Nucleon Transversity from lattice QCD
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¥ Introduction
* State-of-the-art lattice QCD simulations
% 3D structure of the nucleon
* First and second Mellin moments
= Charges & from factors
= Transverse densities, Phys.Rev.D 107 (2023) 5, 054504
* Direct computation of parton distributions (PDFs and GPDs)

¥ 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



Simulations of lattice QCD

<(9>=1/D[U]O(D;1[U],U) [] Det(D;[U]) | e SacolV]

Z
f=u,d,s,c
w _____ S 1. Simulation of gauge ensembles {U}:
e PUI=5 | T Det(Dsiw)) | esacelt
e 2\ jidise

© quark A gluon
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E'TMC: S. Bacchio, J. Finkenrath, R. Frezzotti, B. Kostrzewa, C. Urbach



Simulations of lattice QCD

<(9>=l/D[U]O(D;1[U],U) [] Det(D;[U]) | e SacolV]

f:u7d78?c

@ - 1. Simulation of gauge ensembles {U}:

>°g P]=— | [I Desnsv)) | e Secrlt]
f=uds,c

© quark A gluon

2. Quark propagators: inverse of Dirac matrix D¢ U]: Multi-grid solvers
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H ETMC: S. Bacchio, J. Finkenrath
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Gauge ensembles generated by ETMC

NgE=2+1+1 ETMC ensembles

5 ensembles completed and 3

under production at physical pion O
mass 2501 |
* 5 lattice spacings 0.05<a<0.1 fm
—> take continuum limit directly 3 200} @ -
at the physical point avoiding =2,
chiral extrapolation removing a major & O
systematic error in the baryon sector 150 s _ Physical mass point]
* 2 volumes at a=0.08 fm, 0.07 fmand | 4;:*@) _____ @ ____________________________
0.06 fm of Lm~3.6 (5.1 fim) and Lz / /
~5.4 (7.7 fm) completed 0.65 O.I10 AN O.|15
a[f * 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 969x192, a~0.06 fm
e Simulation ongoing for 1123x224, a~0.06 fm

ETMC: S. Bacchio, J. Finkenrath, R. Frezzotti, B. Kostrzewa, C. Urbach

C. A. et al. (ETMC) Phys. Rev. D98 (2018) 054518



Gauge ensembles generated by ETMC

d 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

* 2 volumes at a=0.08 tm, 0.07 fm and
0.06 fm of Lm;~3.6 (5.1 fm) and Lim,
~5.4 (7.7 fm) completed

My [MeV]

250

150

100.t

NE=2+1+1

ETMC ensembles

| ©0

| ~{ ) ~Physical mass point]
_____________ ‘:_,/ _ @ C_ophysical mass pot
0.05 010 -

alf

* Analysis completed for 969x192, a~0.06 fm
e Simulation ongoing for 1123x224, a~0.06 fm

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

C. A. et al. (ETMC) Phys. Rev. D98 (2018) 054518

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

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

* D-ensemble:963x192, a~0.06 fm
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3D structure of hadrons

¥ The 3D-structure of the nucleon is a major part of on-going
experiments and of the future EIC

¥ Lattice QCD can contribute towards this goal - many recent
developments to compute Mellin moments but also directly
parton distributions

W(x,b, k,)
Wigner distributions

[d*b, ‘

[d’k,

Wigner distributions

Transverse momentum

K
TMD /)
Trahsverse
position »

by o
A ‘G?DP‘“ tons
. .

p(z, kr, br)
5-D correlations

Longitudinal momentum

kT = zBb
PDF

// \N (xB, Qz)

from Ba\cchetta‘ 2014

both the form factors and
the PDFs are fully

Fourier trf.
b, <> A

N
‘ S(x,k;) \

transverse momentum

impact parameter

4
‘ f(x,b )\ s - H(x,0.1) | —
d : { —A2:7' C

encoded within G’PDs

[ fw
I
-

generalized parton
distributions (GPDs)
exclusive processes

fdx

fdxx"'l |

-—»

distributions (TMDs) distributions
semi-inclusive processes ]
r 4 ~ —
[d’k, [d*b,
%4 N -
1D f(x) F,(t)

parton densities
inclusive and semi-inclusive processes

form factors
elastic scattering

A, (O)+4EA, (D) + ...

