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> Nucleon electric & magnetic radii, magnetic Siek(2003
-~ _moment extracted from Electromagnetic FFs .....creom)

3k Axial FFs relevant to experiments searching 2o
neutrino oscillations CODATA
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% Discrepancy of <r: between electron RMS charge
scattering and muonic hydrogen Lamb shifts [E. J. Downie, EPJ Conf. 113 (2016) 0502]
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'FFs have been studied for decades as a tool to understand nucleon structure_,‘




FFs have been studied for decades as a tool to understand nucleon structure

> Nucleon electric & magnetic radii, magnetic Siek(2003
-~ _moment extracted from Electromagnetic FFs .....creom)

%k Axial FFs relevant to experiments searching ==
neutrino oscillations CODATA

3 Intrinsic quark spin obtained from ga (Ga(@*=0)) -
%k Total quark spin from <x> Pel et
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% Discrepancy of <r: between electron RMS charge
scattering and muonic hydrogen Lamb shifts [E. J. Downie, EPJ Conf. 113 (2016) 0502]

%k Large uncertainties in cross section of quasielastic neutrino-nucleon
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The EIC will address crucial questions in hadron structure:
% How does the mass of the nucleon arise?

* How does the spin of the nucleon arise?
... and measure PDFs in high accuracy

These questions can be addressed in Lattice QCD

EIC will come at a time when lattice QCD:
will be well into the exa-scale computing era
will reliably compute sea quark and gluon contributions
Is expected to reliably compute x-dependence quantities

Lattice QCD already showing promising results
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{ Setup of Calculation
%k Twisted Mass including a clover term (ETM Collaboration)
Ensemble Ny L3 xT | a(fm) | m, (MeV) | Lmj,

Nf2.48c 2 483 x 96 | 0.094 135 2.98
Nf2.64c 2 643 x 128 | 0.094 132 3.97
Nf211.64¢c 2+1+1 643 x 128 | 0.081 135 3.55

Nf211.64c (conn.) Nf211.64c (disc.)
Tsink Nconf Nsrc Tsink Nconf Nsrc Flavor Nconf N.src

— 16a 625 16 U 750 200
18a 625 32 d 750 200

12a 625

2
14a 625 6 20a 625 32 s 750 200

w 3k Computer architecture (GPUs) and special techniques allow

calculations at the physical point. In this work:

Hierarchical probing (HP)
One-end trick for Twisted Mass Fermions (OET)
Spin-color dilution (SCD)

. Deflation (D)

%k We study:

.+ |sovector combination (u—d): only connected
Flavor decompositions: both connected and disconnected
Strange & charm contributions purely disconnected
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—ppeweetal ) % Ge: slope of lattice data diff
—— zExpansion — = fromexperlments ' »' =
@ Plateauty/a = - |
% Gum: small-Q2 has improved
~slope (Tsink =1.6fm)

02 03 04
Q? [GeV?]

—— Alberico et al.
—— Dipole

—— zExpansion
4.0 & Plateaut/a=20 |

3.5

=
3.0
==
O

2.5
2.0
1.5

00 01 02 03 04 05 06 07 08
- o Q*fGevy
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—— Alberico et al.

—— Dipole

—— zExpansion
® Plateauts/a=20 |

02 03 04
Q? [GeV?]
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—— Alberico et al.

—— Dipole

—— zExpansion
® Plateauts/a=20 |

1. - - - -
00 01 02 03 04

T | Constantmo

05 06 0.7

Q* [GeV*]

* Ge: slope ‘of Iattlce data diff

from experlments

- % Gw: small-Q2 has |mproved

slope (Tsmk =1. 6fm)

,* Excuted states mvestlgatlons *'

Tsmk—1 - 1. 6fm

Q2=0.06GeV

® o

Q

(e O e e O |

12 14 16 18 20 12
ts/a ti/a

Plateau T'°W(summatibn‘i)j"“'




0.4 0.6 . oL S o 0.4 0.6
% Clear signal due to algorlthmlc advances e '
X Tsmk chosen based on excuted states and quallty of fits

[' M Constantmou - | 15




Dlpole fit: motivated by vector-rhesdn pole contrlbutlons to FFs

= b Gy (0) — ==
G Gy = -

’z-expan‘sion: model-independent, expeCted. to model better the low-Q?
~ e fcm+Q2‘— e = 6abM
G{(0%) = ) a0 (09 = f | tcm —dmd (=
| — = A/ Lo + Q + 4tcuta0’

M. Constantiho"— ’



Dipole fit: motlvated by vector-meson pole contrlbutlons to FFs -
s e = 0 =
GE(Q e M(Q ) =

