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Nucleon Characterization

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

% encode both TMDs and GPDs in a unified picture
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W(ZE, kTa bT)

Impact Parameter
Distributions

— M. Constantinou, June 26, 2024



Nucleon Characterization

Wigner distributions
% provide multi-dim images of the parton distributions in phase space
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GPDs

* “Parent” functions for
PDFs, FFs, GFFs

Impact Parameter

Distributions

% Multi-dimensional objects

% Provide correlation between
transverse position & longitudinal
momentum of the partons in the
hadron
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Nucleon Characterization

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

* encode both TMDs and GPDs in a unified picture . crucial in mapping
hadron tomoaraphv
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Wigner Distributions pion valence

W(x, kT, bT) cloud quar]
[H. Abramowicz et al., J( -

whitepaper for NSAC LRP, 2007] .

x<0.1 x~03 x~0.8

GPDs

* “Parent” functions for
PDFs, FFs, GFFs

Impact Parameter

Distributions

% Multi-dimensional objects

% Provide correlation between

% Information on the hadron’s mechanical transverse position & longitudinal
properties (OAM, pressure, etc.) momentum of the partons in the
hadron
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Experimental processes for GPDs

DVCS DVMP

% GPDs may be accessed via
exclusive reactions (DVCS, DVMP)

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

% exclusive pion-nucleon diffractive
production of a y pair of high p;

[J. Qiu et al, arXiv:2205.07846]
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Experimental processes for GPDs

DVCS DVMP

% GPDs may be accessed via
exclusive reactions (DVCS, DVMP)

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

% exclusive pion-nucleon diffractive
production of a y pair of high p;

[J. Qiu et al, arXiv:2205.07846]

% GPDs are not well-constrained experimentally:

| 1

- X-dependence extraction is not direct. DVCS amplitude: # = J oy
1 X — L€

(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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Experimental processes for GPDs

DVCS DVMP

% GPDs may be accessed via
exclusive reactions (DVCS, DVMP)

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

% exclusive pion-nucleon diffractive
production of a y pair of high p;

[J. Qiu et al, arXiv:2205.07846]

% GPDs are not well-constrained experimentally:

HME )
—dXx
, 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 ...

o Essential to complement the knowledge on GPD from lattice QCD
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Hadron structure at core of nuclear physics
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Current DVCS data at colliders:
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Hadron structure at core of nuclear physms
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Advances of lattice QCD are timely
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Twist-classification of PDFs, GPDs, TMDs

* Twist: specifies the order in 1/Q at which the function SV . 2

l
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enters factorization formula for a given observable Co Q0 0°
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(Selected) Twist-3 (/")
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* %

Twist-3: poorly known, but very important:
- as sizable as twist-2
- contain information about quark-gluon correlations inside hadrons

- appear in QCD factorization theorems for various observables (e.g. )
- certain twist-3 PDFs are related to the TMDs
- physical interpretation (e.g. average force on partons inside hadron)

Twist-2: probabilistic densities - a wealth of information exists (mostly on PDFs)
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Twist-classification of PDFs, GPDs, TMDs

e
Q + Q2 cee

* Twist: specifies the order in 1/Q at which the function
enters factorization formula for a given observable
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Twist-2: probabilistic densities - a wealth of information exists (mostly on PDFs)

) o

Twist-3: poorly known, but very important:
- as sizable as twist-2
- contain information about quark-gluon correlations inside hadrons

- appear in QCD factorization theorems for various observables (e.g. )
- certain twist-3 PDFs are related to the TMDs
- physical interpretation (e.g. average force on partons inside hadron)

While twist-3 fl.(l) share some similarities with twist-2 fi(o) In their extraction,
there are several challenges both experimentally and theoretically

