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Definition of GPDs
e In QCD GPDs are defined as [Miiller '92, et al. '94, Ji, Radyushkin '96]

dz= - _
F(x,n,t) _/277 e Pz (P2|g(—2)ytq(2)|Py1)

Z+:0,ZJ_:0

27
(and similarly for gluons F& and Fé).
x + nP+ r—mn
2 2

ZJr:O7 ZLZO

~ dz= - _
F9(x,m, f)—/ """ (Py|a(—2)75q(2)| Pr)
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Some properties of GPDs

e Decomposing into spin-non-flip and spin-flip part:

2 (Pt u(Py) .,  G(Pa)ictu(Pr)A,
F = TH 2MP+ £
= a(P2)y ysu(Pr) -, G(P2)ysu(P1)AT -
a — Ha Ea
F P+ 2MP+
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Some properties of GPDs

e Decomposing into spin-non-flip and spin-flip part:

. 0(P)yTu(Py), . G(P2)ic™u(P1)A, _, -
F - T— H® + P+ E a=gq,8
=, 0(P)y ysu(Pr) ¢, | G(P2)ysu(Pr)AT », -
F2 = o H? + NPT E a=4gq,g

e Ji's “sum rule” (related to proton spin problem)

1 1
J9 = / dxx[Hq(x,n, t) + E9x,n, t)] [Ji '96]
2 1 t—0

(where E is poorly constrained by present data)
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Some properties of GPDs

e Decomposing into spin-non-flip and spin-flip part:

. 0(P)yTu(Py), . G(P2)ic™u(P1)A, _, -
F - T— H® + P+ E a=gq,8
=, 0(P)y ysu(Pr) ¢, | G(P2)ysu(Pr)AT », -
F2 = o H? + NPT E a=4gq,g

e Ji's “sum rule” (related to proton spin problem)

1
J9 = 1/ dxx[Hq(x,n, t) + E9x,n, t)] [Ji '96]
2 1 t—0

(where E is poorly constrained by present data)
e Distribution of partons in transversal space

z d?A ib, -A A2
p(x, bl):/ @n)? e P H(x,0,—A7) [Burkardt '00]

(where experiments are mostly sensitive to H(x, x, t))
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Access to GPDs via DVCS

e Deeply virtual Compton scattering (DVCS) — “gold plated”
process of exclusive physics

e DVCS is measured via leptoproduction of a photon

P
DVCS BH

o Interference with Bethe-Heitler process gives unique access to
both real and imaginary part of DVCS amplitude.
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DVCS cross section

do o [T1? = [Teul? + [Toves|> + T .

T _ef{coz + 23: [ cos(ng) + s sin(ng)] } :

P1(6)P2(0)

2

n=1

‘IHDVCS|2 o { DVCS _|_z DVCS COS(H¢) DVCS sin(ngb)] }’

e Choosing polarizations (and charges) we focus on particular
harmonics:

L unpol. X [Fl ReH — (F1 + F2) Re ’H}

4/\//2
[Belitsky, Miiller et. al '01-'14]
e H(xg,t,Q?), ...— four Compton form factors (CFFs)
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Factorization of DVCS — GPDs

® [Collins et al. '98]

Za SN

p p

e Compton form factor is a convolution:

Q2 a XB 2
QQ)H(X727XBﬂt7QO)
a=q,G

o H3(x,n,t, Q3) — Generalized parton distribution (GPD)

a/H(XB, t, Q2) = /dx Ca(X B
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(N)NLO corrections

® [K.K., Miiller and Passek-K. '07]

1 . T T T —
8 T T T TTTTTTT oo a
' L —
N> 3 —_—— | Thick lines:
[} —
o 06— —_— — “hard” gluon
5 F - 1 NG =0.4
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I — E +0.05
~ 04— —
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- s ——— P=2(NNLO),CS B Ne = 0.3
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Status of fits
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Hybrid GPD models for global fits

Sea quarks and gluons modelled using SO(3) partial wave
expansion in conformal GPD moment space + Q? evolution.