(1+ Q2/mE) = | ( | o ),2’ <rE’M>_ m%M y‘

z-expansnon model mdependent expected to model better the Iow-Q2
‘ o 'A S \/cut+Q2 \/ cut ' = 6a ’A
' G"(Qz) = Z ak.Z(Qz)'k’ ZA(QZ)'_ —s Loy = = 4m. <rEM> = EM
St k : S S : \/ cut + Q + \/; | : 4tcma0

* Estlmatlon of radu strongly depends on small Q2
* Large volume access to Q2 close to zero

1.0 : PDG

' Nf2_48c
Nf2_64c
Nf211_64c

—— muH ¥ Nf2_64c S ;
——— CODATA 4 Nf211_64c : e 044 ®
® Nf2 48c :

0.3 I SN 09 1.0 1.1 12 13 14 15 1.6 1.7
09 10 11 12 13 14 15 1.6 17 - to [fm]
ts — to [fm] : :

‘[' M Constantmou



@ ETMC (this work)
M ETMC '17

Hd ETMC '13
<t LHPC '14

Mainz '15
1 PACS '18

IOl PNDME '14
K¥ PNDME '18

__o____q

<
A

|
:
W
|
o+ |
I

|

CODATA

as)
=

04 06 0.8
(r2)v-4 [fm?]

1.0 0.3

m

u-d

% E/M radii well-studied by several

lattice groups -
Agreement among several
ormulations, but quantities sensitive

o systematics, thus one must examine
fit methods

%k Magnetic moment from Gu(0)




i@ ETMC (this work) k& ETMC '13 Mainz '15  Oi PNDME '14

W ETMC '17 <t LHPC'14 1 PACS '18 KH PNDME '18 * E/M rad ii We"‘StUdied by Seve ral

__o____q

HOA

lattice groups

%k Agreement among several
| formulations, but quantities sensitive

'
HEH

O
£
04 06 08 1003 0.5 . 3.8 43 4.8 5.3

R (e Ju-d e Magn'etic moment from Gu(0)

 to systematics, thus one must examine
fit methods

CODATA

%k Fewer studies for (light quark) disconnected contributions

i@ ETMC (this work) W ETMC'17 A xQCD'17 k& LHPC '15 i@ ETMC (this work) < xQCD 09 101 PCQM "02
‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ W ETMC '17 LHPC '15 KX Fangcheng et al. '18

M xQCD'17 101 Leinweber et al. '04

< - HOH —0—

HOH O

A
——— —
=== === [~ |

—0.20 -0.14 -0.08 -05 -03 -0.1 -0.3 -02 -01 ~0.012 -0.006 0.000 -0.03 -0.01 -0.08-0.05-0.02
(r3)** 4 [fm?] (Disc.) (rZ)"* ¢ [fm?] (Disc.) p“*4 (Disc.) (r)s [fm?] (r)s [fm?] us




=1.29 fm

=1.45 fm

=1.62 fm
Experiment

0.2 0.4 0.6
Q%[GeV?]

rA2 1603.03048 Meyer

rA2 Mainz Group 2017 my > 190 MeV ——

rA2 PNDME 2017 my, € (135,310) MeV_o_
rA2 Dip Plt ts=1.64 fm ——i

rA2 Dip Plt ts=1.48 fm HilH
rA2 Dip Plt ts=1.31 fm

rA2 zExp Plt ts=1.64 fm

rA2 zExp Plt ts=1.48 fm

rA2 zExp Plt ts=1.31 fm

- 0.2 0.0

. Constantinou

pre-1990 v-scattering, My = 1.026(21) GeV
—-= Aguilar-Arevalo, My =1.35(17) GeV
—=—=- Meyer et al.,, My =1.01(24) MeV
B ETMCt;=1.62 fm, m; =136 MeV

0.0 0.2 0.4 0.6
Q?*[GeV?]
%k Left: Data for Tsink > 1.2fm
compatible, but slope different
%k Right: Lattice data compatible with
upper range of neutrino-nucleus

cross sections (green band) and with
MiniBooNE (red band)

%k Parametrization of lattice data:

~ Dipole fit, z-expansion

3k Deviations on <ra> from dlfferent
methods '




> GY*d Total Gp*9, Conn.
¢ Gi Gy *9, Disc. >

0.4 0.6 0.8
0%[GeV?]

%k Light quark disconnected contributions are sizable

%k Gs small but necessary in order to bring Gatotal close to
experimental value

¥k Gputd.Dl cancels (within uncertainties) Gputd.C!

