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Axial charges of octet and decuplet baryons in a perturbative chiral quark model
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Using the perturbative chiral quark model (PCQM), we investigate and predict in this work axial charges g5
of octet and decuplet N, X, E, A, ¥*, and E* baryons, considering both the ground and excited states in the
quark propagator. The PCQM predictions are in good agreement with the experimental data, lattice-QCD values,
and other approaches. In addition, the study reveals that the meson cloud is influential in the PCQM, contributing
around 30% to the total values of g2, and the meson cloud contribution to g& stems mainly from the diagrams
with the ground-state quark propagator while the excited intermediate quark states reduce g2 by 10-20%.
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I. INTRODUCTION

The axial charge of a baryon g%, which is defined as a value
of axial form factor at zero recoil, is a very important parameter
for the understanding of the baryon electroweak structures
and interactions and has been of interest for many years.
Among them all, the nucleon axial charge g/ is best known
and is reported experimentally as g} = 1.2723 £ 0.0023 [1].
The nucleon axial charge ggv governs the neutron 8 decay
and it is also a basic ingredient of the spontaneous breaking
of chiral symmetry. Theoretically, the nucleon axial charge
gﬁlv has been evaluated in various approaches [2—17] and the
theoretical results are found to be in good agreement with the
experimental value. More experimental and theoretical reviews
on the nucleon axial charge gﬁ}’ can be found in Refs. [18-20].

Except for the nucleon, unfortunately, there is no direct
experimental data for other baryons. In recent years, the axial
charges of hyperons have been “measured” in lattice QCD
[21-25], and these lattice QCD values may be identified as
reliable evidence when experimental data are scarce. Mean-
while, the hyperon axial charges have been predicted in chiral
perturbation theory (ChPT) [26-32], QCD sum rule [33], and
various quark models [34-39]. In Refs. [40,41], the predictions
of axial charges of the octet and decuplet baryons as well
as their resonances have also been given by the relativistic
constituent quark model (RCQM) with including extended
Goldstone boson-exchange (EGBE) and one-gluon-exchange
(OGE) quark-quark interactions. Thus the success of such
calculations inspires us to study the axial couplings for the
octet and decuplet baryons in the perturbative chiral quark
model (PCQM).
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The PCQM is one of the effective approaches within the
low-energy particle physics and has been successfully applied
to study the structure and properties of baryons [42-57]. In our
previous work [56], we have determined the ground-state quark
wave function in the PCQM by fitting the theoretical result
of the proton charge form factor G%.(Q?) to the experimental
data, and the PCQM results of the octet baryon electroweak
form factors based on the predetermined ground-state quark
wave function are fairly consistent with the experimental
data and lattice QCD values [56,57]. That may indicate
that the predetermined ground-state quark wave function is
reasonable and credible in the PCQM. Furthermore, a Cornell-
like potential of the PCQM is extracted in accordance with
the predetermined ground-state quark wave function in our
recent works [58,59], and the excited quark states are derived
numerically. The neutron charge form factor is evaluated in
the PCQM considering both the ground and excited states in
the quark propagator [58]. The results reveal that the excited
states in the quark propagator are considerably influential in the
charge form factor and charge radius of neutron. In addition,
Refs. [47,48] also report that the excited quark propagators
increase the contribution of the loop diagrams around 10% in
comparison to the 3g-core diagram in the PCQM. Therefore,
we attempt to investigate and predict in this work the axial
charges of the octet and decuplet N, £, E, A, ¥*, and E*
baryons in the framework of the PCQM considering both the
ground and excited states in the quark propagator.

The paper is organized as follows. In Sec. II, we introduce
the PCQM with the ground- and excited-state quark wave
functions. The numerical results on the octet and decuplet
baryon axial charges and discussion are given in Sec. III.
Finally, we summarize and conclude the work in Sec. IV.

