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How to probe nucleon structure without “seeing” quarks and gluons?
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» Transverse momentum dependent (TMD)

parton distributions
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Motivation 3

» Semi-inclusive DIS (SIDIS):

e TMD factorization:
o,

"_ ‘C—‘_Proton
Elektron s - o — ﬁ ) ® TMD X, k s
__'____)i; o ¢ SIDIS Z QWA fi""(xky,pml)

o- U NC ~ p%u_ AZQCD

T \\\A ®Di('x,1pliu:(’)®S(kSJ_JI"»YrY’)+0<QZ’ QZ )

Elektron N

Py,

TMD fragmentation

2

hard kernel

- TMD soft function
SN, TMD parton distribution
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* J. Collins, Camb. Monogr. Part. Phys. Nucl. Phys. Cosmol. 32, 1 (2011).

» TMD soft function: +  Ji, Liu, Liu, Nucl. Phys. B 955 (2020) 115054

Defined by two conjugate light-like Wilson lines

1 _
S(by,w YY) =~ tr(0|T[Uy, (=00, b,)y Uy, (£00,b )y :
c
T[Un_ (iOO, O)Y Un.,. (—OO’ O)Y’] |O>

o
.
.
.
R
.

» The intrinsic, rapidity independent, soft function:

S(b,wY,Y) = eW+YKbLdg (p 1)

« Rapidity evolution can be described by the Collins-Soper kernel K(b,, u).
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 Ji, Liu, Liu, Nucl. Phys. B 955 (2020) 115054

» Four-quark form factor with large P*:
P~ p7
F(b,,P*) = (m(—=P*)[(q1Tq1)(b1) (q2I'q2)(0)|m(P*)) — —
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 Ji, Liu, Liu, Nucl. Phys. B 955 (2020) 115054

» Four-quark form factor with large P*:
P~ p7
F(b,,P?) = (n(—P*)|(q1Tq1)(b.) (q2I'q2)(0)|m(P*)) — ﬁ —

0 tsep

> Factorization of form factor in the framework of LaMET:

subtracted quasi-TMD wave function
é(x,Y,P%L b)) pt(x',Y,P%b))
S(Y,Y,b,) S(Y'Y', b))

F(b,, P?) = dedx’ H(x, x', P%) S(Y,Y,b,)

perturbative hard kernel:

1
+ 0(ay)

H(x, x', P%) =
( ) 2N,
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ng
» Subtracted quasi-TMD wave function: XﬁL
. ¢L(Z, PZI bJ_r L) z [
¢(z, P, b)) = {L‘E‘o \/ZE(ZL b)) i, L: “infinity” on lattice
unsubtracted quasi-TMDWF
—_ (Z ~ Z
<0‘q1 (7 n, + bJ_nJ_) Y'Vs42 (— fnz) ﬂ(PZ)>
= lim
L—co JZg(2L, b))

Zg(2L,b ) : vacuum expectation value of Wilson loop, removes the
pinch-pole singularity and Wilson-line self-energy in bare quasi-

TMDWF
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» Intrinsic soft function: Ji, Liu, Liu, Nucl. Phys. B 955 (2020) 115054

S(Y,Y',b,)
S(Y,0,b,)S(0,Y',b,)

Si(b,) =

) F(b,, P?)
~ [dxdx' H(x,x',P?)$(x,Y,P%, b, )t (x',Y',P% b))

leading order matching:

F(bJ_iPZ)
“1¢(0,b,, P?)|?

S;(b,) =2N + 0(a,, 1/(P%)?)

calculable on lattice



Lattice Setup

14

CLS configuration: A654

B L*xT a(fm) csu k°Y my*(MeV)
3.34 24° x 48 0.098 2.06686 0.13675 333

2+1flavor clover fermions and tree- Neto kY mY (MeV)
868  0.13622 547

level Symanzik gauge action;
Coulomb gauge fixed wall source propagators;
P? =1.05, 1.58, 2.11GeV;

Use m,; = 547MeV instead of 333MeV to get a better signal;

Physically, the soft function becomes independent of the meson mass for large P~.
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» Four-quark form factor: ratio of 3-point and 2-point function:

C3 (bJ_r L, tsep) ~ <0n(tsep)04—quark(t) 511(0»
A,

_ 25 e~ Etsep [F n Cl(e—AEt n e—AE(tsep—t)) n Cze—AEtsep]

Cy(t) ~ <01T(t)61r(0)) = % e_Et(l + coe—AEt)

v’ Fitted data at tg,,, = 0. 6~1fm; 0.8 -
v Form factor corresponds to the ground state I £§i/: :\II\\} ‘}

3 I
contribution at tg,, — ;3 S 0.6 1 =3 I
2 _ .
v x“/d.o.f = 0.6, data agree with the fit TR ST TR ST
function. ¥ tep=6a F te,=82 F te,=10a

-4 -2 0 2 4
t - tsep/z



Numerical Results

» Subtracted quasi-TMD wave function:

v The P%-dependence related to the Collins-Soper

kernel (tree-level):

1
In
In(P%/P%) ‘

K(bJ_i ”) =

¢(O» bJ_; i)

+ O(as, (1/P%)?)

¢(O, bJ_' ;)

v Extracted Collins Soper kernel, compare with

perturbative calculations up to 3-loops* and

results from quenched lattice calculations of

TMDPDF**,

* Li and Zhu, Phys. Rev. Lett.118(2017)2, 022004;
** Shanahan and Wagman and Zhao, arXiv:hep-lat/2003.06063.
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Numerical Results

S

» Intrinsic soft function (leading order):

SI(bJ_) — ZN

F(b,, P?)

¢ |¢(O: bJ_; PZ)lZ

+ 0(ag, 1/(P%)?)

100 -

1071 -

1 - loop
S5, ws

PZ=1.05GeV, y=2.17
PZ=1.58GeV, y=3.06
pP?=2.11GeV, y=3.98

0.5 0.6 0.7

17

The results are consistent with each

other with different P*;

The systematic uncertainty from the

operator mixing has been taken into

account;

Theoretical result up to 1-loop:

‘ZSCF]rl‘uzbi
4e~2VE

Sims(b,w) =1— + O0(ay)



Summary 18

This work present an exploratory lattice calculation of the intrinsic soft function;

The Collin-Soper kernel obtained from our quasi-TMDWF agrees with the perturbative

results and previous quenched lattice calculations;

Our results of the intrinsic soft function are almost independent of the hadron

momentum, and consistent with the 1-loop perturbative calculation;

This work paves the way towards the first principle predictions of physical cross

sections for, e.g., Drell-Yan and Higgs productions at small transverse momentum.

Thank you for your attention!
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