMPASS, NPB 865 (2012) 1-20, PLB731 (2014) 19
4 and ¢/10 for 10°F & 0.1f 3 -
O visibility, j 5 s 0.05} g g
4 6 10 20 40 60 100 10 ' ' ' 5 ot {' 4 + - 4
Q? [GeVY] Q? Gev?) = 008 A 1! E
T mO HiZEUS (I) | o OF - - —_—
2| | 8K _t
5 19 @ HERMES 22008t - - HT
= O CLAS - O S |
3 008 gt | T § 4
3 0 005 01 2 4 0 02 04
Q2= 4 GeV?2 Q2 = 3.8 Ge\/2 B O (GeV7/c) p;(Gﬂ\"fC"]
1 ) ! 0= ) |
10 T 6810 20 4080100 ° 4 6810 20 40 60 100
W[GeV] W[GeV]

GK Model by Goloskokov, Kroll, constrained by DVMP at small xg (or large W)

* leading-twist longitudinal y,* p — M p and transv. polar. y;* p—> M p
e quark and gluon contributions (GPDs H, E, H;) and beyond leading twist
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Exclusive ° Production

(p—=2¢nlp g :_[---. o
* o o o
: = —TI (0% xp.E) T'+ QoL V2e(1 + e) ws(gb)
dQ-dxpdtdd 2n L dt |
dorr — T do _
+€ ws(Zgﬁ] + h \/ 2e(1 —€) I sm(qb)‘
do dra 1 ~ |2 e " o, a2 € 178 Cal? _ £ ol
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« Significant transverse contribution:
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GPDs and Hard Exclusive m° Production
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GPDs and Hard Exclusive m° Production
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GPDs and Hard Exclusive m° Production
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> Preliminary attempts using 7% & n data from CLAS
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Vector Meson Production: Spin Density Matrix Elements

Experimental angular distributions do
helicity frame dﬁb dP dO sz dﬁUB dt
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Vector Meson Production: Spin Density Matrix Elements

Experimental angular distributions 1 o |2
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2012 COMPASS Exclusive @ Prod. On Unpolarized Proton
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2012 COMPASS Exclusive p° Prod. On Unpolarized Proton
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Other COMPTON Scatterings



Timelike Compton Scattering ("TCS)

» First ever Timelike Compton Scattering Measurement at CLAS

Phys. Rev. Lett. 127, 262501 (2021)

> Photon polarization asymmetry Agy~sing -ImM~~ = GPD universality

> Forward backward asymmetry Agg~cos¢ - ReM~~ = Access D-term
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Double DVCS (DDVCS)

ep — epl— T > Both space-like and time-like photons can set the
o e I hard scale
/—7 / \QQ
> < I / B 2 1 q [ 1 1
-E'-E v e Zq:eCJ{ /_1 X—fl X—I—é’

—im [HI(e’, &, 0) — HI(=¢', €, 0] }

; T o
Double DVCS (DDVCS)

» Double DVCS gives access to phase space
where x # &

» VGG model: order of about 0.1 pb, about
100 to 1000 times smaller than DVCS

» Interference term enhanced by BH

40






Global Analysis

KM15 K Kumericki and D Mueller arXiv:1512.09014v1

Figures made by D. Mueller and K. Kumericki GK S.V. Goloskokov, P. Kroll, EPJC53 (2008), EPJA47 (2011)
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» Very little is known for chiral-odd GPDs as well.

> We need more experimental inputs!

- Various processes and precise data mapping, with high granularity and phase space wider

than what has been covered, are required to fully constrain the entire set of GPDs .


http://arxiv.org/abs/1512.09014v1

» Expect fruitful measurements coming from JLab-12

Near Future

» Released: DVCS & rt° at Hall A, TCS at CLAS
« DVCS, nuclear DVCS, DVMP, TCS, even DDVCS?

» COMPASS/AMBER

« DVCS - ReH with charge-spin asymmetry
« DVMPofr® w,p,]/Y

. Transversely polarized target in AMBER?

Silicone proton recoil detector between target &
polarizing magnet

» Other possibilities at J-Parc, RHIC, FAIR,

or LHC e
* Exclusive Drell-Yan e[|
* Ultra-peripheral collisions for TCSor * """ =,

exclusive J /1 production for GPD E il
of the gluon |



The Ideal Experiment

» High & variable beam energy

* Large kinematic domain & hard regime = large Q? span for evolution
* Polarized beams —> various spin asymmetries
e Variable energy for:
o Energy separation for DVCS? and DVCS-BH interferences
o L/T separation for pseudo scalar meson production
* Availability of positive and negative leptons = real part of CFFs

> H,, Dy, and nuclear beams

» High luminosity

 Small cross section
* Multi-dimentional binning for fully differential analysis (x5, Q2, t, 9)

> Hermetic detectors
* Ensure exclusivity

Does not exist (yet) |



The Ideal Experiment — Challenges (@ EIC

» High & variable beam energy

Lar > Beam polarization:

* Pol * For asymmetry measurements, statistical uncertainties inversely
G proportional to the degree of polarization achieved. = High
2 polarison required.
. Av: * Longitudinal for e, transverse & longitudinal for polarizable nuclei
— aim for ~70% polarization for both beams
> H,, 1

» Luminosity: one of the most demanding aspects of EIC

> Hig * Luminosity 1033 to 103* cms?. with 1033 cm!sl, 10 fb'lintegrated
luminosity achieved with 30 weeks of operation. GPD would ask for
. Mu 100 fb'! = needs higher luminosity of 103* cms.

