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Experimental overview of exclusive reactions
(related to GPDs)

Nicole d’Hose, CEA Université Paris-Saclay



Past & present for exclusive experiments at small t: {p—> £’p”yor meson

Collider mode e-p: forward fast proton
HERA: H1 and ZEUS
Polarised 27 GeV e-/e+
Unpolarized 920 GeV proton
~ Full event reconstruction (proton in Roman Pots)

Fixed target mode: slow recoiling proton

HERMES: Polarised 27 GeV e-/e+ eafegt SRR N\ NN
Long, Trans polarised p, d target | s \
Missing mass technique
2006-07 with recoil detector

/

Long, (Trans) polarlsed P, d target
Missing mass technique (A,C) and complete detection (CLAS)

Jlab: Hall A, C, CLAS 2 High Luminosity Polar. 6 & 12 GeV e- &

COMPASS @ CERN: Polarised 160 GeV p+/p- —
recoll proton

p target, (Trans) polarised target detecfor

with recoil detection CAMERA

Rejection of background: SIDIS, exclusive ii°/DVCS, dissociation of the proton



Past and future experiments for DVCS {p— {'py
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planned DV CS at fixed targ.:
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[ future colliders: EIC...

| current DVCS data at colliders:
" QO ZEUS- total xsec

O Hi1- total xsec
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B HI-A_,

[ current DVCS data at fixed targets:
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Deeply virtual Compton scattering (DVCS)

D. Mueller et al, Fortsch. Phys. 42 (1994)
X.D. Ji, PRL 78 (1997), PRD 55 (1997)
A. V. Radyushkin, PLB 385 (1996), PRD 56 (1997)

DVCS: (p—> U p" y

the golden channel
because it interferes with
the Bethe-Heitler process

also meson production
po> U p' =, p, ®or (I) or J/y...

The GPDs depend on the following variables:

X: average long. momentum | . . .
8 8 The variables measured in the experiment:

EE) QZ; a:BN 25/(14—5)1

&: long. mom. difference

t: four-momentum transfer
related to b, via Fourier transform

t (Or Gy*y) and (I) (EE’plane/yy* plane)



Deeply virtual Compton scattering (DVCS)

L’ Goeke, Polyakov, Vanderhaeghen, PPNP47 (2001)

Generalized Parton

P > gutie P’

The amplitude DVCS at LT & LO in o (GPD H):

1 Hxt)
];[";Xé!._l dx x—Etie -

Real part Imaginary part

+1 H(x,C,t :
P dx ;x_‘tji) iTH(x = + &5 t)

ReH (E,t) = 7w f dx

ImH (x,t)
X =&

In an experiment we measure

Compton Form Factor .7{

+ A(t)



Deeply virtual Compton scattering (DVCS)

M. Burkardt, PRD66(2002) M. Polyakov, P. Schweitzer, Int.J.Mod.Phys. A33 (2018)
Mapping in the transverse plane ’p(r) in GeV fm’!
'. - NE 0.01 _ /0 N dr rPp(r) = 0-
':-'ﬁﬁé %\\)o Yo e i ;
RS N o 0.005 | - _
Vo \ € [/ < confining ]
Vo | '.II IlII iy L ]
£ >001) | - repulsive In XQSM_E
05 1 r in fm

The amplitude DVCS at LT & LO in o (GPD H):

_ 1, H@®SH)
}ggxe{—l dx x—Etie -

Real part Imaginary part

+1 H(x,ci,t)
PJ_ dx o

ReH (E,t) = w1 f dx !

In an experiment we measure

Compton Form Factor .7{




GPDs and 3D imaging

M. Burkardt, PRD66(2002) pY(a,b )

72 / B
p,q(;r_._b_):/%{}-_ibl'&—ﬂg(;r.{].—AJ_Q)- /ﬁ

mapping in the transverse plane
Impact parameter distribution

Proton
moving
towards us

Correlation between the spatial distribution of partons
and the longitudinal momentum fraction



