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

How does the mass of the nucleon arise?

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

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

for the upcoming years!

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

Transverse position of quarks: GPDs.

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

Wigner Distributions

Generalized parton distributions (GPDs): :

- Q.
& Wi ki, r) O,‘“fz@ﬁ

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

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

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

Form Factors
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Partonic structure 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)

Krzysztof Cichy

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 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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Partonic structure from Lattice QCD @ %

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, vo: G1,Ga,G5,G 4 (vector twist-3)
iliary light k-B Miiller, 2007 ’ e L
: ::):s::?st:'?but?ounasr— Ji ;?)lig e AXIAL VECTOR: v570, v5v3: H,E _(helicity twist-2)
* “good lattice cross sections” — Ma, Qiu, 2014 Y571: V572 G1,G2,G3,Gy (aX|a-I vect-or twist-3)
* pseudo-distributions — Radyushkin, 2017 TENSOR: 173, ’72731 ,HT,ET,H'T,ET (transversity twist-2)
* “OPE without OPE” — QCDSF, 2017 v1v2: Hy,E5 (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))
7 ¢
~ 1 d
, N Q@ P) = [ 85 C (2,4 ) aly, 1) + O (Myen/PE, M3/ PF)
quasi-PDF pert.kernel PDF higher-twist effects

Krzysztof Cichy Leading-twist GPDs from Lattice QCD — ECT* Trento 2024 workshop — 3 / 21



G
.

Setup ¥,
Ollaporat®™

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

;‘;etr::zrea‘;:::es e lattice spacing a ~ 0.093 fm,

GPDs definitions * 323 X 64 = L~3 fm'

Quasi-GPDs e m,. ~ 260 MeV.

Quasi vs. pseudo

Pseudo-GPDs Kinematics:

SPDS moments e nucleon boosts up to P; = 1.67 GeV,

Hmmany e momentum transfers: —¢ < 2.76 GeV/?, most data: —1 = 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) arXiv:2405.04414

Twist-2 transversity GPDs S. Bhattacharya et al. (ETMC/BNL/ANL) in preparation
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é%@ First extractions of z-dependent GPDs @ %
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unpolarized ETMC, Phys. Rev. Lett. 125 (2020) 262001 helicity
3 1 1 \ 1 3 _ I Il\ 1
— — H(z)-GPD, ¢=0 | \ — — H(z)-GPD, £=0 1\
— — H(2)-GPD, £ = [1/3]| | \ — — H(z)-GPD, ¢ = [1/3|| I\
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P3=1.25GeV [\ \ AN "
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d 5 061 E+ + 2H related to
} Pr — 1.5 GoV a ; transverse spin strugture
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Standard symmetric (Breit) frame:
Nucleon structure source momentum: P; = (E, P — A/2),

Partonic structure in 2, -

;QtCD sink momentum: Pr = (E, P+ A/2).
etup

First extraction

GPDs definitions

Quasi-GPDs

Quasi vs. pseudo

Pseudo-GPDs

GPDs moments

Summary
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GPDs in different frames of reference @

Standard symmetric (Breit) frame:

sucleo_n structure source momentum: PZ (E P A/Q)
artonic structure In
LQCD sink momentum: Py = (E,P + A/Z).
Setup
First extraction Lattice perspective:
GPDs definitions construction of the 3-point correlation functions required for the MEs
guaSi-GPDs ; needs the calculation of the all-to-all propagator
uasi vs. pseudo o . . ] ) . .
Pseudo-GPDs preferred way: “sequential propagator’ — implies separate inversions

GPDs moments

(most costly part!) for each P;.

