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* Large-Momentum Effective Theory: ° i "RLT10 (2015
* Ji, SCPMA57 (2014).

2 !

PDF ¢(x): Quasi-PDF g(x, P°):
Cannot be calculated Directly calculable on the
on the lattice lattice

Yong Zhao, POETIC 2019



A novel approach to calculate light-
cone PDFs

* Large-Momentum Effective Theory: ° i "RLT10 (2015
* Ji, SCPMA57 (2014).

2 !

o >
PDF q(x): Quasi-PDF q(x, PZ) :
Cannot be calculated Directly calculable on the
on the lattice lattice

Yong Zhao, POETIC 2019



A novel approach to calculate light-

cone PDFs

* Large-Momentum Effective Theory: ° i "RLT10 (2015

2 !

——
-
/\)wz

a
PDF ¢g(x):

Cannot be calculated
on the lattice

Yong Zhao, POETIC 2019

* Ji, SCPMA57 (2014).
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Calculating the quasi-PDF at
hadron momentum Pz is
equivalent to boosting it.

Quasi-PDF g(x, P*):
Directly calculable on the
lattice



A novel approach to calculate light-

PZ

Yong Zhao, POETIC 2019

PZ

cone PDFs

lim G(x, P%) = 2 x
Pi—= o0

Instead of taking Pz—« [imit, one can
perform an expansion for large but finite Pz:
dy M? A%)CD

— q(y, u)+0 :
|y Pz x2P?

glx, P, u) = J

* 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).

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

* Therefore, the matching coefficient C is perturbative, which
controls the logarithmic dependences on P=.



Factorization formulas

 Non-singlet quark PDFs:

dy M? AQCD
G(x, Ppu) = | —— J)+O0
q(x, P*, p) J ] q(y, ) P2 P

<

e Y.-Q. Ma and J. Qiu, PRD98 (2018), PRL 120 (2018);
e T. Izubuchi, X. Ji, L. Jin, I. Stewart, and Y.Z., PRD98 (2018).

e Gluon PDF elmd smglet quark PDF

2 AZ
p M* Aqep
gx,Popu)=1| —— C )g (v, 1) + C, g(y,ﬂ)] +@< >
e Iyl Z al y yP ! (y sz) P2 x°P?
o1 2
dy X M? Ao
g(x, ,M)z SR Q(y, )+ R g(ynu)] +@<
) J_y Iyl 2 ! (y sz) P2 x2P2
_ * Wang et al., EPJC78 (2018), JHEP1805 (2018);
 Non-singlet quark GPD. » Zhang et al., arXiv: 1904.00978.
1 2 A2
Y XY QCD
N I ) L o
é 2y A%QCD

—Jl D & (% F (3,61, ) + O(*2 )
= P Iyl y,y,yPZ }/+ ya ) ,M PZ2,P2, x2PZ2

Z

Yong Zhao, POETIC 2019 * Y.-S. Liu, Y.Z. et al., PRD100 (2019) 6
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Renormalization

 Multiplicative renormalizability (in the continuum theory)

I I
7o(2) WolzOlye0) = ™" Z,Z, [W(Z)EW[Z,O]I/J(O)]
R

* X.Ji, J.-H. Zhang, and Y.Z., PRL120 (2018);
* J. Green et al., PRL121 (2018);
* T. Ishikawa, Y.-Q. Ma, J. Qiu, S. Yoshida, PRD96 (2017).

04(2) = g, F"" () WIZ.01F"(0)

n,n, € {Z,v},

0%(2) = e*"MIZ Z, 7,7,,| 0%(2)] < ' =1(0,0,0,1), ¥ = (1,0,0,0)

0(2)0, -0

mzYn,2
No mixing with quarks under renormalization!

* Zhang, Ji, Schaefer et al., PRL122 (2019);
* Li, Ma, and Qiu, PRL122 (2019).

