Status of DVCS analysis
at COMPASS and elsewhere
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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 Oy*y) and (I) (EE’plane/yy* plane)



Deeply virtual Compton scattering (DVCS)

From Goeke, Polyakov, Vanderhaeghen, PPNP47 (2001)

The amplitude DVCS at LT & LO in a.:

a Real %art Imaginary part
1 H(x,Gt) +1 H(x,C,t) :
}t[?xe{_l dx P PJ_ dx o= iTH(x +& x,t)
) S
Imi (x, t)
GPD H, Compton Form Factor H®  ReH (x,t) = dx d(t) .




The past and future DVCS experiments
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The past and present experiments

Collider mode e-p 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

2006-07 with recoil detector

Nab: Hall &, €, €LAS High lumi, polar. 6 & 12 GeV e-
Long, (Trans) polarised p, d target

Missing mass technique (A,C) and complete detection (CLAS)
COMPASS @ CERN: Polarised 160 GeV p+/p-
p target, (Trans) polarised target

with recoil detection



DVCS and Impact of the beam energy
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Study of azimuthal dependence of DVCS+BH




Azimuthal dependence of BH+DVCS with Unpol Target

d4a'(-f p — (py)
dxzdO2d|7|dd

doBH2

d(TD Vs

unpol

dO_D Vs

pol
Re /

Im /

40P + (doBVES 4 p, do DS

i DN +(eRe I+ e Im 1)
Well known
Up to Twist-3

COBH -~ cfH cos ¢ + cfH cos 2¢ ll'f v
ngr’c:"s n C_?VC.S‘ cos ¢ + _ TS sos 2¢ S ad

DrCcs . h\
S S1n :

: % Twist-2 >>
c‘é + cjr Ccos ¢ + c‘g Cos 2¢ + ¢, cos 3¢ W Twist-3,
I - I - Twist-2
578N ¢ + 55 81N 2¢

double helicity flip
for gluons (NLO)

P Twist-Z, NLO



d4a'(-f p — (py)

®

dxpd02dllde Ao 4 (dory CF + Prdoyy/ ) +(eRe I+ e PrIm 1)
XpUU .

pol

Well known

do??  « COBH - cfH cos ¢ + cfH cos 2¢

’ x
VCs DVCs , _DVCS DVCS B2 Y
da‘f;?pd; o< ¢+ cosd+ T cos2¢g LB
. \
doPVCS o (DVCS Gin ¢
pol 1 ¢ Twist-2 >>
Re / c‘é + cjr cos ¢ + c‘g COS2¢ + ¢, cos 3¢ W Twist-3,
: : ' Twist-2
Im/ o« s sing+ s)sin2¢

double helicity flip
for gluons (NLO)

Azimuthal dependence of BH+DVCS with Unpol Target

P Twist-2, NLO



Azimuthal dependence of BH+DVCS with Unpol Target

d4a'(-f p — (py)

dxd02d|f|de
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doBH2

d(TD Vs
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dO_D Vs

pol
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Im /

)

40P + (doBVES 4 p, do DS

i o ) +(e;Re I +¢,P;Im I)
Well known
COBH -~ cfH cos ¢ + cfH cos 2¢ ll'f v
ngr’c:"s n C_?VC.S‘ cos ¢ + _ TS sos 2¢ S ad
DVCs _: h\
s Sin :
! ? Twist-2 >>
c‘é + cjr Ccos ¢ + c‘g Cos 2¢ + ¢, cos 3¢ W Twist-3,
I - I - Twist-2
578N ¢ + 55 81N 2¢

double helicity flip
for gluons (NLO)

P Twist-2, NLO



Azimuthal dependence of BH+DVCS with Unpol Target

d*o(lp = py)

_ H Ves VCs , D,
dvpdQ2dlfde do ¥ (dopipol + Prdoy ) +(eRe I+ ecPrIm 1)
doP?  « ch + c‘l%r Cos ¢ + A cos 2¢ %
VCs DVes , DVCS L DVCS B2 Y
dﬁ"ﬁ;p(;; o< ¢+ cosd+ T cos2¢g LB
c - \
DVCS . DVCS ¢
A0 por i s | Twist-2 >>
Re/ « c‘é + cjr cos ¢ + c‘g CoS2¢ + ¢ cos 3¢ W Twist-3,
I I - Twist-2
—| = Im/ o« s smé+s;smnlp double helicity flip
o it for gluons (NLO)
s)=Im F c,/= Re F
~ at small xg
F =FH + H— E - H  for proton