Summary

Hence, separate calculation for each momentum transfer Al
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Nucleon structure
Partonic structure in
LQCD

Setup

First extraction
GPDs definitions
Quasi-GPDs
Quasi vs. pseudo
Pseudo-GPDs
GPDs moments

Summary
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GPDs in different frames of reference VB

Standard symmetric (Breit) frame:

source momentum: P; = (E,P — A/2),

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

Lattice perspective:

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

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

Hence, separate calculation for each momentum transfer Al

Asymmetric frame:
source momentum: P; = (E;, P — A),
sink momentum: Py = (Ey, P).
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Nucleon structure
Partonic structure in
LQCD

Setup

First extraction
GPDs definitions
Quasi-GPDs
Quasi vs. pseudo
Pseudo-GPDs
GPDs moments

Summary
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GPDs in different frames of reference -@

Standard symmetric (Breit) frame:

source momentum: P; = (E,P — A/2),

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

Lattice perspective:

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

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

Hence, separate calculation for each momentum transfer Al

Asymmetric frame:

source momentum: P; = (E;, P — A),
sink momentum: Py = (Ey, P).
Lattice perspective:

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

Main theoretical tool: unpolarized: S. Bhattacharya et al., PRD106(2022)114512
Lorentz-covariant parametrization of matrix elements:
w w . A we _zA we _zA wy zA
FH(z, P, A)Zﬂ(p',/\')[P—A1+mz“A2+A—A3+ima“zA4+w A5+P Y Ag+ Ay oo As}u(p,/\),
m m m m m m

jetPzA - pPH— —— AM pPH AR
A1 +~y*v5 Ao +s (—A3+mz“A4+—A5> +mzys <—A6+mzﬂA7+—A8>} u(p, \)
m m m m m

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

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%).
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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)

1.4 |
1.2 |

1k
0.8

Re A;

04 r
0.2 r

0
-0.2

0.6

04 r

02 r

Im A;
o

-0.2

04 |

-0.6

0.6

A, nonsym —s— |

¢ A; sym
13 As nonsym —o—
o Ag sym
i i
¢ ¢
il i
¢ o ¢
¢ ¢
g gd
eeppgpppgan” ®glcappneeee
-15 -10 -5 0 5 10 15
PRD106(2022)114512  S. Bhattacharya
i
?Ffﬁtﬁ&
¢a )
¢o ¢
;o0 o
gz
dadfdaon® e TIELLLL
ngd
g
& )
a 2
@'Q@&A
53¢
-15 -10 -5 0 5 10 15

Krzysztof Cichy

Leading-twist GPDs from Lattice QCD — ECT* Trento 2024 workshop — 8 / 21

Re

Im

Proof of concept (comparison between frames)

:fl\;, As (helicity leading ones)
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GPDs — possible definitions

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

SYMMETRIC frame:

z(A% + A%) z (4E2 — A% — A%)

F = A Ag F = -A 2A5 + Ag .
£(0) 1+ P 6 E(0) 11+ 2A5 2P 6
ASYMMETRIC f : A m2zA z(A2 + A2 2(A3 4+ AgAZ?
Py 2Py P3 2P3 2Py P3
Ag m22(Ag + 2Py) 2 (A% +2PAg +4PF + A7) 2080 (A% +280P) +4PF + A7)
F (0) =—A1——A3— Ag4+2A5— Ag— As .
E Py 2Py P3 2P3 2Py P3

Krzysztof Cichy Leading-twist GPDs from Lattice QCD — ECT* Trento 2024 workshop — 9 / 21



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

SYMMETRIC frame:

(AT + A3) z (4E% — A% — A3)

F = A1 + Ag , F = —A; +2A5 + Ag .
H(0) 1 2P3 6 E(0) 1 5 2P3 6
ASYMMETRIC f : A m2zA 2(AZ + A? 2(A3 4+ AgAZ2
Py 2Py P3 23 2Py Ps
Ao m2z(Ag + 2Pp) 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.).
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%% 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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UNPOLARIZED HELICITY

Convergence of alternative definitions of H/H/E

7]
@%@

4 : 4
H 1—069GV P;-OSBG V E t—069G % P3 =0.83GeV|| Iz, =13 Htilde 1069GV P1—083G V Znax=13
H -t=0.69 GeV? S P3=1.25 Gev E -1=0.69 GeV? S P3=1.25GeV Zyax=11 Htilde -t=0.69 GeV? J P3=1.25 GeV Zyay= 9
H -t=0.69 GeV> S P3=1.67 GeV| Et_069GV P3=1.67 GeV| Zyay= 9 Hiilde -t=0.69 GeV> S P3=1.67 GeV Zyy= 7
3t H -=2.76 GeV? P;=1.25 GeV 3t E -t=2.76 GeV? P;=1.25 GeV Zyay= 7 3 Hiilde -t=2.76 GeV> P;=1.25 Ge Zyay= 7
N N N ‘
*l Al A l Al A A *l A A A
Q
- ) 416 - ) £35) 416 2, A6, A7
e}

