Probing nucleon GPDs with Lattice QCD

Krzysztof Cichy
Adam Mickiewicz University, Poznan, Poland

Supported by the National Science Center of Poland

q
I\ NATIONAL SCIENCE CENTRE gONATA BIS grant No. 2016/22/E /ST2/00013 (2017-2022)
OPUS grant No. 2021/43/B/ST2/00497 (2022-2026)

Outline:

Introduction

GPDs from lattice: Many thanks to my Collaborators for work presented here:

~ how to access 2. Alsandiey, 5. Bimncime, M, © T, J. Ded
_ reference frames . exandrou, attacharya, . Constantinou, | odason,
_ results X. Gao, K. Hadjiyiannakou, K. Jansen, A. Metz, J. Miller,
S. Mukherjee, P. Petreczky, A. Scapellato, F. Steffens, Y. Zhao

Prospects/conclusion

Krzysztof Cichy Probing nucleon GPDs with Lattice QCD — REVESTRUCTURE 2023 -1 / 26



€ ‘
\% %EED Nucleon structure and GPDs

One of the central aims of hadron physics:
to understand better nucleon’s 3D structure.
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One of the central aims of hadron physics:
to understand better nucleon’s 3D structure.

How does the mass of the nucleon arise?

How does the spin of the nucleon arise?
What are the emergent properties of dense systems of gluons?

NAS report 2018
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One of the central aims of hadron physics:
to understand better nucleon’s 3D structure.

How does the mass of the nucleon arise?

[

e How does the spin of the nucleon arise? NAS report 2018

e What are the emergent properties of dense systems of gluons?

e Answering these questions is one of the crucial expectations
for the upcoming years!

e For this, we need to probe the 3D structure.

Transverse position of quarks: GPDs.

Wigner Distributions

Q Q.
QO W ki, r) 0-0”0,

Parton Distribution Functions Form Factors
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One of the central aims of hadron physics:
to understand better nucleon’s 3D structure.

How does the mass of the nucleon arise?

How does the spin of the nucleon arise? NAS report 2018

What are the emergent properties of dense systems of gluons?
Answering these questions is one of the crucial expectations

for the upcoming years!

For this, we need to probe the 3D structure.

Transverse position of quarks: GPDs.

Twist-2 GPDs as first aim, but higher-twist of growing importance.
Both theoretical and experimental input needed.

Wigner Distributions

Q” Q.
QO W ki, r) 0-0”0,

Parton Distribution Functions Form Factors
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One of the central aims of hadron physics:
to understand better nucleon’s 3D structure.

How does the mass of the nucleon arise?

[
e How does the spin of the nucleon arise? NAS report 2018
e What are the emergent properties of dense systems of gluons?
e Answering these questions is one of the crucial expectations
for the upcoming years!
e For this, we need to probe the 3D structure.
e Transverse position of quarks: GPDs.
e Twist-2 GPDs as first aim, but higher-twist of growing importance.
e Both theoretical and experimental input needed.
Generalized parton distributions (GPDs): Q%\ngnerDlsmbums .
e much more difficult to extract than PDFs, - S g
e but they provide a wealth of information:

Parton Distribution Functions Form Factors
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to understand better nucleon’s 3D structure.

How does the mass of the nucleon arise?

[
e How does the spin of the nucleon arise? NAS report 2018
e What are the emergent properties of dense systems of gluons?
e Answering these questions is one of the crucial expectations
for the upcoming years!
e For this, we need to probe the 3D structure.
e Transverse position of quarks: GPDs.
e Twist-2 GPDs as first aim, but higher-twist of growing importance.
e Both theoretical and experimental input needed.
Generalized parton distributions (GPDs): Q%\ngnerDlsmbums .
e much more difficult to extract than PDFs, - S g
e but they provide a wealth of information:

* spatial distribution of partons in the transverse plane,
* mechanical properties of hadrons,
* hadron’s spin decomposition,

Parton Distribution Functions Form Factors
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— Nucleon structure and GPDs

One of the central aims of hadron physics:
to understand better nucleon’s 3D structure.

Generalized parton distributions (GPDs):

How does the mass of the nucleon arise?

How does the spin of the nucleon arise? NAS report 2018

What are the emergent properties of dense systems of gluons?
Answering these questions is one of the crucial expectations

for the upcoming years!

For this, we need to probe the 3D structure.

Transverse position of quarks: GPDs.

Twist-2 GPDs as first aim, but higher-twist of growing importance.
Both theoretical and experimental input needed.

Wigner Distributions

much more difficult to extract than PDFs,
but they provide a wealth of information:

* spatial distribution of partons in the transverse plane,
* mechanical properties of hadrons,
* hadron’s spin decomposition,

reduce to PDFs in the forward limit, e.g. H(x,0,0) = ¢(x),
thelr moments are form faCtorS’ eg f daj H(aj7 f? t) — Fl (t) Parton Distribution Functions Form Factors
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and GPDs
Quasi-distributions
First extraction
Reference frames
Quasi-GPDs
Setup

Definitions
t-dependence
Helicity
Convergence
Twist-3

GPDs moments
GPDs moments

Summary

Krzysztof Cichy

GPDs from Lattice QCD @ %

Direct access to partonic distributions impossible in LQCD.
Reason: Minkowski metric required, while LQCD works with Euclidean.
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GPDs from Lattice QCD @ %

Direct access to partonic distributions impossible in LQCD.

Reason:

Minkowski metric required, while LQCD works with Euclidean.

Way out: similar as experimental access to these distributions — factorization
(experiment)  cross-section = perturbative-part x partonic-distribution

(lattice)

lattice-observable = perturbative-part * partonic-distribution
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Direct access to partonic distributions impossible in LQCD.
e Reason: Minkowski metric required, while LQCD works with Euclidean.
and GPD-= e Way out: similar as experimental access to these distributions — factorization

distributi _ ) : e
Quasi-distributions (experiment)  cross-section = perturbative-part x partonic-distribution

First extraction

Refforaras femee (lattice)  lattice-observable = perturbative-part * partonic-distribution
Quasi-GPDs _ _

Setup e Which lattice observables one can use?

Definitions

t-dependence
Helicity
Convergence
Twist-3

GPDs moments
GPDs moments

Summary
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Direct access to partonic distributions impossible in LQCD.

