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GPDs

Definition:

|—z/2| |z/2 |

GPD correlator: Graphical representation
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Motivation for GPD studies

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




Motivation for GPD studies

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

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

J1 = 1, dea(H? + B7)|i=




Motivation for GPD studies

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

Jd = fil drz(H? + E?)|i—0

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

Imprints of chiral/trace anomalies in GPDs (SB, Hatta, Vogelsang, 2305.09431): ]

* Eta-meson mass
:: generation
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NovV rofound physical implication of anomaly poles:
Touches questions on mass generations, Chiral symmetry breaking, ...




Motivation for GPD studies

Physical processes: |

Deep Virtual Compton Scattering

See talks by Silvia, Charlotte, Karolina, Marija

Exclusive meson production

F(x,&1)
x+ &+ e

x -dependence lost!

1
Amplitude: M / dx
~1




Motivation for GPD studies

Physical processes:

Deep Virtual Compton Scattering

See talks by Silvia, Charlotte, Karolina, Marija

Exclusive meson production

Exclusive massive pair production

See Zhite Yu’s talk

Access to x-dependence




Motivation for GPD studies L

Physical processes:

Deep Virtual Compton Scattering

See talks by Silvia, Charlotte, Karolina, Marija

Exclusive meson production
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M
k
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We need GPD measurements from Lattice QCD ‘

Exclusive massive pair production

See Zhite Yu’s talk

Access to x-dependence




Can we extract these quantities from

lattice QCD?

Physical processes,

Light-cone (standard) correlator -1 <z <1
— ttering
Fl(z, A0 X) = % ‘%eik-z
(s N(=5) T W(=3, $)¥(3)Ip; A) e
* Time dependence : :° = i(z* +27)= = . .
\/§ \/§ Exclusive meson production
* Cannot be computed on Euclidean lattice

sive pair production

te Yu’'s talk -




Can we extract these quantities from

|

‘ 9
v “Physical” distributions (A tH1CE QCD? “Auxiliary” distributions |

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

1 [dz=
[T] . I — ikez
Fl(z, A; 0 X)) 5 | 3¢
(s N (=5) TW(=3, $)¥(3)Ip; A)
Z+=E_L=0
* Time dependence : 2 = i(z+ +27)= iz‘
) V2 V2

* Cannot be computed on Euclidean lattice

Exclusive

ite Yu’s talk
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sive pair production

Correlator for quasi-GPDs (Ji, 2013)

—xx<zr<x

1 dz3
2 27

x(p',/\'|?xz‘("%)FWQ(—%’ $)v(3)Ip, A)

- e-ik-z

S, A A N P

» Non-local correlator depending on position 2*

* Can be computed on Euclidean lattice




Light-cone (standard) correlator -1 <z <1
— gttering
Flfl(z, A0, X)) = % %e'ik-z
< (' N|9(=3) TW(=3, $)v(3)Ip; A) .
» Time dependence: :° = —1—(z+ &)= 2 .
V2 V2 Exclusive
* Cannot be computed on Euclidean lattice

sive pair production

ite Yu’s talk

Can we extract these quantities fromL
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v “Physical” distributions (A tH1CE QCD? “Auxiliary” distributions |

Correlator for quasi-GPDs (Ji, 2013)

—xx<zr<x

1 dz?

ik-z
iz
2 27

e Ad iR =

x (', N|9(—=3) T Wo (-4, 5)v(3)Ip, A)

» Non-local correlator depending on position 2*

* Can be computed on Euclidean lattice




Can we extract these quantities fromL

“Physical” distributions “Aucxiliary” distributions

Light-cone (standard) coarrelator iy Correlator for quasi-GPDs (Ji, 2013) LB &
Matching formula:
I . . 'y y ) l . "}_7" I
iz A Xx, X4 /E (52 A LA P2%) = / )r
), A
Hdy [z 1
qQ (:C PS) — = q(y) + O — ( Xiong, Ji, Zhang, Zhao, 2013/
| y P3
-1 1Y Y 3 Stewart, Zhao, 2017/

Izubuchi, Ji, Jin, St rt, Zhao, 2018/ ...

™ \(Scale dependence omitted) ZUbUEAL, 41, Jin, Stewa a0 )
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LQCD calculations of x-dependence of PDFs & related quantities,
Using Euclidean correlators (compilation by K. Cichy, 2110.07440)

“Phd

Quasi-distributions
n

results @ physical pion mass This talk:
sults extrapolated to physical pion mass -
' ical pi Nucleon twis

results @ non-physical pion mass

Puon GPD
Chen et.al,, NPB952(2020)114940

Pion/Kaon PDF

LP3, PRD100(2019)034505
ENL. PRD100(2019)034516
PRD103(2021)014516

A PDF

ETMC/Beijing
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ETMC, arXiv:2108. 10789
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LP3. arXiv:1803.04393
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’ Hadronic tensor J
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Tt "’RD‘°3(2°2”°3“5’° MSULat, LJMPA36(221)13
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See talk by Joseph




First Lattice QCD results of the x-dependent GPDs

14




First Lattice QCD results of the x-dependent GPDs
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First Lattice QCD results of the x-dependent GPDs

pion

ERBL/DGLAP: Qualitative differences

proton

3 T ‘ T
— — H(z)-GPD, £=0 } | — + =0GeV?
— — H(z)-GPD, £ =[1/3|| { \
o |L|— = fi(z) ‘\\ \\ P; =1.25 GeV
\ \
\ \
" t = —0.69 GeV? LN
N
N - N
\‘\: .
—— T | “V\»V\i\
O b= — — == T :’——\% ................................... \\\a‘-
C. Alexandrou et. al. (PRL 125 (2020) 26, 262001)

