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Motivation.

Study the nucleon structure to shed new light on non-perturbative QCD.

Perturbative

Asymptotic

Non-perturbative

QCD

freedom

0s
o (Q)

04

02

=QCD  a5(My) =0.1184 +0.0007

00 (Gevl

QCD

urbative AND non-perturbative QCD at work

@ Define universal objects describing 3D nucleon structure:
Generalized Parton Distributions (GPD).

@ Relate GPDs to measurements using factorization:
Space- and timelike Compton Scattering (DVCS, TCS).

o Get experimental knowledge of nucleon structure.

v
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Motivations.

3D imaging of nucleon’s partonic content but also. ..

@ Correlation of the longitudinal momentum and the
transverse position of a parton in the nucleon.
@ Insights on:

e Spin structure,
o Energy-momentum structure.

o Probabilistic interpretation of Fourier transform of
GPD(x,& = 0, t) in transverse plane.

Obtain this 3d picture from exclusive measurements. . .7

sy e yA Weiss, AIP
Conf. Proc.
1149, 150
ey ( 2 OO 9 )

ransverse
spin

slower

Tongitud.

(a) ® x<001 x~0.1 x~03 (©
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4] Motivations.

|/ 3D imaging of nucleon’s partonic content but also. ..

o ecent @ Correlation of the longitudinal momentum and the
evelopments
@0 DUEE transverse position of a parton in the nucleon.

Introduction @ Insights on:
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framework

Compton Form e Energy-momentum structure.

Factors

Cbservables o Probabilistic interpretation of Fourier transform of

Status
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Timelike and spacelike Compton Scattering.

Scattering amplitudes and their partonic interpretation.

DVCS
o

H. MoUTARDE (Irfu/SPhN, CEA-Saclay)

Compton Form Factors (CFF)

@ Parametrize amplitudes.
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/M ] Timelike and spacelike Compton Scattering.

| / Scattering amplitudes and their partonic interpretation.

o Recent Compton Form Factors (CFF)
evelopments
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| / Scattering amplitudes and their partonic interpretation.

o Recent Compton Form Factors (CFF)
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Compton Form
Factors

°
@ Evaluation at LO.

@ Evaluation at NLO.
DVCS o

Other diagrams at NLO,
b including gluon GPDs.
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Definition of DVCS observables (1/3).

Single and double asymmetries.

e Combined beam-spin + charge asymmetries (HERMES):

dot@(g) =

doyu(¢) [1 + heAru,pves(d)

+Qehe ALy 1(¢) + QeAc(9)]

@ Single beam-spin asymmetry (CLAS, HERMES):

AL (¢) =

@ Relation between observables:

AL (¢) =

QeALu 1(¢) + ALu,pves(¢)

1+ QeAC(¢)

e Compute Fourier coefficients of asymmetries.

H. MoUTARDE (Irfu/SPhN, CEA-Saclay)
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Definition of DVCS observables (2/3).

Combined cross sections.

@ Combined beam-spin 4+ charge cross sections

(COMPASS):
SCS,U = d0i> + dO'; = 2dUUU(1 — ALU,I)
n _
Dcsy = do7 —do™ = 2doyy(Ac — ALu.pvcs)
A _ do—do— _ Ac—Aw,pvcs
o= dai—l—dzr; B 1=Acu,i

o JLab Hall A beam-polarized cross sections:

Aoc = do~ —do*
Yo = do” +do*
o Compute Fourier coefficients of cross sections.
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Definition of DVCS observables (3/3).

What are the probed combinations of CFFs ?

Typical kinematics

) Kinematics

Experiment x5 | Q2 [Gev?] | t [GeV2]
HERA 0.001 8.00 -0.30
COMPASS | 0.05 2.00 -0.20
HERMES 0.09 2.50 -0.12
CLAS 0.19 1.25 -0.19
HALL A 0.36 2.30 -0.23

H. Moutarpe (Irfu/SPhN, CEA-Saclay) IWHSS 2013 - 22 / 07 / 2013 7/23
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Definition of DVCS observables (3/3).

