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Recent results

PHYSICAL REVIEW LETTERS 125, 262001 (2020)
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* Twist-3 GPDs
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Generalized parton distributions from lattice QCD with asymmetric * TWiSt-2 G P DS:

momentum transfer: Unpolarized quarks

Shohini ml Krzysztof Cichy,” Martha Constantinou®,”" Jack Dodson.’ Xiang Gag.* Andreas Metz,’ new a p p roac h

wagato Mukherjee® ,' Aurora ScaEellato,3 Fernanda Steffens,” and Yong Zhao
arXiv:2310.13114vl

Generalized Parton Distributions from Lattice QCD

with Asymmetric Momentum Transfer: Axial-vector case

Shohini Bhattacharya,® * Krzysztof Cichy,? Martha Constantinou,? T Jack Dodson,? Xiang Gao,® Andreas
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Motivation

pion valence

cloud quarks
J/ ] 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]

* Also introduction from A. Metz and E. Voutier

% GPDs are not well-constrained experimentally:

+1
. - " = H 9 2
- Xx-dependence extraction is not direct. DVCS amplitude: # = [ (xéit,) dx

(SDHEP [J. Qiu et al, arXiv:2205.07846] gives access to x)
- 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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Hadron structure at core of nuclear physics

I LI ] I| I T 1 L II T T
Current DVCS data at colliders: f

1030 ZEUS-totalxsec O Hi- total xsec /70' 2 © -
- ® ZEUS- do/dt B H1-do/dt 3 QT ]
L B Hi-Agy Ao Y
L Current DVCS data at fixed targets:
% Tomographic imaging of proton Ourrent DVOS dataal foed i

L A HERMES-Ay, Ay, ALl

has central role in the science L iy o
program Of EIC SCIENCE REQUIREMENTS N(?g Egggnc;eg“”gpggsdj:tfz:esudtsr? )
GPDs, FFs, GFFs, TMDs, ... concoaThe | oo

: s JLAB12- dO/dt, ALu, AUL! ALL
([({T)])) ELECTRON-ION COLLIDER I
[R. Abdul Khalek et al., e 10 ¢

EIC Yellow Report 2021, arXiv:2103.05419]

10 10 . 10 10 1
© ENERGY <o
QUARK-GLUON . . .
ToMoGrRAPHY X Lattice data may be incorporated in
COLLABORATION global analysis of experimental data and
i3 Award Number: may influence parametrization of 7 and ¢
DE-SC0023646

¥ 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

- @ ZEUS- doldt W Hi- dojot P
u - [ CuU /,*
Current DVCS data at fixed targets:
% Tomographic imaging of proton Current DVCS data at fixed t

L A HERMES-ALU, AuL, AL

has central role in the science L s A i ore
program Of EIC SCIENCE REQUIREMENTS N(?B Eggigncec;jM'E’)';é(;de‘:tfgi:esud'I:‘srtg )
GPDs, FFs, GFFs, TMDs, ... concoaThe | oo

: s JLAB12- dO/dt, ALu, AUL; ALL
((({T)}» ELECTRON-ION COLLIDER I
[R. Abdul Khalek et al., e 10 F

EIC Yellow Report 2021, arXiv:2103.05419]

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

— M. Constantinou, EINN 2023 n



Twist-classification of PDFs, GPDs, TMDs

* Twist: specifies the order in 1/Q at which the function SV . 2

l

- | fi=10+ 2
enters factorization formula for a given observable Co Q0 0°
Twist-2 (/)

(Selected) Twist-3 (/")

X v L) TieY)

H(x, &, 1)
E(x, &1 v o Y- e
unpolarized . L _@ _@ 3, Uy
,Ii(x,é,t) ** quark s C
Ectn 1 & & G
helicity G3, G4
~ o~ 2\ &
Hr, E ’
trar1TsversT|ty E)(x,&,1)

M. Constantinou, EINN 2023



Twist-classification of PDFs, GPDs, TMDs

* Twist: specifies the order in 1/Q at which the function iV

o S0 I
l l
fizfi( )_|_ +

enters factorization formula for a given observable Q0 0°

Twist-2 (F©)

X v L) TieY)

(Selected) Twist-3 (/")

H(x, &, 1)
E(x, é,’ ) v @ T‘ Nucleon spin gl, gz
unpolarized . L _@) _@ | 3, Uy
E(x’ 5, t) ** quark spin 5 ’5‘
Ectn 1 & & G
helicity Gi, Gy
~ o~ 2\ &
Hp E ,
trar?sversrlty E)(x,&,1)

