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Generalized Parton Distributions

Crucial in understanding hadron tomography;
accessed via exclusive reactions (DVCS, DVMP)

Provide a correlation between the transverse position and the
longitudinal momentum of the quarks in the hadron and

its mechanical properties (OAM, pressure, etc.)
[M. Burkardt, PRD62 071503 (2000), hep-ph/0005108] [M. V. Polyakov, PLB555 (2003) 57, hep-ph/0210165]

GPDs are not well-constrained experimentally:

- X-dependence extraction is challenging

- independent measurements to disentangle GPDs

- limited coverage of kinematic region

- data on certain GPDs

- indirectly related to GPDs through the Compton FFs

- GPDs phenomenology more complicated than PDFs (multi-dimensionality)

GPD results from lattice QCD can be incorporated in global analysis of
experimental data
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Light-cone GPDs

% Off-forward matrix elements of non-local light-cone operators

dz

e M (=) y W (=5, 2 w(=) | p; A)

N 1
Flr ](x, A A, A) = [
2 ) 2r

% Parametrization in two leading twist GPDs

- , | ia”‘AM
F (X,A,/L/I) =Fu(p 92) 4 H(X,Cf,f)+ M E(xaéat) u(paﬂ)

% How can one define GPDs on a Euclidean lattice?
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GPDs on the lattice

Off forward correlators with nonlocal (equal-time) operators  [x. Ji, PRL 110 (2013) 262002]

B dz . _
GOP(x, 1, &, Py, 1) = [4—e P (NP |B(2) 7 W (2009 (0) | N(PY),
& A=P—P,
Variables of the calculation: t=A"=-0Q°
- length of the Wilson line ( z) £ = &
- nucleon momentum boost ( P;) N 2P,

- momentum transfer ( ¢)
- skewness ( &)
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GPDs on the lattice

Off forward correlators with nonlocal (equal-time) operators  [x. Ji, PRL 110 (2013) 262002]
. (dz . _
4, "1, 8 Py ) = | —e NP | P(@) v W (2,0)P(0) | N(P),
) 4r
Variables of the calculation: t=A"=-0Q?
- length of the Wilson line (z) £ = &
- nucleon momentum boost ( P;) ; 2P,

- momentum transfer ( ¢)
- skewness ( &)

% Potential parametrization (;/Jr inspired)

. _Ou
| ic'A
Fx, A; 2,25 P3) = ﬁﬁ(p’, A") [J’OHQ(O)(X, £t P7) + 37, - Eq)(x, &, 1 P3)] u(p, 4)

- 3y
1 ioc”FA
F[ﬂ(X, INVIVEY BE ﬁﬁ(l?/, A) [73HQ(0)(X, E,1; P7) + M - EQ(o)(X, é. 1, P3)] u(p, 1)
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GPDs on the lattice

Off forward correlators with nonlocal (equal-time) operators  [x. Ji, PRL 110 (2013) 262002]

B (dz . _
G, (1,8 Py, p) = i (NP | P (2) v W (2,0)P(0) | N(P)),
S A=P—P,
Variables of the calculation: t=A"=-0Q°
- length of the Wilson line ( z) £ = &
- nucleon momentum boost ( P;) ; 2P,

- momentum transfer ( ¢)
- skewness ( &)

% Potential parametrization (;/Jr inspired)

. _Ou
| ic'A
Fx, A; 2,25 P3) = ﬁﬁ(p’, A") [J’OHQ(O)(X, £t P7) + 37, - Eq)(x, &, 1 P3)] u(p,2)  =—p

- 3y
1 ioc”FA
F[ﬂ(X, INVIVEY BE ﬁﬁ(l?/, A) [73HQ(0)(X, E,1; P7) + M - EQ(o)(X, é. 1, P3)] u(p, 1)

reduction of power

corrections in fwd limit
[Radyushkin, PLB 767, 314, 2017]
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GPDs on the lattice

Off forward correlators with nonlocal (equal-time) operators  [x. Ji, PRL 110 (2013) 262002]
. (dz . _
G, (1,8 Py, p) = i NP | P (2) v W (2,0)P(0) | N(P)),,
S A=P—P,
Variables of the calculation: t=A"=-0Q?
- length of the Wilson line (z) £ = &
- nucleon momentum boost ( P;) ; 2P,

- momentum transfer ( ¢)
- skewness ( &)

% Potential parametrization (;/Jr inspired)

reduction of power

corrections in fwd limit
[Radyushkin, PLB 767, 314, 2017]

. _Ou
| ic'A
Fx, A; 2,25 P3) = ﬁﬁ(p’, A") [J’OHQ(O)(X, £t P7) + 37, - Eq)(x, &, 1 P3)] u(p,2)  =—p

