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In this study, we performed calculations and analyses of the structure functions of polarized nucleons and

light nuclei, specifically *He and *H, using second-order Feynman diagrams. Our investigation focused on two
main aspects: First, we examined the symmetry properties of polarized light sea quarks. Second, we conducted
a detailed investigation into the impacts of symmetry breaking on the structure functions of both nucleons and
nuclei. To achieve this, we utilized the existing polarized parton distribution functions (polarized PDFs) available
in the literature. These PDFs were used to calculate and compare the polarized structure functions g, and g, of
the nuclei. Additionally, we examined and analyzed the Bjorken and Efremov-Leader-Teryaev sum rules by
utilizing the moments of the polarized structure functions. The Lorentz color force components, namely F7"
and Fy", were determined using the twist-2, twist-3, and twist-4 matrix elements. When symmetry breaking is
applied, it is observed that they have similar magnitudes but opposite signs. Our theoretical predictions for the
polarized structure functions of nucleons and light nuclei, taking into account the symmetry breaking of light
sea quarks, exhibit better agreement with experimental data.
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I. INTRODUCTION

In recent years, the deep inelastic scattering (DIS) of lep-
tons from nucleons has been a widely used experimental
method for investigating the internal structure of nucle-
ons. Future lepton and hadron colliders, such as the Large
Hadron-electron Collider (LHeC) [1], and the Future Cir-
cular Collider (FCC-he) [2] will also play an important
role in investigating the internal structure of nucleons [3.4].
Experimental groups such as E142, E143, COMPASS, HER-
MES, and JLAB have played a significant role in advancing
our knowledge of nucleon structure by publishing a wealth
of experimental results from collider experiments [5-10].
These experiments have focused on the DIS of polarized
electrons by polarized nucleons and light nuclei, providing
valuable insights into the nature of nucleon spin and its
substructure.
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The polarized structure functions of nucleons and nuclei
provide useful information about the spin distribution of par-
tons [11-15]. In the simple picture of the *He nuclei, all
nucleons are in the § state wherein two protons with opposite
spins exist, henc, their spins in the asymmetry are completely
canceled and the nuclei polarization is determined solely by
the neutron spin. Therefore, the use of ‘He targets in DIS
experiments of leptons from polarized targets is common and
is considered as an alternative target to the neutron. The same
method applies in the case of *H, where the neutrons are
replaced with protons. However, in more precise calculations
and by considering other components of the three-particle
wave, such as S’ and D states, the spins of the protons are
no longer canceled in the *He structure function and must be
taken into account.

In most published phenomenological models, the nucleon
spin fractions carried by sea quarks are often assumed to
be equal, and symmetry breaking is not taken into account,
i.e., 8it = 8d = 85 [16-35]. In some other phenomenological
models, both flavor SU(2) and SU(3) symmetry breaking are
taken into consideration, hence the nucleon spin fractions
carried by the light sea quarks are considered to be unequal,
it # 8d # 85[14,15,36-42].

In the present work, both of the mentioned phenomenolog-
ical methods are applied, and the polarized structure functions
of nucleons and nuclei are calculated using some selected
polarized PDF models available in the literature, namely
NAAMY21 [22], AKS14 [41], DSSV09 [38], and BB10 [31].
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In the most recent analysis, NAAMY?21, the polarized deep
inelastic scattering (DIS) data are utilized, and the polarized
PDFs of protons, neutrons, and deuterons are calculated at the
next-to-leading order (NLO) approximation, without taking
into account symmetry breaking. In another phenomenolog-
ical model, AKS14, the asymmetry data from inclusive and
semi-inclusive polarized deep inelastic scattering (SIDIS) are
utilized, and both flavor SU(2) and SU(3) symmetry breaking
are taken into consideration. The QCD-PEGASUS software
package [43] is employed in both analyses for the DGLAP
(Dokshitzer-Gribov-Lipatov-Altarelli-Parisi) evolution, and a
QCD fit is conducted using the experimental polarized data.
Both the NAAMY21 and AKS14 polarized PDFs are pre-
sented at the next-to-leading order (NLO) approximation in
perturbative QCD.

In the present work, after calculating the moments of
the polarized structure functions using the two mentioned
polarized PDFs in the Mellin space, the DGLAP evolution
equations [44] are solved. Then, using the Jacobi polynomials,
the polarized structure functions of nucleons are calculated
in the Bjorken x space. Finally, the polarized structure func-
tions of the light nuclei helium-3 (*He) and tritium (H)
are extracted in the second approximation of the Feynman
diagram. After applying the necessary corrections to the nu-
clei structure functions, we compare our results with the
available experimental data for validation and comparison.
Having the polarized structure functions of nucleons and nu-
clei, along with their moments, one can calculate various
important quantities such as the Bjorken sum rule, Efremov-
Leader-Teryaev sum rule, and the Lorentz color force
components.

