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Hadron’s Partonic Structure in QCD

Understanding the structure of hadrons in terms of
QCD'’s quarks and gluons is one of the central goals of

modern nuclear physics.
— 2015 NSAC Long-Range Plan

BUT, we do not see any quarks and gluons in isolation! NG RanCE 2015

for NUCLEAR SCIENCE

d Unprecedented intellectual challenge: o &

<> Any cross section with identified hadron is NOT calculable perturbatively!
<> How to test a theory and quantify the structure of hadrons without being
able to see the quarks and gluons?
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Quantify Hadron’s Partonic Structure

O Parton distribution functions (PDFs):

_ £
foleaty = [ 25 ePw@);Qexp{ig / dnA+(?7)}¢(0)IP>

Dominated by the region: Quantum correlation & tt £
¢ <1/(zPT) ~1/Q of quark fields
~ along ¢ direction!
Interpreted as: (Conjugated to .
the large P*) Z
Probability density
to find a quark with a momentum fraction x




Quantify Hadron’s Partonic Structure

O Parton distribution functions (PDFs):

_ £
foleaty = [ 25 ePw<f>2”§+exp{z’g / dnA+(?7)}¢(0)IP>

Dominated by the region: Quantum correlation & tt £
¢ <1/(zPT) ~1/Q of quark fields
~ along ¢ direction!
Interpreted as: (Conjugated to .
the large P*) Z
Probability density
to find a quark with a momentum fraction x

d Good hadron cross sections:

1) can be measured experimentally with good precision,
2) can be factorized into universal matrix elements of quarks and gluons
— parton distribution functions with controllable approximation

» Provide the indirect access to hadron’s partonic structure!




Global QCD Analyses — A Successful Story

O World data with “Q” > 2 GeV H1 and ZEUS preliminary
+ QCD Factorization: 2= Q=10 GeV?
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Global QCD Analyses — A Successful Story

+ QCD Factorization:
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Global QCD Analyses — A Successful Story

d World data with “Q” > 2 GeV o B H1 and ZEUS preliminary
+ QCD Factorization: ? 2= QP =10 GeV?
08k —— HERAPDF20 (prel.) NLOQ‘m =35GeV?
- exp Jffit uncert.
[: model uncert.

e-H: F2 (.’EB, Q2) — chf (CUB/.CC, M2/Q2) ® f(x7 ILL2) [ parametrization uncert.

\
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+ DGLAP Evolution: "l seons /\‘
8f($, ,[LQ) o E / P /(x/x,) ® f/(x, 2) 10° 10° 1};'2 1‘1;" 1
gz I s Universal PDFs

d The “BIG” question(s)
Why these PDFs behave as what have been extracted from the fits?

What have been tested is the evolution from ¢, to 1,
But, does not explain why they have the shape to start with!

Can QCD calculate and predict the shape of PDFs at the input scale,
and other parton correlation functions?



Calculate PDFs in Lattice QCD?

O Answer: Not directly!

Particle nature of quarks/gluons mm) Probes with large Q transfer
Large momentum transfer mm) Operators on light-cone
Operators on light-cone mm) Can’t be calculated in lattice QCD
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Calculate PDFs in Lattice QCD?

O Answer: Not directly!

Particle nature of quarks/gluons mm) Probes with large Q transfer

Large momentum transfer mm) Operators on light-cone
Operators on light-cone mm) Can’t be calculated in lattice QCD
d Quasi-PDFs: Ji, arXiv:1305.1539

£z
(o P) = [ e P, exp{—zg [ dnzAz<nz>}w<0>P>

Proposed N dy L A% M2
matching: alw, 1, P2) :L y z (§’E> aly: 1) + O (PZZ’ Pz

O Pseudo-PDFs: + gluon contribution beyond LO
Ma(l/ =p-E&, 52) = <p|@(0)’yaq)v(0, &, v - A)¢(f)|p> Radyushkin, 2017
= QPC‘M (v, %) + £ (° /) M (1, €2) = 2p* M (v, £7)
dv .
Pz, &%) = % e 2p+M+(V %) with £2 < ()

Off-light-cone extension of PDFs:  f(z) = P(x, £2 = 0) with ¢&* = (07,67,0,



Calculate PDFs in Lattice QCD?

O Answer: Not directly!