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

local operators

»)

n—1 a{p HAHL, .. AHn-1
(N(P')|(9"j”1m“"_1 |N(P)>NZ {7{#Am A e ...F“"‘I}An,i(t) _Z'A";Z]: AML .. ARTPHIL 'F“"_I}Bn,i(t)} _I_A A A C.o(A?)
=0 mn
0:9- ? E:IIIDyMEZO
A Mainz21
0.8 Q O ETMC18
0] o Y PACS18
T 0
%o.e- OAO o
Zj L 4 . Wide -t range that
031 & 1 comes at the cost of 1
0‘20.0 of1 0!2 0j3 0j4 ofs ofs 0.7 (in the ma]orlty Of CaseS)
Q7 [GeV?]
% Matrix elements of non-local operators
(quasi-GPDs, pseudo-GPDs, ...)
(NP, | B(2) T 7 (2,0)P(0) | N(P)),
Wilson line
(N(P)OL@IN(PY) =T(P) {1 H(a, &) + 2 =2 B(a,&, )} U(P) + bt
my
(N(P")|O4(z)|N(P))=T(P") {’Y“vsﬁ(w, §,t) + ;,ﬁ: E(z,¢, t)} U(P) +ht,
[ V] Bl vl [ V] _
(N(P")|O¥ (z)|N(P))y=U(P) {ia‘“’HT(:c,ﬁ,t) - A Er(x,&,t) + P 2A Hr(z,&,t) + kit ET(x,f,t)} U(P) + ht
2mN mN my

— M. Constantinou, June 26, 2024



GPDs

Through non-local matrix elements

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

% Matrix elements of momentum-boosted hadrons coupled to nonlocal
(equal-time) operators

% Connection to light-cone GPDs through
LaMET [x. Ji, PRL 110 (2013) 262002], SDF [A. Radyushkin, PRD 96, 034025 (2017)]

d . _
GOPP(x, 1, &, Py, 1) = Jfﬁp (N(P) | P T W (20)¥(0) [ N(P)),

f=A2=—Q2
O
oP,
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Access of PDFs/GPDs on a Euclidean Lattice

% Matrix elements of momentum-boosted hadrons coupled to nonlocal
(equal-time) operators

% Connection to light-cone GPDs through
LaMET [x. Ji, PRL 110 (2013) 262002], SDF [A. Radyushkin, PRD 96, 034025 (2017)]
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Access of PDFs/GPDs on a Euclidean Lattice
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New parametrization of GPDs

PHYSICAL REVIEW D 106, 114512 (2022)

Generalized parton distributions from lattice QCD with asymmetric
momentum transfer: Unpolarized quarks

Shohini Bhattacharya®, Krzysztof C1chy, Martha Constantmou > Jack Dodson Xiang Gao Andreas Metz,

Swagato Mukhelj]ee ' Aurora Scapellato Fernanda Steffens,” and Yong Zhao'
—

PHYSICAL REVIEW D 109, 034508 (2024)

Generalized parton distributions from lattice QCD with asymmetric
momentum transfer: Axial-vector case
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Joshua Miller,” Swagato Mukherjee®, * Peter Petreczky ©, * Fernanda Steffens,” and Yong Zhao
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Theoretical setup

% yT inspired parametrization is prohibitively expensive

. Oy
. , | o "A
F7(x, A; 2,05 PP) = ﬁu(l? ,A") IVOHQ(O)(X, E,1; P?) + 3, ~Eq)®: & 1; P3)] u(p, A)
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Theoretical setup

% yT inspired parametrization is prohibitively expensive

. Ou
1 ic"A
F[yo](x, A A, A P3) = ﬁft(p’, A) IVOHQ(())(X, E,1; PY) + 3, 4 Eo)(x, &, 1; P3)] u(p, 4)

% Lorentz-invariant parametrization

PH A# e Lok PHigA HigtA AHic?A

Pl = 0(p' 2| <Ay + 2 MAy o+ —As + 0" MAy + ———As + Ag + A, +

ASI l/t(p, /1)

Goals

% Extraction of standard GPDs using A; obtained from any frame
% quasi-GPDs may be redefined (Lorentz covariant) inspired by light-cone
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Theoretical setup

% yT inspired parametrization is prohibitively expensive

. _Op
1 ic"A
F[yo](X, A4, A P3) = ﬁﬁ(p,, A) IVOHQ(())(X, S, L Pg) + M - EQ(())(X, S, L P3)] u(p, 4)

% Lorentz-invariant parametrization
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Fy, =i(p,a) ﬁAl + 7/ MA, + ﬁA3 +ic" MA, + As + Ag + A; +

ASI l/t(p, j“)

Goals

% Extraction of standard GPDs using A; obtained from any frame
% quasi-GPDs may be redefined (Lorentz covariant) inspired by light-cone

= Proof-of-concept calculation (¢ = 0):