GPDs and Energy-Momentum Tensor and Confinement

mass & energy
distri@ution

t—>0
Hi(x, &, 1) - gla) or f;(x) 1 |
[ | de x H*(z,£,t) = A%(t) + Ez-dla{ﬂ

./
Bl £, 1) == fir (ko) Q _ 9

1
/ dz z E%(z, &, t) = 2J%(t) — A%(t) — £2d.9(¢)
—1

Angular v ,/Tr antumm  Force & Préssure
Sivers: quark k; & nucleon transv. spin distributio distribution
2)J9 = |im Iw (HY («, }’;, t) +E9 («, g) t)) da M. Polyakov, P. Schweitzer, Int.J.Mod.Phys. A33 (2018)
t—0 rp(r) in GeV fm’!
0.01 | 4 Pp(r) o
79 9% AR
0.005 |
—y < /4 confining ]
P P ol ]
—— - [Ji sum rule: PRL78 (1997) Pressure  quark Q|
: - ' . _ | . . . -0.005 [repulsive In yQSM A
Relation to OAM cited 1824 times] Distribution S L.
° ‘ | ‘ 0 0.5 1 r in fm

2000 2005 2010 2015



Deeply virtual Compton scattering (DVCS)

- do= |TBH|?+

d*o(lp = py)
dxzdQ?d|r|dd

do B4

Vcs
dO‘ﬁ 1pol

o
d[ VCS %

pol
Re /

Im /

d(rBH+( Ves 4 p, d(rDVCS) +(e;Re [ +¢,P;Im )

Well known

e
cﬂ'”'” + P75 cos o + cos 2¢
0 1 _

J;_-}VCS Sln(b
I, 1 I O
c£}+¢1cos¢+c2cos2¢+ cos 3¢

51 sin @ + 55 sin 2¢

(a) (b) (c) ’

+ Interference Term

- A AN ,y*

I TDVCS I 2

fmpc:rf pol

P4
© +
g

BH + c,‘IBH CoS ¢ + cEBH cos 2¢

!

Changing Py s.'= Im F

Changing e P, -)c1| = Re F

P Twist-2, NLO P’
double heI|C|ty flip

F =FH+ §(F1+F2)ﬁ + t/am’F, E




2001-2012: A complete set of DVCS asymmetries at Hermes

c " K = t/4AM? on the proton .
AT AC <2 Wbt N P HERMES 27 GeV provided
i: Charge ' Re (FyJH + §(F,+F)H +KF,E) a complete set of observables
. ; 2001: 15t DVCS publication as CLAS & H1
A:EL;» A k ~ 2007: end of data taking
Azl /3JH__H I'm (F.H +|§(Fi+F)H +kF,E) 2012: still important publications
- = — JHEP 07 (2012) 032 A A
Awuores npolTarget®™ S g ¢
A5 |Long Pol Beam™ m ClASigtane) JHEP10(2012) 042 A,,
Ae-e? ot O CGAS(eravs) with recoil detection (2006-7)
g amy | Ayt e I'm (k(F 7+ F,E))
S Ay Mo
Sh ., T } F
2o | A- :
ghmem | LT e Re (kFH+FE)) Note: the neutron allows
= LT) '_!"_' e, o
S — v" flavor decomposition
5 A e -
% Az AUL H—e—H i Im ( F1~7-[+§(F1+F2)(]{+§/(1+§)E ) = \/ access to E
Eoage B ~ 7[
i i | AL e Re (RFAHFEFFR)IH +E/(1+EE)
: A{:‘qw | I 1 1 | I I 1 : 1 I 1 | 1 I 1 | 1 1 1
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Amplitude Value 10



2004-2015: Beam Spin Sum and Diff for DVCS - HallA

EOO-110 pioneer experiment in 2004 with magnetic spectrometer
First analysis: Munoz et al. PRL97, 262002 (2006) -
Final analysis: Defurne et al., PRC92, 055202 (2015) = _

x5=0.36 Q2= 1.5,1.9, 2.3 GeV?
X5=0.34, Xz=0.39 Q2= 2.1 GeV?

x5=0.36, Q%= 2.3 GeV?, -t= 0.32 Ge\?

