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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 partons: GPDs.

Transverse momenta of partons: TMDs.

Both theoretical and experimental input needed.

Generalized parton distributions (GPDs):

Krzysztof Cichy

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
their moments are form factors, e.g. [ dx H(z,&,t
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Partonic structure from Lattice QCD :3 %

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

Way out: similar as experimental access to these distributions — factorization

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

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

3D nucleon structure from Lattice QCD — Diffraction and Low-x 2024 — 3 / 13
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Direct access to partonic distributions impossible in LQCD.
Reason: Minkowski metric required, while LQCD works with Euclidean.
e Way out: similar as experimental access to these distributions — factorization

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

*

hadronic tensor — Liu, Dong, 1993

auxiliary scalar quark — Aglietti et al., 1998
auxiliary heavy quark — Detmold, Lin, 2005
auxiliary light quark — Braun, Miiller, 2007
quasi-distributions — Ji, 2013

“good lattice cross sections”’ — Ma, Qiu, 2014
pseudo-distributions — Radyushkin, 2017
“OPE without OPE” — QCDSF, 2017
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Direct access to partonic distributions impossible in LQCD.
Reason: Minkowski metric required, while LQCD works with Euclidean.
e Way out: similar as experimental access to these distributions — factorization

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

*

*
*
*
*
*
*
*

hadronic tensor — Liu, Dong, 1993

auxiliary scalar quark — Aglietti et al., 1998
auxiliary heavy quark — Detmold, Lin, 2005
auxiliary light quark — Braun, Miiller, 2007
quasi-distributions — Ji, 2013

“good lattice cross sections”’ — Ma, Qiu, 2014
pseudo-distributions — Radyushkin, 2017
“OPE without OPE” — QCDSF, 2017

Euclidean matrix element:
(Prlyp(2)LA(z, 0)(0)| P)
>3 =, Its Fourier transform (quasi-distribution)

can be matched onto the light-cone distribution:

boosted (Large Momentum Effective Theory (LaMET))

spatial correlation

4 S i, P3) = [, 1 ( ,pg)Q(y,u)Jr@(A?gcn/Pp?,M?v/P??)

quasi-PDF pert.kernel PDF higher-twist effects
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Direct access to partonic distributions impossible in LQCD.
Reason: Minkowski metric required, while LQCD works with Euclidean.
e Way out: similar as experimental access to these distributions — factorization

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

* hadronic tensor — Liu, Dong, 1993 Dirac structures I' for different GPDs:

* auxiliary scalar quark — Aglietti et al., 1998 VECTOR: ~0, v3: H,E (unpolarized twist-2)

* auxiliary heavy quark — Detmold, Lin, 2005 v1,v2: G1,Ga,G3,G4 (vector twist-3)

* auxiliary light quark — Braun, Miller, 2007 AXIAL VECTOR: 7570, v57v3: H,E (helicity twist-2)

* quasi-distributions — Ji, 2013 A S A . .

* “good lattice cross sections” — Ma, Qiu, 2014 Y51, Y572: GlJG2LG3'G4 (axial vector twist-3)
% pseudo-distributions — Radyushkin, 2017 TENSOR: v1v3, v2v3: Hp,Ep,Hr,ET (transversity twist-2)

« “OPE without OPE” — QCDSF, 2017 v1v2: Hy, EY (tensor twist-3)

Parity projectors to disentangle 2/4 GPDs:
UNPOL: P = 1130 pPOL-k: P = 2570 4y5+,

Euclidean matrix element:

(Prlip(2)I A=, 0)9(0)| )

_)§3 =, Its Fourier transform (quasi-distribution)

can be matched onto the light-cone distribution:

spabt(i);(a)lsf:icrirelation (Large Momentum Effective Theory (LaMET))
~ 1 d
d > Gz, pm, P3) = [, ﬁC(ﬁp%) q(y, 1) + O (Ajen/P5, MR/ P3)
quasi-PDF pert.kernel PDF higher-twist effects
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Setup (explorations of GPDs)

Lattice setup:

Nielzon SiLEilse e fermions: N; = 2 twisted mass fermions + clover term
Partonic structure in

LQCD e gluons: lwasaki gauge action, g = 1.778

e gauge field configurations generated by ETMC

Z‘ZZ?C:‘*,I;ZZ’;S e lattice spacing a =~ 0.093 fm,

GPDs(sy.mm. frame) * 323 X 64 = L~3 fmv

GPDs (asymm. e m,. ~ 260 MeV.

frame)

$fﬂ[§sm°me”ts Kinematics:

Summary e nucleon boosts up to /5 = 1.67 GeV,
e momentum transfers: — < 2.76 GeV?, most data: —¢ = 0.65, 0.69 GeV~,
e skewness: £ =0, 1/3.

up to O(250K) measurements (~ 500 confs, 32 src positions, 16 permut. 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 unpolarized GPDs (pseudo-GPDs) S. Bhattacharya et al. (ETMC/Temple) PRD110(2024)054502

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

Setup
Quasi vs. pseudo
GPDs(symm. frame)

GPDs (asymm.
frame)

GPDs moments
TMDs
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 = (Ey, P).
Lattice perspective:

Several momentum transfer vectors A can be obtained within
a single calculation!
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Nucleon structure
Partonic structure in
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Setup

Reference frames
GPDs(symm. frame)
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GPDs moments
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Summary
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Quasi- and pseudo-GPDs lattice procedures

different insertions and projectors

several A vectors

symmetric: each A separate calc.
asymmetric: many A at once!

