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Generalized Parton Distributions

GPDs provide information on spatial distribution of partons inside 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 (DVCS, DVMP):

- 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)

twist-3 contributions:

- Related to certain spin-orbit correlations

- H + 52 related to tomography of F. acting on the active q in DIS off a
transversely polarized N right after the virtual photon absorbing

|
- G5(x, &, 1) related to Lq ; L,=- J dx x GI(x,&,t = 0)
-1
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Twist-classification of GPDs
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Twist-classification of GPDs
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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 0(x) singularities

M. Constantinou, APCTP 2022



Accessing information on GPDs
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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
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Form Factors & Generalizations
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% Ultra-local operators (FFS)
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e Simulations at physical point
available by multiple groups

® Precision data era

® Towards control of systematic
uncertainties
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Form Factors & Generalizations

% Ultra-local operators (FFS)
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Form Factors & Generalizations

% Ultra-local operators (FFS)
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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

d . _
P06 Py = | e (NI EQTH 0RO INE)),
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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 . _
GSPP(x, 1, &, Py, p) = [4—;5”1”% (NP | ()T W (2,0)%(0) | N(P)),
W(z)
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 . _
P8 Py = | e (VBRI H 0RO INE)),

T

N(P,0) NP, 1)

Variables of the calculation:

- length of the Wilson line ( z)

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

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

Contact with light-cone distributions (PDFs, GPDs, TMDs):

% Matching procedure in large momentum ET
(LaMET) X. Ji, Sci. China Phys. Mech. Astron. 57, 1407 (2014), arXiv:1404.6680]
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Access of GPDs on a Euclidean Lattice

Contact with light-cone distributions (PDFs, GPDs, TMDs):
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Contact with light-cone distributions (PDFs, GPDs, TMDs):
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Access of GPDs on a Euclidean Lattice

Contact with light-cone distributions (PDFs, GPDs, TMDs):

% Matching procedure in large momentum ET
(LaMET) X. Ji, Sci. China Phys. Mech. Astron. 57, 1407 (2014), arXiv:1404.6680]

Matching between
quasi-GPDs and
light-cone GPDs:
length increased by
the boost factor vy,

goes to oo in IMF

Spatial (z) direction for
high-momentum hadron

Light-cone direction
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Access of GPDs on a Euclidean Lattice

Contact with light-cone distributions (PDFs, GPDs, TMDs):

% Matching procedure in large momentum ET
(LaMET) X. Ji, Sci. China Phys. Mech. Astron. 57, 1407 (2014), arXiv:1404.6680]

Matching between
quasi-GPDs and
light-cone GPDs:
length increased by
the boost factor vy,

goes to oo in IMF

Spatial (z) direction for

high-momentum hadron : : :

for hadron at rest reduced as Ps increases
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[M. Constantinou, H. Panagopoulos, Phys. Rev. D96, 054506 (2017), arXiv:1705.11193]
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Parameters of calculation

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

T

Volume:

! Pion mass:
Lattice spacing: 0.093 fm

i Spatial extent:

260 MeV }

* Proton Momentum: P [GeV] §x L

* Excited states:

32°x 64 1§
)
N(P ,0) N(P 1)
—t [GeV?] € |Nconts Nmeas
0.83 (0,2,0) 0.69 0 | 519 4152
1.25 (0,2,0) 0.69 0 | 1315 42080
1.67 (0,2,0) 0.69 0 | 1753 112192
1.25 (0,2,2) 1.39  1/3| 417 40032
1.25 (0,2,-2) 1.39  -1/3| 417 40032

Tsink=1 1 2 fm
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Parameters of calculation

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

260 MeV }

!  Pion mass:

Lattice spacing: 0.093 fm
Volume: 322x 64 ¢
Spatial extent:  3fm | )
) S N(P 1,0) N(P 1)
% Proton Momentum: P; [GeV] @ x £ —t[GeV?] € [Neonts Nmeas
0.83 (0,2,0) 0.69 0 | 519 4152
O ey 4 125 (0,2,0) 0.69 0 | 1315 42080
skewness
1.67 (0,2,0) 0.69 0 | 1753 112192
1.25 (0,2,2) 1.39  1/3| 417 40032
1.25 (0,2,-2) 1.39  -1/3| 417 40032