Yong Zhao, POETIC 2019 8



Renormalization

* Operator mixing on the lattice (with broken chiral
symmetry)

* yZ, finite mixing with 1 at O(a%);

° yt , NO MIXINgG at O(aO)_ « Constantinou and Panagopoulos, PRD96 (2017);

* J. Green et al., PRL121 (2018);
e Chen et al, arXiv:1710.01089.

* YZy°, no mixing at O(a%);
e yty°, finite mixing with 1 at O(a%);

* ipxyzy5, finite mixing with 1 at O(a%);
* iyxyty®, no mixing at O(a9).

Yong Zhao, POETIC 2019 9



Renormalization

 Perturbative renormalization (lattice perturbation theory)

* Constantinou and Panagopoulos, PRD96 (2017);
* |shikawa et al., arXiv:1609.02018
e Xiong, Luu and MeiBner, arXiv: 1705.00246

 Nonperturbative renormalization:
* |shikawa et al., arXiv:1609.02018
* Zhang et al. (LP3), PRD95 (2017)

Static quark-antiquark potential

* Constantinou and Panagopoulos, PRD96 (2017);
e Stewart and Y.Z., PRD97 (2018)
RI/MOM °* Alexandrou et al. (ETMC), NPB923 (2017)
e Chen et al. (LP3), PRD97 (2018)
* Liu et al. (LP3), arXiv:1807.06566

Mixed schemes - J. Green et al., PRL121 (2018);

* Smeared quasi-PDF in the gradient flow method ° "onahanand Orginos, JHEP 1703 (2017)
* Monahan, PRD97 (2018)

Yong Zhao, POETIC 2019
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Nonperturbative renormalization

e RIMOM scheme:

. r
Green’s function: G(b.p) = ) {rsS"(p.b+x)ysU(b + x, )=S(p. %))

Amputated Green’s function A B ( _1 T) b _1
(or vertex function): (b.p) = (15 [ST'(P)] ) Gb.p)S™(p)

= Tr [A"™(b, pp) | .

P=DR

RI’’MOM scheme: Zgo 1(b»P£)Zq(P1%) Ir [A(b,p)@ ]

* |. Stewart and Y.Z., PRD97 (2018); |
* Constantinou and Panagopoulos, PRD96 (2017). Z (pI%) = ETF [S 1(p)Stree(p)]

P=PRr
Parametrization of the amputated Green’s function:
p'p
N,(z,p) = Fy' + Fy° +Fp,

P
Yong Zhao, POETIC 2019 * Y.-S. Liu, Y.Z. et al. (LP3), arXiv:1807.06566. 11
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Perturbative matching

e Continuum limit of the renormalized matrix element:

(P O(z,a)|P) (P|O(z¢€)|P)
a—( Z@(Z, p,u s UR> CZ) Z@(Z, P}E, HRs 6)
D=4-12¢

* Regularization-independence allows the matching to be
done in continuum perturbation theory (with dimensional
regularization.)

Yong Zhao, POETIC 2019
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Two matching strategies

* Constantinou and Panagopoulos, PRD96 (2017);
* C. Alexandrou et al., ETM Collaboration, NPB923 (2017).

(PO €)|P) o Zo@riie©) _ (P10 €| P)
262, D> Hg» €) ZMS(e, p) ZMS(e, p)
Or

Zgltio(é’,//t)/zglMS(E,ﬂ) l F'T'

e T. lzubuchi, X. Ji, L. Jin, |. Stewart, and

FT Y.Z., PRD98 (2018); Q(X, P+, /1)
)

e Alexandrou et al. (ETMC), PRD99 (2019

Matching

\ Matching \
G(x, P%, pg, pX) - q(x, )

* |. Stewart and Y.Z., PRD97 (2018);
* J.-W. Chen, Y.Z. et al., LP3 Collaboration, PRD97 (2018).

