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How can we achieve our goals?
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The Golden Circle

What is the physics we are after? * — Map the 3D structure of the proton in terms of
their partonic content.

— Characterize hadron structure in new ways

How can we achieve our goals? % Numerical simulations of QCD (lattice QCD):
— billions of degrees of freedom

— mathematical & computational challenges

Why is it important? % Comprehend and interpret the core of
the visible matter

T
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In the quest of solving complex problems
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In the quest of solving complex problems
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In the quest of solving complex problems
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In the quest of solving complex problems
Lattice QCD:

% First principle formulation of QCD

% Space-time discretization of the
theory (finite degrees of freedom)

e FYPFRrTE RN T.IT& 114 1] LI AT T T

% Same parameters as QCD in
continuum

% | & Discretization is not unique

Alexander the Great while % Serves as a regulator:
cutting the Gordian knot - UV cut-off: inverse lattice spacing
- IR cut-off: inverse lattice size

% Removal of regulator:

0K Rige T - zero lattice spacing
@eerey | TTAINTTER - infinite volume
::;;;: ::; o i S
\f = * Quantum fluctuations in the
Fan= ;Ei;f vacuum dictate observables
o QCD \ﬁf zzf * Statistical mechanics
and beyond | | A5 methods may be utilized

S ——— 4
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Exploration of hadron structure

% Structure of hadrons explored in high-energy scattering processes, e.d.,

= |nclusive processes = Exclusive reactions = Exclusive pion-nucleon diffractive
production of a y pair of high p

DVCS DVMP

SDHEP

[X.-D. Ji, PRD 55, 7114 (1997)]

[J. Qiu et al, JHEP 103 (2022)]
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Exploration of hadron structure

% Structure of hadrons explored in high-energy scattering processes, e.d.,

= |nclusive processes = Exclusive reactions = Exclusive pion-nucleon diffractive
production of a y pair of high p

DVCS DVMP

SDHEP

[X.-D. Ji, PRD 55, 7114 (1997)]

[J. Qiu et al, JHEP 103 (2022)]

% Due to asymptotic freedom, e.g.

opis(x, 0%) = Z H s ® fi| (x, %) a® b)) = E?a (?) ()

fE

| Non-Perturb. part
t (process “independent”) }§

|Perturb. part |
f (process dependent)
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Exploration of hadron structure

% Structure of hadrons explored in high-energy scattering processes, e.d.,

= |nclusive processes = Exclusive reactions

DVCS DVMP

SDHEP

[X.-D. Ji, PRD 55, 7114 (1997)]

= Exclusive pion-nucleon diffractive
production of a y pair of high p

[J. Qiu et al, JHEP 103 (2022)]

% Due to asymptotic freedom, e.g.

opis(x, Q%) = Z Hpyys ® fi| (x, 0%)

fE

bde [«x
b = | — —1b
4 ® b|(x) J : a<§> )

= Non-pert. component provides
iInformation on, e.g., distribution
of partons inside hadron

| Non-Perturb. part
t (process “independent”) }§

|Perturb. part |
(process dependent)

P

Deep Inelastic Scattering
P+N->p+X

xP

A

Parton Distribution q(x)

f(x)

Xl P

X
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Nucleon Characterization

Wigner distributions

% provide multi-dimensional images of the parton distributions in phase space

% encode both TMDs and GPDs in a unified picture

Wigner Distributions
W(ZB, kT) bT)

Impact Parameter
Distributions

An,m (=A%)

[Ji, PRL 91, 062001 (2003)]
[Belitsky, Ji, Yuan, PRD, 074014 (2004)]
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Nucleon Characterization

Wigner distributions

% provide multi-dimensional images of the parton distributions in phase space

* encode both TMDs and GPDs in a unified picture ——3  Study of GPDs is crucial in
mapping hadron tomography

Wigner Distributions
W(ZB, kT) bT)

Impact Parameter
Distributions

An,m(~A2)

[Ji, PRL 91, 062001 (2003)]
[Belitsky, Ji, Yuan, PRD, 074014 (2004)]
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Nucleon Characterization

Wigner distributions

% provide multi-dimensional images of the parton distributions in phase space

* encode both TMDs and GPDs in a unified picture ——3  Study of GPDs is crucial in
mapping hadron tomography

Wigner Distributions
W(ZB, kTa bT)

GPDs
* “Parent” functions for PDFs, FFs, GFFs

Impact Parameter

Distributions % Multi-dimensional objects

% Provide correlation between transverse
position and longitudinal momentum of the
partons in the hadron

An,m (=A%) * Information on the hadron’s mechanical
[Ji, PRL 91, 062001 (2003)] properties (OAM, pressure, etc.)

[Belitsky, Ji, Yuan, PRD, 074014 (2004)]
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Generalized Parton Distributions

pion valence
cloud quarks
——
b
longitud. &

*
e

x<0.1 x~0.3

/
1mom + 2coord tomographic images of quark distribution
— in nucleon at fixed longitudinal momentum
/ 3-D image from FT of the longitudinal momentum transfer
x~0.38

[H. Abramowicz et al., whitepaper for NSAC LRP, 2007]

M. Constantinou, ILCAC Seminar, November 2023




Generalized Parton Distributions

pion valence

cloud quarks
/ xP /P /
) ;
/ / / 3-D image from FT of the longitudinal momentum transfer

/&Q
NS
x<0.1 x~0.3 x~0.8

[H. Abramowicz et al., whitepaper for NSAC LRP, 2007]

1Tmom + 2coord tomographic images of quark distribution
— in nucleon at fixed longitudinal momentum

longitud.

% GPDs are not well-constrained experimentally:

_|_1
(x 5 ) ]

- x-dependence extraction is not direct. DVCS amplitude: H = J :
(SDHEP [J. Qiu et al, JHEP 103 (2022)] 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

pion valence

cloud quarks
/ xP /P /
) ;
/ / / 3-D image from FT of the longitudinal momentum transfer

y
S
x<0.1 x~0.3 x~0.8

[H. Abramowicz et al., whitepaper for NSAC LRP, 2007]

1Tmom + 2coord tomographic images of quark distribution
— in nucleon at fixed longitudinal momentum

longitud.

% GPDs are not well-constrained experimentally:

_|_1
(x 5 ) ’

- x-dependence extraction is not direct. DVCS amplitude: H = J :
(SDHEP [J. Qiu et al, JHEP 103 (2022)] 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
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(Q : hard scale

Twist-classification of GPDs
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Twist-classification of GPDs

Twist-2 (/)

Quark

U(y") L@Yy) T(oV)

H(x, ¢, 1)
E(x,¢,1)
unpolarized
f(l) f§2) H(x, 1)
ﬁzfi(()) ’__|_’_2.. E(x,&,1)
0 0O helicity
HT’ ET
H, E
O : hard scale wansversity
Probabilistic interpretation
Tl Nucleon spin
U
@ f* quark spin
A
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Twist-classification of GPDs

Quark

Twist-2 (/)

U(y")

L (]/+}/5)

T (c7)

Twist-3 (fl.(l)) (Selected)

H(x,¢,1)
E(x, £, 1 “1 Oz
unpolarized G3, G4
1 2 12 — —
_ £0) fz( ) fi( ) H(x, &0 G, G,
f;-—fl. —+—2“ E(x, &0 —
0 Q helicity G, Gy,
gT’%? Hy(x, £,1)
Q - hard scale trang\;ersitTy Ey(x, ¢, 1)
Probabilistic interpretation % Lack density interpretation, but not-negligible
TL Nucleon spin % Contain info on quark-gluon-quark correlators
U
@ 4 ¥ quark spin * Physical interpretation, e.g., transverse force
L -@-» —@-» % Kinematically suppressed
Difficult to isolate experimentally
T $ @ % Theoretically: contain 0(x) singularities
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Twist-3 PDFs / GPDs

Certain observables require the use of twist-3 correlators

Proton collinear twist-3 PDFs:  g(x), e(x), h;(x)

- chiral-even g+(x) couples to inclusive DIS

- e(x), h;(x) : chiral-odd (need e.g. chirality flip process)

- h; (x) : double-polarized Drell-Yan process,

single-inclusive particle production in proton-proton collisions

Twist-3 GPDs practically unknown; several challenges

- inverse problem - shadow GPDS [phys.Rev.D 103 (2021) 11, 114019, Phys.Rev.D 108 (2023) 3, 036027]

Twist-3 GPDs contain physical information

- ﬁ + 52 related to tomography of F | acting on the active q in DIS off a transversely
polarized N right after the virtual photon absorbing [phys.Rev.D 88 (2013) 114502, Phys.Rev.D 100 (2019) 9, 096021]

