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We present a global analysis of the transhelicity worm-gear distribution function, gi;, by fitting the
longitudinal-transverse double-spin asymmetry data of the semi-inclusive deep inelastic scattering. The
analysis is performed within the framework of transverse momentum dependent factorization and
evolution. It is found that the u-quark favors a positive distribution and the d-quark favors a negative
distribution, which is consistent with previous model calculations and phenomenological extractions.
Based on the fit to existing world data, we also study the impact of the proposed Electron-Ion Collider in
China and conclude that it can significantly improve the precision of the worm-gear distribution function
and hence enhance our understanding of nucleon spin structures.
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I. INTRODUCTION

Understanding the internal structure of nucleons is
pivotal for comprehending the strong force that binds
quarks and gluons within nucleons, and for shedding light
on the fundamental properties of the matter. In recent years,
the pursuit of multidimensional tomography of the nucleon
has emerged as a cutting-edge approach to probe distribu-
tions of quarks and gluons within the nucleon, offering a
deeper understanding of its internal dynamics. Transverse
momentum dependent (TMD) parton distribution functions
(PDFs) contain the information of the parton transverse
momentum with respect to the parent nucleon, and hence
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provide three-dimensional imaging of the nucleon in the
momentum space.

At the leading twist, there are eight TMDs for quarks [1-4].
Among them, the worm-gear-T distribution g;;(x, k%),
also known as the transhelicity distribution [5,6] or the
Kotzinian-Mulders function [7,8], describes the probability
density of finding a longitudinally polarized quark with
longitudinal momentum fraction x and transverse momen-
tum k7 in a transversely polarized nucleon. As well as the
worm-gear-L, or longi-transversity, distribution h{; that
describes the probability density of finding a transversely
polarized quark in a longitudinally polarized nucleon, it can
be expressed as the overlap between wave functions differ-
ing by one unit of orbital angular momentum [9-13], and
many efforts have been devoted to the worm-gear TMDs to
understand nucleon spin and flavor structures.

Although the two worm-gear distributions are defined
as independent quantities from the decomposition of the
quark-quark correlator, some relation, such as g{7 = —hy;,
is suggested based on quark model-like calculations
[5,6,11,14-16]. Following the SU(6) spin-flavor structure,
the glLT distribution of the up quark was predicted to be
positive and with a greater magnitude than the negative

Published by the American Physical Society
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down-quark distribution, and explicit calculations have been
done in the light cone constituent quark model [11,17-20],
the spectator diquark model [10,14,20,21], the MIT bag
model [16], and the covariant parton model [15]. On the
other hand, the large-N,. approximation [22] states that the
worm-gear distributions of up quark and down quark
only differ by a sign and have the same magnitude, i.e.,
g = —gif. Besides, if taking the Wandzura-Wilczek
(WW)-type approximation [7,8,23-26], which neglects the
contribution from quark-gluon-quark correlations, one may
relate the transhelicity worm-gear distribution to the helicity
distribution as

ww [ldy
a0 % [ L o0, (1)
where
L(1) — 2 k% 1 2
gr (X)=x dkTngTOC’kT)’ (2)

is the first transverse moment that has also been studied in
lattice QCD [27-29].

In experiment, the semi-inclusive deep inelastic scatter-
ing (SIDIS) is one of the main processes to study TMDs.
According to the TMD factorization, the transhelicity
distribution g{; contributes to a double spin asymmetry
A;p with azimuthal modulation as cos(¢), — ¢pg). With
the development of polarized beams and targets, this
asymmetry has been measured by HERMES [30],
COMPASS [31-33], and Jefferson Lab (JLab) [34]. In
some recent phenomenological analyses [35,36], it was
found that the extracted worm-gear distributions supported
the positive result for the up quark and the negative result
for the down quark as suggested by the model calculations.
However, due to the limited accuracy of existing world
data, one has to introduce some bias in the fit to obtain
reasonable results and almost no constraint is put on sea
quarks.

The Electron-Ion Collider in China (EicC) is proposed as
a future facility in nuclear physics, and one of its main
physics goals is to precisely measure nucleon TMDs via the
SIDIS process. It is designed to deliver a 3.5 GeV electron
beam with 80% polarization colliding with various types
of ion beams. The designed energy of the proton beam is
20 GeV and correspondingly the energy of the *He beam is
40 GeV. Both the proton and the *He beams can be
longitudinally or transversely polarized with 70% polari-
zation. The instantaneous luminosity can reach about
2 x 10* cm™2s7!. The EicC kinematic coverage will fill
the gap between multihall SIDIS program at the 12 GeV
upgraded JLab, which covers relatively large-x region
dominated by valence quarks, and the FElectron-Ion
Collider (EIC) to be built at the Brookhaven National
Laboratory (BNL), which can reach the small-x region

down to about 10~* [37,38]. Therefore, a combination of all
these facilities is expected to provide precise determination
of TMDs in a full kinematic coverage [39], towards a
complete three-dimensional imaging of nucleon spin
structures.

