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Outline

« The challenges and opportunities for PDFs in Lattice
QCD

« LaMET, quasi-PDFs, pseudo-PDFs and Good Lattice
Cross Sections (LCS)

* Valence Quark PDF
* Summary
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PDFs from Lattice QCD

* First Challenge:

— Euclidean lattice precludes calculation of light-cone/time-separated
correlation functions

de— . . . _ e o
a(w, 1) = / fT e TP B(E )y e s ATy 0) | P)

So....... Use Operator-Product-Expansion to formulate in terms of Mellin
Moments with respect to Bjorken x.

> <P | &7#1(75)Du2 . Dy,ﬁ ‘ P> — P/M . ..P,una(n)

l

Matrix elements of local operators that can be computed in
Euclidean space
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Moments of Pion PDF

ETM Collaboration, M.Oehm et al., PRD99, 014508 (2019)
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Limited to first two moments - limited knowledge of x-dependence

 Second Challenge:

— Discretised lattice: power-divergent mixing for higher moments
Moment Methods
— Extended operators: Z.Davoudi and M. Savage, PRD 86,054505 (2012)
— Valence heavy quark: W.Detmold and W.Lin, PRD73, 014501 (2006)
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Constraining PDFs from Moments

Detmold, Melnitchouk, Thomas, Mod.Phys.Lett.A18, 2681 (2003);
Phys.Rev.D68, 034025 (2003)

Take-away messages:
* Need to assume parametrization
 More moments would be better..
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Solution....
Large-Momentum Effective Theory (LaMET)

X,y
“Equal time” correlator
Carge P
—

z

Ji, Phys. Rev. Lett. 110, 262002 (2013).
Ji, J. Zhang, and Y. Zhao, Phys. Rev. Lett. 111, 112002 (2013).
W. Qiu and Y. Q. Ma, arXiv:1404.686.

X.
X.
J.

z dzz'zz 7. z —ig [Zdz' A% (2’
o2, P) = [ e P Gy I A o) | P

L O((A2/(PY2), M2/ (P*)2) l

See Huey-Wen Lin, Thursday

it ) = [ @Z(f %) aly. %) + O(A2)(P*)?, M /(P7)?)
' !

Need for high momentum
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Pseudo-PDFs

* Pseudo-PDF (pPDF) recognizing generalization of PDFs in

terms of loffe Time. y =p. 2
B.loffe, PL39B, 123 (1969); V.Braun

A.Radyushkin, Phys. Rev. D 96, 034025 (2017) et al, PRD51, 6036 (1995)
M*®(p,z) = (p | v7*U(2;0)¥(0) | p)
p=(pt.m*/2p*,0p) ¥ A = (0,z2_,07) loffe-Time Distribution
M®(z,p) = 2p* M(v, 2%) + 229N (v, 2°)
loffe-time pseudo-Distribution (pseudo-ITD) generalization to space-like z

Lattice “building blocks” that of quasi-PDF approach.
Jl Lorentz covariant

1
M(v, 2%) :/_1da:eww73(a;,22) *—— pseudo-PDF
;e
f(z) =P(x,0) = dve """ M(v, —zg)

z%—)O 2T — 00
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“Good Lattice Cross Sections”

O-'n,(Va 527 P2) _ <P ’ T{On( )} ’ P> Ma and Qiu, Phys. Rev. Lett. 120 022003
Expressed in coordinate space

where \ Short distance scale
7n (1,67, P7) = Z/ _f“ z, 1?) K (2, €, 27 P2, p*) + O(62 Agep)
/! R \
Calculated in Calculated in perturbation

LQCD Parton Distribution  theory (‘process dependent’)
function

O) =yY(0)I'W(0,0+ &)p(§) <«— Encompasses qPDF/pPDF
Os(€) = E2Z2[a1h,](€)[byg1](0 ) Gauge-Invariant Currents
Ovi(§) = & Zyi € - vg)(€) Wy € - v (0) 4 Flavor-changing

c.f. pion QDA, Bali et al., Phys. Rev. D 98, 094507 (2018)
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Quasi- vs Pseudo-vs LCS

— All integrals of loffe-Time Distribution Function
— Should yield same PDF after matching and systematic controls

1.8 Pseudo-PDF vs Quasi-PDF

Quasi-PDF —
1 [ : 14 B iy
Qi) = 5 [ dve ™ Ml —*/s})
1 [ . o
Pz, —23) = 2—/ dve " M(v, —23) o
T — O
0.4\, Z
Pseudo-PDF and LCS o3 SN\ /S~
For pPDF + LCS, z sets short-distance | o
scale. L <
QCD

N.B. All approaches require large momentum - but for pPDF and LCS to
ensure range in loffe time to solve inverse problem.

