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Nucleon structure and GPDs

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 expectatson

for the upcoming years!

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

Transverse position of quarks: GPDs.

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

Wigner Distributions

Generalized parton distributions (GPDs): "

D W(x, kJ_, VJ_) O-,}@,

much more di cult to extract than PDFs, S
but they provide a wealth of information: L : X
? spatial distribution of partons in the transverse plane,

? mechanical properties of hadrons,
? hadron's spin decomposition,

reduce to PDFs in the forward limit,.e.g.H (X; 0; 0) = q(x),
their moments are form factors, e.g. dxH (x; ;t) = Fi(t).

Parton Distribution Functions Form Factors
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Partonic structure from Lattice QCD

S to partonic distributions impossible in LQCD

Reason: Minkowski metric required, while LQCD works withEuclidean
Way out: similar as experimental access to these distribatis factorization

(experiment)

cross-section= perturbative-part partonic-distribution

(lattice) lattice-observable= perturbative-part partonic-distribution
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Direct access to partonic distributions impossible in LQCD
Reason: Minkowski metric required, while LQCD works withEuclidean
Way out: similar as experimental access to these distribatis factorization

cross-section= perturbative-part
lattice-observable= perturbative-part

(experiment)
(lattice)
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hadronic tensor Liu, Dong, 1993

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

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

Partonic structure from Lattice QCD

partonic-distribution
partonic-distribution
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%%D Partonic structure from Lattice QCD

Direct access to partonic distributions impossible in LQCD

Reason: Minkowski metric required, while LQCD works withEuclidean
Way out: similar as experimental access to these distribatis 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, Muller, 2007

? quasi-distributions  Ji, 2013

? good lattice cross sections Ma, Qiu, 2014

? pseudo-distributions  Radyushkin, 2017

?  OPE without OPE QCDSF, 2017

0t
+
\

ch N, e Euclidean matrix element:

matcning — cn -
[ WPij (z) A(z;0) (0)jP;i
_ > 3 Its Fourier transform (quasi-distribution)
boosted can be matched onto the light-cone distribution:
ooste :
) spatial correlation (LargF\()e Momentum E ective Theory (LaMET))
N
7/ \ . — 1 d X - . 2 —p2. —p2
6(x; ;P 3) = 11%(3 sier alys )+ O Gep =PE MG =Ps
qguasi-PDF pert.kernel PDF higher-twist e ects
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Direct access to partonic distributions impossible in LQCD

Reason: Minkowski metric required, while LQCD works withEuclidean
Way out: similar as experimental access to these distribatis factorization
cross-section= perturbative-part partonic-distribution

(experiment)

(lattice)

? hadronic tensor

NN ) ) ) ) )

\
matching f
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Liu, Dong, 1993

Ji, 2013

auxiliary scalar quark Aglietti et al., 1998
auxiliary heavy quark
auxiliary light quark
quasi-distributions

good lattice cross sections
pseudo-distributions
OPE without OPE

Detmold, Lin, 2005
Braun, Muller, 2007

Ma, Qiu, 2014

Radyushkin, 2017
QCDSF, 2017

lattice-observable= perturbative-part partonic-distribution

Dirac structures for di erent GPDs:
VECTOR: ¢; 3: H ,E (unpolarized twist-2)
1, 2: G1,G2,G3,G4 (vector twist-3)
AXIAL VECTOR: 5 ¢o; 5 3: H,E (helicity twist-2)
5 1, 5 2: G1,G2,G3,G4 (axial vector twist-3)
TENSOR: 1 3; 2 3: Ht ,ET ,HT ,ET (transversity twist-2)
1 2:H S,Eg (tensor twist-3)

Parity projectors to disentangle 2/4 GPDs:

UNPOL: P = .0 poL-k:P = 0§ 5

Euclidean matrix element:
hPrj (2) A(z;0) (0)jPii

> 3 Its Fourier transform (quasi-distribution)
boosted can be matched onto the light-cone distribution:
spatial correlation (LargF\()e Momentum E ective Theory (LaMET))
N .. _ ™ . . _p2. _
N 6 ;P 3)= T, EC X oy )+ O Bep =PFMG=P;

qguasi-PDF

pert.kernel PDF higher-twist e ects
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GPDs moments
Summary
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Setup

Lattice setup:

fermions: Nt = 2 twisted mass fermions + clover term
gluons: lwasaki gauge action, = 1:778 '
gauge eld con gurations generated by ETMC

lattice spacinga 0:093 fm,

322 64) L 3fm,

m 260 MeV.
Kinematics:

nucleon boosts up toP; = 1:67 GeV,
momentum transfers: t 2:76 Ge\/, most data;
skewness: =0: 1=3.

t = 0:65; 0:69 GeV,

up to O(250K) measurements ( 500 confs, 32 src positions, 16 permut. of").
Twist-2 unpolarized+helicity GPDs C. Alexandrou et al. (ETMC), PRL 125(2020)262001

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

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

Twist-2 unpolarized GPDs (OPE) S. Bhattacharya et al. (ETMC/BNL/ANL) 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) arXiv:2405.04414

Twist-2 transversity GPDs S. Bhattacharya et al. (ETMC/BNL/ANL) in preparation
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unpolarized ETMC, Phys. Rev. Lett. 125 (2020) 262001 helicity
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GPDs In di erent frames of reference
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Standard symmetric (Breit) frame:
source momentumP; = (E; P 7 =2),
sink momentum:Ps = (E; P + —=2).
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GPDs In di erent frames of reference -@ %

Standard symmetric (Breit) frame:

source momentumP; = (E; P 7 =2),

sink momentum:Ps = (E; P + —=2).