A

-0.5 _f 0 5 0.5

T

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

(F. Yuan, 0311288)
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First Lattice QCD results of the x-dependent GPDs

pion

proton

— H(;c)-GP;D, £=0
— — H(x)-GPD, ¢ = |1/3|

| |= = fi(z)

P3 =1.25 GeV A

A

-0.5 _f

0

S

0.5

At ©x = +£, matching formalism breaks down |
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First Lattice QCD results of the x-dependent GPDs

e e e T !

t=0 J — H(z)-GPD
| oo | — H(z)-GPD,
3 T -
: ‘0 »1 - fi(z)
_— t=-5 |
Power corrections for quasi-GPDs in Scalar Diquark Model I
o(1/(P*)?)
: 1a ; o(1/(P*)?)
' | mg=0.7 Gev £=0.1 B ms=0.7 GeV m,=0.35 GeV
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ey 06}
i 04} 04
r\g 0.2 o2k J{\
T = —-§ 010 20.05 F 7 x — o2 0.4 0.6 0.8 w0 |lz=1

SB, Metz (2021)

At z = +£, matching formalism breaks down '

P3 =1.25 GeV 4

0

é: 0.5 1
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First Lattice QCI

Twist-2 GPDs
T

1e x-dependent GPDs

0] H |
I L
proton T E
n T =0 1 .
— — E(z)-GPD Py =1.25 GeV
— — H(z)-GPD
| &=11/3)
Unpolarized |
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C. Alexandrou et. al. (PRL§125 (2020) 26, 262001) 1
1 1 1 r
-1 -0.5 0 0.5 1
X
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First Lattice QCL
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-1 -0.5 0 0.5 1

Twist-2 GPDs

e x-dependent GPDs
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Twist-2 GPDs

T+ + +i
- - b Y Y | T s
First LatticeQCL .~ """ )e x-dependent GPDs
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C. Alexandrou et. al. (2108.10789)
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C. Alexandrou et. al. (PRL 12§5 (2020) 26, 262001) GPD E;, is small/zero within uncertainties (not shown)
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First Lattice QCD results of the x-dependent GPDs

1
proton

Excellent progress!!!

r—




First Lattice QCD results of the x-dependent GPDs

1
proton

Excellent progress!!!

e

But little hiccup ...
polarized ‘




First Lattice QCD results of the x-dependent GPDs

1
proton

Excellent progress!!! |

L I T T e h':‘“’(ﬂ
But little hiccup ... |
P Traditionally, GPDs have been calculated from “symmetric frames”
_— ' = T 2F ' g — —

S

Practical drawback

Q Momentum transfer

symmetric between source & sink

Lattice QCD calculations in symmetric frames are expensive

= B




Lattice QCD calculations of GPDs in asymmetric frames

Resolution:

All
momentum transfer to source

—z/2 z/2

This talk

Perform Lattice QCD calculations of GPDs in asymmetric frames

20




Lattice QCD calculations of GPDs in asymmetric frames g

Our contribution in a nutshell:

All
momentum transfer to source

—z/2 z/2

This talk

Generalized Parton Distributions from Lattice QCD
with Asymmetric Momentum Transfer: Unpolarized Quarks
Key findlngs° b€ Shohini Bhattacharya,'* Krzysztof Cichy,? Martha Constantinou,® T Jack Dodson,® Xiang Gao,*

Andreas Metz,> Swagato Mukherjee,! Aurora Scapellato,® Fernanda Steffens,” and Yong Zhao*

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

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

20




Lattice QCD calculations of GPDs in asymmetric frames

Symmetric & asymmetric frames

Approach 1: Can we calculate a quasi-GPD in symmetric frame
through an asymmetric frame?

27




Lattice QCD calculations of GPDs in asymmetric frames

Symmetric & asymmetric frames

Related via
Lorentz transformation?

< >

Yes, since symmetric & asymmetric frames are
connected via Lorentz transformation

22




Lattice QCD calculations of GPDs in asymmetric frames

Symmetric & asymmetric frames

Related via
Lorentz transformation?

What kind?

Case 1: Lorentz transformation in the z-direction

2g v 0 —8 0
=1 0 1 0 |x|[o0
z5 -5 0 v o

29




Lattice QCD calculations of GPDs in asymmetric frames

Symmetric & asymmetric frames

Related via
Lorentz transformation?

< >

What kind?

Case 1: Lorentz transformation in the z-direction

esults:
2y v 0 —p 0 20 = —yBz
2l= 0 1 0 |x]|o
z; B8 0 v ; zg =z,

Operator distance
develops a non-zero
temporal component

20




Lattice QCD calculations of GPDs in asymmetric frames

Symmetric & asymmetric frames

Related via
Lorentz transformation?

What kind?

Case 2: Transverse boost in the x-direction

25 Yy =8 0 0
l=1- v 0x|0
27 0 0 1 z




Lattice QCD calculations of GPDs in asymmetric frames

Symmetric & asymmetric frames

Related via
Lorentz transformation?

< >

What kind?

Case 2: Transverse boost in the x-direction

Results:
l=1- v 0x|0
Zj O 0 ]_ g ZS b Zg

Operator distance remains
spatial (& same)

22




Lattice QCD calculations of GPDs in asymmetric frames Lf

Symmetric & asymmetric frames

Related via
Lorentz transformation?

< >

What kind?

Approach 1: Can we calculate a quasi-GPD in symmetric frame
through an asymmetric frame? i

' Y T 7s 9 |

Transverse boost: This Lorentz transformation allows for an exact calculation of quasi-GPDs in symmetric frame
through matrix elements of asymmetric frame

22




Lattice QCD calculations of GPDs in asymmetric frames kf

Approach 2: Why does it matter in which frame quasi-GPDs are calculated?

| T E— CE—— e @@

frame

4




Lattice QCD calculations of GPDs in asymmetric frames

Approach 2: Why does it matter in which frame quasi-GPDs are calculated?