NB: to extract ‘E use a neutron (deuteron) target or a transversely pol. target

~N
to extract H use a longitudinally polarized target

P Twist-2, NLO



Measurement of asymmmetries (DVCS+BH)



First Beam Spin Asymmetries in 2001

— — _
do™ —do = 2[do,,
2 —
< os 2+ 27GeV %
+ |
. x=0.11

& —-il
Y Q%=2.6

0.2 Syl iy
grid } Jr t=-027
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0.4 C
PRL87(2001)182001 03F
06 [ ¢ : 5PRL§7(2901)}82092 | | |
s a4 e 045750 100 150 200 250 300 350
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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) 13



Transv Pol Target

Long Pol Target

DVCS asymmetries

HERMES Hydrogen
HERMES Hyarogen Pure
CLAS (eqi-tves)

CLAS {e'-dves)

A complete set of asymmetries for DVCS

on the proton -

AT
L AC i ™ ~
A" Charge o Re (FyFH + §(Fy+F)H +kF, E)
AP g
A$¢ ] :
psnee ALU } ?[
AT s npolTarget ie: Im (F,H + E(F+F,)H +kF,E)
ace | Long Pol Beam i
e e
“:_TI;“_*; et |
aina—J::cmqn ——t—i— i Im ( k(Fzﬂ"I' Flﬂ ))
AL I
Aﬁru H—O—H:
famos | LT T Re (KIFRH ¢ FE))
LTJAS-.:* - | — Q
ol A e | AMURIAEFARYHHE(1+E))
ATW i [—o=—1 i n
e A, T Re (FHFYFAFNH +E/(1+E))
A T T T e T T T T T e

Amplitude Value

k = t/4M?

HERMES 27 GeV provided

a complete set of observables
1995: start of data taking
2001: 15t DVCS publication as CLAS & H1
2007: end of data taking
2012: still important publications
JHEP 07 (2012) 032 A- A,
JHEP10(2012) 042 A,
with recoil detection (2006-7)
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Measurement of sum and diff of cross sections (DVCS+BH)



Beam Spin Sum and Diff of DVCS - HallA

EOO-110 pioneer experiment in 2004 with magnetic spectrometer

HRS

.

xz=0.36 Q°=1.5,1.9, 2.3 GeV?

First analysis: Munoz et al. PRL97, 262002 (2006)

LH2 target  L+4-L/ O

- - 2— 2 Final analysis: Defurne et al., PRC92, 055202 (2015) & IR
x3=0.34, x;=0.39 Q2= 2.1 GeV U
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Unpolarized cross section

Plastic scintillator array

do™ +do~ o doP? + dc m;gf +Re’
H 7S 7CS /,/'/’ NS ///’/
—s do?7 4+ cé" res 4 c’]D re ’S/,GOS ¢+, _~Cos2d
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2

Helicity Dependent cross section

dr™ —do™ o« dopy© +Im1
— DTS gif o+ 5{ sin @ + Sg sin 2¢

S

— Further separation with
different beam energies (2010 daita)



Beam Spin Sum and Diff of DVCS - HallA

EOQ7-007 Hall-A experiment in 2010 with magnetic spectrometer

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

xB=0.36, Q2= 1.75 GeV?, -t= 0.30 GeV?
Ebeam=5.55 GeV

d*¢ do +do—

nature —2Z O AN

COMMUNICATIONS

Unpolarized cross section

o« doP? +d0P7 +Re ]

i A unpol
e Ao _ H DVCS DVCS DVCS
: + cl+clcoso+ L cos 20 + ¢! cos 3¢
0.02 | 0 1 . 2 =3 ~4
: -{ 0.005
oo1 [ /
§ of M Jo 3 Helicity Dependent cross section
oo1p g A*c do” —do” o« d ; pr’cs +Im 7/
L i i 4-0.005
002 - {7 L. NLO-DVCS? : '
¥ i — S - I .; I
r § — HT-DVCS? : B S‘?VCS smqbr+ S sin ¢ + S5 S1IN 2(:5
-0.03 _ “= NLO-interference "‘-..i; - -0.01
[ e HT-interference |
BT | | | | | Loy
0 100 200 300 0 100 200 300

