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Generalized Parton Distributions (GPDs) : /
3D Structure of nucleon \ /

X boost

=> Correlation rJ_e xP

=> Quark orbital angular momentum
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Exclusive production (DVCS, DVMP)

k

y* (Q% x "r

Factorization

4 Chiral-even GPDs: H, E, H,E
+ 4 chiral-odd: H,,E, ,H,,E,
Factorization proved for:

Q*~ o, t << Q*, x_ finite
(Bjorken regime)



The COMPASS experiment:
Large acceptance spectrometer for hadronic physics at CERN
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The COMPASS experiment: f/\

Experimental setup \\

NIM A 577 (2007) 455

E/HCAL2 ¥ =

-

o "‘éﬂ;:-_ Lol

ElHCALl _— -

- '“"' 50

* Tracking: DCs, GEMs, MM + 2 dipoles (|p]);

* Particle ID: RICH + Ecals (E);
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Additional setup for DVCS

(and other exclusive channels)

up - HpYy

Target: 2.5m LHZ;
P, 4m ToF detector CAMERA,;

y: ECALO (cover higher x ), 1, 2
CAMERA L—astos X
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Compass assets for GPD study

— i -
e “«_ = 20 compass 160 Gev 7
*Bothp and available O /) HERMES 27 GeV fixed target 7l
urrently unique); ) ILab LIGey o = 3 |
(currently unique) zeus +H1 Collider 7
10
 GPDs in large kinematic region 9
8 7/
.
=> Complementary of 6
DESY :ZEUS, H1, (gluons), HERMES 5
Jefferson Lab (valence); 4
« COMPASS + Jefferson Lab: 3
only current facilities for GPD study
before future Electron-lon Collider; 5
* Versatile: Capable to record g"
DVCS and DVMP (10, p, w, @) , -?
G/
L&
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DVCS on unpolarized p:
Study of GPD H

2009: Test run
2012: Pilot run
2016-17: Data run




GPD H \
2009 DVCS Test run / }
(10 days, 40 cm LH_ target, short RPD, No Ecal0) /
\-_‘—;4
{Q /(k)/ W Y
- < T k)
Y* y*
5 2 2
Gep epyOC|BH| +|DVCS| +2|BH||DVCS| N (p) N’ (p) N (p) N' (p")
_/ \_/
Bethe-Heitler (BH)
<+ 251 events | 135 events o 54 events
¥ —|BHP —|BHP : —|BHF

nk of events

g
Rl

A5 -0 - 0 50 100 150

0 (deg)
(0.005 < X, < 0.01)

BH dominant,

DVCS negligible
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nb ot events

nb of events
T

DVCS not flat ar large x
— Necessity of ECALO

108 150 A 100 -5 0 50 100 150

A5 <100 -50 L] 50 D{dag} D{dag}
(0.01 < X, < 0.03) (ij > 0.03)
DVCS-BH DVCS significant
interference
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=
GPD H Compass GPD program f 2\
DVCS on H_ target: Proton size; Study of GPD H /}L
2016-17 N
Spin and charge cross section Sum (Currently unique COMPASS feature)
—> <=
— + - DVCS
Scsy = do( ') + do( P ) » doPVeS/dt ~ exp(—B|t|)
£ "
- i — 1 2
E '“-llu.“q.-u|u+u|-u-l+l B(XB]) /2 <rJ_>
= 6
- 4 — o =0.125
= it R o =026
i ZEUS < Q > =32 (_;,_.},'3 as soft Pomerof
v HI-HERAT <Q > =4 GeV”
2 - « HI-HERAIl <Q > =8 GeV~ o'=0.8""
' e COMPASS <Q°> =2GeV’ .
TP < 4 weeks in 2012
@ ® @ ©® < 2yearsofdata
- 1 1 ] ll 1 L l 1 1 1 1 11 l
10" 10" 107 10" Xg
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GPD H Compass GPD program Vs
DVCS on H_target: Study of GPD H E\//ﬁr
2016-17 A

