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Outline

¥ Introduction
* State-of-the-art lattice QCD simulations
% 3D structure of the nucleon
* First and second Mellin moments
= Charges
= Axial form factors, arXiv: 2309.05774
= Spin content of the nucleon
* Direct computation of parton distributions

3 Conclusions



Quantum ChromoDynamics (QCD)

1 _
a a uv .
Locp = _ZFI“’F M+ Z by ((Y* Dy —my) Py
f=u,d,s,c,b,t
Uni les:
* nique properues Fritzsch, Gell-Mann and Leutwyler, Phys. Lett. 47B (1973) 365

% Confinement

% Asymptotic freedom

% Mass generation via interaction

QED

Quantum theory of the electromagnetic force mediated by exchange of photons

Hydrogen atom
MHydrogen — 0.01 MeV +938.29 MeV — 13.6 eV
me_ mp+ Ebinding

A. Stodolna et al., PRL 110 (2013) 213001

QCD

Quantum theory of the strong force mediated by exchange of gluons

Proton
my = 2.3 MeV +4.7 MeV + 929 MeV

2X My, mq Evinding

Artist impression 99% of proton mass from interaction!

Lattice QCD provides an ab initio method to study a wide class of strong interaction phenomena

% Lattice QCD uses directly Loop or the action Socp = / dz Locp



Lattice QCD
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Simulations of lattice QCD
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e Simulation of gauge ensembles {U}:
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Simulations of lattice QCD
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et Simulation of gauge ensembles {U}:

O _ 1 —Sqop|U]
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© quark A gluon
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Gauge ensembles generated by ETMC

Ng=2+1+1 ETMC ensembles

J ensembles completed and 3 OI

under production at physical pion mass 250+

* 5 lattice spacings 0.05<a<0.1 fm
—> take continuum limit directly at
the physical point avoiding chiral
extrapolation removing a major
systematic error in the baryon sector

* Two volumes at a=0.08 fm, 0.07 fm 150 -
and 0.06 fm of Lmz;~3.6 (5.1 fm) and R/ S\ S, S it
Lmy ~5.4 (7.7 fm) completed

C. A.etal. (ETMC), “Simulating twisted
mass fermions at physical light, strange
and charm quark masses” Phys. Rev. D98

(2018) 054518

200

My [MeV]

100

+ Simulation ongoing for 0.05 010~ 015
?llr;li?ginffg (81511?;101 a [fm * Simulation ongoing 483 x 96 a~0.09 fm

* Analysis completed for 643x128 a~0.08 fm
*Analysis ongoing for 963x192 a~0.08 fm

, 3 *Analysis completed for 803X16O, a~0.07 fm
* Analysis completed for 96”x192, a~0.06 fm *Analysis ongoing for 1123x224 a~0.07 fm

e Simulation ongoing for 1123x224, a~0.06 fm



Gauge ensembles generated by ETMC

J ensembles completed and 3
under production at physical pion mass

* 5 lattice spacings 0.05<a<0.1 fm
—> take continuum limit directly at
the physical point avoiding chiral
extrapolation removing a major
systematic error in the baryon sector

* Two volumes at a=0.08 fm, 0.07 fm
and 0.06 fm of Lm7~3.6 (5.1 fm) and
Lmy ~5.4 (7.7 fm) completed

250

200

My [MeV]

150

100

Ng=2+1+1 ETMC ensembles

© O

O

C. A.etal. (ETMC), “Simulating twisted
mass fermions at physical light, strange
and charm quark masses” Phys. Rev. D98
(2018) 054518

0.15

* Simulation ongoing 483 x 96 a~0.09 fm

* Analysis completed for 643x128 a~0.08 fm
*Analysis ongoing for 963x192 a~0.08 fm

* Analysis completed for 965x192, a~0.06 fm
e Simulation ongoing for 1123x224, a~0.06 fm

Results in this talk from the analysis of 3 physical point ensembles

* B-ensemble: 643 x 128, a~0.08 fm

* D-ensemble:963x192, a~0.06 tm
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3D structure of the nucleon

