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%?D 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? 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.

Wigner Distributions
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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.
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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?

o
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): QQWIgnerDlsmbumnS .
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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How does the mass of the nucleon arise?

o
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): QQWIgnerDlsmbunom .
e much more difficult to extract than PDFs, < S Y
e but they provide a wealth of information:

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

Generalized parton distributions (GPDs): :

- Q.
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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) = q(x),
their moments are form factors, e.g. [ dx H(x,&,t) = Fi(t).

Form Factors
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Partonic structure and the lattice ‘@ %

Do we need to know partonic functions from the lattice?
Maybe it is not needed if we have huge expertise in fitting PDFs from abundant
experimental data?
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Lattice QCD However

Quasi-distributions . . . L . .
Quasi-GPDs e knowing something from first principles is always desirable,
Setup e good knowledge only of unpolarized and helicity PDFs,
Results e transversity PDFs — not much constrained by experiment,
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Do we need to know partonic functions from the lattice?
Maybe it is not needed if we have huge expertise in fitting PDFs from abundant
experimental data?

However:

knowing something from first principles is always desirable,

good knowledge only of unpolarized and helicity PDFs,

transversity PDFs — not much constrained by experiment,

other kinds of functions very difficult to extract solely from experiment:
GPDs, TMDs, twist-3, ...
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Quasi-distributions . . . L . .

Quasi-GPDs e knowing something from first principles is always desirable,

Setup e good knowledge only of unpolarized and helicity PDFs,

Results e transversity PDFs — not much constrained by experiment,

Summary e other kinds of functions very difficult to extract solely from experiment:

GPDs, TMDs, twist-3, ...

Hence, lattice extraction of partonic functions is a
well-justified aim!
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Do we need to know partonic functions from the lattice?
Maybe it is not needed if we have huge expertise in fitting PDFs from abundant

Introduction

experimental data?

Lattice QCD However

Quasi-distributions . . . L . .

Quasi-GPDs e knowing something from first principles is always desirable,

Setup e good knowledge only of unpolarized and helicity PDFs,

Results e transversity PDFs — not much constrained by experiment,

Summary e other kinds of functions very difficult to extract solely from experiment:

GPDs, TMDs, twist-3, ...

Hence, lattice extraction of partonic functions is a
well-justified aim!

Problem:
PDFs given in terms of non-local light-cone correlators — intrinsically
Minkowskian:

q() !

T 2r /dﬁ_e_”p+£ (N[ (ET)TAE, 0)p(0)|N),

where: £~ = 50\;553 and A(£7,0) is the Wilson line from 0 to £ .
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Do we need to know partonic functions from the lattice?
Maybe it is not needed if we have huge expertise in fitting PDFs from abundant
experimental data?

However:

knowing something from first principles is always desirable,

good knowledge only of unpolarized and helicity PDFs,

transversity PDFs — not much constrained by experiment,

other kinds of functions very difficult to extract solely from experiment:
GPDs, TMDs, twist-3, ...

Hence, lattice extraction of partonic functions is a
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Do we need to know partonic functions from the lattice?
Maybe it is not needed if we have huge expertise in fitting PDFs from abundant

Introduction

experimental data?

Lattice QCD However

Quasi-distributions . . . L . .

Quasi-GPDs e knowing something from first principles is always desirable,

Setup e good knowledge only of unpolarized and helicity PDFs,

Results e transversity PDFs — not much constrained by experiment,

Summary e other kinds of functions very difficult to extract solely from experiment:

GPDs, TMDs, twist-3, ...

Hence, lattice extraction of partonic functions is a
well-justified aim!
Problem:

PDFs given in terms of non-local light-cone correlators — intrinsically
Minkowskian:

1 — _—ixpTEe —_ —_
ola) = 5= [ ™ (NRE LA 0)(0)|N),
oo @ inaccessible
where: £~ = & \;55 and A(£7,0) is the Wilson line from 0 to £~.  on the lattice...

Recently: new direct approaches to get z-dependence.
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Direct access to partonic distributions impossible in LQCD.
Reason: Minkowski metric required, while LQCD works with Euclidean.
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Direct access to partonic distributions impossible in LQCD.
Introduction e Reason: Minkowski metric required, while LQCD works with Euclidean.
e Way out: similar as experimental access to these distributions — factorization
Lattice QCD (experiment)  cross-section = perturbative-part * partonic-distribution
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Reason: Minkowski metric required, while LQCD works with Euclidean.
e Way out: similar as experimental access to these distributions — factorization

Introduction

'(‘;tti‘fedgtc_i . (experiment)  cross-section = perturbative-part * partonic-distribution
uasi-distributions . . . . . . .
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S,

Direct access to partonic distributions impossible in LQCD.

Introduction e Reason: Minkowski metric required, while LQCD works with Euclidean.
e Way out: similar as experimental access to these distributions — factorization
Lattice QCD

(experiment)  cross-section = perturbative-part * partonic-distribution

Quasi-distributions ) ) . . . . .
Quasi-GPDs (lattice) lattice-observable = perturbative-part * partonic-distribution
Setup . . 2
Which lattice observables one can use®
R It 0 . . "
== Good “lattice cross sections’ [Y.-Q. Ma, J-W. Qiu, Phys. Rev. Lett. 120 (2018) 022003]:
Summary
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Direct access to partonic distributions impossible in LQCD.
Reason: Minkowski metric required, while LQCD works with Euclidean.

Introduction

e Way out: similar as experimental access to these distributions — factorization
(L;“'C_efc_i _ (experiment)  cross-section = perturbative-part * partonic-distribution

uasi-distributions . . . . . . .
Quasi-GPDs (lattice)  lattice-observable = perturbative-part * partonic-distribution
Setup . .

Which lattice observables one can use?

R It 7] . . 7]

= e Good “lattice cross sections’ [Y.-Q. Ma, J-W. Qiu, Phys. Rev. Lett. 120 (2018) 022003]:
Summary

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

Direct access to partonic distributions impossible in LQCD.

Introduction e Reason: Minkowski metric required, while LQCD works with Euclidean.
e Way out: similar as experimental access to these distributions — factorization
Lattice QCD

(experiment)  cross-section = perturbative-part * partonic-distribution

Quasi-distributions . . . . . . .
Quasi-GPDs (lattice)  lattice-observable = perturbative-part * partonic-distribution
Setup . .
Which lattice observables one can use?
R It 0 . . "
== Good “lattice cross sections’ [Y.-Q. Ma, J-W. Qiu, Phys. Rev. Lett. 120 (2018) 022003]:
Summary

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

e Examples:

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

b R S S D D S, D o
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e allows for a quantitative ab initio study of QCD
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e needed because of non-perturbative aspects of QCD
e allows for a quantitative ab initio study of QCD ‘

e QCD d.o.f.’s put on a Euclidean lattice

* quarks — sites
* gluons — links /‘g
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gluon quark
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needed because of non-perturbative aspects of QCD

allows for a quantitative ab initio study of QCD \
e QCD d.o.f.’s put on a Euclidean lattice /j%\
_

* quarks — sites -
* gluons — links /\;\4\§‘*
e various discretizations can be used for quarks and gluons T L
L
e
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needed because of non-perturbative aspects of QCD

allows for a quantitative ab initio study of QCD ‘ \
_— —

e QCD d.o.f.’s put on a Euclidean lattice
* quarks — sites
* gluons — links /\;\4\~‘*
e various discretizations can be used for quarks and gluons T L
e typical lattice parameters: \ﬁi\ﬁ
x Lja=32,48,64,80,96,128
e

*x a € [0.04,0.15] fm
« L €[2,10] fm
* mgL >3-4
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e QCD d.o.f.’s put on a Euclidean lattice

* quarks — sites
* gluons — links /\;\j{\§‘*
e various discretizations can be used for quarks and gluons T L
e typical lattice parameters:

% L/a = 32,48,64,80,96,128
a € [0.04,0.15] fm ! :
I c [2’ 10] fm gluon quark
maL >3—4
= oco-dim path integral — 108 — 10%-dim integral
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e QCD d.o.f.’s put on a Euclidean lattice

* quarks — sites 4 ’
* .gluons.—> I|r.1ks | /¥;\ i
e various discretizations can be used for quarks and gluons T L
e typical lattice parameters:

x Lja=32,48,64,80,96,128
a € [0.04,0.15] fm ! :
L € [2,10] fm gluon quark
mxL >3 —4
= oco-dim path integral — 108 — 10%-dim integral
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e Monte Carlo simulations to evaluate the discretized path integral
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needed because of non-perturbative aspects of QCD
allows for a quantitative ab initio study of QCD
e QCD d.o.f.’s put on a Euclidean lattice

* quarks — sites
* gluons — links

e various discretizations can be used for quarks and gluons
e typical lattice parameters:

L/a = 32,48, 64, 80,96, 128

a € [0.04,0.15] fm

L € [2,10] fm

maL >3—4

= oco-dim path integral — 108 — 10%-dim integral

* ok o ok o

Monte Carlo simulations to evaluate the discretized path integral
feasible, but still requires huge computational resources of
O(1 — 1000) million core-hours, depending on the question asked
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needed because of non-perturbative aspects of QCD
allows for a quantitative ab initio study of QCD
e QCD d.o.f.’s put on a Euclidean lattice

* quarks — sites
* gluons — links

e various discretizations can be used for quarks and gluons
e typical lattice parameters:

L/a = 32,48, 64, 80,96, 128

a € [0.04,0.15] fm

L € [2,10] fm

maL >3—4

= oco-dim path integral — 108 — 10%-dim integral

* ok o ok o

Monte Carlo simulations to evaluate the discretized path integral

feasible, but still requires huge computational resources of

O(1 — 1000) million core-hours, depending on the question asked
e formally, evaluation of a thermodynamic expectation value with

respect to the Boltzmann factor e~ “QCD
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needed because of non-perturbative aspects of QCD
allows for a quantitative ab initio study of QCD
e QCD d.o.f.’s put on a Euclidean lattice