Lattice perspective:

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

preferred way. sequential propagator implies separateersions
(most costly part!) for eachPs .

Hence,separate calculation for each momentum transfer

|
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GPDs In di erent frames of reference -@ %

Standard symmetric (Breit) frame:

Nucleon structure source momentumP; = (E; P 7=2),
ucture In ]
thCD sink momentum:Ps = (E; P + —=2).
etup
First extraction Lattice perspective:
GPDs de nitions construction of the 3-point correlation functions requdréor the MEs
gﬁzz:'fspzzeudo needs the calculation of the all-to-all propagator
Pseudo-GPDs preferred way. sequential propagator implies separateersions

GPDs moments
Summary

(most costly part!) for eachPs .
Hence,separate calculation for each momentum transfer

|

Asymmetric frame:
source momentumP; = (E;;P 7
sink momentum:Ps = ( E;; P).
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GPDs in di erent frames of reference @ %
Standard symmetric (Breit) frame:

source momentumP; = (E; P 7 =2),

sink momentum:Ps = (E; P + —=2).

Lattice perspective:

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

preferred way: sequential propagator implies separateersions

(most costly part!) for eachPs .
Hence,separate calculation for each momentum transfer

|

Asymmetric frame:
source momentumP; = (E;;P 7
sink momentum:Ps = ( E;; P).

Lattice perspective:

Several momentum transfer vectors
a single calculation!

~

can be obtained within
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Main theoretical tool: unpolarized: S. Bhattacharya et al., PRD106(2022)114512
Lorentz-covariant parametrization of matrix elements:
i P i 4 Z i z i 4

As+ A7+ Ag u(p; );

F (zP; )= up% 9 ID?Alﬂnz Ao+ TA3+im “ Ag+ —

i Pz
P P
FLoslo % 9 L gy sA2+ 5 —Az+rmz Agr —As +mz s —Apg+tmz A7+ —Ag u(p )
m m m m m

helicity: S. Bhattacharya et al., PRD109(2024)034508

most general parametrization in terms of 8 linearly-indepdent Lorentz structures,
8 Lorentz-invariant amplitudesA;(z P;z ; %:z°) orAi(z P;z ; ?%;7%).
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Main theoretical tool: unpolarized: S. Bhattacharya et al., PRD106(2022)114512
Lorentz-covariant parametrization of matrix elements:

i P i ? z i*” i Z

P
0 As+ A7+

F (zP; )= up% 9 ?A1+mz Ao+ TA3+im “ Ag+

Ag u(p; );

m

i Pz
P P
FUosl=up® &9 1 A+ Ao+ 5 —Agemz Agr —Ag +mz s —Agrmz Azr —Ag u(p )
m m m m m

helicity: S. Bhattacharya et al., PRD109(2024)034508
most general parametrization in terms of 8 linearly-indepdent Lorentz structures,

8 Lorentz-invariant amplitudesA;(z P;z ; %:z°) orAi(z P;z ; ?%;7%).
Example: ( o insertion, unpolarized projector)
symmetric frame: 0 1
’ S @E E(E+m) PJ (E+m) E?+m?+ P2 EP3 E2+m?2+ P2 2 R
= C Aq + Ag + A ;
ol 0) Py 1 3 5 m3 6
asymmetric frame:
E Ei)E Ei 2m)(E E Ei 2m)(E E E; Ei E{)P
A= ¢ et BB B ENEer M), (Be Bi EMNEl 2 MNEe B, (P Bo)Pez,
8m 4m 4m

(Ef + Ei)(Ef + m)(E¢ Ei) Et (Ef + Eij)P3(E¢ Ei)z Et P3(Ef Ei)?z
Ag + Ag + Ag
4m 3 4m 3

2m 3

matrix elements () or 5( ) areframe-dependent,

but the amplitudes A; or Ai are frame-invariant .
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A1, As (unpolarlzed Ieadlng ones)
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Proof of concept (comparison between frames)
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A, As (helicity leading ones)
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GPDs possible de nitions

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

SYMMETRIC frame: 2( 2+ 2) T=Y: 2 2
Fuo = Art =—5—=As;  Feo = A1+2As+ o As
. 2 2 2 3 2
ASYMMETRIC frame: o _ = o, M2z o, 2( g+ 5), 20§+ o 5), .
H© ! Po 3 2PoP3 4 2P3 ° 2PoP3 8
F = A, —2A m*z( 0*+2P0) ) ioar 2 0+2P0 0Py * ng O 0+2 oPo+4Pg+
E ©) ! Po 3 2PoP3 4 > 2P3 6 2PoP3
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%%D GPDs possible de nitions @ %