generalized form
factors
lattice calculations

Studies 1n lattice QCD since the 1980s

EIC white paper, arXiv:1212.1701



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) @
. 1
OF1bn = hytigDH2 DRty unpoldrized (x™), = / drz" |q(x) — (=1)"
0

41%\:
AL M — ], {w1; pre T n } helicity n _ : n n C
O = Yysy P DR e D) — (™) Aq drx" [Aq(z) + (—1)"Aq(x

0

=g +q

. 1
Ot = Gt Dty T gy, — [ da (o) ~ (<1)"sq() &
0

hi(x,p?)
q=q +q, Ag=q —q, 0g=q;+qL

direction of motion

Twist-2 PDFs

Ph. Hagler, Phys. Rept. 490 (2010) 49
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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 o(x)

can be computed 1n lattice OCD
; ) 1 ﬂw@
Ot — gD ipily I ), [ daar )= (1'a)]
0

- 1
OF1-bn — ghysy B i DH2 i DFnty) heligity (™) anq = / drz" [Aq(x) 4+ (—1 "Aq @_' @_)
0

=g +qn

. 1
Opfibn = yhgPimi D2 DHnly) frangraity (x")sq = / dr z" [0q(x) — (—1)"q(x)]
0
hl(X,}ﬂ)(B _ (5
q=9q,+qr, Ag=q —qr, 0¢g=q; +q1

direction of motion

% For off-diagonal matrix elements we obtain moments of GPDs or the generalised form factors (GFFs)  Twist-2 PDFs
e.g unpolarized

1 n—1
/ doa™ H(z.&m) = 3 [(26)'Ans(r) + mod(n,2)(26)" Cuolr)

Ph. Hagler, Phys. Rept. 490 (2010) 49

/_1 dx a;”—lE(CE,f,T) = | [(%)iBm(T) — mod(n, 2)(2&)" nO(T)}
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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
. . q(z)

can be computed in lattice QCD
i) @)

1
- ) . unpolarized n n n —
OF1bn = hytirgpDH2 DRty g (™) g = / drz" [q(x) — (—1)"q(x)]
: Bilpl) M =a”—a"

@,ul...,un — 1;’75’7{M17;D’u2 o Z’Dun}w helz_c)zty <33n>Aq _ / dr " [ACJ(x) + (_1)?1Aq(33)] @—) - @—5
0

=4qL+qn

. 1
Opﬂl wﬂp{ul iDP2? .iD'u”}w transingrslty <$n>5q _ / dr =" [5q(x) ( n5q
0

q=q +q, Ag=q —q, 0g=q;+qL (x,12) &) é

direction of monon

* TFor off-diagonal matrix elements we obtain moments of GPDs or the generalised form factors (GFFs)  Twist-2 PDFs
e.g unpolarized ,q n—1

/ dx a:”_lH(aS, £,7) = [(QS)iAm(ﬂ + mod(n, 2)(2£)" nO(T)]
! ' Ph. Hagler, Phys. Rept. 490 (2010) 49

/_1 dx g;n—lE(CE,f,7'> — | — [(25)7'3,”@(7) — mod(n,Q)(Qg)n nO(T)]

Special cases: n=1,2 for the nucleon
» n=1: t=0 —> charges gv, ga, gr
7 # 0 —> form factors: Ayo(7) = Fi(7), Bio(r) = Fa(7), A1o(7) = Ga(r), Bio(r) = G,(7)
( 7),  Ago(7), Bao(7)
(#)g = A20(0),  (x)ag = A20(0), (x)sq = AJp(0) and Jg = 5[A20(0) + B2o(0)] = 345, + Lg

2
%
)

~—

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

* Spin and momentum sums: Zq [%Azq + Lyq 12



Mellin moments - precision era of lattice QCD



First Mellin moments

Moments for small n are readily accessible on the lattice from matrix elements ot local operators

Computation of the low Mellin moments has a long history, G. Martinelli and Ch. Sachradja Phys. Lett. B217
(1989) 319

Only recently we have results directly at the physical point (1.e. sitmulations with m; ~ 135 +/-10 MeV)

Nucleon isovector charges

gv = (L)u—a ov=1
ga = (1) Au_Ad or= 1.2764 = 0.0006 =&) reproduce
g1 = (1) su—_sd gr= 0.53£0.25 M. Radici and A. Bacchetta. PRL 120 (2018) 192001

Determine for each quark flavour
c.g AX + = g%

A, (1) = / dx [Aq(a, 12) + Agla, 1)) = g,



* Axial charges extracted directly from the forward matrix element

Axial charges

Isovector
1.30F—
————— Exp= 1.27641(56)
3 1.250(24)
1.28}
_____________________________________________________________________________________ 1
T
o 1.26} I
1.24}
0.000 0.002 0.004 0.006
2 2
a”[fm?]
Strange
—0.02f |
—0.03] I
»n<C ._//r/. I
m C
—0.04}
—0.05} ]
7 -0.037(18)
0.000 0.002 0.004 0.006

a?[fm?]

