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% Generalized parton distributions (GPDs)

One of the main aims of hadron physics:
to understand details of 3D nucleon structure.
Particularly important in the context of EIC launch.

Krzysztof Cichy Extracting GPDs from lattice QCD INT 2022 2/ 25



T W
%%j} Generalized parton distributions (GPDs)

One of the main aims of hadron physics:
to understand details of 3D nucleon structure.
Particularly important in the context of EIC launch.

Parton distribution functions (PDFs) incorporate non-perturbative information
on longitudinal motion of partons,

related to matrix elements with same incoming/outgoing hawn state,
probed in deep inelastic scattering (DIS) ep! eX.
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Parton distribution functions (PDFs) incorporate non-perturbative information
on longitudinal motion of partons,

related to matrix elements with same incoming/outgoing hawn state,
probed in deep inelastic scattering (DIS) ep! eX.

It is clear one can get much more information on hadron's strture
if allowing for di erent outgoing state!
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Generalized parton distributions (GPDs)

One of the main aims of hadron physics:
to understand details of 3D nucleon structure.
Particularly important in the context of EIC launch.

Parton distribution functions (PDFs) incorporate non-perturbative information
on longitudinal motion of partons,

related to matrix elements with same incoming/outgoing hawn state,
probed in deep inelastic scattering (DIS) ep! eX.

It is clear one can get much more information on hadron's strture
if allowing for di erent outgoing state!

Adding momentum transfer is a natural generalization, leaty to
generalized parton distributions(GPDs):

experimentally, require exclusive processes like

deeply virtual Compton scattering (DVCS) ep! €%’ ,

re ect spatial distribution of partons in the transverse f@ne,
contain information on mechanical properties of hadrons,
wealth of information on the hadron spin,

reduce to PDFs in the forward limit, e.ggl (X; 0; 0) = q(x),
moments of GPDs are form factors, e.g. dxH (x; ;t) = F1(t).
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GPDs from Lattice QCD

Direct access to partonic distributions impossible in LQCD

Reason: Minkowski metric required, while LQCD works with Elidean.
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Direct access to partonic distributions impossible in LQCD

é:) GPDs from Lattice QCD

Reason: Minkowski metric required, while LQCD works with Elidean.

Way out: similar as experimental access to these distriboitis
(experiment)

(lattice)

cross-section= perturbative-part
lattice-observable= perturbative-part
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GPDs from Lattice QCD @ %

Direct access to partonic distributions impossible in LQCD
Reason: Minkowski metric required, while LQCD works with Elidean.

Introduction

Way out: similar as experimental access to these distribatis factorization
Quasi-GPDs (experiment) cross-section= perturbative-part partonic-distribution
Reshilis (lattice) lattice-observable= perturbative-part partonic-distribution
Summary

What do we need?
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Direct access to partonic distributions impossible in LQCD
Reason: Minkowski metric required, while LQCD works with Elidean.

Introduction

Way out: similar as experimental access to these distribatis factorization
Quasi-GPDs (experiment) cross-section= perturbative-part partonic-distribution
Reshilis (lattice) lattice-observable= perturbative-part partonic-distribution
Summary

What do we need?
1. Set of gauge eld con gurations on which to measure obseables.

QCD d.o.f.'s put on aEuclideanlattice

? quarks! sites

? gluons! links

typical lattice parameters:

L=a =[32;96], a 2 [0:04;0:15] fm, m 2 [135;500] MeV
) 1 -dim QCD path integral ! 108 10°-dim integral
Monte Carlo simulations to evaluate the discretized path integral ghuon auark
feasible, but still require huge computational resources!
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Direct access to partonic distributions impossible in LQCD

e ien Reason: Minkowski metric required, while LQCD works with Elidean.
Way out: similar as experimental access to these distribatis factorization
Quas-GPDs (experiment) cross-section= perturbative-part  partonic-distribution
Results (lattice) lattice-observable= perturbative-part partonic-distribution
Summary

What do we need?
1. Set of gauge eld con gurations on which to measure obseables.

QCD d.o.f.'s put on aEuclideanlattice

? quarks! sites

? gluons! links

typical lattice parameters:

L=a =[32;96], a 2 [0:04;0:15] fm, m 2 [135;500] MeV
) 1 -dim QCD path integral ! 108 10°-dim integral ,
Monte Carlo simulations to evaluate the discretized path integral ghuon auark
feasible, but still require huge computational resources!

2. Suitable de nition of lattice observables (LCSSs).
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Direct access to partonic distributions impossible in LQCD

e ien Reason: Minkowski metric required, while LQCD works with Elidean.
Way out: similar as experimental access to these distribatis factorization
Quas-GPDs (experiment) cross-section= perturbative-part  partonic-distribution
Results (lattice) lattice-observable= perturbative-part partonic-distribution
Summary

What do we need?
1. Set of gauge eld con gurations on which to measure obseables.

QCD d.o.f.'s put on aEuclideanlattice

? quarks! sites

? gluons! links

typical lattice parameters:

L=a =[32;96], a 2 [0:04;0:15] fm, m 2 [135;500] MeV
) 1 -dim QCD path integral ! 108 10°-dim integral ,
Monte Carlo simulations to evaluate the discretized path integral ghuon auark
feasible, but still require huge computational resources!

2. Suitable de nition of lattice observables (LCSSs).

3. Optimized computation setup.
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Direct access to partonic distributions impossible in LQCD

Reason: Minkowski metric required, while LQCD works with Elidean.
Way out: similar as experimental access to these distribotis factorization
(experiment) cross-section= perturbative-part partonic-distribution
(lattice) lattice-observable= perturbative-part partonic-distribution

What do we need?
1. Set of gauge eld con gurations on which to measure obseables.

QCD d.o.f.'s put on aEuclideanlattice

? quarks! sites

? gluons! links

typical lattice parameters:

L=a =[32;96], a 2 [0:04;0:15] fm, m 2 [135;500] MeV
) 1 -dim QCD path integral ! 108 10°-dim integral ,
Monte Carlo simulations to evaluate the discretized path integral ghuon auark
feasible, but still require huge computational resources!

2. Suitable de nition of lattice observables (LCSSs).
3. Optimized computation setup.
4. A lot of computing time!
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Direct access to partonic distributions impossible in LQCD

Reason: Minkowski metric required, while LQCD works with Elidean.
Way out: similar as experimental access to these distribotis factorization
(experiment) cross-section= perturbative-part partonic-distribution
(lattice) lattice-observable= perturbative-part partonic-distribution

What do we need?

