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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)

* Helicity proton GPDs:

M

- Two GPDs: H, E

FOsl(z, A, P) = a(ps, X)

A
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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)

* Helicity proton GPDs:

M

- Two GPDs: H, E

Fl(z, A, P) = a(ps, X)

How can we complement information if access is difficult?




Methodology on the Lattice

< Extraction of matrix elements (helicity): <N(Pf) | ()7 ys W (2,0)P(0) |N(Pl.)>
W(z2)
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< Extraction of matrix elements (helicity): <N(Pf) | ()7 ys W (2,0)P(0) |N(Pl.)>

% Choice of frame:  * Symmetric: P} = Py2—A/2, P, =Pz +A/2

N(X.1,) N(0.0)

« Asymmetric:  p;, = P;Z —X, p; = P32

* Isolation of ground state: single-state fit (plateau fit)
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< Parameterization of matrix elements (Lorentz Invariant)

ic uPzA

- - PH - AF PH - AF
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The matrix elements depend upon 8 linearly-independent Lorentz invariant amplitudes —_— i ( P A A2 2)
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Methodology on the Lattice

“ Extraction of quasi-GPDs using the amplitudes
Standard 7/3;/5 definition:
HA(z-P,z- A A=A, + 7P A — m?72 A, — 7ALA,
20 P.A) = 23K, + 2m2 A, + 24

A A 3 1 _ , ~ A Vs ~
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Lorentz invariant definition 2P 2m
H(z-P,z- A AL ) =A,+ (P-2)Ag + (A - 2) Ag
P-z
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A -7




Methodology on the Lattice

“ Extraction of quasi-GPDs using the amplitudes
Standard 7/3;/5 definition:
HA(z-P,z- A A=A, + 7P A — m?72 A, — 7ALA,
20 P.A) = 23K, + 2m2 A, + 24

3 1 - A vs .
As As Froslh = —(p, Ay ys# (x, &, 1, P3) + B S, 1, P3)u(p;, 1)
Lorentz invariant definition 2P 2m
H(z-P,z- A AL ) =A,+ (P-2)Ag + (A - 2) Ag
- 5 5 P-z . -
B(e- Pz A ML) = 27— A + 24,
* Z

** Renormalization functions: RI-MOM.




Methodology on the Lattice

“ Extraction of quasi-GPDs using the amplitudes
Standard 7/3;/5 definition:
HA(z-P,z- A A=A, + 7P A — m?72 A, — 7ALA,

~ P3 ~ 0 ~ ~

A A 1 _ , - Asys
o 0 3 FU'ssl = —ii(py, W)y (6, &, 1 Py) + —=8(x, &, 1; Py)lu(pyy A)
Lorentz invariant definition 2P 2m

H(z-P,z- A AL ) =A,+ (P-2)Ag + (A - 2) Ag

“ A, + 24,

£(z-P,z-A, A% 7Y =2
A -7

** Renormalization functions: RI-MOM.

oo Fourier_like transform to X_Space (BaCkUS'Gilbert) [Backus & Gilbert, Geophysical Journal International 16, 169 (1968)]




Methodology on the Lattice

“ Extraction of quasi-GPDs using the amplitudes
Standard 7/3;/5 definition:
HA(z-P,z- A A=A, + 7P A — m?72 A, — 7ALA,

~ P3 ~ 0 ~ ~

A A 1 _ , - Asys
o 0 3 FU'ssl = —ii(py, W)y (6, &, 1 Py) + —=8(x, &, 1; Py)lu(pyy A)
Lorentz invariant definition 2P 2m

H(z-P,z- A AL ) =A,+ (P-2)Ag + (A - 2) Ag

A+ 24,

£(z-P,z-A, A% 7Y =2
A -7

** Renormalization functions: RI-MOM.

oo Fourier_like transform to X_Space (BaCkUS'Gilbert) [Backus & Gilbert, Geophysical Journal International 16, 169 (1968)]

% Extract light cone-GPDs using matching formalism [Liu, et al., Phys. Rev. D 100, 034006 (2019)]
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Decomposition (selected)

Working with zero-skewness, we cannot extract & due to the y3;/5 decomposition

1 — Adys —
Fl7'rs] (x,A;P3) = ﬁu(pf,/l) y3}/5 H (x, E L P3) | 2m5 & (x, gt P3) u(p;, 1)
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Working with zero-skewness, we Cannot extract % due to the y Y5 decomposmon
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Frame dependence of matrix elements due to kinematic coefficients of Ai




