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- - [DM, Robaschik, Geyer,
M O tl Va tl On Dittes, Horejsi (91/94)]
GPDs and their crossed counterparts generalized distribution amplitudes GDAs
embed like parton distribution functions (PDFs) non-perturbative physics

e.g., deeply virtual Compton scattering (DVCS) Q2 > 1GeV/2
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GPDs simultaneously carry information on ﬁ / ® \f

and distribution p - ®
of partons in a proton

for n=0 they have a probabilistic interpretation
(infinite momentum frame) [Burkhardt (00)]
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t=0

# GPDs contain also information on
1
2

partonic angular momentum [X. Ji (96)]
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Other hard exclusive channels

* deeply virtual Compton scattering processes & crossed process
4 u €p — epy [DM et. al (91/94)

. e e — ey Radyushkin (96)
Y eA — eAy Ji (96)
Diehl, Pire, Teryaev (99)]
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* deeply virtual meson production (DVMP) & [Collins, Frankfurt,
: Strikman (96)]
crossed processes (exclusive Drell-Yan)

J Gp—>€pM M E{W,p,qﬁ,w,J/w,T'--}

LL'IZI:(Q) A{’ ep—enMt MTe{xt,pt, -}
/
— pp — ppJ /¢
pA — pAJ /Y
* large data set arose from systematic measurements (started at ~ 2000 ) at
DESY (H1, ZEUS, HERMES), JLAB (CLAS, HALL A, HALL C),

CERN (COMPASS, ALICE)
* planned dedicated GPD programs at COMPASS Il and JLAB@12GeV
* essential part of physics program for proposed machines
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Field theoretical GPD definition

[DM, Robaschik, Geyer,

* GPDs (GDAs) are defined as non-perturbative Dittes, Hofejsi (91/94)]

matrix elements of renormalized light-ray operators:

“dr
Pl ) = [ S5 URIR o) [(—rn), (sn)]oen): | P), 2 =

momentum fraction x , skewness 1=23 A=P,—P P=P +P, A*=t

* their evolution is perturbatively calculable (evolution equations, like for PDFs)

d 1 dy XL y

2 2 2 2
—_F tu)= | 2ZVv(= Zla, Fy,n,t,
lu l 2 (ZE7777 7/’L ) /12” ( 7 ‘Oé (/’L )) (y 77 lu

* for a nucleon target we have four chiral even twist-two GPDs:

— V4 — — ’iU+VAV
Yiveyi = g = U(P2, S2)y+ U(PL S1)H; + U(P2, S2) — 5 —U(F1, S1) E;
Yiveys¥s = 0 = U, S2)v47sU (P, S1) Hi + U(P2, S2) 57 UPr, S1) Ei

shorthands (Ji's convention):

F={H,E,H,E)} &CFFs/TrFs: F — {7_[,577/_275}




GPD properties (from definition)

* polynomiality arises from Poincaré covariance

1
/ dr " F(x,n,t) = polynom of order n or n + 1 in 7
~1

e L . : : [DM et. al (91/94)
* satisfied within double distribution representation Radyushkin (96)]

(Radon transform, inverse transform was rederived once more in 2000)

1 fl_y

F(x,n,t) = (1—x)p/£ dy/

dz 6(x —y —2n)f(y,2,t), p=10,1}
14y

* lowest moment: partonic form factor — related to observables
* first moment: expectation value of energy-momentum tensor [Ji (96)]
* generalized form factors are measured in lattice simulations

* reduction to parton distribution functions (PDFs)
= lim H t), Ag(z)= lim H t
q(x) = lim H(z,n,t), Ag(z)= lim H(z,n,1)

* positivity constraints are automatically satisfied in the LFWF overlap
representation [Pobylitsa (00,02)]



A partonic duality interpretation

GPD reads explicitly (double distribution representation);’
e.g. for quark GPD (anti-quark x — -x):

B 1, t) =
0—n <z <Dwl,nt)+ 00 <z < DHwk,—n,7)

xz+mn

w (z,m,t) = =2 [0 dy f(y, (z— ) /n,t)

dual interpretation on partonic level:

support extension n+x
IS unique [DM et al. 91/94]

<

ambiguous (D-term)
[DM, A. Schéfer (05);
central region -n<x<n KMP-K (07); outer region n < x

_ . Hwang DM (07) _ . 7
mesonic exchange in t-channel p (17)] partonic exchange in s-channel




* QObservables are given in terms of CFFs and TFFs
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GPD myths

