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Motivation for GPDs studies

pion valence

cloud quarks
/P T ] Tmom + 2coord tomographic images of quark distribution

. in nucleon at fixed longitudinal momentum

/ / 3-D image from FT of the longitudinal mom. transfer

x<0.1 x~0.3 x~0.8
[H. Abramowicz et al., whitepaper for NSAC LRP, 2007]

% GPDs are not well-constrained experimentally:

o . . " Hx, &,1)
- Xx-dependence extraction is not direct. DVCS amplitude: # = [ Y dx
1 X— 1€

(SDHEP [J. Qiu et al, arXiv:2205.07846] gives access to Xx)
- independent measurements to disentangle GPDs
- GPDs phenomenology more complicated than PDFs (multi-dimensionality)

- and more challenges ...

Essential to complement the knowledge on GPD from lattice QCD
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Hadron structure at core of nuclear physics

T T 1 17T II T T T L II T T T
Current DVCS data at colliders:

10 3 O ZEUS- total xsec O HI1- total xsec o .
I ® ZEUS- do/dt B H1-do/dt
L B Hi-Acy ,,'*17

% Tomographic imaging of proton Gurent DVGS data a e fargets:

| A HERMES-A; A HERMES-AcU
L A HERMES- Ay, Ay, AL

has central role in the science | & HEMES A &t orFe

—~ 102}
(Y r _ _
program Of EIC SCIENCE REQUIREMENTS (?g Eg?élrfﬁe_c;g?;g—z;étfg‘;ud ;:Tg
AND DETECTOR | = L - dordb A, A A
GPDs, FFs, GFFs, TMDs, ... | 4 wiZfif o |
[R. Abdul Khalek et al., D e 10

EIC Yellow Report 2021, arXiv:2103.05419]
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% Tomographic imaging of proton Ourrent DVOS dataal foed i

L A HERMES-Ay, Ay, ALl
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[R. Abdul Khalek et al., e 10 ¢

EIC Yellow Report 2021, arXiv:2103.05419]
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ToMoGrRAPHY X Lattice data may be incorporated in
COLLABORATION global analysis of experimental data and
i3 Award Number: may influence parametrization of 7 and ¢
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¥ dependence
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Hadron structure at core of nuclear physms

Current DVCS data at colllders
103 —O ZEUS- total xsec O H1-total xsec
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u - [ CuU /,*
Current DVCS data at fixed targets:
% Tomographic imaging of proton Current DVCS data at fixed t

L A HERMES-ALU, AuL, AL
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X
(OMENO, €& ENERGY i
QUARK-GLUON . . .
ToMoGrRAPHY X Lattice data may be incorporated in
COLLABORATION global analysis of experimental data and
Award Number: may influence parametrization of r and &

DE-SC0023646

dependence

Advances of lattice QCD are timely
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n—1
(N(Pl)|ol‘l}#1..-pn_1 |N(P)> N; {,Y{;J,Apl . Api?ﬂH—l . ‘Fun_l}An’i(t) i

Accessing information on GPDs

- oo 1 «— —
* Mellln moments . cj(—%z) 'VUW[—%z, %z] q(%z) = Z ] %o - Zan [cﬁ"Do‘l ...Do‘”q]
(local OPE expansion) n=0

local operators

AFAHL ... Abn-1
+
mny

. Aao'a{l/‘

Cn,O(A2)

AML .. ARPRH L .Fﬂn—l}B (t)
MmN n,i
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Accessing information on GPDs

- oo 1 «— —
* Mellln moments . cj(—%z) 'VUW[—%z, %z] q(%z) = Z ] %o - Zan [cﬁ"Do‘l ...Da”q]
(local OPE expansion) n=0

local operators
. Aao'a{ﬂ'

n-l — —_ — — HAML . .. AHn—1
(N(P,)|Ol‘j#1 Hn—1 |N(P)> NZ {,Y{MAM .. Amp#zﬂ L Pun I}An,i(t) —i - AM ... A/.tiP/J'z+1 L. Pun—l}Bn’i(t)} +A A — A Cn,o(A2) )
i—0 N N n even
1.0
— Kelly
0.9 1 ® PNDME20
A Mainz21
0.8 1 Q $ ETMC18
o ¥V PACs18
_ 0.7 AO .
Ngm 0.6 - 00
? 0.5 1 A OO/'\ 0
£ Wide -t range that
0.4 1 @ DQ ¢
03] 1 comes at the cost of 1
0.2 . . . . . . (in the majority of cases)
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Q? [GeV?]
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Accessing information on GPDs

- oo 1 «— —
* Mellln moments . cj(—%z) 'VUW[—%z, %z] q(%z) = Z ] %o - Zan [cﬁ"Do‘l ...Do‘”q]
(local OPE expansion) n=0

local operators
. Aao'a{l/‘

n-d BAML ... APn—1
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A Mainz21
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Q7 [GeV?]
% Matrix elements of non-local operators
(quasi-GPDs, pseudo-GPDs, ...)
(NP, | B(2) T 7 (2,0)P(0) | N(P)),
Wilson line
(N(P)OL@IN(PY) =T(P) {1 H(a, &) + 2 =2 B(a,&, )} U(P) + bt
my
(N(P")|O4(z)|N(P))=T(P") {’Y“vsﬁ(w, §,t) + ;,5;:; E(z,¢, t)} U(P) + ht,
[ V] Sk vl [ V] _
(N(P")|O¥ (z)|N(P))y=U(P) {ia‘“’HT(:c,ﬁ,t) + A Er(x,&,t) + P 2A Hr(z,&,t) + kit ET(x,ﬁ,t)} U(P) + ht
2mN mN my
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GPDs