Valence quarks — model CFFs directly (ignoring Q% evolution):

9
2x \ 0 1 x\? 1
H t)=nr2¢ .
(X7X7 ) nr <1+X> <1+X) (1_177Xi)p
1+x M?

e H determined by dispersion relations
15 free parameters in total for H, H, E, E.

I ) = 7 [GH(E 6 1)+ GHE 6 )+ SH( 6 1)
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Experimental coverage (fixed target part)

Collab.  Year Observables Kinematics No. of points
XB Q% [GeV?]  [t| [GeV?] total indep.
HERMES 2001 Ao 0.11 2.6 0.27 1 1
CLAS 2001 AT 0.19 1.25 0.19 1 1
CLAS 2006 A Y 0.2-0.4 1.82 0.15-0.44 6 3
HERMES 2006 A 0.08-0.12  2.0-37  0.03-0.42 4 4
Hall A 2006 o(¢), Aa(9) 0.36 15-23  0.17-0.33 4x24+12x24  4x24+12x24
CLAS 2007 Aru() 0.11-0.58  1.0-4.8 0.09-1.8 62x12 62x12
Acos(0.1)6 sin(9—o
C + AuT,DV 12412412 4+4+4
HERMES 2008 agin(9-¢ds) cos(0.1)¢ 003-035  1-10 <0.7 12+12 4+4
Agos(ws)sm 12 4
UT, I
CLAS 2008 ALu(9) 0.12-0.48  1.0-28 0.1-0.8 66 33
sm(m)e mo 18+18+18 64646
HERMES 2009 At ALUDves: 005-024 12-5.75 07
eoazms < 18+18+18+18  6+6+6+6
AS
(12.3)6 12+412+12 44414
HERMES 201 ALY, 03-0. 1-1 )
S 2010 i012)0 0.03-035 0 <07 12412412 44414
LL
Acos(a OS)COS(O,I.Q)Q
oo, 12412412 4+4+4
HERMES 2011 ( eos0) 0.03-0.35 1-10 <0.7 12+12 4+4
cos(¢—s) cos
ArﬁrrﬁHefv\%s e 12412 4+4
pinio—6s)siné 12 4
LT,BH+DVCS
sm(12)o sin ¢ 18+18+18 6+6+6
HERMES 2012 At + ALUpves: 003-035  1-10 <0.7
cos(c 1,2,3)¢ 18+18+18+18 6+6+6+6
CLAS 2015 ALU( ), Aur(0), Ai(¢) 0.17-047  1.3-35 0.1-1.4 166+166+166 166+166+166
CLAS 2015 a(¢), Aa(d) 0.1-0.58 1-4.6 0.09-0.52 264042640 264042640
Hall A 2015 a(¢), Aa(d) 0.33-040 15-26  0.17-0.37 480600 240+360
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Progression of fits over the years

Model KMO09a KMO09b KM10  KM10a  KM10b KMS1l KMM12 KM15

free params. {3}+(3)+5 {3}+(3)+6 {3}+15 {3}+10 {3}+15 NNet {3}+15 {3}+15

x2/d.o.f. 32.0/31 33.4/34 135.7/160 129.2/149 115.5/126 13.8/36 123.5/80 240./275
F {85} {85} {85} {85} {85} {85} {85}
apves (45) (45) 51 51 45 11 11
dopves/dt (56) (56) 56 56 56 24 24
ALY 12412 12412 12 16 12+12 4 13
A 18 18 18 6 6
AEs0? 6 6
AZ? 12 12 18 18 12 18 6 6
Agsinéw 12 12 63
eos0sw 4 4 58
GeosHw 4 4 58

EOsHW [ 5o 0w 4 4

ALY 10 17
A7 4 14
ATT? 10
AsLijrlr(ﬁfos)cos(,b 4 4

e [K.K., Miiller, et al. '09-'15]
® These models are publicly available (google for "gpd page”)
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Fit examples (1/2): H1/ZEUS
L0108 . . . 102 ‘
= H1 — KM15 prelim.
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Fit examples (2/2): JLab’s Hall A (2015)

00200

cows] i F=157] % Q=194 0t =232
L oo [ =038 | x=037 [ xe=030
L oois{ N N\ X
< | \ .
£ oow0 ‘L ‘I\I \[\ I
B oo07s \[\[ E “ |
< 0.0050 g \I‘ >~
00025
00000
02 03 od Y
—t[Gev?] ! \
= gos] k
s A \
2 .
3 £ x,
------ KM15

.00

001 /I" I I

doeose. w
—,

0.00

0z 03 04 02 03 04
—t [GeV?] —t[GeV?]

e KM15 global fit is fine. x2/nq.o. = 240./275 /
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CFFs from

20

g 10

JmH

(from [K.K.