% Understanding the 3D-structure of the nucleon from its fundamental Wigner distributions
constituents, the quarks and the gluons, is major goal of nuclear p(z, k., br) e
physics and a key aim of on-going experiments and the future EIC 5-D correlations e 3:1:{? /
position . »
L ! .
. . . LOHgItUdII);L-nf)n;;’l;:-lln’l )7. (P Dpatons
¥ Lattice QCD can contribute towards this goal - many recent - ¢ °
developments to compute Mellin moments but also directly parton
distributions
N N
/& (x5, Q°)
- “/('xc';br ’:T) from Ba\cchetta‘ 2014
igner distributions
? o P both the form factors and
f d’b, f d’k, the PDFs are fully
Fouri encoded within GPDs
ourier trf. r 7
......................................... [f(x.k,. ) ] [ f(x,bT)I — N TR —
transverse momentum impact parameter b=-A'= generalized parton
distributions (TMDs) distributions distributions (GPDs)
semi-inclusive processes exclusive processes
F 4 ~ — —
[d’k, [d*b, [ ax [ dxx""
1D f(x) F(1) A, () +4E° A, (1) + wone
----------------------------------------- parton densnies form factors generalizw form
inclusive and semi-inclusive processes elastic scattering factors
lattice calculations

Studies 1n lattice QCD since the 1980s

EIC white paper, arXiv:1212.1701
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Generalised Parton Distributions (GPDs)

* High energy scattering processes: Factorization into a hard partonic subprocess, calculable in perturbation theory, and
a universal non-perturbative parton distribution

m\
ES
~—
[ ]

D. Mueller et al., Fortschr. Phys. 42, 101 (1994)

e(k) > Hard part e A. V. Radyushkin, Phys. Lett. B380, 417 (1996), hep-ph/9604317
Y e A. V. Radyushkin, Phys. Lett. B385, 333 (1996), hep-ph/9605431
-------- z----- Factorization e A. V. Radyushkin, Phys. Rev. D56, 5524 (1997), hep-ph/9704207
Soft part e X.Ji, Phys. Rev. Lett. 78, 610 (1997), hep-ph/9603249.
e X.Ji, Phys. Rev. D55, 7114 (1997), hep-ph/9609381
Nie) e X.Ji,]. Phys. G24, 1181 (1998), hep-ph/9807358

Deeply Virtual Compton Scattering

* GPDs are light cone matrix elements \@‘O? :
S
S
1 dz_ irPT 2~ -
Fr(e,61) = 5 [ S &P (NGO (—2/2TW (~2/2, 2/2)0(2/DIN D))+ ~0 20
. Pt 't +p I' structure defines 3 different types of GDPs
2
° T:—QQZ(p’—p)2
+
£ = P QPf . skewness

13



Computation of Mellin moments of GPDs

* Light-cone matrix elements cannot be computed using a Euclidean lattice formulation of QCD

* Expansion of light-cone operator leads to a tower of local twist-2 operators —> connected to moments that
can be computed in lattice QCD

OH1-tn = qppbaiDlz  jDHnty)
OF1-Hn — qhysyltriDH2 DRty

Offtr--tin = qpgPiriDl2 D e

q=q, + g+,

Forward matrix elements give moments of PDF's

unpolariz
—

helicity
%

Aq=q, —qr, 0¢=¢q; +qL

ed

(&™), = / dx 2 [q(z) — (—1)"q(z)]

(™) ag = / dx 2™ [Aq(z) + (—1)"Ag(z)]

tra,nsiirsity <xn>5q — /O dr x" [5Q(~T) _ (_1)77,5(?(33)]

direction of motion

Twist-2 PDFs

13



Computation of Mellin moments of GPDs
* Light-cone matrix elements cannot be computed using a Euclidean lattice formulation of QCD

* Expansion of light-cone operator leads to a tower of local twist-2 operators —> connected to moments that
can be computed in lattice QCD o(x)

' 1
Oul...un — IE,Y{,UL[:D/JJQ o iD'LL”}w unpol_a;"zzed <£Un>q _ /0 dr xn [q(x) . (—1)”@(1‘)]