Spin and charge cross section Difference (Currently unique COMPASS feature)

DCS,U

e -
=do(U" ) —do(l ) o cg +

CFFs # accesed through ¢ modulation of D__
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lntCDS ((,b)
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% I 0.06= -t £0.64 GeV~ ;
S | , $
= 0.1F — VGG Reggeized (x,t)-correlation O = 0.8 _.'3'04
= ==L o . 0
— [ VGG Factorized (x.1)-dependence of = 0.05|
£ |
g 0.05- <0.02
= 0.051 Mueller fit on world data S
=T L S N (with JLab Hall A: asym + cross-sect) [
T D (without JLab Hall A: only asym) @)
by o | '] T et . h-:-"l"“zvi"_; ................................................................................. N
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= i
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Predictions for 2 years of data taking (2016-17)

nb/GeV™?]

Dcs,u(o)

0.05
2.0 GeV?
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— Kroll, Moutarde, Sabatié
EPIC 73 (2013) 2278
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DVCS, DVMP on polarized p'™’:
Study of GPD E

2007-10: pp'™ - pupp
> 2018: up'™ - ppy
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GPDs (x,br) TMDs (x, kr)

GPD TMD

Y. p! ~P, pl H<=> q (PDF)

O0nt -0 nd < £l
vipl-p P E<=>f"

Nucleon Sivers
spin fli
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Transversely
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¥ g

2007-10 HKP — Upp on transversely polarized proton target { / i

o
e

“Phase I” COMPASS setup; No Recoil Proton Detector

=>up — Hpp detected in H (u, " 1) X=p;
=> exclusivity ensured by a “missing mass” technique;

< 30000 2.4 < Q?< 10 (GeV/c)?
O i
% 20000
s -
- B
(N i
IODDU_—
[]_ : T R B
-10 -5 0 5 10 1_53 20
E.._ (GeV)
2 2
_MX_Mp
miss 2M
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GPD E
2007-10

Transverse Target spin asymmetries for upﬂ - Upp (/ j
S/

\,_‘,_,4

[COMPASS Coll., PLB731, 19-26 (2014)]

W =38.1GeV/c2 p2 =02 (GeV/c)?, @ =22 (GeV/c)?

sin (0 — 0)
AUT

sin (0 + 0g)
Agr

sin (2 ¢ — ¢g)

AUT

sin (30— 0g)
AUT %

sin Og
AUT

cos (0— ()
ALT =

os (20— o)

LY

A%

.

—

sin(¢ - ¢)

AUT oC Im(ﬁ* H) =>small

- E(p,p) a 2/3 E"+ 1/3 E* +3/8 EY;
- Cancellation between gluon and
sea quark contributions;

- EY val __ _Ed val
[COMPASS Coll., NPB865 1, 20 (2012)]
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GPD E N '\\
2007-10 Transverse Target spin asymmetries for pp'* - ppp / t

.

[COMPASS Coll., PLB731, 19-26 (2014)]
W =8.1GeV/c% p3 = 0.2 (GeV/c)?, @ = 2.2 (GeV/c)?

T Y e
A5in (6 +65) "y
7 ® = AU:in(z ?s oc Im(E 1)
A%i%(?r 0— &) o
Apr® o — — Auim(q)st)x Im(E Er- H'Hy)
Ao .
/ﬁlchs (20— 0g) | . | => H_not small
AT . o

-0.2 -0.1 0.1 0.2
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GPD E
> 2018

DVCS on transversely polarized proton target

Dest = dor (K +¢) — dor(u 7)
C Im(F,H—F,E) sin(@- P))cos ¢

sin(é—¢.)coso |related to H and E

04k

a2 a2 all ool o200 000...
iy 01 02 03 05

03
-t [GeV7]
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Conclusion and outlook {/f

% o
" <
Yo ‘ -

COMPASS offers unique features for the study of GPDs:
- -
*Both[l and I beams;

* Large kinematic range (complementary JLab / DESY / EIC);

Very encouraging existing results;

- 2009: DVCS test run;
- 2007-2010: up'* - ppp;
- 2012: DVCS pilot run => results available soon;

Two years DVCS run (2016-2017)

=> required accuracy for good constraint on observables
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Experimental access to GPDs :
Exclusive processes

Deeply Virtual Compton Scattering Hard Exclusive Meson Production ep — ep h
(DVCS) Factorization proved for longitudinal polarization y* .