- Related to certain spin-orbit correlations [Phys.Lett.B 735 (2014) 344, Phys.Lett.B 774 (2017) 435

. I
- Gz(x, £, 1) related to LCI; M phys.Lett.B 491 (2000) 96] Lclldn — _ [ dx x GI(x,&,t = 0)
-
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GPDs

From Lattice QCD
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Accessing information on GPDs
opis(x, Q%) = Z |Hpys ® fi] (x, 0°)

l
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Accessing information on GPDs
opis(, Q%) = D, [Hiys ® ] (. 0%)

l
Calculable in lattice QCD
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Accessing information on GPDs
opis(, Q%) = D, [Hiys ® ] (. 0%)

l
Calculable in lattice QCD

* Mellin moments dL) " W-de Loa(ls) = 3° &

(local OPE expansion) = nl

|

=
N

£
N

Q

3
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Accessing information on GPDs
opis(X, Q°) = Z [HIi)Is ®“ﬂ (x, 0%)

l
Calculable in lattice QCD

% Mellin moments G(—12) " W[-1z, 12 q(32) izal---zan [quo'Bal ”.Banq]

| ]

(local OPE expansion) n=0""
local operators

|
(]
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. = 1
% Mellin moments | (37 Wbebda(be) = Yz,
(local OPE expansion) n=0
n—1 af{u AN BNAN L |
(N(P’)|(9{fvmmun—1 |N(P)>N§ {,y{uAm co ARPH ...F“"'I}An,i(t) _Z'A;?ZN{ AML .. AR '?“"_I}Bn,,-(t)} +A A mNA Cn,O(Az)‘n y

even

Accessing information on GPDs
opis(, Q%) = D, [Hiys ® ] (. 0%)

l
Calculable in lattice QCD

[cjfy"Bal . Ba"q]

}

local operators

)} +A“A“1 AN

my

Cn,O (AQ)

e VP
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Accessing information on GPDs
opis(X, Q°) = Z [HIi)Is ®“ﬂ (x, 0%)
éalculable in lattice QCD

' © 1 o o
* Mellin moments . q‘(—%z) "y”W[—%z, %z] q(%z) = Z ] Zaq -+ Za [cjfy"Dal ...Do‘"q]
(local OPE expansion) n=0 f

local operators

(N(P/)loﬁ‘;ulmun—l |N(P)> N§ {,),{NAP«I AR PR .?”"_I}An,,-(t) _z‘AzaTZ;{H AP .. ARPRFL .FM"_I}Bn,i(t)} +A“Amn.z;v' A Cn,O(A2)‘n even)} + A“Amﬂ;;\[’ Al Cn,O (AQ) , even] U(P)
% Matrix elements of non-local operators
(quasi-GPDs, pseudo-GPDs, ...)
(N(P) | P ()T 7 (z.0)¥(0) | N(P)),
l (NP0 @IN(P) =T(P) {5 H(,&,0) + 2= B(a,&, 1), U(P) + I,
Wilson line _ p 75Z“ -
(N(P)O@IN(P) =T(P) {v*1H(,€.0) + 3-—B(z.,1) }U(P) + D,
B AV Dlu vl __ [N_V] -

(N(P)|O¥ (z)|N(P))=U (P {z’a’“’HT(a:, £,t) + th mA ]ET(:I:, £, t) + Pmi Hp(z,&,t) + va Er(z,¢, t)} U(P) + ht
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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

M. Constantinou, ILCAC Seminar, November 2023




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
® 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—l1 . _ o
(N(Pl)l(ol‘jﬂl"'ﬂn—l |N(P)> — U(Pl) [ Z {,Y{MA;M .. A,uipﬂzﬂ L. P#n—l}An,i(t) —iAaU H
1=0

even

AHFAHPL ... AHn-1
_|_

my

Cn,O (AQ)

AML L AR .?""‘I}Bn,i(t)}

] U(P)

n even

ZmN

T
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Form Factors & Generalizations

% Ultra-local operators (FFS) (N(P)[a(0)y*q(0)IN(P)) =U(P") \ v Fi(t) + Z;;i"f’z(t)} U(p),
wof T K PNDMELS 241417 006t | - T (N(P)[g(0)y*159(0)IN(P)) =U(P') 177G alt) + ;;,LAN Gp(t)}U (P)
| ¥ X PNDMEL9 2+1+11 0.09fm 1 5 % PNDMEL7 24141 006fm -
N SETMCIS 2610 v PACSIS 2+1f

I [ . i ® LHPC17 2+1f
i 0 m LHPC17 2+1f 1 10 = RQCD18 2}
s | ;4 ey
_ . ! inz
u N _ i i
i } . 0.6_— % } |

[M. Constantinou et al. (2020 PDFLattice Report), Prog.Part.Nucl.Phys. 121 (2021) 103908, arXiv:2006.08636]
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Form Factors & Generalizations

— ( ot A
(N(P)|7(0)y*q(0)|N(P))=U(P’) {7*Fi(t) + ”Fz(t)} U(P),
% Ultra-local operators (FFS) \ szA #
_ = ( Y
N (V(P)ig(0)y*159(0)|N(P)) =T(P') {1*1Ga(t) + Jo—Gir(t) | U(P)
! " ﬁﬁ%ﬁiﬁ;ﬁééiﬁ?@ * PNDMEL7 24141 0.06fm -
s Yo veACSIBZe1f | | . mersar 1 @ Simulations at physical point available by multiple groups
g M ® LHPC17 2+1f 1 10 % . RQCDI82f -
2 0.6 1< | A ETMC172f . o
C Ya, 17 0sf %i ¢ Mamzi7z 1 @ Precision data era
0.4__— iﬁ*ﬁrﬁé } % _- 06_—_ % é} _ . . .
! 1% }ﬂ ] 1 ® Towards control of systematic uncertainties
-(I)' o1 0z 03 04 05 06 1o 02 04 X 08 10 -
Q* (GeV?) Q* (GeV?)

[M. Constantinou et al. (2020 PDFLattice Report), Prog.Part.Nucl.Phys. 121 (2021) 103908, arXiv:2006.08636]
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Form Factors & Generalizations

% Ultra-local operators (FFS)

1.0F

0.2

0.8

0.4

[
: Mﬁﬁ

IIIIIIIIIIIIIIIII

* PNDME19 2+1+1f 0.09fm
A ETMC18 2+1+1f

v PACS18 2+1f

m LHPC17 2+1f

iiii-%ﬁ} §%

% 1-derivative operators (GFFs)

0.25

0.20

S
< 0.15:

0.05HL———

Q* (GeV?)

0.10}

L

» ETMC'19 2f
+RQCD'18 2f

———
AETMC'19 2+1+1f |

* PNDME17 2+1+1f 0.09fm
* PNDME17 2+1+1f 0.06fm
v PACS18 2+1f

m RQCD18 2f
A ETMC17 2f
¢ Mainz17 2f

® LHPC172+1f |

0.25

S
] < 0.15

0.10

0.05L———

0.20}

i}
Hy 1]
| 0!2 0!4 | | 0!6 | 018 - 1{0 |
Q* (GeV?)

(N, 5O IN(5,5)) = an ()

(N, )0 IN(p,9)) = i (s, 8')

— T T T ]

» ETMC'19 2f
+RQCD'18 2f

——
AETMC'19 2+1+1f ]

| 0.4 | | 0.6 |
Q* (GeV?)

(N(P)[@(0)135a(0)IN(P) =T (P') {y*3sGa(t) +

=U(P") <:7“F1 (t) + Z;:;i” F (t)} u(p),
L2 Ge(0) ) U(P)

e Simulations at physical point available by multiple groups

® Precision data era

® Towards control of systematic uncertainties

'a{uaqapv}

- i
_A20(q2)’7{“PV} + Bao(q?)

A20(q*) v P + Bao(¢°

my
g+ pv}
2m

)

N

1 v
+ Ca0(q?) m—Nq{”q }]UN(P,S),

7 Jun(p,s),

[M. Constantinou et al. (2020 PDFLattice Report), Prog.Part.Nucl.Phys. 121 (2021) 103908, arXiv:2006.08636]
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Form Factors & Generalizations

% Ultra-local operators (FFS)

o0 * PNDME19 2+1+1f 0.06fm = -
v * PNDME19 2+1+1f 0.09fm
. F A ETMC18 2+1+1f

0.8 * Yu v PACS18 2+1f s

2 m LHPC17 2+1f
Cbu 0.6 ¥ _
3

0.4 B ij’i-% i
- x i i %

0.21- _
-I T R B PR B I B
0 0.1 0.2 0.3 0.4 0.5 0.6

Q* (GeV?)