What are the probed combinations of CFFs ?

Typical kinematics

) Kinematics
Experiment & Q2 [Gev?] | ¢ [Gev?] | —t/@2
HERA 0.001 8.00 -0.30 0.04
COMPASS | 0.05 2.00 -0.20 0.10
HERMES 0.09 2.50 -0.12 0.05
CLAS 0.19 1.25 -0.19 0.15
HALL A 0.36 2.30 -0.23 0.10

H. MoUTARDE (Irfu/SPhN, CEA-Saclay)
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Definition of DVCS observables (3/3).

What are the probed combinations of CFFs ?

Selection of observables

Experiment | Observable | Normalized CFF dependence
ALS00 ReH + 0.06Re€ + 0.24ReH
HERMES ALY ReH + 0.05Re€ + 0.15ReH
AT ImH + 0.05Im& + 0.12ImH
A =in® ImH + 0.10lm# + 0.01Im&
CLAS AETY ImH + 0.06Im& + 0.21TmH
Agn® ImH + 0.12Im# + 0.04Im&
HALL A g<0s0? 1+ 0.05ReH + 0.007HH*
geos® 1+ 0.12ReH + 0.05ReH

H. MoUTARDE (Irfu/SPhN, CEA-Saclay)
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Kinematic region of existing DVCS measurements.
Looking for the Bjorken regime.

What is large Q2 ?

| Q% (GeV?)

4.01 . .
3.0t ,-' -
2.01 N . D
Ll . - JLab Hall B
- HERMES
‘ ‘ ‘ _ -HERA
0.1 0.2 0.3 0.4 05 xg

o World data cover complementary kinematic regions.

H. MoUTARDE (Irfu/SPhN, CEA-Saclay)
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gompass e Q7 is not so large for most of the data.
Conclusions @ Higher twists, finite-t and target mass corrections ?
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Constraining models from DVCS data.
Double Distribution model (Goloskokov and Kroll (GK)).

GK model compared to HERMES data

0.4
& 014 w/."‘__j__,__/: ‘aj?s
< T T T -

—0.4

014 somnin =
Er : t

0.4
83 014 %W %
< o4t t + FT—;-W}

0AGT5T 07 03 04 G707 03 0%

—t (GeV?)
Guidal et al.

Rept. Prog. Phys. 76, 066202 (2013)

e Only H
e All GPDs

HTMGUTARDE  (IFfa/SPRN,"CEATSacIay)

TWHSS 2013 - 22 / 07 / 2013

Goloskokov and Kroll,
Eur. Phys. J. C42, 281

(2005)
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/M ] Constraining models from DVCS data.

|/ Double Distribution model (Vanderhaeghen, Guichon and Guidal (VGG)).

Recent VGG model compared to HERMES data

developments

on DVCS ot

5 o &

Introducti ‘ 4
ntroduction ° Only H
Theoretical
framework > Y H + E
l(::cmpton Form F2

actors —
DVCS (Ju, Jd) = (03, 0)
observables
Status > o H + E
Evaluation of ¢ —
Compton (Ju,Jd) - (0,03)
Form Factors B
Explicit ~ 0.14 m Ej'>§
Expressions 2 k] I3
GPD Models << -0.14 4
GK model vs = .
DVCS data - + . | Guidal et al., Phys. Rev.

ompton ¥ 0.4 €3
scattering 23 et &

B o U e D72, 054013 (2005)
Impact on +
phenomenology 0AGT5T 07 03 04 0.1 0.2 0.3 04
First extractions —t (GeV?)
SS 1

i e Guidal et al.
Conclusions Rept PFOg PhyS 76, 066202 (2013)
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/M ] Constraining models from DVCS data.

|/ Dual model (Polyakov and Vanderhaeghen).

