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Abstract: In this study, the magnetic moments of hidden-charm strange pentaquark states with quantum num-
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, and 5 are calculated in the molecular, diquark-diquark-antiquark, and diquark-triquark

models. The numerical results demonstrate that the magnetic moments change for different spin-orbit couplings
within the same model and when involving different models with the same angular momentum.
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I. INTRODUCTION

The quark model is a successful theory that physi-
cists have used to explain the inner structures of mesons
and baryons and predict the tetraquark and pentaquark.
Over the past decade, significant theoretical and experi-
mental progress has been made in the exploration of mul-
tiquark states, with several exotic hadronic states being
experimentally observed [1-8].

In 2015, the LHCb Collaboration observed
pentaquark states in the J/yp invariant mass spectrum of
Ag — J/wK™ p decays. The two candidates of the hidden-
charm pentaquark are P.(4380) and+PC(4450), whose JP

), [5]. In 2019, the

P.(4450) pentaquark structure was confirmed, and obser-
vations revealed that it comprised of two peaks, P.(4440)
and P.(4457), with a statistical significance of 5.4 [6].
Meanwhile, the LHCb Collaboration reported a new
pentaquark state observation, P.(4312), with a statistical
significance of 7.30. In 2021, the LHCb Collaboration
found evidence for a new structure, P.(4337), in
B? — J/ypp decays, with a final significance of 3.1¢ [7].
The mass and width of P.(4337) are 4337 fZ f% MeV and
29 *26 +11 MeV, respectively, and the parity and angular

. . 1"
momentum of P.(4337) were predicted with J¥ = 3 [9].

has an opposite parity with (% ,%

Since discoveringP,. states, theorists have shown
great interest in explaining the nature of pentaquarks. For
instance, in [10], the authors systematically studied the
mass spectrum of P, states using the chromomagnetic
model, and in [11], the magnetic moments of P, states
were calculated in different color-flavor structures. In ad-
dition, the parity and angular momentum of P, states
were predicted by employing the quark delocalization
color screening model [12]. P.(4312) can be identified as

. _ 1
the hidden-charm molecular state £.D with J* = = , and

P.(4440) and P.(4457) can be identified as the hidden-
charm molecular states £.D* with J¥ =% and % , re-
spectively.

As more exotic hadrons were observed, theorists have
attempted to explain their mass spectra using the one-bo-
son-exchange model [13], QCD sum rules [14—19], and
effective field theory [20—24]. In general, the inner struc-
ture of pentaquarks has been classified as molecular [16,
19, 20, 25-36], diquark-diquark-antiquark [15, 37—40],
and diquark-triquark models [41-43].

In 2020, the LHCb Collaboration observed the hid-
den —charm strange pentaquark P.;(4459) in the J/yA
mass spectrum through an amplitude analysis of the
E, = J/YAK~ decay [8]. The mass and width are

4458.8+2.9*11 MeV and 17.3+6.5*%9 MeV, respect-
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ively, and after an in-depth study of P.;(4459), the struc-
ture was proved to have two resonances, with masses of
44549 + 2.7 MeV and 4467.8 + 3.7 MeV and widths of
7.5 £ 9.7 MeV and 52 + 5.3 MeV, respectively.
However, the parity and angular momentum of P,,(4459)
have not been determined experimentally. The predic-

tions of J” = 3 and 3 have been given based on QCD

sum rules [19], the chiral quark model [25], and the
strong decay behaviors of P.,(4459) [35].

The encoding of the pentaquark magnetic moment in-
cludes helpful details about the charge and magnetization
distributions inside hadrons, which assist in analyzing
their geometric configurations. In Ref. [44], the author
studied the magnetic moments and transition magnetic
moments of hidden-charm pentaquark states with coupled
channel effects and D wave contributions; this is import-
ant because magnetic moments help us understand the in-
ner structure of pentaquarks. In this study, we calculate
the magnetic moments of P.; based on the above three
models.

The remainder of this paper is organized as follows.
Sec. II discusses the color factor and color configuration,
and Sec. III introduces the wave function ofP.,. Sec. IV
calculates the magnetic moments of P., in the molecular,
diquark-diquark-antiquark, and diquark-triquark models.
Finally, Sec. V summarizes this study.

II. COLOR FACTOR AND COLOR
CONFIGURATION

The quark level involves chromomagnetic interac-
tions. Therefore, we use the color factor f to indicate
whether the color force is attractive or repulsive.