% 1-derivative operators (GFFs)

Ooﬁ%'ﬂ' ? -
o T
BN

* PNDME17 2+1+1f 0.09fm
* PNDME17 2+1+1f 0.06fm
v PACS18 2+1f

® LHPC17 2+1f
= RQCD18 2f

% A ETMC17 2f ]
% ¢ Mainz17 2f ]

0.25

S
] < 0.15

0.10

0.20}

i}
é }HH ‘
| 0!2 0!4 | | 0!6 | 018 - 1{0 |
Q* (GeV?)

(N, 5O IN(5,5)) = an ()

———
AETMC'19 2+1+1f |
» ETMC'19 2f
+RQCD'18 2f

}M%};H}“ |
Y |
H{M%}HHWHE
0.05°————" (g : (Gev(z);; 08 10

(N(p',s")|OVIN(p,s)) = un (P, )5

(N(P")[q(0)7*q(0)|N(P))=U(P’) <:7“F1 (t) + i;:;i”Fz(t)} U(P),
(N(P")[q(0)y*v5q(0)|N(P))=U(P’) {W“%GA(t) + ginA: Gp(t)} U(P)

e Simulations at physical point available by multiple groups
® Precision data era

® Towards control of systematic uncertainties

1 iotheg, PV

my
g+ pv}

2mN

- 1
‘A20(q2)’7{“PV} + Bao(q?) + Ca0(q?) m—Nq{”qU}]UN(P, s),

A20(4*)7# P ° + Bao(°) 7* lun(p,s),

® |esser studied compared to FFs at physical point

® Decay of signal-to-noise ratio

[M. Constantinou et al. (2020 PDFLattice Report), Prog.Part.Nucl.Phys. 121 (2021) 103908, arXiv:2006.08636]
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GPDs

Through non-local matrix elements

of fast-moving hadrons
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GPDs on the lattice

% GPDs: off-forward matrix elements of non-local light-cone operators

% Off-forward correlators with nonlocal (equal-time) operators

~GPD(X l, 5 P39 /’t)

[Ji, PRL 110 (2013) 262002]
[A. Radyushkin, PRD 96, 034025 (2017)]

" d _
e N | Q) 1 T 0RO N(E), A=P=P
o [ = A — — Q
& = 03/(2P5)
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GPDs on the lattice

% GPDs: off-forward matrix elements of non-local light-cone operators

[Ji, PRL 110 (2013) 262002]
[A. Radyushkin, PRD 96, 034025 (2017)]

% Off-forward correlators with nonlocal (equal-time) operators

" d _

i P (NP | P 1 W (2,0)P(0)  N(PY), A=F-P
J 47z et e e t=A2=— Q3
Computationally intensive E = Q,/(2P;)

QSPD(xa ta 59 P39 ,u)
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hadronic

matrix elements

u

% Off-forward correlators with nonlocal (equal-time) operators

GPDs on the lattice

% GPDs: off-forward matrix elements of non-local light-cone operators

g/?PD(xa ta 69 P39 ,l/t) —

Matching to

4 uight-cone GPDs/

Identification of
ground state

Renormalizati%‘
N

@

quasi
distribution
approach

a

x-dependence
reconstruction/

[Ji, PRL 110 (2013) 262002]
[A. Radyushkin, PRD 96, 034025 (2017)]

L pixp (N(P) | () 1 W (2,0)9(0) | N(P)), A=F-Ph

u47[ R R [:Azz—Qz

Computationally intensive E = Q,/(2P;)

%form factors”

dlsentanglementj
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GPDs on the lattice

% GPDs: off-forward matrix elements of non-local light-cone operators

[Ji, PRL 110 (2013) 262002]
[A. Radyushkin, PRD 96, 034025 (2017)]

% Off-forward correlators with nonlocal (equal-time) operators

3 dz — P, —P.
G918 Py ) = | ——e P (NP | P 7 W (20)W(0) | N(PY), A= h
J 47z e e t=A2=— Q3
Computationally intensive E = Q,/(2P;)

hadronic Matching to

matrix elements 4 uight-cone GPDs
/

u

Calculation challenges

quasi
Identification of a distribution q x-dependence
. 9roundstate B approach W reconstruction I 4 Standard definition of GPDs in Breit

(symmetric) frame

“ y separate calculations at each t
Renormalization “form factors”
) i

dlsentanglementj

+ Statistical noise increases with P;, ¢
Projection:

billions of core-hours at P; = 3 GeV
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matrix elements
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% GPDs: off-forward matrix elements of non-local light-cone operators

% Off-forward correlators with nonlocal (equal-time) operators

~GPD()C t 5 P39 ,l/t) —

4 uight-cone GPDs/

GPDs on the lattice

"dz
] 47z

p—ix P37 <N(Pf) | ‘P(Z) y'“ W(z,O)‘P(O) ‘ N(P )>

Computationally intensive

Matching to

Identification of
ground state

Renormalizati%‘
.

@

quasi
distribution
approach

Calculation challenges
x-dependence

reconstruction /| 4 Standard definition of GPDs in Breit
(symmetric) frame

Q

separate calculations at each t
%form factors”

dlsentanglementj

+ Statistical noise increases with P;, ¢
Projection:

billions of core-hours at P; = 3 GeV

[Ji, PRL 110 (2013) 262002]
[A. Radyushkin, PRD 96, 034025 (2017)]

t =A% =—Q?
¢ = 03/(2P5)
1,4_1 | | ] Thilswork, mn=i30 MeV |
§ LHPC, my =356 MeV
1.2
5 .
—~ 1.0} on
Ng ‘l i-i
T_ 08} { o
(&) .sn
0.6} 3 . i
0.4}
0.2 0.2 0.4 0.6 0.8

Q2[GeV?]
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GPDs on the lattice

% GPDs: off-forward matrix elements of non-local light-cone operators

[Ji, PRL 110 (2013) 262002]
[A. Radyushkin, PRD 96, 034025 (2017)]

% Off-forward correlators with nonlocal (equal-time) operators

i dz
~GPD _ —ixP A =P, —P
(x,2,6, P, 1) = - NP | (2) r* W (2,0)9(0) | N(P), fo
)4z A f=A2=—(Q>
Computationally intensive £ = Q3/(2P,)
hadronic Matching to . . . . .
matrix elements light-cone GPDs | 1.4} § Thiswork e -390 eV
N 4 n / 1.2 -
ue
quasi Calculation challenges S R i
Identification of distribution x-dependence | 55 00| i'ﬁ oo
(S J approach g reconstructlon/ + Standard _definition of GPDs in Breit 06 " &
(symmetric) frame 4
“ y separate calculations at each t "0 0z 014[ ]oie 08
1 9 Q2[GeV2
Renormalizati% B fOVT fa‘:tOrs : e ——
~ ISsentangiemen 8 . . . : _
" 9 J tx10® — — o ;
g Yszg —0—
2 1x10” IE —A—
+ Statistical noise increases with P;, ¢ 2 |
PrOjeCtIOn: S | Toink~1.13fm
billions of core-hours at P; = 3 GeV 100000 | ————
P, [GeV]
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First ever calculation

3 ! | 1 | \ T
— — H(x)-GPD, ¢ =0 o |
— — H(x)-GPD, £ = |1/3] I\ |
2 == h(@) | |\ Py=1.25 GeV -
| ‘\ \ |
| \ |
1t | N\ i
| \\\\ \
| ~~__j\\\l
O e ————— wﬂ-——E-—:_——r-—\ﬂ ................ ‘ ............................... =
| _ |
| i |
1 | i | .
-1 05 — & 0 E 05 1
X

[ETMC, PRL 125, 262001 (2020)]

Progress in twist-2 GPDs
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First ever calculation

——H@GPD, =0 | |
— — H(x)-GPD, & = [1/3| iﬂ \
= — Al

| |

oA P; = 1.25 GeV -

?\ \
\
\\ \
X N
X AN
S N
:E"EEEV ..........................................
05 — & 0 & 05

[ETMC, PRL 125, 262001 (2020)]

New approach [Bhattacharya et al., Phys.Rev.D 106 (2022) 11, 114512 ; Bhattacharya et al., arXiv:2310.13114 ]

Progress in twist-2 GPDs

% Parametrization of matrix elements in Lorentz invariant amplitudes

U =
F;t,/ll_u(pall)

_P,u
_Al + Z'u MA2 -+ _A3 + iG’uZ MA4 +
M M

AH

Acglu(p, A
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Progress in twist-2 GPDs