Particle nature of quarks/gluons mm) Probes with large Q transfer

Large momentum transfer mm) Operators on light-cone
Operators on light-cone mm) Can’t be calculated in lattice QCD
d Quasi-PDFs: Ji, arXiv:1305.1539
N A e {—z'g [ dnzAmz)} vO)IP)
ooy 2= [z (28 g+ 0 (5 )
Q Pseudo-PDFs: + gluon contribution beyond LO
M (v =p-£,6%) = (p[ (0714 (0, &, v - A)tb(€)|p) Radyushkin, 2017
= 2% M,y (1, €2) + € (0? /1) M (v, €2) = 2" M, (v, €2)
Plag) = [ 50 e o M (€ with €2 < 0

Off-light-cone extension of PDFs:  f(z) = P(x,&% =0) with & = (07,¢7,0,
O Other approaches, ...
“OPE without OPE” (Chambers et al. 2017), Hadronic tensor (Liu et al. 1994, ...), ...



Lattice QCD + QCD Factorization

Ma and Qiu, arXiv:1404.6860

J Good “Lattice cross sections”: arXiv:1709.03018
= Single hadron matrix element: D and & define collision kinematics
6,0, &, P?) = (P|T{O,(&)}|P) with w=P-£ €40, and & =0;
Plus:

1) can be calculated in lattice QCD with precision,
has a well-defined continuum limit (UV+IR safe perturbatively), and
2) can be factorized into universal matrix elements of quarks and gluons

with controllable approximation Collaboration between lattice QCD

and perturbative QCD!




Lattice QCD + QCD Factorization

Ma and Qiu, arXiv:1404.6860
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= Single hadron matrix element: D and & define collision kinematics
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Plus:
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O Quasi-parton operators: and perturbative QCD!

OF(§) = Z (€)1, ()7 2 (€, 0)1,(0)
OWeP (&) = Z 1 () FH (€)@ (¢,0)F*P(0)
with the gauge link: (/@) (¢ ) = Pe=i9 Jo £AT (AE)dA

{ Quasi-PDFs are given by F.T. of & with fixed P-
{- Pseudo-PDFs are given by F.T. of P- with fixed &



Lattice QCD + QCD Factorization

Ma and Qiu, arXiv:1404.6860

1 Good “Lattice cross sections”: arXiv:1709.03018
= Single hadron matrix element: D and & define collision kinematics
Gn(w* 52~P2) — <P|T{On(5)}|P> with w=PF- fa 62 # 07 and 50 — 07
Plus:

1) can be calculated in lattice QCD with precision,
has a well-defined continuum limit (UV+IR safe perturbatively), and
2) can be factorized into universal matrix elements of quarks and gluons

with controllable approximation Collaboration between lattice QCD

O Quasi-parton operators: and perturbative QCD!

Oy (€) = Zy H(E) 0, (€)@Y) (€, 0)4(0)
vap _ =172 v a ap
Oy ei(€) = Z, 1 (E2)FH (€)@ (€, 0)F7(0)
with the gauge link: (/@) (¢ 0) = P9 Jo &AL (NE)dA
{ Quasi-PDFs are given by F.T. of & with fixed P-
{- Pseudo-PDFs are given by F.T. of P- with fixed &
Need a UV renormalization scheme: See Y.Q Ma’s talk

< Easy to be implemented non-perturbatively, as well as perturbatively
< Need to be both IR and CO insensitive!



Lattice QCD + QCD Factorization

. . Ma and Qiu, arXiv:1404.6860
1 Good “Lattice cross sections”: arXiv:1709.03018
= Single hadron matrix element: D and & define collision kinematics

n(w 52 Pz) <P|T{On( )}|P> with w=2P"- fa 62 # 07 and 50 — 07
Plus:
1) can be calculated in lattice QCD with precision,
has a well-defined continuum limit (UV+IR safe perturbatively), and
2) can be factorized into universal matrix elements of quarks and gluons

with controllable approximation Collaboration between lattice QCD

1 Current-current correlators: and perturbative QCD!
Oj1j2 (g) = gd iy =2 Z Z .]1(5) ]2(0)
with d; : Dimension of the current

Z; : Renormalization constant of the current
Sample currents:

js(§) = €25 [$g1a)(), I (&) = E2y [0,y - Sl (©).
(&) = €20 gy - €Ug)(©): Ga(©) = €25 = [ FiLFRIE), -

<~ Easier for UV renormalization, more “lattice cross sections”,
<> Harder to calculate in lattice QCD, ...



Lattice Data + QCD Global Analyses

. . Ma and Qiu, arXiv:1404.6860
O Factorization: arXiv:1709.03018

+
ﬁ Gauge link vs propagator 27]75(33 — k" /p")
e —

—+ OE*A3p)
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Hard-part Parton-distribution Corrections
Probe Structure Approximation
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d QCD Global analysis:

Need data of “many” good lattice cross sections to be able to
extract the x, Q, flavor dependence of the hadron structure, ...



