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Generalized Parton Distributions

% Crucial in understanding hadron tomography

pion valence

] xP J/ld " 1 Tmom + 2coord tomographic images of quark distri-
bfﬁ bution in nucleon at fixed longitudinal momentum

— o
longitud. .

y P / 3-D image from FT with respect to longitudinal
momentum transfer

x<0.1 x~0.3 x~0.38
[H. Abramowicz et al., whitepaper for NSAC LRP, 2007]

% GPDs may be accessed via % exclusive pion-nucleon diffractive
exclusive reactions (DVCS, DVMP) production of a y pair of high p,
DVCS DVMP

[X.-D. Ji, PRD 55, 7114 (1997)] [J. Qiu et al, arXiv:2205.07846]
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Generalized Parton Distributions

% GPDs are not well-constrained experimentally:

*HME )
—dx
| x—¢&+ie

- x-dependence extraction is not direct. DVCS amplitude: # = J

(SDHEP [J. Qiu et al, arXiv:2205.07846] gives access to x)
- independent measurements to disentangle GPDs
- GPDs phenomenology more complicated than PDFs (multi-dimensionality)

- and more challenges ...
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Generalized Parton Distributions

% GPDs are not well-constrained experimentally:

*HME )
—dx
| x—¢&+ie

- x-dependence extraction is not direct. DVCS amplitude: # = J

(SDHEP [J. Qiu et al, arXiv:2205.07846] gives access to x)
- independent measurements to disentangle GPDs
- GPDs phenomenology more complicated than PDFs (multi-dimensionality)

- and more challenges ...

% Essential to complement the knowledge on GPD from lattice QCD

% Lattice data may be incorporated in global analysis of experimental
data and may influence parametrization of r and & dependence

T
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Accessing information on GPDs

- oo 1 «— —
* Mellln moments . cj(—%z) 'VUW[—%z, %z] q(%z) = Z ] %o - Zan [cﬁ"Do‘l ...Do‘”q]
(local OPE expansion) n=0
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+
my

»)

AM ... AMFMH . ‘Fun_l}Bn’i(t)} Cn,O(A2)

mn

— M. Constantinou, ECT* JLab Upgrade Workshop 2022 n



Accessing information on GPDs

- oo 1 «— —
* Mellln moments . cj(—%z) 'VUW[—%z, %z] q(%z) = Z ] %o - Zan [cﬁ"Do‘l . .Do‘”q]
(local OPE expansion) n=0 l

local operators

n—1 a{u
(N(P)|Oy |N(P))N§ {W{MNI ARPE P A () i Bal {

even

AFAHL ... Abn-1
+
my

»)

AM ... Am?ﬂiﬂ . ‘Fun_l}Bn’i(t)} Cn,O(A2)

mny

— M. Constantinou, ECT* JLab Upgrade Workshop 2022 n



Accessing information on GPDs

- oo 1 «— —
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even
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% Matrix elements of non-local operators
(quasi-GPDs, pseudo-GPDs, ...)

(N(P) | P@) T W (2.0)P(0) | N(P),

WA,
2mN

_ p- Al
(P {yu% H(z,&,1) + gjn — (¢, t)} U(P) + ht,

(N(P)|O(@)IN(P) =T(P) {y*H(a,&t) + T—="E(w,6,0)  U(P) + 1t

(N(P)|0%(z)|N(P))
V] PHAY (LpV!

l] l) v , :
( ){zo HT(CU,f, )+ 9 T(Ji,f, ) B (T

~

Er(z,€, t)} U(P) + ht

(N(P)|O7 ()| N(P))
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% Matrix elements of non-local operators
(quasi-GPDs, pseudo-GPDs, ...)

(N(P) | P@) T W (2.0)P(0) | N(P),

'

Wilson line
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Generalized Form Factors
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Generalized Form Factors

% Advantages
® Frame independence
® Several values of momentum transfer with same computational cost

® Form factors extracted with controlled statistical uncertainties
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Generalized Form Factors

% Advantages

® Frame independence

® Several values of momentum transfer with same computational cost

® Form factors extracted with controlled statistical uncertainties

% Disadvantages

x dependence is integrated out
GFFs are skewness independence

Geometrical twist classification (coincides with dynamical twist of
scattering processes only at leading order)

Signal-to-noise ratio decays with the addition of covariant derivatives
Power-divergent mixing for high Mellin moments (derivatives > 3)

Number of GFFs increases with order of Mellin moment
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Generalized Form Factors

% Advantages
® Frame independence
® Several values of momentum transfer with same computational cost

® Form factors extracted with controlled statistical uncertainties

% Disadvantages

® x dependence is integrated out
e GFFs are skewness independence

® Geometrical twist classification (coincides with dynamical twist of
scattering processes only at leading order)

® Signal-to-noise ratio decays with the addition of covariant derivatives
® Power-divergent mixing for high Mellin moments (derivatives > 3)

® Number of GFFs increases with order of Mellin moment

(N(Ph|oy" " IN(P)) =U(P') [ 2 {’Y{”A’” AP PP AL ()
=0

2mN

ﬁ even
Iﬂl M. Constantinou, ECT* JLab Upgrade Workshop 2022

o _ HAHL, .. AH#n—1
AP . ARTPHRL .P“"_I}Bn,i(t)} —l—A A — = Cn,O(AZ)‘ |U(P)
N n even



Form Factors & Generalizations

1ot A,

(VPO a(0)IN(PY) =T(P) {* 1) + 2

LR (1) | U(P),
Vs A*
2mN

% Ultra-local operators (FFS)

(N(P)a0)"159(0)|N (P)) =T (P') {"15Ga(t) + 22—Gr(t)} U(P)

| L R L D e | T r—7T T rTTr T TrrTTT
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[ ok . o
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r 1 alnz
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I....I....I....I....I....I....I... 04' P R U TP R SR R S R R R
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[M. Constantinou et al. (2020 PDFLattice Report), Prog.Part.Nucl.Phys. 121 (2021) 103908]
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Form Factors & Generalizations

1o A

(VPO a(0)IN(PY) =T(P) {* 1) + 2

LR (1) | U(P),

% Ultra-local operators (FFS)

(NP a0 150 O)N(PY) =T(P) {4#15Ga(8) + Z=-Go(t)} U(P)

2mN

o T A PNDMELS 2411t 006t E k owmer et oot _ _ _ _

vy FemMRLLiomm x v siaitooem 4 @ Simulations at physical point
o Ty Y ++ + ] v PACS18 2+1f ] . .
e YRACSIB 2T ¢ Libcr2r available by multiple groups

& 06F ] A ETMC17 2f

| Y, { t emana72t 1 o Precision data era
0.4__— iﬁi‘iﬁ} ) } - N %; }} ] .
ol 11 ﬂ} | ® Towards control of systematic

0 o1 0z 03 o4 os o5 o 0z 04 o5 08 10 uncertainties

Q* (GeVv?) Q* (GeV?)

