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We have performed a study of the isovector, octet, and singlet axial charges of the proton in an extended
chiral constituent quark model, where all the possible uudqq (g = u, d, s) five-quark Fock components in

the proton wave function are taken into account. The 3P,, quark-antiquark creation mechanism is assumed
to account for the transition coupling between three- and five-quark components in proton, and the
corresponding transition coupling strength is fixed by fitting the intrinsic sea flavor asymmetry d — i data
for proton. Accordingly, with all the parameters fixed by empirical values, the probabilities of the intrinsic
five-quark Fock components in proton wave function should be ~30-50%, which lead to the numerical
results for quark spin Au, Ad, and As, as well the axial charges of proton consistent with the experimental

data and predictions by other theoretical approaches.
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I. INTRODUCTION

Study of the structure of nucleon and nucleon excitations
is one of the most important topic in hadronic physics.
Experimentally, most of the explicit information about
proton structure is from the deep inelastic scattering
measurements. Two renowned measurements performed
by European Muon Collaboration (EMC) [1,2] and New
Muon Collaboration (NMC) [3], showed us that, in
addition to the up and down quarks, there are also other
contributions to the proton spin. Furthermore, the anti-up
and antidown quarks are asymmetry inside the proton.
Later, there have been also other experimental efforts
dedicated to the measurements of the proton structure
[3-9]. Very recently, new experimental results by
SeaQuest Collaboration confirmed precisely that the dis-
tributions of anti-up and antidown quarks inside proton are
considerably different and there are more antidown quark
than anti-up quark over a wide range of momenta [10].
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On the other hand, one can also use the spin dependent
structure function g (x) of the proton to investigate the
contribution of the spin of the quarks to the proton spin. It
also relates the integral over all x of the difference of g, (x)
for the proton to the scale-invariant axial charges g, of the
target proton. Indeed, in Ref. [2,11], it was shown that the
flavor-singlet, isovector, and SU(3) octet axial charges of
proton, can be obtained by combining the deep inelastic
scattering (DIS) data with the nucleon and hyperon -decay

data, which are: g’ =0.120+0.093 £0.138, ¢ =

1.254 £ 0.006, ¥ = 0.688 £ 0.035. However, these val-
ues are obviously different with the constituent quark

model predictions which are g}%O) =1, gf) =5/3, and

gf) = 1, respectively. In addition, the recent measurements

performed by COMPASS collaboration [12,13] showed

that ¢\” =0.334+0.03, ¢ =12670+0.0035 and

¢ =0.58+£0.03+0.05. Detailed reviews about the
experimental and theoretical progress on proton spin puzzle
and the intrinsic sea flavor asymmetry in proton, were made
in Refs. [14-20]. The fact that the quark-quark interaction
is relatively weak at large energy and momentum scales,
whereas it is clouded by the increasingly strong interaction
at lower energy scales is the reason why, so far, we have no
clear picture for the structure of proton.

In fact, one has to go beyond the original three-quark
qqq picture of proton to explain the experimental
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measurements mentioned above. In Ji’s sum rule [21], the
proton spin should be decomposed as the inner intrinsic
quark spin, orbital angular momentum, as well as those of
the gluon inside proton. All these decomposed contents
have been intensively calculated by Lattice QCD [22-27].
Phenomenologically, both the proton spin puzzle and the
intrinsic sea flavor asymmetry could be solved within
the meson cloud model [28,29]. It’s also shown that the
strangeness spin, strangeness magnetic moment, axial form
factors of nucleon [30-33], and electromagnetic and strong
decays of several nucleon resonances [34-37] could be
described well by considering five-quark Fock components
in the baryons’ wave functions. In Ref. [38], the intrinsic
sea content of proton was investigated by an extension of
the traditional chiral constituent quark model to including
the five-quark components, where the 3P, model is adopted
to account for the quark-antiquark pair creation in hadrons,
which could result in the transitions between three- and
five-quark components. Recently, the model of Ref. [38]
was phenomenologically applied to study the quark orbital
angular momentum in proton [39], where the theoretical
calculations showed that L, = 0.158 £ 0.014. It was shown
that the study of the intrinsic sea quark content of proton is of
great interest to explore its properties. Consequently, by
explicit considering the contributions of the intrinsic five-
quark Fock components, we employ the extended chiral
constituent quark model (EyCQM) of Ref. [38] to calculate
the isovector, flavor-octet, and -singlet axial charges of
nucleon in present work.

The present manuscript is organized as follows. In
Sec. II, we give the framework which includes the extended
chiral constituent quark model and the formalism for the
nucleon axial charges in corresponding model, the explicit
numerical results are presented in Sec. III. Finally, a brief
summary is given in Sec. IV.

II. FRAMEWORK

In this section, we will briefly introduce the EyCQM
in Sec. Il A, and present the formalism for calculations
of the proton axial charges within present model in
Sec. II B.

A. ExCQM

Following Ref. [38], within the EyCQM for the ground
state of octet baryons, the wave function for proton can be
expressed as:

1 o
=~ (b £y ) N

where the first term represents the wave function for the
three-quark uud component of the proton, while the sum
over i runs over all the possible five-quark configurations

FIG. 1. Transition gqq — qqqqg caused by a quark-antiquark
pair creation in a baryon via the *P, mechanism.

with a qc‘](dc_z’, uit, s, )l pair which may form higher Fock
components in the proton, C{/ VN are just the correspond-
ing probability amplitudes for the five-quark components.

