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» Introduction

» Quasi Distribution and LaMET

» Gluon quasi PDF: linear divergence (Problem?)
» Auxiliary Field: new operators (Solution?)

» Summary
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» Factorization theorems:

do ~ j diydx, * £(x1) * £(rz) * C(x1, %2, Q)

» PDF: basic inputs for particle physics at hadron colliders.




PDF and Proton Structure
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PDF from data
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Lattice QCD

» Numerical simulation in
discretized Euclidean space-
time

» Finite volume (L should be
large)

» Finite lattice spacing (a
should be small)
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PDF on Lattice e A
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» PDF can be formulated as the matrix elements of the
boost-invariant light-cone correlations
-> time-dependence g0

§ &t
Fim(€) = d;‘,’r e “P' (Plg,(0,w ,%)%w,-(O)an- \ &3

\

»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 In practice.

= Higher moments quickly become noisy.




Quasi Distribution

X.D.Ji, Phys. Rev. Lett. 110 (2013) 262002



Many progresses on quasi distributions

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

* Non-dipolar Wilson line (Li,2016)

* diquark spectator model (Gamberg, Kang, Vitev, Xing)
* Matching continuum to lattice (T. Ishikawa, Y.Q. Ma, JW. Qiu, S.Yoshida, 2016)

See the talk by JW.Chen
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A Euclidean quasi-distribution
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= Consider space correlation in a large momentum P

INn the z-direction.

dz - - —
~ 2 Pz 1zk P z
['* j — t |I|IJ FaTl

X exp (-ﬁg/ dz’Az(z’)) WV (0)|P)
0

= Fields separated along the z-direction

EO

0

QO

= Gauge-link/Wilson line along the z-direction

53

= The matrix element depends on the momentum P.




Matching onto Light-cone PDF:
_ Ld T
o) = [ T2 (2 ) atws®) 4 © (PP L/PY)

Quasi pdfs: finite but large p? from “full theory”
Light-cone pdfs : p?-> ©

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

Z(x, 1/ P*) = 8(z — 1) + ;"—;Zm(m, 1/ P*) + ...
12
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Linear power UV divergence

pz
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® Free of IR divergences
® [ inear power UV divergence
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Linear power UV divergence

® [inear UV divergence in quasi quark pdf

® The linear divergence comes from n? term

~ | dI%dl, dIFS(1F — (1 — 2)p "
/ 1diFo(* = x)p)ZQ(lZ—I—ie)(lZ—ie)

2

® | ight-cone PDF: n?=0, No linear power UV divergence.
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Linear power UV divergence
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® \Vilson line self energy renormalization (J.W.Chen, X. Ji,
J.H.Zhang,2016)

Ll‘en(z, O) _ 2216_5m|Z|L(Z, O),

- (l‘q(zvp
I = —— A
om o (mA)
® | inear UV divergence Is removed by the “Counter term
diagram”
% o
AP Py
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Gluon PDF

x fix,Q)at Q= 2 GeV
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luon distribution
J W0

® Definition of quasi and light-cone gluon distirbution

- g™ —if "z Pt + +
fg/H(;l.,;l.) =/21rrP+ (PIG H (6 0 Ln+ Cﬂ |P>

dz

izx P* z . ; iz
e (PG (=)W (2.0: Ly ) G (0)|P)

fg/H(xaPZ) —

» Field Strength Tensor: G
> | sums over the transverse directions (i=1,2)

»W(z1,z2, C) is a Wilson line along contour C. ”




Matching for gluon quasi distribution

(Weil Wang, Rui-lin Zhu and Shuai Zhao)

* Treelevel: 511 -x)

* One loop level:

HETINTT
Rk

Non-Abelian term has been absorbed 10




Matching for gluon quasi distribution I8

» Feynman gauge
» UV Regularization Scheme

v" First Dimensional Regularization (DR):
No Power divergence;

v UV cut-off on transverse momentum

» The collinear divergence is regularized by introducing a
small gluon mass

20




In dimensional regularization (DR) scheme:

5(1) _ el
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Z (§pﬁ) = (6 — 1)+ =22 (g,%) oo

P
((2(1—¢%+¢2)? 3 3 3
6(1_6) In +2€_§+E, €>17
21-¢+ 0 40 -9
Z(l)(gi)=ﬂ< £(1-9) i
AN 2 1 3(1-¢) 2 TE 4
+(1_£) 1—€+€2+Z 6+?+2£, 0<é<l
2(1— &% 4 &%)? € 3 3
R R S S ¢<0,

Pz evolution equations: same as DGLAP for light-cone pdf !
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All real diagrams have linear UV divergence
even the diagram without any eikonal line !
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* Light-cone: n?=0, no linear power divergence;