In this paper, we perform a global analysis of trans-
helicity TMDs by fitting the longitudinal-transverse double
spin asymmetry data from HERMES, COMPASS, and
JLab. Taking the world data fit result as the baseline, we
further study the impact of the EicC SIDIS program on the
determination of the worm-gear distribution. The rest of the
paper is organized as follows. In Sec. II, we briefly review
the theoretical framework. In Sec. III, we present the
parametrization of the transhelicity worm-gear distributions
and the fit results to world data. In Sec. IV, we study the
EicC impact on the extraction of the worm-gear distribu-
tions by adding simulated pseudodata in the fit. A summary
is drawn in Sec. V.

II. THEORETICAL FORMALISM
We consider the SIDIS process,

(1) +N(P) — (') + h(P),) + X, (3)

where £ represents the lepton, N represents the nucleon,
and h represents the detected hadron. The four-momenta
of corresponding particles are given in parentheses. The
commonly used kinematic variables for the SIDIS process
are defined as

Q*=-(I1-1?=-¢, (4)
0 P PP,
X72P-q’ yi—-l’ Z7P-q’ (5)
2xM MQ
=—=—, 6
0 P (6)

where g = [ — I’ is the transferred momentum and M is the
nucleon mass.

For the SIDIS process with a transversely polarized
target and a longitudinally polarized lepton beam, one can
write the differential cross section within the one-photon-
exchange approximation as [40]

do
dxdydzdg,dgpsdP3,

- Go{FUU + 28| [ﬂcos((ﬁh _ ) P 0s)
+ /2¢(1 — ) cos(2¢;, — ¢S)F20;(2¢h_¢s)

+ /2¢e(1 —¢) cos(qﬁs)FCL(?'/’s + - } }, (7)

where
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FIG. 1. Trento conventions of the transverse momentum and
azimuthal angles.
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a is the electromagnetic fine structure constant,

represents the transversal component of the nucleon spin

vector, 4, represents the helicity of the lepton beam, and ¢ is
the ratio of longitudinal and transverse photon flux,

1—y—1r%? ©)
Tloy+ iy I

As shown in Fig. 1, we follow the Trento conven-
tions [41], in which the momenta of the virtual photon and
the nucleon are chosen along the Z direction. One can
express the transverse momentum P, of the hadron
and the azimuthal angles ¢, and ¢y in Lorentz invariant

forms as
PhT =\ _gjj_uPh;tPhw (10)
LPnd\ . 1,Pye
cos¢p, = — L=, sing, = —4——=_ (11
" Py A
1S v 1,S,,€e’
cosgpg = I gy W)

where 1, = /—¢"l,l, and S, =,/-¢S,S, with S*

being the spin vector of the nucleon. The transverse metric
and the transverse antisymmetry tensor are defined as

y ¢'P'+P'q v (q'q PP
— g - - . (13
P
e = guno 0o (14)

PN

where €**7? is the totally antisymmetric tensor with the
convention €123 = 1.

The worm-gear distribution g;; can be extracted from the
longitudinal-transverse double spin asymmetry, which is

given by the ratio between the structure functions
Fs2@=s) and Fyy. According to the TMD factorization
[40], the structure functions at low transverse momentum,
i.e., small 6 = |P;7|/(zQ), can be approximated in terms of

TMD PDF and TMD fragmentation function (FF) as

brdb brP
)P e/ rdor , <ThT)
WY (22!

P2
X f1.gen (X, brsp, §)Dy gon (2, by s C)“‘O( )

FUU_‘CV

QZ
(15)
FCLO;(t/m—t/)s) _ |2xz 2M/ b de
brP
X Jl ( TZ hT) g%T,q(—H(x’ bT;/’la C)
2
Xqu_,h(Z bT,,Ll é’)‘i‘O(Qz) (16)

where e, is the electric charge of the quark with flavor ¢,
Cy is the hard factor that can be calculated via perturbative
QCD, and J, and J; are the first kind Bessel functions.
Here the unpolarized TMD PDF f, the worm-gear TMD
PDF g7, and the unpolarized TMD FF D are given in by
space. They are related to corresponding functions in the
transverse momentum space through Fourier transforms,

brdb
ﬁ@h%@=£ LT Jolbrkn) f1(x b €), - (17)
k w0 b2db
MTng(x’kT;H,C) —/ . TMJl(kaT)ng(x briu.C),
0
(18)
bodb
D (z, pr;p.¢) :A L TJo(bTPT)Dl(Z brip.{),
(19)

where k; represents the quark transverse momentum with
respect to the nucleon and p; represents the quark trans-
verse momentum with respect to the produced hadron.
The details of the Fourier transformation are given in
Appendix A.