II. PERTURBATIVE CHIRAL QUARK MODEL

The PCQM is an effective chiral Lagrangian describing
three relativistic valence quarks of baryons moving in a

©2018 American Physical Society
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FIG. 1. The extracted PCQM potentials based on the predeter-
mined ground-state quark wave function: X(r) potential (a) and A(r)
potential (b).

central potential Vi(r) = S(r) + y°V (r), and the interactions
between quarks and pseudoscalar mesons are achieved by
the nonlinear ¢ model in the PCQM. The Weinberg-type
Lagrangian of the PCQM under an unitary chiral rotation
[56,57] is derived as

Lo(x) = y)[if — y°V(r) — SOIY(x)

1 .
—ECIDi(x)(D—i—Mé)dD‘(x), (1)

1 _ .
Ly (x) = ﬁam,-(x)w(x)y“y%'w(x), )

where the pion decay constant F' = 88 MeV in the chiral limit,
®; are the octet meson fields, and ¥ (x) is the triplet of the u,
d, and s quark fields taking the form

u(x)
Yx)=[|dx)]|. 3)
s(x)

The quark field ¥r(x) could be expanded in the form
V() =Y (batta(F) e F + dfvg(B)e'™"), (4

with b, and d} being the single quark annihilation and
antiquark creation operators, and u,, and vg are the set of quark
and antiquark wave functions in orbits o and 8.

In general, the quark wave functions u,(X) may be ex-
pressed as

| 8
Ue(X) = (i& 'ﬁfa(r)>XstXc’ &)

where x;, xs, and x. are the spin, flavor, and color quark
wave functions, respectively, and must satisfy the static Dirac
equation with the central potentials V (r) and S(r),

[—iy%y -V +y°S(r) + V() — Eglug(x) =0,  (6)

where E, is the single quark energy.

In our previous work [58,59], the PCQM potentials X (r) =
V(r)+ S(r)and A(r) = V(r) — S(r) presented in Fig. 1 have
been extracted by letting the predetermined ground-state quark
wave function uo(X) satisfy Dirac equation (6) with considering
the quark confinement and asymptotic freedom properties as

boundary conditions. As shown in Fig. 1(a), the potential X(r)
presents a Cornell-like potential pattern. The potential X (r)
takes the form of Coulomb potential at small r but goes up
quickly to infinite with r increasing, which may be understood
as the quark confinement. At the middle region of r, the
potential X(r) is nearly zero, which may indicate quarks are
more or less free. The potential A(r) in Fig. 1(b) results in a
mass well.

Moreover, we derive the ground and excited quark wave
functions by solving Eq. (6) with the extracted PCQM po-
tentials numerically in terms of generalized eigenvalue and
eigenstate problem method,

Hn’ncn = EotDn/nCn’ (7)
Ey+2(r) —L 4u/r

H = dr . 8

(;’—,+x/r Eo+ AG) ®

In the numerical calculation, the radial quark wave functions,
the upper g, (r) and lower f,(r) components, are expanded in
the complete set of Sturmian functions S,,;(r) [56],

a(r) =Y AuSu(r), ©)
fur) =Y BySu(r), (10)

with
Su(r) = [m]é<2br>l“e‘b’Li”‘(2br>, (1)

where L2%!(x) are Laguerre polynomials, and b is the length
parameter of Sturmian functions. H,, in Eq. (7) are the
matrix elements of operator H of Eq. (8) in the Sturmian
basis, and D,,, = (S,(r)|Snu(r)). For a given total angular
momentum j, the spin-orbit coupling quantum number « in
Eq. (8) is taken as k = j + % if the orbit angular momentum
l=j—21Yandk =—(j+1)ifl = j+ 1. InEq.(7), E, and
C, are the eigenvalues and eigenstates, respectively, and C,, is
taken form as a column vector (A1, ...,A,,B;,...,B,)T. The
ground-state quark energy Ej is a free parameter and has been
determined by fitting the PCQM result of nucleon mass to the
experimental value as Ey = 0.524 GeV in Ref. [59].

