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One of the central aims of hadron physics:
to understand better nucleon structure.

This is one of the crucial expectations from

the Electron-lon Collider (EIC)!

In particular, we want to probe the 3D structure.

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

Lattice can provide qualitative and eventually Wi Distfihuims

quantitative knowledge of different functions
and their moments:

1D: form factors

1D: parton distribution functions (PDFs)

3D: generalized parton distributions (GPDs)

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

Parton Distribution Functions Form Factors
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Lattice QCD — what one should keep in

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

e Its huge strength: possibility to control all systematic
effects: cut-off effects, finite volume effects,

quark mass effects, isospin breaking, excited states, ...

e For many aspects, already precision results with
percent/per mille total uncertainty.

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

e Difficult problems need time to:

b S . D o

*

find the proper way to address

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

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

Overall, expect complementary role of lattice.
Robust quantitative statements: low moments, form factors.
x-dependence: breakthrough in recent years, but a long way to go to solid
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Approaches to z-dependence @

e Recent years (since ~ 2013): breakthrough in accessing x-dependence.

e The common feature of all the approaches is that they rely to some extent on
the factorization framework:

_ [ty
Q(z, 1R) —/ C (y,uF,uR> q(y, LF),

some lattice observable —1

e Matrix elements: (N |)(2)TF(2)I"(0)|N)
with different choices of I', I'” Dirac structures and objects F'(z).

hadronic tensor — K.-F. Liu, S.-J. Dong, 1993

auxiliary scalar quark — U. Aglietti et al., 1998

auxiliary heavy quark — W. Detmold, C.-J. D. Lin, 2005
auxiliary light quark — V. Braun, D. Miiller, 2007
quasi-distributions — X. Ji, 2013

“good lattice cross sections’ — Y.-Q. Ma, J.-W. Qiu, 2014,2017
pseudo-distributions — A. Radyushkin, 2017

“OPE without OPE"” — QCDSF, 2017

b R . D D D .
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(@ E) Lattice PDFs/GPDs: dynamical progress #

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

Qua5| distributions

Plon GPD
MSU/NTU/UR, NPB952(2020)114940

(Nucleon twist-2 PDF (Nucleon twist-3 PDF] Nucleon GPD (_APDF )
/ ETMC/Temple ETMC, PRL125(2020)262001 ETMC/PKU Meson DA Plon/Kaon PDE
L 4 PRD102(2020)111501(R), ETMC. PRD105(2022)034501 PRD102(2020)014508
ETMC. PRL121(2018)112001 helicity ] PRD104(2021)114510 MSU, PRL127(2021)182001 LP3. PRD95(2017)094514 LP3, PRD100(2019)034505
ETMC, PRD99(2019)114504 LP3, NPB939(2019)429 BNL, PRD100(2019)034516
LP3. arXiv:1803.04303 ~ ETMC. PRL121{(2018)‘112001 [NUdeon singlet PDF] MSU/NTU, PRD102(2020)094519 MSU/NTU/BNU, PRD103(2021)01451¢
ETMC. PRD99(2019)114504 ;
LPC. PRD101(20201034020  ETMC FRDINAOONISIE ey, pRDOB(20181001503(R) ETMC. PRL126(2021)102003 LPC, PRL127(2021)062002 CCNU/BNL/ANL, PRL128(2022)14200:
BNL/MSU. PRD102(2020)074504 : ETMC. PRD99(2019)114504
BNL/MSU. PRD102(2020)074504 ' ETMC. PRD104(2021)054503
ETMC. PRD103(2021)094512 : LP3. arXiv:1810.05043
MSU/NTU, 2011.14971 ETMC, PRD103(2021)094512 ’ et MSU/LANL, PRD104(2021)094511
Pseudo-distributions ‘ Current-current ’ ‘ Auxiliary light quark ’ ‘ Auxiliary heavy quark ’ ‘ OPE without OPE ’ ‘ Hadronic tensor ’
\‘ ; $
Nudl POF Pion PDF v
ucieon H
HadStruc. PRD100(2019)114512 CNucleoD Wit
Hsdigrtucv Pfﬁsgi;?;glg?gg? BNL, PRD102(2020)094513 h 4 Taiwan/MIT, arXiv:1810.12194
adStruc ] .
' v Pion DA T: MIT, PRD105(2022)034 xQCD, PRD101(2020)114503
HadStruc. PRL125(2020)232003 Gluon PDF B ° aiwan/ 05(2022)034506 . (2020)
ETMC. PRD103(2021)034510  MSU. IJMPA36(2021)13 (_Pion PDF UR, EPJCZ8(20;8)217 Nucleon GPD
HadStruc, JHEP11(2021)024 MSU. PLB823(2021)136778 HadStruc, PRD99(2019)074507  UR, PRD98(2018)094507
HadStruc. JHEP11(2021)148 HadStruc, PRD104(2021)094516 HadStruc, PRD102(2020)054508 . . Qgg;_f- 555113(1)2(22%12?21‘52%15 QCDSF, PRD105(2022)014502
adStruc, PRD105(2022)034507  MSU, arXiv:2112.03124 ReV|eWS. QEDSF, (2020)