spatial correlation in a boosted nucleon
(N(B')[(=)D Az, 0)3(0)| N (P))

P =P+A,
lattice computation of bare ME

v
extraction of amplitudes
and/or GPDs
frame-dependent formulas
QUAS e —
renormalization renormalization
e.g. Rl scheme e.g. double ratio

- J

, ; \ !

reconstruction of matching to light cone |
x-dependence (F.T. in 2) e &
in v-space

e.g. Backus-Gilbert N v Y,
. Y ) ( truction of
matching to light cone reconstrucion of
x-dependence (F.T. in )

In z-space o
- J e.g. fitting ansatz

N T ’

/A — momentum transfer

amplitudes frame-invariant
possible different definitions of GPDs

logarithmic and power divergences
in bare MEs/GPDs

reconstruction:
non-trivial (“inverse problem”)

matching:
needs large boosts
valid up to HTEs
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light-cone PDF the final desired object!

3D nucleon structure from Lattice QCD — Diffraction and Low-x 2024 — 6 / 13



//’—‘ sz&ed wa"s[red %%
ig%% First z-dependent nucleon GPDs (quasi, symm. fra@)

fi

unpolarized ETMC, Phys. Rev. Lett. 125 (2020) 262001 helicity
3 1 1 \ I 3 _ I IH 1
— — H(z)-GPD, £ =0 i\ — — H(z)-GPD, £ =0 1\
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3 T
=2.24 Ge\2 A = (1,0,0) = —t = 0.17 Gevz
Nucleon structure 2o =149 GeV? A=(1,1,0) = —t = 0.33 GeV
Partonic structure in t=1.36 GeV? A =(2,0,0) = —t = 0.64 GeV?
LQCD 2} =1.22 Gev? mmmm A =(2,1,0) = —t = 0.79 GeV?
t=0.79 GeV? A =(2,2,0) = —t = 1.22 GeV?
Setup 151  -=0.64 Gev? mmmm A =(3,0,0) = —t = 1.36 GeV2
Reference frames o 2033 Gevj A = (3,1,0) = —t = 1.49 GeV?
Quasi vs. pseudo % 1F t_otig gzxz — A= (4,0,0) = —t =2.24 GeVv?
GPDs(symm. frame) 05
GPDs (asymm. '
f .o .
e) Impact parameter distribution:
S moments S. Bhattacharya et al. dQAJ_ b A
MMDs PRD109(2024)03508 ] GPD(z,b1) = [ Gmz¢ "t TEGPD(z,t)
Summary
0.5 1
3 I 6 I I
-t=2.24 GeV? 1=2.24 GeV?
25 .t=1.49 GeV? -t=1.49 GeV?
-t=1.36 GeV? -t=1.36 GeV?
2 F =1.22 GeV? =1.22 GeV?
-t=0.79 GeV? -t=0.79 GeV?
15 F -t=0.64 GeV? I -t=0.64 GeV? mE-
-t=0.33 GeV? -t=0.33 GeV?
T 1L =017 Gev? mmmm t=0.17 GeV? N
=0 GeV? I
05 |
S. Bhattacharya et al.
PRD106(2022)114512 |
1 1 1 1
0.5 1 -0.5 0 0.5
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3 .
2,24 GeV? 2 = E1, 0, og = —t=0.17 gexz
25 .=1.49 GeV? =(1,1,0) = —t = 0.33 Ge
g:;'fﬁ:l e =136 GeV? A =(2,0,0) = —t = 0.64 GeV?
LQCD 2} =1.22 Gev? mmmm A =(2,1,0) = —t = 0.79 GeV?
t=0.79 GeV? A =(2,2,0) = —t = 1.22 GeV?
SR 15 =064 Gev? mmmm A =(3,0,0) = —t = 1.36 GeV>
Reference frames o 2033 Gevj A = (3,1,0) = —t = 1.49 GeV?
Quasi vs. pseudo % 1r t_otig ggxz — A= (4,0,0) = —t =2.24 GeV?2
GPDs(symm. frame) 05
GPDs (asymm. '
f .. .
e) Impact parameter distribution:
S moments S. Bhattacharya et al. dQAJ_ b A
Tloe PRD109(2024)034508 1 GPD(z,b1) = [ Gmz€ LGPD(z,t)
Summary
0.5 1 | Soon results also for transversity GPDs!
3 T o T T
-t=2.24 GeV2 -t=2.24 GeV?
25 -t=1.49 GeV? 5 -t=1.49 GeV?2
-t=1.36 GeV2 -t=1.36 GeV2
2 4=1.22 GeV? 4=1.22 GeV? -
£=0.79 GeV?2 4 t=0.79 GeV2
15 F -t=0.64 GeV? I -t=0.64 GeV? mE-
-t=0.33 GeV2 3 -t=0.33 GeV2
T 1L =017 Gev? mmmm t=0.17 GeV? N
-t=0 GeV? R
05 |
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S. Bhattacharya et al.
PRD106(2022)114512 |
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Setup

Reference frames
Quasi vs. pseudo
GPDs(symm. frame)
GPDs (asymm.

frame)

GPDs moments
TMDs

Summary
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H GPD from quasi vs. pseudo, —t = 0.65 GeV?>

S. Bhattacharya et al., PRD110(2024)054502
4

0

—t = 0.65 GeV?

pseudo

—— quasi

0.5 1.0

0

| A
R

-1.0 —-0.5 0.0 0.5 1.0
T

Qualitative agreement between pseudo and quasi.

Evinced difference as measure of unquantified systematic effects.