* Excited states:  Tsink=1.12 fm

T
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Parameters of calculation

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

260 MeV }

!  Pion mass:

Lattice spacing: 0.093 fm
Volume: 322x 64 ¢
Spatial extent: _ 3fm | )
) S N(P 1,0) N(P 1)
% Proton Momentum: P; [GeV] @ x £ —t[GeV?] € [Neonts Nmeas
0.83 (0,2,0) 0.69 0 | 519 4152
O ey 4125 (0,2)0) 0.69 0 | 1315 42080
skewness
1.67 (0,2,0) 0.69 0 | 1753 112192
1.25 (0,2,2) 1.39  1/3| 417 40032
1.25 (0,2,-2) 1.39  -1/3| 417 40032

* Excited states:  Tsink=1.12 fm

T
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Parameters of calculation

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

260 MeV }

!  Pion mass:

Lattice spacing: 0.093 fm
Volume: 322x 64 ¢
Spatialextent:  3fm | )
) S N(P.0) NCP 1)
% Proton Momentum: P; [GeV] @ x £ —t[GeV?] € [Neonts Nmeas
0.83 (0,2,0) 0.69 0 519 4152
10 ey 4125 (0,2,0) 0.69 0 | 1315 42080
skewness
1.67 (0,2,0) 0.69 0 | 1753 112192
nonzero { 1.25  (0,2,2) 1.39  1/3| 417 40032
skewness 1.25 (0,2,-2) 1.39 -1/3| 417 40032

* Excited states:

Tsink=1 1 2 fm

T
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Decomposition of matrix elements (twist-2)

E/E; E;+E, Pr P, 1
2 [ / i pltp
FH(Q)(M? T T T T T3

IL0(Po; Py, Pi) = C

E:+ B, 1 (E;y —E)? Ef+E; 1
LF Q2 P, P f v | f i f i
( )( Tp=tp ( 8ms3 4m2> 8m? 8m 4) |

Pf P’L"r 2 (Ef_*_EZ)prP’LT prPiT_PfTPiP
E(Q +

H»YO(Pijfa'PZ) = ’I:G_jOp'rC FH(Q2) 42/1/2 8m3 8m2

Pi3 Py; + Pyy Py
4m?

Fﬁ(Q2) (5j3 ( 4m 4m? + 4

Ef+E P, bip 1) N

H,Y3,y5('Pj;Pf,Pi) = C

gy Frs = D) Er Py + BiPy 4 m(Pr, = Py)
s 8m3

)

)

BTl
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Decomposition of matrix elements (twist-2)

2
FH(Q)<2m2+ am ¢ am?Z 4

IL0(Po; Py, Pi) = C

E¢ + E; 1 (Ef —E;))? Ef+E; 1
2 f i f 1 f i
+F(Q) (pr Fip ( 8m3 i 4m2) - 8m? i 83m i 4 ’

Unpolarized mm-—}

7 (Qz)pr P;. Q2 (Ef +Ei)prPiT N pr P _PfT Pz'p
H 2 E 3 2
4m 8m &m

H,YO(Pj;Pf,Pi) = ’iejopTC

Ef+E, Pr, P, 1
F~ 2 5 f (. 1Y
H(Q)(jg( 4m 4m? +4 +

4m?

H,Y3,y5(’Pj;Pf,Pi) = C

gy Frs = D) Er Py + BiPy 4 m(Pr, = Py)
s 8m3

)

)

BTl
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Decomposition of matrix elements (twist-2)

2
FH(Q)<2m2+ am ¢ am?Z 4

IL0(Po; Py, Pi) = C

E:+ B, 1 (E;y —E)? Ef+E; 1
LF Q2 P, P f 1 | f 7 f i
( )( Tp=tp ( 8ms3 4m2) 8m? 8m 4) |

Unpolarized mm-—'b'

?

7 (QQ)pr P;. Q2 (Ef +Ei)prPiT N pr P _PfT Pz'p
H 2 E 3 2
4m 8m &m

H,YO(Pj;Pf,Pi) = ’iejopTC

E++E; Pr, P, 1
F-~ 2 5. f (. P
H(Q)(jg( 4m 4m? +4 +

Pi3 Py; + Pyy Py
4m?

