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* Work extends the approach for the unpolarized and axial cases
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Generalized Parton Distributions

** GPDs are rich in information:

Reflect spatial distribution of partons in transverse plane

Hadron mechanical properties are stored in GPDs
Information on spin

» ... but not well studied:

 extracted from off-forward kinematic (unlike PDFs)

- Multi-variable quantities; dependence upon x, ¢ and & (unlike PDFs)
» Inferred from Compton form factors from experimental data (e.g., DVCS)

« Other processes proposed (SDHEP [J. Qiu et al, arXiv:2205.07846] ) still require theoretical developments
* Transversity proton GPDs:
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Methodology on the Lattice

% Choice of frame: +« Symmetric: p; = P3? _A/2, pr = Pz +A/2

» Asymmetric:  p, = P3Z —A, p; = P32




Methodology on the Lattice
< Choice of frame: « Symmetric: P, =Pt — A2, p; = P32 +A/2 r @ e

 Calculate the 2-, 3-point correlation functions in the frame chosen
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Methodology on the Lattice
< Choice of frame: « Symmetric: P, =Pt — A2, p; = P32 +A/2 r © e
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 Parameterize the matrix elements in terms of (Lorentz invariant) amplitudes
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Methodology on the Lattice

“* Equate and relate the amplitude and quasi-GPD decomposition
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Methodology on the Lattice

. , . SF: Symmetric Frame
“* Equate and relate the amplitude and quasi-GPD decomposition

AF: Asymmetric Frame
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Methodology on the Lattice

. , . SF: Symmetric Frame
“* Equate and relate the amplitude and quasi-GPD decomposition

AF: Asymmetric Frame
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Methodology on the Lattice

. , . SF: Symmetric Frame
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** Renormalization functions: RI-MOM
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** Renormalization functions: RI-MOM

0:0 Transform from pOSi’[ion to momentum Space (Backus-GiIber‘t) [Backus & Gilbert, Geophysical Journal International 16, 169 (1968)]
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Methodology on the Lattice

. , . SF: Symmetric Frame
“* Equate and relate the amplitude and quasi-GPD decomposition

AF: Asymmetric Frame
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** Renormalization functions: RI-MOM

0:0 Transform from pOSi’[ion to momentum Space (Backus-GiIber‘t) [Backus & Gilbert, Geophysical Journal International 16, 169 (1968)]

“ Extract light cone-GPDs using one-loop matching formalism [Liu, et al., Phys. Rev. D 100, 034006 (2019)}
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Decomposition

Symmetric frame (¢ = 0)
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Symmetric frame (¢ = 0)
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Decomposition

Symmetric frame (¢ = 0)

) | A P} AP, (E+m)A,
Hol(FO) =1K| — A3 A + WZATS + Am?2 ATlO
2 2 2 = = -
[ () = ,-K(P 3<A41 £2) - E : Ut ZATU) Coefficients become more complicated
m m
Asymmetric frame (& = 0) Amplitudes frame independent
(m—E.)(m+ E;)A P.A (E.+m)A
I, Iy = iK ( 4 e ! 1AT4 + jml ZArs + ! 12 1AT10>
(E.— E)E;+ E)P (E? — E?)P (E,— E,)P (E; + E)E; — E; — 2m)(E; + m) (E; — E)E; — E; — 2m)(E; + m)
IM5;(Tp) = iK( 4 g ]; : rt 3f 3AT6 L ; 3ATlo +— ! 5 ! ZA71) — ! ! 5 ! Z T12>
m m m 8m 4dm

d \ S d

S
I l It “°Ti

l

¢TI
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Lattice Setup

g Ne=2+1+1 Twisted mass fermions with a clover term

Parameters
Ensemble B a [fm] | volume L°® x T Ny m~ [MeV] | Lm, | L [fm]
cA211.32 | 1.726 | 0.093 32° x 64 u,d, s, c 260 4 3.0




