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Introduction
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Unveil “cosmic” interior of nucleons
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Nucleons are complicated dynamical systems
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of quarks & gluons (partons)

)

1"(////////

)

2




Non-perturbative functions in QCD

kt =Pt <=

Parton Distribution Functions

PDFs (z)
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Non-perturbative functions in QCD
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Non-perturbative functions in QCD

<4=== Parton
_ Nucleon motion
Transverse Momentum-dependent Generalized Parton Distributions
Distributions
Kh=aP < Kt — 2Pt <
TMDs (z, k. ) GPDs (z,A)

k’+:l’P+¢ 2—»
d°k |




Efforts detailed in a decade worth of reports:

Electron-lon Collider (EIC) '

Polarized
Coherent Electron Electron Source

Injector Linac

RCS Injector

SCIENCE REQUIREMENTS
AND DETECTOR
CONCEPTS FOR THE

2% |
e, ELECTRON-ION COLLIDER
] €€ Yotow Report

Nucleon tomography (mapping partonic distributions) is one of the major goals of the EIC



Lattice calculations can serve as a valuable complement
to the ongoing efforts at the EIC
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o What are GPDS’? Generalized Parton Distributions

« Lattice results of GPDs @ s
e  Summary



What are Generalized Parton Distributions?

—z/2 z/2

k—A/2 k+A/2

w

GPD correlator for quarks: Graphical representation

P—A/2 P+A)2

Definition of GPD correlator for quarks:

1 dz~ 1k-z n z zZ oz z
F(z, A; N N) = 5 gek PN O(=3) TW(=5, 5)v(5)Ip A)

Z+:O,ZJ_:(_]'J_




What are Generalized Parton Distributions?

Correlator parameterized in terms of GPDs

F(CL’, E? t)

X :“average” longitudinal momentum fraction carried by parton
f . skewness parameter; longitudinal momentum transfer to nucleon

t : momentum transfer squared

/ 1 dz™~ tk-z/ 1. N\!|,]. z zZ oz z
F(z, A; N N) = 5 | 5. € CERSN[O(=5) TW(=5,5)v(5)Ip; )

z+=0,Z, =0
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What are Generalized Parton Distributions?

B e*a‘“g\j:‘
“ At twist 2 there are 8 GPDs

el

Twist-2 GPDs

,,r.—}— ,},—{-,},5 ig+_r,,r.5

U H E
Flx, €, 1) : = EJ
T E | E Hr Hj

FI] (x, A; N, \) = @/
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Motivation for studying GPDs

3D imaging (Burkardt, 0005108 ...) |

IMPACT PARAMETER SPACE INTERPRETATION FOR
GENERALIZED PARTON DISTRIBUTIONS

MATTHIAS BURKARDT*

Department of Physics, New Mexico State University
Las Cruces, New Mezico 88011, U.S.A. 1

TY

oz, ~1/Q *:

xp

f(il?,?l)

o
& ¢ ® x

3D quark/gluon dist.
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Motivation for studying GPDs

1) 3D imaging (Burkardt, 0005108 ...) |

Lattice QCD results of impact-parameter distributions:

Differential distribution of up
versus down quarks inside protons

(Temple/BNL/ANL)
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Motivation for studying GPDs

2) Spin sum rule & orbital angular momentum (Ji, 9603249) I

GAUGE-INVARIANT DECOMPOSITION OF
NUCLEON SPIN AND ITS SPIN-OFF *

Xiangdong Ji

Example:

5 = 3A%(u) + LL(p) + J9 ()
e —

J9
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Motivation for studying GPDs

'

3) Mechanical properties (pressure/shear) inside nucleon (Polyakov, Shuvaev, 0207153 ...) |

On “dual” parametrizations of generalized parton distributions ‘

M.V. Polyakov®?, A.G. Shuvaev®

Energy Momentum Tensor (EMT) carries information about mechanical properties

15




Motivation for studying GPDs

'

3) Mechanical properties (pressure/shear) inside nucleon (Polyakov, Shuvaev, 0207153 ...) |

On “dual” parametrizations of generalized parton distributions ‘

M.V. Polyakov®?, A.G. Shuvaev®

Energy Momentum Tensor (EMT) carries information about mechanical properties

Gravitational Form Factors:

LV 1 P(}.t-igr/)pl_ D
(P|O|Pr) = —a(Py) | P*PY Ap+(Ag+Bp) ———L+=]

(141" —g" 12)+ M2 C p g™ | u(Py)

o Gravitational Form Factors characterize the EMT in the context of proton
Gravitational Form Factors scattering with a graviton
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Motivation for studying GPDs

'

3) Mechanical properties (pressure/shear) inside nucleon (Polyakov, Shuvaev, 0207153 ...) |

On “dual” parametrizations of generalized parton distributions ‘

M.V. Polyakov®?, A.G. Shuvaev®

Explore mechanical properties of nucleons through connections between
Gravitational Form Factors and GPDs

—2z/2 z/2

A—I—fQD:/l dr xH
ﬁ ~1
~_GPD

' 1
Py e B—§2D:/ do zE
—1

Gravitational Form Factors
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Motivation for studying GPDs

3) Mechanical properties (pressure/shear) inside nucleon (Polyakov, Shuvaev, 0207153 ...) |

On “dual” parametrizations of generalized parton distributions ‘

M.V. Polyakov®?, A.G. Shuvaev®

LETTER

The pressure distribution inside the proton

V. D. Burkert!*, L. Elouadrhiri! & F. X. Girod!

https://doi.org/10.1038/541586-018-0060-z

QUARKS FEEL THE PRESSURE IN THE PROTON |

18

Courtesy: JLab media




Motivation for studying GPDs

4) Mass generations & chiral symmetry breaking
(SB, Hatta, Vogelsang, 2210.13419, 2305.09431) ‘

Chiral and trace anomalies in Deeply Virtual Compton Scattering:
QCD factorization and beyond ‘

Shohini Bhattacharya,®* Yoshitaka Hatta,> T and Werner Vogelsang®:*

Unraveled profound & previously undiscovered connections between
chiral/trace anomalies & GPDs