%k Gps suppressed compared to light quark contribution
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DIS experiment (1988) shows surprising results for proton spin
... g1(x) for the proton has been determined and its integral over x found to be 0.114+0.012+0.026, in disagreement

with the Ellis-Jaffe sum rule. ... These values for the integrals of gl lead to the conclusion that the total quark spin
constitutes a rather small fraction of the spin of the nucleon.” [J. Ashman et al., Phys. Lett., vol. B206 (1988) 364]
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DIS experiment (1988) shows surprising results for proton spin

”... gl(x) for the proton has been determined and its integral over x found to be 0.114+0.012+0.026, in disagreement
with the Ellis-Jaffe sum rule. ... These values for the integrals of gl lead to the conclusion that the total quark spin
constitutes a rather small fraction of the spin of the nucleon.” [J. Ashman et al., Phys. Lett., vol. B206 (1988) 364]

We need a theoretical formulation to address the proton spin puzzle
Lattice QCD

Spin Sum Rule (Ji)
1

momentum

1
— =) J1+ )%= g Ay gl
2 s 2

q | ALg: Intrinsic spin

Extraction from Lattice QCD jl= Gluonopin

1
]q:E Azqo+quo Sl e




DIS experlment (1988) shows surprising results for proton spin

... g1(x) for the proton has been determined and its integral over x found to be 0.114+0.012+0.026, in disagreement
with the Ellis-Jaffe sum rule. ... These values for the integrals of gl lead to the conclusion that the total quark spin
constitutes a rather small fraction of the spin of the nucleon.” [J. Ashman et al., Phys. Lett., vol. B206 (1988) 364]

We need a theoretical formulation to address the proton spin puzzle

Lattice QCD

Spin Sum Rule (Ji) ;_' Lqﬁ Quark orbital angular s

momentum

I 1
= G = G
== Y J1+ ]9 = Zq' LI+ =A%t ) +]
Extraction from Lattice QCD §l= Guanspin

| ALg: Intrinsic spin

q ! q q q q q q q
M= (AL e Bl P03 Fiogf

Necessary computations:

% Axial Charge
%k Quark momentum fraction
%k Gluon momentum fraction
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1.2 -};%%

S 11

1.0
0 N¢=2, a=0.089 fm N¢=2+1+1, a=0.082 fm

& Ne=2, a=0.07 fm Ne=2+1+1, a=0.064 fm

0.9 O  N¢=2, a=0.056 fm N¢ =2 TMF/Clover, a=0.093 fm
experiment

0.8 ] ! ! ! ]
0.00 0.05 0.10 0.15 0.20 0.25
ms [GeV? 1

Excuted states
* gAu d: non- negllglble
* <X>u-d suzable
%<x>g: negligible

T ' -_ Constantinou



Axialcharge @ Quark momentum fraction
' ' ' = 0.30 — _

0.25 I l llliil P
uf ;j*f & -

ETMC, Twisted Mass+Clover, N¢=2 LHPC, Clover, Nf=2+1
RQCD, Clover, Nr=2+1 ABM

ETMC, Twisted Mass, Nr=2+1+1 NNPDF

RBC/UKQCD, Domain Wall, Ny=2+1 MSTW

ETMC, Twisted Mass, N¢=2

0.8 - ' . . - e . | . . 1
0.00 0.05 0.10 0.15 0.20 0.25 S . 0.05 0.10 0.15 0.20 0.25
m? [GeV2] e - m2 [GeV?2]

- Excuted states
f_* gAu d: non- negllglble
%k <X>u-d snzable
%<x>g: negligible

g0y b

0 N¢=2, a=0.089 fm N¢=2+1+1, a=0.082 fm

& Ne=2, a=0.07 fm Ne=2+1+1, a=0.064 fm

0.9 O  N¢=2, a=0.056 fm N¢ =2 TMF/Clover, a=0.093 fm
experiment

1.0
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Axual charge - Quark momentum fractlon
et 0.30

0.25 liil P
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ETMC, Twisted Mass+Clover, N¢=2 LHPC, Clover, Nf=2+1
RQCD, Clover, Nr=2+1 ABM

ETMC, Twisted Mass, Nr=2+1+1 NNPDF

RBC/UKQCD, Domain Wall, Ny=2+1 MSTW

ETMC, Twisted Mass, N¢=2

0.8 . ' : . L S ! ! L L !
0.00 0.05 0.10 0.15 0.20 0.25 = _ 0.05 0.10 0.15 0.20 0.25
m? [GeV2 | - o | m; [GeV?]

