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Introduction

Parton Distribution Functions

Perturbative ﬂa rton Distribution Fu nctioh
Physics >

(Inclusive process)

(\\\FH probability density of finding a
parton with momentum

_ J\S\) fraction x out of the hadron
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Universal Nonperturbative
w

Important inputs to collider physics! >



Introduction

Lattice QCD

m Discretization of QCD action:

m Construction of correlators:
Co(t) = (Xsrc(0) | Xsnk (1)) C3(t) = (Xsrc (0)|0 () | Xsnk (7)) Euclidean 4D spacetime

0,2) (7,9) ‘ 1— I b.!

(0,z) (t,9)

m Extraction of matrix elements: |
CZ (t) — Zlcnlze_Ent gluon quark
C3 (t; T) — ZC;;lCn<m|0|n>e_Em(T—t)e—Ent



Introduction

Large Momentum Effective Theory (LaMET)

Large P,
Expansion
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Introduction

Recipe
Lattice correlator Capt =
\ — |

Fitting matrix elements Cape = lco|2(0]0]0ye o7 +

dZP R ixzP
Extract x-dependence q(x, F,) —j > W (2)e™"":

\/

Matching to parton physics qe,p) = C 1y, 1 P) ® Gy, B,)



Power Accuracy in 1/P, Expansion

Precision of Large Momentu

G(x,P;) = C (x,y,1, P,) & qly, u)+

2.5

M Expansion

Aéc
J o (2icz)

2.0

PZ~2GeV, AQCD =~ 300 MeV

Aacp
]
2xP,
( Aacp )2

2 xP,

N\

Linear power
correction must
be eliminated!

Not properly
addressed in
previous work
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Power Accuracy in 1/P, Expansion

Why is there a linear correction in 1/p,?

m Non-local operator: g(0)I'U(0, z)q(z) m
@ @
m Linearly divergent self-energy §m(a) ~ i W
- A heavy quark propagating with “pole mass” ém(a)

_ hB (Z) _ e—6m(a) -Z

m What to subtract w/ linear divergence”? Freedom to choose the scheme

LaIS SO Ol IS

m Pole mass of a “free” quark?
- Long range interactions contributing O(Aqcp) ambiguously

A
m hR(2) ~ hB(2)e®™ Z uncertain up to e®#Aacn) - ( XQ;D) in g



Power Accuracy in 1/P, Expansion

Perturbative determination of dm(a)

: 1
m In perturbation theory, dm = ;Za?“(a}rn
- Ty ~ n! » Series is divergent for any a

m A lattice perturbative expansion of 6m(a) to 20% order

Renormalon Divergence

Infrared renormalon is partly relatedto . . . .
the strong coupling a(k) becoming non- oo,
perturbative in the region k ~ Aqcp.
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Power Accuracy in 1/P, Expansion

Linear correction in matching coefficients

G(x,P) = Cx,y,1P) ® q(y, )+ 0 (-22) + 0 (Aéw)

X P, x2p2

m C(x,y,u,P,) is obtained by perturbatively calculate the
same operator, thus also has the same ambiguity:
c(*D) ~ nl

vertex saztl tadpole

% || g
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Power Accuracy in 1/P, Expansion

Achieve Power Accuracy

m Regularizing the infrared physics

- Explicit IR cut off: fOAUV f(k)dk — J‘IQEV f(k)dk Verydifficult to calculate

- Resumming the series to all orders with some prescription:

l
. _ riu
E a§+1ri—>jdue e E r
L.
: C

[ i

— Neutralize color charge of the heavy quark
m Non-perturbative determination of ém(a)

m Depending on how to choose fitting parameters

m Eliminate scheme dependence

Seems impossible to know high
order terms?

But we know the divergent part

Applicable to lattice data
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Power Accuracy in 1/P, Expansion

Regularization scheme dependence:

m Introduce twist-three correction
Mat hing Coefficients

h2(z, P, u, 7) = (1 — mo(7 ) Z ), 1122%) Noagiq(p) + O(z%)

k=0 PDF moments
i eSm(a)-th(Z)

00
k

= > [ (o), 1222) = 2mo(7)] A’b‘akLof,) + O(za,, 22),

=)

m Twist-3 ambiguities exist in both sides, h® and C,

m m,(7) matches schemes between renormalization of lattice
data and regularization of the matching coefficients
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Power Accuracy in 1/P, Expansion

Achieve Power Accuracy
10, R) = Cy, 0 B) ® g0+ 0 (S8) + 0 (222

/\

Renormalize with
scheme-dependent Define T scheme:

non-perturbative + Leading

parameter my (1) renormalon

Z(a,1) resummation (LRR)
o e@m@+mo(1))z

Matching
Condition

Extract m,(7):
Fitting to

P,=0
Lattce data

Data from

Gao, et.al, PRL, (2022)
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Power Accuracy in 1/P, Expansion

Extract my(7) from fixed-order theory

h(z,z 7,0, 1) e!(@)

£

1 hR(Z:Pz=O:M)
! CO(Z) MZZZ)

NNLO
NLO+RGR

o -0.2
<

0.08 0.10 0.12 0.14 0.16 0.18 0.20 0.22 0.24
z(fm)

r

=c+ my(1)z Too large

uncertainty!

G

~\

J

NLO
NNLO
NLO+RGR

O0908 0.10 012 0.14 0.16 0.18 0.20 0.22 0.24
z(fm)
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Power Accuracy in 1/P, Expansion

Extract my(7) from fixed-order theory

h(z,z‘1,0,r)e‘“zq)

In

% 0.27
5 (2755544,
(b}
—Tm‘ 0.1
ﬁé 0.0
=)
T =0
®
L,
o -0.2
<
0.08 0.1

=2GeV)

f(x,u

in

2.0

1.5

0.5

*8.0

hR(Z: P,=0,1)

CO (Z' MZZZ)

0.2

0.4

) =c+my(7)z
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NLO
NNLO
NLO+RGR
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1.0

NLO
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r

G

Too large
uncertainty!

~\

J
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Power Accuracy in 1/P, Expansion

LRR improved perturbation theory

R
2,2\ h (z,pz=()”u))_
Z Z"). .
Co(z, u?z?) 1n( e
250 ... 'NLO | | i
s NNLO /// - _
,0. --- NLO+RGR » | &
__“"L -~ - NNLO+RGR - 1 T
o — NLO+RGR+LRR R 7 | =
Q 15/ —NNLO+RGR+LRR - -~ T | 5
; T -
=2 s eSS |
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Power Accuracy in 1/P, Expansion

LRR improved perturbation theory

R
2,2Y. hR(z,P,=0,u)\.
Co(z,u"z*): ln( Co(222%) )
2.0
R «NLO+RGR+LRR
- NNLO+RGR+LRR
NLO | '
= ki3 NNLO 0.4
> NLO+RGR RS
&) aNLO+RGR+LRR | 8 0.3
N 1.0 sNNLO+RGR+LRR | B
X 8 | 7
0-5 0'1 d
0 000.08 0.10 0.12 0.14 0.16 0.18
8.0 0.2 0.4 0.6 0.8 1.0 z(fm)

X

m Reduce the uncertainty 3~5 times from scale variation

m Improve the convergence when going to higher order
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Conclusion and Outlook

/Summary

e Parton physics can be calculated from lattice QCD through large
momentum expansion
* Power correction is an important source of systematic uncertainty

\- We propose the first systematic approach to achieve 1/P, accuracy /

(Outlook

 More solid determination of the renormalon contribution
* Generalization to more complicated parton observables

-

~
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