., = 0 L. = 0 _s_7n_ 2
- symmetric frame: f=P+7, D; =P—7 t°= Q07 =0.69GeV

>q - S>q > > . —>2 > )
- asymmetric frame: pif =P, pi=P -0 t“=— Q07+ (E,— E)” =0.65GeV
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Theoretical setup

% yT inspired parametrization is prohibitively expensive

. Ou
1 ic"A
F[yo](x, A A, A P3) = ﬁft(p’, A) IVOHQ(())(X, E,1; PY) + 3, - Eo)(x, &, 1; P3)] u(p, 4)
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Goals

% Extraction of standard GPDs using A; obtained from any frame
% quasi-GPDs may be redefined (Lorentz covariant) inspired by light-cone

1.5
= Proof-of-concept calculation (¢ = 0): by
N — =, 3
. - Y Q - - Q % * 9 ¥
- symmetric frame: ;=P +—, pi=P-— ‘s -
e

*a_F >4 > > | 00 G%EGBtibib 5

- asymmetric frame: Pr = 1> pi=pP -0 eV
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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

frame P3 [GeV] A [%] —t [GeV?] ¢ |Nume Neonts Nere Niot Zero-skewness
N/A  +1.25 (0,0,0) 0 0 | 2 731 16 23392 calculation
symm  +0.83  (£2,0,0), (0,42,0) 0.69 0 | 8 67 8 4288

symm  +£1.25  (£2,0,0), (0,42,0) 0.69 0 | 8 249 8 15936

symm  +£1.67  (£2,0,0), (0,42,0) 0.69 0 | 8 204 32 75264

symm  +1.25 (£2, +2,0) 1.39 0 | 16 224 8 28672

symm  +£1.25  (£4,0,0), (0,44,0) 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), (£2,41,0)  0.80 0 | 16 194 8 12416

asymm +1.25 (£2,42,0) 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 (£1,43,0), (£3,41,0) 1.50 0 | 16 194 8 12416

asymm +1.25  (£4,0,0), (0,£4,0) 2.26 0 | 8 429 8 27456
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[Extended Twisted Mass Collaboration, Phys. Rev. D 104, 074515 (2021), arXiv:2104.13408]

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

frame P3 [GeV] A [%] —t [GeV?] ¢ |Nume Neonts Nere Niot Zero-skewness
N/A  +1.25 (0,0,0) 0 0 | 2 731 16 23392 calculation
symm  +0.83  (£2,0,0), (0,£2,0) 0.69 0 | 8 67 8 4288
symm  +1.25  (£2,0,0), (0,£2,0) 0.69 0 | 8 249 8 15936 @ Symmetric frame:
symm  +1.67 (£2,0,0), (0,£2,0) 0.69 0 8 294 32 75264 each momentum requ"-es
symm  +£1.25 (£2, +2,0) 1.39 0 | 16 224 8 28672 separate computational
symm  +1.25  (£4,0,0), (0,44,0)  2.76 0 | 8 320 32 84224 '
resources
asymm +1.25  (£1,0,0), (0,41,0) 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), (0,42,0) 0.64 0 | 8 429 8 27456
+1.25 (£1,+2,0), (£2,£1,0) 0.80 0 | 16 194 8 12416 i

S @ Asymmetric frame:
asymm +1.25 (£2,42,0) 1.16 0 | 16 194 8 24832 _

momenta grouped in 2 sets
asymm +1.25  (£3,0,0), (0,43,0) 1.37 0 | 8 429 8 27456
asymm +1.25 (£1,43,0), (£3,£1,0) 1.50 0 | 16 194 8 12416 of runs [(Q,0,0), (QX,QYaO)]
asymm +1.25  (£4,0,0), (0,44,0) 2.26 0 | 8 429 8 27456
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3.0

Light-cone GPDs
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Transversity GPDs

Standard parametrization

h%,(I‘,,,z, Pfﬂpz) = <<a3j>>FHT (Z,f,t,Pg) + ﬁ«’YSAJ - 7jA3>)FET (Z,f,t,Pg,)

P -2PjA3
m

(D) Fg, (2.6t Ps) + %((v“‘Pj = Ps)) i, (2,61, Ps)

[C. Alexandrou et al., PRD 105, 034501 (2022)]

5 — .