Reminder:

e Main difference:

quasi = factorization in z-space (LaMET),
pseudo = short-distance factorization (SDF) in v-space.

e Practical difference: reconstruction of z-dependence

quasi = Backus-Gilbert,
pseudo = fitting ansatz.
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Nucleon structure
Partonic structure in
LQCD

Setup

Reference frames
Quasi vs. pseudo
GPDs(symm. frame)
GPDs (asymm.

frame)

GPDs moments
TMDs

Summary

Krzysztof Cichy

t-dependence of H/FE GPDs (pseudo, asymm. frame)® %

S. Bhattacharya et al., PRD110(2024)054502

Zmax = 0.65 fm

—t = 0.17 GeV?

—— —t=10.34 GeV?

—— —t=10.65 GeV?
—t=0.81 GeV?
—t =1.38 GeV?
—t = 1.52 GeV?

—— =229 GeV?

Qualitatively similar picture to the one from quasi-GPDs.
Quantitative conclusions after careful estimation of systematics!

3D nucleon structure from Lattice QCD — Diffraction and Low-x 2024 — 10 / 13



GPDs moments from OPE of non-local operators @ %
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Short-distance factorization (SDF) can also be used to extract moments of GPDs.

For ratio-renormalized H/E: FMS(z, P,A) = 32, o SZPEONS (1222) (a) + O(A3 0 22),

n!

C}}L/I—S(,LLQ,ZQ) — Wilson coefficients (NNLO for u — d, NLO for u + d)

Moments of impact parameter parton distributions in the transverse plane:

p”H(bL):/ (amy2 At o(—A2 )AL,

- dzﬁ — A = = —
T L 2 . Sy 2 \1,—1b | ‘A
Pr+1(b1) =/ (2m)2 [Ant1,0(=A1) +i Bry1,0(=A7 )Je™ 704

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

0.6 7.2 0.6 2.80 0.6 120 0.6 056
63 245 1.05 049
54 2.10 0.90 042
45 175 075 035
0.0 36 0.0 1.40 0.0 0.60 X 028
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. 0.00 0. 0.00
X 24 X . X 0200 . 01800
2.1 0.7 0.175 0.1575
18 0.6 0.150 0.1350
15 05 0.125 0.1125
0.0 12 0.0 0.4 0.0 0.100 X 0.0900
0.9 03 $ 0.075 S 0.0675
0.6 02 0.050 0.0450
03 0.1 0.025 0.0225
0.6 . . 0.0 0.6 . . 0.0 -06 . . 0.000 -06 . . 0.0000

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

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

oo
(==
oo
(=]
=]
j=l=]

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

S. Bhattacharya et al. (ETMC/BNL/ANL) PRD 108(2023)014507

Krzysztof Cichy 3D nucleon structure from Lattice QCD — Diffraction and Low-x 2024 — 11 / 13



Unpolarized TMDs from lattice QCD

reduced  matching Collins-Soper power corrections

_quasi-TMD  soft function kernel ¢ 1 l;{ergwel light-cone TMD AZ oco M* 1
f(a?bT,uCz \/SIbT,LL) Hr —Z e? (C) (T’“f(xb,MC)JrO 20 712
p? C= ~ P§bTC

scales: 11 — renorm. scale, ( — rapidity scale, (. = 2zP;s

@ + bty + I, x -+ {n.

quasi_TMD; f(gj) bT”u, CZ) = P5 fjooo ;l_freiwzp?, limy oo (H(P3)’\?Zizgaﬁﬁaéf’)JH(Pza)) @+ bivy + L,

z =
a 5313
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reduced  matching Collins-Soper power corrections

_quasi- TMD  soft function kernel ¢ 1 ; l;{erbnel light-cone TMD A2 QcD M? 1
f(z,br, 1, ¢)\/S1(br, 1) = Hr — e? »(%) (T’Mf(iﬂba,uag)‘i‘@ 2 72
(42 ¢ P3 b3

scales: 11 — renorm. scale, ( — rapidity scale, (. = 2zP;s

@ + bty + I, x -+ {n.

quasi-TMD: f(z,br, 1, () = Py [ 225503 imy_, <H<P3>'3;2);2"’;7“"£;|>)'H(P3” et

Lattice setup: size 24° x 48, a =~ 0.093 fm, pion mass 350 MeV, 600 confs

s
T — 5

b = 0.36 fm

© ] © |
o oS
This work
0 ® b=0.09fm
2 | LPC 24
® ® b=0.18 fm
< ® b=0.27fm g ART23
o
C:’:_: b = 0-36 fm - BHLSVZ22
.~ o e
o :
5 e 'C:%.c\!_ MAPTMD22
RN =°
o sVv19
PV17

0.0

0.0 0.1

.2 0.4 0.6 0.8 1.0

0.0 05 10 15

ETMC, in preparation, analysis and plots by Aniket Sen
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ig%% Unpolarized TMDs from lattice QCD

reduced  matching Collins-Soper
_quasi-TMD  soft function kerne|<c ) . kernel _ light-cone TMD

f(@,br, 1, )/ St (br, p) = Hr 2 ch (Cz>K(bT’“f(fBb ,M,C)Jr(’)(

scales: 11 — renorm. scale, ( — rapidity scale, (. = 2zP;s

power corrections
Ao M? 1 )
C.  Pib3(,

@ + bty + I, x -+ {n.

quasi_TMD; f(gj) bT”u’ CZ) = P5 fjooo ;l_freixzp?, hml—>oo (H(Ps)|\(;2(;)22>|IZ|ZI“|>£;|))|H(P3)> @+ bivy + L,

