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Nucleon structure studies
via deeply virtual exclusive reactions
at Jefferson Lab

Exclusive epr-epy

and also

ep—em, epr, ...
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DVCS and DVMP are the key reactions
to determine
GeneralizedParton Distributions (GPD9

experimentally.

At JLab
Preliminary rounds 1999-2006
First dedicated experiments2004-2005
Second generatior2008-2011
Final rounds from 2013 (12 GeV upgrade)

Perspectives in Hadronic Physics, ICTP-Trieste, May 2008



Classification of nucleon (chiral-even) GPDs I

For each guark flavor and for gluons:

Forward
limit

=

GPD

Operator at
nucleon level

Corresponding
form factor

Operator at
quark level

— I Vectory'aﬂ

q(x)
H E Quark helicity independent
(or « unpolarized ») GPDs
Vector F,(t) | Tensor F, (1)
4 q(x) — | Axial vectory® "
|j| E Quark helicity dependent
(or « polarized ») GPDs
Pseudo-vector da (t) | Pseudo-scalar h, (1)

Target helicity conserved

Target helicity not conserve




GPD: relation with observables & sum rules I—

..”“Va IT, P, @...

A factorization

t T
Observables are integrals, in x, of GPDs

\

Deconvolution

Lattice QCD (moments)
Models

Parameterizations \

/ ——

v)

“Ordinary” parton distribution

Elastic form factors Ji's sum rule

—s 2J = [ x(H+E)(x,§,0)dx

/K

| Hx,&,t)dx = F(t) g

~— (uI0s ucs jPnu)




GPD and DVCS

(at leading order:)

I_I(X"t’t)dx+...~ (PHH(X’f’

+1
T~£x¢5—w

—iTH (2, &) +...

Cross-section measurement
and beam charge asymmetry TRe
integrate GPDs ovet

Beam or target spin asymmetri
contain only InT,
therefore GPDs at = ¢

[@D)]
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g > Xg
. 8 skewedness




Complementary experiments

oo
g A explore all the components
666 e
e; g‘v | of the nucleon structure.
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H1l and ZEUS

PL B517 (2001)
PL B573 (2003)
EPJC 44 (2005)
\_ PL B659 (2008)

Quarks and Gluons

Hermes

PRL 87 (2001)
PRD 75 (2007)

arXiv:0802.2499

COMPASS

Valence quarks )
JLab

PRL 87 (2001)
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PRL 97 (2006)
PRL 99 (2007)
PRL 100 (2008) /




DVCS and Bethe-Heitler processes result in the darakstate

DVCS Bethe-Heitler {BH)
s e | o - et L | <
e e e T
alep —=epy= + + |
._'__,_,.,-F""IEL"'\-\.\___\_\. FF__,F-‘_@-“"\-\.\_\__\_ #‘H@H'-\-\.
GPD FF ' FF

BH is calculable in QED, in function of nucleon R#ell known at lowt

d* 2
e~ [r%[ + 27 Re(T77)+ P70
dx,dQ didp
hadronic plane
In spin (or beam charge) cross section differences, ;;:T

oBH cancels out “~.
Iepi'nnn: phnr.




DVCS and GPDs : (some) sensitive observables I

(The imaginary part of the) DVCS-BH interferencaigeates a
beam spin cross section difference Ag,, = (0* —0‘)/2 =T JAsin® +.. ]

t

2

Xg

A=F(t)H+
O+

[Fl(t) +F, (t)] [HTI - A F, (t) [E

(H.H,E,E) = 7Y &|GPDU(£,£,1) £ GPD(=£, & 1)
q o' -o

or an asymmetry. A, =—; -
o +0

And likewise target spin cross section differences or asymmetise
eitherlongitudinal

~ X X X X t ~
A, OFMH+—2—[F+F|H+2E|-—2—| 22 F+——F, |[E
T — 2—xB[1 Z]EE 2 } 2—xi2 L 4AM? 2}

or transverse "

2M °

{Fl LE - F, DH}+ XBZ{"’}

A, O

The sinusoidal behaviour is characteristic of the interference BH-DVCS




DVCS: an experimental challenge I
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— Require :

Exclusivity

— resolution

— redundant constraints
High Q32

— luminosity x acceptance




First dedicated DVCS experiments: JLab If

Hall A CLAS

Calorimetrer and supraconducting magnet
HRS | within CLAS torus

Electromagnetic
calorimeter

PbF,

Plastic scintillator array

Dedicated, high statistics, DVCS experiments

— Virtual Compton scattering at the quark level PbWO, crystals
2

read-out by APDs

— If scaling laws are observed (up to Q2 ~ 5 GeV?),
or deviations thereof understood,
first significant measurement of GPDs.

