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Introduction

Working definition - calculation of x-dependent PDFs and QDAs (quark
distribution amplitudes) from Euclidean-space lattice calculations.

¥ Quasi-PDF (gPDF) interpreted in LaMET (Large Momentum Effective Theory)
was proposed by X.Ji X. Ji, Phys. Rev. Lett. 110 (2013) 262002

dZ z —i Z ds A% (2’
o2, P) = [ e P Glapye I A o) | P

+O((A?/(P?)%), M?/(P%)%))
Quasi distributions approach light-cone distributions in limit of large Pz

(o ) = [V (2 L) atw) + 002 (P70 (P

Y
¥ Pseudo-PDF (pPDF) recognizing generalization of PDFs in terms of loffe
Time. 1 = P as
: , .
M*(z,p='p|¥2)" exp "ig dZA*(z') ! (0)]p
0

A. Radyushkin, PLB767 (2017); Braun et al., Phys.Rev. D51 (1995) 6036
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Pseudo-PDF and Quasi-PDF

Relation between gPDF and pPDF approaches

b Both integrals of loffe-Time Distribution Function

b Computed matrix elements the same

b Should yield same PDF after matching and systematic controls

) 1 S . 5 . Pseudo-PDF vs Quasi-PDF
P(:E, Z()) - d' e " M(" ; Zo) Pseudo-PDF z, = 0.2 fm
2! " 1.6 ) Pseudo-PDF z, = 0.6 fm | |
) Lol \ e Quasi-PDF p, = 1.5 GeV
— QUasi-PDF p, = 3 GeV
- " 1.2}
2 1 . n A" ilX n 2 1t
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Good OLattice Cross SectionsO (LCS)

o'n(% 627 PQ) — <P ‘ T{On (g)} ‘ P> Ma and Qiu, Phys. Rev. Lett. 120 022003
\

where Short distance scale

OHigher TwistO
b dx
Ln (" #,P?) = Z/ ~ Tl IOK R #,XCP 2, %) + O(#! Gep)

/ 7 J1 ? L

Calculated in Parton Distribution  Calculated in perturbation

LQCD function theory (rocess dependentO)
Factorizein || = P &","“P9 providing ¢ << 1
_ Aqcp
P S  Collision energy

1
e — Hard Probe
Q

Expressed in coordinate space
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LCS - I

Choice of Operators

O(1) =" () W(0,0+1)" (1) M(,22) = “H2
N M (0, z?)

Wilson line

Gauge-Invariant Currents: Current-current (CC)

Os(&) = & Z5[Wqg)(€)[¥g2](0)
Ovi(&) = EZ3 [0 -7y |(O)g € - 11)(0) «— Flavor-changing

Oc()! [Fu F I(D[F.4FA](0) <«—— Gluonic

¥ Straight-forward operator renormalization - matching +
continuum Pert. Th. {. Pion ODA. B ¢ al Ph
| v c.f. Pion , braun et al, Fnys.

¥ ! can be off-axis Rev. D 98, 094507 (2018)
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Perturbative Kernel

e = P 1O (") | #(p)"
= ") 131D+ (#"12) | #(p)"
Calculate K at tree-level between quark states

‘o V .
/ M",

Al
A
Al

! Ho s |
! !/2/ > '\!\/2 §/2>(</2

k= xp k= xp k=xp  k=up
Process, i.e. current, dependent
1

5[0%4(57]9) + 0l v (€ p)]

|= &P apsTs (w,€2) + ("€ — €9) T (w,€) |
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Computational Setup - Pion

Momentum T Mg ! Mo ! Mg l

o Momentum
projection

P  projection

|Cu(T)|
“T Momentum conservation .0
(" P03y, (X0)Og, ()| (" p)#=
= > dPFPIg g(z, T) @I Q(xo + &1) @1 (X0, t) 4" Ay, O)#
V.,Z
= Ze‘“’!-z" PYITI[J2 Go (Xo + £,1;X0,1) J1 G(Xo,t;Y,0) " nG(Y,0;2, T)" 1 G(z, T; X0 + &,1)]
Y,Z

Straightforward computational setup using sequential-source

method: |
D(Z, T;w)H (w; xp,t) = Z e PV TI'nG(y, 0; zq,t)
Y

D(s;w)H (w; xg,t) = Z e?*T'nH (z,T; o, 1)

zZ
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Computational Setup - Il

¥ Can compute both Wilson-line pPDF, and current-current correlators
b CC allows both on- and off-axis separations
b Wilson-line corrrelator allows more complete sampling of lattice -

momentum projection at currents )
Feynman-Hellman Colin Egerer, next talk

Nucleon

J 2(Xo, t)

(Z,1) (y, ti)
Christian Zimmermann,
¥ Wilson-line calculation straightforward nextsession
¥ CC: No straightforward implementation using
Sequential Sources
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Inverse Problem