[M. Constantinou et al. (2020 PDFLattice Report), Prog.Part.Nucl.Phys. 121 (2021) 103908]
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% Ultra-local operators (FFS)

Form Factors & Generalizations

(N(P")[g(0)7*q(0)IN(P))
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[M. Constantinou et al. (2020 PDFLattice Report), Prog.Part.Nucl.Phys. 121 (2021) 103908]
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Form Factors & Generalizations

% Ultra-local operators (FFS)
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[M. Constantinou et al. (2020 PDFLattice Report), Prog.Part.Nucl.Phys. 121 (2021) 103908]
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GPDs

Through non-local matrix elements

of fast-moving hadrons
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Access of GPDs on a Euclidean Lattice

[X. Ji, Phys. Rev. Lett. 110 (2013) 262002]
Matrix elements of nonlocal (equal-time) operators with fast moving hadrons
dz

gr-P(x, t,&, Py, p) = J4—e_i i (NP [P () T ' (2,0)P(0) | N(P)),

T
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Access of GPDs on a Euclidean Lattice

[X. Ji, Phys. Rev. Lett. 110 (2013) 262002]

Matrix elements of nonlocal (equal-time) operators with fast moving hadrons

d . _
4970 (e, 1., Py ) = J4—;ep (NP | B T W (200¥(0) | N(P)),
N(P 1,0) NP 1)
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Access of GPDs on a Euclidean Lattice

[X. Ji, Phys. Rev. Lett. 110 (2013) 262002]

Matrix elements of nonlocal (equal-time) operators with fast moving hadrons

d . _
4970 (e, 1., Py ) = J4_;ep (NP | B T W (200¥(0) | N(P)),
N(P 1,0) NP 1)

Variables of the calculation:

- length of the Wilson line ( z)

- nucleon momentum boost ( P3)
- momentum transfer ( ¢)

- skewness ( &)
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Access of GPDs on a Euclidean Lattice

[X. Ji, Phys. Rev. Lett. 110 (2013) 262002]

Matrix elements of nonlocal (equal-time) operators with fast moving hadrons

d . _
4970 (e, 1., Py ) = J4_;ep (NP | B T W (200¥(0) | N(P)),
N(P 1,0) NP 1)

Variables of the calculation:

Such matrix elements may be analyzed
- length of the Wilson line (z) through LaMET formalism (quasi— GPDs) or

- nucleon momentum boost ( P3) coordinate space factorization (pseudo-ITD)
- momentum transfer ( ¢)
- skewness ( &)

Complementarity is important!
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What can we currently do in lattice QCD?
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t can we currently do in lattice QCD?

l | T \
— — H(z)-GPD, £ =0 }, \ |
— — H(z)-GPD, £ = [1/3[| | \ |
— — fi(x) | '(‘\ \\ Py =1.25 GeV
| \ \\ |
| \ |
| N\
| Q [N
| — N
_______ .L____: ___/__: T ‘ \\\\\\\\e\_
- T \\‘ """""""" R ]
| : |
| ; |
1 | i |
05 _ 0 0.5 1
& ° $

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

M. Constantinou, ECT* JLab Upgrade Workshop 2022



What can we currently do in lattice QCD?

3 T ‘ i . . .
- H@GPDE=0 | || % ERBL/DGLAP: Qualitative differences
S HE;U; GPD, € = [1/3]| | |
ol|—— filz I\ Py =1.25 GeV . .
| | \ % & = =+ xinaccessible
\ .
. \ \ _ (formalism breaks down)
| Q 1N
| — . L
opmmmmmmm =S == % x — 1 region: qualitatively
comparison with power counting
1 05 _¢ . = o 1 analysis [F. yuan, PRD69 (2004) 051501, hep-ph/0311288]

[C. Alexandrou et al., PRL 125, 262001 (2020)]
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What can we currently do in lattice QCD?

3 T l 1 T

% ERBL/DGLAP: Qualitative differences

— — H(z)-GPD, £ = 0 2 ;
S HE:C; GPD, ¢ = [1/3]| | |
| [— — fl T i\ — e
i | (\ VTP % E = + xinaccessible
N\ .
. \ \ _ (formalism breaks down)
| Q 1N
| e NN _ N
opmmmmmmm =S == % x — 1 region: qualitatively
comparison with power counting
1 05 _¢ . = o 1 analysis [F. yuan, PRD69 (2004) 051501, hep-ph/0311288]
z 4 f-dependence vanishes at large-x

[C. Alexandrou et al., PRL 125, 262001 (2020)] 4 H(x,0) asymptotically equal to fl(x)
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What can we currently do in lattice QCD?

3 T l 1 T

% ERBL/DGLAP: Qualitative differences

— — H(z)-GPD, £ =0 a2 ;
~ — H(z)-GPD, £ =[1/3]| | |
| |— — fi(z) i\ , — 1. o
i | (\ \ noimee * & = * xinaccessible
N\ .
| \ \ (formalism breaks down)
| Q 1N
| e NN _ N
e === % x — 1 region: qualitatively
comparison with power counting
1 05 _¢ . = o 1 analysis [F. yuan, PRD69 (2004) 051501, hep-ph/0311288]
z 4 f-dependence vanishes at large-x

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

4+ H(x,0) asymptotically equal to f(x)

— = E(«)-GPD Py = 1.25 GeV — = E(x)-GPD
— — H(z)-GPD — — H(z)-GPD Py =1.25 GeV
ik | 5 L e=13
' I M
\ /‘l/____/‘,’—\\ N
N N\ / 5 w ~
— T — 4N / : \ ~
//\/—-—-——"l \\\ _ - SSN—— -
— S L | | S —
O S - I W — —
0 0__‘——_ .................................. ...............................................
1 0.5 0 0.5 1 1 0.5 0 0.5 1
T T
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What can we currently do in lattice QCD?