Key points: l GPDs on the light-cone:
H@&0) > [ e *wlar* d) ' =i(0,2~,01)

d P‘ ; 1 ' -
H(z,&,t) = / %e‘“""zp—.z(p |7 % q|p)

Arbitrary light-like 2

GPDs on the light-cone can be defined in a Lorentz-invariant way '

Transverse boost: This Lorentz transformation allows for an exact calculation of quasi-GPDs in symmetric frame
through matrix elements of asymmetric frame

20




Lattice QCD calculations of GPDs in asymmetric frames

Approach 2: Why does it matter in which frame quasi-GPDs are calculated?

GPDs on the light-cone:

s R
H(x,ﬁ,t)%/:—we”” @'lay* alp) ' #ie=(0,2~,01)

d P‘ ; 1 ' -
H(z,&,t) = / %e‘“""zp—.z(p |7 % q|p)

Arbitrary light-like 2

25




Lattice QCD calculations of GPDs in asymmetric frames

Definitions of quasi-GPDs

©

—z/2

2/2

Definition of quasi-GPDs in symmetric frames: (Historical)

FY oy, = 0 Na(—2/2)7%q(z/2) |ps, A) )
2=0,2, =0
ic"MA,
M

= as(p’sa /\’) ’YOHQ(O)(Z: Ps, As)‘s +

EQ(O) (Za Ps, As)‘s us(psa /\)

7
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Lattice QCD calculations of GPDs in asymmetric frames kf

Definitions of quasi-GPDs

—z/2

2/2

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

Definition of quasi-GPDs in symmetric frames: (Historical)

FY oy, = 0 Na(—2/2)7%q(z/2) |ps, A)

- —
2=0,z", =0

ic"MA,

— as(p’sa /\’) ’YOHQ(O)(Z: P, As)‘s + EQ(O)(Za Ps, As)‘s us(psa /\)

2M

Think about how 7" transforms under Lorentz transformation

22
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Lattice QCD calculations of GPDs in asymmetric frames kf

Definitions of quasi-GPDs

Definition of quasi-GPDs in symmetric frames: (Historical)

—z/2 7/2

FY oy, = 0 Na(—2/2)7%q(z/2) |ps, A) )
2=0,2, =0
ic"MA,
M

— as(p’sa /\’) ’YOHQ(O)(Z: P, As)‘s + EQ(O)(Za Ps, As)‘s us(psa /\)

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

Can we come up with a

manifestly Lorentz invariant definition of quasi-GPDs for finite values of momentum?

29




Lattice QCD calculations of GPDs in asymmetric frames

Lorentz covariant formalism

©

Novel parameterization of position-space matrix element: (Inspired from Meissner, Metz, Schlegel, 2009)

1oH* ioHA PHig#A
A A
M T ST T

PH
M

., o oy AH
Fy o =u(p, \) A1+MA2+ﬁA3+

A

Ag +

FAak Yo uu
M3

A

Ar +

AHjg#A
M3

Asg u(pv /\)

Vector operator Fy',, = (o', N'[g(—2/2)v"q(2/2)|p, \)

ZZO,EJ_ :OJ_

40




Lattice QCD calculations of GPDs in asymmetric frames

Lorentz covariant formalism

Novel parameterization of position-space matrix element:

1oH* ioHA PHig#A
A A
M T ST T

PH
M

., o oy AH
Fy o =u(p, \) Aq + MAz + ﬁAS +

Ag +

FAak Yo uu
M3

A

A7+

AHjg#A

M3 AS ’Lb(p, A)

Features:

« General structure of matrix element based on constraints from Parity

« 8 linearly-independent Dirac structures

8 Lorentz-invariant amplitudes (or Form Factors) A; = A;(z- P,z At = A2, 2?)

yila|




— L —= —0.1 8
=, =, e °
= E _oz B ‘i
8 )
:B -0.3 $QQ 1
°%: . !
0.0 - Ssvoenbb *ii

z/a

Az, Ay, Ag : Negligible I
e G(General sf

Ag : Small but non-negligible

IR

Ao, Ay : Appears only when you work with 73 ; Negligible

0 3 6 9 2.0 |

LA -a-R- R XX X X K R"X o

- A e A = I

A, As : Dominant contributions;
Full agreement in two frames for both Re & Im parts

A2




N
Lattice QCD calculations of GPDs in asymmetric frames kf

Re-exploring historical definitions of quasi-GPDs

Mapping amplitudes to the historical definitions of quasi-GPDs: (Sample results)

42




Lattice QCD calculations of GPDs in asymmetric frames

Re-exploring historical definitions of quasi-GPDs

©

Frame-dependent expressions: Explicit non-invariance from kinematics factors

Symmetric frame:
AO AOZS (A0)223 AOA323PO 23A2
H .P‘; Ac,. — A TS An — s A s . s—/s s L A
Q) (% P 85, T P08 T pops (2M2PS3 2M2(P3)? 2M2P§> ¥
(A0 (alATS  AlAR Y
2MZPIPS  2M2(P3)  aMPPUPs )8
Asymmetric frame:
0 AO 3 1 AOAS 3
Hoo)l (2, Pa, Aa) = Ay + 52— Az — ( 3 )A4
P(?’Uq a 2Pc?vq aPauq a (1 -+ QP%?L ) 4P(9vq a Rqu (1)2
+( (AO)SB 3 1 (AO)2A3 3 1 avgaAgAg 23 3A2 )A
_ : 6
QILIQPEEUQ o (1+ 213%_2) 4]\/[2(193”9 a)2 (14 20 A“i ) QJL]’?(PgUg )2 QIMQP(;?UQ a
+( (A0)323 1 (AD)3A3 3 1 (AU)ZAS 3 )A
- - 8
2ﬂ/j2pt9vg apcifvga (]_—|— ZP%i ) 4]\/[2})691/‘9 a(P avg, a)2 (1+ 2P'A32 ) 2ﬂ/f2( avg, a)2 QJ\JQPC(LJUQCL avg,a