Regarding the quark-quark color interaction, the col-
or factor fis

8
flik— jh= 2> %18, M
a=1

e

where A denotes Gell-Mann matrices, and the quark col-
ors are labeled by i, j,k, and /. The potential is

V() ~ + f%. )

Considering the quark-antiquark color interaction, the
color factor f is

8

s . 1 a ja

flk = jh=—-7 Z/lji/llk' G
a=1

The potential is

V() ~ +faT 4)

In Table 1, we list the color factors of the multiplet in the
SU(3) color representation.

Table 1. Color factor values for color representation.
3c® 3 . @8
color factor 41
36
3c® 3¢ 6. ® gc
color factor 1.2
3 3
3 ® 3:® 3¢ 1c @ 81 & 8 & 10,
1 1
color factor 2 —— —Z-1
2 2
3:®3:® gc 31 ® 32 ® 65 @ 15,
color factor a1 2
3 3 3

Color confinement implies that physical hadrons are
singlets. Under this restriction, we divide the pentaquark
states into the following three categories:

1. Molecular model

Each cluster of the molecular model forms a quasi-
bound cluster. In other words, clusters of the molecular
model tend to be color singlets. We observe that f; < fs,
in the color representation of the quark and antiquark;
hence, it is easier to form a singlet state than octet states.
Similarly, fi, < fs, /s, < fio, in the three-quark color rep-
resentation, and thus it is easier to form a singlet state
than other states. Therefore, from the molecular model,
we have two configurations, (cc)(q19293) and
(€91)(cq2q3), where g denotes the u,d, s quark.

2. Diquark-Diquark-antiquark model

The diquark prefers to form 3. by comparing the col-
or factors of 6. and 3. Similarly, 3. ® 3, prefers to form
3.. Hence, we have 3.(D) ® 3.(D) ® 3.(A) to form a
color singlet, where D and A represent the diquark and
antiquark, respectively. Thus, the pentaquark configura-
tion is (cq1)(g2¢3)(¢), represented by the diquark-diquark-
antiquark model.

3. Diquark-triquark model

The triquark involves two quarks and an antiquark,
which distinguish it from the molecule model. In this
case, f3,./f3, < fs < fis, is the color representation of the
triquark quark, and we have 3.(7) ® 3.(D) to form a col-
or singlet, where 7 represents a triquark. Thus, the
pentaquark configurations represented by the diquark-
triquark model are (c¢q)(¢2¢3) and (cq1)(cq293).

The separation of ¢ and ¢ into distinct confinement
volumes provides a natural suppression mechanism for
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the pentaquark widths [6]. Thus, we do not consider
(¢c)(q19243) and (¢cq1)(q243)-

III. WAVE FUNCTION OF HIDDEN-CHARM
STRANGE PENTAQUARK STATES

In this study, we investigate pentaquark states in the
SU3)s frame. The overall wavefunction for a bounded
multiquark state, while accounting for all degrees of free-
dom, can be written as

Ywavefunction = PflavorX’ spin€color]space -

Owing to Fermi statistics, the overall wavefunction
above must be antisymmetric.

The molecular model of the pentaquark is composed
of mesons and baryons, which must be color singlets be-
cause of color confinement. The relationship between
spin and flavor is @ravorkspin = Symmetric because the col-
or wavefunction is antisymmetric and the spatial wave-
function is symmetric in the ground state. We study the
P state in a SU(3); frame. There are two configurations
for g»q3, where g,g3 forms the 3 ¢ and 6, flavor repres-
entations with the total spin S = 0 and 1, respectively.
When ¢»q3 forms 6y, it is combined with ¢; to form the
flavor representation 65 ® 3y = 10y @ 8, whereas when
¢2q3 forms 3, it is combined with ¢; to form the flavor
representation 3y ® 3; = 8,y & 1,. After inserting [cC]

and the Clebsch-Gordan coefficients, we apply the same
method to the (cq1)(¢293)(©) and (cq1)(¢q2q3)configura-
tions and obtain the flavor wave function ofP., in 8,5 and
8,¢. The results are reported in Table 2.

