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Deeply virtual Compton scattering (DVCS)

P P

T lamal

Definition of variables:
X: average long. momentum
¢: long. mom. difference = xg/(2 — Xg)

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

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: (po> U p’y

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

also meson production
tp—> U p’ m, p or ¢ or J/y...



3D imaging: mapping in the transverse plane

Proton d(a,b)) M. Burkardt, PRD66(2002)

moving // 2 \\ E
towards us :

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



The 2 most famous GPDs

Hix, §,t) »* q(a) o f)(x)
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Sivers: quark k; &
nucleon transv. Spin

209 = lim |« (H9 (a, &, t) +E9 (x, &,t) ) da

t—0

A 94Y,  Jisum rule: PRL78
= = Relation tc
P P

=

(1997) cited 1404 times
W, Jr J/‘

Y=L A+ AG+ P ¥ AX ~0.15 well know from DIS/SIDIS
Jaffe and Manohar AG ~ 0.2 known from DIS/pp

NPB337 (1990) L unknown



Compton Form Factors

are measured in DVCS

The amplitude DVCS at LT & LO in oL:

9 — +1 dxH(x,f,,‘r) _ @ +1 dxH(x,i,T)

-1 _ € -1 _
t, € fixed X §—I—I8 X

Real part Imaginary part

1 TUH(x = +€,€,1)

L.

0 s
X oLy —=
From Goeke, Polyakov, Vanderhaeghen, PPNP47 (2001)



Compton Form Factors

are measured in DVCS

The amplitude DVCS at LT & LO in oL:

Real part Imaginary part

1 TUH(x = +€,€,1)

_ H(x.E. 1) H(x.E.1)
ﬂ_j—l X—-¢+ie QDJ—I X —

t, € fixed

Im part measured in

Re H (Et) = P | dx Im}[ (x,t) +D (t)) |Beamspin

or Target Spin asymmetries

Real part measured in
Beam Charge asymmetry
or Int. term in DVCS x- sect.

@D term related to the Energy-Momentum Tensor :
Polyakov, PLB 555 (2003) 57-62



The past and future experiments

Collider mode e-p forward fast proton

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

HERMES: Polarised 27 GeV e-/e+
Long, Trans polarised p, d target
Missing mass technique

2006-07 with recoil detector

Nab: Hall A, €, CLAS High lumi, polar. 6 & 12 GeV e- !
Long, (Trans) polarised p, d target '
Missing mass technique

1111

COMPASS @ CERN: Polarised 160 GeV p+/p- recoll protop,.
p target, (Trans) polarised target detector S0
with recoil detection CAMERA %




Exclusivity : Lp—= {+y+p
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Exclusivity : Lp—= {+y+p

M2= (P +P -P.-P.)? AM,? increases with the beam energy !

. Tlab HallA: 1504.05453 70
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The past and future DVCS experiments

2 2
Q [Gev ] ] ] rrri I ] ] ] LI I ] | A ] ] T 1Tiail
_| current DVCS data at colliders: -9 _
pe » 10 O ZEUS- total xsec O Hi- total xsec —
Qlall L " @ ZEUS- do/dt B HIi-do/dt -
C B HI-A, ]
- Ya & [ current DV CS data at fixed targets: ]
2007 , g
= — - B HERMES- A . Ay A, i
| A HERMES-A, A HERMES-A |
B HERMES- A ©C) Hall A- total xsec. Ay
O CLAS- Ay ® CLAS- total xsec. Ay
Py 107 -z
ATLer F planned DVCS at fixed targ.: 15
L[] COMPASS- do/dt. g Ay Acs ]
y . U\ - [0 JLABI12-do/dt. App. Ayp. A 1
_ —_ J B - %
- . i
future colliders: EIC... E
10 | —_E
- 1<
SN . . ..., Gluons , , Sea quarks , , . .Valence quarks, ]
-4 -3 -2 -1
10 10 10 10 1
X

B



Impact of the beam energy for DVCS
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Y. T a

DVCS Bethe-Heitler (BH) ¢ \
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50 [ 0.3
w 'BH*D\?CSF : *5=0.01 1 [ |BH+DVCSP %5=0.04 025 ¢ Xg=0.1
|DVCS|? s | |DVCSE 0z L Ju— -
N s |BH[ o "'-._3 s M
' o " [BH+DVCSJ?

