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Calculating Parton Physics from Lattice QCD

Factorization of Hadronic Processes

Collins, et.al., ASDHEP (1989)

Perturbative Physics

Nonperturbative

Universal Parton Physics

Important inputs to collider physics! 3



Calculating Parton Physics from Lattice QCD

Factorization of Hadronic Processes

ﬂarton Distribution Functiombative Physics
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Calculating Parton Physics from Lattice QCD

Parton Physics on Lattice?

t

. R Not directly
calculable?

Minkowski Euclidean
Spacetime Lattice



Calculating Parton Physics from Lattice QCD

Large Momentum Effective Theory

Momentum Ji, PRL (2013)
distribution

Ji, SCPMA(2014)

Large P,
Expansion
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Quasi-POF: f(x, ) = C (6y,1E) ® f, 1) +0 (Xé’;‘i)
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Power Correction in 1/P, Expansion

Size of Power Correction

f,B) =C(xy,mP)QfQ, #) 0 (’)‘E;‘; )
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0.0L———
0.2

Ji, et.al, NPB (2021)

\

Linear power
correction must
be eliminated!

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

Why 1/p, correction?

* Non-local operator: g(0)I'U(0, z)q(z) (@666%
[ @,

: : 1
* Linearly divergent self-energy 6m(a) ~ - W
A heavy quark propagating with “pole mass” dm(a)

e hB (z) ~ e—om(a) -|z| Ji, et.al, PRL (2017)

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

* Pole mass of a “free” quark? (0000000 000000000000G00000ROS

* Long range interactions contributing O (Aqcp) ambiguously Beneke, PLB (1995)
. hR(Z) _ hB(Z)QSm-|Z|+0(|Z|AQCD)

Fourier Transform

fx)+0 (AQCD> Ji, et.al, NPB (2021)
X |F|



Power Correction in 1/P, Expansion

Perturbative determination of 6m(a)

. 1
* |n perturbation theory, 6m = ;Z“?H(Q)Tn .

* 715, ~ n! » Series is divergent for any a;
* A lattice perturbative expansion of dm(a) to 20t order

0.20 —

T dk*F(k)(In k2" ~ n!

Bali, et al., PRD (2013)

0.15¢ ’
Renormalon Divergence % 0.0l
d: .
0.05+
| Infrared renormalon is partly related to | | | | | | | |
Gerard 't Hooft P y 0-00 0 2 4 6 8 10 12 14

1999 Nobel Prize the strong coupling a¢(k) becoming non-
perturbative in the region k ~ Aqcp.
Beneke, RMP (1998)

Nth order
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Power Correction in 1/P, Expansion

Renormalon in matching coefficients

fGx,P) =Clx,y,1,P) Q fly,u) + 0( )+ 0 Cé—f’?)

Aqcp
X | Py

* C(x,vy, 1, P,) is obtained by perturbatively calculate the same

operator g(0)I'U(0, z)g(z), thus also has the same ambiguity:
c(+) ~ nl

vertex

sail

-

tadpole

N

[0000000EEOO000000)

Yugs®

Braun, et.al., PRD(2018)

Linear Divergence

11



Power Accuracy in 1/P, Expansion

Remove IR ambiguity

* Regularizing infrared physics
* Explicit IR cut off: f va(k)dk - f/ﬁzv (k)dk Very difficult to calculate

e Resumming the series to all orders W|th some prescription:

| ryut Seems impossible to know high
pyaie, PRO(2019) Z aitlr, - | du e W4 2 order terms?
Ayala, PRD (2020) i!

i ¢ i But we know the divergent part
* Neutralize color charge of the heavy quark
* Non-perturbative determination of 6m(a) Applicable to lattice data

* Depending on how to choose fitting parameters
* Truncate at low order?

4 R R
h*(z,F,) > h*(z P, 7) Ambiguity is fixed
Clx,y,u, P,) » C(x,y,u, P, 7) to linear correction

O(1zlAqep) = mo(7)12]
L (1zlAqep) 0 y .

~




Power Accuracy in 1/P, Expansion

Achieve Power Accuracy: Basic ldea

* OPE with twist-three accuracyMat hing Coefficients

hE(z, P,,u,7) = 1 — my(T ; ), 1122%) Magiq(p) + O(2%)

’*» 0 PDF moments

Cr (as(p), u?22%) — zmo(T )\kakL 1)+ O 20, 2°),
H)s |

_ e&m(a)-th (Z) &0
k

e Twist-3 ambiguities regularized on both sides, h® and C,,

* my(T) matches schemes between renormalization of lattice data and
regularization of the matching coefficients

13



Power Accuracy in 1/P, Expansion

Achieve Power Accuracy: Strategy
flx,B) = C(x, y,u,P)®f(y,u)+0(§§+0(23§5)

A

Renormalize with
scheme-dependent
non-perturbative
parameter mg(7)

Z(a, 1)
x e@m(a)+mo(1))|z|

Matching
Condition

Define T scheme:

Extract my(7):
Fitting to

+ Leading renormalon
resuimmation

P,=0
Lattce data
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Power Accuracy in 1/P, Expansion

Extract my(7) from fixed-order pert theory

h(z,z,0,71) e!(@)
z,a—1’o)e—P%a”)eém(az

£

~—
@

hR(z,B, = 0, g h
ln< Cg (ZZ zzz)ﬂ)) =c+ my(1)z Too large
0% uncertainty!
N Y
AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA 0.7
0.2/ NLO
[ NNLO
#NLO+RGR

0.1
0.0

-0.1

=02 »NLO+RGR

0.08 0.10 0.12 0.14 0.16 0.18 020 022 024 9908 010 012 014 016 0418 020 022 024

z(fm) z(fm)
Fixed-order truncation is not a good regularization method!
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Power Accuracy in 1/P, Expansion