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
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Computationally efficient setup
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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
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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
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- ] 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
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asymm £1.25 (£1,4£2,0), (£2,41,0)  0.81 0 | 16 195 8 24960
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\ 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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% Clear signal in both frames

* Symmetric frame and asymmetric
frame has similar magnitude

* MEs in symmetric frame have definite
symmetry properties in £z, = P;

 Data for asymmetric frame matrix
elements show small asymmetries



Amplitudes
** Matrix elements disentangle in 8 LI amplitudes Xi

% For each setup of +z, + P,, + A, we disentangle the amplitudes
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Amplitudes
** Matrix elements disentangle in 8 LI amplitudes Xi

% For each setup of +z, + P,, + A, we disentangle the amplitudes
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Amplitudes
** Matrix elements disentangle in 8 LI amplitudes Xi

% For each setup of +z, + P,, + A, we disentangle the amplitudes

| Py| = 1.25GeV —t =0.65GeV?
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Amplitudes .

< Frame comparison for A, and As 1 = 0.65GeV?

iz "

2.0 3
i 02 i $
$ ;o
5 1.51 E 57 %
£ % £ 03 I ¥
Q T T >
~ 0] ¢ 3 . % E 0.4 I Tt P E
% E —0.5- (O S | $ Zﬁ
0.5' & — E - 4 i D3 E ZS
= _ F 5 ~0.61 T ¥ A5
0.0 * = 5§55 s o= 07 T A
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
zla zla

* Theoretical expectation: amplitudes are Lorentz invariant for same —¢ value
< We keep P;, A fixed in both frames = -1, =0.69GeV?, —1, = 0.65GeV-~

< Slight deviance due to —¢, & — ¢, ( ~ 5 %) but close enough for a comparison

** Remaining amplitudes are either:

» very small in magnitude (4, A, A-)

.+ theoretically zero at zero skewness (A5, A,, A)
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Quasi- GPDS

i(pp. A) | 7Prs H (x, &1, P3)

A}’s

2

% Recall that at zero skewness  F77! (x,A; P3) = & (x.8.6:P°) | u(p, 2)

2P0

“* Our quasi-GPDs can be related

' H (A7) = Ay + PyzA, — m*Z2A Standard
to the LI amplitudes & = 0) (A7) = Ay + P3zAg — m7z7A; andar

H (A~l-; 7) = A~2 + P3zA~6 Lorentz Invariant




Quasi- GPDS

i(pp, A) | Pys H (%, .1 P°)

% Recall that at zero skewness  F77! (x,A; P3) = & (x.&1P%) | u(p,2)

2P 2

“* Our quasi-GPDs can be related

to the LI amplitudes (& = 0) oo 3 3
H(A;;z) = Ay + PyzAq Lorentz Invariant
o , 1.2
« Definition comparison % 12069Gev?  F FL Ps=083Gev 001 = NN
1.0 g § M, P3=0.83GeV 1 2 % :
o P3 dependence 03 i ¥ H, P3=125GeV 0.1 ; % i
i b Hi, P3=125GeV x i
o - — 0.2
| 0.6 % T I H, P3=1.67GeV = R | i I E g
Z o, - I 7, P3=1.67GeV g o3l Y s 3 :
1 S i 13
0.2 ; @ ¥ . —0.4 1 $ $
# =
0.0 2 s i iz 3088 0.5 ¥ ¥
0 3 6 9 12 15 0 3 6 9 12
Zla zla




Quasi- GPDS

i(pp. A) | 7Prs H (x, &1, P3)

A}’s

2

 Recall that at zero skewness Flrs] (x, A; P?) =

(x gt P3) u(p;, A)

2P0

“* Our quasi-GPDs can be related

to the LI amplitudes (& = 0) R ) )
H(A;;z) = Ay + PyzAq Lorentz Invariant
s , 1.2
« Definition comparison % 12069Gev?  F FL Ps=083Gev 001 = NN
1.0 g §  H;, P;=0.83GeV po: % .
< P, dependence 0. z P A Py=125Gev s B : i
i b Hi, P3=125GeV x i
o ' ——0.2-
ZE 0.6 % T I H, P3;=1.67 GeV ZE ; ) [ ] i i 2 g
Qqé 0.4- $ i I 773, P3;=1.67 GeV é —0.3- = 3 . ] %
1 S i 13
0.2 ' L 0.4 ! ]
# =
- I I B B A S 0.5 ¥¥
0 3 6 9 12 15 0 3 6 9 12 15
zla zla