Lattice setup: size 24° x 48, a =~ 0.093 fm, pion mass 350 MeV, 600 confs

b = 0.36 fm

[

© ] © |
O o
This work
0 ® b=0.09fm
. LPC 24
© e b=0.18 fm
< | ® b=0.27fm g ART23
o
—
L':;_: b = 0-36 fm - BHLSVZ22
g & 4
5 e -CE“!_ MAPTMD22
RN =°
o SV19
PV17

0.0

0.0 0.1

| | ‘ | For CS kernel, see also next talk by S. Mukherjee!
0.2 0.4 0.6 0.8 1.0 | | | | |
0.0 0.5 10 15

ETMC, in preparation, analysis and plots by Aniket Sen
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Partonic structure in
LQCD

Setup

Reference frames
Quasi vs. pseudo
GPDs(symm. frame)

GPDs (asymm.
frame)

GPDs moments
TMDs
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Conclusions and prospects a7

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

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

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

e Encouraging prospects also for TMDs!

e Obviously, GPDs/TMDs much more challenging than PDFs.

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

e Quantification of systematics very laborious, but crucial.

e C(Consistent progress will ensure complementary role to pheno!

3D nucleon structure from Lattice QCD — Diffraction and Low-x 2024 — 13 / 13
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Main message: probing nucleon’s 3D structure with LQCD
becomes feasible!

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

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

Encouraging prospects also for TMDs!
Obviously, GPDs/TMDs much more challenging than PDFs.

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

Quantification of systematics very laborious, but crucial.

Consistent progress will ensure complementary role to pheno!
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Ny E Lorentz-covariant parametrization " 74

Main theoretical tool: unpolarized: S. Bhattacharya et al., PRD106(2022)114512
Lorentz-covariant parametrization of matrix elements:
joHA PHigzA ZHigE A AHjgZA

w w
F¥(z, P, A)Zﬂ(p',/\')[P—A1+mz“A2+A—A3+ima“zA4+ As+ A?-I-—AS}U(PJ\),
m

m m m m m

cnPzA PHr —

PH — — AM —
Aq44+ ’751424-’75( A3+mz“A4+—A5>+m;év5(?A6+mz“z47+?148>}u(p,/\)
helicity: S. Bhattacharya et al., PRD109(2024)034508

m

e most general parametrization in terms of 8 linearly-independent Lorentz structures,
e 8 Lorentz-invariant amplitudes A;(z - P,z - A, A* 2°) or Ai(z- P,z - A, A*,2%).

Example: (7o insertion, unpolarized projector)

symmetric frame:

) = (E(E(E+m)—P§) o (E + m) (_E2+m2+p32) . E P4 (_E2+m2+P32)z A6> |

2ms3 m3 m3
asymmetric frame:

Mg (Tg) = c(— (By + B))(By — B —2m)(Ey +m) | (By — By —2m)(Ey +m)(By — By) |, (Bi — By)Psz

1 — 3 Aq
8m3 4m3 4m

(Ef‘|‘E)(Ef‘|‘m)(Ef_E> Ef(Efy + E;)P3(Ey — E;)z EyP3(Ef — E;)?z
5 + Ag + Asg |-
4m3 4m3 2m3

e matrix elements II,(I'y) or II,,5(I',) are frame-dependent,

e but the amplitudes A; or A, are frame-invariant.
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A1, As (unpolarized leading ones)
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Re

Im

Proof of concept (comparison between frames)

:fl\;, As (helicity leading ones)

25 F

2+

15 |

1+

05

0

et al. PRD109(2024)034508

02 |
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e . P
%% GPDs — possible definitions @ %

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

SYMMETRIC frame:

(AT + A3) z (4E% — A% — A3)

F = A + Ag F = —A; +2A5 + Ag .
H(0) 1 2P3 6 E(0) 1 5 2P3 6
ASYMMETRIC f : A m2zA z2(AZ2 + AZ? 2(A3 + AgA?
Py 2Py P3 23 2Py Ps
Ag m2z (Ao + 2Po) 2 (A% +2PAg +4PF + A7) 2080 (A% +280P) +4PF + A7)
FE(O) =—A1——A3— Ag4+2A5— Ag— As .
Py 2Py P3 2P3 2Py P53

One can also modify the definition to make it Lorentz-invariant and arrive at:
ANY frame: Fg=A, Fp=—A1 +2A5 +22zP3A¢.

With respect to the standard definition, removed/reduced contribution from A3, A4, Ag, As.

In terms of matrix elements: standard definition — only IIo(I'o), ITo(T'; /2),

LI definition — additionally: II; /5(I'3) (both frames), I1; /5(I'3), I1; /o(I'0), 11 (I'2), 2(I'1) (asym.).
Two definitions of H :

standard (53 operator): Fz = Ao + ngﬁg — m2222{; :
another (y57; operators, i = 0,1,2): Fg = Az + zP3Ag.

~ . . P.y -
E impossible to extract at zero skewness: Fj =2 ® Ag + 245 .