3 T ‘ i . . .
~—H@GPD.E=0 | || \ % ERBL/DGLAP: Qualitative differences
- - HE:U; GPD, € = [1/3]| | |
ol|—— filz I\ Py =1.25 GeV . .
} | \ * & = =* xinaccessible
\ .
. \ \ (formalism breaks down)
| Q 1N
| e NN _ N
e e RN ...=== % x — | region: qualitatively
comparison with power counting
1 05 _¢ . = o 1 analysis [F. yuan, PRD69 (2004) 051501, hep-ph/0311288]
z 4 f-dependence vanishes at large-x

[C. Alexandrou et al., PRL 125, 262001 (2020)] 4 H(x,0) asymptotically equal to fl(x)

ken g((w))-(élf)DD P;, —1.25 GeV - = :(w)-GPID g P 195 GV
— — H(z)- g _ — — H(z)-GPD | s = 1.25 Ge
r o 1 ,‘ | &=11/38]
| 1t /{ : ,
j\ M U
an ('} a5 z S
f\\:—‘ \\\\ // l\\ \\\
,////\/,,-j \\\\\\ /// ~N—— L -
0 :—::::—__—_/1#——’ ............................................... \\ 0 _:::____————"\-—"‘"-J _________________________________ \\\
-_1 -0.5 0 ] ] 0.5 ] 1 -1 -0.5 ] (I) O.I5 1
% important contribution in the proton spin -
+1 +1
J dxx?H9(x, &, 1) = AL (1) + 4E2CL (1) , [ dxx*E9(x,£,1) = By (1) — 45CJ (1)
-1

T

-1
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What can we currently learn from lattice results?
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What can we currently learn from lattice results?

% Qualitative understanding of GPDs and their relations

% Qualitative understanding of ERBL and DGLAP regions

4

% Relations can be identified for
the r-dependence of GPDs

0 02 0.4 06 08 i [C. Alexandrou et al., PRD 105, 034501 (2022)]

——— H(z,1/3,-1.02 GeV?)
H(x,0,—-0.69 GeV?) 08l H(x,1/3,-1.02 GeV?) ||
Hr(z,0,—0.69 GeV?) |- Hr(z,1/3,-1.02 GeV?)

——— H(z,0,—0.69 GeV?)

0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1

xr X
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What can we currently check using lattice results?
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What can we currently check using lattice results?

* Understanding of /_lda:HT(x,ﬁ,t) = /_OO dx Hrg(x,€,t, Ps) = Ar10(t), /1 da x Hy(z,€,1) = Apao(t),
systematic effects 1 . 1
through sum r‘ules /_1 dx Er(z,&,t) = /_oo dx Erg(z,€,t, P3) = Brio(t), /_1 dx x Ep(x,&,t) = Bpao(t),
/_1 dx ﬁT(xagat) = /_Oo dx ﬁTq(x7€7taP3) = ZTIO(t)a /_1 dxxﬁT(x7€7t) - ZT2O(t)7
/_11 dz Ep(z,€,t) = /_oo de Epg(z,&,t,P3) = 0. /_1deT(x,g,t) = 26 Bros (t).
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What can we currently check using lattice results?

% Understanding of / Ao Hr(w,6,) = / " e Hyg(e.6,1, Py) = Apolt). / i He(, £,) = Arao(t)
systematic effects 1 . 1

through sum r‘ules /_1 dx Ep(x,§,t) = /_ dx Epq(x,&,t, P3) = Brio(t), /_1 dx x Ep(x,&,t) = Bpao(t),

/_1 dx ﬁT(xagat) = /_Oo dx ﬁTq(x7€7taP3) = ZTIO(t)a /_1 dxxﬁT(x7€7t) - ZT2O(t)7

% Sum rules exist

1 _ 0 N . N B
for quaS|'GPDS /_1 dx Ep(x,&,t) = /_OO dx Epq(z,&,t,P3) = 0. /_1 dex Ep(z,€,t) = 2§Brai (1) .
[S. Bhattacharya et al., PRD 102, 054021 (2020) ]
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What can we currently check using lattice results?

% Understanding of / Ao Hr(w,6,) = / " e Hry(, 6,1, Py) = Agaolt) / v Hy (e 6.1) = Arao(t).
systematic effects 1 . 1

through Sum rules [1deT(x’£7t) :/_ deTq(xa£7t>P3) - BTlO(t)a ‘/_1 dLUSCET(LU,f,t) = BT2O(t)7

/_1 dxfIT(x,ﬁ,t) = /_00 dxﬁTq(x,f,t,Pg) = Aleo(t), /_1 d:v:z:fIT(:B,g,t) = AVTgo(t),

% Sum rules exist

1 _ 0 N . N B
for quaS|'GPDS /_1 dx Ep(x,&,t) = /_OO dx Epq(z,&,t,P3) = 0. /_1 dex Ep(z,€,t) = 2§Brai (1) .
[S. Bhattacharya et al., PRD 102, 054021 (2020) ]

% Lattice data on transversity GPDs

2 2
/ dxHr,(x,0,—0.69 GeV?, P3)={0.65(4), 0.64(6), 0.81(10)}, / dxHry(z, % —1.02 GeV?,1.25 GeV)=0.49(5),
—2

-2

1 1
/ dx Hr(z,0, —0.69 GeV?) = {0.69(4), 0.67(6), 0.84(10)}, / dx Hr(z, % —1.02GeV?) = 0.45(4)
1 —1

1

1
1
/ da @ Hp(2,0,—0.69 GeV2) = {0.20(2), 0.21(2), 0.24(3)} | / doa Hr(r, 3, ~1.02GeV?) = 0.15(2).
—1 —1

A710(—0.69 GeV?) = {0.65(4),0.65(6),0.82(10)}, Ap10(—1.02GeV?) = 0.49(5)
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What can we currently check using lattice results?

