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Introduction

Deeply Virtual Compton Scattering (DVCS)

Chiral-even GPDs:

“/* JHJ\)’\ (helicity of parton conserved)

HQ,Q (LU, 57 t) Eq,g (LU, 57 t) for sum over

parton helicities

j_:fq,g (.’L’, é’, t) Eq,g (CU, 57 t) for difference over

parton helicities

nucleon helicity nucleon helicity
t conserved changed

factorization for |t|/Q2 < 1
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Introduction

GPDs accessible in various production channels and observables
— experimental filters

DVCS TCS HEMP
Deeply Virtual Compton Timelike Compton Hard Exclusive Meson
Scattering Scattering Production

more production channels sensitive to GPDs exist!
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Introduction

m Reduction to PDFs:

H%(x,0,0) = q(x)

O
H9(z,0,0) = Ag(z) @

H¥(2,0,0) = hy(x)

OHO

no corresponding relations exist for other GPDs

m Reduction to Elastic Form Factors (EFFs):

quafft = FY(1) flEq(svaf,t)Equ(t)

[ e = '
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Introduction

Polynomiality - non-trivial consequence of Lorentz invariance:

1
/ dz z"H(z,&,t) = h§" (t) + E2hG" (1) + ... + mod(n, 2)E" T h1T (1)

1
/ dr 2" H(z,£,t) = h3™(t) + €2hL™(t) + ... + mod(n + 1,2)E"hL™ ()

strong constraint on GPD parameterizations
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Introduction

m Nucleon tomography

longitudinal

d2A —ib ‘A 2
Q(xabJ_) :/ A2 e Hq(xaovt =-A )

m Study of long. polarization with GPD H
m Study of distortion in transv. polarized nucleon with GPD E

m Impact parameter b, defined w.r.t. center of momentum, such as Z xb; =0

active quark with momentum x | @ \ p >
A J_ b
1

center of momentum

=
(@)
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Introduction

Inequalities:

‘AQ(QZ‘, bJ-)| < Q(ajv bJ-)

:)rfz (agie(az,bﬁ) < (q(=,by1) + Aq(w, b)) x (g(z,bL) — Ag(z, b))

to avoid violation of the positivity in the impact parameter space
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Introduction

Energy momentum tensor in terms of form factors:

. P“PV | ARAY = A
W, | T p, ) = (s, o' . Q+ My
U~V 79

Access to total angular momentum and forces acting on quarks

1/2

A%1(0) + BY(0) = /_1x (H%(x,£,0) + EY(z,£,0)] = 2J1 @

Ji's sum rule

Pawet Sznajder JLab Theory Seminar




Introduction

{ GTMD(z, €, k., A) ]

E=A=0 / d’k |
TMD(z, k) GPD(z,&,t = A?)
SIDIS and DY exclusive
/ d’k | E=t=0 / dx
PDF(x) EFF(t)
DIS, SIDS and pp elastic
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H. Moutarde, P. S., J. Wagner "Border and skewness functions from a leading order fit to DVCS data"
arXiv:1807.07620 [hep-ph]

Goal: global extraction of Compton Form Factors (CFFs) from DVCS data using LO/LT formalism

Analysis done within PARTONS project

JLab Theory Seminar
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PARTONS project

Observable Layer

DVCS TCS HEMP

m PARTONS - platform to study GPDs

Process Layer

DVCS TCS HEMP

m Come with number of available physics developments implemented

m Addition of new developments as easy as possible
CCF Layer

DVCS TCS HEMP

m To support effort of GPD community

m Can be used by both theorists and experimentalists
GPD Layer

GPDs and Evolution

m Moreinfoin: Eur. Phys. J. C78 (2018) 6, 478

http://partons.cea.fr
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PARTONS project

GK11 |
m PARTONS - platform to study GPDs MPSSW13 A

I VGG [\ |
= Come with number of available physics developments implemented  **/ Vinnikov

m Addition of new developments as easy as possible

GPD H

m To support effort of GPD community osh

m Can be used by both theorists and experimentalists

m Moreinfoin: Eur. Phys. J. C78 (2018) 6, 478

http://partons.cea.fr
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Compton Form Factors

= imaginary part ImG(€,t) = nG (€, €,1) =Y e2GUD(E, € 1)