K. Cichy, Progress in x-dependent partonic distributions from lattice QCD, plenary talk LATTICE 2021, 2110.07440

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

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

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

X. Ji et al., Large-Momentum Effective Theory, Rev. Mod. Phys. 93 (2021) 035005
M. Constantinou et al., Parton distributions and LQCD calculations: toward 3D structure, PPNP 121 (2021) 103908
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Quasi-distribution approach:
X. Ji, Parton Physics on a Euclidean Lattice, Phys. Rev. Lett. 110 (2013) 262002

Main idea:
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Quasi-distribution approach:

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

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

Krzysztof Cichy xz-dependent GPDs from LQCD — CFNS Workshop June 2022 — 6 / 26



T auws @
e %é Quasi-PDFs %%,

Quasi-distribution approach:

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

Main idea:

Krzysztof Cichy

Correlation along the ¢ -direction:
&t a(x) = g [ e ™ (NP(€ )T $(0)|N)
|N) — nucleon at rest in the light-cone frame
Correlation along the ¢ = z-direction:
§(z) = 55 [dze™ 3 (N|(2)T A2, 0)9(0)|N)

|N) — nucleon at rest in the standard frame

v
Iy
w

]

N
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Quasi-distribution approach:

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

Main idea: fo Correlation along the ¢ -direction:

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

|N) — nucleon at rest in the standard frame

]
N

Correlation along the £°-direction:

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

|P) — boosted nucleon
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Quasi-distribution approach:

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

fo Correlation along the ¢ -direction:

g(x) = 5= [de~e P € (N[p(£7)T $(0)|N)

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

Correlation along the ¢ = z-direction:

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

|N) — nucleon at rest in the standard frame

Correlation along the £°-direction:

~

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

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

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

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

quasi-PDF pert.kernel PDF higher-twist effects
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Generalized parton distributions (GPDs)

e Parton distribution functions (PDFs) — formal definition:
[, 1) = gz [ dg™e ¢ (PIY(E)TA(E, 0)0(0)| P)
o Generallzed parton distributions (GPDs):
Fa,&,t,p) = 5= [ dE=e P S (P [ (67 )DA(E,0)4(0)|P')
The only dlfFerence momentum transfer
ie. P' £ P (P"=P +Q, t=—Q?).

GPDs reduce to PDFs in the forward limit, e.g. H(x,0,0) = q(x)
Moments of GPDs are form factors, e.g. [ dxH(x,&,t) = Fi(t)
Experimental access:

* PDFs — Deep Inelastic Scattering (DIS) — ep — eX
x GPDs — Deeply Virtual Compton Scattering (DVCS) — ep — e'p'~y

Quasi-GPDs: similar procedure to quasi-PDFs
Important new aspect: 2 or 4 GPDs need to be disentangled, e.g. H and E:

M(Z,t,f; MR Faf) — ICH(va)H(Zat7§7:uR) +ICE(F7F)E(Zat7§7:uR)
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Quasi-GPDs lattice procedure 2%
( [] L] L[] \
spatial correlation in a boosted nucleon N fl t of th durel
1A WA ) MOST COS art o € procedure!
Introduction SN(P:)‘Q#(%)PA(Z, O)¢(O)’N(P)> y p = p
Nucleon structure P/ =P =F Q, C_j — momentum transfer needs Several Q VeCtorS
T=ES[pENE CTEE lattice computation of bare ME
Quasi-PDFs (S Y,
GPDs 4 * N . . .
renormalization logarithmic and power divergences
Results intermediate Rl scheme in bare matrix elements
Summary conversion to MMS scheme also: one needs to disentangle 2 GPDs types
(incl. evolution to 1 = 2 GeV) H-GPDs and E-GPDs (different projectors)

(&

,

reconstruction of xz-dependence non-trivial aspect: reconstruction of
Z-space—sx-space a continuous distribution from

Backus-Gilbert a finite set of ME (“inverse problem”)

matching to light cone needs a sufficien_tlhl large momentum
MDMS —s MS valid up to higher-twist effects

'

[ light-cone GPD } the final desired object!
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Setup

Lattice setup:

Introduction

e fermions: N; = 2 twisted mass fermions + clover term

Results . .
e gluons: lwasaki gauge action, g = 1.778
Bare ME e gauge field configurations generated by ETMC
Renorm ME
Matched GPDs e lattice spacing a ~ 0.093 fm,
T .
omsversty o 32°x64= L=23fm,
omparison
Twist-3 o m, ~ 260 MeV.
Summary

P3 PS [GeV] Nmeas
ir/L  0.83 4152
6r/L 125 | 42080
8/ L 1.67 112192

ETMC, Phys. Rev. Lett. 125 (2020) 262001
ETMC, Phys. Rev. D105 (2022) 034501
S. Bhattacharya et al., 2112.05538

Always: u — d flavor combination

Kinematics:
e three nucleon boosts (¢ = 0): 5 = 0.83,1.25,1.67 GeV,
e momentum transfer (¢ = 0): —t — 0.69 GeV?,

e nucleon boost (£ # 0): 3 = 1.25 GeV,
e momentum transfer (£ #0): —¢ — 1.02 GeV~.
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Lattice matrix elements need to be computed with 2 different projections (unpolarized/polarized).
Below for the unpolarized Dirac insertion (for unpolarized GPDs)

/ \

1al correlation in a boosted nuc

(N(P")[$(2)L A=z, 009 (0)|N (P))

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

unpolarized projector polarized projector

P, =0.83 GeV P, =0.83 GeV

— [ ——

renormalization
intermediate Rl scheme

conversion to MMS scheme
(incl. evolution to p = 2 GeV)

v

reconstruction of x-dependence
z-space—x-space
Backus-Gilbert

.

( matching to light cone |
MMS — MS
light-cone GPD

Krzysztof Cichy

1T | e Lhome
} % % 0.5 % }%
05 % ¢ 4 %[ §
o ; : 4 ;
OF LT Wl O F % rrrrrrr (I IR S Y
02t
02r Im (B p,] T Im (A p,]
O |F 8 et
& # O oo e B
“ ;4 PRI B S S ; T
0.2 t k) . # 1 $ {'
(R 5 P
04 | {1 77
0 2 4 6 8 10 0 2 4 6 8 10
z/a z/a

d TWisfeo,

Three nucleon boosts: /%3 = 0.83,1.25, 1.67 GeV < gy

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

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

spatial correlation in a boosted nucleon ME of H-function ME of E-function
(N(P)B(DAG OWOINE) | e e T
PO=—SPHE Q, @ — momentum transfer 1k Re (] % ? :i.Z? gex i Re[Fg]
latti tation of bare ME — 1 ko3 1
attice computation of bare osld 4 3 - é | {? ‘} o % % % % SR
— ‘ — 0 o @ T -
renormalization Op Boog § % R } } }
intermediate Rl scheme 05 | N A = 125 Gev ]
conversion to MMS scheme 4L : : : : R ELES =

(incl. evolution to u = 2 GeV)

\t_/ 05 | Im [Fy] | N T [Fy]

reconstruction of x-dependence 0 0 | o g g g o %
Z-space—z-space S, ' ; } }} ?} M g 4 }} % *
Backus-Gilbert 05 | LI I
~ 0 2 4 6 8 10 0 2 4 6 8 10
matching to light cone 2/a 2/a
MMS — MS |
i Three nucleon boosts: 73 — 0.83,1.25, 1.67 GeV
; ) Momentum transfer: —¢ = 0.69 GeV/?
ight-cone GPD
) Zero skewness: & = ()

ETMC, Phys. Rev. Lett. 125 (2020) 262001
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% %} Light-cone distributions

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

(N(P")[$(2)L A=z, 009 (0)|N (P)) !