In Table I, we list the numerical results of energy levels of
a single quark E, with Ey = 0.524 GeV. Also, the radial wave
functions of the valence quarks are presented in Fig. 2 with
the upper component g(r) and the lower component f(r). In
the PCQM, the energy levels E, are restricted up to the low-
energy scalar A =1 GeV. Therefore, the ground state 1sy,,
and the excited states ]pl/z, 1p3/2, 1d3/2, 1d5/2, 1f5/2, 1f7/2,
251/2,2p172, 232, and 35y 5 as shown in Figs. 2(a)-2(k) could
be included in the quark propagator to investigate the axial
charges of the octet and decuplet baryons in this work. It is
noted that the quark wave functions are normalized according
to [ d*Xul,(X)uq(X) = 1. For details of the PCQM potentials
and quark wave functions, we refer to Refs. [59].

055206-2



AXIAL CHARGES OF OCTET AND DECUPLET BARYONS ...

PHYSICAL REVIEW C 97, 055206 (2018)

(e) (f)

000 =5 10 15 20 %% "5 10 15 20
r[Gev™] r[Gev™]
(i) 6))

0.20
g(r) g(r)
————— £@) WP s
0.15
$ 0.10
0.05 4
0.00L e oo
20 % 5 10 15 20
r [GeV™']
(d)
0.20
) )
————— £ A
0.15
DAY
S 0.10
0.05
10 20 %% 5 0 Ts 20
r [GeV™'] r [GeV™']
(h)

r[Gev"]

(k)

FIG. 2. The numerical results on the normalized radial wave functions of the valence quarks for the upper component g(r) and the lower

component f(r).

III. AXTAL CHARGES OF OCTET AND DECUPLET
BARYONS IN PCQM

The baryon axial charge g% is a value of the axial form
factor Gf(QZ) at the limit Q% = 0, and is defined within the
PCQM up to the one-loop order as
7

2

2 .,
= %{¢ol Z ]—' / S()d*xd*x; ... d*x,e B!
~n!

4

- B
XB,9B— XB,8A

X TILY (1) ... L) () A3(0)]1¢ho) B (12)

Here, xp, and X;, are the baryon spin wave functions in the

initial and final states. o4 is the baryon spin matrix and 7} is the
third component of the isospin matrix of the baryon. The state
vectors |¢)? correspond to the unperturbed three-quark states
projected onto the baryon states. For one-body operators, the

projection is

3
: / , + Proj. :
Xpod 7T Ty =5 (B1 Y ()| B),

i=1

13)

where I and J are operators which act in flavor and spin spaces,
respectively, and the baryon states | B) are constructed in the
framework of the SU(6) spin-flavor and SU(3) color symmetry.
Analogously, for two-body operators, we have

X T 1w @ x50 a5 xd
3
(BIY ()" ® (I 2)Y|B).
i#]

Proj.
—_—

(14)

In Eq. (12), ,Cyv(x) is the quark-meson interaction La-
grangian of the PCQM as given in Eq. (2), and the axial-vector
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TABLE 1. The energy levels of a single quark with E; =
0.524 GeV.

Notation n 1 J K E, (GeV)
1512 1 0 172 -1 0.524
2512 2 0 1/2 -1 0.722
3512 3 0 1/2 -1 0.935
4si 4 0 172 -1 1.122
1pi) 1 1 12 1 0.669
2p1) 2 1 1/2 1 0.847
3pip 3 1 1/2 1 1.041
1p3/2 1 1 3/2 -2 0.738
2p3p 2 1 32 -2 0.877
3[)3/2 3 1 3/2 -2 1.059
1ds) 1 2 3/2 2 0.805
2ds3, 2 2 3/2 2 1.009
1ds,, 1 2 5/2 -3 0.844
2ds), 2 2 5/2 -3 1.025
1fsp 1 3 5/2 3 0.920
2f52 2 3 5/2 3 1.101
112 1 3 7/2 —4 0.933
2fon 2 3 72 —4 1.133
1g72 1 4 72 4 1.022
102 1 4 9/2 -5 1.028
current operator A takes the form
i Ai .
AL = Ty iy = TRy
+9(Z — l)y“ys%w+o(®?), (15)

where the renormalization constant Z is determined by the
nucleon charge conservation condition. Following the renor-
malization technique set out in Refs. [42,43], we may derive in
the present work the renormalization constant Z with including
the intermediate excited quark states