Reason: Minkowski metric required, while LQCD works with Euclidean.

Way out: similar as experimental access to these distributions — factorization
(experiment)  cross-section = perturbative-part x partonic-distribution
(lattice)  lattice-observable = perturbative-part * partonic-distribution

Which lattice observables one can use?
Good “lattice cross sections” [Y.-Q. Ma, J.-W. Qiu, Phys. Rev. Lett. 120 (2018) 022003]:
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Direct access to partonic distributions impossible in LQCD.

Reason: Minkowski metric required, while LQCD works with Euclidean.

Way out: similar as experimental access to these distributions — factorization
(experiment)  cross-section = perturbative-part x partonic-distribution
(lattice)  lattice-observable = perturbative-part * partonic-distribution

Which lattice observables one can use?
Good “lattice cross sections” [Y.-Q. Ma, J.-W. Qiu, Phys. Rev. Lett. 120 (2018) 022003]:

* computable on the lattice,
* having a well-defined continuum limit (renormalizable),
* perturbatively factorizable into PDFs.
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Direct access to partonic distributions impossible in LQCD.

Reason: Minkowski metric required, while LQCD works with Euclidean.

Way out: similar as experimental access to these distributions — factorization
(experiment)  cross-section = perturbative-part x partonic-distribution
(lattice)  lattice-observable = perturbative-part * partonic-distribution

Which lattice observables one can use?
Good “lattice cross sections” [Y.-Q. Ma, J.-W. Qiu, Phys. Rev. Lett. 120 (2018) 022003]:

*
*
*

computable on the lattice,
having a well-defined continuum limit (renormalizable),
perturbatively factorizable into PDFs.

e Examples:

b R s D D D D, D o

hadronic tensor — K.-F. Liu, S.-J. Dong, 1993

auxiliary scalar quark — U. Aglietti et al., 1998

auxiliary heavy quark — W. Detmold, C.-J. D. Lin, 2005
auxiliary light quark — V. Braun, D. Miiller, 2007
quasi-distributions — X. Ji, 2013

“good lattice cross sections” — Y.-Q. Ma, J.-W. Qiu, 2014,2017
pseudo-distributions — A. Radyushkin, 2017

“OPE without OPE” — QCDSF, 2017
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X. Ji, Parton Physics on a Euclidean Lattice, Phys. Rev. Lett. 110 (2013) 262002
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Quasi-distributions

X. Ji, Parton Physics on a Euclidean Lattice, Phys. Rev. Lett. 110 (2013) 262002

V=1

Euclidean matrix element:
(Prlo(2)L Az, 0)9(0)| Pi)
Its Fourier transform (quasi-distribution)

can be matched onto the light-cone distribution:
(Large Momentum Effective Theory (LaMET))

A, Po) = [1, S C(2,4 ) aly, m) + O (Ao / P5, M3/ P3)

quasi-PDF pert.kernel PDF higher-twist effects

Z
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X. Ji, Parton Physics on a Euclidean Lattice, Phys. Rev. Lett. 110 (2013) 262002

V=1

£ \ §-|— Euclidean matrix element:
(Prlo(2)L Az, 0)9(0)| Pi)
Its Fourier transform (quasi-distribution)

can be matched onto the light-cone distribution:
(Large Momentum Effective Theory (LaMET))

A, Po) = [1, S C(2,4 ) aly, m) + O (Ao / P5, M3/ P3)

quasi-PDF pert.kernel PDF higher-twist effects

Dirac structures I" for different GPDs:

VECTOR: 79, 7v3: H,E (unpolarized twist-2),
Y1, 7Y2- G1,G9,G3,G4 (vector tWiSt—3).
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X. Ji, Parton Physics on a Euclidean Lattice, Phys. Rev. Lett. 110 (2013) 262002

V=1

§-|- Euclidean matrix element:

g (Prlyp(2)DA(z, 0)9(0)|P:)

Its Fourier transform (quasi-distribution)
can be matched onto the light-cone distribution:
(Large Momentum Effective Theory (LaMET))

A, Po) = [1, S C(2,4 ) aly, m) + O (Ao / P5, M3/ P3)

- {3 =2

N quasi-PDF pert.kernel PDF higher-twist effects

Dirac structures I' for different GPDs:
VECTOR: 79, 7v3: H,E (unpolarized twist-2),
Y1, V2! G1,G9,G3,G4 (vector tWiSt—3)

AXIAL VECTOR: 570, v573: H,E (helicity twist-2),
571, v572: G1,Ga2,G3,Gy (axial vector twist-3).

Krzysztof Cichy
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X. Ji, Parton Physics on a Euclidean Lattice, Phys. Rev. Lett. 110 (2013) 262002
0 —

Euclidean matrix element:

(Prl(2) Az, 0)9(0)[ %)

Its Fourier transform (quasi-distribution)

can be matched onto the light-cone distribution:

=~ (Large Momentum Effective Theory (LaMET))
d
A, Py) = [ 8 C(2, 4 ) aly. 1) + O (o /PF. M3/ P3)
quasi-PDF pert.kernel PDF higher-twist effects

Dirac structures I" for different GPDs:

VECTOR: 79, 7v3: H,E (unpolarized twist-2),
71, 72: G1,G2,G3,G4 (vector twist-3).

AXIAL VECTOR: 570, v573: H,E (helicity twist-2),
571, v572: G1,Ga2,G3,Gy (axial vector twist-3).

TENSOR: 173, v2v3: Hrp,Ep,Hp, Er (transversity twist-2),
Y1v2: HY EL (tensor twist-3).
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X. Ji, Parton Physics on a Euclidean Lattice, Phys. Rev. Lett. 110 (2013) 262002
V=1 . .
£ \ §-|— Euclidean matrix element:

(Prlp(2)LA(z, 0)%(0)| ;)

Its Fourier transform (quasi-distribution)
can be matched onto the light-cone distribution:
=z

(Large Momentum Effective Theory (LaMET))

A, Py) = [ 8 C(2, 4 ) aly. 1) + O (o /PF. M3/ P3)
quasi-PDF

pert.kernel PDF
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higher-twist effects

Dirac structures I' for different GPDs: Need different projectors

VECTOR: 79, 7v3: H,E (unpolarized twist-2), to disentangle 12+/4 GPDs
v1,7v2: G1,G2,G3,Gy (vector twist-3). UNPOL: P = =
. —I—
AXIAL VECTOR: 570, v573: H FE (he||C|ty twist-2), POL-k: P = =2 ivsy

V51, v572: G1,Ga,G'3,Gy (axial vector twist-3).