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

2 2 2 2 2
F.o = A1+ 1 2 pg Foo = Ai1+2As+ Ag:
H© 2P3 E© 2P3
2 2 3 2
ASYMMETRIC frame: 0 m?z o z( §+ 5) z( 3+ o 5)
Fuo = A1+ S=As+ Ag+ —Ae + “—As;
Po 2PoP3 2P3 2PoP3
i o m2z( o +2Pg) z 5+2Pg o+4PF+ 3 z o 5+2 oPo+4PZ+ 3 |
Foo = A1 —As3 Ag+2 As As Asg:
E Po 2P P3 2P3

2PgP3

One can also modify the de nition to make it Lorentz-invartaand arrive at:

ANY frame: Fy = A1, FE = A1+2A5+22zP3A5:

With respect to the standard de nition, removed/reduced co ntribution from A3z, A4, Ag, As.
In terms of matrix elements: standard de nition only  o( o),

o( 1=2),
LI de nition additionally: 1=2( 3) (both frames),

1=2( 3), 1=2( 0), 1( 2), 2( 1) (asym.).
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De ning H and E GPDs in the standard way, expressions are frame-dependent:
SYMMETRIC frame:

2( 3+ 2 2 482 2 3
FH(O) = A1+ Ag ; FE(O) = A1+2A5+ Ag .
2P3 2P3
2 2 3 2
ASYMMETRIC frame: 0 m?z o z( 5+ %) z( 3+ o 5)
Foo = A1+ —Az+ Ay + —Ag + —Ag;
Po 2PoP3 2P3 2PoP3
_ 0 mZZ( o +2Pp) z %+2P0 O+4P02+ ’2> Z 0 (2)+2 OI30+4P02+ ’2? _
Foo = A1 —As3 Ag+2 As As Asg:
E Po 2PgP3 2P3

2PgP3

One can also modify the de nition to make it Lorentz-invartaand arrive at:

ANY frame: Fy = A1, FE = A1+2A5+22zP3A5:

With respect to the standard de nition, removed/reduced co ntribution from A3z, A4, Ag, As.
In terms of matrix elements: standard de nition only  o( o),

LI de nition additionally: 1=2( 3) (both frames),

Two de nitions of 19 :

standard ( 5 3 operator): F,, = Ay + zPsAg  m?z%A-;
another ( 5 j operators,i =0;1;2): F; = f\g + zP3,f\6:

o( 1=2),
1=2( 3), 1=2( 0), 1( 2), 2( 1) (asym.).

€ impossible to extract at zero skewness: =2 i iAg +2As:
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%@ Convergence of alternative de nitions of H=H=E @ %

UNPOLARIZED HELICITY

:S 4 ; ‘ ; ; 4 : ;
H -t=0.69 GeV} P3=0.83 GeV o E -t=0.69 GeV P;=0.83 Ge a3 Htilde -t=0.69 GeV P;=0.83 GeV Fal3
H -t=0.69 GeV} P,;=1.25 Ge = E -t=0.69 GeV P,;=1.25 Ge Foe 11 Htilde -t=0.69 Ge¥ P;=1.25 GeV Foe O
H -t=0.69 GeVf P,=1.67 GeV E -t=0.69 GeV P;=1.67 Ge Fa= O Htilde -t=0.69 Ge¥ P,=1.67 Ge FaE 7
3l H -t=2.76 GeV P,=1.25 Ge 3| E -t=2.76 Ge¥f P;=1.25 Ge Fo 7 . 3} Htilde -t=2.76 GeV P;=1.25 Ge R 7 —
N_* A A 1 A1; Az A T AL A A ‘
[}
: 1,16 . 1, M5, 16 2,16, A7
I
0 :1 0 0 1
D - * : 1

o operator(non-LI) 5 3 opexrator(LI)
H-GPD E-GPD 18-GPD

L 0, T operators(L|) 5 0, 5 T operators(Ll)
4 ; ; ; 4 ; ; 4 ; ; ;
Hy, -t=0.69 GeV P;=0.83 Ge Fad E,, -t=0.69 GeV} P,=0.83 Ge\)( Zacl3 Htilde, | -t=0.69 GeV} P;=0.83 GeV Fa13
Hy, -1=0.69 GeVf P,;=1.25 Ge o] E,, -t=0.69 GeVf P;=1.25 GeV Fe 11— Htilde,, -t=0.69 GeVf P;=1.25 GeV Fore O
H,, t=0.69 GeVf P;=1.67 Ge Fa7 E,, -t=0.69 GeV P,=1.67 Ge = Htilde,, -t=0.69 GeV} P;=1.67 Ge Fa 7
3t Hy, -t=2.76 GeVf P;=1.25 GeV/ o7 - . 3t E,, t=2.76 GeV¥ P,=1.25 Ge 3| Hiide, t=2.76 GeV P,=1.25 Ge Fo 7 -
1 L1 . .
A1 A1;As; Ag )
o o =2
T s I
A i
I 0 0 %
1 -1 ‘ ‘
V 1 05 0 05 1 1 05 0 05 1
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%@ Convergence of alternative de nitions of H=H=E @ %