44




Lattice QCD calculations of GPDs in asymmetric frames

Light-cone GPDs

Mapping amplitudes to the light-cone GPDs: (Sample results)

Definition of light-cone GPD H:

d(P ] ~
) s / P (p'la £ alp)

Relation between light-cone GPD H & amplitudes:

As/a-z

H(Z°PaZ°A,t:A2’Z2)=A1+P

avg,s/a

- Z

As

Lorentz-invariant expression

45




| ~sence o < yps culations of GPDs in asymmetric frames

the e8¢
—  gketch g definitio® o _— .
ntz—-mvaﬁ“‘“‘ Novel definition of quasi-GPDs
Lore

/
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Lattice QCD calculations of GPDs ir 2acvmmatrir framae ' "

Relation between light-cone GPD H & amplitudes: |

Novel definition of quasi-Gl

A
~

- Ay
H(z- Pz At =A% 2%) = Ay +%A3
(”‘.(].S/(I‘ Tk

Mapping amplitudes to the historical definitions of quasi-GP

Symmetric frame:

H ,Pg,Ag)|. = A1 + == A3 — -
Qo) (2, Ps, A, 1t 3 2M?2P3  2M?%(P3)? 2M?2P3

Po 2P0 P3

(e pae | Moaty,

0 0,3 0y2,3 0A3,3 p0 3A2
A Az A ((AS) 22 AJALZC P, 22 A% )Aa

2MPPOP?  20M(P3)? | 2MPPOP3

Asymmetric frame:

0 0.3 0A3.3
7 [ HQ)| (25 Pas Aa) = Ax + ﬁf;g - ( 5 Pé’iz;;iug,a 0 :f i P(ﬁ:(Alggvg,a,)?)A“
+( (A9 1 (APARS 1 FaglfeBez AL ) A,
P-A S P 2M?2P3,, . (1+%)4J‘42(P‘§”9:G)2 (1+%) 2M2(P3,, )2  2MZ2P3,,
W +( (AV)323 B 1 (A)3A3 23 B 1 (A9)?A32 A% AV )As
2M2PY,, P2, . (1+m3‘?i.a)4ﬂ/jzpc9vg,a(})§vg‘a)2 (1+21§i,a)2M2(Pg)”9’“)2 2M2P0,, oP, g0
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Lattice QCD calculations of GPDs ir 2acvmmatrir framae
Relation between light-cone GPD H & amplitudes: |

e

In the large-momentum limit, these expressions

Novel definition of quasi-Gl R s
H(z P,z At = A2, 22) = A, +%A3
Mapping amplitudes to the historical definitions of quasi-GP o
Symmetric frame:
NS (A%)2:3  ADABSPO  -3A2 j 5
Ho) (2 Py As)], = Aa o pots ops et (2M2PS3 © 2M2(P3)2 2M2P3 As
(A9)323  (AD)2A3,3 Aﬁﬁﬁ\
ﬁmﬂmm - 2M2(P3)? 2M2P9;§)A8
Contamination from additional amplitudes or power corrections

reduce to light-cone results —

i i S Favg,a \“lavg.al avga (1 + xafq ) 200 g,0\ Favg,a)” /
- 1 (AD)2A33 1 PO, JAIA3 23 PAZ )A
M?2P3,. . (1+%)4MQ(PSUM)2 1+, f”) 2M2(P3,, ,)? QMQPSUM 6
(A())d 3 1 (AO)JAS 3 1 (AU)ZAS 3 3A2 AU
PovgaPige (L4 i) PP (Plig)® (1 i) 2MA(PLg 0?2Vl Pl
48




Lattice QCD calculations of GPDs in asymmetric frames

A YRTIOSS .

_ Interlude: His Poo At e A2 22
Mapm 0 the historical definitions of quasi-GP

Let’s go back to PDFs hr

arXiv: 1705.01488

Quasi-PDFs, momentum distributions and pseudo-PDFs

A. V. Radyushkin
Old Dominion University, Norfolk, VA 23529, USA and
Thomas Jefferson National Accelerator Facility, Newport News, VA 23606, USA

Contai jower corrections
M®(z,p) = (plth(0)v* E(0, 2 A)¢:(2)|p) (12) - i e i : i i
In th ese expressions reduce to light-cone results —
2 =
type, where E(0,z; A) is the standard 0 — 2z straight-
e line gauge link in the quark (fundamental) representa- —pu 2PV P, (i AL NAPY, (P, )7 )
tion. These matrix elements may be decomposed into p® =t 2rg.c 2lag — e [__avg.e\"avg.a
and z® parts: . 2A3 . 0  AOA3.3 3 A
/ 2 Amplltlldes 2.)2‘Au Z ' l I_)(H‘.(]_N'AriAH - z Al
Ma(z?p) ZQPQMP(_(ZP)’ _22) / (Pf;.';f‘rl.!! )2 (J. -+ A? ) 21 [_)( ]-)’:";"fi a )_) 21/2 ]-)‘:’gf'fj a
Z . 2[1?’. E g7
+EMA—(zp), - (13) e L e N o
! (AR)°AGz ! (A)*AGZ AT A )
The M, (—(zp), —22) part gives the twist-2 distribution A2 AM2PO  (p3 2 A3 IM2(P3 )2 9M2p0  p3
when zf — 0, while Mz((zp),—z2) is a purely higher- (1+ 2P3, ) avg,a ”"-‘f-”) (1I+ ﬁ) ( '”'-’f"’) avg,a” aLgser’
twist contamination, and it is better to get rid of it.