» 0.03 < [t| < 1.6 GeV? & careful design of the interaction & hadron
beam parameters

> Heri

* Ens<

Does not exist (yet)



The Electron Ion Collider

Detector 1 2 ePIC

p/A beam - electron beam

high-Q2

hadronic calorimeters

solenoid coils

e/m calorimeters

ToF, DIRC,
RICH detectors
MPG trackers
\ n Central
MAPS tracker | Detector

» Auxiliary detectors needed to tag particles with very small scattering angles both in
the outgoing lepton and hadron beam direction.
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Far-Forward Detectors

Space for detectors

—INNER CRYOSTAT
DIPOLE COIL

BO Spectrometer Configuration
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QUAD COIL ’é‘
. x
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QUADCOLL Pots In cross-section
ELECTRON
BEAM TUBE
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Roman Pots

\ N\

BO Trackers + Calorimeter -

/ Blapf Dipole
B1lpf Dipole
Q2bpf quadrupole

/ /lef quadrupole
Q

= lapf quadrupole

’ BOapf Dipole

BOpf Dipole

ZDC

2.0
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[:4
S
e
Detector
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I
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Tagger 1
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O[f—momen}um detectors 2

_—

»  Forward detection particularly crucial
in exclusive measurements -
proton/ion measurement required

» B0 and/or Roman Pots are the critical

forward detection regions
*  Roman Pot: lowest values of t
*  BO: for higher values
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DVCS Simulation

Plots: I. Korover (MIT), Kong Tu (BNL)
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Distribution of gluons

Outlook

Projcted IPD from J /y
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» Compton Scatterings — DVCS, TCS, DDVCS

e GPD mapping, consistensy of factorisation & universality test
» DVMP

Flavor separation, chiral-odd GPDs

* heavy mesons (J /Y, Y) 2 mechanism of saturation by gluon

distribution from high to low xp
» New methods: diffractive process, charged-current processes of
meson production...
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» A lot of Interesting properties of proton can be revealed by GPDs and
EIC can offer us unprecedented opportunity for a precise
determination of GPDs.

> Lets build it. EeiisiBUilcBbLt!
715

e
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GPD Models

@ VGG model (Vanderhaeghen, Guichon, Guidal 1999):

Based on double distributions

Includes a D-term to restore full polynomiality
Includes a Regge inspired and a factorized t-ansatz
Skewness depending on free parameters b, and b,
Includes twist-3 contributions

@ Dual model: (Guzey, Teckentrup 2006)

- GPDs based on an infinite sum of t-channel resonances
- Includes a Regge inspired and a factorized t-ansatz
- Does not include twist-3

KM10a — - - (KM10 ........) Kumericki, Mueller, NPB (2010) 841
Flexible parametrization of the GPDs based on both a Mellin-Barnes representation
and dispersion integral which entangle skewness and t dependences

Global fit on the world data ranging from H1, ZEUS to HERMES, JLab

VGG Vanderhaeghen, Guichon, Guidal
PRL80(1998),PRD60(1999), PPNP47(2001), PRD72(2005)

1rst model of GPDs
improved regularly

KMS12 Kroll, Moutarde, Sabatié, EPJC73 (2013)

using the GK model
Goloskokov, Kroll, EPIC42,50,53,59,65,74

for GPD adjusted on
the hard exclusive meson production at small xg
“universality’’ of GPDs
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Goloskokov-Kroll Model for Pseud-mson Production

Eur. Phys. J. A (2011) 47: 112

DOI 10.1140/epja/i2011-11112-6 THE EUROPEAN

PHYSICAL JOURNAL A

Regular Article — Theoretical Physics

Transversity in hard exclusive electroproduction of pseudoscalar
mesons
S.V. Goloskokov!'® and P. Kroll>3:P

® UNPOLARIZED STRUCTURE FUNCTIONS:
ou ~{ (=) ()] - 267Re [(E)(B] - e (B}
or ~ |(1-€) (Hr) — 5z [(Br)[*]
orr ~ [(Er)f

® POLARIZED OBSERVABLES: Er =2Hy + Ep
435?00 ~ Tm [(Hr)* (E)]

A2SG0 ~ Im [(Er)*(H) + &(Hr)*(E) Fig: M.G. Alexeev et al. Phys.Lett.B 805 (2020)
AT %0 ~ [(Hr)"

A3 %00 ~ Re (Er)*(H) + &(Hr)* (E)

< F >: Generalized Form Factor, convolution of hard subprocess with GPD F -



Beam Spin Sum and Dift of DVCS at CLAS

» Wide kinematic range—> 21 bins in (xg,Q?) or 110 bins (xg,Q?,t) with 3 months data taken in 2005
—> CFF constraints

-t=0.153 GeV? -t=0.262 GeV? -t=0.447 GeV? CLASG6 kinematical coverage
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Nucleon Tomography in the Valence Domain

» Wide kinematic range—> 21 bins in (xg,Q?) or 110 bins (xg,Q?,t) with 3 months data taken in 2005

- Nucleon tomography in the valence domain 0%=1.11 GoV? Q*=1.63 GeV? 0%=2.23 GeV?
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Valence quarks at centre

Sea quarks spread out towards the periphery. S
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Beam- and Target-spin asymmetries at CLAS
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Nucleon Tomography in the Valence Domain
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