0.01

0.00¢

—-0.01r -

—0.02

* Non-zero strangeness, upper limit on charmness of 0.013
* With our two additional lattice spacings we expect more stability in the results and reduced

errors at the continuum limait

Isoscalar including disconnected

7 0.451(30)
0.000 0.002 0.004 0.006
2 2
a”[fm?]
Charm
7 0.003(13)
| ig
0.000 0.002 0.004 0.006
2 2
a’[fm?]
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Nucleon isovector (u-d) axial charge

FLAG2021

FLAG average for N¢=2+1+1
CalLat 19

ETM 19

PNDME 18

CalLat 18

CalLat 17

H—CHH PNDME 16

2+1+1

<D ETMC 24
—l-
o
H=L =
wh

Ns

- FLAG average for Ny=2+1
0 NME 21
H—— LHPC 19
Mainz 19
PACS 18A
PACS 18
x XQCD 18
e ——r| JLQCD 18
e — LHPC 12A
| 0 | LHPC 10
H—UO—H RBC/UKQCD 09B
H—{— RBC/UKQCD 08B

|—[|J——| LHPC 05
— Mainz 17
: ETM 17B
ETM 15D
RQCD 14
QCDSF 13
Mainz 12
O—— RBC 08
—+—+—1——+ QCDSF 06

|
+ PDG

N¢=2+1
i I

Lﬁ%

Expt

Lattice QCD results on ga consistent with experimental value

16



% Only connected contributions

0.98r
0.96+
3 M~
S 0.94+
0.92r

0.901

% ,

0.961(32)

0.000

0.002

a?[fm?]

0.004

0.006

ETMC24
ETMC19
PNDME1S8
RQCD23
QCDSF+23
xQCD22
Mainz22
NME21
Mainz19
JAM22
Radici
Kang
Goldstein

Pitschmann

Nucleon isovector (u-d) tensor charge

Continuum limit

directly at physical

pion mass
u—d
T
. . . Vo .
LA
e
o
: ® :
®
—@
—e—
0.25 0.50 0.75 1.00 125
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0.775}
% 0.750¢1
0.725}
—0.19} |
& —0.20F [
—0.21}1
0.000l & -0.0020(13) |
0k
(@)}
~0.002} |
5 -0.0042(34)
0.000}
Ok
(@)}
_0.005 - w .
0.000 0.002 0.004
a2[fm?]

Flavor diagonal tensor charge

i

7 0.763(32

)

5 -0.199(12) . |

I

—a—
1

0.006

¥ 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

FJAMS3D-22: o19=0.78(11) and g14=-0.12(11), arXiv:2306.12998

Thanks to Daniel Pitonyak

Only calculation in the continuum limit directly at the physical point

e

e

g7 gr T
ETM24 | ' ' '
ETMI19 ,_A_.e
PNDME20 | :
Main219 B 1 ‘ 1 1 I- 1 | 1 | 1 B 1 1 J ‘ 1 1
0.70 0.75 0.80 0.85 —0.25 —0.20 —0.15 —0.010 —0.005 0.000 0.005

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

18



Flavor diagonal tensor charge

0.775| | | 5 0.763(32) _
< 0.750
0.725¢ "
—0.19} | | 5 -0.199(12) . |
% —0.20F T
-0.211 1
0.6 ] AM22
3 0.4 \E JAM22 (no LQCD)
< u
0.2
8
00 l 1 1 1 _— O 3 1 1 1 1
02 04 06 08 @I 02 04 06 08 @

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

L. Gamberg et al. (JAM) Phys.Rev.D 106 (2022) 3, 034014, arXiv:2205.00999
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https://arxiv.org/abs/2205.00999

1.2

—_ 1.0
N
c
<C
Q)

0.8

0.6

Axial form factors

¢ cB211.072.64 | cC21.060.80 4 cD211.054.96

ga=1.247(30) |
X 1220.342(55) [fm?]
OfO 052 Of4 Of6 018
Q2 [GeV?]