Recent Dual model compared to HERMES data

developments

on DVCS o4 ; ] Only H
o H+ E (with a given
model of E(x,0,t))

e H+ E (with
another model of
E(x,0,t))

Ly

Introduction

Theoretical
framework

n
ool

Compton Form
Factors

DVCS
observables

Status

R <<
Evaluation of o4 {
Compton
Form Factors

0
i
=
X
. Ty

>
Explicit = e . £
b ot < onaf o A
GK model vs o Polyakov and Shuvaeyv,
DVCS data 4
gt % hep-ph /0207153
Impact on = i T t Polyakov, Phys. Lett.
Cmstier, o oprorosueooEos B659, 542 (2008)
G Guidal et al.
Conclusions Rept PFOg PhyS 76, 066202 (2013)
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/M ] Constraining models from DVCS data.

|/ Mellin - Barnes representation (Kumericki and Miiller).
S |<\ model compared to HERMES data e Without JLab Hall
developments
on [;)VCSt o ; A data

o % | o With JLab Hall A
Theoretical —0.4 data
e | 11 °" - 2 e With HERMES
ES/CE‘;“H e e I bt polarized target
Status Lo 04 *+‘ """"""""""""""" * > data
Evaluation of < o4 + {* _____ + { i
Compton .
Form Factors =os
Explicit_ = 014 P L SR } ‘g?%
rDoss Lo’ A | Miiller and Schifer,
GK model vs
DYCs data o + 5 Nucl. Phys. B739, 1
Iscattering ‘%(i-foim i o + frp ++ g (2006)
P?S:;::":?w'o%y 045 5T 0z o3 04 01 02 03 04 KumeriCki and Mijllerv
First extractions —t (GeV?)

. Nucl. Phys. B841, 1
cowmpass Guidal et al. y 2000
Conclsions Rept. Prog. Phys. 76, 066202 (2013) (2009)
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4] From QCD first principles to experimental data.

| / Very good theoretical control, but not easy to implement!

Recent o All-order proof of factorization of DVCS amplitude.
e Collins and Freund, Phys. Rev. D59, 074009 (1999)
@ Hard scattering kernel computed at next-to-leading
order at leading twist.

Introduction

et Belistky and Milller, Phys. Lett. B417, 129 (1998)
v @ Evolution equations computed at next-to-leading order.

S Belitsky et al. , Nucl. Phys. B574, 347 (2000)
Coarien & and ref. therein
FE"X:I"idfaC“"S o Finite-t and target mass corrections computed at leading

prosone order: kinematic power corrections to twist 4 accuracy.

BV data Braun et al. , Phys. Rev. Lett. 109, 242001 (2012)
Compton

scattering
Impact on
phenomenology

First extractions
COMPASS

future data

Conclusions
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4] From QCD first principles to experimental data.

| / Very good theoretical control, but not easy to implement!
| Recent @ All-order proof of factorization of DVCS amplitude.
periviy Collins and Freund, Phys. Rev. D59, 074009 (1999)

@ Hard scattering kernel computed at next-to-leading
order at leading twist.

Introduction

Theoretical

e Belistky and Miiller, Phys. Lett. B417, 129 (1998)
EQ’EEV.,. e Evolution equations computed at next-to-leading order.
Status Belitsky et al. , Nucl. Phys. B574, 347 (2000)
i and ref. therein
P o Finite-t and target mass corrections computed at leading
b ot order: kinematic power corrections to twist 4 accuracy.
s Braun et al. , Phys. Rev. Lett. 109, 242001 (2012)
Impt;ct:n GPD " measurements” ?

S o Already achieved: experimentally constrained models.
e @ Next step: Measured transverse plane images.

Conclusions
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/M) Explicit expressions of Compton Form Factors.
|/ Quark and gluon contributions to the CFF A at LO and NLO (at fixed t).

