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Nucleon Tomography

Holy grail:
Wigner Distributions

5 D picture of nucleon phase
space p(Xx,ky,by)

Experimentally from 3-D Pictures ...

... In momentum space ...
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Accessing GPDs

wide angle

Compton
scattering
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GPD filter by quantum numbers of final state:
@ DVCS (y): H, E, H, E

@ VM (p,»,0): H, E
D. Mueller et al, Fortsch. Phys. 42 (1994) (p (1))

X.D. Ji, PRL 78 (1997), PRD 55 {1957) @ different quark flavours (p,e): H, E
A. V. Radyushkin, PLB 385 (1996), PRD 56 (1997)



GPDs and their Relation to Observables

The observables are some integrals
of CFF integrated over x

Dynamics of partons
INn nucleon models:

Parameterization

/

\

I Fit parameters to the data

/

H, H, E, E(x,E t)

| i

Elastic form factors

\/

LN
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/

J HOG,Et)dx = F(t)

Ji’s sum rule

2J, i(’Hq+Eq)(x,£,O)dx

—
1/2 =1/2 AZ + Lq + A6 + Lg

“Ordinary” parton density

H(X 0,0) =a(x)
A(x,0,0) = Aq(x)




Exclusive reactions: DVCS and HEMP

Deeply Virtual Compton Scattermg (DVCS): Factorisation:

Collins et al.

Meson w.f.
Large power & NLO
Very slow scaling

Quark contribution Gluon contribution



Exclusive reactions: DVCS and HEMP

Deeply Virtual Compton Scattering (DVCS):

Definition of variables:
X: average long. momentum - NOT ACCESSIBLE
¢: long. mom. difference = xg/(2 — Xg)

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



Cross Section & Angular Dependence
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Example: Observables with unpolarized targets

. BH
d G(up—wpy) = do

DVCS DVCS
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Compton Form Factors are measured in DVCS

hard V

soft X ?;X-Zj,

Real part Imaginary part

=£.8,1)

The amplitude DVCS at LT & LO in a.:

Im part measured in
Beam Spin
or Target Spin asymmetries

Real part measured in
Beam Charge asymmetry
or cross section




Bethe-Heitler & DVCS Cross Sections

Bethe—HeitIer:\% DVCS :§

do a] Tgyl? + Interference Term + | Tpycs|?

Low Xg: BH dominates Large Xg: Int dominates Large Xg: DVCS dominates

0.005 < xg; < 0.01 0.01 < xg; < 0.03 Xg; > 0.03
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@ Reference vyield @ Study DVCS through @ Study deV*>/dt
from almost pure BH interference term ®» Transverse Imaging

w ﬂeTDVCS & Im TDVCS



Focus on DVCS22 or Interference?

@ Strong Xg; - Epeam COrrelation in fixed target experiments Only

Low Xg: BH dominates

0.005 < x5; < 0.01
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@ Reference yield
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@ Study DVCS through @ Study de®¥®*/dt
interference term ®» Transverse Imaging

w RgTDVCS & Im TDVCS



The ideal experiment

Beam:

@ high beam energy to ensure hard regime
@ |ongitudinally polarized beam

@ positive and negative lepton beam

@ variable energy for € separation for DVCS2

and interference term

3/

polarized target

Detector:

@ hermetic to ensure exclusivity

3.90m

@ efficient calorimetry with good energy resolution




Experiments in the past

Polarised 27 GeV e/e*
Long, trans polarized p, d
... Missing mass technique,
Y= 2006-07 recoil detector

Polarised 27 GeV e/e*
Unpolarised 920 GeV p
~ Full event reconstruction

Highly polarization 6 GeV e-
Highest luminosity

Long, trans. polarized p, d
Missing mass technique



Present & Future Experiments (limited to this decade ... maybe ...)