0.09
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epDey P 45

LH2 target LY :“ )

\ e |-

Beam = ‘Q‘\/ E I— / T‘ &2
6 GeV o\l I { £ Electromagnetic
‘ f_'_["b calorimeter
Unpolarized cross section W
Plastic scintillator array
do" +do” « doP + dtrﬁ;gf +Re /]
— do+ (DTS 4 PVES eo5p + T 08 2¢

+ cﬂ + c{ cosd + ¢l cos2¢ + ;'-_:,,GG"S'S(;S
2

Helicity Dependent cross section

do™ —do™” o dO'DVCS +Im /

~""pol

DVCS

S1

$ifl b1+ .s{ sin ¢ + sg sin 2¢
|

— Further DVCS/Interference separation with
different beam energies with 2010 data



2010-2017: Beam Spin Sum and Diff for DVCS - HallA

EOQ7-007 Hall-A experiment in 2010 with magnetic spectrometer ) _ /\
nature — N /¥

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

X5=0.36, Q>= 1.75 GeV?, -t= 0.30 GeV?

Ebeam=5.55 GeV Unpolarized cross section
: d*¢ do” +do” o« doP? +de m;gf +Re /]
0.04 4 ]
: NG H
003: o — doP+ DTS 4 PVES cosp+ VT cos 20
: + cl+clcoso+ L cos 20 + ¢! cos 3¢
0.02 [ 0 1 - 2 . =
: - 0.005
0.01 —
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oo A*e do© —doT « dcr?jcs +Im /
F ) i 4-0.005
-002§° L.NoDves? - \ V3 '
R/ Al \ 2] 1 —_ S . I I _:
“008 1S Lo NLO-nterference ¢ N oot
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2 solutions: higher-twist OR next-to-leading order 12



2005-2018: Beam Spin Sum and Diff for DVCS - CLAS

21 bins in (xg, Q%) or 110 bins (xg, Q*t) 3 months data taken in 2005

Girod et al. PRL100 (2008), Jo et al. PRL115 (2015), Hirlinger Saylor et al. PRC98 (2018)

t=0.153 GeV? -t=0.262 GeV? t=0.447 GeV?
E F s
N Y [
— i "\ Unpolarized crass section
1t
S g
P g
< i
o
o 10
- T —-BHonly{ 19°=1.63GeV?| =T
__08f X5=0.185
T 044
5 0.2} .
= T 3 T r
— -0.2 :
+ -0.4 §
= -06 :
-DB \ ) I T R ST | _._._|J_l_|__._._|_._._
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KM10a--- (kmi0........ ) 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

?p%eyp

models:

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

1rst model of GPDs improved regularly

KMS 12 «roll, Moutarde, Sabati¢, EPIC73 (2013)

using the G model
Goloskokov, Kroll, EPJC42,50,53,59,65,74

for GPD adjusted on the hard exclusive
meson production at small x,
“universality’’ of GPDs
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2009-2015: Single Spin and Double Spin - CLAS

Ff»LL-F}*LL cos ¢ 2009: Longitudinally polarized NH3 target
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=» nucleon tomography in the valence domain
Fit of 8 CFFs at L.O and L.T.

~J

Im#, Re#, ImE, ReE, ImH, ReH, ImE, ReE

-

H(x,0,0) = q(x) H(x,0,0) = Aq(x)

[ Hdae = Fy [T Hdr=Ga

Im(H) 5 electromagnetic charge distribution

'

Im(H) 3 axial charge distribution

Axial charge is more concentrated
than electromagnetic charge

Seder et al. PRL114, 032001 (2015)
Pisano et al. PRD91, 052014 (2015)

,I_Il'n' “I'w

o Hg A,

H,. .
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(1) () =

HERMES -~

=» nucleon tomography in the valence domain

=ImF.H

51
pl(z,by) = /

+ 8 data
from JLab

dzﬁj_
@n)?

In H? (2,0, —A | %)

f_ﬁg

is the best constrained

r'-'-_i'bl'&—HE (;_'I_.‘_ 0. —.&J_g).