Excuted states

$ 1

1.0
0 N¢=2, a=0.089 fm N¢=2+1+1, a=0.082 fm

& Ne=2, a=0.07 fm Ne=2+1+1, a=0.064 fm

0.9 O  N¢=2, a=0.056 fm N¢ =2 TMF/Clover, a=0.093 fm
experiment

*gAud non- negllg'b|e ~ Gluon momentum fraction
*<x>u-d snzable | —

%k<x>g: negligible

@ Plateau A Summation B Two-state
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| Axual charge - Quark momentum fractlon
1.4 e 0.30

- 0.25 gh b
1:2 S

S 11

1.0

0 N;=2, a=0.089 fm Nf=2+1+1, a=0.082 fm = : ETMC, Twisted Mass+Clover, N¢=2 LHPC, Clover, N¢=2+1

S Np=2, a=0.07 fm N;=2+1+1, a=0.064 fm RQED, Clover, Nr=2+1 ABM

i = NNPDF
0.9F & Ny=2, a=0.056 fm N; =2 TMF/Clover, a=0.093 fm ETMC, Twisted Mass, Ny=2+1+1
. RBC/UKQCD, Domain Wall, N¢=2+1 MSTW
experiment

ETMC, Twisted Mass, Nf=2

0.8 . L : . - Ry | ! ! L |
0.00 0.05 0.10 0.15 0.20 0.25 o ) 0.05 0.10 0.15 0.20 0.25
m? [GeV? | - o m2 [GeV?]

Excuted states

:l: g u-d: nON- negllglble
_f ‘* <x>y.d: sizable
'*<x>g negllglble

Gluon momentum fraction

@ Plateau A Summation B Two-state

, " Flavor decomposutlon . fos |
*Slmllar quality results for " by } f }
isoscalar and dlsconnected*& 7
contrlbutlons ’

T | Constantmou
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[C. Alexandrou et al., Phys. Rev. Lett. 119, 142002 (2017), [arXiv:1706.02973] ]

Better understanding of
the spin distribution

108(16)%

X
—~
e o)
~
AN
O

NN\N\NNNNNN\N L

11(8)%

» HEH

A

s £ Total Designed by Z.-E. Meziani

N ———
82(16)%

+

!
2
%
4
4
.

= [9(4)%

d

Striped segments: valence quark contributions (connected)
Solid segments: sea quark & gluon contributions (disconnected)

%k Satisfaction of spin and momentum sUm rule is not forced




udy volume and quenching effects

I I
135 - ~— ® 1 L=48, a~0.094, N¢=2
—@— L=64, a~0.094, N¢=2 (preliminary)
—@— L=64, a~0.081, Ny=2+1+1 (preliminary)

1.1
0.8 1.2 1.4

Time separation [fm]

X Need of Tsink> 1.3fm to find agreement with experiment
%k Volume effects within statistical uncertainties
2 Currently increasing statistics for Tsink=1.5,1.7fm

ReSultSPRELIMlNARY: .
| @ More statistics to collect
. & Finalize analyses
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[ Parton Distribution Functions |
& Several ideas how to access PDFs on Lattice

17' Hadronic tenSor -r Liu, s.J. pong, PRL 72 (1994) 1790, K.F. Liu, PoS(LATTICE 2015) 115]

/2

yr Fictitious heavy quark [W. Detmold, C. J. D, Lin, Phys. Rev. D73, 014501 (2006) ]

H lg her moments [Z. Davoudi, M. Savage, Phys. Rev. D86, 054505 (2012) ]

Compton amplitude and OPE (a. chambers et al. (acDsF), arxiv:1703.01153]

70 Quasi-PDFsS x4, phys. Rev. Lett. 110 (2013) 262002, arxiv:1305.1539]

A
) ! PSGUdO'P D FS [A. Radyushkin, Phys. Rev. D 96, 034025 (2017), arXiv:1705.01488]

= Lattice cross-sections [Y-Q Ma&J. Qiu, Phys. Rev. Lett. 120, 022003 (2018), arXiv:1709.03018 ]




& Several ideas how to access PDFs on Lattice
<+ Hadronic tensor - L, s.J. bong, PRL 72 (1994) 1790, K.F. Liu, PoS(LATTICE 2015) 115]
o Fictitious heavy quark w.oetmoid, c. u. 0, Lin, Phys. Rev. D73, 014501 (2006 ]
7¢ Higher moments (2. bavoudi, . savage, phys. Rev. D86, 054505 (2012) ]

Compton amplitude and OPE [A. Chambers et al. (QCDSF), arXiv:1703.01153]

QU asi-PDFs [X. Ji, Phys. Rev. Lett. 110 (2013) 262002, arXiv:1305.1539]

vr Pseu do-PDFs [A. Radyushkin, Phys. Rev. D 96, 034025 (2017), arXiv:1705.01488]

'« Lattice cross-sections y-awmasJ.ai, Phys. Rev. Lett. 120, 022003 (2018), arXiv:1709.03018 ]

All methods have been investigated on the lattice
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Contact with light-cone PDFs feasible:

° ' : 7 : 5 2 2
* Difference reduced as P increases (| 2o 7
| P3 P3

%k Matching procedure in large momentum EFT
(LaMET) to relate quasi-PDFs to light-cone PDF
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* Difference reduced as P increases (| 2o 7
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%k Matching procedure in large momentum EFT
(LaMET) to relate quasi-PDFs to light-cone PDF

2

First exploratory (nucleon) studies feasible:

A
\
\
\

I
g ==
q (/]

MSTW
CJ12
Lattice

2.0

P

1.5

1.0

25>
e
(>

SRHRK

0.5

SO0

KX
L
&

N
&

‘0’0\
KRR
LR

N>
2R
X
O
5
<

0

N
9,
: S.\g.\‘

KN

o
X

N
XEN

(X0
"?"??