1.

a bk 0N

Set of gauge eld con gurations on which to measure obseables.

QCD d.o.f.'s put on aEuclideanlattice

? quarks! sites

? gluons! links

typical lattice parameters:

L=a =[32;96], a 2 [0:04;0:15] fm, m 2 [135;500] MeV
) 1 -dim QCD path integral ! 108 10°-dim integral ,
Monte Carlo simulations to evaluate the discretized path integral ghuon auark
feasible, but still require huge computational resources!

Suitable de nition of lattice observables (LCSs).

Optimized computation setup.

A lot of computing time!

Ingenious analysis techniques, with inputs from pertuabon theory.
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Reviews:
K. Cichy, Progress inx-dependent partonic distributions from lattice QCD, plenary talk LATTICE 2021, 2110.07440

K. Cichy, Overview of lattice calculations of the x-dependence of PDFs, GPDs and TMDs
plenary talk of Virtual Tribute to Quark Con nement 2021, 21 11.04552

K. Cichy, M. Constantinou, A guide to light-cone PDFs from Lattice QCD: an overview of approaches, techniques
and results invited review for a special issue of Adv. High Energy Phys2019 (2019) 3036904, 1811.07248

M. Constantinou, The x-dependence of hadronic parton distributions: A reviav on the progress of lattice QCD
(would-be) plenary talk of LATTICE 2020, EPJA 57 (2021) 77, 2 010.02445

X. Ji et al., Large-Momentum E ective Theory , Rev. Mod. Phys. 93 (2021) 035005
M. Constantinou et al., Parton distributions and LQCD calculations: toward 3D stru cture, PPNP 121 (2021) 103908
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— most costly part of the procedure
needs severd) vectors

Introduction

GPDs

Breit frame: separate calculations
L y for eachQ

Results ¢

Summary

| |
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Results ¢ . . .
Summary logarithmic and power divergences

IN bare matrix elements
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Breit frame: separate calculations
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Results ¢ . . .
Summary logarithmic and power divergences

In bare matrix elements
also: one needs to disentangle 2/4 GPDs type:
unpol./hel.. H=H and E=E-GPDs
¢ transv.: Hr, E1, Htr and E1-GPDs
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\w%%ﬂ%) Quasi-GPDs lattice procedure @ %
- N
| most costly part of the procedure
e needs severd) vectors
Breit frame: fsc()erpggaéthe Qcalculations.
Results ~ g
Summary logarithmic and power divergences

IN bare matrix elements

also: one needs to disentangle 2/4 GPDs type:
unpol./hel.. H=H and E=E-GPDs

transv.: Ht, E1, Ht and ET -GPDs

non-trivial aspect: reconstruction of
a continuous distribution from
a nite set of ME (inverse problem)

|
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Quasi-GPDs

Results

Summary

<z > Quasi-GPDs lattice procedure 2 %

e =

Ve

~

most costly part of the procedure

needs severd) vectors
Breit frame: separate calculations
) for eachQ
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| |

logarithmic and power divergences
In bare matrix elements

also: one needs to disentangle 2/4 GPDs type:
unpol./hel.. H=H and E=E-GPDs
transv.. Hy, E1, Hr and E7 -GPDs

non-trivial aspect: reconstruction of
a continuous distribution from
a nite set of ME (inverse problem)

needs a su ciently large momentum
valid up to higher-twist e ects
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\3;%;: Quasi-GPDs lattice procedure 87
| — most costly part of the procedure
oo needs severd) vectors
Breit frame: fsc()erpg;aéthe Qcalculations.
Results ~ ¢ g . . .
Summary logarithmic and power divergences

In bare matrix elements
also: one needs to disentangle 2/4 GPDs type:
unpol./hel.. H=H and E=E-GPDs
¢ transv.: Hr, E1, Htr and E1-GPDs

non-trivial aspect: reconstruction of
a continuous distribution from
0 ¢ a nite set of ME (inverse problem)

— needs a su ciently large momentum
valid up to higher-twist e ects

[ } the nal desired object!
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Setup

Lattice setup:

Introduction

fermions: N+ = 2 twisted mass fermions + clover term
Results

gluons: lwasaki gauge action, = 1:778

Bare ME gauge eld con gurations generated by ETMC
Renorm ME . _

Matched GPDs lattice spacinga  0:093 fm,

Non-symmetric

Transversity 323 64 ) L 3 fm’

Comparison m 2600 MeV.

Twist-3

Summary

Twist-2 unpolarized+helicity GPDs ETMC, Phys. Rev. Lett. 125 (2020) 262001
Twist-2 transversity GPDs ETMC, Phys. Rev. D105 (2022) 034501
Twist-3 axial GPDs S. Bhattacharya et al. (ETMC/Temple), 2112.05538, in prepa ration
Twist-2 unpolarized GPDs S. Bhattacharya et al. (ETMC/BNL/ANL), 2209.05373
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Setup

Lattice setup:

fermions: Nt = 2 twisted mass fermions + clover term
gluons: lwasaki gauge action, = 1:778
gauge eld con gurations generated by ETMC

lattice spacinga  0:093 fm,

32 64) L 3fm,

m 260 MeV.
Kinematics:

three nucleon boosts:P; = 0:83: 1:25: 1:67 GeV,
momentum transfers: t =0:0:69; 1:02 Ge\/2,
skewness: = 0:1=3.