% Twist-2: probabilistic densities - a wealth of information exists (mostly on PDFs)

* Twist-3: poorly known, but very important:
- as sizable as twist-2
- contain information about quark-gluon correlations inside hadrons

- appear in QCD factorization theorems for various observables (e.g. )
- certain twist-3 PDFs are related to the TMDs
- physical interpretation (e.g. average force on partons inside hadron)

— M. Constantinou, EINN 2023



Twist-classification of PDFs, GPDs, TMDs

e
Q + Q2 cee

* Twist: specifies the order in 1/Q at which the function
enters factorization formula for a given observable

Twist-2 (F©)

X v L) TieY)

0
fizfi()+

(Selected) Twist-3 (/")

H(x, &, 1)
E(x, é_’ ) v @ T‘ Nucleon spin gl, (G;Z
unpolarized . L _@) _@ | 3, Uy
E(x’ 5, t) ** quark spin ’5 ’5
Ectn 1 & & G
helicity Gi, Gy
~ o~ 2\ &
Hp E ,
tranTsversrlty E)(x,&,1)

) o

Twist-2: probabilistic densities - a wealth of information exists (mostly on PDFs)

) o

Twist-3: poorly known, but very important:
- as sizable as twist-2
- contain information about quark-gluon correlations inside hadrons

- appear in QCD factorization theorems for various observables (e.g. )
- certain twist-3 PDFs are related to the TMDs
- physical interpretation (e.g. average force on partons inside hadron)

While twist-3 fl.(l) share some similarities with twist-2 fi(o) In their extraction,
there are several challenges both experimentally and theoretically

T
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(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
(N(Pl)|ol‘1}#1"'#n—1 |N(P)> NZ% {’)’{”’A’“ L ARPRL .F“"_I}An,i(t) —i — AHL L ARPHRL L .F”"_I}Bn,i(t)} +A = o = Cy0(A?) neven)}
0:9- ? E:IIIDyMEZO
A Mainz21
0.8 Q O ETMC18
0] o Y PACS18
< 0
%o.e- OAO o
Zj L 4 . Wide -t range that
031 & 1 comes at the cost of 1
0‘20.0 of1 0!2 0j3 0j4 ofs 0r6 0.7 (in the ma]orlty Of CaseS)
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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Iﬂl M. Constantinou, EINN 2023 n



GPDs

Through non-local matrix elements

of fast-moving hadrons

M. Constantinou, EINN 2023



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

dJ. Karpie, plenary talk

ﬁ
d . _
4570, 1,6, Py i) = [4—;1’ (NP | P T W (.0¥(O0)| NP,
A=P—P
f = 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

GO, 1, &, Py ) = J4_e—ixP3Z (N(P) BT 7 (00 | N(P)),

t:Azz—Qz
O
2P,

dJ. Karpie, plenary talk
e ——— e ———

dz

T

7 Accessing -t dependence:
Computationally intensive

hadronic Matching to

matrix elements light-cone GPDs
N A9 O )

quasi
Identification of distribution x-dependence |
- ground state _/ approach reconstructlonj

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

GO, 1, &, Py ) = [Te—ixP3Z (N(P) BT 7 (00 | N(P)),

t:Azz—Qz
O
2P,

dz

T

hadronic

~ matrix elements light-cone GPDs
" A9 O °)

quasi
Identification of distribution
ground state approach

Renormalizati% /form factors”

-

dJ. Karpie, plenary talk
———

7 Accessing -t dependence:
Computationally intensive

Matching to

x-dependence
reconstructionj

disentanglemeny
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Twist-2 GPDs

* 77T inspired parametrization (symmetric frame)

[yO] . . D3\ 1 i(p'. A OH . P3 iO-OﬂA
F (X,A,ﬂ,ﬂ,P )—ﬁu(P, ) 4 Q(O)(-x,g,t, )+

U

E JE P A
v; Q)X & )| u(p, 1)

— M. Constantinou, EINN 2023



Twist-2 GPDs

* }/+ inspired parametrization (symmetric frame)

. _Ou
1 ic"A
F7(x, A 2,25 P3) = S50 1P A) [}'OHQ(O)(x, E, 1, P7) + S = Eq . &1 P | u(p, )

* Nf=2+1+1 twisted mass fermions & clover term (pion mass 260 MeV)