3 Eta meson mass generation: Glueball mass generation:
]
1 : | n! _ 1 1 5 ,. 1
i —m?=, I E("_E)N t—m '(-
7n . 2 G g H({E),E(ZE)N
1 b=y t—mg
] > ~
e 19




Motivation for studying GPDs

4) Mass generations & chiral symmetry breaking

(SB, Hatta, Vogelsang, 2210.13419, 2305.09431)

Novel avenue of GPD research |

Profound physical implication of anomaly poles:

Touches questions on mass generations, Chiral symmetry breaking, ...

z Eta meson mass generation:
I
1 - 8 1 : 5 "
o @~ e e o
]
1] o N
®

Glueball mass generation:

1

2

H(z), E(x) ~
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Motivation for studying GPDs

2nrp!MF(r)/GeV

Trace anomaly spatial ¢ &
distribution of the pion <2_

B. Wang, et al, Phys.Rev.D 109 (2024) 9, 094504

| §

The ChiQCD collaboration finds that for the pion the

glue trace anomaly form factor shows a

sign change in the small- r region,

consistent with predictions from chiral perturbation theory

r

0.253 GeV
0.281 GeV
0.320 GeV
0.347 GeV
0.388 GeV | |
0.468 GeV
0.539 GeV

FEFEET

0.0 0.2 0.4 0.6 0.8 1.0 1.4

r/fm

e
N
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Motivation for studying GPDs

We have numerous compelling reasons to engage in GPD studies!




Physical processes sensitive to GPDs

Deeply Virtual Compton Scattering Deeply Virtual Meson Production

( Quark GPDs, | g b
| /,,\Transversity GPDS»\\ ([ Gluon GPDs }\
N7 N > \y

Courtesy: Hyon-Suk Jo, KPS Meeting

No access to x-dependence of GPDs
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Physical processes sensitive to GPDs

Deeply Virtual Compton Scattering Deeply Virtual Meson Production

| Quark GPDs, }
(’\T ransversity GPDs/ 4

N7 N N ? NN

Courtesy: Hyon-Suk Jo, KPS Meeting

No access to x-dependence of GPDs

Complementarity: Lattice results can be integrated into global analysis of experimental data

24




Physical processes sensitive to GPDs

Exclusive production of a pair of high transverse

momentum photons in pion-nucleon collisions for
extracting generalized parton distributions Hard photoproduction of a diphoton with a large invariant mass

A. Pedrak,! B. Pire,? L. Szymanowski,! and J. Wagner!

r

Jian-Wei Qiu®? Zhite Yu¢

Access to x-dependence of GPDs




Physical processes sensitive to GPDs

We require complementary measurements of the GPDs using Lattice QCD

In recent years, significant breakthroughs have been made in our ability
to access the x-dependence of GPDs




Calculating Parton Distributions in Lattice QCD

“Physical” distributions |

Light-cone (standard) correlator -1 <z <1

F[I‘I(_'[_'. A, )‘? A/) s é / (123_ C‘i,l.-.:
9 T

x(p's N[(=2) T W(=3, 2)0(Z)|p; )

zt=%,=0
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Calculating Parton Distributions in Lattice QCD
“Auxiliary” distributions

Parton Physics on Euclidean Lattice Correlator for quasi-GPDs (Ji, 2013) DL
Xiangdong Jil+? 1 7 do®
IINPAC, Department of Physics and Astronomy, 'F([)l](-’lﬂA?/\./\’IPg) = 3 / 2; g/Fe
Shanghai Jiao Tong University, Shanghai, 200240, P. R. China '
*Maryland Qenter .for Fzmdam.ental‘ Physics, x (p’, N'|a( (=3)T Waq(-35, 5)¥(5)Ip, A)
Department of Physics, University of Maryland, 20=2, =0
College Park, Maryland 20742, USA
(Dated: May 8, 2013) * Non-local correlator depending on position =
Abstract
I show that the_parton DhV§1C§ rolatcd to corrolatlons of quarks and glnons on the hght cone [* Can be computed on Euclidean lattice
Jarge momentum limit. This observation allows practical calculations of parton properties on a,nFI| sl
T | =
[ =
._ 17 v
- A
L,
z
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Calculating Parton Distributions in Lattice QCD

“Physical” distributions ﬁ

Light-cone (standard) correlator -1 <z <1

1 i g
FPl(z, A0, N) = 5 ‘%e*»
4 i

x (P s N[P(=%) TW(=3, $)v(3)Ip; A)

“Auxiliary” distributions |

Correlator for quasi-GPDs (Ji, 2013)

—x<z<x

(v, A 8% . L
B NP = 2/

3
dZ e.ik,
27

4

20=7, =0

» Non-local correlator depending on position 2*

* Can be computed on Euclidean lattice




Calculating Parton Distributions in Lattice QCD

Essence of the quasi-distribution approach (Example: PDF)

b

Light-cone PDF:

Od.sCF

2
foos00000] file) = =7 (1‘$)(7’UV““ ; ‘2>

P4

e
> dky

D<x<l1

1
Puv = — +Indnr — g
€UV

30




Calculating Parton Distributions in Lattice QCD 'O

~saili
Essence of the quasi-distribution approach (Example: PDF) ‘

" * Light-cone PDF:
p—k
A —_— Y
"0O0000000)
P
(1a)
Quasi PDF:
(1 —2z) In Tt x>1
r—1
a,C A(1 — 2
filz,p?) = “{(1-2)In ( f)p3+x 0<z<1
2T mg
—1
(1 —x) In = —1 x <0
\ x

31




Calculating Parton Distributions in Lattice QCD 'O

~saili
Essence of the quasi-distribution approach (Example: PDF) ‘

Light-cone PDF:

k
J I
A —_— Y
"00000000)
p
(a)
Quasi PDF:
Support outside physicalregion 0 < x <1 .
(1 —2z) In +1 x>1
r—1
a,C A(1 — 2
filz,p?) = “{(1-2)In ( f)p3+x 0<z<1
2T mg
—1
(1 —2) In ’ —1 x <0
\ x