G/ (2, 6,t) = G(w, &.1) F G(—a,&,1) tor G e UL B
GID(E6,1) = GH(6,€,1) + 267 (€, 6,1 re e b

1
= real part ReG(&,t) =P.V. / G<+>(x,§,t)( L2 1 )dx
0

E—x &4z
1
ReG(&,t) = P.V./0 G (z, z,t) (f i ~F fix> dz 4+ Cg (1)

Ch(t) = —Cg(t) Cﬁ(t):CE(t) =0
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Subtraction Constant

Relation between subtraction constant and D-term:

CL(t) = 2/_11 qu(z,t) dz = 4D(t)

— <

where

Di(z,t) = (1 — 2° qu g’,&/fl (2)
Connection to EMT FF:

qu d7(t) = 5C4(¢)

odd
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Subtraction Constant

Comparing CFFs evaluated with two methods

! 1 1
et = [ (6960 -6 D0 (¢ - 7 ) do

forc=0

1
1
CL(t) = 2/ (Gq(+)(:c,x,t) — GQ(H(x,O,t)) —dx
0 xr

divergent integral!
but

1
Cé (1) = 2/0 (GQH) (z,z,t) — GIH) (x, O,t)) vl dx

well defined for odd positive |

Pawet Sznajder JLab Theory Seminar




Subtraction Constant

Subtraction constant as analytic continuation of Mellin moments to j = -1

1

CL(t) =C& _(t) =2 / (Gq<+)(a:, r,t) — GIH) (g, o,t)) éda:

(0)

Analytic regularization prescription

fl 0) —zf'(0) — L da , L dx B
o)anr / xaH +f(0)/)xa+1+f(0)/(0)x_a+"’—

f flz 0) —zf"(0) — f(0) — f'(0)

:L‘a“ a a—1

applicable if f(x) analytic and not-vanishingatx =0
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Ansatz for H and H

G(z,0,t) = pdf(é(lb) eXp(fg;(SC)t)
fe(x) = ALlog(1/x) + BL(1 — 2)* + C&(1 — )z

m modify "classical" log(1/x) term by Bz9(1-x)2 in low-x and by Cz9(1-x)x in high-x regions
m polynomials found in analysis of EFF data — good description of data
m allows to use the analytic regularization prescription

m finite proton size at x — 1
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Ansatz for H and H

GY(z,x,t) = GYx,0,t) g4 (x, z,t)

q

g&(x,x,t) = 1 f(;2)2 (1 +t(1 —z)(b}, + ¢ log(l + x)))

m at x — 0 constant skewness effect
m at x — 1 reproduce power behavior predicted for GPDs in Phys. Rev. D69, 051501 (2004)

m t-dependence similar to DD-models with (1-x) to avoid any t-dep. at x = 1
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Ansatz for H and H

"trouble” with analytic regularization

/ fz 0) —2/(0) — f(0) — f'(0)

xa—H — a_l—l—...

(0) ZCCH_l

where in our case

a=0+ Akt q(z) ~ x7°
f(x) — —a — —a
T x
compensating terms infinite for t = t5° = —6/A} and t = t° = (1 — §) /AL
unless f(0) =0 at tg° and f'(0) =0 at ¢{°, condition provided by:
Al (al — 1) (at — 1)
be, — G(aqG(S G = (5G 1) als (po (2BEL —C&) (6 — 1)+ Alpo (6 — 1 — ) + Alp1)
G Po

where 9, «, pg, p1 are PDF parameterization parameters
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Ansatz for E and E

m forGPDE
EM(x,0,t) = e™(x) exp(f&™ (z)t)

e? (z) = kgNy, o~ Yvar (1 — z)Pvar (1 4 v,..,v/Z) from Eur. Phys.J. C73 (2013) 4, 2397

EM (z,x,t) = E¥ (2,0,t)g5* (z,1)

gval
Tal(g,t) = Uk from Phys. Rev. D69, 051501 (2004)
gE ) (1 o 332)3 yS. . ’
= for GPDE
EE ) =N ES’GK(g 1) CFF from GK GPD model
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Steps of analysis:

Step 1
Analysis of PDFs

-

o

Step 2
Analysis of EFF data

~

/

-

o

Step 3
Analysis of DVCS data

\

)