A. Evolution of TMD PDFs and FFs

The energy scale dependence on u and ¢ of the TMD
functions are given by the evolution equations,

1L Flx by ) = L(g’ 3

g Flrbrinl).  (20)
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e F o brinnd) =
where yr is the anomalous dimension, and D is the rapidity
anomalous dimension (RAD), also known as the Collins-
Soper kernel. The F represents some TMD PDF or
TMD FF, ie., f;, D;, and gi; in this study. One may
have the formal solution,

F(x,br;p,¢) = R[(br;pin &) =

—D(u.by)F(x.bp:p ). (21)

(brs s OVF (x, brs pis &),
(22)
which relates the TMD PDF (or FF) at (¢, {) to that at the

initial point (u;,¢;). The evolution factor R[(br;u;, ;) —
(br;p,¢)] can be expressed as

R[(br: i, &) = (brip. Q)]
~ exp Up <yF(:ZvZ:) dﬂ_D(ﬂébT) dg)}’ (23)

where P represents the path connecting the scales (u;, {;)
and (p, {). As a common choice, we set the energy scales
as p? =¢ = Q%

According to the integrability condition [42]

d
- D(u.by) =

d

dg
the evolution factor R[(by;u;,¢;) — (br; Q,0%)] is in
principle path independent. However, it differs from path
to path when truncating at some fixed order in perturbation
theory. As suggested in Ref. [43], the condition (24)
allows one to construct a two-dimensional field F(u, {),
of which the gradient is given by E = (yx/2,—D). Then
F(x, by, u, ) remains unchanged if the path is along the
equipotential line of E, referred to as a null-evolution line.
In the (u, ) plane, there is a unique saddle point (uq, {;)
defined by

_Fcusp (/‘) ’ (24)

D(pg, br) =0, 7F(Ho, Co) = 0. (25)
Among the null-evolution lines, only the one passing
through the saddle point has finite  at all values of .
Hence, the F(x, by) = F(x, by; g, {y) is referred to as the
optimal TMD PDF or FF [43]. Owing to the good
properties of the null-evolution line and the saddle point,
we firstly evolve the F from the saddle point along the null-
evolution line to the point with 4 = Q; secondly, we evolve
the F along the straight line keeping y = Q fixed until
reaching the point with ¢ = Q2. The result for the evolution
factor R[(br;p;,{;) = (br; Q, Q%)) along this path is [43]

Q2 —D(Q.by)
R[(brs i &i) = (br; Q. 0)] = (W) '
(0.

(26)

TABLE 1. Orders of perturbative calculations for anomalous
dimensions and the C(C) functions in the optimal TMD PDF and
FF. The evolution factor in the calculation is at the next-to-next-
to-leading-logarithmic (NNLL) accuracy.

pert exact
I—‘cusp 14% Dresum Cﬂ Cﬂx
R a a2 a2 al al
L
fi D, Jir
c(©) a o o

The expressions for D(Q, br) and {,(Q, by) can be found
in Appendix B. The precision for the perturbative calcu-
lation of various factors in powers of «; in this work is
summarized in Table I. Here we take the NNLL para-
metrization from the SV19 article, considering the existing
asymmetry data are not accurate enough.

B. Unpolarized TMD PDF and FF

For unpolarized TMD PDFs and FFs, we adopt the SV19
parametrization [43]. The optimal unpolarized TMD PDF
and FF are expressed as

frpen(x, br) = / _Cf<—f ¥, br, opr)
f/ X

X
X f1pen (;,H5%E>fm(x, br), (27)

1dy
le—>h z,br) = ZZ/ 2‘Cf—»f' Y. br. /"OPE)
Z
X dy g (;,/iglf;]g> Dyp(2, by), (28)

where f p_j and d, p_,;, are collinear PDFs and FFs.
fi1(x, 1) (Dy(z,p)) is the collinear unpolarized PDF (FF)
and we choose the NNPDF31 [44] (DSS [45-47]) para-

metrizations. The scales ufpE and pbhy are chosen as

2e77E

W ==~ 2 GeV. (29)
Qe VE
ik, = ebT 42 Gev, (30)

where y is the Euler-Mascheroni constant. The 2 GeV shift
is introduced to keep the PDFs and FFs in perturbative
region when by is large. The nonperturbative functions
fnp(x, by) and Dyp(z, by) are to be parametrized.

For unpolarized TMD PDF, the coefficient function C
can be written as

034036-4
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C]Q_fl (x, bT,//l) = 5(1 - x)5ff/

(10), N ~o=
+ay )( P +c<1°>) (31) Comal) =2 o
s\ fef TN per )

and x =1 —x.

T and For unpolarized TMD FF, one should replace

up to next-to-leading order (NLO), where a, = )