04 t

| IDVCS

o _A M EIBHF
___________________________________ N et .

E,=160GeV Q*=2GeV t=-0, 193"’"’&) [E,=160GeV P=20eV? t=0.1GeV? | ;.5 | E,~16006Y P=2GeVit=0.1GeY? |
A0 100 5D ﬂ <n m-n 150 1500 -1 A 1 S| lan liﬂq) -5 100 -50 o =0 1040 ll}q)

=
=

-------- ”E, =160 GeV =

=

=
=

do/dQ’ dx dt do(nb/GeV'rad)

BH dominates DVCS ampl. via interference DVCS dominates - Study of doPVCs /dt
Referenceyield jjah, HERMES, H1, COMPASS  Only for H1, ZEUS, COMPASS



DVCS and BH contributions @ COMPASS
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v" Dominant Bethe-Heitler process clearly visible at small Xg;
v" Maximum 7° background (from exclusive and SIDIS ©° production) estimated in blue
v' The data at large Xg; Show an excess compared to BH+Background (for pure DVCS)

COMPASS ready to take DVCS data in 2016 and 2017



Gluon imaging @ HERA

doPVes/dt= eBltl B is related to the transversed size of

the scattering objects
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Sea quark imaging @ COMPASS
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DVCS-BH interference on the proton

—> Im DVCS with BSA or Beam Spin difference
= Re DVCS with BCA or Beam Charge difference

-2 mainly constrains on the GPD H



Azimuthal dependence of BH+DVCS

d*a(tp — Lpy) |
— dTBH d).DV(_ P d)_DVCS +(e,Re [ + e, P, Im
dIBdQEdlfldd) Welltl known ( ‘ unpol T A pol ) (E{ Crid [)

WAy~
do? o B+ P cos ¢ + B cos 2¢ /u/vf Y
AT el i‘ﬁ” S+ PTS cosg+ L cos2¢ o\
- Twist-2 >>
Ves (DVCS
de pol ! SIn ¢ m Twist-3,
Re/ « c‘{} + C{ cos ¢ + ¢l cos2¢ + ! cos 3¢ Twist-2
7 . I . oA ' double helicity flip
Im/ o s5,8m¢+ 5,512 for gluons
s;)=Im F c,/= Re F
~ at small xg
F =FH + H— E - H  for proton

NB: to extract & use a neutron (deuteron) target or a transversely pol. target
~N

to extract H{ use a longitudinally polarized target



First Beam Spin Asymmetries in 2001
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Validate the dominance of the handag contribution

Fit and V' model: Vanderhaeghen, Guichon, Guidal,...
PRL80(1998), PRD60(1999), PPNP47(2001), PRD72(2005)



A*c [nb/GeV’]

Beam Spin Sum and Diff of DVCS - HallA

EOO0-110 pioneer experiment with magnetic spectrometer
xg=0.36 Q%=1.5, 1.9, 2.3 GeV? Munoz et al. PRL97, 262002 (2006)
Xg=0.34, x;=0.39 Q2= 2.1 GeV? Defurne et al. arXiv: 1504.05453

X5=0.36, Q’= 2.3 GeV?, -t= 0.32 GeV?

new improved analysis

Electromagnetic
calorimeter
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Beam Spin Sum and Diff of DVCS - HallA

EOO-110 pioneer experiment with magnetic spectrometer ? S>Se ///T
X;=0.36 Q2= 1.5, 1.9, 2.3 GeV2 Munoz et al. PRL97, 262002 (2006) p Y p /X \\@ NS
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Plastic scintillator array

Comparison to models:
VGG popular model of GPD

KMS12 Kroll, Moutarde, Sabatié, EPJC73 (2013)
using the GK model of GPD adjusted on
the hard exclsuive meson production at small x,
“universality’”’ of GPD