TENSOR: 173, v2v3: Hrp,Ep,Hp, Er (transversity twist-2),
Y1v2: HY EL (tensor twist-3).
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unpolarized ETMC, Phys. Rev. Lett. 125 (2020) 262001
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Quasi-GPDs
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GPDs moments
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Summary

Krzysztof Cichy

. . f%r%% A
GPDs in different frames of reference @ %
Standard symmetric (Breit) frame:

source momentum: P; = (E, P — A/2),
sink momentum: Py = (E, P+ A/2).
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. . W;‘W't% 2
GPDs in different frames of reference @

Standard symmetric (Breit) frame:

source momentum: P; = (E, P — A/2),

sink momentum: P = (E,P+ A/2).

Lattice perspective:

construction of the 3-point correlation functions required for the MEs
needs the calculation of the all-to-all propagator

preferred way: “sequential propagator’ — implies separate inversions
(most costly part!) for each P;.

Hence, separate calculation for each momentum transfer Al
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GPDs in different frames of reference @

Standard symmetric (Breit) frame:

source momentum: P; = (E, P — A/2),

sink momentum: P = (E,P+ A/2).

Lattice perspective:

construction of the 3-point correlation functions required for the MEs
needs the calculation of the all-to-all propagator

preferred way: “sequential propagator’ — implies separate inversions
(most costly part!) for each P;.

Hence, separate calculation for each momentum transfer Al

Asymmetric frame:
source momentum: P; = (E;, P — A),
sink momentum: Py = (Ey, P).
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GPDs in different frames of reference @

Standard symmetric (Breit) frame:

source momentum: P; = (E, P — A/2),

sink momentum: P = (E,P+ A/2).

Lattice perspective:

construction of the 3-point correlation functions required for the MEs
needs the calculation of the all-to-all propagator

preferred way: “sequential propagator’ — implies separate inversions
(most costly part!) for each P;.

Hence, separate calculation for each momentum transfer Al

Asymmetric frame:

source momentum: P; = (E;, P — A),

sink momentum: Py = (Ef,f’).

Lattice perspective:

Several momentum transfer vectors A can be obtained within
a single calculation!
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Main theoretical tool: S. Bhattacharya et al., PRD106(2022)114512
Lorentz-covariant parametrization of matrix elements (e.g. vector case):
iohA PHigZ5 2P ig A AP io#A

As+ Ag+ Azt

m m m

PH AM
PH(s, P, 8) =a(p N) | Artmat Ag+ = Agbima®® Agt As] (e,
m m

(inspired by: S. Meissner, A. Metz, M. Schlegel, JHEP08(2009)056).

e most general parametrization in terms of 8 linearly-independent Lorentz structures,

e 8 Lorentz-invariant amplitudes A;(z - P,z - A, A% 7).
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— - Lorentz-covariant parametrization >

Main theoretical tool: S. Bhattacharya et al., PRD106(2022)114512
Lorentz-covariant parametrization of matrix elements (e.g. vector case):
iohA PHigZ5 2P ig A AP io#A

As+ Ae+ A7+7A8}u(p, A,

m m m m

pPH A

F*(z, P, A)Zﬂ(p',/\')[—A1+mz“A2+—A3+ima“zA4+
m m

(inspired by: S. Meissner, A. Metz, M. Schlegel, JHEP08(2009)056).

e most general parametrization in terms of 8 linearly-independent Lorentz structures,
e 8 Lorentz-invariant amplitudes A;(z - P,z - A, A% 7).

Example: (7o insertion, unpolarized projector)

symmetric frame:

E(E(E—l—m)—P32) o (E +m) (_E2+m2+p§) o EPs (_E2+m2+P32)z A6>

2m3 m3 m3

II5(Tg) = C (

asymmetric frame:
(Ef + E;)(Ef — E; —2m)(Ey + m) (Ef — E; —2m)(Ey +m)(Ey — E;) (E; — Ef)P3z
— A1 —_ A3 + A4

8m3 4m3 4m

II5 (Do) = C(

E F)(FE F: — FE; FE:(F EYPy(E¢ — FE; E;P:(E; — E;)?
n (Ef + E;)(Ef +m)(Ey z)A5+ f(Ef + E;)P3(Ey z)ZA LB 3(E ¢ z)ZA8>.

6
4m3 4m3 2m3
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Main theoretical tool: S. Bhattacharya et al., PRD106(2022)114512
Lorentz-covariant parametrization of matrix elements (e.g. vector case):
iohA PHigZ5 2P ig A AP io#A

As+ Ae+ A7+7A8}U(p, A,

m m m m

pPH AH
F(z, P, A)Zﬂ(p',/\')[—A1+mz“A2+—A3+ima“zA4+
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(inspired by: S. Meissner, A. Metz, M. Schlegel, JHEP08(2009)056).

e most general parametrization in terms of 8 linearly-independent Lorentz structures,
e 8 Lorentz-invariant amplitudes A;(z - P,z - A, A% 7).

Example: (7o insertion, unpolarized projector)

symmetric frame:

E(E(E—l—m)—P32) o (E +m) (_E2+m2+p32) o EPs (_E2+m2+P32)z A6>

2m3 m3 m3

II5(Tg) = C (

asymmetric frame:
(Ef + E;)(Ef — E; —2m)(Ey + m) (Ef — E; —2m)(Ey +m)(Ey — E;) (E; — Ef)P3z
— A1 —_ AS + A4

8m3 4m3 4m

II5 (Do) = C<

E F)(FE F: — FE; FE:(F EYPy(E¢ — FE; E;P:(E; — E;)?
n (Ef + E;)(Ef +m)(Ey 1>A5+ f(Ef + E;)P3(Ey z)ZA LB 3(E ¢ 1)2A8>.