- 2
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UNPOLARIZE

1069GV P;=0.83 GeV
-=0.69 GeV? P3 125 GeV
=0.69 GeV? Py=1.67 GeV |

H
H
H
H -t=2.76 GeV? P3 125GV‘

N N NN
g 8 8 2
E B B B
R

T A1, As

H

I}
\]\1\1\0

t069GV P;=0.83 GeV|| || 7z =13
-1=0.69 GeV? > Py=1.25 GeV =11
E -t=0.69 GeV* > Py=1.67 GeV = O
3t E -t=2.76 GeV? P3=1.25 GeV = 7

il 17A57A6

OxXx>0O=2>—W0n

H-GPD

Yo,y operators (LI)

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

Vo operator|(non-LI)

E-GPD

Krzysztof Cichy

| 4 ‘ ‘
HLIt069GV P;=0.83 GeV Zmnan=9 ELIt069GV P;=0.83 GeV
Hy | -t=0.69 GeV> > Py=125 GeV 2= Ey -(=0.69 GeV? S Py=125 GeV
HLI -t=0.69 GeV? S Py=1.67 GeV Zyngy=7 ELI = 069GV P3=1.67 GeV
3 Hy | -t=2.76 GeV* P;=1.25 GeV | L= 3\ Ey -(=2.76 GeV? P3125GV
.| A A, A, A
N 17 57 6
::—l m.—]
A |
I 0 0

basically unaffected

highly-improved!

3D nucleon structure

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

HELICITY

Htilde 1069GV Py 083GV Za=13
Htilde -t=0.69 GeV? P3 1.25 GeV Zpa= 9
Zoax=

7

Htld t069GV Py l67GV

Htilde

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

HtldLItO69GV Po083GeV 7m0
Hiildey; 1=0.69 GeV? Py=125 GeV.  zy,,,= 9
HtIdLIt069(}V Py=1.67GeV| 7, = 7 .
30 Hiildey;-=2.76 GeV> P;=125GeV| 7, = 7

| AQ,AG

slightly worse

Htilde
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.
i/ %{;@ H and E GPDs — comparison of definitions

STANDARD DEFINITION

Re H

Im H

H-GPD

non—‘symmet;ic —
] symmetric —eo—
0.8 ] ’ '
i %
061 ¢ e
L] L]
L] []
04 -
L L
s ®
02t . :
. "
L ]
O musssangpyt’ M TPITILLLL
15 -10 5 0 5 10 15
zla
0.4 : : : —
non-symmetric ~——#—
03 | symmetric —e— |
R
0.2 r v ]
01 | o v
.I.
0 mapggin ',gllllu
]
L .
0.1 R .
02| : 3‘
03} L
-0.4 -

Krzysztof Cichy

Re E

Im H

0.4

03 r
02

0.1 r

-0.1 |
-02
-03
-0.4

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

LORENTZ-INVARIANT DEFINITION

0.8

0.6 -

Re H

02

04 r

H-GPD

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

HO- -
Ol

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

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

0.4

03
02 r

0.1

Im H
(=)

-0.1
-0.2
-03 1

-0.4

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

-15

Re E

Im H

05

0.4

03 r
02 |

0.1 r

0.1 F
02 f
03 f
04

E-GPD

0 pllgu---f'

. . .
non-symmetric —#—
symmetric —e—

-15

-10 -5 0 5 10 15

z/a
‘ ‘ non—‘symmetﬁc —
iji symmetric —e— |
LI |
L]
8 L
o0
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T H1L w2068 L1 L)
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L] )
[ ]
i e
;e
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.
i%;%é Bare matrix elements of I1y(I'y)

symmetric frame

non-sym metric frame
| Py =1.25 Gev  Huiin Py =1.25 GeV | R
0s|—t = 0.69 GeV= a0y 00 v os |t = 0.64 GeV? 1 om0 e
E=0 | e 000 14 Panke005 00:20)
B 06 F % L }}%w% Psink=(0,1,-3) Q=(0,2,0) B 06 F %E J\Psink:(o,o,—?’) Q=(0,2,0)
:o %W $ A1
g 04 % 1@ 1 Re g o }Jl %
i S % 4 ]
02 ; %ﬁ ' @ 02 b %ﬁ, %
0 Wifdlug gﬁfﬁﬁ %E&E ié %@ﬁfﬁiﬁ G 0 mﬁf;ﬁi@i%@g%ﬂ & %ﬁ} g##@ﬁi e
T S TR BT T P TR
“ S. Bhattacharya et al., PRD106(2022)114512  *
04 04 |
s 1
02 b E%MT} Hi 02t lw | llﬂ%
_ Eﬁﬁiﬁiﬁi M} *MMM = i%%%? b 1 7 %ig
g ,.E‘_a’g% - Rt Y TP 5 I
s o pFRem M wﬁéé ST L H f (T
) %@ MMH ﬁ H H%ﬁ }ﬁ
o e
5 w0 s 0 s 1 B 50 s 0 s
z/a
Krzysztof Cichy
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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
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.
@@ Example amplitude A;

symmetric frame

Psink=(-1,0,3) Q=(-2,0,0) =
P; = 1.25 GeV Psink=(1,0,3) Q=(2.0.0) &
sl ~ Psink=(0.-1.3) Q=(0,2.0) |
: t — O 69 G V2 [ Psink=(0,1,3) Q=(0,2,0)
—t = U. EV LT psink=(-1,0-3) Q=(-2.0.0) o
Psink=(1,0,-3) Q=(2.0.0) —=—
f = () sink=(0,-1,-3) Q=(0,-2,0)
Psink=(0,1,-3) Q=(0.2,0)
li

average ——*— |

05 |

Re AS
I =1
R Saan
[NSS S = s

E

OF@@@@@@ %%%%%%ﬂ%%% 2k
-1‘5 -10 -5 0 5 10 1‘5
“ S. Bhattacharya et al.,
0.8 T T T T