Lattice Data + QCD Global Analyses

. . Ma and Qiu, arXiv:1404.6860
O Factorization: arXiv:1709.03018

+
ﬁ Gauge link vs propagator ;]75(33 — k" /p")
e —

—+ OE*A3p)

BT ' )
Hard-part Parton-distribution Corrections
Probe Structure Approximation

d QCD Global analysis:

Need data of “many” good lattice cross sections to be able to
extract the x, Q, flavor dependence of the hadron structure, ...

0 Complementarity and advantages:
< Complementary to existing approaches for analyzing exp data, large x, ...

< Complementary between different “lattice cross sections”, ...
< Have tremendous potentials:

Neutron PDFs, ... (no free neutron target!)
Meson PDFs, such as pion, ...
More direct access to gluons — gluonic current, quark flavor, ...



Factorization

. . . Ma and Qiu, arXiv:1404.6860
1 Factorized formula for lattice cross section: arXiv:1709.03018

o (w, €2,P?) Z/ = falz,1?) x K2(2w,€2,22P?, 4%) + O(€ N3 op)

ith  fo(z. 12) = —fu(—z, 2
0 Steps needed to prove: with - fa(z,17) = —fa(—2, 1%)

Let 52 be small but not vanishing, apply OPE to the operator,

on(w, €%, P?) ZZ“ (1a)(g2, u2) e ... £ x (P|OSLY),, ()| P)
\

with Local, symmetric and traceless with spin J

(P0G, (12)|P) = 24 (u?) x (P, - -- P, — traces)
With reduced matrix element: A% (u?) = (P|OW4)(u?)| P)



Factorization

. . . Ma and Qiu, arXiv:1404.6860
1 Factorized formula for lattice cross section: arXiv:1709.03018

) = 3 [ 1 .58 )+ 0N

ith a,72=_a—72
O Steps needed to prove: with  fa(z, 1) fa(=2,17)

Let 52 be small but not vanishing, apply OPE to the operator,

on(w, €2, P?) =30 ST WO (€, i) € €77 x (PO, (1) P)
J=0 a A

with Local, symmetric and traceless with spin J

(P0G, (12)|P) = 24 (u?) x (P, - -- P, — traces)
With reduced matrix element: A% (u?) = (P|OW4)(u?)| P)

—

on(w,&2,P?) =" W&, 4?) 24V (1) x B (w, P2¢?)

J=0 a
with ¥ ;(w, P?¢?) =& ... &Y/ (B,, --- P,, — traces)

1J/2] No approximation yet!

—ZCJ,w (—P2¢? /4)



Factorization

Ma and Qiu, arXiv:1404.6860

O Approximation — leading power/twist: arXiv:1709.03018
N . .
AU (%) = 5 /ldmfj‘lfa(:r-,u“) With symmetry factor: S, = 1,2 for a = ¢, ¢

—)

u) f P Z/ _fa Zz, ll XI\ (lw’g‘z“,‘r‘zp'z’#?) +O(£2A2QCD)

with fa Zsu(“)(g %) By (2w, 2? P2E?)
J— a

Note: our proof of factorization is valid only when |w| < 1 and |p2£2| <1



Factorization

. . . . Ma and Qiu, arXiv:1404.6860
O Approximation — leading power/twist: arXiv:1709.03018

'Tan s B 1 ! , _
A(-J'a)(,u.“) =35 / da‘;lfj_lfa(l',u.“) With symmetry factor: S, = 1.2 for a = q,¢.
a J-1

Note: our proof of factorization is valid only when |w| < 1 and |p2§2| <1
O Extrapolate into large w region:

< Validity of OPE guarantees that o , is an analytic function of w,
so as its Taylor series of w around w=0, defined above

< If we fix £ to be short-distance, while we increase w by adjusting p,
we can’t introduce any new perturbative divergence

< Thatis, 0, remains to be an analytic function of w unless w =«

Factorization holds for any finite value of w and p? &2, if & is short-distance



Factorization of CO Divergence

Ma and Qiu, arXiv:1404.6860
1 Generalized ladder decomposition in a physical gauge

n-A=A"=0 k* +k Mueller, PRD 1974
4t [ o
H T S S
- Co + 4 B Ko +
ot s Bo f I
T Ko
T
Q Cy, Kp :2Pl kernels NOERT
S ,,
<> Only process dependence: Co _ ‘jﬁg>
S

< 2PI are finite in a physical gauge for tixed k and p:
Ellis, Georgi, Machacek, Politzer, Ross, 1978, 1979

