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DVCS — CFFs — GPDs

® At leading order DVCS cross-section depends on four complex

Compton form factors (CFFs)
H(E 1 Q%) E(61Q%), HELQ) £(6 Q)

7(-@%)

® [Collins et al. '98]

® CFFs are convolution:

2
Mt Q%) = /dx C?(x, ¢, 22) H2(x,n =&, t, Q3)
0
® H3(x,n,t, Q3) — Generalized parton distribution (GPD)
[Miiller '92, et al. '94, Ji, Radyushkin '96]
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Two approaches to global fits

@ Fitting QCD/Regge-inspired physical GPD models
® perturbative QCD at NLO (NNLO in the future [Braun et al.])
® true tomography possible
® DVCS + DVMP + ... [Cui¢, Duplanti¢, K.K., Passek-K. '23]

® Fitting CFFs parametrized by neural networks

® unbiased
® realistic uncertainties (good for impact studies)
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# gepard

# / Tool for studying the 3D quark and gluon distributions in the nucleon

o GQPO rd Tool for studying the 3D

quark and gluon
distributions in the nucleon
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# gepard

# / Tool for studying the 3D quark and gluon distributions in the nucleon

SRt GQPO rd Tool for studying the 3D

Data sets quark and gluon
it distributions in the nucleon

GPD server

Credits

O PyTo

PyTorch is a Python package that provides two high-level features

« Tensor computation (like NumPy) with strong GPU acceleration

« Deep neural networks built on a tape-based autograd system

Kresimir Kumeritki GPD flavors with NNets and nDVCS Tomography, ECT*, 2024 4 /33



Introduction Closure tests Application: Jm €
000e0 00000000000000 0000000000000

Typical neural networks architecture

Neural Network Architecture with Two Hidden Layers

H2_1

H2_ 2
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T
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C
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How deep is your net?

When considering various

o fancy neural net architec-
tures, keep in mind that
we are after this:
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How deep is your net?

When considering various
o fancy neural net architec-

tures, keep in mind that
we are after this:

=0)

« H< Gt

® . .and not after this:
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Closure tests
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Testing the extraction procedure

® To each observable many GPDs/CFFs contribute. Can we tell
them apart?

® |s the extraction procedure guaranteed to converge to actual
underlying physical hadron structure functions?
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Testing the extraction procedure

® To each observable many GPDs/CFFs contribute. Can we tell
them apart?

® |s the extraction procedure guaranteed to converge to actual
underlying physical hadron structure functions?
® Closure [NNPDF] a.k.a. feasibility [PARTONS] test:
@ Take the known GPD/CFF model - “ground truth”
@ Generate simulated (mock) data by calculating observables in
a certain kinematic range (possibly correspoding to the real
measurements of interest)
© Apply your fitting/extraction procedure to simulated data
@ Check that the result is consistent with ground truth
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How we tested

® As a ground truth we used KM15 model [K.K. and Miiller '15]
e Kinematical points are equidistant, but roughly overlap

CLAS12 kinematics (For speed, ¢ = /4)

oo CLAS data

x simulated data
-0.4
- X % %oxe &« oo
=03

X exe e g
-02 & e % o o

.l

014 x x x® %

® DVCS observables are a subset of:
@ helicity dependent and independent cross-sections (XLy, Xuu)
@ beam spin asymmetry (ALy) - not an independent observable
© beam charge asymmetry (Ac)
O transversal target spin asymmetry (AuT,pves)
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(Almost) toy example (1/2)

® Only JmH(t) (fixed xg = 0.2), only Xpu.

just-a-bunch-of-data
0.007
0ck-23-XLU
0.006 +

0.005
0.004

0.003 +
0.002

0.001

0.000
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(Almost) toy example (1/2)

® Only JmH(t) (fixed xg = 0.2), only Xpu.

just-a-bunch-of-data just-a-bunch-of-data

0.007
ock-23-XLU mock-23-XLU
0.007

0.006

0.006

0.005
0.005

0.004
+ 0.004

0.003 + 0.003
0.002 + + + + 0.002 +

t
++++++++*+ 0.001

0.000

0.001

0.000

2.5 50 75 100 125 150 175  20.0 2.5 50 75 100 125 150 175  20.0

(Unless explicitly specified, x-axis just counts data points, and corresponds to t.)
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(Almost) toy example (2/2)