* quarks — sites
* gluons — links

e various discretizations can be used for quarks and gluons
e typical lattice parameters:

L/a = 32,48,64,80,96, 128

a € [0.04,0.15] fm 1 '
L € [2,10] fm gluon quark
maL >3-4 == Fa
= oco-dim path integral — 108 — 10%-dim integral

* ok o ok o

Monte Carlo simulations to evaluate the discretized path integral
feasible, but still requires huge computational resources of
O(1 — 1000) million core-hours, depending on the question asked
e formally, evaluation of a thermodynamic expectation value with
respect to the Boltzmann factor e~ “QCD
e lattice regulates IR and UV divergences; the regulator needs to be
removed = L — oo, a — 0
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Lattice QCD — brief reminder

needed because of non-perturbative aspects of QCD
allows for a quantitative ab initio study of QCD
e QCD d.o.f.’s put on a Euclidean lattice

* quarks — sites
* gluons — links

e various discretizations can be used for quarks and gluons
e typical lattice parameters:

L/a = 32,48,64,80,96, 128

a € [0.04,0.15] fm 1 '
L € [2,10] fm gluon quark
myL >3 —4 e
= oco-dim path integral — 108 — 10%-dim integral

* ok o ok o

Monte Carlo simulations to evaluate the discretized path integral
feasible, but still requires huge computational resources of
O(1 — 1000) million core-hours, depending on the question asked
e formally, evaluation of a thermodynamic expectation value with
respect to the Boltzmann factor e~ “QCD
e lattice regulates IR and UV divergences; the regulator needs to be
removed = L — oo, a — 0
e prior to regulator removal — (non-perturbative) renormalization

:
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Quasi-distributions effects: cut-off effects, finite volume effects,
Quasi-GPDs quark mass effects, isospin breaking, excited states, ...
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Results
Summary
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Nucleon structure T .
e Its huge strength: possibility to control all systematic \ | *%\ .
Quasi-distributions effects: cut-off effects, finite volume effects,
Quasi-GPDs quark mass effects, isospin breaking, excited states, ...
Setup e For many aspects, already precision results with
Reshics percent/per mille total uncertainty.
Summary e However, many aspects (the difficult ones!) with

only exploratory studies.
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e Lattice QCD offers a way for a careful ab initio ﬁﬁ%
study of non-perturbative aspects of QCD. |

e |ts huge strength: possibility to control all systematic \ . %%\ |
effects: cut-off effects, finite volume effects,

quark mass effects, isospin breaking, excited states, ...
e For many aspects, already precision results with
percent/per mille total uncertainty.
e However, many aspects (the difficult ones!) with
only exploratory studies.

e Difficult problems need time to:

* find the proper way to address
prove computational feasibility
optimize the computational method
acquire all data (long computations...)
analyze all systematics

b S . S o
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e Lattice QCD offers a way for a careful ab initio ﬁﬁ%
study of non-perturbative aspects of QCD. |

e |ts huge strength: possibility to control all systematic \ . %%\ |
effects: cut-off effects, finite volume effects,

quark mass effects, isospin breaking, excited states, ...
e For many aspects, already precision results with
percent/per mille total uncertainty.
e However, many aspects (the difficult ones!) with
only exploratory studies.

e Difficult problems need time to:

find the proper way to address

prove computational feasibility
optimize the computational method
acquire all data (long computations...)
* analyze all systematics
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Nucleon structure is mostly difficult... and very expensive computationally.
Thus, do not expect miracles.

3D nucleon structure from Lattice QCD — Seminar Warsaw Apr 2024 — 6 / 30



Introduction

Nucleon structure
Lattice QCD
Quasi-distributions
Quasi-GPDs

Setup

Results

Summary

Krzysztof Cichy

Lattice QCD — what one should keep in mind @ %

Lattice QCD offers a way for a careful ab initio e I s
study of non-perturbative aspects of QCD. |

Its huge strength: possibility to control all systematic \ %%\ .
effects: cut-off effects, finite volume effects, i |
quark mass effects, isospin breaking, excited states, . .. j I | A |
For many aspects, already precision results with 1
percent/per mille total uncertainty.

However, many aspects (the difficult ones!) with
only exploratory studies.

Difficult problems need time to:
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*

find the proper way to address

prove computational feasibility
optimize the computational method
acquire all data (long computations...)
analyze all systematics

Nucleon structure is mostly difficult... and very expensive computationally.
Thus, do not expect miracles.

Overall, expect complementary role of lattice.

Robust quantitative statements: low moments, form factors.
x-dependence: breakthrough in recent years, but a long way to go to solid
quantitative statements.
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results @ physical pion mass -
results extrapolated to physical pion mass Pion GPD | MSU/NTU/UR, NPB952(2020)114940
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X. Ji, Parton Physics on a Euclidean Lattice, Phys. Rev. Lett. 110 (2013) 262002

fozt

N ~ £r . .
/ Euclidean matrix element:
(Pl (2)I A=, 0)9(0)| )
gt Its Fourier transform (quasi-distribution)
=~ can be matched onto the light-cone distribution:
boosted _ (Large Momentum Effective Theory (LaMET))
spatial correlation
/ \ Gla, p, Ps) = [1, % (‘” p%) q(y, 1) + O (Aep/Ps, My [ Ps)
quasi-PDF pert.kernel PDF higher-twist effects
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X. Ji, Parton Physics on a Euclidean Lattice, Phys. Rev. Lett. 110 (2013) 262002

fozt

N ~ £r . .
/ Euclidean matrix element:
(Pl (2)I A=, 0)9(0)| )
gt Its Fourier transform (quasi-distribution)
=~ can be matched onto the light-cone distribution:
boosted _ (Large Momentum Effective Theory (LaMET))
, spatial correlation
7 N qx:UJaPS f1|y| (:13 ) (y M)+O(AQCD/P327M]2\T/P32)
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,G2,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
e Euclidean matrix element:
(Pt (2)DA(2. 0)9(0)| P:)
Its Fourier transform (quasi-distribution)

3 _
- p—
&= can be matched onto the light-cone distribution:

b<_>osted (Large Momentum Effective Theory (LaMET))
spatial correlation

// N G(x, p, P3) = fllyl (m ) q(y, M)+O(AQCD/P327M]2\T/P532)

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,G2,G3,G4 (vector twist-3).

AXIAL VECTOR: 570, v573: H,E (helicity twist-2),
V51, v572: G1,Ga,G'3,Gy (axial vector twist-3).

Krzysztof Cichy 3D nucleon structure from Lattice QCD — Seminar Warsaw Apr 2024 — 8 / 30



&,
%

o %,

g
& %
g \\ ] (B
s K A
3 e &

°, Q

? o

e o see@

%D Quasi-distributions

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

§+

/ Euclidean matrix element:

(Prlyp(2)I A2, 0)9(0)| Pi)

5 Its Fourier transform (quasi-distribution)
£ =2 : T
— can be matched onto the light-cone distribution:
boosted (Large Momentum Effective Theory (LaMET))
, spatial correlation
7 N C_I$ILL,P3 f1|y| (:13 ) (y M)_‘_O(AQCD/P;)M?V/PESZ)

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,G2,G3,G4 (vector twist-3).

AXIAL VECTOR: 570, v573: H,E (helicity twist-2),
V51, v572: G1,Ga,G'3,Gy (axial vector twist-3).

TENSOR: ~173, vo7vs: Hp,Ep,Hp, Erp (transversity twist-2),
Y1v2: HY, EL (tensor twist-3).
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Euclidean matrix element:
(Prl¢(2)L A2, 0)9(0)| Pi)

Its Fourier transform (quasi-distribution)
~ (3 =2 . ST
can be matched onto the light-cone distribution:

boosted (Large Momentum Effective Theory (LaMET))
, > spatial correlatlon
/ \ i, P3) = [1) (— “3) q(y, 1) + O (Aep/Ps, My [ Ps)

quasi-PDF pert.kernel PDF higher-twist effects

Dirac structures I' for different GPDs: Need different projectors

VECTOR: 79, v3: H,E (unpolarized twist-2), to disentangle 12+/4 GPDs

Y1, Y2: G1,G9,G3,Gy (vector tWiSt—3). UNPOL: P = ’YO

~ o~ . —I—

AXIAL VECTOR: 7570, 7573 H,E (helicity twist-2), POL-k: P = —f%ivsvi

Y51, V5y2: G1,G2,G3,Gy (axial vector twist-3).

TENSOR: ~173, v273: Hr Er Hp Er (transversity twist-2),
Y1v2: HY, EL (tensor twist-3).
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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 = 2 GeV)

v

light-cone GPD
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Quasi-GPDs lattice procedure @

spatial correlation in a boosted nucleon different insertions and projectors
g b .
V() [9(2)T ALz, 0/ (0)|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
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frame-dependent formulas
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Quasi-GPDs lattice procedure -@

spatial correlation in a boosted nucleon different insertions and projectors

mryhn b .