1 iocHA - . . . .
U, A 2,2 PY) = == ii(p', ) [ﬁH (0,81 P) + ——L Eg o (. 5,r;P3>]u(p, » —p finite mixing with scalar
2P0 QO 2M QO [Constantinou & Panagopoulos (2017)]
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GPDs on the lattice

Off forward correlators with nonlocal (equal-time) operators  [x. Ji, PRL 110 (2013) 262002]

B dz . _
GOP(x, 1, &, Py, 1) = [4—e P (NP |B(2) 7 W (2009 (0) | N(PY),
& A=P—P,
Variables of the calculation: t=A"=-0Q°
- length of the Wilson line ( z) £ = &
- nucleon momentum boost ( P;) N 2P,

- momentum transfer ( ¢)
- skewness ( &)

% Potential parametrization (;/Jr inspired)

| . 'O;oﬂ T ] reduction of power
£ 0 . 1. p3y — T ERY. . . ‘| . . . .
P, A5, 45 P = sa(p ’ﬁ)[7°HQ<o>(x’f’f’P3>+ 7 Eao® &1 P 3)]”(1”@ | =  corrections in fwd limit

[Radyushkin, PLB 767, 314, 2017]

1 iocHA - . . . .
FIrlox, 832,45 P) = —i(p', 4') [ﬁH (x, 6,13 P?) + ———Eq o), 5,r;P3>]u(p, » —p finite mixing with scalar
2P0 QO 2M QO [Constantinou & Panagopoulos (2017)]
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GPDs on the lattice

Off forward correlators with nonlocal (equal-time) operators  [x. Ji, PRL 110 (2013) 262002]

B dz . _
GOP(x, 1, &, Py, 1) = J4—e P (NP |B(2) 7 W (2009 (0) | N(PY),
& A=P—P,
Variables of the calculation: t=A"=-0°
- length of the Wilson line ( z) £ = &
- nucleon momentum boost ( P;) N 2P,

- momentum transfer ( ¢)
- skewness ( &)

% Potential parametrization (;/Jr inspired)

N . Ciota, _ reduction of power
- ](x’“’”;P3):ﬁ”_“p"“[”qu%tﬂ+ 7Y EQ<°>(’“5’“P3)]”(”’” | —>  corrections in fwd limit

[Radyushkin, PLB 767, 314, 2017]

1 icHA .. .. :
FIrlox, 832,45 P) = —i(p', 4') [ﬁH (x, 6,13 P?) + ———Eq o), 5,t;P3>] u(p,) —p TINite mixing with scalar
2P0 QO 2M QO [Constantinou & Panagopoulos (2017)]

- Lorentz non-invariant parametrization
- Typically used in symmetric frame

- A non-symmetric setup may result to different functional form
for GPDs compared to the symmetric one
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Motivation - Outline of work

% Calculation expected to be performed in symmetric frame
to extract the “standard” GPDs

* Symmetric frame requires separate calculations at each ¢
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Motivation - Outline of work

% Calculation expected to be performed in symmetric frame
to extract the “standard” GPDs

* Symmetric frame requires separate calculations at each ¢

1st goal:

Extraction of GPDs in the symmetric frame using lattice
correlators calculated in non- symmetnc frames

M. Constantinou, Lattice Conference 2022



Motivation - Outline of work

% Calculation expected to be performed in symmetric frame
to extract the “standard” GPDs

* Symmetric frame requires separate calculations at each ¢

1st goal:

Extraction of GPDs in the symmetric frame using lattice
correlators calculated in non- symmetnc frames

2nd goal:

New definition of Lorentz covariant quasi-GPDs that may have faster
convergence to Ilght cone GPDs (ellmlnatlon of kinematic corrections)
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Theoretical setup

% Parametrization of matrix elements in Lorentz invariant amplitudes
[see S. Bhattacharya talk]

PH AH ioHA PHigA Hic A AHjgA
Ff L =u(p, ) ﬁAl + 7 MA, + ﬁAP} + ic"* MA, + As + Ag + A+

Aglu(p, )

Advantages
e Applicable to any kinematic frame and have definite symmetries

e Lorentz invariant amplitudes A; can be related to the standard H, 2 GPDs

e Quasi H, £ may be redefined (Lorentz covariant) to eliminate 1/P; contributions:
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Theoretical setup

% Parametrization of matrix elements in Lorentz invariant amplitudes
[see S. Bhattacharya talk]

PH AH ioHA PHigA Hic A AHjgA
Ff L =u(p, ) ﬁAl + 7 MA, + ﬁAP} + ic"* MA, + As + Ag + A+

Aglu(p, )