g(u) is the QCD coupling constant. L, is defined as Crep(x,br,p), Pf(_f, and Cf'f_(}( ) by Crp(z.br. ),
b2 [P’} ) > and Cj([_) f),( ), which at NLO are expressed as
Lﬂ—ln< D > (32)
4e=2E
2Cr (1422
(1) P(ll (2) = —zF( = > O4q'> (38)
P Fep is the coefficient of the PDF evolution kernel, which a=q Z I-z/,
reads,
2Cr 1+ (1 -2)?
| 1+ Poly(c) = S ——— 39
Pglq()—ch(l ) 6 (33) Pole) = (39)
(1) _ 2 2
Pyly(x) =1—2x+2x". 34 C 4(14+z°)In
a=s(%) (34) C;l_’?;(z)zz—;[%l—z)—ki( 1_ZZ) S (40)
The “+” prescription is defined as
1 1 2
/ dxlg(x)], f(x) = /0 dxg(x) [ (x)®(x = x5) = F(1)], _5(1-2) g} 0 (1)
Xo
(35)
where ©(x — x;) is the Heaviside step function. Cr = 4/3 C(ql_,og)(z) 2Cr {Z +2(14 (1 =2)?) lnz] . (42)
is the quadratic Casimir eigenvalue of the fundamental Z z
representation of SU(3). The expressions of C;’f’_of)., can be
found in Ref. [48], and their NLO terms are
, C. Worm-gear asymmetry
L0 (x) = Cp <2)‘c 5 )ﬂ > By (36) The longitudinal-transverse double spin asymmetry of
= 6 the SIDIS process is defined as
|
AL = 1 [doyr(+.1) —dopr(= 1) = [dopr(+.)) —dopr(=. |)] (43)

IS 12| dopr(+.1) +dopr(=.1) +dopr(+. ) +dopr(=.))

where + (—) represents the positive (negative) helicity state of the electron beam and 1 (]) represents the transverse spin
direction of nucleon § | to be parallel (antiparallel) to the designated positive transverse axis. The worm-gear asymmetry is
defined as cos (¢, — ¢p5) modulation of the double spin asymmetry,

A0S (t=ts) _ (2cos (¢, — ¢s)oLr) ong(d)h ~¢s) "
o m@ ) Fyy

and one can express it with functions we defined above as

b2 db
Acos (¢n—eps) _ MZq 121 fO - ‘] (bTPhT)RZ[(bT;/’li’ gl) - (bT; Qs Qz)]gllT,qu(x’ bT)Dl.q—>h(Z’ bT)
H Zq qfo szibTJ (bTP"T)Rz[(bTWi»Ci) - (br; Q, QZ)]fl,q@N(xvbT)Dl.q-m(Zv br)

, (45)

where N is the target and / is the detected hadron.
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III. EXTRACTION OF THE WORM-GEAR
DISTRIBUTIONS

With the formalism above, we perform a global analysis
of world SIDIS data to extract the worm-gear distributions
giy of the nucleon. The results will also serve as the
baseline for the impact study of the EicC.

We parametrize the optimal worm-gear distributions of
the proton at the initial scale as

(1 = x)%xP
er,q(_p(x, br) = quexp (_rqb%‘) (46)
for u and d quarks and
gf_T,(p—p (x’ bT) = qul ('x’ ﬂo) eXp (_rqb%‘> (47)

for @, d, s, and 5 quarks with =2 GeV. Here B(a + 1,
f+ 1) is the Euler Beta function, introduced to reduce the
correlation among parameters. Assuming the isospin sym-
metry, we can express corresponding distribution functions
of the neutron as

glLT,m—n()a br) = gllT,d<—p (x, br), (48)
glLT,fu—n (x,br) = QILT,;,(_[, (x, br), (49)
gf_T,den(x’ br) = gfr.uhp (x, br), (50)
Tiraen X b1) = Gizac,(x.br), (51)
gf'T.y—n (x,br) = g_lLT,M—p (x,br), (52)
Girsen(X.b1) = g5 p (X, br). (53)

TABLE III.

TABLE II. The parameters for nonperturbative functions of the
optimal unpolarized TMD PDF and FF. The units are in GeV?
except that 44 is dimensionless.

).1 12 )-3 j'4 }'5
0.198 93 431 2.12 —4.44
m Uy M3 M4
0.260 0.476 0.478 0.483

For unpolarized TMD PDFs and FFs, we adopt the SV19
fit [43], in which the nonperturbative functions fyp and
Dyp are parametrized as

ﬁngw)zem)Pﬁdl—x)+ﬂﬂr+ml—xus2}

1+ Asxhb2 !

(54)

+1,(1 =7) b2 b3
Dplz.by) = exp [_w_r] (1 e Z_g>

V1+n3(br/2)? 2

(55)

The values of the parameters A; and #; are listed in Table II,
which can be also found in [43,48]. For the FFs to charged
hadrons, we approximate them as

Dy =Dy jogs + Dy jog+ +Dipop,  (56)

Dy =Dijop +Dijog-+Dijop. (57)

In this analysis, we include the SIDIS longitudinal-
transverse double spin asymmetry data from HERMES
[30], COMPASS [31-33], and JLab [34], as summarized
in Table III. Since the TMD factorization is only valid at
small § = |P,7|/(zQ), only data with § < 0.5 are included
in the fit.