Twist-2 unpolarized+helicity GPDs ETMC, Phys. Rev. Lett. 125 (2020) 262001
Twist-2 transversity GPDs ETMC, Phys. Rev. D105 (2022) 034501
Twist-3 axial GPDs S. Bhattacharya et al. (ETMC/Temple), 2112.05538, in prepa ration
Twist-2 unpolarized GPDs S. Bhattacharya et al. (ETMC/BNL/ANL), 2209.05373
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Lattice matrix elements need to be computed with 2 di erent mjections (unpolarized/polarized).
Below for the unpolarized Dirac insertion (for unpolarizeGPDSs)

g =
o

v
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Lattice matrix elements need to be computed with 2 di erent pjections (unpolarized/polarized).
Below for the unpolarized Dirac insertion (for unpolarizeGPDSs)

/ \ - . . .
B unpolarized projector polarized projector
AL e el $Aomoy
——— T E— % % 05 4
v + |

¢ 02} Im [ho, p,] 1 027 I (o]
O .'5 rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr ;{' VVVVVVV 1& rrrrrrr ¢2 ° ”;i """" § """" § """" § """" § """""""" 5{ """" % """ %
{ } o Ry w RN AR
¢ 04 | | | | | | E : | | | | | |
{ - } ’ ’ ) z/a ° ° 0 ’ ? ! z/a ° ° 10
T Three nucleon boosts?s = 0:83,1:25; 1:67 GeV s
{ } Momentum transfer: t = 0:69 Ge\/ |
Zero skewness: = 0 -

ETMC, Phys. Rev. Lett. 125 (2020) 262001
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Removal of divergences and disentangling Bif- and E-GPDs.
Unpolarized Dirac insertion (for unpolarized GPDs)
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%\%? Disentangled renormalized matrix elements

Removal of divergences and disentangling Bif- and E-GPDs.
Unpolarized Dirac insertion (for unpolarized GPDs)

_ ME of H -function ME of E -function
! fe [Fu] } Ao1os geX | Re[Fy]
Ols_é é ; §P3:1.67GeV- 1_{? i} Py - |
P—— R : G 14 P * L % ,,,,,,, ot
q D T PR e b
{ } T R A ﬂ
05 | I ¢ é {1 1t
v 1 :
{ _ } 0 2 4 / 6 8 10 0 2 4 / 6 8 10
: Three nucleon boosts?; = 0:83, 1:25, 1:67 GV sz
{ } Momentum transfer: t = 0:69 Ge\/ AT
Zero skewness: = 0

ETMC, Phys. Rev. Lett. 125 (2020) 262001
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Reconstruction ofx-dependence and matching to light cone.
Unpolarized Dirac insertion (for unpolarized GPDs)
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i%f?) Light-cone distributions

Reconstruction ofx-dependence and matching to light cone.
Unpolarized Dirac insertion (for unpolarized GPDs)

4 T T T 4 T g
P; =0.83 GeV : P; =0.83 GeV |
— — P3=1.25 GeV | , — — P;=1.25 GeV 5\ X
— — P, =167 GeV 1 t = —0.69 GeV — — P, =167 GeV F‘ t = —0.69 GeV
3 1
1 £=0 i €=0
—~2F ':“ 2 H \
& \ & I8
i 1N\ i |
3 | AN
S | & R /: N
! e ~_A N
_______ ————::_\[ \\\ ————'///::——’"_\[ \\\\\\\::_—_‘
0 ——— *\ ----------------------------------------------- § 0 === oo R O000000000050000R oo T —
1 0.5 0 0.5 1 1 0.5 0 0.5 1

Three nucleon boosts?; = 0:83; 1:25, 1:67 GeV

Momentum transfer: t = 0:69 Ge\/?
Zero skewness: = 0
ETMC, Phys. Rev. Lett. 125 (2020) 262001
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unpolarized ETMC, Phys. Rev. Lett. 125 (2020) 262001  @laporet"
3 T .
— — H(z)-GPD, (=0 }l \\
~ — H(z)}-GPD, £ = [1/3]| | \
o L|—— fi(z) ﬂ‘\ \\ P3=1.25GeV -
P; =1:25Gev [\ \
t/0; 0:69 1:02GeV | \ \
— O, 1:3 ~ \\
L L___j\\\:\\\\‘
0 ey ==
\
1 0.5 (l) 0.5 1
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unpolarized

3 T

— — H(z)-GPD, (=0 }| \\

— — H(z)}-GPD, £ =[1/3]| | |
o L|—— fi(z) ﬂ‘\ \\ P3 =1.25 GeV

P; =1:25Gev [\ \
t/0; 0:69 1:02GeV | \ \
= O , 1:3 L \j\\\\\

o ——— - \\\\\\\\\é‘:‘_
0 === ———— ’—\\ ----------------------------------------------- -
-1 —OI.5 (; 0.l5 1

Important insights from models:
S. Bhattacharya, C. Cocuzza, A. Metz
Phys. Lett. B788 (2019) 453
Phys. Rev. D102 (2020) 054201
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unpolarized ETMC, Phys. Rev. Lett. 125 (2020) 262001  @laporet"
3 T .
~—H@GPDE=0 | ||
— — H(z)}-GPD, £ = [1/3]| | \
o L|—— fi(z) ﬂ‘\ \\ P3 =1.25 GeV
P; =1:25Gev [\ \
t/0; 0:69 1:02GeV | \ \
— . — ~ N
_O, 1—3//— L~——\j\:\:\\\\‘
0 e ———— N ==
\
-1 -OI.5 (l) 0.l5 1
. . -
— — H(z)-GPD E\
— — fi(z) i“‘\ Py = 1.67 GeV
P; =1:67 GeV i
2r t=0; 0:69 Ge\? {\\
j— \ N
AN \\
E
1 OI.5 ('.; 0.5 1
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Comparison of PDFs and H-GPDs