The organization of this paper is as follows: In Sec. II,
we present the theoretical background of this study, including
the polarized PDFs, the polarized structure functions, and a
comparison with the available experimental data. In Sec. III,
we discuss the polarized structure functions of nuclei and
the associated corrections, and we compare the results with
experimental data. Sections IV and V present our results
on the sum rules, specifically the Bjorken sum rule and the
Efremov-Leader-Teryaev sum rule. In Sec. VI, we perform
the calculation of the Lorentz color force components. Finally,
Sec. VII provides a summary and conclusion of the work.

II. POLARIZED STRUCTURE FUNCTIONS OF NUCLEONS

In this section, we will present the theoretical frame-
work for the calculation of the polarized structure functions
of nucleons in the Mellin space. Following that, we will
review the Jacobi polynomial method employed to trans-
form the calculated structure functions from the Mellin
space to the Bjorken x space. Additionally, we will pro-
vide a brief overview of previous studies on polarized PDFs,
specifically the NAAMY21 and AKS14 models, which were
utilized to compute the structure functions of nucleons and
nuclei.

At the next-to-leading order (NLO) approximation, the po-
larized structure function of nucleons in Mellin space, denoted
as ./\/l[xgl,N](Qz), can be expressed in terms of the polar-
ized PDFs and the corresponding Wilson coefficient functions

ACN. Therefore, the polarized structure function is given by
the following expression:

M(xgl, N](@? )—

Z ,{( + ACN>
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s N 2
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for the proton (p), neutron (), and deuteron (d), respectively.

In the equations above wp = 0.058 [45-47] and the Wilson
coefficients AC?' and AC?' can be found in [44], and are
written as follows:

N
AC,

Hosw+is (N)]H(L;)
317 : 2 NWN+1)

1 1 9
xSl(N)+ s+ o0 +———}, (€]

2N N+1 2

ack =3 N—[S(N)+ L
s T2 NN+ D! N NN+ D]
(5)

with S1(1) = Yj_ 4 =¥+ D +ye, S0 =Y, & =
%2) —y¥'(n+1), ¥(n) =T'(n)/T(n), yg = 0.577216, and
Y'(n) =d?InT'(n)/dn?.

It is important to note that the structure function of
neutrons, defined through Eq. (2), takes into account sym-
metry breaking, meaning that the contribution of sea quarks
is considered. However, if the symmetry of light sea
quarks is neglected, the second term subtracted from the
proton structure function can be replaced by 8u,(N, Q%)
— 8d,(N, 0*).

After determining the moments of the structure functions,
they can be transformed to the Bjorken x space using the
Jacobi polynomials [17]. The transformation is given by the
following expression:

Nimax

xgi(x, Q) =xP(1 =) Y a,(Q) %P (x),  (6)

n=0

where the maximum order of expansion is denoted by Nyax,
and the index n refers to the order of expansion. Two free pa-
rameters o and § are chosen to make the fastest convergence
for the series in Eq. (6). a, (0?) as Jacobi moment discloses the
dependence of polarized structure functions on Q. By using
the Jacobi polynomials, one can factor out from the structure
function a weight function w*#(x) = x#(1 — x)®. Hence, the
Jacobi polynomials ®%#(x) can be written as the following
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expansion:

O (x) =Y (e, B)x. )

j=0

It can be shown that the expansion coefficient c(]-")(oz, B)is
given by a combination of gamma (I") function in terms of #,
a, and B parameters [48].

The following orthogonality relation is satisfied by the
Jacobi polynomials with the weight function w®# (x):

1
/ dxx(1 —x)* @*F(x) " (x) = 8, )
0

Based on the orthogonality condition, the Jacobi moments
a,(Q?) can be obtained as [17,49,50]

1
an(Q*) = / dxxgi(x, 0*) ©%F (x)
0

= P py Mixg, 210D, )

J=0

where M[xgi, j+21(Q?) is the Mellin transform of
xg1(x, 0?) from Egs. (1), (2), and (3), and is given by

1
Mixgi, N1(Q*) = / dxx""?xgi(x, Q%) (10
0

Now by substituting Eq. (9) into Eq. (6) the polarized
structure function xg; (x, Q), based on Jacobi polynomial ex-
pansion method, can be constructed. Therefore the following
expression for xg; (x, QZ) can be obtained,

Ninax

xg1(x, @) =2/ (1 =) Y~ 04(x)

n=0

x 3 M@, By Mixgr, j+21Q%). (1)

Jj=0

where N, is considered to be 9, and « and f are fixed to 3
and 0.5, respectively [17,20,21,36].