L Highly polarised 160 GeV u*/u
&8 Unpolarized p
- (Long, trans. polarized p, d)

~ Recoil detection

Highly polarization 12 GeV e-

| Highest luminosity -
Antiproton beam, fixed target p Long, trans. polarized p, d R

time-like form factors Missing mass technique
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Kinematic Coverage

— O ZEUS- total xsec
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Current
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O H1- total xsec
W H1- do/dt
B Hi-Acy

Current DVCS data at fixed targets:

A HERMES- ALT A HERMES- Acu
A HERMES- Ay, AuL, Al

® ZEUS- do/dt

A HERMES-Ayr * Hall A- CFFs
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K222 COMPASS- do/dt, Acsu, Acst
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Some DVCS related measurements

HERMES
BSA & BSA
Hxl @ E EoY with recaoil
-Sections HERMES e
CLAS @ JLAB BCA HERMES BCA & BSA
BSA TTSA (all data 96-07) C(O@I\/ICPASS
ERN
CLAS | CLAS
HERMES @ DESY N IITIR o '?LE;O'\I"E)S 2012 and
e QAN R BCA  (nuclear) =20.4

— T T T T T 1.7 17
2008 g0l j2006) 2007] 2008) pooal zosel osdd  zoasfp0us]

Hall A CLAS
ZEUS @ DESY E03-106 egl-dvcs Hall A
X-sections BSA (n) LTSA E07-007 (P)

E08-025 (N)
Hall A @ JLab CLAS

X-sections (p,n) .. el-dvcs
X-section



Exclusivity: ep—e+7y +p

Fixed target mode slow recoil proton
M2=(P.+P,-P.-P ) ?1 mbs Without recoil detector

zg 0.3 » e'data I , ,
=] ep-se X o e data 9‘:9 Ep—) £ +y (+p )
8 | — MC sum
g et X2 0D Lo Uy (+4)
% =0, p> U+y(+y+p'+..)
0.1 from n° decay...
0




Exclusivity: ep—e+7y +p

Fixed target mode slow recoil proton

0.1
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Exclusivity: ep—e+7y +p

Fixed target mode slow recoil proton

MZ= (P.+P,-P.-P, ) 4 without recoil dtector
2 « e'data [
= 03— e ) ) ,
S - ep -> e X o e data X = P Ep% f’ +y (+p )
S i — MC sum
e | ... plastic RH e N P N Pl (A A
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i [ H(e.e'y)X - H(e.e'v)yY ]: Missing Mass? p
0.1—— =
! 3uuu_:—
0 =
2000 —
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Background suppression - Normaiized fo Hie o'y
~ syst. error 7 j'u'&' 3 Fiver ]
\ ME (GeV?)
sesH(e &'yp) simulation




Exclusivity: ep—e+7y +p

Collider mode €-pP forward fast proton

Outgoing proton escapes through the beam pipe e - &p
Tagged in forward proton spectrometer p’™ /
i
LPS: p tagged data sample full data sample
B = LPS ﬁﬁ < 5000}-...: x.., INCLUSIVE ﬁs Y e-sample: BH control sample
o _I_i_l__‘l_ O - 1 e+e-, J/yy bg-sample
—_ 1 )c‘\)f‘.-!‘i N‘-—" _‘_Iqﬂ_h_*_ ....... + -
E 10 2 Am ::‘.';q%il PRI T T N T T M T |I| L U D AT BH+E E+Jhp
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= e g e = ;
v, T 2000 il
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R T ;
e g 1000 e @ (BH+DVCS)- BH
1 3 ) ..Il-.-
S R R B 0 e FFS (DVCS)
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@ Interference term integrated over ¢ - pure DVCS cross section




Selected results and perspectives

Cross sections measurements: DVCS and mesons

Study of the GPD H with DVCS on proton:
Beam Spin Asymmetry: HallA — CLAS - HERMES
Beam Charge Asymmetry: HERMES — H1 — COMPASS
Cross section difference and sum: HallA — CLAS — COMPASS

Hunting GPD E:

Beam Spin cross section on the neutron: HallA
Transverse pol. Target Asymmetry on proton: HERMES

- ‘Holy grail’ for OAM



Cross sections and W dependence

Are we in the hard regime ?

