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Proton Spin Crisis

@ Up to 1980s physicists

expected that quarks carry all

the proton spin
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Proton Spin Crisis

@ Up to 1980s physicists

expected that quarks carry all

1
the proton spin 2

@ EMC experiment in 1987

found an astonishing small
contribution from the
quarks, namely (4-24)%o

almost compatible with zero

AY]

¢, - Intrinsic quark spin

L. : Quark orbital angular momentum

J4 : Gluon contribution to the nucleon spin

I

q+

1
= §A2q . + Ly, : Total quark angular momentum
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Proton Spin Crisis

@ Up to 1980s physicists Simple parton model

expected that quarks carry all
(Auy + Ady,) = %

DO | —

the proton spin

@ EMC experiment in 1987

found an astonishing small

contribution from the

quarks, namely (4-24)% Complete picture

almost compatible with zero

: Intrinsic quark spin
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9 E : <2A2q+ + LCJ+) + Jg
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L. : Quark orbital angular momentum J i ’S sumr UIe

J4 : Gluon contribution to the nucleon spin

I

1
g = §A2q . + Ly, : Total quark angular momentum
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Proton Spin Crisis

@ Up to 1980s physicists Simple parton model

expected that quarks carry all

the proton spin

@ EMC experiment in 1987

found an astonishing small

contribution from the

quarks, namely (4-24)% Complete picture

almost compatible with zero

1 1
9 Z <2A2q+ + LCJ+) + Jg
q

Ji’'s sum rule

AY]

: Intrinsic quark spin

q4

L. : Quark orbital angular momentum

J4 : Gluon contribution to the nucleon spin
First principle

calculation is needed
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Jg, = §A2q+ + Lg, : Total quark angular momentum
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Computation of observables on the Lattice
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@ Strange Electric and Magnetic FFs
are poorly know experimentally
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® Strange Electric and Magnetic FFs
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® LQCD: strange electric FF, clear
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® Strange Electric and Magnetic FFs
are poorly know experimentally

® LQCD: strange electric FF, clear
signal but higher accuracy is needed

® LQCD: Strange magnetic FF is more
precise
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First moments of PDFs (Mellin moments)

@ lirst moments are readily accessible on the lattice

%k Unpolarized
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First moments of PDFs (Mellin moments)

@ lirst moments are readily accessible on the lattice

%k Unpolarized
Otz = oyl DI DI gD Y <©
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First moments of PDFs (Mellin moments)

@ lirst moments are readily accessible on the lattice

%k Unpolarized
OFpap2 — oy DIG D2 L DEe ) (@
Muy—dy = vy (Bug—dyr (L)uy+dy

ok Helicity

OfFLHz ¢757{MZDM1ZD/L2 . ,Z'D,un}w @ : <C

<1>Au_|_—Ad+ — JgA, < >Au_|_—Ad_|_7 < >Au+—|—Ad_|_

sk Transversity

O;,UJMMQ "Un wO_V{,uZDMlZDMQ. ’LDM”}ZD @ @

<1>5u+—5d+ — gTv < >5’LL+—5CZ+7 < >5u_|_—|—5d_|_
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First moments of PDFs (Mellin moments)

@ lirst moments are readily accessible on the lattice

%k Unpolarized
Otz — oy i DI DF2 i DRy @
Duy—dy = Gvy (Buy—dyr (L)uy+dy

ok Helicity
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sk Transversity
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<1>5u+—5d+ _gT7 < >5’LL_|_ 5d_|_7 < >5u_|_—|—5d_|_

@A lot of activity to compute Parton Distribution Functions

directly on the lattice
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PDFs on the lattice

@ Parton distribution functions are given by light correlators as

oo 5
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Macloons quin stuustore fom LQCD————




PDFs on the lattice

@ Parton distribution functions are given by light correlators as

oo 5
(o) = | W P& (Pl W (€, 0)$(0)|P)
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o= (t G Z)/\/(Q) Wilson line connection two points
@ (annot compute on the lattice because since 1s light-cone

2=12_22~0

dominated
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@ Parton distribution functions are given by light correlators as

oo 5
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o= (t G Z)/\/(Q) Wilson line connection two points
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@ Only spatial correlators can be computed on the lattice
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@ Parton distribution functions are given by light correlators as
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PDFs on the lattice