B o=f\H,FE, H E
ep — epy: 0=f| ) vectors (o, 0..)- OL:f(I_{’ E) (VGG)

(H
Pseudoscalar (10, ...): o,=f(H,E) (VGG)
;“f OT:f<HT’ET) (GK)

Factorization f .~}
----------------------------------------------------------------------------------------------------------------------------- h
!
p‘lﬂ“
Factorization  f
t x+E
&
Wt /
VGG: [Vanderhaeghen, Guichon, Guidal, PRD60, 094017, 1999]
26 August 2014 GK: [Goloskokov, Kroll, EPJA47, 112, 2011; 20

EPJC74, 2725, 2014]



Generalized Partons Distributions (GPDs)

4 “chiral-even” GPDs :

H(X,Eé:t) (limite “forward” — t=0) > q(x) (PDFs)
H(X,E,t) > Aq(x)ch(x)—q%x) (Polarized PDFs)
E,]:J(X, £,t] Nucleon spin-flip

jdXH(X,E,t):Fl(t) }dxH(x,%,t):gA(t)
jde(X,:‘é,t)ZFz(t) jde(x,E,t):gP(t)

fdxX[Hq(x,E,O)+Eq(x,§,0)]:2Jq — » Jisumrule:
_1 Access to total angular
momentum of quarks

26 August 2014 [Ji, PRL78, 610, 1997] 21



GPD H Compass GPD program ,//_ O\
DVCS on H_ target: Proton size; Study of GPD H \ //f
2016-17 A

Spin and charge cross section Sum (Currently unique COMPASS feature)
4—

—

Scsy =da( L") +do(™ ) = s|"sin (@) + s} sin (2¢)
st o« Im(Fy H)

Dcsy = do( u ) — do( u ) o et + c!"cos(¢p)

¢ o« Re(FyH)

Im H (&,4)= H(x=EE,t)

Re H (£,1)= P ldx H(x,£,t) = P |dx H(x,x,t) + D(t)
X-E x-&

Re part of the Compton Form TFactors linked to the D term
S ~xg/ (2-%g) Energy-Momentum Tensor : Polyakov, PLB 555 (2003) 57-62
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Spin and charge cross section Sum (Currently unique capability of COMPASS)

Scsy =da(p” ") +do(u " )=2(do™ +do,,g+e, P, ImI)
(XB' Q t) BH . BH BH
S =2 & c. +c, cos(d)+c, cos(2
CS,U ?1((1))?2((1))( 0 1 (q)) 2 ( (i)))
6
+2 f2(CIOJVCS+cfvcscos(q))+c2 cos(Zq)))
y Q
6
e I_. I_.
+2¢, P s,sin(¢)Hs,sin(2¢)
“ “xB,-y%az<q>>a>2<¢>(|1 oksiin(z9)
CanbeeXtraCted ................................................
..... > Sloc\sm-l-g F1+F2 F
dominant
> (E,t,Q LOnZef(Hfaz,t,Q) H'(-£,5,6,QY)
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Spin and charge cross section Difference (Currently unique capability of COMPASS)

Desy =do(u” ™) —do(p ) =2(P,doyy +e,Rel)

6
DCS,U:+2PM—26 Z(S?Vcssin(Q)))
yQ
6
e I I I I
+2e ¢, He; cos (i c;cos (2 §)+c,cos (3 ¢)
MxBjy3t£P1<¢)T2(¢)( ’ |C1 H : ’ ])
............................................. canbeextracted
----- > claRe|[F, 7 }e(F+F) i ———F,%
dominant : iM
................................................. ,
1 1
- SRe H E,t,QZ ZaY éle [ dxH )<,§,t,Q2 F
( ) Zf: f il‘l ( ) X_E X+§
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Wigner distributions