1.0

® a=0.080fm, L=64a
¥ a=0.068 fm, L=80a
A 2=0.057 fm, L=96a
¥ a->0,L=5.4fm

% Provide input for neutrino experiments

% Pseudoscalar form factor Gs also computed
and shows similar behavior to Gp—> check
PCAC and Goldberger-Treiman relation

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

C.A., S. Bacchio, M. Constantinou, J. Finkenrath, R. Frezzotti, B. Kostrzewa, G. Koutsou, G. Spanoudes, C. Urbach,
arX1v:2309.05774

20



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

1 1 1
1.2 This work - 1.2 ——This work .
=== Mainz22 1.0 —:=vVH, Minerva .
< 10F S 0.8 ===vD, Meyeretal. -
O c
~ < 06 -
< o8k © = S
(D . 04_ \~~~~-\.§.§.§ — —
0.2 T =
06 B 1 1 1 1 1 K 1 _I—_-_-
0.00 0.25 050 0.75 1.00 1.25 1.50 1.75 2.00
| | |
0.00 0.25 0.50 0.75 1.00 deuterium bubble-chamber data,
Phys. Rev. D 93, 113015 (2016)
Q? [GeV?]

¥ 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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Second Mellin moments
% Quark unpolarised moment: O*/ = ) fy{l*@‘l(_)> a ;

Field strength tensor
% Gluon unpolarised moment: O#*9 = Fi#PF e b g

(N, s")|orI

Momentum fraction carried by quark -
best measured

% Equivalent expression for gluon

1 ins, Uins
<m>g — Ago (0) Jg — 5 [Ago (0) T Bgo(o)] (@,@@(ﬁ,,tﬂ)

wp Momentum sum: ) ;{z =1 53%

s> Spin sum: @AE(J f@—l— Jg = @

¥ Matrix elements of helicity and transversity one derivative operators yield: (z)aq,, (T)sq;

22



Transversity moments

¥ First Mellin moment of transversity GPD

_ [ V] Plegrl
v _ v e q
(NG, )G s IN (p,5)) = an(p', ) [0“ Af1o(@®) i — Blao(@®) + =3 — Afp(@”) | un(
N

9% — A{mo(O)

v T v A
¥ Second Mellin moment of transversity GPD: 0/7{ Pt =)o i p}wf

v _ 1 , 5 - plugiv] pe}
<N(p,7 5,)‘011{ p’f’N(Pa 3)> — uN(p’, 3/)5 [A§20(q2) ioivl pey T AZ}QO(QQ) 2 +
N

[ g {v] pr} . [ pi{v] e}
7 a Y q
‘/}%20(‘12) MmN T B{?O(qz) _— un (p, s

()5q; = A (0)

Brno(q?) = / dx 2" 1Ep(z,0,¢%), M. Diehl and Ph. Hagler, Eur. Phys. J. G 44, 87 (2005),
/11 hep-ph/0504175.

Transversity GPDs can be written in terms of the combination: Er + 2fIT ’



Continuum limit of isovector generalised form factors

¥ Continuum extrapolate in a2

¥ All results are in the MS scheme at 2 GeV

1.0

0.8

@S

Ar10(0)

"
.

- —h— —a—
3 Br10(0)/4 %

2 Az0(0)

AT&LQ)

—o ¢
.} N
¢ ’

¢
B,0(0)/3

0.000 0.002 0.004 0.006

a% [fm?]

Brio = Brio + 2A710

0.008

¥ The u-d anomalous tensor magnetic moment
kT = Br10(0) = 1.051(94)
Bl +2H) < —hi

/

—> non-zero Boer-Mulders function

¥ Momentum fraction
<5E>u—d = AQ()(O) — 0126(32)
% u-d total angular momentum

Ju—a = [A20(0) + B2o(0)] = 0.156(46)

¥ Second transversity moment

(T)su—s6a = Ar20(0) = 0.168(44)

¥ Second transversity moment of

Brao(0) = 0.267(19)

Its value not known 1in phenomenology

C.A. et al (ETMC) Phys.Rev.D 107 (2023) 5, 054504, arXiv: 2202.09871 24


https://arxiv.org/abs/2202.09871

Continuum limit of generalised form factors

¥ Continuum extrapolate in a2

F(0)

¥ Fit the Q2-dependence to F° (Q%) =

and compute Fourier transform

10 B I T T =
Ar10(0)
0.8 -
3 Br10(0)/4 %
0.6] 5 |
S
0.4l 2 Br20(0) o) .
' 2 Ay(0 ‘—i—
_— ——
0.2F — AngQ) - .
a‘s
00f Boos T .* :
0.000 0.002 0.004 0.006 0.008
a? [fm?]