The SIDIS double spin asymmetry data by HERMES [30], COMPASS [31-33], and JLab [34]. The SFA refers to

(2cos (¢ — ¢s)orr)/ (V1 — £ {oyy)), and the CSA refers to (2cos (¢, — ds)orr)/{ovu)-

Data points

Data points

Original data after cut after cut
Dataset Target Beam points 6<05 0>1GeV 6<03,0>1GeV Process Measurement
HERMES [30] H, 27.6 GeVe® 64 26 11 etp - etntX SFA
64 26 11 eip et X SFA
64 26 12 eip — etKtX SFA
64 26 12 eip — ¢eTK X SFA
64 30 15 eip - eipX SFA
COMPASS [31] NH; 160 GeVu* 66 28 9 utp = puthtx SFA
66 26 8 utp - puth™X SFA
JLab [34] SHe 5.9 GeVe~ 4 2 1 en—entX CSA
4 2 1 en—>en X CSA
Total 460 192 80

034036-6
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For the HERMES data, experimental results are provided
in both one-dimensional binning and three-dimensional
binning. We only use the three-dimensional bins in this
study, because they are supposed to contain more infor-
mation for the study of TMDs, which are multidimensional
functions. For the COMPASS data, the experimental results
are provided in one-dimensional binning but on x, z, and
P, respectively. Since they tell the dependence on differ-
ent variables, we include all these bins in the fit. However,
to avoid double counting, we multiply a factor of 1/3 when
calculating the y? from the COMPASS data. Then the total
x%/N to be minimized in the fit is defined as

1,2 2 2
2 + +
)(2 /N = 3XCOMPASS T XYHERMES T XJLab

; . (58)
3Ncompass + NuermEes + NiLab

where Ny, ¢ represents the number of points for each
dataset. For each dataset, we have

)(<2iata set Z (ti - ai)vi_jl(tj - a.i)’
ije

data-points

(59)

where i and j run over all points in each set, ¢; represent the
theoretical values, and a; represent experimental values.
The V-matrix is given by

Vij — 5ij (Glimcor)2 + Ugorac'or’ (60)
where 67" and ¢7°" stand for uncorrelated and correlated
uncertainties, respectively.

As the existing world data are not precise enough to
constrain all parameters introduced in Eq. (46), we practi-
cally reduce the number of parameters by imposing the
conditions,
a, =a; =a,

bu="Pa=P, Fy="Tq=1T, (61)
and assume vanishing distributions for sea quarks, i, d, s,
and 5. In the end, we have five free parameters to be
determined as listed in Table IV.

To estimate the uncertainties, we create 1000 replicas of
the data by smearing the central values of each data point
according to a Gaussian distribution with data uncertainties
being the widths. For each replica, we perform a fit. Then
the central values of all physical quantities are evaluated
from the average of the 1000 fits. More details of this
approach are described in Ref. [48].

In this study, we achieve total y>/N = 0.84 as listed in
Table V, together with y? values for each dataset. The
expectation values and uncertainties of the parameters are
summarized in Table IV. In Figs. 2-6, we show the
comparison between the fit results and experimental data,
in which the filled points are included in the fit while the

TABLE IV. Results of parameters for world data fit. The values
and uncertainties are provided in two forms. The second column
presents 68% CL indicated by upper and lower boundaries and
the central values as the average of results within the ranges. The
third column corresponds to the central values evaluated from
the average of 1000 replicas and the uncertainties given by the
standard deviations (STD) in two sides. The value of r is provided
in unit of GeV? and all other parameters are dimensionless.

Parameter  Value within 68% CL  Average value with STD
N, 0.0206530% 0.02135 056

Ny —0.007375-305 —0.008270 0022

a 16.59658 36.96133%°

p 55735 14685755

r 1.52772 < 107° 0.0055 5

TABLE V. The list of results of y2/N of world data fit for each
world dataset.

Dataset Data points 1*/N
HERMES 7" [30] 26 1.01
HERMES 7~ [30] 26 0.75
HERMES K* [30] 26 1.09
HERMES K~ [30] 26 0.68
HERMES P [30] 30 0.90
COMPASS At [31] 28 0.44
COMPASS h~ [31] 26 0.65
JLab 7" [34] 2 0.61
JLab n~ [34] 2 1.15
Total 192 0.84

open points are not. The extracted worm-gear distribution
functions gi7(x, ky) are shown in Fig. 7 at several x-slices.
As one can observe from the results, the u quark distri-
bution is positive, while the d quark favors a negative
distribution though still consistent with zero. This finding
qualitatively agrees with the predictions from the quark
model [11,17-20]. In addition, we also evaluate the trans-
verse moments of the worm-gear distributions,

L)y _ k7 L
g (x) =2x | kydkrgi7(x, kr), (62)

1 k™ k7
g T()(x):27r /0 dekT<2—A;2 gir(x, k),  (63)

where the truncation is chosen as k7**= 1 GeV. The results
are shown in Figs. 8-12. The comparison between our
results and those in Refs. [35] and [36] is shown in Fig. 8.
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FIG. 2. Comparison between the fit results and the experimental data by COMPASS [31] from the proton target with charged hadron
h* measured in the final state. The filled points are within the kinematic cuts, § < 0.5 and Q > 1 GeV, and included the fit, while the
open points are not included in the fit. The green lines and the bands are the mean values and the standard deviations (1 — o) calculated

from the fits to 1000 replicas.