32




Calculating Parton Distributions in Lattice QCD 'O

~saili
Essence of the quasi-distribution approach (Example: PDF) ‘

Light-cone PDF:

k
J I
A —_— Y
000000007
p
(1a)
Quasi PDF: Absence of UV divergence: They manifest only after f dx
Support outside physicalregion 0 < x <1 .
(1 —2z) In +1 x>1
r—1
a,C A(1 — 2
filz,p?) = “{(1-2)In ( f)p3+x 0<z<1
2T mg
—1
(1 —2) In ’ —1 x <0
\ x
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Calculating Parton Distributions in Lattice QCD 'O

~saili
Essence of the quasi-distribution approach (Example: PDF) ‘

By construction, if one boosts the quasi-observable to infinite-momentum frame,
then it reduces to the light-cone observable
— |

Absence of UV divergence: They manifest only after [ dx | |

34




Calculating Parton Distributions in Lattice QCD 'O

>
Essence of the quasi-distribution approach (Example: PDF) ‘
il ./././3 l
/ ./././ ‘
4? — |
/ ./././
—aalll Tl il "ol 1 Absence of UV divergence: They manifest only after [ dx \‘

In lattice computations, UV cut-offs (A) are given by the finite lattice spacing a (A ~a1), and
one (naturally) deals with UV renormalization before taking the limit P? — co. The limits A — oo and P? — oo do|

not commute. which leads to non-trivial differences in the UV behavior of the quasi-PDF's and light-cone PDF's. |
T S A X 71 N = )pPsT

35




Calculating Parton Distributions in Lattice QCD

Essence of the quasi-distribution approach (Example: PDF)

Light-cone PDF:
k4 N
p—k >
A —p— Y IJJ
"0O0000000) In ——
& (9")
(la) ;‘/‘
Quasi PDF: Absence of UV divergence: They manifest only after [ dx | |
Support outside physicalregion 0 < x <1 .
(1 —2z) In ] +1 x>1
asC
fl(xapg) = QWF g O<x <l

— IR pole structure of light-cone & quasi-PDFs are same
I

36




Calculating Parton Distributions in Lattice QCD

Matching formula: | (PDF)

Matching coefficient

/

1 2 2
dy (x A M . :
~ 3\ _ A QCD N Xiong, Ji, Zhang, Zhao/ Stewart, Zhao/
q(x’ H P ) T '/_1 |y| C <y " pP3 ) Q(y’ ,u) i ( (P3)2 ? (p3)2 ) lzubuchi, Ji, Jin, Stewart, Zhao ...

Essence of the quasi-PDF approach

IR pole structure of light-cone & quasi-PDFs are same




Calculating Parton Distributions in Lattice QCD

Matching formula: | (GPD) Matching coefficient

/

.1 . 2
0 3\ _ dy 7z § p , Agep M3 t
q(-l’aéat:,uvp ) - / _C<55*E>q(y7€*t“>+o((P3)2~ (P3)2 (P3)2

f—1 ]yl

GPD matching known up to one-loop order (non-singlet & singlet)

References: (not exhaustive)

Connecting Euclidean to light-cone correlations: From

flavor nonsinglet in forward kinematics to flavor
. . : . |
singlet in non-forward kinematics

One-Loop Matching for Generalized Parton Distributions

Xiangdong Ji,1'%3 Andreas Schifer,* Xiaonu Xiong,>% and Jian-Hui Zhang'*

Yao Ji,” Fei Yao’ and Jian-Hui Zhang®’ r_




Dynamical Progress of Lattice QCD calculations of PDFs/GPDs

X
<

Lattice QCD calculations of x-dependence of PDFs & related guantities using Euclidean correlators:

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

[Nucleon twist-2 PDF

——

ETMC. PRL121(2018)112001
ETMC, PRD99(2019)114504

- ! helicity
LP3. arXiv:1803.04393

LPC, PRD101(2020)034020 ETMC. PRL121(20181112001
BNL/MSU, PRD102(2020)074504 ETMC. PRD99(2019)114504
ETMC. PRD103(20211094512 LP3, PRL121(2018)242003
MSU/NTU. arXiv:2011.14971

Y

ETMC, PRD103(2021)094512

BNL/MSU. PRD102(2020)074504

[Nucleon twist-3 PDF]

ETMC/Temple ETMC, PRL125(2020}262G(}1
PRD102(2020)111501(R), ETMC. PRD105(2022)034501 ETMC/PKU [Pion/i'(aon PDF]
PRD104(2021)114510 MSU. PRL127(2021)182001 PRD102(2020)014508
LP3, PRD95(2017)094514 LP3, PRD100(2019)034505

transve I'Slty

ETMC, PRD98(2018)091503(R)

ETMC, PRD99(2019)114504
LP3. arXiv:1810.05043
LPC, arXiv:2208.08008

ETMC/BNL/ANL, PRD106(2022)114512

Quasi-distributions

Nucleon GPD
A PDF

Pion GPD

MSU/NTU/UR, NPB952(2020)114940

LP3. NPB939(20191429 BNL, PRD100(2019)034516
MSU/NTU, PRD102(2020)094519 MSU/NTU/BNU, PRD103(2021)014516
LPC, PRL127(2021)062002 CCNU/BNL/ANL, PRL128(2022)142003
BNL/ANL, PRD106(2022)114512 BNL/ANL, PRD106(2022)114510

Nucleon singlet PDF

ETMC. PRL126I'2021‘1102003
ETMC, PRD104(2021)054503
MSU/LANL, PRD104(2021)094511

BNL/ANL, arXiv:2212.12569

[ Pseudo-distributions J {

Current-current

[ Auxiliary light quark ] {Auxiliary heavy quarkl { OPE without OPE

Hadronic tensor }

"'\—-..‘ i
Nucleon PDF Pion PDF

HadStruc, PRD96(2017)094503
HadStruc, JHEP12(2019)081
HadStruc, PRL125(2020)232003
ETMC, PRD103(2021)034510
HadStruc, JHEP11(2021)024