(%) @ (%)

2 solutions: higher-twist OR next-to-leading order
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Beam Spin Sum and Diff of DVCS - CLAS

6

e i 2 : 2 —
21 bins in (x;, Q%) or -110 bins (x5, Q% t) ep > e VP
3 months data taken in 2005 - Jo et al. PRL115, 212003 (2015)
-t=0.153 GeV? -t=0.262 GeV? -t=0.447 GeV?
—~ Unpolarized crdss section models:
E - g VGG Vanderhaeghen,
5 Guichon, Guidal
E I PRL80(1998),PRD60(1999),
< 10 - ~ = PPNP47(2001), PRD72(2005)

— ——BH only Q’=1.63 GeV2| | 1rst model of GPDs
',{320{35 T improved regularly

KMS12 Kroll, Moutarde,
Sabatié, EPJC73 (2013)
using the GK model

Goloskokov, Kroll,

N T T
100 200 300 EPIC42,50,53,59,65,74

A(d%c) (nb/GeV?)
]

300 100 200 300

0 100 200 _
@ (deg) ¢ (deg) O (deq) for GPD adjusted on
o the hard exclusive
KM;Oa - ‘(KMIO ........ ) Kumericki, Mueller, NPB (2010) 841 | meson production at
Flexible parametrization of the GPDs based on both a Mellin-Barnes representation
and dispersion integral which entangle skewness and t dependences small Xp

Global fit on the world data ranging from H1, ZEUS to HERMES, JLab  “universality” of GPDs 18



Valence quark imaging at Jlab and HERMES

Fit of 8 CFFs at L.O and L.T.

Dupré, Guidal, Vanderhaeghen, PRD95, 011501(R)(2017)
Dupré, Guidal, Nicolai, Vanderhaeghen, arXiv: 1704.07330

s,!'= ImF.H
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PHYSICAL REVIEW D 95, 011501(R) (2017) 25E + - ,ﬁ’é - -
14— e 0 f_ ..... %[ I%r—l#__é_f_-— +:¥t%_'é—f__ ...... { ... IE%_{%_:_ _%'*Iflg‘_kﬂ _é'_
. e . __I 11 IE=I. 1 1 _I 11 I£=I- 1 .I __I 01 I$=::|JI‘19'I‘ __I 11 IE=:1?I_II‘E?
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............. G
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b 1 fml



Measurement of the integrated DVCS cross sections
at high lepton energy (when BH is not dominant)



Measurement of the integrated DVCS cross sections
at high lepton energy (when BH is not dominant)

At COMPASS with polarized positive and negative muon beams:
+ —
do +do™ = 2[do?” +do? 'O +Im 1)

unpo

LN N7 S . .
= 2[do?” + TS cosp+ 7 cos2¢ + s sing + shsin2¢ |
Galcylable All-the-otherterms-arecancelled inthe‘integration-overphi

can be subtracted

COMPASS acceptance for DVCS

~ 064
O 03r F L L +
S ot by g, nitt pietitetyd '”*“*MH JH;,“H"“; COMPASS 2012
] + X L I i
3 sHP T 0 e L e e Note
"oy do (do — doBH) o PVOS =050 .. . . |
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0.36 |-
zj:’ ......... :."l' ..... :g‘ﬁﬁgt‘*.‘ :’1':“!'?" D“'beam
doY P 1 d?ah? ol % L L [Jubean
dt Q% v, E,) dQ?*dvdt o X N fS ARELEE R A P N s
o1t oL L | J_A(b?n_n_nd_n_n_
Flux for transverse 00l ey by b e 12
virtual photons 1 2 3 4 5 21

Q? (GeV/cV



Gluon or sea quark imaging @ HERA

doPVCS/dt= eIt

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

B’ is related to the transversed size of

-
Q
|

dopycs/dt (nb/GeV?)
|
—+—F

4| w=82Gev
0 F .a?=8Gev?
4 Q?=155 GeV?
vQ2 =25 GeV?

