Gluon Quasi1 PDF
n
[Large Momentum Effective Theory

Wei Wang
Shanghai Jiao Tong University

BT ARG 2
21.11-25.01 2019
P



Outline

» Parton Distribution Functions

» Quasi PDF and LaMET

» Brief Results for quark PDFs

» Gluon quasi PDF: renormalization

» Summary



Success of the Standard Model(SM)

Standard Model Total Production Cross Section Measurements
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Factorization: Parton Model; PDF
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Factorization theorems:
do ~ f dxidx, * f(xq) * f(xy) * C(xq,%,,Q)

PDF: basic inputs for particle physics at hadron colliders.



Factorization: Parton Model; PDF
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Elastic 3 free quarks Quarks and Gluons
Many body problem

f(x) f(x)

1 1/3



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

10" tt, LHC13, LUXQED
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Lattice QCD(K.G.Wilson,1974)
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» Numerical simulation in discretized
Euclidean space-time 4\‘ =

Bugiil

» Finite volume (L should be large) P | |
2 i e I
S 5 e

gluon quérk

» Finite lattice spacing (a should be

Y
small)

a

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



Lattice QCD: PDF?

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

xg xp =0, x5 =(0,0,0,0)

Unable to distinguish local operator and light-cone operator

11 —



Lattice QCD: PDF?

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) o< (P (0)y " iD* ---iD* y (0)| P)
0

12—
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Quasi Parton Distribution Functions
and

Large Momentum Effective Theory
(LaMET)

X. Ji, Phys. Rev. Lett. 110 (2013) 262002
X. J1, Sci.China Phys.Mech.Astron. 57 (2014) 1407-1412

Much content in the following 1s taken from Prof. Ji’s slides.



Center-of-Mass and Internal Motions : ”

non-relativistic case

* In non-relativistic systems, the COM
motion decouples from the internal
motion in the sense that the internal
dynamics 1s independent of the COM
momentum:

H = Hcom T Hint

* H, 1s independent of COM
momentum and COM position.

e Wave function of the H-atom 1s
independent of its speed.

Same origin
at t=t'=0

~ s
LAY

» N

/,/ pV

Galilei transformation



Center-of-Mass and Internal Motions 3
relativistic case

* Wave functions in the different frame 1s related by Lorentz
boost:

ip>=U(A(p)) [p=0>, A is related to the boost K.

e Consider the momentum distribution of the constituent
n(k) = (plagaxlp)

In relativistic bound state, this becomes a COM momentum-
dependent quantity,

n(k) - n(k,p) orn, (k)

* The internal wave function 1s frame-dependent (p-
dependent)!



Computing the momentum dependence
—————————————————————————————————————————————————————————————— ] w—

 Studying the momentum dependence of an
observable O(p) 1s 1n principle possible through
commutation relation:

10, Ki] = ...

However, 1n relativistic theories, the boost operator K
i1s highly non-trivial, it 1s interaction-dependent, just
like the Hamiltonian.

s Computing the p-dependence of an observable 1s just
as difficult as studying the dynamical evolution.



Asymptotic freedom (AF): large momentun
e A — L J—

* QCD i1s an asymptotic-free theory.

* Once there 1s a large scale 1n the problem, such a

scale dependence can be studied 1n pert. theory.

* AF allows to compute the large p-dependence in

pert. theory:

O(p,a) = Co(ﬁ,ap)o(,u) + C—Zz + C_‘; F ..
p p- P

where a 1s some UV cut-oft.



Renormalization group equation

* When power suppressions can be 1gnored:

0(p, @) ~ Co (5, @)o (1)

p-dependence become RG 1n pert. theory:

U
do(p,a) 4Co (E'a)
dinp - dinp 0 (M)NVO (,Ll) 0 (P, Cl)

Anomalous dimension:

18 =



Fixed point and parton physics

19—

* The RG equation has a fixed point at P=co

* This is the infinite momentum limit in which the
partons were first introduced by Feynman.

I

* Thus the parton physics corresponds to frame-
dependent physical observables at the fixed point of

the frame transformations.

This tells us how to calculate
the parton physics in QCD !



Quasi PDF
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e, ) = [ e (Pl
X exp (—z'.g z dz' A*(2") ) ¥(0)|P)
Frame / )
transformation: N el
/,,,
2 [
PDF: ... equal time
light-cone correlation

correlation



Finite but large P

2] =—

* The distribution at a finite but large P shall be
calculable 1n lattice QCD.

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

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



Quasi PDF

Matching onto Light-cone PDF:

it Py = [ 2 (2L ) + 0 (2P ar )

ly| \y’ P?

e Quasi pdfs: finite but large p?, from “full theory”
* Light-cone pdfs : p?-> co

e Z: matching coefficient, the difference of the UV physics, can be
calculated in perturbation theory.

Z(z,p/P*) =d6(zx—1) + “Z“-’(;r,,z,,.-"P‘” )+ ...