KM10a fit including all the world DVCS data
from HERA to HERMES and JLab

Difficulties to reproduce the total cross section at $=180°

+ TMC twist-4 corrections for kinematic effects due to
target-mass and finite-t,Braun et al., PRD79 (2014)



Beam Spin Sum and Diff of DVCS - CLAS

e
21 bins in (xz, Q%) or 110 bins (xg, Q* t) ?p % eyp
- Girod et al. PRL100, 162002 (2008)
- Jo et al. arXiv: 1504.02009 new analysis
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Valence quark imaging at Jlab

Fit of only two CFFsat L.O and LT.

Jo et al. arXiv: 1504.02009 g
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Future Beam Spin Sum and Diff @JLab12

with high resolution magnetic spectro- with CLAS12
meter+ Calorimeter in Halls A and C In 2016

Central
Detector

Exp. 2010: run EO7-007
Now 2015: Hall A E12-06-119 L
~2018: Hall C T AN
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Beam Charge Asymmetry @ HERMES

Complete data set including 2006-07 without recoil detection

A. Airapetian et al, JHEP 07 (2012) 032 http://arxiv.org/abs/1203.6287
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KM10a: http-//arxiv.org/abs/0904.0458 GHL11: another flexible parameterization
Kumericki and Mdller, Nud. Phys. B841 (2010) hitp://larxiv.ora/abs/1012.3776

G. Goldstein, J. Hernandez and 5. Liuti, Phys. Rev. D84 ({2011)



Beam Charge and Spin Diff. @ COMPASS
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DVCS Prediction at COMPASS
For 2 x 6months in 2016-17



Beam Charge and Spin Diff. @ COMPASS

Re H >0 atH1

Re F.H Predictions with <0 at HERMES
VGG and D.Mueller KM10 Value of x; for the node?
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Impact of DVCS @ COMPASS in global analysis

GK

H1, ZEUS

COMPASS

HERMES T

JLab

—
--""-- gl

10!

ImH
Is it rather
well known ?

Re H linked
to the O term

is still poorly
constrained

KM15 K Kumericki and D Mueller arXiv:1512.09014v1
GK S.V. Goloskokov, P. Kroll, EPJC53 (2008), EPJA47 (2011)



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

Hunting the GPD E, holy grail for OAM

fd%fny(p)
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Model dependent extraction of J¥ and J9
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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 LATTICE QCD
QCDSF, arXiv:0710.1534

Wakamatsu, EPJ A44 (10) 297

Thomas, PRL 101 (08) 102003

Thomas, INT 2012 workshop

Dudek et al., EPJA48 (2012)

Future program - under discussion at COMPASS - selected at JLab12 as
“High impact” experiments (CLAS 12 + neutron detector + HDice or ND, target)




Only selected results.

Prospects for Time-like Compton Scattering and Double DVCS.
Precise Data in a large kinematic domain are necessary.
A large theoretical effort:

- to extract the GPD information from the experiments
- to still improve the GPD models

GPD programs with DVCS, HEMP (from light mesons to J/'¥)
are a priority for COMPASS @ CERN, JLab 12 GeV,
and for a future electron-proton collider

Understanding the structure of the nucleon
is still an exciting and vibrant area of research






Proton picture: 1D - 1+2D

v

Quantum
tomography
of the nucleon

Ji, PRL91 (2003)
Belitsky, Ji, Yuan, PRD69 (2004)
Lorcé et al, JHEP1105 (2011)

fast moving proton

Parton Distribution Functions

PDFs (x)
Longitudinal momentum t- o Transverse momentum Transverse position

q(a) or f,%() ,[

df, Jdx_ F
€&—— 8TMDs («, 8 GPDs («, ¢ orm

Longitudinal spin sl £, (=, 6.) éFactors

Aq(x) = a)(a:) - (a (a) . H (CC, oc', t)

ivers, ’

Transverse spin the most famous TMD E (a, «, t)

Asq or hy (x) holy grail for OAM