* Quasi: n?=-1, the integral contributes a linear power divergence!
e dk_0 dA2k_T+kAN4/(kNB)

25
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Rethinking on the definition of quasi
gluon PDF

_ o dz ;. .p= - , iz
fo/u(x, P )__/—27rsze (P|G?;(2)W (2,0; L,=)G**(0)| P)

* A definition of quasi gluon distribution might be

r dz izxP* 2 T L
foyat (@, 1) = / P (PIGE, (2)W (2, 05 LGP (0) | P)

with u sums over ALL the directions: u=(0,1,2).
Large pz limit, consistent
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One loop diagrams without any eikonal line

e

(a) (b) (c) (d)

(e) (f) (a)
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(x, P*, A) _ dsa
Fig.3(a) 2m

(x, P, A) _ 0sCa
Fig.3(b,c) 4m
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No Linear divergence in Virtual diagram

z, P?A)

v 9/9(

Fig.3(f.9)

(

Y —1
Yy
(1 —vy+vy° )m
dy(1 —y)(P*)?
Y —1
Y

(y+1)In- x>1

0<ax<l1

(y+1)In

—(y+1)In- x <0

* Linear divergences cancel between these
diagrams!

* The total result I1s free of linear UV divergence for
the diagrams without any Wilson line!
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Diagrams with Wilson line(s)

(a) (
(c) (

A4
b)
d)
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Diagrams with Wilson line(s)

» Linear divergence exists in each diagram
iInvolving one Wilson line.

» The linear divergences do not cancel between
these diagrams.

» Not all the linearly divergent diagram can be
explained as Wilson line self energy.

32
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Renormalizing the linear divergence In
auxiliary field formalism



1l | | Gervais and Neveu, 1980
Auxiliary field formalism  Gervais and Neveu P

» Wilson line

1
Wiz, 29,L,) = Pexp l—ig/ d\ () °A(:r(/\))]
0

k=1

_ 14 20 o oo dgt
- 1 + Z ’0' P <A,u1(xl) v Aﬂk(xk)> dxlx e dxkk
c

» Introducing auxiliary field Z:
1"‘"?(_121,.221 (V) — <Z(/\1)Z(/\2)>;

» Heavy quark: static Wilson line

34




Gauge Invariant operators in auxiliary field formulism
FEa L

* Quark bilinear

“l;’.i(.ZQ)L'Tij(ZQ, Z1- (Y>L‘J(Zl) — <(L’(Zl)Z(/\l)>(Z(/\2)L’('52))>;.
* Gluonium operator

2 (1) Wap (21, 22: C)Ghg(22) = (G (21) 2a(M)) (Z6(A2) Gy (22)))-

= () (21)25 (22))-

po

(=) = G, (21)Z(\)a

1%

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

35




Operator mixing

ans—1 B I
Three operators with the same quantum number
Q) (*Z,,Z
02 =) ‘l‘; ,(/la)ral—z
Q) = &7 (@, A — i AL)(DZ)a,

(DZ)a — BAZQ + gfabcAch~
Dorn, Robaschik, Wieczorek,1981: Dorn,1986

Under renormalization,

O — . S()()-I-LQ -I-c.)()( 9

“pv C1=&,p 7 1/ ‘v
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. Q( ) will contribute linear divergence.

) - 5 o - (X

(a) (b)

* The same type of divergence!

—5m( 1 ) Im = —
nP% 1—x5
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The improved quasi gluon distribution

* With the discussions above, we propose a modified

definition of quasi gluon distribution as

dz iz P"—om z 1 3)z L2 1 Lz
lf/H(z P*A) = /27*P~6 Pr=0 "<P‘ (Q“) “+§Q(3> #)(,:) (Q“)‘ +§Q‘3)* )(O)‘P>

* Odm and matrix element of QOs can be determined on
lattice non-perturbatively.

* Matching equation

dy T
fg/H €L, P~ / _Zgl (_~ )l/fz/H(J \)

39




Matching Coefficient: New Results A

A > Yo\ ™ n A
7 (6 57) =2 (52)" 289 (¢ 5)

1=0

* At one loop level,

'(253—2g2+45—1)1n£_1

(26 — 267 +4¢ — 1)

A
7(1) ) =C
. <£‘P3> AT 3
+ -1 4+ 2824+ €&+ 1,
- S

03 2, §—1 E+1
\—(2«5 —2°4+4£—1)In : _[5—1 :

Free of linear UV divergence.

Free of collinear divergence.



Summary

» Quasi distribution: useful tools for parton physics

» Analysis of gluon quasi distribution at 1-loop

» Linear power divergence: cannot be removed as quark
» Auxiliary Field Formalism: new operators

» More on power divergence subtraction: Renormalizability?
Lattice perturbation theory?

» Lattice QCD calculation: additional 3-5 years
Thank you very much!