H,y3,y5(’Pj;Pf,Pi) = C

o (Pr3 — Pis)(=EfPij + EiPy . + m(Ps,; — Pij))

Helicity e o

)

BTl
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Decomposition of matrix elements (twist-2)

E/E; E;+E, Pr P, 1
2 [ / i pltp
FH(Q)(M? T T T T T3

IL0(Po; Py, Pi) = C

E:+ B, 1 (E;y —E)? Ef+E; 1
LF Q2 P, P f 1 | f 7 f i
( )( Tp=tp ( 8ms3 4m2) 8m? 8m 4) |

Unpolarized mm-—'b'

?

7 (QQ)pr P;. Q2 (Ef +Ei)prPiT N pr P _PfT Pz'p
H 2 E 3 2
4m 8m &m

H,YO(Pj;Pf,Pi) = ’iejopTC

Pi3 Py; + Pyy Py
4m?

Fﬁ(Q2) (5j3 ( 4m 4m? + 4

Ef+E P, bip 1) N

H,y3,y5(’Pj;Pf,Pi) = C

o (Pr3 — Pis)(=EfPij + EiPy . + m(Ps,; — Pij))

)

Helicity e o

@ Kinematic factors defined by calculation setup

@ Decomposition similar to the decomposition of form factors

® Zero skewness: F E(Qz) inaccessible

BTl
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Example: Matrix elements for unpolarized GPDs

1.5 — l
: Py = 0.83 GeV
Re [h,p] Unpolarized i Py=125GeV

Tr projector (o) [ ¢ P =1.67CeV|]

—t = 0.69 GeV?

05
A
¢ »
O o B i # e e
0.2 Im [h"r‘o,P]
O 8
#
. ; P4
02 | ! 5 % 4 !
0.4 |
0 2 4 6 8 10
z/a

IR

1 — I :
. Py = 0.83 GeV

Polarized Py = 1.25 GeV

Re [hyp] Py = 1.67 GeV

projector (I1)

02

ol P

8 10

! Pion mass: 260 MeV |
| Lattice spacing: 0.093 fm ;
 Volume: 32°x 64 |

% Statistics compared to 0.83 GeV: x10 (1.25 GeV), x30 (1.78 GeV)

* P3=1.78 GeV :

similar contributions from both matrix elements

% Ps3- dependence non-negligible and can propagate to GPDs

% Fe more noisy than Fy

M. Constantinou, APCTP 2022



What can we currently do in lattice QCD?
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What 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 1N
| e N
"'_'—""‘aj':—'m'?f'"”m\“ """""""" R ]
| ! |
| ; |
| i |
1 05 — 0 0.5 1
& ° $
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What can we currently do in lattice QCD?

- H@GPDE=0 | || % ERBL/DGLAP: Qualitative differences
- HE:U;—GPD, e=11/3]| |\
L|— — filz i\ Py =1.25 GeV . .
| | \ % & = =+ xinaccessible
\ .
N\ (formalism breaks down)
| Q \j\\
| ——— \\\l\ . . .
D e R === % x — | region: qualitatively
comparison with power counting
1 05 _¢ . = o 1 analysiIs [F. Yuan, PRD69 (2004) 051501, hep-ph/0311288]
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What can we currently do in lattice QCD?

3 T T 1 T
0 '|| \
/3] 1\
o L|l— — filz) '(I\ \

% ERBL/DGLAP: Qualitative differences

% & = =+ xinaccessible
v\ _ (formalism breaks down)

comparison with power counting

analysIs [F. yuan, PRD69 (2004) 051501, hep-ph/0311288]
z 4 f-dependence vanishes at large-x

N e S === % Xx — | region: qualitatively
|
|
|

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

Mqpl
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What can we currently do in lattice QCD?