6
4m3 4m3 2m3

e matrix elements I1,,(I', ) are frame-dependent,

e but the amplitudes A; are frame-invariant.
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Reference frames
Setup
Definitions
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GPDs moments
GPDs moments

Summary
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Quasi-GPDs lattice procedure

spatial correlation in a boosted nucleon

(N(P)[5(z)T Az, 0)%:(0)| N (P))

ﬁ/ =P —+ A, A — momentum transfer
lattice computation of bare ME

v

extraction of amplitudes
and/or GPDs
frame-dependent formulas

v

renormalization
of bare GPDs
intermediate Rl scheme

v

reconstruction of x-dependence
z-space—x-space
Backus-Gilbert

v

matching to light cone
RI— MS
(incl. evolution to u = 2 GeV)

v

light-cone GPD
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. . @fi;ﬁ%@; 4
Quasi-GPDs lattice procedure @ %

spatial correlation in a boosted nucleon different insertions and projectors
g b .
V() [(2)T ALz, 01 ()N (F)) several A vectors
P =P+ A, A — momentum transfer . -
lattice computation of bare ME symmetrlc.. each A separate calc.
i asymmetric: many A at oncel

extraction of amplitudes
and/or GPDs
frame-dependent formulas

v

renormalization
of bare GPDs
intermediate Rl scheme

v

reconstruction of x-dependence
z-space—x-space
Backus-Gilbert

v

matching to light cone
RI— MS
(incl. evolution to u = 2 GeV)

v

light-cone GPD
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Quasi-GPDs lattice procedure

spatial correlation in a boosted nucleon

(N(P)[$(2)TA(z, 0)9(0) [N (P))

Nucleon structure AR X -

and GPDs Pl =P —+ A, A — momentum transfer
Quasi-distributions lattice computation of bare ME
First extraction ¢

Reference frames . .
extraction of amplitudes
Setup and/or GPDs
Definitions frame-dependent formulas
t-dependence ¢

Helicity renormalization
Convergence of bare GPDs

LTSS intermediate Rl scheme
GPDs moments

GPDs moments ¢

reconstruction of x-dependence
z-space—x-space
Backus-Gilbert

v

matching to light cone
RI— MS
(incl. evolution to u = 2 GeV)

v

light-cone GPD

Summary

Krzysztof Cichy

different insertions and projectors

several A vectors

symmetric: each A separate calc.
asymmetric: many A at oncel

amplitudes frame-invariant
possible different definitions of GPDs
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Quasi-GPDs lattice procedure

spatial correlation in a boosted nucleon

Nucleon structure QN(P/_,)‘E(_’Z))FA(Z’ O)¢(0)|N(P)>
Pl = P —|— A, & — momentum transfer

and GPDs
Quasi-distributions lattice computation of bare ME
First extraction ¢
Reference frames : .

_ extraction of amplitudes
Quasi-GPDs

and/or GPDs

Setup Fame=demandat ferml
Definitions rame-dependent formulas
t-dependence ¢
Helicity renormalization
Convergence of bare GPDs
s intermediate Rl scheme
GPDs moments
GPDs moments ¢

reconstruction of x-dependence
z-space—x-space
Backus-Gilbert

v

matching to light cone
RI— MS
(incl. evolution to u = 2 GeV)

v

light-cone GPD

Summary

Krzysztof Cichy

different insertions and projectors

several A vectors

symmetric: each A separate calc.
asymmetric: many A at oncel

amplitudes frame-invariant

possible different definitions of GPDs

logarithmic and power divergences

in bare MEs/GPDs
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Quasi-GPDs lattice procedure

spatial correlation in a boosted nucleon different insertions and projectors
—)/ — — -
Nucleon structure QN(P_,)M’&(_%)FA(Z’ 0)p(0)}| N (P)) several A vectors
and GPDs P =P —+ A, A — momentum transfer

symmetric: each A separate calc.

Quasi-distributions lattice computation of bare ME _
asymmetric: many A at oncel

First extraction ¢
Reference frames

ex“aztr']‘;r};’rf 2mplitudes amplitudes frame-invariant
D frame-dependent formulas possible different definitions of GPDs
efinitions
t-dependence ¢
o — . .
Comnence re?ol;ma'z;t[')on Iogarlthmulz3 and power divergences
(0] are S '
. in bare MEs/GPDs
-(I;_VI\DIII;t_E. intermediate Rl scheme /
S moments
GPDs moments ¢ . . .
Summary reconstruction of z-dependence non—tr|V|a_| aspect: reconstruction of
2-space—sa-space a continuous distribution from
Backus-Gilbert a finite set of ME (“inverse problem”)

v

matching to light cone
RI— MS
(incl. evolution to u = 2 GeV)

v

light-cone GPD
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Quasi-GPDs lattice procedure

spatial correlation in a boosted nucleon different insertions and projectors
—)/ — — -
Nucleon structure QN(P_,)M’&(_%)FA(Z’ 0)p(0)}| N (P)) several A vectors
and GPDs P =P —+ A, A — momentum transfer

symmetric: each A separate calc.

Quasi-distributions lattice computation of bare ME _

First extraction i asymmetric: many A at oncel
Reference frames extraction of amplitudes . - .
Quasi-GPDs P amplitudes frame-invariant

and/or GPDs

Sewp frame-dependent formulas possible different definitions of GPDs
t-dependence ¢
H I' H - . . . ]
Commangence re?ol;ma'z;t[')on logarithmic and power divergences
of bare S '
. in bare MEs/GPDs
Z"I‘D";t'3 intermediate Rl scheme /
S moments
GPDs moments ¢ . . .
Shmma reconstruction of x-dependence non—tr|V|a_| aspect:_ re_cons_tructlon of
= 2-space—»z-space a continuous distribution from
A &t Backus-Gilbert a finite set of ME (“inverse problem”)

v

matching to light cone d fici v |
Rl—s NS needs a su |C|en_t%/ arge momentum
Tiel, evelution @ u = B G valid up to higher-twist effects
v

light-cone GPD
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Nucleon structure
and GPDs

Quasi-distributions
First extraction
Reference frames
Setup

Definitions
t-dependence
Helicity
Convergence
Twist-3

GPDs moments

GPDs moments

Summary

gozt
A

Quasi-GPDs lattice procedure < i

different insertions and projectors

\ several A vectors
P/ =P —+ A, A — momentum transfer

lattice computation of bare ME symmetrlc:. each A separate calc.
i asymmetric: many A at oncel

spatial correlation in a boosted nucleon

(N(P)[$(2)TA(z, 0)9(0) [N (P))