% Understanding of / Ao Hr(w,6,) = / " e Hry(, 6,1, Py) = Agaolt) / v Hy (e 6.1) = Arao(t).
systematic effects 1 . 1

through sum rules /_1dwET(af,€,t)=/_ dx Epg(x,&,t, P3) = Brio(t), /_1dx:cET(:c,§,t)=BT20(t),

/_1 dxfIT(x,ﬁ,t) = /_00 dmﬁTq(x,ﬁ,t,Pg) = Aleo(t), /_1 dx:z:fIT(:B,g,t) = AVTzo(t),

% Sum rules exist

1 0 . N B

" ) = L = d E , ,t = 2¢B t).

for quasi-GPDs /_1““””’5’” f v Erg(z,6,t,P5) = 0. / dea Br(e,6,0) = 2B (1)
[S. Bhattacharya et al., PRD 102, 054021 (2020) ]

% Lattice data on transversity GPDs

- lowest moments the same]
# between quasi-GPDs and GPDs }

2

2
/ duHry(z,0,—0.69 GeV?2, Ps)={0.65(4), 0.64(6), 0.81(10)} , /
-2

1
dxHry(z, 3 102 GeV?,1.25GeV)=0.49(5) ,
-2

1 1
1
/ dx Hr(z,0, —0.69 GeV?) = {0.69(4), 0.67(6), 0.84(10)}, / dx Hr(z, 3 —1.02 GeV?) = 0.45(4),
1 —1

L = Values of moments decrease }§

. as 7 increases

1
1
/ da @ Hp(2,0,—0.69 GeV2) = {0.20(2), 0.21(2), 0.24(3)} | / doa Hr(r, 3, ~1.02GeV?) = 0.15(2).
—1 —1

} - Higher moments suppressed
§ compared to the lowest ‘

A710(—0.69 GeV?) = {0.65(4),0.65(6),0.82(10)}, Ap10(—1.02GeV?) = 0.49(5)
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What possible extensions can we achieve?
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What possible extensions can we achieve?
* Twist-3 GPDs

PRELIMINARY
10 _ _ T 5 I” T 3 T "n\ I T
— — G2 + H|(2,0,-0.69GeV") | {| — — q1(z) I |
8F|l—— [G2 + H](x,0,—1.28GeV?) i\ P, — 1.25 GeV | H(:c 0 —0.69GeV?) iy | P; =1.25 GeV
H( 0, 069G6V2) o | ( —1. 28G€V2) “\\\ | i
— — (=) TN |
6 H(z, \1/3\ —1.02GeV?) || \ |
4+ .l
2 L
o ) OO O ===== T =
_2 -
- 1 -1
Xr
[S. Bhattacharya et al., PoS LATTICE2021 (2022) 054 arXiv:2112.05538] 30 G E]]( 0 —069) !
i S ~1+ ~ z,U,—U.
1 —1G: + B)(z,0,-139) | P 195 Gev
20 +
% g7(x) : dominant distribution ol
— — 10 i
* H + G, similar in magnitude to 5
(o S — e ....................................... —_—
* G, is expected to be small 5
0 05 0 05 1

0 : 2
— M. Constantinou, ECT* JLab Upgrade Workshop 2022



Definition of GPDs in Euclidean lattice

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

* Symmetric frame requires separate calculations at each 1
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Definition of GPDs in Euclidean lattice

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

* Symmetric frame requires separate calculations at each 1

Let’s rethink calculation of GPDs !
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Definition of GPDs in Euclidean lattice

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

* Symmetric frame requires separate calculations at each 1

Let’s rethink calculation of GPDs !
1st goal:

Extraction of GPDs in the symmetric frame using lattice
correlators calculated in non- symmetrlc frames
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Definition of GPDs in Euclidean lattice

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

* Symmetric frame requires separate calculations at each 1

Let’s rethink calculation of GPDs !

1st goal:

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

2nd goal:

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

M. Constantinou, ECT* JLab Upgrade Workshop 2022



Theoretical setup

[S. Bhattacharya et al., arXiv:2209.05373]
% Parametrization of matrix elements in Lorentz invariant amplitudes

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, E may be redefined (Lorentz covariant) to eliminate 1/P; contributions:
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Theoretical setup

[S. Bhattacharya et al., arXiv:2209.05373]
% Parametrization of matrix elements in Lorentz invariant amplitudes

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, E 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

[S. Bhattacharya et al., arXiv:2209.05373]
% Parametrization of matrix elements in Lorentz invariant amplitudes

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)

BTl
Iﬂl M. Constantinou, ECT* JLab Upgrade Workshop 2022 m



Matrix element decomposition

Symmetric

2m?

C,=———
E(E+ m)

I —1(1+ 0)
o—2 /4

_i 0N, 5.,
H—Zﬂ+7WW

(J=123)
Asymmetric &(To) =C, | — (Ef + E;)(Ef — E; — 2m)(Ef +m) A, — (Ey — E; — 2m)(Ef + m)(Ef — E;) A
030/ Tra 8m3 ! 4m3 ’
(Ei — Ey)P3z (Ef + Ei)(Ef +m)(Ef — E;) Es(Es + Ei)P3(Ef — E;)z
. Y2 + i As+ 43 As + i3 Ag
a —
: : E:P;(E; — E;)?z
\/E,Ef(E, + m)(Ey + m) i 3(271;%3 ) As)
a . (Ef + Ei)P3Q2 (Ef - Ei)Png (Ef + m)Q2z (Ef + Ei + 2m)P3Q2
II5(T1) =1 Ca ( - Al + p As+ - Ay — g As
_Ef(Ef + Ez)(Ef + m)ng A — Ef(Ef — Ez)(Ef + m)sz A
6 8
4m3 2m3
. E: + E;)P E; — FE;)P: E;+ E¢+ E; 4+ 2m)P
I§(Ts) = i C, (— Ey Smg @1y, - B 4m2 5@1 4, - B 477”;)@12 4+ & 4m3m) 391 4,
E¢(Ef + Ei)(Ef + m)Q1z E¢(Ey — E;)(Ef + m)Q12
+ As + Asg
— 4m3 2m3
1

E (E(E +m) — P2) (E +m) (—E* +m® + P§)

mS3

EPs (-E*+m’+ F})z )
6

0 —
IT, (FO) =Cs ( om3 A+ 3 As +
: EPsQ (E +m)P3Q> E (P} + m(E +m)) 2Qs
0 _ 32
Hs (Fl) ZCs ( Am3 Al - om3 A5 — 93 A6
E (P: E
%(ry) =i C, —EP3Q1 Ay (E +m)PsQs As + ( 5 +m(E + m)) 2Q1 As
4m?3 2m3 2m3
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Matrix element decomposition

Symmetric

2m?