Through non-local matrix elements

of fast-moving hadrons
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Access of PDFs/GPDs on a Euclidean Lattice

[X. Ji, Phys. Rev. Lett. 110 (2013) 262002]

Matrix elements of nonlocal (equal-time) operators with fast moving hadrons

d . _
4970 1, £, Py ) = [4—}1” (N(P) | B T W (.0)¥(0) | N(P)),
l A = Pf — P;
t = AZ — Q2
_ 9
- = 2P;
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Access of PDFs/GPDs on a Euclidean Lattice

[X. Ji, Phys. Rev. Lett. 110 (2013) 262002]

Matrix elements of nonlocal (equal-time) operators with fast moving hadrons

. dz . _
490 (e, 1, &, Py ) = J4—e 5P (NP ()T W @0NEO) [N(PY),
| Accessing -t dgbendence:
A=P,—P, 5 7 pPene
Computatighally intensive
t = A= - Q? "
£ = &
2P3 '
o hadronic Matching to
matrix elements light-cone GPDs
L 49 Q. _/
quasi
Identification of distribution x-dependence |
ground state J approach reconstructionj
Renormalizati% % form factors” |
disentanglemeny
—
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Access of PDFs/GPDs on a Euclidean Lattice

[X. Ji, Phys. Rev. Lett. 110 (2013) 262002]

Matrix elements of nonlocal (equal-time) operators with fast moving hadrons

. dz . _
gr P(x, 1, &, Py, p) = J4—e P (NP | P () T %' (2,0)P(0) |IN(P)),
| Accessing -t dgbendence:
A=P,—P, 5 7 pPene
Computatighally intensive
t=A>=—Q? "
£ — Qs
2P3 '
o hadronic Matching to
matrix elements light-cone GPDs
" 49 @ —
quasi
Identification of distribution x-dependence |
- ground state _/ approach reconstructionj
Renormalizati% % form factors” |
disentanglemeny
—
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Traditional calculations of GPDs
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Traditional calculations of GPDs

PHYSICAL REVIEW LETTERS 125§, 262001 (2020)

Unpolarized and Helicity Generalized Parton Distributions of the Proton within
Lattice QCD

Constantia Alexandrou,"* Krzysztof Cichy,” Martha Constantinou®,* Kyriakos Hadjiyiannakou,’

Karl J ansen,5 Aurora ScaBellato,3 and Fernanda Steffens®

PHYSICAL REVIEW D 105, 034501 (2022)

Transversity GPDs of the proton from lattice QCD

Constantia Alexandrou,'” Krzysztof Cichy,” Martha Constantinou®,* Kyriakos Hadjiyiannakou,'”
Karl Jansen,” Aurora Scapellato,4 and Fernanda Steffens’

. _Ou
1 ic*A
F[yo](X, A; 2,45 PY) = ﬁﬂpl, A) }’OHQ(O)(X, E, 15 P7) + M - Eq ), &1 P3)] u(p, 1)
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Parameters of calculations

* Nf=2+1+1 twisted mass fermions with a clover term:

[Extended Twisted Mass Collaboration, Phys. Rev. D 104, 074515 (2021), arXiv:2104.13408]

Name

B

Ny

I3 xT

a [fm] M

mayL

cA211.32

1.726

u,d, s, c

323 x 64

0.093 260 MeV

4

% Calculation of connected diagram

P;[GeV] q[%2] —t[GeV?]| Nue Neonts Nsrc Niotal
+0.83  (0,0,0) 0 2 194 8 3104
+1.25  (0,0,0) 0 2 731 16 23392
+1.67  (0,0,0) 0 2 1644 64 210432
+0.83 (£2,0,0) 0.69 8 67 8 4288
+1.25  (4+2,0,0)  0.69 8 249 8 15936
+1.67 (£2,0,0) 0.69 8 294 32 75264
+1.25 (4£2,42,0)  1.38 16 224 8 28672
+1.25 (+4,0,0) 2.76 8 329 32 84224

N(P,

s
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Parameters of calculations

* Nf=2+1+1 twisted mass fermions with a clover term:
[Extended Twisted Mass Collaboration, Phys. Rev. D 104, 074515 (2021), arXiv:2104.13408]

Name B Ny L*xT a [fm] M, M L
cA211.32 | 1.726 wu,d,s,c 32°x64 0.093 260 MeV 4

N(P ,0) N(P 1

s

% Calculation of connected diagram

P;[GeV] q[%2] —t[GeV?]| Nue Neonts Nsrc Niotal
+0.83  (0,0,0) 0 2 194 8 3104
+1.25  (0,0,0) 0 2 731 16 23392
+1.67  (0,0,0) 0 2 1644 64 210432
+0.83 (£2,0,0) 0.69 8 67 8 4288
+1.25  (4+2,0,0)  0.69 8 249 8 15936
+1.67 (£2,0,0) 0.69 8 294 32 75264
+1.25 (4£2,42,0)  1.38 16 224 8 28672
+1.25 (+4,0,0) 2.76 8 329 32 84224