— Large kinematical coverage in x5 and t
leads to 3D-picture of the nucleon




DVCS: (close to) full exclusivity achieved at JLab Ii

Exclusivity

— resolution

— redundant constraints
High Q32

— luminosity x acceptance

ep - eyX
“MM Hall A
¢ clormetr S5.75 GeV

L7
Plastic scintillator array In bo.rh Cases,
10°7cm?3s1/5 msr (e)

background is small (mostly from ep—ep®)

and estimated in a model-independent fashion

ep — epy
CLAS
5.75 GeV

2.1¢*cmsl/ ~ 2 sr (elp)




ents / 0-13 MeV/c

Nev

N, s, / 0-007 ©

Event selection in CLAS/DVCS (ep—epyX) I—
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/ All epyX events

- After kinematical cuts given above

— cleanest « DVCS » peak ever
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Hall A results on Ao, (ep — epy):
an unprecedented precision

Ao, =

™ EQO0-110 |
? Fi — Im (C)
: . 0 Im (C¢)
I <t>=-0.23 GeV’ -

I <t>=-0.33 GeV’ -

IIZTIIIIIH.'I.'rEllI llillllgllllll'llBlllIII I
¢, (deg) ¢, (deg) ¢, (deg) ¢, (deg)
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C. Mufoz Camachet al (Hall A), PRL97 (2006)



Hall A results : an unprecedented precision If

=I AsinCD+%BsinZCD+...

For fixed % andt, A andB are found independent oPQ

4
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mm) This is the first direct indication of scaling in DVCS !

— Compton scattering is occurring at the quark level

mm) Purely experimental extraction of GPDs can really sirt !

C. Mufoz Camachet al (Hall A), PRL97 (2006)



Q? (GeV ?)

W

an unprecedented kinematic coverage

W> 2 GeV
Q2> 1 GeV?

+ 3 high-xp / high-Q? bins
not shown

045 05 055

Xg



Q? (GeV ?)

w

CLAS: beam-spin asymmetry binned in all 4 variables
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CLAS beam-spin asymmetries I‘
04 <«-+>=0.18 GeVZ ,/ <>t>=0.30 GeVy -t>=0.49 GeVy  <t>=0.76 GeV3
0.2k { 3 L /§,§~L ) f{\ﬁ\x L AN
4 _ ] L | : {

A \ ; \ ;
021 ] S 2 yiid/r ] A J

-0.4 - ) . : ) ) .
0 ) 360 o 360 d 360 ) 360

T

In all bins, ® dependence compatible with leading-twist expectation

_ asing
1+ ccosp+dcos2g

ALU

with d negligibly small

a=A, 90) is mostly sensitive to Im(DVCS) — H(<,C 1)
C has additional sensitivity to Re(DVCS)

(but such an analysis has to await new formalism under construction)

F.X. Girodet al (CLAS), PRL100(2008)




CLAS: a = A, ,/(90°) as a function of t

- VGG twist-2+3

— VGG twist-2

F.X. Girodet al (CLAS), PRL100(2008)




Comments on GPD parameterizations I

- Double-distributions are not able to reproduce the new precise
JLab data. Is the functional form not adequate ? Are there still
higher-twist contributions to the unpolarized cross section ?

- A dual representation is being revived (Polyakov & Vanderhaeghen,
arxiv:0803.1271). With simplifying assumptions (dominance of GPD H and
truncation of infinite series of t-channel exchanges to first -
forward-like - term), it gives an adequate description of the same
data. Is this accidental or really giving the main physical picture ? If
the latter is true, it gives direct access to H(x,0,t) and to the 2D-
imaging of the quarks inside the nucleon.

- A reliable and practical parameterization is needed before
performing general fits of world data. This future is within reach...




Deeply virtual meson production: vector mesons Ii

Meson and Pomeron (or two-gluon) exchange ...