2
Sm Fi(wn, £, 0%) o (1), f—) FA(s, €1, 12)

« measurement of quark angular momentum
« GPD tomography (probabilistic interpretation)
* measurement of pressure inside the proton

only a model dependent access Iis possible



GPD representations

“light-ray spectral functions”
diagrammatic a-representation
DM, Robaschik, Geyer,
Dittes, Hofejsi (88 91/94)
called double distributions
A. Radyushkin (96)

light cone wave function overlap Diehl, Feldmann,
Jakob, Kroll (98,00)

(Hamiltonian approach in light-cone quantization) Diehl, Brodsky,

Hwang (00)
SL(2,R) (conformal) expansion Radyushkin (97);
. Belitsky, Geyer, DM, Schafer (97);
(resummed series of local operators, Shuvaev (99,02); Noritzsch (00)
rather similar to Mellin transform of PDFs) Polyakov (02’,07)’

DM, Schafer (05); Kirch et. al (05)

q each representation has its own advantages,
however, they are equivalent (clearly spelled out in [Hwang, DM;07])



SL(2,R) representations for GPDs
e support is a consequence of Poincaré invariance (polynomiality)
Fo(n,t,p?) = [ da 77”03(%) F(z,n,t, y*)
 conformal moments evolve autonomous (LO and beyond in a special scheme)

pgs Fa(n,t,12) = =280 Fo(n, 6, 14%) = Fa(n,t, Q%) = Ba(Q?, Q) Fu(n,t, Q3)

« GPDs are now given as a series of generalized functions:
252 B -
Fla,m,1) = Lo o(—=1)"pa(@, m) Fu(n,1), pale,n) (2] < n)LsCi(52)

* Mellin-Barnes integral based on Sommerfeld-Watson transform [DM, Schifer (05)]

Pt @) = § [75 45 BT .1, )

c—ioco Y sin(7y)
» this technique is utilized in the existing GPD fitting procedure

c+100 . e ' : cos(
P60 = kST iy [ - SR En Q) «




Advantages of the Mellin-Barnes integral

another possibility to parameterize GPDs [analog to Shuvaev's suggestion]
(basic properties are implemented, essential for flexible fitting routines)

(LO) solution of the evolution equation is trivial implemented

2 i [Ctio0 ;. pj(x,n) 7 197 do as(o) 2
F(x,n,t, Q%) = 3 4 s P\ —5 Jo2 75 Fi(n, £, Q0)

c—100 sin(7yj) o

fast and robust numerical evaluation

simple representation of amplitudes

1 1 1
o 2
‘F(xBat7Q)_/_1daj [f—x—@€:F€+ZE—Z€] F(aj,g,t’Q)

c+100 -1 . .
r 1 / cljf_ﬂ'—l?”r ['(5/2+j) (i— cos(mj) F 1

“9i ) rEre T () 6 6@

v MS factorization conventions can be implemented at NLO

v' CS factorization conventions enable us to explore NNLO corrections



What is dual’ parameterization ?

- t-channel scattering angle and skewness parameter are related: cost ~ —1/7

* labeling the conformal moments by the t-channel angular momentum J
(conjugated variable to 8 or in some sense to n)

_ o Jt+1 NIt [I?olyakov (99)
Fi(n,t) =m0 f5,0(8) dy(1/n) Ji, Lebed (00)
Diehl (03),
ﬁ ﬁ KMP-K (07),...]
partial wave amplitudes  reduced Wigner
depending on j and J rotation matrices

» primary ‘quantum numbers’ are j+2 and the difference 2v=j+7-J

» in “dual” parameterization j+2 is replaced by conjugate momentum fraction y

_— 1 9 [Polyakov,
F(z,n,t) =020 Jo dy Ko (2, 1]9)y* Q2u (y, t) Shuvaev (02)]

* GPD model building in terms of ..., (t)or Q,yt) (one-to-one to DDs)

“dual’ parameterization [Guzey, Teckentrup (06)] effectively took v=0 [Polyakov (07)]

- deeper insights [Polyakov, Semenov-Tian-Shansky (07,08) and DM (15)]



A flexible GPD model

* take three effective SO(3) partial waves
Fy(n,t) = di(n) ] () + nPdj—a(n) S} (0) + n'dj—a(n) f] (1), j =4
7% mt) = sufiT(nt), v=12--
* rewrite Mellin-Barnes integral
_ Z/c+mdj 5_J._123'+1+2’T(5/2 +.j + 2v) (Z B cos.(ﬂj) i 1)
2 ['3/2)I'(3+j + 2v) sin(7y)

xs,,EjJrQV(QQ)ijH(t)cfjﬂ(f) + two ‘subtraction terms’ so =1

NOTE:
> first partial wave amplitude is fixed by PDFs (if they exist) and FFs
» “Regge poles” should be in the angular momentum J-plane (not in the j-plane)