Effectively we combine (semi-)inclusive, pp, elastic and exclusive data in a single analysis

Pawet Sznajder
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0.8 '
_ 0.6 Uyal
Ansatz: _
2 — 6 96 ) 2 2 '
pdf o (z, Q%) = 27 90r%@7) (1 — g)° Zg(pz',%,@ )z’
i=0
2
2 _ @~
g(pv q, Q ) =pP+q log Q(Q) Ofos 104 103 102 101 100
0.06 . X
13 parameters: 0.04}
Adsea
5]975617Oéapiaqi where i:O,l,.--,4 mO.OZ_
gi ! EEE_
constrained by NNPDF3.0 and NNPDFpol11 sets (per each d ool h
flavor and each PDF replica) | ‘
-0.04+
-0.06, 102 103 102 101 100
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Elastic FF data

Free parameters for valance quarks and GPDs H and E Observables
constrained by EFF data

/_11Hq<x,s,t>Ff<t> - ;(?)
1 G p(t
/ 7

E9(x,&,t) = Fi(t)

i
From Dirac and Pauli partonic FFs to Sachs nucleon FFs M(t)
n
sz = e, F;" + edFid 1=1,2 TZE _ 6dGE(t)
" dt |,

i i i .

M = I+ Iy t=pn for the selection of observables
: . t : and experimental data we follow
1 1 1

E =1+ + g Fy Eur. Phys.J. C73 (2013) 4, 2397
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1.2 T T T T T 1.25

- PARTONS Fits 2018-1 G p | PARTONS Fits 2018-1 Rp
M.N Performance:
2
x°/ndf =129.6/(178 — 9) ~ 0.77
, Replication of experimental data to estimate
i é U S | corresponding uncertainties:
V|t] [GeV] V|t] [GeV]
1.3 T T T T 0.8 T r T . .
PARTONS Fits 2018-1 PARTONS Fits 2018-1 tOt’ repllca "7 tot tot
n . \ . .
Guy" || RN / v; £ A; » rnd; (v, A7) £ A
[ tot __ stat)2 sys\ 2
L i AP = (A3 4 (AF)
0.9} H o
Fitted values:
%7 05 1 15 2 25 %% 05 1 15 2 Parameter Mean Data unc. Unpol. PDF unc.
V|t] [GeV] V[t| [GeV]
o PAR\ONS‘HLS 2018-1 | I I | o PARTONS Fits 2018-1 2 AUH“?IE 0.99 0.01 0.08
0.075} -0.105¢ rnE ] B}I\ml —0.50 0.02 0.14
A% e 0.70 0.02 0.08
05 . B 0.47 0.07 0.24
o + .0.115] | ] (o} 0.69 0.01 0.03
0.025} . BE"HI —0.69 0.04 0.18
' Cuva —0.92 0.04 0.09
of - , B —0.54 0.06 0.20
O —0.73 0.06 0.22
-0.025, 0.25 05 0.75 1 1.25 15 0.13
V|t] [GeV] V|t] [GeV]
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F."/ (2Fp)

Fo" / (%Fp)

15

0.5

15

0.5

PARTONS Fits 2018-1

Fu
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Unpol. PDF unc.
0 1 2 3 4 5
It| [GeV?]
PARTONS Fits 2018-1
u
- F _
Unpol. PDF unc
0 1 2 3 4 5
It] [GeV?]

F1¢/Fp

Fy? / (x4Fp)

15

0.5

15

0.5
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PARTONS Fits 2018-1
d
- Fy _
Unpol. PDF unc.
1 2 3 4 5
It| [GeV?]
PARTONS Fits 2018-1
d
- F _
Unpol. PDF unc
1 2 3 4 5
It] [GeV?]