Advantages
e Applicable to any kinematic frame and have definite symmetries

e Lorentz invariant amplitudes A; can be related to the standard H, 2 GPDs

e Quasi H, £ may be redefined (Lorentz covariant) to eliminate 1/P; contributions:

Asa°Z
Hz Pz A t=A47) =A +—04 = 4,
avg,sla * <

A, -7
EG-Pz-At=A%7%)=—-A ——2 " A, +2A,+ 2P,
P

avg,sla *

vg,sla ZA6 + 2As/az ) ZAS
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Theoretical setup

% Parametrization of matrix elements in Lorentz invariant amplitudes
[see S. Bhattacharya talk]

PH AH ioHA PHigA Hic A AHjgA
Ff L =u(p, ) ﬁAl + 7 MA, + ﬁA3 + ic"* MA, + As + Ag + A+

Aglu(p, )

Advantages
e Applicable to any kinematic frame and have definite symmetries

e Lorentz invariant amplitudes A; can be related to the standard H, 2 GPDs

e Quasi H, E may be redefined (Lorentz covariant) to eliminate 1/P; contributions:

Asa°Z
Hz Pz A t=A47) =A +—04 = 4,

avg,sla * <
) As/a "<
E(Z'P,Z'A,t:A,Z):_Al_P A3+2A5+2Pavg,s/a'ZA6+2AS/a'ZA8
avg,sla *
% Proof-of-concept calculation (zero quasi-skewness):
- symmetric frame: pp=F+=, pi=Pr-= '=-0
: _’(1:_) —a_p _ N a_ _ N2 - 2
- asymmetric frame: py=7r, p;/=P—-0 t“=—- Q"+ (E - E)
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Matrix element decomposition

Symmetric E (E(E +m) — P2 (E+m) (—E?+m?+ P2 EP; (—E?2+m?2+ P2) 2
y HS(FO) — Cs ( o~ 3) Al + ( — 3) A5 + ( — 3) A6
C 2m?
=
E(E +m) 0 [ EPQs , (E+m)PQy ,  E(P§+m(E+m))zQ,
HS(FI) = ’LCS Am3 A1 - 3 A5 - 3 A6
m 2m 2m

I —1(1+ O)
o—2 /4

. _ EP;Q (E 4+ m)P3Q; E (P} +m(E+m)) 2Q:
0 _ L3 3 3
L= i(l + 707 ) =it ( ms om3 ot 2?3 As
(J=123)
Asymmetric mero) = o, | — Ert B)Ey — By —2m)(By +m) ,  (By = Bi = 2m)(Ey + m)(Ey — Bi) ,
) (Bi—EpPsz ,  (By+E)(By+m) (B~ B) ,  E(Er+B)Ps(Ey — Bz
C _ 2m 4m 4m3 4m3
=
\/El-Ef(Ei + m)(Ey + m) BBy — Bz
2m3
() =iC, <(Ef +8E7;3P3Q2 A, + \Br —4Ei??P3Q2 A, 4 s Z m)Q2z , _ (Ey +E7;4 - 3m)P3Q2 4
m m m m
_Ef(Ef + E,L)(Ef + m)ng A — Ef(Ef — Ez)(Ef + m)sz A
4m3 6 2m3 8
[13(Ty) =i C, (_ (E¢ +8E¢3P3Q1 A, — (Ef —4E¢2P3Q1 Ay — (Ef 4;1 m)Q12 A+ (Ef + Ez-4 + 3m)P3Q1 4,
m m m m
Ef(Ef‘FEi)(Ef—Fm)QlZA Ef(Ef—Ei)(Ef-l-m)QlZA
i 4m3 6+ 2m3 8
Ml
1L
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Matrix element decomposition

Symmetric E (E(E +m) — P2 (E+m) (—E?+m?+ P2 EP; (—E?2 +m?+ P2) 2z
y HS(FO) — Cs ( o~ 3) Al + ( — 3) A5 + ( — 3) A6
C 2m?
=
E(E +m) 0 [ EPQs , (E+m)PQy ,  E(PF+m(E+m))zQ,
HS(FI) = ’LCS Am3 A1 - 3 A5 - 3 A6
m 2m 2m