One should notice that the orbital quantum number of the
inner quark and antiquark of the five-quark components in
proton must be odd number 27 + 1 because of the positive
parity, while there is no obvious limit for the radial
quantum number of the five-quark system.

Once an explicit quark-antiquark pair creation mecha-
nism in the proton is pinned down, the coefficients C? can
be calculated by

- (uudqq, i|T|uud)
" M,-E

; (2)

where M, is the physical mass of proton, and E; is the
energy of the ith uudqqg five-quark component. The tran-
sition coupling operator 7 related to the quark-antiquark
creation mechanism, which is taken to be the widely
accepted P, coupling mechanism in the EyCQM, as shown
in Fig. 1, can be expressed as

T = —VZ.FE)()SC?%COFSCz(l, m; l, —m|00>

=14 m
;5 V5" (B = Ps)bT (B)d (Ps). (3)

where y is an dimensionless transition coupling constant for
uud — uudqg, F9% and CY% are the flavor and color singlet
of the created quark-antiquark pair ¢;gs, )(}g" and yj‘; " are
the total spin S = 1 and relative orbital P— states of the
created quark-antiquark system, the operator Copgc is to
calculate the overlap factor between the residual three-quark
configuration in the five-quark component and the valence
three-quark component, finally, b"(p ), d(ps) are the quark
and antiquark creation operators.

Explicit calculations of the matrix elements of the
operator Corsc, show that the transition coupling between
a gqqqq configuration with orbital quantum number / > 3

'In this work, we do not take ¢ and bb into account, since the
probabilities for them are much smaller than other five-quark
components inside the proton in the low energy scale.
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TABLE I. The orbital-flavor-spin configurations for five-quark configurations those may exist as higher Fock components in proton.
i 1 2 3 4 5
Configuration  [31}[4]F5[22)F[22]5  [B1][31)7S[211)F[22]5 [31}[31]F5[31)F1[22]5 [31)[31]F5[31)F2[22]5  [4]*[31]FS[211]F[22]"
i 6 7 8 9 10
Configuration [4]*[31)7S[31]71[22)5  [4F[31FS[31]72[22]5  [B1F[4]FS[37[31]5  [B1}[4]7S[31]2[31)5  [31F[31]FS[211]F[31]5
i 11 12 13 14 15
Configuration [31)7[31]FS[22)F[31)%  [B1[31FS[31)F 3115 [B1F[BUFS[31)F2[31)5  [4)[31)FS[211]F[31)5  [4)[31]F5[22)F[31]°
i 16 17

Configuration [4}*[31]7S[31)F1[31)5  [4}[31)F5[31)F2[31]S

or the radial quantum number 7, # 0 and the ggg compo-
nent in proton vanishes. Consequently, there should be 17
different flavor-spin-orbital five-quark configurations
which may form Fock components in the wave function
of proton, which are shown in Table I. In each five-quark
configuration, [v]7 denotes the flavor wave function of four-
quark subsystem, and there may be four different flavor
symmetry, ie., [v]f=[31]F", [31]F2, [22]F and [211]F,
respectively.

For the uudqg configurations with [v]F = [31]F1, the
quark-antiquark pair can only be uit and dd. On the other
hand, one can easily obtain that the decomposition between
the flavor wave function for the four-quark subsystem and
the antiquark should be

31 )
‘ > \/7|” diziyr) ® |i) \/7|”2d[231]ﬂ ) ®|d).

(4)

where |1 1>[31] denotes the isospin state of the proton.

For the uudqg configurations with [v]7 = [31]F2, the
quark-antiquark pair can only be s5, and the corresponding
isospin wave function of the proton is

Lo\Bu= .
) = [u*ds3yr) ® [5). (5)
1

For the uudqg configurations with [v]" = [22]F,

1 1\ [22° )0 -

23), —lwdi) @), (©)

11 [22)F

) —|” dSzz >®| > (7)
I

which are the isospin wave functions for the five-quark
components in proton with dd and s5 pairs, respectively.

At last, for the uudqq configurations with [v]7 = [211]F,
which limits the quark-antiquark pair to be s,

1 1\ 2117 5
§’§> = |udspyr) ® I5). (8)
1

The total spin for the four-quark system with spin
symmetry [22]3 should be § = 0, therefore, a general wave
function for the five-quark configurations with numbers

i =1...7 can be expressed as
RIVAR

ZZZC *” [zll]CC[ Of;[FS|fS

ijkln ab ms,

T gyl |2 )

(FI7322]3 k 2’ 2

x |1, m) Ok 22197, 5.) ¢ ({7, }), (9)

where the coefficients C {:h_.] represent the CG coefficients

of the S, permutation group, [[211]¢(a)) and |[11]%9(b))
the color wave functions for the four-quark subsystem and

the antiquark, combination of which results in the color
singlet |[2°]€) as

anb 211]¢(a))|[11]5%(b).  (10)

And the state )91 which combines to the spin of the
antiquark |y, 5.) to form the proton spin state ), can be
obtained from the decomposition of the orbital angular
momentum of the four-quark subsystem and the antiquark.