Lattice Setup

g Ne=2+1+1 Twisted mass fermions with a clover term

frame P; [GeV] A [27] —t [GeV?] € |Nme Noonts Nere Niot
Parameters N/A  +1.25 (0,0,0) 0 0 | 2 320 16 10528
Ensemble B a [fm] | volume L® x T Ny m~ [MeV] | Lmr | L [fm] symm  £083  (£2,0,0), (0,42.0) 0.69 0 8 6§67 8 4988
cA211.32 | 1.726 | 0.093 32° x 64 u,d,s,c 260 4 3.0
symm  +1.25  (4£2,0,0), (0,£2,0)  0.69 0 | 8 249 8 15936
symm  +1.67  (£2,0,0), (0,£2,0)  0.69 0 | 8 204 32 75264
‘ " " " symin . .
%* Calculation of symmetric and asymmetric frame ymm - £L3 - (+2,42,0) 1380 116 24 8 28672
symm  +1.25  (£4,0,0), (0,£4,0)  2.77 0 | 8 320 32 84224
: ] asymm +1.25  (£1,0,0), (0,£1,0)  0.17 0 | 8 269 8 17216
 Symmetric frame: ’
N asymm  +1.25 (£1,+1,0) 0.34 0 | 16 195 & 24960
EaCh A reqUireS new CalCU|atiOﬂ asymm +1.25  (£2,0,0), (0,42,0) 0.65 0 | 8 269 8 17216
asymm £1.25 (£1,4£2,0), (£2,41,0)  0.81 0 | 16 195 & 24960
° ASymmetriC frame- asymm +1.25 (£2,42,0) 1.24 0 16 195 8 24960
—> _ _ asymm =£1.25  (£3,0,0), (0,£3,0)  1.38 0 | 8 2690 8 17216
Several A values grouped in the same production run ssymm 4125 (£1430), (£3410) 152 0 | 16 105 8 24960
—
(e_g_ {A — (1 OO), (200), (300), }) asymm +£1.25  (£4,0,0), (0,44,0)  2.29 0 | 8 260 8 17216




Lattice Setup

g Ne=2+1+1 Twisted mass fermions with a clover term

frame P; [GeV] A [27] —t [GeV?] € |Nme Noonts Nere Niot
Parameters N/A +1.25 (0,0,0) 0 0 2 329 16 10528
Ensemble B a [fm] | volume L°® x T Ny m~ [MeV] | Lm, | L [fm] symm  £083  (£2,0,0), (0,42.0) 0.69 o | 8 67 8 4983
cA211.32 | 1.726 | 0.093 32° x 64 u,d, s, c 260 4 3.0
symm  £1.25  (£2,0,0), (0,4£2,0)  0.69 0 | 8 249 8 15936
symm  £1.67  (£2,0,0), (0,4£2,0)  0.69 0 | 8 204 32 75264
‘ " " " symin . .
%* Calculation of symmetric and asymmetric frame ymm_ £125 - (£2,£2,0) 138 0 |16 24 8 28672
symm  £1.25  (£4,0,0), (0,44,0)  2.77 0 | 8 329 32 84224
- ] asymm +£1.25  (£1,0,0), (0,4£1,0)  0.17 0 | 8 269 8 17216
 Symmetric frame: ’
N asymm +1.25 (£1,+1,0) 0.34 0 | 16 195 8 24960
EaCh A reqUireS new Ca|CUIati0n asymm +1.25  (£2,0,0), (0,4:2,0) 0.65 0 | 8 269 8 17216
asymm £1.25 (£1,42,0), (£2,£1,0) 0.81 0 |16 195 8 24960
° ASymmetriC frame- asymm +1.25 (£2,42,0) 1.24 0 16 195 8 24960
— _ _ asymm +£1.25  (£3,0,0), (0,43,0) 1.38 0 | 8 269 8 17216
Several A values grOUped INn the same prOdUCtlon run asymm +£1.25 (£1,43,0), (£3,£1,0) 152 0 | 16 195 8 24960
—
(e_g_ { A = (1 OO), (200), (300), }) asymm +1.25  (£4,0,0), (0,£4,0)  2.29 0 | 8 269 8 17216