I —1(1+ %
o—2 /4

, 0 . EP;Qq (E +m)P3Q: E (P? + m(E + m)) 2Q: Novel feature:
l ON. 5 i HS(FQ) =3Cs | — 3 A 3 As + 3 Ae
= Z(1 + )y 4m 2m 2m z-dependence
(J=123)
Asymmetric mero) = o, | — Ert B)Ey — By —2m)(By +m) ,  (By = Bi = 2m)(Ey + m)(Ey — Bi) ,
) +(Ez' - Ef)P3Z A+ (Ef + Ez)(Ef + m)(Ef — E,) As + Ef(Ef + Ei)Pg(Ef — Ez-)z A
C . 2m 4m 4m3 4m3
=
\/El-Ef(Ei + m)(E; + m) BrPuB — B2,
2m3
() =iC, <(Ef +8E2P3Q2 A, + \Br —4Ei??P3Q2 A, 4 s Z m)Qaz , _ (Ey +Ez-4 - 3m)P3Q2 4
m m m m
Ef(Ef+E7;)(Ef+m)ng Ef(Ef —E,-)(Ef+m)Q2z
— A6 _ A8
4m3 2m3
I¢(Ty) =iC, | — (Ef + E;)PsQ4 Ay — (Ef — E;)PsQ1 Ay — (Ef +m)Q12 A+ (Ef + E; + 2m)P3Q: A,
8m3 4m3 4dm 4m3
Ef(Ef-l—Ei)(Ef—l-m)QlZA Ef(Ef_Ei)(Ef+m)Q1zA
i 4m3 6+ 2m3 8
mpl
1L
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Matrix element decomposition

Symmetric

2m?

C,=———
E(E + m)

I —1(1+ 0)
o—2 /4

_i ONA, S,
H—Zﬂ+7WW

E(E(E +m)— P3 E+m) (—E*+m? + P} EP; (—E* + m? + P}
HS(I‘O):CS( BELm) - F) j  EXm B am 4 B) BB CE At B2,
m m m
. EP. Q (E + m)P3Q2 E (P2 + m(E + m)) ZQQ

0 _ 32 3
II;(T) =4 Cs ( Am3 Ay — om3 As — o3 Ag

0 EP;Q (E + m)PsQ; E (P? + m(E + m)) 2Q: Novel feature:
HS(FQ) =1C | — 3 Ay 3 As + 3 Ag

dm 2m 2m z-dependence

(j=1.23)
Asymmetnc HS(FO) =C, <_ (Ef + E’t)(Ef —E; — 2m)(Ef + m) A — (Ef —E; — 2m)(Ef + m)(Ef — Ez) As
8m3 4m3
- LB —4Ef)P3Z A+ (Ef + Ei)(Ey +3m)(Ef — E;) A+ Es(Ey + Ez‘)Pg(Ef — E;)z Ag
C = m 4m 4m
o EERE;+ m)(E;+ m) L ErPy(E; — B2 AS)
2m3
e(ry) =i C, ((Ef + E¢3P3Q2 A+ (Ef — E;)P3Q2 Ayt (Ef +m)Q2z A, — (Ef + E; +2m)P3Q> 4,
8m 4m3 4m 4m3
No definite _Es(By + B)(Ey +m)Qez \  Ey(By — Ei)(Ey +m)Q22 As)
. 4m3 2m3
symmetries
for I1¢ , (Ef + E;)PsQ: (E; — E;)PsQ: (Ef +m)Qiz (Ef + E; + 2m)P3Q;
H HS(Fz) =1 Ca - 3 Al - 3 A3 - A4 + A5
8m 4m 4m 4m3
LBt Ez')(l*;f +m)Q12 A+ Es(Ey — Ei)(l';f +m)Q1z As)
= 4dm 2m
1T
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Symmetric
2m?
Ci=——
E(E + m)
T, = 1(1+ 0y
U Y
— [ 0N, S,
H—Zﬂ+7WW

(j=123)

Asymmetric

2m?

C

Matrix element decomposition

E(E — P2 P. (—E2 2, p2

Hi(FO):ZCS —( ( +m) 3)Q1A3+P3Q12A4_ 3( +m° + 3)ZQ1A8

2m? dm m3

2
ni(r,) =C, <P3Q1§22 As + Q1Q22 A - (P? +m(E +;n)) Q1Q2z As)
2 AF(FE — 0?2 P2 E 2
mry) = ¢, (DU, WEETM Q)2 (P amBrm) iz
4m3 8m 93

Er—FE;,—2 E Er—FE;,—2 E
(B m)(Ey +m)Qn A1+( f m)(Ey +m)Qu Ayt
8m3 4m3

P3Q.2
4dm

Ay

Hcll(PO) = iCa (

4m3

2ms3

n (Ef — E;)(Ef + m)Qs As+

4ms3 As +

a

No definite
symmetries
for IT;

B \/El-Ef(Ei + m)(Ey + m)

;

P3Q1Q2

8m3

P3Q1Q2

4m3

;