The polarized PDFs of the NAAMY?21 and AKS14 are
depicted in Figs. 1 and 2, respectively.

It is worth highlighting once again that the AKS14 model
was also used to conduct an additional analysis that included
a positive polarized gluon to explore the impact of SU(2) and
SU(3) symmetry breaking, as well as the effect of SIDIS data
on the polarized gluon distribution. In Figs. 3 and 4 we show
the polarized PDFs obtained from AKS14 and NAAMY21 in
comparison with experimental data from COMPASS [51] and
HERMES [8] experiments. The results of two other available
models, DSSV09 [38] and BB10 [31], are also shown for
comparison. To calculate the §¢/q in Fig. 4, the most recent
unpolarized PDFs from CT18 [52] are used.

Considering the results presented in Figs. 3 and 4, several
remarks can be made. As shown in these plots, in general, the
compatibility of the AKS14 model with the experimental data
and their error is better than that of NAAMY?21, especially for
the case of §s. However, it is important to note that the com-
patibility of the data with the NAAMY21 model is also good.
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FIG. 1. The polarized PDFs from the NAAMY21 [22] model
at 03 =1 GeV? in NLO approximation, considering 8§ = 8ii = &
d = §5.

As can be seen, the DSSV09 results which come from
the analysis with symmetry breaking consideration are mostly
close to the AKS14 curves and both are in agreement with the
experimental data. However, due to the wide dispersion of the
related data, the plots might not be able to support them as one
may expect. Also it is obvious that the results of BB10, with
no symmetry breaking, are closer to NAAMY21. For the case
of x8& and x8d, both the AKS14 and DSSV09 models show
the same level of compatibility and are in agreement with the
COMPASS data. For specific parton species, it is observed
that both the AKS14 and DSSV09 models demonstrate a
better agreement with the COMPASS data in terms of xé# and
x8d compared to other groups. Significant deviations from the
COMPASS data are observed for NAAMY21 and BB10 for
the case of xéi and xds.

With the moment expressions for the polarized structure
functions of the proton, neutron, and deuteron presented in
Egs. (1), (2), and (3), respectively, and utilizing the Jacobi
polynomials, the structure functions can be calculated in the
Bjorken x space. Figures 5-7 show the comparison of the
structure functions of proton, neutron, and deuteron with E143
experimental data [6]. We show both the absolute distributions
(upper panel) and the data/theory ratios (lower panel) for
detailed comparison. In order to correctly assess weather or
not the different theoretical results are statistically different
one from the other, and to examine the compatibility with the
data, the theory predictions for different polarized PDFs sets
are also displayed with error bands. The results from DSSV(09
and BB10 are also shown and compared.

In general, as observed from these plots, the nucleon po-
larized structure functions generated by the AKS14 model,
which takes into account symmetry breaking, are quite close
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FIG. 2. The polarized PDFs from the AKS14 [41] model at 0 = 1 GeV? at NLO approximation, considering 8 # 8d # 85. The solid line
indicates the AKS14 model in the sign changing gluon scenario, and the dashed line denotes the AKS14 model in the positive gluon scenario.

to the DSSV09 polarized structure functions, where SU(2) and
SU(3) symmetry breaking is also considered.

Focusing on the comparison with the proton polarized
structure function shown in Fig. 5, one can observe a larger
error band for the AKS14 model. The theoretical prediction
of the AKS14 model and the data are compatible over the
range of medium to small values of x. Although differences
are also seen at large x, they are always compatible within
uncertainties. As one can see from the data/theory ratios
(lower panel), the compatibility of the AKSI14 theory
prediction and the E143 experimental is are better than that
of NAAMY?21 at large x. The compatibilities of the AKS14
and NAAMY21 theory predictions with the data are similar
for small values of x.

In Fig. 6, we present a comparison of the neutron polarized
structure function with data from the E143 Collaboration. Our
analysis indicates that both the AKS14 and NAAMY?21 curves
demonstrate a good level of agreement with the central points
of the experimental data. Specifically, for small to medium
values of x, the theoretical predictions of both the AKS14
and NAAMY21 models exhibit better accordance with the
data, considering the uncertainties, when compared to other

models. However, it is important to note that deviations from
the experimental data can be observed for both models, par-
ticularly at large values of x.