<b,’>~ 4B

b2 x  (fm?)
S © © o
Yot o9y

= \!
‘wd
|

-
o5,
(&%)

b

X = & ~xg/2 and £—0

A =0

Fit of 8 CFFs at L.O and L.T. Dupré, Guidal, Nicolai, Vanderhaeghen, = 5t-.
PRD95, 011501 (R)(2017)

Eur.Phys.J. A53 (2017)

| S T T T S N I T |
£=0.1583 £=0.1786
FP=2.3485 C a*=2.1021

;:%Hﬁiﬁﬂi*??:

g=0.2000 [ £=0.2229
P=2.7821 [ O°=2,3508
3 g If'. +_:_ N
TSN, i = A
| | - 1 1 1
L ags F

%H ﬂé

[0 CLAS ¢ and Ac
A HallA o and Ac
® CLASA, and A,

* VGG model




2012-2019: Beam Charge & Spin Sum for DVCS - COMPASS

39 rad

Entries / O

BH DVCS « N
- u* and u beams of 160 GeV
ot Lt &5

do a |T8"|?% + Interference Term + | TPVES| 2

0.005 < xg; < 0.01 0.01 < xg < 0.03 Xg; > 0.03

- 80 GeV < v < 144 GeV .+ Dat 32GeV<v<80GeV | 100 10 GeV < v < 32 GeV

! —Ma(‘)a(BH) i |
1000 — i
Pure BH - mbackground MC B |

" contribution 200 = . hEEFF’»EOEﬁ'ibm ol } |
r . Cmee U SRR e U

_,__,,—'TPJ_' —|__I_|4~‘_§ k)_l_l_‘_lj : + _+ * + i * *

o, ' ¢ "o,
(= I T e () T e e—— ) " T . -

Oim inmmnnsl = = I 2 ; a -
_3_2_10123—3—2—101230'_3_2_1012’3
¢ (rad) d(rad) d(rad)
J

~
MC: — BH normalisation based on integrated luminosity
B9 11° background contribution from SIDIS (LEPTO) + exclusive production (HEPGEN) DVCS > BH

COMPASS PLB793 (2019) 188-194



2012-2019: Beam Charge & Spin Sum for DVCS - COMPASS

At COMPASS using polarized positive and negative muon beams: when DVCS > BH
+ —
= do" +do = 2[dot7 +dolVCY + Tm 7]

= 2[do?" + PV cos ¢ + cos2¢ + s sing + s sin2¢ |

calculable All the other terms are cancelled in the integration over ¢
can be subtracted

COMPASS PLB793 (2019) 188-194
dGDVCS/dt: e'Bltl —_ CJ{?I o 10 § 1 (GeV/cY < @° <5 (GeVicy

10 GeV < v < 32 GeV

<Xp> = 0.056
<Q*>=1.8 GeV?
<W>=5.8 GeV

B=(43 £ 064 =0 ) (GeV/e)™?

SyS

<r 2 (xg) >~ 2B(x,)

- = exponential fit

1 1 1 1 1 1 1 1 1 1 | 1 1 1 1 I 1 1 1 1 | 1 1 1 1 | 1
101 0.2 0.3 0.4 05 0.6

It (GeV/c)

<do‘(y’§|; P (nb (GeVic)?)

<73_> = (0.58 £ 0.045¢a¢ 8:8%‘

+0.041104de1) fm
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=» nucleon tomography in the gluon and sea quark domains

DVCS
Co

doPVCS/dt= eB'ltl =

At COMPASS: <xBj>=O.056;;
t varies from 0.08 to 0.64 GeV?

At small xp; and small t:

t

T €E

GOV o A(HH + HH) -

Dominance of Im#H
(with respect of Re#and other CFFs)

B’'(GeV/cy

<r 2 (xg) >= 2B’(xy)

8
. COMPASS PLB793 (2019) 188-194
6; COMPASS 10.6
- + + + 4 weeks in 2012
5+ -0.5
Al 0.4
3' 10 times more stat in 2016-17 o3
. @® COMPASS: <Q’> = 1.8 (GeV/c)? this work .
2_ ZEUS: <Q?> = 3.2 (GeV/c)? JHEP 0905 (2009) 108 —02
. A HI1: <Q*> = 4.0 (GeV/c)® |
» Eur. Phys. C44 (2005) 1
1+ ¥ HL <Q’> = 8.0 (GeV/c)’ | -10.1
. W H1: <Q?> = 10. (GeV/c)? Phys. Lett. B681 (2009) 391
0 - "4 — —()
107 10 1072 107