Lattice QCD calculations of GPDs in asymmetric frames

A YRTIOSS .

_ Interlude: His Poo At e A2 22
Mapm 0 the historical definitions of quasi-GP

Let’s go back to PDFs hr

arXiv: 1705.01488

Quasi-PDFs, momentum distributions and pseudo-PDFs

A. V. Radyushkin
Old Dominion University, Norfolk, VA 23529, USA and
Thomas Jefferson National Accelerator Facility, Newport News, VA 23606, USA

Contai jower corrections
In tl M?(z,p) = (pl$(0) 1* E(0, z; A)¢(2)|p) (12) If one takes z = (z_,z,) in the @ = + component asults
n ; of M?, the z®-part drops out, and one can introduce a one resuits
type, where E(0,z; A) is the standard 0 — 2z straight-
& | line gauge link in the quark (fundamental) representa- U = 2P VRN 5 ~> TPO——— PO )2 |
tion. These matrix elements may be decomposed into p® avg,a MACHEMARRCL R & f) PO
and 2% parts: . 2N 0 AO A3 .3 FAC
/ 2 Amplltlldes 2.)2‘Au Z ' l l_)(f vg,a Ari Au - z Al
Mﬂl(z,p) ZQPQMP(_(zp)a _22) / (Pf;.';(‘r}.(.' )2 (J_ -+ A? ) 21 [_)( ]-)F:J‘;!'fi a )_) 21“[2 ]-)r:ft'fj a
Z . 2 >3 E g7
M)A @3 L DU L
! (AR)°AGz ! (A)*AGZ AT A )
The M, (—(zp), —22) part gives the twist-2 distribution A2 AM2PO  (p3 2 A3 IM2(P3 )2 9M2p0  p3
when zf — 0, while M_((zp). —2z2) is a purely higher- (1+ 2P3, . ) avg.a(Fivg.a) (1+ ﬁ) (Favg,a) avg,a_gigeer’
twist contamination. and it is better to get rid of it.




Lattice QCD calculations of GPDs in asymmetric frames

A

L/
>

Let’s go back to PDFs

TTE—

Ifl
arXiv: 1705.01488

Contai

Interlude:t H(z- P,z At = A2, 22) e
Mapp: 0 the historical definitions of quasi-GP B

Quasi-PDFs, momentum distributions and pseudo-PDFs

Old Dominion University, Norfolk, VA 23529, USA and
Thomas Jefferson National Accelerator Facility, Newport News, VA 23606, USA

M®(2,p) = (p|9(0) v* E(0, z; A)i(2)|p) (12)

In th

type, where E(0, z; A) is the standard 0 — =z straight-

T line gauge link in the quark (fundamental) representa- o e e S ——— ——
tion. These matrix elements may be decomposed into p* — formula (6). For quasi-distributions, the easiest way to |
and z® parts: 9 Amplitud )2 73 remove the z® contamination is to take the time compo-

MpINUGES o) o pent of M%(z = 23,p) and define

Ma(z,p) ZQPQMP(_(ZP)7 _32)7

+ 2 M, (—(2p), —2°) 4 (13)

The Mﬁ,(—(zp), —22) part gives the twist-2 distribution
when z? — 0, while M. ((zp). —2?) is a purely higher-

twist contamination. and it is better to get rid of it.

A. V. Radyushkin

jower corrections

= (2_,zy) in the @ = + component |

If one takes z
of M?, the z®-part drops out, and one can introduce a

one results —

2( P3

" avg

1
MO(z5,p) = 2° / dyQ(y, P) VP . (14)

-1

Therefore, 1° is better behaved than v with respect to power corrections I




Lattice QCD calculations of GPDs in asymmetric frames

Mapm

In th

-

Interlude: S 3
O the historical definitions of quasi-GP -

Let’s go back to PDFs I ‘

arXiv: 1705.01488 )
Quasi-PDFs, momentum distributions and pseudo-PDFs 2M7 DS
ol Domini  Statement needs a qualifier: Situation more complicated for quasi-GPDs
~ 7 Thomas Jefferson Natio -
Contai (See next slide)
M®(z,p) = (plth(0)v* E(0, 2 A)¢:(2)|p) (12) If one takes z = (z_,z,) in the @ = + component

1€ results —

of M?, the z®-part drops out, and one can introduce a

type, where E(O, z; A) is the standard 0 — =z straight-
line gauge link in the quark (fundamental) representa-
tion. These matrix elements may be decomposed into p®
and z® parts:

2 Amplitudes
M%(z,p) =2p* Mp(—(2p), —32)‘7

+ 2°M,(—(2p),—2*) 2 (13)

avg,a < formula (6). For quasi-distributions, the epsiest way to
., remove the z® contamination is to take thd time compo-
J/)_, ¢ nent of M*(z = z3,p) and define

1
1 } MO(z3,p) = ‘ZPO/ dy Q(y, P) ¢'vF= (14)
' AT\ 4ME -1
{] 1 —a )

Therefore, 1° is better behaved than v with respect to power corrections I

The Mg(—(zp), —22) part gives the twist-2 distribution
when 22 — 0, while M. ((zp).—2z2) is a purely higher-
twist contamination. and it is better to get rid of it.