Finally, focusing on the deuteron polarized structure func-
tion in Fig. 7, it can be observed that the NLO prediction of
the structure function calculated from the AKS14 model is in
good agreement with the E143 experimental data across the
entire range of x. The DSSV09 polarized structure functions
are also seen to be close to the AKS14 curves, as both models
account for SU(2) and SU(3) symmetry breaking. Comparing
with the NAAMY?21 model, the data/theory ratios (bottom
panel) indicate that the compatibility of the AKS14 theory
prediction is better. This difference is particularly evident at
very large and small values of x, taking into account the
uncertainties.

In Table I, we present the value of the moments of nucleon
polarized structure functions at 3 GeV? for AKS14 and
NAAMY?21 polarized PDFs. Comparing the values of I'} =
0.139 +£0.003 £0.009 £ 0.005, TI'f = —0.041 +0.006 £
0.011 £0.005, and I'Y = 0.049 & 0.003 £ 0.004 & 0.004,
reported by COMPASS experimental group [7] with the
values reported in Table I, it is observed that the values
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FIG. 3. The NLO polarized PDFs from AKS14, NAAMY21,
DSSV09 [38], and BB10 [31] in comparison with COMPASS [51]
experimental data at Q> = 3 GeV>.

of moments of neutron and deuteron polarized structure
functions, when symmetry breaking is taken into account in
AKS14, are more compatible with COMPASS results. For the
case of the proton, the value extracted from NAAMY?21 is in
better agreement with the COMPASS results.

III. POLARIZED STRUCTURE FUNCTIONS OF NUCLEI

This section emphasizes the calculation of the polarized
structure functions of light nuclei, as well as the impact of the
symmetry breaking of polarized light sea quarks on the agree-
ment between theory and experimental data. The calculations
in the previous section showed that the polarized PDFs, polar-
ized structure functions of the proton, neutron, and deuteron,
and their first moments obtained from the AKS14 polarized
PDFs, in general, have better compatibility with the experi-
mental data from COMPASS [7,51] and E143 [6].

In the following section, we analyze the polarized structure
functions of light nuclei helium-3 (*He) and tritium CH).
These two are trivalent light nuclei that, respectively, consist
of two protons plus one neutron and two neutrons plus one

---- NAAMY21
-, DSSvop
T

0.1
X

FIG. 4. Same as Fig. 3 but this time in comparison with HER-
MES experimental data [8] at Q> = 2.5 GeV>.

proton. Despite their wave function at ground state level being
in the § state, the higher states S” and D can be also found
using a more realistic definition. At §" and D states, the spin
contributions of two protons in helium-3 or the two neutrons
in tritium are not canceled and must be considered in the cal-
culations. The calculation of the polarized structure function
can be performed using the contribution of proton and neutron
polarized structure functions in addition to the spin-dependent
nucleon light-cone momentum distributions A 3’;6 and Af3},,
[53-57]. They are given by

3

3d
gHe = / A L)
34
+2 / %Aﬁ;{e@)g’i(x/y), (12)
s 3d
g = / fAﬂ;le(wg'i’(x/y)

3d
+2 / %Aﬂ;g(wg';(x/y). (13)
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FIG. 5. The NLO prediction for the proton polarized structure
function calculated using AKS14, NAAMY21, DSSV09, and BB10
in comparison with E143 experimental data [6] at 9° = 2 GeV>.

It is noticeable that, because of isospin symmetry, the light
cone momentum distributions A f_f;le and Afj}; are equal in
size. In Fig. 8 we show the spin-dependent nucleon light-cone
momentum distributions A £y}, and A ffl'{e [53] as a function
of y. For the calculation of A ﬂhe and A 3’;{6, we utilized the
PEST nucleon-nucleon (N—N) interaction which is derived
from the Paris N—N potential [58].

In addition to the correction discussed above, various cal-
culations show that the main contribution to g; should origi-
nate from the n — A° nondiagonal transition in *He and from
the p — A™ nondiagonal transition in the 3H case [59-62]:

3H 2 3 dy 2
e (x, Q%) = / © AP )

} dy ¥4 2
+2 / T AL/ 0

+ 4Pp~>A+g]1’_)A+ (xv Qz)
+ 2P a7 (x, 0P, (14)

H 2 *dy n 2
g &, 0 )=/ 7Asze(y)g'f(X/y,Q)

3d
42 / © AL 0515, 0

0.08F —— NAAMY216u = 6d =65
—— ASK14 68U # 6d = 65
| - BB10 6U = 6d = 65

0.06 DSSV09 &u = 6d = 65
1 E143
0.04¢
Q2=2GeV? \

0.01 0.1 1
e
‘g %-3’ ISESSEEEIES TR E T i
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2 10,0 ‘
0.01 0.1 1
X
[
e 2 e iiiiiiias
g9 N
£ —4;
S—6 | NaAMY2I
Z-8 ‘
0.01 0.1 1
X

FIG. 6. The neutron polarized structure function at Q2 =
2 GeV?, compared with AKS14, NAAMY21, DSSV09, BB10, and
E143 experimental data [6].