— fit
~ == KM15_ImH

T 49
g
e 24
0
xg=0.2
] @F=aGev?
0:1 0.‘2 0.‘3 0:4 0.‘5

-t
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(Almost) toy example (2/2)
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sl
— fit \\\
87 ~o —= KM15_ImH .
6 61
i — fit
T 4 <,
g E —— KM15_ImH
fit
2 2 t oy
2
0
xg =02 xa=0.2
Q?=4GeV? 0 02— 4GeV2
]
o1 02 03 04 05 01 02 03 0.4 0.5
-t
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Example 2: Jm 7 t and xz dependence (1/2)

1 le’lrIL[(XB7 t), still only Xpu.

just-a-bunch-of-data

Kresimir Kumeritki

0.0200

0.0175 A

0.0150 -

0.0125 A

0.0100 A

0.0075 A

0.0050 A

0.0025 A

0.0000 A

mock-23-XLU

mock-23-XLU

2.5 5.0 7.5 10.0
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Example 2: Jm# t and xz dependence (2/2)

\\ — fit — fit
15.01 AY == KM15_ImH 81 N == KM15_ImH
\ fit N, fit
12,54
I 10.04
g 5l
e
5.01
2.54 xB=0.1 xg=0.2
Q2=4GeV?
0.0 0
0.1 0.2 0.3 0.4 0.5 0.1 0.2 03 0.4 0.5
—t -t
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Example 3: Jm# and e & (1/3)

® JmH(xg,t) and ReE(xp, t) from Xpy and Ac

just-a-bunch-of-data

0.25 A
mock-23-XLU mock-23-XLU mack-23-AC mock-23-AC
0.20 A

0.15 A

0.10 A

0.05 A

0.00 A

0 5 10 15 20 25
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Example 3: Jm# and e & (2/3)

N —— NNet fit —— NNet fit
1501 10N —— KM15_ImH+ReE 8 —— KM15_ImH+ReE
N NNet fit X NNet fit
125
6
T 1004 Y
g 5] g4
L] L]
5.0
2
251  xB=0.1
0.0 0
0.1 0.2 0.3 0.4 05 0.1 02 03 0.4 05
—t -t
5] 35

0.1 0.2 0.3 0.4 0.5 0.1 0.2 0.3 0.4 0.5
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Example 4: Five CFFs (1/3)

® JmH, ReH, Jm&, Reé&, and ’Jmﬁ, from Xyu, XrLu, XuL,

Ac, and AyT pvcs
just-a-bunch-of-data

%]

mock-23-AC mock-23-AC+ mock-23-XLU mock-23-AUTDV(
0.6 1

0.0 A

T T T T T T

0 5 10 15 20 25
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“Flavored” neural net

Neural Network Architecture with Two Hidden Layers and Four Output Nodes

N
K
R

2 ANY
0T AN
25 X
Z\\‘)»‘ Ny

7% X

7227 AR

SN\

S SN
N
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Example 5: H flavor separation (1/2)

o JmH,, ImHy, ReH,, ReHy, from Xyy and Xy on proton

and neutron

® Ground truth is a random smooth single neural net trained on
subset of JLab proton and neutron data

25

20

3

T 15

o -5

2 125
-15.0
-17.5
-20.0
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200

Soo S —— NNet fit
S~ 1754 N —— tuth
S SN 5o NNet fit
5 125
~—— NNet fit I
—— truth g 10.0
NNet fit ® s
5.0
xB=0.1 x5=02

25 ’ 2

02=4GeV
0.0

01 02 03 04 05 o1 02 03 os os
-t —t
]
-2
-4
)
T -6
£

v
-10
-12
-14

0.2
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Example 5: H flavor separation (2/2)

0 0.0
254
51
5.0
3 -10 > 1
< = 7
g -15 g -10.04
1 —\ .
_254 -17.5
01 02 03 0.4 05 01 02 03 04 05
-t -t
201 /
15 omsssoo o=
o o
< <
% 104 g 6
4
5
2
0 0
01 02 03 04 05 01 02 03 04 05
-t -t
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Accessing Jm £ in DVCS

® Good observable is DVCS beam spin asymmetry:

ALy ocsing | FLdmH — FoOmé + ———(F1 + F2) ImH

/\/I2 2 — XB
® Two strategies:

@ measure ALy very precisely over wide kinematic range
@® measure ALy on neutron where F, > Fy
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Status (2016)

