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What are the emergent properties of dense systems of gluons?

NAS report 2018

Krzysztof Cichy Partonic distributions from LQCD — Probing baryon weak decays Mar 2023 — 2 / 25



%i% N
: ucleon structure
>

One of the central aims of hadron physics:
to understand better nucleon 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
from the Electron-lon Collider (EIC)!

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

Thus, we need to access new kinds of functions: GPDs, TMDs.
Also higher-twist is of growing importance for the full picture.
Both theoretical and experimental input needed.
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One of the central aims of hadron physics:
to understand better nucleon 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
from the Electron-lon Collider (EIC)!

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

Thus, we need to access new kinds of functions: GPDs, TMDs.
Also higher-twist is of growing importance for the full picture.
Both theoretical and experimental input needed.

Wigner Distributions

Lattice can provide qualitative and eventually )
quantitative knowledge of different functions < S &%,
and their moments: 3

1D: form factors

1D: parton distribution functions (PDFs)

3D: generalized parton distributions (GPDs)

3D: transverse momentum dependent PDFs (TMDs)
5D: Wigner function

Parton Distribution Functions Form Factors
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Partonic distributions from Lattice QCD @ %

e Direct access to partonic distributions impossible in LQCD.
e Reason: Minkowski metric required, while LQCD works with Euclidean.

Introduction

Nucleon structure

Quasi-PDFs
PDFs

Results

Summary
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oy

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
Quasi-PDFs (experiment)  cross-section = perturbative-part x partonic-distribution

PDFs (lattice)  lattice-observable = perturbative-part * partonic-distribution
Results

Summary
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Cyy,

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
Quasi-PDFs (experiment)  cross-section = perturbative-part x partonic-distribution

PDFs (lattice)  lattice-observable = perturbative-part * partonic-distribution
Results

e What do we need?
1. Set of gauge field configurations on which to measure observables.

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

* quarks — sites

* gluons — links

typical lattice parameters:

L/a = 1[32,96], a € [0.04,0.15] fm, m, € [135,500] MeV
= oo-dim QCD path integral — 108 — 10°-dim integral
Monte Carlo simulations to evaluate the discretized path integral ghion  auark
feasible, but still requires huge computational resources!

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
Quasi-PDFs (experiment)  cross-section = perturbative-part x partonic-distribution

PDFs (lattice)  lattice-observable = perturbative-part * partonic-distribution
Results

e What do we need?
1. Set of gauge field configurations on which to measure observables.

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

* quarks — sites

* gluons — links

typical lattice parameters:

L/a = 1[32,96], a € [0.04,0.15] fm, m, € [135,500] MeV
= oo-dim QCD path integral — 108 — 10°-dim integral
Monte Carlo simulations to evaluate the discretized path integral ghion  auark
feasible, but still requires huge computational resources!

Summary

2. Suitable definition of lattice observables (LCSs).
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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
Quasi-PDFs (experiment)  cross-section = perturbative-part x partonic-distribution

PDFs (lattice)  lattice-observable = perturbative-part * partonic-distribution
Results

e What do we need?
1. Set of gauge field configurations on which to measure observables.

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

* quarks — sites

* gluons — links

typical lattice parameters:

L/a = 1[32,96], a € [0.04,0.15] fm, m, € [135,500] MeV
= oo-dim QCD path integral — 108 — 10°-dim integral
Monte Carlo simulations to evaluate the discretized path integral ghion  auark
feasible, but still requires huge computational resources!

Summary

2. Suitable definition of lattice observables (LCSs).

3. Optimized computation setup.
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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
Quasi-PDFs (experiment)  cross-section = perturbative-part x partonic-distribution

PDFs (lattice)  lattice-observable = perturbative-part * partonic-distribution
Results

e What do we need?
1. Set of gauge field configurations on which to measure observables.

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

* quarks — sites

* gluons — links

typical lattice parameters:

L/a = 1[32,96], a € [0.04,0.15] fm, m, € [135,500] MeV
= oo-dim QCD path integral — 108 — 10°-dim integral
Monte Carlo simulations to evaluate the discretized path integral ghion  auark
feasible, but still requires huge computational resources!

Summary

2. Suitable definition of lattice observables (LCSs).
3. Optimized computation setup.

4. A lot of computing time!
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Cyy,

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
Quasi-PDFs (experiment)  cross-section = perturbative-part x partonic-distribution

PDFs (lattice)  lattice-observable = perturbative-part * partonic-distribution
Results

e What do we need?
1. Set of gauge field configurations on which to measure observables.

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

* quarks — sites

* gluons — links

typical lattice parameters:

L/a = 1[32,96], a € [0.04,0.15] fm, m, € [135,500] MeV
= oo-dim QCD path integral — 108 — 10°-dim integral
Monte Carlo simulations to evaluate the discretized path integral ghion  auark
feasible, but still requires huge computational resources!

Summary

Suitable definition of lattice observables (LCSs).
Optimized computation setup.

A lot of computing timel!

o kR LD

Ingenious analysis techniques, with inputs from perturbation theory.
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Lattice PDFs/GPDs: dynamical progress

c‘ollabora“‘o‘\

~ results @ physical pion mass
results extrapolated to physical pion mass
results @ non-physical pion mass

[N ucleon twist-2 PDF

Quasi-distributions

Nucleon GPD

Plon GPD
MSU/NTU/UR NP8952(2020)114940

(Nucleon twist-3 PDF

/ ETMC/Temple ETMC. PRL125(2020)262001 (A PDF )
PRD102(2020)111501(R), ETMC. PRD105(2022)034501 ETMC/PKU Pion/Kaon PDF
ETMC. PRL121(2018)112001 v PRD104(2021)114510 MSU. PRL127(2021)182001 PRD102(2020)014508
ETMC, PRD99(2019)114504 helicity ETMC/BNL/ANL, PRD106(2022)114512 LP3. PRD95(2017)094514 LP3, PRD100(2019)034505
LP3. arXiv:1803.04393 LP3, NPB939(2019)429 BNL, PRD100(2019)034516
LPC. PRD101(2020)034020 ~ ETMC. PRL121(2018)112001 versity NUC|9-0" singlet PDF MSU/NTU. PRD102(2020)094519 MSU/NTU/BNU, PRD103(2021)014516

BNL/MSU. PRD102(2020)074504 ETMC. PRD99(2010)114504  ETMC. PRD98(2018)091503(R) LPC. PRL127(2021)062002 CCNU/BNL/ANL, PRL128(2022)142003

ETMC, PRL126(2021)102003

ETMC. PRD103(2021)094512  LP3, PRL121(2018)242003 ETMC, PRD99(2019)114504 BNL/ANL, PRD106(2022)114512  BNL/ANL, PRD106(2022)114510
MSU/NTU. arXiv:2011.14971  BNL/MSU. PRD102(20201074504 | p3, arXiv:1810.05043 ETMC. PRD104(2021)054503 / (2022) / (
BNL/ANL, arXiv:2212.12569 ~ ETMC, PRD103(2021)094512 LPC. arXivi2208.08008 MSU/LANL, PRD104(2021)094511
Pseudo-distributions ‘ Current-current ‘ Aucxiliary light quark ’ ‘ Auxiliary heavy quark ’ ‘ OPE without OPE ’ ‘ Hadronic tensor ’
| \‘ .
Nucleon PDF Fon PO (Nacieon 2]
HadStruc. PRD100(2010)114512
HadStruc, PRD96(2017)094503 BNL, PRD102(2020)094513 v Taiwan/MIT. arXiv:1810.12164 Nucleon W1y
HadStruc, JHEP12(2019)081 - . : QCD, PRD101(2020)114503
HadStruc, PRL125(2020)232003 Gluon PDF v (_Pion DA ) Taiwan/MIT, PRD105(2022)034506 (Nucleon GPD) X