0.6

}1% | Re

non—sym metric frame

Psink=(0,0,3) Q=(-2,0,0) — =
Psink=(0,0,3) Q=(2.0.0) &

s P 3 — 1 25 GeV T Psink=(0,0,3) Q=(0.-2.0) i
. Psink=(0,0,3) Q=(0,2,
—t — 0.64 Ge\/%ij [‘1 Psirslll]:=(0(,(()),(—)3?;)QQ=(E(2),0,gg e

Psink=(0,0,-3) Q=(2,0,0) o

| o&=0 i e
05 | } } Hﬁ |

ﬁETDEr*LT

N
4
" %}
0 ﬁ?%?ﬁﬁﬁ ﬁ% %

PRD106(2022)114512 o

0.6 |

04| iwﬁj T O g
;2 i iii%ﬁl{F}FF?iﬁ?%%§%fi 02 | TQT%%#%%kt[jgﬁiii*T
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.
i%;%é Example amplitude

symmetric frame

Re A6

Im A6

0.4

0.2

-0.2

0.4

0.4

0.2

-0.2

0.4

Py — 1.25 GeV
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Psink=(1,0,-3) Q=(2,0,0)
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% average ——>—
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Re

Im

Re A6

Im A6
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04
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04
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non-symmetric frame
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standard

H and E GPDs — signal

0.8 ‘ ‘ ‘ ‘
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average ——%—
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e
ig%? Quasi- and matched H and E GPDs
STANDARD DEFINITION

4

T T
Hsym Zmax=92 Esym Zmax=92 35 —Hsym Zmax=92 - 35 —Esym Zmax=92
1.5 Hasym Zmax=92 T 1.5 'Easym Zmax=92 b 3 Hasym Zmax=92 J 3 Easym Zmax=92
25 F 7 25 F
1 1 sk i s
m jun m
05 - i 05 - 1.5 1.5
1r T 1r
0k B 0 4 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 1 -1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1

Quasi—GPDs S. thattacharya et al., PRD106(2022)11451; Matched GPDs
H-GPD E-GPD H-GPD E-GPD

LORENTZ-INVARIANT DEFINITION

T T T T T
H.‘s‘;}r%rzmanga E.‘:?r%rzmanga 35 —H.l:g]r%rzmanga - 35 —E.l:g]r%rzmanga
1.5 Hi’trsnﬁrn Zmax=92 7 1.5 ‘Ei"trsnﬁ; Zmax=92 b 3 H;rgn}g; Zmax=92 J 3 E;rgn}g; Zmax=92
25 F T 25 F
1 1 s i s
m = m
05 - i 05 - 1.5 1.5
1r T 1r
0k B 0 B 0.5 T 0.5
0 T 0r
05 1 1 1 05 1 1 1 05 1 1 1 05 1 1 1
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Nucleon structure
Partonic structure in
LQCD

Setup

Reference frames
Quasi vs. pseudo
GPDs(symm. frame)

GPDs (asymm.
frame)

GPDs moments
TMDs
Summary

Backup slides
GPDs definitions

Pseudo-GPDs

GPDs moments

GPDs moments

Krzysztof Cichy

Pseudo-GPDs @

Pseudo-ITDs (double-ratio renormalization): A Radyushkin, Phys. Rev. D100 (2019) 116011
F(Ps,z) = F(Ps,2z) f(0,0) F = {H,E} - MEs of_GPDs (—t > 0)
f(O,Z) f(P3,O) f — MEs of PDFs (t = 0)

3D nucleon structure from Lattice QCD — Diffraction and Low-x 2024 — 26 / 13



//’;gi:;m B " !
%?D Pseudo-GPDs @ %

PseUdO-ITDS (dOUble-ratiO renormalization): A. Radyushkin, Phys. Rev. D100 (2019) 116011

Nucleon structure

Partonic structure in JT_.(P ) o F(Pg, Z) f(O, O) F ={H,E} — MEs of GPDs (—t > 0)
;QtCD 3,%) = £(0,2) f(Ps,0) f — MEs of PDFs (¢t = 0)
etup

Reference frames . .
. can be matched to light-cone ITDs at short distances:
Quasi vs. pseudo

GPDs(symm. frame)

_ sC 1
frapn?:)(asymm' F(Ps,z) = F(Ps3,2) — 042 al / du C(u) (F(uPs,z) — F(Ps,z2)),
GPDs moments T 0
TMDs 2 2 2 2yp+1
14+u” ., z7pe’” In(1 —u)
Summar C = 1 4 — 2 —1).
’ () u— 1 " 4 + u— 1 (u )

Backup slides
GPDs definitions

Pseudo-GPDs

GPDs moments

GPDs moments
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e 7} %
\é%ji% Pseudo-GPDs @

PseUdO-ITDS (doub|e—ratio renorma|ization): A. Radyushkin, Phys. Rev. D100 (2019) 116011

Nucleon structure

Partonic structure in JT_.(P ) o F(Pg, Z) f(O, O) F ={H,E} — MEs of GPDs (—t > 0)
;QtCD 3,%) = £(0,2) f(Ps,0) f — MEs of PDFs (¢t = 0)
etup

Reference frames . .
. can be matched to light-cone ITDs at short distances:
Quasi vs. pseudo

GPDs(symm. frame)

— sC 1
frapn?z)(asymm' F(Ps,z) = F(Ps3,2) — 042 al / du C(u) (F(uPs,z) — F(Ps,2)),
T
GPDs moments 0
TMDs 2 2 2 2vp+1
14+u” ., z7pe’” In(1 —u)

Summar C — 1 4 —9 —1).

y W= o e
Backup slides
EPIDs clallniions Given matched ITDs one can reconstruct z-dependent GPDs:
GPDs moments L 1 o
GPDs moments Re F(v, u) = / dzx cos(vx)F.,(x, 1),