P3Q:1Q- As 4 E{(Ef +m)Q1Q22

A
3+ 3

H%(Pl) = Ca (_ Al +

_Ef(Ef + m)Qlez

2m3
I%(Ty) = C, (1;37@3% - Zﬁ? As + (Ef + Ei)fff +m)z A+ Ps (2(Ey ;n]?)m - Q?) 4,
_Ey(Ef +m)Q3z Ag + Ef(Ef +m)Q3z A8>
4m3 2m3
1§ (T3) = Ca (3%22 a4 ;m?)Qz A5)
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Lorentz-Invariant amplitudes

Symmetric

_ (m(E+m)+P3) . PQ Q1.
Ar= E(E +m) (o) — 2E(E + m) (T2) — 55 T1a(Ts)
E
As = —@Hg(FB)
_ Ps s (P32_E(E+m)) s Ps s
As = 2Ez(E 4+ m) H5(To) +: EQiz(E+m) H5(I2) + mfb(ﬂ;)
. 2m2 H“(l"o) ) 2(E - Ei)P3m2 Ha(Fg) 2(El —F )P3m2 Ha(Fg)
Asymmetric — 0 / 0 / 1
/ . Ei(Ei+m) Ca BBy +m)(Ei+mQ: Ca | Ef(E;+E)(Er +m)(Bi+m) Ca

; Q(E,,, - Ef)m2 H%(Fo) n 2(E,L - Ef)P3m2 Hg(I‘l) Q(Ef - Ez)m2 Hg(rg)
Ef(Ei+m)Q1 Ca  Ep(Ef+E)(Ef+m)(Ei+m) Co  Ef(Ei+m)Q1 Co

A — m? P 3(T1)  (Ey + Ey)m?® T5(T3)
° T E{(Ef+m)(E;+m) C, E¢f(E;+m)Q: C,

A P3m2 Hg(ro) ) (Ef — Ez — 2m)m2 HS(F2) ) (Ez — Ef)P3m2 H%(Fo)
6

— 7 7
E?(Ef + m)(Ez + ’TTL)Z Ca E%(Ez + m)le Ca EJ%(Ef + m)(EZ + m)le Ca

(—Ef + Ez + 2m)m2 H%(FQ) Z(m - Ef)m2 Hg(I‘l) 2P3m2 Hg(r3)
EZ(E; + E;)(E; +m)z  C, EZ(E; + Ei)(Ei +m)z  C, EZ(E;+m)Q1z  Cq

% Asymmetric frame equations more complex
% A, have definite symmetries

* System of 8 independent matrix elements to disentangle the Al-
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Symmetric

Lorentz-Invariant amplitudes

A =

As =

A =

As =

Ag =

(m(E 4+ m) + P3) P34 Q1

E(E +m) Mo(To) — 1 2E(E + m) Mo(I'2) — 55 12(Ts)
E
———TII5(T
Ql 2( 3)
B 115 (To) + 4 (75 _E(E+m))HS(F ) + iHS(F )
2Ez(E+m) % ° EQiz(E+m) °V* T EQz 2°
2m2 Hg(ro) 1 2(Ef - Ez)P3m2 Hg’(rg) 2(El - Ef)P3m2 Hcll(]._‘g)
E¢(Ei+m) Cq Ef(Ef +m)(Es+m)Q1 Co  Ef(Ef+ Ei)(Ef +m)(Ei+m) Ca
) Q(E,,, - Ef)m2 H%(Fo) 2(E,L - Ef)P3m2 Hg(I‘l) Q(Ef - Ez)m2 Hg(rg)

"Bi(Bitm)@ Co | Ep(Bf + E)(E; +m) (B tm) Ca | Ef(E+m)Q Ca

m*Ps Ng(Ty)  (Ey + Ey)m® T5(Ts)
Ef(Ef —I—m)(E'Z —|—m) Ca Ef(EZ —|—m)Q1 Ca

P3m2 Hg(ro) ; (Ef — Ez — 2m)m2 HS(F2) ; (Ez — Ef)P3m2 H%(Fo)
E?(Ef + m)(Ez + ’TTL)Z Ca E%(Ez + m)le Ca EJ%(Ef + m)(EZ + m)le Ca

(—Ef + Ez + 2m)m2 H%(FQ) Z(m - Ef)m2 Hg(I‘l) 2P3m2 Hg(r3)
EZ(E; + E;)(E; +m)z  C, EZ(E; + Ei)(Ei +m)z  C, EZ(E;+m)Q1z  Cq

% Asymmetric frame equations more complex

% A, have definite symmetries

* System of 8 independent matrix elements to disentangle the Al-
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Parameters of calculation