|
— — hi™(x) |
— — H¥%2,0,-0.69 GeV?) |
47— — Hi Yz, |€) =1/3,-1.02 GeV?) | HT
| 5 |
3t 1}\ : P; =1.25 GeV
A
| A |
2+ | IR l
N
| \ \ |
| AN
1+ | -_ N
| — o —
0 ........... ............... T ...............................
| i |
1 0.5 0 0.5 1
X

Symmetric frame

— M. Constantinou, June 26, 2024



Standard parametrization

Transversity GPDs

=

P —2PjA3
m

h’%’(rl”z’ Pfﬂpz) = <<a3j>>FHT (Z,f,t,Pg) + ﬁ«’YSAJ - 7jA3>)FET (Z,f,t,P;g)

() Fg,

(566, P5) + (4 Py = v Po)) g, (26,1, P)

[C. Alexandrou et al., PRD 105, 034501 (2022)]

On-going

work

Lorentz covariant parametrization

5 ' 1 ' [ ' v PleAV] pYl AVl
— — R Y(x) | F/{“)"’,‘ vl = pligvly Ay + e Vs A + 2 AVl y5 Ay 4 A (ﬁfh + M2 A5 + M A6)75
ST HY(z,0,-0.69 GeV?) |
|- — HY(z,|€] = 1/3,-1.02 GeV? PHAY
T ( | | / E ) HT + M¢75 (P[#2V1A7 + 7z A8 + z[#AV]Ag) + 7:(7#1/’)’5-410
3t | ’\ | Py =1.25GeV
| | \ | +ie"PZ A1 4+ e R Agg
| | [
| O .
2} | — Asymmetric frame
| \\ ) N 3.51
a | S N ] B —1=0.17 GeV?
| \f\\ : N 3.0 M —r=0.34 GeV?
——— S P —1=0.65 GeV?
0 i T S To— 2.51 —1=0.81 GeV?
| | . | | . —t=1.24 GeV?
Y1 —r=1.38 GeV?
-1 -0.5 0 0.5 1 =152 Gov?
P —1=2.29 GeV?

000 025 050 075 1.00

X

100 —0.75 —050 —0.25
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Twist-3 GPDs

PHYSICAL REVIEW D 108, 054501 (2023)

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

Shohini Bhattacharya® ,1’2 Krzysztof Cichy,3 Martha Constantinou ,1 Jack Dodson,1 Andreas Metz( ,1
Aurora Scapellato,1 and Fernanda Steffens”

+ Josh Miller (Temple graduate student)
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Theoretical setup

% Correlation functions in coordinate space

d
PG, 8 P%) = 3 [ 5 cts o, NIg(-5) DW=, 5 )

ZO=O,2J_ =OJ_

% 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 A3
W . p3 / T o . p3 V5o . p3
F0'"wl(z, A; P3) = 5 paaos, X) [P“ 50 Frp(2,6,P°) + P* 5 Fg(x,6,t; P°)

5
+ Ao~ 2m Fg.q (2,6t t; P°) + v s F 43, (% &t t; P7)

AR (,6,6;P*) +ie™ A, T g (,6,6; P) | u(pi, A)

L p3 Y P3
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Theoretical setup

% Correlation functions in coordinate space

d
PG, 8 P%) = 3 [ 5 cts o, NIg(-5) DW=, 5 )

ZO=O,2J_ =OJ_

% 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 A3
W . p3 / T o . p3 V5o . p3
F0'"wl(z, A; P3) = 5 paaos, X) [P“ 50 Frp(2,6,P°) + P* 5 Fg(x,6,t; P°)

5
+ Ao~ 2m Fg. g (2,6t t; P°) + v s F 743,28t t; P7)

AR (,6,6;P*) +ie™ A, T g (,6,6 P) |u(pi, )

L p3 Y P3
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Theoretical setup

% Correlation functions in coordinate space

FUGe, 8 P%) = 5 [ B e g, XG5 DW=, 5103l N

ZO=O,2J_ =OJ_

% 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’rs
FOel(z, A P?) = palpy, N) [P“ 5o P (@66 P%) + P 5 F(,€, £ PY)

5
+Ali2m E+G1 (z,&,t; P3) +'7¢')’5Fﬁ+5 ($a€at;P3)

AR (,6,6;P*) +ie™ A, T g (,6,6 P) |u(pi, )