V() [9(2)T ALz, 0/ (0)|N (F)) several A vectors

P =P+ A, A — momentum transfer .- h & I

lattice computation of bare ME symmetrlc.. €ac separate calc.
¢ asymmetric: many A at oncel
extraction of amplitudes litud f . .
amplitudes tframe-invariant

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 = 2 GeV)

v

light-cone GPD

possible different definitions of GPDs
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Lattice QCD lattice computation of bare ME symmetrlc.. each A separate calc.
e asymmetric: many A at oncel!
Quasi-distributions ¢
- SUFEEHIEN ©F Empfes amplitudes frame-invariant
P and/or GPDs . : f
Resulte frame-dependent formulas possible different definitions of GPDs
Summary ¢
remermE o logarithmic and power divergences
of bare GPDs in bare MEs/GPDs

intermediate Rl scheme

v

reconstruction of x-dependence
z-space—x-space
Backus-Gilbert
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matching to light cone
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(incl. evolution to = 2 GeV)

v

light-cone GPD
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Quasi-distributions ¢
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Summary ¢
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intermediate Rl scheme

v

reconstruction of z-dependence non-trivial aspect: reconstruction of
2-space—z-space a continuous distribution from
Backus-Gilbert a finite set of ME (“inverse problem”)

v
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Introduction (N (P)[Y(2)L Az, 05 (0)|N (P)) several A vectors
P =P + A A — momentum transfer —
Nucleon structure ' .
Lattice QCD lattice computation of bare ME symmetrlc.. each A separate calc.
e asymmetric: many A at oncel!
Quasi-distributions ¢
- SUFEEHIEN ©F Empfes amplitudes frame-invariant
P and/or GPDs . : f
Resulte frame-dependent formulas possible different definitions of GPDs
Summary ¢
remermE o logarithmic and power divergences
of bare GPDs in bare MEs/GPDs

intermediate Rl scheme

v

reconstruction of z-dependence non-trivial aspect: reconstruction of
2-space—z-space a continuous distribution from
BaCk”SiG'lbert a finite set of ME (“inverse problem”)
matching to light cone d fici v |
Rl MY needs a su |C|en_t%/ arge momentum
(e, eveluton o g = 2 GI9) valid up to higher-twist effects
v

light-cone GPD
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Introduction (N (P)[Y(2)L Az, 05 (0)|N (P)) several A vectors
P =P + A A — momentum transfer —
Nucleon structure ' .
Lattice QCD lattice computation of bare ME symmetrlc.. each A separate calc.
e asymmetric: many A at oncel!
Quasi-distributions ¢
- SUFEEHIEN ©F Empfes amplitudes frame-invariant
P and/or GPDs . : f
Resulte frame-dependent formulas possible different definitions of GPDs
Summary ¢
remermE o logarithmic and power divergences
of bare GPDs in bare MEs/GPDs

intermediate Rl scheme

v

reconstruction of z-dependence non-trivial aspect: reconstruction of

2-space—z-space a continuous distribution from
BaCk”SiG'lbert a finite set of ME (“inverse problem”)

matching to light cone d fici v |

T needs a su |C|en_t?]/ arge momentum

el eveluiion @ u =2 G valid up to higher-twist effects

v
light-cone GPD the final desired object!
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Setup

Lattice setup:

fermions: Ny = 2 twisted mass fermions + clover term
gluons: lwasaki gauge action, § = 1.778
gauge field configurations generated by ETMC
lattice spacing a ~ 0.093 fm,

32° x 64 = L ~ 3 fm,

m, =~ 260 MeV.

three nucleon boosts: /73 — 0.83,1.25,1.67 GeV,
momentum transfers: —¢ < 2.76 GeV?, most data: —t = 0.64, 0.69 GeV?,

Kinematics:
o
]
e skewness: & = 0,1/3.

O(20000) measurements (= 250 confs, 8 source positions, 8 permutations of A).

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) PRD 108(2023)014507
Twist-3 axial GPDs S. Bhattacharya et al. (ETMC/Temple), PRD 108(2023)054501

Twist-2 helicity GPDs S. Bhattacharya et al. (ETMC/BNL/ANL) PRD 109(2024)034508

Twist-2 transversity GPDs S. Bhattacharya et al. (ETMC/BNL/ANL) in preparation

Twist-2 unpolarized GPDs (pseudo-GPDs) S. Bhattacharya et al. (ETMC/Temple) in preparation
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unpolarized ETMC, Phys. Rev. Lett. 125 (2020) 262001 helicity
3 ; ; 3 : : ;
~—H@GPD, =0 | || ——A@GPD 0 | |
— — H(2)-GPD, £ = [1/3]| | \ — — H(z)-GPD, ¢ = [1/3|| I\
o L|— — filz) ‘\ \\ Py =125 GeV - 2 b= — gi() ;\\ \\ Py =1.25 GeV
Py=125GeV [\ \ AN
—t 10, 0.69, 1.02 GeV* | \_ N\ i, N
N : .
g 07 1/3 — \j\:\ . -Ih\\:\\\\\\
e o R . —— ]
Q== e = _.:.:4:.:._—_.g.z.?ﬁ.;.:.\....—é ................................................ i
| == N
|
| 1 ! L in !
1 0.5 0 0.5 1 1 -0.5 0 0.5 1

Krzysztof Cichy

3D nucleon structure from Lattice QCD — Seminar Warsaw Apr 2024 — 11 / 30



é%é First extractions of z-dependent GPDs @ %
\/ <

unpolarized ETMC, Phys. Rev. Lett. 125 (2020) 262001 helicity
3 1 1 \ 1 3 _ 1 Il\ 1
— — H(z)-GPD, ¢=0 | \ — — H(z)-GPD, £=0 1\
— — H(2)-GPD, £ = [1/3]| | \ — — H(z)-GPD, ¢ =1/3]| I\
o b= — filz) o\ Py =1.25GeV - 2= = gi(2) 1N Py =1.25GeV -
\ \ o\ N\
: N
P3=1.25GeV [\ \ AN "
: ~N
—t 10, 0.69, 1.02 GeV* | \_ N\ : ' NN N
£=0,1/3 NN\ é N—
’ - __J‘\\\: rl,_,___l\\\:::\\\
0 L e e \‘\\\“\—‘“—- 0 _.:.34:.:._—_.g.z,i‘,.;.:,:..—% .............................................. \
) S==T
\\é
\:
1 i
1 05 0 05 1 1 0.5 0 0.5 1
x X
> P ' | it 087 £ 0. 1= 069 Gov?
— hu— (Q}) = —_—— = , — = . e
3 (2,0,-0.69 GeV?) transversity — — l¢f=1/3,~t = 1.02 GeV* Py =1.25 GeV
47— — HY (2, €] = 1/3, —1.02 GeV? i 5 _
k=Y ; ) 06 E+ + 2H related to
} Pr— 1.95 GeV = ; transverse spin strugture
31 ETMC, i 3= 1.25 Ge =
PRD|105 (2022) 034501 % e AN
2r ' N - e I
) \ g$ // | —\——‘\J\
\ N o y r— N\ \
N N —0.2 ~ N
1 \\ N ~ ! ___—' N N
\:\\:\\ ///// g \\\\\
0 _—————';—: 777/7-”77_:‘77:7; 777777777777777777777777777 7\ i,,,,,,,j,i,,‘ 0 :_-'-_-_:--_T-T 777777777777777777777777777777777777777777777777777777777777777 \7 VT-T-\"-_E%
1 0.5 0 05 1 1 0.5 0 05 1
€T X

Krzysztof Cichy 3D nucleon structure from Lattice QCD — Seminar Warsaw Apr 2024 — 11 / 30



/ = aggi”; S,
BT ST @
s Ca GPDs in different frames of reference = 2

Standard symmetric (Breit) frame:
Introduction source momentum: P; = (E, P — A/2),
Cesulls sink momentum: Py = (E, P + A/2).

First extraction

Reference frames

Definitions

t-dependence
Helicity
Convergence
Twist-3

GPDs moments
GPDs moments

Summary
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GPDs in different frames of reference @

Standard symmetric (Breit) frame:

Introduction source momentum: P; = (£, P— A/Q)
Results : . _
—— sink momentum: Pr = (E, P+ A/Z).
Lattice perspective:
Definitions ] ] ] . .
t-dependence construction of the 3-point correlation functions required for the MEs
Helici -
e needs the calculation of the all-to-all propagator
onvergence
Twist-3 preferred way: “sequential propagator’ — implies separate inversions

GPDs moments

(most costly part!) for each P;.

GPDs moments

Summary Hence, separate calculation for each momentum transfer A!
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Introduction

Results

First extraction
Definitions
t-dependence
Helicity
Convergence
Twist-3

GPDs moments
GPDs moments

Summary
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. - in;% 4
GPDs in different frames of reference VB

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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Introduction

Results

First extraction
Definitions
t-dependence
Helicity
Convergence
Twist-3

GPDs moments
GPDs moments

Summary
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. - in?:e%u; 4
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,ﬁ).

Lattice perspective:

Several momentum transfer vectors A can be obtained within
a single calculation!
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Ny E Lorentz-covariant parametrization " 74

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

As+ A+ A7+

m m m

PH AM
PH(s, P &) =a(p V) | Al tmat Ag+ = Agbima®® Ast As]utp. ),

(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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Ny E Lorentz-covariant parametrization 3 74

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

Asg+—= - Ag+ A7+7A8}U(pa>\),

m m m m

pPH A

FH(z, P, A)Zﬁ(p',>\'){—A1+mz“A2+—A3+imo“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+m)—P32) o (E +m) (_E2+m2+p32) s EPs (_E2_|_m2_|_P32)z Ae)

2m3 m3 m3

II5(To) = C (

asymmetric frame:

(Ef + E;)(Ef — E; —2m)(Ef +m) (Ef — E; —2m)(Ef + m)(Ey — E;) (E; — Ef)P3z
— Al — AS + A4

2 (r = C
O( O) < 8m3 4m3 4m

(Ef + E;)(Ef +m)(Ef — E;) Ef(Ef + E;)P3(Ef — E;)z EyP3(Ep — E;)%2
As + Ag + Ag |-
4m3 4m3 2m3
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Ny E Lorentz-covariant parametrization 3 74

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

Asg+—= - Ag+ A7+7A8}U(pa>\),

m m m m

pH A
FH(z, P, A)Zﬁ(p',>\'){—A1+mz“A2+—A3+imo“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+m)—P32) o (E +m) (_E2+m2+p32) s EPs (_E2_|_m2_|_P32)z Ae)

2m3 m3 m3

II5(To) = C (

asymmetric frame:
(Ef + E;)(Ef — E; —2m)(Ef +m) (Ef — E; —2m)(Ef + m)(Ey — E;) (E; — Ef)P3z
- Ap — Az + Ay
8m3 4m3 4m