P—+/s  Collision energy
1

£ 0  Hard Probe
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Analogous matching to light-cone PDFsl

|Co|in Egerer, Friday

| will discuss these

Same lattice building blocks
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Why the Pion and Kaon?

For lattice practitioners
« Pion less computationally demanding that nucleon?

— Larger signal-to-noise ratio
Ct.p) =Y (0] Ot 7)01(0,0) | 0)e T — e~ E@)
¢ e~ mnt Mesons

C\/p(t,ﬁ) _>{ e—(Bmaz/2)t Baryons

« Important constraint on systematic uncertainty is understanding renormalization
— Operator renormalization “independent” of external states
» Several different calculations using the different approaches
— LCS approach straightforward for mesons, challenging for baryons
For experiment and phenomenology
» We are solving QCD
« We are studying a free, isolated pion

For all
* Pion and kaon encapsulate many of the mysteries of how QCD works
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Good Lattice Cross Section

‘Sufian et al., Phys. Rev. D 99, 074507 ‘

(2019); arXiv:2001.04960 Sequential-Source Approach

Momentum conservation
T 5 l Momentum
Morner)tum / (0, 1) projection
projection
(2,7) (y,0)
. 1. 0 v
Process, i.e. current, dependent Sloya(€p) + i (€ p)]

2

E e, psT (v, &) + (pF'e" — E'p)Th(v, &°

Perturbative kernel: N.B. We're inconsistent w < 1!

L RO aw,? 12) £, ().

Y-Q Ma
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Good Lattice Cross Section

2 + 1 flavor Wilson-clover lattices

ID a (fm)  m; MeV) L3 x N; N
al27m413  0.127(2) 413(4) 243 x 64 2124
al27m413L  0.127(2) 413(5) 323 x 96 490
a94m358 0.094(1) 358(3) 32% x 64 417
a94m278  0.094(1) 278(4) 323 x 64 503
2605 Cu(T) = e~ (B De[ 2™) (a94m278, § =3fi) 26-05 Cy(T) = e ™T(B+ DeT2™L) (a94m358, & = 3a)
T I, S ot ] ., 1.5e-051 5§ °
‘S i ® [ So
% 1e-05 | l{ Le.05 - . l
5 5e:06 : § 56.06 _-+ ) AT T
I 0‘0_"/{7 § R(T), p=0.41 GeV QI-I) p—=2% I
) B Ao aiscev S 00 t RO 1% oev
= -5e-06 1 == R(T) fit (p=0.41 GeV) E,‘:/ L3 R(T):z:1.65 GeV
| ES5xR(T) fit (p=1.25 GeV) -5e-06 g== R(T) fit (p=0.41 GeV)
Le.05 25 x R(T) fit (p=1.65 GeV) } o 2T B (< 125 GeV)
6 8 10 12 14 16 18 20 22 24 26 HeOSd—v | A E==BxROfitG=165GCeV)
T 6 8 10 12 14 16 18 20 22 24 26

T
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Lattice Cross Sections

. #== Physical oy4(w) from simultaneous fit
0.1
. 0.08 A1
NJ‘U’ e} § o0 OO
-~ — I~
% 006{% T %24
S S & 33
N ST T “ . =99
S 004715 T 3§ ¢=2 Z-expansion fit
F 11§ =3
0021+t £ 1 ¢ ¢=4
t ¢ ¢=5
=6
0.0 I El : T T T
0 1 2 4 5
p-&
kmax:4
ova(w,&?) = AT + bimg + baa + b3€? + baa®p? + bse M E7E)
k=0
S V Weut + w — \/wcut
V Weut + w + vV Weut
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Inverse problem: extract PDF

“Inverse Problem” - ill-posed inverse Fourier transform.
o€, = 3 / Ll 1) K, €, 07 P, i) + O(€ A 3cp)
Calculate on Lattice Calculate in PQCD

Extract PDF?
Similar challenge to global fitting community!

== zq¢f(z) [Fit 1: a= —0.17(7)(2), 6=1.24(22)(7)]
e g7 (2) [Fit 2: a = —0.22(11)(3), S = 2.21(56)(14), v = 4.28(1.73)(25)]

_ 2°(1 - 2)°(1 4 7a)
- Bla+1,8+1)+9yB(a+2,5+1)
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NLO term well-controlled

0 A
-0.2 A
=)
® -0.4
=)
=
<. -0.61
~ —— Nz %°(1—2)
-0.81 NZB:Z';(l - :13)21 24
—— Nz ' (1—x)"
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w
1.0 -
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0.8 A Nafo'”(l — ) 1.24
Pion Valence Quark Distribution at Large = from Lattice QCD
> —— Nz 02(1 — 2)%12(1 + 4.282)
Raza Sabbir Sufian,! Colin Egerer,? Joseph Karpie,> Robert G. Edwards,! Bélint ® 0.6 -
Jo6,! Yan-Qing Ma,* %6 Kostas Orginos,’? Jian-Wei Qiu,! and David G. Richards! —
i
=
E 0.4
arXiv:2001.04960 .
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0.5 3 E615