Kresimir Kumericki

Global model fits D-term
00000080 000000

various fits

Higher twists Outlook
000000 000

t=—-0.28GeV?

Q2 ~ 2GeV? ]

—— KM15 prelim.
= = KMM12 B
GKO7
NNet 14 B .
Moutarde 09 ]

Boér/Guidal 14

’

0.1 0.2 0.3 0.4 0.1

Moutarde and Liuti ’16])

Nucleon structure from DVCS data
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GPD/CFF server
e GPD server

& C | ® calculon.phy. hrgpd/server/CFFhtml

— KM15
--- KMS11-NN

XgIMH (x5, £, Q?)

1074 1072 1072 1073 10°

— KM15 !
-== KMS1L-NN/

05

Xg ReH(Xg, t, Q)

e Plots of all CFFs available; numerical values soon to come . ..
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Accessing D-term
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D-term

Matrix element of energy-momentum tensor (a = q, g):

a a ( PV) a v) AP
(PoI T2, P = D(Po) [Ar(0) ) 4 pa(y) DT
2 A Al,—gl,A e
+ dj (£) =B ic(t)gw}U(Pl)

e d7(0) — unknown intrinsic property of particle (On par with
mass or spin. Related to pressure distribution. [Polyakov '03])
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D-term

Matrix element of energy-momentum tensor (a = q, g):

a a ( PV) a v) AP
(PoI T2, P = D(Po) [Ar(0) ) 4 pa(y) DT
2 A Al,—gl,A e
+ dj (£) =B ic(t)gw}U(Pl)

e d7(0) — unknown intrinsic property of particle (On par with

mass or spin. Related to pressure distribution. [Polyakov '03])

4
[ e t) = A%(0) + £ 1(0)
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D-term

Matrix element of energy-momentum tensor (a = q, g):

a a ( PV) a ) AP
(PoI T2, P = D(Po) [Ar(0) ) 4 pa(y) DT
R A A,,—gl,A e
+ dj (£) =B ic(t)gw}U(Pl)

e d7(0) — unknown intrinsic property of particle (On par with
mass or spin. Related to pressure distribution. [Polyakov '03])

4
[ e t) = A%(0) + £ 1(0)

e di appears also in dispersion relations for DVCS form factors:

Kresimir Kumeritki Nucleon structure from DVCS data JLab 12-GeV @ Pohang, 2018
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D-term: models, lattice, phenomenology

1 1 1 1
%QH(§7t):ﬂPV/() dX<§_X—§+X

A(t) =4 Q3(df(t) + df(t) +--)

) JmH(x, t) + A(t)
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D-term: models, lattice, phenomenology

1 1 1 1
%QH(§7t):ﬂPV/() dX(f—X_§+X

A(t) =4 Q3(df(t) + df(t) +--)

) JmH(x, t) + A(t)

o D2t
T
-0.5 F i =
-1 4'/’ 3
//
15 F 3
2 ("/7 ]
—-— KMIS5 global fir
25 F ¥ JLab data
L larice LHPC
3 — = = dispersion relations}
i —— chiral quark soliton
35 | | - Skyrme model ]
—-—= bag model
» N 1 I I I I
. , £ 1CeV2
[M. Polyakov, P. Schweitzer '18] 0 01 02 03 04 05 -t[GeV]
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Local fit to just CLAS o and Ao

e Two parameters: JmH, Re H. Other CFFs are zero.

ImH

- NNet
# local fit
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Local fit to just CLAS o and Ao

e Two parameters: JmH, Re H. Other CFFs are zero.