ETMC. PRD103(2021)034510 1o | IMPAS6(2021)13 Pion PDF UR, EPJCT78(2018)217 QCDSF, PRD105(2022)014502

HadStruc, JHEP11(2021)024 151y PLB823(2021)136778  HadStruc, PRD99(2019)074507  UR, PRD98(2018)094507

HadStruc, JHEP11(2021)148 HadStruc. PRD104(2021)094516 HadStruc, PRD102(2020)054508 Nucleon F5, F,
HadStruc, PRD105(2022)034507  \1su, PRD106(2022)094510 QCDSF, PRL118(2017)242001 QCDSF, arXiv:2209.04141

HadStruc. arXiv:2211.04434  H,dStruc, PRD106(2022)094511 QCDSF, PRD102(2020)114505
BNL/ANL, arXiv:2212.12569

Nucleon F}
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Nucleon PF
Nucleon Wi

Nucleon GPD

e s e !
HadStruc, PRL125(2020)232003 v (_Pion DA ] Taiwan/MIT, PRD105(2022)034506 XQCD, PRD101(2020)114503
ETMC. PRD103(2021)034510 1o | IMPAS6(2021)13 Pion PDF UR, EPJCT78(2018)217 QCDSF, PRD105(2022)014502
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BNL/ANL, arXiv:2212.12569

K. Cic'hy,'Pr'ogress in x-dependent partonic distributions from lattice QCD, plenary talk LATTICE 2021, 2110.07440

K. Cichy, Overview of lattice calculations of the x-dependence of PDFs, GPDs and TMDs,
plenary talk of Virtual Tribute to Quark Confinement 2021, 2111.04552

K. Cichy, M. Constantinou, A guide to light-cone PDFs from Lattice QCD: an overview of approaches, techniques
and results, invited review for a special issue of Adv. High Energy Phys. 2019 (2019) 3036904, 1811.07248

M. Constantinou, The x-dependence of hadronic parton distributions: A review on the progress of lattice QCD
(would-be) plenary talk of LATTICE 2020, EPJA 57 (2021) 77, 2010.02445

X. Ji et al., Large-Momentum Effective Theory, Rev. Mod. Phys. 93 (2021) 035005

M. Constantinou et al., Parton distributions and LQCD calculations: toward 3D structure, PPNP 121 (2021) 103908
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Quasi-distribution approach:
X. Ji, Parton Physics on a Euclidean Lattice, Phys. Rev. Lett. 110 (2013) 262002
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Quasi-distribution approach:
X. Ji, Parton Physics on a Euclidean Lattice, Phys. Rev. Lett. 110 (2013) 262002

Main idea:
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Quasi-distribution approach:

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

Main idea: €0 = ¢ Correlation along the ¢ -direction:
— — —ixpTeT I
e Ty e (@) = 3 g NREITAL 0 pOI)
. e |N) — nucleon at rest in the light-cone frame
/
e
. ags
/ §7 =2
/
/
/
/7 \
/ \
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Quasi-distribution approach:

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

Main idea:

Krzysztof Cichy

; Correlation along the ¢ -direction:
— o ixpTe —
¢t (@) = = [demem = NfGEIT A 0O)IN)
e |N) — nucleon at rest in the light-cone frame
/
Correlation along the ¢ = z-direction:
3 — ~ 1xP3z A
TEE 2 @) = 5 [z e N[ (HT A 0)(0)| N)
|N) — nucleon at rest in the standard frame
N
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Quasi-distribution approach:

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

Main idea: fo Correlation along the ¢ -direction:

— o ixpTe —
q(z) = 57 [dE"e ™ ¢ (N|p(§7)0 P (0)|N)
|N) — nucleon at rest in the light-cone frame
Correlation along the ¢ = z-direction:
§(x) = 5 [dz e (NP (2)T A2, 0)9(0)|N)

|N) — nucleon at rest in the standard frame

]
N

Correlation along the £°-direction:

G(z) = 55 [dz e (PlY(2)L A2, 0)%(0)| P)

|P) — boosted nucleon
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Quasi-distribution approach:

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

fo Correlation along the ¢ -direction:

g(x) = 5= [de~e P € (N[p(£7)T $(0)|N)

|N) — nucleon at rest in the light-cone frame

Correlation along the ¢ = z-direction:

Z 0 qa) = 55 [dze™ (N [ih(2)DA(2, 0)9(0)|N)

|N) — nucleon at rest in the standard frame

Correlation along the £°-direction:

~

i(2) = & [ " P* (P[B(=)TA(=, 0)%(0)|P)
| P) — boosted nucleon

Matching (Large Momentum Effective Theory (LaMET)
X. Ji, Parton Physics from Large-Momentum Effective Field Theory, Sci.China Phys.Mech.Astron. 57 (2014) 1407

— brings quasi- distribution to the light-cone distribution, up to power-suppressed effects:

Ao, Py) = [ & C(2,4 ) aly. 1) + O (Ao / PF, M3/ P3)

quasi-PDF pert.kernel PDF higher-twist effects

Krzysztof Cichy Partonic distributions from LQCD — Probing baryon weak decays Mar 2023 -5 / 25



Current state-of-the-art: unpolarized PDFs

ETMC, Phys. Rev. Lett. 121 (2018) 112001 2 9
ETMC, Phys. Rev. D 99 (2019) 114504 Q=4 GeV

Unpolarized PDF

6

g |

- u—d
TTICT15 \

4 | BABMP16
IDINNPDF3.1

g (no TMCs)
|Blg (with TMCs)

I
I
| .
-1 -0.5 0 0.5 1
x
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ETMC, Phys. Rev. Lett. 121 (2018) 112001 2 9
ETMC, Phys. Rev. D 99 (2019) 114504 Q=4 GeV
Unpolarized PDF

6

g ‘

= u—d
TTICT15 \

4 | BABMP16
IDINNPDF3.1

g (no TMCs)
- B¢ (with TMCs)

4
a
I
|
| .
-1 -0.5 0 0.5 1

Qualitative agreement with pheno
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ETMC, Phys. Rev. D 99 (2019) 114504 Q=4 GeV
Unpolarized PDF

6

g ‘

= u—d
TTICT15 \

4 | BABMP16
IDINNPDF3.1

g (no TMCs)
- B¢ (with TMCs)

4
a
I
|
| .
-1 -0.5 0 0.5 1

Qualitative agreement with pheno
Systematics to be investigated
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ETMC, Phys. Rev. Lett. 121 (2018) 112001 2 9
ETMC, Phys. Rev. D 99 (2019) 114504 Q=4 GeV
Unpolarized PDF

6

g "

- u—d
TTICT15

4 | BABMP16
IDINNPDF3.1

g (no TMCs)
|Blg (with TMCs)

4
a
I
I
| .
-1 -0.5 0 0.5 1

Qualitative agreement with pheno

Systematics to be investigated

cut-off effects
truncation (matching)
higher-twist effects
reconstruction of x-dep.

finite volume effects
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Current state-of-the-art: unpolarized PDFs

e ’Sied@
“/ P Q\{‘" %

ETMC, Phys. Rev. Lett. 121 (2018) 112001 2 9
ETMC, Phys. Rev. D 99 (2019) 114504 Q=4 GeV
Unpolarized PDF