Computationally efficient setup




Lattice Setup

g Ne=2+1+1 Twisted mass fermions with a clover term

frame P; [GeV] A [27] —t [GeV?] € |Nme Noonts Nere Niot
Parameters N/A  +1.25 (0,0,0) 0 0 | 2 320 16 10528
Ensemble B a [fm] | volume L® x T Ny m~ [MeV] | Lmr | L [fm] symm  £083  (£2,0,0), (0,42.0) 0.69 0 8 6§67 8 4988
cA211.32 | 1.726 | 0.093 32° x 64 u,d, s, c 260 4 3.0
symm  £1.25  (£2,0,0), (0,£2,0)  0.69 0 | 8 249 8 15936
symm  £1.67  (£2,0,0), (0,£2,0)  0.69 0 | 8 204 32 75264
‘ " " " symin . .
%* Calculation of symmetric and asymmetric frame ymm_ £125 - (£2,£2,0) 138 0 |16 24 8 28672
symm  £1.25  (£4,0,0), (0,£4,0)  2.77 0 | 8 320 32 84224
- ] asymm £1.25  (£1,0,0), (0,£1,0)  0.17 0 | 8 269 8 17216
 Symmetric frame: ’
N asymm £1.25 (£1,41,0) 0.34 0 | 16 195 & 24960
EaCh A reqUireS new Ca|CUIati0n asymm +1.25  (£2,0,0), (0,4:2,0) 0.65 0 | 8 269 8 17216
asymm £1.25 (£1,4£2,0), (£2,41,0)  0.81 0 | 16 195 8 24960
° ASymmetriC frame- asymm +1.25 (£2,42,0) 1.24 0 16 195 8 24960
— _ _ asymm +1.25  (+3,0,0), (0,£3,0)  1.38 0 | 8 269 8 17216
Several A values grouped in the same production run ssymm 4125 (£1430), (£3410) 152 0 | 16 105 8 24960
—
(e_g_ {A — (1 OO), (200), (300), }) asymm +£1.25  (£4,0,0), (0,44,0)  2.29 0 | 8 260 8 17216

\ Computationally efficient setup

< Strategy: decomposition of amplitudes for each kinematic setup (£P;, * X, + 7)




Lattice Setup

g Ne=2+1+1 Twisted mass fermions with a clover term

frame P; [GeV] A [27] —t [GeV?] ¢
Parameters N/A  +1.25 (0,0,0) 0 0 | 2 320 16 10528
Ensemble B a [fm] | volume L® x T Ny m~ [MeV] | Lmr | L [fm] symm  £083  (£2,0,0), (0,42.0) 0.69 0 8 6§67 8 4988
cA211.32 | 1.726 | 0.093 32° x 64 u,d,s,c 260 4 3.0
symm  £1.25  (£2,0,0), (0,4£2,0)  0.69 0 | 8 249 8 15936
symm  +1.67  (£2,0,0), (0,42,0)  0.69 0 | 8 294 32 75264
‘ " " " symin . .
%* Calculation of symmetric and asymmetric frame ymm - £L3 - (+2,42,0) 1380 116 24 8 28672
symm  +£1.25  (£4,0,0), (0,4£4,0)  2.77 0 | 8 320 32 84224
: ] asymm +£1.25  (£1,0,0), (0,4£1,0)  0.17 0 | 8 269 8 17216
 Symmetric frame: ’
N asymm  +1.25 (£1,+1,0) 0.34 0 |16 195 8 24960
EaCh A reqUireS new Ca|CUIati0n asymm +1.25  (£2,0,0), (0,£2,0) 0.65 0 | 8 269 8 17216
asymm +1.25 (£1,4£2,0), (£2,4£1,0) 0.81 0 |16 195 8 24960
° ASymmetriC frame- asymm +1.25 (£2,42,0) 1.24 0 16 195 8 24960
— _ _ asymm +1.25  (£3,0,0), (0,£3,0) 1.38 0 | 8 269 8 17216
Several A values grouped in the same production run ssymm 4125 (£1430), (£3410) 152 0 | 16 105 8 24960
—
(e_g_ {A — (1 OO), (200), (300), }) asymm +£1.25  (£4,0,0), (0,44,0) 2.29 0 | 8 269 8 17216