UNPOLARIZ HELICITY

:S 4 ; ‘ ; ; 4 : ;
H -t=0.69 GeV} P3=0.83 GeV o =0.69 GeV P,=0.83 Ge! a3 Htilde -t=0.69 GeV P;=0.83 GeV Fal3
H -t=0.69 GeV} P,;=1.25 Ge = -=0.69 GeV P,;=1.25 Ge Foe 11— Htilde -t=0.69 Ge¥ P;=1.25 GeV Foe O
H -t=0.69 GeVf P,=1.67 GeV E -t=0.69 GeV P;=1.67 Ge Fa= O Htilde -t=0.69 Ge¥ P,=1.67 Ge FaE 7
3l H -t=2.76 GeV P,=1.25 Ge 3| E -t=2.76 Ge¥f P;=1.25 Ge Fo 7 . 3} Htilde -t=2.76 GeV P;=1.25 Ge R 7 —
N_* A A T A1 A A 1 7 Ao: Ag: A\ \
[}
: 1,16 . 1, M5, 16 2,16, A7
I
0 :1 0 0 1
D * ‘ l

o operator(non-LI) 5 3 operator(Ll)

E-GPD 19-GPD
0, T operators(L|) 5 0, 5 1 operators(Ll)

; ;
Htilde, | -t=0.69 GeV} P;=0.83 GeV Fa13

Hy, t=0.69 GeVf P3=0.83 Ge Fa? E,, -t=0.69 GeV} P,=0.83 Ge\)(
Hy, -t=0.69 GeV P;=1.25 Ge o7 E,, t=0.69 GeVf P,=1.25 Ge Htilde, , -t=0.69 GeV} P,=1.25 GeV Fooe O
H,, t=0.69 GeVf P;=1.67 Ge Fa7 E,, -t=0.69 GeV P,=1.67 Ge Htilde,, -t=0.69 GeV} P;=1.67 Ge Fa 7
3t Hy, -t=2.76 GeVf P;=1.25 GeV/ o7 - E, 1=2.76 GeV P,=1.25 Ge 3| Hiide, t=2.76 GeV P,=1.25 Ge Fo 7 -
1, 5 6 o
o} LLlj k=4
T I
A Y i
I 0 0
1 ‘ ‘ ‘ 1 ‘
V -1 -05 0 05 1 -1 05

highly-improvéd!
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%@ Convergence of alternative de nitions of H=H=E @ %

UNPOLARIZ HELICITY

H -t=0.69 GeV P,;=0.83 GeV o /t=0.69 GeV} P,=0.83 Ge Za=13 Htilde -t=0.69 GeV P,;=0.83 GeV  z.=13

H -t=0.60 GeV} P,=1.25 Ge = -=0.69 GeV P,=1.25 Ge Fope 11— Htilde -t=0.69 GeV P;=1.25 GeV e O

H -t=0.69 GeV} P:=1.67 GeV E -t=0.69 GeV P;=1.67 Ge Fac 9 M Htilde -t=0.69 GeV P;=1.67 Ge Fae [
3l H -t=2.76 GeV P,=1.25 Ge 3| E -t=2.76 Ge¥f P;=1.25 Ge Fo 7 . 3} Htilde -t=2.76 GeV P;=1.25 Ge R 7 —
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t-dependence of H=H=E GPDs (quasi)

Coltaporat®®

3 .

-t=2.24 GeV?2 = (1 1 0; O) ) t =0:17 GeV;

Nucleon structure 25 -t=1.49 GeV? =1 ;1;0)) t =0:33 GeV2
Partonic structure in t=1.36 GeV? =2 ;0;0)) t =0 :64 GeV
LOCD 2 b =122 Gev? =2 :1;0)) t=0:79 GeV?
=0.79 GeV?2 =@ :2;0)) t=1:22GeW

Setup 15  -t=0.64 Gev? mmmm =(3 :0:0)) t =1 :36 GeW2
First extraction o -t=0.33 GeVi =(3 ;1;0)) t =1:49 GeV?
= 4|l =017 GeV? mmmm _ . _ 5. 2

Reference frames = PP p— 4 ;0,0) t =2 :24 GeV

GPDs de nitions

. 0.5
Quasi-GPDs

Quasi vs. pseudo

Impact parameter distribution:

Pseudo-GPDs S. Bhattacharya et al. Rg2 | b
GPDs moments PRD109(2024)034508 ] GPD(X;b2) = H—Fe P77 GPD(xt)
Summary ,
0.5 1
3 1 6 I 1
-t=2.24 GeV?2 t=2.24 GeV?
2.5 t=1.49 GeV?2 t=1.49 GeV?2
-t=1.36 GeV2 -t=1.36 GeV2
2 F =1.22 GeVZ mmmm i t=1.22 GeVZ mmmm |
t=0.79 GeV2 4 t=0.79 GeV2
15 F -t=0.64 GeV? I -t=0.64 GeV? mE-
-t=0.33 GeV?2 3} -t=0.33 GeV?2 -
T 1L =017 Gev? mmmm t=0.17 GeV? N