1 p3 Y p3
P3 [GGV] (j’[ 2% ] —t [GeV2] NuEe Nconfs Nsrc Ntota.l
* Nf=2+1+1 twisted mass +0.83  (0,0,0) 0 2 194 8 3104
. . +1.25 0,0,0 0 2 731 16 23392

fermions with a clover term (0,00

+1.67  (0,0,0) 0 2 1644 64 210432
[ETMC, Phys. Rev. D 104, 074515 (2021)] +0.83  (+2,0,0)  0.69 8 67 8 4283
+1.25 (£2,0,0) 0.69 8 249 8 15936
Name 8 N; *xT a [fm] M. L +1.67  (£2,0,0)  0.69 8 204 32 75264
cA211.32 | 1.726 w,d,s,c 323 x64 0.093 260 MeV 4 +1.25  (£2,+2,0) 138 16 224 8 28672
+1.25 (£4,0,0) 2.76 8 329 32 84224

Symmetric frame
i ! 16
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Consistency Checks

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

1

/_ o Fi(z,6,0) = Galt) / dz B(z,€,t) = Gp(t)

—1

1
/ dr G;(z,£,t) =0, i=1,2,3,4

—1

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

1 1
~— o~ 1
J dx x G4(x,0,1) = %GE J dx x G 4(x,0,1) = ZGE(I)
—1 —1

Gy : electric FF
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Consistency Checks

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

1

/ dz F(z,€,1) = GA(t), / dz B(z,€,t) = Gp(t)

-1 —1

1
/ dr G;(z,£,t) =0, i=1,2,3,4

—1

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

1 £ 1 1
J dx x G4(x,0,1) = ZGE J dx x G 4(x,0,1) = ZGE(I) Gy : electric FF
—1 \ —1
Indeed, numerically ' 00
- 0.021 T [T | 00501 & |

found to be zero within o r1tiTTL]g LI SR I IS B B N LT
uncertainties at £=0 5ol e § % i 1 ; 2 i . { i1 B T T T T ? BB a
E 0.017 1 } + %" ! T { f I ! f T ] { E ~0.050 1 ¥ Pi=083GeV, —1=0.69 GeV?
| i by
0.03 - ‘ [ - . ~0.100 I] P:x=l.2SGcV:—I=l.3SGcV2
—0.125 1 ¥ Pi=125GeV, —1=2.76 GeV?
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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
dy T u m? ¢ AQep
FMMS P MMS,MS [ & MS |
X (CE,t, 31/-1‘) - 1 |y| C’Yj’Ys y1 yP3 GX (yata.u) O P32 ) P327 $2P32

% Operator dependent kernel

PHYSICAL REVIEW D 102, 034005 (2020)

hadronic Matching to
. . e e . matrix elements | light- GPD
One-loop matching for the twist-3 parton distribution g, (x) A/ “Ig e °
Shohini Bhattacharya®,' Krzysztof Cichy,2 Martha Constantinou®,' Andreas Metz,' .
Aurora Sca ellato,2 and Fernanda Steffens’ .. quasi
* Identification of distribution x-dependence
ground state approach reconstruction

(0 ([-€+26+1 . ¢ 3 3]
In + + 57 £€>1 “ [T »
L 18 -1 1-¢ 2, Renormalizati;ﬁ y form factors

disentanglement

W [, B\ _ oCr aCr ) [-2+26+1  4E(1 - &)(aP3)? 52—5—1]
CMM—S(g,p—%)— o (8 + o <_ ¢ In 22 + - |, 0<éxl
(€2 +26+1 £-1 ¢ 3 ]
1 —
o T 1-e M Tietaa-g), 50

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

T
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Lattice Results - light-cone GPDs

| —t=0.69 GeV?
| I —r=1.38 GeV?
I —1=2.76 GeV?
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Lattice Results - light-co

| —t=0.69 GeV?
| I —r=1.38 GeV?
I —1=2.76 GeV?

ne GPDs

Isolating G, | 4]

using ﬁ 0-

—1=10.69 GeV
E —r=138GeV
0 —1=2.76 GeV

G,
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Lattice Results - light-cone GPDs

8
. —1=0.69 GeV
i ~£=0.69GeV? 61 mmm —r=138GeV
6  —r=1.38 GCV2 ~— i 2.76 GeV
mm —-276Gev? || |solating G, |4 _
using H 0] e
_2 i
~1.0 —0.5 0.0 0.5 1.0
S ————————

I H+G,, —1=0.69 GeV? !
H, —1=0.69 GeV>
61 mm G,, —1=0.69 GeV?