XBj/2



=» nucleon tomography in the gluon and sea quark domains

— A-B’ _ brvcs <r 2 S ~ ’
doPVCs/dt= eB It = ! : I < (xg) 2B’ (x,)
al
At COMPASS: <x,>=0.056;; § I COMPASS PLB793 (2019) 188-194
t varies from 0.08 to 0.64 GeV? O
O
~ b
. Q
At small xp; and small t: 5|
DVCS ¥ A b o '_
C X AHH +HH) - EE 4
° ( 2-[ ) AT2 3' 10 times more stat in 2016-17
Do.mmance of ImH of  — 0> <166V | M5 mode
(with respect of Re#H and other CFFs) | L o — 18 (eevir
L | <Q?> = 10. (GeV/c)? j GK model
0 1 1 ......I_3 L L 'R A R 1 1 L1
107 10 107 107"

XBJ./2




=» D-term and Pressure distribution in the proton

A(t) subtraction constant of the DVCS disperiion relation:

1 1 1
Res# (&, t) = A (t) + ;P.V. fdm(f—m - £+m)lmii"(m,, t)

Relation with D(z,t), the D-term of the GPD e z=2 <1

& with d,9, the proton gravitational FF (the spherical Bessel transform of the pressure):

_ (2 ﬂ _ = } mmmmm  Data before CLAS
A0)=12,0, fd 5@ @D ) Az g —
next order terms << =l prol
& el PRESSURE
Q is the quark charge o 9
With assumptions, considering only u and d quarks: d (t) = 1—[]15 () 0005

The spherical Bessel transform of the pressure :

M.V. Polyakov, Phys. Lett. B555 (2003) 57 :
/ / ( ) 3. Jo(rv/—t)
M.V. Polyakov, P. Schweitzer, di(t) oc [ d'r p(r)

Int.J.Mod-PhyS. A33 (2018) 5 IOIZI | IO‘I4I Ilol'él | IOI.SI | II1I | I1I2 II1I4 | I16 | I1I8(fl I)
rnrm

CONFINING
PRESSURE




JmH

10,

E

=» D-term and Pressure distribution in the proton

Im H vs & from Ag fit at -t = 0.20 GeV © Re H vs & from o fit at -t = 0.20 GeV °

-

9

2 {
1 -t=0.20GeV?=

b |
0005 0.1

| i
0.15 0.2

025 0.3
2

Ny —— KM09a(A =0)
_71 Y NNet H
NNet H, £, H, £
E SN Burkert et al.

0.15 020 025 0.30 0.05 010 015 0.20
£ £

0.05

0.10

nawre

International journal of science

acurate A(t) to determine D-term and pressure
within some assumptions

A(t=0)=-1.63+0.11+0.24
This is a critical result,

required for dynamical stability of the proton.
Deeply rooted in chiral symmetry breaking.

however improvement of uncertainties
Using flexible parametrization by neural networks

K. Kumericki, Nature 570, E1-E2 (2019)
A(t) = 0.78 £ 1.5 (statistical uncertainty)

with almost no dependence on t

=» D-term and pressure consistent with O

=>» waiting for more data sensitive to Re H
(importance of u* at COMPASS and e* at JLab)

V. Burkert et al., Nature 557, 396-399 (2018)




next future: Beam Charge and Spin Diff @ COMPASS

_|_ —
— do —do— LT. 7 c.'= Re F.H ReH >0 atH1
= -  — K 5 : -
€y +¢1 €08 1 <0 at HERMES
Predictions with VGG and KM10  Value of x; for the node?
o = 04p o = 04p o o 04p
<.,.“5§_ 0.005 < xg, < 0.01 <uﬂ35§_ 0.01 < xg; <0.02 <u“5§_ 0.02 < x,; < 0.03
fl--'i;— — Compass projected 03;— — Compass projected asé— — Compass projected
0,255— 0.25 — 0.25 —
2F 02 0.2F
2016-17: 2x 6 months
. E 0.1 0.1
of data taking
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<.,. 8 g.asf 0.03 <xp, <0.07 <u 8 gasf 0.07 <xy <0.15 E"‘{mf_ 0.15 < x,; < 0.30
ﬂ.sz— — Compass projected 0.35— — Compass projected -:..35— — Compass projected
01255_ — Hermes JHEP 07 (2012) 032 11255_ — Hermes JHEP 07(2012) 032 {LHE_ — Hermes JHEP 07 (2012) 032
Impact on the D-term
0151 015 0.15F
X1 ¥ T 0af W 01f
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COMPASS 2 years of data  Ep= 160 GeV 1< Q2< 8 GeV?