OxXx>0O=2>—W0n

Yo operator (non-LI) V53 operator (LI)
H-GPD E-GPD H-GPD
o operators (L1) V570, V5T operators (L)

4 ‘ w
Hy; 1=0.69 GeV?2 2P3=0.83 GeV By, 1=0.69 GeV? >P1=0.83 GeV Zoa=13 Htilde, | -t=0.69 GeV? > Py=0.83 Ge v =13
Hy -=0.69 GeV2 Py=1.25 GeV B -1=0.69 GV Py=1.25 GeV Zy=11 Hiildey; 1=0.69 GeV> Py=1.25 GeV Zny= 9
Hy; -1=0.69 GeV2 P3=1.67 GeV Ey; -t=0.69 GeV’ P3=1.67 GeV L= 9 T Hiildey -t=0.69 GeV> P3=1.67 GeV L= 7
3k Hy; -t=2.76 GeV? Py=125 GeV | 3k Eq; -1=2.76 GeV? P,=1.25 GeV = 7 3L Hiildey; -t=2.76 GeV> P;=1.25 GeV| L= 7

I~ T~

| Ay Ag

— —

! 0.5 0 0.5 1 ! 0.5 0 0.5 1 ! 0.5 0 0.5 1

2T A17A57A6

ELl
Htilde

m<——>=Z2xm—4dr >
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Convergence of alternative definitions of H/H/E % %
- g /HIE &

UNPOLARIZE HELICITY

H =0.69 GeV? >Py=0.83 GeV t069GV P,=0.83 GeV|| |z =13 Hiilde 1=0.69 GeV2 P1—083GV Zoa=13

H -1=0.69 GeV? Py=1.25 GeV -=0.69 GeV? Py=1.25 GeV Z=11 Hiilde -=0.69 GeV? P3=1.25 GeV L= 9

H -1=0.69 GeV> P3=1.67 GeV| E =069 GeV> P3=1.67 GeV/ = O Hiilde -t=0.69 GeV> P3=1.67 GeV| Ziny= 7
3k H -=2.76 GeV? P;=1.25 GeV 3k E -t=2.76 GeV? P;=1.25 GeV = 7 - 3k Hiilde -t=2.76 GeV> P;=1.25 Ge To= 7

~— ~— ~— ‘

gl Al,A6 g 17A57A6 | s 7 A27A67A7

H
Htild

OxXx>0O=2>—W0n

o

L L _ L L
-1 -0.5 0 0.5 1 -1 -0.5 0 0.

Vo operator|(non-LI) V53 operator (LI)
H-GPD E-GPD H-GPD
"o, 71 operators (L) V570, V5T operators (L)

4 ‘ w
Hy; 1=0.69 GeV?2 2P3=0.83 GeV Zonax=9 By, 1=0.69 GeV? >P1=0.83 GeV Zoa=13 Htilde, | -t=0.69 GeV? > Py=0.83 Ge v =13
Hy -=0.69 GeV2 Py=1.25 GeV L =7 B -1=0.69 GV Py=1.25 GeV Zy=11 Hiildey; 1=0.69 GeV> Py=1.25 GeV Zny= 9
Hy; -1=0.69 GeV2 P3=1.67 GeV o Ey; -t=0.69 GeV’ P3=1.67 GeV L= 9 T Hiildey -t=0.69 GeV> P3=1.67 GeV L= 7
3k Hy; -t=2.76 GeV? Py=125 GeV | 3 Eq; -1=2.76 GeV? P,=1.25 GeV = 7 3L Hiildey; -t=2.76 GeV> P;=1.25 GeV| L= 7