=0 GeV? N
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t-dependence of H=H=E GPDs (quasi)

%,
R %
P ks
f
J
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3 .
t=2.24 GeV? =(1 ;0;0)) t=0:17 GeV
Nucleon structure 2> =149 GeV? =@ 510y t=0:33 Gevz
el S -t=1.36 GeV?2 =2 ,;0;0)) t =0 :64 GeV
2 =1.22 GeV? mm— =@ ;1;0)) t=0:79 GeV?
LQCD , D1 ’
-t=0.79 GeV =2 ;2;0)) t=1:22 GeV
Setup 15 -t=0.64 GeV2 . =(3 :0:0)) t =1 :36 GeWR
First extraction o -t=8-i3 gexz =(3 ;1;0)) t =1:49 Gevg
S -t=0.17 GeV? — .- — 5.
Reference fr.ames = PP p— 4 ;0;0)) t =2 :24 GeV
GPDs de nitions 05
Quasi-GPDs '
QUastvs-psetida Impact parameter distribution:
Pseudo-GPDs S. Bhattacharya et al. Rg2 | b
GPDs moments PRD109(2024)034508 ] GPD(X;b2) = H—Fe P77 GPD(xt)
Summary
For prelim. results on transversity GPDs, see talk by Josh IMr next week @ LaMET workshop!
3 T [§) T T
-t=2.24 GeV? 1=2.24 GeV?
25 t=1.49 GeV2 5 -t=1.49 GeV? .
-t=1.36 GeV? -t=1.36 GeV?
2 =1.22 GeV? =1.22 GeV?
=0.79 GeV? 4 =0.79 GeV? i
15 -t=0.64 GeV? I -t=0.64 GeV? mE-
-t=0.33 GeV? 3 -t=0.33 GeV? .
1 -t=0.17 GeV? - t=0.17 GeV? N
=0 GeV? I
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Quasi- and pseudo-GPDs lattice procedures @ %

E’I;r?c?rﬁ(r:] zttrfﬂgttllj:g - spatial correlation in a boosted nucleon
LQCD N (P9j (2) A(z;0) (0)iN (P)i

Setup PO= P+ =, ~ { momentum transfer

First extraction lattice computation of bare ME
Reference frames v

GPDs de nitions extraction of amplitudes

Quasi-GPDs and/or GPDs
frame-dependent formulas
Pseudo-GPDs QUAS| o ~a

GPDs moments [ renormalization | renormalization
Summary \ e.g. Rl scheme e.g. double ratio

, ; \ I

reconstruction of matching to light cone )
x-dependence (F.T. irz) Y o

_ e.g. Backus-Gilbert | L In 'jpace )
Y . _
matching to light cone reconstruction of

: x-dependence (F.T. in)
in x-space :
N J e.g. tting ansatz

N T ’

light-cone PDF
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Quasi- and pseudo-GPDs lattice procedures -@ %

Egr?c?rﬁg ztt:lljg:ﬁ:g . spatial correlation in a boosted nucleon di erent insertions and projectors
LOCD N (P9j (2) A(z;0) (0)iN(P)i several™ vectors
Setup PO= P+ =, ~ { momentum transfer symmetric: each = separate calc.
First extraction lattice computation of bare ME asymmetric: many ~ at once!
Reference frames v
GPDs de nitions extraction of amplitudes
QuaS-GPDS and/or GPDs
frame-dependent formulas
Pseudo-GPDs QUAS| o ~a
gPDS moments [ renormalization | renormalization
SR e.g. Rl scheme e.g. double ratio

, ; \ I

reconstruction of matching to light cone )
x-dependence (F.T. irz) Y o

_ e.g. Backus-Gilbert | L In 'jpace )
Y . _
matching to light cone reconstruction of

: x-dependence (F.T. in)
in x-space :
N J e.g. tting ansatz

N T ’

light-cone PDF
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Quasi- and pseudo-GPDs lattice procedures -@ %

Nucleon structure spatial correlation in a boosted nucleon di erent insertions and projectors
Partonic structure in — . . _
LOCD N (P9j (z) A(z;0) (0)jN (P)i several™ vectors
Setup PO= P+ 7, = {momentum transfer symmetric: each = separate calc.
First extraction lattice computation of bare ME asymmetric: many ~ at once!
Reference frames v
GPDs de nitions extraction of amplitudes amplitudes frame-invariant
SUEEIRCIEDE and/or GPDs possible di erent de nitions of GPDs
frame-dependent formulas
Pseudo-GPDs QUAS| o ~a
gPDS moments [ renormalization | renormalization

SR e.g. Rl scheme e.g. double ratio

, ; \ !

reconstruction of matching to light cone )
x-dependence (F.T. irz) Y o

_ e.g. Backus-Gilbert | L In 'jpace )
Y . _
matching to light cone reconstruction of

: x-dependence (F.T. in)
in x-space :
N J e.g. tting ansatz

N T ’

light-cone PDF
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Quasi- and pseudo-GPDs lattice procedures @ %

’F\)'UC'GQ” structure spatial correlation in a boosted nucleon di erent insertions and projectors

artonic structure In — . . —_

LOCD N (P9j (2) A(z;0) (0)iN(P)i several™ vectors

Setup PO= P+ 7, = {momentum transfer symmetric: each = separate calc.