6 ' ETMC, Phys. Rev. D103 (2021) 034510
g | _
Ak \ u—d |s | | (' ) | 4 .
4 | BABMP16 UAS] 1 ¢ q(x | 5 q(z
B NNPDE3.1 Q QUARKS i) ANTIQUARKS
g (no TMCs)
o | [g (with TMCs)

I
I
| .
-1 -0.5 0 0.5 1

Qualitative agreement with pheno

Systematics to be investigated

cut-off effects
truncation (matching)
higher-twist effects
reconstruction of x-dep.

finite volume effects
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ETMC, Phys. Rev. Lett. 121 (2018) 112001 2 9
ETMC, Phys. Rev. D 99 (2019) 114504 Q=4 GeV
Unpolarized PDF

6 ' ETMC, Phys. Rev. D103 (2021) 034510
g | _ | . . . ‘
Ak \ u—d |s @) 4 .
4 | BABMP16 UAS] 1 ¢ q(x | 5 q(z
B NNPDE3.1 Q QUARKS i) ANTIQUARKS
g (no TMCs)
o | [g (with TMCs)

0 0.2 0.4 0.6 0.8 1
% 4

|
|
| !
-1 05 0 0.5 1 _ _
2 Different approach starting from the same MEs

Qualitative agreement with pheno

Systematics to be investigated

cut-off effects
truncation (matching)
higher-twist effects
reconstruction of x-dep.

finite volume effects

Krzysztof Cichy Partonic distributions from LQCD — Probing baryon weak decays Mar 2023 — 6 / 25



-
i%% Current state-of-the-art: unpolarized PDFs

ETMC, Phys. Rev. Lett. 121 (2018) 112001 2 9
ETMC, Phys. Rev. D 99 (2019) 114504 Q=4 GeV
Unpolarized PDF

o '576‘747
“/ p S\{‘n %

6 . ETMC, Phys. Rev. D103 (2021) 034510
g | _ _ , . . ‘
Ak \ u—d |s @) 4 .
4 | MABMP16 UAS] 1 q(x | x q(x
B NNPDE3.1 Q QUARKS i) ANTIQUARKS
g (no TMCs)
o | [g (with TMCs)

0 0.2 0.4 0.6 0.8 1
% 4

{

i

|

| |
-1 05 0 0.5 1 _ _
2 Different approach starting from the same MEs

Qualitative agreement with pheno  Also: reconstruction using a pheno-inspired ansatz

Systematics to be investigated

cut-off effects
truncation (matching)
higher-twist effects
reconstruction of x-dep.

finite volume effects

Krzysztof Cichy Partonic distributions from LQCD — Probing baryon weak decays Mar 2023 — 6 / 25



-
i%ﬁ% Current state-of-the-art: unpolarized PDFs

ETMC, Phys. Rev. Lett. 121 (2018) 112001 2 9
ETMC, Phys. Rev. D 99 (2019) 114504 Q=4 GeV
Unpolarized PDF

o '576‘747
“/ ﬁ S\& %

6 . ETMC, Phys. Rev. D103 (2021) 034510
g | _ _ , . . ‘
Ak \ u—d |s @) 4 .
4 | MABMP16 UAS] 1 q(x | x q(x
B NNPDE3.1 Q QUARKS i) ANTIQUARKS
g (no TMCs)
o | [g (with TMCs)

0 | R
, _ | | | o
| 0 02 04 06 08 1
-2 I . x i
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2 Different approach starting from the same MEs
Qualitative agreement with pheno  Also: reconstruction using a pheno-inspired ansatz
Systematics to be investigated And: added plausible estimates of systematics

cut-off effects
truncation (matching)

higher-twist effects
reconstruction of x-dep.
finite volume effects
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Qualitative agreement with pheno  Also: reconstruction using a pheno-inspired ansatz
Systematics to be investigated And: added plausible estimates of systematics
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reconstruction of x-dep.
finite volume effects
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2 Different approach starting from the same MEs
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Systematics to be investigated And: added plausible estimates of systematics
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truncation (matching) blue — quantified systematics
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reconstruction of x-dep.
finite volume effects
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2 Different approach starting from the same MEs
Qualitative agreement with pheno Also: reconstruction using a pheno-inspired ansatz
Systematics to be investigated And: added plausible estimates of systematics
cut-off effects purple — statistical error
truncation (matching) blue — quantified systematics
higher-twist effects cyan — estimated systematics

reconstruction of x-dep.
finite volume effects
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i%?? Current state-of-the-art: unpolarized PDFs

e

ETMC, Phys. Rev. Lett. 121 (2018) 112001 2 9
ETMC, Phys. Rev. D 99 (2019) 114504 Q=4 GeV
Unpolarized PDF

6 . ETMC, Phys. Rev. D103 (2021) 034510
r | _ - | | | |
ot u=d fsp o ‘I o
4| MABMP16 UAS] 1 ¢ q(x iy q(z
BB NNPDF3.1 Q QUARKS | | 7z) ANTIQUARKS
g (no TMCs) i
o | [g (with TMCs)

0 | R
i
|
_2 I I T i€
1 0.5 0 0.5 1 _ _
2 Different approach starting from the same MEs
Qualitative agreement with pheno Also: reconstruction using a pheno-inspired ansatz
Systematics to be investigated And: added plausible estimates of systematics
cut-off effects purple — statistical error
truncation (matching) blue — quantified systematics
higher-twist effects cyan — estimated systematics

reconstruction of x-dep.

i et Quantitative agreement with phenomenology

within stat. 4+ plausible syst. error!

Krzysztof Cichy Partonic distributions from LQCD — Probing baryon weak decays Mar 2023 — 6 / 25



Polarized PDFs @ %

Helicity PDF Transversity PDF
6 T T T T : T
i | Au— Ad Poerr 51— 8
TTIJAML7 .l P=8r/L _
4 | [JIDSSV08 Q2 = 4 GeV? | —— P =10x/L Q2 = 2 GeV?
[ _INNPDF3.1 SIDIS ;
g (no TMCs) ———— SIDIS+lattice
o | [ q (with TMCs) 2r
N | 0 Mmoo
_2 ! L I 1 I
1 05 0 0.5 1 - 0.5 0 0.5 1
T x
ETMC, PRL121(2018)112001 ETMC, PRD98(2018)091503(R)
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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.
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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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%3%2 Twist-3 PDFs

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: g1, 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, 2105.07282

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

Partonic distributions from LQCD — Probing baryon weak decays Mar 2023 — 8 / 25



N
i%%} Twist-3 PDFs

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.
12 T T

Twist-3:

QUASI

TMF

my = 260 MeV

a=0.093 fm

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,
e important for JLab's 12 GeV program + for EIC,
e however, measurements very difficult.

Exploratory studies:

e matching for twist-3 PDFs: g, 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, 2105.07282

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

e lattice extraction of g% %(x) and A% %(z)

+ test of Wandzura-Wilczek approximation
S. Bhattacharya et al., Phys. Rev. D102 (2020) 111501(R)
S. Bhattacharya et al., 2107.02574 (PRD in press)

Krzysztof Cichy
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i%%} Twist-3 PDFs

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 frac’lcoion x of the hadron momentum.

d

Twist-3: QUASI | TMF | m, = 260 MeV | a=0.093 fm NG 1
e no density interpretation, B |' ‘\ fa = LOTGeY
e contain important information about ggq correlations, ol A
e appear in QCD factorization theorems for a variety of i\

hard scattering processes, st i\
e have interesting connections with TMDs, i\
e important for JLab's 12 GeV program + for EIC, 27 AN
e however, measurements very difficult. NI A N ———
Exploratory studies: i

1 0.5 0 0.5 1
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matching for twist-3 PDFs: g1, 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, 2105.07282

Note: neglected ggq correlations

see also: V. Braun, Y. Ji, A. Vladimirov, JHEP 05(2021)086, 11(2021)087
. . u—d u—d

lattice extraction of g7 “(z) and A} “(x)

+ test of Wandzura-Wilczek approximation
S. Bhattacharya et al., Phys. Rev. D102 (2020) 111501(R)
S. Bhattacharya et al., 2107.02574 (PRD in press)

-hy~4(z), lattice
hii*d’ww (z), lattice |
Ry EWW (), JAM 2020

P3 = 1.67 GeV
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i%%} Twist-3 PDFs

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 frac’lcoion x of the hadron momentum.