@ Parton distribution functions are given by light correlators as

oo 5
(o) = | B et (Pl )y (€™, 0)(0)|P)

g i

o= (t G Z)/\/(Q) Wilson line connection two points
@ (annot compute on the lattice because since 1s light-cone

8 P ) 2
Soiinated & L 2 >0

@ Only spatial correlators can be computed on the lattice
~ = dZ A 7T
q(x, Pg) — / el & Fs <P‘¢(O, Z)’Y3W(Z)¢(O, O)‘P> X.Ji Phys.Rev. Lett. 110 (2013) 262002

oo 4T
@ Connection between the two definitions in the IMF

@ Challenges we tace on the lattice

¢ Finite momenta available (statistical noise increase with momentum)
¢ Eixcited state effects increase for large momenta
¢ Complicated renormalization plan (divergence that need to be treated)

¢ Continuum extrapolation should be understood
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Unpolarized, Helicity & Transversity

Unpolarized

P =0.83 GeV
e P = 1.11 GeV
e P = 1.38 GeV
4 == NNPDF3.1

@ Lattice results shift towards NNPDF
result as the momentum increase
@ Lattice results are still higher

@ Problematic negative x region
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Unpolarized, Helicity & Transversity

Unpolarized

!

P =0.83 GeV l u—d P =0.83 GeV
P = 1.11 GeV P =1.11 GeV
e P = 1.38 GeV e P — 1.38 GeV

4 | e NNPDF3.1 4 + NNPDF1.1pol

-1 -0.5 0 0.5 1

T
@ Lattice results shift towards NNPDF ® Less accurate results for the helicity

! distribution
result as the momentum increase :
@ Agreement for x<0.4 but disagreement

for the x>0.4

@ Problematic negative x region ® Eioblcinaiic nes e e o

@ Lattice results are still higher
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Unpolarized, Helicity & Transversity

Unpolarized Helicity
P083G | L [ roossce | |
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0
Transversity |
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@ Lattice results shr helicity
result as the momenpn |
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@ Lattice results are C.Alexandrou et al. arXiv: 1807.00232
@ Problematic nega 0.2 0.4 0.6 0.8 118
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Intrinsic spin contributions

AZg, (p°) = /O dz [Aq(z, p?) + Aq(z, p*)] = g8 Qiﬂa%lzcs:ha;; gn:r; ; 14
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Intrinsic spin contributions

o<

Down

= —0:2 &

| Strange
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e 3 KX 2
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0.2 0.3 0.4
m, [GeV]

Quantities are given

in MS scheme at* = 4 GeV?

>0O0Oo

e 4dAD>

Connected
ETMC N¢=2, a=0.094 fm

‘ETMC Ng=2+1+1, a=0.081 fm: >

ETMC N¢=2, a=0.088 fm

ETMC N¢=2, a=0.071 fm

ETMC N¢=2, a=0.056 fm

ETMC N¢=2+1+1, a=0.083 fm

ETMC N¢=2+1+1, a=0.060 fm

PNDME, N¢=2+1+1, a=0.120, 0.090, 0.060 fm

Total
ETMC N¢=2, a=0.094 fm

‘ETMC Ni=2+1+1, a=0.081 fm : >

ETMC N¢=2+1+1, a=0.083 fm

LHPC, N¢=2+1, a=0.114 fm

Engelhardt, Ng=2+1, a=0.124 fm
CSSM/QCDSF, N¢=2+1, a=0.074 fm

QCDSF, N¢=2, a=0.073 fm

PNDME, N¢=2+1+1, a=0.120, 0.090, 0.060 fm
XQCD, Nt=2+1, a=0.114 fm

LHPC, N¢=2+1, a=0.114 fm

@ Mild discretization effects

@ Mild pion mass dependence
® Sea quarks contribution is crucial to find agreement with the experiment

@ Up, down and strange contributions are up to around 40% of 1/2 at the physical point

Kypriakos Hagjiyiannaton
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Quark momentum fraction
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Quark momentum fraction

= ‘ ETMC N¢=2+1+1,a=0.081 fm (Preliminary) ' ‘ i
"o | 4 ETMCN;=2,2=0.094 fm - &
~—| #e NNPDF3.1 e

C L 4
~

b ¢
~— e

o |—’—|
P S ._‘_'

>
~— *

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50 0.55

@ Lattice results have large errors compared to the

phenomenological results

@ Individual contributions receive contributions from
disconnected diagrams

@ Improved techniques for the disconnected needed
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Quark momentum fraction