OF1-bn = qhysy MG DH2 | i DFn ) heligity

. 1
Ogul...un _ @EJP{’”Z’DW o iDun}¢ tTansit;ars’Lty <£Cn>5q _ A dr " [5q(:€) . (—1)n5€7(ﬂ7>]

q=q +q, Agq=q —q, 0g=q;+qL hi(x,p2) - é

direction of motion

* Off-diagonal matrix elements yield moments of GPDs or the generalised form factors (GFFs)

/_ 1 dra" T H(z,&,7) = | ] [(2€)* Api(7) + mod(n, 2)(2£)" Cro(7)] Twist-2 PDFs
/_1 dx g;”—lE(SC,f,T> = | _ [(2£)an%(7—) — mod(n, 2)(2&)" n0<7_>]

14



Computation of Mellin moments of GPDs

* Light-cone matrix elements cannot be computed using a Fuclidean lattice formulation of QCD

* LExpansion of light-cone operator leads to a tower of local twist-2 operators —> connected to moments that
can be computed in lattice QCD q(z)

fi(xp?) (@)

1
_ ] ) unpolarized n n n
Opretin — gafmiphe | jDHny PO (") = / dxz™ q(z) — (-1)"q(z)] Bq(x) =g —q*
0 g1(x,p? C :
- _ elict ! )
QM1 bn ¢”75’Y{M1iDM2 o iD’u"}¢ L l_)ty <an>Aq — / dx x"™ [AQ(x) =+ (_1)nACY(x)]
01 0q(x) =q, +q-
O%ul...,un — ’QZO'/O{’LH?:D'M2 . zD“”}w t?“ansg?“szty <xn>5q — / dx xn [5Q($) o (_1)n5q—(x)]
0
h1<X,p2> -

q=q +q, Ag=q —q, 0g=q;+qL

* TFor off-diagonal matrix elements we obtain moments of GPDs or the generalised form factors (GFFs)  direction of motion

1 , n—1 , Twist-2 PDFs
/ drz"~ H(ZB, 57 7_) — [(25)1141% (T) + mOd(nv 2)(2‘5)” n0 (T)]
1 07 Ph. Hagler, Phys. Rept. 490 (2010) 49

1=

1 n
/ dx xn_lE(xa 57 T) — Z [(2£)Zan(7—) o m0d<n7 2)<2£)n n0 (T)]
-1 i=0,2,---
Special cases: n=1,2 for the nucleon

» n=1: t=0 —> charges gv, ga, gr
7 # 0 —> form factors: Aqo(7) = Fi(7

» n=2: generalised form factors: Asg(7), Bag

Bio(1) = F2(7'~), 12110(7')~= Ga(T), Bio(r) = Gp(7)
(1), Co(7), A0(7), Bao(T)

(w)g = A20(0), (x)ag = A20(0), (z)54 = Ay(0) and Jg = 3[A20(0) + B2o(0)] = 3A%, + L
]

N—"
~

N

* Spin and momentum sums: Zq BAEQ + Ly
15



Continuum results

 Axial charges extracted directly from the forward matrix element

0.550¢

1325} Isovector o505 | Isoscalar including disconnected |
¢ a=0.080fm, L=64a '
180T a=0.068 fm, L=80a 0.500
1275 1 A a=0.057 fm, L=96a 0.4751 —/_*,
-z( 1.250 1 % l T i a- O' L=5.4fm Z@( 0.450 % i
=) 1
1225} . 0.425} ]
1.200 1 0.400
1175} 0375 |
11501, N _ _ - 0 00320042 0052 0062 0072 0.082
0 00320042 0052 006 0.07 0.08 2 (2]
a2 [fm?] a[
' 0.02}
0.00l Strange
n Charm
~0.01}. 0.01
-0.02r o< 0.00 '\+\ .
& ~0.03} ]
’\%\\% —0.01} \;\
-0.04 il -
005 ~0.02}
~0.061, | | | | | i 0 00370042 0052 0062 0.072 0.082
0 00320042 0052 0.062 0.072 0.082 a’ [fm?]
a2 [fm?]
a=0.080 fm a=0.068 fm a=0.057 fm a— 0
g%=7 1253(21)  1.228(14)  1.255(20)  1.244(45)
g“te  0.467(14)  0.480(23)  0.455(20)  0.449(41)
9% -0.0355(53)  -0.0307(52) -0.0336(86) -0.027(16)
9% -0.0075(32)  -0.0052(34) -0.0039(53) 0.0003(99)