For the configurations with numbers i = 8...17, the spin
symmetry [31]% of the four-quark subsystem results in the
spin § = 1, which leads to J/ = 0 or 1 when combining the
orbital angular momentum of the four-quark subsystem to
the antiquark. For the J = 0 case, which has been consid-
ered explicitly in Ref. [38], a general wave function for the
10 configurations can be expressed as

[14 [314FS
P 1) = ;2};2 lmls [31]*”[211]CC[0]{k;[FsLFS
ijkln ab ms
[Fs]FS 23 _ 1 1\ 7/
x Clr s € I2111E o >>|[n]aq<b>>]55>1
x |1, m)OF|[3133, )17, 5.)p ({7, }). (11)

114018-3



WANG, LI, AN, and XIE

PHYS. REV. D 103, 114018 (2021)

While for the J = 1 cases,

1) ZZZZ %1%1% Ciifn:;l.,s;cgi]]{”;[zlug

ijkln ab J.5, ms,
ZFS [FS]FS

31 ; kife B
C{oﬂ s)rsClr ]”{[31]5C1[12b] |[211]¢ (a))[[11]99(b))

\§§> [Lm) OH 3155 50 (7). (12)

In present work, we consider both / =0 and J =1
cases. Hereafter, we denote these two cases as Set I and Set
II, respectively.

Finally, to calculate the energy for a given five-quark
configuration E; in Eq. (2), we employ the traditional chiral
constituent quark model, in which the quark-quark hyper-
fine interaction is [40]

3
-> 55 [Z Va(rij)a8as

i<j a=1

Hyyp =

+ZVK rip )AL 4V (r; )A?AJ, (13)

where A¢ is the Gell-Mann matrix in flavor space which acts
on the ith quark, V(r;;) is the potential of the meson M
exchange interaction between ith quark and jth quark.
Numerical values for all the exchange coupling strength
constants are taken to be the empirical ones [40]. Then the
energies E; for the 17 five-quark configurations in Table I
should be

E; = Ey + (Hyyp) + 845 (14)

where E[ is a degenerated energy for the 17 five-quark
configurations. The parameter E, is dependent on the
constituent quark masses, the kinetic quark energies, and
also the energies of the quark confinement interactions.
Here we take E) = 2127 MeV, §,; = 0,7 =0, and o,; =
240 MeV as used in Ref. [38].

B. Formalism for the axial charges of proton

In this section, we present the formalism for the axial
charges gg), gﬁ, ), and gg) of proton within the EyCQM.

It is shown that quark spin contribution Ag measured in
polarized DIS is related to the matrix element of the quark
axial vector current operator as

/ dxgy*y’

where s# is the proton polarization vector, and Ag the
difference of quark with spin parallel or antiparallel to the
proton spin

) =" Aq, (15)

(p.s;

Aq=(q"+3") - (¢* +7"). (16)
Combinations of different flavor Af with f = u, d, s lead
to isovector, flavor octet, and flavor singlet axial charges of
proton,

oY) = Au— Ad, (17)
g = Au+ Ad - 2As, (18)
g = Au+ Ad + As. (19)

In the nonrelativistic approximation, Af can be calcu-
lated as:

pszlz jf‘ps (20)

where |ps_) is the wave function Eq. (1) of proton, &7 is
Pauli operator acting on jth quark, and 6;; is a ﬂavor—
dependent operator. §;s = 1 when the flavor of jth quark is
same with f, otherwise, 6;; = 0. Consequently, one can get

Af = N (uud, SZ|Z 8;f|luud,s;)

Jj=13

(ci) _ R _

+ZT’Omdqq,t,sAZajéjf|uudqq,l,sz>,
i j=15

1)

where the nondiagonal terms are assumed to be negligible.

For simplicity, we denote the matrix elements for an
explicit given five-quark component in the second term in
Eq. (21) as

5
Af?! = (uudqq, i, s,| Z&;éjfmudqq, i,s.). (22)
=

Finally, one can easily obtain the explicit expression of
the matrix elements results for Au, Ad, and As of proton as
following

_ 14 (€2 g
A ERP A, (23)
NN
Ad = N(_§> > AdY, (24)
qy2
As = Z ((j\’/,) As? (25)
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III. THE NUMERICAL RESULTS

Using the formalism developed in the previous section,
here we present our numerical results for the axial charges
of the proton. Before showing the theoretical results, we
first discuss the model parameter V, which is the coupling
strength for Goldstone boson exchange. The parameter V
can be easily obtained from the matrix elements of the
operator in Eq. (3), and it is a common factor for all
the five-quark configurations listed in Table I, in which the
transition coupling constante y is included. As discussed in
Sec. IT A, we have two different sets in present calculations.
For Set I, we just employ the numerical values for the
parameters using in Ref. [38], where J = 0 was considered.
While for Set II, we keep all the parameters to be the same

values as Set I except for V, which is, now, for the case of
J = 1. For Set I, the value of V is determined by fitting the
sea flavor asymmetry of proton d — it = 0.118 £ 0.012 [9],
and one can get

V =697 £ 80 MeV, (26)
where the uncertainty is obtained from the experimental
error of the value of d — i.