3 T ‘ i . . .
- H@GPDE=0 | || % ERBL/DGLAP: Qualitative differences
~ — H(x)-GPD, £ =[1/3|| | | |
L [— — fi(2) i\ | — e
i | (\ VTP % E = + xinaccessible
\ .
. \ \ _ (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
4+ H(x,0) asymptotically equal to f(x)
- = E(w)-GP'D | | Py = 1.25 GeV - = :(w)-GPID g
— — H(z)-GPD : : €= |1/3] — — H(z)-GPD \ Py =| 1/.2|5 GeV
1 | ) £E=11/3
1 1 1f /l" :\\\
| \ /| -
;=" e
: {:::;]\\\\\\ // l\\ \\\\
A== ey, 7 i -
R | =~ _ - —
O F s eaens R RRIREIE SEEIEIERE R RREIEIEREREE 0 :/_____________1_,..————‘ ____________________________________________ \
| |
| |
1 0.5 | 0 | 0.5 1 1 0.5 0 0.5 1

Mqpl
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What can we currently do in lattice QCD?

3 T ‘ i . . .
- H@GPDE=0 | || % ERBL/DGLAP: Qualitative differences
~ — H(x)-GPD, £ =[1/3|| | | |
o L= = hlx) . Py =125GeV _ _
| | \ % & = =+ xinaccessible
\ .
. \ \ (formalism breaks down)
| Q 1N
| e NN _ N
S e T === % 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
4+ H(x,0) asymptotically equal to f(x)
- = E(w)-GP'D | | Py =1.25 GeV - :(w)-GPID
— — H(z)-GPD : : £ =13 — — H(z)-GPD \ Py =1.25 GeV
L : : ‘ =11/3
1 ; ; 1 /,; ';\\ £ =[1/3]
\ \ / \‘ - ——=0
/ - / b ~
: {:::;j\\\\\\ // l\\ \\\\
////\/""/i | \\\\ /// E—— \\\ —
B e W ] == - | ; R
O F s eaens (o . 1‘ AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA _ :/____________.1_,..————‘ ____________________________________________ \
| |
| |
\ | L A
0 0.5

%* important contribution in the proton spin -

-1

T

+1
J dxx*Hi(x,&,1) = AL(1) +4E°C (1),

+1
[ dxx*E9(x, & 1) = B (1) — 4&°CL(1)
—1
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What can we currently do in lattice QCD?

3 T ‘ i . . .
- H@GPDE=0 | || % ERBL/DGLAP: Qualitative differences
— - ng; GPD, £ = [1/3]| | | |
2 t|—— Nz . . Py=125GeV _ _
| ‘\ \\ * & = * xinaccessible
. \ \ (formalism breaks down)
| Q 1N
| e NN _ N
T = === % 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
4+ H(x,0) asymptotically equal to f(x)
s newer | [EEaamll
N —— i), | o E=1/3] — — H(z)-GPD | ) ;’: 11/3) ’
: l 1 i R
: P — \-\N // :| | \ hN ~
| [ N % | LN T~
M- " D, A | e N
| T A —— | —— _ - - —
O F e R e e 0 :——_—’—"'l}’ _________ —‘ _______________ J ____________________________ \
| | D
\ \ | | | |
0 0.5 1

* important contribution in the proton spin

-1

T

+1
J dxx*Hi(x,&,1) = AL(1) +4E°C (1),

-1

+1
[ dxx*E9(x, & 1) = B (1) — 4&°CL(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

O -
0 0.2 0.4 0.6 0.8 1
X
4 T T 1 T T
——— H(x,0,—0.69 GeV?) H(x,1/3,-1.02 GeV?)
H(z,0,-0.69 GeV?) 08l H(x,1/3,-1.02 GeV?) ||
3L Hr(z,0,—0.69 GeV?) |- Hrp(x,1/3,-1.02 GeV?)

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

xr X
E M. Constantinou, APCTP 2022 m




What can we currently check using lattice results?

BTl
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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).

BTl
T -
— M. Constantinou, APCTP 2022



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) ]

BTl
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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
1
/ dxHr,(x,0,—0.69 GeV?, P3)={0.65(4), 0.64(6), 0.81(10)}, / dxHTq(x,g,—1.O2GeV2,1.25GeV):O.49(5),
—2

-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

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)

BTl
Iﬂl M. Constantinou, APCTP 2022



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)

BTl
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Twist-3 GPDs
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Twist-3 GPDs (y/y°)