ZEUS
g o ZEUSG1pb?
5 N 0 :
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d increases from soft (—0.2) to hard (—0.8)



Cross sections and t dependence
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Predictions for DVCS from KM model

oy 1 1 I I 1 1 | 1 I I | 1 1 1 | 1 1 1 B 1 1 1 | I 1 1 I 1 I 1 | I 1 I | 1 i
i
= 10 = s Hl, Q2 = 8GeV2 = 10 o Hl (HERA I), W = 825G\ |
u_'E_ F & H1, 92 = 155GeV™ 1 =& s« Hl (HERA II), W = 82 GeV 3
= n p HI,Q?=25Gev? | = | a ZEUS, W = 80CeV ]
2 - ? i
— 1 = =
F C E‘; - ] 'ﬁ E
| - — 1 £
™01 HH'“'}%"' )
= F W=820GV = 1 ok maa. |
'% -|||||||||||||||;||I:E|:I- E|||||||||||||||||:
0 02 04 0.6 08 1 0 20 0 &0 80
—t [GeVY] Q* [GeV

].El' - | I I I | 1 1 1 | 1 -
1 :___FF"F!-'_FF__'_T e —=
= P S L]
i 1 ¥ R -
" & e _i .
= [ :
k e ‘i I -

legend: same a5 on (a) (c)
L L I L I L

0.1

0 80 120
W [GeV] Q? [GeVT]

KM10: Kumericki and Mueller NPB (2010) 841; arXiv:0904.0458

one of the most general parameterization of GPDs based on their mathematic

Properties fit to the DVCS data and DIS



COMPASS: Beam Charge & Spin Difference Sc

- Transverse imaging

@ Using Scs () >
@ Integrating over ¢ <
[=al

@ Subtracting BH

do  -B
— C
dlf
<I’f (XB)> - 2B(XB)
@ Ansatz at small xg:
(X ~ Xg)

. X
B(x,) = b, +2a |n/xB

measure o’ with accuracy >2.5¢

forany o = 0.125

Scsy =do™™ +do™” =

2(

unpol

do " +d0'DVCS+e PaBHI T

)
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<Q > =3, ’Ge\,
v HI-HERA T -::Q > = 4(313\
« HI-HERATI -::Q > =8 GeV’

[
o

« COMPASS  <(Q’> =2 GeV
280 days at 160 GeV

L = 1222 pb?
sglobal =10 %

Projection for 2012 run:

5

rojection for 2 years:
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B -do' —do” = 2(Pdo

Beam Charge & Spin Difference Dcg |,

DVCS
pol

ES160GeV 1< Q'S 4 GeV?

.

0.03 < XBS 0.07
L = 1222 pb, €qiopal = 10 %
— VGG Reggeized (x.1)-correlation O'=0.8

— VGG Factorized (x.t)-dependence ¢’=0.05
Phys. Rev. D60 (1999) 094017

Mueller fit on world data
(with JLab Hall A)
(without JLab Hall A)

Beam Charge and Spin Diff. (nb/GeV'rad)

0 AN arX|v09040458
-0.05 - ——— =
L 1 1 I 1 L L l 1 1 1 I L L | ] 1 1 L l L 1 1 J 1 L L I 1 1 1 I L L L
0 20 40 60 80 100 120 140 160 180

¢

4 eﬂaBHQ{eT DVCS )

Glves access to:
Re F1 H

@ Need to control detector acceptance and beam flux with high precision

@ Error band includes a 3% systematic uncertainty between p* and -

@ Use inclusive events and BH for check



Beam Charge & Spin Asym

metry Deg,/Scs .y

BCSA = Drgy /Scs.u

Ao + Acsy cos @ + A, cos2¢p

> Measurement of Re(F, )