15 (Tp) = C(

E FEF)(FE FEF: — FE; FE:(FE E VP2 (Ef — E; EPy(Es — FE; 2
(Ef + E;)(Ef +m)(Eyf i) As 1 t(Ef + E;)P3(Ey i)Z Ag 4 B 3(E ¢ i) ZAS _
4m3 4m3 2m3

e matrix elements I, (I",) are frame-dependent,

e but the amplitudes A; are frame-invariant.
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Ay, As (leading ones)

- A, nonsym —s— |

b A, sym

As sym

b g¢
o ¢
g o

g-a
mm m

eeBEBRRES

13 As nonsym —o—
L 1

-15 -10 -5 0 5 10 15

Proof of concept (comparison between frames)

éed Twis; tey
Y %

F %
@ »

C, .
O//Qbora“o‘\

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

Re

14 ¢ Az nonsym —e—
A, sym
1.2 Az nonsym ——e—
Az sym
L A, nonsym —e—s |
L Ay sym i
< 0.8 Agnonsym v
&) 06 | A6sym i
A, nonsym +———
04 | 1 A5 sym -
J, J Ag nonsym r——s—
02 r 4 4 Ag sym il
0 #pssspﬁ@??ééééﬁfﬁ%iz%ﬁ%.;5555?555&&5222&&
HTe

-0.2 : :
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“*S. Bhattacharya et al., PRD106(2022)114512  **
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02 r i

Im A,
o
CE3
am
B %
=k )
em

_0'6 L L L L L L
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z/a
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E %% ) 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 22 A

g (0) 1+ 2P3 6
z (4E% — AT — A3)

Fro) =—A1+ 245 + Ag .

2P;
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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 Ag
£7(0) 1+ P 6
z (4E% — AT — A3)
Froy = —A1 + 245 + Ag .
2P3
ASYMMETRIC frame:
A m2zA 2(A2 + A2 2(A3 + AgAZ
FH(O):A1+—0A3+ D Ag+ (20 J_)A6‘|' (2o 1) 8
Py 2Py P3 2Ps 2Py P3
2 A2 4+ 2Py Ag + 4P2 + A? Ag (AZ +2A0Py + 4P2 + A2
. (O)Z—Al—ﬂAg—m Z(A0+2P0)A4—|—2A5—Z( 0 040 0 J_) AG_Z O( 0 040 0 J_)As.
E Py 2Py P3 2 P53 2Py P3

Krzysztof Cichy 3D nucleon structure from Lattice QCD — Seminar Warsaw Apr 2024 — 15 / 30



E %% 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 Ag
£7(0) 1+ P 6
z (4E% — AT — A3)
Fro) =—A1+ 245 + Ag .
2P3
ASYMMETRIC frame:
A m2zA 2(A2 + A2 2(A3 + AgAZ
FH(O)=A1+—OA3+ D Ag+ (20 L)AG+ (2o 1) 8
P 2Py P3 2P3 2Py Ps
2 A2 4+ 2Py Ag + 4P2 + A? Ag (AZ +2A0Py + 4P2 + A2
. (O)Z_Al_ﬂAS_m Z(A0+2P0)A4—|—2A5—Z( 0 040 0 J_) AG—Z O( 0 040 0 J_)As.
E Py 2Py P3 2 P53 2Py P3

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

Fp=—A1 +2A5 + 2zP3A¢ .

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

In terms of matrix elements: standard definition — only Ilp(I'g), IIo(I"y /2),
LI definition — additionally: II; /5(I'3) (both frames), I1; /5(I'3), I1; /o(I'0), 111 (I'2), 2(I'1) (asym.).
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i/ %@ H and E GPDs — comparison of definitions

Re H

Im H

STANDARD DEFINITION

H-GPD

non—‘symmet;ic —
] symmetric —eo—
08 %ﬂ
i %
06 1 L
L L]
04 | i? Qi
. ®
02 . :
. .
L ]
0 musssanggyt® *Sypunnannnnn
15 -10 5 0 5 10 15
zla
0.4 : : : —
non-symmetric ~—#—
L symmetric —e— |
o L
0.2 r v ]
01 | o v
gt!
0 mapggin .,glllu
]
0.1 ¢ 2 o
02| : 3‘
03| igd
-0.4 -
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Re E

Im H

0.4

03
02

0.1 r

-0.1 |
-02
-03

-0.4

. . . . . .
non-symmetric —#—
symmetric —e—

S. Bhattacharya et al., PRD106(2022)114512

. . . .
non-symmetric —#—
symmetric —e— |
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GPDs moments
GPDs moments

Summary
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t-dependence of H/E GPDs

All kinematic cases (asymmetric frame):

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

Results

First extraction
Reference frames
Definitions
Helicity
Convergence
Twist-3

GPDs moments
GPDs moments

Summary

Krzysztof Cichy

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?,
A= (3,1,0) = —t = 1.49 GeV?,
A = (4,0,0) = —t = 2.24 GeV?,
-t=2.24 GeV? -t=2.24 GeV?
~ -ti1.49 Gevi -tii.gz gg;

B Liig ggi — -::1:22 Gevz I
| 06 cev? mmm 064 Gev? mmm
-t=0.33 GeV? -t=0.33 GeV?

N -t=0£ gzﬁ = -t=0.17 GeV? s

3D nucleon structure from Lattice QCD — Seminar Warsaw Apr 2024 — 17 / 30




e
3%;%9 Helicity GPDs

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

-euPzA

[vH 5] AN pH A Pt Ar
FU50 = a(p’, A ){ A1+’Y“’Y5A2+’Y5(?AB-l‘mZ’uAéL-F?AS)—Fm?f’%(?A6+mZ“A7+?A8)}U(p7>‘)

™m

S. Bhattacharya et al.,, PRD109(2024)034508
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Helicity GPDs

éed Twis@(7
) %
& P ks
V)
J
Cos laborat®

pH A pH AM
A1+’Y“’Y5A2+’Y5(?A3+m2“144+?145)+m¢75(;A6+MZ“A7+?A8)}U(%>\)

P

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

-G,uPzA

F[’Y“W’5] — ﬁ(p/, )\’){
m

o ~ S. Bhattacharya et al., PRD109(2024)034508
Two definitions of H :

standard (7573 operator): Fz = Ay + 2P3Ag — m?z% Az,
another (7y57v; operators, i = 0,1,2): Fz = As + 2P3As.
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Lorentz-covariant parametrization of matrix elements (axial vector case):

Helicity GPDs

626 Twis, reo’
) %
& P ks
V)
J
Ool/abora“‘o(\

pH A pH AM
A1+’Y“’Y5A2+’Y5(?A3+m2“144+?145)+m?f75(;A6+mZ“A7+?A8)}U(p7>\)

-euPzA

F[’Y“W’5] — ﬁ(p/,)\/){
m

o ~ S. Bhattacharya et al., PRD109(2024)034508
Two definitions of H :

standard (7573 operator): Fz = Ay + 2P3Ag — m?z% Az,

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

éed Twis@(7
) %
& P ks
V)
J
Cos laborat®

pH A pH AM
A1+’Y“’Y5A2+’Y5(?A3+m2“144+?145)+m¢75(;A6+MZ“A7+?A8)}U(%>\)

P

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

-G,uPzA

F[’Y“W’5] — ﬁ(p/, )\’){
m

o ~ S. Bhattacharya et al., PRD109(2024)034508
Two definitions of H :

standard (7573 operator): Fz = Ay + 2P3Ag — m?z% Az,

Both L tz-i iant!
another (vs7; operators, i = 0,1,2): Fz = As + 2P3A¢ . oth Lorentz-invarian

Pz

A-Z143—|—2145.

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

Helicity GPDs

-G,uPzA

[vH 5] AN pH A Pt Ar
FU50 = a(p’, A ){ A1+’Y“’Y5A2+’Y5(?A3+MZ“A4+?A5)+”’L¢’Y5(;A6+mZ“A7+?A8)}U(pa>‘)

™m

o ~ S. Bhattacharya et al., PRD109(2024)034508
Two definitions of H :

standard (753 operator): Fz = As + 2P3Ag — m?z% Az,

Both L tz-i iant!
another (vs7; operators, i = 0,1,2): Fz = As + 2P3A¢ . oth Lorentz-invarian

Pz

A-Z143—|—2145.

E seems impossible to extract at zero skewness: Fz = 2

Ao, As (Ieading ones) 2 Ay, As, zA4, zAq, 2° A7, zAg (suppressed ones)
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GPDs moments
GPDs moments

Summary
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3
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15

C, .
ollabora“oo

-t=2.24 GeV2
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-t=1.36 GeV2
t=1.22 GeV2
-t=0.79 GeV2
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-t=0.17 GeV?2
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t-dependence of H/H/E GPDs
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t-dependence of H/H/E GPDs
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4=1.22 GeVZ
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Impact parameter distribution:
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g"%) Convergence of alternative definitions of H/H/E ¢
UNPOLARIZED HELICITY

E 1=0.69 GeV? > P3=0.83 GeV.
E -=0.69 GeV> Py=1.25 GeV
E =069 GeV> P3=1.67 GeV/
3t E -(=2.76 GeV? Pi=125 GeV

7 A17A57A6

lO@GVPO%GV
lO@GV&l%GV
=0.69 GeV? Py=1.67 GeV |
422,76 GeV? Py=1.25 GeV |

thovapova Zan=1
thO@GVﬁlxcv
mmmO@GVPlWGV

Zmax™=

H
H-
H
H

1 A1, Ae

H
Htilde

OxXx>0O=2>—W0n

Yo operator (non-LI) V53 operator (LI)
H-GPD E-GPD H-GPD
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Convergence of alternative definitions of H/H/E
UNPOLARIZED

H

H =0.69 GeV? P;-OSBGV
H -1=0.69 GeV? Py=1.25 GeV
H -1=0.69 GeV> P3=1.67 GeV|
H -=2.76 GeV? P;=1.25 GeV