MSU. IJMPA36(2021113
MSU. PLB823(2021)136778

HadStruc. PRD100(20191114512
BNL, PRD102(2020)094513

A

| Pion PDF

HadStruec, PRD99(2019)074507

HadStruc, JHEP11(2021)148 H,4Struc, PRD104(2021)094516 HadStruc, PRD102(2020)054508

MSU, PRD106(2022)094510
HadStruc, PRD106(2022)094511

HadStruc, PRD105(2022)034507
HadStruc, arXiv:2211.04434
BNL/ANL, arXiv:2212.12569

Y Taiwan/MIT, arXiv:1810.12194

( Pion DA ) Taiwan/MIT, PRD105(2022)034506

UR, EPJC78(2018)217
UR, PRD98(2018)094507

\ 4
Nucleon Wy,
Nucleon GPD YQCD, PRD101(2020)114503

QCDSF, PRD105(2022)014502 \
[Nucleon Fz._,FL,]
QCDSF, arXiv:2209.04141

Nucleon Fy

QCDSF, PRL118{2017)242001
QCDSF, PRD102(2020)114505
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Compilation by Cichy, 2110.07440
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Dynamical Progress of Lattice QCD calculations of PDFs/GPDs ‘Q

This talk
Quasi-distributions

ETMC, PRL125(2020)262001

ETMC. PRD105(2022)034501

MSU. PRL127(2021)182001
ETMC/BNL/ANL, PRD106(2022)1145

Ongoing efforts:
Extended Twisted Mass Collaboration,
Jefferson Lab

Ongoing efforts:
Adelaide group

Pseudo-distributions J { OPE without OPE }

Pion PDF

HadStruc. PRD100(20

HadStruc, PRD96(2017)094503 BNL, PRD102(20

HadStruc, JHEP12(2019)081

HadStruc, PRL125(2020)232003 Gluon PDF

ETMC, PRD103(2021)034510 MSU. LUMPA36(2021)13

HadStruc. JHEP11(2021)024 1o\ pLB823(2001)136778

HadStruc, JHEP11(2021)148 1,45t ryc, PRD104(2021)094516
HadStruc, PRD105(2022}03450? MS U, PRD106(2022)094510

HadStruc, arXiv:2211.04434  HadStruc, PRD106(2022)094511 Morgado ChaveZz’ s talk

BNL/ANL, arXiv:2212.12569

Nucleon GPD

DSF, PRD105(2022)014502
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Forward-limit generalized parton distributions of
the 7.-meson

‘F



First Lattice QCD results of the x-dependent GPDs

Pion: 4 - . . . . ,
————— t=0
1 @ -
B T eeee- t=-5
N
':32\\{-\ PDF
1\ \\\\
1 "\, .. Chen,Lin, Zhang, NPB 2019
\\\\:\\§~:;‘\_.b\‘~
0 e e
0.0 02 04 06 08 10 12 14
X

As t increases, the distribution flattens |
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First Lattice QCD results of the x-dependent GPDs

Proton: 8 ! I !
— — H(z)-GPD, =0 il | —— ¢t = 0 GeV?
— — H(a)-GPD, £ = [1/3]| | \
g | |= = Fjlx) “\ \\ P;=1.25GeV -
1 t = —0.69 GeV?
t =—1.02GeV?
C. Alexandrou et. al. (PRL 125 (2020) 26, 262001)
3 05 — ¢ 0 E 05 1

T

ERBL/DGLAP: Qualitative differences

As r — 1, qualitative behavior in agreement with power counting analysis

(F. Yuan, 0311288)

42




Twist-2 GPDs
T

First Lattice QCL -1e x-dependent GPDs
PYO‘OL:A T \ E ‘ 3 |
i E(-'P)-GFLD f Py =125 GeV
— — H(z)-GPD ‘

i £=11/3)
Unpolarized '

C. Alexandrou et. al. (PRL 125 (2020) 26, 262001)

-1 -0.5 0 0.5 1

43




Twist-2:PDs

-2 H - 7" /“ﬁ%\
32 First Lattice QCI )

%

}e x-dependent GPDs

U H
[ L i e ~il
‘o“\'. T E\E [
P‘;(:F — ' T ' N~
— — E(z)-GPD 5 P3; =1.25 GeV
— — H(z)-GPD
Al §=11/3| |
Unpolarized ' |
\
S AN
— W
e /\ S| \\\\
OF;:—’—’/W/—’ o)
C. Alexandrou et. al. (PRL 125 (2020) 26, 262001)
-1 -0.5 0 0.5 1
— — E(z)-GPD
N ﬁ(I)-GPD Py =1.25 GeV
, o E=11/3
1 | Helicity / I\ |
/ 1 e, o =)\ X
/ La——itr, 5 N
4 X - ~c
o % e 0
s S J .
| — == = R B — S s
o S T T R T o R R ) (R PL R ORIl K ot T L S A L L o AN S -
C. Alexandrou et. al. (PRL 125 (2020) 26, 262001)
1 1 1 44
-1 -0.5 0 0.5 1
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2

Twis; toy

Twist-2 GPDs

Y K
EaR . . v ot 63’75
8P First Lattice QCL _
| L 7 Er
— — E(z)-GPD ? Py =125 GeV 5__mﬂﬂ
— — H(z)-GPD : —11/3 — — Hi(z,0,-0.69 GeV?)
: £=11/3| Al
1 g - — — H¥Y(z,|¢] =1/3,-1.02 GeV?)
Unpolarized i
5 \
i[r'\ —— ‘(\\\\
/ N
FEEE=S
S el
0.'__"'"— , ...................... -
C. Alexandrou et. al. (PR!. 125 (2020) 26, 262001)
— — E(z)-GPD ?
— — H(z)-GPD \ P; = 1.25 GeV
1 | Helicity } AN |
/”/“/f’d\ S
/ : \ =
i : l R i =
i faes e | L
’// ___-——x—-———-’“; e —
0 B T A SRy TR AN SR e S e ............................................... -
C. Alexandrou et. al. (PRL 125 (2020) 26, 262001)

e x-dependent GPDs

Transversity

3 —‘— — £€=0,—t = 0.69 GeV?
[— — €] =1/3,—t = 1.02 GeV?