Arguments valid on if UV divergences are multiplicatively renormalizable



Factorization of CO Divergence

d 2PI kernels - Diagrams:

P

1 | = {000000) +%§r+'"
b

d Ordering in virtuality: P? « k2 <32 - Leading power in i

k+ +k H

k+ +k

L - . \\/ —37°p ]

2 1k a, __ k;-n) + power suppresse

- /\ UG

p+ +p + * Cut-vertex for normal quark distribution

P P

Logarithmic UV and CO divergence

O Renormalized kernel - parton PDF:
L+ : .
K= / Ak 0 (s — — ) Tr | 0 Ko 22|+ UVCT Lo, oritnmic

pt 2p - n 2 8




Factorization of CO Divergence

O Projection operator for CO divergence:

7/5 K Pick up the logarithmic CO divergence of K
O Factorization of CO divergence:

m

farp=lim_ COZO K'+ UVCTs
1=

[ m—1

lim Coll+ > Ki(1- 13)1(] + fop PK
i=0 ren

m—r oo

= lim Co 1+Z[(1—13)K]i] +fap P K
L i=1 ren

m— oo

~ 1 1 Normal Quark
p— C —— .
/> fqrpP [ 11— ’p)K] . [1 - ’PK] ' I distribution

CO divergence free All CO divergence of
quasi-quark distribution




Factorization of CO Divergence

O Projection operator for CO divergence:

7/5 K Pick up the logarithmic CO divergence of K
O Factorization of CO divergence:

m
farp=lim_ COZ) K'+ UVCTs
1=

m—1

= lim Co|1+ ZK’(I—ﬁ)K] + fop PK
i=0 ren

L i=1 ren
F 1 ! Normal Quark
= C — —
- Jarr [ "1 (1— P)K] . [1 - PK] ‘1 distribution
CO divergence free All CO divergence of

quasi-quark distribution

1 -
~ dx T
‘ fz-/h(:p,,uQ,Pz) ~ E /0 _Cij(zvﬂ2apz) fj/h<x7:u2>

UV finite? ; v



Renormalization

O Current-current correlators — take care by construction:

Construct operators by using renormalizable, or conserved currents

O Renormalization of quasi-parton operators:

. . . See talks by
Bad: UV power divergence, mixing, ... Y. Zhao, Y.Q. Ma

Good: UV divergences are multiplicative! J-H. Zhang, ...
“Ugly”: Several proposals, impact to high orders, not converging yet, ...
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O Current-current correlators — take care by construction:

Construct operators by using renormalizable, or conserved currents

O Renormalization of quasi-parton operators:

. . . See talks by
Bad: UV power divergence, mixing, ... Y. Zhao, Y.Q. Ma

Good: UV divergences are multiplicative! J-H. Zhang, ...
“Ugly”: Several proposals, impact to high orders, not converging yet, ...

. . . . . Z.Li, Y.Q. Ma, J. Qiu
O Basic requirements/considerations: See talk by Y.Q. Ma

< Fact: UV divergence is only sensitive to the operator, not to the state
defining the matrix elements
< Ambiguity in choosing the finite piece:

e.g., M S scheme vs DIS scheme (no gluonic contribution to F,)



Renormalization

O Current-current correlators — take care by construction:

Construct operators by using renormalizable, or conserved currents

O Renormalization of quasi-parton operators:

. . . See talks by
Bad: UV power divergence, mixing, ... Y. Zhao, Y.Q. Ma

Good: UV divergences are multiplicative! J-H. Zhang, ...
“Ugly”: Several proposals, impact to high orders, not converging yet, ...

. . . . . Z.Li, Y.Q. Ma, J. Qiu
O Basic requirements/considerations: See talk by Y.Q. Ma

< Fact: UV divergence is only sensitive to the operator, not to the state
defining the matrix elements
< Ambiguity in choosing the finite piece:

e.g., M S scheme vs DIS scheme (no gluonic contribution to F,)
< Our choice:

= Easy to be implemented non-perturbatively, as well as perturbatively
= Not to be sensitive to the hadron state, especially, its CO behavior

Need to be both IR and CO insensitive — it is a choice V. Braun'’s

e.g., Pseudo-PDFs suppress certain power correction talk:



Renormalization

O For multiplicative renormalizable quasi-parton operators:
Focus on the continuum formalism for now

Og €)p = Eq(f)qu)(f) (€,0)14(0) No sum over any indices!

