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We investigate the effects of the kaon cloud on the electromagnetic and axial-vector form
factors of the 2~ baryon within the framework of the chiral quark-soliton model. We first
derive the profile function of the chiral soliton in such a way that the kaon Yukawa tail
is properly produced self-consistently. Then, we compute the electromagnetic form factors
of the Q~ baryon. The results for the electromagnetic form factors are compared with the
lattice data. We find that the results with the kaon tail are in better agreement with the lattice
data than those obtained with the pion tail. We also study the axial-vector form factors of
the Q~ baryon, examining the effects of the kaon cloud.

Subject Index D32

1. Introduction

The lowest-lying 2 baryon is the strangest particle among all hadrons. It is also a member of
the baryon decuplet and was the last of the lowest-lying decuplet baryons to be found [1]. The
excited state €2(2250)~ was only found after another two decades [2-4]. More interestingly, the
first excited state €2(2012)~ was found only very recently [5,6]. The Particle Data Group (PDG)
summarized the existence of the four excited states [7] only. This indicates that the Q baryons
have been least studied among hyperons. A very recent measurement of the correlation function
for the proton (p)—<2 interaction has triggered interest in these 2 baryons [§]. It reveals that the
p—S2 potential is attractive even though the relative distance between p and Q2 goes to zero, which
implies the possible existence of the p—Q bound state [9]. Meanwhile, the electromagnetic (EM)
form factors and axial charges of the ground-state 2 baryon have been computed in lattice
quantum chromodynamics (QCD) [10,11].

The nucleon has been known to be dressed by the pion cloud in various contexts [12-22]. The
pion cloud can be qualitatively understood as ¢g excitations within the framework of QCD [19]
or as the pion loop in effective field theory [21]. The large-N. (the number of colors) limit
of QCD still provides a lucid point of view of the pion cloud of the nucleon [23]. Nucleons
emerge as states of N, valence quarks bound by the pion mean field, which is produced by the
presence of the N, valence quarks. This pion mean field can be regarded as the pion cloud. In
the Skyrme model with the finite pion mass included, which is the simplest case of the pion
mean-field approach, the expectation value of the pion field in a nucleon shows asymptotic
behavior: (%(r)) ~ e x'r~2(c;t¢) [18]. A more realistic pion mean-field approach such as
the chiral quark-soliton model (x QSM) [24,25] also provides the pion cloud from Dirac-sea
polarization or the Dirac-sea continuum [26,27].
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On the other hand, the 2 baryon is not coupled to the pion, since it is an isosinglet baryon
and consists only of strange valence quarks. However, the SU(3) baryons are constructed in the
x QSM by embedding the SU(2) soliton into flavor SU(3) space, so all the lowest-lying baryons
in the model have a pion tail [25,28,29] in common. While this is theoretically consistent, it
does not reflect the phenomenology properly. Since the hyperons contain the strange quark,
the kaon cloud should naturally come into play in describing their structure. Even in the case
of the nucleon, the kaon cloud provides certain effects when the strangeness in the nucleon
is examined [30-34]. However, in any chiral solitonic approaches, it is impossible to consider
both the pion and kaon clouds in a compatible manner. This means that one should choose
either the pion cloud or the kaon one, depending on which observables of the hyperons are
being investigated. For example, the electric form factors of the neutron or neutral hyperons are
rather sensitive to meson tails. Fortunately, the 2 baryon contains three strange valence quarks
and it is not coupled to the pions, so we can choose the kaon tail in place of the pion one. Of
course, one may still raise a question about the contributions from the 7 and 1" clouds, since
these two pseudoscalar mesons also contain hidden strangeness, so that they can be coupled
to the Q baryon. The coupling between n and €2 is known to be rather small [35], so the effect
of the n on the Q baryon is also expected to be small. Since the mass of 7' is much larger than
the pseudoscalar meson octet, its effect should be suppressed. Thus, as long as we are only
concerned with the € baryon, the present approach will still shed light on the effects of the
kaon cloud or the kaon tail on the structure of the 2 baryon.

In the present work, we will investigate the EM and axial-vector structures of the Q~ baryon
considering the effects of the kaon cloud. We first review the kaon properties based on the
effective chiral action and fix the relevant parameters such as the pion decay constant and the
pion and kaon masses. We will then introduce the effective mass of the current strange quark
in the Dirac Hamiltonian and solve the classical equation of motion, so that we are able to
derive the profile function of the chiral soliton with the proper kaon tail. Then we will perform
symmetry-conserving zero-mode quantization [36]. We will focus on examining the EM and
axial-vector form factors of the © baryon, taking into account the 1/N, rotational corrections
on them. Since the effects of the explicit breaking of flavor SU(3) symmetry are rather small, we
do not include them in the present work. Finally, we will compare the present results with those
from lattice QCD and explicitly show that the kaon cloud plays an essential role in describing
the Q2 baryon.