 ° 00 (c), f P

ET[, f2, P @ n, f2’ P

/‘\ ) P

® production shown to be dominatedityexchange, for Qup to 5 GeV
CLAS, EPJA24 (2005)

... Or scattering at the quark level ?

Flavor sensitivity of DVMP on the proton:

p0 2u+d, 9g/4
0 2u-d, 3g9/4
(), S, 0 )
do, - 1]|as Yu(2 1 f(¢.1)
p+ ud " DQ{QZ” . Xigﬁg(aH +bE)(x,€,t)dxdz} 0 o

p_ production : a theoretical prejudice more in fawbhandbag diagram dominancg.
HERMES, EPJC17 (2002)& CLAS , PLB605(2005) + preliminary results




Deeply virtual meson production: p

Longitudinal cross section o (vy".p - pp.°)
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o E 3
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© 2| /\/ o E665
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A modification of H is possible, which will fix the low-
W / high-xz behaviour, but is it real?




Deeply virtual meson production: pseudoscalar mesons I’

---------------------- factorization

See next talk

for new results
from Hall A and CLAS

onn® production




... and much more to come




More DVCS experiments at JLab / 6 GeV I

2008: doubling the statistics for BSA (A, ) at CLAS H

2009: CLAS/LTSA (A,,) experiment
(longitudinally polarized target + inner calorimeter)

2010: Hall A experiment at lower energy for « Rosenbluth-like » H
separation of terms entering the DVCS cross section.

2011: CLAS/TTSA (A7) experiment E
(transversely polarized target - possibly HD)




CLAS: Sensitivity of A, to GPD E I

proton x=0.25,Q%=2.0

o
30_4 B T *HERMES
0.2 _I | -/./I""ﬂ*'\'\. :-n.s -08
* 0.6 0
Anticipated results o | ﬁ—/—f—'—@.'_q_,_,__, J s o8
from CLAS at 6 GeV 0 J oo
006 -08
_02 -_ #g: g.E
Technical challenge: 04 [
use of polarized HD -
with electron beam 06F ¢ ¢ ¢ ¢ ¢ ¢4 + + +
[ AR RV AT BT N | S B A

0 02 04 06 08 1 12 14
t

Transverse asymmetry is large and has strong sensitivity to
GPD-E and thus to the quark angular momentum contributions.




JLab @ 12 GeV: CLAS12 I

Study of quark dynamics

o within the nucleon.

Forward Time-of-Flight

Measurement of GPDs

Low Threshold

Drifé Chambers Cerenkov Counter

(+ quark angular

High Threshold
Cerenkov Counter

momentum)

Preshower
Calorimeter

—— First beam in 2014

Central Detector

|

Coil Flectromagnetic
Calorimeter




CLAS12 - Detector

New torus [

Central
Detector

Solenoid 5T




CLAS12: Beam-spin asymmetries I

Inner Calorimeter in standard position - 80 days - 10°° Juminosity - V66 mode/
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CLAS12: Beam-spin asymmetries I

Inner Calorimeter in standard position - 80 days - 10°° Juminosity - V66 mode/

E -t HEE }_
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CLAS12: Beam-spin asymmetries I

o 9
B o

O i
- N W

6 -0 )/(c™+0)

972 data points
measured
simultaneously

Q?, Xg, t ranges
measured
simultaneously

A(Q?% xg,t)
Ao (Q?,Xg,t)

o (Q%,Xg,t)

a) b)
_. & independent _. & independent
_b,,=10,b__ =10 b, ,=100b_, =1.0
| I . | 1 I L1 11l I Ll 1 1 I 1 1 1 1 L1 1 I | I | 1 I Ll 1 1 I | I . |
0 100 200 300 O 100 200 300
0., (degree) 9., (degree)



CLAS12: Target-spin asymmetries I
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Longitudinal target spin asymmetry,
with uncertainty projected for 11 GeV

(approved experiment).



p%w production with transverse polarized target

Im(s( ,£,) Asymmetry depends linearly

Ay U—7p > on the GPLE
_ 2\ _ 2 2\ _ g2 * )
‘ﬂp‘ (1=-<%) ‘Ep‘ (¢°+t/AM7) - 26" Re(f ,E,) which enters in Ji's sum rule.

High x5 contribute significantly.