@ Symmetric frame

computationally
expensive

T
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Parameters of calculations

* Nf=2+1+1 twisted mass fermions with a clover term:
[Extended Twisted Mass Collaboration, Phys. Rev. D 104, 074515 (2021), arXiv:2104.13408]

Name B Ny L*xT a [fm] M, M L
cA211.32 | 1.726 wu,d,s,c 32°x64 0.093 260 MeV 4
W (z)
_ _ N(P 1,0) N(P, 1,
% Calculation of connected diagram
P;[GeV] ¢| 2% ] —t[GeV?®]| NmE Neonts Nsre  Niotal Source-sink separation Ts = 12a ~ 1.13 fm
8

+0.83  (0,0,0) 0 2 194 8 3104 R

~ ’Ys
+1.25  (0,0,0) 0 2 731 16 23392 : s o
+1.67  (0,0,0) 0 2 1644 64 210432 g X107 Oz A
+0.83  (£2,0,0)  0.69 8 67 8 4288 8

2
+1.25  (£2,0,0) 0.69 8 249 8 15936 S 1x10° ¢
+1.67 (£2,0,0)  0.69 8 204 32 75264 S
+1.25 (+2,42,0)  1.38 16 224 8 28672 100000 . . . '

0.6 0.8 1 1.2 1.4 1.6
+1.25  (44,0,0) 2.76 8 329 32 84224 P3 [GeV]
@ Symmetric frame @ Suppressing gauge noise and reliably
computationally extracting the ground state comes at a
expensive significant computational cost
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First lattice calculation of x-dependent GPDs
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First lattice calculation of x-dependent GPDs

3 l
|
— — H(z)-GPD, ¢=0 } \
— — H(z)-GPD, £ = [1/3[| | \
o L|l— — filz) ﬂ\ \\ Py =1.25GeV -
\ \
\
\\ \
1r Q Ny
W
- \j\: N
.- — - \\\\‘\\\\\ —
0 gE::EEZZ.——:———\)\ﬂ‘ ....................................... LT
-1 -0.5 _5 0 5 0.5 1

[C. Alexandrou et al., PRL 125, 262001 (2020)]
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First lattice calculation of x-dependent GPDs

3

—C AW G E-0 | || | % ERBL/DGLAP: Qualitative differences
LS50 TN s
| \ * & = =* xinaccessible
| \. N _ (formalism breaks down)
0 ,_E.::.E.g_:_:g_gg.z_#f_._ff.f&f%ﬁi\_\y_\}z * x — | region: qualitatively
‘s comparison with power counting
b 05 ¢ . = o 1 analysiIs [F. Yuan, PRD69 (2004) 051501, hep-ph/0311288]

[C. Alexandrou et al., PRL 125, 262001 (2020)]
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First lattice calculation of x-dependent GPDs

T Ee D=0 A | % ERBL/DGLAP: Qualitative differences
= At I N PO
| \ * ¢ = * xinaccessible
o \L N _ (formalism breaks down)
0 ,E.::.E.E_:_:_»__«_.f__g.z#ff.f.f&f%ﬁﬁ\.\}t_f__ * x — 1 region: qualitatively
e comparison with power counting
b 05 ¢ . = o 1 analysiIs [F. Yuan, PRD69 (2004) 051501, hep-ph/0311288]

4 t-dependence vanishes at large-x

[C. Alexandrou et al., PRL 125, 262001 (2020)] 4 H(x,0) asymptotically equal to fl(x)
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First lattice calculation of x-dependent GPDs

3

] \
'|| \
]h \

P; =1.25 GeV -

- \_,r\: ~
— \\\\‘\\ N
—— | e =
A
1 l 1
-05 — 0 0.5 1
5 xT

[C. Alexandrou et al., PRL 125, 262001 (2020)]

% ERBL/DGLAP: Qualitative differences

% & = =+ xinaccessible

(formalism breaks down)

% x — 1 region: qualitatively

comparison with power counting

analysIs [F. yuan, PRD69 (2004) 051501, hep-ph/0311288]
4 f-dependence vanishes at large-x

4+ H(x,0) asymptotically equal to f(x)

— — E(z)-GPD Py =125 GeV — — E(2)-GPD
— — H(z)-GPD B — — H(z)-GPD Py =1.25 GeV
eI f =113
| ; I\
[ I S A\
/ ===
Jl\ == AN
F—— — / - ~
— =2 N P | ,\\ ~__
///\/—-_—"I \\\\ /// — \\\
S =ssessssl N A e N _ i e —
-0.5 0.5 -0.5 0 0.5 1
xT

