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> Parton Distribution Functions
» Quasi PDF and LaMET

» Brief Results for quark PDFs

» Recent Progress:

v' 2-loop Perturbative Matching
v" Gluon quasi PDF
v TMDWF

» Summary

Disclaimer: There are many excellent works, but can not covered in this talk.



Success of the Standard Model(SM)
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Factorization: Parton Model & PDF
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Factorization theorems:

do ~ j dx,dxy * f(x1) * f(x3) * C(x1,%2,Q)

PDF: basic inputs for particle physics at hadron colliders.



Global Fit of Data
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Global Fit of Data
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PDF From First Principle?

* Fitting Results rely on data

* First-principle calculation can cover regions
where experiments cannot constrain so well

* The cost of improving calculations could be
much lower than building large experiments.



Gluon PDF

tt, LHC13, LUXQED
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PDF at large x gives
dominant errors:
important to study
heavy particles.



Lattice QCD(K.G.Wilson,1974)

» Numerical simulation in discretized -
Euclidean space-time 4“

=T =

» Finite volume (L should be large)

S5

> Finite lattice spacing (a should be SIS e
Small) gluon quérk

Tremendous successes in hadron spectroscopy, decay constants,
strong coupling, form factors, etc.

L

= i



Lattice QCD: PDE?

PDF (or more general parton physics):
Minkowski space, real time
infinite momentum frame, on the light-cone

Lattice QCD:

Euclidean space, imaginary time (t=1*tau)
Difficulty in time
xp xp =0, xp =(0,0,0,0)

Unable to distinguish local operator and light-cone operator
Sign problem 1n simulating real-time dynamics.
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Lattice QCD: PDE?

One can form local moments to get rid of the time-
dependence

= (x™) = | f(x)x™dx : matrix elements of local operators

= However, one can only calculate lowest few

moments 1n practice.

= Higher moments quickly become noisy.

n

1 — N
[dx x"q(x, 1)dx = a, (1) < (P (0)y " iD* ---iD* y (0)| P)
0
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Quasi Parton Distribution Functions

and
Large Momentum Effective Theory
(LaMET)

X. Ji, Phys. Rev. Lett. 110 (2013) 262002
X. Ji, Sci.China Phys.Mech.Astron. 57 (2014) 1407-1412
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Quasi-PDFs
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iz, 12, P) = f L e (P2
X exp (—z'.g /: d.z"Az(z’)) ¥ (0)|P)
Frame transformation: )
A Time /’

Space
PDF:
light-cone
correlation

.. equal time
correlation




Quasi-PDFs

Lorentz boost

Quasi-PDF :
Equal-time correlation;
Directly calculable on
the lattice

PDF:

light-cone separation;
Cannot be calculated
on the lattice




Quasi-PDFs:Finite but large Pz
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* The distribution at a finite but large Pz shall be
calculable 1n lattice QCD.

* Since 1t differs from the standard PDF by simply an
infinite Pz limit, it shall have the same infrared
(collinear) physics.

* It shall be related to the standard PDF by a matching
factor Z (P—i) which 1s perturbatively calculable.

Z(z,p/P*)=0(x—1)+ %Z (g, p/P*)+ ...



quasi PDF in LaMET

~ 2 pz by r M P 21/ p2\2 A42 /{ DZ\2
Gz, p*, P*) = | —=Z =, o | aly. 1?) + O (A?/(P*)*, M?/(P?)?) |,
o \y P?
v Formalism: factorization, renormalization, power
corrections

v’ Matching: perturbative corrections to Z

v’ Lattice QCD calculations

16 =



Lattice Simulations

Lattice Collaboration working on quasi-PDFs:

» Lattice Parton Physics Project (LP3) Collaboration
JW. Chen, T. Ishikawa, L. Jin, R.-Z. Li, H.-W. Lin, Y.-S. Liu, A. Schaefer, Y.-B.
Yang, J.-H. Zhang, R. Zhang, and Y. Zhao, et al

» European Twisted Mass Collaboration (ETMC)
C. Alexandrou (U. Cyprus) , M. Constantinou (Temple U.), K.Cichy
(Adam Mickiewicz U.), K. Jansen (NIC, DESY), F. Steffens (Bonn U.), et
al.