First extraction lattice computation of bare ME asymmetric: many ~ at once!

Reference frames v

GPDs de nitions extraction of amplitudes amplitudes frame-invariant

SUEEIRCIEDE and/or GPDs possible di erent de nitions of GPDs

frame-dependent formulas

Pseudo-GPDs QUAS| o ~a

gPDS moments [ renormalization | renormalization logarithmic and power divergence
SR . eg.Rischeme e.g. double ratio in bare MEs/GPDs

, ; \ !

reconstruction of matching to light cone )
x-dependence (F.T. irz) Y o

e.g. Backus-Gilbert L I -jpace )
Y - _
matching to light cone reconstruction of

: x-dependence (F.T. in)
in x-space :
N J e.g. tting ansatz

N T ’

light-cone PDF
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Quasi- and pseudo-GPDs lattice procedures @ %

’F\)';r‘;';ﬁg ;trfﬂgttl‘j:g . spatial correlation in a boosted nucleon di erent insertions and projectors
LOCD N (P9j (z) A(z;0) (0)jN (P)i several™ vectors
Setup PO= P+ 7, = {momentum transfer symmetric: each = separate calc.
First extraction lattice computation of bare ME asymmetric: many ~ at once!
Reference frames v
GPDs de nitions extraction of amplitudes amplitudes frame-invariant
SUEEIRCIEDE and/or GPDs possible di erent de nitions of GPDs
frame-dependent formulas
Pseudo-GPDs QUAS| o ~a
gPDS moments [ renormalization | renormalization logarithmic and power divergence
SR e.g. Rl scheme e.g. double ratio in bare MEs/GPDs
4 * . N\ ¢
. dersg(rzgztr:ggn(?:nTOfirz) [ matching to light cone | reconstruction:
o | e.g. Backus-Gilbert \ in -jpace | non-trivial (inverse problem)
A \ J
* 4 N N\ . .
matching to light cone TEEEMSILEI € matching:
in x-space X'depend?nce (FT |n) needs |arge boosts
- g | B WpEmEElz ) valid up to HTEs
\ A
z light-cone PDF

Krzysztof Cichy Leading-twist GPDs from Lattice QCD ECT Trento 2024 workshop 12/ 21
y



Quasi- and pseudo-GPDs lattice procedures @ %

’F\)';r‘;';ﬁg ;trfﬂgttl‘j:g . spatial correlation in a boosted nucleon di erent insertions and projectors
LOCD N (P9j (z) A(z;0) (0)jN (P)i several™ vectors
Setup PO= P+ 7, = {momentum transfer symmetric: each = separate calc.
First extraction lattice computation of bare ME asymmetric: many ~ at once!
Reference frames v
GPDs de nitions extraction of amplitudes amplitudes frame-invariant
SUEEIRCIEDE and/or GPDs possible di erent de nitions of GPDs
frame-dependent formulas
Pseudo-GPDs QUAS| o ~a
gPDS moments [ renormalization | renormalization logarithmic and power divergence
SR . eg.Rischeme e.g. double ratio in bare MEs/GPDs
4 * . N\ ¢
. dersg(rzgztr:ggn(?:nTOfirz) [ matching to light cone | reconstruction:
o | e.g. Backus-Gilbert \ in -jpace | non-trivial (inverse problem)
A \ J
* 4 N N\ . .
matching to light cone TEEEMSILEI € matching:
in x-space X'depend?nce (FT |n) needs |arge boosts
‘ ~ g | B WpEmEElz ) valid up to HTEs
A/
’ light-cone PDF the nal desired object!
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\%E Pseudo-GPDs 4/

Pseudo-ITDs (dOUble'ratiO renormalization): A. Radyushkin, Phys. Rev. D100 (2019) 116011

Nucleon structure

Partonic structure in F(P3;z) f(0;0) F =f4d ;Eg MEsof GPDs( t> 0)
LQCD F (Pg, Z) = : . )

f(0;z) f(P3;0) f MEs of PDFs (t =0)
Setup ) )

First extraction
Reference frames
GPDs de nitions
Quasi-GPDs
Quasi vs. pseudo
GPDs moments
Summary
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o

Nucleon structure
Partonic structure in
LQCD

Setup

First extraction
Reference frames
GPDs de nitions
Quasi-GPDs
Quasi vs. pseudo
GPDs moments
Summary

Krzysztof Cichy

Pseudo-GPDs &
Pseudo-ITDs (double-ratio renormalization): A radyushkin, Phys. Rev. D100 (2019) 116011