A Twisgg
S Y,
$ %,
Ly P w
(
\
)
’
Coy o

unpolarized ETMC, Phys. Rev. Lett. 125 (2020) 262001  @laporet" helicity
8 ' \ ' 3 ' i '
— — H(z)-GPD, £ =0 }. \ — — H(z)-GPD, £ =0 1
— — H(z)-GPD, £ = [1/3]| | \ — — H(z)-GPD, ¢ = [1/3|| I\
o [|— — filz) ﬂ‘\ \\ P;=1.25 GeV - 2 H—— gi(z) E\\\\ Py =125 GeV A
Ps=1:25GeV || \ AN
t/0; 0:69 1:02GeV | \ \ T Ny N
— . - ~ N : = \\ ~
_0’1_3//—L~——\j\:\:\\\\‘ j___ﬁ__;}\\\\::\:\\\\\\
0 e ———— N == 0 | T
\ Y
b \‘
|
1 1 in 1
1 0.5 0 0.5 1 1 0.5 0 0.5 1
4 T :IEI ‘T
— — H(z)-GPD E\
— — fi(z) i“‘\ P; = 1.67 GeV
P3; =1:67 GeV |\
2f t=0; 0:69 GeV |\
j— \ N
AN \\
‘;
1 0.5 0 0.5 1
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unpolarized ETMC, Phys. Rev. Lett. 125 (2020) 262001  “laporsre® helicity
3 1 I 3 1 1 1
A - m
— — H(z)-GPD, { =0 i\ — — H(z)-GPD, { =0 1)
— — H(z)-GPD, ¢ = [1/3] ]ﬁ \ — — H(z)-GPD, ¢ = [1/3|| I\
o L|—— filz) ﬂl\ \\ Py =1.25 GeV - 2 k= — ai(z) g\\\\ P;=1.25 GeV -
—_ . \ \ \ Q
P3s =1:25 GeV YN \\\1\
t#0; 0:69; 1:.02GeV | \. N\ 11t A N,
=0; 1=3 DN\ é N
’ Laﬁ_j\\\:\ F—~—J\\\:I:\\\\
O -=_—_==EZI:E"——/——:E‘ ........................... \\\\\\\:‘* O _=::==:—"‘"—:<J\\
) TEIZENN
A
\:
I 1 1 ] in 1
1 0.5 0 0.5 1 8 -0.5 0 0.5 1
X x
4 T T T 4 T T
T - T
— — H(z)-GPD E\ — — H(z)-GPD |
—— hl@) i“‘\ Py = 1.67 GeV —— 9@ E‘\ Py = 1.67 GeV
P; =1:67 GeV | I\
1N\
2t t=0;0:69 GeV? {\\ 1 2t 1
N : ~
NN DN WV
N N : T — ~
¢ \\ \\\:§
== s m T T \\~__ 0= e SPISUISNGE ............................................ \
t T e
\
1 1 1 “I 1
1 0.5 0 0.5 1 8 -0.5 0 0.5 1
X
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The work presented so far was done with the standard symméBreit) frame.
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The work presented so far was done with the standard symméBreit) frame.
Drawback on the lattice:

separate calculations for each momentum transfep"k =
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Can we improve? %, %

The work presented so far was done with the standard symméBreit) frame.

Drawback on the lattice: |
separate calculations for each momentum transfep"k = - =1 P3

Can we reduce the cost by assigning all momentum transfehéosburce
and have xedPS"™ = (0;0; P3)?
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Can we improve? %, %
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The work presented so far was done with the standard symméBreit) frame.

Drawback on the lattice: |
separate calculations for each momentum transfep"k = - = P3 .

Can we reduce the cost by assigning all momentum transfeh#osiource

and have xedPS"™ = (0;0; P3)?

Additionally, can we think of other de nitions of quasi-GBQo have potentially
faster convergence to the light-cone GPDs?
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Can we improve?

The work presented so far was done with the standard symméBreit) frame.

Drawback on the lattice:

separate calculations for each momentum transfef™c = —x;

Can we reduce the cost by assigning all momentum transfeh#osiource
and have xedPS"™ = (0;0; P3)?
Additionally, can we think of other de nitions of quasi-GBQo have potentially
faster convergence to the light-cone GPDs?

Main theoretical tool:

See Shohini's talk later today! S. Bhattacharya et al

., arXiv:2209.05373

Lorentz-covariant parametrization of matrix elementsgevector case):

F (zP; )= u(p% il

i
N Z_Aq+mz As+ — Az+im % Ag+
m m m

v Z v Z

P z
As+ Ag+

(inspired by: S. Meissner, A. Metz, M. Schlegel, JHEP08(2009)056 ).

A7+

Ag u(p; );

most general parametrization in terms of 8 linearly-indepdent Lorentz structures,

8 Lorentz-invariant amplitudesAi (z P;z ; ?;z°).
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@%E) Example 14' v %
S. Bhattacharya et al., arXiv:2209.05373

The relation between lattice-calculated matrix elementgldhe Lorentz-invariant
amplitudesA; is di erent in the symmetric and the non-symmetric frame.
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// ’:t\ Qe TWistey
T2 - @ i
: xample

i P v

S. Bhattacharya et al., arXiv:2209.05373
The relation between lattice-calculated matrix elementglahe Lorentz-invariant
amplitudesA; is di erent in the symmetric and the non-symmetric frame.

For example: (o insertion, unpolarized projector)

symmetric frame:

asymmetric frame:

&) = C (Bt + Ei)(Ef Ei 2m)(Ef + m) (B Ei 2m)(Ef + m)(Br Ei)  , (Bi Ef)P3z
ot 0 8m3 ! 4m 3 3 4m 4
!
(Ef + E{)(Ef + m)(Ef Ej) Et (Ef + Ej)P3(Ef Ej)z Ef P3(Ef Ej)?z
Ag + Ag + Ag
4m 3 4m 3 2m 3
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il A Twisg,
Gt @
e Example 2
S. Bhattacharya et al., arXiv:2209.05373

The relation between lattice-calculated matrix elementgldhe Lorentz-invariant
amplitudesA; is di erent in the symmetric and the non-symmetric frame.

For example: (o insertion, unpolarized projector)
symmetric frame:

asymmetric frame:

a (Ef + Ei)(E¢ Ei 2m)(Ef + m) (Ef Eij 2m)(Ef + m)(Ej Ei) (Ei E¢)P3z
o( 0) = C A

1 Ag + A
8m 3 4m3 3 4m 4

(Ef + E{)(Ef + m)(Ef Ej) Ae+ Et (Ef + E{)P3(Ef Ej)z A Ef P3(E¢ Ei)?z

4m 3 ° 4m 3 6% 2m3 Ae

Thus,

matrix elements ( ) are frame-dependent,
but the amplitudesA; are frame-invariant.
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i%% Bare matrix elements of  o( o)

0.8

0.6

Re ngnpoI

0.2

-0.2

0.4

0.2

Im QQanol
o

-0.2

-0.4 |

0.4

symmetric frame

P = 1:25GeV

" Psink=(-1,0,3) Q=(-2,0,0)—=—

non-symmetric frame

Psink=(0,0,3) Q=(-2,0,0)—=—

25 GeV

Psink=(1,0,3) Q=(2,0,0)—=— 1f P =1 PPsirLIE:E)O(,)OéS) Q_:gz,(z),gw 1
= 0:69 Ge\? rfiinzz = 0:64 Ge\? | ez |
$ P?Qiﬁ}(:(li%,%%}(éjgjg\ﬁ: | 08T N i fsé?nlg:((é,d,-sz)QQ::((zzojoE
=0 %%%w;s;-k%azz%f?azzs; 70 ﬂg ﬁ A
%iﬁ % Re i o }ﬁ H
o SO R
%E ﬁ E’# 0.2 &i % ﬁ‘