Recent

o Convolution of singlet GPD HJ (x) = Hq(x) — Hg(—x) :
developments

on DVCS +1

Introduction %q(é.’ Q2) - 1 dx H;(X7£’ NF) Tq <X7£7 aS(MF)v MQF>

Theoretical

+1 Q
fComptonll:(orm +/ dX Hg(X?é.? /"LF) Tg <X7 57 @S(MF)7 /,LF)
-1

Factors

DVCS
observables

Status Belistky and Miiller, Phys. Lett. B417, 129 (1998)

Evaluation of

o Pire et al, Phys. Rev. D83, 034009 (2011)
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Expressions

GPD Models
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|/ Quark and gluon contributions to the CFF A at LO and NLO (at fixed t).
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Recent
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Introduction

+1
Ho(€, Q%) L° / deH (o) G(x8)

Theoretical +1

framework

l(::cn;pton Form +/ dX Hg(X, é‘, IU’F) O

DS/CC‘;“bl -1

Esvt::;ion » Belistky and Miiller, Phys. Lett. B417, 129 (1998)
S Pire et al, Phys. Rev. D83, 034009 (2011)
Explicit . . . .

S— @ Integration yields imaginary parts to H :
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SR a6, Q%) X wHE(E )
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/M) Explicit expressions of Compton Form Factors.
|/ Quark and gluon contributions to the CFF A at LO and NLO (at fixed t).

o Convolution of singlet GPD H,(x) = Hg(x) — Hg(—x) :
\Qzl
Cgoll

Recent
developments
on DVCS

Hq(E, Q) Néo/ dx H (x,€, 1uF) [cq+cq f|

Introduction

Theoretical

framework +1 g 1 ‘ Q2 ‘ g
Carmian Feim + dx Hg(Xa €7 :uF) 0+ Cl + 5 n T C('oll
Factors -1 2 HF

DVCS
observables

Status Belistky and Miiller, Phys. Lett. B417, 129 (1998)

Evaluation of

Compton Pire et al, Phys. Rev. D83, 034009 (2011)

Form Factors

Explicit . . . .

Expressions @ Integration yields imaginary parts to H :

GK model vs

DVCS data

Compton Im/Hq(£7 Q2)

Impact on +1 q + +

e [ T (Hy (6 ar) = H (6.6 11p))
COMPASS s

GPD Models

NLO
scattering = I(&)H; (€7 67 l"LF)
future data

+ gluon contributions.

Conclusions
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Explicit expressions of Compton Form Factors.

Compton Scattering: LO vs NLO.

Imaginary part of Compton Form Factor H, at NLO:

NLO

Iqu(év Q2) — Z(f)H;(§’§7/~LF)

-1

N / o T (Mg (x. & p) — H (6..05)

+ gluon contributions.

N\

Due to O(as(pr)) corrections:

4

H. MoUTARDE (Irfu/SPhN, CEA-Saclay)

IWHSS 2013 - 22 / 07 / 2013

15/ 23



Recent
developments
on DVCS

Introduction

Theoretical

framework
Compton Form
Factors

DVCS
observables

Status

Evaluation of
Compton
Form Factors
Explicit
Expressions
GPD Models

GK model vs
DVCS data

Compton
scattering
Impact on
phenomenology
First extractions
COMPASS
future data

Conclusions

Explicit expressions of Compton Form Factors.

Compton Scattering: LO vs NLO.

Imaginary part of Compton Form Factor H, at NLO:

ImHq(€, Q%) "= T(E)HI (&€, 1F)

-1

N / o T (Mg (x. & p) — H (6..05)

+ gluon contributions.

N\

Due to O(as(pr)) corrections:

o ImH4 is no more equal to TH, (x = &, &) (LO):

4
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Explicit expressions of Compton Form Factors.

Compton Scattering: LO vs NLO.

Imaginary part of Compton Form Factor H, at NLO:

ImHq(€, Q%) "= T(E)HI (€€, 1F)

-1

N / o T (Mg (x. & p) — H (6..05)

+ gluon contributions.

N\

Due to O(as(pr)) corrections:

o ImH4 is no more equal to TH, (x = &, &) (LO):
o Multiplicative factor Z depends on &.
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+ gluon contributions.