A1, Ae

Et—069GV P,=0.83 GeV
E -=0.69 GeV> Py=1.25 GeV
E =069 GeV> P3=1.67 GeV/
3t E -t=2.76 GeV? P;=1.25 GeV

7 A17A57A6

5]

ZZZZZ
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N N N
583
EEE
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N0 = W

OxXx>0O=2>—W0n

L
-0.5 0

L L
1 -1 -0.5 0

L
0.5 1

1 -1 -0.5 0

0.5 1

Yo operator (non-LI)
A H-GPD E-GPD
L 70,7 operators (LI)
L e AT rr| e —
E .| msesimee R e e SRl Vet —
Rp 4 Ay, A5, A
N - gl 1 i 4, 445, 416
A 1E b
I : -1
V
E
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HELICITY

4
Hiilde -t=0.69 GeV> > P3=0.83 Ge eV Znan=13
Htilde -t=0.69 GeV> >Pi=1.25GeV L= 9
Hiilde -t=0.69 GeV> >Py=1.67 GeV, Ziny= 7
3t Hiilde -t=2.76 GeV> P;=1.25 Ge To= 7

5]
T

Htilde

V573 operxator (LI)
H-GPD
¥5%0: V5T operators (LI)

—_
~N 2O W

Htilde, | -t=0.69 GeV? P;—08%GV
Htilde; ; -t=0.69 GeV> > Py=125GeV
Hiilde  -t=0.69 GeV> > Py=1.67 GeV
31 Htilder; t=2.76 GeV> Py=1.25 GeV,

)
o

N N N
Faig
§BEE

]
T

Htilde
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Convergence of alternative definitions of H/H/E

UNPOLARIZE

HELICITY

H

H =0.69 GeV? P;-OSBGV
H -1=0.69 GeV? Py=1.25 GeV
H -1=0.69 GeV> P3=1.67 GeV|
H -=2.76 GeV? P;=1.25 GeV

A1, Ae

t—069GV P,=0.83 GeV
-=0.69 GeV? Py=1.25 GeV
E =069 GeV> P3=1.67 GeV/
E -t=2.76 GeV? P;=1.25 GeV

17A57A6

ZZZZZ

N N N
583
EEE

=1
o

OxXx>0O=2>—W0n

Yo operator
H-GPD
Yo, OP€ra

l/l

(non-LI)

L L
-0.5 0

E-GPD

tors (LI)

\ 4
13 Hiilde -t=0.69 GeV> >P3=0.83 Ge eV Znan=13
11— Hiilde -t=0.69 GeV? >Py=125 GeV L= 9
9 m— Hiilde -t=0.69 GeV> >Py=1.67 GeV, Ziny= 7
7 — 3 Hiilde -t=2.76 GeV> P;=1.25 Ge L= 7 N
2 L
QL
=
=
1 L
0
‘ -1
05 1 - 1

V5Y3 operxator (LI)
H-GPD
¥5%0: V5T operators (LI)

‘
Hy; -t=0. 69 GeV? , P3=0.83 Gev Zax=9

Hy; -t=0.69 GeV> L P3=125 GeV Zyy=7
Hy -t=0.69 GeV? S P3=1.67GeV
Hy | -t=2.76 GeV* P;=1.25 GeV |

ELl

A17A57A6

By, 1=0.69 GeV? >P1=0.83 GeV
Ey; -t=0.69 GeV? >Py=125GeV
Ey; -t=0.69 GeV’ P3=1.67 GeV
Ey | -(=2.76 GeV? P3=1.25 GeV

N N N N
g 8 B B
E B B B

‘

13 Hiilde, ; -1=0.69 GeV? > Py=0.83 Ge Vo el

11— Hiildey; 1=0.69 GeV? Py=125 GeV.  zy,,,= 9
9 m— Hiildey; 1=0.69 GeV? P3=1.67 GeV  zy,,,= 7 W
7 — 3| Htilde; -t=2.76 GeV2 P3=1.25 GeV| 2= 7 Hmmmm

]
T

Htilde

A
L
T 4
FE .l
R |
N :
A 1k
T .
I

\
E
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H

OxXx>0O=2>—W0n

Krzysztof Cichy

UNPOLA

RIZE

QA Twisg,
& e
& %y,
%
ity
\
VY
g
ora"‘°‘\

HELICITY

H1069GV P;—OSBGV t069GV P3=0.83 GeV|| |  Z.,¢ =13 Htilde 1069GV P;—OSSGV Za=13
H -=0.69 GeV> P3_125GV -=0.69 GeV> P3 1.25 GeV| Znax=11 Htilde -t=0.69 GeV? P3_125GV Za= O
H -t=0.69 GeV> P3_167GV E -t=0.69 GeV> P3 1.67 GeV| Zax= 9 Htilde -t=0.69 GeV> P3—167GV Zax= 7 N
H -t=2.76 GeV> P3=1.25 GeV 3+ E -t=2.76 Ge V> P3=1.25 GeV Zay= | 3+ Htilde -t=2.76 GeV? P3=1.25 Ge Za= 7
A, A | As, A |
1,416 . 1,415, 416 2
T
1r 1
:1 0 0
L L L 1 I L 41
-0.5 0 0.5 1 -1 -0.5 0.5 1 - 1

Yo operator
H-GPD
Yo, OP€ra

(non-LI)

tors (LI)

E-GPD

V5Y3 operxator (LI)
H-GPD
¥5%0: V5T operators (LI)

‘
Hy; -t=0. 69 GeV? , P3=0.83 Gev Zax=9

Hy; -t=0.69 GeV> L Py=1.25 Gev =7 -
Hy -t=0.69 GeV? S P3=1.67GeV
Hy | -t=2.76 GeV* P;=1.25 GeV |

ELl

By, 1=0.69 GeV? >P1=0.83 GeV

Ey1=0.69 GeV? P3=125 GeV
Ey; -t=0.69 GeV’ P3=1.67 GeV
3

2
Ep; -t=2.76 GeV> P3=1.25 GeV

A17A57A6

N N N N
g 8 B B
E B B B

‘
=13 Htilde, | -t=0.69 GeV? > Py=0.83 Ge Vo el

=11 E— Hiildey; 1=0.69 GeV? Py=125 GeV.  zy,,,= 9
= o mmmm Hiildey; 1=0.69 GeV? P3=1.67 GeV  zy,,,= 7 W
= 7 m— 30 Hiildey;-=2.76 GeV> P;=125GeV| 7, = 7

Al |

Htilde

m<——>=Z2xm—4dr >

-0.5 0 0.5 1

3D nucleon structureMrom L

ice QCD — Seminar Warsaw Apr 2024 — 20 / 30



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

H

OxXx>0O=2>—W0n

m<——>=Z2xm—4dr >
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UNPOLA

RIZE

H -1=0.69 GeV> S P3=0.83 Ge eV /120,69 Ge? S Ps=083 GeVIL Lz, =13
H -t=0.69 GeV? S Py=125GeV -=0.69 GeV> S Py=125GeV Zay=11 HE
H -t=0.69 GeV? S Py=1.67GeV| E -t=0.69 GeV* S Py=1.67 GeV Zina= O T
H -t=2.76 GeV> P;=1.25 GeV)| 3t E -t=2.76 GeV? P3=1.25 GeV Za= 7 N
AlLA | As, A
1,416 . 1,415, 416 g
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s
:1 0
‘ ‘ ‘ o ‘ ‘
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Yo operator
H-GPD
Yo, OP€ra

(non-LI)
E-G
tors (LI)

PD

‘
Hy; -t=0. 69 GeV? , P3=0.83 Gev Zax=9

Hy; -t=0.69 GeV> L P3=125 GeV Zyy=7
Hy -t=0.69 GeV? S P3=1.67GeV
Hy | -t=2.76 GeV* P;=1.25 GeV |

ELl

Ey; -t=0.69 GeV? >Py=125GeV
Ey; -t=0.69 GeV’ P3=1.67 GeV

By, 1=0.69 GeV? >P1=0.83 GeV
3 Ey; -t=2.76 GeV? Py=1.25 GeV

A17A57A6

N N N N
g 8 B B
E B B B

—_—
N0 = W

Htilde

" basically unaffected

3D nucleon structureMrom L

highly-improved!

HELICITY

Hiilde 1=0.69 GeV2 >P3=0.83 Ge eV Zoa=13
Htilde -t=0.69 GeV> >Pi=1.25GeV L= 9
Hiilde -t=0.69 GeV> >Py=1.67 GeV, L= 7
Hiilde -t=2.76 GeV> P;=1.25 Ge L= 7

V573 operxator (LI)
H-GPD
¥5%0: V5T operators (LI)

Hiilde, ; -1=0.69 GeV? > Py=0.83 Ge Vo el
Hiildey; 1=0.69 GeV? Py=125 GeV.  zy,,,= 9
Hiildey; 1=0.69 GeV? P3=1.67 GeV  zy,,,= 7 W
Hilde | 1=2.76 GeV> P;=125 GeV| 2, = 7
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H

OxXx>0O=2>—W0n

UNPOLARIZE

1069GV P;=0.83 GeV

H Zmax=9 t069GV P,=0.83 GeV|| |z =13
H -=0.69 GeV> P3 125 GeV Ly =7 -1=0.69 GeV> > Py=1.25 GeV Z=11
Ht069GVP =1.67GeV|  z,,,=7 mm— E -t=0.69 GeV* > Py=1.67 GeV = O
H max—/ . max— /

A17A6 | | 17A57A6

-(=2.76 GeV? P3125GV‘ Zna= . 3k E -t=2.76 GeV? P;=1.25 GeV

Yo operator
H-GPD
Yo, OP€ra

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

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

‘
HLIt069GV P;=0.83 GeV
Hy; -t=0.69 GeV> L Py=1.25 Gev
HLItO6QGV P3=1.67 GeV
Hy | -t=2.76 GeV* P;=1.25 GeV |

9
X:7
=7
7

N N N N
ENENENE
g £ g X

By, 1=0.69 GeV? >P1=0.83 GeV

Ey1=0.69 GeV? P3=125 GeV
EL11069GV P;=1.67 GeV
3|+ By -1=2.76 GeV? Py=125 GeV

A17A57A6

m<——>=Z2xm—4dr >

" basically unaffected
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highly-improved!

n structuredrom L

= i/ne @
Convergence of alternative definitions of H/H/E % %
\/ g %\ / / OO//ab 00

HELICITY

4
Htilde 1069GV P3=0.83 GeV =13
Htilde -t=0.69 GeV? P3 1.25 GeV L= 9
Hiilde t069GVP =1.67 GeV] L= 7
3t Hiilde -t=2.76 GeV? P3125G = 7 m—
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V573 operxator (LI)
H-GPD
¥5%0: V5T operators (LI)
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%ED Twist-3 '/' %
PDFs/GPDs can be classified according to their twist, which describes the order in 1/Q at which

they appear in the factorization of structure functions.
LT: twist-2 — probability densities for finding partons carrying fraction = of the hadron momentum.
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PDFs/GPDs can be classified according to their twist, which describes the order in 1/Q at which
they appear in the factorization of structure functions.
LT: twist-2 — probability densities for finding partons carrying fraction = of the hadron momentum.