— —

extraction of amplitudes
and/or GPDs
frame-dependent formulas

v

renormalization
of bare GPDs
intermediate Rl scheme

v

reconstruction of x-dependence
z-space—x-space
¢t Backus-Gilbert

v

amplitudes frame-invariant
possible different definitions of GPDs

logarithmic and power divergences
in bare MEs/GPDs

non-trivial aspect: reconstruction of
a continuous distribution from
a finite set of ME (“inverse problem”)

Krzysztof Cichy

matching to light cone d fici v |
Rl—s NS needs a su |C|en_t%/ arge momentum
Tiel, evelution @ u = B G valid up to higher-twist effects
v

light-cone GPD the final desired object!
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Quasi-distributions

First extraction
Reference frames
Quasi-GPDs
Definitions
t-dependence
Helicity
Convergence
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GPDs moments

GPDs moments

Summary
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& ¢ ()
P k)
VY
J
Coltaporat®®

Setup

Lattice setup:
fermions: Ny = 2 twisted mass fermions + clover term

e gluons: lwasaki gauge action, g = 1.778

e gauge field configurations generated by ETMC

e lattice spacing a ~ 0.093 fm,

e 32°x64= L=~3fm,

e m,. ~ 260 MeV.

Kinematics:

e three nucleon boosts: /75 — 0.83,1.25,1.67 GeV,

e momentum transfers: —¢ < 2.76 Ge\/?, most data: —¢ = 0.64, 0.69 GeV/?,
e skewness: & = 0,1/3.

O(20000) measurements (=~ 250 confs, 8 source positions, 8 permutations of &)

Twist-2 unpolarized+helicity GPDs C. Alexandrou et al. (ETMC), PRL 125(2020)262001

Twist-2 transversity GPDs C. Alexandrou et al. (ETMC), PRD 105(2022)034501

Twist-2 unpolarized GPDs S. Bhattacharya et al. (ETMC/BNL/ANL) PRD 106(2022)114512

Twist-2 unpolarized GPDs (OPE) S. Bhattacharya et al. (ETMC/BNL/ANL) 2305.11117, acc. in PRD
Twist-3 axial GPDs S. Bhattacharya et al. (ETMC/Temple), 2306.05533

Twist-2 helicity GPDs S. Bhattacharya et al. (ETMC/BNL/ANL) in preparation
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Proof of concept (comparison between frames)

Ay, As (leading ones)

Ay, As, Ay, Ag, Az, Ag (suppressed ones)

OO//abora“‘o(\

14 + : Al nonsy‘m —at 14 F Az nonsym I
b A, sym A, sym
1.2 13 Asnonsym +——e— 1 1.2 Az nonsym ——e—
s Ag sym Aj sym
by t 5 t Ly A, nonsym —-s— |
i | Ay sym 1
& 0.8 } @ ¢ g @ } & 0.8 Ag nonsym
2 06| 3 06| Ag sym :
~ ¢ g ¥ Re R A- nonsym ————
0.4 b g o ¢ 04 | T 1 A5 sym 1
3 3 J J Ag nonsym r——s—
L o uf i Y |
0.2 LQE mg& 0.2 7‘:47 ‘l AS Sym
0 PFPEEE[F%!{BK}E mmggggggggps 0 pp:ﬁpﬁé??@ééééﬁ?%%z%@5555&555&&55525@
1 Ai
_0.2 I I I I I I _0'2 I I I I I I I
-15 -10 -5 0 5 10 15 -15 -10 -5 0 5 10 15
/ /
““S. Bhattacharya et al., PRD106(2022)114512  **
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04 | §ed 04 | i
@%Ffp
& ul
0.2 r ¢ o ¢ 0.2 t 1
o @ o 3 ;
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Coetgy _
%% ) H and E GPDs — possible definitions

Defining H and E GPDs in the standard way, expressions are frame-dependent:
SYMMETRIC frame:

2(A% + A3
2P3
z (4E? — AT — A3)
2P3

Fro) = A1+ )A67

Fro) = —A1+ 245 + Ag .
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Defining H and E GPDs in the standard way, expressions are frame-dependent:
SYMMETRIC frame:

H and E GPDs — possible definitions

2(A? 4 A2)
F = A L 2 A
H(0) 1+ 2P3 6
z (4E? — A% — A3)
Fro) = —A1+ 245 + Ag .
2P3
ASYMMETRIC frame:
Ag m2zAg Z2(AZ + A?%) (A3 + ApgA?)
F =A —A A A Asg,
£(0) 1+PO 3+ 5P Py 4 + >P; 6 + 5P P 8
2 A2 4 2Py Ag 4+ 4P2 + AZ Ao (A2 4+ 2A0Py + 4P2 + A2
. (O)Z—Al—ﬂAg—m z(A0+2P0)A4+2A5_Z( 0 040 0 J_) AG—Z 0( 0 0t 0 J_)As.
E Py 2Py P3 2 P53 2Py P3
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%% H and E GPDs — possible definitions @ %

Defining H and E GPDs in the standard way, expressions are frame-dependent:
SYMMETRIC frame:

2(A? 4 A2)
F =A 1 2 A
H(0) 1+ 2P3 6
z (4E? — AT — A3)
Fro)y = —A1 + 245 + Ag .
2P;
ASYMMETRIC frame:
A m2zA z(AZ2 4+ AZ? 2(A3 4+ AgAZ
FH(o):A1+—0A3+ D Ag+ (20 L)146+ (20 1) 8 5
Py 2Py P3 2Ps 2Py P3
2 A2 4 2Py Ag 4+ 4P2 + AZ Ao (A2 4+ 2A0Py + 4P2 + A2
FE(O):_Al—ﬂA:s—m z(AO+2PO)A4+2A5—z( ° R ° L> AG—Z 0( ° - ° L) Ag .
Po 2Pg P3 2Ps3 2P P53

One can also modify the definition to make it Lorentz-invariant and arrive at:
ANY frame: Fy = A,

Fp =—A1 +2A5 +22P3A5.

With respect to the standard definition, removed/reduced contribution from As, A4, Ag, As.