S B = - P, — 0.83 GeV : P, — 0.83 GeV /
P =P+ Q, @ — momentum transfer P, —125GeV i — — P,—125GeV

lattice computation of bare ME — — Py =167 GeV i £=—069 GeV? — — Py =167 GeV i t=—0.69 GeV?
L4 ol 1 ¢=0 I i £=0
renormalization ?E | 5 I\
intermediate Rl scheme = |
conversion to MMS scheme | e— —== - N

(incl. evolution to p = 2 GeV) L *}[ """""""""""""""""""""""" 7 0 = s \[ """""""""""""""" —

/‘%\ I 05 0 05 ] r

construction of x-dependen z
2-space—z-space
Backus-Gilbert

.

matching to light cone |
MMS — MS

\ =

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

Y
; Momentum transfer: —t = 0.69 GeV/?
ight-cone GPD

y ) Zero skewness: & = ()

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

spatial correlation in a boosted nucleon H_G PD E_G PD

-0.5 0 0.5 1

Vs
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i%% Comparison of PDFs and H-GPDs

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

- — H(x)—Gfl’D, £€=0
— — H(z)-GPD, £ = |1/3|

\

| [— — fi(z) ﬂ‘\ \\ P;=1.25 GeV A
Py =1.25Gev |\ \
—t+ 0, 0.69, 1.02 GeV* | N\ '\
§=0,1/3 S
J— L§~_j \\l\\\\\\
e ==
\
-1 —OI.5 (; 0.l5 1

Important insights from models:
S. Bhattacharya, C. Cocuzza, A. Metz
Phys. Lett. B788 (2019) 453
Phys. Rev. D102 (2020) 054201
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\%% Comparison of PDFs and H-GPDs ‘£ ah* @

unpolarized ETMC, Phys. Rev. Lett. 125 (2020) 262001  “aporse® helicity
3 1 \ I 3 — 1 ll\ 1
— — H(z)-GPD, { =0 }. \ — — H(z)-GPD, £ =0 1
— — H(z)-GPD, £ = [1/3]| | \ — — H(z)-GPD, ¢ = [1/3|| I\
2 Hl=— fil@) |\ P;=125GeV - 2 H|— = ai) 1\ P;=1.25GeV -
\ AN
P3=1.25Gev [\ \ AN
—t+ 0, 0.69, 1.02 GeV* | N\ '\ 11t A N ]
— ~ N : K ity \\ _
5_07 1/3 P \f\:\\ A
- B \\\\\\\ J«- ————
O ====EZ::E::—;)V ................................... \\\:": O - =::==;:"‘::< ............................................... N
) ===\
\i
|:
] ] ] 1 i ]
1 0.5 0 0.5 1 1 0.5 0 0.5 1
X x
4 ; i r 4 — ' T '
— — H(z)-GPD | — — H(z)-GPD |
— =~ i@ i“‘\ P; = 1.67 GeV —— 9@ E‘\ Py = 1.67 GeV
P; =1.67 GeV |\ i
\ 18
2t —t =0, 0.69 GeV? [L\ 1 2t 1\ |
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%% Transversity GPDs

Transversity GPDs: ETMC, Phys. Rev. D105 (2022) 034501
4 GPDSZ HT, ET, HT, ET

Cos labor a{‘o(\

spatial correlation in a boosted nucleon| Three nucleon boosts (£ = 0): P = 0.83,1.25,1.67 GeV