H, :J‘—Jrll%(euHu —edHd)[(x—f+ig)‘1+(x+f—i£)_1]

Y +P—PL+D
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JLab @ 6.6 - 11 GeV: Hall A I

Experimental configuration (e p — e~ X)

| B-3() u
LH 2 o BEAM DUMP
- e —
6" Jn
*

—IL

Calori meter

at 1.50 M calorimeter

at3.00 M




JLab @ 6.6 - 11 GeV: Hall A I

Cross sections

» 250k events/setting or
40k events per t—bin

Helicity-independent cross sections (pb/GeV?)

6.6 GeV setting @2

= 3.0GeV?, xg; = 0.36

Helicity-dependent cross sections (pb/GeV?)
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How to measure GPD’s?
Summary of observables to be mapped out

DVCS
(Virtual Compton)

- Sensitive to alH, E, HandE

- Beam spin asymmetry H(p) orE(n) atx = £
- Target spin asymmetry (long-) H atx = &,

- Target spin asymmetry (transwv-) alsoE

- Beam charge asymmetry H

- leading order (twist-2) contribution
dominates down to relatively low?Q

-Cross sections:

BH/DVCS decreases when E increases

//

ST, Pp, Q-

DVMP
(Meson production)

- Pseudoscalar mesons H, E
- Vector mesons~ H, E (the GPDs entering Ji's sum rule)

- Different mesons~ flavor decomposition of GPDs,

- Cross sections: necessary to extract~ 1/CF)
- Ratiosc, (n)/o, (n9), 6, (p)/o, (o)

- Asymmetries, e.g. with transverse polarized target
Ay (m) ~HE, A (p) ~HE

- Such ratios and asymmetries less sensitive teehigh
twist contributions.




JLab, with high luminosity and/or high-acceptance detectors,
is well equiped for the studies of (rare) deeply exclusive reactions

At 6 GeV, successful first dedicated experiments and more to come !

The 12 GeV upgrade will significantly increase the coverage
in Xg (both low and high) and Q?

DVCS: several observables already explored will be « nailed down »
with considerable detail

DVMP: the dominance of leading-order diagram (handbag)
still to be found/established — 12 GeV crucial

In parallel, theoretical progress in
- the physical interpretation of GPDs
- the calculation of GPD moments using lattice QCD
- finding suitable parameterizations of GPDs
to perform global fits fo the data




Additional slides I




Scale dependence and finite Q2 corrections
(real world # Bjorken limit)

GPD evolution

Dependence on factorization scale

HHOGEG ) = [ K (6 Y, E @ ()H (V6,8 )3y
[ N Y

h'd
Kernel known to NLO

Evolution of hard scattering amplitude

0(1/Q)
- (Gauge fixing term)
- Twist-3: contribution fromy*;, may be expressed in terms of derivatives of (t&)sGPDs.

- Other contributions such as small (but measureable effect).
0 (1/Q3 X

. . . . t
- “Trivial” kinematical corrections, of order—, —-
QZ QZ

- Quark transverse momentum effects (modificatiogu#rk propagator)
1 1

x+&—ie  x+E+K/Q —ie

- Other twist-4 ......




DVCS on the neutron (JLab/Hall A)

Beam spin asymmetry

Ac,, =(c"-07)I2=T [JAsin® +..

Xg

A=FO B+~ [F0)+F,0]H-

t

F,(t)

2

Main contribution

for the proton

DVCS Ag, |, on the neutron
shows (within a model)
sensitivity to
quark angular momentum J

Im(C ')¥®

Main contribution
for the neutron

LnH‘H\I|IIII|IIII|IIH \HIlIIII'IIII

M. Mazouzet al (Hall A), PRL99 (2007)




AUL

DVCS Target Spin Asymmetry from CLAS I

A, OF H+—8 [F1+F2][EH+X—ZBE}— A [XB At FZ}[E
|

2% | 2 4M *

—\ 2—XB

|

0.4 Full GPD model,
- (VGG, PRD60 (1999))
0.2
ORE TN N i [
N T W e 0.4 J a i
0.2 e '
- o.zj% + %
0.4 I S &
- _ H=0..
e — ol
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0 50 100 150 200 250 300 350 e —
) Degree i i
N2 L ] P L P
02 03 04 015 02 025
4 GeVic?

ep— epy on longitudinally polarized Nkttarget

S. Cheret al (CLAS), PRL97(2006)




HERMES I

Explored several observables which have selecausiBvity to the 4 GPDs:
Beam Spin Asymmetry (A)

Target Spin Asymmetries (A, and A ;)
Beam Charge Asymmetry(Ac)

A0 Fl{cosqo@ [THED|(x-6)F+ (x+ &) dx+ aR singo[H-I}+...