The present paper is organized as follows: In Sect. 2, we start from the effective chiral action
to study the properties of the kaon. Expanding the effective action by using the background
field method, one can find the kaon propagator for which the pole yields the mass of the kaon
and its residue becomes its decay constant. This process is similar to the usual renormalization
of a particle. Then we proceed to the solitonic sector and derive the equation of motion, the
solution of which leads to the meson mean field. The kaon cloud can be incorporated by using
the corresponding quark mass inside the one-body Dirac Hamiltonian. The classical solution,
which is identified as the classical mass of the 2 baryon, possesses a Yukawa tail with the proper
kaon mass. This will play a key role in describing the EM and axial-vector form factors of .
In Sect. 3, we briefly recapitulate the formulae for the EM and axial-vector form factors. In
Sect. 4, we present the numerical results and discuss them, comparing them with those from
lattice QCD. Section 5 is devoted to the summary and conclusion of the present work. In the
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appendices, we compile expressions for the EM and axial-vector form factors, derived from the
x QSM.

2. Kaon properties and kaon cloud

The effective chiral action and its partition function in Euclidean space are given as

Z, = / Dy Dy Drexp [ / d4x¢TiD(7r”)w] = / Drexp[—S. ], (1)
where Ser represents the effective chiral action expressed by
Se [r]1= —N.Tr In (id + irn + iMU”(x?)). ()

Here, N, is the number of colors. Tr denotes the functional trace over the space-time, spin space,
and flavor space. M designates the dynamical quark mass. 71 is the matrix of the current quark
masses:

m, O 0
m=10 mgqg O0]. 3)
0 0  my

U7 stands for the chiral field expressed by

1 -
Ty Ty @)

UVS
2 2

with
U(x) =exp [}X“TE”(X)} . ®)

Here, fis introduced as a scale factor that makes the argument of Eq. (5) dimensionless. ¢
represents the pseudo-Nambu—Goldstone fields expressed as

%no + \/Lgn Tt Kt
A = - —5n’+ g K|, (6)
K- K° —-Z

2.1 Kaon properties
We first examine the meson properties based on the effective chiral action [26,37,38]. Introduc-
ing the meson source j* explicitly, we write the generating functional as follows:

2 = [ Drte s, ™
which gives the mesonic two-point correlation function as
$Inz
K(x—p)= ———0p—| | @®)
874(x)8j° ()| =0

where j - 7 = [d*xj*(x)7%(x). Note that in the present model the mesons emerge as low-lying
collective Y excitations. Using the background field method [39], one can decompose the
mesonic field 7¢ into two parts:

mi(x) = 7l (x) + 87(x), ©)
where ¢ is the solution of the classical equation of motion
5S
= 10
Smé(x) (10)
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which is just the same as the classical value of 7¢:

dInZ
7(x) = () = . (11)
§74(x) =0
Then, the generating functional can be written as
1 257 1. [8s 7"
InZ =-8, [n¢ e — =Trl —j 2 12
g el e =3 rn|:6n8ni|+2][87187r] / 12
where the last term is shorthand notation for
525 77" 528
i = [ d*xd*y ' (X)———— j°(»). 13
il | = [ty oo o) (13)

Note that the first term of Eq. (12) is the effective action that is proportional to N, as shown in
Eq. (2). The third term is known to be the one meson-loop contribution, which is proportional
to 1/N.. In the large-N, limit, this is suppressed. As shown in Eq. (12), the inverse of the meson
propagator is expressed by

_ S (14)
St(x)sml(y)

Expanding S with respect to the meson fields, we obtain the inverse of the pion and kaon
propagators in momentum space as follows [30,40]:

(K =

T

: : &S, (P> +m2) 1,23
= mj.[ . a=1, 2, 5,
Z:(p?) 840) s (p)r (=) | o2 P
1 1 828,
- = (p*+mk) ., oa=4,...,7. (15)
Zk(p?) 84(0) 87(P)m(=p) | o g RS

The poles of the meson propagators yield the masses of the pion and kaon:
) moly (M, my)

=27 M = (139 MeV)?
m2 Zﬂ(pz _ _m%) ( € ) 5

moly (M, mg) + mgIy (M, my)

2 2 2
= M — = (496 MeV)-, 16
mi Ry + (o — my)? = (496 MeV) (16)
where
d*k M?
Wm0 =N, [ i (4

my denotes the average current quark mass, i.e., my = (m, + my)/2. Z, and Zg stand for the
renormalization constants for the pion and kaon wavefunctions, given as
d*k M? M?
Zn([?z):zNL’/ 472 2 2 2°
Qr)* k> + (M 4 mg)* (k + p)* + (M + mg)
d*k M? M?
Zk(p*) = 2N, / : 18
K= 2N | G e (M o) e+ pP + (T + mr) (49
Since /; and the renormalization constants are divergent, we use proper-time regularizations in
this work [30,40].
The meson decay constants f,; and fx are defined as the transition from the meson state to
the vacuum through the axial-vector current

(0145, ()1¢"(q)) = gy fpe™ "6, (19)
where ¢ denotes generically the pion or the kaon. The axial-vector current is given by 47 (x) =
i (X)y.ys %ﬂ ¥ (x) in Euclidean space. After some lengthy calculations [26,30,40], we obtain the
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pion and kaon decay constants:

V2Z(p)

Jo(p) = M (20)
Using Eqgs. (16) and (20), we obtain the Gell-Mann—Oakes—Renner relation:
S2m2 = —moi(y (0)y(0))o, (21)
where the quark condensate i(y7(0)y(0)) is given by
. L(M, m
iy O (0 = 27 (2)

The cutoff parameter A and the average current quark mass i are fixed by the pion decay
constant and the pion mass, respectively. The dynamical quark mass M is considered to be a
free parameter. We take its value to be M =420 MeV, with which baryonic properties have been
well reproduced [26]. The strange current quark mass ms = 150 MeV yields the kaon mass mg =
496 MeV. In the present work, we do not consider the effects of explicit flavor SU(3) symmetry
breaking, since they are marginal.

2.2 Kaon cloud

Once the parameters of the model are fixed in the mesonic sector, we can proceed to the bary-
onic sector. The effective chiral action S in Eq. (2) can be expressed in terms of the one-body
Dirac Hamiltonian

H = yuyidi + My U + moys, (23)

for which the eigenenergies and eigenstates of a quark are given by H|n) = E,|n). Having com-
puted the nucleon correlation function (see Refs. [25,26] for details), we obtain the classical
mass as

Mcl = NcEval[na] + Esea[na]’ (24)

where E,, denotes the energy given by the N, valence quarks in the lowest upper Dirac level,
which yields a state with baryon number one. E, stands for the energy that is required for the
pion mean field to be created. This is just the sum of the energies of the quarks in the lower
Dirac continuum. Note that both the energies E,, and E., are given as functionals of the
pion field. Using the classical equation of motion for the pion mean field, we can minimize the
energy of the classical nucleon or the chiral soliton. The final solution of the pion mean field
is expressed as

wl(x) =n"P(r), (25)

where P(r) designates the profile function of the chiral soliton and n* is a normal vector in
isospin space, defined as n* = x%/||x||. We embed this stationary solution into SU(3) as follows:

Ux) = (exp[in(-)rP(r)] (1)> (26)

my in Eq. (23) plays an essential role in producing the correct proper Yukawa-type asymptotic

behavior of the profile function:

1 + mg,r
r2

P(r) = a exp(—niyr) (27)

where o denotes a constant that governs the strength of the profile function and 71, represents
the generic meson mass that produces the required meson tail. For instance, m, = m, = 139
MeV corresponds to the pion cloud whereas 1, = mx = 496 MeV produces the proper kaon
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cloud. As mentioned in the introduction, however, the Q is not coupled to the pion but to
the kaon. Unfortunately, no chiral solitonic approach can take the pion and kaon mean fields
into account separately. Since we quantize the SU(3) soliton in Eq. (26) by rotating it slowly
in the coordinate and flavor spaces, both the pion and kaon fields have the same pion tail. To
investigate the properties of the 2~ baryon, it is natural to consider only the kaon mean field.
Of course, this is a rather phenomenological approach but is necessary to describe 2~ more
physically. Thus, we increase the value of m1y such that the proper kaon cloud is produced, i.e.,
m, = mg = 496 MeV in Eq. (27). Once we obtain the profile function with the kaon cloud, we
can compute various properties of Q7. As will be shown soon, the chiral soliton with the kaon
cloud describes the EM and axial-vector form factors far better than that with the pion cloud,
when the results are compared with those from lattice QCD. Since we are mainly interested
in the effects of the kaon cloud, we will compute all the observables, imposing flavor SU(3)
symmetry without its explicit breaking considered.

One may argue that the effects of flavor SU(3) symmetry breaking are too large to be ig-
nored as shown in the Skyrme model with the bound-state approach [41] and Yabu—-Ando’s
approach [42]. In fact, Yabu—Ando’s approach has been examined within the present frame-
work [40], where they have computed the mass spectrum of the hyperons. The results showed
clearly that the higher-order corrections (O(m?)) are negligible, since they are rather similar
to those obtained by the perturbative approach. This indicates that the effects of flavor SU(3)
symmetry breaking are rather small. In fact, we found that these effects turned out to be at
most 10% for almost all baryonic observables [26]. So, we will only consider the flavor SU(3)
symmetric case.