DVCS data No. Collab. Vs Obsarsabils Kinematic  No. of points
dependence used / all

1 HERMES 2001 Aty b 10 / 10
: : _ 2 2006 A= j =1 t 4/ 4
All DVCS proton data used in the fit, except: i = eosis z_ = 4 o & j i
o — J
« HERAdata AL RIRORE ;g
« Hall A cross sections Ai}?((z‘j”})“'m’ i=0,1
cos(¢p—¢g)sin ig .
Ayra _ 5 b =
4 2009 42%‘1‘?5 i=1,2 TBj 35 / 42
. . ASlIl T 1 =
Kinematic cuts: Achsit s _o019.3
) — Y 4,4
2010 7 b i=1,2,3 TB; 18 / 24
2 2 5 UL g Ly Bj
Q > 1.5 GeV AT o i=0,1,2
6 2011 ARG EIEIR g g T; 24 / 32
—t/Q* < 0.25 algm
ACOS(Q&—Q_’)S}COS i‘;‘b 1 [ 0 1 2
LTI o — Y%
S A‘E;E?_dh’}ﬂn i i =1, 9
7 2012 A AP i=1,2 rBj 35 / 42
Angles: L =
AT i =0,1,2,3
8 CLAS 2001 Ay e i=1,2 — 0/2
9 2006 A P i=1,2 — 2/2
10 2008 Ary ¢ 283 j 737
11 2009 A7, ¢ 22 / 33
15 WiE  Aig, Apredag ¢ 311 / 497
13 2015 dioy ¢ 1333 / 1933
14 Hall A 2015 Ad4ory ¢ 228 / 228
15 2017 Adio,, ¢ 276 / 358
16 COMPASS 2018 b . 1/1
SUM: 2600 / 3970
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DVCS data

Performance: Fitted values:

x?/ndf = 2346.3/(2600 — 13) ~ 0.91

0. oliab. ear X n xXo/n Parameter Mean Data unc. Unpol. PDF unc. Pol. PDF unc. EFF unc.
N Collab Y 2 2/ p
1 HERME 2001 > 1 ;
R - to 2.3 4 0.98 afy 0.81 0.04 0.17 0.02 < 0.01
2 2006 2.9 4 0.72 i
3 2008 242 18  1.35 ap o.gg 8'8}1 g'gg <0%21 <0%01
’ ’ a- 1.0: : : / .01
4 2009 40.1 35 1.15 H
5 2010 40.3 18 2.24 Ng —0.46 0.10 0.09 0.06 0.01
6 2011 14.5 24 0.60 ; ; 3
. 2019 95 4 35 0.73 AzH 2.?6 0.23 0.30 . 0.09 0.03
3 CLAS 2001 0 gg‘{ -5 at the limit
iz o sea 34 27 49 14 3
9 2006 0.9 2 0.47 o
10 2008 371.1 283 1.31 g‘“ 0.77 0.12 0.30 0.23 0.07
P m ok E o $ = = = = o
1 1 5l. 31 1.1 zj:—;"“l —0. i ] ; .
13 2015 937.9 1333 0.70 d i ;
14  HallA 2015 2202 228 0.97 7 0.4 .24 0.30 028 0.05
15 2017 258.8 276 0.94 85{5“1 -1.19 0.45 0.91 0.98 0.22
16 COMPASS 2018 10.7 1 10.67 C;Il’“l —0.55 0.24 0.26 0.27 0.10

Replication of experimental data to estimate
corresponding uncertainties:

v AP TP (1 (0, AR £ AR x (1 A) AR = /(A1) 4 (AF)?
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_ Resus Hifelr o
........................ GK model

CLASdata: 0 mm e — - VGG model

0.5 . . .
| PARTONS Fits 2018-1

1.5 I , :

PARTONS Fits 2018-1

0.25-
N
&}
O . I
2 3 0
E |
5
—0.25-
7 T S 7 S S S T men . 2n
¢ [rad] ¢ [rad]
Phys. Rev. Lett. 115(21), 212003 (2015) Phys. Rev. D91(5), 052014 (2015)
xpj = 0.244, t = —0.15 GeV?, Q% = 1.79 GeV? xpj = 0.257, t = —0.23 GeV?, Q% = 2.02 GeV?
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HERMES data:
0.2 T T ' ' ' 0.1
PARTONS Fits 2018-1
0
0.1r .
-0.1
=3
5o S 02
O £

< G_

5

<
-0.3

-0.1 i
PDF unc.
s -0.4
T Pol. PDF unc.
EFF unc.
_02 N N . N 1 N . 1 . N 1 N N 1 N . 1 N N _0 5
0 0.05 0.1 0.15 0.2 0.25 0.3 :
XBj

JHEP 06, 066 (2008)
t =-0.12 GeV?, Q2 = 2.5 GeV?