Our result are compatible with Ref. [36] but with larger
uncertainties. This comes from the parametrization of the x
dependence, which is fitted with free parameters in our
analysis but is fixed in Ref. [36]. Compared with Ref. [35],
the worm-gear distributions in our analysis are smaller.
Such a difference arises from different choices of the

unpolarized distributions f;. We adopt the SV19 TMD
parametrization of f, which after k; integration is smaller
than the collinear f utilized in Ref. [35]. Since the analyses
of gi; are based on asymmetry data, which correspond to
the ratio gi;/f), it is expected that our extracted gi;
distributions are smaller.
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FIG.3. Comparison between the fit results and the experimental data by HERMES [30] from the proton target with 7% measured in the
final state. The data points and the fit bands follow the same notations as Fig. 2.

We also test the effect of the weighting factor for Additionally, we also perform a world data fit including
COMPASS data in our analysis. The results of an  sea quarks, which as expected leads to larger uncertainties
unweighted fit are consistent with the weighted fit within  of u and d quarks. However, the sea quark distributions are
error bands, while the unweighted fit shows slightly smaller ~ largely unconstrained with error bands surrounding zero.
peak value than the weighted fit. Considering the purpose of this study is to estimate the
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FIG. 4. Comparison between the fit results and experimental data by HERMES [30] from the proton target with K= measured in the

final state. The data points and the fit bands follow the same notations as Fig. 2.

impact of the future EicC experiment, we generate the EicC ~ previous studies [48,49]. To select events in the DIS region,
pseudodata assuming vanishing worm-gear distributions of ~ we apply the cuts,

sea quarks.
2
IV. EICC PROJECTIONS Q°>1GeV,  03<z<07, (64)
The EicC events are generated at the vertex level using )
the SIDIS Monte Carlo generator, which has been used in W>5 GeV, W'>2 GeV, (65)
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FIG. 5.

Comparison between the fit results and the experimental data by HERMES [30] from the proton target with a fragmented

proton measured in the final state. The data points and the fit bands follow the same notation as Fig. 2.
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FIG. 6. Comparison between the fit results and the experimen-
tal data by JLab [34] from the effectively polarized neutron target
with 7% measured in the final state. The data points and the fit
bands follow the same notation as Fig. 2.

where W = +/(q+ P)*> is the invariant mass of the
hadronic system, and W' = \/(q + P — P},)? is the missing
mass. According to the detection conditions of the designed
EicC detector, we further require the scattered electron
momentum P, > 0.35 GeV and the hadron momentum
P, > 0.3 GeV. In the simulation, we take the 3.5 GeV
polarized electron beam with 80% polarization, the 20 GeV
transversely polarized proton beam with 70% polarization,
and the 40 GeV transversely polarized *He beam with 70%
polarization. Aiming at a complete separation of contribu-
tions from all light flavor quarks, we take into account both
7% and K* data.

To quantify the impact, we assume 50 fb~! integrated
luminosities of ep and e’He collisions, which can be
achieved with about one-year run according to the proposed
instantaneous luminosity. For the systematic uncertainties,
we assign 2% relative uncertainty to the polarization of the
electron beam, 3% relative uncertainty to the polarization
of the ion beam, and 5% relative uncertainty to the He
nuclear effect. These are expected the dominant sources of
systematic uncertainties based on our current knowledge
from existing polarized SIDIS measurements. Because the
detailed design of the detectors are still unavailable, we
leave more realistic estimation of systematic uncertainties
to future studies.

The central values of the worm-gear asymmetry for the
EicC pseudodata are evaluated from world data fit, which
only include nonvanishing contributions from u and d
quarks. Owing to the considerable amount of the expected
EicC data, we can adopt stricter criteria to select data in the
TMD region. Hence we set the cut as 6 < 0.3, and
5008 pseudodata points are included. Besides, we also
free the parameters N, for sea quark distributions and

choose the same r, for i, d, s, and 5 as

rs:rﬂzra:riz(ru+rd)/2- (66)
Then there are 12 free parameters in our fit summarized in

Table VI. Following the same procedure, we perform a
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FIG.7. The worm-gear distributions g7 (x, k7) at the scale Q = 2 GeV. The uncertainty bands correspond to 68% CL estimated from
the fits to 1000 replicas. The green bands are extracted distributions by fitting the world SIDIS data, the red bands are EicC projections
with only statistical uncertainties, and the blue bands are EicC projections with both statistical and systematic uncertainties.
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u from this work 0.15 u from this work Q —920eV
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FIG. 8. The left (right) one show the results of optimal worm-gear functions (first transversal moment) of up quarks and down quarks.
We also compare them with existing extractions. The bands of our results are correspond to 68% confidence level (CL) while bands of
comparison counterparts are taken from Refs. [35,36].
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FIG. 9. The zeroth transverse moment of the worm-gear functions, gllT(O) (x) as defined in Eq. (62), for u and d quarks at the scale
Q =2 GeV. The uncertainty bands correspond to 68% CL estimated from the fits to 1000 replicas. The green bands are extracted
distributions by fitting the world SIDIS data, the red bands are EicC projections with only statistical uncertainties, and the blue bands are
EicC projections with both statistical and systematic uncertainties. R is the ratio of uncertainty of the result of pseudodata data fit to that
of world fit.
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FIG. 10. EicC projections of the zeroth transverse moment of the worm-gear functions, gllT(o) (x) as defined in Eq. (62), for &, d, s, and 5