3. Electromagnetic and axial-vector form factors of the 2~ baryon

We first compute the EM form factors of the 2~ baryon. Since the general formalism was
presented in Ref. [43] in detail, we briefly recapitulate it. The matrix element of the EM current
in Euclidean space is defined as

JH(x) = iy ()" Oy (x), (28)
where ¥ (x) denotes the quark field. The charge operator of the quarks Q is written in terms of
the flavor SU(3) Gell-Mann matrices A3 and Ag:

’ 8 _ ] A3+ : A (29)

The matrix elements of the EM current between the 2~ baryons can be parametrized by four
form factors F; (i =1, ..., 4) as follows:

(2, I ONL (p. ) = —(p, 5) [V“ {E(Qz)naﬁ + Fs(qz)Zj;’; }
Q

Q:

S O Wi
o|—

1
3

+1i

o'"'q, 2 2\ 4o4p B
2 ws + Fa(g?)- 2L . 5), 30
2MQ{2(‘1)77/3+ 4(q)4M522 u”(p, s) (30)

where Mg stands for the mass of the 2~ baryon in the decuplet. ¢, represents the momentum
transfer ¢, = p/, — p. and its square is given by ¢> = —Q? with Q? > 0. u*(p, s) designates the
Rarita—Schwinger spinor, carrying the momentum p and the spin component s projected along
the direction of the momentum.
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The multipole EM form factors can be expressed in terms of F; in Eq. (30):

Gro(0?) = (1 + %r) [Fi — eB) — 3ol + 0)[Fs — e,
Gea(Q*) = [Fi — hs] — 5(1 + Dl — 7]
Gan(02) = (1 + 4r) [Fi+ B~ 2e(1 + 0)lFs +

Gu3(Q*) =[F + B] - 5(1 + O + B, (31)

where T = Q?/4M3,. These four form factors are called, respectively, the electric or Coulomb
monopole (£0), magnetic dipole (M1), electric quadrupole (£2), and magnetic octupole (M3)
form factors. At Q% = 0, the values of these form factors are reduced to the charge, the mag-
netic dipole moment, the electric quadrupole moment, and the magnetic octupole moment,
respectively:

¢q = ¢Gro(0).
e = Gin ) (3 )

0n = 11220

00 = 5= Gil0) @)

Note that the electric quadrupole moment is proportional to 1/N, and the magnetic octupole

moment is of order 1/N CZ Thus, M3 vanishes when we consider the corrections to order 1/N.,.
In the Breit frame, i.e., p’ = —p = ¢/2, the electric and magnetic parts of the multipole form
factors are related to the temporal and spatial components of the EM current, respectively:

GEO(QZ)Z/&

e CR R 3/2)17°(0)127 (p, 3/2)),
TT

31
Gpa(Q) = — f ds \/> 5 (@ 32159, )720)27 (p. 3/2)),

3MQ qu 1 ik3
i1

Gu3(0%) = —35M“[ / d<2, ge® Q= (p, 3/2)|<Yzo(szq)+@%(m))ﬂ‘(o)m—(p, 3/2)).

Gui(Q%) = (Q(p, 3/2170)1Q (p. 3/2)),

1Q2
(33)

The matrix elements of the EM current can be computed within the framework of the x QSM,
which has already been done in Ref. [43], with the rotational 1/N. and linear m corrections
considered. For detailed calculations, we refer to Ref. [43]. For convenience, we compile the
expressions for the EM form factors of the Q baryon in Appendix Appendix: A.

We can derive the axial-vector form factors of the 2~ baryon in a similar manner. Since 2~
is an isosinglet baryon, the triplet components of the 2~ axial-vector form factors vanish. The
axial-vector current of the quark field is defined as

8
= Wy, A = iy S v ). (34
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The matrix elements of the axial-vector currents for the 2~ baryon can again be parametrized
by four different real form factors as follows:

(270, 9)IA0)2(p. 8)) = 7 (P, 5) [n { O nup + HO (g2 T2 }

4M3
q" 0) ©), 2\ 94p 5 8
o h 9 9
+2MQ{ (@) Nap + (q)4M2 vy ul(p, s)
- - 7 qaq
(Q (7, IAGO)IQ (p. ) = =7 (P, 5) [yﬂ {gﬁg)(f)nmhg&(qz)ﬁ}
Q
" | ® 2 ®, 248 |17 5
wp +h == =uP(p,s). (35
+2M9{g3(Q)775+3(6])4Mg22 2u(ps) (35)
(0,8

Since the axial-vector form factors g ) and g(30’ %) are the most important ones among the
axial-vector form factors, we will concentrate on them in the present work. Moreover, they are
directly related to the strong coupling constants for the nQ22 and 1 Q< vertices [35]. In the
Breit frame, the form factors defined in Eq. (35) are expressed in terms of the spatial parts of
the axial-vector current projected by the spherical basis vectors e,;:

gV = f Q7 3/2)ler - (4°(0), 24%0)) 197 (1. 1/2)),
2

gy Q) = - o

Q7 (P, 3/2)leo - (4°(0), 24%(0)) 127 (. 3/2))

_ ;AEJ_ Q7 (p, 3/2)ler - (4°(0), 2A8(0))|Q‘(p,1/2)>] (36)
Q

where Egq corresponds to the energy of the corresponding baryon, i.e., Eq = /M3 + 0%/4,
and the spherical unit vectors e, are expressed in terms of the Cartesian basis vectors ey =
2, e1 = —(X 4 i)/v/2, e_1 = (¥ — iy)//2. The matrix elements of the projected currents e; -
(A4°(0), 24%(0)) can be computed within the framework of the x QSM. The detailed formalism
can be found in Ref. [44]. We list the expressions for the EM form factors of the Q2 baryon in
Appendix Appendix: B.