3 1 1 \
— — H(z)-GPD, £ =0 i
— — H(@)-GPD, €= 1/3]| | |
o L|— — fil@) i‘\ \\ P3=1.25 GeV A
\ \
L\
1 \ \\
Q N
L \j\:\
Jc//:ay - \\\\‘\\\\~‘
0 S-S e | S -
A
-1 0.5 0 0.5 1
g0 ¢
[C. Alexandrou et al., PRL 125, 262001 (2020)]
3 T T T
- ]
— — H(x)-GPD, ¢ = |1/3]| I\
2= — gi(z) ;\\\\ Py =125 GeV -
AN
\\ \1 ~
1 5 W,
: S W &
) N
) E— ]
0 — ':‘:‘::;:__/"\ """""""""""""""""""""""""""
— ¥
\
|
l
1 0.5 0 0.5 1
X
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Twist-2 GPDs

* v inspired parametrization (symmetric frame)

. _Ou
1 ic"A
F7(x, A; 4,2 P?) = S5 A) [}'OHQ(O)(x, E, 1, P7) + 2M”EQ<0)(x, E1; P°)|u(p, 2)

* Nf=2+1+1 twisted mass fermions & clover term (pion mass 260 MeV)

3 T I
— — H(z)-GPD, £ =0 v, . -
- - sace- il | \ power counting analysis of GPDs (x — 1)
2T T I ' Py =1.25 GeV -
|\ [F. Yuan, Phys.Rev. D69 (2004) 051501, hep-ph/0311288]
\ \
! N\ 4 r-dependence vanishes at large-x
-
e e — .
: ! 4+ H(x,0) asymptotically equal to f,(x
| 1
-1 -0i5 _5 (; 5 0.15 1

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

_ i
— — H(z)-GPD, ¢ = [1/3|| I\
2= — gi(z) ;\\\\ Py =125 GeV -
AN
A N
1 : >4 ~
. S N
: Ny, G
e e T
) E— o
0 — =:===§:_/’\ """""""""""""""""""""""" .
===\
\
|
l
-1 0.5 0 0.5 1
X
T
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Twist-2 GPDs

* v inspired parametrization (symmetric frame)

. Ou
0 / | ic"A
Frl(x, A; 2,2 P7) = S50 P ) [}'OHQ(O)(x, E, 1, P7) + 7 = Eq . &1 P | u(p, )

* Nf=2+1+1 twisted mass fermions & clover term (pion mass 260 MeV)

3 I 1 \

— — H(2)-GPD, £=0 \ o . .
T A power counting analysis of GPDs (x — 1)
o= — hil= Py =1.25 GeV
\\ \\\ | [F. Yuan, Phys.Rev. D69 (2004) 051501, hep-ph/0311288]
A\ \'
! NN\ ' 4+ t-dependence vanishes at large-x
S j\\\l\\
0 = EE:; E’Y ................................... o .
| 4+ H(x,0) asymptotically equal to f,(x)
f \
: é |
1 05 — & c; g 05 1 . | |
3[C. Alexandrou et al., PBL 125, 262901 (2020)] _ggg :8:23 ggz;
T A(2)-GPD.£ =0 "‘\ 3t Hr(z,0,-0.69 GeV?) |
— — H(x)-GPD, ¢ = |1/3|| I\
2 tl—— gi(2) 1\ N P;=125GeV -
\\
B TN
Q ~ . ~
1 R N -
\: L ! . L
. 0 0.2 0.4 0.6 0.8 1
1 0.5 0 0.5 1 .
z [C. Alexandrou et al., PRD 105, 034501 (2022)]
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Twist-3 GPDs

PHYSICAL REVIEW D 108, 054501 (2023)

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

Shohini Bhattacharyaf >, 1 Krzysztof Cichy,3 Martha Constantinou®,' Jack Dodson,' Andreas Metz®,’
Aurora Scapellato,' and Fernanda Steffens”
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Theoretical setup

% Correlation functions in coordinate space

dz3

FIU(z, A; P?) = —/ e (pg, NB(—3) D W(=5, £)6(3) b, V)

% Parametrization of coordinate-space correlation functions

[D. Kiptily and M. Polyakov, Eur. Phys. J. C37 (2004) 105] [F. Aslan et a., Phys. Rev. D 98, 014038 (2018)]
1 A3
|7 . 3 . — / fy 75 ~ . 3 75 o~ * 3
F[’Y '75](:13,A,P ) - ﬁ’&(pf, A ) [PP' PO (.’,C,f, t,P ) + P“’szOF (m,f,t,P )
Y5
+Ai2m E+Gq (CB gatp3)+'7_L’Y5 (;(m ‘fatPB)