—2Pag T (2, 0%)
— 4P, g7 (6, 07, (15)
As a result, the structure functions gi~“" and g’lHA+
should be considered in the calculations, which will lead to

a correction for the three particle nuclei structure function.
Regarding the model-independent equation [56], we have

4 R 242
& 0 =g (x, 0Y) = %_(g'; —4g}),  (16)

and the polarized structure function equation will be
written as

; ‘d d
g = / %A Pl (x/y) +2 f %Aﬂ;e(y)g’f (x/y)

—0.014 (g} (x) — 4¢} (x)) (17)
and
3 3d 3d
g = / %Aﬂ“ﬂg(y)g’f (x/y)+2 / TyAfs’;e(y)g’} (x/y)
+ 0.014 (g} (x) — 4¢} (x)). (18)

At high energy levels or at low values of Bjorken x, the
virtual photon can interact with multiple nucleons coherently.
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FIG. 7. The deuteron polarized structure function at Q? =
2 GeV?, compared with AKS14, NAAMY21, DSSV09, BB10, and
E143 experimental data [6].

This behavior is apparent in nuclear targets. Nuclear shadow-
ing and antishadowing are examples of these coherent effects
[56,63]. According to the shadowing and antishadowing cor-
rection, the helium-3 and tritium nuclei polarized structure
functions can be rewritten as

. d d
g e = / %Aﬂi{e(y)g’l'(x/y)%-z / YyA e g1 (/)

—0.014(gh (x) — 4¢} (x)) + a(x)g; (x) + b(x)g} (x)
19)
and

. 3d d
JH = / L A/ +2 / S AL W aL)

+0.014(g7(x) — 4¢1(x)) + a(x)gi (x) + b(x)g" (x),
(20)

FIG. 8. The Spin-dependent nucleon light-cone momentum dis-
tributions A fch and Af3}, [53] as a function of y.

where a(x) and b(x) functions describe the shadowing and
antishadowing effect as a function of x and 07 [56]. Since the
current experimental data do not cover very small values of
x considerably, the corrections from shadowing (10™* < x <
0.03-0.07) and antishadowing (0.03-0.07 < x < 0.2) can be
completely ignored in the calculations of polarized nuclei
[10]. However, the calculations of Refs. [56,63] show that
these effects are quite significant and impact the extraction
of the nucleon polarized structure functions at small values of
Bjorken x.

According to Egs. (17) and (18), the helium-3 and tritium
polarized structure functions are extracted at 5 and 2.5 GeV?
respectively, and they are shown in Figs. 9 and 10.

TABLE I. The first momentum of the nucleon polarized structure functions calculated using
AKS14 and NAAMY21 polarized PDFs.

ry re

ry
AKS14 0.1273 £ 0.0003
NAAMY21 0.1322 £ 0.0053

—0.0374 £+ 0.00035
—0.0554 £+ 0.0056

0.0406 + 0.00032
0.0350 £ 0.0050
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FIG. 9. The theory prediction for gslHe polarized structure func-
tions at NLO and NNLO approximations from NAAMY21, AKS14,
and KTA17 in comparison with experimental data from E142 [5] and
JLAB [64].

Polarized structure functions of *He and 3H at NLO and
NNLO from NAAMY21 and KTA17 [36] polarized PDFs,
both concerning symmetry of light sea quarks, are compared
with the AKS14 [41] model at NLO concerning symmetry
breaking of light sea quarks.

In Fig. 9, we also include the E142 [5] and JLAB [64]
experimental data for comparison. As shown in this figure,
the theory prediction from the AKS14 model, even though
it is similar to that of NAAMY?21, exhibits slightly better
compatibility with the experimental results across most of the
Bjorken x region covered by the data. This compatibility is
particularly emphasized for larger values of x (x > 0.1) within
the uncertainty bands.

In Fig. 11 and for the case of g31H polarized structure func-
tions, one can see that the difference between the curves with

0.7t ——- NAAMY21 6 = 6d = 65 NLO
—— ASK14 60 = 6d # 65 NLO
0.6/ TKA17 60 + 6u # &d + 6d = 65 + 6s NNLO
0.5K0
—~ N Q?=2.5GeV?
o~ N,
<04 s
N N
=
8003 S
0.2+ N
N
0.1¢
0.01 0.1 1
X

FIG. 10. Same as Fig. 9 but this time for the g31H polarized struc-
ture functions.