M. Constantinou, SPIN 2023



First lattice calculation of x-dependent GPDs

3 T | . . .
—C AW G E-0 | || % ERBL/DGLAP: Qualitative differences
- ng; GPD, £ =[1/3| | |
o bl—— Nl oy Py =1.25 GeV - i i
} | \ * & = =* xinaccessible
\ .
. \ \ (formalism breaks down)
| W (N
| e TSN : c
T e SRR === % x — | region: qualitatively
comparison with power counting
1 05 _¢ . = o 1 analysis [F. yuan, PRD69 (2004) 051501, hep-ph/0311288]
4 f-dependence vanishes at large-x
[C. Alexandrou et al., PRL 125, 262001 (2020)] 4 H(x,0) asymptotically equal to fl (x)
o pomey | FTERER)
N - = (37)' 5 — |1/3| - = ($)'GPD | ‘\\ €3,=—|1/3| e
1F /I! I\
J 2T Sl BN
. AN / - ~
| ~—— W // . l\\ \\\\
el S g e ey,
0 oSt S SO e - 0 ::____,..1,,——-4 __________________________________ -
0I5 1 0I5 (|) O.I5 1

* important contributi

-1

T

on in the broton é'pin

+1
J dxx*H(x, &, 1) = AL (1) + 4£°CL (1),

-1

+1
[ dxx*E%(x,&,1) = Bl (1) — 4E°CL (1)
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Exploration of twist-3 GPDs

PHYSICAL REVIEW D 108, 054501 (2023)

Chiral-even axial twist-3 GPDs of the proton from lattice QCD

Shohini Bhattacharyaﬂ':),l’2 Krzysztof Cichy,3 Martha Constantinouf!),l Jack Dodson,1 Andreas Metzﬂ!),1
Aurora Scapellato,1 and Fernanda Steffens’

K. Cichy, Wed @ 11 am
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Exploration of twist-3 GPDs

PHYSICAL REVIEW D 108, 054501 (2023) K. Cichy, Wed @ 11 am

Chiral-even axial twist-3 GPDs of the proton from lattice QCD

Shohini Bhattacharya ,1’2 Krzysztof Cichy,3 Martha Constantinou ,1 Jack Dodson,1 Andreas Metz ,1
Aurora Scapellato,1 and Fernanda Steffens’

" 1 A3
FU sl(z, A; P3) = ﬁﬂ(pf,)\’) P“WPZS Fg(x,§,1; P3) —|—P“2 ;%Fg(x,fat; p?)

5
A‘izm E+Gy (.CU &, t; P3)+'Yl’75 ﬁ+52(x7€7t;P3)

AT F (a8 P+ i A, L P 2,6, P) (i,

[D. Kiptily and M. Polyakov, Eur. Phys. J. C37 (2004) 105, arXiv:hep-ph/0212372]
[F. Aslan et a., Phys. Rev. D 98, 014038 (2018), arXiv:1802.06243]
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Exploration of twist-3 GPDs

PHYSICAL REVIEW D 108, 054501 (2023) K. Cichy, Wed @ 11 am

——— e

Chiral-even axial twist-3 GPDs of the proton from lattice QCD

Shohini Bhattacharya"l,l’2 Krzysztof Cichy,3 Martha Constantinou ,1 Jack Dodson,1 Andreas Metz! ‘,1
Aurora Scapellato,1 and Fernanda Steffens’

" 1 A3
FI'sl(z, A; P3) = ﬁa(pf,)\’) P“WPZ‘E’ Fz(z,&,t; P?) +P“2 ;%FE*(-’E,EJ; p?)

5
Ali'zm B+Gy (iL’ f, P3)+’YJ_’Y5 ﬁ+§2(w7€7t;P3)

3

'Y 75 Y
+AfLL P3 ( Eat P3)+7'€ AuﬁFé4(xa§at;P3) ’U,(pz-,/\)

[D. Kiptily and M. Polyakov, Eur. Phys. J. C37 (2004) 105, arXiv:hep-ph/0212372]
[F. Aslan et a., Phys. Rev. D 98, 014038 (2018), arXiv:1802.06243]

H+G,, —1=0.69 GeV?
I H, -1=0.69 GeV?
071 mm G,, —1=0.69 GeV?
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New parametrization of GPDs

PHYSICAL REVIEW D 106, 114512 (2022)

Generalized parton distributions from lattice QCD with asymmetric
momentum transfer: Unpolarized quarks

Shohini Bhattacharya ,1’* Krzysztof Cichy,2 Martha Constantinou ,3’T Jack Dodson,3 Xiang Gao,4 Andreas Metz,3

Swagato Mukherjee ,' Aurora Sc:apellato,3 Fernanda Steffens,” and Yong Zhao'
e —————

Recent addition:
Josh Miller (Temple University)

For latest updates see Miller’s Lattice Conference 2023 talk here
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https://indico.fnal.gov/event/57249/contributions/271276/attachments/169798/228039/Lattice_2023_Miller_final.pdf
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Theoretical setup

% yT inspired parametrization is prohibitively expensive

icV* A

) + M - EQ(O)(-xa ga l, P3)] u(pa /1)

FUVx, Az A, 1 P3) = La(p' ) [yOH
) s /by ) 2PO ) Q‘
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Theoretical setup

% yT inspired parametrization is prohibitively expensive

FUVx, Az A, 1 P3) = La( ANy H,
’ s /Uy ’ 2PO pa 7 Q1

) pr AF iohA
Fi = 0(p, 1) | Ay + 2 MAg + —- Ay + io** MA, +

A; : - Lorentz invariant amplitudes
- have definite symmetries

) +

As +

. _Ou
19} Aﬂ

2M

PHigA

Eq)(x, &, 13 P3)] u(p, A)