« ZEUS
W =104 GeV

Q% =32 GeV?

IIIIIIllIIlllIllIllIIIIIIIllIIIIIllIIlII
0O 01 02 03 04 05 06 07 08

-t (GeV?)

<r ?(xg)>

~ 2 B’'(x;)

B‘[GeV

B [Gev?

the scattering objects

: H1
E‘ ‘ """" § ............. [ LT T i .........
:- ® H1HERAIllep
[ O H1HERAI W=82 GeV
= A (1-B"log(Q%/(2 GeV?)))
0....;;....110....1I5....2l0....2I5....30
Q’1GeV?
- o HIHERANep <Q?> =10 GeV? H1
E <x>=6.210% 2.10% 1.103
EB=5.4510.19 + 0.34 GeV?
o '210' —2 'slo' ' 'slo' —500 720

W |GeV]

<I/> =0.65+0.02 fm
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Sea quark imaging @ COMPASS

doPVCS/dt= eIt

= (%, )= 0.056
- (Q)=1.8 (GeVicf
L (W )=5.8GeVic

COMPASS 2012

B’ (GeV/cY*

| _B=4.31+062 0%
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4 05 06
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“02 03 o

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

hep-ex/1802.02739, subm. to PRL _

i |,
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— 0.4

I } B
41— —03

10 times more stat in 2016-17-

u —0.2
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. 2N\ — 2 ]
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proton tomography or parton distributions in tranv plane

Unpol. DVCS x-section mostly sensitive to (b2 (2)) = _42 In H' (x,0,t)
Im#H (§,t) o H(E,EL) and € ~ xg/2 ot t=0
, , -Bo() |t 2(x)>=
dODVCS/dt a e_B It 9 < FLZ(XB)> ~ ZB (XB) H(X’O’t) A€ <bJ_ (X)> 4BO(X) Model

H(x=E,E,t) o eB @It <r 2(§)>= 4B(§) depenwwt

PHYSICAL REVIEW D 95, 011501(R) (2017)
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What will come in the next Future?



Beam Charge and Spin Diff. @ COMPASS

_|_ —_

— — VCS L.T. ReH >0 atH1
= do -—-do = 2[dc +Re /] =/ 4 L 4
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Predictions with
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O-Mueller KM10 e il T e e B T
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) 2w

58 oasf 003 <x5<0.07 8B oasE 015 <x5 <030
0.3 — Compass projected
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Future Beam Spin Sum and Diff @JLab12

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

Central
Detector

done in 2016-17: Hall A: E12-06-119
~2020: Hall C: E12-13-010 E12-06-119

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

..4nQ2 vs xg coverage in Halls A and C LH, Target & Long. Pol. Target
%" Hall C 11 GeV al_ = . | o2 .
Q_, [Hall C 8.8 GeV f-f Q2 BB 63| 043 | 0.6 05 [ 07
«10-Hall C 6.6 GeV =
A a e = ) f\f‘\ Y f\v
8 Hall A 6.6 Ge"ﬁ / 6 n '
~Hall A 5.75 GeV E . /\V/\/\‘u/\f—\"/\\//\\j "
6 ,:f 2 = 6.2 [03 (045 [06
[ / / & ’\,/\/\/\/\//\/\V/\f‘v/\/\,/""—'ﬁ\u
4— e
| 3E AV AVAVANAY AN AN N o G e e S
L 2 ; N o T SN Sy . P
? ?
= L1 | | - I 1 Ll RS i | 1 I ! A | 1 AN B M | ! ! 11 e I ] 1

045 05 055 06 0865
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Future Beam Spin Sum and Diff @JLab12

Physics Opportunities with
the 12 GeV Upgrade at Jefferson Lab

LONG RANGE PLAN
for NUCLEAR SCIENCE

0.8
0.6
0.4
0.2

Projection for Jlab 12 GeV

Pressure Distribution 2%

0.015 ‘ E12-16-010
' World data model fit result

Predicted error band
XQSm

Stability requires

Pressure r2p(r) (GeV fm1)

forces compensate

I\I\Il\l\l\ll\l\l\l\l
068 1 12 14 16 18 2




And for the GPD E,
the holy grail for Orbital Angular Momentum?