0

1
Im F (v, p) :/ dx sin(vx)Fpes(z, 1)
0
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e 7} %
\%ﬁ/ 2 bj% Pseudo-GPDs @

Pseudo-ITDs (double-ratio renormalization): A. Radyushkin, Phys. Rev. D100 (2019) 116011
Nucleon structure
Partonic structure in JT__(P Z) F(Pg, Z) f(O, O) F = {H,E} — MEs of GPDs (—t > 0)
LQCD 3 — _
Q ’ £(0,2) f(Ps,0) f = MEs of PDFs (¢t = 0)

Setup

Reference frames . .
. can be matched to light-cone ITDs at short distances:
Quasi vs. pseudo

GPDs(symm. frame)

— sC 1
frapn?z)(asymm' F(Ps,z) = F(Ps3,2) — 042 al / du C(u) (F(uPs,z) — F(Ps,2)),
T
GPDs moments 0
TMDs 2 2 2 2vp+1
14+u” ., z7pe’” In(1 —u)

Summar C — 1 4 —9 —1).

y W= o e
Backup slides
EPIDs clallniions Given matched ITDs one can reconstruct z-dependent GPDs:
GPDs moments L 1 o
GPDs moments Re F(v, u) = / dzx cos(vx)F.,(x, 1),

0

1
Im F (v, p) :/ dx sin(vx)Fpes(z, 1)
0

using a fitting ansatz:

F(x) = Nz®(1—2)" (14 cz™ (1 — z)™).
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% Reduced ITDs
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P; =0.83 GeV
Py =1.25 GeV
Py =1.67 GeV

ReH

0.0

—0.2 1

o HIH HOH

P3;=0.42 GeV
P; =0.83 GeV
P; =1.25 GeV
P; =1.67 GeV
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ImH

ImH

0.5

0.4

0.3 1

0.2 1

0.1

0.0 ¢

(\é‘ed Twist@‘7

OO// ‘abor a‘.\o‘\

0.5 1

0.4 1

0.31

0.2 1

0.1

0.0 ¢

4 6 8
l/=P32

S. Bhattacharya et al., PRD110(2024)054502

—f ) P 'LQ1 AT 1 Na Voo Nere Noons
[GeV?] [GeV] 27/ L]
0 | A2 [(LIF) 2 10H1 b TG00
0 (RAR.51 [(0F) 2 1M b 1600
0 I 1.25 (LK) 2 2649 16 RGO
0 E£1.67 {0.0) 2 hDG 32 32384
07 A2 (1, i, n b TiH) b fa )
A7 LRSS (1, bl 101 b fad )
A7 102y (1, i, n b 268 b T2
(18 A I O i B XU O (VSR b Db 520 129536
.34 +0.42 [£1.£1) 2100 5 6400
[ B WA . 51 (11,11 ® 100 b fa )
it 1125 (11,11 bl 1605 5 12480
(1005 2 B I (11,11 ® oG 52 1209536
065 £0.42  {£2.0), (0,=2) 2100 5 6400
065 £0.83 (22,00, (0,=2) 2100 5 6400
065 £1.25 (£20),(0=2) |8 260 § 17216
065 £1.67 {x2.0), (0,=2) 2 OG0 32 129536
.81 £0.42 {£1,4£2), (£2,=1)| 16 100 & 12300
081 £0.83 [(£1,£2), (£2,=1)| 16 100 & 12800
081 £1.25 {£1.4£2), (£2,=1)| 16 195 & 24960
081 £1.67 (£1,42), (£2,=1)| 16 506G 32 253072
121 (A2 (12, 12) bl 10D b fad )
.24 1(LES (12,12 bl 1000 bl fa1 400}
.21 1 1.25 (12, 12) bl 185 5 12480
1.24 £1.67 [£2,£2) 2 606G 32 129536
AR A2 {130, (0,0 3) bl 100 b f3100)
AR LGRS (L3, (0,03 b 10D b fa )
TR 1125 (a0, i, 9 bl 264 b T2
905 S O i U (I ¥ bl Db 320 129536
La2 £0.42 [£1,43), (£3,=1)| 16 100 & 12200
1532 £0.83 (£1.£3), (£3,=1)| 16 100 & 12800
1G22 1025 (01,030, (13,010 16 195 5 U6
1A2 L6701 03 (03, 000 16 B0 32 250072
2,29 £0.42  {x4,0), (0,=4) 2100 5 6400
2,29 £0.83 (x40}, (0,=4) 2100 5 G400
2,29 £1.25  {x4.0), (0,=4) 2 260 5 17216
2,29 167 {£4.0), (0,=4) 2 606G 32 129536
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ig%% Light-cone (matched) ITDs
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l/=P32