With our two additional lattice spacings we expect more stability in the results and reduced errors at the continuum limit ¢4



Nucleon isovector charges

1>u—d gv— |
(1) Au—Ad oa= 1.2723 £ 0.0023 =&7) reproduce
1>5 _5d gr— 0.53 = 0.25 M. Radici and A. Bacchetta. PRL 120 (2018) 192001

FCAG 2021 u-d
da
T T T 1 T
C—eD ETM 23
- FLAG average for N¢=2+1+1
— 1&' CalLat 19
x ETM 19
§ [ PNDME 18
I CalLat 18
z »-:?;-o-« CalLat 17
=T PNDME 16
- FLAG average for N¢=2+1
e —— NME 21
H—c—i LHPC 19
R Mainz 19
HFH PACS 18A
e —o—H PACS 18
I pHEH XQCD 18
= e ——i JLQCD 18
— LHPC 12A
b o, y LHPC 10
H———H RBC/UKQCD 09B
H—C—t RBC/UKQCD 08B
|—c|J——| LHPC 05
——— Mainz 17
H—C—H : ETM 178B
—r ETM 15D
& H——H RQCD 14
= H—r—H QCDSF 13
pp——T——H Mainz 12
- I — RBC 08
I—l—:—D—H QCDSF 06
o
X | + ~ PDG
09 10 11 1.2 1.3 14

Lattice QCD results on ga consistent with experimental value



Nucleon isovector (u-d) tensor charge

% Only connected contributions

0.98FT T T
o 0.924(54)
0.96
o
| 0.94F F
Sk O .
o 0.92
0.90 B
0.000 0.002 0.004 0.006

aZ [fm?]

Continuum limit

ETMC22 |

ETMC19 F
PNDMEI18 |
RQCD23
QCDSF+23
xQCD22
Mainz22 -
NME21 |
Mainz19
JAM22
Radicif t
Kang -
Goldstein [

Pitschmann

directly at physical
e pion mass
It / .
=%
A
e
-
o
o
: *
—e—
0% 050 075 L0 12

¥ Precision results on the isovector tensor charge - input for phenomenology e.g. JAM3D-22 analysis

Phys.Rev.D 106 (2022) 3, 034014, arXiv:2205.00999

18


https://arxiv.org/abs/2205.00999

¥ Evaluate both connected and disconnected contributions

% Obtain flavor diagonal tensor charge for the first time in the continuum
using only physical point ensembles - input for phenomenology

ETM22+
ETM19
PNDME20
Mainz19

Precision era of lattice QCD for first Mellin moments including flavor diagonal

Flavor diagonal tensor charge

-0.001 F ¢

=
‘S -0.002

-0.003

® 0.762(37) |

® -0.183(12)

® -0.00187(86) |

| —

0.000 0.002 0.004 0.006

Only calculation in the continuum limit directly at the physmal oint

a2 [fm?]

(fsv ts)

%’

0.75 080 085

C 1 1 ‘ 1
-0.25 -0.20 —0.15

—0. 010 —0.005 0.000 0. 005
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Electromagnetic form factors