Lattice QCD calculations of GPDs ir 2acvmmatrir framae

e

Relation between light-cone GPD H & amplitudes: |

Novel definition of quasi-Gl |
H(z

Contrary to quasi-PDFs, ~Y operator for quasi-GPDs is
contaminated with additional amplitudes or power corrections

wPize At =402%2%) = Ay +

~

As/u, v
Rn'g.s/a "z

As

r

S

—_—
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Lattice QCD calculations of GPDs ir 2acvmmatrir framae ' "

Relation between light-cone GPD H & amplitudes: |

Novel definition of quasi-Gl | -~
H(z s/a ~

'P,Z'A,t:AQ,ZQ):Al‘*‘ A3

P(n"g.s/a "2

Contrary to quasi-PDFs, ~Y operator for quasi-GPDs is
contaminated with additional amplitudes or power corrections r ‘

—_—

You can think of eliminating additional amplitudes by the
addition of other operators:

(7', %)

———— e —

In spirit of what’s done for PDFs:
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Lattice QCD calculations of GPDs ir acvmmatrir framac "

Relation between light-cone GPD H & amplitudes: |
Novel definition of quasi-Gl |
H(z

‘ As' a'?
Pzt =»022%) = Ay +—212 " Aq
P(z‘vg.s/a. "2

Contrary to quasi-PDFs, ~Y operator for quasi-GPDs is
contaminated with additional amplitudes or power corrections r ‘

—_—

You can think of eliminating additional amplitudes by the
addition of other operators:

In spirit of what’s done for PDFs: |

1 42
(v"57%)
S — e —
L i Z(s
Lorentz-invariant definition of quasi-GPDs: Main finding: !
Schematic structure:  Hq — co (%) + c1 (¥y ) + o (%)) %

Note: Here ¢’s are frame-dependent kinematic factors that cancel additional amplitudes 3




Same functional forms QCD calculations of GPDs in asymmetric frames I

Relation between light-cone GPD H & amplitudes: @

‘ ‘ Asu'z
H(z Pz -DAt=202%22) = Ay +—2L% " Aq

by

P(n.‘g.s/u. " Z
7 e : : -
/ ' Lorentz-invariant generalization of LC d
P — s 2 —_— - ¢ S iz
(_A@(z _ﬁ HQ(z-P,z-A.t:AZ,zZ):A1+hA3
avg,sfa "~
A th
| . . i’
Lorentz-invariant definition of quasi-GPDs: | Main finding: BE ) A
— — _ 3 A2
Schematic structure:  Hg — co (%) + c1 (Wy')) + co(yy?a)) %)AG
avg,a
8 3 3 0
Note: Here ¢’s are frame-dependent kinematic factors that cancel additional amplitudes to 37 > 2z OAziAag
project quasi-GPD potentially faster (vs historic def.) onto light-cone GPD vg.a)”  2M*Poyg 0 Pay
56




Relation between light-cone GPD H & amplitudes:

X
e

] Ayjo -2
] H(z.P,z.A,t=A’~’,zz)=A1+P#A3

I

. = (b2 — / Asa'
i = A 50 Ho(z-Pz-At=A%22) = Ay + —212"% 4

3
Pavg,s/a "2

)

addition of other onerators:

Key points: i ]

1) Lorentz-invariant generalization of LC definition to z> # (0 might converge faster

e s e Y \

2) Definition Lorentz invariant ——» _differences suppressed by frame-independent power corrections

Crhaomatic cfrmyofravas B _xmn- T ,f‘« 0 N Iy ,T,\ o R R T /_,fm ‘2_, A\ - — l A P

Caveat: However, it is essential to acknowledge that the
__J amplitudes themselves also contain implicit power corrections. Moreover, it is worth noting that the presence of
loteT e Cs additional amplitudes in the first place could potentially serve to mitigate the implicit power corrections inherent in
the amplitudes Ultimately, the actual convergence of the different quasi-GPD definitions is

! determined by the underlying non-perturbative dynamics. Therefore, it is important to perform numerical comparisons




= === = == P . c frames l.

Sz Numerical comparison between Lorentz invariant and historical definitions of quasi-GPDs: ght-cone GPD H & amplitudes:

=
resu\tsﬁ“'E o g =L 70
p3=+3,q1= -2 RC[HE]

-
Sam"\e

#
el (Ve
Y p3=+3,q2=-2 |
Gy 4 p=-3qm=+2 . :
s * p=-3.q1=-2 Lorentz invariant definition leads to more precise results for E
X p3=-3,q:=+2
S
::: t*“ : ] R #“ N* Sighal quality for H same for all cases (not shown)
-piii HW zmii*** iiimmi
59_‘ _0'25:'15 -10 -5 0 5 10 15 ;Es -10 =g 0 5 10 15

: Im|[I1] Im(I1,]
e faster
- P;=1.25 GeV ¢ Py=1.25 GeV ll *
I 041 T '&i# , & ‘u i l } * H independent power corrections
ARE, i 12 i T***

Im(nz]

e o

[=] N

> : ;
— o tll——

D ma——

T,
the implicit power corrections inherent in
e of the different quasi-GPD definitions is

—0.6 1 : . .
iportant to perform numerical comparisons

1 A

NGO e P T A -

I ““t 2*‘ ‘ H l LTl “ ¥** er, it is essential to acknowledge that the
' ’ 11 ” it is worth noting that the presence of

-15 -10 g 0 5 10 15 -15 —10 £ 0 5 10 15

—




S2 Numerical comparison between Lorentz invariant and historical definitions of quas1-GPDs. [frames
==
esults 10F E |

.\111\)\e

Lorentz invariant definition leads to more precise results for E

Signal quality for H same for all cases (not shown)

—




First exploration of twist-3 GPDs

Chiral-even axial twist-3 GPDs of the proton from lattice QCD

Shohini Bhattacharya®?, Krzysztof Cichy®, Martha Constantinou!,

Jack Dodson!, Andreas Metz!, Aurora Scapellato!, Fernanda Steffens?