N 1 * k*Fe o (k
Z:]_—Z/ Jk aok™ F gy y (k) 7
3T FR 4= )y wo(kd)wek®) + AE,
(16)
and the renormalized current quark masses m"
1 0 K*Fe o (k
rﬁrzl——z'/ dk apk™ F oy y (k) 7
3T FR = Jy " wo)we(k?) + AE,]
(17)

/M2 + k2 and the constants a, =9, ax =

6, and a, = 1. The energy shift of a single quark AE, = E, —
Ey, and

Feyn k) = Fio(K)F) (k) — 206 () Fry (k) F},, (k)
+ Wi (K Fr 1o () F) (k) (18)

where wg(k?) =

Fra(k) = f drr? f dQA50(rga(r) + folr) fulr) cos 26]
0 Q

x M0 CLY0(0,9), 19)

() (f)

FIG. 3. Diagrams contributing to the axial form factor of octet
baryons: 3¢g-core leading order (a), 3g-core counterterm (b), self-
energy I (c), self-energy II (d), meson exchange (e), and vertex
correction (f).

Fiia®) = ¢ f drrLgo(r) fulr) — 8a(F) fo(r)]
0
X / dS2cos 0e' 0 CL Y, o(6,). (20)
Q

Here, we let go(r) = gi5,,(r)CoYoo(0,¢) and fo(r) =
J15,(r)CoY00(8,9). The label o = (nl,jm) in the above
equations characterizes the quark state. C, in Egs. (19) and
(20) is the Clebsch-Gordan coefficients C,, = (laO%%| j %) and
Y, ,0(0,¢) is the usual spherical harmonics with [/, being
the orbital quantum numbers of the intermediate states «.
Extensive details of the renormalization technique could be
found in Refs. [42,43].

In accordance with the £} (x) in Eq. (2) and the AY in
Eq. (15), there are six Feynman diagrams contributing to the
axial charges of the octet and decuplet baryons and shown in
Fig. 3. In order to evaluate the axial charges of Eq. (12), the
confined quark field Feymann propagator in Fig. 3 is defined

TABLEII. The constants c? for the axial charges of the octet and
decuplet baryons.

N b g A = g*
b 5/3 4/3 ~1/3 -3 -2 ~1
b 5/6 2/3 -1/6 =32 -1  —1)2
b 8 0 0 0 0 0
et 0 4 —4 0 0 0
B =519  —4)9 1/9 1 2/3 1/3
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TABLE III. Numerical results for the octet and decuplet baryon axial charges g2. The experimental data is taken from Ref. [1]. For
comparison, the results from lattice-QCD with the chiral extrapolation [23], ChTP [29,30], and RCQM [41] are also compiled.

PCQM Exp. [1] Lattice QCD [23] ChPT [29,30] EGBE [41] psGBE [41] OGE [41]
N 1.263 1.2723 £+ 0.0023 1.180 + 0.100 1.18 1.15 1.15 1.11
g3 0.896 0.900 + 0.096 1.03* 0.92* 0.92° 0.91*
g5 —0.275 —0.277 £0.034 —0.23 -0.21 —0.22 -0.22
gd —1.863 —2.24 —2.24" —2.24" —2.15
gy —1.242 —1.50° —1.50° —1.41°
g5 —0.621 —-0.75 —-0.75 —-0.70
“This numerical result is adjusted by +/2 due to the definition of g% and g%" in Refs. [30,41].
°This numerical result is adjusted by 2 due to the definition of g4 in Refs. [29,41].
as where
iGy(x,y) =Y ta(Dia(y)e 000 (xg — yp),  (21) 75 gy = L@nF11a(k) = Fra(k)
“ o 0 (k)@ (k?) + AEq)
where u, (x) are quark wave functions and have been obtained B 2
. L s (g (k*)Frio(k) — Fro(k
numerically as shown in Figs. 2(a)-2(k). In the present work, 2 @k k) Frra(k) ra )), (26)