In terms of matrix elements: standard definition — only IIp(I'o), I (I"y /2),
LI definition — additionally: II; /5(I'3) (both frames), I1; /5(I'3), I1; /o(T'0), 11 (I'2), 2(I'1) (asym.).
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% H and £ GPDs — comparison of definitions

STANDARD DEFINITION
H-GPD E-GPD

1 T T T 2 T T T
non-symmetric —#— non-symmetric —#—
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S. Bhattacharya et al., PRD106(2022)114512
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t-dependence of H/E GPDs

All kinematic cases (asymmetric frame):

gl el vl P Pl Pl Pl P
I

,0) = —t = 0.17 GeV?,
= —t = 0.33 GeV?,
= —t = 0.64 GeV?,
= —t=0.79 GeV?,
= —t = 1.22 GeV?2,
= —t =1.36 GeV?2,
= —t = 1.49 GeV?,
= —t = 2.24 GeV?,

-

-

~

~

Il
»hw“wvl\:)l\:)l\:)b—w—\
OSrHrONRFR OO
OO O OO OO
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~

~
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Quasi-distributions
First extraction
Reference frames
Quasi-GPDs

Setup

Definitions

t-dependence
Helicity
Convergence
Twist-3

GPDs moments

GPDs moments

Summary
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t-dependence of H/FE GPDs

All kinematic cases (asymmetric frame):

A = (1,0,0) = —t = 0.17 GeV?,
A =(1,1,0) = —t = 0.33 GeV?,
A = (2,0,0) = —t = 0.64 GeVZ,
A =(2,1,0) = —t = 0.79 GeV?,
A =(2,2,0) = —t =1.22 GeV?,
A = (3,0,0) = —t = 1.36 GeV?2,
A =(3,1,0) = —t = 1.49 GeV?,
A = (4,0,0) = —t = 2.24 GeV?,

-t=2.24 GeV?2
B -t=1.49 GeV?2

-t=1.36 GeV?2
- 4=1.22 GeV2

-t=0.79 GeV?2
_ -t=0.64 GeV? -

-t=0.33 GeV?

t=0.17 GeVZ s
=0 GeV? NN

-t=2.24 GeV?
-t=1.49 GeV?
-t=1.36 GeV?
4=1.22 GeV? .
-t=0.79 GeV2
-t=0.64 GeV? mE-
-t=0.33 GeV2
4=0.17 GeV?
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Helicity GPDs

%{‘n

pH AM pH AM
A1+7M’75A2+’75(?A3+mZ“A4+?A5>+m¢W5(;A6+MZ“A7+?A8)}U(P7>\)

Lorentz-covariant parametrization of matrix elements (axial vector case):

-GMPZA

F[’Y“75] — ﬁ(p/,kl)[
m

S. Bhattacharya et al., in preparation
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elicity GPDs %
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Lorentz-covariant parametrization of matrix elements (axial vector case):

~€,uPzA

[ 15 ] / / pH AH PH AF
FUYT50 = a(p’, A )[ A1+7“W5A2+v5(?A3+mz“A4+?A5>+m%‘v5(?A6+mZ“A7+?A8)}U(Pa>\)

m

oo ~ S. Bhattacharya et al., in preparation
Two definitions of H : y prep

standard (7573 operator): F; = Ao + 2P3Ag —m°2° A7,
another (7ys57; operators, i = 0,1,2): Fz = Az + 2P3 A6 .
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pH AM pH AM
A1+WH’Y5A2+’Y5(?A3+MZ“A4+?A5>+M¢V5(?A6+MZ“A7+?A8)}U(PJ\)

3%% >

Lorentz-covariant parametrization of matrix elements (axial vector case):

~€,uPzA

sl — ﬂ(p',kl)[
m

oo ~ S. Bhattacharya et al., in preparation
Two definitions of H : y prep

standard (7573 operator): F; = Ao + 2P3Ag —m°2° A7,

Both L tz-i iant!
another (vs7; operators, i = 0,1,2): Fz = As + 2P3Aq . @ orentz-invarian
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Lorentz-covariant parametrization of matrix elements (axial vector case):

~€,uPzA

[ 15 ] / / pH AH PH AF
FUYT50 = a(p’, A )[ A1+7“W5A2+v5(?A3+mz“A4+?A5>+m%‘v5(?A6+mZ“A7+?A8)}U(Pa>\)

m

oo ~ S. Bhattacharya et al., in preparation
Two definitions of H : y prep

standard (7573 operator): F; = Ao + 2P3Ag —m°2° A7,

Both L tz-i iant!
another (vs7; operators, i = 0,1,2): Fz = As + 2P3Aq . @ orentz-invarian

Pz

A-ZA3+2A5'

E seems impossible to extract at zero skewness: F'z = 2
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Lorentz-covariant parametrization of matrix elements (axial vector case):

~€,uPzA

sl — ﬂ(p',kl)[
m

pH AM pH AM
A1+WH’Y5A2+’Y5(?A3+MZ“A4+?A5>+M¢V5(?A6+MZ“A7+?A8)}U(PJ\)

oo ~ S. Bhattacharya et al., in preparation
Two definitions of H : y prep

standard (53 operator): Fr = Ay + 2P3Ag — m”2° Az,

Both L tz-i iant!
another (vs7; operators, i = 0,1,2): Fz = As + 2P3Aq . @ orentz-invarian

P-z
A -z

E seems impossible to extract at zero skewness: Iz = 2 As +2A5.

As, As (leading ones) 2 Ay, Az, zA4, 2Aq, 2° A7, zAg (suppressed ones)
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Htilde

t-dependence of H/H/E GPDs

3

2.5

15

-t=2.24 GeV2
-t=1.49 GeV2
-t=1.36 GeV2
4=1.22 GeVZ
-t=0.79 GeV2
-t=0.64 GeV? I
-t=0.33 GeV?2
t=0.17 GeV? s

=0 GeV? NN
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Htilde

t-dependence of H/H/E GPDs

3

2.5
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-t=1.36 GeV2
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=0 GeV?