—f ) P 'L.A1 AT 1 Na Voo Nere Noons
[GeV?] [GeV] [2m /L]
0 | A2 [(LIF) 2 10H1 b TG00
0 (RAR.51 [(0F) 2 1M b 1600
0 I 1.25 (LK) 2 2649 16 RGO
0 E£1.67 {0.0) 2 hDG 32 32384
07 A2 (1, i, n b 1M1 b fa )
A7 LRSS (1, bl 101 b fad )
A7 102y (1, i, n b 268 517216
(18 A I O i B XU O (VSR b Db 520 129536
.34 +0.42 [£1.£1) 2100 5 6400
[ B WA . 51 (11,11 ® 100 b fa )
it 1125 (11,11 bl 1605 5 12480
(1005 2 B I (11,11 H oG 52 1209536
065 £0.42  {£2.0), (0,=2) 2100 5 6400
065 £0.83 (22,00, (0,=2) 2100 5 6400
065 £1.25 (£20),(0=2) |8 260 § 17216
065 £1.67 {x2.0), (0,=2) 2 OG0 32 129536
.81 £0.42 {£1,4£2), (£2,=1)| 16 100 & 12300
081 £0.83 [(£1,£2), (£2,=1)| 16 100 & 12800
081 £1.25 {£1.4£2), (£2,=1)| 16 195 & 24960
081 £1.67 (£1,42), (£2,=1)| 16 506G 32 253072
121 (A2 (12, 12) bl 10D b fad )
.24 1(LES (12,12 bl 1000 bl fa1 400}
.21 1 1.25 (12, 12) bl 185 5 12480
1.24 £1.67 [£2,£2) 2 606G 32 129536
AR A2 {130, (0,0 3) bl 100 b f3100)
AR LGRS (L3, (0,03 b 10D b fa )
TR 1125 (a0, i, 9 bl 264 b T2
905 S O i U (I ¥ bl Db 320 129536
152 £0.42 {£1,43), (£3,=1)| 16 100 5 12800
1532 £0.83 (£1.£3), (£3,=1)| 16 100 & 12800
1G22 1025 (01,030, (13,010 16 195 5 U6
1A2 L6701 03 (03, 000 16 B0 32 250072
2,29 £0.42  {x4,0), (0,=4) 2100 5 6400
2,29 £0.83 (x40}, (0,=4) 2100 5 G400
2,29 £1.25  {x4.0), (0,=4) 2 260 5 17216
2,29 167 {£4.0), (0,=4) 2 606G 32 129536
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itted ITDs »,
\/ Ollaporat™”

Zmax = 0.46 fm
0.44 fit - a b
n bs) & w7 F(x) = Nz*(1 — )
e = 0 021 marginal or absent sensitivity
021§ ReW 0.11 to additional fit parameters
1 2 3 1 1 2 3 1
0.6 1
Zmax = 0.65 fm
fit 0.44
0.41 i ReH 0.3
0.21 0.2 Zmax = 0.65 fm
fit
0.0 0-11 3 A
0 1 2 3 4 5 0 1 2 3 4 5
0.6 1
Zmax = 0.84 fm 04l
0.4 fiv '
} ReH 0.3
0.2 0.21 Zmax = 0.84 fm
fit
0.0 1 0.11 ¢ ImAH
0 2 1 6 0 2 4 6
0.6 1
Zmax = 1.02 fm 0.4
0.4 ﬁt_
¢ Re#H 0.31
021 0.2 Zmax = 1.02 fm
fit
0.0 1 J _
0.1 P A
- - - - - - - —— S. Bhattacharya et al., PRD110(2024)054502
0 2 4 6 8 0 2 4 6 8
v= Pz v= Pz
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Zmax = 0.46 fm
fit
¢ ReH

.
@%@ Fitted ITDs

Zmax = 0.46 fm

3 4

Zmax = 0.65 fm
fit
¢ ReH

Zmax = 0.65 fm

4 5

Zmax = 0.84 fm
fit
¢ ReH

Zmax = 0.84 fm

6

Zmax = 1.02 fm
fit
¢ ReH

Zmax = 1.02 fm

Krzysztof Cichy

F(r) = Nz%(1 — z)°
marginal or absent sensitivity
to additional fit parameters

Zmax — 7a/ ~ 0.65 fm
— rather conservative choice

Zmax = 9a ~ 0.84 fm
— also plausible
(particularly for valence)

S. Bhattacharya et al., PRD110(2024)054502
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? Fitting-reconstructed GPDs in z-space @
¥/ lapora®

S. Bhattacharya et al., PRD110(2024)05450

4 4
—t = 0.65 GeV?
3 A7 e = 0.46 fm 3 C V A |_ E N C E
7_[ Zmax = 0.65 fm 8
2 Zmax = 0.84 fm 2

Zmax = 1.02 fm

VALENCE + 2*SEA

VALENCE + SEA
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S. Bhattacharya et al., PRD110(2024)05450

VALENCE

—t = 0.65 GeV?
Zmax = 0.46 fm 3
Zmax = 0.65 fm
Zmax = 0.84 fm 2
Zmax = 1.02 fm

3 H

E

VALENCE + 2*SEA

VALENCE + SEA

In all cases zmax = 7a and 9a
nicely compatible

Interesting:
£ obviously better-behaved!
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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 )

T (5 = d2ALA _ A2 ’ﬂB _ A2 —ib A
Pn-|-1( L) (27_‘_)2[ n-l-l,O( L)"‘Z n+1 O( L)]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 = 075 = 0.35
‘E 0.0 3.6 ‘E 0.0 1.40 Q 0.0 0.60 Q X 0.28
< 27 < 1.05 < 0.45 < 0.21
1.8 0.70 0.30 0.14

09 035 0.15 0.07

—0.6 0.0 0. 0.00 -0. 0.00 -0. 0.00
0.6 24 0. 0.8 0. 0.200 X 0.1800

2.1 0.7 0.175 0.1575

1.8 0.6 0.150 0.1350

= 15 = 05 = 0125 = 0.1125
‘E 0.0 12 ‘E 0.0 0.4 £ 0.0 0.100 £ X 0.0900
< 0.9 < 03 < 0075 < 0.0675
0.6 02 0.050 0.0450

0.3 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]

S. Bhattacharya et al. (ETMC/BNL/ANL) PRD 108(2023)014507
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