Mainz results: D. Djukanovic ¢f al., arXiv:2309.06590

1.0 ——— this work * exp. [y
{ Al ep scattering
S0.8-
S
53
S 061
S
0.4
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.0 0.1 0.2 0.3 0.4 0.5 0.6
Q* [GeV? Q? [GeV?]
0.061 —— this work
t  exp. world data
% 0.04 —
2 S
< 0.02- ,/ )
=R
O
0.00 1
, , , , , , , 2.04, , , , , , ,
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.0 0.1 0.2 0.3 0.4 0.5 0.6
QZ [Gev2] Q2 [GeVz]
Proton Neutron
CSSM/QCDSF/ | - — [ —
UKQCD14
PACS19{ ot
ETMC204 +A— H—A—
Experiment /PDG x 8 HEH  HOH X X n
Mainz21(u — d) | roll .
+ exp.(n)
This work(u —d) | - !
+ exp.(n)
This work - H 7 1= fl
16 Ll Ll L} 1 T T
o o0 ? 25 S PSS RN
p
V(rz)p (fm]  V(ri)? [fm] ar G2y fm2) V()" ()

Only one ensemble at
physical pion mass —>
chiral extrapolation needed

However, impressive
accuracy
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Strangeness of the nucleon
% Sea quark effects can be accurately determined for EM form factors —>

provide precise input to experiments

B-cnsemble: 64° x 128, a~0.08 fm

0.008 =

0.006 | Sigmﬁccmt injout to exyerimenm[ searches

e.q Q;Weaﬁ, Sol1D, etc

0.004 -

0.10 — :
< 0.0045 \
& 0.002 0.0035 |
I
0.0025
I "
0.000 I
0.05 0.0015 w
N 0-000% 5370.02-0.010:00 -
~0.002 | > : 0220.01-0:
L L L L L L L L w -
00 01 02 03 04 05 06 07 08
Q*[Gev?] T
, , ~ 0.00F
Cl\/égatwe magnetic moment <
0.01 . T E).'Sq
=== Young et al.
0.00 Jimenez et al., 14'
~0.05 M e Liu et al.
~0.01 ===  Jimenez et al., 13’
—_ === This work
(\IOJ 1 1 1 1 1
2 _0.02 -0.4 -0.2 0.0 0.2 0.4
G$,(Q%=0.1GeV?)
-0.03+
-0.04 +
00 01 02 03 04 05 06 07 08 C. A. et al., Phys. Rev. D 101 (2020) 031501, arXiv:1909.10744

Q?[GeV?] 21


https://arxiv.org/abs/1909.10744

Axial and pseudoscalar form factors

Qu

(N(p’,sNALIN(p,s)) = an(p'ss") |[YuGA(Q?) — Gp(Q?)|vsun(p,s)

Extract from ——

lattice QCD ———
(N(p’,s")IP5IN(p, s)) | G5(Q*)un(p’,s')ysun(p,s) q?=-Q?

% Chiral symmetry breaking leads to: 0"Ay, = Fxman

¥ Axial Ward-Takahashi identity leads to PCAC : OFA,L =2mgP, mgqg =m, =mgq <

¥ Take nucleon matrix elements :

2
G A Q G 2 :&G 2
AQ) — g 6r(Q?) = [19G5(Q)
F.m2 G 2
G5(Q?%) = n G (Q7) <+<— Goldberger-Treiman relation

mg mZ+ Q?

_ 2mg

F.m

P

2
7T



Background

Qu

" Imn Gp(Q?)|vsun(p,s)

(N(p’ys)ALIN(p,s)) |=un(p’ys") [YuGA(Q?)

Extract from ——

lattice QCD ——

(N(p’,s")IPsIN(p,s)) = Gs(Q)un(p’ys")vsun(p,s) q*=-Q)?

<

% Chiral symmetry breaking leads to: 0"A, = F,ma, 2m,P

2
% Axial Ward-Takahashi identity leads to PCAC:  9*A,, = 2mgP, mq = m, =g < Frmz

¥ Take nucleon matrix elements :

2
GA(Q?) — 2 Gp(Q?) = M gs(Q?)

éhnﬁ TN

FrmZ G z
Gs5(Q%) = =—= NN (Q) <+— Goldberger-Treiman relation

mg mZ+ Q?

_Amg
Q7+ m2
F

GAQ?) = =Gann(Q7)

Ga(Q?)

% Pion pole dominance: ~ Gp (Q?)