< Two definitions for quasi-H lead to compatible results (small difference in Im part at P; = 1.25 GeV)
< Imaginary part enhances with P; increase

< Real part decays faster to zero for the highest P; value

i [11]
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Quasi-GPDs

“ Momentum transfer dependence at fixed |P;| = 1.25 GeV
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Quasi-GPDs

“+* Momentum transfer dependence at fixed |P;| = 1.25 GeV

1.2
} § —1=0.34 GeV?
1.0- 1 —1r=0.69 G€V2
* I —1=0.81 GeV?
0.81 ! ) ¢ —r=1.24GeV?
— ] ; 3 t ¢ —t=1.38GeV?
[T 0.6- 3 $ —t=1.52GeV?
) T T * 3
as ? & 3 —1t=2.29 GeV?
041 & 1T ¢ (] )
s T T 3 ¢ —t=2.77GeV
$ o 2
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0.0 ** 8§ 8 3 g 08 3 B
0 3 6 9 12 15
zla

* Decreased magnitude as —f increases

 Difference in magnitude between —f points due to ?/3 depending on /L
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From Position to Momentum




From Position to Momentum

’:’ Use BaCkUS'GiIbert apprOaChZ [Backus & Gilbert, Geophysical Journal International 16, 169 (1968)]
» Model-independent
 Criterion: variance of solution with respect to statistical variation of input data is minimal




From Position to Momentum

’:’ Use BaCkUS'GiIbert apprOaCh: [Backus & Gilbert, Geophysical Journal International 16, 169 (1968)]
» Model-independent
 Criterion: variance of solution with respect to statistical variation of input data is minimal

< Test of z_.. dependence in BG reconstruction for | P;| = 1.25 GeV, —t = 0.65 GeV~:

max
1.4 ,
- Zmax=9a - Zmax=9a i
1.25- Zmalela 1.2- | Zmax=lla
= i max — 1
1.00 - <max 13a 1.0 B 7 3a
0.8-
0.75 -
1= I 0.6
0.501
0.4-
0.25- vy
0.00 1 0.0+

10 Y 0.0 0’5 0 1.0 0.5 0.0 0.5 1.0

X

 Negligible 7 dependenge found for the above test (anti-quark region is not well determined)

max

% Statistical errors increase for larger z
= 11a

max

< Chosen value: 7.,




Light-Cone GPDs

ok B —r=0.17 GeV? | —t=0.17 GeV?
—1=0.34 GeV? —1=0.34 GeV?
44 EE —1=0.65 GeV? 44 B —1=0.65 GeV?
T —t=0.69 GeV? T —1=0.69 GeV?
I —+r=0.81 GeV? 3 I —1=0.81 GeV?
3 T P —r=1.24 GeV? I —r=1.24 GeV?
—t=1.38 GeV? —1=1.38 GeV?
| —1=1.38 GeV? oR —1=1.38 GeV?
. 2 150 Gey? 2 =152 GeVz
lan —1=2.29 GeV? T N —1=2.29 Gev2
1| M =277 GeV? B =277 GeV
O i
O i
_1 i
_1 i
_2 i
24 | l | | | |
—1.0 —0.5 0.0 0.5 1.0 —1.0 1.0
X X

** Similar statistical accuracy for both definitions
 As —1 increases, the magnitude of H—GPD becomes smaller
* Smooth dependence in —f¢

SAt—1r> 1.5 GeVz, the H—GPD are compatible within errors




Light-Cone GPDs

% H—GPD: —t and x dependence

 Good signal for all values of —¢

*» Large values of —7 not reliably extracted due to higher-twist effects;
obtained at no extra computational cost.

—— —t=0.17GeV?

—1t=0.34GeV?
T 4 —— —t=0.65GeV?
—— —1t=0.69GeV?
+ 3 —— —+t=0.81GeV?
Hy —— —1=1.24GeV?
+ 9 —t=1.38GeV?
—— —t=1.38GeV?
1 —— —t=1.52GeV?

—1=2.29GeV?
—— —t=2.77GeV?




Summary and Future Work

* Implementation of asymmetric frame allows us to obtain results in a
computationally less expensive way

< Matrix elements accessible for large —¢ (beyond 1.5 GeV?)

A dense range of —f values obtained




Summary and Future Work

* Implementation of asymmetric frame allows us to obtain results in a
computationally less expensive way

< Matrix elements accessible for large —¢ (beyond 1.5 GeV?)

