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A novel approach to calculate
light-cone PDFs

* Large-Momentum Effective Theory: ° /i PRLTI0 (2013)
* Ji, SCPMA57 (2014).
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A novel approach to calculate
light-cone PDFs

* Large-Momentum Effective Theory: ° /i PRLTI0 (2013)
* Ji, SCPMA57 (2014).
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A novel approach to calculate
light-cone PDFs

lim G(x, P%) = 2 x
P—= o0

o 1 Instead of taking P?—« limit, one can
‘ perform an expansion for large but finite Pz:
PZ

G(x, P?) = ® g(x)+0 (1/(P¥?)

- ~
o g(x, P*) and ¢(X) have the same infrared physics (nonperturbative),
- but (perturbative);

* Therefore, the matching coefficient Is perturbative, which
controls the logarithmic dependences on P=.
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Systematic procedure of
calculating the PDFs

g(x, P, u) = {
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P2’ x2P?

<

* X. Xiong, X. Ji, J.-H. Zhang and Y.Z., PRD90 (2014);
* Y.-Q. Ma and J. Qiu, PRD98 (2018), PRL 120 (2018);
* T. lzubuchi, X. Ji, L. Jin, |. Stewart, and Y.Z., PRD98 (2018).



Systematic procedure of
calculating the PDFs

1. Simulation of the quasi

PDF in lattice QCD
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Systematic procedure of
calculating the PDFs

dy X W M? A%)CD
q x,PZ, — _C 5 5 +0 ’
q( H) [ N <y ypz>q(y K) P2 2P

<

Proof of renormalizability:

L * X.Ji, J.-H. Zhang, and Y.Z., PRL120 (2018);
2. Renormalization of the + J. Green et al., PRL121 (2018);

lattice quasi PDE and then * T. Ishikawa, Y.-Q. Ma, J. Qiu, S. Yoshida, PRD96 (2017).
taking the continuum limit

.

Nonperturbative renormalization on the lattice:

* |. Stewart and Y.Z., PRD97 (2018);

* J.-W. Chen, Y.Z. et al., LP3 Collaboration, PRD97 (2018).
* Constantinou and Panagopoulos, PRD96 (2017);

* C. Alexandrou et al., ETM Collaboration, NPB923 (2017).
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Systematic procedure of
calculating the PDFs

3. Subtraction of power
corrections

* O Nachtmann, NPB63 (1973);
* J.W. Chen et al. (LP3), NPB911 (2016).

. dy X
Q(X,PZ,/,{)Z"—C< 5
|y y

Adep
g(x)- O <x2(1 - X)PZ2>

Renormalon contribution to the power correction:
Braun, Vladimirov, and Zhang, PRD99 (2019).
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Systematic procedure of
calculating the PDFs

dy

M? A%)CD
gd(x, P, u) = | — ) )+ 0 '
q(x, P*, p) { N q(y, ) P2 2p

Matching for the quasi-PDF:

X. Xiong, X. Ji, J.-H. Zhang and Y.Z., PRD90 (2014);
|. Stewart and Y.Z., PRD97 (2018); ,
Y.-S. Liu, Y.Z. et al. (LP3), arXiv:1807.06566; See F. Steffens’ talk.

T. Izubuchi, X. Ji, L. Jin, I. Stewart, and Y.Z., PRD98 .
(2018); 4. Matching to the PDFE.

* Y.-S. Liu, Y.Z. et al., arXiv:1810.10879;
* Y.Z., Int.J.Mod.Phys. A33 (2019);
* C. Alexandrou et al. (ETMC), arXiv: 1902.00587.

For recent progress on the lattice calculation of quark
iso-vector PDFs, see M. Constantinou’s talk.
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Systematic procedure of
calculating the PDFs

dy / M? A%)CD

q X, PZ, - | 5 +0 >
q(x, P*, p) { N q(y #) P2 2p
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PDFs for transverse hadron structures

. Generalized Parton Distribution (GPD)

Fix,&=0,b 1) y
. ZT : transverse position of the parton. /%Qk
b\
. Transverse momentum dependent (TMD) PDF B
A/ Q X
ql(x T) 5

—

* k ; : transverse momentum of the parton.