Twist-3: QUASI | TMF | my = 260 MeV | a=0.093 fm ) |
e no density interpretation, srl——=— |' ‘\ Py = LOT 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, d I N
e however, measurements very difficult. NI A N o —
Exploratory studies: i

1 0.5 0 0.5 1

Krzysztof Cichy

matching for twist-3 PDFs: g1, 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, 2105.07282

Note: neglected ggq correlations

see also: V. Braun, Y. Ji, A. Vladimirov, JHEP 05(2021)086, 11(2021)087
. . u—d u—d

lattice extraction of g7 “(z) and A} “(x)

+ test of Wandzura-Wilczek approximation
S. Bhattacharya et al., Phys. Rev. D102 (2020) 111501(R)
S. Bhattacharya et al., 2107.02574 (PRD in press)

first exploration of twist-3 GPDs
S. Bhattacharya et al., 2112.05538

-hy~4(z), lattice
hii*d’ww (z), lattice |
Ry EWW (), JAM 2020

P3 = 1.67 GeV
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Quasi-GPDs lattice procedure

(spatial cgrrelation in a boosted nqucleon\
(N(P')[$(z)T A(z, 0)(0) [N (P))
P =P+ Q, @ — momentum transfer

Introduction

PDFs
R lattice computation of bare ME
esults q )
1
Bare ME - -
Renorm ME renormalization
Matched GPDs of bare ME
Transversity intermediate Rl scheme
Twist-3
Non-symmetric ¢
Summary reconstruction of x-dependence

zZ-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 ’3 :

( L] L . \
spatial correlation in a boosted nucleon most costly part of the procedure!
/ ) :
Introduction < (P )‘¢( ) ( )¢<O)’N<P)> =
B _p needs several () vectors
PDEs + Q @ - momentum transfer
| : £ bare ME Breit frame: separate calculations

Results L attice computation of bare | for each ()
1
Bare ME - -
Renorm ME renormalization
Matched GPDs of bare ME
Transversity intermediate Rl scheme
Twist-3
Non-symmetric ¢
Summary reconstruction of x-dependence

zZ-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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Introduction

Quasi-GPDs lattice procedure

( [ ] L] L] \
spatial correlation in a boosted nucleon

Az, 0)9(0)|N(P))

Q momentum transfer

(N (P’)W()
P =P+0Q,

f"'@@“
/

most costly part of the procedure!
needs several () vectors

PDFs . Breit frame: separate calculations
Results L lattice computation of bare ME | for each O

Bare ME — logarithmic and power divergences
Renorm ME renormalization in bare matrix elements

Matched GPDs
Transversity
Twist-3
Non-symmetric

Summary

Krzysztof Cichy

of bare ME
intermediate Rl scheme

!

reconstruction of x-dependence
zZ-space—>r-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 ’3 :

(spatial correlation in a boosted nucleon ) most costl part of the procedure'
(N(P))[$(2)T A(z, 0%(0)|N(P)) 4 - |
B _p needs several () vectors
PDFs + Q @ — momentum transfer
| : £ bare ME Breit frame: separate calculations
Reculte | attice computation of bare ) for each O
Bare ME ¢ : logarithmic and power divergences
Renorm ME renormalization in bare matrix elements
[\rﬂatChed oPDs _ of .bare ME also: one needs to disentangle 2/4 GPDs types
e intermediate RI scheme unpol./hel.: H/H and E/E-GPDs
WISt~
Non-symmetric ¢ transv.: Hr, E1+, Hr and E1--GPDs

Summary 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 ’3 :

( [ ] . . \
spatial correlation in a boosted nucleon most costly part of the procedurel
Introduction < (Pl)‘¢( ) ( )¢<O)’N<P)> needSySevel’a| @ vectors |
PDFs P/ P -+ Q Q — momentum transfer
| : £ bare ME Breit frame: separate calculations
Reculte | attice computation of bare ) for each ()
! . .
Bare ME — logarithmic and power divergences
Renorm ME renormalization in bare matrix elements
[\r"at‘:hed GPDs _ of .bare ME also: one needs to disentangle 2/4 GPDs types
Tra_":":rs't-‘/ intermediate Rl scheme unpol./hel.: H/H and E/E-GPDs
WISt~
Non-symmetric ¢ transv.: Hp, Er, Hr and Er-GPDs
Summary reconstruction of z-dependence non-trivial aspect: reconstruction of
z-space—z-space a continuous distribution from
Backus-Gilbert a finite set of ME (“inverse problem”)

v

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

v

[ light-cone GPD }
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Quasi-GPDs lattice procedure ’3 :

( [ ] L] L] \
spatial correlation in a boosted nucleon most costly part of the procedure!
/ ) :
(N (P')[$(2)LA(z, 0)(0)|N (P)) J -
5/ needs several () vectors
PDE P = P + Q @ - momentum transfer
= | : £ bare ME Breit frame: separate calculations
Recults | attice computation of bare ) for each O
Bare ME — logarithmic and power divergences
Renorm ME renormalization in bare matrix elements

Matched GPDs _ of .bare ME also: one needs to disentangle 2/4 GPDs types
Ira_"i’:rs'ty intermediate Rl scheme unpol./hel.: H/H and E/E-GPDs
Non-symmetric ¢ transv.: Hr, E1+, Hr and E1--GPDs

Summary

reconstruction of x-dependence
zZ-space—>r-space
Backus-Gilbert

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

v

matching to light cone

Rl NS needsl_iI sufficiehn_tlhl large mo]EPentum
: : valid up to higher-twist etfects
(incl. evolution to = 2 GeV)
v

[ light-cone GPD }
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Quasi-GPDs lattice procedure ’3 :

(spatlal correlation in a boosted nucleon most costlv part of the procedurel
(N (P)[$(2)T A, 0)(0) [N (P)) reeds several O vectors
PDE pP'=pP + Q @ — momentum transfer v v
S | : £ bare ME Breit frame: separate calculations
reculte | attice computation of bare ] for each O
: ,
Bare ME ¢ : logarithmic and power divergences
Renorm ME renormalization in bare matrix elements
Matched GPDs _ of .bare ME also: one needs to disentangle 2/4 GPDs types
Ira_":":rs'ty intermediate Rl scheme unpol./hel.: H/H and E/E-GPDs
Non-symmetric ¢ transv.: Hp, E7, Hr and E7--GPDs
Summary reconstruction of z-dependence non-trivial aspect: reconstruction of
z-space—x-space a continuous distribution from
BackusiGllbert a finite set of ME (“inverse problem”)
matching to light cone .
Rl NS needs a suffluen_tlhl large momentum
. . valid up to higher-twist effects
(incl. evolution to = 2 GeV)

[ light-cone GPD } the final desired object!
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//T\ .
%“Qﬁg 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 nuclée

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

—

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

I ——

:

{ renormalization

of bare ME
intermediate Rl scheme

v

reconstruction of x-dependence
zZ-space—r-space
Backus-Gilbert

v

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

v

{ light-cone GPD }
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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 nuclée

unpolarized projector polarized projector

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

P; =0.83 GeV Py =0.83 GeV

ﬁ/ = ﬁ + é, @ — momentum transfer Re [~y ] % szi-é? giz Re [ p] % ﬁz - }é? 823
lattice computation of bare ME B ! % — ] . % —
| — ol
v 05F% & j } - i} %[ % 5{
renormalization Py 4 5o
of bare ME R B O . S St
intermediate Rl scheme
¢ 0.2 Im (A ] 1 o2r Im [hqyp,|
reconstruction of x-dependence 0 b e A
Z-space—x-space “ ; 4 ;¢ °r B A L][ """" vt %
Backus-Gilbert oz Ty % % | ; I
it
¢ 04 | 102
matching to light cone 0 2 4 6 8 10 0 > 4 6 g 0
RI— MS o e
(incl. evolution to p = 2 GeV) o8 TWiszg
v Three nucleon boosts: /5 = .83, 1.25, 1.67 GeV g
{ [O— } Momentum transfer: —¢ = 0.69 GeV/? i
Zero skewness: £ = () -

ETMC, Phys. Rev. Lett. 125 (2020) 262001
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/%f/ "S‘:'”*\ f“@% :
Cg@i %%j Disentangled renormalized matrix elements Y

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

spatial correlation in a boosted nucleon
(N(P)[W(2)T A(z,0)%(0)| N (P))
P =P + Q @Q — momentum transfer
lattice computation of bare ME

renormallzatlon
of bare ME
|ntermed|ate Rl scheme

{reconstructlon of x- dependence}

z-space—>x-space
Backus Gilbert

RI— MS

matching to light cone
(incl. evolutlon to u =2 GeV)

{ light-cone GPD

Krzysztof Cichy Partonic distributions from LQCD — Probing baryon weak decays Mar 2023 — 11 / 25



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 nct|0n ME of E_fu nction
(N(P)[(2)TA(z,0)3(0)| N (P)) 18 oo of ' ' ' '
P/ P =4 Q Cj — momentum transfer 1t fre [FH] % i: 712? gZX - RelFe]
lattice computation of bare ME osld o ; ; | }f % % % % % i {

renormallzatlon e _ ¥ % % ﬂ 4L P =083 Gov
of pare MF i | [l A
|ntermed|ate Rl scheme 1= ; ; : : : 2= :
05 L Im [Fy| | 1L Im[Fy)
reconstruction of - dependence
z-space—T-space ot }} """" ?} TN % """ S % """" % """" ﬂ
I
Backus Gilbert 05 s oy @ 4 é 4l o % %
matching to light cone T 2 4 6 8 o o 2 4 5 5 10
RI— MS ol e
(incl. evolution to = 2 GeV)
1 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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// . T oo Tw:s,e%
%%I%ED Li istributi @

icht-cone distributions #
!t// g OO%

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

spatial correlation in a boosted nucleon
(N(P')[(z)DA(z, 0)(0) [N (P))
P =P+Q, @Q — momentum transfer
lattice computation of bare ME

v

renormalization
of bare ME
intermediate Rl scheme

uction of :c—dep

z-space—>x-space
Backus-Gilbert

v

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

Y
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 F-GPD
(N(P)|¢(2)TA(z,0)9(0)|N (P)) 4 ' ; - - g

= = g . P3; =0.83 GeV : P; =0.83 GeV

P =P+ Q, ) — momentum transfer — — P, =125 GeV i , — — P3=1.25GeV ﬁ\ X

lattice computation of bare ME = = B =167 GeV i b= 7069 Gev — = Py =167 GeV i b= 069 Gev

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 p = 2

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

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

ETMC, Phys. Rev. Lett. 125 (2020) 262001
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\%% Comparison of PDFs and H-GPDs ‘£ ah* @

unpolarized ETMC, Phys. Rev. Lett. 125 (2020) 262001  “aporse®
3 T .
~—H@GPDE=0 | ||
— — H(z)-GPD, £ =[1/3]| | \
o L|—— fi(z) ﬂ‘\ \\ P3=1.25GeV -
Py =1.25Gev |\ \
—t+ 0, 0.69, 1.02 GeV* | N\ '\
5 — O, 1/3 Ny \\
L L§~_j\\\:\\\\\
0 ey ==
Y
1 0.5 (; 0.5 1
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i%; D%- Comparison of PDFs and H-GPDs “£.4h"

Ollaorat®™

unpolarized ETMC, Phys. Rev. Lett. 125 (2020) 262001

3 .
— — H(z)-GPD, ¢ =0 }. \\
— — H(z)-GPD, £ = [1/3]| | \
oL|—— filz) ﬂ‘\ \\ Py =1.25 GeV A
P3=1.25Gev [\ \
—t+ 0, 0.69, 1.02 GeV* | N\ '\
N N
£=0,1/3 i NN
0 .=_—_==Ez::,‘s—£—:”:’¥ ......................... \\\\\\\‘_\‘:
\
1 0.5 (; 0.5 1

Important insights from models:
S. Bhattacharya, C. Cocuzza, A. Metz
Phys. Lett. B788 (2019) 453
Phys. Rev. D102 (2020) 054201
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o L|—— fi(z) ﬂ‘\ \\ P3=1.25GeV -
Py =1.25Gev |\ \
—t+ 0, 0.69, 1.02 GeV* | N\ '\
N D N
§=0, 1/3 Lﬁn_\j\:\l\\
Pr—————————— T —
Y
1 05 0 05 1
: . .
— — H(z)-GPD E\
— — fi(z) i“‘\ Py = 1.67 GeV
Pg = 1.67 GeV 1\
- —t =0, 0.69 GeV? ||\
5 =0 \\\\\
k: ......................................... ———
05 0 0.5 1

Krzysztof Cichy

% Comparison of PDFs and H-GPDs

unpolarized

ETMC, Phys. Rev. Lett. 125 (2020) 262001
3 .

_— H(x)—GllDD,§=0 1 \
— — H(z)-GPD, £ =1/3]| | \

Corg

bora’{‘o(\
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\%% Comparison of PDFs and H-GPDs ‘£ ah* @