* Nf=2+1+1 twisted mass (TM) fermions & clover improvement

Pion mass: 260 MeV |
Lattice spacing: 0.093 fm |
Volume: 323x 64 ¢

* Calculation: W(2) Spatial extent: 3 fm i
- isovector combination  ¥7:0 NP | S
- zero skewness
- Tsink=1 fm
frame P;3 [GeV] Q (2] —t [GeV?] € | NmE Neonts Nore Niot
symm 1.25 (+2,0,0), (0,£2,0)  0.69 0 | 8 249 8 15936
non-symm  1.25  (42,0,0), (0,42,0)  0.64 0 | 8 269 8 17216

% Computational cost:
- symmetric frame 4 times more expensive than asymmetric frame

for same set of O (requires separate calculations at each 1)

T
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Parameters of calculation

* Nf=2+1+1 twisted mass (TM) fermions & clover improvement

Pion mass: 260 MeV |
Lattice spacing: 0.093 fm |
Volume: 322x64 ¢

* Calculation: W(2) Spatial extent: 3 fm
- isovector combination  ¥7:0 NP | S
- zero skewness
- Tsink=1 fm ] |
frame P3 [GGV] Q [%’r] —t [GeV2] f NME Nconfs Nsrc Ntot
symm 1.25  (£2,0,0), (0,4£2,0)| Lo |8 249 8 15936
non-symm 125  (£2,0,0), (0,42,0) L0 | 8 269 8 17216

Small difference: 5= — Q* t1=— 0%+ (E; — E)’

A(=0.64GeV?) ~ A(—0.69GeV?)

% Computational cost:
- symmetric frame 4 times more expensive than asymmetric frame

for same set of O (requires separate calculations at each 1)

T
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Results: matrlx elements

symmetric asymmetric

Real 1o
1AL A3, Ay A, Ay, Ag)

081 (Ala AS, A )

S5 35335335055
w w w w w w w
+ | + |
NNI\)I\)NNNN

, g1
, q
. q
=+3,02=—
=-3,q1=+
, q
. q
q

mxw-<—0e(

=—3 2= —

HITIIY °°¢$$!!$§§$ii

...........
11111111111111111111

Imag

% Lattice data confirm symmetries where applicable (e.g., () in+ P, + 0, +2)

% ME decompose to different A,
% Multiple ME contribute to the same quantity
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Real

Imag

Results: matrix elements

symmetric
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% Matrix elements depend on frame (comparison pedagogical)

% ME in asymmetric frame do not have definite symmetries in +P,, £ 0, + ¢

Frame comparison and symmetries applied on Lorentz-invariant amplitudes
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Real

Imag

Results: matrix elements

symmetric b} p3=+3,g1=+2
0101 (A3, Ay, Ag) ¢ p3=+3,q1=-2
P3=1.25 GeV + p3=_3' q1=+2
0.05 1 . % p3=-3,q1= +2
I | 11 l
= 0.00 - Jt t1l4 * ++**
= ¢
é ® 'Y
¢ *le ' X 3¢ 797
—0.05
—0.10 -
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zla
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j ® 7 ‘uuuuﬁ" 111
= 0.000 - el
= —-0.025 - 111t
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—0.075 A
—0.100 1 : : : :
-15 -10 -5 0 5 10 15
zla

* II,(I',) theoretically nonzero

ng(ra)

ng(ra)

asymmetric

P3=1.25 GeV

0.3- (A, Az, Ay, As, Ag, Ag
02- ii }
T
|T++H|H

% Noisy contributions lead to challenges in extracting A; of sub-leading
magnitude

T
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Results: A,

Real Imaginary
P3=1.25 GeV +AiV 0.2 +Ai?
s 1 % s
' 1 I R L
* *A6 0.0 ¥ ¥ ¥ ¥ ¥ *A6
¢ Al | ¢ Af
¢
+2?*¥ +ASZ o1y | ’I+ASZ
4 t Ag 024 4 ¢ i t Ag
e } R é ¢
* . X ~0.31 é 4 $ i
LI S T N S ® 5 b5 : i
t —-0.4 i i i
t
. . . . . . - o051 . . . . . .
0 2 4 6 8 10 12 2 4 6 8 10 12
z/a zl/a
P3=1.25 GeV ’ A; v ’ A;
$ Ai 0.1- ¢ Ai
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+ % 0.0 ' * 0 4 4 4 2 s + %
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0 Af ~0.1- ¢ AZ
a a
A | n Ag
_03_
= 9§ 9 9 B B " 8 B B &®
—-0.4
0 2 4 6 8 o 12 P 2 4 6 8 10 12
zla z/a
P3=1.25 GeV +A5 u.Z +A‘29
® A; 0.1 * o A;
+ Ay + s + Ay
¢A7a o.o—+,.**0000’A?
_0.1'
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| ~0.31
1 g0668 8000000
—0.4 -
o 2z 4 6 & 10 12 "6 32 4 & & 10 D
zla z/a

* A;, As dominant contributions

% Full agreement in two frames for
both Re and Im parts of A, As

% Ag small but non-negligible.