Re(FH) >0 @ H1
< 0 @ HERMES
Node? Where in xg;?=> COMPASS

o 3 'ﬂ,4: -1 ﬂ.4: A

§<.,."° 035 0.005 < xg, < 0.01 §<3 035k 0.01 <xg <0.02 8 8 a5k 0.02<x,, <0.03
0.3 5_ — Compass projected 0.3 %_ — Compass projected 0.3 %_ — Compass projected
..s- Predictions with
22: VGG and D.Mugeller
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| . 01 RI=
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0.05F ) 0.05 ?TL osF
oEb Al arxiv:0904.0458  £.7 3
-ﬂ,ﬂsgi 0.05F 05F
R T 1 e K B I S R A (X S X S S 7 R X S 67
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DVCS 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



Beam Spin Sum and Difference - HallA

LH2 target .-if--r@-"r_-".- Hye—"

EO0-110 pioneer experiment with magnetic spectrometer
3 measurements: xz=0.36 Q°=1.5,1.9,2.3GeV? & P =
N Beam *_____i——ﬁ;{.f.;-i;::-lf?-"_l;:r"\‘_rf
ep>eyp S
Data: Munoz et al. PRL97, 262002 (2006)
Model: Kroll, Moutarde, Sabatie, EPJC73 (2013) with GPDs from GK model

Ag [nb/GeV?| XB=O36 Q2= 23 GeV2

0.03 - -
(=t) =017 GeV? (~t) =0.23 GeV? I (—t) = 0.28 GeV? {—t) =0.33 GeV?

0.02 |- I I . - B I
0.01 | I /Hh\‘\xi}u\‘ I I
oL I__ ut - e e T H II ¥ I NeWSI
oo} ik W w I/|] - Re-analysis of the data
= Beam Spin difference ' [ ! (MC, RC, normalisation/DIS)

0.03

Electromagnetic
calorimeter

Plastic scintillator array

1 1 1 1 1 1 1 1 1
0 90 180 270 0 a0 180 270 0 a0 180 270 0 a0 180 270 360
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Yo [nb,a"'C}t:\.-"‘l] = 2010: run EO7'OO7
012 (=) = 0.17 GeV? (—t) = 0.23 GeV? (—t) = 0.28 GeV? (=) = 0.33 GeV? Rosenbluth-like DVCSZ/ Int
o8 sparation

- 2014: HallA with 11 GeV
- 2018: HallC with 11 GeV

006

0.03 |- TeeoT - N . -

Total - ~ iy

___gn Beam $pin Sum = Tota

0 9:3 1;!0 ZTIT) g 9:3 1&0 2':'D g 9:3 1&0 2':'0 0 9:3 13:0 2':'0 360
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Beam Spin Sum and Difference - HallA

Data: Munoz et al. PRL97, 262002 (2006)
Model: Braun, Manashov, Pirnay, Mueller PRD79 (2014)

nb }
Gev?

[
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dp dQ2d|t]|dg

nh ]
GeV1
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duepdQ=d|t|ded
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Do we understand Hall A data?

GK12 model evaluated

__with KM and BMP

prescription

including
kinematic corrections
(finite-t, target mass corr.)




JLAB Hall A & Hall C - future

with magnetic spectrometer + Calorimeter

E12-06-114: DVCS at 11 GeV in Hall A

[ DVCS measurements in Hall A/lJLab |

11,0 GeV)

- P
7
/

.

[ ] wiagew
Unphysical with E___< 11 GeV|
|:| Epoan= 6.6 GEV

Epcas= 5.8 GEV

] Ewr1106Gev
T o o o | e L

;W/ )

01 02 03 04 05 06 07 0.8 [)!),,(BJ

» Absolute cross-section measurements
» Test of scaling: Q2 dependence of do at fixed xp;

» Increased kinematical coverage

Start on Feb 2014,
for 1 year of data taking

Q* vs x5 coverage in Halls A and c

"2"Hall C 11 GeV 7

[Ga"d‘“l

11‘.I—Hall C6.6Gev

L f_.-"

8 Hall A 6.6 GeV/
~Hall A 5.75 GeV

°o 01 02 03 04 05 06 07 08 09

F12-13-010: DVCS at 11 GeV in Hall C

* Energy separation of the DVCS cross section
» Higher Q7 measurement of higher twist contributions

» Low-xp extension (thanks to sweeping magnet)

Need a new challenging Calorimeter



CLAS: BSA in a large kinematic domain

Part 1 of the EO1-113 or e1-DVCS exp

Q° (GeV?)