ImH

[V. Burkert, L. Eloudrhiri, F.-X. Girod '18]

Im Hvs & from Ac fitat-t=0.20 GeV?>  Re H vs & from o fit at -t = 0.20 GeV?
i

E

05 0.1 015 0.2 025 %3 10 005 0.1 015 0.2 0é25
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Alternative model: JmH, ReH — JmH, ReH

2 e m————

=
£
il 4
s
-5 — KM15
z ---- KMM12
-8 NNet
¥ local fit
0 005 010 015 020 025 030 e 005 010 015 020 025 030
£ 3

e Works just as well.
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Alternative model: JmH, ReH — JmH, ReH

=
] 4
s
-5 — KM15
z ---- KMM12
-8 NNet
¥ local fit
0 005 010 015 020 025 030 e 005 010 015 020 025 030
3 £

e Works just as well.

e Setting D-term to zero also works well for CLAS data alone

Kresimir Kumeritki Nucleon structure from DVCS data JLab 12-GeV @ Pohang, 2018
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Alternative model: JmH, ReH — JmH, ReH

2 .

=
]
s
-5 — KM15
z ---- KMM12
-8 NNet
¥ local fit
0 005 010 015 020 025 030 e 005 010 015 020 025 030
3 £

e Works just as well.
e Setting D-term to zero also works well for CLAS data alone

e We should use all available data — global fits

Kresimir Kumeritki Nucleon structure from DVCS data JLab 12-GeV @ Pohang, 2018
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Global model fits
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D-term in global fits over the years

3 25=0.26,Q7 =2GeV? s

KM09a
— KM10
SRMMLZ e 0
— KM15

01 02 03 04 05 06 07 08
—t [GeV?]

01 02 03 04 05 06 07 08
—t [GeV?]

e Better constraint on D-term: measurement of beam charge
asymmetry, double DVCS, ...

Kresimir Kumeritki Nucleon structure from DVCS data JLab 12-GeV @ Pohang, 2018
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Higher twists?
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Including higher twists

o Definition of Compton form factors to given twist is
convention dependent (e.g. choice of (n,f)—longitudinal
plane)

o BMJ [Belitsky, Miiller, Jil: Hos, E4uy oo oy Hotr Eogr - - -,
e BMP [Braun, Manashov, Pirnay]: H++,E++, ...H0+, EO—I—: ey
————

twist-2 + -+
e Lorentz transformation from BMP to BMJ frame:
X
Mg =Hap + S (Hps + Hoy) — xoHos

Hot = —(1+ x)Ho+ + xo(H 4+ +H_)

collects most of the HT effects.

1 1
X"”O(a)’ XW(&)
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Leading (LT) vs. higher twist (HT) models

e JLab's Hall A performed fits to their 2017 data using BMP
conventions (separate fit for each t-bin):

LT/LO H++, ]E++, H++, E++ X bad fit
HT H++, H0+, H++, H0+ /gOOd fit
NLO H++, H_+, H++, H_+ /gOOd fit
S o dlo . == Fit LTLO .
02| % © e £ % Fit HT 7
13 3 133 KM15 :;; o1
\ i \ i
% 0.1 {"{ / b"“ o**.'r
2 AW J Waaree Al 008
"“""aﬂ?;:‘i
.L;‘“H“. . }4‘“344.
a T 1’4”“*-4.“'( b * ig;i““ﬂ_;l
o 020300 0 T :
D ()

300
D ()
Kresimir Kumericki Nucleon structure from DVCS data

JLab 12-GeV @ Pohang, 2018
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Leading (LT) vs. higher twist (HT) models

e JLab's Hall A performed fits to their 2017 data using BMP
conventions (separate fit for each t-bin):

LT/LO H++, ]E++, H++, E++ X bad fit
HT H++, H0+, H++, H0+ /gOOd fit
NLO H++, H_+, H++, H_+ /gOOd fit
S o dlo . == Fit LTLO .
02| % © e £ % Fit HT 7
13 4 13 KM15 :;; 01
\ i \ i
% 0.1 {"{ / b"“ o**.'r
2 %, 4 aazrned 008
"“""aﬂ?;:‘!
doi, . ey
. QaRiasSeeEaess —Jb—‘w
o 0o a0 o : : :