Hr

P; =1.25 GeV

0

0.5

—— =0t =000 GoV? 7
— — |¢| =1/3,—t = 1.02 GeV? HT
T e e e e
(=Zo i =
— b S » —
= N e e
T~ { —
s : 7
~ : /
Py =1.25 GeV
. C. Alexandrou et. al. (2108.10789)
1 05 0 0.5 1

T

GPD E; is small/zero within uncertainties (not shown) )45




First exploration of twist-3 GPDs

Why twist 3?
 As sizeable as twist 2

« Contain information about quark-gluon-quark correlations inside hadrons ...




First exploration of twist-3 GPDs

Definition:

1 A3’y5

3
I — ’y 7

PO
Ngd t; P%) + 7" s F= t; P3
+ _L2m E+Gl($7§) ) )+7_L75 H+G2(x’§’ ) )

2P3

3 3
Y Y5 . D3 . Qv Y . p3
e A_L P3 Fég(l',é,t,P ) e ’I,E_L AVﬁFé4("‘c7€,t’P ) u(puA)
[D. Kiptily and M. Polyakov, Eur. Phys. J. C37 (2004) 105, arXiv:hep-ph/0212372]
[F. Aslan et a., Phys. Rev. D 98, 014038 (2018), arXiv:1802.06243]

A7




First exploration of twist-3 GPDs

oton:
PL/

FUsl(z, A; P3) = ;?ﬂ(pf, )\')[

i

61| g

H
| H, —1=0.69 GeV?
G,

a
|
I
)
>
O
)
(¢}
=

, —1t=0.69 GeV?

~1.0

0.5 1.0

E

Iy

-

Bhattacharya et al, 2306.05533

48




First exploration of twist-3 GPDs

(&)
[sa

proto™ | 1 ) 5,
FOel(z, A P?) = o5 a(ps, V) [ P! o Fala L PY) + PV o s Fi(@,6 1 PP
@Fmél(:ﬂ,é,t) Y1 0, &t P
15 S 3 . ] ~3 ]
: T A ) 1) )‘
; ~1=0.69 GeV? P )
| B =138 GeV?
10- E B —=2.76 GeV?
GPD E can not be accessed at zero skewness because it simply
5 does not contribute to the matrix element at this point

Glimpse into GPD E through twist 3 at zero skewness

Bhattacharya et al, 2306.05533
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First exploration of twist-3 GPDs

15

101

(@)
m 7

B —=138GeV?
B =276 GeV?

First indication of pion pole from Lattice QCD!

~

; 1
By —Eq~ g

—m2
M

(Penttinen, Polyakov, Goeke)

Bhattacharya et al, 2306.05533
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First exploration of twist-3 GPDs

But little hiccup ...



First exploration of twist-3 GPDs

But little hiccup ...

Traditionally, GPDs have been calculated from “symmetric frames”

T4 b o 7

Practical drawback

C Momentum transfer

symmetric between source & sink

Lattice QCD calculations of GPDs in symmetric frames are expensive

s maA_a a2 s ma_ e om_on o o

In symmetric frame, full new calculation required for each momentum transfer (/)




GPDs from asymmetric frames

All

Resolution:
momentum transfer to source

—z/2 2/2

Perform Lattice QCD calculations of GPDs in asymmetric frames:

* Reduction in computational cost
« Access to broad range of ¢ (enabling creation of high-resolution partonic maps)

C2




GPDs from asymmetric frames

All

Resolution:
momentum transfer to source

—z/2 2/2

Major theoretical advances (Bhattacharya et al, 2209.05373, 2310.13114):

« Lorentz covariant formalism for calculating quasi-GPDs in any frame

« Elimination of power corrections potentially allowing faster convergence to light-cone GPDs

CA4




GPDs from asymmetric frames

Major theoretical advances:

@entz covariant formalism for calculating quasi-GPDs in any frame

[




GPDs from asymmetric frames

a“\?\? Lorentz covariant formalism

o

Novel parameterization of position-space matrix element:

ighA PHig=A AHigD

Ag + Ag + mztic?® Ay +
m

PH AH
F(z, P,A) = a(ps, N) | — Ay +mz' Ay + —— Ag + imo™* Ay +
m m

I

AS u(p?v ’\)

Vector operator F{',, = (', N|q(—z/2)v"q(2/2)|p, \)

Z:O,EJ_ :OJ_

Features:

« 8 linearly-independent Dirac structures

- 8 Lorentz-invariant (frame-independent) amplitudes A; = A;(z - P,z - A, t = A?,2?)

Cgo




GPDs from asymmetric frames

| e . .
p\e Lorentz covariant formalism
y CAN
ex
Novel parameterization of position-space matrix element:
R TAY -z A . _zA
F(z,P,A) = u(ps, \) %Al +mzt Ag + %Ag +imot* Ay + WTZ Ag + Pio Ag + mztic?® Ay + Alio Ag] u(pi, A)
- o /|, = @5, NNa(—2/2)7"q(2/2)Ips, )
\ Traditional definition B3 s = 2=0,21 =0,
| (symmetric frame): , i OHA
=8 E = s(p;, X') |7 Hqo)(2, Ps, As)|, + T[IFQ(O (2, Ps, As) ] s (Pss A)
F
< W54 ) Quasi-GPDs are intrinsically frame-dependent
Momentum transfer
symmetric between source & sink
57




GPDs from asymmetric frames

|ey.a‘“9\i Lorentz covariant formalism
Main point:
S — . .
Q) = Qi A
7

Main point:

Calculate quasi-GPD in symmetric frame through matrix elements of asymmetric frame

A, Al ‘ |
g Wy P "

Symmetric frame Asymmetric frame

CQ




GPDs from asymmetric frames

Major theoretical advances:

Glimination of power corrections potentially allowing faster convergence to light-cone GPDs

CQ




GPDs from asymmetric frames

Relations between GPDs & amplitudes

Example: Symmetric frame 2] [22]

Q Momentum transfer

symmetric between source & sink

Quasi-GPD:

Ha(o) (Z,PS,AS) = Al E =

_|_

A e
P0,s 3 9p0,s p3.s 9 P3.s

2P0,5P3,s 2(P3,8)2 ZPO,SPS,S

(AO,S)ZSZB (AO,S)2A3,8Z3 B AO’Szg(Ai)2] 4

AO,S m2A0’Sz3 4 !(A0,8>2z3 AO,8A3,823PO,S 23(A1)2
4 -

2(P3,s)2 2P3,s

6

&0




GPDs from asymmetric frames

Relations between GPDs & amplitudes

Light-cone GPD: (Lorentz-invariant)
As/e . »
Ps/a . 4

H(z- P/ 2. A% (A%19)2) = A; + As

Quasi-GPD: (Symmetric frame)

AO,S 2A0,s 3 AO,S 2 oy AO,SAS,S 3PO,s
Heyoy (2, P?,A%) = Ay + = A4 [( - :

A e
P0,s 3 9p0,s p3.s 9 P3.s 2(P35)2
(AO’S)323 (AO,S)2A3,8Z3 AO,SZ3(A.1>2]A
— 8

e 2 P0;s p3,s B 2(P355)2 2 PO0,s P3,s

2(A1)°

2P3:s

6

[~




GPDs from asymmetric frames

Relations between GPDs & amplitudes

Light-cone GPD: (Lorentz-invariant)
As/e . »

. psla . AS/a (AS/a)2) —
H(z- P9 z - A% (A=) A1+P8/a-z

As

Contamination from additional amplitudes
or explicit power corrections |

Quasi-GPD: (Symmetric frame)

. AOS | CTEADSS  [(ADS)23  ADSANSZIpOs
HQ(O) (27P >A ): Al e = P05 A3@! 5P - 2(P375>2

(A1)

- (AO’S)323 (AO,S)2A3,8Z3 AO’SZ3(A‘1>2 4
9 P0,s P3,s 2(P3:5)2 9 P0,s P3,s 3

62




"
GPDs from asymmetric frames ‘0
~alli

b

Relations between GPDs & amplitudes |

Main finding

Schematic structure of (operator-level) Lorentz-invariant definition of quasi-GPD:

Hq — o) + c1(by' ) + ca{py?y)

Here, C¢’s are frame-dependent kinematic factors that cancel additional amplitudes such
that quasi-GPD has the same functional form as light-cone GPD (Lorentz invariant)

£3 I




GPDs from asymmetric frames

New definition of quasi-GPDs

Light-cone GPD:

Lorentz-invariant definition of quasi-GPD:

sfa s/a s/a s/a
H(Z'PS/G,Z'AS/G,(AS/G)2):A1+A ZA H(ZP/ 7ZA/ 7(A/)27Z2):A1+
X Ps/a'z,v

As/a .
ZA3

3 Ps/a Z/ﬂ

N N

A = A (22 =0) A = Ai(2% #0)

Same functional

forms

[}
+




GPDs from asymmetric frames

New definition of quasi-GPDs

Light-cone GPD:

Lorentz-invariant definition of quasi-GPD:

H(Z ) Ps/a’ 5. As/a’ (As/a)2)

_ Al n AS/G» . ZA H(Z ] Ps/a7Z ] As/a7 (As/a)2722) = A; +
- P “x

As/a.
Ps/ s
sa,z/’

3

N N

A = A (22 =0) A = Ai(2% #0)

Feature:

« Lorentz-invariant definition of quasi-GPDs may converge faster




GPDs from asymmetric frames

[ Traditional definition ITIee T Lorentz invariant definition _GPDs
Re[IT}] TZ +§:Zl : Re[I1g]
. Y p:=+3,q 2
';{\ { : g f% g t rentz-invariant definition of quasi-GPD:
(e .
pesason # } l +f ;§ P72 . A/ (AS/9)2, %) — Al A® 4,

T . i TR P
T gty Lt imm“q

——————

= Lorentz invariant deflmtlon Ieads to

Im[ITL] Im(I1,] ‘

more precise results for GPD E

i T e —
l i“HH* llmll“l Tmﬂ*;‘ erge faster

::::
f ¢
o0

——————




—t=0.17 GeV?
—t =0.33 GeV?
—t = 0.64 GeV?
—t = 0.80 GeV?
—t=1.16 GeV?
—t =137 GeV?
—t = 1.50 GeV?
—t =226 GeV?

0 6
Unpolarized
5 -
2.0
4 -
1.5 1
3 -
i x
1.0 =
2 e
0.5
1 .
0.0
26,5+ 0
—1.0 T T T n T T T _1
-1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75 1.0 -1.00

X

TINII

—1=0.17 GeV?
—1=0.34 GeV?
—1=0.65 GeV?
—1=0.69 GeV?
—1=0.81 GeV?
—t=1.24 GeV?
—t=1.38 GeV?
—1=1.38 GeV?
—1=1.52 GeV?
—1=2.29 GeV?
—t=2.77 GeV?

0.00 025 050 0.75

X

—0.75 -0.50 —0.25 1.00

GPDs derived from asymmetric frames within
the amplitude formalism




GPDs from asymmetric frames

New definition of quasi-GPDs |
| |

GPDs derived from asymmetric frames within
the amplitude formalism [

VZANNLO+LRR, p =2 GeV

EERNNLO+LRR+RGR
—t =0 GeV?
—t = 0.231 GeV?

—t = 0.455 GeV?
—t = 0.887 GeV?
—t = 1.095 GeV?
—t = 1.690 GeV?