2
20+2vT (3 /2 1 oy 4 Qu
( / )Q(SU, Q2)

H t—O QQ x—0 y
(@, 2. ) = ;)S T(3/2)0(2 + a + 2v)

» a J-pole is associated with a series of spurious poles in the j-plane 13



Diehl et al

LFWF overlap representation o

parton diagonal overlap representations for outer region (x 27)

tmin
Hat) + G @) = 3 //koL Y. 007 O K0 ) (X i)
(n—1)
|AJ_‘€_?:SD
Wi 56 7]7 Z koL w(n) _Lz7 )w(n)(Xz,ku, )
—1
X == 1(_x) for the struck part
where 1_1_na K\ =k, - - or the struck parton,
X{:i—ZXZ-, k’M:kM—i—i—FZX A for the spectator i € {2,---,n},

How to restore the full GPD (or DD)? new result [DM (17)]
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[Belitsky, DM (97);

S ta tus Of th eo ry Mankiewicz et. al (97);

Ji,Osborne (97/98);
v twist-two DVCS coefficients at next-to-leading order Pire, Szymanowski, Wagner (11)

time-like " DM, Pire,

v twist-two DVMP coefficients at next-to-leading order Szymanowski, Wagner (11)]

new _ [Belitsky, DM (01);
NLO effects are well understood generically Ivanov, Szymanowski,Krasnikov (04)]
large-€: logarithmical enhancement DM, T. Lautschlager,

valence region: weak evolution implies moderate effects &' " asserrumerick.
Ol P A. Schaefer (13);

small-¢: model dependence G. Duplancic, DM,

: : : K. Passek-Kumericki (16),
v"anomalous dimensions & evolution kernels at next-to-leading order

evolution effects can be called moderate, except for H/E at small- ¢ E,B:::j,?d, ('3'}")](98’

NLO analyses have to include NLO evolution

v DVCS gluon transversity at next-to-leading orderiBelitsky, DM (00)] e

v next-to-next-to-leading order for DVCS in a specific subtraction scheme KMP-K,

Schaefer (06)]
NLO — NNLO corrections can be called moderate w.r.t. LO — NLO. _
[Anikin,Teryaev, Pire (00);

. . : : Polyakov et. al (00),
v twist-three including quark-gluon-quark correlation at LO BZ,?;ZK;VSM ?oé); ,)(ive| et. al,

v partially, twist-three sector at next-to-leading order Weiss, Radyushkin (00)]
[Kivel, Mankiewicz (03)]

? “target mass corrections’ (not understood to that time) [Belitsky, DM (01)] 15

new

v" kinematical twist-four corrections at LO for DVCS [Braun, Manashov (111



leptoproduction of photons
e*(k)N(p1) — e* (K )N (p2)7(g2)
measured by H1, ZEUS, HERMES, CLAS, HALL A collaborations,
planed at COMPASS, JLAB@12GeV

2 2 —1/2
do _ a’ TRy 1 4 AM~zT; / ‘T|2
dzp;jdydtdpdep 16 w2 Q2 | )=

Z

21 -q1 1+E
P1-q1
p1-k
= A? (fixed, small),
= —¢® (> 1GeV?),

Y
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interference of and Processes

4,_/*/
i{iql) 7(?;)(9

y 2 P E
o o SR

12 Compton form factors H,E, H, &, - - - elastic form factors Fi, F»
(helicity amplitudes)
6 2
eb(1 + €2)~2 BH
Tu|*= cos ( : exactly known
23;y%t P1(4)Pa (s Z (LO, QED)
&’ (DVOS | - [DVCS $DVOSg; LEOEs
Tovosl? = -0 £ BV 4 3[R Seos(ng) + sV Ssin(ne)] |, "B 14
s helicity ampl.
3
+e6 harmonics
L= g + ctcos(ng) + stsin(ng)] p . T 1:1
By tP1(¢)P2(9) { ’ nz_:l | |

helicity a‘&g



all harmonics are given by twist-2 and -3 GPDs: [Diehl et. al (97)
Belitsky, DM, Kirchner (01)]