100 200
() ()

e Hall A conclusion: “We glimpse gluons here!” (at xg = 0.36)

Kresimir Kumericki

Nucleon structure from DVCS data

300

JLab 12-GeV @ Pohang, 2018 25 /31



Intro to GPDs and DVCS Global model fits D-term Higher twists Outlook
000000 00000000 000000 000000 000

LT vs. HT: chi-squares

® Nq.of. = 208 + 2

BMP (F)
t/GeVZ LO/LT HT  NLO

HallA: 018 250x 204v 206
-0.24 367X 206 208/
-0.30 415X 189+ 190/
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LT vs. HT: chi-squares

® Nq.of. = 208 + 2

BMP ()
t/GeV? LO/LT HT  NLO

HallA: 018 250x 204v 206
-0.24 367X 206 208/
-0.30 415X 189+ 190/

BMP (F)
t/GeVZ LO/LT HT NLO

Thiswork: 018 231 x 204/ N/A
024 254X 199/  N/A
030 229X 180+  N/A
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LT vs. HT: chi-squares
® Nq.of. = 208 + 2
BMP ()
t/GeV? LO/LT HT  NLO
Hall A: 018 250 x 204v 206
-0.24 367X 206/ 208/
-030 415X 189+ 190 /
BMP (FF) BMJ (F)
t/GeVZ LO/LT HT NLO LT (KM)
Thiswork: 018 231 x 204/ N/A 213 /
-0.24 254X 199/  N/A 210 v/
-0.30 220X 180/ N/A 213 /

Kresimir Kumericki

Nucleon structure from DVCS data

JLab 12-GeV @ Pohang, 2018
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Hall A 2017 do

o t =—0.18GeV?

Higher twists
000000

o 07=151Gev? + 07— 1.49Gey? *** 10calBMPLT18
{ ot ey 2L catemprmas
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e Conclusion: Hall A 2017 data alone can be satisfactory

described within twist-2 framework
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Including Hall A 2017 data in global world fit: fail X
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A LR F=55 - £-55

~t[Gev?] ~t[Gev?] ~t[Gev?] ~t[Gev?] ~t[Gev?]

Global world DVCS data fit

before 2017 including 2017 Hall A
X2/nd,o,f = 240./275 v X2/nd_0_f :545./337 X
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e Future polarized electron-ion collider (EIC) will provide unique
insight into sea GPDs.

® [Aschenauer, Fazio, K.K., Miiller '13] fit to simulated DVCS data at
20 GeV x 250 GeV taking Egea(x,n,t) = KseaHsea(X,n, t)

7
“ . HERA, exp. fit ~ b\ . HERA, exp. fit Q
< 20 HERA+EIC fit %3 5 HERA+EIC fit 5 20
= D =5 =
LT I = % 15
o N >3 i -
I K e < = o 2
X . %2 . ) 0’=4 GeV?
® 05 e, Pl oy " 05
0. 0 DU S S5 0.0
0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8
—t[GeV?] —t[GeV?] —t[GeV?]

e Improved knowledge of low-t quark and gluon GPDs H ( =

3D parton imaging)

e Improved knowledge of sea quark GPD E
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Tomography

e Quark and gluon sea 2D distributions H(x, b, ) ([xmM] model)

=5 o0 o5 0
b, [fm] b [fm]

e See also [Dupré, Guidal, Vanderhaeghen '16]
e Tomography is still very much model-dependent; e.g. some
extrapolation from H(x, x, t) to H(x,0, t) is needed.
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Summary

e Global fits of all proton DVCS data using flexible hybrid
models were in healthy shape until 2017

e Standard global model fitting and neural networks approach
are complementing each other

o First steps are made towards extracting the D-term

e Inclusion of higher twist effects is likely important for
interpretation of new JLab data, but maybe not for quality of
description of this data

e New Hall A 2017 data present a challenge
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The End
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