Olnverse ProblemO - ill-posed inverse Fourier transform.

n(w, &%, P?) = Z/ —faﬂf,u VK (2w, 2, 2° P, p?) + O(§Adyep)

Calculate on Lattice Extract PDF?  calculate in PQCD
-1

QU 1) = dxe'*f (x, p2)

11
Similar challenge to that of global btting community!

Require additional information:
¥ Bayesian Prior
¥ Backus-Gilbert approach
¥ Phenomenologically motivated parametrization

Or neural-network approach
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Computational Detalils

¥ Programme is to use 2+1 isotropic clover lattices
b Tadpole tree-level improved gauge
b 1 iteration stout smearing

b Used for many projects within USQCD
e.g. nucleon charges - matching Zs calculated for

many lattices Yoon et al, Phys. Rev. D 95, 074508 (2017)
Ensemble ID r a (fm) 1 M, (MeV) B Csw amayd ams LPxT ML
a127m285 0.127(2) 285(3) 6.1 1.24930971 -0.2850 -0.2450 32% x 96 5.85
a094m280 0.094(1) 278(3) 6.3 1.20536588 -0.2390 -0.2050 323 x 64 4.11
a091m170 0.091(1) 166(2) 6.3 1.20536588 -0.2416 -0.2050 48% x 96 3.7
a091m170L 0.091(1) 172(6) 6.3 1.20536588 -0.2416 -0.2050 64° x 128 5.08
For today"

b Lattice spacing a ~ 0.127 fm
b Pion mass 460 MeV
b 32(24)3 x 96 lattice
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Pseudo-PDF of Nucleon - |

First implementation in quenched approximation to QCD

K.Orginos, A.Radyushkin, J.Karpie,
S.Zafeiropoulos, PRD96 (2017), 094503

) Thomas Jefferson National Accelerator Facili
Jefferdon Lab Y n @A



Pseudo-PDF of Nucleon - Il

J Karpie, PhD Thesis + K.Orginos,S. Zafeiropoulos

Form reduced matrix element

M 2 M (0, 22
M(u,zQ):( (v, 2) )/( (0,2%) )
b, M(v,z =0) M(0,z=0)
%Z:;_§§§§ / /
0.5} 'z=2 i
= z=3 : : :
® i7=4 £ Quark-field Wilson line
= iz=5 ¥ : renormalization
01l 2=6 l@ %
iz=71
0.5 2=3 o
0 5 4 5 3 Preliminary
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ITD of Nucleon

Obtaining ITD can be considered two-step process:

¥ Match to common separation zo:
P ° DGLAP kernel
' 2 n
M(1,z5)= M (!,z%) +In 22 s g ) M (1, 2z%)
_ Z5 2#
¥ Evolve to MS
1 ' le+1 ht v

Q(l, A= M (1,23)! S T 2212 B(u) + L(u)/M(u!,zg)

2%

A. Radyushkin, Phys. Rev. D

:|_H».;,il§§gg
i 98, 014019 (2018)
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702 = 4¢P et

0| ¢ Original pseudo-ITD t %»
i Evolved pseudo-ITD

s MS ITD I = 4GeV
-0.5 :
0 2 4 6 8 10
1%
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Nucleon PDF

1
Q(!, liz) - dx e’ Xf (X, pz) |J Karpie, PhD Thesis
11
o
—This work
4l CJ15 NLO

—MSTW 2008 NNLO
—NNPDF31 NNLO

. o 02 04 06 08 1
JAM Collaboration:
f(X) = N(",#,¢,d)x (1! x*(1+ cy/x+ dx)
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Moments of ITD + PDF

Moments of pseudo ITD

¢ Pseudo-PDF 1 moment
x  PDF 1 moment

— CJ 1 moment
¢ Pseudo-PDF 2 moment
x  PDF 2 moment

— CJ 2 moment
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Summary

¥ Calculation of ITD distributions provides an first-principles way of
determining PDFs

¥ Formulated in coordinate-space - factorization into PDF and
perturbative kernel.

¥ Encompasses both Wilson-line and gauge-invariant current-current
correlators.

¥ Calculation for lattice currents: VA + Wilson line for pion: Colin
Egerer

¥ Exploring methods for current-current correlators for nucleon

¥ Program to study systematics: lattice spacing, volume, quark mass,
higher-twist!.

¥ Method admits calculation of three-dimensional picture of
hadrons:

B GPDs should be straightforward!
b Operator renormalization independent of external states
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[ SoLID (SIDIS and J/4) |

GPDs (DVCS

”CEN’I‘ER[nr ElCC EIC
NUCLEAR FEMTOGRAPHY

OUnderstanding the glue that binds us allO &
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Finite Volume Effects

Briceno, Guerrero, Hansen and Monahan, arXiv:1805.01304
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