Accordingly, explicit calculations result in the numerical
results for the probabilities of five-quark components P,
and contributions to the quark spin of each five-quark
configuration Af? shown in Table II for Set I and II,
respectively. Note that we have listed the quark-antiquark

TABLE II.  The numerical results of the probabilities P,; and the matrix elements of the quark spin A f1 of all the 17 five-quark
configurations in Set I and Set II. Note that we have denoted the five-quark configurations uudgg with light quark-antiquark pairs as 77,

and those with strange quark-antiquark pairs as ss.

Set I Set II
Configuration i qq P Au! Ad] As? Py Au! Ad? As?
1 1 0.146 £ 0.015 0 -1/3 0 0.157 £ 0.016 0 -1/3 0
53 0.010 £ 0.001 0 0 -1/3 0.011 £ 0.002 0 0 ~1/3
2 7 0 0
S5 0.004 £+ 0.001 0 0 -1/3 0.004 £+ 0.001 0 0 -1/3
3 i 0016 £0.002  -2/9  —1/9 0 0.018+£0.002  -2/9  —1/9 0
s3 0 0
4 1 0 0
55 0.003 £0.001 0 0 -1/3  0.003+0.001 0 0 ~1/3
5 T 0 0
s5 0.009 £ 0.001 0 0 -1/3 0.009 £ 0.001 0 0 -1/3
6 1 0.041 £ 0.004 -2/9 -1/9 0 0.045 £ 0.005 -2/9 -1/9 0
S5 0 0
7 1l 0 0
S5 0.007 £ 0.001 0 0 -1/3 0.007 £ 0.001 0 0 -1/3
8 1 0.073 £ 0.007 2/3 1/3 0 0.157 £ 0.016 4/9 -1/9 0
s3 0 0
9 i 0 0
s§ 0.006 + 0.001 0 0 1 0.014 £ 0.002 4/9 -1/9 0
10 T 0 0
55 0.003 £ 0.001 0 0 1 0.007 = 0.001 1/2 /12 —1/4
11 i 0.006 + 0.001 0 1 0 0.013 £ 0.001 1/3 0 0
S5 0.002 £ 0.000 0 0 1 0.004 £ 0.001 1/3 1/6 -1/6
12 1 0.005 £ 0.001 2/3 1/3 0 0.010 = 0.001 1/3 0 0
S5 0 0
13 1 0 . 0 . e .
s§ 0.001 £ 0.000 0 0 1 0.002 £+ 0.001 7/18 1/36 -1/12
14 1 0 0
53 0.008 £ 0.001 0 0 1 0.017 £ 0.002 1/2 /12 —-1/4
15 1 0.015 £ 0.002 0 1 0 0.032 £+ 0.003 1/3 0 0
s§ 0.004 £+ 0.001 0 0 1 0.009 £ 0.001 1/3 1/6 -1/6
16 1 0.012 +0.001 2/3 1/3 0 0.025 £ 0.002 1/3 0 0
S5 0 0
17 1l 0 e . . 0 . . e
S5 0.002 £ 0.000 0 0 1 0.004 £+ 0.001 7/18 1/36 -1/12
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pairs in all the different uudqg configurations being light
(uit or dd) and strange flavors in two rows denoted by /I
and s5 in the table, respectively.

It’s shown that Af7 are the same ones for the five-quark
configurations with spin symmetry [22]% in Set I and Set II,
this is because that both the two sets share the same wave
function of Eq. (9) for these configurations. For configu-
rations numbered i = 817, whose wave functions are
Egs. (11) and (12) for Set I and II, respectively, the
obtained Af? are therefore different. While the probabil-
ities for any configurations in the wave function of proton
should be different for the two sets. Indeed, for the case of
J =0, the total obtained probabilities for the five-quark
components with uii, dd, and s5 pairs are

P, = 0.098 +0.010, (27)
P, =0.216 +0.022, (28)
P = 0.057 £ 0.006. (29)

These numerical values yield the ratios

P
== 05+0.1, (30)

dd

P
ro="%=03+0.1, (31)

dd

2P
K= = 04401, (32)

Puﬁ +Pd¢_1'

which can be related to the ratios of pseudoscalar meson
electroproduction. These ratios were extracted to be r; =
0.74 £0.18, r, = 0.22 £ 0.07 and 0.25 + 0.09 by CLAS
collaboration [41]. It is found that, within errors, our results
are roughly consistent with these above experimental data.

While for the case of J = 1, the theoretical results are

P, = 0.170 £+ 0.017, (33)
P43 = 0.288 £ 0.029, (34)
P,5 = 0.090 = 0.009. (35)

The probabilities for both light and strange five-quark Fock
components are larger than those obtained by Set I, which is
because of that the coupling strength between the five-quark
configurations with the four-quark spin symmetry [31]% and
the traditional three-quark component of proton for
Set II is larger than that for Set I. Accordingly, one can
get the ratios

1 =06+0.1, (36)
re=03+0.1, (37)
K, =04 +0.1, (38)

these values are similar with those obtained by Set I, but one
has to note that the total probability of the five-quark
components in Set II is relatively large, and the numerical
results are in agreement with both the d — & and #1/d data
quite well. In addition, the present obtained probabilities of
the five-quark components with light quark-antiquark pair are
very close to the results obtained by the BHPS model that [42]
P, =0.176, P =0.29%. (39)

Next, we discuss in detail the theoretical results in the
following two subsections for Set I and Set 1, respectively.