0.035

—— NAAMY21 61i = 6d = 65 NLO
0.030} —— ASK14 60 # 6d # 65 NLO
TKA17 6U + 6u # 6d + 6d # 65 + 6s NNLO

2 2
0.025+4 { E1421.1<Q?<5.5GeV:
i JLAB031.13 < Q? < 1.34GeV?
2 2
~ 0.020¢ I JLAB042.71<Q?<4.83GeV
o 1 JLABO16 Energy electreon = 4.74GeV
o JLABO016 Energy electreon = 5. e
*  0.015! 5.89GeV
Ra) .
T
—
"eo 0.010}
~
»

Q?%=4.43GeV?

0.005¢
0.000 <
—0.005;

FIG. 11. Same as Fig. 9 but this time for the x2g "¢ polarized
structure functions in comparison with experimental data from E142
[5], JLABO4 [64], JLABO3 [65], and JLAB16 [10].

and without considering symmetry breaking is noticeable,
especially at low value of x.

Figure 11 shows the comparison of x polarized struc-
ture functions in comparison with E142 [5], JLABO4 [64],
JLABO3 [65], and JLAB16 [10] experimental data at differ-
ent energies in the range of 1.1 < Q% < 5.89 GeV?. Based
on this plot, it can be concluded that the AKSI14 model
exhibits agreement comparable to the other models within
the region of 0.1 < x < 0.4. For higher values of x, the
NAAMY?21 and KTA17 models show better compatibility
with the experimental data points. However, it should be noted
that both the AKS14 and NAAMY21 models remain com-
patible within the given uncertainties throughout the entire
range.

The Wandzura-Wilczek g, structure functions [66] can be
calculated as g% (x) = —gi(x) — fxl %gl(y), and for the
cases of helium-3 and tritium structure functions they are
given by

2 3He
81

s 3d
g = / %Aﬂhe(y)g’é(x/y)

3d
12 / S AL 1

—0.014(g5(x) — 45 (x)) 21

and

3
3 d
g = / fAﬂ;{e(wg';(x/y)

34
+2 [ A gy
x Y
+0.014(gh(x) — 4¢3 (x)). (22)

Figures 12 and 13 display the polarized structure of g;He
extracted from AKS14 and NAAMY21 at NLO, and KTA17
[36] at the NNLO approximation compared to the JLABO04 [9]
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S Q?=2.5GeV?
_______ _ . . NLO
0 T
_5,
&
<o —-10¢
)
L)
ENS -15;
o0
_20,
—— NAAMY21 6 = &d = 65 NLO
25 __ ASK14 61 # 6d # 65 NLO
TKA17 8U + 6u # 6d + &d # 65 + 6s NNLO
—-30r { E142
0.01 0.1 1

X

FIG. 12. Same as Fig. 9 but this time for the g’;He polarized
structure functions in comparison with E142 experimental data [5].

and JLAB16 [10] experimental data. Although the curves are
not exactly the same, a similar agreement is observed in the
behavior of three models in comparison with the experimental
data of JLABO4 and JLAB16 and their error bars.

IV. BJORKEN SUM RULE

To quantify the nuclear corrections as expressed in
Egs. (17) and (18) we use the ratio known as 5. The Bjorken
sum rule evaluates the difference between the first moments of
helium and tritium polarized structure functions. It is given by

3 3 | s
./() [ng(x’ Qz) - nge(x’ QZ)]dx = ggA|trilon|:1 + O(%)]s
(23)

where  g4lyion = 1.211 £20.002 [67]. According to the
Bjorken sum rule [68] for proton and neutron without nuclei

—0.02}

02 03 04 0.5 0.6 07 08 09 1.0
X

FIG. 13. Same as Fig. 9 but this time for the gazHe polarized
structure functions in comparison with the JLAB experimental data
[64].

constraint we have

[ .0 i 0 s = L[+ ()], @0

o

where g4 = 1.2670 £ 0.0035 [69]. Finally the ratio n can be

written as
_ 84 | triton

7
B f03 [giH(x’ QZ) _ g31He(x’ QZ)]dx
Jo [, 0%) = gi(x, 07)]dx
= 0.956 £ 0.004. (25)
In the calculations, we obtained a value of 0.936 &+ 0.002
for the NAAMY21 model and 0.954 &+ 0.003 for AKS14. This
result indicates that the analysis taking into account symmetry
breaking produces a value of the ratio n that is closer to

the Bjorken sum rule compared to the analysis that neglects
symmetry breaking.