C,=———
E(E+ m)

I —1(1+ 0)
o—2 /4

_i 0N, 5.,
H—Zﬂ+7WW

(j=123)
Asymmetric mero) = o, | — Ert B)Ey — By —2m)(By +m) ,  (By = Bi = 2m)(Ey + m)(Ey — Bi) ,
(Ei — Ey)Psz (Ef + Ei)(Ef +m)(Ef — E;) Es(Es + Ei)P3(Ey — Ey)z
. Y2 + i As+ 43 As + i3 Ag
a —
: : E:P;(E; — E;)?z
\/ElEf(El + m)(Er 4+ m) LB 3(271;&3 ) As)
a . (Ef + Ei)P3Q2 (Ef — Ei)Png (Ef + m)Q2z (Ef + E; + 2m)P3Q2
(1) =i C, ( 83 A+ g Az + - Ay — 13 As
_Ef(Ef + Ez)(Ef +m)sz A — Ef(Ef — E,)(Ef + m)sz A
6 8
4m3 2m3
. E: + E;)P E; — FE;)P: Es+ E¢+ E; 4+ 2m)P
I (Te) =i C, <_ (E Smg 3Q1 Ay — (Ey 4m2 3Q1 As — (Ey 477:)6212 Ay + (Ey 4m3m) 21 A
LB (B + B f+m)6212A6+ 1 (Ef — E;)( f+m)Q12A8
T 4m3 2m3
1L

E (E(E +m) — P2) (E +m) (—E* +m® + P§)

EP; (—E*+m?+P})z

mS3

3

0 —
IT, (FO) =Cs ( om3 A+ 3 As +
' EPsQ (£ +m)PsQ2 E (P +m(E +m)) 2Q
0 _ 32
Hs (Fl) ZCs ( Am3 Al - om3 A5 — 93 A6
E (P: E
%(ry) =i C, —EP3Q1 Ay (E +m)PsQs As + ( 5 +m(E + m)) 201 As
4m?3 2m3 2m3

Novel feature:
z-dependence
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Matrix element decomposition

Symmetric

2m?

C,=———
E(E+ m)

I —1(1+ 0)
o—2 /4

_i 0N, 5.,
H—Zﬂ+7WW

E (E(E +m) — P2) (E +m) (—E* +m® + P§)

EP; (—E*+m® + P3) z
0 _ 3
Hs (Fo) = CS ( 2m3 A1 + m3 A5 + m3 AG
, EP;Q (E 4+ m)PsQ2 E (P +m(E +m)) 2Q
0 _ 32

Hs (Fl) 7 Cs ( Am3 A1 — om3 A5 — o3 A6

EP. E E (P2 E Novel feature:

dm 2m 2m z-dependence

(j = 1,2,3)
Asymmetric T18(To) = C, <_ (Ef + E;)(Ey — E; — 2m)(Ey +m) A — (Ey — E; — 2m)(Ef + m)(Ef — E) As
8ms3 4m3
- LB —4Ef)P3Z A+ (Ey + E;)(Ey +3m)(Ef — E;) A+ E¢(Er + Ez‘)Pg(Ef — E;)z Ag
C = m 4m 4dm
\/El-Ef(Ei + m)(Ey + m) +EfP3(Ef — E;)?z A8>
2m3
a . (Ef + E;)P5Q (Ef — E;)P3Q (Ef +m)Qaz (Ef + E; +2m)P5Q
Ho(F1)=ZCa< S’ LAy p 322 As + f4m A, - g 222 As
No definite _Ef(Ef + Ei)(Ef + m)Qaz A — E¢(Ef — E;)(Ef + m)Q32 As)
] 4m3 2m3
symmetries
a
for H/,t TMe(Ty) = i C, (_ (Er + E13?P3Q1 A — (Ef — E12P3Q1 Ay — (Ef +m)Q12 Ayt (Ef + E; +2m)PsQ1 As
8m 4m 4m 4m3
LBt Ez')(l*;f +m)Q12 A+ Es(Ey — Ei)(l';f +m)Q1z As)
= 4dm 2m
1L
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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 =

) Py (00) — i gt (r) ~ emg(r
—éﬂi(ﬁ)
o)+ P M ) 1 B ey
2m?  W§(To) . 2AE;— B)Pym®  I§(Ts) 2(E; — E;)Pym? 1% (T,
Ef(Ei+m) C, Ei(Ef +m)(Ei+m)Q1 Ca  Ef(Ef+ Ei)(Ef +m)(Ei +m) C,

; 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

m*Ps Ng(Ty)  (Ey + Ey)m® T5(Ts)
Ef(Ef +m)(Ez —|—m) C, Ef(Ei +m)Q1 C,

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

L 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)

BTl
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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 [2%] —t [GeV2] € NME Nconfs Nsrc Ntot
symm 1.25  (4£2,0,0), (0,£2,0), 0.69 0 8 249 8 15936
non-symm  1.25  (£2,0,0), (0,+£2,0), 0.64 L0 8 269 8 17216

Small difference: 5=— Q2 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)
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Results: A,

2.0
¢ A4
boal
1.5 1 ¢ A
. b Ag 23 g
3 0.0 {® o @
¥ s £ 2 ¢
gl-o 3 'q-?—Ol— o 3 g
S ®s » = o
Q: g k — —0.2 & ¢
0.5 - 8 . 8 ®
Q ® , 3 —0.3 A $ $ Q i
¢ 2 i
0.0 - A YRR L L iii
1 1 1 I _0-5 1
2.0 0.2
A4 |
: jf» 014 T m
1.5 : , "
Ag < \ N A ,
¢ A 0.0-+%§§§§€§§§%%%%%%
A s { |
— 1.0 T +T+‘F‘iﬂ‘h‘h*4ﬂ#
S A Ag ~ —0.1
= o |
= b Ag .ig‘. —0.2
0.5 - m o Ag
i |,
b As
NeggEseeeaaaas sy
T I 1 T T T _0.5 1 T T T T 1
0 3 6 9 12 15 0 3 6 9 12 15
z/a z/a

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

Remaining A; suppressed (at least for this kinematic setup and & = 0)
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[1,, I1; in terms of A,

ic%A

* Mapplng Of {HHa HE} to Al US|ng FIr'l [},OHQ(O)(x,f,t;P3)+ ZMM

In each frame leading to frame dependent relations:

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

— M. Constantinou, ECT* JLab Upgrade Workshop 2022



[1,, I1; in terms of A,

ic%A

* Mapplng of {HH’ HE} to Al using FIr' o [},OHQ(O)(x,f,t;P3)+ ZMIM

In each frame leading to frame dependent relations:

¢ =0) 202
I, = A, +—LA
H 1 2P3 6
2 4E? + Qx* + Qy?
m-z < Y
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

EQ(())(X, &t P3)]

— M. Constantinou, ECT* JLab Upgrade Workshop 2022



€=0)

[1,, I1; in terms of A,

ic%A

4 Mapping of {I1,, 1.} to A using ri~ [yOHQ(O)@,g,t;wH _

In each frame leading to frame dependent relations:

2
zQ
2P,
2 4E% + Qx* + 0y?
m-z < y
P, 2P,
m2z 2(03 + O° z2(03 + 2
4, = A, + %A:,, AL (G + o1 Ag (G0 + ©o00) Ag
P, 2P, P, 2P, 2P,P;
2
+2P
M=, — 204, Q2 oy,
P, 2P,P;
2 (03 +2P,Q, + 4P% + 0}) A 20y (02 +20,Py + 4P% + 0?) A
2P, ¢ 2P, P, 8

Definition of Lorentz invariant 11, & 11
NPT = A

TP = — A, + 245 + 22P;Aq

EQ(())(X, &t P3)]
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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,f,t;P3)]

€=0)

In each frame leading to frame dependent relations:

2
<
2P,
2 4E? + Ox* + Qy?
m-z < y
P, 2P,
m2z 2(03 + O° 2(07 + 2
4 = A, + oy %0y Qo+ 01 Ag+ (G + QL) Ag
P, 2P, P, 2P, 2P,P;
2
+2P
Moo= —a, - 204, P H2R) oy,
P, 2P,P;
2 (03 +2P,Q, + 4P% + 01) A 20y (02 +20,Py + 4P% + 0?) A
2P, ¢ 2P, P,

Definition of Lorentz invariant 11, & 11
NPT = A

TP = — A, + 245 + 22P;Aq

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

z07
I, =A, +—A
H 175 P, 6
2 4E2 + QX2 + Q 2
m Z Yy
P, 2P,
2 2 2 3 2
e = a4+ a4 250, HOHOL, | X+ 00D
P, 2P,P; 2P, 2P,P;

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

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

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

2P, ¢ 2P, P,

% Definition of Lorentz invariant I1,; & I

E=00 ppimer 4

T

TP = — A, + 245 + 22P;Aq

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

2nd approach: extraction of

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

ic%A

4 Mapping of {I1,, 1.} to A using ri~ [yOHQ(O)(x,g,t;p3)+ _
In each frame leading to frame dependent relations:

a EQ(O)(x7 f, ta P3)]

=0 202
I, = A, + —Aq .
2P; 1st approach: extraction of
@ mzZA o (4E + 022+ 07) ” I, IT;.} using A, from any
ETOSL o p AT 2P, 6 frame (universal)

Qo mzon Z(Qg + QJ2_ A Z(QS + QOQJZ_) A

=it gt p Mt At —pp s 2nd approach: extraction of
) {11, 11} from a purely
u Qo m<-z(Qy + 2P,) . ) .
Mp=—A - Ay - —— 55— As+24; asymmetric frame; GPDs differ in
0 03
. \) \)
(O3 4+ 2P0y + 4P+ Q) 20y (03 +200Py + 4P2 + 03) functional form from {11, 11}
- A6 - AS
2P, 2P, P,

% Definition of Lorentz invariant 1, & 11
3rd approach: use redefined

. Lorentz covariant{11,, I1-} in
E desired frame

(€=0) Hi};npr = A1

T
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Results: H — GPD

Symmetric frame: H vs # Asymmetric frame: H vs #

4.0 4.0

35 Il #H symm

3.0 1

354 Il #H asymm
3.0 1

2.5 1 2.5

2.0 A 2.0

1.5 1.5 1

1.0 A 1.0 1

0.5 1 0.5 1

0.0 a 4
—0.5 -0.5 T T

-1.0 -0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0

00 e ——

Symmetric frame: E vs & Asymmetric frame: E vs &

Similar results for H

and # for both frames
(agreement not by
construction)

Differences between E

and & for both frames
(agreement not by
construction)
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4.0

-0.5

4.0

3.5 1

3.0 1

2.5 1

2.0

1.5 1

1.0

0.5 1

0.0 1

—0.5

-1.0

T
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3.5 1

3.0

2.5 1

2.0 A

1.5 1

1.0

0.5 1

0.0 1

Results: H — GPD

O\JMMAl'-u:A fuimian A U"A W

B H symm
Bl 7 asymm

-1.0 -0.5 0.0 0.5 1.0

Asymmetric frame: H vs #

-
H asymm

|

Similar results for H

and # for both frames
(agreement not by
construction)

Differences between E
and & for both frames

" (agreement not by
construction)

3.5 1

3.0 1

2.5 1

2.0 1

1.5 1

1.0 1

Agreement between

frames for # and &
(agreement by
construction)




Summary

% Tomographic imaging of proton has central role in the science program of JLab
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Summary

% Tomographic imaging of proton has central role in the science program of JLab

% JLab Upgrade an important topic in the Hot & Cold QCD Town Hall Meeting

y
”
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N

L]

@enerey 3 i TS

Sep 23 - 25, 2022
MIT

U DEPARTMENT OF | Office of @M
6ENERGY Science

% JLab Upgrade included in the survey for the Town Hall Meeting recommendations

BTl
IE M. Constantinou, ECT* JLab Upgrade Workshop 2022 m



Summary

Lattice QCD data on GPDs will play an important role in the pre-EIC era
and can complement experimental efforts of JLab@12GeV

New proposal for Lorentz invariant decomposition has great advantages:
- significant reduction of computational cost

- access to a broad range of fand &
Future calculations have the potential to transform the field of GPDs

Essential to continue support the field and have access to state-of-the-art
computational resources

Synergy with phenomenology is an exciting prospect!
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Summary

% Lattice QCD data on GPDs will play an important role in the pre-EIC era
and can complement experimental efforts of JLab@12GeV

% New proposal for Lorentz invariant decomposition has great advantages:
- significant reduction of computational cost

- access to a broad range of fand &
% Future calculations have the potential to transform the field of GPDs

* Essential to continue support the field and have access to state-of-the-art
computational resources

% Synergy with phenomenology is an exciting prospect!
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Challenges of lattice calculation

% Statistical noise increases with Ps, ¢
use of momentum smearing method
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Challenges of lattice calculation