Br1o = Brio + 247110

(1 + QQ/mQ)p\

p accounts for correct behavior for large 2 and small by

1.4
1.2
1.0
0.8
0.6
0.4

0.2+

0.3
0.2
0.1
0.0
—0.1
—0.2
—0.3

0.0

i B10(Q%)/2
| At10(Q%)

~
~
~
~

~ ~

D .‘AT10(Q2)/ 2

—

~

—

—_—
—_—
—
—_—
—
—_—
—_

5

— — —
S — i
— — m— m— —
— — —
— — —
— — —
—

-Br20(Q%)

0.2 0.4

0.6
Q2 [GeV?]

C.A. et al (ETMC) Phys.Rev.D 107 (2023) 5, 054504, arXiv: 2202.09871

0.8 1.0

1.2
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Spin densities in the transverse plane

M. Diehl and Ph. Haggler, Eur. Phys. J. G 44, 87 (2005), hep-ph/0504175.

¥ Examine transversity at zero skewness in impact parameter space

¥ Compute isovector generalised form factors and Fourier transform to impact parameter space

p(e.bi,s,S1) = | Hiw,b2)+ 2 (SUE (2,82) + 84 By(a,b2))+si S, (Hr(a,07) - Sgnsdd)
5 (2b7 b, — 0103 )8 Lt >]
x :longitudinal momentum fraction P = 8b2 F, Ay, F'= 4(%2 (07 (%2 ) E

S_1 : transverse quark spin
S | : transverse nucleon spin
b | : transverse impact parameter

¥ Take moments

<xn 1> (bJ_,SJ_,SJ_ Ef_ll dx x“_lp(x,bL,sL,SL)

26



Transverse density distribution for n=1

¥ Contours of the the probability density for the first moment as a function of by and by

transversely polarized s=(1,0),S=(0,0) r s=(0,0),S=(1,0) 2o unpolarizedl quarks 1n
quarks 1in an unpolarized 04 ' 20 [ @ transversely
nucleon . 154 polarized nucleon
0.2 <
= 11.8
= 0.0 Large effect due to
= 02 +2 | Bio & Br10(0)
0.6
-0.4 o2 | 00 Related to Sivers
—0.4-0.2 0.0 0.2 0.4 ' —0.4-0.2 0.0 0.2 0.4 | asymmetry,
s=(1,0),8=(1,00 s=(1,0),$=(0,1) M. Burkardt (2004)
0.4 0.4 13.0
14.8
02 0.2 2.4
13.6
. E o0 0.0 18]
transversely polarized | < 2.4 1.2 | transversely polarized
SCY P -0.2 -0.2 ks |
quarks in 1.2 0.6 | duarksin
a transversely —0.4 —-0.4 a perpendicularly
polarized nucleon -0.4—0.2 0.0 0.2 0.4 0.0 —04—-0200 02 0.4 0.0 ] polarized nucleon
bx [fm] by [fm]

¥ Qualitative behavior similar to that found in M. Diehl and Ph. Hagler, Eur. Phys. J. C 44, 87 (2005),

hep-ph/0504175
C.A. et al. (ETMGC, Phys.Ree.D 107 (2023) 5, 054504, arXiv: 2202.09871
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Transverse density distribution n=2

¥ Contours of the the probability density for the second moment as a function of by and by

transversely polarized $s=(1,0),S=(0,0) s=(0,0),S=(1,0)

: . 22 ] unpolarized quarks in
quarks 1n an unpolarized 12.5
a transversely
nucleon > 12.0 -
— ~| polarized nucleon
£ >
-
<
—0.2-0.1 0.0 0.1 0.2 ' —0.2-0.1 0.0 0.1 0.2
s=(1,0),S=(1,0) s=(1,0),S=(0,1)
13.0
transversely polarized 12.4| transversely polarized
quarks 1n » |'¢ quarks 1n
a tragsversely = a perpendlcularly
polarized nucleon < polarized nucleon
<
—0.2-0.1 0.0 0.1 0.2 ' —0.2-0.1 0.0 0.1 0.2
by [fm] by [fm]