(N(P)l(2)DA(z,0)%(0) [N (P)) Nucleon boost (¢ # 0): P3 = 1.25 GeV
PO=SPHE Q, @ — momentum transfer
lattice computation of bare ME Momentum transfer (¢ = 0): —¢ = 0.69 GeV”
v Momentum transfer (¢ # 0): —t — 1.02 GeV”

renormalization

intermediate Rl scheme .
conversion to MMS scheme Renormallzed M E
(incl. evolution to . = 2 GeV) Real part |maginary part

s T £=1/3

reconstruction of x-dependence

z-space—x-space ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ 1
Backus-Gilbert 151 b Fa i Fy,
Py =125 GeV ¢ g ¢ Fy
i 7 I o Py =1.25 GeV
1t Er || 0.5 Er
( . o § FET é FET
matching to light cone = 05|+ ! - . 3 }
MMS — MS ) < ) . . % O & R R Sy G ;E rrrrrrrrrr %
i S IS i Iooopo e |- y
0 ] &
. ;
e N 05 ¢ ¢ ¢ ¢ é i § ? -0.5
light-cone GPD '
& J 1 1 1
0 1 2 3 4 5 6 7 0 1 2 3 4 5 6
z/a z/a
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e e R

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

spatial correlation in a boosted nucleon

(N(P')[(z)DA(z,0)(0) [N (P))

P =P+@,
lattice computation of bare ME

@ — momentum transfer

P

renormalization
intermediate Rl scheme

conversion to MMS scheme
(incl. evolution to u = 2 GeV)

————

reconstruction of x-dependence
Z-Sspace—x-space
Backus-Gilbert

.

( matching to light cone
MMS — MS
light-cone GPD
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ETMC, Phys. Rev. D105 (2022) 034501
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£ HHH
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: Ps‘:(].&i G(‘*V . ‘
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& 05 }
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-0.5
1t57

051
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05

6ed Twis, [ed

& %

£ A %

& »
d

Imaginary part

P; = 0.83 GeV
& P=125GeV
& Py 167 GeV| |

R é#**%%
Py g t
0 i “1 (;Z/U‘B‘ 10 12 14

§ Pi=125GeV
& Py=167GeV

0 ‘2 Tt 6 Z/[, % 10 1‘2 1‘4
s Roimey |
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x-dependent GPDs from LQCD — CFNS Workshop June 2022 — 15 / 26



-

€

\v

5=

e

Transversity GPDs:

Transversity GPDs

ETMC, Phys. Rev. D105 (2022) 034501

Coltaporat®®

6ed Twis, teo’

< <5 %

£ A %

& »
[ d

4 GPDS HT’ ET’ HT’ ET H;ﬁ ¢ (g — 0) %laporat®
3 . 4 : :
spatial correlation in a boosted nucleon o 1123 SOy £=0 _ Z?f(i”; 0, ~0.69 GeV) |
(N(P)[(z)TA(=, 0 (0) [N (P)) — = P17 Gev C—omaar | 9 L mewew
PO=SPHE Q, @ — momentum transfer ] \\
lattice computation of bare ME & 2t :IA\ T
* 5

renormalization
intermediate Rl scheme

conversion to MMS scheme
(incl. evolution to u = 2 GeV)

e

construction of x-dependen
2-space—z-space
Backus-Gilbert

.

matchirito Iigﬁcone |
\ MMS — MS )
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light-cone GPD
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é%% Transversity GPDs

el

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

spatial correlation in a boosted nucleon

(N(P')[(z)DA(z,0)(0) [N (P))

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

v

renormalization
intermediate Rl scheme

conversion to MMS scheme
(incl. evolution to u = 2 GeV)

e

construction of x-dependen
2-space—z-space
Backus-Gilbert

.

matchirito Iigﬁcone |

\ MMS — MS )

\_/
Y

light-cone GPD

Vs
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%%%ED Transversity GPDs a”,
Q// %laborat®®

_ ETMC, Phys. Rev. D105 (2022) 034501
Transversity GPDs:

4 GPDs: Hy, Er. Hy. Er More fundamental quantity: Fp + 2Hr

— related to the transverse spin structure of the proton

spatial correlation in a boosted nucleon| — physically interpreted as lateral deformation in the distribution

(N (P")[$(2)TA(z, 0)9(0)| N (P)) of transversely polarized quarks in an unpolarized proton
PO=SPHE Q, @ — momentum transfer
lattice computation of bare ME

Cos /abora{‘o(\

— lowest Mellin moment in the forward limit:

: transverse spin-flavor dipole moment in an unpolarized target (k1)
renormalization — second moment related to the transverse-spin
intermediate RI scheme quark angular momentum in an unpolarized proton
conversion to MMS scheme
(incl. evolution to . = 2 GeV) 0.8 F ' ' ' .
£=0,—t=0.69 GeV?
/¥\ — — |§| =1/3,—t = 1.02 GeV? Py =1.25 GeV
construction of z-dependen 0.6 F .
z-space—rx-space . ‘
Backus-Gilbert S
i 0.4 1
s ~ T AN
matching to light cone e W
. MMS—MS N2t . RN \ -
h 4 - Ui
light-cone GPD 0 FEEEEEEE o T
1 0.5 0 0.5 1
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}fg /‘S‘t'ﬁv 2 ) . J@Qﬁ‘ 47%31 \
\%%%E Z%?) Moments of transversity GPDs "4/

2o

n = 0 Mellin moments:

. 1 oo
Introduction / dx HT(ZB, £, t) — / dx HTq (33’ &, t, P3) = ATlO(t) ,
Results —1 A
Setup ! >

deT(xafat) — dfl?ETq(ZU,f,t, P3) — BTlO(t)a

Bare ME -1 — 00
Renorm ME 1 ~ o0 ~ ~
Matched GPDs / da:HT(x,S,t) — / dCUHTq(CU,g,t,ng) = ATlO(t)a (]_)
) =
Comparison / de Ep(x,&,t) = / dx Erq(x,€,t,P3) =0,
Twist-3 -1 — 00
S THETY e lowest moments of GPDs skewness-independent,

e |owest moments of quasi-GPDs boost-independent.

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

/_ 11 dovx Hp(z,£,t) =  Apao(t),
/_ 11 dox Bp(z,€,t) = Broo(t),
/_ 11 dex Hp(x,6,t) =  Apgo(t), (3)
[ aeBren = 2%Bra, @)

e skewness-dependence only in for Ex (only £&-odd GPD).
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\%ﬂ% Moments of transversity GPDs
Moments of Hy(z,6 =0,t = —0.69 GeV?) Hr(z, £ =1/3,t = —1.02GeV?)
P, =083 GV | P; = 1.25 GV | P; = 1.67 GV P; = 1.25 GV
Hr, 0.65(4) 0.64(6) 0.81(10) 0.49(5)
Hr 0.69(4) 0.67(6) 0.84(10) 0.45(4)
cHr 0.20(2) 0.21(2) 0.24(3) 0.15(2)
Ar10 (2 =0) 0.65(4) 0.65(6) 0.82(10) 0.49(5)

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

Moments of

Er(xz, & =0,t = —0.69 GeV?)

Hr(z,6 =1/3,t = —1.02GeV?)

P3 = 0.83 GeV P3 = 1.25 GeV P3 = 1.67 GeV P3 = 1.25 GeV
Er, 1.20(42) 2.05(65) 0.67(19)
Er 1.15(43) 2.10(67) 0.73(19)
BT 0.06(4) 0.13(5) 0.11(11)
Br1o (z = 0) 1.71(28) 1.22(43) 2.10(67) 0.68(19)
Moments of Hr(z,& =0,t = —0.69 GeV?) Hr(z,& =1/3,t = —1.02GeV?)
Ps =083 GeV | P3=1.25GeV | P3=1.67 GeV Ps = 1.25 GeV
Hr, -0.44(20) -0.90(32) -0.26(9)
Hr -0.42(21) -0.92(33) -0.27(9)
cHr -0.17(8) -0.30(10) -0.05(5)
Ario (2 =0) -0.67(14) -0.45(21) -0.92(33) -0.24(8)

Similar conclusions (but very large errors).

Krzysztof Cichy
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Comparison of PDFs and GPDs @ %

(\6"’6 Twis; teey

ETMC, Phys. Rev. Lett. 125 (2020) 262001 @
ETMC, Phys. Rev. D105 (2022) 034501 v/

laborat®

X
4 T T 1 T T
—— H(x,0,—0.69 GeV?) —— H(2,1/3,-1.02 GeV?)
H(z,0,—0.69 GeV?) 08l H(z,1/3,—1.02 GeV?) ||
3t —— Hy(z,0,—-0.69 GeV?) | Hr(z,1/3,-1.02 GeV?)