next future: Beam Spin Sum and Diff @ JLab12

with high resolution magnetic spectrometer with CLAS12
+ Calorimeter in Halls Aand C

NPS cantelevered of SHMS platform

_ A E12-06-119 ou |
done in 2016-17: Hall A: E12-06-114 | — 5018.19: LHo e
>2021: Hall C: E12-13-010 | . | 2020: Long Pol Target = 4

Different beam energies for a
Rosenbluth-like DVCS?/Interf.
separation

s Q’ vs xg coverage in Halls A and C LH, Target & Long. Pol. Target W
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2007-8: GPD  from Jlab 6 GeV and HERMES

td->£tny(p) fp>tpy

Acy ™= Im (F\, 3 + £ (Fy, +F, )i[+ FouE) | | Aoy s ds)cosd = — Im (Fo, H —Fy, E)
Ao, Sn(@-¢s)cos o = Re (F,, H —F,,E)

analysis still on going for a Hall-A experiment done in 2010
Note: neutron target =» quark flavor separation

Model dependent extraction of J* and J¢
0.4—DVCS on transv. polar. proton Goloskokov & Kroll, EPJ C59 (09) 809

HERMES JHEP 0806 (08) _
03 cg (model based) B Dichletal, EPJ C39 (05) I
g; _ B Guidaletal, PR D72 (05) 054013
S -
> o
0.2 gé % B Liutictal, PRD 84 (11) 034007
~ ]  Bacchetta & Radici, PRL 107 (11) 212001
T 016= 3
¥ 105 &
= = LHPC—1, PR D77 (08) 094502
~ Yz E L
Ha) _
0_05 E L‘l ] B LHPC-2, PR D82 (10) 094502 LATTICE QCD
— ° "~ QCDSF, arXiv:0710.1534
_01 ] Wakamatsu, EPJ A44 (10) 297
Thomas, PRL 101 (08) 102003
0’= 4 GeV? -
=020 % I Thomas, INT 2012 workshop
00 01 02 03 04 05 06 07
Dudek et al., EPJA48 (2012) 55

JLH-E



next future: GPD = @ JLab12 with CLAS12

td->tny(p)
Aoy = Im (F,H + £ (F,, +F., )i[+

FZnE)

Exp E12-11-003: DVCS on the neutron
2019-20: 90 days on LD2 target

Lumi= 103> cm2 s'1/nucleon
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Exp E12-12-010: DVCS on a transversely

polarized HD-Ice target pol H = 60% Pol D = 35%

2021: 110 days on HD-Ice target
Lumi=5 x 1033 cm2 s1/nucleon
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2010-2020 : DVCS off the neutron in Hall A @ 6 GeV

namre .
physics

+
quasi-free neutron
DVCS ysections off LD2

td->tny(p)

Benali et al., Nature Physics 16, 191-198 (2020)
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And other paths to get GPDs

Study of nuclei
(HERMES, JLab6, JLab12)

Study of protons and neutrons

o)
xe
Q*Qec First measurement on He4: Hattawy, PRL 119 (2017)
?\e@\"s Spin 0 target, one chiral even GPD
o®
< Off bound protons: Hattawy, PRL 123(2019)
Ratio of the bound to the free proton at $=90°
Time Like Compton Scattering 2 = 5=077 T
- — %= 0.13 —)(E, 0.24
~ 15[ —%=020 - x5= 0.30
% Luiti et al.
- 1/ ..Guzey etal. W
< + HERMES
ECELE I R
Double DVCS “ﬂ—[_ -------------------------
-t [GeV?]