Distortion 1s milder than for n=1 due to the milder dependence of As(t) compared to Ajo(t)
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New era of direct computation of x-dependencne of parton
distributions



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

FP(ZC)

Large momentum effective theory(LaMET)

1 dz~
— [ —e
2 2T

@PTE N (p) [ (—2/2)TW (—2/2, 2/2)9(2/2)|N () ]+ —0,2=0

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

momentum —> quasi PDFs (have same IR behaviour)
X. Ji, Phys. Rev. Lett. 110 (2013) 262002, arXiv:1305.1539

* Match to the infinite momentum frame using the matching kernel computed in
perturbation theory (possible due to asymptotic freedom of QCD)

* Allow momentum transfer —> generalised parton distributions

matching
boost—=>00 s,
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Direct computation of PDFs

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 / —e ' <P3| %D(O) FW(Oa Z) 77D(Z)| Py <4—— Renormalise non-perturbatively, Z(z,p)

. . o
Need to eliminate both UV and exponential divergences

. P ive k |
e Match using LaMET / erturbative kerne

- 1 g T A2 A2
Fr(fL‘,Pz,u)zf —yC(— = )Fr(y,u)JrC’) 20 20

1yl \y yP? (xP#)2" ((1 — x)P*)?
X_ Ji, Phys. Rev. Lett. 110 (2013) 262002, arXiv:1305.1539

Combining lattice input for helicity
Isovector (u-d) 0.75¢

Yo unpolarised =

3
= G heliity ;00

03;,9 = 1,2 transversity S BN exp
5—0.2; HEE exp+lat
1 lat (DFT)
C.A. et al. (ETMCQ) Phys. Rev. Lett. 121, 112001 (2018) , 1807.00232 1072 1071 100
i
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Transversity PDF

¥ Isovector transversely at physical pion mass and a=0.093 fm in the MSscheme at 2 GeV

u—d,lattice
h 1

4l SIDIS
SIDIS-+ gflzgttice

C.A. et al. (ETMC) Phys. Rev. D 98 (2018) 091503(R), arXiv:1807.00232



Transversity PDFs

¥ Lattice Parton Collaboration (LPC) analysed ensembles with 4 lattice spacings a={0.098,
0.085,0.064,0.049} fm , pion masses ranging from 220 to 350 and momentum boosts up to 2.8 GeV

¥ Renormalization is done using a hybrid scheme separating the short and long distances

¥ Continuum, chiral extrapolations and large momentum limit are done simultaneously

éu(wa IJ') _6d(w7 /J’)

2.8}
2.4}

2!
1.6}
1.2}
0.8}
0.4}

0

~0.4}
-075 -05 -025 O 025 05 075 1

F. Yao et al. (LPC) Phys. Rev. Lett. 131 (2023) 26, 261901, 2208.08008
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Isoscalar and strange PDFs

(}ins +2,ting)

0,0) Connected 1soscalar: compute like
1sovector

\7(6/0) 1nS7 Z Tr xll’lS? Lins —I_ ) 3’75W(x1ns7 Lins + Z)]
s, ts)

'Two studies on disconnected with heavier than physical pion mass:
* Mixed action - clover valence on staggered sea, my=310 and m,=690 MeV, only strange
R. Zhang, H.W. Lin, B. Yoon (2020), 2005.011

e Twisted mass fermions

323 x 64 a=0.0938(3)(2) fm muy = 1.050(8) GeV
L=30fm | m, ~ 260 MeV m.L ~ 4.0

C. A., M. Constantinou, K. Hadjiyiannakou, K. Jansen, . Manigrasso (2020), 2009.13061



Helicity distributions

323 x 64 a=0.0938(3)(2) fm my = 1.050(8) GeV
L=3.0fm | m, ~ 260 MeV m.L ~ 4.0

0.6

x Au(x)

x Ad(x)

0.02 +

0.00 4

x As(x)

—0.024

0.0 0.2 0.4 0.6 0.8 1.0

C. A., M. Constantinou, K. Jansen, I Manigrasso, Phys. Rev. Lett. 126 (2021) 10, 102003, arXiv:2009.1306
C.A., G. Iannelli, K. Jansen, F. Manigrasso, Phys. Rev. D 102 (2020) 9, 094508, arXiv:2007.13800