V. EFREMOV-LEADER-TERYAEYV (ELT) SUM RULE

The Efremov-Leader-Teryaev (ELT) sum rule can be de-
rived by integrating the valence part of the g; and g, structure
functions over the Bjorken x variable in the limit m, — 0 [70].
The ELT sum rule is expressed as follows:

1
/ x[g] () +2g5 (x)]dx = 0, (26)
0

where g‘l/(z) denotes the valence quark contributions to the
g1(2)- When considering the symmetry of light sea quarks and
assuming they carry an equal fraction of the spin in protons
and neutrons, the Efremov-Leader-Teryaev (ELT) sum rule
can be written as follows:

1
/0 x[gf(x) —gi + 2(g§(x) — g’zl(x)]dx =0. 27

The values obtained are 0.01017 &0.00004 and
—0.030763 + 0.0004071 from NAAMY21 and AKS14
respectively. It seems that, with consideration of the light
sea quarks’ symmetry breaking, the ELT sum rule is derived
directly from Eq. (26). The value of the left-hand side of
above equation is obtained as —0.011 4+ 0.008 from E155
[71] analysis at Q> = 5 GeV>. The symmetry breaking makes
the results negative; however they are of similar magnitude.
Also it is concluded that disregarding the symmetry of 8, 8d,
and 65 can have an effect on the magnitude of the ELT sum
rule being far from zero.

VI. LORENTZ COLOR FORCE COMPONENTS

The force exerted by the probing quark on the struck quark
in the DIS process, perpendicular to the direction of motion, is
referred to as the Lorentz color force. It is divided into electric
and magnetic components [72]

2

n M; n n
n M;
Fy' = —?"(461'; —fzn) (29)
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TABLE II. The values of dj, a3, and f;' from JLAB [10] experimental data with statistical and systematic uncertainties. The values

calculated by AKS14 and NAAMY?21 polarized PDFs are also shown.

(0) (GeV?)

JLAB16 [10]

NAAMY21 [22] AKS14 [41]

dy (x107°) 3.21 —421.0 £ 79.0 £ 82.0 £ 8.0 —125.566 + 0.1712 —89.488 £ 2.333
dy (x107°) 4.32 —35.0 £ 83.0+£69.0£7.0 —124.783 £ 4.809 —86.225 £+ 1.806
£ (x1073) 3.21 53.41 £ 0.79 £25.55 9.972 £ 2.166 148.330 £+ 25.851
fr(x107%) 4.32 49.66 £ 0.83 £25.99 30.732 £ 28.246 219.473 £ 35.044
al (x107%) 3.21 8.552 + 1.761 £ 6.125 1.174 £ 0.01 3.953 £ 1.811
ai (x107%) 4.32 5.044 £+ 2.270 £ 6.042 1.632 £+ 0.0003 3.754 £ 1.712

Here dj is a twist-3 matrix element and can be evaluated via

1
dr(Q%) = / x*[2g1(x, 0%) + 3g2(x, Q)]dx, (30)

and f7' is a twist-4 matrix element and can be extracted from
the first moment equation of g; (x, Q) [73],

1
m= / g1(x, QMdx (31)

M? 1
=2+ 9_Q2(a2 +4d, +4f>) + O(E) (32)
The quantity p, is known as the twist-2 contribution,

12(0%) = Cue(Q)(— 1584 + 3gas) + C{(QPAX,

in which C,; and C, are the nonsinglet and singlet Wilson
coefficients [74]. g4 and ag are respectively the flavor triplet
and the octet axial charge, and AX denotes the singlet axial
current [75,76]. The quantity a, is the third moment of g,
known as a, = [ x’gdx.

In Table II, we present the calculated values for dj, f;',
and aj using the two models AKS14 and NAAMY21. The
corresponding values from the JLAB experiment [10] are
shown as well.

Table III presents the calculated magnetic and electric
Lorentz color force components calculated from AKS14 and
NAAMY21 models. The measured values from JLAB for
Lorentz color force components [10] are also presented in
Table III for comparison.

As one can see, the magnitudes of F;" and F" extracted
from the AKS14 QCD analysis, which takes into account the

(33)

symmetry breaking of light sea quarks, exhibit good agree-
ment with the measured values from the JLAB experiment.
In addition, the calculated Lorentz color forces denoted by
Fy" and F" are of the same size with different signs, as
expected from QCD prediction [72]. The magnitudes of these
two forces, extracted from NAAMY21 QCD analysis with
no symmetry breaking, are one order of magnitude smaller
than JLAB measured values and the AKS14 prediction as
well. We should mention here that the agreement in the
order of magnitude between the experimental data and the
AKS14 model arises from a combination of ingredients in
which the experimental data and the AKS14 model differ
significantly.