A. Set 1

From the quark spin matrix elements Af? obtained from
the wave function as in Egs. (9) and (11) for Set I, one can
easily find that the total spin and total angular momentum
of the four-quark subsystem in the five-quark configura-
tions with four-quark orbital symmetry [31}¢ are 0. For the
configurations with four-quark spin symmetry [22]% and
orbital symmetry [4]¥, and for those with four-quark spin
symmetry [31]% and orbital symmetry [4}%, the total orbital
angular momentum of the quarks and the antiquark are also
0. Thus, for all the 17 five-quark configurations, only the
antiquark spin contributes to Af?.

With the obtained probabilities P,; and the matrix
elements Af7, we get the total quark spin Af shown in
Table III, and the axial charges of proton shown in Table IV,
compared to the experimental measurement by COMPASS
[13] in the rows denoted by EXP, and the latest predictions
by lattice QCD [13,24,27,43,44] in the rows denoted by
LQCD, predictions by the extended cloudy bag model [45]
in the row denoted by CMB, and predictions by the chiral
perturbation theory [46] in the row denoted by yPT.

As one can see in Table I1I, predictions for Au by most of
the theoretical approaches are about 0.8—0.9 which fall very
well in the range of the COMPASS data, while those for Ad
and As show a little deviation from the data. Similarly, the
present obtained Au is very close to the data, but Ad is only
about half of the experimental value, while the worst result
is that the sign of the present As is contrary to that of
the experimental result, as well the predictions by other
approaches. As discussed above, in present case, only the
antiquark spin contributes to Af?7, and the spin states of the
anti-strange quark in the configurations numbered 8—17
should be |1/2, 1), therefore, we obtain a small but positive
value for As. Most of the predictions for As by other
theoretical approaches are roughly consistent with the
COMPASS measurement, while a recent investigation
employing chiral perturbation theory showed a very close
to O but negative value [46,47].

In Table IV, the obtained g£‘> and gf) are in agreement

with the data and these predictions from other approaches,

with a ~10% deviation. But the present g'”, which should
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TABLE III.  Numerical results of Af(f = u, d, s), compared to the data and predictions by lattice QCD and chiral
perturbation theory.

Au Ad As
Set I 0.883 + 0.005 —0.213 +0.003 0.015 £ 0.002
Set I 0.710 £ 0.012 —0.225 4+ 0.008 —0.020 £ 0.003
EXP [13] 0.84 £0.01 £0.02 —0.430 £ 0.01 £0.02 —0.030 £ 0.01 £ 0.02
LQCD [24] 0.794(21)(2) —0.289(16)(1) —0.023(10)(1)
LQCD [43] 0.863(7)(14) —0.345(6)(9) —0.0240(21)(11)
LQCD [27] —0.046(26)(9)
LQCD [44] 0.864(16) —0.426(16) —0.046(8)
XPT [46] 0.901 093 —0.38; 047 —0.00720007

TABLE IV. Numerical results of gf), 9518), and g&o), compared to the data and predictions by extended cloudy bag

model, and lattice QCD and chiral perturbation theory.

5 % R
Set I 1.096 + 0.0053 0.640 £0.010 0.685 £ 0.0076
Set 1T 0.935 +£0.0192 0.525 +£0.0258 0.465 £+ 0.0225
EXP [13] 1.2670(35) 0.58 +0.03 +0.05 0.33+0.03
LQCD [24] 1.082(18)(2) 0.550(24)(1) 0.482(38)(2)
LQCD [43] 1.208(6)(16)(1)(10) 0.565(11)(13) 0.494(11)(15)
LQCD [27] 1.123(28)(29)(90)

CBM [45] 1.270 0.420 £ 0.02 0.370 £+ 0.02
2PT [46] 1.27 0.5370:%¢ 051005

indicate the quark spin contributions to proton spin, is more
than twice of the COMPASS data, this is because of the
small absolute value of Ad and the positive As obtained in
present model. In Ref. [45], a cloudy bag model was
applied to the axial charges of proton, the Nz, Az, and AK
Fock components were taken into account, by considering
the relativistic corrections, they obtained the numerical
results for proton axial charges which fitted the experi-
mental data very well.

B. Set II

For the quark spin matrix elements Af?, differing from
Set I, both the quarks and antiquarks in the configurations
numbered 8—17 could contribute. And with the numerical
results for P,; and Af7, we get the results of the quark spin
A f and the axial charges of proton listed in Table III and IV,
respectively, both results are compared to the experimental
data and predictions by other theoretical approaches.

One can immediately find that the present obtained Au
has a deviation from the experimental data by more than
10%, and the numerical value for Ad is very close to the
one obtained by Set I, which is smaller than the COMPASS
data. The As is small and negative. All these numerical
results for Af are close to the results published by QCDSF
collaboration [24].