IV. MAGNETIC MOMENTS OF THE
HIDDEN CHARM STRANGE PENTAQUARK

A. Magnetic moments of the molecular model with the
configuration(cqi)(cq2q3)

Because quarks are fundamental Dirac fermions, the
operators of the total magnetic moments and z-compon-
ent are

A

S? } = Q

~

a=Q Sz )

)

e e
m m

As mentioned above, we do not consider the orbital
excitation in the bound state; hence, the orbital excitation
lies between the meson and baryon. The total magnetic
moment formula can be written as

a= g+ im+, (6)

where the subscripts 8 and M represent the baryon and
meson, respectively, and / is the orbital excitation
between the meson and baryon. The specific forms of the

Table 2. Flavor wave function of hidden—charm strange pentaquark states in different models.
Model Multiplet (1,1z) Wave function
s, (1,0 %[(561)(0{1451) + (cu)(cldsh] - \/g(i‘-v)(é‘{ud})
’ 1
0,0 —=[(Cu)(c{ds}) - (€d)(clus})]
Molecular model \1/5
(1,0 —{(@d)(clus]) + (cu)(clds])}
82f 1 \/E
0,0 Ve {(¢d)(clus]) — (Cu)(clds]) — 2(Es)(c[ud])}
s, (1,0) %[(cd){ux}m (cu){ds)e] - \/g (cs){ud)e
(0,0) L [(cu){ds)c — (cd){us}c]
Diquark-diquark-antiquark model \lﬁ
oy (1,0) ﬁ{(cd)[us]i'+ (cu)lds]c}
(0,0) %{(cd)[us]é—(cu)[ds]E‘—Z(cs)[ud]E}
(1,0) L[(Cd)(E{MS}) + (cu)(&{dsh] - \/g(c’s)(i{ud})
81f \r6 | -
(0,0) —=[(cu)(clds}) = (cd)(Aus))]
Diquark-triquark model \lﬁ
. (1,0) %{(Cd)(i‘[w]) +(cu)(@lds])}
1
0,0 —{(cd)(Clus]) — (cu)(clds]) - 2(cs)(C[ud])}

V6
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magnetic moments can be written as

3
Ag = Zﬂigigi, (7)
i=1
2
fv= ) pigii, @®)
i=1
. s Mas+ Mpip
=yl = ZMEB T TBEMG
= Myt My ©))

where g; is the Lande factor, and M, and Mg are the
meson and baryon masses, respectively. The (¢¢;)(cq2g3)
specific magnetic moment formula of the pentaquark in
the molecular model is

p=(Y s+ |y = Y (SSLILIL Y
NA

X{/lllz+ D, (5555 SMSMSS: >2[§M(ua+ﬂql)

/1=< Pc‘s|ﬂ8+ﬁM+ﬁl|Pcs>
1

1L 11,[,11 11 ,(1 11 4
:__1 __2 A A __2_ A c -3 c T3 c
(551055 [(22,00|22> (6*28# TGRSt T o ¥ S8 )]

I 1

+ Z < chc,sr:g.B - §L‘|SB§B>2
S,

X(gﬂcsrc +(§B_§c)(ﬂqg +,uq3)):|}’ (10)

where  represents the wave function in Table 2, S x4,
Sg, and S, are the meson, baryon, and diquark spin in-
side the baryon, respectively, and S is the third spin com-
ponent.

For example, the recently observed P.;(4459) state is
supposed to be the D*E, molecular state in the 8,; rep-
resentation with (7,13) = (0,0). Its flavor wave functions
are

|Pes) = %{(Ed)(c[us]) — (cu)(clds]) —2(@s)(cludD}. (11)
Take JP= %_ (5 ®17®0%) as an example.

J 1P ‘ ®J§ ’ ®J§ * correspond to the angular momentum and
parity of the baryon, meson, and orbital, respectively.

1

+<1 1 ]1|11>2 ( +1 )+1 (1 +1 )+4 (1 +1 )
- — = —— —x(=guz+ — —x(=guz+ — — s (=guz+ —
I 79 6 zg/Jc 2gﬂd 6 2g/~lc 2g,uu 6 2g/~lc 2g/~l5

1 1

1 1 1.,(1 1 4 1
___00___2 - . C - . C - -3 C
+<2 5 |2 2> (6* S 8He ¥ =S8+ Tk~ g )]

6

1
=§(/uu + Mg + At + 6z = 3pc).

In this study, we use the following constituent quark
masses [45]:

m, =mg = 0.336 GeV,
my; =0.540 GeV,
m. =1.660 GeV.

The numerical results with isospin (7,5) =(1,0)
and (I/,13) = (0,0) are shown in Tables 3 and 4, respect-
ively.