4. Results and discussion

We first present the results for the E0, M1, and E2 form factors of the 2~ baryon, showing sep-
arately the valence- and sea-quark contributions. We already expect that the sea-quark contri-
butions will be greatly changed by replacing the pion cloud with the kaon one. In the upper-left
(right) panel of Fig. 1, we depict the numerical results for the £0 form factors with the pion
(kaon) cloud. Since the E0 form factor of Q~ at Q%> = 0 should be the same as its charge as
shown in Eq. (32) because of the U(1) gauge symmetry, one can see that replacing the pion
cloud with the kaon one enhances the valence-quark contribution but suppresses that of the
sea quark. We find similar features for the M1 and E2 form factors by observing the results
presented respectively in the middle and lower panels of Fig. 1. In particular, the sea-quark
contribution to the E2 form factor is drastically reduced when the pion cloud is replaced with
the kaon cloud. As already discussed in Ref. [43], the £2 form factors of the baryon decuplet
are in general very sensitive to the tail. This indicates that the deformation of a baryon with
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Fig. 1. Numerical results for the £0, M1, E2 form factors of the 2~ baryon considering both the pion
and kaon clouds. In the left panels those with the pion cloud are shown whereas in the right panels
those with the kaon cloud are depicted. The dashed and dot-dashed curves exhibit the valence-quark
(level-quark) and sea-quark (Dirac continuum) contributions, respectively. The solid curves show the
total contributions.

spin 3/2 is governed by the sea-quark contribution or the meson clouds. On the other hand, the
valence-quark contributions are not strongly influenced by changing the meson clouds.

In Fig. 2, we compare the present results for the EM form factors of 2~ with those from
lattice QCD [10]. In the upper-left panel of Fig. 2, we show the numerical results for the E0
form factor of Q7. The result with the kaon cloud falls off more slowly than that with the pion
cloud and is in better agreement with the lattice data, compared with that with the pion cloud.
It is well known that the lattice data on the EM form factors of the nucleon [45,46] with an
unphysical pion mass fall off more slowly than the experimental data as Q° increases. Even if
the physical pion mass is used, the lattice results for the EM form factors of the nucleon still
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Fig. 2. Comparison of the present results for the EM form factors of the Q™ baryon with those from
lattice data. The solid curves show the results with the kaon cloud whereas the dashed ones depict those
with the pion cloud. The lattice data are taken from Ref. [10]. The magnetic form factor is given in units
of the soliton magneton, the reason for which is explained in the text.

overestimate the experimental data [47]. Thus, it is natural to observe that the present results
for the EO form factor of the 2~ baryon fall off faster than the lattice data, as shown in the
upper-left panel of Fig. 2. However, the result with the kaon cloud is markedly closer to the
lattice data than that with the pion one.

In the upper-right panel of Fig. 2, we depict the results for the M1 form factor of 7. Before
we discuss them, we want to mention that the magnetic dipole moments of the SU(3) baryons
are given in terms of the soliton magneton instead of the nuclear magneton. There are two
reasons for doing this. Firstly, while the mass differences of the baryon octet and decuplet and
even singly heavy baryons are well reproduced within the y QSM [26,40,48,49], the absolute
values of these masses are always overestimated. This is a well-known problem in any chiral
solitonic approaches. Secondly, the magnetic dipole moments of the baryon octet and decuplet
are always underestimated by about 30%. Thus, it is theoretically consistent and empirically
plausible to express the values of the magnetic dipole moments in units of the soliton magneton,
which improves the theoretical results for the magnetic dipole moments in comparison with
the experimental data. As shown in the upper-right panel of Fig. 2, the result for the M1 form
factors of 2~ with the kaon cloud is again in better agreement with the lattice data, compared
with that with the pion one.

The lower panel of Fig. 2 illustrates how the kaon cloud suppresses the E2 form factor of Q™.
It is remarkable that the kaon cloud reduces the magnitude of the £2 form factor by almost
a factor of 4 and the numerical result with the kaon cloud is in far better agreement with the
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Table 1. Numerical results for the electromagnetic observables in comparison with the lattice data [11].
Those for the magnetic dipole moment of the Q™ baryon are compared with the experimental data [7].

(r?) g (fm?) () Gp(0)
My = My 0.83 —2.48 3.88
my; = mg 0.51 —2.04 1.00
Exp [7] - —2.02(5) -
LQCD [10] 0.348(52) — 1.875(399) 0.898(60)

Table 2. Magnetic dipole moment of the 2~ baryon in comparison with the results from lattice QCD [50—
52], the relativistic quark model [53], next-to-leading-order HBx PT [54], large N, [55], QCD sum
rules [56], the chiral quark model [57], covariant x PT [58], x PT [59], and the experimental data [7].

Tip =my T, = mg 7] [50] [51] 152] [54] 581 1591  [551  [531  [57) [56]
fo-(uy) —248 =204  —202(5) —173(22) —1.70(7) —1.93(8) —1.9422) —2.02 —2.02(5) —1.94 —235 —213 —1.49(45)

Table 3. Electric quadrupole moment of the Q- baryon in comparison with the quark model [60],
HByxPT [54], the Skyrme model [61], large N, [62], the chiral quark model [57], and the QCD sum
rules [63,64].