Extract my(7) from fixed-order pert theory

4 N
hR(z,P, = 0, u) |
In — =c +my(7)z Too large
CO (Z,,Ll Z ) 1 |
uncertainty!
2.0 B -/
s 020, | 0
TIs B e NLO Lo
12 or E LG O+RGR
|z N 1.0 NLO+RGR
co| s 00 <
- —~ x
) o preeg
N |- /
| Ty 01 N 0.5
= N N A ]
g -0.2 N s e
£ %80 0.2 0.4 0.6 08 10
0.08 0.10 « 0.16 0.18 020 0.22 0.24

7(fm)

Fixed-order truncation is not a good regularization method! 16



Power Accuracy in 1/P, Expansion

Fixed-order Truncation

Results changes
dramatically when
including higher
order terms

Perturbation Order

-

Minimal termn ~ 1/ag

ﬁ&eries

| Finite Part

Renormalon Series

Size
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Power Accuracy in 1/P, Expansion

Fixed-order Truncation

Results changes
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Power Accuracy in 1/P, Expansion

Fixed-order Truncation

Perturbation Order

-

Results changes
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including higher
order terms
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/

Renormalon Series

| Finite Part

Size
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Power Accuracy in 1/P, Expansion

Fixed-order Truncation

Perturbation Order

-

Results changes
dramatically when
including higher
order terms

Minimal termn ~ 1/ag
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Power Accuracy in 1/P, Expansion

Leading Renormalon Resummation

LRR resums the
factorially growing
part.

Perturbation Order

>

The remaining part

Is convergent. _
Size

The scheme choice
is invariant under
scale variation.

Minimal termn ~ 1/«

Renormalon Series

Finite Part




Power Accuracy in 1/P, Expansion

Leading Renormalon Resummation

LRR resums the
factorially growing
part.

Perturbation Order
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Power Accuracy in 1/P, Expansion

How to resum the renormalon series?

* Borel transformation: R = z r, @01

n=0

t

B[R](?) =2%t”, §=L+Oodte_“_s B[R](?)

Divergent Series €<= Poles in the Borel Plane

A n!
Tn ~ T © B[R](ty) =0 Beneke, RMP (1998)
0 Braun, et.al., PRD(2018)
o0 @ @ ® )
2r  4n 8m 121 167 t
%o Yo %o Bo Yo

R depends on the integral path (regularization schemes) 23



Power Accuracy in 1/P, Expansion

Large By approximation

tadpole
* The only calculable diagrams to infinite order %QQ 399(9
n
> _ %’UJ 2,2 U I 0
Ciplas(12), 2212) oy = / due— /2B ZCF (r% _uz)e)r(éﬁf /;1) B 1)
O " ’ ’ PV Bubble-chain diagrams

@ -0 oo -

* Not including all leading renormalon effects

* Introducing higher renormalons (higher power corrections)

24



Power Accuracy in 1/P, Expansion

Beyond 3y approximation

* Leading renormalon series follow certain properties:

n
* The divergent rate is determined by the pole in Borel plane r;; ~ (Zﬁ—;) n!

* The IR renormalon series is independent of UV renormalization

* We can infer the asymptotic form:
* When n — oo, invariant under the change of renormalization scheme/scale

s = aS"B ~ 'B Beneke, PLB (1995)
Lo\ 'T[n+1+b] b b(b—-1)
= (5 1 + + T
T =Nt (57 [[1 + b] n+b T m+tb)yn+b—1) 2
b = 28_[;2,’ C1 = 4b183 (E—i — Bz) all from S functions

Determined from known
series with the same Pineda, JHEP (2001)

. 25
renormalon at high ordersBali, et.al, PRD (2013)



Power Accuracy in 1/P, Expansion

LRR Beyond [3y approximation

* Resumming the asymptotic series:

47 ___4mu 1
Cr(as(1/z),1)pv = Np, mg /OPV due <s(1/9)ho (1 — 20)+b (I+c(1—2u)+..),

* Correcting the perturbative results:

C M (as(277),1) = Cr(as(277),1) +

* Correcting the matching kernel:

LAz
ACLRR(x,y, 1, Pz) _ /p Zez(:c—y)sz




Power Accuracy in 1/P, Expansion

LRR improved perturbation theory

CO (Z; I’lzzz):
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KB (Z, 6_1, 0) e—l'a‘ (@) gom(@)z
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0.2/

(hR (z,P,=0,z"1)\

Co(z,1) )

.”’""' i

0.1"

0.0
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~0.1}

- wNLO+RGR

-0.2.

NNLO
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0 o P
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m Reduce the uncertainty 3~5 times from scale variation

m Improve the convergence when going to higher order
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Power Accuracy in 1/P, Expansion

LRR improved perturbation theory

hR(zp,=0,z"1
Co(z, u?z%): In ( ( Cozz 5 )):
T —————————SS T T
| 08 «NLO+RGR+LRR
: 05 aNNLO+RGR+LRR
: NLO .
19 NNLO
% ' NLO+RGR
Q) aNLO+RGR+LRR
(?':L 1.0 aNNLO+RGR+LRR
3

7O SO

%08 010 o012 014 o016 o018 020022 024

0. A P S [T S S 1 L " | | L L | | X \ (2.
8.0 0.2 0.4 0.6 0.8 10 2(fm)

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

/ummary \

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

* We propose the first systematic approach to achieve 1/P, accuracy
The leading renormalon resummation reduces the scale variation and

\ the convergence of perturbation theory. J

/Outlook I

 More solid determination of the renormalon contribution
* Generalization to more complicated parton observables (polarized, GPD)

* Including more systematic uncertainties

U /
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