T 2
-2(GPDs) + O(1/9%), & o % tw-2(GPDs) 4+ O(1/Q9%),

(1)
loaf I
{(:2} A? {c% Ao

x — tw-3(GPDs) + O (1/9%), x

.4 3) Q

(tw-2)T +O0(1/9%),

51 Q S9

e.g., n=1 odd harmonic is approximately given by 'CFF’ combination

55 o (tw-2)?, {Cl}csoc 2 (tw-2) (tw-3), {CQ}CSoc 0 (-2) (t-2) T

s —2-2y+y)) [(Re) .x .. A2
Lun _ - . £ - T B B &
{S{unp } oE { /\y(z - y} } { 3m } ¢ g (‘ ) unll"' Ft H _i_ TR (Fl T FEJ H 4:11!2 FQ"»-'

relations among harmonics and (helicity dependent) CFFs  [Belitsky, DM (10) --
are not more based on a 1/Q expansion: SEDE .5 L, d )]

o f TR
. 8KM/1—y—L1(2—y)y & 601t
S{“Tl]ﬂ —= \/ _ : \5111{[1 ([1 > ].?7++—|— [

e (Q* +t)s }:c:—)

QL +?) P\l 2@ 1142 Q12
=HE* E) b4 :
\/LQJ‘ALE“P (F__ + 3[.}:__ ‘|—JT_+] — .:nr[}-_) } (70)
new improved C' coefficients ensure the cancellation of kinematical singularities

relations among CFFs and GPDs are always based on a 7/Q expansion 10



DVCS world data set

T T P b0 T 1T T 05017

Current DVCS data at r:r:}lllders

1{)3 —QO ZEUS- total xsec [0 Hi-total xsec
- ® ZEUS- do/dt B Hi-do/di
B Hi-Acy

Current DVCS data at fixed targets:

- 4 HERMES-A, A HERMES-AcU
| 4 HERMES-A_;, Ay, AL

4 HERMES-Ayr * HallA-CFFs
¥ CLAS- Ay % CLAS- Ay

Planned DVCS at fixed targ.:
777 COMPASS- do/dt, Acsy, Acst
JLAB12- do/dt, ALy, Auc, AL

—
=
g%
T rl||l||
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Strategies to analyze DVCS data
GPD model approach:

(ad hoc) modeling: VGG code [Goeke et. al (01) based on Radyuskin’s DDA]
BKM model [Belitsky, Kirchner, DM (01) based on RDDA]
“aligned jet’ model [Freund, McDermott, Strikman (02)]
Kroll/Goloskokov (05, 07, 13) based on RDDA
“dual’ model [Polyakov,Shuvaev 02;Guzey,Teckentrup 06; Polyakov 07]
“ - % [KMP-K (07) in MBs-representation]
polynomials [Belitski et al. (98), Liuti et. al (07), Moutarde (09)]

dynamical models: not used [Radyuskin et.al (02); Tiburzi et.al (04); Hwang, DM (07,14)]...

flexible models: can be set up in any representation
(for fits) KMP-K (07/08) for H1/ZEUS in MBs-representation

extracting CFFs (real and imaginary part)/GPDs from data:

i. CFF extraction with formulae [BMK (01), HALL-A (06)]
fits [Guidal, Moutarde (08...)]
neural networks [KM, Schaefer (11)]
ii. "dispersion integral’ fits [KMP-K (08), KM (08...)]
iii. flexible GPD modeling [KM (08...)] 20



» a complete measurement allows in principle to pin down all CFFs

KK, DM, Murray (13)

» missing information in incomplete measurements can be filled with noise

(Guidal's philosophy: use noise together with hypotheses and model constraints,
our results are compatible)
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> larger statistics: asymmetry value
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Flexible GPD model fits [K. Kumericki, DM (08)]
~

/
H1, ZEUS, HERMES hypothesis of GPD moments
CLAS, HALLA, ... //—1,> (in a given representation)
- — / (a set of parameters)
S -
GeParD a N(N)LO routine
1 for evaluation of CFFs/TFFs

| - =

—_:> ( 1@ (in terms of CFFs/TFFs)
N J

Requirements on software developments:
development should not require much man power

most flexible structure for processing of information -

robust and fast numerics



KM fits to DVCS

* a hybrid model: three effective SO(3) PWs for sea quarks/gluons

dispersion relations for valence quarks
still E GPD is neglected (only D-term)
still E GPD only flexible pion pole contribution

* asking for GPD H and "D-term’ (H is considered as effective d.o.f.)

leading order, including evolution for sea quarks/ gluons
quark twist-two dominance hypothesis within CFF convention [BM10]

* data selection (taking moments of azimuthal angle harmonics)