Yong Zhao, POETIC 2019 13



One-step matching

° MatChing formula: * |. Stewart and Y.Z., PRD97 (2018);
1
5 dy x yP* yP*
g(x, P, ﬂRan) — J —C\| —,r, — qg(y, u) + O(I/Pzz)
gyl \y nrop; 12
- R
» Matching kernel: (pX)?
- 1 (—00,00)
< < C <
c(g,r,p—,p—R>=5(1—5)+aS d <5 —> <1+p_(§—1),r)
U pZ 271' p§
- 4+
[F(x >]( %) = fx) - 8(x — 1)[ dy ()
Oo dé C(¢) =1

< Formally satisfying vector current (or particle number conservation): ~ ™

=2 Renormalization scale dependence to be cancelled after matching, making
systematics analysis of discretization effects more complicated.
Yong Zhao, POETIC 2019 14



Two-step matching

- * Constanti dP los, PRD96 (2017)
e Scheme conversion: inou and Panagopoulos

Z@(Za pZR’ MR? 6)
ZM5(€, p)

Renormalization scale dependence to be cancelled in the first step,
useful for the systematics analysis.

C(Za pZRa /’tRa ,Lt) :

 Matching in the MSbar scheme:

dy M? A(ZQCD
r—y g(y, u)+0 :
|y ] PZ  x’P?

* T. Izubuchi, X. Ji, L. Jin, . Stewart, and Y.Z., PRD98 (2018)

g(x, P*,u) = [

< Systematics analysis of discretization effects is easier.

<> Does not satisfy vector current (or particle number) conservation,

thus lacking a cross check in the intermediate steps.
Yong Zhao, POETIC 2019 15



Modified schemes

e Ratio scheme:

. C(z, p¥, ugs 1)
C™(z, pg's s 1) = iy = 1lim C(z. p, pug.p) = 1
| aCr | 3 1 p2z2e*E ;5 z—0
T 2T Ty

* T. lzubuchi, X. Ji, L. Jin, |. Stewart, and Y.Z., PRD98 (2018);
* A. Radyushkin, PLB781 (2018).

* Modified MSbar scheme:
C(z, p5, ps 1)
CMMS(z, X, pg, p) = S

— . 1
ZM¥S(a) = 1- >Cp <§ In (—) + §>

2T 2 4 2

+ %g—;C’F (m@ — Ci(zp) + In(zp) — In(|zp|) — iSi(zﬁ))

* C. Alexandrou et al. (ETMC), PRD99 (2019) 3 o O iz (2Ei(—izﬂ) — In(—izn) + In(iz ) —|—z'7rsgn(zﬂ)>
B
227 2

Yong Zhao, POETIC 2019 16



Comparison between ratio and
MMS schemes

 Conversion factors:
P*=3.0 GeV;u =3.0 GeV;p* =2.2 GeV; u, = 3.7 GeV; a, = 0.258.

T T T
F-1a B

e MSbar

In collaboration 0.5}  Ratio
with Yu-Sheng Liu | MMS

-4

Zmax
J AGP) ey
27

. s, M io g M
leﬂ\}/fl()\/IS/Ratlo(Zﬂ) 7& CMS(é, ;) i CMMS/Rat 0(5, ;)
—Zmax

Yong Zhao, POETIC 2019



Power corrections

. Mass correction (M?/ PZ2 )

* Derived to all power orders - Chenetal. (LP3), NPB911 (2016)
. . - ) 2?2
 Higher-twist correction (AQCD/ (x“P)))
* Unconstraint in lattice calculations so far;

e Uncontrolled at small x (x — 0) and large x (x — 1)?
* Braun, Vladimirov and Zhang, PRD99 (2019)

« Extrapolating final results to P* — oo with A(x) + B(x)/PZZ?