2.0F K

1.5
T 1o} (P. =1.937 GeV]
0.5
s ISR = »L,‘:—J; -
i — A R R — Ding et al, 2407.03516
0.0 0.2 0.4 0.6 0.8 1.0

£Q
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Summary

« Tremendous recent activity in studying parton structure of hadrons in lattice QCD through
Euclidean correlators

« Impact of approach(es) largest where experiments are difficult — GPDs



Summary

Overview of Euclidean-correlator approaches

results @ physical pion mass
results extrapolated to physical pion mass
results @ non-physical pion mass
{Nucleon twist-2 PDF

——

ETMC. PRL121(20181112001
ETMC, PRD99(2019)114504

. [ helicity
LP3. arXiv:1803.04393

LPC, PRD101(2020)034020 ETMC. PRL121(20181112001
BNL/MSU, PRD102(2020)074504 ETMC. PRD99(20191114504
ETMC. PRD103(2021)094512 LP3, PRL121(2018)242003

¥

PRD102(2020)111501(R),

BNL/MSU. PRD102(20201074504

Quasi-distributions

Nucleon GPD

ETMC, PRL125(2020)262001
ETMC. PRD105(2022)034501
MSU. PRL127(2021)182001
ETMC/BNL/ANL, PRD106(2022)114512

Nucleon singlet PDF

[Nucleon twist-3 PDFJ
ETMC/Temple

PRD104(2021)114510

transversity

ETMC, PRD98(2018)091503(R)

ETMC, PRD99(2019)114504
LP3, arXiv:1810.05043
LPC, arXiv:2208.08008

ETMC. PRL126(202 1‘1102003
ETMC, PRD104(2021)054503
MSU/LANL, PRD104(2021)094511

A PDF

ETMC/PKU
PRD102(2020)014508

MSU/NTU/UR, NPB952(2020)114940

Pion/Kaon PDF

LP3, PRD95(2017)094514 LP3, PRD100(20191034505
LP3, NPB939(2019)429 BNL, PRD100(2019)034516

MSU/NTU. PRD102(2020)094519 MSU/NTU/BNU, PRD103(2021)014516
LPC. PRL127(2021)062002 CCNU/BNL/ANL, PRL128(2022)142003

BNL/ANL, PRD106(2022)114512 BNL/ANL, PRD106(2022)114510

Hadronic tensor J

MSU/NTU. arXiv:2011.14971

BNL/ANL, arXiv:2212,12569 ~ ETMC, PRD103(2021)094512

Current-current

{ Auxiliary light quark } {Auxﬂlary heavy quark ‘ t OPE without OPE

Y

{ Pseudo-distributions J {

—h
Nucleon PDF Pion PDF

HadStruc, PRD96(2017)094503
HadStruc, JHEP12(20191081
HadStruc, PRL125(2020)232003
ETMC, PRD103(2021)034510
HadStruc, JHEP11(2021)024

MSU. IUMPA36(2021113
MSU. PLBB23(2021)136778

HadStruc, JHEP11(20211148  ya4Styc, PRD104(2021)094516 HadStruc, PRD102(2020)054508

MSU. PRD106(2022)094510

HadStruc, PRD105(2022)034507
HadStruc, PRD106(2022)094511

HadStruc, arXiv:2211.04434

HadStruc. PRD100(20191114512
BNL, PRD102(2020)094513

HadStruc, PRD99(2019)074507

Y

UR, EPJC78(2018)217
UR, PRD98(2018)094507

Pion PDF
Courtesy: Cichy

Taiwan/MIT, arXiv:1810,12194

¥ ( Pion DA ] Taiwan/MIT, PRD105(2022)034506

Nucleon Iy

QCDSF. PRL118(20171242001
QCDSF, PRD102(2020)114505

Nucleon Wy ]

yQCD, PRD101(2020)114503

Nucleon GP[\

QCDSF, PRD105(2022)014502
Nucleon Fs, Ff,

QCDSF, arXiv:2209.04141

70

BNL/ANL, arXiv:2212.12569
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—1=0.69 GeV?

B /= 1.38 GeV?
B —1=2.76 GeV?

k-A/2

P—-A/2

C Momentum transfer

symmetric between source & sink

proton

00 02 04 06 08 1.0 12 14 () e L N ——eee
X q

P; = 1.25 GeV Al
1t £=11/3| momentum transfer to source
- roton - 2]
Twist 2 \ proto 7
P
.\ C, PRL125(2020)262001
| C. PRD105(2022)034501 ETMC/PKU !=A2
| ). PRL127(2021)182001 [ pRD102(2020)01450¢
Lattice calculations can serve as a valuable complement
proton

s -t=017 GeV?

to the ongomg efforts at the EIC

—t=0.33 GeV?
7z 3 -t = 0.64 GeV?
""" PZANNLO+LRR, 1 = 2 GeV . - 5
EEENNLO-+LRR+RCGR = B t = 0.80 GeV’
—t =0 GeV? = T t 2 e -t =116 GeV?
20 .- = 02?} GOVZ E 2 1 WIs -t =137 GeV?
= e —t = 150 GeV?2
] mgn pIOI’I B -t = 1.095 GeV? 1 . -t =226 GeV?
f t 15H —t = 1.690 GeV?
ignifican - .
B,
' T o} P, — 1.937 GeV | ’
p rog ress ] -1.00 =075 =050 =025 0.00 025 050 0.75 1,00
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Dyn>~ "\ |\ Progress of Lattice QCD calculations of PDFs/GPDs ;‘

ec¥k o

rs:
‘/‘“‘ Hindawi
Advances in High Energy Physics
r result I yolume 2019, Article ID 3036904, 68 pages
results extrai | pyns//doi.org/10.1155/2019/3036904
results ( i N GPD
Indawi NPB952(2020)114940

€ Review Article
ETNIC, PROX A Guide to Light-Cone PDFs from Lattice QCD: Bocosooneos

LP3. arXi\ R R 100(2019)034516
pairC. PROIY An Overview of Approaches, Techniques, and Results Qi o uznonste
ETMC. PRD1( PRD106(2022)114510
MSU/NTU. ar
BNL/ANL, ar}
E Krzysztof Cichy®' and Martha Constantinou (? ronic tensor }
[Nu e en 'Faculty of Physics, Adam Mickiewicz University, Umultowska 85, 61-614 Poznat, Poland v
2 g 2 > ;- i
HadStruc. PROS Department of Physics, Temple University, Philadelphia, PA 19122 - 1801, USA EN ucleo:n W
HadStruc, JHEP
;_iacflstrzl;u‘cpﬁmﬁ Correspondence should be addressed to Martha Constantinou; marthac@temple.edu » PRD101(2020)114503
ETMC, PRD10:
HadStruc, JHEP Received 17 November 2018; Accepted 15 January 2019; Published 2 June 2019
HadStruc, JHEP
HadStruc, PRD105( 141
HadStruc, arXiv::