CLAS + Inner Calorimter

o3 ep—>e
Y it P VP Solenoid magnet
= S ¥ i
AR il
] - T TR Y 1 N | ‘}} #
SN,
F{qi l— = [}} i-¥
3 vy |
i e it
' . e
20— 8 ..f'.i‘ E
e L'_f__’_'t:‘.i-_...*._i.i-.:.. _ .
T P i b5 _ asine  Nosimple
B = 7+ 0 L+fcoso interpretation of a
1 1 1 1 ] 1 [ 1
D4 D.|2 D.|3 0.4 0.5

Data: Girod et al. PRL100, 162002 (2008)



Beam Spin Difference - CLAS

i — GG
Data from: H.5. Jo .
km10a (without Hall A)
KM10b
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Beam Spin Sum - CLAS

— VGG
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Future - CLAS12

E12-06-119

Strong effort in Detector upgrades

LH, Target and Long. Pol. Target

in 2016
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BSA - HERMES

Complete data set in¢luding 2006-07 GHLI1 ~ Flav.
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BSA with recoil detector - HERMES

02 data set 2006-07 A. Airapetian et al, JHEP10 (2012) 042
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BCA - 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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GPD E Trans. Target Spin Asymmetry (Proton)

HERMES

gh 0.2 _ 8.1% sca-[f uncertainty BT ' % S Also large

= | 4 .

';’ﬁ:‘:} 0k £ T 1 Autpvcs Sin(¢-¢g)

) T %9 . » T ] With strong xg
02 F - S '+ = : 4 dependence
 —— 1 L 1 ri— e o f i i f d T T S|
| I A A B B B —
i I I I Large Ayr, sin(¢-¢s) cos ¢

g 02f T T T Sensitive to GPD E

ém ' I T 1 >3 da (VGG model)

=-

E =

@D

ﬁ: - 4 =

] i :

2 0, 1 i

< i

% = 0F I L ]

%D

0.2 f 1 = ]

002 04 06 20 01 02 03 0 3 4 6,5
overall -t (GeV") Xy Q" (Ge
Airapetian et al., HERMES, JHEPO6 (2008) 066

;
V)



Trans. Target Spin Asymmetry (Proton) - HERMES

Model: Kroll, Moutarde, Sabatié, EPJC73 (2013) with GPDs from GK model
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cancellation between £° and £9 does not occur as for pU asymmetry,
DVCS observables are very sensitive to Fgq




Hunting the GPD E with CLAS12 at Jlab

ed>eny(p) r1211003 e pT9 epy E12-12-010

AO-LU ~ Im (Fln ﬂ - F2n E) AGUT Sin(¢-¢5) COS(I) = Im (Fzﬂ_ FIE))
Ao Snlé- ) c0s6 = Re (F, 3 — F )
With LD2 target + CLAS12

+ Forward Calorimeter With the HD ice target
+ Neutron Detector ToF (transv pol =60% H )
+ CLAS12

ok



The End

Thank you for your attention

Dragon: among many others it is a symbol for fortune and glory ... like the measurements of GPDs



Compton Form Factors are measured in DVCS

hard V

soft X %X-@

Real part Imaginary part

= [ eFCED = Pt G HOED e e

X—E+ig

The amplitude DVCS at LT & LO in a.:

t, §¥Xg;/, fixed

Im part measured in

Re H (&,t) = P | dx Im ﬂ(x t) HD (t) Beam Spin

or Target Spin asymmetries

Real part measured in
@D term related to the Energy-Momentum Tensor : P

Beam Charge asymmetry
Polyakov, PLB 555 (2003) 57-62 or cross section
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