Yong Zhao, POETIC 2019
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Lattice calculations

e Lattice Parton Physics Project (LP3) Collaboration
 European Twisted Mass Collaboration

« SBU-BNL Group

» y-QCD Collaboration

Yong Zhao, POETIC 2019
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Lattice calculations

0.05 First lattice calculation of gluon spin (2017)

dxAg(x)L ' ' '2 ' 2' |
0.001 i 07 =10GeV~ -
Up-to-date experimental fit: ] |
de Florian, et al., PRL113 (2014). :

) p 32ID —v—
06/ S5 Q@ =10GeV® o o |

24| —a—

321 —e— <
332If —e—

oot H‘%%%ﬁ e

o
o1
I
|

o
~

0.1} 1 | 4
1 | 1 1 1 1 I 1 1 1 1 I 1 1 L1 I 1 | | 1 | 1 1 1 1 |
0 0 05 1 15 > -0.2 -0.1 -0 0.1 10.2 0.3
AG ~ Sp(o0) = 0.251(47)(16)  PY(GeV) dxAg(x)
« X.Ji, J.-H. Zhang, and Y.Z., PRL111 (2013); X. Ji, J.-H. Zhang, and Y.Z., PLB743 (2015); Y. Hatta, X. Ji, 0.05

and Y.Z., PRD89 (2014);
* Y.-B. Yang, R. S. Suffian, Y.Z., et al. (yQCD), PRL118 (2017).

Yong Zhao, POETIC 2019 20



Lattice calculations

» Iso-vector quark PDFs of the proton: u(x) — d(x)

6 . .
4_ T L T T T 7 L — — T T [ T T T ] 67T/L Cz_ /L_[/ u — d
: -~--CT14 ] 87 /L
N — matched PDF 4 | 107 /L
: ] NNPDF3.1 0
I ] ABMP16
2 _
. i
AT i
i O e e L e
of
_ : P R TS AR A : PR SRR RN NS AN A N SRS T N ] _ _ | |
! -04 -0.2 0 0.2 0.4 0.6 0.8 1.0 1 0.1 T 0.1 1
X Alexandrou et al. (ETMC), PRL 121 (2018)

J.W. Chen, Y.Z. et al. (LP3), arXiv:1803.04393.

Yong Zhao, POETIC 2019



Lattice calculations

» Iso-vector quark PDFs of the proton: ou(x) — od(x)

—dlatti
h'lllj attice
4l SIDIS
SIDIS—i—gégttice
, €3
y
€3
>
P SNy £ S IS
-1 -05 0 05 1 1 : | | | | | | | | | | | | | | | | | | | | | | | | | | | |
X -0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0
ETMC collaboration, PRD98 (2018). X

Y.-S. Liu, Y.Z., et al. (LP3), arXiv:1810.05043.

Yong Zhao, POETIC 2019 22



Lattice calculations

* Valence quark distribution of the pion:

0.6

0.5¢

0.4f

x> 0.3
0.2¢
0.1
0.0
-0.1

Xq

00 02 04 06 08 10 12 14

X

Zhang et al. (LP3), PRD100 (2019).

Yong Zhao, POETIC 2019

0.45

0.4}
0.35 |
0.3}
=0.25 |

S

2 02f
0.15 + 4
0.1 Hf

0.05 J

oy P, =1.72 GeV
JAM — 1

0.6 08 1

0.2

0.4

X
lzubuchi et al., PRD100 (2019).
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Lattice calculations

* Light-cone distribution amplitudes:

K
S

0.5}

1.5F ====- - Lat LaMET /.=

[ e Lat Mom 1

[ = - Lat Mom 2
1.0_—

0.0t

[ e - Lat LaMET

Chen et al (LP3)., NPB939 (2019)

—— DSE
----- Asymp
Belle
— — — LFCQM .}
S— —',’/
-1.0 -0.5 0.0 0.5 1.0 1.5
X
POETIC 2019

Yong Zhao,
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Systematics

* C. Alexandrou et al. (ETMC), PRD99 (2019)
* Y. S. Liu, Y.Z,, et al. (LP3), arXiv:1807.06566