> DESY, Zeuthen J. Green, et al.

» Brookhaven group
T. Izubuchi, L. Jin, K. Kallidonis, N. Karthik, S. Mukherje, P. Petreczky, C.
Schugert, S. Syritsyn.

» MSU group
H.-W. Lin

> Lattice Parton Collaboration (LPC)
X.Ji, P.Sun, A.Schafer, WWang, Y.Yang, J.Zhang, et al

>
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Lattice Progress on quasi PDF:quark
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Lattice Progress on quasi PDF:quark
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Progress on quasi-PDF

v' More Precision Calculations:
v' Lattice QCD Simulations

v' 2-loop Perturbative Matching
v

v New Distributions:

v" Gluons PDFs

v" Transverse Momentum Dependent PDF
v

Many Progress has been made on quasi PDFs, see Reviews:

Alexandrou et al., 1902.00587
Ji, et al. 2004.03543, Rev.Mod.Phy.

20 =—



2-Loop Perturbative Corrections
2] m—

= ¥4 £ ¥4 A Z
Gz, p®, P )=/ —Z (gﬁ) q(y, 1) + O (A?/(P?)*, M?/(P*)?) |

Higher-order corrections are important:

v If u=2GeV, as(n = 2GeV) ~ 0.3, as?-correction is needed for a
precision prediction

v’ The factorization proof at NNLO is nontrivial

2005.13757, PRD RC
Chen, WW, Zhu, 2006.10917, JHEP See also Li,Ma,Qiu,2006.12370
2006.14825



2-Loop Perturbative Corrections
22 m——

Higher order corrections bring about a large number (79+ at
NNLO) of Feynman diagrams

kit ptpe ket p+ps

cutl cut? cut3



2-Loop Perturbative Corrections
23—

Check Master Integrals using the numerical integration package FIESTA

Analytic:
It100210 = — 2292900960 +0.4498613241 + €(—21.287203876),
FIESTA: 6
I{ 100010 = 249290 £ 0.0000652 ) 449836 + 0.000847 + €(—21.2872 4 0.004169).

€

Divergences between quasi and lightcone PDFs cancel!



2-Loop Perturbative Corrections

24

m——— NNLO Matching

i
3 i NLO Matching

----- = NNPDEF3 .1

fU4(x)

ChenWW, Zhu,
2006.14825

-1.0 -0.5 0.0 0.5 1.0 1.5

using LPC data with z..= 10a, i = 2GeV and in modified MS scheme;
uncertainty is from lattice data



Gluon quasi PDF:
Renormalization

CTI4 NNLO
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WW,Zhao,Zhu,1708.02458, EPJC
WW, Zhao, 1712.03830,JHEP
Zhang, Ji, Schafer, WW, Zhao,1808.10824,PRL
WW, Zhang, Zhao, Zhu, 1904.00978,PRD

See also Li, Ma, Qiu, 1809.01836

25 m—



Gluon PDF

g “00000)

Higgs Production: H
gluon-gluon fusion

g 00000

Cross sections are calculated by Ziirich group at N°LO QCD and
NLO EW accuracies [Anastasiou:2016cez]

mH=125.09 GeV, Vs=13 TeV

0=48.52pb

Total Uncertainty: 3.9% (Gaussian)
PDF: 1.9%
ag:2.6%



quasi PDF for gluon: definition?
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Definition of quasi and light-cone gluon distribution

dE-

2TxPT

fo (%) = e ETPN(PIFT (ETYW(ET, 0, Ly )FHH(0)|P)

VA o .
We_lxzp (P|F*;(z)W (2,0, Lnz)F**(0)|P)

Fom(xmw=|

» Field Strength Tensor: F WW,Zhao,Zhu,1708.02458

» 1 sums over transverse directions (i=1,2) or full directions

» W(z,,z,, C) is a Wilson line along contour C.