® [K.K. S. Liuti, H. Moutarde, '16] (review)

20 T T T T 2 T T T

wf -

JmH

© KMI1Ob

ok — K2 g
- - GKO7 e —
g NNet: 14 R -
® #® vourarde 09 sk
6 . B B zoir/cuidal 14

MRe &

TB B

® Jm & does not make an appearance
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PARTONS (2019) world global NNet fit
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® [H. Moutarde, P. Sznajder, J. Wagner, '19]

05
N
SEENER
o
P 0
-7 %
E
/7 w » . e
7 0.5
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i 15
102 w1 100 106 108 104 102 102 101 100
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® M. Cui¢, K.K., A. Schifer, '20]
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6/8 CFFs extraction (2020) from JLab 6 GeV data

— KM20
wzzzzz1 NN20
=3 NNDR20

oLt
0.05

KreSimir Kumericki

0.10

0.15

0.20

025 0.30

§=up/(2—xp)
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0.05
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0.15

020 025 030

§=uxp/(2—xp)
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Adding CLAS12 data (1/4)

6] x cLasexwp v
% CLAS6 ALU p
¥ HERMES
CLAS12 ALU p
51 . CLASI2ALUN
4 v
o v
& v
5] ¥
¥ A
TR
§ 1
24 :
PR SRR
1- T v T T
0.1 0.2 0.3 0.4
Xg

® A;y proton: [G. Christiaens et al. (CLAS), PRL 130 (2023) 211902]
® Aru neutron: [A. Hobart et al. (CLAS), arXiv:2406.15539]

Kresimir Kumeritki GPD flavors with NNets and nDVCS Tomography, ECT*, 2024 26 /33



Introduction Closure tests Application: Jm £

00000 0000000000000 0 0000008000000
Adding CLAS12 data (2/4)
30 ST CLASG+HallA p [ CLASG+HERMES p T CLASG+HERMES +CLASI2 p
EZZ2 CLASG+HallA+CLASL2 p 222 A s12p CLs 512 p+n

Iz 5.0{pn
£ S \‘
® 55 TR B S 70 S
- SIS NS | BB BRI
SSEIIISSIIIIR | (SSSISSEEES B85
s A | (s B
0.0 | PP ) | s e
%% % g X
01

%

0

. 25
H

v —50

-75

-100 t= -0.2GeV?, Q? = 3.0 GeV?
01 02 01 02 01 02
13 £ £

e proton DVCS is enough for total Jm & = Jm (4&, + Ed)/9
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Flavored neural net

Neural Network Architecture with Two Hidden Layers and Four Output Nodes

N
K
R
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Adding CLAS12 data (3/4)

£ CLAS + HERMES LAS12 + CLAS12
= 50 . d - P n
—
=
]
g 25 -
kS
W
=50 0 50 —50 0 50 —50 0 50
Jmé& Jmé& Jmé&

® isospin symmetry: Jm ENCUron — Jm £, (and vice versa)

® neutron DVCS enables separation of Jm &, and Jm &y
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Adding CLAS12 data (4/4)

without CLAS12 nDVCS with CLASI2 nDVCS with CLAS12 nDVCS

Jmé

g =0.15 28 =0.15 t=—0.2GCeV?
0 02 04 0 02 0.4 0.1 0.2
—t [GeV? —t [GeV? 13

—20

® [A Hobart et al. (CLAS), arXiv:2406.15539]
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Jm & from electromagnetic form factors vs. DVCS

DVCS (C-even):
ImEg(€, t) = weg(Eq(g,g, t) — Eg(—¢,¢, t)) (at LO)

EFFs (C-odd):

1
1.67 u quark

_ (s . 9U0) — »  —
[ Exen=F0; O =r={ L7, 5

30 .\‘ H/;'y‘

NS [Diehl and Kroll '13]
HESO )

A (Radyushkin  model

fit)

30 Eft

06 08 10
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Instead of summary: look into the future (EIC)

——= GK
L5f [ EZZZ H1 + ZEUS + HERMES
Lol S0 DA INAVIY VIR | D + EIC 10 GeV x 100 GeV
0.5
x «w
g
g 0.0 )
s
Y05
~1.0f
—15F )
t = —0.15GeV?
-20 1073 102 1073 1072

® Only ALy, only on proton

® [E. Aschenauer et al., really soon now on arXiv] (see talk by A. Jentsch)
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Thank youl!
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