# ﬁ , B %h R
%%ﬁﬂfﬁiﬁﬁiﬁﬁ figinaeesw ° Eﬁﬁf@@mﬂﬁ% {{idsasiadee
e s S thttac;:arya et al., arXiv: 22015 05§()73 : o 5 v
1 M it

ﬁiﬂﬁmﬂhwﬁi&ﬁ 3 | ﬁﬁf H! ﬁ%%
s f{ﬁ W} Gy g operit i g ﬂ | ;fﬁ%%
! 1L} - ] 4
ﬁ ‘ 4 i 0.2} }% l %v]”ﬁ?
fw Lwﬂ Hﬁj“ }HH
15 —iO 5 Z;)a 5 iO 15 15 10 —LS Z;)a 5 10 15
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%%ﬁs .
\\_;%? Example amplitude

symmetric frame

non-symmetric frame

1.2 T T T T T T T 1.2 T T T T T T T
- _ Psink=(-1,0,3) Q=(-2,0,0)—*— - ] Psink=(0,0,3) Q=(-2,0,0)—=—
[ Pa=1i2oGeV - mreseesy [P = 1i2oGeV oessess
1=0:69 GeViy cmitieites . t=0:64 GeVij| CRbietis
08| =0 ? S0 2) G020 - | 08| =0 ﬂ (0,09 0-(0:20) - |
m £ PSink=(0.1,-3) Q=(0.2.0) , Psink=(0,0,-3) 0=(0,2.0)
= 0.6 |- %ﬁ r averager—>— 2 06| & averager—x— |
€ ol m %% Re £ 4l aé ] g
02} ; %E@ : %@ ozl %@4 %5 i
% : b e g T - T e i
0 "f%‘ﬁ%ﬁg??i@ﬁ %g@@@ﬂw 0 ﬁiiiggggg%@ﬁ@ﬁ% ‘ﬁg%ggggﬁmﬁga
0.2 ‘ ‘ ‘ ‘ ‘ ‘ ‘ 0.2 ‘ ‘ ‘ ‘
-15 -10 -5 0 5 10 15 -15 -10 -5 0 5 10 15
#* S, Bhattacharya et al., arXiv: 2209 05373 2
0.6 T T T T T 0.6 T
04| it ! 04| %
E Txrl & }]X i % H g
ozl ﬁ%ﬂ*ﬁmi} %H“i sl %EX%THX l f%i
o ﬂﬂ%ﬁ“ ng Ql ih?,m o %jxw | %;gT
Y ﬁ} R I T T
%ﬂw% ﬁg %ﬁmm H,ﬁ“&&j%ﬁ
INg T;\ ]%
0.4 %%x 047 HH} }‘ %
0.6 : : : : -0.6 ! ‘ * w w
-15 10 -5 0 5 10 15 -15 10 -5 0 5 10 15
zla z/a
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Comparison of amplitudes between frames

Al, A5 (Ieadlng ones)

Cos /abor3<‘°°

A, Aj, A4, A6, A7, Ag (subleading one

141 7 Alnonsymﬂ% , 1.4} | Aznonsymﬁ% 7
$ Aqsym A, sym
1.2+ 173 Agnonsyme—e— - 1.2+ Az nonsym —oe— 1
b Ag sym Azsym
ol t ¢ 1y A, nonsym —s— |
¢ A, sym
< 0.8 3 ¢ g 3 < 0.8} Ag NONSYm 1
o g i o Ag sym
n'd 067 ? ? Re [nd 06’ 6 1
& o A, nonsym ————
041 bg o ¢ 0.4 | | A, sym .
J, J Agnonsym:———
02l ;i it 0.2 [ Agsym I
OPFPEEE[;%E;E m; pREBRREE 0pppEEEEE?EEEEEE’?%E%E—-FEEEE&QEEBEE:#
e
_0.2 I I _0.2 I I I I I I I
-15 -10 -5 0 5 10 15 -5 -10 -5 0 5 10 15
zla . zla
S. Bhattacharya et al., arXiv:2209.05373
0.6 0.6
0.4 e 0.4 | ;
sgagt
¢m ul
0.2 ¢o 2 0.2 1
o @ o B
ol i
<_ ;ﬂvgm <t— E“LE{:{ !%;E.X’
Oagdlaonm B U228 BBE 0&&&225?%%5Eﬁ5%§ 'E‘,fﬁgiﬁbb&éEEEébg&g
E Im = ”“’”””mm%%iﬂ%MWWW‘” :
[ ®o
-0.2 | a e -0.2 .
W ,;é
QAQ&§A
-0.4 | 3sd -0.4 1
_06 L L L L L L L _06 L
-15  -10 -5 0 5 10 15 15 -10 -5 0 5 10 15
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H and E GPDs standard de nition @ %

S. Bhattacharya et al., arXiv:2209.05373
See Shohini's talk later today!

% >

The standard de nition ofH and E GPDs:

FO(z;Pi )= u(% 9 °Fho (z:P; )+ Feo (z:P;) u(p; ):
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/ — o 7\ @‘\égd Twis!ped%
é;Q | : " J’ﬁ? f
@%%} H and E GPDs standard de nition ,4' %

o .. S. Bhattacharya et al., arXiv:2209.05373
The standard de nition ofH and E GPDs: Y

See Shohini's talk later today!

FOziP)= u(s %) “Fyo (ziPi)+ Feo (zP) u(p; )

Thus-de ned GPDs are obviously frame-dependent! In teringits ( = 0 case):
symmetric frame:

F = A1+ Asg ;
H (0) 1 2P3 6
2 2 2 2
m<z z 4E-+ Q7+ Q
Feo = A1 ——As+2As 1“2 pAg:
3 2P3
asymmetric frame:
2 2 2 3 2
m<z Z + Z +
FH(O) = Ay + %AS i QOA4+ (Qo Q?)A6 + (Qo QOQ?)AS;
Po 2PoP3 2P3 2P, P3
Qo . m2z(Qo +2Py) 2 Q5 +2PoQo +4Pg + Q3 2Qo Q§+2QoPo +4Pg + Q3
Feo = A1 ——As A4+2 As As Ag:
Po 2PgP3 2P3 2PgP3

Note: the standard de nition is frame-dependent, but still valid in the sense of approaching
the correct GPDs in the light-cone limit.
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H and E GPDs standard de nition
H-GPD