T x
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i%%} Twist-3

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

Twist-3:

QUASI | TMF | mz =260 MeV | a=0.093 fm

no density interpretation,
contain important information about qgq correlations,

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

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

Exploratory studies:

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

BC-type sum rules s. Bhattacharya, A. Metz, 2105.07282

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

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

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

Krzysztof Cichy

10 |

8_

6_

g1(x)
— — gr(z)

oL
AN
S
0 _._4.‘_‘::__57\\\—7// -------------------------------- S
\
-2 L i L
-1 -0.5 0 0.5 1
T
gV W (z) lattice
gr(z) lattice
gWW(z) NNPDF1.1pol -
g¥V(z) JAM17
O F T J

x-dependent GPDs from LQCD — CFNS Workshop June 2022 — 22 / 26



e
i%%é) Twist-3

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

they appear in the factorization of structure functions.

LT: twist-2 — probability densities for finding partons carrying frac’lcoion x of the hadron momentum.

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

e no density interpretation,

e contain important information about ggq correlations,

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

e have interesting connections with TMDs,

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

e however, measurements very difficult.

Exploratory studies:

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

BC-type sum rules s. Bhattacharya, A. Metz, 2105.07282

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

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

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

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

3%% >

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

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

gipAp'}%
2m

97" Doy s
P+

heyiyg = (( N[Fs+Fg, 14+ (g v0v) [Fg + Fa,]+

Bare ME: (same lattice setup)

0.7 T T T T T T T T 0.05 — T T T
¢ (y2vs, o) Py =1.25 GeV
0-6 [ P3 = 1.25 GeV § H(71'75,F1) 0 N TR ... ) S FNN T FeooeKoood AL A i....;....i....é....i ..... i....i
| (725, T'2) a
_ 05 Commrs)|] pp it *
2 —~-0.05+ # & 1
04 L‘“ ; % ; —t = 0.69 GeV?
£ i 2 5 !
& 03} E=069GeVE L ot % + J% J& £=0
= £=0 =
= 02} : ;B . l ﬁ #
o~ g -0.15 * A
0.1+ } % A - [ ¢ II(y2vs,To)
' % % % 0.0 v (s, 1)
02 II(y2y5, ) |
Tt I I S O T L S S L el
_0-1 1 1 1 1 1 1 1 1 1 _0.25 1 1 1 1 1 1 1 1 1
0 2 4 6 8 10 12 14 16 0 2 4 6 8 10 12 14 16
z/a z/a
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First exploration of twist-3 GPDs

—

Contributions from different insertions and projectors (Q) = (Q.,0,0)):
II(~v2%~°,T): EI + éQ and C§4,

[(y*y°,T2): H + Go and Gy,
H(’yl’y5,F1): H + GGo and F + G,
II(~v1y°,T'3): Gs.

S. Bhattacharya et al., 2112.05538

P Gi+E b G

wHWH =R

—
Im[F X]
! o N
T T
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:
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% 5%- First exploration of twist-3 GPDs

e e R

~ —~ o o 2 i —~
H + G (6 =0,~t = 0.69 Gev?) E+Gy
gt —t=0.69 GeV ‘ P; =1.67 GeV |+ 25 _t— 0.69 CeV2 P;=1.67 GeV ||
sl &7 . 200 ¢_g
15+
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+ + 101
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2+ b 5+
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S. Bhattacharya et al., 2112.05538
H + G2 VS. H VS. gr (6 =0,—t =0.69, 1.39 GeV?) E+Gq
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Conclusions and prospects @ %

Ineodharion e Enormous progress in lattice calculations of GPDs!
Results
- e \Very encouraging results, but there are still major challenges

related to control of several sources of systematics.

e GPDs much more challenging than PDFs:

* signal decays with increasing —t,

* separate calculations for different —t,
* discreteness of —t,
* several projectors needed to disentangle GPDs,
* non-zero skewness — enhanced power corrections at the ERBL-DGLAP
boundary.
e [Expect:

* slow, but consistent progress,
* complementary role of LQCD and phenomenology.
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