R [54] [62] [60]  [61] [57] [63,64]

Oq- (fm?) 0.054 0.014 0.009(5)  0.027 0028 0 0026  0.12(4)

lattice data, compared to that with the pion cloud. As already seen in Ref. [43], the sea-quark
contribution or the meson-cloud effect is dominant over that of the valence quarks. This is
natural, since the E2 form factor measures how much the baryon with spin 3/2 is deformed
from the spherical shape. This implies that the 2~ baryon is less deformed than the A isobar,
since it is energetically easier to create the pion cloud than the kaon one. Comparing the results
with the lattice data, we observe that the numerical result with the kaon cloud is indeed in good
agreement with them. On the other hand, that with the pion cloud deviates from the lattice data
in smaller Q? regions.

Table 1 lists the numerical results for the charge radius, magnetic dipole moment, and the
value of the E2 form factor at 0° =0, i.e., Gg»(0) of the @~ baryon. Those with the kaon cloud
are prominently in better agreement with the lattice data than those with the pion cloud. In the
case of the magnetic dipole moment, we also find that the result with the kaon cloud is in better
agreement with the result from lattice QCD. In Tables 2 and 3, we compare the present results
respectively for the magnetic dipole moment and the electric quadrupole moment of the Q~
baryon with those obtained from other approaches. As already discussed in Ref. [43], the present
numerical result for the £2 moment turns out to be larger than those from other works. We
now can see that this discrepancy arises from the fact that only when the kaon cloud is properly
considered can the £2 moment be correctly reproduced. This emphasizes the important role of
the kaon cloud in describing the 2~ baryon.

We now turn to the axial-vector form factors of the Q™ baryon. Since it is an isoscalar baryon,
it is not coupled to the isovector axial-vector current. So, we first consider the singlet axial-
vector form factors of Q7. The axial-vector form factor g(lo) is related to the spin content of
the Q baryon; i.e., its value at Q> = 0 has the same physical meaning as g(/?) of the nucleon. The
value of g(/(l)) becomes null in the Skyrme model [65,66], whereas it acquires a small value from
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Fig. 3. Numerical results for the g(lo) and g(ls) axial-vector form factors of the 2~ baryon considering both

the pion and kaon clouds. In the left panels those with the pion cloud are shown whereas in the right
panels those with the kaon cloud are depicted. The dashed and dot—dashed curves exhibit the valence-
quark (level-quark) and sea-quark (Dirac continuum) contributions, respectively. The solid curves show
the total contributions.

the rotational 1/N, corrections in the y QSM [67,68]. The results from the y QSM were later
improved by employing symmetry-conserving quantization [36,69]. In Ref. [69], it was shown
that the kaon cloud does not greatly change the strange component of the singlet axial charge
and the values of g(/(f) , g(j) ,and g(f) for the nucleon were obtained respectively to be g(/?) =0.367,
g(j) = 1.176, and g(j) = 0.360. Subtle differences between these two models were discussed in
great detail in Ref. [70]. Figure 3 illustrates how the valence- and sea-quark contributions are
changed by the replacement of the pion cloud with the kaon one. Interestingly, the sea-quark
contributions are not greatly changed by the kaon cloud. However, once the kaon cloud is con-
sidered, the valence-quark contribution enhances g(lo) (0?) by about 40%. This can be observed
clearly in the upper-left panel of Fig. 4. On the other hand, the kaon cloud increases the value
of g(lg) by about 10% (see Figs. 3 and 4). It is interesting to compare the present result for g(lo)(QZ)
of Q~ with that of the A* isobar. When the pion cloud is adopted, there is almost no difference
between g(lo)(Qz) of the A* and Q™ baryons, as presented in Ref. [44]. However, once we replace
the pion cloud with the kaon one, the situation is drastically changed. g(lo) of Q7 is about 40%
larger than that of A*. This indicates that the up and down sea quarks are less likely to pop
up in the Q~ baryons, compared with the role of the strange quark in the A* baryon. So, the
sea quarks inside 2~ are less polarized. In the lower panel of Fig. 3, we depict the results for
g(]g). The valence-quark contribution is enhanced by about 15% whereas that of the sea quark

is suppressed by about 50% when the kaon cloud is employed. Altogether, the result for g(lg) is
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Fig. 4. Comparison of the present results for the axial-vector form factors of Q7. The solid curves show
the results with the kaon cloud whereas the dashed ones depict those with the pion cloud.

enhanced by about 12% with the kaon cloud, as shown more clearly in the upper-right panel
of Fig. 4.