Mo AFicA

Ag + A, +

AS] u(p, 1)
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Theoretical setup

% yT inspired parametrization is prohibitively expensive

FUVx, Az A, 1 P3) = La( ANy H, ) +
’ s /Uy ’ 2PO pa 7 Q1

icV* A

2M

- Eq)(x, &, 13 P3)] u(p, A)

P A# Toj PFig®® 7Hic? AFig
FY, = (p, 4) | Ay + 2 MAy + —— Ay + 0" MA, +———As + A+ A, +
A; : - Lorentz invariant amplitudes
- have definite symmetries
% Two decompositions can be related
" 2(Af + A)
HO(Az';z) :Al-l- ;P3 2 A6,
2 4E2 Az A2
E3(A% ) = Ay F A, p o, PUEHATHAG)
P3 2-P3

AS] u(p, 1)
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Theoretical setup

% yT inspired parametrization is prohibitively expensive

("] . . p3 1 —c 1 a1/ 0 iGOﬂA” . p3
F (X,A,/l,/l,P )=ﬁu(p’/1) yHQq ) + 2M EQ(O)(-xagat’P ) u(pa/i)
y o P AH e iohA PFigA 7Hic? AFigiA
FY = (p, ) |- A+ 2 MAy + — Ay 109 MA, + ———As + Ag + A, + Ag|u(p, 2)
A; : - Lorentz invariant amplitudes
- have definite symmetries
% Two decompositions can be related
" 2(Af + A)
HO(Az';Z) :Al—l— ;PS 2 A6,
2 4E2 AZ A2
£3(A%2) = Ay — TZ 4y ou, - PO ATHAY)
Py 2P,

Light-cone GPDs using lattice correlators in non-symmetric frames

mpl
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Theoretical setup

PH AH iot® PHic™® 7Hic™A AHich

Aglu(p, )

Goals
z(A2? 2
(A) A; are to the standard H, E GPDs  #;(45;2) = A1 + (A;;BA ) 46

(B) Extraction of standard GPDs using A; obtained from any frame
(C) quasi-GPDs may be redefined (Lorentz covariant) inspired by light-cone:
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Theoretical setup

) PH AH , iot® PHic™® 7Hic™A AHich

Aglu(p, )

Goals
z(A2? 2
(A) A; are to the standard H, £ GPDs = #;(4i;2) = A1 + (A;;SA ) 46

(B) Extraction of standard GPDs using A; obtained from any frame
(C) quasi-GPDs may be redefined (Lorentz covariant) inspired by light-cone:

Asa'z
Hz-P,z- At =A%z =A +—24 = 4,
avg,sla * <

Ay, 2
E(z-P,z-A,t = AZ, Zz) - - Al _ s A3 + 2AS + 2Pavg,s/a ) ZA6 + 2Asla ) ZA8
Pavg,s/a "<
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Theoretical setup

_ P* A , io"  Phig™®  zlig™® Atigt®

AS I/t(p, )‘)

Goals
(A) A; are to the standard H, £ GPDs = #;(4i;2) = A1 + Z(A; ;3 £2) 44

(B) Extraction of standard GPDs using A; obtained from any frame
(C) quasi-GPDs may be redefined (Lorentz covariant) inspired by light-cone:

Asa'z
H-Pz-At=A%Z0) = A +—2 " A,
avg,sla * <

) AS/a e
E(Z ‘P,Z y A,t - A s < ) — _Al - P A3 +2A5 +2Pavg,s/a .ZA6+2AS/G 'ZA8
avg,sla ” <
(A) Proof-of-concept calculation (¢ = 0):

s — 02 — 2
- symmetric frame: Py =P +—, p; = —1°= Q07 =0.69GeV

a_ _ N2 2 _ 2
- asymmetric frame: t“=— Q"+ (E,— E)” =0.65GeV

T
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Parameters of calculations

* Nf=2+1+1 twisted mass fermions with a clover term:
[Extended Twisted Mass Collaboration, Phys. Rev. D 104, 074515 (2021), arXiv:2104.13408]

Name B Ny L*xT a [fm] M My L
cA211.32 | 1.726 wu,d,s,c 32°x64 0.093 260 MeV 4

frame Pz [GeV] A (3] —t [GeV?] ¢ |Nume Neonts Nsre Niot
N/A +1.25 (0,0,0) 0 0 2 731 16 23392
symm  +0.83  (£2,0,0), (0,42,0) 0.69 0 8 67 8 4288
symm  +1.25  (£2,0,0), (0,4:2,0) 0.69 0 8 249 8 15936
symm  +1.67  (£2,0,0), (0,£2,0) 0.69 0 8 294 32 75264
symm  +1.25 (£2, £2,0) 1.39 0 | 16 224 8 28672
symm  +£1.25  (£4,0,0), (0,£4,0) 2.76 0 8 329 32 84224
asymm +1.25  (£1,0,0), (0,41,0) 0.17 0 8 429 8 27456
asymm +1.25 (+1,41,0) 0.33 0 | 16 194 8 12416
asymm +1.25  (£2,0,0), (0,42,0) 0.64 0 8 429 8 27456
asymm +1.25 (+1,4£2,0), (£2,4£1,0)  0.80 0 | 16 194 8 12416
asymm +1.25 (+2,£2,0) 1.16 0 | 16 194 8 24832
asymm +1.25  (£3,0,0), (0,43,0) 1.37 0 8 429 8 27456
asymm +1.25 (+1,4£3,0), (£3,£1,0)  1.50 0 | 16 194 8 12416
asymm +1.25  (£4,0,0), (0,44,0) 2.26 0 8 429 8 27456
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Results: matrix elements