unpolarized ETMC, Phys. Rev. Lett. 125 (2020) 262001  “aporac® helicity
3 ; : 3 . , ;
——H@GPD =0 | || ——A@GD.e-0 | |
— — H(z)-GPD, £ = [1/3]| | \ — — H(z)-GPD, ¢ = [1/3|| I\
o L|— — filz) ﬂ‘\ \\ Py =125GeV - otl—— gi() ;\\\\ Py =125 GeV -
AN
P3=1.25Gev [\ \ A"
—t+ 0, 0.69, 1.02 GeV* | N\ '\ 11t Ny N
~ N : = \\
0 L e — e 0 _.=.=.:.=.=,g.z_z,;_:_:._{ ________________________________________________
\ Y
\t
|
I 1 1 ] in 1
1 0.5 0 0.5 1 -1 -0.5 0 0.5 1
X xr
4 T T
— — H(z)-GPD :I\
— — fi() i“‘\ Py = 1.67 GeV
Pg = 1.67 GeV |\
2r —t =0, 0.69 GeV? {\\
§=0 D\
\\ \\
t:
1 ol.5 0 0.5 1
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unpolarized ETMC, Phys. Rev. Lett. 125 (2020) 262001  “laporss® helicity
3 1 I 3 1 1 1
\ — i)
— — H(z)-GPD, £ =0 }l \ — — H(z)-GPD, { =0 1\
— — H(z)-GPD, £ = [1/3]| | \ — — H(z)-GPD, ¢ = [1/3|| I\
o L|—— filz) ﬂ‘\ \\ Py =125 GeV A 2 k= — gi(z) ;\\\\ Py =1.25 GeV A
\ A
P3=1.25Gev [\ \ AN
—t+ 0, 0.69, 1.02 GeV* | N\ '\ 11t A N ]
5207 1/3 iy : __j\\\\\\\\\
T SN P T
0 === = | H == 0 === ::_—_;::::i‘l ................................................ i
Y ===\
: \
5 \:
I | 1 ] in 1
1 05 0 0.5 1 1 0.5 0 05 1
X xr
4 ; i r 4 — ' T '
— — H(z)-GPD E‘ — — H(z)-GPD |
—— @) | Py = 1.67 GeV —— 9@ | Py = 1.67 GeV
P; =1.67 GeV |\ I\
\ 1\
2t —t =0, 0.69 GeV? [L\ 1 2t 1\ |
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N N : -~ — ~
~ D : Y
== s T T T o) — e ............................................... i
t T e
\
1 1 1 1 “I 1
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i%% Transversity GPDs

e

—

ETMC, Phys. Rev. D105 (2022) 034501

Transversity GPDs: HY ¢ (£=0,1/3)

4 GPDSZ HT, ET, HT, ET 5
— — hi™(2) Oaporato”
— — HY%(x,0,-0.69 GeV?)
41— — HY Y, €] = 1/3,-1.02 GeV?)
3 r ]ﬁ\ P3:1.25 GGV
"\
' Q@
2 LR
\ \\
~ N
1 \\\ \\
N
— \\\3
1 0.5 0 0.5 1
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Transversity GPDs

ETMC, Phys. Rev. D105 (2022) 034501

Transversity GPDs: He—d (6 =0, 1/3)
~ ~ T = 0,
4 GPDSZ HT, ET, HT, ET 5 . . :
- hqlkd(m) C\O//abora'l"o(\
— — HY%(x,0,-0.69 GeV?)
41— — HY Y, €] = 1/3,-1.02 GeV?) 1
3t 3ﬁ\ Py=125CGeV |
\
' Q@
2t | N 1
\ N
~ N
1 \\\ \\ )
N
1 | 1
-1 -0.5 0 0.5 1
u—d o rru—d o
Er " (£=0,1/3) r - (£=0,1/3)
3}|—— £=0,—t=0.69 GeV? . ——£:0,ftl=0-69GeV2 | |
— — €] =1/3,~t = 1.02 GeV* — — |f] =1/3,—t = 1.02 GeV?
: Py = 1.25 GeV ;
3 | ‘e e
& © ~ Y A
.\E //T\ .tls \\ : 4
IS - N SN ~ : 7
1F -7 SN {1 '=.os5f S~ 1
-4 - 5
[ NN :
g N 5 Py =125 GeV
0 e : e T T e 1k J
1 05 0 05 1 -1 -0.5 0 05 1
X xr
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%% | First exploration of twist-3 GPDs 74 %

Olfy,

Very recently, we combined our explorations of GPDs and of twist-3 distributions
S. Bhattacharya et al., 2112.05538

Twist-3 axial GPDs: G1, Go, Gs3, G4

gipAp'}%
2m

9" Doy s
P+

heyiyg = (( WFs+ Fg, 14+ (g 7)) [Fg + Fa,]+

Disentangled renormalized ME:

6 T T T T T T 3
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i%% First exploration of twist-3 GPDs

~ —~ 2 ~ ~
H + Go (£ =0,—t=0.69 GeV7) E+ Gy
10 T T T 30 T T T
, : P; =1.25 GeV Py =1.25 GeV
gF —t=0.69 GeV | P; = 1.67 GeV | 5T i~ 069 GeV? Psy =1.67 GeV |
—0 : L
sl ¢ % . 20 €=
4 &3
+ + 101
5 2t 1<)
5 -
I T 0 |——— e .
2+ é - 5l
_4 1 1 1 _10 1 1 1
-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1
T

S. Bhattacharya et al., 2112.05538
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% 5%- First exploration of twist-3 GPDs

e e R

~ —~ o o 2 i —~
H + G (6 =0,~t = 0.69 Gev?) E+Gy
gt —t=0.69 GeV ‘ P; =1.67 GeV |+ 25 _t— 0.69 CeV2 P;=1.67 GeV ||
sl &7 . 200 ¢_g
15+
' 4¢ =
+ + 101
5 2t 1<)
5 .
o [ e e Y 0 | ___________ i ............................................. ~
2+ b 5+
_4 1 1 L _10 1 1
-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1

T

S. Bhattacharya et al., 2112.05538
H + G2 VS. H VS. gr (6 =0,—t =0.69, 1.39 GeV?) E+Gq

10 ' 30 |
G> + H](2,0,-0.69) | 05| [Gh +E](:c 0,-0.69) | |
8| ——[G>+ H)(z,0,-1.39) | Py=1.25CGeV | —[G1 + E(x,0,-1.39) | Py = 1.25 GeV
o || = H(x.0,-0.69) | 20t U
gT(J)) : 15
4t
10
ot 51
() T e — i SO ] 0 me———— E—— """""""""""""""""""""""" ]
2L S
1 1 - '10 : I I
1 0.5 0 0.5 1 . 0.5 0 0.5 1
T X
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The work presented so far was done with the standard symmetric (Breit) frame.
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The work presented so far was done with the standard symmetric (Breit) frame.
Drawback on the lattice:

. - A
separate calculations for each momentum transfer; Pk = (%, =, Pg).
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%%g Can we improve? @ &
\ % p ) O%

The work presented so far was done with the standard symmetric (Breit) frame.

Drawback on the lattice:

. - A
separate calculations for each momentum transfer; Pk = (%, =, Pg).

e (Can we reduce the cost by assigning all momentum transfer to the source
and have fixed PS"% = (0,0, P3)?
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The work presented so far was done with the standard symmetric (Breit) frame.

Drawback on the lattice:
separate calculations for each momentum transfer; Pk = (%, %, Pg).

e (Can we reduce the cost by assigning all momentum transfer to the source
and have fixed PS"% = (0,0, P3)?

e Additionally, can we think of other definitions of quasi-GPDs to have potentially
faster convergence to the light-cone GPDs?
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B = @LTB%A\ S,
%%g Can we improve? @ &
— - prove o

The work presented so far was done with the standard symmetric (Breit) frame.

Drawback on the lattice:
A, A

separate calculations for each momentum transfer; Pk = (T» =, Pg).

e (Can we reduce the cost by assigning all momentum transfer to the source
and have fixed PS"% = (0,0, P3)?

e Additionally, can we think of other definitions of quasi-GPDs to have potentially
faster convergence to the light-cone GPDs?

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

As+ Ag+ Azt

m m m m

PH AM
F'u(z,P, A):ﬂ(p/,A/) —Al—i—mz“AQ—l——Ag—l—ima“ZA;L—l— Ag u(p, A),
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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%&%E. Example @

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

The relation between lattice-calculated matrix elements and the Lorentz-invariant
amplitudes A; is different in the symmetric and the non-symmetric frame.