In the upper panel of Fig. 5 we show the numerical results for g(30), which show that g(30) is
almost unaffected by the replacement of the pion cloud with the kaon one. However, the kaon
cloud notably reduces the magnitude of g(ls) as shown in the lower panel of Fig. 5 by about a
factor of 10. In particular, the contribution of the valence quarks is not greatly influenced by
the replacement of the pion cloud with the kaon one, whereas the sea-quark contribution is
tremendously lessened. This can be understood by the fact that the expression for g(38) is rather
sensitive to the tail part of the soliton profile function. So far, there are no lattice data on the
ggg) form factor of the Q™ baryon. It would be very interesting if one could compare the present
result with the lattice data in the near future. In Fig. 4, we compare the results for the axial-
vector form factors with the kaon cloud to those with the pion one. Table 4 summarizes the
values of the axial charges of the 2~ baryon, comparing them with the lattice data [11]. With
the kaon cloud, the present results for g(lo) are in better agreement with the lattice data. However,
we do not see any particular improvement in g(lg) by replacing the pion cloud with the kaon one.

5. Summary and conclusions

In the present work, we have investigated the effects of the kaon cloud on the electromagnetic
and axial-vector properties of the 2~ baryon. We first briefly reviewed the mesonic sector, ex-
plaining how the kaonic properties can be described within the present framework. The cutoff
parameters and the average value of the up and down quark masses were fixed by the pion
decay constant and the pion mass, respectively. Then we were able to reproduce the kaon mass.
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Fig. 5. Numerical results for the g(30) and g(38) axial-vector form factors of the Q~ baryon with both the
pion and kaon clouds considered. In the left panels those with the pion cloud are shown whereas in
the right panels those with the kaon cloud are depicted. The dashed and dot-dashed curves exhibit
the valence-quark (level-quark) and sea-quark (Dirac continuum) contributions, respectively. The solid
curves show the total contributions.

Table 4. Numerical results for the axial charges g(10,8) and g(30’8) in comparison with those from lattice QCD

(LQCD) [11]. Since the expressions for the octet axial-vector current Ai(x) in Ref. [11] are different from
the present one by +/3, we have considered it for comparison.

"(0) 2¥(0) (0) ¥(0)
My = My 1.313 —3.863 2.696 —605.734
My = Mg 1.979 —4.296 2.619 —60.290
LQCD (m, =213 MeV) 2.0365 + 0.0303 —4.0731 4+ 0.0606 — —
LQCD (m, =256 MeV) 1.9606 £+ 0.0376 —3.9212 4+ 0.0752 — —
LQCD (m, = 302 MeV) 2.0215 £ 0.0441 —4.0431 4 0.0883 — —
LQCD (m, = 373 MeV) 1.9044 4 0.0439 —3.8087 & 0.0877 — —
LQCD (m, = 432 MeV) 1.9562 4+ 0.0457 —391254+0.0915 — —

The average quark mass of the up and down quarks inside the one-body Dirac Hamiltonian
produces the asymptotic pion Yukawa tail of the solitonic profile function and this proper be-
havior of the Yukawa tail is called the pion tail. Since the 2~ baryon consists of triple strange
valence quarks, the kaon cloud is required. Thus, we changed the value of the average quark
mass in such a way that the proper kaon Yukawa tail was produced. While this is theoretically
somewhat inconsistent, it improves phenomenologically the description of the 2~ baryon. As
long as we consider only the 2~ baryon, this kaon tail provides an even more plausible theoreti-
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cal ground than the pion one. Employing the kaon cloud, we computed the electromagnetic and
axial-vector form factors of the 2~ baryon. In the case of the electromagnetic form factors, the
kaon cloud mainly suppresses the sea-quark contributions whereas those of the valence quarks
are not greatly affected. When the kaon cloud is considered, the present results for the £0, M1,
and E2 form factors are in better agreement with the lattice data in comparison with those
obtained by the pion cloud. The results for the electric quadrupole moment are also in better
agreement with those from other works. We then calculated the axial-vector form factors of
the 2~ baryon and discussed the differences between the results with the kaon cloud and those
with the pion one. The value of the singlet axial-vector form factor g(lo) is increased by about
40%, whereas the octet one g(lg) is enhanced by about 12%. While the g(30) form factor is almost
kept intact, g(38) is drastically reduced by about a factor of 10 when the pion cloud is replaced
with the kaon one.

Since the strange valence quark is deeply related to the kaon cloud, it is of great importance to
examine how the kaon cloud affects all other hyperons with double strange valence quarks. In
particular, because the singlet axial charges g(lo)(O) provide information on the spin content of
these baryons, one has to consider the effects of the kaon cloud. A corresponding investigation
is underway.
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Appendix: A. Electromagnetic form factors
In Appendix Appendix: A, we compile all the expressions for the EM form factors of the Q
baryon within the framework of the y QSM:

1 1
Gen(@) = ea [ riotQn) | 57B0)+ G- Ti0) + T (A1)

where the densities of the electric form factor are written explicitly as

4

NLB(r) = (val|r) (r|val) — % Z sign(E,) (nlr) (rln),

N%L(y) =Y E;Em(vallr)t(rln) - (n|z|val) + % > inlzim) - (mlr)Tirin)Ra(Ey, En),

n

n#val B n,m
4 1
0= mm%van (vallr) (rn®) + ) " (nlm®) (m°lr) (W R (B, Ey). (A2)
¢ n n va n,m°