F(Ps;z) f(0;0) F=fH: Eg MEsofGPDs( t> 0)

F(Ps;Z): f(O;Z) f(Pg;O) f MEs of PDFs (t =0)

can be matched to light-cone ITDs at short distances:
VA 1

F(Psi2)= F(Psi2) 5=  duC(U)(F(uPsi2) F (Psi2));
0

+ 12 2 2.2 g+1
C(u)=1 u Inz e +4In(1 u)

u 1 4 o 1 2l
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4 - ogg‘:; P 7
i ie (7}
s G Pseudo-GPDs w2
Pseudo-ITDs (dOUble'ratiO renormalization): A. Radyushkin, Phys. Rev. D100 (2019) 116011

Nucleon structure

Partonic structure in F (Pg; Z) f (0; O) F =fH ;Eg MEsof GPDs( t> 0)
LQCD F(P3;z) = : : _

f(0;z) f(Ps3;0) f MEs of PDFs (t =0)
Setup

First extraction

o can be matched to light-cone ITDs at short distances:
eference frames

GPDs de nitions C Z 1
Quasi-GPDs F(Ps;z)= F(Ps;z) —=F du C(u)(F (uPs;z) F (Ps;2));
Quasi vs. pseudo 2 0
GPDs moments 1+ u? 2 2g2 ™l In(1 u
Summary C(u) = U Ul In 2 84 +4 EJ 1 ) 2(u  1):
Given matched ITDs one can reconstruct-dependent GPDs:
YA 1
ReF(; )= dx cos(x )Fy(X; );
0
YA 1
IMF(; )= dx sin( X )Fvas(X; )
0
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Nucleon structure
Partonic structure in
LQCD

Setup

First extraction
Reference frames
GPDs de nitions
Quasi-GPDs
Quasi vs. pseudo
GPDs moments
Summary

Krzysztof Cichy

Pseudo-GPDs

Pseudo-ITDs (double-ratio renormalization): A radyushkin, Phys. Rev. D100 (2019) 116011

F(Ps3;z) f(0;0)

F = fH ;Eg MEs of GPDs (

F(P3;Z): f(O;Z) f(Pg;O) f MEs of PDFs (t =0)
can be matched to light-cone ITDs at short distances:
e £t
F(Ps;2)= F(P3;2) ——  duC(u)(F(uPs;2) F (Ps;2);
0
1+ u?, z* %e?E* In(1 u)
= I +4 2 1):
cw=G—h—73 o 1 b
Given matched ITDs one can reconstruct-dependent GPDs:
YA 1
ReF(; )= dx cos(x )Fy(X; );
0
yA 1
IMF(; )= dx sin( X )Fvas(X; )

using a tting ansatz:

F(x)= Nx?@Q x)°@+cx™@ x)%):
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i%;é@ Reduced ITDs

ReH

ReH

0.6{.&%‘&
0.4
0.2

0.0

—0.2 1

")

o HIH HOH

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

0.0

—0.2 1

o HIH HOH

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

Krzysztof Cichy

ImH

ImH

0.5

0.4

0.3 1

0.2 1

0.1

0.0 ¢
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0.5 1

0.4 1

0.31

0.2 1

0.1

0.0 ¢

4 6 8
l/=P32

S. Bhattacharya et al., 2405.04414

—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

Leading-twist GPDs from Lattice QCD ECT Trento 2024 workshop 14/ 21




Gt

Light-cone (matched) ITDs

06£%§(§
0.4 1 %i i

o
3

HEH
ImH
HEH

P; =0.42 GeV
Py =0.83 GeV
P; =1.25 GeV
P; =1.67 GeV

0] PA Y
2

0.3 1

0.2 i 0.2
3 a®
! f
014 *®
0.0 $ i ¢
[ )
0.0 ¢
0 2 4 6 8 0 2 4 6 8

V=P32

0.6-&%}1{§

0.4 s i

ReH

HEH
ImH
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P; =1.25 GeV
P; =1.67 GeV

0.4 -

o+ HEH HOH
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0.2 1 ) 0.21
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¥
$ .
0.1-
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t .
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l/=P32

S. Bhattacharya et al., 2405.04414

Leading-twist GPDs from Lattice QCD ECT
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—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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Fitted ITDs

F(x)= Nx31 x)P

marginal or absent sensitivity
to additional t parameters

S. Bhattacharya et al., 2405.04414

Krzysztof Cichy Leading-twist GPDs from Lattice QCD ECT Trento 2024 workshop 16/ 21



Krzysztof Cichy

Fitted ITDs

Leading-twist GPDs from Lattice QCD

F(x)= Nx31 x)P

marginal or absent sensitivity
to additional t parameters

Zmax = 7a 0:65 fm
rather conservative choice

Zmax — 9a 0:84 fm
also plausible
(particularly for valence)

S. Bhattacharya et al., 2405.04414
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Fitting-reconstructed GPDs in  x-space