I~ T~

A17A57A6 gl A27A6 ‘

ELl
Htilde

m<——>=Z2xm—4dr >

Krzysztof Cichy i i je€ QCD — ECT™* Trento 2024 workshop — 10 / 21



= i/02 @
Convergence of alternative definitions of H/H/E % %
g~ g [H/E &

UNPOLARIZE HELICITY

4 ; 4
H1069GVP =0.83 GeV Za=d t069GV P,=0.83 GeV|| |z =13 Hilde 1069GVP =083 GeV Zoa=13
H -t=0.69 GeV> P3 1.25 GeV Znay=7 -1=0.69 GeV? S Py=125GeV =11 Htilde -t=0.69 GeV> P3 1.25 GeV L= 9
Ht069GV Pi=167GeV|  z,,,=7 W E -t=0.69 GeV* > Py=1.67 GeV = O Hiilde t069GV P, l67GV Ziny= 7
3 H =7 na= 7 3 7 m—

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

il A17A6 | | il 17A57A6 [

H
E
Htild

OxXx>0O=2>—W0n

Vo operator|(non-LI) V53 operator (LI)
H-GPD E-GPD H-GPD
0,77 operators (LI) V570, V5T operators (LI)

4 ‘ ‘
Hy; 1=0.69 GeV?2 >Py=0.83 GeV Zonax=9 By, 1=0.69 GeV? 2 Py=0.83 GeV Htilde, | -t=0.69 GeV? D Py= 0.83 GeV =13
Hy; -t=0.69 GeV> 2P3=125GeV Py Ey; -t=0.69 GeV? >Py=125GeV Htilde,, tO69GV P;=1.25 GeV Zny= 9
HLItO6QGV P;=1.67 GeV L= EL11069GVP =1.67 GeV HtIdLIt069GV P;=1.67 GeV o= 7
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Quasi- and pseudo-GPDs lattice procedures

spatial correlation in a boosted nucleon

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

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

v

extraction of amplitudes
and/or GPDs
frame-dependent formulas

- - \ - -
renormalization renormalization
e.g. Rl scheme e.g. double ratio

- J

, ; \ !

reconstruction of
x-dependence (F.T. in 2)

matching to light cone |

. In v-space
e.g. Backus-Gilbert L *p
& J
v s ,

[ matching to light cone | CERME LS €f
ng & x-dependence (F.T. in )
in x-space o

\ J e.g. fitting ansatz

J/

S T

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

spatial correlation in a boosted nucleon

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

P =P+A,
lattice computation of bare ME

v

extraction of amplitudes
and/or GPDs
frame-dependent formulas

/A — momentum transfer

- - \ - -
renormalization renormalization
e.g. Rl scheme e.g. double ratio

- J

, ; \ I

reconstruction of
x-dependence (F.T. in 2)

matching to light cone |

. In v-space
e.g. Backus-Gilbert L *p
& J
v s ,

[ matching to light cone | CERME LS €f
ne & x-dependence (F.T. in )
in x-space o

\ J e.g. fitting ansatz

J/

S T

light-cone PDF

different insertions and projectors

several A vectors

symmetric: each A separate calc.
asymmetric: many A at once!
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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(P)[5(z)T Az, 0)%:(0)| N (P))

P =P+A,
lattice computation of bare ME

v

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

- J

, ; \ I

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

/A — momentum transfer

amplitudes frame-invariant
possible different definitions of GPDs

logarithmic and power divergences
in bare MEs/GPDs

e.g. Backus-Gilbert N J
& J *
v e :
‘ : : ) reconstruction of
matching to light cone

: x-dependence (F.T. in )
in z-space o
\ J e.g. fitting ansatz
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light-cone PDF
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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
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extraction of amplitudes
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reconstruction of matching to light cone |
x-dependence (F.T. in 2) e &
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/A — momentum transfer

amplitudes frame-invariant
possible different definitions of GPDs

logarithmic and power divergences
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light-cone PDF
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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
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extraction of amplitudes
and/or GPDs
QUAS| frame-dependent formulas
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( renormalization | renormalization
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light-cone PDF the final desired object!
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Pseudo-GPDs

Pseudo-ITDs (double-ratio renormalization):

.F(P3, Z) =

F(P?nz) f(0,0)

f(O,Z) f(P37O)

A. Radyushkin, Phys. Rev. D100 (2019) 116011

F ={H,E} — MEs of GPDs (—t > 0)
f — MEs of PDFs (¢t = 0)
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Pseudo-GPDs vﬂ