% Eight independent matrix elements needed to disentangle the A,

asymmetric frame
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Results: matrix elements

% Eight independent matrix elements needed to disentangle the A,

asymmetric frame

o {+3, )
" {+3,(+2,0,0)

{+3,(0,-2,0)
)

( }

} o
| # ( }

T {+3,(0,+2,0)}

T ¢ {-3,(-2,0,0)}

¥ gii ‘ ¢ {-3,(+2,0,0)}
| ! ( )}

; ¢ ( )}

—2,0,0

Im(IT§(T)]

i
ooﬂgl1§§§%$$ E%%$ tt:iﬁsgsa
il
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Results: matrix elements

% Eight independent matrix elements needed to disentangle the A,

asymmetric frame

ﬁ%

; 02 04 +
. ‘ﬁ% W, At tﬁf ) i%%ﬁ

aagaag!ﬂ n {1 2,43, (+2,0,0)}

NS o NN e
o o o o 9 =K=]
i e e e

e
e e e
w
N~ o~ o~~~ o~ —~
(=)
e e

Re[l1§(T'y)]

g

—E—Io———o——e—
S R

0
2/a b {1,2,-3,(~2,0,0)} 2/a

¢ {1,2,-3,(+2,0,0)}

$ Wﬂ e
zggu £ 005 |

| ﬁ*' % 0.00 izlmml@“:éal

W il oojm? i“ﬁﬁ et

(
(
(0, =
5 10 15 {2 1 +3, EO +2, 0)} 5 0 5 10 5
(
S
(

')
gl
it
-5  -10 =5 z% 5 10 15 ~15 —-10 = z?a 5 10 15
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Results: matrix elements

% Eight independent matrix elements needed to disentangle the A,

asymmetric frame

1.0] T Gs 00 | 0.751
G oEE Wy w il
06 ¥ ii . Siiggﬁ = 01 ﬁ% TTT 4')1 = " it‘.‘**‘ o i!g%eh
T TEER B et bt £ el i
Séo.z. | % | fé § —0.1 $$$ T $$$D =0 .‘; g:
#$§ éﬁ | b {1,2,43,(~2,0,0)} —0.50 % gtb b5 (200
Ooﬁ%%@ﬂ-ﬁ ﬁﬁﬁﬁﬁﬂ . giﬁ E(JJFQ(;?)); i 07| $$ | iz +3E 200)?
2,1,43,(0,+2,0 {1,+3,(0,-2,0)}
O.;15 “10 5 z(/)a 5 10 15 f E% g%g;g% °5 z% 5 10 15 15 -10 =5 z% f % +§ %o;z] EJZ}
i % et SN Wl b
0.2 L '. i
: Ooamﬁﬁim | é %%m 2 10 2 Hﬁ%&'wﬂ
ST Owémiﬁiifﬁ’:ﬂ“fﬁéffézﬁ%iﬁ L
—0.2; | ok ) 'ﬁ ® ( * mm?ﬂfl —0.1 -. !
N i i I
-5 -10 -5 294 5 10 15 15 -0 =5 z% 5 0 15 15 -0 =5 z9a 5 10
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Results: matrix elements

% Eight independent matrix elements needed to disentangle the A,

asymmetric frame
1.0/ b (43 (<20, 0.75'

] o Y i
+3,(+2,0,0 + -
. Q‘ R e i o,
B —3,(=2,0,0 a AL 0.25 *T D &7
=0 ¥ Ii P Geam| 2 ! 110l = Ty
E04 ﬁ i ¢ o0 | F Oonﬁgﬁﬂgi ! : gé“uﬂ! < oofges QQ“'. :ﬁ%anﬁﬁﬁ
/~ | ~ o | ° _ 251 ‘ ‘
0.2] el f —0.1 $$ED ’ ; | $
N ‘$§ | éé | o {1,2,+3,(=2,0,0)} if£+i$ —0.501 $$ ‘ $?$¢
2, 2,
LT I S M e
15 —10 =5 z(/)a 5 10 5 g; +‘; EO ;i %))}} 75 z% 5 10 15 -5 —-10 -5 9 E Ii Eg +§ Sﬁ
¢ {1,2,-3,(+2,0,0)} z/a b {2,-3,(-2,0,0)}
( + {2,-3,(+2,0,0)}
( . {, 320 20);

)
0.41 ’ {2,1,-3,(0,-2,0)}
E!] | # ¢ {2,1,-3,(0,42,0)} Lug 0.2, Lo (1.3 (0,42,0)
0.21 + + = .. il
m

$£ m:m S oo i i i $ iigf | é-.J + §
S it T AT
W R
15 -10 -5 z% 5 10 15 15 —10 =5 z% 5 10 15 15 —10 =5 z(/)a 5 10