Impact parameter distribution:

GPD(:U, bJ_) —
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%3 Convergence of alternative definitions of H/H/E

UNPOLARIZED HELICITY

H =0.69 GeV? > Py= “083GeV, 79 EtO69GV P,=0.83 GeV =13 Hiilde 1069GV P,=0.83 GeV Zoa=13
H -1=0.69 GeV? Py=1.25 GeV L =7 E -=0.69 GeV> Py=1.25 GeV Z=11 Hiilde -t=0.69 GeV? P3125GV L= 9
H-t=0.69 GeV> P3=1.67 GeV | z,,,,=7 W E-=0.69 GeV> P3=1.67 GeV/ L= 9 Hiilde -t=0.69 GeV> P3=1.67 GeV| = 7 -
3t H -=2.76 GeV? P3125GV‘ T =7 3k E -t=2.76 GeV” P;=1.25 GeV| = 7 . 3k Hiilde -t=2.76 GeV> P;=1.25 Ge —

Ay, Ag | | A, As, Ag

Yo operator (non-LI) Y5Y3 operator (LI)
H-GPD E-GPD H-GPD

H

Htilde

OxXx>0O=Z2>—W0n
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A

H

OxXx>0O=Z2>—W0n

Krzysztof Cichy

UNPOLARIZED

H =0.69 GeV? >P3=0.83 Ge eV, E 1=0.69 GeV? > P3=0.83 GeV =13

H -1=0.69 GeV? Py=1.25 GeV E -=0.69 GeV> Py=1.25 GeV Z=11
H -1=0.69 GeV> P3=1.67 GeV| E-=0.69 GeV> P3=1.67 GeV/ L= 9
H -t=2.76 GeV? P;=1.25 GeV| 3k E -t=2.76 GeV” P;=1.25 GeV| = 7

(]

Ay, Ag A1, As, As

|

Yo operator (non-LI)
H-GPD E-GPD

%,WT operators (LI)

‘ ‘
Hy | 1=0.69 GeV? >P1=0.83 GeV Ey =069 GeV? >P,=0.83 GeV Zmax=13

Hy; -t=0.69 GeV> 2P3=1.25GeV Ey; -t=0.69 GeV? >Py=125GeV Znay=11
Hy; -t=0.69 GeV? P3=1.67 GeV Ey; -t=0.69 GeV’ 2 Py=1.67 GeV Zyngy= O
Hy; -t=2.76 GeV* Py=1.25 GeV | 30 Ey | -t=2.76 GeV? P;=1.25 GeV o= 7

0~

i A17A57A6

ELl

— =

m<——>=Z2xm—4dr >

-0.5 0 0.5 1 -1 -0.5 0 0.5

D% Convergence of alternative definitions of H/H/E @ %

Coltaporat®®

HELICITY

4
Hiilde -1=0.69 GeV2 > P3=0.83 Ge eV =13
Hiilde -t=0.69 GeV? >Py=125 GeV = 9
Hiilde -t=0.69 GeV> > Py=1.67 GeV, Zingy= 7
3t Hiilde -t=2.76 GeV> P;=1.25 Ge Zo= 7

5]
T

Htilde

V573 operator (LI)
H-GPD
V570, 57T Operators (LI)

Hiilde, ; -1=0.69 GeV> > Py=0.83 Ge v Zom=13

Hiilde, ; -t=0.69 GeV? 2P3=125GeV = O

Hiilde, ; -t=0.69 GeV* P3=1.67 GeV. PN
31 Hiildey, -t=2.76 GeV? P;=1.25 GeV| L= 7

)
T

Htilde
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A

H

OxXx>0O=Z2>—W0n

Krzysztof Cichy

UNPOLA

RIZE

H -=0.60 GeV> P3—08%GV
H -t=0.69 GeV?> >Py=125 GeV
H -t=0.69 GeV> > P3=1.67 GeV|
H -t=2.76 GeV2 P3=1.25 GeV

A1, Ae

t—O69GV P,=0.83 GeV
-=0.69 GeV? Py=1.25 GeV
E-=0.69 GeV> P3=1.67 GeV/
E -t=2.76 GeV” P;=1.25 GeV|

17A57A6

B R
([T
~N O~ W

N N N N
5 8 8 B
EE B

Yo Operator
H-GPD
70,77 Op€ra

-1 L . .
-1 -0.5 0 0.5
X

(non-LI)
E-GPD
tors (LI)

‘
Hy | 1=0.69 GeV? 2P3=0.83 GeV
Hy; -t=0.69 GeV> 2P3=1.25GeV
Hy; -t=0.69 GeV? P3=1.67 GeV
Hy | -t=2.76 GeV? P;=1.25 GeV |

ELl

Zmax=15

Il
—_—

N0 = W

Ey; -t=0.69 GeV? S Py=125 GeV

Ey; -t=0.69 GeV’ 2 Py=1.67 GeV
Ey | -t=2.76 GeV? P;=1.25 GeV

Ey =069 GeV? >Pi=0.83 GeV
3

A17A57A6

m<——>=Z2xm—4dr >

-0.5 0 0.5 1

Probing nucleon GP

Htilde

% Convergence of alternative definitions of H/H/E

5]
T

éed Twis; tey
& %,
F %
& p 13
L
\
VY
g
c‘ol/élbv:)ra“‘o‘\

HELICITY

~N 2O W

Htilde 1069GV P3—083GV
Htilde -t=0.69 GeV> P3_125GV
Hilde -t=0.69 GeV> P3_167GV
Hilde -t=2.76 GeV> P3=1.25 Ge

Zmax

V573 operxator (LI)
H-GPD

V570, 57T Operators (LI)

Htilde

)
T

Hiilde, ; -1=0.69 GeV? 2 P,=083 Ge Vo el
Hiildey; 1=0.69 GeV? Py=125 GeV.  zy,,,= 9 W
Hiildey; 1=0.69 GeV? Py=1.67 GeV  7y,,,= 7 Wl
Htilde ; t=2.76 GeV? Py=1.25 GeV] 7, = 7
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% Convergence of alternative definitions of H/H/E @ %