For the isovector, flavor octet and singlet axial charges of
the proton, as one can see in Table IV, the obtained ¢ A3 is

only about 3/4 of the COMPASS data. This is because a
relatively small value of Au is obtained in present Set II.

While numerical values of the flavor octet axial charge gf)

and the flavor singlet axial charge gfqo) are very close to the

lattice QCD predictions in Refs. [24,43].

IV. SUMMARY

To summarize, in present manuscript, the intrinsic sea
content in proton is investigated using an extended chiral
constituent quark model in which all the five-quark Fock
components are taken into account. We take the *P,, quark-
antiquark creation mechanism to get the transition coupling
strength between the three- and five-quark components.
Taking the empirical values for the model parameters, one
can get the total probability of all possible five-quark
components in proton wave function which is about
30-50%. The theoretical calculations can fit both the sea
flavor asymmetry d — i [9] and the strangeness suppression
of gg creation obtained recently by CLAS collabora-
tion [41].

In present phenomenological work, to form the positive
parity of proton, one of the quarks or antiquark in a given
five-quark Fock component of the proton wave function
must be in the orbital P-state, which contribute a value
~0.158 to the spin of proton [39]. Consequently,
the obtained wave function for proton in present work
is then applied to study the inner quark spin of proton.
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Our numerical results show that the obtained Au, Ad, and
As are in consistent with the experimental data and
predictions by other theoretical approaches.

Within the obtained proton wave functions, we study the
isovector, flavor octet and singlet axial charges. It is shown
that the probabilities P,; might reach to ~50% for the five-
quark Fock components in proton, and the resulting values

for g/(f), go), and g/(f) are consistent with the predictions by

other theoretical approaches. Note that we have considered
only the contributions from the inner quark spin, thus the
present obtained numerical results are not fully in agree-
ment with the experimental data. We will also study
contributions from the gluon spin and orbital angular

momentum, in future, when more experimental data are
available.

ACKNOWLEDGMENTS

This work is partly supported by the National Natural
Science  Foundation of China under Grants
No. 11675131, No. 12075288, No. 12075133,
No. 11735003, No. 11961141012, and No. 11835015.
It is also supported by the Youth Innovation Promotion
Association CAS, Taishan Scholar Project of Shandong
Province (Grant No. tsqn202103062) and the Higher
Educational Youth Innovation Science and Technology
Program Shandong Province (Grant No. 2020KJ1J004).

[1] J. Ashman et al. (European Muon Collaboration), A
measurement of the spin asymmetry and determination of
the structure function g(1) in deep inelastic muon-the proton
scattering, Phys. Lett. B 206, 364 (1988).

[2] J. Ashman et al. (European Muon Collaboration), An
investigation of the spin structure of the proton in deep
inelastic scattering of polarized muons on polarized protons,
Nucl. Phys. B328, 1 (1989).

[3] M. Armeodo et al. (New Muon Collaboration), A reevalu-
ation of the Gottfried sum, Phys. Rev. D 50, R1 (1994).

[4] P. Amaudruz et al. (New Muon Collaboration), The Gottfried
Sum from the Ratio F3/F¥, Phys. Rev. Lett. 66,2712 (1991).

[5] P.L. McGaughey et al. (E772 Collaboration), Limit on the
d/i Asymmetry of the Nucleon Sea from Drell-Yan
Production, Phys. Rev. Lett. 69, 1726 (1992).

[6] A. Baldit ef al. (NA51 Collaboration), Study of the isospin
symmetry breaking in the light quark sea of the nucleon
from the Drell-Yan process, Phys. Lett. B 332, 244 (1994).

[7] K. Ackerstaff et al. (HERMES Collaboration), The Flavor
Asymmetry of the Light Quark Sea from Semi-Inclusive
Deep Inelastic Scattering, Phys. Rev. Lett. 81, 5519 (1998).

[8] P.L. Anthony et al. (E155 Collaboration), Measurements of
the Q0? dependence of the proton and neutron spin structure
functions g7 and ¢, Phys. Lett. B 493, 19 (2000).

[9] R.S. Towell er al. (FNAL E866/NuSea Collaboration),
Improved measurement of the d/i asymmetry in the
nucleon sea, Phys. Rev. D 64, 052002 (2001).

[10] J. Dove et al. (SeaQuest Collaboration), The asymmetry of
antimatter in the proton, Nature (London) 590, 561 (2021).

[11] C. A. Aidala, S. D. Bass, D. Hasch, and G. K. Mallot, The
spin structure of the nucleon, Rev. Mod. Phys. 85, 655
(2013).

[12] V. Y. Alexakhin et al. (COMPASS Collaboration), The
deuteron spin-dependent structure function ¢¢ and its first
moment, Phys. Lett. B 647, 8 (2007).

[13] M. G. Alekseev et al. (COMPASS Collaboration), The spin-
dependent structure function of the proton g7 and a test of
the Bjorken sum rule, Phys. Lett. B 690, 466 (2010).

[14] S.E. Kuhn, J.-P. Chen, and E. Leader, Spin structure of the
nucleon—status and recent results, Prog. Part. Nucl. Phys.
63, 1 (2009).