Twist-3:

e no density interpretation,
e contain important information about ggq correlations,

e appear in QCD factorization theorems for a variety of
hard scattering processes,
e have interesting connections with TMDs,

important for JLab's 12 GeV program + for EIC,

e however, measurements very difficult.
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STl Twist-
\}%?Q Twist 3

PDFs/GPDs can be classified according to their twist, which describes the order in 1/Q at which

they appear in the factorization of structure functions.
LT: twist-2 — probability densities for finding partons carrying fraction = of the hadron momentum.
Twist-3:

no density interpretation,
contain important information about qgq correlations,

appear in QCD factorization theorems for a variety of
hard scattering processes,

have interesting connections with TMDs,
important for JLab's 12 GeV program + for EIC,
however, measurements very difficult.

Exploratory studies:

Krzysztof Cichy

matching for twist-3 PDFs: ¢gr, hr, e
S. Bhattacharya et al., Phys. Rev. D102 (2020) 034005
S. Bhattacharya et al., Phys. Rev. D102 (2020) 114025

BC—type sum rules s. Bhattacharya, A. Metz, Phys. Rev. D105 (2022) 054027

Note: neglected ggq correlations
see also: V. Braun, Y. Ji, A. Viadimirov, JHEP 05(2021)086, 11(2021)087

i
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PDFs/GPDs can be classified according to their twist, which describes the order in 1/Q at which
they appear in the factorization of structure functions.
LT: twist-2 — probability densities for finding partons carrying f|1rzaction x of the hadron momentum.

L] . l
Twist-3: QUASI | TMF | m, — 260 MeV | a—=0.093 fm ") f
. . : 10 F|— — 9@ il
e no density interpretation, h
e contain important information about ggq correlations, 81 I
e appear in QCD factorization theorems for a variety of sl e
hard scattering processes, '\
e have interesting connections with TMDs, T L
e important for JLab's 12 GeV program + for EIC, 2 B
e however, measurements very difficult. N %} ____________ S —m—
: .
Exploratory studies: P . i .
] ] 1 0.5 0 0.5 1
e matching for twist-3 PDFs: g, hr, e z
S. Bhattacharya et al., Phys. Rev. D102 (2020) 034005 8 .
S. Bhattacharya et al., Phys. Rev. D102 (2020) 114025 7 1 i;(x)(ﬁ:;izce
BC-type sum rules s. Bhattacharya, A. Metz, Phys. Rev. D105 (2022) 05402 | s¥(e) NEDELIpl
. gr (T
Note: neglected ggq correlations 5
see also: V. Braun, Y. Ji, A. Viadimirov, JHEP 05(2021)086, 11(2021)087 at
. . u—d u—d
e lattice extraction of g7 “(x) and A} “(x) 31
+ test of Wandzura-Wilczek approximation 2f
S. Bhattacharya et al., Phys. Rev. D102 (2020) 111501(R) 1r
S. Bhattacharya et al., Phys. Rev. D104 (2021) 114510 Y I s SIS |
0.1 0.2 0.3 0.4 0.I5 0.6 0.7 0.8 0.9
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PDFs/GPDs can be classified according to their twist, which describes the order in 1/Q at which
they appear in the factorization of structure functions.
LT: twist-2 — probability densities for finding partons carrying f]roaction x of the hadron momentum.

Twist-3: [ QUASI | TMF | m, = 260 MeV | a=0.093 fm i |

e no density interpretation, B : \ By = 167 Gev

e contain important information about ggq correlations, ol A

e appear in QCD factorization theorems for a variety of i\
hard scattering processes, 4t | i

e have interesting connections with TMDs, i\

e important for JLab’s 12 GeV program + for EIC, 2T g\

e however, measurements very difficult. N A - ——

Exploratory studies: .

e matching for twist-3 PDFs: g7, hr, € ! ” . . |
S. Bhattacharya et al., Phys. Rev. D102 (2020) 034005 3 ' ' ' ' ' hufd'( : S

S. Bhattacharya et al., Phys. Rev. D102 (2020) 114025
BC—type sum rules s. Bhattacharya, A. Metz, Phys. Rev. D105 (2022) 05402

Note: neglected ggq correlations 35
see also: V. Braun, Y. Ji, A. Vladimirov, JHEP 05(2021)086, 11(2021)087

RY=EWW () lattice |
Ry EWW (), JAM 2020

. . wu—d w—d 2F P; = 1.67 GeV
e lattice extraction of g7 “(x) and A} “(x)
+ test of Wandzura-Wilczek approximation i
S. Bhattacharya et al., Phys. Rev. D102 (2020) 111501(R)
S. Bhattacharya et al., Phys' Rev' D104 (2021) 114510 0.—. ...............................................................................................
0.1 0.2 0.3 0.4 O.IS 0.6 0.7 0.8 0.9 1
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PDFs/GPDs can be classified according to their twist, which describes the order in 1/Q at which
they appear in the factorization of structure functions.
LT: twist-2 — probability densities for finding partons carrying f]roaction x of the hadron momentum.

Twist-3: QUASI | TMF | my = 260 MeV | a=0.093 fm i |

e no density interpretation, S : \ By = 10T Gev

e contain important information about ggq correlations, ol A

e appear in QCD factorization theorems for a variety of i\
hard scattering processes, 4t | i

e have interesting connections with TMDs, i\

e important for JLab’s 12 GeV program + for EIC, di g\

e however, measurements very difficult. N A - ——

Exploratory studies: .

e matching for twist-3 PDFs: g, hr, e ! ” ; " |
S. Bhattacharya et al., Phys. Rev. D102 (2020) 034005 3 ' ' ' ' ' hufd'( : o

S. Bhattacharya et al., Phys. Rev. D102 (2020) 114025
BC—type sum rules s. Bhattacharya, A. Metz, Phys. Rev. D105 (2022) 05402

Note: neglected ggq correlations 35
see also: V. Braun, Y. Ji, A. Vladimirov, JHEP 05(2021)086, 11(2021)087

RY=EWW () lattice |
Ry EWW (), JAM 2020

. . wu—d w—d 2F P; = 1.67 GeV
e lattice extraction of g7 “(x) and A} “(x)
+ test of Wandzura-Wilczek approximation i
S. Bhattacharya et al., Phys. Rev. D102 (2020) 111501(R)
S. Bhattacharya et al., Phys' Rev' D104 (2021) 114510 O._. ...............................................................................................
e first exploration of twist-3 GPDs T T T T T e T s

S. Bhattacharya et al., 2306.05533 z
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%) Twist-3 axial GPDs vﬂ %

Very recently, we combined our explorations of GPDs and of twist-3 distributions
S. Bhattacharya et al., PRD108(2023)054501

Twist-3 axial GPDs: G1, Go, G, G4

A A ion[Ps] el P A
; 3’75F 97375F _Slgn[ 3] L p73F~

[vivs] — _ o . L _
SR = E+Gq T 5 FH+G2 T P3 G3 P3 Gy

2m

Contributions from different insertions and projectors (5 = (A1,0,0)):
II(~v%~y°,T): H—l— Gg and G4,

M(y%y°,T2): H+ Gy and Gy,
H(’y’y, 1): H+G2andE+G1,
H(777 ) G3
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ig%% Twist-3 GPDs in coordinate space @

{ I ¥ —1=0.69 GeV? 0.0

i s | I 2R, } t i S. Bhattacharya et al.
: b bt PRD108(2023)054501
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—1=0.69 GeV?
N —1=1.38 GeV?
. —1=2.76 GeV?

O
+
aw
l 1.0
X
2] |
O_ =
e}
_2_ |
] —1=0.69 GeV?
i B —1=138 GeV?
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X
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S. Bhattacharya et al.
PRD108(2023)054501



8
e 7+Gy, —1=0.69 GeV? S. Bhattacharya et al.
o || E-cmomoev: PRD108(2023)054501
G, —1=0.69 GeV?
41
2_
0_ -
_2_
~1.0 -0.5
P;=0.83 GeV —1=0.69 GeV
7.51 mmm P;=125GeV 61 mmm —1=138GeV
P =1.67GeV e —1=2.76 GeV
] 4 -
5.0
Py 27
0.0 07
251 —2
-1.0 -0.5 0.0 0.5 1:0 -1.0 -0.5 0.0 0.5 1.0
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Consistency checks

Burkhardt—Cottingham—type sum rules:
= [}, de (E(z,&,1) + Gi(2,6,1)) = [, du B(x,¢, 1)
= [, de (H(z,6,t) + Ga(2,&,1)) = [ do H(x, &, t)

Krzysztof Cichy 3D nucleon structure from Lattice QCD — Seminar Warsaw Apr 2024 — 26 / 30
y



Burkhardt—Cottingham—type sum rules:
z,€,1) + G (2, 1))
z,€,t) + Ga(z, €, t))

= J, da (EX
= JZ, du (H(

Consistency checks

= [' dx E(x,&,t)
= [1 dx H(z,&,1)

(\ed TWfs(-@d
& <2 %,
F %
Y A ]
V)
J
Cos labor a0

if_ll dx éi(az,f,t) =

GPD P3 = 0.83 [GeV] P3 = 1.25 [GeV] P3 = 1.67 [GeV] P3 = 1.25 [GeV] P3 = 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 + Go 0.719(25) 0.750(33) 0.788(70) 0.511(36) 0.336(34)

e satisfied for H + G4 — same local limit and norm as H,
e cannot be tested for E + G — F inaccessible at £E=0.
e norms of G2 and G4 close to vanishing.
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Consistency checks
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Coltaporat®®
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e norms of G2 and G4 close to vanishing.