® E615 (ASV-rescaled)
== 1CSs: Fit 1
&=+ LCSs: Fit 2

0 01 02 03 04 05 06 0.7 0.8 0.9 1.0
€ZT

Slightly favors softer [(1 — x)2] fit — need for finer resolution in loffe time..
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Pseudo-PDF Approach

ID a (fm) | m, (MeV) | B amy ams | L3 x Ny | Negg

al27m415 | 0.127(2) | 415(23) | 6.1 | -0.280 | -0.245 | 24% x 64 | 2147 Same ensemble as LCS
a127m415L | 0.127(2) | 415(23) | 6.1 | -0.280 | -0.245 | 32% x 96 | 2560

101 wom? { 1.0 NL{
i, { }
0.8 I 0.8 1
A LA —
£ 06 - p ¢ I l <06 % % z=1
=1 Y z=2
= Is -2 ‘ { — 5 I8 =3
B 044 1 ¢ Zfi 0.4 - b 2=4
g | After g p=2GeV
0.2 1 % Z:g . 0.2 - b 2=7
zZ= ’ y z=8
boz=8 MatChIng E&== Simultaneous fit to data
o1 2 3 1 s 0.0 ' - - -
y 0 1 2 , 3 4 5

[ B.Jos et al., Phys. Rev. D 100, 114512 (2019). |
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Pion pPDF -l

T.1zubuchi et al., Phys. Rev. D

100,
2

0.6 -
0.5 -
0.4 -
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0.1 -

0.0

#== Reduced pseudo-IT
—— LCSs [44]

#=== quasi-PDF [47]

—— quasi-PDF [53] \
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geﬁ;)on Lab

i
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J-H Zhang et al., Phys. Rev. D

100, 034505
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Moments

J Karpie, K Orginos, S Zafeiropoulos, arXiv:1807.10933

« Can obviate need for inverse through computation of
moments ~ ,

Mv,2) = 3 " —an (1) Kn (122°) + O(2?)
BN

Mellin moments of PDF Matching coefficient

First “dedicated” lattice calculation of pseudo-PDFs - K. Orginos et al., PRD96 (2017), 094503

c.f. TMD calculation in loffe time with straight link - B. Musch et al., PRD83:094507 (2011)
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Pseudo-PDF Moments of Pion PDF

IB.Joé et al., Phys. Rev. D 100, 114512 (2019). |

c.f. Shugert et al., arXiv:2001.11650

0.3 0.5
E ¢ Pseudo-PDF moment
0.28 4 E 0.4 ¢ PDF moment
3 #=== PDF moment weighted average
id s
0.26 0.3
- s N
=B 3R =
0.24 k3 ® § § 0.2 }} M
[)
0.221 (] ¢ Pseudo-PDF moment 0.1 ﬁ I; & é 1;
¢ PDF moment ’ JJ - - - x *
0.2 T T T T T T 0.0 T T T T T T
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
2 2
(z/a) (2/a)
0.08
0.15
I ¢ Pseudo-PDF moment
I I { $ PDF moment
0.06 1 ] T === PDF moment weighted average

f } 0.11

"y 0.041
g 0.051
~
0.02 1 ¢ Pseudo-PDF moment § H

& PDF moment J_ it
#=== PDF moment weighted average 01

0.0

0 10 20 30 40 50 60 70
(Z/a)2 -0.05

0 10 20 30 40 50 60 70

(2/a)?
Different systematics to direct calculation of local matrix elements
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Going Forward...

« We have seen the importance of gluon contributions

— Extend LCS to include gluon currents j,, = £ [}

— Gluon pPDF: A. Balitsky et al., JLAB-THY-19-3087

v

Calculation in progress (T.Khan et al) in distillation framework - see C.Egerer

'

Requires calculation of disconnected contributions

Kaon in progress - computationally doubles cost of calculation
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Summary

» Revolution in the study of x-dependent measures of hadron structure
— Impact global fitting community?
— First-Principles calculation

 Pseudo-PDF/GLCS approach has a well-defined short-distance scale:
factorize short-distance physics from perturbative scale.

« Solution of inverse problem: common to all attempts to extract PDFs.
Appeal to global fitting community

* To control systematics
— fine lattices - to ensure in perturbative regime
— large momenta - to provide range in loffe time
— Combined pPDF/LCS - further control over systematics
New areas:
— GPD'’s in pseudo-PDF approach: A.Radyushkin, Phys. Rev. D 100,

116011 (2019)
— Nucleon LCS
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