4
o%

%

R
> <>
| =% = O
AR Ay Y <
-0.5 | ) RN
LB

XS oit‘z‘s«
S e

-1

[HW. Lin et al., Phiis.’ Rev. D

==, S

ez T - = g Nt b - ; . | - o B - €T - - . ’ A Fark
91, 054510 (2015), arXiv:1402.1462] [C. Alexandrou, Phys. Rev. D92, 014502 (2015), arXiv:1504.07455]




IV

g
q
7?0 =

PUPPEETEEEEEELEE B
o OIS i it B

.
L
ML L e S R L L
P

i

TR

Lo 3 7 b

'

9,
. e s G

SRIKEDKIIKIKIK
= T SE X XXX,

TR TR T

..V.,‘i.,
DY

T M. Constantinou




ot

ki bl Wit v (e N UL B Lt G RS L

I M. Constantinou



e ed

f quasi-

~

2.5 - :
a ' ] ¢ 0
2 0_ ] q
L HERSEIN ] q(o)
1.5
S ) ]
10 : _ | ABM11
: L

0.5;

o

0.5

[X. Xiong et al., arXiv:1310.7471], [H-W. Lin et al., arXiv:1402.1462], [ Y. Ma et al., arXiv:1404.6860],

[Y.-Q. Ma et al., arXiv:1412.2688], [C. Alexandrou et al., arXiv:1504.07455], [H.-N. Li et al., arXiv:1602.07575],

[J.-W. Chen et al., arXiv:1603.06664], [J.-W. Chen et al., arXiv:1609.08102], [T. Ishikawa et al., arXiv:1609.02018], -
[C. Alexandrou et al., arXiv:1610.03689], [C. Monahan et al., arXiv:1612.01584], [A. Radyushkin et al., arXiv:1702.01726],
[C. Carlson et al., arXiv:1702.05775], [R. Briceno et al., arXiv:1703.06072], [M. Constantinou et al., arXiv:1705.11193], :
[C. Alexandrou et al., arXiv:1706.00265], [J-W Chen et al., arXiv:1706.01295], [X. Ji et al., arXiv:1706.08962],

[K. Orginos et al., arXiv:1706.05373], [T. Ishikawa et al., arXiv:1707.03107], [J. Green et al., arXiv:1707.07152],

[Y-Q Ma et al., arXiv:1709.03018], [I. Stewart et al, arXiv:1709.04933], [J. Karpie et al., arXiv:1710.08288,

[J-W Chen et al., arXiv:1711.07858], [C.Alexandrou et al., arXiv:1710.06408], [T. Izubuchi et al., arXiv:1801.03917],
[C.Alexandrou et al., arXiv:1803.02685], [J-W Chen et al, arXiv:1803.04393 ], [C.Alexandrou et al., arXiv:1807.00232], ...
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| ABM11

3k Calculations significantly improved...

[X. Xiong et al., arXiv:1310.7471], [H-W. Lin et al., arXiv:1402.1462], [ Y. Ma et al., arXiv:1404.6860],

[Y.-Q. Ma et al., arXiv:1412.2688], [C. Alexandrou et al., arXiv:1504.07455], [H.-N. Li et al., arXiv:1602.07575],

[J.-W. Chen et al., arXiv:1603.06664], [J.-W. Chen et al., arXiv:1609.08102], [T. Ishikawa et al., arXiv:1609.02018], -
[C. Alexandrou et al., arXiv:1610.03689], [C. Monahan et al., arXiv:1612.01584], [A. Radyushkin et al., arXiv:1702.01726],
[C. Carlson et al., arXiv:1702.05775], [R. Briceno et al., arXiv:1703.06072], [M. Constantinou et al., arXiv:1705.11193], '
[C. Alexandrou et al., arXiv:1706.00265], [J-W Chen et al., arXiv:1706.01295], [X. Ji et al., arXiv:1706.08962],

[K. Orginos et al., arXiv:1706.05373], [T. Ishikawa et al., arXiv:1707.03107], [J. Green et al., arXiv:1707.07152],

[Y-Q Ma et al., arXiv:1709.03018], [I. Stewart et al, arXiv:1709.04933], [J. Karpie et al., arXiv:1710.08288,

[J-W Chen et al., arXiv:1711.07858], [C.Alexandrou et al., arXiv:1710.06408], [T. Izubuchi et al., arXiv:1801.03917],
[C.Alexandrou et al., arXiv:1803.02685], [J-W Chen et al, arXiv:1803.04393 ], [C.Alexandrou et al., arXiv:1807.00232], ...