Q?——m7
Q?——m7
¥ At the pion pole we get the pion nucleon coupling: gnNN = GanN (Q* =—m3)

lim (Q% + mi)Gp(Qz) = dmnFrgann

Qz5-m2

m,; —0 MmN

m
9NN :mNGA(_mi)/Fn " YA and  Agr=1-— IATIN

gﬂNNFn

1s the G'T' discrepancy



Results

e Axial and induced pseudoscalar form factors

 cB211.07264 ¥ cC211.060.80 4 cD211.054.96 $ cB211.07264 ¥ cC211.060.80 % cD211.054.96
= 9a=1.247(30) ] ) X gp =9.55(48) |
| X 12-0.342(55) [fm?]
A .
-~ 1.0
&)
=
O 08}
06
0.0

e Pseudoscalar form factor

¢ cB211.072.64 1 cC211.060.80 4 cD211.054.96

1035 X gT[NN=135(12) E

® a=0.080fm, L=64a
Vv a=0.068 fm, L=80a
A a=0.057 fm, L=96a
¥ a->0,L=54fm

MqGs(Q?) [MeV]

% Dipole and z-expansion fits, various ranges — model average using AIC



PCAC and pion pole dominance (PPD)

¥ Check PCAC and PPD relations

Ga(Q*)  Q*+m2

2
4mN

Gp(Q?)

2 2
Qe ——m2

¢ cB211.072.64 | cC211.060.80 4 cD211.054.96
=g

Ga(Q?)/Gp(Q?)

o3k ¥ f(-m2)=-0.0006(14) - ] X

e

0.1F Continuum exfrapolation

00 & c1 ~1/4mn?

0.0 0.2 0.4 0.6 0.8 1.0 Co ~mg2/4 mn2

Q2 [GeV?]

Continuum extrapolation using:

f(QQ, a2) = co + c1Q% + c2a® + c3a2Q?

o 4mN qu5(Q2)

Q%2——m?2

¢ cB211.072.64 | cC211.060.80 4 cD211.054.96

Lal ¥ f(-m2)=1.015(11) ]
% 12F { .
11F .
10| BE == m oo .
0.0 0.2 0.4 0.6 0.8 1.0
Q2 [GeV?]

Q? dependent deviation among from pion pole

4mN m G5(Q2) o Q2
e G ”6(”_)

mz
From the slope € we can compute G'T' deviation:

Agr = —0.0216(43)(10) «— 2% in ChPT

2d1sms  dig = —0.0288(60)(18) fm?

ga T

Low energy constant

AGT p—

25



Recent results on GA(Q?2) and Gp(Q?2)

5 T T T T T T T ]
) $ cB211.072.64 Y cC211.060.80 )\ cD|211.054.96| This work
]
L e St T 9
SE
< £
g 08}t S g 8 a8 [ ] ® - (1 +
&
- 0‘6 i 1 C 1 1 1 1 1 1 1
0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
0.4 Q? [GeV?]
0.0 0.2 0.4 0.6 0.8 1.0
Q? [GeV?]
I I I
19 =———Thiswork |
[ Ma|n222 1.2 —This work N
< 10fF 1.0 —:=VH, Minerva .
g S o08Ff ===vD, Meyer et al.
> 0.8 g

o < 06

0.6 04r it TS Dl E e

o T — ;

000 025 050 075 100 125 150 1.75&.00

0.00 025 050 0.75 100
Q? [GeV?] deuterium bubble-chamber data,
Phys. Rev. D 93, 113015 (2016)

¥ PCAC satisfied in the continuum limit

¥ Pion pole dominance satisfied for induced pseudoscalar

¥ Lattice QCD results closer to the new Minerva antineutrino-hydrogen data
T. Cai et al., Nature 614, 48 (2023)

¥ Agreement between our results and those of Mainz

D. Djukanovic et al. PRD 106, 074503 (2022), arXiv: 2207.03440
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Comparison