KM10a: neglecting HALL-A data
KM10b: forming ratios of moments ~  —o—————————————

oO.61 +— .02

KM10:. original HALL-A data e o e
neglecting large -t BSA CLAS data Bk s D
. My = 4. 00 +— 3.33 Cedge)
15 parameter fit, e.g., R <L s
_ = R i —“+— -
including all HALL-A data T g ot et g
tMwv = 0. B8 +— O,.24
trw = T.re +— 1 .39
175 data points e e
rpi = 3. B4 +— 1 _T7T
X 2/d.o.f. =132/165 ki 23 _



« KMM12/15 includes polarized target DVCS data
(global fit to most of DVCS data , e.g., +?/d.o.f ~ 1.6
e.g., transverse polarized HERMES asymmetries looks as)

' | ' | ' | ' | '
E L o [ ] HERMES 1 * local fit of 3mH + Re £ .
o 02k + | e olobal fit | +  local it of SmH + ReH + ImH |

r__' il _L_‘l j

Ao

DVCIS
=
-2
— e —
+
—_——
- +
++
t
T —

0 0.2 0.4 0.1 0.2 2 - 6
ST



DIS+DVCS+DVMP phenomenology at small-xg (H1,ZEUS)
works somehow without DIS at LO [T. Lautenschlager, DM, A. Schifer (13)]
works at NLO (Q? >4 GeV?), done with Bayes theorem (probability distribution function)
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KM models are available at WWW

e http://calculon.phy.hr/gpd/ — binary code for cross
sections

% xs.exe
xs.exe ModelID Charge Polarization Ee Ep zxB (12 t phi

returns cross section (in nb) for scattering of lepton of energy Ee
on unpolarized proton of energy Ep. Charge=-1 is for electronm.

ModelID is one of
0 debug, always returns 42,
1 KM09a - arfiv:0004.0458 fit without Hall A,
2 KMO9b - arXiv:0804.0458 fit with Hall A,
3 KM10 - preliminary hybrid fit with LO sea evolution, from Trento presentation,
4 ¥Mi0a - preliminary hybrid fit with LO sea evolution, without Hall A data
5 KMi0b - preliminary hybrid fit with LO sea evolution, with Hall A data

¥B 02 t phi -- usual kinematics (phi iz in Trento convention)
%*Is.exe1l-1127.60.938 0.111 3. -0.3 0

0.185843864097251



GPD page and server

e Durham-like CFF/GPD server page
Mo O

e e gl fh | 5 calcdon, phy.prmif unizg. b gpdds 2 reeriOE F Rt

o Do we need "Les Houches Accord” CFF/ GPD interface?



The Future
v COMPASS |1 J-PARC

v JLAB@12 GeV PANDA@GSI

? ENC@GSI

? LHeC@CERN

? EIC@BNL or EIC@JLAB Aschenauer, Firzo

KK, DM (13)

x q“‘“[x,_I;,QJ] [fin xg" "“Lr.E,Q}] Lfin~7 x g(\,EQJ] Lfm™7]

| {from stage i
| 20x250 GeV?2
simulations

15 K
4

[0.89 , 1.00]
[0.27 , 0.09]
084, 0.97]
(080, 0.94]
[0.50, 0.80]
[0.70, 0.30]
[0.60, 0.70]
(050, 0.60]
[0.40, 0.50]
10,30, 0.40]
10.20, 0.30]
10.20, 0:20]
10,65, 0.10]
10,02, 0.05]
(0,01 , 0.02]
(0,80, 0.01]

24

e
P B ]
T ek

N

i i i
h. ™ LA I-'\l N g ]

“\- = =
1 1

[T T T T [




Prospect: quantifying partonic content

looks doable
elastic

processes —> F F S < IEWl IIDH“‘,?’(a1“79;] DM (07,14)

hard excl.
processes

exclusive
processes

@ large t

inclusive
processes

dynamical
sem:—mclus:ve -
:> UPDFs < models




Summary

GPDs are intricate and (thus) a promising tool
» to reveal the transverse distribution of partons (to some extend done at small xy)

> to address the spin content of the nucleon (not possible at present in pheno.)
» providing a bridge to LFWFs & non-perturbative methods (e.g., lattice)
» CFFs have their own interest, bridging low and high virtuality regimes

first decade of hard exclusive leptoproduction measurements
* DVCS data are describable by means of GPDs, first new qualitative insights

* DVCS and DVMP data are describable in global NLO fits at small x
* moving on: to NLO, kinematical twist, full GPD models, DIS+DVCS+DVMP+...

* theory & software development is needed to address phenomenological goals

* covering the kinematical region between HERA (COMPASS) experiments
within a high luminosity machine and dedicated detectors is needed to
quantify exclusive and inclusive QCD phenomena: handle on GPD E & 3D
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