E-GPD

T T T T 2 T T T T
1 non-symmetric-—a— non-symmetric-—=—
" symmetric —e— symmetric —e—
08} 73 15| ;'}{.
it %
0.6 ¢ ¢ %#ﬁ
o o o 1 TR
047 ] = Re e °%
; ji 05 | W s
02 B ® e ’ §§ éﬁ
. . 2; 62
| ] | |
OIIIIII...'|=. .=|'.-lllll'| OIUIIIII"iii iii'...-."1
-15 -10 -5 0 5 10 15 -15 -10 -5 0 5 10 15
. /
2 g Bhattacharya et al., arXiv:2209.05373 2
» T T T T 0.4 T T T T T . T
0.4 non-symmetric—s— non-symmetric—s—
03| : symmetric —e— | 03} g symmetric—e— |
ii ' ii s
0.2 " | 0.2 -
01} o v 01} o v
[ ] [}
é 0,....‘;" = '==l'l"| I é Ollll"a" u 'ggl"lll
E v = v
0.1} s .! m 0.1} a .!
0.2 8 ;‘ 0.2 | : gi-
03} L 03] i
0.4 L— ‘ ‘ ‘ ‘ ‘ ‘ -0.4 — ‘ ‘ ‘ ‘ ‘ ‘
-15 -10 -5 0 5 10 15 -15 -10 -5 0 5 10 15
zla zla
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Gt R
%}%} H and E GPDs Lorentz-invariant de nition

The de nition of H and E GPDs can be made Lorentz-invariant in the following way:
S. Bhattacharya et al., arXiv:2209.05373

z
P ZA3 ) See Shohini's talk later today!

Fh = A1 +

Fe = A P—§A3+2A5+2P 2Ag+2  zAs:
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%% H and E GPDs Lorentz-invariant de nition @ %

The de nition of H and E GPDs can be made Lorentz-invariant in the following way:
S. Bhattacharya et al., arXiv:2209.05373

z

Fy = A1 + S ZAs ; See Shohini's talk later today!

Fe = A P—§A3+2A5+2P 2Ag+2  zAs:

At zero-skewness:

FE = A1+2A5+27P3A¢:
With respect to the standard de nition, removed/reduced catribution from As, A4, As, As.
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C%% H and E GPDs Lorentz-invariant de nition -@ %

The de nition of H and E GPDs can be made Lorentz-invariant in the following way:
S. Bhattacharya et al., arXiv:2209.05373

z

Fu = A + S ZAs ; See Shohini's talk later today!

Fe = A P—§A3+2A5+2P 2Ag+2  zAs:

At zero-skewness:

FE = A1 +2As5+22zP3As:
With respect to the standard de nition, removed/reduced catribution from As, A4, As, As.

In terms of matrix elements:

standard de nition only o( o), o 1=2),
Lorentz-invariant de nition additionally:

? symmetric: 1-5( 3),
? non-symmetric: 1-2( 3), 1=2( o), 1( 2), 2( 1).

Thus, adding info from additional MEs potentially improvegonvergence (to be investigated).
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H and E GPDs Lorentz-invariant de nition

H-GPD

E-GPD

1 | non—‘symme‘tric% 2 } non—‘symme‘tric%
" symmetric —e— symmetric —e—
0.8 | wed '
o o 15¢ g g
LI
0.6 ¢ @ g g
s : e 1l i
(O]
i o
x 04 L W Re ] ]
[] [
0.2} . - 0.5} v v
: : %
OI‘IIIII-.""= =l"...-llll| .l. .I.
| ‘ | | | ‘ | 0 seuvvues" | | | "SssunIue
-15 -10 -5 0 5 10 15 -15 -10 -5 0 5 10 15
2 g Bhattacharya et al., arXiv:2209.05373 2/a
04 T T T T T 04 T T T T T . T
non-symmetric—a— non-symmetric—=—
03| '8 symmetric —e— | 03} 1T symmetric—e— |
L]
0.2+ ™ ' ] 0.2 '
(] ] e ]
01¢t .=| R 0.1t .=|
é 0 laagggan" u L Im é YTTH L. = L
—_ me —_ me
0.1} . ! 1 0.1} . !
0216 . l 02| L]
0.2 s . 02 B s
0.3 | Byt 03} TL
-0.4 ‘ ‘ ‘ ‘ ‘ -0.4 ‘ ‘ ‘ ‘ ‘ ‘
-15 10 -5 0 5 10 15 -15 -10 5 0 5 10 15
zla zla
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} i%’%j . i T :
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Extracting GPDs from lattice QCD

H and E GPDs signal improvement

Lorentz-invariant
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Quasi- and matched H and E GPDs
STANDARD DEFINITION

4

T T T T
Hsym Zmax=92 Esym Zax=92 35 —Hsym Zmax=92 - 35 —Esym Zax=92
1.5 Hasym Zmax=92 B 1.5 ‘Easym Zmax=92 1 3 Hasym Zmax=92 i 3 E‘asym Zmax=92
25 1 25
T | Ir | 2t 1 2t
m = m
05 - i 05 - 1.5 1.5
1r T 1r
0 0 0.5 7 0.5
0r 9 0r
-0.5 L L L -0.5 L L L -0.5 L L L -0.5 L L
-1 -0.5 0 0.5 1 1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1 -1 5 0 0.5 1

QuaS|-GPDS S. Br);attacharya et al., arXiv:2209.05373 X Matched GPDs
H-GPD E-GPD H-GPD E-GPD
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Quasi- and matched H and E GPDs
STANDARD DEFINITION

1
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Hsym Zm :9:1I 2 Egym zmaxz9a 35 _H sym Zma: —9a
Hasym Zmax=9a 1.5 .Easym Zmax=9a 4 3 H., asym Zmax=9a
1 25+
m = 2T
0.5 =
b
ok ] 05 f
ok
! ' ' 0.5 ! ' ' 0.5 : ' '
-1 0.5 0 0.5 1 -1 0.5 0 0.5 1 -1 0.5 0 0.5
QuaS| G P DS S. Bhattacharya et al., arXiv:2209.05373
LORENTZ INVARIANT DEFINITION
H.i“;,‘,ﬂ'zmaxz%l El y,% Zm —9a 35 _H y,% Zm —9a
HITPL 7,0x=92 1.5 [EIDPL Z,00=02 3 Hh Zma=9a
1 25+
m = 2
05 L 15F
b
0k ] 05
ol
' 0.5 ! ' ' 0.5 ' ' '
1 0.5 0 0.5 1 -1 0.5 0 0.5 1 -1 0.5 0 0.5
X X X