Pawet Sznajder

this analysis
GK model
VGG model

T T T T T

PARTONS Fits 2018-1

PDF unc. |
- - Pol. PDF unc.
T EFF unc. o
0.05 01 0.15 02 025 0.3
XBj
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........................ GK model
HalAdata: 0 mm=——— VGG model
0.1 T T T 0.05 T T T
PARTONS Fits 2018-1 PARTONS Fits 2018-1
0.075¢ -
z 0.025}
005 g i—
< s—
: m b
& 5
3 0.025 c 0
E. e
S L *"}k\ s
o S .f '%"
Ot j < *
-0.025+
-0.025 B FOFTIC. - PDF unc.
Pol. PDF unc. Pol. PDF unc. _
[ EFF unc. T EFF unc.
0 vn m 1% n 21 0'050 Yom m 1% n 21
¢ [rad] ¢ [rad]

Phys. Rev. C92(5), 055202 (2015)
xpj = 0.392, t = —0.233 GeV?, Q2 = 2.054 GeV?
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........................ GK model
COMPASS and HERA:  ====——- VGG model
20 \ T T T
PARTONS Fits ® COMPASS Q? = 1.8 GeV?

A HL Q? =4 GeV?

v Hl Q? =8 Ge\?

O ZEUS Q? =3.2 GeV?
15+ S H1 Q@ =10GeV?

5 10
>
(0]
Q)
~
=
o 5

0 PDF unc.
= Pol. PDF unc.
o EFF unc.
i I T R
Xpg;

arXiv: hep-ex/1802.02739
Q2 = 1.8 GeV?
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this analysis

........................ GK model
Compton Form Factors: ~ =====—- VGG model
20 1 2 [
PARTONS Fits 2018-1 PARTONS Fits 2018-1
10+ . 15¢ .
e - - 1 - — :- iy 4
------ e = .NN"’\\ N
; ; ....-------"""": ----- - ‘\“\
A 1 E 05¢ - N
x " - Y
20} : ot :
30t Unpol. PDF unc. 0.5} Unpol. PDFunc. |
Pol. PDF unc. Pol. PDF unc.
EFF unc. T EFFunc.
_40 P N N A - L1 . N PR
10-2 10-1 100 10-2 101 100

t = -0.3 GeV2, Q2 = 2 GeV?
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........................ GK model
Compton Form Factors: ~ =====—- VGG model

5 [ 0.75 -
PARTONS Fits 2018-1 | PARTONS Fits 2018-1

0.5

0.25 i
= [
!
% -2.5F . =
o :r |
0 = 4
5t i |
75} = Unpol. PDF unc. -0.25 | Unpol. PDF unc.
Pol. PDF unc. [ Pol. PDF unc.
) EFF unc. EFF unc.
_10 N N . N N P | N . N . N P _O. . . N N N P | . N N . N PP
10-2 101 100 fO'Z 101 100
§ §

t = -0.3 GeV2, Q2 = 2 GeV?
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10 .
PARTONS Fits 2018-1 1