BNL/ANL, arXiv:2212712569

Compilation by Cichy, 2110.07440 3



GPDs from asymmetric frames

Historic definitions of quasi-GPDs H & E are not manisfestly Lorentz invariant

Think about how " transforms under Lorentz transformation

I —nN | rr ~ I - T n - p—— ‘\r

“Transverse” Lorentz
_ A
2 transformation

Rx - Au

-/ -/

Symmetric frame Asymmetric frame
7 (4
FQ = yF§ —1BF¢ =
9 - 3 S 1 s = E? + E¢ <0
“Transverse” with respect to :

Wilson Line v¥= m

)

24
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Dynamical Progress of Lattice QCD calculations of PDFs/GPDs

Lattice QCD calculations of x-dependence of PDFs & related guantities using Euclidean correlators:

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

[ Pseudo-distributions J

S
Nucleon PDF Pion PDF

HadStruc. PRD100(2!
HadStruc, PRD96(2017)094503 BNL, PRD102(2
HadStruc, JHEP12(20191081

HadStruc, PRL125(2020)232003 Gluon PDF

ETMC, PRD103(2021)034510 MSU. LUMPA36(2021)13

NQgLuc. JHEP11(2021)148  11dStruc. PRD104(2021)a8
HadStruc, TggQ5(2022)034507  \sU. PRDI10GGEMD4510

HadStruc, arXiv: D 106(2022)09451
BNL/ANL, arXiv:2212.12569

Compilation by Cichy, 2110.07440 75



Pseudo-GPD approach

Generalized Parton Distributions and Pseudo-Distributions

A. V. Radyushkin':?

Sketch of the approach:

52

(Orginos, INT 2018)

P? -

|
N
o
-

Quasi-PDF

- Fixed P3

Q(z, P?) =

2 0
]' > —ix
2n f‘m v ( ;\)
p P

Pseudo-PDF : Fixed =2

P(x,—2%)

z 0
1 > —ixy
"5 ) (;\)
p p
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Dynamical Progress of Lattice QCD calculations of PDFs/GPDs

Lattice QCD calculations of x-dependence of PDFs & related guantities using Euclidean correlators:

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

{ OPE without OPE ‘

Nucleon GP[\

DSF, PRD105(2022)014502

1 QCDSF, arXi
25

Compilation by Cichy, 2110.07440 7



Compton amplitude in Lattices

Generalised parton distributions from the off-forward Compton amplitude in lattice
QCD

A. Hannaford-Gunn,! K. U. Can,! R. Horsley,? Y. Nakamura,® H. Perlt,*
P. E. L. Rakow,” G. Schierholz,® H. Stiiben,” R. D. Young,! and J. M. Zanotti'

(CSSM/QCDSF/UKQCD Collaborations)

Example: Forward Compton amplitude

< My 1
P o N T o 02" 02

Courtesy: Utku Can

A




Compton amplitude in Lattices

Deep Inelastic Scattering (DIS)

e L k" DIS & Hadronic Tensor:

q,u v Structure Functions
q

p-q p-q \JFa(z,Q?)
+ | P — q—zgﬁu Pv — ?QU W




Compton amplitude in Lattices

Forward
Compton amplitude:

T.p,q) = f[d4z e (p,s'| T{J (2T 0)} | p,s)

_ 9.9, P-4
(o ) )
C

ompton Structure Functions (SF)

Same Lorentz decomposition as the Hadronic tensor

20




Compton amplitude in Lattices

Forward 1P, q) = f[d42 e (p,s'| T {0} |p,s)

n ampli :
Compton amplitude N +qﬂqb. N P9 _
A\ TS TR b= ) \Pr
C

ompton Structure Functions (SF)

Dispersion relations connecting Compton SFs to DIS SFs:

1 2
F \(0,0%) — F,(0,02) = 2w2J Pl 1 %)

0 1 — x2w? — ice

= L}T{:‘_’l((ﬂﬂ QE)

1 F X, 2
F (@, 0% = 4wj dx—t 2007
o 1 —x*w*—ie

Q1




Compton amplitude in Lattices

Compton amplitude approach gives access to moments of DIS SFs:

Example:
1

o0
F (o, 0% = Z 4ﬂ?2"_1Mﬁ)(QZ)a where M;’L)(Qz) = J' dx x*"*F 21X Q%)
n=1 0

230




Compton amplitude in Lattices

Off-forward is very similar

1 1 S —
y —(h-‘?—i +e-'8) _—(h-‘?-i +e-‘8)PP+’H,h p ]
137, 2PEI|: gl QIgHU_}_P‘Ef qri2 qc2 nh v 3 u v} +
1.0 -
This approach gives 081
access to moments GPDs:
0.6 1
0.4
0.2-
0.0 ]
0.0 0.2 0.4 0.6 0.8
",
Isovector results for t = —0.57 GeV>.

Q2




Outlook

 Improving perturbative calculations

« Better understanding of power corrections

«  Synergy with phenomenology ...



	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24
	Slide 25
	Slide 26
	Slide 27
	Slide 28
	Slide 29
	Slide 30
	Slide 31
	Slide 32
	Slide 33
	Slide 34
	Slide 35
	Slide 36
	Slide 37
	Slide 38
	Slide 39
	Slide 40
	Slide 41
	Slide 42
	Slide 43
	Slide 44
	Slide 45
	Slide 46
	Slide 47
	Slide 48
	Slide 49
	Slide 50
	Slide 51
	Slide 52
	Slide 53
	Slide 54
	Slide 55
	Slide 56
	Slide 57
	Slide 58
	Slide 59
	Slide 60
	Slide 61
	Slide 62
	Slide 63
	Slide 64
	Slide 65
	Slide 66
	Slide 67
	Slide 68
	Slide 69
	Slide 70
	Slide 71
	Slide 72
	Slide 73
	Slide 74
	Slide 75
	Slide 76
	Slide 77
	Slide 78
	Slide 79
	Slide 80
	Slide 81
	Slide 82
	Slide 83
	Slide 84