quarks at the scale Q = 2 GeV. The uncertainty bands correspond to 68% CL estimated from the fits to 1000 replicas. The red bands
only contain statistical uncertainties, and the blue bands contain both statistical and systematic uncertainties.
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FIG. 11. The first transverse moment of the worm-gear functions, g]le(x) as defined in Eq. (63), for # and d quarks at the scale
Q =2 GeV. The uncertainty bands correspond to 68% CL estimated from the fits to 1000 replicas. The green bands are extracted
distributions by fitting the world SIDIS data, the red bands are EicC projections with only statistical uncertainties, and the blue bands are
EicC projections with both statistical and systematic uncertainties. R is the ratio of uncertainty of the result of pseudodata data fit to that
of world fit.

simultaneous fit to the world data and the EicC pseudodata.
This analysis gives y*/N = 1.09 with corresponding val-
ues and uncertainties of the parameters listed in Table 1V,
which are evaluated from the fits to 1000 replicas. The EicC
projections of the worm-gear distributions g;7(x, k) are
shown in Fig. 7. The zeroth transverse momentum

ILT(O) (x) are shown in Figs. 9 and 10, and the

1(1) .
17 (x) are shown in
Figs. 11 and 12. Our results provide a proof of principle that
it becomes possible to extract information on worm-gear

functions of the sea quarks once has more data.

moments g

first transverse momentum moments g
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FIG. 12. EicC projections of the first transverse moment of the worm-gear functions, gllT(l) (x) as defined in Eq. (63), for i, d,s,and 3
quarks at the scale Q = 2 GeV. The uncertainty bands correspond to 68% CL estimated from the fits to 1000 replicas. The red bands
only contain statistical uncertainties, and the blue bands contain both statistical and systematic uncertainties.

V. SUMMARY

In this work, we perform a global fit to the worm-gear
asymmetries from SIDIS in small transverse momentum
region, including the TMD evolution effect at the next-to-
next-to-leading-logarithmic (NNLL) accuracy. Due to the
fact that the existing experimental uncertainties are too
large to determine the worm-gear distributions of sea
quarks, only up and down quarks are considered in the
global fit. Then an impact study is performed by including
the EicC pseudodata in our global fit. For EicC pseudodata,
the statistical uncertainties and dominant systematic uncer-
tainties are taken into account. The latter is mainly due to
the uncertainties from beam polarimetry and the uncer-
tainties of *He nuclear effects.

TABLE VI.

Once the precise data are available from FEicC, the
precision of the worm-gear distributions for up and down
quarks will be significantly improved. Meanwhile, it will
also provide the opportunity to extract the worm-gear
distributions of sea quarks. With much more expected
precise data from EicC, one can extract the TMDs utilizing
more flexible parametrizations and thus less biased deter-
mination of the nucleon spin structures. Owing to the high
precision and a wide phase space coverage of FEicC
pseudodata, a more strict cut of 5, W, and W’ will be
feasible. It allows us to have cleaner selection of data
required by the TMD factorization. On the other hand, the
events in the transition region are also valuable to test the
matching between TMD and collinear regions [50-57].
The combination of polarized ep and e*He data at similar

Results of parameters for EicC pseudodata fit. The central values are the average of the results from 1000 replicas, and the

uncertainties correspond to 68% CL. The values of r, and r, are provided in unit of GeV? and the others are dimensionless. Results with
only statistical (Stat.) uncertainties are listed in the second and fifth columns, and those with both statistical and systematic
(Stat. + Syst.) uncertainties are listed in the third and sixth columns.

Parameter Stat. Stat. + Syst. Parameter Stat. Stat. 4 Syst.
N, 0.0209 30008 0.0209 50008 a, 12461072 124779087
N, —0.0077 05508 —0.0077 00008 ay 13.017558 12,9452
N —0.00023 0046 =0.00026 50047 P 446793 4461933
Nq 0.00019*5'06057 0.0002075'0051 Pa 43100 4.29%55
N 0.0002173:50032 0.00022 050034 Fu 0.0067 99030 0.0067-3:003
N 0.00038*5'0057 0.000385'0507 a 0.016*557¢ 0.016757
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kinematics are essential for a complete flavor separation.
It is important to remark that the kinematic coverage of
EicC will fill the gap between the on-going JLab-12 GeV
program and the approved Electron-Ion Collider to be built
at BNL. With all these facilities, we will be able to have a
complete physical picture of nucleon three-dimensional
structures, towards a profound understanding of strong
interactions.
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APPENDIX A: FOURIER TRANSFORMS
FOR TMDS

The Fourier transforms for TMDs are

d*b; .
Fr(x, kr) :/#elbrkrﬂ()‘, br)