+A5‘L”P'§5F~ (z,&,t; P?) + ig"’ A, ﬁF~ (z,&,t; P¥) | upi, \)
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Theoretical setup

% Correlation functions in coordinate space

dz3

FIU(z, A; P?) = —/ e (pg, NB(—3) D W(=5, £)6(3) b, V)

% Parametrization of coordinate-space correlation functions

[D. Kiptily and M. Polyakov, Eur. Phys. J. C37 (2004) 105] [F. Aslan et a., Phys. Rev. D 98, 014038 (2018)]
1 A3
|7 . 3 . — / fy 75 ~ . 3 75 o~ * 3
F[’Y '75](:13,A,P ) - ﬁ’&(pf, A ) [PP' PO (.’,C,f, t,P ) + P“’szOF (m,f,t,P )
Y5
+Ai2m E+G (CB gatp3)+'7_L’Y5 G(CB ‘fatPB)

+A*17P'§5F~ (z,&,t; P?) + ie"™ A, ﬁF~ (z,&,t; P3| u(pi, \)
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Theoretical setup

% Correlation functions in coordinate space

FI (s, APB)_‘/CZT e % (pg, N |(— ) T W(—Z, £)v(2)[pi, N

ZOZO,Z_L =0_1_

% Parametrization of coordinate-space correlation functions
[D. Kiptily and M. Polyakov, Eur. Phys. J. C37 (2004) 105] [F. Aslan et a., Phys. Rev. D 98, 014038 (2018)]

1
2P3

F0*sl(z, A; P3) = PO 2m PO
m

Y5
+Ali FE+6 (CE, 6’ ta P3) +7_lt’75 H+Go ((I? gat PB)
2m

A3
a(ps, \) [P W15 Fy(x,&,t; P?) + PP =L F (g, ¢ t; PP)

AT R (0,66 P7) + it A, D B 6,8 P [ u(pi )

% Twist-3 contributions to
helicity GPDs: 1" = y/ys, j=1,2

— M. Constantinou, EINN 2023



Theoretical setup

% Correlation functions in coordinate space

FIe, 0P = 5 [ 9 ks o N (= 2) T WI(=2, 2)6(2)lpss A

ZOZO,E_}_ =0_1_

2T

% Parametrization of coordinate-space correlation functions

[D. Kiptily and M. Polyakov, Eur. Phys. J. C37 (2004) 105] [F. Aslan et a., Phys. Rev. D 98, 014038 (2018)]

1 3 A3
FOrel(z, A PP) = o o3 ti(pg, X) [P”PZ"’ Fg (2,6, P%) + P*— 75’0 Fy(x,&,t; P®)
Y5
Alizm E+Gq (CE Eat P3)+’Yl’75 H+Go (CB €at PB)

5 v
FA T R (46 1 P%) 4 i A, ;3F~ (2,€,t; P) | u(pi, A)

Forward limit: gT

g1(z)
gr(z)

6 QIWW(:C)

% Twist-3 contributions to
helicity GPDs: 1" = y/ys, j=1,2

[S. Bhattacharya et al., PRD 102 (2020) 11] (Editors Highlight)

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
o
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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

M. Constantinou, EINN 2023
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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

LTl
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% Requirement:

four independent
matrix elements

P3[GeV] q[%] —t[GeV?]
+0.83  (0,0,0) 0
+1.25  (0,0,0) 0
+1.67  (0,0,0) 0
+0.83  (+2,0,0)  0.69
+1.25 (+2,0,0)  0.69
+1.67 (+2,0,0)  0.69
+1.25 (£2,4£2,0)  1.38
+1.25 (+4,0,0)  2.76

% Average kinematically

T

equivalent matrix
elements

Decomposition

sign[P3] Ay (E +m)
2m?2 ’

1
H (FO) = C( - FFI+§2 4m2y T Fé4

Ty =4iC Fs.a, —-Fz. 5,

(4m(E + m) + A2)
8m3 Ga 4m?2Ps

ANE+m) . sign[Ps] A3(E + m))

, AA ALAL(E +m) sign[P3] A A, (E +m)
() = zc( P, g~ Fie gy~ Fa T g ’

EA;(E +m)
1 . N x

P;A
2 3=z

sign|Ps] Az (E + m)
2m?2 ’