both the intermediate ground state 15, and the excited 1pj ,
1p32, 1d32, 1ds)2, 1 f5/2, 1 f1/2, 2512, 2P1/2, 2p3)2, and 3512
quark states are included in the loop diagrams. For the mesons,
the free Feynman propagator for a boson field is given by

. d*k expl—ik(x — y)]
RN =0 | o M = —ie

The corresponding analytical expressions for the relevant
diagrams are derived as follows:
(a) Leading order (LO) diagram:

oo g
g§|L0 =cf2n/ drrZ/ dfsin6
0 0

(22)

x [g0(r)* + fo(r)* cos(20)]. (23)
(b) Three-quark core counterterm (CT) diagram:
gﬂcr =(Z~ 1)g§|L0' 24)

(c) Self-energy I (SE I) diagram:

B 2 OO ! 4 —B
Shlsps = _W/o dk/_lka Fogk)

X [2(1 — x2)Fr1(k) 4+ (1 = 2x3) Fryo (k)]
(25)

TABLE IV. Numerical results for axial charges g5 of octet and
decuplet baryons separated into 3¢ core (LO) and meson cloud (Loop)
contributions.

wg (k) (wg (k*) + AE,)
Frira(k) = %/ drrzgo(r)fa(r)/ dQ2cos 6
0 Q
XeikrcosQCOlYZMO(Q’(b)7 (27)

Frva =1 | " g fo) — 80l ful)
X /Q dS2cos 0 0 CL Y, 0(0,4).  (28)
(d) Self-energy II (SE II) diagram:
gﬂSE:I = g§|SE:lI' (29)

It is noted that the SE I and SE 1II diagrams lead to the same
results based on the 7' symmetry.
(e) Meson exchange (EX) diagram:

1 00 1
B = dkk“/ dx(1 — x?
gA|EX (4JTF)2‘/(; . x( x)

B B
XFIO(k)FIIIO(k)[% + W}z)} (30)
T K

TABLE V. Meson cloud contributions to axial charges g5 of octet
and decuplet baryons derived with the ground-state and excited-state
quark propagators, respectively.

3g core Meson Total Ground Excited Total
N 0.883 0.380 1.263 N 0.418 —0.038 0.380
g% 0.707 0.189 0.896 g% 0.220 —0.031 0.189
g5 —0.177 —0.098 —0.275 g5 —0.106 0.008 —0.098
g4 —1.588 —0.275 —1.863 g4 —0.343 0.068 —0.275
gf* —1.059 —0.183 —1.242 gf* —0.229 0.046 —0.183
g5 —0.530 —0.091 —0.621 I —0.114 0.023 —0.091
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(f) Vertex correction (VC) diagram:

silve = 3Gz 7 fo kK F g (k)(Aap + 2Bup + Cap), (31)
with
P Fm(k>F,ﬂ<k) 0r (K F1a()F] 15(0) + Fi1a(K) Fly()] + 02 (k) Fr1a (k) F) 5(k)
bap 0r ()07 (k) + A& N[wr (k) + AEg]
. 5 Fra(Q)F 5 (k) — 0, (AN Fra (k) Ff5() + F 10 (k) F (k)] +w2(k2)Fua<k)F,,,g(k> 32
@y (k) [y (k) + A&, N[, (k?) + AEg]
Aup = fo drr(ga(r)gs(r) — fu(r) f5(r)] / dQUCyCpY1,0(0,9)Yi,00,0) — D DpY;; 1 (0.9)Y1,1(0,9)1,  (33)
Q

Bus = / drr? £ (r) f5(r) / d2 cos” 0[Cy CpY,,0(0,0)Y1,0(6,0) — D DgY*1(6,0)Y,,1(6,9)], (34)

0 Q
Cop = / drr? fo(r) f5(r) / dS2c0s20[Co DgY;,0(0.0)Yi,1(0.0)e " + Do CyY /1 (6,4)Y,,0(0,4)e], (35)

0 Q

[

where D, = (I, 1- — -| Jj 2) the ground-state as well as excited-state quark propagators.