* Excited contamination at large hadron momentum

* Discretization effects, unknown nonperturbative contributions in the RI/
MOM renormalization constant e Izubuchi et al., PRD100 (2019)

* Finite volume effects? * Briceno, Guerrero, Hansen and Monahan PRD99 (2018)

* Lin et al. (LP3), PRD 98 (2018)
e Fourier transform * C. Alexandrou et al. (ETMC), PRD99 (2019)

 Power corrections .
Clxly)y= |6 <1 - —> +a,CH(x/y) + @(af)]
y

* Perturbative matching > < | _£> _ 0 COiy) + 0(d)
* Inversion of matching coefficient Y .
Di : . ~ dy M? AQCD
* Direct matching or fitting the PDF? gx, P* ) = | — q(y, u)+0 ,
M P; " x*P;

* Higher-order perturbative matching

Yong Zhao, POETIC 2019
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Other approaches

» |offe-time or pseudo distribution (position-space
representation of the quasi-PDF)

A. Radyushkin, PRD96 (2017); K. Orginos et al., PRD96 (2017).
 Nonperturbative renormalization

(P # 0] (2)5 Wolz.0ly(0) | P # 0)
(P = 0| (2)5 Wolz.0lw(0) | P = 0)

 Factorization or OPE formula at short distance In position space

P|O(z,u)| P PY)" M?
P ;;,u)l ) ZC(ﬂzzz)( ;!) .y 1 (1) 1_0(P_z2) +0(22AéCD)

1

1
— J da E(a,z*u?) J dy e g(y, p)
—1 —1

A. Radyushkin, PLB781 (2018);
e T. lzubuchi, X. Ji, L. Jin, |. Stewart, and Y.Z., PRD98 (2018).

Yong Zhao, POETIC 2019 26



Other approaches

» |offe-time or pseudo distribution (position-space
representation of the quasi-PDF)

—This work

CJ15 NLO
—MSTW 2008 NNLO
—NNPDF31 NNLO

—This work

CJ15 NLO
—MSTW 2008 NNLO
—NNPDF31 NNLO

0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8
X X
a127m415 a094m390

Joo, Karpie et al., 1908.09771

Yong Zhao, POETIC 2019



Other approaches

e Extracting higher moments

| 1= 025y | + 02A2e)

(P|O(z,p) | P) (—izP
2Pz ZC(Mzzz) n!

« Small |Z| needed to suppress higher twist corrections;

« With suppression factor (z/*)"/n!, higher moment contributions need
larger (zP*) to beat the statistical errors in the correlator;

0.35

« Large momentum P< is the key.

0.3
52 0 0 e
0.25

0.2r

HOAH HOH

Joo, Karpie et al., JHEP 1811 (2018) 178 0.15 ¢

01885 . o

0.05

0 é 1‘0 1‘5 2‘0 25
2% [GeV 2]
Yong Zhao, POETIC 2019



Other approaches

* Pion DA from Euclidean current- current correlators:

(0] (= JY<——>>| 7°(p)) = fzﬂ2 2 HYY(z - p, wa(p).

z| = 0.29 fm | |

i N i i
- : : N : :
0.0 s N s
: : N :
' : X :
6

Bali et al., PRD98 (2018)

Yong Zhao, POETIC 2019

10

=
&
-

!
14}
12h-
1.0}

0.8}

0.6 |-
0.4}

02F .7

........................................................................................