% Asymmetric frame: ME do not have definite symmetries in +P,, + 0, + ¢

Im[HO (Fo)]
[an]
o
>
12>
x>
£
< B
- OBE-
- e W=
- e MO

% Noisy ME lead to challenges in extracting A, of sub-leading magnitude
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Re [A,]

Comparison of A, in two frames

Unpolarized GPDs

2.0 0.2
0.11
1.5
% 0.0® v 3 e 8 8
1.0 k ——0.11 ® '
g = * ¢ ¢
8 " =02 ¢ ¢ i
0.51 o . o) o i
¢ ~0.3 o ®
¢ 5 : i
0.0 e S v v v v BB, iii
0 3 6 9 12 ) 3 6 9 12 15
z/a z/a

* A, A5 dominant contributions

% Full agreement in two frames for both Re and Im parts of A, A5

* A, Ay, Agzeroaté =0

* A,,Aq A, suppressed (at least for this kinematic setup and & = ()

- s
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Comparison of A, in two frames

Unpolarized GPDs

2.0 0.2
0.1
1.5]
% 0.0® v 3 e 8 8
=08 =, ¢
Cg 9 9 »—¢8_02. ¢ i
0.51 * . ' ? o i
¢ X —0.3] ; o ® i
¢
0.0 EE AR RN Y iii
0 3 9 12 5 U9 3 G 9 12 15
zfa Helicity GPDs zfa
2.5 % i 001 * % I i i
0.1
2.0 » ¥ ; ; %
0.2 .
s 1 gl Pyt
1<, % =< ¢
%ol % 3 E E 04 } t A4
: 0.5 ¢ A3
0.5 iy
* E E g ; 0.6 t fz
0.0 - 5 5 5 5 = iy P Ag
0 4 8 10 12 14 0 2 4 6 8 10 12 14
zla zla

= v o e

Ay
Af
A3
A3
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H, E light-cone GPDs

% quasi-GPDs transformed to momentum space

% Matching formalism to 1 loop accuracy level

% +/-x correspond to quark and anti-quark region

% Anti-quark region susceptible to systematic uncertainties.

3.0

2.5

2.0 1

1.5 -

1.0 -

0.5 -

0.0

—0.5 A1

_1.0 1 1 1 1 1 1 1
-1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75 1.0

X

E(x)

6

5_

4_

1_

0

-1

-1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75
X

% Similar analysis for helicity GPDs

1.00

—t=0.17 GeV?
—t =0.33 GeV?
—t = 0.64 GeV?
—t = 0.80 GeV?
—t=1.16 GeV?
—t=1.37 GeV?
—t =1.50 GeV?
—t = 2.26 GeV?

T
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H light-cone GPD

TINITI]

—1=0.17 GeV?
—1=0.34 GeV?
—1=0.65 GeV?
—1=0.69 GeV?
—1=0.81 GeV?
—1=1.24 GeV?
—1=1.38 GeV?
—1=1.38 GeV?
—1=1.52 GeV?
—1=2.29 GeV?
—t=2.77 GeV?

~alpy V)|

F' (2, P,A) = (pg; N [(—2) v s W(=Z, 2)1(2) |pi; A)

’iG”PZA . .
Ay + Y5 A2 + 5

PH - ~ AM ~
(—A3 +mzt Ay + —As)
m m

ph ~ AK -
+ mgys (_A6 +mztAr + _A8>] u(pi, A) ,
m m

—1t=0.17GeV?
—1=0.34GeV?
—1=0.65GeV?
—1=0.69GeV?
—1=0.81GeV?
—t=1.24GeV?
—t=1.38GeV?
—1=1.38GeV?
—t=1.52GeV?
—1=2.29GeV?
—1=2.77GeV?
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How to lattice QCD data fit into the overall effort for hadron tomography
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How to lattice QCD data fit into the overall effort for hadron tomography

% Lattice data may be incorporated in global analysis of experimental
data and may influence parametrization of f and £ dependence

LTl
Iﬂl M. Constantinou, SPIN 2023 m



How to lattice QCD data fit into the overall effort for hadron tomography

% Lattice data may be incorporated in global analysis of experimental
data and may influence parametrization of f and £ dependence

QUARK-GLUON
TOMOGRAPHY

COLLABORATION

officeof Award Number:

G

& ENERGY  scence DE-SC0023646

1. of high-momentum transfer processes using
perturbative QCD methods and study of GPDs properties

2. Lattice QCD calculations of GPDs and related structures

3. Global analysis of GPDs based on experimental data using modern data
analysis techniques for inference and uncertainty quantification
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Synergies: constraints & predictive power of lattice QCD

pion PDF helicity PDF
NLO+NLLpy '

I cxp only Th eo ry,

0.1;/ WM exp+lat (p=1)