(So far, from symmetric frames)

50




First exploration of twist-3 GPDs

Definition:

1 A3’)’5

3
" — ’y 7
FU*sl(z, A; P3) = —a(pg, N') | P# 5FE—,(:::,«S, t; P3) + P"2mP0FE($,€,t;P3)

PO
Ngd t; P%) + 7" s F= t; P3
+ LB E+G1(m’§” )+7_j_'75 H+G2(:L"£” )

2P3

3 3
p VY5 o . D3 . Qv Y e . p3
+ A_L P3 FG3(x>§ataP ) S E ZE_L AVﬁFG(l(xvgat’P ) u(pz,A)
[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]

61




First exploration of twist-3 GPDs

Definition: 1
H 2 3 = —_
FUwl(z, A; P3) = ﬁu(l’f, )

'7_7_75Ff1+52 (IL‘, €, t; P3)

IU(Pi,)\)

[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]

PRD 102 (2020) 11, 111501 [Editer's suggestion)|

New insights on proton structure from lattice QCD:
the twist-3 parton distribution function g(x)

Forward limit: gT

X Shohini Bhattacharya,! Krzysztof Cichy,? Martha Constantinou,’!
A & Andreas Metz,! Aurora Scapellato,? and Fernanda Steffens®
v Twist-3 PDF Processes Data
o s e"' F inst
; or Instance:
— 97 () s
0.1 0.2 0.3 0.4 0.5 0.6 0.7 038 0.9 1 0
' Hall A, 2016/
S. Bhattacharya et al., PRD 102 (2020) 11 X Hall C, 2018
P

82




First exploration of twist-3 GPDs

Definition:

F['Y“'YS](:L-’ A, P3) =

1
2p3 "

(pfs A

—1=10.69 GeV?
—t=1.38 GeV?
—t=2.76 GeV?

@4.52 (IL‘, €, t; P3)

IU(Pz‘,)\)
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First exploration of twist-3 GPDs

Definition:

F['Y“’YS](IL', A’ P3) =

1 A
ﬁﬂ(pf,)\’) Pt

1]. ~=(z, &

/.‘:1

—1=10.69 GeV?
B =138 GeV?
B —1=2.76 GeV?

—1t=0.69 GeV
—t=1.38 GeV
—t=2.76 GeV

G,
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First exploration of twist-3 GPDs ¢

Definition: 1

F[’Y“’YS](.’IJ, A; P3) = 2P3ﬂ(pf, )\I) PH 2 / ‘~  /\ t- P 3\ PH

Negative regions in G, theoretically anticipated:

1
/ delrilaeEt) =0, 1=1,234
~1

Bl -/=276G

&,

eV?

Isolating ég

0.5

1.0

4_

2.

—1t=0.69 GeV
—t=1.38 GeV
—t=2.76 GeV

—~—

G,
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First exploration of twist-3 GPDs

Definition: 1
Fh“%](m,A;PB) = —(py¢; )\’)[

2P3
5
Al -Fpia, (.6t P?)




First exploration of twist-3 GPDs ¢

Definition:

S 1 A3
' . p3 - : Y5 )
Fir*sl(z, A; P?) = —ii(py, X) — Fg(x,&,t; P3)
2P ——— 2mP
A’i ﬁ FE +8 (g;, g )1 GPD E can nhot be accessed at zero skewness because it simply
2m ! does not contribute to the matrix element at this point

—

o

|u<pi,x>

=i




First exploration of twist-3 GPDs ¢

Definition: 1 = 8 A3
[v*7s] . p3Y — - Npel Bp (¢4 p3 e B85 . p3
L (ZB,A,P)——SU(pf,)\) I o Lzt Pr) + 1 —OFE(x’E’t’P)
2P 28 —_ 2mP
A‘J"_ ﬁ FE +& (x, 5 ,1 GPD E can not be accessed at zero skewness because it simply
2m ! does not contribute to the matrix element at this point
]

A TNz, € t; P

- 1= 0.69 GeV? Glimpse into GPD E through twist 3 at zero skewness ]
il Bl -r=138GeV?
10- | = -r=276GeV?

Sizeable contributed as expected:

/_ 11 dz B(z,£,t) = Gp(t)

1
/ dzGi(z;6,1) =0, 4=1,23;4
o, |
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First exploration of twist-3 GPDs ¢

Definition: e AS.
H 5! : NS ) | I ¢ . P33
F['Y '75](3;,A;P3)— 2P3U(Pfa)") 0 ’L// ! P! _’)f“!’h/ i 1S el Al il
z, €&, t: P°)
’7 75 ; )O
@ F ( D 3 ‘]’. (\. "'t / \’ u(pi, A)
de",w f%"?%
Corgps® l 9\9‘.‘

From Herm|t|0|ty & Time-reversal constraint, we find that G3 isodd under & — —¢

l}
1T

So G3 should exhibit at least linear scaling with respect to ¢

— e ——
. —
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First exploration of twist-3 GPDs

Definition:

M 1 _ S 14 Y2y: . & 2 TS ») _\ | L. D
Fh' '75](m, A,PS) = ﬁu(pf, )\’) P! 0 (L, C, U 1 ‘ e 97 P [ Uy 1
A A
Y Y5 : v 73 3
A 53 z, €, t; P°) Hie] AVﬁF54(x,§,t;P u(pi, A)

i - GPD G, very small |

i}
5 No theoretical argument to be zero:
i —1=0.69 GeV? i {
i BN —=1.38GeV? / dzzGy(z,&,t) = -G
—4] ! B =276 GeV? 1 4