Tension between frames
IS statistical effect

* As, Ay, Ag negligible

* A,, A, appear only in I1; and are
negligible
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I1,, 11 in terms of A,

ic%A

% Mapping of {11, 11} to A; using r~ [yOHQ(O)(x,f,t;P3)+ —

In each frame leading to frame dependent relations:

u

Eqo)x. &, 6, P 3)]

[see S. Bhattacharya talk]
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[1,, I1; in terms of A,

ic%A

% Mapping of {11, 11} to A; using r~ [yOHQ(O)(x,f,t;P3)+ ZM“EQ(O)<x,g,z;p3)]

In each frame leading to frame dependent relations: [see S. Bhattacharya talk]
(&=0) 20?
5, =A +—A
H 1 2P3 6
2 z 4E2+QX2+Q 2
P; 2P,

2 2 2 3 2
m-z < + < +
4, = A, + %A:,, AL (G + o1 Ag+ (G0 + QuQ0) Ag
P, 2P, P; 2P, 2P, P;
2
m + 2P,
Me=—A, — %A3 _ e+ 2Py Ay + 24,
P, 2P, P;
2 (03 +2P,Q, + 4P% + 0}) A 20y (02 +20,Py + 4P% + 0?) A
2P, ¢ 2P, P, 8

BTl
Iﬂl M. Constantinou, Lattice Conference 2022 E



[1,, I1; in terms of A,

ic%A

% Mapping of {11, 11} to A; using r~ [yOHQ(O)(x,f,t;P3)+ ZM“EQ(O)<x,g,z;p3)]

€=0)

In each frame leading to frame dependent relations:

2
<

Ps

2 4E2 + QX2 + Q 2
m-z < y
Ps 2P;
2 2 2 3 2
e = a4+ a4 250, HOHOL, | X+ 00D
P, 2P,P; 2P; 2P,P;

H%= — Ay

%, m*z(Qy + 2P,)

o

Ay + 24,

2P, P,
2 (03 +2P,Q, + 4P% + 0}) A

ZQO(Q3+2Q0P0+4P3+Qi) A

2P,

¢ 2P, P, 8

Definition of Lorentz invariant 11, & 11

impr __
TP = A,

TP = — A, + 245 + 22P3Aq

[see S. Bhattacharya talk]
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[1,, I1; in terms of A,

- - i A
% Mapping of {11, 11} to A; using r~ [}/OHQ(O)(X, &P + L g 5,t;P3)]
In each frame leading to frame dependent relations: [see S. Bhattacharya talk]
c=0) 2
I, = A, + ﬁfg :
2P; 1st approach: extraction of
M < (4E2 + 0% + 0°) ” I, IT;.} using A, from any
BT AT Tp T AT 2P, 6 frame (universal)
2 2 2 3 2
e = a4+ a4 250, HOHOL, | X+ 00D
P, 2P, P; 2P, 2P,P;
e .9, muQy+2P
I = =4, — 32y app, At 2s
2 (03 +2P,Q, + 4P% + 01) A 20y (02 +20,Py + 4P% + 0?) A
- 2P, 6 2P, P; 8

% Definition of Lorentz invariant I1,; & I

E=00 qpimer_ g

TP = — A, + 245 + 22P3Aq
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[1,, I1; in terms of A,

ic%A

% Mapping of {11, 11} to A; using r~ [yOHQ(O)(x,f,t;P3)+ ZM”EQ(O)(x,g,z;p3)]

€=0)

In each frame leading to frame dependent relations:

70}
I, =A, + —A
H 175 P, 6
2 4E2 + QX2 + Q 2
m Z Yy
P, 2P,
2 2 2 3 2
I = A, + < A+ Qo A+ A+ 01 A + 29 + G0V Aq
P, 2P,P; 2P, 2P,P;

%, m*z(Qy + 2P,)
o 2P, P,

2 (03 +2P,Q, + 4P% + 01) A

2P, ¢ 2P, P,

Definition of Lorentz invariant 11, & 11
ITPT = A

TP = — A, + 245 + 22P3Aq

ZQO(Q3+2Q0P0+4P3+Qi) A

[see S. Bhattacharya talk]

1st approach: extraction of
I, IT;.} using A, from any
frame (universal)

2nd approach: extraction of

{11, I1;} from a purely
asymmetric frame; GPDs may differ
in functional form from {11, IT,}
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[1,, I1; in terms of A,

ic%A

% Mapping of {11, 11} to A; using r~ [yOHQ(O)(x,f,t;P3)+ ZM”EQ(O)(x,g,z;p3)]