N\

Due to O(as(pr)) corrections:

o ImH4 is no more equal to TH, (x = &, &) (LO):

o Multiplicative factor Z depends on &.
o Integral with off-diagonal terms.
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Explicit expressions of Compton Form Factors.

Compton Scattering: LO vs NLO.

Imaginary part of Compton Form Factor H, at NLO:

NLO

Iqu(év Q2) — Z(f)H;(€’€7MF)

-1

N / o T (Mg (x. & p) — H (6..05)

+ gluon contributions.

N\

Due to O(as(pr)) corrections:

o ImH, is no more equal to TH (x = £,£) (LO):
o Multiplicative factor Z depends on &.

o Integral with off-diagonal term
o ImH, contains gluon contributi

@ No more direct link to Hg even in valence region where

Hq(—¢&,&) is expected to be small.

S.
ons.

4

H. MoUTARDE (Irfu/SPhN, CEA-Saclay)

IWHSS 2013 - 22 / 07 / 2013

15/ 23



Recent
developments
on DVCS

Introduction

Theoretical

framework
Compton Form
Factors

DVCS
observables

Status

Evaluation of
Compton
Form Factors
Explicit
Expressions
GPD Models

GK model vs
DVCS data

Comptgn
scattering
Impact on
phenomenology
First extractions
COMPASS

future data

Conclusions

Explicit expressions of Compton Form Factors.

Compton Scattering: LO vs NLO.

Imaginary part of Compton Form Factor H, at NLO:

NLO

/qu(év Q2) — Z(f)H;(€’€7MF)

-1

N / o T (Mg (x. & p) — H (6..05)

+ gluon contributions.

Due to O(as(pr)) corrections:

o ImH, is no more equal to TH (x = £,£) (LO):
o Multiplicative factor Z depends on &.

o Integral with off-diagonal term
o ImH, contains gluon contributi

@ No more direct link to Hg even in valence region where

Hq(—¢&,&) is expected to be small.

Question: What is the size of these O(as(uF)) corrections?

S.
ons.
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Double Distribution models of the GPD H.

Kroll - Goloskokov model.

o Factorized Ansatz. For i = g, sea or val :

Hi(x, &, t) = / dpdad(B + Ea — x)fi(B, a, t)
|0<\+|5|<1

ﬁ(ﬁ7a7t) = ebt ()ﬂ-n,(ﬁ’ )

|6‘a t
__T@em+2) (1|8 —a?™
71'ni(67 05) - 22n,-+1r2(n’. + 1) (1 _ ‘5‘)2ni+1
@ Expressions for h; and n; :
he(B) = 1lg(|A]) ng = 2
hSqea(/B) = Gsea(|8])sign(B) Ngea = 2

hgal(ﬁ) = qval(ﬁ)e(ﬁ) Na = 1
Goloskokov and Kroll, Eur. Phys. J. C42, 281 (2005)

@ Comparison to existing DVCS measurements at LO.
Kroll et al. , Eur. Phys. J.,C73, 2278 (2013)
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Double Distribution models of the GPD H.

MSTWO08 based model with classical Radyushkin's factorized Ansatz.

@ Use MSTWO08 Parton Distribution Functions.
Martin et al., Eur. Phys. J. C. 63 (2009) 189.

@ Assume factorized t-dependence:

Hix.&,t) = / dda (B + Ea — x)m(B, a)f (B, 1)
|| +|B]<1

e u and d quarks:
AB.ont) = SFOu(E(.0)
fa(Boa,t) = F(t)d(B)n(B, )

with F¥ and F the u and d quark contributions to the

proton form factor Fi.
e s quark and gluons: dipole Ansatz.

@ Add D-term from Chiral Quark Soliton Model.
Goeke et al., Prog.Part.Nucl.Phys. 47 (2001) 401
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Goloskokov-Kroll (GK) model on DVCS.

No parameter of the GK model was tuned to analyse DVCS.