S. Bhattacharya et al., 2405.04414

H E VALENCE

VALENCE + 2*SEA

VALENCE + SEA

Krzysztof Cichy Leading-twist GPDs from Lattice QCD ECT Trento 2024 workshop 17 /21



Fitting-reconstructed GPDs in  x-space

S. Bhattacharya et al., 2405.04414
H E VALENCE

VALENCE + 2*SEA

VALENCE + SEA

In all caseszmax = 7 a and 9a
nicely compatible

Interesting:
E obviously better-behaved!
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Nucleon structure
Partonic structure in
LQCD

Setup

First extraction
Reference frames
GPDs de nitions
Quasi-GPDs
Quasi vs. pseudo
GPDs moments
Summary

Krzysztof Cichy

H GPD from quasi vs. pseudo, t = 0:65 GeV?

S. Bhattacharya et al., 2405.04414
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Nucleon structure
Partonic structure in
LQCD

Setup

First extraction
Reference frames
GPDs de nitions
Quasi-GPDs
Quasi vs. pseudo
GPDs moments
Summary
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H GPD from quasi vs. pseudo, t = 0:65 GeV?

S. Bhattacharya et al., 2405.04414

Qualitative agreement between pseudo and quasi.
Evinced di erence as measure of unquanti ed systematicatse
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Nucleon structure
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H GPD from quasi vs. pseudo, t = 0:65 GeV?

S. Bhattacharya et al., 2405.04414

Qualitative agreement between pseudo and quasi.
Evinced di erence as measure of unquanti ed systematicatse

Reminder:

Main di erence:
quasi = factorization in x-space (LaMET),
pseudo = short-distance factorization (SDF) in -space.

Practical di erence: reconstruction of x-dependence
guasi = Backus-Gilbert,
pseudo = tting ansatz.
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t-dependence of H=E GPDs (pseudo)

S. Bhattacharya et al., 2405.04414

Qualitatively similar picture to the one from quasi-GPDs.
Quantitative conclusions after careful estimation of sysematics!
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GPDs moments from OPE of non-local operators

Short-distance factorization (SDF) can also be used to astrmoments of GPDs.
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Short-distance factorization (SDF) can also be used to astrmoments of GPDs.

n!

CMS ( 272) ilson coe cients (NNLO for u d, NLO for u + d)

. i — P : N _
For ratio-renormalizedH=E: FMS(z;p; )= =, “E-CMS( 222)Mi + O( 3cp 22),
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GPDs moments from OPE of non-local operators

Short-distance factorization (SDF) can also be used to astrmoments of GPDs.

. i — P : N _
For ratio-renormalizedH=E: FMS(z;p; )= =, “E-CMS( 222)Mi + O( 3cp 22),

n!

CMS ( 272) ilson coe cients (NNLO for u d, NLO for u + d)

Moments of impact parameter parton distributions in the trasverse plane:
Z

d>~ 5 i, ~
()= oyr Al T2)e L
Z d2~'> . -
ne () = Gz Antol T2 o Breo( TE)le 7T
1st moment 2nd moment 3rd moment 4th moment

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

Main messageprobing nucleon's 3D structure with LQCD
becomes feasible!

Recent breakthrough for GPDsomputationally more e cient
calculations in non-symmetric frames .

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

Obviously, GPDs much more challenging than PDFs.

Several challenges have to be overcome control of latticd a
other systematics.

Quanti cation of systematics very laborious, but crucial.
Consistent progress will ensure complementary role to phen
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Conclusions and prospects

Main messageprobing nucleon's 3D structure with LQCD
becomes feasible!

Recent breakthrough for GPDsomputationally more e cient
calculations in non-symmetric frames .

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

Obviously, GPDs much more challenging than PDFs.

Several challenges have to be overcome control of latticd a
other systematics.

Quanti cation of systematics very laborious, but crucial.
Consistent progress will ensure complementary role to phen

See the talk by Martha for twist-3 GPDs!
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H and E GPDs comparison of de nitions
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Bare matrix elements of

symmetric frame

o(
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non-symmetric frame
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Example amplitude A;
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Example amplitude As
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Example amplitude Ag
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H and E GPDs signal improvement

standard Lorentz-invariant
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Quasi- and matched H and E GPDs
STANDARD DEFINITION

Quasi-GPDs s. shattacharya et al, Pro106(2022)114512 - Matched GPDs
H-GPD E-GPD H-GPD E-GPD

LORENTZ-INVARIANT DEFINITION
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GPDs moments from OPE of non-local operators

Short-distance factorization of ratio-renormalizét:E :

X (izP) s

FYS(z;P;) = ——Cao( *Z)"i + O( ep2Y);

n=0
CMS ( 2z2) wilson coe cients (NNLO for u d, NLO for u + d)

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

~Also
higher moments!

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

Moments of impact parameter parton distributions in the niverse plane:

Z P~
? ~ ' T
n+1 (D7) = 2 )'2 An+1-0( ’2))9 LA :
T _ 2 d?~ 5 2y, Y - D =5 .
1st moment 2nd moment 3rd moment 4th moment

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