The longitudinal and transverse
PDFs provide complete 3D

* Wigner distribution or generalized transverse . .
structural information of the proton.

momentum dependent distribution
Wx,E=0,k b
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GPD

+ Light-cone GPD: s -
P+ + P+’
dcs . 51 _ 6 g O G
Fo(x,Etu) = | —=—e 2P, S \p(Z=—\TU(C—, - Z—)w(—=—)|P,S
r(x, & t, 1) [47:6 ( Il/f(z) (2 2)l//( 2)I )
 Measurable in hard exclusive processes such as deeply
virtual Compton scattering:

¢=q—-A

5

o — b Nde C(x, )F(x, &, 1)

+

t = (P = P)> = A?

P PP=P+A

» Efforts to extract GPDs with global analysis have begun.

“Status and prospects of GPD extraction from DVCS”,
K. Kumericki, @INT Workshop INT-18-3, 2018.
Yong Zhao, QCD Evolution 2019 12



e Definition:
Fr(x, &, 1, 1)

_[a’z
| 4r

Quasi-GPD

_e_

* Renormalization:

. Pi— Pz
- = P2+ P* :5+0<_2>

<

oY ) sl — ~ < < Z
e Z<P9S |W(_)FU(59 _E)W(_E)lpa S>

2

« Same operator as the quasi-PDF, can be renormalized the same way!

e Factorization formula:

F?Z(xa 59 ta //t) =5
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ol dy

J_y I¢]
r ] dy B

) Iyl

c(2 2L Fanetm+0(o
é,f,é’PZ ]/+ ) 99 Y PZZ,PZ,

C(Z L) P+ 0( o, L
y,y,yPZ 7+ s oo by PZ29P29

* Y.-S. Liu, Y.Z. et al., arXiv:1902.00307.

M2

Adep |
x?P?
N
x?P?

<
M2

Z

* First lattice calculation of pion GPD, Chen, Lin and Zhang, arXiv:
1904.12376.
* Preliminary results for quasi-GPDs (ETMC), see M. Constantinou’s
talk.
e



Collins-Soper kernel of TMDPDF from
lattice QCD

* M. Ebert, |. Stewart, Y.Z., PRD99 (2019);

Markus Ebert’s talk. * M. Ebert, |. Stewart, Y.Z., in progress.
Physical limit:
|
b*~— < by KL
}/q(ﬂa bT) = p* Quasi-beam function
- In(P3/P3)

(or un-subtracted quasi-TMD) ?

- CIMD (1, xP3) [db® e™FT Z/(b, u, §)Zyy(b%, 3, a)B,(b% b 7, a, L, PY)

CIMD(u Py [db® €505 Zi(b2, i, i) Ziy(b% i, @)Byg (b7, b p.a, L, P3)

The idea of forming ratios to cancel the soft function has been used in the
calculation of x-moments of TMDPDFs by

Hagler, Musch, Engelhardt, Yoon, et al., EPL88 (2009), PRD83 (2011), PRD85 (2012),
PRD93 (2016), arXiv:1601.05717, PRD96 (2017)
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Collins-Soper kernel of TMDPDF from
lattice QCD A

* M. Ebert, |. Stewart, Y.Z., PRD99 (2019);

Markus Ebert’s talk. * M. Ebert, I. Stewart, Y.Z., in progress.
Physical limit:
1
b ~— < by <KL
yq(ﬂ, bT) e p* Quasi-beam function
- ln(P f /P 5) (or un-subtracted quasi-TMD)T

> ln CrEMD(Ma XPS) :de eibzxpf Z,(bza K, ﬂ)ZUV(bza ﬂa a)gns(bza ?Ta a, La Pf)

CIMD(u ) [db e Z(b, i) Zipy (b i, @) By (b7, D 7., L, P§)

Physical Collins-Soper (CS) kernel does not depend on the external hadron state, which
means that one can just calculate it with a pion state including heavier than physical
valence quarks.