3k ... and extended to other hadrons
Recent review: C Monahan @ Lattlc 2018
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[C. Alexandrou et al., (PRL), arXiv:1803.02685], [C. Alexandrou et al., arXiv:1 807.00232]

Nf=2 twisted mass fermions & clover term

Ensemble parameters:

$=2.10, csw=1.57751,  a=0.0938(3)(2) fm
483 x 96 ap = 0.0009 mpy = 0.932(4) GeV
L=45fm | my; =0.1304(4) GeV m, L = 2.98(1)
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TS

1807.00232]

v

L3

(1.38 GeV)

— 2.98(1)
_ 107
P = L

tics

a=0.0938(3)(2) fm
ap = 0.0009 mx = 0.932(4) GeV

my = 0.1304(4) GeV m, L

IS

(1.11 GeV)

87
L

1.57751,

1803.02685], [C. Alexandrou et al., arX
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CSW

B=2.10,
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L =4.5fm
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Ensemble parameters

[C. Alexandrou et al., (PRL), arX

5%k Nucleon momentum & stat
(0.83 GeV)




Parameters of Calculation |

[C. Alexandrou et al., (PRL), arXiv:1803.02685], [C. Alexandrou et al., arXiv:1807.00232]

2k Nf=2 twisted mass fermions & clover term

- %k Ensemble parameters:

$=2.10, cgw=1.57751,  a=0.0938(3)(2) fm
483 x 96 ap = 0.0009 mpy = 0.932(4) GeV
L=45fm | my; =0.1304(4) GeV m, L = 2.98(1)

2k Nucleon momentum & statistics:
P = % (0.83 GeV) P = %% (1.11 GeV) P = 17 (1.38 GeV)

Ins. Ncont  Nmeas Ins. Necont Nmeas Ins. Neont Nmeas

~s 100 9600 | ~3 425 38250 | ~s 811 72990
o 50 4800 | ~o 425 38250 | o 811 72990
vsvs 65 6240 425 38250 | vsv3 811 72990

5k Excited states investigation:
T. =8a,9a,10a,12a (T, =0.75,0.84,0.094, 1.13fm)

S1




Noise-to-signal ratio increases with:
# Hadron momentum boost

~ # Simulations at the physncal pomt
# Source-sink separatlon




A

(i
Wi .%\mnv, i u

IeS

te uncertaint

iga

t

ith:
inves

S
/s
Q
7P
W
Q
O
<
O

)
/p)
@)
@)

Qo
=
-

e
.
)
m.
O
=
o
m
©
©
i i
09

blem must be tamed to

to-signal rat

ise-

oise pro

ad
=
O
Q.
®©
o
/p)
A
=
Q
)
L
)
)
©
/p)
G
@)
i
©
-
E
2
s

-
O
i’

©

S

©

Q.

Q

/p
"
£

7y

]

Q

O

S

-

O
/p)
s

No




Noise-to-signal ratio increases with:
 # Hadron momentum boost

¢ Simulations at the physical poin

¢ Source-sink separation

Noise problem must be tamed to investigate uncertainties

Momentum smearing
[G. Bali et al., PRD93, 094515 (2016)]

10°

—
o

Relative error on C2(t)

__ t/a

¥ Momentum smearing helps reach higher momenta




- Noise-to-signal ratio increases with:
¢ Hadron momentum boost
¢ Simulations at the physical point
¢ Source-sink separation

Noise problem must be tamed to investigate uncertainties

Momentum smearing
[G. Bali et al., PRD93, 094515 (2016)]

10° ¢ - - - - . 1x10°
=0 _
£€=0.15
*» £€=0.3
£ = 0.45
A £E=06
£=0.75

1x10’

—
o

1x108

Relative error on C?P!(t)
cost [CPUh for 10% error]

Toi~1.13fm

100000 ' ' ' '
0.6 0.8 1 1.2 1.4

_ | | | P3 [GeV]
¢ Momentum smearing helps reach higher momenta

¢ But limitations in max momentum due to comput. cost
s = ;j“l§3:!.-w4uv,:‘*-- Bl s




Unpolarized: - | -
3 Initial studies used y» in same direction with Wilson

% Mixing with higher twist revealed perturbatively

T M. Con stantinou



Unpolarized:

% Initial studies used y in = n ion with Wilson
x Mixing with higher Aba.‘.‘cvealed perturbatively

T' M. Con stantinou
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[ M. Constantinou, H. Panagopoulos, Phys. Rev. D 96 (2017) 054506, [arX

Ies use

3k Initial studi
3%k No mixing for y? (perpend




Unpolarized:
2k Initial studies used i in s

dction with Wilson line

| oﬂe
2k Mixing wuth hugher Ab o gealed perturbatively

%k No mlxmg for 0 (perpendicular to Wllson line)

[ M. Constantlnou H. Panagopoulos Phys. Rev D 96 (2017) 054506, [arXiv:1705.11193]

o P~0.83 GeV 1.4 Re [k o P~0.83 GeV
¢ P~1.11GeV| 19 e [ U—d] ¢ P~1.11 GeV
* P ~1. ' * P ~1.38 GeV

EI L3

3 +

1 ;
5t [ %)

o 57 s,
1 ¥
m§§§§§££ ------------------------------------------ f f’ﬁi

-15  -10 -5 -15 -10 -5 10 15
z/a

* Slmllar general features for polarlzed and tranSversnty
%k Highest priority: dellver reliable results

. Constantinou



Analyses techmques
% Single- -state fit, Two-state fit,

2.0 0 84
1.8 t =923

_10a
1.6 t—12a
1.4 summation
1.2 2-state

1.0
0.8

0.6 : _ t;=8a
0.4 t =9a
_10a
0.2 s _1 2a
0.0 S G S ] . aﬂnmanon

- 2-state
'02 1 L

6 8 10
z/a

Conclusnons
* Tsmk =8a heavuly contammated by excited states

* T sink=9a-10a not consistent within uncertainties

['M. Constantmo



Analyses techniques: |
3k Single-state fit, Two-state fit, Summation method
B=1.4 Geo\27

2.0 t=8a
18 tszga —_—e |
t.=10a ————
1.6 t§=12a o 0.0
1.4 summation
1.2 b 2-state

1.0
0.8
0.6 _ t;=8a
0.4 ; t;=9a
tsi10a
0.2 ; t;=12a
0.0 R T S : summation
L 2-state

'02 L I
6 8 10

z/a

Conclusions:
2k Tsink=8a heavily contaminated by excited states

3k Tsink=9a-10a not consistent within uncertainties

! Crucial to have same error for reliable 2-state fit
| Excited states worsen as momentum P increases
' For moment in tiswork, Tk=1fm IS saf




¥ ‘W: oy . K Ui ) i \ Sy
TR . By A N e ) AN
ALY DT R i R

AL Bt i ;._V,m,... c__r 5 W th VA

¢

¢
0-06_..|..|..|..|..|..

10 11 12 13

9
Tsink/a

(L B B B
¢
8

—7Z/a

0.15
0.12F
0.091

7
ink <1fm

demands same accuracy for all data

P
s
Q
o
=
©
©
Q
)
5
e
©
)

P=0.83 GeV

IS

imaginary par

10 11 12 13

Tsink/a

k analys

1-SiIN

¢

[ R R
(L037 s 9

ted states uncontrolled for Ts

0.09
0.06-

Conclusions
2k Exci

0
3
©
>
[\
£
N
©
=
QO
Q.
QO
)
S
>
©
.
QO
0
o
Q0
|
©
©
QO
U
n.uu
c
O
P

% Real and
%k Mult

PRI
Y L




lattice data (P=1.4Gev):

I M. Constantinou
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Evolutuon of Iattlce data (P 1 4GeV):
* Fourler Transform of renormarmallzed matrlx elements

* Matching of quasi-PDFs (LaMET)

[C. Alexandrou et aI

Unpolarized

(PRL), arXiv:1803. 02685]

~

q

q (no TMCs)

Polarized

Aq
~=Aq (no TMCs)

[' M Constantmou




‘Evolution of lattice data (P=1.4Gev):
* Fourier Transform of renormarmallzed matrlx elements
%k Matching of quasi-PDFs (LaMET)

[C. Alexandrou et al., (PRL), arXiv:1803. 02685]

%k Target IVlass Correctlons (mn/P: flnlte)
[J.W. Chen et al._,—Nucj. P_yh‘ys._BQ'vM (201 6) 246, arXiv:,1 603.06664] ' |
Unpolarized Polarized
q - A7

(no TMCs) , , Aq (no TMCs)
(with TMCs) A | == Aq (with TMCs)

"T' M. Constantinou



Evolution of lattice data (p=1.4GeV):
%k Fourier Transform of renormarmalized matrix elements

%k Matching of quasi-PDFs (LaMET)

[C. Alexandrou et al., (PRL), arXiv:1803.02685]