For example: (7o insertion, unpolarized projector)

symmetric frame:

A1+ As +

2m3 m3 m3

HS(FO)_C(E(E(Eer)P??) (B +m) (—E? + m? + P})

asymmetric frame:

(Ef + E;))(Ef — E; —2m)(Ef + m) ) (Ef — E; —2m)(Ey + m)(Ey — E;) ) (E; — Ef)P3z
— 1 — 3+ A
8m3 4m3 4m

I3 (Tp) = C(

E E;)(E E, — E; E(E E,))P3(Ef — E; E;P3(E; — E;)?
( f+ i)( f+ m)( f i) As + f( f+ i) P3( f E Ag + f 3 ( f i)z Ag .
4m3 4m3 2m3

Thus,

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

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

QA Twisg,
&€ €0,
) %
k)

&

Cos /abora<‘°°

AQ, A3, A4, AG: A7, Ag (subleading ones)

14 L : Al nonsy‘m —a— | 14 L AZ nonsy‘m —a— ]
b A, sym A, sym
1.2 13 Asnonsym +——e— 1 1.2 Az nonsym ——e—
o Ag sym Aj sym
by ¢ 5 ¢ | Ly A, nonsym —-s— |
L i | Ay sym i
& 0.8 } @ G i @ } & 0.8 Ag nonsym
S 06 f ] S 06 f Ag sym :
~ ¢ g ¥ Re R A- nonsym ————
0.4 b g o ¢ 1 04 | T 1 A5 sym 1
3 3 J J Ag nonsym r——s—
- ] ] i L { # .
0.2 LQE m@@ 0.2 ﬁ:lr ‘l AS Sym
0 PFPEES[;%?“’E mmggggggggps 0 ;p:spse??éééééﬁ?%%z%.;imsegggsgeeeeee@.
1 Ai
_0.2 | | | | _0'2 | |
-15 -10 -5 0 5 10 15 -15 -10 -5 0 5 10 15
/ /
““S. Bhattacharya et al., PRD106(2022)114512  **
0.6 0.6
04 | §ee 1 04 | |
@@Ffp&
02 | fo’ Vs ] 02 | ]
o @ o B
o ol - i z
< §ds” < IR
O ldaggioa”® B o228 B8G 0 g;geess%&s&hi%gg%;'e f;ﬁi%ibss&%ssegggg
= Im Z R T: %Mm@m“”“
[ ®o
-0.2 3 € R 02} |
W ,;é
LA
-04 3sd | 04 | i
_0‘6 I I I I _0'6 I I I
-15 -10 -5 0 5 10 15 -15 -10 -5 0 5 10 15
z/a z/a
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H and E GPDs — possible definitions

3%% >

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

SYMMETRIC frame: . o Z(A% n A%)A
g(0) — Al 2P3 6>
m2z z (4E2 — A% — A%)
F = —A] — A 2A Ag .
£(0) 1 P, 4+ 245 + 5P, 6
ASYMMETRIC frame:
A m2zA 2(AZ2 + A2 2(A3 + AgAZ
FH(O):A1+—0A3+ 0 Ay + (B0 ) 6 + (%5 L) 8
Py 2Py Ps 2Ps 2Py Ps
2 A2 + 2Py Ag 4+ 4P2 + AZ Ag (A2 + 2A0Py + 4P? + A2
. (0):—A1—ﬂA3—m Z(AO+2PO)A4+2A5—Z< 0 040 0 J_) AG—Z O( 0 040 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:

z(A2 + A2)
F =A 1 2 Ag
£(0) 1+ P 6
2 2 2 2
m<z z (4E — A{ — Az)
F = —A; — A 2A Ag .
£(0) 1 P, 4+ 245 + 5P, 6
ASYMMETRIC frame:
A m2zA 2(AZ2 + A2 2(A3 + AgAZ
FH(O):A1+—0A3+ 0 Ay + (29 L) 6 + (2o I 8,
Py 2Py Ps 2 P3 2Py Ps
2 A2 + 2Py Ag 4+ 4P2 + AZ Ag (A2 + 2A0Py + 4P? + A2
F (O)Z_Al_ﬂAB_m Z(AO+2PO)A4+2A5_Z< 0 R 0 L),46—2 O( 0 o0 0 J_)Ag.
E Py 2Py P3 2 P53 2Py P3

One can also modify the definition to make it Lorentz-invariant and arrive at:
ANY frame:
Fyg=A1,

Fp =—A1 +2A5 +22P3A5.

With respect to the standard definition, removed /reduced contribution from As, A4, Ag, As.
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% H and £ GPDs — comparison of definitions

Re H

Im H

STANDARD DEFINITION

H-GPD

non—‘symmet;ic —
) symmetric ——
0.8 | §§§
i %%
0.6 1 TR
L] L]
04 | i§ Qi
s ®
02 H .
. .
[ ]
0 musssapgyys’ NI TTTILLLEL
15 -10 5 0 5 10 15
z/a
0.4 : : : —
non-symmetric ~——#—
L symmetric —eo— |
o3 KL
0.2 + i L ]
01} o v
2!
0 mapggan .,glllu
]
01 | R .
02| s 3‘
03} L
-0.4 -
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Re E

0.4

03
02
0.1

Im H
S

-0.1 |
-02
-03

-0.4
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E-GPD

. . .
non-symmetric —#—
symmetric —e—

S.

Bhattacharya et al.,, PRD106(2022)114512

. . . .
non-symmetric —#—
symmetric —eo— |




e -
%@B% H and E GPDs — comparison of definitions

STANDARD DEFINITION LORENTZ-INVARIANT DEFINITION
H-GPD E-GPD H-GPD E-GPD

1 T T T 2 T T T 1 T T T 2 T T T
non-symmetric —#— non-symmetric —#— non-symmetric —#— non-symmetric —#—
% symmetric —e— symmetric —e— § symmetric —e— symmetric —e—
08 | Bod 1 sl ﬁ; | 08 | gig s %
i i e
06 f s i 1 ' # it 06t ¢ s P
L] L] L] L]
= . . 5 1 LTI = : : 5 1 ' ]
~ 04 r ~ ~ 04 R~
H o LIS H : i P
. o
02 ¢ : . 1 05 2‘} *2 02 | H H i 05 f ] ]
. . L] [ . . i ]
. gf ig - . .
0 mmmag me om TILL ii ii ) eemmm g° bl TE———— ® %
tmeple *Sounn 0 vossmun0® WLITTTTITY ald L Yoonn 0 f'lll!l"' "l'lll'q
-15 -10 -5 0 5 10 15 -15 -10 -5 0 5 10 15 -15 -10 -5 0 5 10 15 -15 -10 -5 0 5 10 15
z/a z/a z/a z/a
S. Bhattacharya et al., PRD106(2022)114512
0.4 ; ; ; - ; 0.4 ; ; ; - ; 0.4 ; ; - ; 0.4 ; ; - ;
non-symmetric —#— non-symmetric —#— non-symmetric —#— non-symmetric —#—
03 |+ symmetric —eo— | 03 | symmetric —eo— | 03 ] symmetric —e— | 03 L [} symmetric —e— |
iiij iiij ii ii ii ii
02 | i ' g 02 | i ' g 02 f . g 02 | .
a L]
01 | o v | 01 | o v | 01| . v | 01 | . ’
= a = a T i = i
= 0 jeangasst LLLLLL B aanazsst SLLLLLL R mapgesi® w222008 C 0 faagsiit 0 = anl D
— [} — [} — me — me
L . | L . | L | L
-0.1 2 . -0.1 2 . -0.1 . i' -0.1 a i'
02| s 3‘ ] 02| s 3‘ ] 02 | . ] 02t -
03 it 03 it 03 f iyt § 03 (11
04 . . . . . . . 04 . . . . . . . 04 . . . . . . . 04
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zla zla z/a z/a
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Quasi- and matched H and E GPDs
STANDARD DEFINITION