Efremov-Leader-Teryaev-type sum rules:

/1 doz Gz, &, 1) = iGE(t).

—1

[ dwaGawet) = SGe),
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Consistency checks

Burkhardt—Cottingham—type sum rules:

= J, da (EX
= JZ dv (H

(2,&,t) + G (,&, 1))
azft)—i—Gg(azft)

= [' dx E(x,&,t)
) = [1, dx H(x,&, 1)

sl Wiste,,
& L2 %,
£ %
& P o
V)
J
Coltaporat®®

if_ll dz Gi(z,€,t) =

GPD P3 = 0.83 [GeV] P3 = 1.25 [GeV] P3 = 1.67 [GeV] P3 = 1.25 [GeV] P3 = 1.25 [GeV]
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H 0.741(21) 0.712(27) 0.802(48) 0.499(21) 0.281(18)

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

e satisfied for H + G4 — same local limit and norm as H,
e cannot be tested for E + G — F inaccessible at £E=0.
e norms of G2 and G4 close to vanishing.

Efremov-Leader-Teryaev-type sum rules:

/1 doz Gz, &, 1) = iGE(t).

—1

[ dwaGawet) = SGe),

o ég indeed vanishes at £ = 0,
e (4 non-vanishing and small.
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%%% GPDs moments from OPE of non-local operators

Short-distance factorization of ratio-renormalized H/E:

S, p.a)y =Y )

n!
n=0

C};/[_S(,LLQZQ) — Wilson coefficients (NNLO for u — d, NLO for u + d)

Cp>(1?2%)(2") + O(Agyep2?),

1.00f% #—d A B This work u—d, Bio ZExp, —1€[0,1.0]GeV? o3l % d, A ¥ This work u—d, By ZExp, —1€[0,1.0]GeV?
& ET™MCI ZExp, —t€[0,1.5]GeV? ’ & ET™MCHI 0.4f ZExp, —t€[0,1.5]GeV?
0.75¢ 2t Dipole, —t€[0, 1.0]GeV? Dipole, —t€[0,1.0]GeV?
Dipole, 1€ [0, 1.5]GeV? 0.2t 0.3r Dipole, € [0, 1.5GeV2
0.50} ol
0.1
0.25} 01b
0.00 0.0- . . 0.0-
3 0.6 0.2
u+d, Ay u+d, Az u+d, By
2r 0.4f 0.1
| o] o.o.%-
0% 1 2 3 0-0% 1 2 3 015 1 2 3
—1 [GeV?] —1 [GeV?] —1[GeV?] —1[GeV?]

S. Bhattacharya et al. (ETMC/BNL/ANL) PRD 108(2023)014507
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GPDs
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GPDs moments from OPE of non-local operators @ %

O°//abora\"°‘\

Moments of impact parameter parton distributions in the transverse plane:

7 d*A | N2,—ib A
prt1(b1) = (QT)QAn+1>O(_AJ_)e )

1st moment 2nd moment 3rd moment 4th moment

0.6 72 0.6 2.80 0.6 1.20 0.6 0.56
63 245 1.05 0.49
54 2.10 0.90 0.42
45 175 0.75 035
0.0 3.6 X 1.40 0.0 0.60 X 0.28
27 1.05 $ 0.45 $ 0.21
18 0.70 030 0.14
0.9 035 0.15 0.07
- 0.0 - 0.00 ~ 0.00 -0. 0.00
24 X 038 . 02200 . 0.1800
2.1 0.7 0.175 0.1575
18 0.6 0.150 0.1350
15 05 0.125 0.1125
0.0 12 X 0.4 0.0 0.100 X 0.0900
0.9 03 $ 0.075 $ 0.0675
0.6 02 0.050 0.0450
03 0.1 0.025 0.0225
-0.6 . . 0.0 -0.6 . . 0.0 -0.6 . . 0.000 -0.6 . . 0.0000

by [fm] by [fm] by [fm] by [fm] by [fm] by [fm] by [fm] by [fm]

by [fm]
by E:m]
by [fm]
by [fm]

oo
[= 1=
oo
oo

by [fm]
by E:m]
by [fm]
by [fm]

S. Bhattacharya et al. (ETMC/BNL/ANL) PRD 108(2023)014507
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Conclusions and prospects ",

Introduction e Main message: probing nucleon’s 3D structure with LQCD
Results becomes feasible!

e Recent breakthrough for GPDs: computationally more efficient
calculations in non-symmetric frames.

e Also, new definitions of GPDs with different convergence
properties — e.g. faster convergence for the unpolarized GPD FE.

e A lot of follow-up work in progress: transversity GPDs, pion and
kaon GPDs, other twist-3 GPDs, extension of kinematics.

e Obviously, GPDs much more challenging than PDFs.

e Several challenges have to be overcome — control of lattice and
other systematics.

e C(Consistent progress will ensure complementary role to pheno!
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o
%%9 Bare matrix elements

Lattice matrix elements need to be computed with 2 different projections (unpolarized/polarized).
Below for the unpolarized Dirac insertion (for unpolarized GPDs)

/ \
tial correlation in a boosted nucle

unpolarized projector polarized projector

(N(P")[(2)TA(z, 0)%(0)|N (P)) & ] o
P'=P+ (@, G- momentum transfer Re [h7) foB-Lcey Re (] et
lattice computation of bare ME ' % { | s %
# — 05 L 4 ¢ ; é e # # %
renormalization CH : it 5
of bare ME O R s L Ve O e S S Y
intermediate Rl scheme
¢ 02 Im [fy ] 1 %27 Im [hqyp,]
reconstruction of z-dependence 0 b e A
z-space—x-space '; ; 4 p # °r B T L][ """" vt s
Backus-Gilbert oz LI | Pt
¢ o4l | 02r
matching to light cone 0 2 4 6 5 10 0 > 4 6 » 10
RI— MS o o
(incl. evolution to . = 2 GeV)
T Three nucleon boosts: 73 — 0.83,1.25, 1.67 GeV

Momentum transfer: —¢ — 0.69 GeV/?
Zero skewness: & = ()
ETMC, Phys. Rev. Lett. 125 (2020) 262001

{ light-cone GPD }
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e
3 ? Disentangled renormalized matrix elements

Removal of divergences and disentangling of H- and E-GPDs.
Unpolarized Dirac insertion (for unpolarized GPDs)

spatial correlation in a boosted nucleon ME of H fu nction ME of E-function
(N(P)[W(2)T A(z,0)%(0)| N (P)) e — —wow] ol ' ' ' '
P/ P + Q Q - momentum transfer 1k g H] % Ilzz :;Z? gzz i ;e[FEi §
latti tation of bare ME l
attice compu ation of bare osld 4G ; ] {? IR % % % Fodod

i g |
renormallzatlon . % % % 41 P, — 0.83 GeV
05 - . Py =125 GeV
Of bare ME % PZ=1.67 GZV
|ntermed|ate Rl scheme 1= : ; ; ; ; 2= :

0.5 . 1F Im([Fg]
reconstruction of x- dependence ) . %
0O S T S e e e e etk
Z-space—>-space .- . s oh ﬂ *
Backus Gilbert 05 | o 5 % o : é }} ?} al ¢ % % % %
matching to light cone T > 4 6 8 o oo 2 4 6 8 0
RI— MS e o
(incl. evqutlon to u =2 GeV)

Three nucleon boosts: 73 — 0.83,1.25, 1.67 GeV

Momentum transfer: —¢ = 0.69 Ge\/”
Zero skewness: & = ()
ETMC, Phys. Rev. Lett. 125 (2020) 262001

{ light-cone GPD
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Light-cone distributions

Reconstruction of x-dependence and matching to light cone.
Unpolarized Dirac insertion (for unpolarized GPDs)

spatial correlation in a boosted nucleon H-GPD E-GPD

(N (P)[$(2)T A(z,0)$:(0) [N (P)) 4 ' - ]

S - . P; = 0.83 GeV : Py =0.83 GeV |
P =P+ Q, ) — momentum transfer — — P;=1.25 GeV i oV — — Py =1.25GeV E\ 0,60 GoV
. . _ ] = —0. eV? _ t=—0. eV?

lattice computation of bare ME — - BTGV | e == B o LOTGY A

v

{ renormalization

of bare ME
intermediate Rl scheme

uction of x—dep

z-space—>x-space
Backus-Gilbert

v

matching to light cone
RI— MS
evolution to u = 2

- ’ Three nucleon boosts: 3 — 0.83,1.25,1.67 GeV

; Momentum transfer: —t = 0.69 GeV/?
ght-cone GPD
Zero skewness: & = ()

