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Parton distribution from lattice QCD

The “traditional” approach

Hadronic tensor (PDFs from the twist-2 sector)
WE (p.0) = [ dhoe®® (.| 17(2), 7" (0)]Ip.5)

(‘optical theorem ) J (" Imaginary parD/\_—-»CChallenging in Euclidean QCD )

T (p, q) = / A4z (p, S| T [J#(2)J* (0)] [p, )

Light-cone OPE

T[JH(x)J"(0)] = ZCZ' (2%, 1) Ty -y, QL H (1)
Clocal operators, issue of operator mixing) Qeading moments in practicfe)D

\> (Power divergences arising from Lorentz symmetry breaking)




Parton distribution from lattice QCD

The “new’ approach to avoid difficulties 1n renormalisation

Ouu Hn

e "

X v

(General 1dea: Inserting non-local, instead of local, operator)
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(Make certain the absence of on-shell states for analytic continuationj




Parton distribution from lattice QCD

The “new’ approach to avoid difficulties 1n renormalisation
Ohon—local

H (p) H (p')

Typical examples of the non-local operator

r

A space-like Wilson line (quasi-PDF and pseudo-PDF)
X. Ji, PRL 110 (2013); A. Radyushkin, PRD 96 (2017)

Smeared “local” operators |
Z. Davoudi and M. Savage, PRD 86 (2012)

Two currents separated by space-like distance
V. Braun and D. Mueller, EPJC 55 (2018)

Two flavour-changing currents with valence heavy quark
W. Detmold and CJDL, PRD 73 (2006)

And other proposals
A. Chambers et al., PRL 118 (2017); Y. Ma and J.-W. Q1u, PRL 120 (2018);...... )




Introducing the valence heavy quark
W. Detmold and CJDL, PRD 73 (2006)

Valence = Not in the action

The “heavy quark™ 1s relativistic

\Cpropagatmg in both space and tlme)

The current for computing the even moments of the PDF
Ty () = U(x)y 9 (x) + P(x)y" U (z)

l CCompton tensoD
T (p,0) =Y (p, SIth(@)lp, S) =) / dz "% (p,S|T [J&ﬁ,w(flf)%,w(())} p, S)
S




Strategy for extracting the moments

| R
Th (0a) =) (0,51t (@)lp, S) =) / d*z % (p, S|T {J$,¢($)J$,¢(0)} p, S)
S S

o Ty () = U(x)y* 9 (x) + P(z)y" U (z) -

+ Simple renormalisation for quark bilinears.

- Work with the hierarchy of scales Aqep << V% < my << 1

—> Heavy scales for short-distance OPE.

—» Avoid branch point in Minkowski spa
at (¢ +p)° ~ (my +my)*

» Extrapolate 7y, (p,9) to the continuum limit first.
—» Then match to the short-distance OPE results.
—» Extract the moments without power divergence.



Short-distance OPE & valence heavy quark

Ghese are the leading-twist contributions that we are afteD

! f

qeading and higher twisD

:

@igher twist, absenD Cambiguity INn heavy quark mass)

: |

Geading twist, absent in Tg", = Tg, — T&f@




HOPE
and pion light-cone distribution amplitude

W.Detmold, A.Grebe, I.Kanamori, CIDL, S.Mondal, R.Perry, Y.Zhao,
Contribution to APLAT2020, arXi1v:2009.09473.



Pion light-cone wavefunction

<O@(Z2n)7/i75W[z2n, zin|y(z1n) }7T+(p)>

1
= ifx(p-n) / 2

8 1 RS
<£n>lu2 _ /_1 df fn@t(fa/f) Mellin moments

. OPE l
L0100 2(p)) =, @E”‘@ [p*t... p*n — traces]
O, = prysy Mi(iD™) . . . (iD* )y — traces

.




Phenomenological relevance

Pion form factor in QCD exclusive processes

»*(xz, Q) o(y, Q)
lﬁ.| ‘l‘ y "A‘l
{ ‘—>_ + .I

I'v‘l.
1 — x

TH (. Y, (;) )

Important input for flavour physics




Hadronic tensor for computing pion LCDA

- \g
JH(z/2) Ji(=z/2)
+ the cross term

~

. n(p) D

T (pq) = / Az e (0| T1JA (2/2) T4 (—2/2)] [ (p))

—

Jh = Wy + Pyt
CP 1s the valence, relativistic heavy quarkJ

U* (p, q) = % (T " (p,q) =T (p, C])>




OPE for the hadronic tensor: Euclidean result

c va3 n 2 -
U“"<p,q>—2“ dabs Z CC O (@17 + 01/

n evern

L higher-twist
u = 2 GeV 1n this talk

62:q2+m%1, N

tree-level OP]?