First ever calculation

3 ) | | '
— — H(x)-GPD, £ =0 }. \\ |
— — H(z)-GPD, £ = [1/3]| | | |
o L|— — fil#) | ‘\ \\ : P3;=1.25 GeV - New approach [Bhattacharya et al., Phys.Rev.D 106 (2022) 11, 114512 ; Bhattacharya et al., arXiv:2310.13114 ]
| \ \ | : : : : : : :
: A\ i % Parametrization of matrix elements in Lorentz invariant amplitudes
1 - -
| N 1N
| I — \\\l - . . . .
et e F* . =u(p, 1) PMA + 7 MA, + AﬂA + ic"* MA, + mﬂAA + PﬂwZAA + ZMMZAA + AMMZAA (p. A
I . AR e . =u(p,A)|— Z — o u(p,
| ﬂ | 'y P_Ml 2T 4TS v e T MS_p,
| | |
y | |
-1 0.5 —¢ 0 E 05 1
e

[ETMC, PRL 125, 262001 (2020)]
[Bhattacharya et al., arXiv:2310.13114 ]

. ]
3.0 6 | S Bl =017 GeV?
—t=0.34 GeV?
2.5 1 5 - 44 W =065 GeV?
e —r=0.69 GeV?
2 0 i - —t=0).58] (;L‘V:
' 4 - -t =0.17 GeV? 31 mm =124 Gev?
—t = 0.33 GeV? —1=1.38 GeV*
1.5 _ 2 W —r=1.38 GeV?
y L s oars 2| mm Dinaw:
X 101 = o i I ~1=2.29 GeV*
< % pm —-t=1.16 GeV 1 1 B -=277GeV?
27 -t =1.37 GeV?
0.5 _t=1.50 GeV?
1 - E -t = 2.26 GeV? 0-
0.0
—1
—0.5 - 0
—10 T T T T T T T _1 T T T T T T T _2 ) T Y
—-1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75 1.0T -1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75 1.00 —1.0 . 1.0
X X i
X

T

— M. Constantinou, ILCAC Seminar, November 2023




Investigations of
Twist-3 PDFs/GPDs
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Twist-3 exploration
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12 I ;l

— — gi(x) |

[S.Bhattacharya et al, PRD 102 (2020) 11, 111501]

Twist-3 exploration

Twist-3 counterpart as sizable as twist-2

Burkhardt-Cottingham sum rule important check

1 1
j dx g(x) — J dx gr(x) = 0.01(20)
~1 -1
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Twist-3 exploration

Twist-3 counterpart as sizable as twist-2

Burkhardt-Cottingham sum rule important check

1 1
j dx g(x) — J dx gr(x) = 0.01(20)
~1 -1

[S.Bhattacharya et al, PRD 102 (2020) 11, 111501]

* WW approximation

8
Estimation » gy WV (z) lattice
7 gr(z) lattice
Actual calculation / ,
6 g¥WV(z) NNPDF1.1pol -

e gV W (z) JAM17
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Twist-3 exploration

Twist-3 counterpart as sizable as twist-2

Burkhardt-Cottingham sum rule important check

1 1
J dx g(x) — J dx gr(x) = 0.01(20)
-1 ~1

[S.Bhattacharya et al, PRD 102 (2020) 11, 111501]

* WW approximation * Flavor decomposition for /1; (x)
8 ' 'Estima'ﬁon ' '} ' g}}w(x') . [S.Bhattacharya et al, Phys.Rev.D 104 (2021) 11, 114510]
! / — 9r(2) lattice 5 | I h}{l(m), la’lctice ’ | | | | | h‘,{l(x), lajctice
6l Actual calculation ¥ (2) NNPDFL.1pol - Al hz’X(x), lattice | | ‘ hZL’X(x), lattice | |
gy " () JAM1T7 ——hy™"W(z), JAM 2020 e RV (), JAM 2020

P3 = 1.67 GeV

Py =1.67 GeV
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Parameters of calculations

* Nf=2+1+1 twisted mass fermions with a clover term;
[Extended Twisted Mass Collaboration, Phys. Rev. D 104, 074515 (2021), arXiv:2104.13408]

Calculation:

- Isovector combination
- Zero skewness

- Tsink=1 fm

Name B Ny

IL3xT

a [fm]

M

cA211.32 | 1.726 wu,d,s,c

323 x 64

0.093

260 MeV
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Parameters of calculations

* Nf=2+1+1 twisted mass fermions with a clover term;
[Extended Twisted Mass Collaboration, Phys. Rev. D 104, 074515 (2021), arXiv:2104.13408]

Name B Ny L°xT a [fm] M~ My L
cA211.32 | 1.726 wu,d,s,c 32> x64 0.093 260 MeV 4

% Calculation:

- isovector combination B )
- zero skewness NERO) NP1,
- Tsink=1 fm
P;[GeV] @[%2] —t[GeV?]| Nue Neonts Nere Niotal
+0.83  (0,0,0) 0 2 194 8 3104
+1.25  (0,0,0) 0 2 731 16 23392
+1.67  (0,0,0) 0 2 1644 64 210432
+0.83  (£2,0,0)  0.69 8 67 8 4288
+1.25 (£2,0,0)  0.69 8 249 8 15936
+1.67 (£2,0,0)  0.69 8 204 32 75264
+1.25 (£2,+£2,0) 1.38 16 224 8 28672
+1.25  (£4,0,0) 2.76 8 329 32 84224 @ Symmetric frame
computatic?nally
e expensive
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Parameters of calculations

* Nf=2+1+1 twisted mass fermions with a clover term;
[Extended Twisted Mass Collaboration, Phys. Rev. D 104, 074515 (2021), arXiv:2104.13408]

Name B Ny L°xT a [fm] M~ My L
cA211.32 | 1.726 wu,d,s,c 32> x64 0.093 260 MeV 4

% Calculation:

- isovector combination - u4e -
- zero skewness MER0) NP 1)
- Tsink=1 fm
Source-sink separation T = 12a ~ 1.13 fm
Py[GeV] q[22] —t[GeV?]| Nus Neonts Nue Niota ol
+0.83  (0,0,0) 0 2 194 8 3104 I
+1.25  (0,0,0) 0 2 731 16 23392 % txtt p 1z —A—
+1.67  (0,0,0) 0 2 1644 64 210432 =
+0.83 (£2,0,0) 069 | 8 67 8 4288 S 110
+1.25 (£2,0,0)  0.69 8 249 8 15936 3 |
+1.67 (£2,0,0)  0.69 8 204 32 75264 100000 ' —— ———— T 1 e
+1.25 (£2,42,0) 1.38 16 224 8 28672 P4 [GeV]
+1.25  (+4,0,0) 2.76 8 320 32 84224 @ Symmetric frame @ Suppressing gauge noise and reliably
computatic?nally extracting the ground state comes at a
expensive significant computational cost
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Theoretical setup

% Correlation functions in coordinate space

1 dzg k-2 N Z zZ z Z
Fi'l(z, A; P?) = 5 gek P No(=5)TW(=5, 5)v(5)|pis A)

% Parametrization of coordinate-space correlation functions

[D. Kiptily and M. Polyakov, Eur. Phys. J. C37 (2004) 105] [F. Aslan et a., Phys. Rev. D 98, 014038 (2018)]
1 oYY A’7s
H . D3\ __ - / _ . D3 _ . 3
FY*vsl(z A; P3) = ﬁu(pf,)\ ) -P“ 50 Fz(x,§,t; P°) + P“szOFE(a:,g,t,P )
Y5
+ Alj_ %FE_'_(";'.I (.’B, f, t; P3) + 7_‘{751?['-}_._6'2 (ZII, ga t; PB)
3 3 i}

Y Y5 . LV Y
+ A o P, (2,6, PP) + il Ay 55 Fa (2,6, P*) | u(pi, M)

% Kinematic twist-three contributions to pseudo- and quasi-GPDs to restore translation invariance
[V. Braun et al., JHEP 10 (2023) 134]
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Theoretical setup

% Correlation functions in coordinate space

dz3

F'l(z, A; P3) = 2 o
/A8

e % (g, N (= 5) D W(=5, 2)6(3)[pi, N

% Parametrization of coordinate-space correlation functions

[D. Kiptily and M. Polyakov, Eur. Phys. J. C37 (2004) 105] [F. Aslan et a., Phys. Rev. D 98, 014038 (2018)]
’ 1 s A’ys
. p3\ _ / _ . p3 _ . P3
FY*vsl(z A; P3) = ﬁu(pf,)\)-P“ 50 Fz(z,&,t; P )-I-P“2 POF (x,&,t; P°)
+ AY sz§+§ (z,&,t; P°) + [ v Fg, &, (, &, t; P°)
75 3 oA Y 3\
+ A% 53 Fg (2,64 P°) +ie'"A, ﬁF~ (z,&,t; P°) |u(pi, \)

% Kinematic twist-three contributions to pseudo- and quasi-GPDs to restore translation invariance
[V. Braun et al., JHEP 10 (2023) 134]
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Theoretical setup