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)

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

1
F(P3,2) = F(Ps,2) — a‘;CF / du C(u) (F(uPs,z) — F(Ps,z)),
T 0
C1+u? . 2PpteET In(1 —u)
C’(u)—u_lln ) +4 " —2(u —1).
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Pseudo-GPDs vﬂ

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)

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

1
F(P3,2) = F(Ps,2) — a‘;CF / du C(u) (F(uPs,z) — F(Ps,z)),
T 0
C1+u? . 2PpteET In(1 —u)
C’(u)—u_lln ) +4 " —2(u —1).

Given matched ITDs one can reconstruct x-dependent GPDs:

1
Re F(v, 1) :/ dx cos(vx)Fo(x, 1),
0

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

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

1
F(P3,2) = F(Ps,2) — a‘;CF / du C(u) (F(uPs,z) — F(Ps,2)),
T 0
C1+u? . 2PpteET In(1 —u)
C’(u)—u_lln ) +4 " —2(u —1).

Given matched ITDs one can reconstruct x-dependent GPDs:

1
Re F(v, 1) :/ dx cos(vx)Fo(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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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., 2405.04414
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? Fitting-reconstructed GPDs in z-space @
¥/ lapora®

—t = 0.65 GeV?

Zmax = 0.46 fm
Zmax = 0.65 fm
Zmax = 0.84 fm
Zmax = 1.02 fm

3 H

S. Bhattacharya et al., 2405.04414

VALENCE

VALENCE + 2*SEA

VALENCE + SEA
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—t = 0.65 GeV?

Zmax = 0.46 fm
Zmax = 0.65 fm
Zmax = 0.84 fm
Zmax = 1.02 fm

3 H

0.0 0.2 0.4

—-1.0 —0.5

Krzysztof Cichy

0.6

0.8

0.5

1.0

S. Bhattacharya et al., 2405.04414

VALENCE

VALENCE + 2*SEA

VALENCE + SEA

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

Interesting:
£ obviously better-behaved!
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H GPD from quasi vs. pseudo, —t = 0.65 GeV?>

S. Bhattacharya et al., 2405.04414
4

—t =0.65 GeV?

Partonic structure in 3 —— pseudo .

LQCD —— quasi
Setup

Nucleon structure

First extraction
Reference frames
GPDs definitions
Quasi-GPDs . .
Quasi vs. pseudo

—K\
GPDs moments —1.0 —0.5 0.0 0.5 1.0 —1.0 —0.5 0.0 0.5 1.0

Summary

0
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3%};% H GPD from quasi vs. pseudo, —t = 0.65 GeV?> @ %

S. Bhattacharya et al., 2405.04414
4

N — = 2
Nucleon structure t =0.65 GeV

pseudo

Partonic structure in 3 3
—— quasi

LQCD

Setup

First extraction
Reference frames
GPDs definitions
Quasi-GPDs

ANN

_ 0 0
Quasi vs. pseudo N
Pseudo-GPDs
—1
GPDs moments —1.0 —0.5 0.0 0.5 1.0 —1.0 —0.5 0.0 0.5 1.0
xr xr

Summary

Qualitative agreement between pseudo and quasi.

Evinced difference as measure of unquantified systematic effects.
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T 11 GPD from quasi v, pseudo. 1 — 05 Gav' @ [

Nucleon structure
Partonic structure in
LQCD

Setup

First extraction
Reference frames
GPDs definitions
Quasi-GPDs
Quasi vs. pseudo
GPDs moments

Summary

Krzysztof Cichy

S. Bhattacharya et al., 2405.04414
4

4
—t = 0.65 GeV?

pseudo

—— quasi

0

0

| A
R

—-1.0 —0.5 0.0 0.5 1.0 -1.0 —-0.5 0.0 0.5 1.0
x 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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% t-dependence of H/E GPDs (pseudo) @

S. Bhattacharya et al., 2405.04414

Zmax = 0.65 fm
Nucleon structure —t = 0.17 GeV?
Partonic structure in 3 e gg;
LQCD 1= 081 GV
e 2 Cinoy
First extraction = -2 Ga?