_ p-q ‘= D2 q?
V2R T (2 one-loop

@(77) : target-mass effecy W= it lattice data )




OPE for U*: issue in fitting higher moments

©.@

U™ (p,q) ~ p_ (€)', w=

n=0

2p-q 2p-q | 21E;qa

Q@ A+ +my i+ qE+mg

suppressing h1gher—moment)j

@eed large p to make w — 1]
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l @llowed region for imaginary qa




OPE for U"*: 1ssue 1n ﬁtting higher moments
Euyaﬁ n 2 -
09 (pyq) = 2 Gebs $n & O @€ + 011/

n even

QEMVQBQ D n
-5 > WO @A) €) + 001/Q")
0.100
,.J: ®
£0.001
=
2 5 ® $=(0,0,0), G=(0,0,1) o
xo
X 197w p=(100), 3=(.0.1)
= g7 ¢ P=400).7=20.) o
o 1 2 3 4 5 6

@n general, need large p to access non-leading momentsj




Strategy for fitting (5 2) at low pion momentum

12a nM2 N -
0 (pq) = e 5 SO0 e+ 00/

n even

B 2((13]94—614293) (0) , ~o 6(p-q)* — p°q° () <
~ ok [OW@ o+ B ZPL D @) - + 001/

[choose p-q#0 while p;=0, g; # 0 and g, being realj

_ 2ig3bir | (0) ) 4 6(p-q)° —p°q’ -
= & [CW @)+ PO (@) e + .]+0<1/@>

imaginary real complex

— @“he largest contribution to Re[U 12] 1S from (52)]




Correlators for lattice calculation

JY (feaTe)

Excited states?

= (0,0)

g )
'LLV . _ 3 3 ’[, e-Xe Z m.xm
C13 (T€7Tm7p€7pm) — /d Xed Xm € P e'P

(O T [J4 (%5 Te) T4 (X, T ) O1(0, 0)] \0>J

[CQ(TW, p) = / d>x eP*(0|O0, (x, 7,)OL(0, 0)\09




R* and the Fourier transform for U#

From C}” and C, , one can construct

—

-

~

R(ripa)= [ e [ (5). 77 (<5)] Ino)

Z

1
2 ==Te — Tm, P = Pe T Pm, q:§(p’m_p€)

_J

Then the hadronic tensor can be obtained via

( )

U:UJV (p7 q) — / adT eiQ4TR[,lLV] (7-7 P, q)

\_ _




Exploratory quenched calculation @ M_ ~ 560 MeV

Wilson plaquette and non-perturbatively improved clover actions

a (fm) L? X T Neonfig Nere

0.081 24° x 48
0.060 32° x 64
0.048 40° x 80
0.041 483 x 96

600
450
250
341

2

3
3
3

bare my fitted my
1.0 GeV 2.0 GeV
1.6 GeV 2.6 GeV
2.5 GeV 3.3 GeV

o p=1(1,0,0)g=1(1/2,0,1) in units of 2z/L ~ 0.64GeV

e UM is O(a) improved without improving the axial current



Excited-stat¢ contamination
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Continuum extrapolation of U'?

gy = —1.2 GeV gy = —1.2 GeV

mg = 2.0 GeV mg = 2.0 GeV
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Continuum extrapolation of U'?
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Results of U2
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OPE fits in momentum and position spaces

e Momentum space: fit the continuum-limit U'* to

U12(p,q)—2ué§2E [ (@) g+ XD P 22 e 4| + 00107

e Position space: Fourier transform \/
U (p,q,T) = / dr e~ TUH (p, q)

—> Allows for determining (£?) at finite lattice spacing
=» Offers a different analysis procedure

=—» [ ess sensitive to Z, and b,
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Continuum extrapolation for f, from (&%)
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Comparing with other calculations

HOP

Bali et al. (2019);
Braun et al. (2015)-
Arthur et al, (2011)-

Braun et al. (20006)-

E (2020)-

= Preliminary

0.2 0.3




Conclusion and outlook
e The HOPE method 1s completely worked out for ¢_(x, u)
® In general, need large p for accessing non-leading moments
e A strategy is found for computing (£?) at low p
¢ Numerical result shows the validity of the HOPE method

e Future: higher (£") and other partonic quantities



Backup slides



Enhancing the signal: the need

D
We work with |w | = p~6] <1

O

Leading contribution in Im[U %] is ~(&Y)

CLeading contribution in Re[U'?] is ~(£?)w?

Much noisier compared to Im[U %]



Enhancing the signal: the 1dea

We work with |w | < 1 where Minkowskian U** is imaginary.

r OO

From U (p.q)=| dre %" R¥(z;p,q).
== RMY 1s Imaginary.

Back to Euclidean space: _
RelU"(p, ¢)] = Re / dr RM (1;p,q)e”" %7

L J — OO

x [ dr [R*(rip.a) = R™(=rip,a)]sin(asn)
Vs hermltlcltyc—:’> C R*™(7;p,q)+R"(7;—p,q D

CMore correlated == reduced erroa/




1

-F ' [Re(UM")] (MeV?)

Enhancing the signal: the result

vvvvvvvvvvvvvvvvvvvvvvvvvvvvvvv

80
_ u RHV(T;ﬁ’6)+RNV(T;_ﬁ’a)
60" = RHV(T;ﬁiﬁ)_RIJV(_T;ﬁia)
2 sources on 450 configs

40

a = 0.060 fm

...............................