0.0 L
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Other approaches

Detmold and Lin, PRD73 (2006)

OPE of current-current correlator involving a fictitious
heavy quark

U (g, p) = / d*x e (0|T[AY, (x) Ay,
£"C,(n)

(0|7 (p))

(o @]
A p A (n) 9
Bl 2lf7fguvp7tq P X Z [ 1 ~2] ng m‘Panu an(“)
’/l:()7 74. .o (n —|_ ) Q
p=(0,0,0), q=(0,0,2a/L), m,~2.0 GeV m,,~1.3 GeV
w.. I ‘ I ‘ 0 0 : :
.t %m . PRELIMINARYH i
> - 0002 PRELIMINARY T
O & —-0.002 —
2 : 3 00047
e | | & 00041 |
EN i EEE —-0.004 5 0.006 - |
£ PRI I z i,
— ) i (]
EL i —-0.006 o -0.008 -
e U R TR
m 24 GeV. g <0.0 Ge 5 -001-|® 447V -
el $0eV. 9 OOG_V %§§§§ -0.008 § - | = q,=0.6i GeV
W & a =2.67GeV,q=12iGeV 200121 _ . |
0 a'=4GeV, g,=1.2i GeV L q,=1.21Gev ¢
20 0 0 | T E— 0014 ——— 15 004 006 005 o
T Ja : " (fm] : . :

Yong Zhao, POETIC 2019

Detmold, Kanamori, Lin, Mondal and Y.Z., PoS LATTICE2018 (2018) 106
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Other approaches

* Y.-Q. Ma and J. Qiu, PRD98 (2018), PRL 120 (201 8);

* “Lattice Cross Section” Suffian et al., PRD99 (2019)
o (€.p)= (7 ()] O (&) |7 (1)) ;[a% (€.0) + 0% (Ep)
— & m )| T €12 T (/2T (B) = " PeapsTi (0,8) + (e — €9) T (w,€)
A > / = fu (2,122) CF (0, €, 2%
=009
+0(&*Adep).- g A
ol { a =,

This calculation

£%)
=
(@)
(0]
H@H
i
H———a—
o
i
]
(z)
(@)
w

U?} &>
= ﬁ 5 02-
0061 5 o ‘
! o |
0.04 €*=(3a)° 0.1 1
i &=(4a)’
LO pQCD kernel ® ¢7 () fit
0.02 I I I I 0,0 T T T T T T T T T T —
0 1 2 3 4 5 0O 0.1 02 03 04 05 0.6 0.7 0.8 09 1.0

p-§ 0
Yong Zhao, POETIC 2019 31



Other approaches

« Hadronic tensor from lattice QCD

CalP,G,7) = ) €75 Y e OG0 (%, 1) 0,(%a, 2) I (%1, 1) (0, 10)

f X2 X1

Co(p,7) = Z e P (yn (R, ff))_(N(6, 1)),

—

Xf
1 C+ioo
- o ot
~ o o t>nasty ENTIL.Ca(p, g, 7)) W 2 i dre’” =2
W( T) = v\q ,V) = TEe g T
p’ q’ T r C —> /’t 2 ° /’l
my Tr[L'.Co(p, 7)] MNL Jc—ico
[ R R 0.05
0.041 \—— d(CS)p=(0,0,0)g=(3,0,0) —— u(V+CS) p=(021) G=(0-2 -1) /{
a(CS) p=(0,0,0)g=(3,0,0) 0.041 d(V+CS) p=(02 1) g=(0 -2 -1)
—~ 0.031
. ® .03
=0.02 =
o = 0.021
zg zg
0.01' 0 01
0.00+ ! ! ! ! ! ! ] 0.00 ' ' ' ' ' ' '
6 8 10 12 14 16 18 12.5 15.0 17.5 20.0 22.5 25.0 27.5
T/a: T

* Liang, Liu and Yang, EPJ Web Conf. 175 (2018)
Yong Zhao, POETIC 2019



Other approaches

 A.J. Chambers et al. (QCDSF), PRL 118 (2017)

e OPE without OPE:
T,(p,q) = py f dx e (p, V|TJ,(x)J,(0)|p, )
- 1
T33(p9Q): Z 4w”f(; dxxn_lFl(x’qz)

n=24

o0m———7+n—7—-———————————

0.08] :
0.06] _:
0.04] ]
0.02f

: ?
0.00}

002L ‘
0.