1
jiolreg, pvh Jq = 5 [A30(0) + B3y (0)]

2

}UN(p, s) <£I$> — AQO@

= ’ ETMC N¢=2+1+1,a=0.081 fm (Preliminary)
/g 4 ETMC N;=2, a=0.094 fm
~— ke NNPDF3.1

o ¢
%) | o
~ w
> g

b ——
~ w

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50 0.55

@ Lattice results have large errors compared to the

phenomenological results

@ Individual contributions receive contributions from

disconnected diagrams

@ Improved techniques for the disconnected needed
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Gluon momentum fraction

Direct Calculation: @— il [Gu@ %ﬁ%

¢ Not mcluded IN this study ?
¢ But we know that D _ B3(0) = —B5(0)




Gluon momentum fraction

Direct Calculation: @ i b6 [Gu@ %ﬁ%

¢ Not mcluded IN this study
¢ But we know that D _ B5(0) = —B5(0)

Disconnected diagram:
Noisy quantity
Requires special techniques
(smearing)
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Gluon momentum fraction &

Direct Calculation: @ i b6 [Gu@ %%

¢ Not mcluded in this study Renormalization:
¢ But we know that > B3(0) = —B5(0) ¢ Mixing with quark
: momentum fraction
Disconnected diagram: ¢ Perturbative
gOiSy'riiasntZ%'al technigues fblcs o
| | iqu
(Sriggring) i : (2)y = Zggl@)g + Zgq Z<9’5>B
q

e i e — N




Gluon momentum fraction

Blilecer@alctilatien: @ It [G@

¢ Not mcluded in this study Renormalization:
¢ But we know that D B3(0) = —B5,(0) ¢ Mixing with quark
i momentum fraction
Disconnected diagram: ¢ Perturbative
E‘O'Sy.qua”“ty. E renormalization
equires special techniques R B
(smearing) (T)g = + Zgq Z
C. Alexandrou et al.,Phys. Rev. D96,054503 (2017),
XQCD '18
= ETMC 17 () = 0.267(22)(19)(24)
0.00 0.05 0.10 0.15 0.20 025 0.30 0.35 040 0.45 050 0.55 0.60 0.65
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Momentum decomposition

<a7>u+—|—d+—|—s+—|—g o 107(12) (10)

H(X) Includes up, down, strange and
| gluons simulated at the the
1.0F----------- i --1  physical pion mass
| | Momentum sum satisfied within
0.8 NS
| © errors
0.6l N : . i
- = Crucial disconnected contribution
0.4} ﬁs’f @ e % (solid) compare to connected
- 72 T o S 1O f hatched
0.2} 2@ ﬁi\\ s 7% b= 7 ( . -
7 7% 1% Z Uncertainties are about 10% in
o7 78 85 7 W 7 component contributions
u, d, s, utdt+s, g Total 1
C.Alexandrou et al.,Phys. Rev. Lett. 119,142002 (2017),1706.02973
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Spin decomposition

xQCD collaboration
N¢=0

@ J* (CI + DI)
J4 (CI + DI)
0 J* (DI)

@Js

| 2.3(0.7r%
-3(8)%

M. Deka et al.,Phys. Rev.D. 91,014505 (2015),1312.4816

e —————————




ETMC

N=2r . 0562 n)

0.5k« - oo I .
0.4} <
o)
0.3| ﬁg =
7z = 7~
0.2+ gg E P\i g
7 2 73427
0.1} % S o L EX
%18 .5 N 7
N ﬁ: "B /
u S, u+d+s g Total

+

+ +

C.Alexandrou et al.,Phys. Rev. Lett. 119, 142002 (2017),1706.02973

Spin decomposition

xQCD collaboration
Nt =0

m J* (CI + DI)
@ J¢ (CI + DI)
O J* (DI)

o Js

2.3(0.7r%

-3(8)%
M. Deka et al.,Phys. Rev.D. 91,014505 (2015),1312.4816
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ETMC

N=2r . 0562 n)