% Correlation functions in coordinate space

1 dzg k-2 N Z zZ z Z
Fi'l(z, A; P?) = 5 gek P No(=5)TW(=5, 5)v(5)|pis A)

—

ZOZO,Z_L =O_1_

% Parametrization of coordinate-space correlation functions

[D. Kiptily and M. Polyakov, Eur. Phys. J. C37 (2004) 105] [F. Aslan et a., Phys. Rev. D 98, 014038 (2018)]
1 ou s A~
FO¥vslz A P3) = ——a(pe, \) | PH F=(z,&,t; P3) + PH F=(z,&, t; P®

V5
+ A‘i %FE+61 (.’B, f, t; P3) + 7i75Fﬁ+éz (IE,g,t; PB)

Au’7375F . p3 MY A 73 : 3-
+ e (xagat,P )+Z€_L V—F§4($,€,t,P) u(pZaA)

1L p3 = Gs P3

% Kinematic twist-three contributions to pseudo- and quasi-GPDs to restore translation invariance
[V. Braun et al., JHEP 10 (2023) 134]

% Twist-3 contributions to helicity GPDs: | = yjys, j=1,2
1L
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Theoretical setup Forward limit: g7
* Correlation functions in coordinate space pig
1
dz3
Tl A: P3 otz \ EYTW(=Z2, 2))(Z)|p;. A | f
( ) 2 27T <p ‘w( 2) W( 29 2)¢(2)‘p ) > z0=0,2'_1_=0_1_ <7
0 _\
% Parametrization of coordinate-space correlation functions Y S Y Hry
[D. Kiptily and M. Polyakov, Eur. Phys. J. C37 (2004) 105] [F. Aslan et a., Phys. Rev. D 98, 014038 (2018)] [S. Bhattacharya et al.,
PRD 102 (2020) 11] (Editors Highlight)
1 vy Ay
- . P3\ _ - o . P3 O . D3
F[’Y 75]($,A,P )—ﬁﬂ(pf,)\,) PIJ' PO F~(:13,£,t,P )‘I‘P“Z POFE(m,g,t,P )

Y
+ AY Q;FEJré (z, €, t; P°) + Y\ vs F TG (z, &, t; P°)

3

Af‘L’YPZ5F~ (z,&,t; P°) +iel” A, ﬁF~ (z, &, t; P?) | u(p;, \)

% Kinematic twist-three contributions to pseudo- and quasi-GPDs to restore translation invariance
[V. Braun et al., JHEP 10 (2023) 134]

% Twist-3 contributions to helicity GPDs: | = yjys, j=12

T e
]_[I M. Constantinou, ILCAC Seminar, November 2023




Decomposition

_ B P;A sign| P3| A, (E + m)
% Requirement: II'(Ty) = C ( ~ e, g2 T, om? ) ’

four independent

matrix elements 4m(E + m) + A2 A2(E +m sign[P3] A2(E + m)
IT'(I'y) =iC (Fm@( 32 o) _ Fgia, m(gm—ll; ) Fa, - zm2yp3 ) )
P3[GeV] q[F] —t[GeV’]
1 , Az A, Az A (B +m sign| P3| A Ay (E +m
+(0.83 (O, O, O) 0 II'(Iy) = ’LC( — Fﬁ+5287 — FE+§1 8,(m’3 ) _ F(”;'4 gn| 3]4m2P3( )) ,
+1.25 (0,0,0) 0
+1.67  (0,0,0) 0 1(Ty) C( F EAz;Epi m)) |
+0.83  (£2,0,0) 0.69
+1.25 (£2,0,0) 0.69 I2(Ty) = C’(Fg+52 123;32:,; ‘P sign[P3]2€:§E+m)) |
+1.67 (£2,0,0) 0.69
+1.25 (£2,42,0)  1.38 2(r,) - Z.C(_ Fo A;A;, s AmAgé(E3+ m) _ p, signlPy fmzAI;,(mm)) |
2.85m 1 m 4 m#rs
+1.25 (£4,0,0) 2.76
4m(E +m) + A? AZ(E+m sign[P3] A%2(E +m
H2(I12) — ,I:C<FI~{+52( ( 'gmz) + ) _FE+(~;1 (8m3 ) ‘|‘F§4 gn[ Jﬂm21(33 + )) ,

% Average kinematically
equivalent matrix BA(E +m)
™m

elements [T*('s) = C (—Fés 2m? P ) ’

M. Constantinou, ILCAC Seminar, November 2023



Consistency Checks

% Sum Rules (generalization of Burkhardt-Cottingham)
[X. D. Ji, Phys. Rev. Lett. 78, 610 (1997), hep-ph/9603249]

/ do H(z,6,1) = Galt), / dz B(z,£,1) = Gp(t)

-1 —1

1
/ dr G;(z,&,t) =0, 1=1,2,3,4

—1

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

-1 -1
— —~ 1
dx x G4(x,0,t) = %GE dx x G 4(x,0,t) = ZGE(t)

J 1] J—1

Gy : electric FF
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Lattice Results - Matrix Elements

4m(E 4+ m) + A2) A2(E 4+ m) sign[P;] A%2(E +m)
. 1 _ ( Y 31 =y
% Bare matrix elements () =iC (Fma 22 —Fpia— g3 G 4m2P;
0.4
0.8 - ¥$§ 03- . ¢ {1,+3,(0,42,0)}
€335, 133447 113 I {143, (0-2,0))
= 06 ii;w — 02 ==Q9-fi“'l-I_T 15l
C“D ?{1 __'»'i ? T: -%:::“ “——.?.!_ﬁ-$ ii%iar{“ {29 +3’ (+29090)}
< $$ ‘ I S s o Y 178%az: 12, 13, (=2,0,0)]
(=04 {-—-% Ie: o= 00 338755 1 ﬂ;:;if T {1, -3,(042,0)
Ps[GeV] ] —t[GeVT] & it 0 = o %i%ﬁ};n fﬂ gii Po(1,-3,020)
+0.83  (0,0,0) 0 o 02 g;%_#_ -"-f%% g s i}ﬁ ?} 135359 t{2,-3,(42,0,0))
+1.25  (0,0,0) 0 L 55 P o (2,-3, (-2,0,0)}
001 s¥¥Test 1ITESTE
+1.67  (0,0,0) 0 | . . . . . . 04
—15 —10 -5 0 5 10 15 —15 —10 -5 0 5 10 15
+0.83 (£2,0,0)  0.69 2/a 2/a
+1.25 (£2,0,0)  0.69 0.4
+1.67 (£2,0,0)  0.69 8 0.3 bo{143,(200)
021 ¢ {1,43,(-2,0,0)}
+1.25 (£2,42,0)  1.38 Z oo 70 Y iFcIN i {2, +3, (0,+2,0)}
+1.25  (+4,0,0)  2.76 s 1 I‘t-w—giﬁﬁﬁﬁgﬁﬁ (2,43, (0,72,0)}
oAl p ii;g%**- Ter T__T%wgzﬂgg _
S———  © O o 00 BEREREREAALL] f 037382773085 | b {1,-3,(+2,0,0)}
- =F - - =¢eFET L L AFEREETTI R 2
E *3fj'§?£]— 5_0-1 ) ii%ii Iiir_:i:!! § {19 _33 (_29090)}
2 02 T{f{..:___;;_.___ﬁjﬁ E . b {2,-3,(0,42,0)}
-“'iiiffzg’L ‘ —%;”, SEEE 0.3 12,73, (0,72,0);
001 suessssoel Tegyssue=s N
-15 -10 -5 0 5 10 15 T 15 -10 -5 0 5 10 15
z/a z/a
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Lattice Results - Matrix Elements