ETMC, Phys. Rev. Lett. 125 (2020) 262001
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é ? S,
% Comparison of PDFs and H-GPDs “£.h" @
- 0

unpolarized ETMC, Phys. Rev. Lett. 125 (2020) 262001  “aporas helicity
3 T T 3 T T T
T — m
— — H(z)-GPD, { =0 ];l \ — — H(z)-GPD, {=0 a1l
— — H(z)-GPD, £ = [1/3]| | \ — — H(z)-GPD, ¢ = [1/3|| I\
2 t=— @) |\ P;=1.25GeV - 2t=— ai(@) ;\\\\ P;=125GeV -
_ \ \ \ \\
P3 = 1.25 GeV \ \ N N
: ~
—t+ 0, 0.69, 1.02 GeV* | N\ '\ 11t A N, :
— ~ N : K B \\ N
5_07 1/3 L \j\:\ S— S
s == e S 0 B
0 == eyt == 0 === :::;::::_\—J ................................................ i
A ===\
: \i
: |
1 | 1 1 in 1
1 05 0 05 1 1 -0.5 0 05 1
x x
4 T Il T 4 T ![ T
— — H(z)-GPD E\ — — H(z)-GPD |
— =~ i@ E“‘\ Py = 1.67 GeV —— 9@ E‘\ Py = 1.67 GeV
P; =1.67 GeV |\ i\
\ 1\
2t —t =0, 0.69 GeV? [L\ 1 2t | Q :
§ = R\ T
AN : ~
AN AN DN = Q ~
~ ~ : — N
~ N . = S
D= = T T T o E— e ............................................... i
\ _
\
1 1 1 1 hl 1
1 05 0 05 1 1 05 0 05 1
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Transversity GPDs: ETMC, Phys. Rev. D105 (2022) 034501

4 GPDSZ HT, ET, FIT, ET

spatial correlation in a boosted nqucleon
(N(P)[ih(2)T A(z,0)%(0)|N (P))

P =P+ Q

lattice computation of bare ME

renormallzatlon
of bare ME
mtermedlate Rl scheme

{reconstructlon of x- dependence}

Q momentum transfer

zZ-space—>x-space
Backus Gilbert

matching to light cone
RI— MS

Re[FX

]
& 05¢
(incl. evolutlon to p =2 GeV)

{ light-cone GPD

-1

Krzysztof Cichy

? Transversity GPDs

Three nucleon boosts (£ = 0): P3 = 0.83,1.25,1.67 GeV

Nucleon boost (£ # 0): 5 = 1.25 GeV

Momentum transfer (¢ = 0): — = 0.69 GeV”
Momentum transfer (¢ # 0): —t — 1.02 GeV”

Renormalized ME

Imaginary part

1 :
¥ Fg,
¢ Iy -~
o5l Fi P3; =125 GeV
A B
— TR I
R
¢ . : ¢
0.5 -

Real part
f
P;=1.25 GeV ¢ 5
Fp,
I

L] L] i .
N T Y B R LI
; ; R R
0 1 2 3 s 5 6 7
z/a
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Transversity GPDs:

Transversity GPDs

ETMC, Phys. Rev. D105 (2022) 034501

4 GPDs: Hr, Er, Hr, Er Real part
) RE|
1F ' é é § Py=167 GeV |
spatial correlation in a boosted nucleon §°-5} Y : 1
(N(P)[§(2)DAG, 00N (P) o beeriH J ;
Pl P - Q @ — momentum transfer 08y ]
lattice computation of bare ME e e owow

renormallzatlon

of bare ME

mtermedlate Rl scheme

reconstruction of x-dependence

zZ-space—>x-space
Backus-Gilbert

v

matching to light cone

Rl— MS

(incl. evolution to . = 2 GeV)

v

light-cone GPD
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3 Py— 167 GeV
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ig%@g Transversity GPDs 8%

ETMC, Phys. Rev. D105 (2022) 034501 e,
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oy )
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Transversity GPDs:
4 GPDs: Hr, Er, Hr, Er H;f—d (g - 0)

4
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ig;% Transversity GPDs

Transversity GPDs:
4 GPDSZ HT, ET, HT, ET

spatial cgrrelation in a boosted nqucleon
(N (P')ih(2)TA(z, 0)(0) [N (P))

P =P+Q,
lattice computation of bare ME

v

renormalization
of bare ME
intermediate Rl scheme

@ — momentum transfer
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matching to light cone
RI— MS
_evolution to . = 2
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g@aa = A% < d 0 J?’ l%
o~ Ee Transversity GPDs

Transversity GPDs:
4 GPDSZ HT, ET, HT, ET

spatial correlation in a boosted nucleon

(N(P)(z)DA(z, 0)(0) | N (P))

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

v

{ renormalization

of bare ME
intermediate Rl scheme

struction of z-depen
Z-space—x-space
Backus-Gilbert

v

matching to light cone
RI— MS
_evolution to . = 2

Y
light-cone GPD

ETMC, Phys. Rev. D105 (2022) 034501

More fundamental quantity: Ep + 2 H

— related to the transverse spin structure of the proton

— physically interpreted as lateral deformation in the distribution
of transversely polarized quarks in an unpolarized proton

Cos /abora‘"o(\

— lowest Mellin moment in the forward limit:
transverse spin-flavor dipole moment in an unpolarized target (k1)

— second moment related to the transverse-spin
quark angular momentum in an unpolarized proton

08 r ' T T =
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Comparison of different types of PDFs/GPDs @ %

ETMC, Phys. Rev. Lett. 125 (2020) 262001 @
ETMC, Phys. Rev. D105 (2022) 034501 2
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Moments of transversity GPDs %,

n = 0 Mellin moments:

1 oo
/1d£UHT(ZC,£,t) = / dZCHTq(ZC,f,t,Pg):ATlo(t),
i 0
/1deT(x7£7t) — / deTq(x7€7t7P3):BT10(t)7
o S _
/;ldxHT(xagat) — /_OodxHTq(xagatap?)):ATlo(t)a (1)

1 _ oo _
/dacET(x,f,t) = / dx Erq(x,€,t,P3) =0,

—1 — 00
e lowest moments of GPDs skewness-independent,
e |owest moments of quasi-GPDs boost-independent.

n = 1 Mellin moments (related to GFF of one-derivative tensor operator):

/_ 11 dox Hyp(z,£,t) =  Apgo(t),
/_ 11 dox Bp(z,&,t) = Broo(t),
/_ 11 dex Hp(x,6,t) =  Apgg(t), (3)
[ aeBren = 2B, )

e skewness-dependence only in for Er (only &-odd GPD).
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Moments of transversity GPDs

Moments of Hr(xz, & =0,t = —0.69 GeV?) Hp(xz, 6 =1/3,t = —1.02GeV?)
P3=0.83GeV | P53 =1.25GeV | P3 =1.67 GeV P3 = 1.25 GeV
Hr, 0.65(4) 0.64(6) 0.81(10) 0.49(5)
Hr 0.69(4) 0.67(6) 0.84(10) 0.45(4)
cHr 0.20(2) 0.21(2) 0.24(3) 0.15(2)
Ar10 (z=0) 0.65(4) 0.65(6) 0.82(10) 0.49(5)

Mellin moments Ps-independent, preserved by matching, suppressed with increasing —t.

Moments of

Er(z, & =0,t = —0.69 GeV?)

Hr(z,6 =1/3,t = —1.02GeV?)

P3 = 0.83 GeV P3 = 1.25 GeV P3 = 1.67 GeV P3 = 1.25 GeV
Er, 1.20(42) 2.05(65) 0.67(19)
Er 1.15(43) 2.10(67) 0.73(19)
tEr 0.06(4) 0.13(5) 0.11(11)
Brio (z = 0) 1.71(28) 1.22(43) 2.10(67) 0.68(19)
Moments of Hr(z,& =0,t = —0.69 GeV?) Hr(z,& =1/3,t = —1.02GeV?)
P3s=0.83GeV | P3=1.25GeV | P3 = 1.67 GeV Ps = 1.25 GeV
Hr, -0.44(20) -0.90(32) -0.26(9)
Hr -0.42(21) -0.92(33) -0.27(9)
cHr -0.17(8) -0.30(10) -0.05(5)
Ario (2 = 0) -0.67(14) -0.45(21) -0.92(33) -0.24(8)

Similar conclusions (but very large errors).
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i%;%é Bare matrix elements of I1y(I'y)

symmetric frame

non-sym metric frame
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@@ Example amplitude A4,

symmetric frame non-symmetric frame
12 : : : : —- ~— ——— 12 : : : ATy
| Ps=1.25Gev B | Ps=1.25 Gev . Eremsiin
—t = 0.69 GeV % P e o —t = 0.64 GeV { PAe00.4) 0200
] I R O ol gm0 Higmmen
% ﬁ T %Psink-(o,l,@ Q=(0,2,0) # Psink=(0,0,-3) Q=(0,2,0)
06 % average —*— | o6t 4 average ——— |
%ﬁﬁ % Re : ! tI
04 L : 04 | , .
4 % f gii
02 | % % ﬁ %@ b 02 | 7@@ i g :
0 %%’%i%i%ggigf??iﬁﬁ fHaysurvensy 0 &i&%ﬁgﬁg&@&@ﬁ ‘ﬁigggggﬁgm
02 - m s 5 s 0 5 02 s 0 5 0 5 I s
“ S. Bhattacharya et al., PRD106(2022)114512  *
0.6 T T T T 0.6 T T T T
04 | % % % } 1 041 % H %
E T %1 L‘l % \ g
&l '] S ‘
el Eﬁi‘iﬂn%{} Hﬂhii 1 02 ﬁx%ﬁﬂ H, ﬁl hil
= Ei&,’r"‘x EL : *£§EF - %’iw ] 55
E ‘giﬁf*%%% H}l e LTS %ﬁ ﬁgﬁ@%@@
02+ i%% %Jgi fg%‘ R -0.2 | %}%%i l%f}]TrTéd&%&$
£ Tt P FF%F%
i
0.6 > - P 5 s 0 5 06 s 0 5 0 5 10 s
z/a z/a

Krzysztof Cichy 3D nucleon structure from Lattice QCD — Seminar Warsaw Apr 2024 — 45 / 30



.
@@ Example amplitude A;

symmetric frame
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i%;%é Example amplitude

symmetric frame
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