B. Magnetic moments of the diquark-diquark-anti-

quark model with the (cq;)(g2¢3)c configuration

In the diquark-diquark-antiquark model, there are two
P-wave excitation modes inside the three-body bound

6 2

(12)

‘
state: p and A excitation. p mode P-wave orbital excita-
tion lies between the diquark (cq;) and diquark (q2qs3),
whereas 4 mode P-wave orbital excitation lies between ¢
and the center of mass system of (cq;) and (g2¢3).

The total magnetic moment formula of the diquark-
diquark-antiquark model can be written as

A= flg+Qr+ e+, (13)

where the subscripts H and L represent heavy (cq;) and
light diquarks (¢2¢3), respectively, and / is the orbital ex-
citation. In the diquark-diquark-antiquark model, the spe-
cific magnetic moment formula of the pentaquark
(cq1)(q2q3)C is
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Table 3.

(cu)(clds})] - \/g(és)(c{ud}) in 85 and

€L
V2

Magnetic moments of pentaquark states in the molecular model with the wavefunction %[(Z‘d)(c{u.v}ﬂ

{(@d)(clus)) + (cu)(clds])} in 8y with isospin (I,73) = (1,0). They are in the 8, representation

from 6,;®3; = 10,®8;; and the 8, representation from 3;®3; = 1;®8,;. On the third line, J|' ® 5> ®J§3 correspond to the angular mo-

mentum and parity of the baryon, meson, and orbital, respectively. The unit is proton magnetic moments.

1 2
81y : *6[(5d)(0{w})+(€‘u)(c{ds})] - \/;(ES)(C{ud})

\f
1~ 3- 57
ZS%(JPZE) 45%(1P:§) GSE(‘,PZE)
2
Y,1,13) £+®0‘®0+ l+®1‘®0+ §+®l‘®0+ l+®1‘®0+ §+®0‘®0+ §+®1‘®0* §+®1‘®0"
” 2 2 2 2 2 2 2
0,1,0) 0.263 —0.493 0.735 —0.345 0.959 0.460 0.352
2 p_17 4 p_17
P%(JZE) P%(J:E)
+ + + + + +
Y. 1,I3) 1 R0 ®1” [1 ®17]:1 01 [§ ®17]1®1” 3 R0 ®1” [1 ®17]13®1° [E 1717
2 2 2 2 2 2 2 2 2 2
0,1,0) —0.145 0.125 -0.289 0.564 —0.172 0.278
3+ 3+ 3+
ZP%(JP:E ) “P%(J”:E ) 6P%(J”:E )
1+ 1+ ’;+ 3+ 1+ 3+ 3+
VLI — “®17 [z ®1° 1- Z el 1- s “®1” ~ ®l1° 1- - 1- Z el 1-
( 3) 2@0@ [2® ]%® [2® ]%® 2®0® [2® ]%® [2® ]%® [2® ];@
0,1,0) 0.177 —0.551 0.669 0.666 -0.276 0.311 0.335
5+ 5+ 7+
Py (J“’:E ) oy (JP=E ) GP% (J”:5 )
+ + + + +
Y,1,1I) % ®1"®1" % ®0"®1” [% el ];el” [5 ®1‘]%®1‘ % ®1"®1”
0,1,0) —0.403 0.865 0.394 0.292 0.285
1 _
8ay: sz{(w)(c[m]H (Cu)(clds])}
- - + +
%5, P=1) i5,P=2 ) 2p (P21 p =1
2 2 2 2 2 2 2 2
Y, 1,13) 1+®O*®0* y@r@o* 1+®1’®0* 1+®O*®r [1+®1*]1®1* [y@r]z@r
2 2 2 2 2 2 2 2
0,1,0) 0.377 —0.067 0.465 —0.167 —0.007 0.273
3+ 3+ 5%
2P% (J":E ) 4P% (J”:E ) 4P§ (J“’:E )
1+ 1t 1+ 1+t
Y11 — “®1°  [= - 1~ ~ @1 el - ®1"®1
( 3) 2®0® [2®0]%® 2®® 2®®
(0,1,0) 0.315 -0.110 0.324 0.422

p=U g+ e+ |9y = D (SS I Y pul+ ) (282,868 6IS S )| gSepte
S..L 5.