VII. CONCLUSIONS

The following conclusions can be drawn from the present
study. In this article, we have conducted an investigation
into the impact of symmetry breaking in polarized light sea
quarks on the extraction of polarized PDFs. We analyze its
effects on the polarized structure functions and their mo-
ments for both nucleons and nuclei, providing a detailed
discussion. Additionally, we explore and present the impli-
cations of symmetry breaking on the sum rules and the
components of the Lorentz color force. Furthermore, it is
important to note that in our analysis the polarized structure
functions of nuclei are computed while considering the ef-
fective nuclear modifications. This ensures a more accurate
description of the nuclear effects on the polarized structure
functions.

TABLE III. Measured magnetic and electric Lorentz color force components from the JLAB [10] experiment along with statistical and
systematic uncertainties. The calculated quantities using AKS14 and NAAMY21 polarized PDFs with statistical uncertainties are also shown

for comparison.

(0%) (GeV?)

F" (MeV /fm) F" (MeV /fm)

JLAB16 [10] 3.21
JLAB16 [10] 432
NAAMY21 3.21
NAAMY?21 432
AKS14 3.21
AKS14 4.32

—21.560 £ 3.796
—32.037 + 5.150

—33.53 £ 1.324+19.07
—36.48 £ 1.38+19.38

—3.992 £ 3.264
—4.154 £ 6.332

52.35 £ 2.43 £19.18
38.04 £ 2.55+£19.46

2.207 £ 6.049
5.256 + 6.290

22.350 £ 3.817
32.798 + 5.166
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To investigate the impact of symmetry breaking in po-
larized light sea quarks, we compare the polarized PDFs of
the AKS14, NAAMY21, DSSV09, and BB10 models with
experimental data obtained from HERMES and COMPASS
experiments. This comparison allows us to assess the agree-
ment between the theoretical models considering symmetry
breaking and the experimental data. The primary outcome of
this comparison indicates slightly better agreement between
the AKS14 model, which incorporates symmetry breaking,
and the experimental data. This agreement is particularly no-
table for distributions involving strange and sea quarks. It
suggests that considering symmetry breaking in the modeling
of polarized light sea quarks leads to improved agreement
with experimental observations.

In addition, we conduct a comparison of the polarized
structure functions of the proton, neutron, and deuteron us-
ing calculations from the AKS14, NAAMY21, DSSV09, and
BB10 models. This comparison is made with experimental
data obtained from the E143 Collaboration. The results ob-
tained from the comparisons between data and theory indicate
that, when symmetry breaking is considered, the extracted
predictions exhibit improved agreement with the experimental
data, taking into account the associated uncertainties.

To investigate the impact of symmetry breaking on the nu-
clei structure function, we calculate the theoretical predictions
of the polarized structure function g31He using the NAAMY?21,
AKS14, and KTA17 models at both NLO and NNLO accuracy
in perturbative QCD.

These theoretical predictions are subsequently compared
with experimental data from the E142 and JLAB experiments.
The findings of this comparison indicate that the polarized
nuclei structure function calculated using the AKS14 polar-
ized PDFs, which consider the symmetry breaking of light
sea quarks, exhibits better agreement with the experimental
data compared to other models. This agreement is particularly
notable in the 0.1 < x < 0.4 region.

The same findings also apply to the cases of g and x2g e
structure functions. While the extracted polarized structure
functions of nuclei from the AKS14 model demonstrate
agreement with the experimental data, we should clarify
that there are currently no available experimental data for

3 . . .
g1 Furthermore, the uncertainties associated with the

measurements of g, and x2¢ H¢ do not allow one to strongly
prefer the AKS14 model over other models based solely on
these measurements.

Our calculations demonstrate that the ratio n of the Bjorken
sum rule and the extracted Lorentz color force components
Fy" and F" from the AKS14 model are all in good agree-
ment with the measured values as well.

In conclusion, the presented results provide evidence
that a comprehensive understanding of the spin structure of
nucleons, nuclei, sum rules, and Lorentz color force compo-
nents of polarized structure functions can often be achieved
when considering the breaking of both flavors of SU(2) and
SU(3) symmetry in a QCD analysis. By incorporating these
symmetry-breaking effects, a more accurate description of
the observed data and a better agreement between theory and
experiment can be achieved.
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