% Statistical noise increases with Ps, ¢
use of momentum smearing method

Momentum smearing
0.6 | § Gaussian smearing
P; =0.83 GeV
t =—1.39 GeV?
— 04 % {
&
£ '
< ?
=02t ? ;
¢
s
O F o ‘ ..... DI SN S *
0 2 4 6 8 10 12
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Challenges of lattice calculation

% Statistical noise increases with Ps, ¢
use of momentum smearing method

Momentum smearing
0.6 | § Gaussian smearing
P; =0.83 GeV
t = —1.39 GeV?
— 04 % {
&
£ ¢
B %
=02t ?
¢ ¢
L
O F ‘ ..... TR IO SO .
0 2 4 6 8 10 12

+ Implementation in GPDs nontrivial due to momentum transfer

+ Standard definition of GPDs in Breit (symmetric) frame
separate calculations at each t

+ Matrix elements decompose into more than one GPDs
at least 2 parity projectors are needed to disentangle GPDs

+ Nonzero skewness
nontrivial matching

+ P3 must be chosen carefully due to UV cutoff (¢! ~ 2GeV)
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Challenges of lattice calculation

% Statistical noise increases with Ps, ¢
use of momentum smearing method

Momentum smearing

0.6 | § Gaussian smearing T AZO(QZ)_

P; =0.83 GeV
t = —1.39 GeV? +

0.4-% {

Re [h’YU aPO:I

+ Implementation in GPDs nontrivial due to momentum transfer

+ Standard definition of GPDs in Breit (symmetric) frame
separate calculations at each t

+ Matrix elements decompose into more than one GPDs
at least 2 parity projectors are needed to disentangle GPDs

+ Nonzero skewness
nontrivial matching

+ P3 must be chosen carefully due to UV cutoff (¢! ~ 2GeV)
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0.6

Re [h’YU aPO:I

Challenges of lattice calculation

% Statistical noise increases with Ps, ¢
use of momentum smearing method

Momentum smearing
¢ Gaussian smearing

04

P; =0.83 GeV
t = —1.39 GeV?

Implementation in GPDs nontrivial due to momentum transfer

i

n

Standard definition of GPDs in Breit (symmetric) frame

separate calculations at each t

Matrix elements decompose into more than one GPDs

at least 2 parity projectors are needed to disentangle GPDs

Nonzero skewness
nontrivial matching

Ps must be chosen carefully due to UV cutoff (¢! ~ 2 GeV)

Ref. m~=(MeV) P3(GeV) ol I
quasi/pseudo [59,95] 130 1.38 6%
pseudo [92] 172 2.10 8%
current-current [98] 278 1.65 19%*
quasi [72] 300 1.72 6% '
quasi/pseudo [77] 300 2.45 8% T
quasi/pseudo [70] 310 1.84 3% 1
twist-3 [148] 260 1.67 15%
s-quark quasi [113] 260 1.24 31%
s-quark quasi [112] 310 1.30 43%**
gluon pseudo [134] 310 1.73 39%
quasi-GPDs [170]

—t=0.69GeV? 260 1.67 23%
quasi-GPDs [169]

—t=0.92GeV? 310 1.74 59%

J[ At Tyine < 1 fm.
* At smallest z value used, z = 2.

** At maximum value of imaginary part, z = 4.

[M. Constantinou, EPJA 57 (2021) 77]
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Challenges of lattice calculation

% Statistical noise increases with Ps, ¢

0.6

Re [h’YU aPO:I

use of momentum smearing method

n

04

Momentum smearing T o Ref. mn(MeV) P5(GeV) 51220
$ Gaussian smearing P; = 0.83 GeV AZO(Q ). quasi/pseudo [59,95] 130 1.38 6%
t=—1.39 GeV? % pseudo [92] 172 210 8%
% { % ] current-current [98] 278 1.65 19% *
} ; { quasi [72] 300 1.72 6% '
¢ ’ \ ' quasi/pseudo [77] 300 2.45 8% T
.......................................................... P e e ] quasi/pseudo [70] 310 1.84 3%
: twist-3 [148] 260 1.67 15%
0 2 4 6 8 10 12
2/a s-quark quasi [113] 260 1.24 31%
Implementation in GPDs nontrivial due to momentum transfer  «quakquasinzy 310 130 43%"
gluon pseudo [134] 310 1.73 39%
Standard definition of GPDs in Breit (symmetric) frame quasi-GPDs [170]
. —t=0.69GeV? 260 1.67 23%
separate calculations at each t
quasi-GPDs [169]
—t=0.92GeV? 310 1.74 59%

J[ At Tyine < 1 fm.
* At smallest z value used, z = 2.

Matrix elements decompose into more than one GPDs
at least 2 parity projectors are needed to disentangle GPDs

** At maximum value of imaginary part, z = 4.

[M. Constantinou, EPJA 57 (2021) 77]

Nonzero skewness

nontrivial matching Further increase of momentum

at the cost of credibility
Pz must be chosen carefully due to UV cutoff (¢! ~ 2GeV)
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Twist-classification of GPDs

TR
Q -+ Q2 cee

0
fi=f,-()+
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Twist-classification of GPDs

f(l) f(2)
0 "o "

fi=f0+
Twist-2 (/)

N o) L) Te)

H(x, ¢, 1)
E(x,¢,1)

unpolarized

H(x, &, 1)
E(x,&,1)

helicity

HT ET
H E

transverS|ty

Probabilistic interpretation

T¢ Nucleon spin
v @ ** quark spin
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Quark

U(y")

H(x, ¢, 1)
E(x,¢,1)

unpolarized

Twist-classification of GPDs

Twist-2 (/)

L (},+},5)

fi=f,-(0)+

T (6)

H(x, &, 1)

E(x,E 1)
helicity

H,.E,
Hy, Eq

transversity

Probabilistic interpretation

T‘ Nucleon spin
** quark spin

fi(l) fi(2)
Q -+ Q2 cee

Twist-3 (/")

G, G,
G, Gy

Hy(x, ¢, 1)
Exx, 8,1

* % O

Lack density interpretation, but not-negligible
Contain info on quark-gluon-quark correlators
Physical interpretation, e.g., transverse force

Kinematically suppressed

Difficult to isolate experimentally

% Theoretically: contain 6(x) singularities

M. Constantinou, ECT* JLab Upgrade Workshop 2022
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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