..: ™

22 =



Progress on quasi PDF

One loop matching for quark (Xiong, Ji, Zhang, Zhao,2013)

Renormalization (Ji,Zhang,2014)

Quasi GPD (Ji ,Schafer, Xiong ,Zhang, 2015)

Quasi TMD and soft factor subtraction (Ji,Sun,Xiong,Yuan,2015)

“Lattice cross section” approach (Ma, Qiu, 2014)

Lattice calculation (Lin, Chen, Cohen,lJi, 2014; Chen, Cohen, Ji, Lin , Zhang ,2016)
Quasi distribution amplitude of Heavy Quarkonia (Jia, Xiong,2015)

Non-dipolar Wilson line (Li,2016)

diguark spectator model (Gamberg, Kang, Vitev, Xing)

Matching continuum to lattice (T. Ishikawa, Y.Q. Ma, J.W. Qiu, S.Yoshida, 2016)
2017...

2018...

2019... Many Progress have been made on quasi PDFs,
but I can not discuss all important ones.

23—



Progress on quasi PDF
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Lattice Collaboration working on quasi-PDFs:

> Lattice Parton Physics Project (LP3) Collaboration
JW. Chen (National Taiwan U.), T. Ishikawa (T.-D. Lee Institute), L. Jin (U.
Connecticut and BNL), R.-Z. Li (Michigan State U.), H.-W. Lin (Michigan
State U.), Y.-S. Liu (TDLI), A. Schaefer (U. Regensburg), Y.-B. Yang
(Michigan State U.), J.-H. Zhang (U. Regensburg), R. Zhang (Beijing Inst.
Theory), and Y. Zhao (MIT), 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.



Progress on quasi PDF
25 m—
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Gluon quasi PDF:

Definition and Renormalization

CT14NNLO

0
0.001 0.003 0.01 0.03 0.1 03 1

WW,Zhao,Zhu,1708.02458
WW, Zhao, 1712.03830
Zhang, Ji, Schafer, WW, Zhao,1808.10824
WVW, Zhang, Zhao, Zhu, in preparation

See also Li, Ma, Qiu, 1809.01836

26 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?

Definition of quasi and light-cone gluon distribution

A&~ oo ) |
forn (1) = | 5——e XETPT(PIF* (ETYW(E7,0,L,+)F*(0)|P)
~ Z o .

Fam () = | o e PIF ()W (2,0, Ly FE(O)P)

» Field Strength Tensor: F
» 1 sums over transverse directions (i=1,2) or full directions

» W(zl1,z2, C) is a Wilson line along contour C.

28—



Renormalization of gluon PDF:
Linear Divergences

b
k

v
<p _ 2k)Ung

P

» Light-cone: n>=0, no linear power divergence;

* Quasi: n>=-1, the integral contributes a linear power divergence!
dk 0 d 2 k T * k 4
kS

Lattice Regularization?

29 m—



Renormalization of gluon PDF:

30 =—
UXlllary Fleld Gervais and Neveu, 1980

Wilson line  W(zy,25:C) = (Z(\)Z(N2)).

Gauge 1nvariant non-local operators
pairs of gauge invariant composite local operators

Fucwl/(ZﬂWab(ZpZziC)pra(zz) = (( v(Z1)Z (/11))|(Z_b()~2)pr0'(ZZ)>
= 00 ()0 2,)

08 (21) = E%(21)Za (A1)



Renormalization of gluon PDF:
One Loop diagrams

aCA{4 dA nt — APn\n - 02, /n? MA —n’ Al Z, -I—reg}

1
T _
O‘CA{ ! [FMZ Lo I "
— + = (F nyn, — Fy nunp)/n—l— (An — Ant)n - 8Z/n]

4
A —-n A“)Z + reg. },

No power divergence!

3] ———



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

(1) _ pa
Vo =F2a,
ToTy Lol

72 i2

Q) = 2|78, A7 — 3, A7) (D2)a,

Q(Z) — Q(l) _ Q(l)

QQWR 11 Zoo — Z11 213 Qf
QgVR = 0 /99 /13 ng

Qm 0 0 Zs) \o¥



Renormalization of gluon quasi-PDF
33 m—

Different components are
renormalized differently!

0% _ (422 Za3 Q7"
Q5% 0 Z33) \Q3" )’

t1 t1



Renormalization of gluon PDF:

34—
Multiplicatively Renormalizable Operators

0(1)(217 22) = Fti(21)L(21, ZQ)Fit(ZQ)a
O (21, 29) = F*(21)L(21, 22) F;* (22),
0(3)(2?17 Z2) = Fti(zl)L(zla ZQ)FiZ(ZQ)a
OW (21, 20) = F#H(21) L(21, 22) F,7 (22),

Different components are renormalized differently!



First Lattice Simulation
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Summary
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LaMET: Parton physics demands new 1deas to solve non-

perturbative QCD.

Gluon Quasi PDF:

Renormalizability; RI/MOM subtraction(O;);
Factorization; One-loop matching; polarized PDF;

Mixing on the lattice; BRST/ghost on lattice (p”2/epsilon);

In 5~10 years, expect:
v" Lattice calculation of quark PDFs: 10%
v’ Better constraints x~1
v" Distributions: gluon, TMD, GPD

Thank you very much!