work In progress with

Phiala Shanahan and Michael Wagman.
Yong Zhao, QCD Evolution 2019 15




Procedure of lattice calculation

e 1. Lattice simulation of the bare quasi-beam function

B (b% b a, L, PY)

1 L
b~ — K by < g < =2

br
M
Pz 2
Choice of y matrix: to choose y! or y? ; Nn=L
depending on seriousness of operator mixing. ©

* M. Constantinou et al., PRD99 (2019)

Yong Zhao, QCD Evolution 2019 16



Procedure of lattice calculation

e 2. Renormalization and matching to the MSbar scheme

Z,(bza M ﬂ)ZUV(bza ﬂ? a)an(bZ’ Z)T’ a, L, Pf)

Multiplicative renormalizability of the Wilson line operator assumed to be

rovable using the auxiliary field formalism.
P 9 ry e X. Ji, J.-H. Zhang, and Y.Z., PRL120 (2018);

* J. Green et al., PRL121 (2018);
. _ L—b, b L (2018)

Linear power divergence: ~ +— +
a a a

Nonperturbative Renormalization: ZUV(bZ, i,a)

Perturbative matching to MSbar scheme: Z'(b%, 11, ji)

Yong Zhao, QCD Evolution 2019 17/



Procedure of lattice calculation

e 3. Fourier transform and calculate the ratio at different Pz

q : b, =

dbz einfo Z’(bz,ﬂ,ﬂ)ZUV(bZ, ﬂ" a)an(bZ’ ?T’ a, L, Pf)
[dbs e3P Z(b%, . i) Ziyy (b i @)Byo(b%, b 1., L, P5)

X In

Independent of the choice of x!

Independent of P2!

e Fourier transform has truncation errors, but for given Pzthere is always
a region of x that is insensitive to such truncation effects;

One may still seek alternatives to Fourier transforms that can be done
directly in coordinate space.

Yong Zhao, QCD Evolution 2019 18



Lattice calculation

e Lattice setup:
generated by Michael Endres
 Quenched Wilson gauge configurations;

e [=6.30168, a=0.06(1) fm, 323X64;
 Probe valence pion with m_ ~ 1.2 GeV

« Each momentum uses 2 gauge fixed plane wave ("wall") quark
sources;

A first look at Nc¢ig=7.
2
0<bib,<n n=1{789,10}a p*={2, 3. 4}%,pfnax — 2.6 GeV

Yong Zhao, QCD Evolution 2019 19



Bare matrix elements

e 3pt/2pt for matrix element fit:

3pt
1 + ée—[En(p)—Eo(p)]t G5, by 1, P51, 7) .
il GP'(P%, 1)

n,m>0

e 6 sources-sink separations r = 8a, 10a, 12a, 14a, 16a, 18a

e Simultaneous fitto all t and 7.

Yong Zhao, QCD Evolution 2019 20



0.4}

0.2}

0.0

-0.2}

~0.4}

0.4}

0.2}

0.0

-0.2}

~0.4}

Bare matrix elements

Caveat chg=7

Pz=2.6 GeV
br=1a br= 5a n= rae
Re - 0.4-R€ Ga ®
O9a
021 10a e
01 0) E— . -
0.2}
~0.4}
~10 5 0 10 10 "5 0 10
- 0.4} -
Im Im
0.2}
0.0 - - :
0.2}
_0.4}
10 _5 0 10 10 _5 0 10
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Error bars smaller than point size.

* Asymmetric real and imaginary parts in b; due to stapled shape. 21



Lattice renormalization in the RI/MOM

Scheme
Green’s function: G(b,p) = 2 (7587(p, b+ x)ysUb + x, x)gS(p, X))

Amputated Green’s function _ ( 1 T) . L
(or vertex function): (b.p) s [S (p)] G(b,p)S(p)

Momentum subtraction Z5\ (b, pf, up)Z,(ug) G(b,p)
condition:
e |. Stewart and Y.Z., PRD97 (2018);

* Constantinou and Panagopoulos, PRD96 (2017); . L —1 tree
* M. Constantinou et al., PRD99 (2019). Zq('uR) _ 12Tr [S (p)S (]9)]

= G"(D, ) ,

p=py

P*=Hg
Parametrization of amputated Green’s functions:
Map) =Fy + Fy + B2 4 522 | .
yR : Z "b, » »2  Equation of motion

Yong Zhao, QCD Evolution 2019 22



Mixing
 Tracing with a projection operator to define the renormalization factors.