Negative areas in G,

4_

, theoretically anticipated:

0- = t

/ dr G;(z,£,t) =0, i=1,2,3,4
—1
_2-
1.0 0.5 0.0 05 1.0
X
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Lattice Results - light-cone GPDs

% Direct access to E -GPD not possible for zero skewness
—~ A3’Ys
pr=0
* Glimpse into E -GPD through twist-3 : 2mP

Fg

(z,&,t; P®)

M. Constantinou, June 26, 2024



Lattice Results - light-cone GPDs

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

—~— P“2A3Z)50FE(x’€’t;P3)
% Glimpse into E -GPD through twist-3 : m
15 .
—1t=0.69 GeV?
i\ o —r=138GeV?
101 =276 GeV?

% Sizable contributions as expected
1
[ dzB@.60) =Gy
~1

1
/ dx 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
A3’75
* Glimpse into E -GPD through twist-3 : 2mP?

15 ; 21
l —1=0.69 GeV?2

FE(IB,f,t; P3)

N —r=1.38 GeV?

10 I =276 GeV?2 0. :
o) ,
i =2 '

—1=0.69 GeV?
=138 GeV?
. —1=2.76 GeV?

~1.0 —0.5 0.0 0.5 1.0

% Sizable contributions as expected % G 4 very small; no theoretical

1
/ dz Bz, €.1) = Gp(t) argument to be zero
1 / dxx G4(z,&,t) = —GE
/ dez(x,f,t)z(), 1=1,2,3,4 —1 4
1

LTl
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Extension of calculation

% Alternative kinematic setup can be utilized

1 zP3(A ) 1 )
Fiyg, = om? P +4, Fz = 2 23PyA; — 3P3PyAg | Ay — 3P3Ag
22;P; Fo = — (Z3P0P32 - 5P} >A1
300 G
Fgig, = + 245 Coom?
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Extension of calculation

% Alternative kinematic setup can be utilized

1 zP3(A))? 1
2
Fg.e = +A F&, =55\ %PyAs — 3P3PyAg | A — 3P4
H+Gy o2 P; 2 O3 om2 0
27.P2 F~—L P P? — z:P> |A
230 G, > \%ol3 35 |4
E+G, P
3
{51 B —=0.17 GeV? 150 I —:=0.17 GeV2
P —r=0.34 GeV? I —r=0.34 GeV?
P —r=0.65 GeV? 125 A P —r=0.65 GeV?
—t=0.81 GeV? —t=0.81 GeV?
101 —1=1.24 GeV? 1004 —1=1.24 GeV?
P —r=1.38 GeV? e —r=1.38 GeV?
() P —t=1.52 GeV? 5 75 . P —t=1.52 GeV?
+ 51 I —7=2.29 GeV? + T —1=2.29 GeV?
I Ity |
~1.00 -0.75 -0.50 -025 0.00 025 050 0.75 1.00 ~1.00 -0.75 -0.50 -025 000 025 050 075 1.00
X X

On-going work
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How to lattice QCD data fit into the overall effort for hadron tomography
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How to lattice QCD data fit into the overall effort for hadron tomography

% Lattice data may be incorporated in global analysis of experimental
data and may influence parametrization of f and £ dependence
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How to lattice QCD data fit into the overall effort for hadron tomography

% Lattice data may be incorporated in global analysis of experimental
data and may influence parametrization of f and £ dependence

QUARK-GLUON
TOMOGRAPHY

COLLABORATION

officeof Award Number:

G

& ENERGY  scence DE-SC0023646

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

— M. Constantinou, June 26, 2024 E



Synergies: constraints & predictive power of lattice QCD

pion PDF helicity PDF
NLO+NLLpy '

I cxp only Th eo ry,

0.1;/ WM exp+lat (p=1)