(f)g"/aﬁ(g) B = M (&)® (&, 0)F*P(0) Effectively, a “scalar”
. . operator for any given indice
1 Lattice cross sections - observables:
0w, €2, 0%) = Z; (€2 (P|T{O.(€) 8} P) < Hard scale: 1/¢°

" % IR and CO safe!
QIT{O, 0
Z,(6%) = WUT1O(E) 58 < Calculable with

Q0. HD® a UV regulator




Renormalization

O For multiplicative renormalizable quasi-parton operators:
Focus on the continuum formalism for now

Oy (&) = Eq(f)qu)(f) (£,0)%4(0) No sum over any indices!

(f)g"/aﬁ(g) B = M (&)® (&, 0)F*P(0) Effectively, a “scalar”

. . operator for any given indice
(] Lattice cross sections - observables:

O'n(w,£27p2) = Zgl<€2><P|T{On<€)B}|P> < Hard scale: 1/'&-2
7, (€2) = IO (&) 5}|) 4 IR and CO safe!

< Calculable with
0
<Q|T{O”(£)BHQ>( ) a UV regulator

sC 3 1 1
LN @ S PR T

T
a
3 2 2ve |§|M
+—(=&"17) T o

4e
Z ; '3 [/%;;\\ Completely IR and CO safe,

independent of hadron state

See also Y.Q. Ma’s talk



Renormalization

O For multiplicative renormalizable quasi-parton operators:
Focus on the continuum formalism for now

Og €)p = Eq(f)qu)(f) (€,0)14(0) No sum over any indices!

()gvaﬁ(g) B = FW(@@(&) (£,0) Faﬁ(()) Effectively, a “scalar”

. . operator for any given indice
(] Lattice cross sections - observables:

O'n(w7£2,p2) = Zgl<£2)<P|T{On<f)B}|P> <% Hard scale: 1/52
QIT{0,,(£)B}Q) < IR and CO safe!

Zn(£2) = < Calculable with
(0)
(QT{On(8) 5 1<) a UV regulator
-' al | d.CE‘ w:w v
4 51 o= [ ) e
p p p P a;Cp 1 [1+ 22 .
“ (a) . ” (b) . é\fg(x uf) =0(1l—x)— - A » [ T ]f(az)(47r,u2/,u?c)

2 2
1 ‘ H;(xwag 7:UJf) 52
) Y 0000000

.

/ ¢ H{ and H5 are givenin Y.Q. Ma’s talk
P P P P
(c) (d)

(2w, u}) + wp” Ha(zw, (1})




Current-Current Correlators

. Ma, Qiu, PRL (2018)
d Pion/Keon PDFs: Sufian et al. JLab

. . . PRD99 (2019) 074507
— using a vector-axial-vector correlation as an example

< Parity-Time-reversal invariance:
1 4
5 L5 (&) + T3, (€: p)] = % (h(p)| (T3(&/2) T3 (—€/2) + T5'(€/2) T (—€/2)) |h(p))

= ¢*? po&s Ty (w, €%) + (p'¢” — €'p") Ta(w, £?)
<> Collinear factorization:

. 1
Tiw, &)= Y / %f(w,u?)c,f(w,e%z,u?)+O[|e|/fm]

f=q.9.9
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< Parity-Time-reversal invariance:
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<> Collinear factorization:
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< Lowest order coefficient functions:
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< Lattice QCD calculation results with 1-loop matching coefficient



Current-Current Correlators

. . . . Sufian et al. JLab
d First lattice QCD calculation of pion PDFs: PRD99 (2019) 074507

See Sufian’s talk
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O Global analysis o? LQCD data — complementary to experimental data:

QCD factorization of “lattice cross section”
1
d
@) = Y [ (o) K (w07 2) + O(€Aen)
a=q,q9,9
t t t

0
LQCD calculable Global analyses PQCD calculable

Complementary to experimental data!



Summary and outlook

1 Good “lattice cross sections” = single hadron matrix elements
calculable in Lattice QCD, renormalizable + factorizable in QCD

Going beyond the quasi-parton operators

O Extract PDFs by global analysis of data of “Lattice x-sections”

n(w, &2,P?%) Z/ —fa z,1%) x K%(zw, &%, 22 P2, u?) +O(£2AéCD)
with fa('l’fll-z) = —fa(—'l’ell-z)
O Conservation of difficulties — an example:

Use heavy-light flavor changing current to suppress
noise from the middle propagator:

= folz, 1*) + folz, p?) = fo(z, 1) if mg ~u

No free-lunch! But, we are trying to
find a better way to get our lunch!

O Lattice QCD can be used to study hadron structure, but,
more works are needed!

Thank you!