T
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Real

Imag

Results: matrix elements

symmetric

z: (As) H]l 1 Zi:if,:fi
A LA P o
0.2 ! 3 , 01
: OOMnQ“iiii ;;;it:tnu
Lo
- (i
| |
03]  Pi=125 Gev| | |
| it
Amﬁiﬁ”w (Y
E 00 ! .
£ T
. i

z/a

ng(rs)

ng(rs)

0.8 A
0.6
0.4 -

0.2 A

o-omzmiff
| b

-0.2
-0.4 -
~0.6 1

—0.8 1

::¢¢$1Ij|’

—0.3 A

asymmetric

(Ag, As)

P3;=1.25 GeV

|
:

Tiiiliif

111

-15 -10

P;=1.25 GeV

—_—— ——— ——
———— -
——
— - -0
———
- -0

-15 -10

0 5
z/a

% Matrix elements depend on frame (comparison pedagogical)

10 15

% 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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Results: matrlx elements

symmetric p3= +3,q; asymmetric

Real

.10 — —
0-107 (A3, Ays Ag) ® p3=+3,q1=-2 0.3 =125Gev (A}, A3, Ay, As, Ag s Ag
Py =125 GeV L t ps b - ,
0.05 ¥ T . % p3=-3,01=+2 ' | )
: 4 4
I
x114+1 1 ! | I I 0.1 * T x i
= t 14 - {1 H
cIX_-'—c 0.00 1 ¥r2TT T EI_.Z I* # # 71
$ ¢? XXX R T 4
¢ XX 3¢
—0.05 - —0.11 |
“02] | | |
-0.10 1
T T T T T T _0'3 _I T T T T T T
-15 -10 -5 0 5 10 15 -15 -10 -5 0 5 10 15
z/a zla
Imag 0075
P;=1.25 GeV
0.15
0.050 X X .
(X3 ? ¢
0.025 ) 114 0.10 ¢
(X ] ¢
[ ] [ ) ® [ ] [ ] ® [ ]
ol L I 1 )
0,000 1 ® 111 oo 1411141 _ 'y ¢ l
S 0 el 1] | o 0.05 - *
pye 114 5 *T¥l =, ¢
- * c
0054 tTTTTTTITTT4 T1111t 1 °%¢0¢? 'SER S
\ | 1 + 0.00 1 111 i1l 1+48
-\ * * 141 1 * 4 + 44
—0.050 A 1 1 1 ¥1t 4 1t 4% 1r |
—0.05 A TTTe 4 ¥ T 1
—0.075 1
_0.100 _I T T T T T T _0110 _I T T T T T T
-15 -10 -5 0 5 10 15 -15 -10 -5 0 5 10 15
z/a z/a

* II,(I',) theoretically nonzero

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

My

) s,impr
I1;, vs HH

Results: H — GPD

a a,impr
117, vs HH

P;=1.25 GeV <
0.8 1 ¢  Relly]
t + Re[l—l_ls_l,impr]
0.6 ¢ b ImIng]
s, impr
0.4- $ ¢ Imlny ]
$
0.2 R
)
0.0 e ‘e, cae et
g : !
-0.2 1 s
I ¢ ’
0.0 2.5 5.0 7.5 100 125 150 175
z/a
) a
I1;, vs 11},
{D3=1.25 GeV + Re[I'Iﬂ]
087 4 ¢ 5
b ¢ Re[Nf]
0.6 } ¢ Imlngl
¢ a
0.4 ' ¢ Im[nNg]
¢
¢
0.2 .
¢
0.0 o ‘ :,.:3!3.-.
s [ ]
—0.2 1 s ’
$ 3 ¢ ¢
0.0 2.5 5.0 7.5 100 125 150 175
z/a

{D3=+1.25GeV i Re[l'l;'i’,]
+ + Re[nz,impr]
+ ¢ Im[Ng]
’ 4 Im[ngmer
'
¢
’ e g ¢ ¢
8 0
$ ¢ ‘
$ 3 ¢
0.0 2.5 5.0 7.5 100 125 150 175
z/a
s, impr a, impr
HH VS HH
1 Ps=1.25Gev )
r e + Re[nzlmpr]
1 b Im[nE™P
! 4 Im[ngmery
$
¢
¢
¢ [ ]
’ SR ST IR I A
8 s [ ]
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

M. Constantinou, ECT* JLab Upgrade Workshop 2022



Results: 11, — GPD

S s,impr
1T, vs 11 -

a a,impr
17 vs 11

r3=1.25GeV *
1 }
i .
i 5
:
4
¢
¢
¢ ¢
° ¢ 3 : 8§

Re[lz]
Re[l—ls impr]
Im[Nz]

Im[ME™mPr

2.0 r3=1.25GeV t  RelNg]
}  Re[nZmPry
1.5 + + ¢ Im[Ng]
+ ' + lm[l-la /mpr]
1.0 A by
c t 4
0.5 1 + H
: [ ]
007 e :E!""...
2T 25 50 75 100 135 180 175
z/a
Ky a
11, vs 117
1.75 { P;=1.250GeV
| ¢  Rel[Ng]
1.50 1 * ¢ RelNng]
1.25 - * * * ¢  Im[Nzl
1.00 4 4 { ¢ Im[I‘I,‘?:]
w075 4 t i
0.50 - + 1
0.25 1 i }
$
$ $ $ 4 ¢ ¢ ¢
~0.25

15.0 17.5

0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5
z/a

z/a

z/a
HZ,' impr VS H% impr
r3= 1.25 GeV + Re[l_ls /mpr]
t | ¢ Re[nz ™
t + Im[I—IS Impr]
* + Im[l—la Impr]
.
¢
é
¢
B TR T R
] s ¢ *
frgat
OiO 215 5:0 715 10I.O 12I.5 15I.0 17I.5

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

1.50 -

1.25 -

1.00 A

0.75 A

Re[Mg]

0.50

Y

-0.25

¢

Re[lT;] | @
t

4

'SR

1l | X

¥ =

;miw

p3=+3,q1=+2
p3=+3,q1= -2
ps=+3,q2= +2
ps=+3,q2= —2

ps=—3,q1=+2 .

p3=—-3,q1= —2
p3 = _31 g> = +2

ps=—3,G2= -2 "]

-15

-10 -5 0

Im[Mz]
o
(@]
e E——
—o—am——
——>om——

.0 1

.5

).0

Re[IL,]

I
mni*** - iffimm
Im[lz';E]

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)

M. Constantinou, ECT* JLab Upgrade Workshop 2022