Helicity & transversity GPDs

323 x 64 | a=0.0938(3)(2) fm my = 1.050(8) GeV
L =3.01fm m, ~ 260 MeV myL ~ 4.0
02=0.69 GeV?
3 _ T l|\ T 5 T T |
— — H(x)-GPD, £ =0 1 — — h¥ ()
— — H(z)-GPD, € = [1/3|| |\ T H%:Z(x’ 0, ~0.69 GeV?) : |
o Ll— — gi(@) ;\\ \\ P, = 1.95 GeV - — — H¥ %z, |¢| = 1/3,-1.02 GeV?)
: AN 5
\\ N g1 gj) — H(x’ 0,0) 3r P\ P; =1.25 GeV .
: J
R ~ ~ i ]\
1 : ~ ~ AN
R s \\ ~ 2r ‘ll N ]
) S TN N
! e S ——— N N
V) — e S TR : 1} U, 1
i > —
\ 0 ————————a= 3——“%? ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, m
1 " 1 :
1 -0.5 0 0.5 1 1 0.5 0 0.5 1
i T

C. A. et al. (ETMC) Phys. Rev. Lett. 125 (2020) 262001,2008.10573
C.A. et al( ETMC) , Phys.Rev.D 105 (2022) 3, 034501, 2108.10789

New developments of expressing GPDs in terms of Lorentz invariant amplitudes allows easier access to a range
of momentum transfers in lattice QCD calculations

S. Bhattacharya et al. Phys. Rev. D 106 (2022) 114512, 2209.05373 for unpolarized
S. Bhattacharya et al. Phys. Rev. D 109 (2024) 034508, 2310.13114 for helicity



Towards TMD PDFs in lattice QCD

X. Ji, et al. Phys. Rev. D 99 (2019) 114006, 1801.05930

M. A. Ebert, I. W. Stewart, Y. Zhao, Phys.Rev.D 99 (2019) 3,

. . 034505, 1811.00026; JHEP 09 (2019) 037, 1901.03685;
¥* Quasi-TMDs formulated in the LaMET approach JHEP 03 (2020) 099 .1910.08569

¥ First results obtained for the unpolarised nucleon TMD PDF by the Lattice
Parton Collaboration (LLPC) X.Ji etal (LPC) 2211.02340

2
F™ (e, By, Q) = H(S5) e ™ OKCT fa B, /S (o, m)+0 (AQCD v 1)

7 (. 7 (P?)?7 bid,
e /

perturbative matching kernel Collins-Soper kernel, which is non- Rapidity independent reduced soft function

perturbative for qr~1/br~Aqcp

¥ (,=(2xP%)? is the Collins-Soper scale of the quasi-TMD

¥ Quasi-TMD PDF is given as fTMD (z, ET, w, () = ;Z_Z o 172Gz g Br(z, ET, 1, P?)
T —
P

/

Renormalised beam function obtained from the bare

Bor(z,br, L, P*;1/a) = (N(P?)|ih(2/2,00)TW(z, by, L2)q(—2/2, bp)| N (P?))

7/ 2

W(Z,B’T,Lé) = P br
p ‘
>

272 T, 37




Nucleon unpolarised isovector TMD PDF

¥ LPC published the first results modelling the momentum dependence and taking the chiral and

continuum limits

Jin-Chen He et al. (LPC) arXiv:2211.02340

¥ ETMC has preliminary results at one lattice spacing (0.093 fm) and heavier than physical pion mass (350

MeV), renormalised with the ratio scheme

0.6

0.5

0.4

xf(x, b, u, T)

b =0.09 fm
b =0.18 fm
b =0.27 fm
b =0.36 fm

7
%

_
-

| 0.4 0.6

xf(x, b, u, €)
0.2

0.0

This work

LPC22

PV17

MAPTMD22

SV19

BHLSVZ22

1.5
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Conclusions

¥ Precision era of lattice QCD: Moments of PFDs can be extracted precisely - we can extract a lot of
interesting physics and also reconstruct the PDFs

¥ Results on isovector and gluon PDFs using simulations with physical pion mass using various approaches
(quasi-distributions, pseudo-distributions, current-current correlates, etc)

% Calculations of GPDs using a suitable for lattice frame and extraction of Lorentz invariant amplitudes

¥ The calculation of sea quark contributions is feasible providing valuable input e.g. the strange helicity

¥ Exploratory studies of TMDs

4+ Way forward: continuum limit, larger boosts, volume effects