Projects which start to be explored
with the high lumnosity of JLab12
(in Hall-C or with CLAS12 and Solid)

Other projects with the
recoil detecteur ALERT




GPDs and Hard Exclusive Meson Production

Quark contribution 4 chiral-even GPDs: helicity of parton unchanged
meson 44 Hi(a, §,t) E9a«, €E,t) For Vector Meson
Hi(ax, §,t) E9ax, E,t) For Pseudo-Scalar Meson

+ 4 chiral-odd or transversity GPDs: helicity of parton changed
(not possible in DVCS)

Hi(a, &, 1) Edax, &1)  _
~ ~ 7 =2 H + E¢
Gluon contribution at the same order in o H%(m; r;, t) EIC!((B, &1 t) T (as Boer_-|\r/|u|der5)T

Factorisation proven only for G,
oy is asymptotically suppressed by 1/Q? but large contribution observed

model of o; with transversity GPDs - divergencies regularized by k; of g
x+& & 3 and g and Sudakov suppression factor

p p’
@I’l sensitive to Hg
0- ++

The meson wave function and to a twist-3 meson wave function
Is an additional non-perturbative term D+ P -

Vector meson qq

meson qq




GPDs and Hard Exclusive Vector Meson Production

a(p) [nb]

| N | po (— ') production at COMPASS
N | with Transversely Polarized Target

and 6/10 for

3 COMPASS, NPB 865 (2012) 1-20, PLB731 (2014) 19
1074 visibility . ....5 - = 01 g 3
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1% Goloskokov, Kroll, EPJC42,50,53,59,65,74 GPD model constrained by HEMP at small x; (or large W)

dominant (longitudinal) y,* p - M p and transv. polar. y;*p—> M p
quark and gluon contributions (GPDs H, E, H;) and beyond leading twist 30



GPDs and Hard Exclusive ® Vector Meson Production
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COMPASS
23 SDMEs in 5 classes A,B,C,D, E
depending on helicity transitions

SDMEs dependent on beam polarisation
shown within shaded areas



GPDs and Hard Exclusive ® Vector Meson Production
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GPDs and Hard Exclusive t° Production

0 d? 1 1 d 1 d
ep2enlp|do ( dop, m_r) o florr|, -~ |dow]
— = — || € + €cos 20, +——|4+ v 2¢(1 + €) cos @,
dtdp.  2n [ it || nge [TV 2L Fe)coson—g
-~ 12t ~ ]2 2 t! _ 9 t’ _ 2 ;
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‘<H>) A2 )(E> [(Hr) - |<ET>| o2 |{ET>| 5 Re [{Hﬂ (E)]
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Grr large (impact of Ey) Different beam energies = L/T separation D(e,en®)X - p(e,en’)p = n(e,en’)n + d(e,en’)d
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GPDs and Hard Exclusive t° Production
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Future: Key measurements for imaging partons with EIC

Stage 2
Ee=20 GeVEp=250 GeV

Stage 1
Ee=5 GeVEp=100 GeV

Electron lon Collider:
The Next QCD Frontier

Understanding the glue
that binds us all

SECOND EDITION

Deliverables

Observables

What we learn

Requirements

GPDs of
sea quarks

and gluons

DVCS and J/P, p”. i,
production cross section
and polarization

asymmetries

transverse spatial distrib.
of sea quarks and gluons:
total angular momentum

and spin-orbit correlations

GFPDs of
alence and

sea quarks

electroproduction of
7. K and p™, K*

dependence on

quark flavor and

polarization

[dt L~ 10 to 100fb~";
Roman Pots:
polarized e~ and p beams;
wide range of rp and Qg:_
range of beam energies;
eT beam
aluable for DVCS

Exclusive J/y production
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Conclusions

Not an exhaustive compilation of all results and projections, also JPARC in the game...

Jlab 12 GeV with the high luminosity electron beam is at the beginning of a very exciting
time with a high precision era for valence quarks at large x;

COMPASS, with high energy muon beams at CERN and RHIC with UPC will provide first
results of sea quarks and gluons at small x;

They are the foundations for the preparation of new experiments at EIC

For example preparation of the EIC Yellow Report
for the detector requirement to study DVCS and 7° using:
v’ the PARTONS framework
with KM20 CFF tables provided by Kumericki
and GK16 model from Goloskokov and Kroll based on the COMPASS results

v’ an update of the MC event generator MILOU developed for H1 and ZEUS