[15] M. Burkardt, C.A. Miller, and W.D. Nowak, Spin-
polarized high-energy scattering of charged leptons on
nucleons, Rep. Prog. Phys. 73, 016201 (2010).

[16] W.C. Chang and J. C. Peng, Flavor structure of the nucleon
sea, Prog. Part. Nucl. Phys. 79, 95 (2014).

[17] E. Leader and C. Lorcé, The angular momentum contro-
versy: What’s it all about and does it matter? Phys. Rep. 541,
163 (2014).

[18] M. Wakamatsu, Is gauge-invariant complete decomposition
of the nucleon spin possible? Int. J. Mod. Phys. A 29,
1430012 (2014).

[19] K. F. Liu and C. Lorcé, The parton orbital angular momen-
tum: Status and prospects, Eur. Phys. J. A 52, 160 (2016).

[20] A. Deur, S.J. Brodsky, and G.F. De Tramond, The spin
structure of the nucleon, Rep. Prog. Phys. 82, 076201 (2019).

[21] X.D. Ji, Gauge-Invariant Decomposition of Nucleon Spin,
Phys. Rev. Lett. 78, 610 (1997).

[22] S. Aoki, M. Doui, T. Hatsuda, and Y. Kuramashi, Tensor
charge of the nucleon in lattice QCD, Phys. Rev. D 56, 433
(1997).

[23] P. Hagler et al. (LHPC Collaboration), Nucleon generalized
parton distributions from full lattice QCD, Phys. Rev. D 77,
094502 (2008).

[24] G.S. Bali et al. (QCDSF Collaboration), Strangeness
Contribution to the Proton Spin from Lattice QCD, Phys.
Rev. Lett. 108, 222001 (2012).

[25] Y.B. Yang, R.S. Sufian, A. Alexandru, T. Draper, M. J.
Glatzmaier, K. F. Liu, and Y. Zhao, Glue Spin and Helicity
in the Proton from Lattice QCD, Phys. Rev. Lett. 118,
102001 (2017).

[26] C. Alexandrou, M. Constantinou, K. Hadjiyiannakou, K.
Jansen, C. Kallidonis, G. Koutsou, A. Vaquero Avils-Casco,
and C. Wiese, Nucleon Spin and Momentum Decomposi-
tion Using Lattice QCD Simulations, Phys. Rev. Lett. 119,
142002 (2017).

114018-8


https://doi.org/10.1016/0370-2693(88)91523-7
https://doi.org/10.1016/0550-3213(89)90089-8
https://doi.org/10.1103/PhysRevD.50.R1
https://doi.org/10.1103/PhysRevLett.66.2712
https://doi.org/10.1103/PhysRevLett.69.1726
https://doi.org/10.1016/0370-2693(94)90884-2
https://doi.org/10.1103/PhysRevLett.81.5519
https://doi.org/10.1016/S0370-2693(00)01014-5
https://doi.org/10.1103/PhysRevD.64.052002
https://doi.org/10.1038/s41586-021-03282-z
https://doi.org/10.1103/RevModPhys.85.655
https://doi.org/10.1103/RevModPhys.85.655
https://doi.org/10.1016/j.physletb.2006.12.076
https://doi.org/10.1016/j.physletb.2010.05.069
https://doi.org/10.1016/j.ppnp.2009.02.001
https://doi.org/10.1016/j.ppnp.2009.02.001
https://doi.org/10.1088/0034-4885/73/1/016201
https://doi.org/10.1016/j.ppnp.2014.08.002
https://doi.org/10.1016/j.physrep.2014.02.010
https://doi.org/10.1016/j.physrep.2014.02.010
https://doi.org/10.1142/S0217751X14300129
https://doi.org/10.1142/S0217751X14300129
https://doi.org/10.1140/epja/i2016-16160-8
https://doi.org/10.1088/1361-6633/ab0b8f
https://doi.org/10.1103/PhysRevLett.78.610
https://doi.org/10.1103/PhysRevD.56.433
https://doi.org/10.1103/PhysRevD.56.433
https://doi.org/10.1103/PhysRevD.77.094502
https://doi.org/10.1103/PhysRevD.77.094502
https://doi.org/10.1103/PhysRevLett.108.222001
https://doi.org/10.1103/PhysRevLett.108.222001
https://doi.org/10.1103/PhysRevLett.118.102001
https://doi.org/10.1103/PhysRevLett.118.102001
https://doi.org/10.1103/PhysRevLett.119.142002
https://doi.org/10.1103/PhysRevLett.119.142002

AXIAL CHARGES OF THE PROTON WITHIN AN EXTENDED ...

PHYS. REV. D 103, 114018 (2021)

[27] N. Yamanaka et al. (JLQCD Collaboration), Nucleon
charges with dynamical overlap fermions, Phys. Rev. D
98, 054516 (2018).

[28] F. Myhrer and A. W. Thomas, A possible resolution of the
proton spin problem, Phys. Lett. B 663, 302 (2008).

[29] A.W. Thomas, Interplay of Spin and Orbital Angular
Momentum in the proton, Phys. Rev. Lett. 101, 102003
(2008).