Iransverse momentum

p(x, kr,br) By
5-D correlations Tra
]

hsverse
osition

Longitudinal momentum

®  partons
o ©

11 A. Bacchetta see, e.g., C. Lorcé, B. Pasquini, M. Vanderhaeghen, JHEP 1105 (11)



Towards a 3D Picture of the Nucleon...
Form Factors )

Fourier transform (br)
& | @PDs(x, t) ... dx

()

| aPDs(x,br) ... dbr | TMDs(x k1) ... dkr o
nucleon”tomography”
PDFs —» AX, AG TMDs, GPDs — 1
¥

A. Ferrero (CEA-Saclay/IRFU/SPhN)} On behalf of the COMPASS coll COMPASS I 6/27



Chiral-even

H = q

v*, pT—>p° p' L=0

“Elusive” E - —> ff:l_

I 3=
Y* pT>p° p* L=1
Jiz 209 = | x (H9 (x,6,0) +E9 (x,£,0) ) dx

Chiral-odd

Sivers: quark k;
& nucleon transv. Spin

Transversity: quark spin
& nucleon transv. spin

Boer-Mulders: quark k;
& quark transverse spin



Towards GPD E: /
Lp — Upp on transversely polarized proton target /

S
Oen Y- 1—xp 1
83 1—¢e xg Q2

-] do
] drp;dQ*dtdodo,
]

- (0'::+0‘;__) + €05y S ecos(2¢)Rec T —y/e(l1+¢€)cospRe (o) +0.)

—Pe(l—g)singIm(c/ +0.)

transv. — Sy
polar.

target _ _
+ v €(1+€) sin t,bthr e(l+¢€)sin(2¢0 — ¢s) It @

transv. +357F [V | —€2cos(¢ —¢s)Rec

polar.

. . £ £
sin(¢ — ¢s) Im (6 + €0y, )i+ 5 sin(¢ + ¢s) Imo [~ + 5 sin(3¢ — ¢s) Im 's 79

target —vVE&(l—¢)cosgsRec’) — VE(l—€)cos(2¢ —ps)Reo
+ long. Polar.
beam
B o Dominant interference terms:
26 August 2014 ij for nucleon helicity n Y*L AN PUL 26

mn for photon helicity . 0
then @ Y 'r =P,



Towards GPD E: ’/ \
Transverse Target spin asymmetries for up - Upp

|
e
T

0.1l [COMPASS Coll., PLB731, 19-26 (2014)]
g | f— sin({ - ¢

m“ pe— §_++* : w-UT\L Ayr o« Im(E i)

— Calculations by Goloskokov and Kroll
[EPJC74, 2725, 2014]

|
S o
=

=
S
——
P
—

RN I I

g sin(2 ¢ -0) .
At §+*++ Ayt o Im(E E1)

=)
I
I —

|
S o g
N

T
——

|
= ;

sin(¢s)

=t ++"\+~ AASS Ayr o Im(E Er- H'Hy)

29
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Towards the GPD E
After 2018: DVCS and HEMP on transv. pol. target

and recoil detector

D1 = JG—TC“+¢) - JO'TC“_O
o I(F, H— F, ) (@ B)on

Jsin(6—du)cosé e Update simulations and predictions
- CST | — synergy with approved ANR Parton

_ e Developments of internal supercond.

wiﬁﬂ*ﬂ’ magnets for polarized targets

| % + — JRA Kripta application to H2020
e

o

0.2+ +
- 2 years of data

| polarized NH; target P

0.4-® (0) COMPASS 160GeV, 140 days I
[t |=0.10{0.14)Ge\" i |
L

= HERMES L
| | = I - :
0.6 ek i i M A , M | - - :
1 n-ﬂ x 10 Wiring procedure for the inversed notched coil
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