A dense range of —f values obtained

» Parametrization of —¢ dependence

« 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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Summary and Future Work

* Implementation of asymmetric frame allows us to obtain results in a
computationally less expensive way

< Matrix elements accessible for large —¢ (beyond 1.5 GeV?)

A dense range of —f values obtained

» Parametrization of —¢ dependence Acknowledgements

 Introduce non-zero skewness (A3 = () < U.S. Department of Energy, Office of Nuclear Physics,
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* Include more ensembles for the
investigation of systematic uncertainties

(e.g., discretization effects, momentum
boost eﬁects) nterdisciplinary Centre for Mathematical and Computational
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Matrix Elements: TT7(T"))
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|P;| = 1.25GeV
—t = 0.65 GeV?

b
)

e+ e

{1, +3,(0,+2,0)}
{1, +3, (0,-2,0)}
{2, +3, (+2,0,0)}
{2,+3,(—2,0,0)}
{1, -3, (0,+2,0)}
{1,-3,(0,-2,0)}
{2, -3, (+2,0,0)}
{2,-3,(=2,0,0)}

S | EP;A3z & (4m(E +m) + A)
. E:P-A27 ~ Er+m)(E; + m) —
P32A2 ~ P3ZA ~
8’m21 As — 4m21 AS)

~




Matrix Elements: TT7(T"))

0.8 II T%-- § {17 +39 (O>+290)}
Iii??% 08 143 T (1,43, (0-2,0))
5 ﬂui 5 bty (2,43, (42.00)}
p . Ii 14 506 ?-i 144 2,43, (-2,0,0)}
. Ii ‘P“I 2 ?y: I b {1,-3,(0,+2,0))
%04 ;g_- 9 : = 0.4 $o- o {1,-3,(0,2,0)}
T I; Z)_Iﬁii :T iiﬂ ::if {29 _39 (+29090)}
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0.0 ;7-75:;::“:7!% "*Hégi | =E§uﬁ¥U TEEREERe EP;A2z ~ Im(E+m)+A2) ~ AZ2(E+m) ~
§§§§§§ 0.0 R E H'{(Fl) — i K . 7323 2 Al 4 ( ( 8m2) 2) A2 . 1(4m3 )A5
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" , E:P3A2z ~ (Ef +m)(E; + m) — P?) ~ Er+m)A7 ~ Ef +m)A? ~
Hl(Fl)ZZK(— f 332 A ( f i 3)A2 ( f8m3) 1A _( f4m3) 1A5
) 8m?2 As — 4m? As

* Matrix elements are frame dependent

<’\
\L;
E\
I
=

. Prominent in imaginary part

“* Asymmetric frame: larger deviation of
data between *+z, = P,, £ A cases

| P;| = 1.25GeV | P;| = 1.25GeV
—t = 0.69 GeV? —t = 0.65 GeV?

< I1(I';) more noisy than I1;(I ;)




Amplitude Decomposition

¢ Matrix elements disentangle in 8 LI amplitudes A ;

% For each setup of +z, + P,, + A, we disentangle the amplitudes
e For example, at A = (A,0,0)
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Amplitude Decomposition

¢ Matrix elements disentangle in 8 LI amplitudes A ;

% For each setup of +z, + P,, + A, we disentangle the amplitudes
e For example, at A = (A,0,0)

Symmetric Frame Decomposition

EP;A i E (P — E(E+m))

II5(Ty) + I15(T5) ,
2(E-|-m) (E2—P32) 2( O) (E+m)(E—P3)(E-|—P3) 2( 2)
2i Em? (E? + Em — P2 Em?P 21 E'm
_ ( 5) I15(Ty) + : I15(To) + I1;(T'1)

A2(E +m) (E? — P%) A(E +m) (E? — P?)