Reference frames
GPDs definitions
Quasi-GPDs

Quasi vs. pseudo

—1.0 —0.5 0.0 0.5 1.0
Pseudo-GPDs ’ o 7

GPDs moments

Summary

1.0

Qualitatively similar picture to the one from quasi-GPDs.
Quantitative conclusions after careful estimation of systematics!
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Short-distance factorization (SDF) can also be used to extract moments of GPDs.
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€.3 25 e Y 7
\%%i% GPDs moments from OPE of non-local operators @ %

%aporat®

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

For ratio-renormalized H/E: FMS(z, P,A) =X, _o S22 ONB (1222) (2™) + O(AZ op2?),

n!

C};/I—S(/LQZQ) — Wilson coefficients (NNLO for u — d, NLO for u + d)
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GPDs moments from OPE of non-local operators @ %

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. 0.00 0. 0.00 0. 0.00
24 X 038 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]

oL
oo
oo
oo

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

S. Bhattacharya et al. (ETMC/BNL/ANL) PRD 108(2023)014507
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Nucleon structure
Partonic structure in
LQCD

Setup

First extraction
Reference frames
GPDs definitions
Quasi-GPDs
Quasi vs. pseudo
Pseudo-GPDs
GPDs moments

Krzysztof Cichy

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 Obviously, GPDs 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!
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Conclusions and prospects

Nucleon structure
Partonic structure in
LQCD

Setup

First extraction
Reference frames
GPDs definitions
Quasi-GPDs
Quasi vs. pseudo
Pseudo-GPDs
GPDs moments

Krzysztof Cichy

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.

Obviously, GPDs 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!

See the talk by Martha for twist-3 GPDs!
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Nucleon structure
Partonic structure in
LQCD

Setup

First extraction
Reference frames
GPDs definitions
Quasi-GPDs
Quasi vs. pseudo
Pseudo-GPDs
GPDs moments

Summary

Backup slides

GPDs moments
GPDs moments

Krzysztof Cichy

A Twisg,
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& N

&,
-
%

Q .
laborat™

Backup slides
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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— |

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
oon
T H1L w2068 L1 L)
=.
)
L] )
[ ]
i e
;e
-15 10 5 0 5 10 15
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.
i%;%é Bare matrix elements of I1y(I'y)

symmetric frame

non-sym metric frame
Py — 1.95 GeV  mecpnecin Py — 1.95 Gev | mkomecans —
_ 2 i a0 _ 2 00 6020
s |~ = 0.69 GeV Psin.k=(—1(,0,—3) Q=(-2.0.0) —o— 0s|— L = 0.64 GeV Psink=(0.0.-3) Q=(-2.0.0) ++
E=0 | % ko019 00,20 - LT3 pinke00,3) 020,20
B 06 F % i }}%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 % o ]
02 ; %ﬁ ' @ 02 b %ﬁ, %
0 Wifdlug gﬁfﬁﬁ %E&E ié %@ﬁfﬁiﬁ G 0 mﬁf;ﬁi@i%@g%ﬂ & %ﬁ} g##@ﬁi e
M 0 s 0 s 10 s R TR : T
“ 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
£ Efaﬁﬁ [ L I8 zasaas S I
T ffif?ef%} h wnﬁé T T 13 H | f?ﬁ%%ﬁ
) %@ MMH ﬁ H H%ﬁ }ﬁ
o e
5 10 s o0 s 10 s 5 1 s 0 5w
z/a
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15
z/a
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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
08 | £=0 ? k01 0020 | 08 | £=0 ﬂ 00, 20— T
% ﬁ T %Psmk-(o,l,@ Q=(0,2,0) # Psink=(0,0,-3) Q=(0,2,0)
06 % average —>— | _ 06 F 4 average ——— |
%ﬁﬁ % Re : ! tI
04 L : 04 | , .
4 % f gii
02 | % % ﬁ %%% b 02 | 7@@ i é :
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
, i5xt $ 1 S TYPI . B |
E %iﬁf*%%&f H}l e T O‘?Eﬁiftf?@%% %ﬁ ﬁggé@%@@
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) |
: — O 69 G V2 [ Psink=(0,1,3) Q=(0,2,0)
—l = 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 A5
—ei=ta—
R Saan
[NSS S = s