Extracting GPDs from lattice QCD

4

35 s
3 sym Zmax™
25
2 b
1.5
1+
0.5
o0k
—05

35

25

1.5

0.5

-0.5

1 1
0.5 0 0.5

Matched GPDs

E-GPD

T
impr —
—Esyr% Zmax=92
Eimpr

=9a

asym Zmax

1 1 1
-1 -0.5 0 0.5
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Q%i E) Quasi- and matched H and E GPDs vﬁ %

STANDARD DEFINITION

2 T T T 2 T 4

Hsym Zmax=92 Esym Zmanga 35 | H sym Zmax —9 - 35 —Esym Zax=92

1.5 Ha asym Zmax™= =9a T 1.5 {Ea asym Zmax™= =9a b 3 Hasyl max=9a 4 3 Easym Zmax=92
| | 25 7 25
m = 2r i m 2r
05+ . 05+ L5 | L5
1r T 1r
0k B 0 4 0.5 7 0.5
0r 9 0r

05 1 I I 05 1 I I 05 1 1 I 0. 5 1 1
-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1 0.5 0 0.5
X
Q uasi-GPDs s. Bhattacharya et al., arXiv:2209.05373 Matched G P DS

2 - T T T 4 - T

H;?'qr%l‘znlanga El yr% max—9 35 | Hq yr% max—9 35 —E;‘;'qr%rzmanga

1.5 Hi’trsn)l;)lrn Zmax=92 B 1.5 ‘Em)P max=92 1 3 Hlm);) Zmax=92 i 3 E;T)R; Zmax=92
| | 25 7 25
m = 2r i m 2r
0.5 . 05 L5 4 15 F
1r T 1r
0k B 0 B 0.5 7 0.5
0 T 0r

-0.5 L L L -0.5 L L L -0.5 L L L -0.5 L L
-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1 -1 -0.5 0 0.5

Main conclusions:

GPDs can be computed in non-symmetric frames, reducing th@mputational cost
GPDs can be made frame-independent (Lorentz-invariant ddtion) potentially better convergence

Overall, it gives much better perspectives for lattice GPDs !
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i%% Transversity GPDs

e e R

ETMC, Phys. Rev. D105 (2022) 034501 o"'*eﬂw"sfe%

Transversity GPDs: HY 9 ( =0;1=3)

4 GPDS:HT, ET, |‘TT, ET 5
— — hi () COgorato”
— — H:%2,0,-0.69 GeV?)
47— — HY Y, €] = 1/3,-1.02 GeV?)
3 B r\ P3 =1.25 GeV
| \
' Q@
2+ LR
v \\
N XD
1r Wy, N
= [V
N
NS ™ \\3
{ 0 - ‘y;'j ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, \ “

T | o
—

Krzysztof Cichy Extracting GPDs from lattice QCD INT 2022 22/ 25




/
i%% Transversity GPDs

—

Transversity GPDs:
4 GPDs:H+, Et, Ht, EY
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ETMC, Phys. Rev. D105 (2022) 03
HY 9( =0;1=3)

A Twis, te
Qée

4501 o,

S
k)

)
x>
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Extracting GPDs from lattice QCD
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Comparison of di erent types of PDFs/GPDs @ %

A Twisgg, o

ETMC, Phys. Rev. Lett. 125 (2020) 262001 @
ETMC, Phys. Rev. D105 (2022) 034501 </

laborak
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—H(z,0,-0.69 GeV?)
H(z,0,-0.69 GeV?)
—— Hp(z,0,-0.69 GeV?) |
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—— H(z,1/3,-1.02 GeV?)
08 F H(.’E, 1/3, —1.02 GeVQ) B
Hr(z,1/3,-1.02 GeV?)

T
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%3 First exploration of twist-3 GPDs

|£r+@2 =0; t—069Ge\/2) | §+Gl

10 T 30
1 P3 =1.25 GeV Py =1.25 GeV
gr —t=0.69 GeV? | Py = 1.67 GeV | 25 0.69 GeV? Py =1.67 GeV ||
6l £E=0 i 20 - ¢ =
| 15
W4 ISy
+ T 10
5 2+ 1<)
5_
0 [ A 0 b e — J
2 F i 1 5l
4 ' ' ' -10 ' ' '
S ] k : |k| t t"(’;i | 0 0.5 1 -1 -0.5 0 0.5
€€ Jacks talk later today: v S. Bhattacharya et al., 2112.05538  °
1Oﬁ+@2vsﬁ‘vng ( =0; t:3(3:69; 1:396e\/2) E+ &6
Ga + H](z,0,-0.69) | ’s [G1+E](:c0 ~0.69)|
8[|——IG: + H(x,0,-1.39) | Py =125 GeV | | —[G1 + E)(x,0,-1.39)| | _
| — H(2,0,-0.69) ’ | 20 - 1 Py =1.25 Gev
6 gT(J)) : 15
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10 1
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O el T 0 —el® e .
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1 1 1 _10 1 Il 1
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Introduction

Results
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c 5) Conclusions and prospects

Huge progress in lattice calculations of GPDs!
Recent breakthrough:

? computationally more e cient calculations in non-symmar
frames,

? with, potentially, faster convergence to the light-con® (be
Investigated).

Overall very encouraging results!
Still several challenges to overcome (control of systeosati
Obviously, GPDs much more challenging than PDFs.

Expect slow, but consistent progress and complementay tm|
pheno.
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i%% Conclusions and prospects

Introduction Huge progress in lattice calculations of GPDs!

Results

Recent breakthrough:

? computationally more e cient calculations in non-symmar
frames,

? with, potentially, faster convergence to the light-con® (be
Investigated).

Overall very encouraging results!