T [A PP

» For simplicity, we choose & = '

 To study the mixing effects, we also choose all the other 15 Gamma matrices.
_Staple: A=yn,P=y

A
eta = 10a. | - el an
0.8: 728 otx
[ A | «vw o oty
0.6} .
N |+ 0V = ¥512
0.4} A ] 774 otz
| | O 0ZX A YOyy
[ i .
0.2f . ] azy yoyX
[ ° A A A A yoyt o v
00F ® ® @ @ @ @ @ ® ® ® ®
0 2 4 6 8 10
br
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Mixing
 Tracing with a projection operator to define the renormalization factors.

T [A PP

» For simplicity, we choose & = '

 To study the mixing effects, we also choose all the other 15 Gamma matrices.

Staple: A=y, P=y
bz - O, 002 ..................... .

eta=10a. | o1 4
0.01} { = atx

. AR 5 . -
N0.00’—@—@—@—@—Q—g & & 8 g 8

_0.01}

_002 ..................... .

O(1%) effects, negligible for exploratory study.
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Matching to MSbar scheme @ 2GeV

Zais(, b, by, pa) = 25 (0, b5, by, pf, u®, a) - Cln, b2, by, pi, p®, )

Re
bz= O, | Rl —
br= 8a, oo l MS —
eta=10a, 15.5¢0

15.0f 0

N .
145
- Q@

140

1
[
[
[
C
PO
3.5F
[
[
[
[
1 i 1

AAAAAAAAAAAAAAAA

e The RIMOM renormalization factor is most sensitive to pr?;

* Perturbative matching is a small correction, but it compensates for the pr?
dependence in the matching factor;

« Matched result can be fitted with a constant within the uncertainties.
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Renormalized matrix element in the

MSbar scheme @ 2 GeV Caveat Neig=7

br=1a
O.4-Re 0.4}
¢
:
0.2¢ ; 0.2}
0.0 $ § 0.0
§
? ! $
-0.2} ) ; . -0.2}
]
—04} ¥ 5 ¢ -0.4¢
_5 0 5
0.4} 0.4}
Im
0.2} ! . 0.2}
{ 0 8
0.0 : : 0.0
_0.2} ' _0.2}
y 8
-0.4} L -0.4}
5 0 5
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Renormalization renders real and imaginary parts more symmetric in b;

br= 5a

Re

5

26



Caveat Ncig=7

Extraction of the CS kernel with Naive
Fourier transform and without matching

- ' a,(W)Cr . biu*
Comparison to pertur_batlve results 9 o) = - Fn T_2 + 0(a?)
(byo it =2 GeV) at one-loop (dashed line): V) de—2rE
7K = « M. Ebert, I. Stewart, YZ PRD99 (2019).
ozl S
0.0| : T ?
| { + g $ T
-0.2 e S i
. Fode P .
© U S S I
_04' * & T
_06l i ..
-0.8f { b,
0.0 0.1 0.2 0.3 0.4 0.5

Different colored points correspond to CS kernel
Yong Zhao, QCD Evolution 2019 calculated at x = 04, 045, 05, 055, 0.6. 27



Conclusion

* The LaMET approach can be readily applied to the lattice calculation of
GPDs;

* The Collins-Soper kernel can be calculated with LaMET by forming the
ratios of quasi-beam functions;

* The operator mixing for the staple-shaped Wilson line operator is
negligible on the current lattice setup;

* Encouraging results that LQCD calculations of the CS kernel might be
achieved with present-day resources;

* Future work will include (much) larger statistics, different lattice
spacings (for taking the continuum limit), and more systematic treatment
than the naive Fourier transform.

Yong Zhao, QCD Evolution 2019
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