*p — vp Cross section, HERA
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Goloskokov-Kroll (GK) model on DVCS.

No parameter of the GK model was tuned to analyse DVCS.

Beam Charge Asymmetry, HERMES
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Goloskokov-Kroll (GK) model on DVCS.

No parameter of the GK model was tuned to analyse DVCS.

Beam Spin Asymmetry, HERMES
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Beam Spin Asymmetry, CLAS

Goloskokov-Kroll (GK) model on DVCS.

No parameter of the GK model was tuned to analyse DVCS.
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—0.1 GeV?, Q% =

ReH at LO and NLO (t =

Spacelike CFF H: large NLO contribution.

Mostly due to gluons, maximum in HERMES / COMPASS kinematic region.

p2 = 4. GeV?)

£ ReH

v

10 10 10-! £ 1

1073 10-2 10-! ¢ ! 00 10-2 1071 & !
Moutarde et al. , Phys. Rev. D87, 054029 (2013)
dotted: LO  dashed: NLO quark corrections solid: full NLO

Left: KG model
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Spacelike CFF H: large NLO contribution.

Mostly due to gluons, maximum in HERMES / COMPASS kinematic region.

ImH at LO and NLO (¢t

—0.1 GeV?, Q% = pu# = 4. GeV?)

= - ::::"-»-, ,,,,,, =
1073 10 10-" é. 1 T10-3 10 10-" 5 1
SIE 00 % 00
;%702 ;‘%702
ZE”"‘” z;g~70.4
03 10-2 10! ¢ 1 TR 10-2 10-! ¢ 1
Moutarde et al. , Phys. Rev. D87, 054029 (2013)
dotted: LO  dashed: NLO quark corrections  solid: full NLO
Left: KG model Right: MSTW08-based model
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Timelike CFF H: large NLO contribution.

Mostly due to gluons, maximum in HERMES / COMPASS kinematic region.

ImH at LO and NLO (t = —0.1 GeV?, Q2 = ,u,%_- =4, GeV2)
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Rev. D87, 054029 (2013)

dotted: LO  dashed: NLO quark corrections  solid: full NLO
Left: KG model Right: MSTW08-based model
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Summary of current extraction methods.

Problems : Model dependence ? Degrees of freedom ? Extrapolations ?

DVCS data.

ImH best determined. Large uncertainties on ReH.

Dominance of twist 2 and validity of a GPD analysis of

@ However sizeable higher twist contamination for DVCS

measurements.

Already some indications about the invalidity of the

H-dominance hypothesis with unpolarized data.

H. MoUTARDE (Irfu/SPhN, CEA-Saclay)

Clear signs that one or several things are missing !

See Guidal et al. and ref. therein
Rept. Prog. Phys. 76, 066202 (2013)
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Projections: COMPASS kinematics, DVCS channel.

Sizeable NLO corrections and gluon contributions.

E, =160 GeV, xg = 0.1, Q% = 4 GeV?, t = —0.2 GeV/?
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Moutarde et al. , Phys. Rev. D87, 054029 (2013)

dotted: LO  dashed: NLO quark corrections  solid: full NLO
Upper line: KG model Lower line:"MSTWO08-based model
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4] Conclusions.

| / The importance of spacelike and timelike Compton scattering at COMPASS.
devzz;enﬂ‘ents o Large NLO " corrections” to DVCS amplitude.
on DVCS

o Larger for TCS. Measurement of TCS at COMPASS?

Introduction

Theoretical

framework @ Measurements of DVCS and TCS provide tests of

EVE? o factorization and of the QCD understanding of these
Qpservables reactions through the size of NLO corrections.

EEE:%E:: @ Need global GPD fits to separate quarks and gluon
Blcic contributions and accurately interpret extracted data.
GPD Models

E’snc:igtl @ DVCS measurements at COMPASS will provide an
ST interesting cross-check of HERMES DVCS data.
Impact on

S o COMPASS DVCS experiment may provide a way to
foare dat constrain gluon GPDs!

Conclusions
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