B cxp+lat (all p) Lattice phen.g- ';é\
& 0.0
S.15 menolo |
< =) QcD i 5 |
c*0.05&_, 502 HEE exp+l
o 5—0. p+lat
0 02 04 06 08 1 [ lat (DFT)
T 107 107" 10°
T
JAW_H__QE,,!_tmg !!B! 5! !!E!!! !14051 ?
[ ’ ] E ] t [JAM & ETMC, PRD 103 (2021) 016003]
xperiments,
. lobal analysis
proton & neutron radius 9 y
o 2 transversﬂy PDF
:\Ll.l 10_1 — o .%) 6d JAM22 * GOld tein et al (2014) —h— | I Pitschmann et al (2015)
Q] s o) i # Radici, Bacchetta (2018) Ie Hasan et al (2018
) - n ow G QF JAM22 (no LQCD) i, Bacchatts o 2n2e
— : %% g .chv v 1 ? ? JAM20+ : f\;lexandroul:t al (;020) i A‘l:; ::;d o li 11(2)020)
| ‘ c ) 0.1F # Pitschmann et al (2015) —_— * Anselmino et al (2013)
L g7 B T Work (n,=1) proton GPDs ool ., el
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hl: ' e - %}Em)o 0.69GeV?) i\ Py =125 Gev e I B —e— i} Benelstal (019)
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[Atac et al., Nature Comm. 12, 1759 (2021)]

~
h \\ ~
" S
— — —— —
\_}_:‘ y 3

ETMG;PRL 125 (2020) 262001] '
T &’ And many more!
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Summary

% Definitions of quasi-GPDs on Euclidean lattice: intrinsically frame dependent.
Historically used symmetric frame is computationally very expensive

% Novel Lorentz covariant decomposition has great advantages:
- access to symmetric-frame GPDs from matrix elements in any frame
- significant reduction of computational cost

- access to a broad range of rand ¢
% Numerical results demonstrate the validity of the approach
% 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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Miscellaneous
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% Parametrization

Extension to twist-3 tensor GPDs

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

Flomnsl = q(p) (7*75 H, + P;]E’ Eé) u(p)
.
e BRI
E0.4 ﬁﬁﬂh % EO 2 }ﬂ}m
Sox . s %}ﬁ*ﬂﬂl
- %%%%%%ém; ? o llﬂﬁgfﬁﬁg@g

-20 ~10
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Lattice Results - Matrix Elements

Y% Bare matrix elements

2 : 2
) =ic(F (4m(E +m) + A2) o NEAm) sign[P3] A2(E + m)
1) — H+G» 8m?2 E+Gy 8m3 G4 4m2P3
} 0.4
0.8 > 03] . t {1,43,(0.+2,0)}
]}i%% 021 §93I7 | T1ds4 t {143,020
— $1e¢7 = +a 19371548853
? 0.6 %i 1;$ ? o __._ﬁ_._z 1__4__¢§ﬁ$19_:“ {2, +3, (+2,0,0)}
<"’ $ J‘:I.I 4—’ —\‘;éggx I , :fggg%ii {29 +33 (_29090)}
[:4: Ut £§ L:$ [\—‘: 0.0 !%%ig_ ‘ _‘_l- ii;i!\' - I {19 _3a (Oa+230)}
=) 23 5 Eoo] CERgEItiet]] f:i;t{Hg--“ I,-3,0-20)
g0 Sk B E o Hy §¥ Hi§He (2,3, (2.0.0)
; WEE@‘!% “«fégaww 03 ¥ {2,-3,(=2,0,0)}
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s ol 2124811942837
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Lattice Results - Matrix Elements

Y Bare matrix elements

0.3 1

Re[IT(Ty))

Re[I'(T;)]
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* Norms satisfied

Consistency checks

encouraging results

GPD P3; =0.83[GeV] | P;=1.25[GeV] | P3=167[GeV] | P3=1.25[GeV] | P;=1.25[GeV]
—t = 0.69 [GeV?] | —t =0.69 [GeV?] | —t = 0.69 [GeV?] | —t = 1.38 [GeV?] | —t = 2.76 [GeV?]
H 0.741(21) 0.712(27) 0.802(48) 0.499(21) 0.281(18)
H+ G- 0.719(25) 0.750(33) 0.788(70) 0.511(36) 0.336(34)
—
i 29
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encouraging results
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% Alternative kinematic setup can be utilized

[Fernanda Steffens]
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FIG. 10. zmax dependence of Fgz, 5 and H + G, (left), as well as Fz. 5, and E + G (right) at —t = 0.69 GeV? and
P3; = 1.25 GeV. Results are given in the MS scheme at a scale of 2 GeV.
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FIG. 11. zmax dependence of Fiz and G4 at —t = 0.69 GeV? and P; = 1.25 GeV. Results are given in MS scheme at
a scale of 2 GeV.
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