4m(E 4+ m) + A2) A2(E 4+ m) sign[P3] A2(E +m)
. 1 _ ( Y 31 =y
% Bare matrix elements () =iC (Fma 22 P56, g3 G 4m2P;
0.4
0.8 - ¥$§ 03- . ¢ {1,+3,(0,42,0)}
€335, 133447 113 I {143, (0-2,0))
= 06 ii;w — 02 ==Q9-fi“'l-I_T 15l
C“D ?{1 __'»'i ? T: -%:::“ “——.?.!_ﬁ-$ ii%iar{“ {29 +3’ (+29090)}
< $$ ‘ I S s o Y 178%az: 12, 13, (=2,0,0)]
(=04 {-—-% Ie: o= 00 338755 1 ﬂ;:;if T {1, -3,(042,0)
Ps[GeV] ] —t[GeVT] & it 0 = o %i%ﬁ};n fﬂ gii Po(1,-3,020)
+0.83  (0,0,0) 0 o 02 g;%_#_ -"-f%% g s i}ﬁ ?} 135359 t{2,-3,(42,0,0))
+1.25  (0,0,0) 0 L 55 P o (2,-3, (-2,0,0)}
001 s¥¥Test 1ITESTE
+1.67  (0,0,0) 0 | . . . . . . 04
—15 —10 -5 0 5 10 15 —15 —10 -5 0 5 10 15
+0.83 (£2,0,0)  0.69 2/a 2/a
+1.25 (£2,0,0)  0.69 0.4
+1.67 (£2,0,0)  0.69 8 0.3 bo{143,(200)
021 ¢ {1,43,(-2,0,0)}
+1.25 (£2,42,0)  1.38 Z oo 70 Y iFcIN i {2, +3, (0,+2,0)}
+1.25  (+4,0,0)  2.76 s 1 I‘t-w—giﬁﬁﬁﬁgﬁﬁ (2,43, (0,72,0)}
oAl p ii;g%**- Ter T__T%wgzﬂgg _
S———  © O o 00 BEREREREAALL] f 037382773085 | b {1,-3,(+2,0,0)}
- =F - - =¢eFET L L AFEREETTI R 2
E *3fj'§?£]— 5_0-1 ) ii%ii Iiir_:i:!! § {19 _33 (_29090)}
2 02 T{f{..:___;;_.___ﬁjﬁ E . b {2,-3,(0,42,0)}
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Lattlce Results - quasi-GPDs
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Lattlce Results quasi-GPDs
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Reconstruction of x-dependence & matching

% quasi-GPDs transformed to momentum space using Backus Gilbert
[G. Backus and F. Gilbert, Geophysical Journal International 16, 169 (1968)]

% Matching formalism to 1 loop accuracy level

2

1 2
s P . LA
FYS(a,t, o) = [ 1 OIS (£ ) 6yt 0) + O(m QCD)

_q Jy| e y’ yPs Py’ P3’ x2P§

PHYSICAL REVIEW D 102, 034005 (2020)

% Operator dependent kernel One-loop matching for the twist-3 parton distribution g (x)

Shohini Bhattacharya ,1 Krzysztof Cicley,2 Martha Constantinou ,1 Andreas Metz,1

Aurora Scagellato, and Fernanda Steffens’

(0 ([—€2+26+1 ¢ 3 3
¢ ln€_1-|—1_§—|-2€]+ E>1

(1) p*\ _ asCr asCr ) [ +26+1 41 -h)? &£ -€—1
CMM_S (f, —2) - $ 5(5) + o < - 1 —€ In /,L2 + 1 —€

'—§2+2g+11g—1 ¢ 3 ]
+

] 0<é<l
+

T 1o e T1-¢€21-9 <0

% Matching does not consider mixing with g-g-q correlators
[V. Braun et al., JHEP 05 (2021) 086]
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Lattice Results - light-cone GPDs

| —1=0.69 GeV?
| I —7r=1.38 GeV?
-1 =2.76 GeV?
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Lattice Results - light-cone GPDs

~=0.69 GeV? 6
=138 GeV?

. —r=2.76 GeV? Isolating 52 4 -

—1=0.69 GeV
—1=1.38 GeV
—1=2.76 GeV

G,

using H e =
_2_
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| —1=0.69 GeV?
6- | I —7r=1.38 GeV?

using H

i H+G,, —1=0.69 GeV? !
0 H, —1=0.69 GeV?
671 G,, —1=0.69 GeV?

1.0

Lattice Results - light-cone GPDs

-t =2.76 GeV? Isolating ’@’2

—1=0.69 GeV
—1=1.38 GeV
—1=2.76 GeV

G,

O- R —————
_2_ '

N

Negative areas in G,
theoretically anticipated:

1
/ dr Gi(z,&,t) =0, i=1,2,3,4

—1
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Lattice Results - light-cone GPDs

% Direct access to F—GPD not possible for zero skewness

% Glimpse into F—GPD through twist-3 :

PH

’73’75
PY

Fz(z,&,t; P°) + PH

A

2m PY

Fz(z,§,t; P?)
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Lattice Results - light-cone GPDs

% Direct access to F—GPD not possible for zero skewness

% Glimpse into F—GPD through twist-3 :

15

@

10+

-

—1=10.69 GeV?
I —r=1.38GeV?
I —r=2.76 GeV?

% Sizable contributions as expected

/1 dz E(x,€,t) = Gp(t)

—1

1
/ dr G;(x,&,t) =0, i=1,2,3,4
~1

P

p 775
P

Fz(z,&,t; P?) + PH

A3’Ys

2m PY

Fi(z,&,t; P°)
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Lattice Results - light-cone GPDs

3 3
. — . vy Ay
% Direct access to E -GPD not possible for zero skewness  P* Pos Fy(z,& t; P°) + P - PSO Fi(z,&,t; P°)

% Glimpse into F—GPD through twist-3 : . .
*x G;<£(=0)=0,G,: small

15
—1=0.69 GeV? . .
I =138 GeV? i
10- I —1=2.76 GeV?2
[} 0
+
m S o)
_2 _ |
0- S ——ee i —1=10.69 GeV?
| e =138 GeV?
: m —1=2.76 GeV?
| | 1.0 41 | ! | |
X —1.0 —0.5 0.0 0.5 1.0
X

Sizable contributions as expected — .
* P % G, very small; no theoretical

1
/ dr E(x,£,t) = Gp(t) argument to be zero
—1

1 1
~ ~ 1
[1dei(x7§7t)=07 i=1727374 / d.’L'szl(.’.v,g,t) — ZGE

—1
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Consistency checks

1
1 1 ~ ,
dz H(z,&,t) = Ga(t), / dz E(z,€,t) = Gp(t / dz Gi(z,¢,t) =0, ©=1,2,3,4
* Norms /_1 ( 6 ) A( ) » ( € ) P( ) _1
GPD P3 = 083 [GGV] P3 = 1.25 [GGV] P3 = 167 [GGV] P3 = 1.25 [GGV] P3 = 1.25 [GGV]
—t =0.69 [GeV?] | —t =0.69 [GeV?] | —t =0.69 [GeV?] | —t =1.38 [GeV?] | —t =2.76 [GeV?]
0.741(21) 0.712(27) 0.802(48) 0.499(21) 0.281(18)
+ G5 0.719(25) 0.750(33) 0.788(70) 0.511(36) 0.336(34)

% Consistency checks show encouraging results

% Refining calculations is needed to address systematic effects and extract reliable numbers
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Alternative setup

% Alternative kinematic setup can be utilized
[D. Kiptily and M. Polyakov, Eur. Phys. J. C37 (2004) 105] [Bhattacharya et al., arXiv:2310.13114 ]

F¥(z, P, A) = (ps; N [9(=5) 7795 W(=%, £)%(5) Ipi; A)
FOsl (g, A P3) = —a(p;, X) pu 5 p(a ,{,t;P3)+P”A 15 p(z,¢,t; P®) 272772

2P3 PO 2m PO oA
V5 3 " 3 — 1 )\ L A A _pu;{ kA —AHZ
+ A D> Fp 6, (0,6 6 PY) + s F, g, (2,6t P?) = apy, N) | ——— A1+ 5 Ae + 95| Az +mt A+ -~ As
3
V35 v PH ~ ~ AP ~
AFJL_ P3 F~ ( , &, ¢ P3) +7’€li A, ﬁﬁu (ZB,&,t;PB) u(p’ia)‘) + m7é’y5 (EAG +mz“A7 + EA8>]u(p’u)‘)7
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Alternative setup

% Alternative kinematic setup can be utilized
[D. Kiptily and M. Polyakov, Eur. Phys. J. C37 (2004) 105] [Bhattacharya et al., arXiv:2310.13114 ]

F*(2, P, A) = (pg; N [(—3) v*9s W(= 5, $)%(3)Ipis A)
FIr )z, A PP) = —~ai(py, X) | PP B (0,6, PP+ PR A5 B (2,6, 1 P 222772

2P3 PO 2m PO PIA
V5 3 3 — 7 X\ e~ A A PHZ b A A“Z
A’J”_szE+(~; (2,6, P°) + Y v Fg a, (%, &t P°) = u(ps, \') - 1+ Y5 A2 + 5 Py 3+ mz 4+E 5
~3
o Pr - - AH ~
Ali’YPZSF~ ( 7§7t7P3)+7’€lfL A ﬁF~ (:B,g,t,Pg’) ’u’(p’HA) +m7é’y5 (EA6+szA7+WA8>]u(p“)\)’
_ 2
)
.~ = A, + 2A
E+G, P, I >
—E*(AT+A)
H+G, 2m2P3
FS_ =zP.A
G, 308
po = ZEB (2B p )
= I Z
G, 2 P, 3 )24
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Alternative setup