UNPOLARIZE HELICITY

A

S . \ 4
H -=0.60 GeV> P3—08%GV /1=0.60 Gev? S P3=0.83 GeV Zyax=13 Hiilde -t=0.69 GeV> S P3=0.83 Ge oV Zyax=13
H -t=0.69 GeV? S P3=1.25 Gev -=0.69 GeV> S P3=1.25GeV Zyax=11 Htilde -t=0.69 GeV? J P3=1.25 Gev Zay= 9
H -t=0.69 GeV> P;—167GV Et—069GV P3=1.67 GeV| Zax= 9 Hiilde -t=0.69 GeV> P3—167GV Ziax= 7 N
3t H -=2.76 GeV? P;=1.25 GeV 3t E -t=2.76 GeV” P;=1.25 GeV| Zyax= 7 3 Hiilde -t=2.76 GeV> P;=1.25 Ge Zyy= 7
N *l Al A *l 1 A A
Q
. » <16 . y L1545 416 E
e}
D '
0 j 0
-1 ! ! ! 1 | | |
-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1
X

Yo Operator
H-GPD

Yo, YT Ope€ra

(non-LI)
E-GPD
tors (LI)

V573 operxator (LI)
H-GPD

V570, 57T Operators (LI)

HLI

‘
Hy | 1=0.69 GeV? 2P3=0.83 GeV
Hy; -t=0.69 GeV> 2P3=1.25GeV
Hy; -t=0.69 GeV? P3=1.67 GeV
Hy | -t=2.76 GeV? P;=1.25 GeV |

ELl

Zmax

Ey; -t=0.69 GeV? S Py=125 GeV

Ey; -t=0.69 GeV’ 2 Py=1.67 GeV
Ey | -t=2.76 GeV? P;=1.25 GeV

Ey =069 GeV? >Pi=0.83 GeV
3

A17A57A6

—_—

nonn
~N O — W

Htilde

—_
~N 20O W

Htilde, | -t=0.69 GeV? 2 P,=083 Ge eV
Hiilde, ; -t=0.69 GeV> 2Py=125 GeV
Htilde; ; t—069GV P;=1.67 GeV
Htilde, ; t=2.76 GeV? P3=1.25 GeV|

)
o

N N N N
3288
§EEE

m<——>=Z2xm—4dr >

Krzysztof Cichy




A

UNPOLA

RIZE

% Convergence of alternative definitions of H/H/E @ %

HELICITY

42060 GeV? > Py= 083 GeV.
-=0.69 GeV? Py=1.25 GeV
=0.69 GeV? Py=1.67 GeV |

H
H
H
H -t=2.76 GeV? P3 1.25 GeV,

1 A1, Ae

H

OxXx>0O=Z2>—W0n

tO69GV P,=0.83 GeV
-=0.69 GeV? Py=1.25 GeV
E-=0.69 GeV> P3=1.67 GeV/
E -(=2.76 GeV? Py=1.25 GeV

17A57A6

Zinax=13 Hiilde -1=0.69 GeV2 S Py= =083 GeV Zpa=13

Zina=11 Htilde -t=0.69 GeV” J P3=1.25 Gev L= 9
Zypay= 9 N Htld 1069GV P3167GV Za= 7
Zna= 7 3 =/

Htilde

Yo Operator

H-GPD

Yo, YT Ope€ra

1 L L
-1 -0.5 0
X

(non-L1I)

tors (LI)

E-GPD

V5Y3 operator (LI)
H-GPD
V570, V5T operators (LI)

Hy -=0.69 GeV? P3=125 GeV
Hy -(=0.69 GeV? Py=1.67 GeV

‘
Hy | 1=0.69 GeV? 2P3=0.83 GeV

N N N N
2288
EEEE
BEEEE

30 Hy, t276GV2P31250v‘

9
=1
=7
7

By -1=0.69 GV Py=1.25 GeV
ELIt069GV P,=1.67 GeV

Ey =069 GeV? >Pi=0.83 GeV
3 Ey; -1=2.76 GeV? P,=1.25 GeV

A17A57A6

HtldLIt069GVP3083GV =1
Hiildey; -1=0.69 GeV? Py=125 GeV.
HtldLIt069GVP =1.67 GeV
3L Hiildey; -t=2.76 GeV* P3=125 GeV]

1 Az, As

3
=9
7
7

N N N
aaaa
g %

Htilde

m<——>=Z2xm—4dr >

Krzysztof Cichy

basically unaffected

Probing nucleon GP

highly-improved!
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A

UNPOLA

RIZE

42060 GeV? > Py= 083 GeV.
-=0.69 GeV? Py=1.25 GeV
=0.69 GeV? Py=1.67 GeV |

H
H
H
H -t=2.76 GeV? P3 1.25 GeV,

1 A1, Ae

H

OxXx>0O=Z2>—W0n

tO69GV P,=0.83 GeV
-=0.69 GeV? Py=1.25 GeV
E-=0.69 GeV> P3=1.67 GeV/
E -(=2.76 GeV? Py=1.25 GeV

17A57A6

|
~N 0o = W

N N N N
g2 2 8 2
EEE

Yo Operator

H-GPD

Yo, YT Ope€ra

-1 L . .
-1 -0.5 0 0.5 1
X

(non-LI)
E-GPD
tors (LI)

Hy -=0.69 GeV? P3=125 GeV
Hy -(=0.69 GeV? Py=1.67 GeV

‘
Hy | 1=0.69 GeV? 2P3=0.83 GeV

N N N N
2288
EEEE
BEEEE

30 Hy, t276GV2P31250v‘

9
=1
=7
7

By -1=0.69 GV Py=1.25 GeV
ELIt069GV P,=1.67 GeV

Ey =069 GeV? >Pi=0.83 GeV
3 Ey; -1=2.76 GeV? P,=1.25 GeV

A17A57A6

m<——>=Z2xm—4dr >

Krzysztof Cichy

basically unaffected

Probing nucleon GP

highly-improved!

Htilde

Htilde

B

% Convergence of alternative definitions of H/H/E @ %

HELICITY

Hiilde -1=0.69 GeV2 P3083GV =13
Htilde -t=0.69 GeV* S Py=125 GeV zmaX:Q
Htld 1069GV P3167GV =7

V5Y3 operator (LI)
H-GPD
V570, 57T Operators (LI)

HtldLIt069GV P,=0.83 GeV Znax=13
Hiilde, ; -t=0.69 GeV> 2P3=125GeV L= 9
HtldLIt069GVP =1.67 GeV Tn= 7
Htilde, ; t=2.76 GeV? P3=1.25 GeV| L= 7

Az, Ag

‘g

slightly* worse
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