, Az A Az A (E +m) sign[Ps] Az Ay (E 4+ m)
2 T
II (Fl) =1C ( o FfI-}-éz 8T2y o FE+§1 y8m3 o Fé4 4m2;3 ?
. (4m(E +m) + A2) AY(E +m) sign[P3] A2 (E +m)
H2 (F2) =1C (Fﬁ+éz ]8m2 T FE+§1 . 8m3 G4 4m2P3
EAy(E +m)
H2(F3) — C(_Fés 2y’r(nzP3 ) ;
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Consistency Checks

% Sum Rules (generalization of Burkhardt-Cottingham)
[X. D. Ji, Phys. Rev. Lett. 78, 610 (1997), hep-ph/9603249]

1

/ dz F(z,€,1) = GAt), / dz B(z,¢,t) = Gp(t)

-1 —1

1
/ dr G;(z,&,t) =0, i=1,2,3,4

—1

% Sum Rules (generalization of Efremov-Leader-Teryaev)
[A. Efremov, O. Teryaev , E. Leader, PRD 55 (1997) 4307, hep-ph/9607217]

1 1
~— — 1
J dx x G;5(x,0,1) = %GE [ dx x G 4(x,0,0) = ZGE(t)
—1 —1

Gy : electric FF
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Lattice Results - quasi-GPDs
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-

Im[FE+Gl]
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—0.025 4
— —0.050 1
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—0.100 1
—0.125 1

SRERE

P3=0.83 GeV, —1 = 0.69 GeV?
P3=125GeV, —t=0.69 GeV?
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Lattice Results - quasi-GPDs

o] ¥ i ¥ —1=0.69 GeV?
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lrﬂ
S 9
D 04+ L]
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0.00 4
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Im[Ff+a,]
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P3=0.83 GeV, —1 = 0.69 GeV?
P3=125GeV, —t=0.69 GeV?
P3=1.67 GeV, -1 = 0.69 GeV?
P3=1.25GeV, —t=1.38 GeV?
P;3=1.25GeV, —1=2.76 GeV>

Indeed, numerically
found to be zero within
uncertainties at €=0

M. Constantinou, EINN 2023



Reconstruction of x-dependence & matching

% quasi-GPDs transformed to momentum space using Backus Gilbert
[G. Backus and F. Gilbert, Geophysical Journal International 16, 169 (1968)]

% Matching formalism to 1 loop accuracy level

1 2 2
_ dy savis (T W oE m* i AQCD
FMMS t P _ “d CMMS,MS A GMS t, O : ,

PHYSICAL REVIEW D 102, 034005 (2020)

% Operator dependent kernel

One-loop matching for the twist-3 parton distribution g, (x)

Shohini Bhattacharya ,1 Krzysztof Cichy,2 Martha Constantinou ,1 Andreas Metz,1

Aurora Scaﬁellato,2 and Fernanda Steffens’

(0 ([—€2+26+1 ¢ ¢ 3
1_¢ 1n€_1+1_€+%]+ E>1
(1) ,U_2 _aCr a,Cp | [—€2+264+1  46(1—8&)(xP3)? €2 —¢— 1]
CMM_S(f %)_ o q6(§) + o <_ - In 2 + v 0<é<1
(2 4+26+1  E-1 ¢ 3 ]
1 —
0 [Tie e Trefwmogl, <Y

% Matching does not consider mixing with g-g-q correlators
[V. Braun et al., JHEP 05 (2021) 086]

LTl
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Lattice Results - light-cone GPDs

| —t=0.69 GeV?
| I —r=1.38 GeV?
I —1=2.76 GeV?
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Lattice Results - light-co

| —t=0.69 GeV?
| I —r=1.38 GeV?
I —1=2.76 GeV?

ne GPDs

Isolating G, | 4]

using ﬁ 0-

—1=10.69 GeV
E —r=138GeV
0 —1=2.76 GeV

G,
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| —t=0.69 GeV?
6 | I —r=1.38 GeV?
e —r=2.76 GeV?

Lattice Results - light-cone GPDs

Isolating G,

using ﬁ

I H+G,, —1=0.69 GeV? !
H, —1=0.69 GeV>
61 mm G,, —1=0.69 GeV?