In

0.5 - oo I .
0.4} <
o)
0.3| L{, =
AD = 7

0.2+ gs E P\i g

7 2 73427

0.1¢ % S o 4®ER 7

712 .5 N 7

N ﬁ: 55 /
u S, u+d+s g Total

+

+ +

C. Alexandrou et al.,Phys. Rev. Lett. 119,142002 (2017),1706.02973

Spin decomposition

xQCD collaboration
Nt =0

m J* (CI + DI)
@ J¢ (CI + DI)
_ O J* (DI)
T m Js
2.3(0.7r%

-3(8)%
M. Deka et al.,Phys. Rev.D. 91,014505 (2015),1312.4816

u, 0.64(6)

In preparation
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Orbital angular momentum

0.2 1

0.1- Lq_|_ . Indirectly from
0.0 +--- = e 1

01- Loy = Joy — 505,

Macloons quin stuustore fom LQCD————




Orbital angular momentum

0.5
|
0.3- 1
0.2-
0.1- | Lq_|_ . Indirectly from ?
0.0 > _ --- 1
—-0.2 1 %AE%
-0.3 - I
-0.4 1 . +
-0.5 . . .
X d, S, u+tdx+s, 1
C.Alexandrou et al.,Phys. Rev. Lett. 119,142002 (2017),1706.02973
%AZ i} L () }
uy  0.415(13)(2) 0.308(30)(24) -0.107(32)(24) 0.453(57)(48)
dy  -0.193(8)(3)  0.054(29)(24)  0.247(30)(24)  0.259(57)(47)
SR ilB) (@ D.046(21)(0) - 0.067(21)(1)  0.092(41)(0)
g L 0.133(11)(14) : 0.267(22)(27)
tot.  0.201(17)(5) 0.541(62)(49)  0.207(64)(45) 1.07(12)(10)
Kpiatkos Hadjiyiannakou Nuucleor qpirn stucture from (QCO fs)
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With Simulations directly at the physical point LQCD enters
a new era
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Summary

With Simulations directly at the physical point LQCD enters
a hew era

/\

« A complete LQCD study about the origin of the nucleon spin
Spin sum satisfied: Jattdy +ay+g = 0-541(62)(49)
Momentum sum satisfied: (z)u;+a.+s,+g = 1.07(12)(10)
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Summary

With Simulations directly at the physical point LQCD enters
a hew era

WA complete LOQCD study about the origin of the nucleon spin
Spin sum satisfied: s tdytoqt+g = 0-541(62)(49)
Momentum sum satisfied: (#)u;+a;+s.+¢ =1.07(12)(10)

< Large effort on addressing systematic effects

Volume effects: 64° x 128

Quenching eftects from the heavy quarks: Ny =2+1+1
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More ethicient ways to reach large momenta
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Summary

With Simulations directly at the physical point LQCD enters
a hew era

WA complete LOCD study about the origin of the nucleon spin
Spin sum satisfied: Juytdy+oy+g = 0-541(62)(49)
Momentum sum satisfied: (#)u,+a;+s.+¢ = 1.07(12)(10)

< Large effort on addressing systematic effects

Volume effects: 64° x 128
Quenching eftects from the heavy quarks: Ny =2+1+1

< Results of the Parton Distribution Functions on the lattice
Better understanding of the systematic effects
More ethicient ways to reach large momenta

v Further improvement
More efficient techniques in the determination of the
disconnected contributions
Better assessment of the excited states contamination
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Svystematic effects on the lattice

>k Discretization effects
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sk Simulations directly at the physical point
Systematic effects from chiral extrapolation are eliminated
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Several methods (Plateau, Summation, Two-state fit) to isolate
ground state
Noise-to-signal ratio increases rapidly at the physical point
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Svstematic effects on the lattice

sk Discretization effects
Extrapolation to the continuum limit
Simulations for several lattice spacing
2k Finite volume effects
Infinite volume limit
Simulations on larger volumes

sk Simulations directly at the physical point
Systematic effects from chiral extrapolation are eliminated
sk Excited States contamination
Several methods (Plateau, Summation, Two-state fit) to isolate
ground state

Noise-to-signal ratio increases rapidly at the physical point
sk Renormalization

Improved estimation using perturbative subtraction of lattice
artifacts
Mixing Is done perturbatively
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Extraction of the axia
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Extraction of the axial c
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_/

o 4 ;o . —
- r-m"w o ———

% SR
o 4/ )/ %47
I .Mm A H’u'? 4

Summation O t:=0.94fm A
Two-state O ts=1.13fm
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C.Alexandrou et al., Phys. Rev. D96 (2017) no.5,
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