[30] B.S. Zou and D. O. Riska, s5 Component of the Proton and
the Strangeness Magnetic Moment, Phys. Rev. Lett. 95,
072001 (2005).

[31] C.S. An, D.O. Riska, and B.S. Zou, Strangeness spin,
magnetic moment and strangeness configurations of the
proton, Phys. Rev. C 73, 035207 (2006).

[32] C. Adamuscin, E. Tomasi-Gustafsson, E. Santopinto, and R.
Bijker, Two-component model for the axial form factor of
the nucleon, Phys. Rev. C 78, 035201 (2008).

[33] R. Bijker, J. Ferretti, and E. Santopinto, s5 sea pair contri-
bution to electromagnetic observables of the proton in the
unquenched quark model, Phys. Rev. C 85, 035204 (2012).

[34] C.S. An and B. S. Zou, The role of the qqqq g components
in the electromagnetic transition y * N — N(1535), Eur.
Phys. J. A 39, 195 (2009).

[35] C. An and B. Saghai, Strong decay of low-lying S|, and D3
nucleon resonances to pseudoscalar mesons and octet
baryons, Phys. Rev. C 84, 045204 (2011).

[36] Q.B. Li and D.O. Riska, Five-quark components in
A(1232) — Nz decay, Phys. Rev. C 73, 035201 (20006).

[37] Q.B. Li and D. O. Riska, The role of ¢gg components in the
N(1440) resonance, Phys. Rev. C 74, 015202 (2006).

[38] C.S. An and B. Saghai, Sea flavor content of octet baryons
and intrinsic five-quark Fock states, Phys. Rev. C 85,
055203 (2012).

[39] C.S. An and B. Saghai, Orbital angular momentum of the
proton and intrinsic five-quark Fock states, Phys. Rev. D 99,
094039 (2019).

[40] L. Y. Glozman and D.O. Riska, The spectrum of the
nucleons and the strange hyperons and chiral dynamics,
Phys. Rep. 268, 263 (1996).

[41] M. Mestayer et al. (CLAS Collaboration), Strangeness
Suppression of gg Creation Observed in Exclusive Reac-
tions, Phys. Rev. Lett. 113, 152004 (2014).

[42] W.C. Chang and J.C. Peng, Flavor Asymmetry of the
Nucleon Sea and the Five-Quark Components of the
Nucleons, Phys. Rev. Lett. 106, 252002 (2011).

[43] J. Green et al., Up, down, and strange nucleon axial form
factors from lattice QCD, Phys. Rev. D 95, 114502 (2017).

[44] C. Alexandrou et al., Complete flavor decomposition of the
spin and momentum fraction of the proton using lattice
QCD simulations at physical pion mass, Phys. Rev. D 101,
094513 (2020).

[45] S.D. Bass and A. W. Thomas, The Nucleon's octet axial-
charge g£\8> with chiral corrections, Phys. Lett. B 684, 216
(2010).

[46] H.Li, P. Wang, D. B. Leinweber, and A. W. Thomas, Spin of
the proton in chiral effective field theory, Phys. Rev. C 93,
045203 (2016).

[47] X.G. Wang, C.R. Ji, W. Melnitchouk, Y. Salamu, A.W.
Thomas, and P. Wang, Strange quark helicity in the proton
from chiral effective theory, Phys. Rev. D 102, 116020 (2020).

114018-9


https://doi.org/10.1103/PhysRevD.98.054516
https://doi.org/10.1103/PhysRevD.98.054516
https://doi.org/10.1016/j.physletb.2008.04.034
https://doi.org/10.1103/PhysRevLett.101.102003
https://doi.org/10.1103/PhysRevLett.101.102003
https://doi.org/10.1103/PhysRevLett.95.072001
https://doi.org/10.1103/PhysRevLett.95.072001
https://doi.org/10.1103/PhysRevC.73.035207
https://doi.org/10.1103/PhysRevC.78.035201
https://doi.org/10.1103/PhysRevC.85.035204
https://doi.org/10.1140/epja/i2008-10698-x
https://doi.org/10.1140/epja/i2008-10698-x
https://doi.org/10.1103/PhysRevC.84.045204
https://doi.org/10.1103/PhysRevC.73.035201
https://doi.org/10.1103/PhysRevC.74.015202
https://doi.org/10.1103/PhysRevC.85.055203
https://doi.org/10.1103/PhysRevC.85.055203
https://doi.org/10.1103/PhysRevD.99.094039
https://doi.org/10.1103/PhysRevD.99.094039
https://doi.org/10.1016/0370-1573(95)00062-3
https://doi.org/10.1103/PhysRevLett.113.152004
https://doi.org/10.1103/PhysRevLett.106.252002
https://doi.org/10.1103/PhysRevD.95.114502
https://doi.org/10.1103/PhysRevD.101.094513
https://doi.org/10.1103/PhysRevD.101.094513
https://doi.org/10.1016/j.physletb.2010.01.008
https://doi.org/10.1016/j.physletb.2010.01.008
https://doi.org/10.1103/PhysRevC.93.045203
https://doi.org/10.1103/PhysRevC.93.045203
https://doi.org/10.1103/PhysRevD.102.116020