\ Computationally efficient setup

< Strategy: decomposition of amplitudes for each kinematic setup (£P;, * X, + 7)

—>

> Exploitation of Ai symmetry properties with respect to (£P;, = A, £ 7)
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atrix Elements: Hgga(rk, A; # 0)
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Matrix Elements: TTI54(I, A; =

|P;| =1.25GeV  —1=0.69 GeV
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Matrix E

* 24 separate matrix elements for a given kinematic case

% Some do not contribute at zero skewness

“* Some are linearly dependent!

Example: A = (A,0,0)

Symmetric Frame

A7 o 1T 2(Fl)

ements to Amplitudes

We reduce the data to 12 independent
Matrix Elements to disentangle the A,

Asymmetric Frame

zAp o gy (1), Tgy(5), T A7), TT,(15)



Matrix Elements to Amplitudes

* 24 separate matrix elements for a given kinematic case

» Some do not contribute at zero skewness We reduce the data to 12 independent
% Some are linearly dependent! Matrix Elements to disentangle the A,

Example: A = (A,0,0)

Symmetric Frame Asymmetric Frame

ZA o I (1) zA7y o gy (1), gy (13), II,(1), TI5,(175)

“ Disentangling amplitudes gets more difficult in (any) non-symmetric frame compared to the symmetric one

“ Amplitudes are frame independent by construction

< Coefficients are frame dependent
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Amplitude Symmetry

* Symmetry properties of amplitudes
Af(—z-P,z- A ALZ) =Ap(z- Pz AAL 2D i=1,2,4,7,8,10, 11
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Amplitude Symmetry

* Symmetry properties of amplitudes
Af(—z-P,z- A ALZ) =Ap(z- Pz AAL 2D i=1,2,4,7,8,10, 11

—A¥(=z-P,z- A, A% ) =Ap(z- Pz- A,A% 2D i=3,5,6,9, 12
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Averaging across 8 kinematic cases reduces the error by 1/ \/g




Amplitude Comparison for difrerent frames
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% —t = 0.65 GeV? corresponds to | P;| = 3 and A = (2,0,0)+permutations in asymmetric frame

% —t = 0.69 GeV? corresponds to | P;| = 3 and A = (2,0,0)+permutations in symmetric frame

<+ Negligible difference between frames despite the 5% difference between —¢* and —r“.
(Only z > 13a for real part)
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% —t = 0.65 GeV? corresponds to | P;| = 3 and A = (2,0,0)+permutations in asymmetric frame

% —t = 0.69 GeV? corresponds to | P;| = 3 and A = (2,0,0)+permutations in symmetric frame

<+ Negligible difference between frames despite the 5% difference between —¢* and —r“.
(Only z > 13a for real part)

Amplitudes are frame independent!

i




| Quasi-GPDs

yTAL =AYy PTAL - PIAT TP - Py .2
oM I M2 I M o

FUo'sl(z, A, P) = — ie ™ a(p', A') | io*'Hy -




| Quasi-GPDs

yTAL =AYy PTAL - PIAT TP - Py .2
oM I M2 I M o

FUots\(z, A, P) = — ie~*a(p', ') | ic*'Hy -

V]

Plupv] AV
M A4 + MZU]AS I M A6 }/5 + M}/aza P[MZU]A7 I

- PlupY]
4 /1[15 st = PligiIA + 12 ysAy + 2 HAYysAs + p

e Ag + z[”A”]Ag) + ic"ysA




Quasi-GPDs

yTAL =AYy PTAL - PIAT TP - Py o, 2)
2M T ! M2 T ' M T p

FUots\(z, A, P) = — ie~*a(p', ') | ic*'Hy -

V]