3k Target Mass Corrections (m/P: finite)

[J.W. Chen et al., Nucl. Phys. B911 (2016) 246, arXiv:1603.06664]

Unpolarized = Polarized

q - Aq

q (no TMCs) | Aq (no TMCs)
g (with TMCs) | " Ag (with TMCs)
=== NNPDF3.1 | A === NNPDF'1.1pol




ucleon boost dependence:
- Unpolarized = T
| l6n/L | |6m/L
sr/L | 8r/L
P 107/L 107 /L
L ICI15 T IJAMIT
I ABMP16 | I DSSV08
I NNPDF3.1

-1 -0.5 0
T

2k Increasing momentum approaches the phenom. fits
-a saturation of PDFs for p=8n/L and p=10mx/L

- 0<x<0.5 : Lattice polarized PDF overlap with phenomenology

2k Negative x region: anti-quark contribution

N

x~1: affected by finite nucleon momentum

M. Constantinou




ucleon boost dependence:
Unpolarized

g&rjl) |:|67r§L
87 /L ' st /L
-_107T/L 107 /L
TICI15 CJAMIT
B ABMP16 IR DSSVO08
I NNPDF3.1

6

-1 -0.5 0
T

%k Increasing momentum approaches the phenom. fits
a saturation of PDFs for p=8r/L and p=10mx/L

2k 0<x<0.5: Lattice polarized PDF overlap with phenomenology

2k Negative x region: anti-quark contribution

x~1: affected by finite nucleon momentum




-1 0.5 0 1 ,
* Mlld dependence on nucleon momentum

* Integral of PDF (gT=1 09(11)) compatnble with results
from moments [C Alexandrou et al., Phys Rev D95, 114514(201 7)]

T '-; Constantinou



~[C. Alexandrou etal arXiv: 1807 00232]
P =0.83 GeV 1— : _hzlt—d,lattzce
P=111GeV SIDIS

—P = 1.38 G—eV \ | _SIDIS_I_glattZCC

-1 0.5 0 1 -1 0.5
. * Mlld dependence on nucleon momentum

--* Integral of PDF (gT=1 09(11)) ccmpatlble with results
' from moments [C. Alexandrou et al., Phys. Rev. D95, 114514(2017)]—

* * Lattlce data from quasi- PDFs more accurate that SIDIS

* SIDIS |mproved with gT'-at constramts but ab initio

| quasi- PDFs statlstlcally more accurate
[' M Constantinou = 38




actors

x-dependence of PDFs




—?‘.,
B ,
TR RN et

)

R
A

Investigations of systematic uncertainties
e Slope of Axial & E/M form factors sensitive to Tsink

e gA agreement with experiment for Tsink ~1.5fm
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e strange contributions to FFs non-negligible
%k Significant progress on other direction (quasi-PDFs)




Future Investigations:

FFs & proton spin

%k Increase statistics and addition of separations larger than
1.5fm

% Two additional 2+1+1 ensembles (physical point, same
physical volume)

quasi-PDFs

%k Increase of momentum seems a natural next step
BUT is a major challenge if reliable results is the goal

* Other directions should be pursued, e.g. 2-loop matching
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‘Simulations at physical my crucial for above conclusions

Unpolarized

6

T 16n/32
] 8 /32
I 107/32
[T CI15
I ABMP16
T NNPDF3.1

[ 67/32, B55

[ 107/48, phys.point
[T 7,CJ15

I ABMP16

I NNPDF3.1

T?'—}, Co_nstanti'no



Simulations at physical m; crucial for above conclusions

Unpolarized

T 16n/32
] 87/32

= | mr=375MeV:
e N Lattice data saturate away
from phenomenology

70 NNPDF3.1

[ 67/32, B55

[ 107/48, phys.point
[T 7,CJ15

I ABMP16

I NNPDF3.1

T Constantin ou



T 16n/32
] 8 /32
I 107/32
[T CI15
I ABMP16
T NNPDF3.1

[ 67/32, B55

[ 107/48, phys.point
[T 7,CJ15

I ABMP16

I NNPDF3.1

-1

Mz = 375 MeV:
Lattice data saturate away
from phenomenology

Mp= 132, 375 MeV
Significant pion mass
dependence




max

58 Standard Fourler (SF) q(x) ZPJZM ¢ h(z)
can be written using mtegratlon by parts (DF)

e - e dre
i —1(2) L
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3%k Truncation at zmax (SF) vs neglecting surface term (DF)
(latter non-negligible numerically)

- 3 Oscillations reduced for DF, but small-x not well-behaved

3k SF, DF different systematiCS but DF uses interpolated data
mstead of raw ME = enhanced cut-off effects
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* Renofmallzed ME have no dependence on the stout smermg
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