Renormalization of gluon PDF:

Auxiliary Field S

Gervais and Neveu, 1980

~
-~

Wilson line W (zy, z0: C) = (Z2(A\1)Z2(N2))

Gauge invariant non-local operators
pairs of gauge invariant composite local operators

F/.LC%/(Zl)Wab(ZLZZ; C)pra(Zz) = ((F/ﬁ/(ﬁza(ﬂl))|@(AZ)prJ(ZZ)>
= 0 (2005 (z2)

Q) (z) = F4(21)2,(1)



Renormalization of gluon quasi-PDF
29—
Three operators with the same quantum number

(1) _ ra
Q.. =F, Za,
Ty Ty Lo,
2 2

Q) = |27 (2 AL — duAL)(D2)a,

Q'R _ (422 Zi3 Q"
Q5% 0 Zs3) \Q3" )’

t t1

- o

2) 1
Q) =Y

Different components are
renormalized differently!



Renormalization of gluon PDF:

30 ——
Multiplicatively Renormalizable Operators

OW (21, 22) = F"'(21)L(z1, 22) F; (22),
0(2)(,21, 29) = FZi(zl)L(zh 22)F; % (22),
OB (21, 29) = F¥(21)L(21, 22) F;* (22),
OW(21,29) = F*(21) (21, 22) F,7 (22),

Four multiplicative Renormalizable operators
can be used to define gluon quasi-PDfs

Zhang, Ji, Schafer, WW, Zhao,1808.10824 (PRL 2019)



First Lattice Simulation

0:54 po4 ﬁ + * Fan, Yang, Anthony, Lin, Liu,1808.02077(PRL)
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TMD PDF

¥ W AR SR
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TMD PDF

RENFS %1 (B T) SR I IS 1 22 IS8 it
J&, BT @R e B EERMAREN, JTHE 2R
HIES 7 0 AT R [19694FE 1 DU/R 2] R I8 1 4% 1 N &6
S AT —4EE5 ) o

b6 55 5 [ V5 S W B0 B 158 7 AL (E1C) A1dR [ IEAE & 2 fIEicC

HOAWrHERE, AATRE A AT RE AN SLSS EIR AN B 1 = 4E 451 .

aaaaaaaaaaa

=== Electron Storage Glatizad - 819.4m
, U, & N » .
% E I C == Electron Injector Depolarized Heavy lons Polarized Electron 3 i % §$ I I Hg E 1 CC
31 EicCHH LA
Fig.31 The layout of EicC



TMD PDF

How to obtain TMDPDF from first-principle?

flx

FRP (@, ¢ b, p) = .W( =

Soft-factor

34—

Un-subtracted TMDPDF



TMD PDF

Ji, Liu, Liu, arXiv: 1910.11415, 1911.03840
A four-quark form-factor:
(P, P',b1) = (P'|fi(b)I"n(b1)$(0)T4(0)| P),
lb AR VI oY) e V
(P, P, b, )|= / dzda' H(z, o/, p, Py QeI L0 @ Y Bb gy yr g

n,

S(Y',Y',by)

S(Y,Y,by)

35 m—



TMD PDF

36 I
Ji, Liu, Liu, arXiv: 1910.11415, 1911.03840

Reduced Soft-factor can be calculated from form-factor
and quasi-TMDWEF:

S(Y,Y",b,)
S(Y,0,b,1)S(0,Y",b.)
B (P, P',b,)
 [dadz'H(z, o, P, P")$(z', P',b) )$t (z, P,by )

Sr(by) =

(20)




TMD PDF
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Summary

LaMET: Parton physics demands new 1deas to solve non-
perturbative QCD.

Recent Progress:
v' Precision:

v New Distributions:

In near future, we expect:
v" Lattice calculation of quark PDFs with 2-loop: 10%
v New Distributions: gluon, TMDPDF, GPD, twist-3

Thank you very much!
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TMD PDF
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Ji, Liu, Liu, arXiv: 1910.11415, 1911.03840

TMDWEF:

o(z,P,b.) = lim P?dz iz.p= (P|%(0,2,01)I'U(0)[0)
L—oo 4 \/ZE(O, 2L, bJ_)

b Y, P,b
¢z, Pbr) = Hy(x, Pz)¢éaEY Y bj)

S(Y7 0) b_L) (