4_
2_
O_
_2-
1.0 0.5 0.0 0.5
X

1.0

— /1
—1

—t=0.69 GeV
61 mmm —r=138GeV
 —1=2.76 GeV
4_
G
2
2_

Negative areas in G,
theoretically anticipated:

dz G;(z,£,8) =0, i=1,2,3,4

E M. Constantinou, EINN 2023



Lattice Results - light-cone GPDs

% Direct access to E -GPD not possible for zero skewness
—~ A3’Ys
pr=0
* Glimpse into E -GPD through twist-3 : 2mP

Fg

(z,&,t; P®)
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Lattice Results - light-cone GPDs

% Direct access to F—GPD not possible for zero skewness

—~— P“2A3Z)50FE(x’€’t;P3)
% Glimpse into E -GPD through twist-3 : m
15 .
—1t=0.69 GeV?
i\ o —r=138GeV?
101 =276 GeV?

% Sizable contributions as expected
1
[ dzB@.60) =Gy
~1

1
/ dx Gi(z,€,t) =0, i=1,2,3,4
—1

— M. Constantinou, EINN 2023 m



Lattice Results - light-cone GPDs

* Direct access to F—GPD not possible for zero skewness
A3’75
* Glimpse into E -GPD through twist-3 : 2mP?

15 ; 21
l —1=0.69 GeV?2

FE(IB,f,t; P3)

N —r=1.38 GeV?

10 I =276 GeV?2 0. :
o) ,
i =2 '

—1=0.69 GeV?
=138 GeV?
. —1=2.76 GeV?

~1.0 —0.5 0.0 0.5 1.0

% Sizable contributions as expected % G 4 very small; no theoretical

1
/ dz Bz, €.1) = Gp(t) argument to be zero
1 / dxx G4(z,&,t) = —GE
/ dez(x,f,t)z(), 1=1,2,3,4 —1 4
1

LTl
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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

-20 ~10
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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 —————
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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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Theoretical setup
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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

("] . 1. p3 1 TYSNARY 0 iGOﬂAM H3
FY7 N (x, A A, A P )=ﬁu(l?,/1) y Hg, ) + 3, Eo)(x, 6,15 P7) [ u(p, 4)
” P A oz ioh® PFicA Hic™® AFich
F/L/l’ =u(p’, 1) ﬁAl +ZﬂMA2+ﬁA3+wﬂ MA, + As + Ag + A, + Aglu(p, )

Goals

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

LTl
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Theoretical setup

% yT inspired parametrization is prohibitively expensive

[7"] . 1. p3 1 TYSNARY 0 iGO”A/«t 3
FY7 N (x, A A, A P )=ﬁu(l?,/1) y Hg, ) + 3, Eo)(x, 6,15 P7) [ u(p, 4)
” P AF oz ioh® PFicA Hic™® AFich

Goals

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

= Proof-of-concept calculation (¢ = 0):

., = 0 L. = 0 _s_7n_ 2
- symmetric frame: f=P+7, D; =P—7 t°= Q07 =0.69GeV

>q - S>q > > . —>2 > )
- asymmetric frame: pif =P, pi=P -0 t“=— Q07+ (E,— E)” =0.65GeV

BTl
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Re [A,]

Comparison of A, in two frames

Unpolarized GPDs

- s

2.0 0.2
0.11
1.5
% 0.0(® v 3 e 8 8
g s 2 f
1.01 ——0.1 ¥
. = ¢
5
= —0.2] ¢
0.5 ¥ . . R i i
9@55 0.3 i$$$i
.
0.0 EE AR RN Y iii
0 6 5 b 5 09 3 6 b
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 & = ()
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Comparison of A, in two frames

Unpolarized GPDs
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3.0

Light-cone GPDs
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Transversity GPDs

Standard parametrization

5 ' |
— — h{™(z)
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Transversity GPDs

Lorentz covariant parametrization

M. Constantinou, EINN 2023

. (e AV] PV AVl
° ° [7:0"“/’)’5] . v P v o
Standard parametrization |F5 ™ = Pla"ly A + = 5—ys Ay + 2 AIs A + oI ( S Au+ M2" A5 + = A6 ) 75
5 T T T
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Transversity GPDs

Lorentz covariant parametrization

M. Constantinou, EINN 2023

. L AV PV AV
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Summary

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

- access to a broad range of fand &

LaMET formalism is applicable beyond leading twist.
However, several improvements needed, e.g.,
mixing with quark-gluon-quark correlator

Future calculations have the potential to transform the field of GPDs

Synergy with phenomenology is an exciting prospect!
QG Collaboration will be instrumental in such effort
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Lattice Results - Matrix Elements

Y% Bare matrix elements

2 : 2
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Lattice Results - Matrix Elements

Y Bare matrix elements

Re[IT(Ty))

Re[I'(T;)]
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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 30|
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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
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2m?

|
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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.
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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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