GPD E from Jlab 6 GeV and HERMES

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

analysis still on going for another experiment done in 2010

Model dependent extraction of J* and J¢
0.4

[ HERMES JHEP 0806 (08)
03cs (model based)
- oe
|- .
1,523
. m 5]
ek S
c< ©
T 010= 3
X wnf E
oog"?‘ .:
. Dd -
-_
-0.1- ]
0, @=4GeV?

Fan)

00 0.1 02 03 04 05 06 07

JLH-E

(p>tpy
AGUT sin(¢- ¢s) cosd = __

AGLT sin(¢p- ¢s) cos ¢ — __

Im (sz ﬂ_Flpf)
Re(sz ﬂ_Flpf)

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)



GPD E at JIab 11 GeV with CLAS12

Exp E12-11-003: DVCS on the neutron Exp E12-12-010: DVCS on a transversely
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GPD E at COMPASS 160 GeV with u+ and p -
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DVCS publications and data taking over the years
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Conclusions

DVCS is a very rich and delicate tool to study GPDs, mainly H, Hand E.
With the BH and the beam energy we can reveal different facets.

However we have not to forget the numerous results with meson production
(related also to chiral odd or transverse GPDs).

In the next future:

- Jlab 12 GeV will perfectly investigate the valence quarks at large xg

- COMPASS with high energy muon beams at CERN (and RHIC with Ultra Peripheral Collisions)
will provide first results of sea quarks and gluons at small x;

All these facilities are physics opportunities prior EIC to preserve knowledge on state of the
art techniques and to prepare the next generation of leading new experiments at EIC
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Exclusivity in fixed target: Lp 2> L+ v+ p .,

M2= (P +P_-P.-P.)> AM,? increases with the beam energy !
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Kinematic constraints in the transverse plane
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COMPASS 2012 data
published result in 2017
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nb/GeV*

Beam Spin Sum and Diff of DVCS - HallA

EOQ7-007 Hall-A experiment in 2010 with magnetic spectrometer

, - N\
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NLO gives the same result in Cyan
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Gluon imaging @ HERA

doPVes/dt= eBltl B is related to the transversed size of
the scattering objects
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Proton « radius » measured at COMPASS

Comparison with HERA results
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Key measurements for imaging partonsiwith 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
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Present knowledge of the GPD H in global analysis
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http://arxiv.org/abs/1512.09014v1

Present knowledge of the GPD E in global analysis

Figure made by D. Mueller and K. Kumericki
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GPD E

at RHICin 2017 and 2023

V&Q - .

il'he RHIC Cold Q&Il Pla
for 2017 to 2023 |

Aportanoméuc

gluon

at 500 GeV

2.3.1 Run-2017, Run-2023 and Opportunities with a Future Run

Lltra Peripheral Collisions to access the Generalized Parton Distribution E gluon

Two key questions, which need to be answered to understand overall nucleon properties like the spin

structure of the proton, can be summarized as:

How are the quarks and gluons, and their spins distributed in space and momentum inside the nucleon?
What is the role of orbital motion of sea quarks and gluons in building the nucleon spin?

RHIC, with 1ts capability to col-
lide transversely polarized protons at vs=500
GeV, has the unique opportunity to measure 4y
for exclusive J in ultra-peripheral p'+p colli-
sions (UPC) [99]. The measurement 15 at a fixed

¢ of © GeV* and 107 < x = 107", A nonzero
asymmetry would be the first signature of a non-
zero GPD E for gluons, which is sensitive to
spin-orbit correlations and 1s intimately connect-
ed with the orbital angular momentum carried by
partons in the nucleon and thus with the proton
spin puzzle. De’rf:cﬁ_ug one of the scattered polar-
ized protons in “Foman Pots™ (RP) ensures an
elastic process.

11k J/y in 2017 (p"p @ 510 GeV) and 13k in 2023 (p" Au @ 200 GeV)
Important input for the photoproduction of J/y at EIC *