The constants clB listed in Table II are the matrix elements
of the flavor and spin operators between baryon states and
are evaluated by employing projection technique, namely, the
constants c¢f, c%, and ¢ are from Eq. (13) while two-body
projection Eq. (14) results in the constants c¥ and cZ. Next,
we evaluate the axial charges of the octet and decuplet baryons
while including both the ground and excited states in the quark
propagator. It is noted that there is not any free parameter in
the following numerical calculations.

In Table III, we present the PCQM numerical values of the
octet and decuplet baryons axial charges and also compile the
results from the lattice QCD [23], ChTP [29,30], and RCQM
[41] for comparison. To make it easier for comparison, we have
adjusted the results of Refs. [29,30,41] due to another definition
of g g as mentioned in Table II1. It is clear that the PCQM result
of g is consistent with experimental value, while g% from
lattice QCD and other approaches are smaller than the PCQM
one. For ¥ and E hyperons, the PCQM predictions are very
close to lattice QCD measurements with chiral extrapolation
at the physical m, point, and the PCQM also yields very
similar results with ChTP and RCQM for g% and g5. Based
on coefficients ¢£ and ¢# in Table II, the EX diagram in Fig. 3
does not contribute to axial charges of decuplet baryons. Thus
the PCQM predictions on decuplet baryons (g4, g%, and g&")
are below the RCQM results [41] as shown in Table III.

Moreover, the numerical results of gf are separated into
3g-core (LO) and meson cloud (loop) contributions and listed
in Table IV. It is found that the meson cloud plays an important
role in the axial charge g% of octet and decuplet baryons,
contributing around 30% to the total values, and the similar
effects have been also observed in other frameworks [6,39].

In the work, we have calculated g% by including both the
ground 1S1/2 and excited 1[)1/2, 1[)3/2, 1d3/2, lds/z, 1f5/2,
1 f1/2,251/2,2p1/2, 232, and 351 2 states in the quark propaga-
tor in Figs. 3(c), 3(d), and 3(f). To illustrate the effect of excited
intermediate quark states, we give separately in Table V the
meson cloud contributions from Figs. 3(c), 3(d), and 3(f) with

The results in Table V reveal that the meson cloud contribution
to g% stems mainly from the diagrams with the ground-state
quark propagator while the excited intermediate quark states
reduce g% by 10-20%.

IV. SUMMARY AND CONCLUSIONS

In this work, the axial charges of octet and decuplet
baryons in the PCQM are evaluated with considering the quark
propagator with both the ground 15y, and excited 1 p; 2, 1 p32,
1d32, 1ds)2, 1 f52, 1 f12, 25172, 2p1)2, 2p3)2, and 3sy states,
in which the excited quark states have been derived in our
previous work [58] by solving the Dirac equation with the
Cornell-like PCQM potential extracted in accordance with the
predetermined ground-state quark wave function. It is noted
that there is no any free parameter in the present work. We find
that the PCQM result on gﬁ’ is consistent with experimental
value, and predictions on hyperons gf and gf are very closed
to lattice QCD values. But our predictions of decuplet baryons
g4, g% . and g5 are smaller than ones from the RCQM. In
addition, the study reveals that the meson cloud is influential
in the PCQM and contributes around 30% to the total values
of gfj , which is similar to the findings of Refs. [6,39]. Also, we
may conclude that the meson cloud contribution to g% stems
mainly from the processes in Figs. 3(c), 3(d), and 3(f) with the
ground-state quark propagator while the excited intermediate
quark states may reduce g% by 10-20%.
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