+oo hrdb
—/) T2 TJO(kaT)fl(x bT) (Al)
f1(x,by) = /dzkre_ibr'krfl()c, kr)
“+00
g /O kpdkyJo(brkp)f1(x.kr).  (A2)
k d’br . )
paty(rkr) = [ LM (<ibrM)giy (x.br),
M? [+ b2db
gir(xikr) = [T brke)giy(xbr). (A3
T JT
|
Iy dg Bl
Dresum ﬂ’b =——-In(1 -X) + -
(u.br) 26, (1=%) 260(1-X) | fo
s Tofs
4ﬁ0 4ﬂ0

(In(1-X) +X) +F1X] -

. ik
(itbr)gii(x.by) = [ dhye s gt (xkr),

271' +oo
gip(x.br) = MTZ?T/O k}dkrJ, (brky)
X gt (%, kr), (Ad)
d*b
(z,kr) / L e=®rkrD, (2, by)
/) db
= [ kD ). (89

(z,br) = /d kye®kr D, (z, ky)

/ kpdkrJo(brkr)D, (2. kr).  (A6)

APPENDIX B: EXPRESSIONS FOR ENERGY
EVOLUTION FACTOR

The D(Q,by) is the rapidity anomalous dimension
(RAD). At large values of by, the D(Q, by) behaves like
a linear function of by, which is suggested by some models
such as [58,59]. Therefore, we parametrize the RAD as

D(p. br) = Diesum (1. b7 (b7)) + cobrbi(br).  (B1)

where the D,equm (4, b5 (br)) is the resummed perturbative
expansion of RAD, and b} (b7) take the form

by

Pr(br) = 1+ b2/Bp

(B2)

At small values of by, the term cob7bj(by) can be ignored
and the term D, is dominant, while at large values of b,
the D behave like c,Bxpby. We take Byp = 1.93 GeV™!
and ¢y = 0.0391 GeV? as determined in SV19 model [43].
The D,equm can be represented as

a [FO—ﬁ%(an(l ~X) - X?)

(1-X)* [ 453

r 404 112
PUL(X2—2X —2In(1 = X)) + -2 2 X2 — ﬁx(x —2)+CrC,y (7 - 1443) RNfCF] . (B3)

27
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where X = fya,L,, f; are coefficients of anomaly dimen-
sion of strong coupling constant, which satisfies

, dag(u) i
IS - = —p(ay) Zas 2(u)p:

Cy=3 and Tg = 1/2 are color factors of the SU(3).
The I'; are coefficients of expansion of CUSP anomaly
dimension I'¢yq, (1), which is related with the integrability
condition (24) of the evolution equation. The I'; are
defined by

(B4)

i+1
cusp E A F

With the CUSP anomaly dimension, the anomaly dimen-
sion yy can be written as

(BS)

2
1r0.8) =Tt ) = (B)
and the yy () can be expanded as
p)=>_ aly. (B7)
=

The I'; and y; can be determined perturbatively, and up to
two-loop level,

F0:4CF,
67 #° 20
Fl — 4CF|:<?_§> CA —?TRN}C],
V1= _6CF’
= C2(=3 + 47 — 48¢;)
961 1172
CeC + 52
+Cr A< 57 T3 C3>
260  4x’
CrTpNi| —=+— |, B8
+FRf<27+3> (B8)

TABLE VII.  Values of N at different values of energy scale.
u <127 GeV Np=3
1.27 < u <4.18 GeV Ny, =4
u>4.18 GeV Ny=5

where Ny is the number of active quark flavors and have
different values at different energy scales (see Table VII),
{3 =~ 1.202 is the Apéry’s constant.

Due to that the nonperturbative corrections to the RAD
can not be ignored at large-by, we need to use the exact
solution of ¢, at large-by; while at very small-by, we use
the perturbative solution. In order to connect these two
region, we introduce a e ?7/Bw factor, and the ¢ L s
expressed as [43]

Cu(br) = & (br)e %P+¢;xact<bT><1—e‘%>. (B9)

Therefore, at b3 < BRp, ¢, is dominantly given by per-
turbative solution, and at other regions, it will turn to exact
solution. We express the £ and (5! here,

2 —YE
Em(ﬂv bT) — ue e—v(ll’hﬂ, (B]O)
br
szact(ﬂ’ bT) — Iu2e—g(/4-br)/D(ﬂ~bT)’ (Bll)
where

71 0p2 2t d(0) _nl
, b . L —_ R B12
v(u, br) T, +a [12 U T, 1“% ( )

and

Bori

g(M,bT)—i& P =1+p+ta 16"’—1+p—p2 e A
aZﬂ% 0 2 FO FO

In the g(u, by), the p is

_ 28Dl br)

I, (B14)

- 1)+<ﬁ(1;(1)—§3> (sinh p — p) + (ﬁm

o _ﬁo%ﬂ> (e - 1)]}. (B13)

|
and in the v(u, by), the d,(0) is

112

404
dz(O) = CFCA <7 - 14£3> - ETRN]"CF (BlS)
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