Plupv] AV
M A4 + MZU]AS I M A6 }/5 + M}/aza P['MZU]A7 I

- pPleAY]
4 ,1[15 sh= PlizYIA, + M? ysAy + 2 HAYysAs + p

e Ag + z[”A”]A9> + ic"ysA

o o | P? - “* Focus only on LI definitions
= — | +Ap +
] " M e < Can substitute P, A directly
 Differences between LI and standard definitions
Er=2Ap — Apy ¢ S
» A, & have afactor of Ag
Hr=—An 2o H +has a factor of Az,

= o %ST has a different coefficient for A ¢




Quasi-GPDs

yTAL =AYy PTAL - PIAT TP - Py o, 2)
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4 ,1[7 sh= PlizYIA, + M? ysAy + 2 HAYysAs + p

e Ag + z[”A”]A9> + ic"ysA

o o | P? - “* Focus only on LI definitions
= — | +Ap +
] " M e < Can substitute P, A directly
 Differences between LI and standard definitions
Er=2Ap — Apy ¢ S
» A, & have afactor of Ag
Hr=—An 2o H +has a factor of Az,

= o %ST has a different coefficient for A ¢

Amplitude decomposition matches results from previous results [ETMC, PRD 105, 034501 (2022)]




Quasi-GPDs

“* Results in agreement between asymmetric and symmetric frames!

< Asymmetric frame is computationally much more efficient to produce data for a dense range of —f¢
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[Meissner, et al., JHEP 08, 056 (2009) ]
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* Standard Fourier Transform =—3p Abandoned
oo Backus-Gilbert method —- Why? [Backus & Gilbert, Geophysical Journal International 16, 169 (1968)]




Position space to Momentum space

“* Multiple methods to consider

*» Standard Fourier Transform =—» Abandoned
oo Backus_G”bert meth()d —- Why? [Backus & Gilbert, Geophysical Journal International 16, 169 (1968)]

* Backus-Gilbert:
* Model independent

“* Criterion: variance of solution with respect to statistical variation of input data is minimal

. . .
< [est the dependence on g, . In reconstruction
0.25
125 ] Zmax =9a
Imax — 1la | 0.00+
1.00- Zmax = 13a 3
—0.25-
0.75 |
. &2 _—0.50-
T 0.50- W I
| —0.75-
0.25-
~1.00-
0.00 | |
- 0 —1.25-
—0.25 .
-15 -10 —-05 00 05 10 1.5 -15 -10 -05 00 05 10 15 =15 -10 —-05 00 05 10 15
X X x

All calculations use z,, .. = 11a to match to light-cone

max




Matching to the Light-Cone

[Liu, et al., Phys. Rev. D 100, 034006 (2019)]
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Light-Cone Results

;  —=0.17 GeV? 10.0-
‘ —t=0.34 GeV?

e —r=0.65 GeV? 7.5
7. i —r=0.81 GeV?

e —r=1.24 GeV? 5.0

B~ o —r=1.38 GeV?2 N

T . —t=1.52 GeV?2 q 05
Bl —=2.29 GeV?

0.0+

g 2.5

-1.0 —0.5 0.0 0.5 1.0
X X

“* Looks very similar to past results when extracting from symmetric frame!
“* Very good signal!

“* Asymmetric frame works well!
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Light-Cone Results

—t=0.17 GeV?
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—t=1.52 GeV?
—t=2.29 GeV?

T

~1.0 —0.5 0.0 0.5 1.0 ~1.0 —0.5 0.0 0.5 1.0

< Can combine 2ﬁT + Ep

* Related to transverse spin structure

* Interpretation is lateral deformation of transversely polarized quark in an unpolarized proton
< E-alone does not have a good physical interpretation
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Light-Cone GPDs
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* Apply different reconstruction
techn |q LS  [Chu, M.H. et al., arXiv: 2509.1593]

*Parametrization of —7 dependence

* Fourier Transform to impact parameter
space

« Introduce non-zero skewness (A, # 0)

** Include more ensembles for the
investigation of systematic uncertainties
(e.g., discretization effects, momentum
boost effects)
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