Amplitude Decomposition

¢ Matrix elements disentangle in 8 LI amplitudes A ;

% For each setup of +z, + P,, + A, we disentangle the amplitudes
e For example, at A = (A,0,0)

Symmetric Frame Decomposition Asymmetric Frame Decomposition
. ~ 2P3Am2 Hg’(ro) 21 (Ef - Ez — 2m)m2 Hg’(rg)

~ EP;A i E (P — E(E+m)) Ay = n
Ay = I15(To) + I15(T'2), (Ef +m)(E; +m)(2m? + E¢(E; — Ef)) K (Ei +m) (2m? + Ef(E; — Ef)) K

2 2(E+m) (E2—P32) 2( O) (E+m)(E—P3)(E+P3) 2( 2)
P 2i Em? (B + Em — P§) ., Em2P; ey o ZEEm A—_ 2(Ey + Ei)Pym* I3(To) | (Ef + E;)m® Ig(I'1)

— — S S S = 5 .
° A%2(E +m) (E? — P%) 2(T2) + A(E +m) (E? — P?) 2(T'o) + A2 1(T') Ef(Ef +m)(E; +m) (E?_EiEf—2m2)A K E4(Ei+m)A K
n 21 (Ef — Ez — 2m)m4 Hg(Fg) n P3m3 HS(Fg)

Ey(Ey - B)(Ei +m) (B2 - BEp —2m?) K E3(Ef +m)(Ei+m) K
i(Bp + Bym®  T§(Cy) | i(By +E)Psm®  TI(Ty)




Amplitude Decomposition

¢ Matrix elements disentangle in 8 LI amplitudes A ;

% For each setup of +z, + P,, + A, we disentangle the amplitudes
e For example, at A = (A,0,0)

Symmetric Frame Decomposition Asymmetric Frame Decomposition
. ~ 2P3Am2 HS(I‘O) 21 (Ef - Ez — 2m)m2 Hg’(rg)

~ EP;A i E (P — E(E+m)) Ay = n
Ay = I15(To) + I15(T'2), (Ef +m)(E; +m)(2m? + E¢(E; — Ef)) K (Ei +m) (2m? + Ef(E; — Ef)) K

2 2(E+m) (E2—P32) 2( O) (E+m)(E—P3)(E+P3) 2( 2)
P 2i Em? (B + Em — P§) ., Em2P; ey o ZEEm A—_ 2(Ey + Ei)Pym* I3(To) | (Ef + E;)m® Ig(I'1)

— — S S S = 5 .
° A%2(E +m) (E? — P%) 2(T2) + A(E +m) (E? — P?) 2(T'o) + A2 1(T') Ef(Ef +m)(E; +m) (E}%—EiEf—Zm?)A K E4(Ei+m)A K
n 21 (Ef — Ez — 2m)m4 H;(I‘Q) n P3m3 HS(I‘g)

Ey(Ey - B)(Ei +m) (B2 - BEp —2m?) K EZ(Ef +m)(E; +m) K
(B + B)m®  TG(Ty) (B + E)Pym®  TI§(Ty)
EXE;—E)(Bi+m) K = EXE;+m)(Ei+mA K °

¢ Asymmetric frame: more matrix elements in each A
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Amplitudes

* Symmetry Properties
—A#(=z-P,z- A, A2 =Afz- Pz AAL ) i=1,3,6
A¥(—z-Pz- DAL =A(z Pz AALZY) i=24578
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Amplitudes

* Symmetry Properties
—A#(=z-P,z- A, A2 =Afz- Pz AAL ) i=1,3,6
A¥(—z-Pz- DAL =A(z Pz AALZY) i=24578
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< We find that statistical errors reduce by ~ 1/4/8 when the 8 kinematic cases are combined
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Quasi-GPDs

“ Momentum transfer dependence at fixed | P;| = 1.25 GeV
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Quasi-GPDs

“ Momentum transfer dependence at fixed | P;| = 1.25 GeV
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Quasi-GPDs

“ Momentum transfer dependence at fixed | P;| = 1.25 GeV
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* Decreased magnitude as —f increases
« Difference in magnitude between —¢ points due to# ; depending on 57




Light-Cone GPDs

% H—GPD: —t and x dependence

—  —=0.17GeV? —  —t=0.17GeV?
—1t=0.34GeV?2 —1t=0.34GeV?2

L4 —  —t=0.65GeV? Loy —  —t=0.65GeV?
— _1=0.69GeV?2 — _1=0.69GeV?2

-3 —— —1=0.81GeV? L3  —— —1=0.81GeV?
H; —— —1=1.24GeV? H —— _1=124GeV?
- _t=1.38GeV?> Ly _t=1.38GeV?>
— —t=1.38GeV? — —t=1.38GeV?

- 1 — —t=1.52GeV? -1 — —t=1.52GeV?
—t=2.29GeV? —t=2.29GeV?>

—  t=2.77GeV? —  _t=277GeV?

 Good signal for all values of —¢

 Large values of —7 not reliably extracted due to higher-twist effects;
obtained at no extra computational cost.
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