% Transverse matrix element of axial operator

ht ~ p et ~ W=ap)y*ulp), e =al) w2:nA,, u(p),  b=u(p)ulp)
p_ pu_" _ b .
F =P Dt H+ P P+ L W = a(p') 15 u(p) é":?—mb, b = u(p') 75 u(p)
b ht ht
+A“2m(E+G1)+h“(H+G2)+ALP+G3+ALP+G4 =1,2

[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]
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Twist-3 GPDs (y/y°)

% Transverse matrix element of axial operator

P P . o = )1 u(p). eu_uﬁ» S up), b= u(p)ulp)
P+ P+ W= ap) s ulp), =D, b= u(p) vsu(p)
A Lt ht ~
+A“2m(E+G1)+h“(H+G2)+ALP+G3+ALP+G4 =12

[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]

% Sum Rules (generalization of Burkhardt-Cottingham) o
J dx G (x,¢,1) =0
~1

[X. D. Ji, Phys. Rev. Lett. 78, 610 (1997), hep-ph/9603249]

% Sum Rules (generalization of Efremov-Leader-Teryaev)
[A. Efremoy, O. Teryaev , E. Leader, PRD 55 (1997) 4307, hep-ph/9607217]

1 1
—~— 1 —~—
[ dx x G{(x,0,0) = B [Fz(t) - J dxx E(x,0,0) ]|,
~1

1 m?

1 . 1 —
[_1 dx x G,(x,0,¢) = 5 [—4—F2(t) - 20(t)] ;

F, : Pauli FF

1 1
~— —~— 1
J dx x G;(x,0,H) =0 I dx x G 4(x,0,¢) = ZGE(t) Gy : electric FF
-1 -1 A 5y, B 5y : axial GFFs

LTl
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Bare matrix elements (ME)

1 I ! ! I I I I T
¢ II(v2s, o)
2.5
08 F P; =0.83 GeV & (s, T4) | | * H(}/ 4 ,FO) &
(275, '2)
+ I(yiys,Ts) ] —~ —~ —_—
0.6 | : disentangle H + G,, G,
—t = 0.69 GeV?
“ =0 _ *H(ISF)andﬁ+5'
e IAVERES 2"
I \ ]
A ., _ —_— —
e, e L, disentangle £ + G
O bk B ;E%%%\\Uu—
003 : Z '. —— Y H(ylys,r3) gives G,
() e e e e e e e e e e e *a;;;::;
" : : s "
005 F 4 & P
Lty d Y Similar picture for P3= 1.25 GeV
0.1 F P ; Py =0.83 GeV
ots b | Y Real part of ME: dominant
¢ HE’Yz%,Fo;
2 I(yiys, Iy ~—
i (327, T2) | is kinematically suppressed
 (mvs,T3) * G3 S ematicaily supp
02 0 2 4 6 8 10 12 14 16
z/a
T 20
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x-dependence of twist-3 GPDs

10

~ ~ T ||| T
— — [G2 + H](z,0, —0.69GeV?) | |

— — [G2 + H](z,0,-1.28GeV?) | j|
H(x,0,—0.69GeV?) |
— — gr(z )

P3 = 1.25 GeV

PRELIMINARY

T

* g7(x) : dominant distribution

* H+ 52 similar in magnitude to

* G, is expected to be small

T "I“ T
— — gi(z) iy _
H(:c o —0.69GeV?) i Py =125 Gev
! H(z,0,-1.28GeV?) H\\
iz, \1/3\ ~1.02GeV?) | !
I\ TN
I N N
| il \\ \.\ ~ Q
'I N ~ - N
: N . \\ ~
J TS
=EEEEEEQ£E§SU -----------------------------------------------
\\\l
\!
1 I 1
0.5 0 0.5
30 o -
o5 | [G1 + E|(x,0,-0.69) |
ol — [G1 + E](2,0,-1.39) | | P, = 1.95 GeV
15
10
5 -
0 (rr—— I b TS —— -
-5 -
-10 : ' '
-1 -0.5 0 0.5 1
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Concluding Remarks

% Computationally expensive calculation
multi-dimensionality

% Promising results on x—dependence of proton GPDs
signal comparable to PDFs

% Sources of systematic uncertainties need to be addressed
volume effects, continuum limit, pion mass dependence, ...

% Exploration beyond leading twist is feasible

% Synergy with phenomenology is anticipated

— M. Constantinou, APCTP 2022
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