% Alternative kinematic setup can be utilized
[D. Kiptily and M. Polyakov, Eur. Phys. J. C37 (2004) 105] [Bhattacharya et al., arXiv:2310.13114 ]

F¥(2, P, A) = (pg; Nih(=5) 195 W(=5, 5)¥(5)Ipis M)
FIr )z, A PP) = —~ai(py, X) | PP B (0,6, PP+ PR A5 B (2,6, 1 P 2027732

2P3 PO 2m PO
, ieMPzA PH ~ ~ AH ~
+ A ;;Fma (x,&,t; P°) + Yy Fg &, (x,&,t; P°) = u(ps, A )[ Ay +y*ysAs + ’75( Az +mzf Ay + EAS)
3
+ Aﬁi ’Yp’l}f F~ ( JEL P3) + ’Lg’i”A EF~ (:L',f,t;P3) u(pi, ) + m¢75 (E;& i mz#;{7 4+ EZS)]U(Z%, /\) ,
m ™m
s _ —2E7 A 494 % Kinematic coefficients defined in symmetric frame
E+G, P, A 5
—E(A2 + A?) % Amplitudes extracted from any frame.
S — ] ] [ ] " ] ]
P, ™ 2m2P, 2A; + 4y Asymmetric frame calculations give A. at %, but F’; defined in ¢
. —EPy(—E* .
F?f = > | P3 ZAl
!l m P3
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Alternative setup

% Alternative kinematic setup can be utilized

[D. Kiptily and M. Polyakov, Eur. Phys. J. C37 (2004) 105] [Bhattacharya et al., arXiv:2310.13114 ]
ﬁ“(z,P, A) <p 7/\ |¢(__)’7 Y W(__v _) (E)lpi§)‘>
P, 5 P7) = oy, N) | P L By (o, 6,85 P%) 4+ P 205 .6, ) f T me
NE pPzA PH ~ AH ~
+A’i;§z 5.6, (@, &6 PY) + ¥ s Fg 5, (2,6, t; P°) ="1(Pfa>\)[ ¥ A; + 7y 75A2+75(mA3+mz“A4+EA5)
5 3 o ~ Ko
+ AY ’YPZ5 Fg (z,6,t; P?) S AY EF~ (z,&,t; P?) |u(p;, \) + mzys (%AG + mzt A + %Ag)]u(pi, A),
; —2E* - % Kinematic coefficients defined in symmetric frame
E+G, P;
“EXA24AY) % Amplitudes extracted from any frame.
S — ] [ ] [ ] " ] ]
P, ™ 2m2P, 24; + 4, Asymmetric frame calculations give A; at ¢, but F; defined in ¢’
FS_ = zP,Aq | —EA(E; + E)
G | Fo o = A + 24
_EP., [ —F2 i Lorentz transformation ! 3
F = — & ( | P3) ZA, of kinematic factors ) —Ef(AT+A)
G4 m P; FF+52 - 2m2P, A+ 4,
E(E,+E) p, [ —EA(E,+ E) .
Fi=—\/ 5 ) 3( e +P3>ZA1
Gy 2 m2 2P3
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Amplitudes (proof-of-concept)

N =y 5 > 5 s 2
S:P—|——, — l— 4 :—Q
pi="P. pi=P -0 t9=— Q>+ (E;,— E))’

2.5 % i O:O_ i E i i

2.0  J
S 15 I $.-03 % : 3 ! : ¥
I<g, <], % g
o2 10- $ 3 : % % = —0.4- '§ % ) Zﬁ
% _ % —0.51 T & r I § Zg
0.5 r ~
= 1 Eo; ~0.6- toF tAS
0.0- R I I R _0.7- boAg
0 2 4 6 . 8 10 12 14 0 2 4 6 . 3 10 12 14
d a

FIG. 5. Comparison of bare values of A2 and As in the symmetric (filled symbols) and asymmetric (open symbols) frame.
The real (imaginary) part of each quantity is shown in the left (right) column. The data correspond to |Ps| = 1.25 GeV and
—t = 0.69 GeV? (—t = 0.65 GeV?) for the symmetric (asymmetric) frame.

T
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Alternative setup

% Separate calculation for each —¢ value in symmetric frame
% Asymmetric frame: 2 classes of 5 : (0,0,0), (0,, 0,,0)
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Alternative setup

% Separate calculation for each —¢ value in symmetric frame

—

% Asymmetric frame: 2 classes of Q : (0,,0,0), (Q,, O,,0)

frame P3 [GeV] A (27 —t [GeV?] NmE Neonfs Nsre  Niot
N/A 4125 (0,0,0) 0 2 731 16 23392
symm  +0.83  (£2,0,0), (0,42,0)  0.69 8 67 8 4288
symm  £1.25  (£2,0,0), (0,42,0)  0.69 8 249 8 15936
symm  £1.67  (£2,0,0), (0,4£2,0)  0.69 8 204 32 75264
symm  +1.25 (42, 42, 0) 1.39 16 224 8 28672
symm  £1.25  (£4,0,0), (0,44,0)  2.76 8 320 32 84224
asymm +1.25 (£1,0,0), (0,£1,0) 0.17 8 429 8 27456
asymm  +1.25 (+1,+1,0) 0.33 16 194 8 12416
asymm +£1.25  (£2,0,0), (0,£2,0)  0.64 8 429 8 27456
asymm +£1.25 (£1,42,0), (£2,41,0) 0.80 16 194 8 12416
asymm +1.25 (£2,£2,0) 1.16 16 194 8 24832
asymm +1.25 (43,00, (0,£3,0)  1.37 8 429 8 27456
asymm +£1.25 (£1,43,0), (£3,41,0) 1.50 16 194 8 12416
asymm +£1.25  (£4,0,0), (0,44,0)  2.26 8 429 8 27456

% Momentum transfer range is very optimistic
(some values have enhanced systematic uncertainties)

T
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Alternative setup

% Separate calculation for each —¢ value in symmetric frame

—

% Asymmetric frame: 2 classes of O : ((0,,0,0), (Q,, O,,0)

frame P3 [GeV] A (27 —t [GeV?] ¢ |NmE Neonts Narc Niot
N/A +1.25 (0,0,0) 0 0 2 731 16 23392
I
symm  +1.25  (4£2,0,0), (0,42,0) 069 0 | 8 249 8 15936
I
symm  +1.25 (42,42, 0) 1.39 0 | 16 224 8 28672
symm 4125  (+£4,00), (0,440) 276 0 | 8 329 32 84224
asymm +1.25  (£1,0,0), (0,41,0)  0.17 0 | 8 420 8 27456
asymm +1.25 (+1,+1,0) 0.33 0 | 16 194 8 12416
asymm +1.25  (42,0,0), (0,4£2,0)  0.64 0 | 8 429 8 27456
asymm £1.25 (£1,42,0), (£2,41,0) 0.80 0 | 16 194 8 12416
asymm +1.25 (£2,£2,0) 1.16 0 16 194 8 24832
asymm +1.25  (£3,0,0), (0,£3,0) 137 0 | 8 429 8 27456
asymm +1.25 (41,43,0), (£3,41,0) 1.50 0 | 16 194 8 12416
asymm +1.25  (£4,0,0), (0,44,0)  2.26 0 | 8 420 8 27456

% Momentum transfer range is very optimistic
(some values have enhanced systematic uncertainties)

T
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% Asymmetric frame: 2 classes of Q

frame P; [GeV]

A 2]

—t [GeV?]