0.2 | -

T } Factorized
t-dependenc

IIII|IIII|QIIIIIIII|

I 1 1
0 0.2 0.4 0.6
ol (rad) overall -t (GE"VZ)

A. Airapetian et al. (HERMES), hep-ex/0802.249

OJ



HERMES I

Explored several observables which have selecausiBvity to the 4 GPDs:
Beam Spin Asymmetry (A)

Target Spin Asymmetries(A, and A ;)
Beam Charge Asymmetry (A)

0.2 _ _:_ _: Red squares from DVCS-BH
- i T - interference terms:
: 1 __J,=06 t 2
o2+ . . 04 j‘DW{Fl[E_FZDH}-FXB {1
. T w02 §
0.4 + .
|
0.2 | T =
of 4ot - ) DL{F - 2x,F [E}+{...}
T - ='—'—| - M 2 2 8l
o2f——1 E
0 0.2 04 06

2
overall -t (GeV7)
A. Airapetian et al. (HERMES), arXiv:0802.249




Deeply virtual meson production: CLAS/m°

All 4 particles e p,y,y detected
ﬁ 20000
S 15000F B It
£ 10000 [ L o T 0 N factorization
s -
©  s000f
u: P S [N TN TN T NN TN N N NN
-0.5 0 0.5 1
MW (ep— epX) (GeV?)
BSA in this case is a sign of a non-zero L/T interference
Handbag diagram might not be dominant
Hall A data (see C. Muiioz Camacho's talk) indicates that cross section is much higher | oret [
than anticipated in GPD model and contains significant contributions from transverse = OF | I }{ I 1
amplitudes. a ““”ll e
0.2 D51 I [ {//
L r 4t (GeV?) JH I ; if}
5 T
& | 18
© e— PEra -
2+ s 1y J*I """"""
i R D
| B
Lo o1 02 03 04 05
| 90 180 270 360 Xg

¢ (deg) R. De Maskt al (CLAS), PRC77 (2008)




This is where we are

EXxperiment:
Test scaling laws (test of factorization, of donmoa of handbag diagram)
e.g. for DVCS BSA: <si®> ~ 1/Q, <sin®> ~ 1/

OK as of ~ 2 GeV

for DVMP : do /dt ~ 1/
- theoretical expectation: scaling at higher Q
- may have to await CEBAF@12GeV

— precision experiments, truly exclusive.
JLab (Hall A & CLAS) dedicated DVCS experiments

represent a quantitative and qualitative jump

Theory:

Calculate deviations from leading order, especiallpVMP

May other models (e.g. Regge, color dipole) mirhie handbag contribution?
If yes, what do we learn from this duality ?




How to measure GPDs ?

Step 3: from DVCS to GPDs - and to J

Except for specific cases (access to imaginarygddVCS amplitude and/or use of DDVCYS),

the observables are convolutions of the GeneraFPagtbn Distributions

In theory, an infinite set of data is needed tocotwolute the observables.
In practice, there are several ways to use a feateof data

(including all finite G corrections in the formalism)

- Comparison of given GPD model with experiment,
- Fit of parameterized GPDs with constraints:

forward limit, elastic form factors, polynomialitpositivity bounds,

- GPDs given by sums ovechannel exchanges, like a partial wave expansion,

- Inverse transformationsee e.gleryaevon Radon tomography)

-andmore to come




Determining GPDs: DVCS or Lattice QCD ? I

Experiment

— extract/check LO/twist-2 contributions (hopefully dominant),

— use several observables to extract different linear combinations of GPDs, including
different flavor combinations,

— « deconvolution » or fit with adequate parameterisation(s) of GPDs.
L attice
— calculate GPD moments n =0, 1, 2 (and more ??),

— check for fermion discretisation scheme, extrapolations, « elusive » disconnected
diagrams,

— parameterise and extrapolate moments for all values of n,

— get GPD from inversion from infinite set of moments. %