-1.0 —0.5 0.0 0.5 1.0

20




First exploration of twist-3 GPDs ¢

Matching formula:
—|1< o

1 . .
go(z; P3) = / LY o (E) gly) + O (E) ( Xiong, Ji, Zhang, Zhao, 2013/
1yl \y 3 Stewart, Zhao, 2017/

Izubuchi, Ji, Jin, Stewart, Zhao, 2018/ ...
(Scale dependence omitted) Zubucht, J1, Jin, Stewal a0 )

Matching coefficient |

As discussed in the context of twist-2 GPDs, matching at ¢ = 0 coincides with those for PDFs .
s I

We use the simplified matching coefficient for the twist-3 PDF g (z) arXiv:2005.10939

! : ! B, 3 . . .. .
Matchi fficient One-loop matching for the twist-3 parton distribution gr(z)
atcning coelicien i s 2
_J 0 _6 + 25 + 1 h’l € + é' + i Shohini Bhattacharya,! Krzysztof Cichy,® Martha Constantinon,’
T é‘ é‘ ] l— § 26 3 Andreas Metz,! Aurora Seapellato,! and Fernanda Steffens®

(1)
CMm

2 asCr usClp ) [ 42641 . 4(1—=E)(wPs)* & —£—1
(&7 ) < 6('5) + ot $ I 1 _6 In u2 7 o 1= é

'—§2+2g+11n§—1 £ 3 ]
+

= £ 1 Hi-8

V|




First exploration of twist-3 GPDs

2 parton correlator: ]

P | ir

k 4‘ l
—k
1-loop corrections = §(1—z) + B s M
(Feynman Gauge) ri
(1a) (1b)

(2a)

+ ‘
(2b)

0, 2013/
+

S

(Ic)

I )
(2¢)

hd

art, Zhao, 2018/ ...)

N

[ —£2 4+ 2¢6 41 ¢ ¢ 3
1—§ ln§_1+1_§+%]+ f>1 b
asCr | [-E2+26+1 . 46(1 —€)(xP3)>? £2-£-—1
e T—¢ In 7 + T—¢ L- S TEa |
[—¢24+264+1 . £E-1 £ 3 ]
1 -
7% - B F Bl &




First exploration of twist-3 GPDs

(1c) (1d) Wal

k {‘ |
1-loop corrections = (1 —z) + P_._k 4 Lmj
(Feynman Gauge) ri
(1a) (1b)
s [
2k + +
2 parton correlator: | EZ% | |

- (2a) (2b) (2¢) (2d) -

P . ;

For matching including 3 parton correlator, see: D

=1

QCD factorization for twist-three axial-vector

parton quasidistributions

Vladimir M. Braun,* Yao Ji,’ and Alexey Vladimirov®

U = T LS TG T GFT ¢




Summary

Connecting dots: Ending with what | started with
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Summary

Goal: ! Connecting dots: Ending with what | started with

Perform Lattice QCD calculations of GPDs in asymmetric frames '

momentum transfer to source

—z/2 z/2

Generalized Parton Distributions from Lattice QCD

with Asymmetric Momentum Transfer: Unpolarized Quarks

Shohini Bhattacharya,'s* Krzysztof Cichy,? Martha Constantinou,? T Jack Dodson,® Xiang Gao,*
Andreas Metz,? Swagato Mukherjee,! Aurora Scapellato,® Fernanda Steffens,” and Yong Zhao?

25




Summary kf

Connecting dots: Ending with what | started with

All
momentum transfer to source

—z/2 z/2

Approach 1: Can we calculate a quasi-GPD in symmetric frame
through an asymmetric frame?

Transverse boost: This Lorentz transformation allows for an exact calculation of quasi-GPDs in symmetric frame
through matrix elements of asymmetric frame

L5




Summary g

arted with

| Approach 2: Why does it matter in which frame quasi-GPDs are calculated? '

All
momentum transfer to source

—z/2 z/2




Summary

| Approach 2: Why does it matter in which frame quasi-GPDs are calculated? prted with

All
momentum transfer to source

—z/2

CoAdbOOeRS
S G R R et

s &0 L8

EEEESOSaNALS

oo

<tgggaeaanqa~aﬂ
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Summary g

with
Approach 2: Why does it matter in which frame quasi-GPDs are calculated? |a rted wit

All
momentum transfer to source

—z/2 z/2

3)

Key findings: e

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

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

wie]




Summary

arted with

| Approach 2: Why does it matter in which frame quasi-GPDs are calculated? '

All
momentum transfer to source

3)

Key findings: Ie<

Lorentz invariant definition leads to more precise results for E

 Lorentz COVWWIIE

i
- Elimination of power corrections potentially aIIq_m“_“*‘

5 10

Py=125Gev #‘

-5
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Summary g

arted with

Chiral-even axial twist-3 GPDs of the proton from lattice QCD

Shohini Bhattacharya':?, Krzysztof Cichy®, Martha Constantinou!,
Jack Dodson', Andreas Metz!, Aurora Scapellato!, Fernanda Steffens?

—1=10.69 GeV?
B =138 GeV?
 —=2.76 GeV?

o) SRy —1=10.69 GeV?
= quas
+ P e ) =138 GeV?

B =276 GeV?

Key findings:

Lorentz invarian 01
<

(@)
« Lorentz covaranviv ,, e
—1=0.69 GeV?
| =138 GeV? B
| =276 GeV? |

- Elimination of powe ||

-1.0 -0.5 0.0 0.5 1.0

1
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