€=0)

In each frame leading to frame dependent relations: [see S. Bhattacharya talk]
2
V4
I, =A, + %% :
3 1st approach: extraction of
@ mzZA . Z(4E2+sz+Qyz>A I, IT;.} using A, from any
ETOSL o p AT 2P, 6 frame (universal)
0 _ Oy m*zQ, 2(Q5 + OF 2(Q5 + Qu01)
=it gt p Mt At —pp s 2nd approach: extraction of
) {11, 11} from a purely
a % m Z(Q0+ 2P0) . ] ]
Mp=—A - Ay - —— 55— As+24; asymmetric frame; GPDs may differ
0 03
. u S S
(03 2P0+ 4P+ 01)  20)(03+20,0+ 45+ 03) in functional form from {11, I1}
2P, ¢ 2P, P, 8
Definition of Lorentz invariant I1,; & 11
n};npr = A, 3rd approach: use redefined

Lorentz covariant{I1,, I1.} in

[T™" = — A, + 2A< + 2zP:A .
E ! 5T L3 desired frame
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My

My

) s,impr
I1;, vs HH

Results: H — GPD
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a a,impr
117, vs HH

5 =1.25 GeV
8 { + ° ¢ RelM3]
; ¢ Re[l’lf_’,"mpr]
61 + ¢ Im[Ng]
4 ¢ ImIng ™R
¢
21 '
¢
.0 ’ ) g ¢ ¢
8 0
2 ¢
$ - : ¢
0.0 2.5 5.0 7.5 100 125 150 175
z/a
s, impr a, impr
HH VS HH
07 r3=1.ZSGeV s, impr
¢ Relly ]
5 + t + Re[l—lla_l,lmpr]
1 b Im[nE™P
0 ! 4 Im[ngmery
$
5 - ¢
'
¢ [ ]
0 B R SR
) . ® e
P pop ot 8
> 0.0 2.5 5.0 7.5 100 125 150 175
z/a

; impr
11, agree with 11/

for both frames
despite different
definitions (agreement
not by construction)

Agreement between I,

and I17 also not
required theoretically

I1,, & II}, agreement
achieved for improved

definition, as expected
from Lorentz invariance
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Results: 11, — GPD

S s,impr
1T, vs 11 -

2.0 r3=1.25GeV t  RelNg]
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a a,impr
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Re[l—ls impr]
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Im[ME™mPr

15.0 17.5

z/a
s, Impr a, impr
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Both frames:
Im[HZ’p "] enhanced

compared to Im|[I1.].

Re[HS’imp "] larger than
other Re[IT}.], Re[114]
and Re[H% mpr)

Agreement reached
between frames for
iImproved definition
(expected theoretically)
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A comment on Lorentz covariant definitions

Example: symmetric frame
® p3=+3,q1=+2

Re[IL.]
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ps=—3,G2= -2 "]
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e E——
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= -2
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= -2
= +2

0_
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= +2

.0 1

.5

).0

pmii“**

Re[IL,]

P3=1.25 GeV # *

1 -5

i i
ﬁ*uuimu HHIE#HH

Lorentz covariant
definition leads to more

precise results for 11

Same effect of
iImprovement also for
asymmetric frame

Numerical indications

that using 11 leads to
better converge to light-
cone GPDs with respect

to P;

Signal quality in 11
same across all cases
(not shown)
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* % %

*

Summary

quasi-GPDs are intrinsically frame dependent
Widely used symmetric frame is computationally very expensive

Novel Lorentz invariant decomposition has great advantages:
- access to symmetric-frame GPDs from matrix elements in any frame
- Lorentz covariant quasi-GPDs eliminate power corrections

- Level of P; convergence to light-cone for Lorentz covariant definition
will be addressed with lattice and models

Numerical results demonstrate the validity of the approach

Computational cost decreased at a minimum of 4 times

Potential to extract more than one 7 within the same computational cost
(different levels of signal quality)

Generalized for mesons, and all types of GPDs including twist-3
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Summary

quasi-GPDs are intrinsically frame dependent

* ¢

Widely used symmetric frame is computationally very expensive

) o

Novel Lorentz invariant decomposition has great advantages:
- access to symmetric-frame GPDs from matrix elements in any frame
- Lorentz covariant quasi-GPDs eliminate power corrections

- Level of P; convergence to light-cone for Lorentz covariant definition
will be addressed with lattice and models

*

Numerical results demonstrate the validity of the approach

) o

Computational cost decreased at a minimum of 4 times

% Potential to extract more than one 1 within the same computational cost
(different levels of signal quality)

% Generalized for mesons, and all types of GPDs including twist-3
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