The expression for the magnetic dipole form factor of the 2 baryon is written as

Mg [ 5 ii(QIF)

1
Gy (%) = —3¢ 0 E

(@04 500) + 51200+ 57200 49
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where the corresponding densities are expressed explicitly as follows:

iQo(r) (val|r)y>{r x o} - T(r|val) + ZRl(E Ynlr)y {r x o} - T(r|n),

N, -
%Ql(r) = in;al %‘?ﬁimws[{r x &} x T](rlval) - (val|z|n)

1
+ i3 Y Ru(Ey, Ey)omlr)y [fr x 0 x <) - (m|zi),

1 1
Exl(r) = n;;ﬂ m(valhﬂ)ys{r x a}{r|val) - (n|t|val)

1
+ 5 2 Rs(En En)nle)y (r x o) (rim) - (mizin).

n,m

NLC.XQ(V) = Z ﬁ(valmjﬁ{r % O'} . T<V|I’ZO) (nolval)
+ D Rs(Em, Ep)mlr)y™{r x o} - o) (nm). (A4)

The expression for the electric quadrupole form factor of 2 baryon is obtained as

G @) = Wiea Mt [ &' fz(Q'”)[ Tilr )} (A3)

where the densities of the electric quadrupole form factors are given as

2 1
—J10)— = ——(val W4anY: 1
( IO)NCIIEZ(V) n;al E _Eu (val|z|n) - (n|r){ 2 ® Tih(rfval)

1
+ 5 D R(En, Ey)nltim) - (mlr){(Van Yo @ mhi(rln),  (A6)

n,m

where |val) and |n) denote the states of the valence and sea quarks with the correspond-
ing eigenenergies Ey, and E, of the single-quark Hamiltonian A(U,), respectively [26].
The regularization functions R(E,, E,), ..., Rs(E,, E,,) will be given at the end of Ap-
pendix, Appendix: B.
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Appendix: B. Axial-vector form factors

The axial-vector form factors of 2~ in the y QSM are expressed as

2
oy = e / P [O(QM) 0()—12(Q| |)Bz(”}

B
&0 =-S5 [ 1w (8 — e B+ i) 2+ 11 2.
gﬁg)(Q2)=—f2f];fQ [ [JO(QIVI){2A0() o Cf)—mﬁf”}
. By(r)  Cy(r) lDz(")
—Jz(QIVI){2A2(V)— 0 D }]
: |
8000 = 2N [ e i (o — oy {2 utr - B 0 D)
+ Q) QEn + Ma) | 200 - 2 B O (B1)
1 2 1
where the components Ay(r), ..., Dy(r) are written as

Ao(r) = (val|r)o - T{r|val) + Z n|ryo - t{rln)Ri(E,),

1 1
Bor)= ) Fo g, allfelrin) - nfzival) — 5 Y (nlr)o(rlm) - (m|t|n)Rs(E,, Ey),
n#val V2 " n,m

val —

1
Colr) = Y w————Wallrjo - z{ring) {molval) = D {nlr)o - w(rlmo) (mo|n) Rs(En, Eny).

no#val n,mgy

E,
Dy =Y gg?%;(valw(a X T)(F|n) - (n|z|val)
n#val va n

+ %Z(nlrw x t(rlm) - (m|t|n)Ra(Ey, Ep). (B2)
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Ao>(r), ..., Dy(r) in Eq. (B1) are given by

As(r) = (vallr) {@Yz ® 01}1 cxlrival) + 3 (nlr) {«/_Yz ® 61} i RA(E,),

n

1
Bar)= 3 g il {v Y2®01} (¥l - (n|z|val)
nval VA n

— _Z (n|r) {\/_Y2®(71} (rlm) - (m|T|n>R5(En,Em),

n,m

1
Co(r) = Z E— (vall|r) {\/_Y2®O'1} - 7{rlng) (ny|val)

nostval val — Lpy
= YN {V2r 2@ o} - Tlrimo)moln)Rs(Ens Eny).
sen(E;)
D=3 o tvalle) {\/En@al}l X T(F|n) - (n|z|val)
n#val va n
+ % > {[Varva@ o) x wirim) - iz Ra(Ey, En). (B3)

n,m

The regularization functions are defined by

1 o du _,
Rl(En) —TE (]b(u);e Er%’
du Eme_“Efi — E,etEi
Ro(En, En) = ’
: )= 2«/_ / Pl ) E, — E,,
—uE2 —uE2 _uE2 —uE2
e m—e " Eme m + Ene n
RS(En, Em) - f ¢( ) 3 _ ,
2«/_ u(E? — ) E,+ E,
1 > ! 2 2 En 1 — — Em
R4(Ey, Ey) = _/ ¢(u)du/ dae En(l—e)—uE, -« ,
2o o Jall —a)

sign(Ej,) — sign(E)
2(En - Em)

Rs(En, Em) = (B4)
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