Still several challenges to overcome (control of systeosati
Obviously, GPDs much more challenging than PDFs.
Expect slow, but consistent progress and complementay tm|

pheno.
Thank you for your attention
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%%AB .
\\_;%? Example amplitude

symmetric frame

non-symmetric frame

p ~ 1725 Gev | HEi T Pa=1 25GeV | ZaERTR
‘| 1=0:69 GeVijmmaiazean | t=0:64 GeVi } SRGEGEE
=0 H & oS 9izon - -0 U J 000 St -
o ﬁ %Psmk—(O,lr?ﬂ Coze o %H Jf qf& 00020
£ w H}# Re ¢ \ W . W
05 %iﬁ% %% 05} ; ﬁ ﬂjl } H@} %
og@f@w@% %%%%%%%m o %;%;%;;“@ﬁ ji T
T S5 Bhgttacﬁarya et al., arXiv: 22015 05§()73 -5 o 5 v
0:6 - } } T 0.6
0.4} §L w]*‘*i T“E' 0.4F T%% ! J 13
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T o [{ %ﬁi H J% ﬁ*’gﬁiﬁﬁ Im ¢ ° %ﬁ@?#ﬁﬁfﬁ } E gi%#gggﬁé
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\\_;%? Example amplitude

symmetric frame
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i%% Transversity GPDs

Transversity GPDs:ETMC, Phys. Rev. D105 (2022) 034501 </ &
4GPDS:HT,ET,HT,ET \

Cos labor a{‘o(\

Three nucleon boosts (=0): P3; =0:83;1:25;1:67 GeV
Nucleon boost ( 6 0): P3 = 1:25 GeV

Momentum transfer ( =0): t =0:69 Ge\/

v Momentum transfer ( 6 0): t =1:02 Ge\/
q D Renormalized ME
Real part Imaginary part

— = 1=3
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i%% Transversity GPDs

e e R

_ ETMC, Phys. Rev. D105 (2022) 034501
Transversity GPDs:

4 GPDs: Ht, ET, A, ET - Real part - :1:31‘ | Imaginary part
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Transversity GPDs:
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Transversity GPDs:
4 GPDs:H+, Et, Ht, EY
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ETMC, Phys. Rev. D105 (2022) 03
HY 9( =0;1=3)

A Twis, te
Qée

4501 o,

S
k)

)
x>
ol

Extracting GPDs from lattice QCD

_— ha‘*d(:ﬂ) OO//aborago(\
— — H:%2,0,-0.69 GeV?)
M| — — H& %, ¢ =1/3,-1.02 GeV?)
i’\ Py, = 1.25 GeV
|
| \
| Q
|l N
AN
\ N
~ N
- « = N [V
) —— B
1 l 1
-1 -0.5 0 0.5 1
u d — N 1— z u d - N 1—
| — — £€=0,—t =0.69 GeV2 — — £=0,—t=0.69 GeV?
— — |§] =1/3,—t = 1.02 GeV? — — €] =1/3,—t = 1.02 GeV?
: P; =1.25 GeV :
3 > —
\\\\ \\‘\‘¥_1 /:/——’—’//
AN i3 ~ e
0 Sk ~ : 7
N =05t Sl
_— y [ — — l\\l\
- Z A § N s P; =1.25 GeV
= > “ ] N T~ — .
== = ‘ S - — !
EEE ' f B et 1 }
1 1 1 1 I 1
-1 -0.5 0 0.5 1 -1 -0.5 0 0.5
X T

INT 2022 32/ 25




P - _— ey,
Sl Ce | ('}
@E} Transversity GPDs é
. ETMC, Phys. Rev. D105 (2022) 034501 g,
Transversity GPDs: _ e X
4 GPDs:Ht, ET, H1, BT More fundamental quantityE+ + 2H7 &
related to the transverse spin structure of the proton .

physically interpreted as lateral deformation in the digtbution
of transversely polarized quarks in an unpolarized proton

lowest Mellin moment in the forward limit:
transverse spin- avor dipole moment in an unpolarized taeg (k)

{ } second moment related to the transverse-spin

quark angular momentum in an unpolarized proton
4
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Moments of transversity GPDs

n =0 Mellin moments:

Z 4 Z 4

niroduction dxH7(x ;t) = dxH1q (X ;P 3)= At1o(t);
Results 7 11 le

Summary dxEr1(x; ;t) = dXET1q(X; ;P 3) = Br1o(l);
- z 1 z1
Backup slides 1 1

dx B (x; it) = dx B1q (X tP 3) = Rrio(l): "
z 1 z1
i 1
dx Bt (x; ;t) = dx Brq(X; ;P 3)=0 ;

1 1

lowest moments of GPDs skewness-independent,
lowest moments of quasi-GPDs boost-independent.

n=1 Mellin momentsz(related to GFF of one-derivative tensor opator):
1

dxxH 1t (x; ;t) = Atv2(t);
Z

dXxXE 1 (x; ;t) = Br2o(t);
Z ll

dxx Bt (x;;t) = Ar(l); (3)
Z

dxx Bt (X ;t) = 2 Bral(l); (2)

1
skewness-dependence only in f& (only -odd GPD).
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Moments of transversity GPDs

Moments of Hr(x; =0;t= 0:69GeV?) Hr(x; =1=3;t= 1:02GeV?)
P3=0:83GeV | P3=1:25GeV | P3 =1:67 GeV P3 =1:25 GeV
Hq 0.65(4) 0.64(6) 0.81(10) 0.49(5)
Hp 0.69(4) 0.67(6) 0.84(10) 0.45(4)
xH 1 0.20(2) 0.21(2) 0.24(3) 0.15(2)
At10 (Z=0) 0.65(4) 0.65(6) 0.82(10) 0.49(5)

Mellin moments P3-independent, preserved by matching, suppressed with ineasing t.

Moments of Et(x; =0:t= 0:69GeV?) Hr(x; =1=3;t= 1:02GeV?)
P3;=0:83GeV | P3=1:25GeV | P3 =1:67 GeV P3; =1:25 GeV
Etq 1.20(42) 2.05(65) 0.67(19)
Et 1.15(43) 2.10(67) 0.73(19)
XE 1 0.06(4) 0.13(5) 0.11(11)
Brio (z=0) 1.71(28) 1.22(43) 2.10(67) 0.68(19)
Moments of 91 (x; =0:t= 0:69GeV?) 91 (x; =1=3;t= 1:02GeV?)
P3 =0:83GeV | P3=1:25GeV | P3 =1:67 GeV P3 =1:25 GeV
91q -0.44(20) -0.90(32) -0.26(9)
19T -0.42(21) -0.92(33) -0.27(9)
X1 -0.17(8) -0.30(10) -0.05(5)
K110 (z=0) -0.67(14) -0.45(21) -0.92(33) -0.24(8)

Similar conclusions (but very large errors)
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