- o] {F e - HeeH HdeH -
s = = H= HAH -
_ |.Ib.| 4 4 -
i 1F = A .
- W i} ] _
- —— - —¥— - F¥ —¥
daal 1 [P . " ¥ -
- i} ] _
12 13 14 030405 7 8 9 10 12 14 16
ga <r§> [fmz] g; OnNN

¥ Very good agreement among lattice QCD results

This work
PNDME23
RQCD23
Mainz22
NME21

H RQCD19,!z4+3

RQCD19,!12P
CalLat19
FLAG21

C.A., S. Bacchio, M. Constantinou, J. Finkenrath, R. Frezzotti, B. Kostrzewa, G. Koutsou, G. Spanoudes, C. Urbach, arXiv:2309.05774
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Second Mellin moments

¥ Quark unpolarised moment OQ#*9 = qu{“i D¥}q

w{“aan”}

(N(p',s")|O*|N(p,s)) = an(p, 8) A%o(tf)v P34 BSo(d°)

+C30(q 2)

NN

(z)q = A3(0) Ago

T

Momentum fraction carried by quark -
best measured

On o
= ' <_)i 5 Ui
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Second Mellin moments
¥ Quark unpolarised moment O*”? = gy\#iD"1q

Field strength tensor
% Gluon unpolarised moment Q"9 = Fi#PF e — g

Momentum fraction carried by quark -
best measured

¥ Equivalent expression for gluon %ﬁ%

@) = A(0)  Jy= 5 [A%(0) + B(0) @

wep Momentum sum: »_ (), + (x)y = 1

s> Spin sum: Zq Jg = 3

Ja

% Matrix elements of helicity and transversity one derivative operators yield () Aq, (Z)sq
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Second Mellin moments

¥ Quark unpolarised moment O*"? = gy'*iD" ¢

% Gluon unpolarised moment Q"9 = Fi#PF e —

Field strength tensor

jolreg, pv}

2m

q{uqv}

+C4(a*) 2 un (p, )

Momentum fraction carried by quark -
best measured

¥ Equivalent expression for gluon

(z)g = Ag(0)

# Nucleon momentum sum verified

| |
_ Ol
Zq<x>q + (r)g = 1.04(12) 8
oo}
- —
—
LN
v
i 9;1 3
o N
o ~
<1 © ™
o o o o AN
o o N N <
- o - I, o o
S ] =) =
o) oo ~N o
™M — P
| | | = |




Momentum and spin sums

Axial ch det I INtrinsl ' ied b h k :
¥ Axial charge determines intrinsic spin carried by each quar T,y = % [AZ9(0) + B9920(0)
1 0-6 I I I I I I -I
AXg, (1) = / dz [Aq(x, 1*) + Ag(z, p)] = g N
0
0 ) - -
06 T T T T T o
S Jg+ Jy=048(7) £
O o I i I - 0.4} <
= =)
0.4 = | ©
o - 0.3} 2 ] S
=) S | il )
03| 5 = ]
L. 02 ® u : 0.2 =l T 2 :
pq\] 0 LN o\o LN oM
— | 01 B mM - § G o\o o\o %
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| g 7w Ly=J,— 1A%, T
— | | | | | 0-6 I I I T T
0.3
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0.4¢ 2N N S >
— ) ) ]
S ] S -
0.2} 2 5 > S
. % . e R & = 2]
Nucleon spin sum verified - lattice QCD S o ~ o~ B
solves a 30 year puzzle |8
-0.2F X
g i
C. A. ¢t al. (ETMC) Phys. Rev. Lett. 119, 142002, 1909.00485 g
C. A. ¢t al. (ETMC) Phys.Rev.D 101 (2020) 9, 094513, 2003.08486 ~ —0-4E — ' = = -


https://arxiv.org/abs/1909.00485
https://arxiv.org/abs/2003.08486

Direct computation of parton distributions

* PDF5s light-cone correlation matrix elements - cannot be computed on a Euclidean lattice s,

1 dz~

Fr(z) == [ —— P = (N®)|(—2/2)TW (—2/2, 2/2)1(2/2)|N (9))] 2+ —0,2—0

2 2T

* Define spatial correlators e.g. along z3 and boost nucleon state to large
momentum