PARTONS Fits 2018-1

€Imé

Unpol. PDF unc.
-15} 4
— -1 Unpol. PDF unc. |
Pol. PDF unc.
Pol. PDF unc.
EFF unc.
-2](.)0 -2 10-1 100 1 ‘ EFF unc. .
3 o2 10-1 100
1000 T . 10 3 :
PARTONS Fits 2018-1 PARTONS Fits 2018-1
N
N\
N\
500+ N 4 5+t J
N
. N
R ~
~~~~~ ~ mmmmmmmmmmmmEEm————
e E S Lot
............ ~ ~ - ----_--_________.---" ~..__....~
\ ""----...___:_:_m_m KO T T
% ot T meec-amrcampeperezze,, | | g O —— — e e o i
x (Vo
-500+ E -5t J
Unpol. PDF unc. Unpol. PDF unc.
T R Pol. PDF unc. - - ~ Pol.PDFunc.
EFF unc. 10 EFF unc.
_100](.)0'2 16-1 160 7102 10-1 100

Pawet Sznajder JLab Theory Seminar




Subtraction constant:

5 T T T T 5 T T T
PARTONS Fits 2018-1 PARTONS Fits 2018-1
2.5 1 2.5 1
ot : ot - :
\
g -25¢ ] G -25f 1
-5+ . 5+ 4
Unpol. PDF unc. Unpol. PDF unc.
-7.5¢ Pol. PDF unc. . -7.5F © - o Pol. PDF unc. ‘
EFF unc. B EFF unc.
_10 N . N 1 N N . 1 N N N 1 . N N 1 N . N _10 N . N N 1 N . N N 1 N . . N 1 N N . N
0 0.2 0.4 0.6 0.8 1 0 10 20 30 40
-t [GeV?] Q? [GeV?]
Q2 = 2 GeV? t=0
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Nucleon tomography:

0.5
PARTONS Fits 2018-1
E
=, 0.25 <
_{
e
] 0
$0-2 10-1 100
X
0.15
PARTONS Fits 2018-1

— 0.1

- >

Y= [

<
N S

o) 0.05

0
0-2 10-1 100
Q2 = 2 GeV? X no uncertainties!
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<b 2>, [fm?]

Compton Form Factors:

fdsz b ¢(z,b )

f b, g(z, b )

this analysis
GK model
VGG model

Unpol. PDF unc.

Pol. PDF unc.

EFF unc.

1.5 1.5
PARTONS Fits 2018-1 PARTONS Fits 2018-1
1t 1k
0.5} £ 05¢
=
©
A
g
ot S of
-0.5 Unpol. PDF unc. -0.5
Pol. PDF unc.
T EFF unc.
1 S — 1
10-2 101 100 10-2
X
Q2 = 2 GeV?

Pawet Sznajder
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(07 ),(z) GK model

2 _
Compton Form Factors: <dJ_>q(CU) — 5 e mem—=- VGG model
(1—x)
1.5 T 1.5 [
PARTONS Fits 2018-1 PARTONS Fits 2018-1
1t 1k
‘c 0.5} ‘c 0.5}
s s
N A
5 5
v o or ] v o or ]
-0.5 Unpol. PDF unc. -0.5 Unpol. PDF unc.
Pol. PDF unc. — T Pol. PDF unc.
EFF unc. EFF unc.
_1 N N . N N P | N . N . N P _1 N N . N N P | N . N . N N
10-2 10-1 100 10-2 10-1 100
X X
Q2 = 2 GeV?
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SUMMARY

Pawet Sznajder

Fits to DVCS data
m New parameterizations of border and skewness function proposed

— basic properties of GPD as building blocks
— small number of parameters

— encoded access to nucleon tomography and subtraction constant

m Successful to fit EFF and DVCS data

— replica method for a careful propagation of uncertainties

What next?

m Neural network parameterization of CFFs

m Include other channels and more observables

m Include new and already existing theory developments

m Make consistent analysis of all those ingredients — PARTONS

JLab Theory Seminar



PARTONS PROJECT

Layered structure:

m one layer = collection of objects designed for common purpose
m one module = one physical development

m operations on modules provided by Services, e.g. for GPD Layer

GPDResult computeGPDModel

(const GPDKinematicé& gpdKinematic, GPDModule* pGPDModule) const;
GPDResult computeGPDModelRestrictedByGPDType
(const GPDKinematicé& gpdKinematic, GPDModule* pGPDModule,
GPDType: :Type gpdType) const;
GPDResult computeGPDModelWithEvolution

(const GPDKinematicé& gpdKinematic, GPDModule* pGPDModule,
GPDEvolutionModule* pEvolQCDModule) const;

m what can be automated is automated
m features improving calculation speed

e.g. CFF Layer Service stores the last calculated values

Pawet Sznajder JLab Theory Seminar

Observable Layer

DVCS TCS HEMP

Process Layer

DVCS TCS HEMP

CFF Layer

DVCS TCS HEMP

GPD Layer

GPDs and Evolution




PARTONS PROJECT

Existing modules:

m GPD: GK11, VGG, Vinnikov, MPSSW13, MMS13

m Evolution: Vinnikov code

m CFF (DVCS only): LO, NLO (gluons and
light or light + heavy quarks)

m Cross Section (DVCS only): VGG, BMJ, GV

GPDH

= Running coupling: 4-loop PDG expression, constant value

Pawet Sznajder
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- VGG
L Vinnikov

- GK11

MPSSW13

i
0.5