B cxp+lat (all p) Lattice phen.g- ';é\
& 0.0
S.15 menolo |
< =) QcD i 5 |
c*0.05&_, 502 HEE exp+l
o 5—0. p+lat
0 02 04 06 08 1 [ lat (DFT)
T 107 107" 10°
T
JAW_H__QE,,!_tmg !!B! 5! !!E!!! !14051 ?
[ ’ ] E ] t [JAM & ETMC, PRD 103 (2021) 016003]
xperiments,
. lobal analysis
proton & neutron radius 9 y
o 2 transversﬂy PDF
:\Ll.l 10_1 — o .%) 6d JAM22 * GOld tein et al (2014) —h— | I Pitschmann et al (2015)
Q] s o) i # Radici, Bacchetta (2018) Ie Hasan et al (2018
) - n ow G QF JAM22 (no LQCD) i, Bacchatts o 2n2e
— : %% g .chv v 1 ? ? JAM20+ : f\;lexandroul:t al (;020) i A‘l:; ::;d o li 11(2)020)
| ‘ c ) 0.1F # Pitschmann et al (2015) —_— * Anselmino et al (2013)
L g7 B T Work (n,=1) proton GPDs ool ., el
Ll 5 O World data 3 T L) T . ‘ _.__._ : : l:(adg 'E;(zohlst)t (2018)
hl: ' e - %}Em)o 0.69GeV?) i\ Py =125 Gev e I B —e— i} Benelstal (019)
- o x,U, —U. —.—l-l D’ Alesio et al (2020)
NPT BT BT EP PP BRI BT B o 2.0, — N —0.2F »> : 20
0 01 02 03 04 05 06 07 2f —H0-128Gevh L e A (o acD)
H(z,1/3], ~1.02GeV?) N i
Q (GeV/C)2 : \\\\:' —-0.3 . [ . ‘ IIO: JAM22
N 04 06 08 10 §u 05 1.0 15 20 g

[Atac et al., Nature Comm. 12, 1759 (2021)]

~
h \\ ~
" S
— — —— —
\_}_:‘ y 3

ETMG;PRL 125 (2020) 262001] '
T &’ And many more!
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Summary

Lattice QCD data on GPDs will play an important role in the pre-EIC era
and can complement experimental efforts of JLab@12GeV

New proposal for Lorentz invariant decomposition has great advantages:
- significant reduction of computational cost

- access to a broad range of fand &
Future calculations have the potential to transform the field of GPDs

Synergy with phenomenology is an exciting prospect!
QGT Collaboration will be instrumental in such effort
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Summary

% Lattice QCD data on GPDs will play an important role in the pre-EIC era
and can complement experimental efforts of JLab@12GeV

% New proposal for Lorentz invariant decomposition has great advantages

- significant reduction of computational cost
- access to a broad range of fand &

% Future calculations have the potential to transform the field of GPDs

% Synergy with phenomenology is an exciting prospect!
QGT Collaboration will be instrumental in such effort

Thank you
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g C COLLABORATION b — DOE Early Career Award (NP)
") > I N c I T E Grant No. DE-SC0020405
Q’(b' 1\,@0 Award Number: LEADERSHIP COMPUTING
T 7 DE-SC0023646
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Miscellaneous
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* Norms satisfied

Consistency checks

encouraging results

GPD P3; =0.83[GeV] | P;=1.25[GeV] | P3=167[GeV] | P3=1.25[GeV] | P;=1.25[GeV]
—t = 0.69 [GeV?] | —t =0.69 [GeV?] | —t = 0.69 [GeV?] | —t = 1.38 [GeV?] | —t = 2.76 [GeV?]
H 0.741(21) 0.712(27) 0.802(48) 0.499(21) 0.281(18)
H+ G- 0.719(25) 0.750(33) 0.788(70) 0.511(36) 0.336(34)
—
i 24
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* Norms satisfied

Consistency checks

encouraging results

GPD P3; =0.83[GeV] | P;=1.25[GeV] | P3=167[GeV] | P3=1.25[GeV] | P;=1.25[GeV]
—t = 0.69 [GeV?] | —t =0.69 [GeV?] | —t = 0.69 [GeV?] | —t = 1.38 [GeV?] | —t = 2.76 [GeV?]

H 0.741(21) 0.712(27) 0.802(48) 0.499(21) 0.281(18)

H+ G- 0.719(25) 0.750(33) 0.788(70) 0.511(36) 0.336(34)

% Alternative kinematic setup can be utilized

[Fernanda Steffens]

FF+ 52 — 2m2 P3 + A2
223P 3

1
Fz. =5 <Z3P§A3 - Z3P3POAO>A1 — 3P343

2m?

|
F

m2

Gy~ _<Z3POP32 - Z3P3>A1
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FIG. 10. zmax dependence of Fgz, 5 and H + G, (left), as well as Fz. 5, and E + G (right) at —t = 0.69 GeV? and
P3; = 1.25 GeV. Results are given in the MS scheme at a scale of 2 GeV.

2.
0-
o}
—27 Tz =9a
- Zmax=11a
. el . -13
~1.0 -0.5 0.0 0.5 1.0
X X

FIG. 11. zmax dependence of Fiz and G4 at —t = 0.69 GeV? and P; = 1.25 GeV. Results are given in MS scheme at
a scale of 2 GeV.
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Extension to twist-3 tensor GPDs

M. Constantinou, SPIN 2023



Extension to twist-3 tensor GPDs
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% Parametrization

Extension to twist-3 tensor GPDs

[Meissner et al., JHEP 08 (2009) 056]

Flomnsl = q(p) (7*75 H, + P;]E’ Eé) u(p)
.
e BRI
E0.4 ﬁﬁﬂh % EO 2 }ﬂ}m
Sox . s %}ﬁ*ﬂﬂl
- %%%%%%ém; ? o llﬂﬁgfﬁﬁg@g
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