X. Ji, Phys. Rev. Lett. 110 (2013) 262002, arXiv:1305.1539

e Match to the infinite momentum frame using the matching kernel computed in

perturbation theory (large momentum eftective theory - LaMET)

* Allow momentum transfer —> generalised parton distributions

matching
boost—>00
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Computation of quasi-PDFs

e Compute space-like matrix elements for boosted nucleon states and take the large boost limit

~ > d : _
Fr (m, Ps, Iu) = 2P; / ﬁe—ngz <P3| @D(O) FW(O, Z) w(Z)l Ps <4——Renormalise non-perturbatively, Z(z,p)

— 00 eed to eliminate both UV and exponential divergences

* Match using LaMET

/ Perturbative kernel
Fr(x, P3, ) /1dy (xu>F< ) +o (™, Ao
I x) 37/’6 — T K I yalu ’
1 1yl y yhs P?’ P?

X. Ji, Phys. Rev. Lett. 110 (2013) 262002, arXiv:1305.1539
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Direct computation of PDFs (and GPDs)

o (Compute space-like matrix elements for boosted nucleon states and take the large boost limit

n  dz —ixP3z A
Fr (ZE, Ps, ,LL) = 2P3 / Ee s <P3| %D(O) FW(Oa Z) 77b(z)| P3@4— Renormalise non-perturbatively, Z(z,p)

— 00

Need to eliminate both UV and exponential divergences

e Match using LaMET / Perturbative kernel
1 2 2
- dy r W m3 Agep
el P = [ 2 (—,—) Fr(y u) +0 [ 2,
lyl o Ny yPs p2’> P2
X. Ji, Phys. Rev. Lett. 110 (2013) 262002, arXiv:1305.1539
State-of-the-art results on helicity
Isovector (u-d) 0.75¢
)
0.50
éins + 2, ting) <|
(Fins: tins) J0,0) g
= = 0.00f
j@s’ tS - )
Yo unpolarised '2@1\
. . 0.0
I'= @ helicity |
03;,9 = 1,2 transversity > BN exp
5—0.2; EEE exp+lat
1 lat (DFT)
C.A. et al. (ETMC) Phys. Rev. Lett. 121, 112001 (2018) 1072 1071 10°

i

Parton distribution functions can be computed directly in lattice QCD
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Helicity distributions

x Au(x)

x Ad(x)

.....

0.02 A

0.00 £

—0.024

0.0 0.2 0.4 0.6 0.8 1.0

C. A., M. Constantinou, K. Jansen, F. Manigrasso, Phys. Rev. Lett. 126 (2021) 10, 102003, arXiv:2009.13061
C.A., G. Iannelli, K. Jansen, F. Manigrasso, Phys. Rev. D 102 (2020) 9, 094508, arXiv:2007.13800

* Computation at the physical point 1s currently on-going
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Unpolarized gluon PDF

¥ Calculate the matrix elements of a spin-averaged nucleon for two gluon fields connected by a Wilson line

¥ Use Wilson flow to reduce ultraviolet fluctuations

¥Pseudo-PDF approach with pion mass 358 MeV

4 - ETMC- Preliminary
JAM20
3 HadStruct21
8
= 2
&
1
p=2 GeV
0 S ———

0.0 0.2 0.4 0.6 0.8 1.0

(J_C}ins +2,tjns)

@ins' tins)

—— j& O)
<
T 1) -

T. Khan, ¢t al. (HadStruc Collaboration) Phys. Rev. D 101 (2021) 094516, 2107.08960
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Conclusions

(I) Lattice QCD results produces known experimental values of e.g. nucleon axial charge, EM form
factors, etc —> predict tensor charge, axial form factors

(2) Lattice QCD provides accurate results on second Mellin moments that probe the distribution of spin
among the quarks and gluons

(3) Direct computation of PDFs, GPDs and TMDs providing a more complete picture of hadron
structure 1s a very active field

M

»

g
i. o

e 1
N~ 27

2?? :

-

Pattice 2
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