E

0 F@%@%@@ﬁ@ %%%%%%ﬂ%%% 22
-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

E O HH ﬂ% Eﬁfﬁﬁfi“ m %?@??ﬁﬁf%w M ; ;;#gggﬁ
| § ”MHWWW
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/ — &(\éed Twisjped@
% T (] £ P ‘ &
\_E%? Example amplitude Ay

symmetric frame non-symmetric frame

‘ ‘ ‘ " Psink=(-1,0,3) Q=(-2,0,0) —=— ‘ ‘ ‘ " Psink=(0.0.3) Q=(-2.0,0) =
| P3 = 1.25 GeV Pink(1.0.3) 0=(2,0.0) o | sl P3 = 1.25 GeV- Peink=(0.0.3) Q=(20.0) -+ |
' Psink=(0,-1,3) Q=(0,-2,0) ’ 5 Psink=(0,0,3) Q=(0,-2,0)
o Psink=(0,1,3) Q=(0,2,0) o Psink=(0,0,3) Q=(0,2,0)
sink=(1,0,- =(2,0,0) —=— sink=(0,0,- =(2,0,0) —=—
021 f =0 Psink=(0.-1.-3) Q=(0.-2.0) ) 02 r 5 =0 Psink=(0,0,-3) Q=(0,-2,0) A
Psink=(0,1,-3) Q=(0,2,0) i Psink=(0,0,-3) Q=(0,2,0)
§ 1 average +——x—t WT ; % average ——x—
© ), © E Eop
f 0 u«uu,u{xuﬂﬁririrfff%ﬁ%4 > ﬁﬁg@%ggggmgmuu i 0 ;ﬂm;ﬁiﬁiiiﬁﬂﬁi?i‘f‘#gg d ve || L :%%%%i%!ﬁiﬁﬁjﬁiﬂﬂiﬁiﬂiﬂ{i,
: Re : [
"1 % f
it
02 | 1 E 02 j R
04 ! : 04 | 1 R
-15 -10 5 0 5 10 15 -15 -10 5 0 5 10 15
“ S. Bhattacharya et al., PRD106(2022)114512  *
04 - : 04 R

ﬁ | i T T ‘I) | i i % i
ﬁg‘)&% T%B 2 ‘t?qﬁw % 5t
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standard

Im H

=

0.8

0.6 |

04 |

02 |

-02

-04

H and E GPDs — signal improvement

| orentz-invariant

"average Psink=(-1.0.-3) Q=(2.0.0) o
Psink=(-1,0,3) Q=(-2,0,0) —=— Psink=(1,0,-3) Q=(2,0,0) —=—
Psink=(1,0,3) Q=(2,0,0) —a— Psink=(0,-1,-3) Q=(0,-2,0)
Psink=(0,-1,3) Q=(0,-2,0) Psink=(0,1,-3) Q=(0,2,0)
Psink=(0,1,3) Q=(0.2,0)
L
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A 10T L T
casibhf! g hf‘w
TR LLL Y ) oRigdd
S EERT L ’ ? & gﬂf&giﬁ ¢ §§
¥ g ﬁ
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“S. Bhattacharya et al.,, PRD106(2022)114512  *

0.8 : | | |
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0.8 I Ppgink=(-1,0.3) Q=(-2.0,0) —=— Psink=(1,0,-3) Q=(2,0,0) —&— |
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Im £

ImE

0.8

0.6

04 |

02 |

-0.2

-04

-0.6

0 '7 b T

average H——»—

Psink=(-1,0,3) Q=(-2,0,0) —=—
Psink=(1,0,3) Q=(2,0,0) &
Psink=(0,-1,3) Q=(0,-2,0)
Psink=(0,1,3) Q=(0,2,0)

Psink=(-1,0,-3) Q=(-2,0,0) e

Psink=(1,0,-3) Q=(2,0,0) o |
Psink=(0,-1,-3) Q=(0,-2,0)
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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
-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
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< %ﬁ% GPDs moments from OPE of non-local operators

Short-distance factorization of ratio-renormalized H/E:
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GPDs moments from OPE of non-local operators %
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GPDs moments from OPE of non-local operators @ %
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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 :
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