T33(p,q)

Yong Zhao, POETIC 2019



Other approaches

* Restoration of Rotational Symmetry in the Continuum
Limit of Lattice Field Theories

* Davoudi and Savage PRD 86 (2012)

In|<N

Z Y (x)U (x,x +mna) ) (x +na) Yz (0)

0 N)
LM (X5 a, 47TN3

Cligno (V)
A
CORY) (A . () o, ()

30; 1;)\0 0255RV) (x;0) + 30;;% (’)gi)z (x;0) + 30’?\95

(5) N '
Caoio( )Ogi)zzz (x:0)+ O (Y) DESIRED I = 3 OPERATOR

(3) (5)
C30;10 (V) O3) (x: ) + Cso 10 (V)

O (x;0) + L0208 (x 200 (x0) +

ég’o (x;a, V) =

0% (x;a) +

Yong Zhao, POETIC 2019
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Quasi-TMDPDF

For more details see Yong Zhao’s talks on « Ji, Sun, Xiong and Yuan, PRD91 (2015);

Monday and Thursday. » Ji, Jin, Yuan, Zhang and Y.Z., PRD99 (2019);
BT * M. Ebert, I. Stewart, Y.Z., PRD99 (2019);

* Definition: + M. Ebert, I. Stewart, Y.Z., JHEP09(2019)037.
) A db® . o _ B,(b% br,a,L,PY)
ngD(x’ b Ta//taPZ) - [_ezb (xP )Z/(bz,ﬂ,ﬂ)ZUV(bZ,,u, Cl) q T

&5 \/Subr.a. 1)

* Relationship to the physical TMDPDF:

— 1 (2xP%)?
frs DG by p, P9 = 8,(br. 1) exp [Eyg’(ﬂ, bp)ln ]
1 — by 1 1 ,
b* ~ o < b, < L X fas' 2(X, b p, i, O)+O ( - —, > ° &

L brP* P:L /\$
Perturbative matching coefficient A

Nonperturbative function for
large br, depending on the
choice of the quasi-soft factor

85 (br, 1)

g;(br, ) = 1+ 0(axy)
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Collins-Soper kernel of TMDPDF from
lattice QCD

* M. Ebert, |. Stewart, Y.Z., PRD99 (2019);
* M. Ebert, |. Stewart, Y.Z., JHEP09(2019)037;
* M. Ebert, |. Stewart, Y.Z., in progress.

yg(ﬂv bT) B In(Pz/ Pz Quasi beam function
Il( 1 2) (or unsubtracted quasi-TMD) T
1 db® et 2B, u, 17 (b5, i, a)B. (b5, b 1. a, L, PY)
X In -

[ dbz €5 Z(b, p, i) Zy (b7, fi, @)B, (b7, b 1. a, L, P)

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

Caveat: low stats and operator mixings not considered.

: H du’ . :
b = =2 | Sl 01+ (1)
1/by
a, running with Nf=0. o = GLUS o
< | | Pi=13GeV, PZ =19 GeV
[ Se I ! 1 ? 2
0.0 N |
—~ i -------- 1 loop
@) D T S T X, N ettt 2 loop
> -0.5} '-. — 3loop
2
O /
‘h‘ | . x=04 . ¥ i
E; _1'0.- x=0.45 i I T
1\: | x=0.5 § !
| x=0.55 i
_1'5_' . x=0.6 ;
00 02 04 06 08
bT [fm]  P. Shanahan, M. Wagman, Y.Z., in progress.
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Conclusion

* A systematic procedure to calculate the collinear PDFs have
already been established with the LaMET approach;

e Current lattice results have shown promising signs for the
extraction fo the x-dependence of PDFs;

* There are still systematic uncertainties that need to be
iImproved or constraint;

* Progress has also been made with other approaches;

 Extension of LaMET to TMDPDF have been under study, and
progress is also being made in lattice calculations.
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