4

T T T T T T
Hsym Zmax=92 Esym Zmax=92 35 —Hsym Zmax=92 - 35 —Esym Zmax=92
1.5 Hasym Zmax=92 B 1.5 ‘Easym Zmax=92 1 3 Hasym Zmax=92 i 3 Easym Zmax=92
25 1 25
T | Ir | 2t 1 2t
m = m
05 - i 05 - 1.5 1.5
1r T 1r
0 0 0.5 7 0.5
0r 9 0r
-0.5 L L L -0.5 L L L -0.5 L L -0.5 L L L
-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1

QuaS|_GPDS S. Bha’ztacharya et al., PRD106(2022)114£12 Matched GPDS
H-GPD E-GPD H-GPD E-GPD
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% Quasi- and matched H and E GPDs

STANDARD DEFINITION

2 T 2 4 T
Hgym Zmax=9a Egym zmax—9a 35 _H sym Zm —9a 3.5 FEsym Zmax=92
1.5 Hasyr sym n Zmax=92 1.5 ‘Easym Zmax=92 3 [Ha, asym Zmax—9a 3 Easym Zmax=92
25 25
1F 1F 2k 2L
m =
0.5 [ 0.5 13 13
1 1r
ok 0F 0.5 0.5 [
0r 0r
_05 1 1 1 _05 1 1 1 _O 5 1 1 1 _O 5 1 1 1
-1 -0.5 0 0.5 1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1 -1 -0.5 0 0.5
Quasi-G P Ds S. Bhattacharya et al., PRD106(2022)114512 Matched GPDs
2 4
Hi syt Zmay X—9a El syt Zmas X—9a 3.5 _H syt Zm —9a 35 LE sy Zm —9a
1.5 H )?m Zmax=92 1.5 ‘E )?m Zmax=92 3 H )?m max—9a 3 E )?m max—9a
25 25
1F 1F 2L 2L
m =
05 - 05 - 1.5 1.5
1 1rF
ok 0k 0.5 [ 0.5 [
0 0r
-0.5 L L -0.5 L -0.5 L -0.5 L
-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1 -1 0.5 0 0.5
X X X X
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%% Quasi- and matched H and E GPDs
- STANDARD DEFINITION

2 T 2 4 T
Hsym Zmax=92 Esym Zax=92 35 —Hsym Zmax=92 - 35 —Esym Zax=92
1.5 Hasym Zmax=92 B 1.5 ‘Easym Zmax=92 1 3 Hasym Zmax=92 i 3 E‘asym Zmax=92
25 1 25
T | Ir | 2t 1 2t
m = m
05 - i 05 - 1.5 1.5
1r T 1r
0k B 0 4 0.5 7 0.5
0r 9 0r
05 1 I I 05 1 I I 05 1 1 I 05 1 1 1
-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1

QuaS|_GPDS S. Bha’ztacharya et al., PRD106(2022)114F:12 Matched GPDS
H-GPD E-GPD H-GPD E-GPD

LORENTZ-INVARIANT DEFINITION

T T T T
H.‘S‘;?rgrzmanga E.‘c‘;?r%rzmanga 35 —H.le‘;?r%rzmanga - 35 —E.lq‘;?r%rzmanga
1.5 Hi’trsn)grn Zmax=92 B 1.5 ‘Ei"rsn)g; Zmax=92 1 3 H;T)g; Zmax=92 i 3 E:IT)R;I Zmax=92
25 7 25
1r T 1r T
2F . 2F
a = 1.5 a 1.5
05 . 05 - : .
1r T 1r
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Main conclusions:

— GPDs can be computed in non-symmetric frames, reducing the computational cost
— GPDs can be made frame-independent (Lorentz-invariant definition) — potentially better convergence

Overall, it gives much better perspectives for lattice GPDs!
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Work in progress %,

ntroduction A lot of extensions currently in progress:
PDFs

Results ® hGlICIty GPDS,

Quasi-GPDs

Bare ME e transversity GPDs,

Renorm ME .
Matched GPDs ® tW|St‘3 GPDS,

Transversity

Twist-3 e other hadrons: pion and kaon GPDs.

Summary
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Work in progress %,

Introduction A lot of extensions currently in progress:

PDFs

Results e helicity GPDs,

Quasi-GPDs .

Bare ME e transversity GPDs,

Renorm ME )

Matched GPDs ® tW|St‘3 GPDS,

Transversity .

Twist-3 e other hadrons: pion and kaon GPDs.

I Also, intensive calculations extending the kinematic coverage:

e investigation of convergence towards the light cone:
P3 = 0.83, 1.25, 1.67 GeV for —t = 0.69 GeV* (Q = (2,0,0)),

e additional momentum transfers:
x symmetric: —t = 0.69, 1.38, 2.76 GeV? (Q = (2,0,0), (2,2,0), (4,0,0)),

x asymmetric: —t = 0.17, 0.34, 0.64, 0.81, 1.24, 1.38, 1.52, 2.29 GeV?
(Q = (1,0,0), (1,1,0), (2,0,0), (2,1,0), (2,2,0), (3,0,0), (3,1,0), (4,0,0)),
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Conclusions and prospects %,

e Last years: huge progress
in lattice calculations of partonic distributions!

e Recent breakthrough for GPDs:

x computationally more efficient calculations in non-symmetric
frames,

x alternative definitions of GPDs may provide faster convergence
to the light-cone.

e Overall very encouraging results!
e Still several challenges to overcome (control of systematics).

e Expect slow, but consistent progress and complementary role to
pheno.
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/ e . — < ed Twisre%?
— %ED Helicity GPDs — work in progress 8.5 %

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

iEMPzA

[YH 5] AN pH A Pt Ar
FUY750 = a(p’, A )[ A1+7“’75A2+’75(?A3+m2“A4+?A5>+m¢W5(?A6+m2“A7+?A8>}U(pa>‘)

m

Two definitions of H :

standard: F]EI — Ay + zP3 A5 — m222A7,
Lorentz-invariant: Fz = Ao + 2 P34 .

E seems impossible to extract at & = 0:

Pz
A -z

FEZQ Az + 2A5.
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%B Helicity GPDs — work in progress
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Moments of transversity GPDs @ %
n = 0 Mellin moments:

/11 dx Hr(x,§,t) = /_o:o dx Hrg(x,&,t, P3) = A110(1),

/11 dr ET(x,§,t) = /_o:o dr E1q(x,€,t, P3) = Brio(t),

/11 dr Hp(x,€,1) = /_o:o dxﬁTq(x,f,t,Pg) = Ap10(t), (1)

1 . (o%e) "
/da:ET(a:,ﬁ,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 dovx Hp(z,£,t) =  Apao(t),
/_ 11 dox Bp(z,€,t) = Broo(t),
/_ 11 dex Hp(x,6,t) =  Apgo(t), (3)
[ aeBren = 2%Bra, @)

e skewness-dependence only in for Ex (only £&-odd GPD).
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\%ﬂ% Moments of transversity GPDs
Moments of Hy(z,6 =0,t = —0.69 GeV?) Hr(z, £ =1/3,t = —1.02GeV?)
P, =083 GV | P; = 1.25 GV | P; = 1.67 GV P; = 1.25 GV
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 (2 =0) 0.65(4) 0.65(6) 0.82(10) 0.49(5)

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

Moments of

Er(xz, & =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)
BT 0.06(4) 0.13(5) 0.11(11)
Br1o (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?)
Ps =083 GeV | 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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