§

NME Nconfs Nsrc Ntot

N/A

+1.25

(0,0,0)

731

16 23392

symm

+1.25

(£2,0,0), (0,42,0)

0.69

249

8 15936

Alternative setup

% Separate calculation for each —¢ value in symmetric frame

(0,0,0), (0, 0,,0)

1.50 ~

1.25 -

1.00 -

Re[Frya,]

symm  +1.25 (£2,£2,0) 1.39 16 224 8 28672
symm  +1.25  (£4,0,0), (0,4,0) 2.76 0 | 8 329 32 84224
asymm =+1.25  (+1,0,0), (0,%1,0) 0.17 0 | 8 429 8 27456
asymm =+1.25 (£1,=+1,0) 0.33 0 | 16 194 8 12416
asymm +1.25  (+2,0,0), (0,+2,0) 0.64 0 | 8 429 8 27456
asymm +1.25 (£1,+2,0), (£2,£1,0) 0.80 0 | 16 194 8 12416
asymm +1.25 (£2,+2,0) 1.16 0 | 16 194 8 24832
asymm =+1.25  (+3,0,0), (0,%3,0) 1.37 0 | 8 429 8 27456
asymm +1.25 (£1,£3,0), (£3,£1,0) 1.50 0 | 16 194 8 12416
asymm +1.25  (+4,0,0), (0,%4,0) 2.26 0 | 8 429 8 27456

0.25 -

0.00 -

% Momentum transfer range is very optimistic

(some values have enhanced systematic uncertainti

T

asymmetric frame

0.75 -

0.50 -

0.0 -

% Impressive quality of signal quality

E $ —t=0.17GeV 0.0
E ¢ —t=0.34 GeV 0001 ®
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i i $ —t=081GeV ~0.05 - { }
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¢  —t=152GeV 55 0.15-
[] [] ¢  —t=2.29GeV =
% S5 = 0201
?%é%%igg —0.25 -
Y2onosnnnses| 030
0 3 6 9 12 15 18 o 3 6 9 12 15 18
z/a z/a
T _ ¢ —t=0.17GeV 001 o
¢ —t=0.34 GeV
T4+ % —1—0.65GeV
¢ —t=0.81GeV -0.51 &
- o
-+ ¢ —t=1.24GeV — {7
1 § —t—=1.38GeV © 1o Il
l (SIS L1TT
{ ¢ —t=152GeV 3 1
$  —t=229GeV E | 19
;i:{ —1.51 IS
o
| ;é;éjzi:i:}:%; - 1
_2 0 -
A1 ‘ |
$id I L
0o 3 6 9 12 15 1% o 3 6 9 12 15 18
z/a z/a
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Gy
T $ —t=0.17GeV
0.6- §  —t=0.34GeV _ ;iii;i;g
~ §  —t=065GeV 001 @ §
'l ®  —£t—081GeV i
0.4 - _ ¢ —t=1.24GeV $
S ? ¢ —t=138GeV s —0.1- T1
L% T | & T 6 —t=1.52GeV = 1+ ¥ 1
a 02_ L T I —t=2.29 GeV é ; T e
INNK -0.2 * T
I T 1T o
0.0- %L iiiiiiii *T1sl
; iiii —0.3 11
—0.2 1 . . . . . . . — . . . .
0 3 6 9 12 15 18 0 3 6 9 12 15 18
z/a z/a
< Small, but not negligible EAE,+E) P, [ —E(E; +E) )
+1 Gy 2 m2 2P3

<& Satisfies the sum rule: J dx xG = %GE

—1

T
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T $ —t=0.17GeV
0.6- § —t=0.34GeV _ ;iii;i;g
~ §  —t=065GeV 001 @ §
'l ®  —£t—081GeV i
0.4 - _ ¢ —t=1.24GeV $
% ? ¢ —t=1.38GeV % —0.1- TT
L% T+ T ¢ —t=152GeV =, +11
a 02_ L T I —t=2.29 GeV é ; T e
INNK -0.2 * T
I T 1T o
0.0- i %L iiiiiiii *T1sl
; iiii —0.3 - 11
0.2 1+ . . . . . . . — . . . .
0 3 6 9 12 15 18 0 3 6 9 12 15 18
z/a z/a
< Small, but not negligible EAE,+E) P, [ —E(E; +E) )
F% = — > ( + P3)ZA1
+1 i 4 2 m 2P3
o Satisfies the sum rule; J dx xG , = —G, /
-1 4 Small

T
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Extension to twist-3 tensor GPDs
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2(I3)]

Re[ic!

Extension to twist-3 tensor GPDs

o TEE] L

2(I3)]

Re[ic!

§  —t =069 GeV? 0.3 -
04- Hﬂ & —1=138GeV? H].
{ { ¢ —t=277GeV? 0.2 { .
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Extension to twist-3 tensor GPDs

* Param etrization [Meissner et al., JHEP 08 (2009) 056]

) N
P = a) (vl DB uip

;ﬂ; N

0.0 §§§§§§§

ic'*([3)]

Re[
- e
e

¢ —1=069GeV? 0.31 -
0.4- {{{{ E —t = 1.38 GeV? {1].“
{ { ¢ —t=277GeV? 0.2 { -
e |

% 021

Relic =(I'3)]
—e—|
|—o—||_._|

o sl

—20 ~10 0 10 20 20 ~10 0 10 20
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How to lattice QCD data fit into the overall effort for hadron tomography
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And many more!
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% Three bridge faculty positions will be created in nuclear theory.
Stony Brook & Temple: Faculty positions in Fall 2024
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QUARK-GLUON
TOMOGRAPHY

COLLABORATION
© iisisesy |0 Award Number. The QGT Collaboration has a main goal of
ENERGY Science DE-SC0023646 . ) . )
spearheading understanding and discovery in
the quark and gluon tomography of hadrons,
as well as the origin of their mass and spin.

1. of high-momentum transfer processes using
perturbative QCD methods and study of GPDs properties

2. Lattice QCD calculations of GPDs and related structures

3. Global analysis of GPDs based on experimental data using modern data
analysis techniques for inference and uncertainty quantification

% Three bridge faculty positions will be created in nuclear theory.
Stony Brook & Temple: Faculty positions in Fall 2024

GTil
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Focus Areas - Composition & Expertise
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QGT-related publications

1. “Gluon helicity in the nucleon from lattice QCD and machine learning”, Khan, Liu, Sabbir Sufian, Physical Review D, Accepted, 2023.

2. "Moments of proton GPDs from the OPE of nonlocal quark bilinears up to NNLO", Bhattacharya Cichy, Constantinou, Gao, Metz, Miller, Mukherjee, Petreczky,
Steffens, Zhao, Physical Review D, DOI: 10.1103/PhysRevD.108.014507.

3. "Generalized parton distributions through universal moment parameterization: non-zero skewness case", Guo, J1, Santiago, Shiells, Yang, Journal of High Energy
Physics, DOI: 10.1007/JHEP05(2023)150.

4. "Hadronic structure on the light-front VI. Generalized parton distributions of unpolarized hadrons", Shuryak, Zahed, Physical Review D, DOI: 10.1103/
PhysRevD.107.094005.

5. "Chiral-even axial twist-3 GPDs of the proton from lattice QCD", Bhattacharya, Cichy, Constantinou, Dodson, Metz, Scapellato, Fernanda Steffens, Physical
Review D, DOI: 10.1103/PhysRevD.108.054501.

6. "Shedding light on shadow generalized parton distributions”, Moffat, Freese, Cloét, Donohoe, Gamberg, Melnitchouk, Metz, Prokudin, Sato, Physical Review D,
DOI: 10.1103/PhysRevD.108.036027.

7. "Colloquium: Gravitational Form Factors of the Proton", Burkert, Elouadrhiri, Girod, Lorcé, Schweitzer, Shanahan, Physical Review D, Under Review.
8. "Synchronization effects on rest frame energy and momentum densities in the proton", Freese, Miller, eprint: 2307.11165.

9. "Proton's gluon GPDs at large skewness and gravitational form factors from near threshold heavy quarkonium photo-production”, Guo, Ji, Yuan, e-Print:
2308.13006.

10. "Parton Distributions from Boosted Fields in the Coulomb Gauge", Gao, Liu, Zhao, e-Print: 2306.14960.
11. "Exactly solvable models of nonlinear extensions of the Schrodinger equation”, Dodge, Schweitzer, e-Print: 2304.01183.
12. "Role of strange quarks in the D-term and cosmological constant term of the proton", Won, Kim, Kim, e-Print: 2307.00740.

13. "Lattice QCD Calculation of Electroweak Box Contributions to Superallowed Nuclear and Neutron Beta Decays", Ma, Feng, Gorchtein, Jin, Liu, Seng, Wang,
Zhang, e-Print: 2308.16755.
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Synergy

% The efforts from the three focus areas are interdependent and connected at multiple levels.
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% Utilizing individual efforts from different focus areas and creating essential new synergies
Is a unique aspect of the topical collaboration

— Impose constraints in global analysis guided by theory
— impose constraints by incorporating lattice data in global analysis
— address challenges by combining lattice & experimental data, as guided by theory

T
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Summary

We address computationally expensive calculations
GPDs with signal comparable to PDFs

Several improvements needed (e.g., mixing with quark-gluon-quark correlators)

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

- access to a broad range of rand &

Future calculations have the potential to transform the field of GPDs
Lattice QCD data on GPDs will play an important role in the pre-EIC era
and can complement experimental efforts of JLab@12GeV

Synergy with phenomenology is an exciting prospect
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QUARK-GLUON

‘:}US DEPARTMENT OF ENERGY %ané you TOMOGRAPHY
I N c T E COLLABORATION
/, U.S. DEPARTMENT OF OfflCe Of ﬁ Tor | Office of

LEADERSHIP COMPUTING @ ; ENERGY il EN:RGY Science

wara:
U SQC D DOE Early Career Award (NP) DE-SC0023646
ITI Grant No. DE-SC0020405
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