+ Z (SuSu.S1S L|sg§§>2(§,,(yc +11g) + S 1(g, + #qw))} ,
S (14)
where S g represents the spin of (cq1)(¢2¢3). The diquark masses are [46]
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Table 4. Magnetic moments of pentaquark states in the molecular model with the wavefunction %[(Eu)(c{ds}) —(¢d)(c{us})] in 8;; and

€L
V6

mentum and parity of the baryon, meson, and orbital, respectively. The unit is proton magnetic moments.

{(@d)(c[us)) — (Eu)(c[ds]) - 2(¢s)(c[ud))} in 8,5 with isospin (1,13) = (0,0). On the third line, Jf ! ®J;D 2 ®J§ 3 correspond to the angular mo-

1
8y 7[(Eu)(c{ds})—(Ed)(c{us})]

5

1~ 3- 57
2 p_ 21 4 p_2 6g-— (P -2
S%(J_Z) S%(J 2) S%(l 2)
Y,1,1I) 1+®0‘®0+ 1+®1‘®0+ §+®1‘®0+ 1+®1‘®0+ §+®0‘®0+ §+®1‘®0+ §+®1‘®0+
” 2 2 2 2 2 2 2
(0,0,0) —0.201 0.126 0.117 —0.113 0.263 0.228 0.352
2 p_ 17 4 p_17
P%(J =§) P%(J=§)
(Y.1.I5) 1+ 1+ 3+ 3+ 1+ 3+
g8 = 00 el” [z el el el el s 0 el = el el el el
3 3 0" ® [2 ® ]%® [2 ® ]%® 3 Q0" ® [2 ® ]%® [2 ® ]%®
(0,0,0) 0.021 —0.076 —0.076 —0.046 0.171 0.145
3+ 3+ 3+
2 P_ > 4 p_2 6 pP_2
hU=3) A fT=y)
(Y.1.Iy) 1+ 0 1+ 3+ 3+ 0 1+ 3+ 3+
51, 13 - Q1" - 1~ 1~ - 1~ 1~ = Q1" = 1~ 1~ - 1~ 1~ = 17]s 1™
3 ; ®0® [2® ]%® [2® ]%® 5 ®0e [2® ]%® [2® ]%® [2® ]§®
(0,0,0) —0.270 0.075 0.061 —0.103 0.163 0.145 0.329
5t 5t 7+
4 P_2 6 P_2 6 p_"
Pym=3) PyUi=30) =g
1t 3+ 3+ 3+ 3+
YII - 1"®1° = "1™ - 1~ 1~ = 1~ 1~ = 1"®1°
Y1, 13) ; el'e 2®0® [2®]%® [2®]%® > el'e
(0,0,0) —0.164 0.189 0.172 0.295 0.296
1
8oyt %{(Ed)(dus}) = (cu)(clds]) - 2(Cs)(c[ud])}
1~ 3 3° 1t 1+
2 P _ _ dgZ(gP = = 2P P _ _ 4P P _ _
S%(J 2 ) 52(1 > ) %(1 3 ) %(J 2 )
Y,1,13) 1+®0*®0+ 1+®1*®0+ 1+®1*®0+ ]+®O*®1* [1+®1*] ®1° [1+®1*] ®1°
v 2 2 2 2 2 3 2 3
(0,0,0) 0.377 -0.531 —0.231 -0.161 0.152 —0.116
3+ 3+ 5t
2P P_ - 4P P _ = 4P+ P_
%(J 2 ) %(J 2 ) %(J 2 )
(YII) 1+ l+ 1+ 1+
A, - 90 ®l” [ 073817 - ®lmel” - ®l el”
3 2®0® [2®0]%® ; ele 5 el'®
(0,0,0) 0.324 —0.568 —0.184 -0.268

[u,d] =710 MeV,
{u,s} =1069 MeV,

{u,d} =909 MeV,

[u,s] =948 MeV,
[c,q] = 1973 MeV, {c,q} =2036 MeV,

C. Magnetic moments of the diquark-triquark model

[c,s] =2091 MeV, {c,s} =2158 MeV.

The numerical results for states with the p excitation
mode and isospin (/,/3)=(1,0) and (I,55)=(0,0) are
presented in Tables 5 and 6, respectively. The numerical
results for states with the 4 excitation mode and isospin

(I,13) =(1,0) and (I,13) = (0,0) are presented in Tables 7
and 8, respectively.

with the configuration(cq;)(Cq2q3)

Considering the diquark-triquark model, the total
magnetic moment formula is

A= flp+fr+ . (15)

where / is the orbital excitation between the diquark and
triquark. The magnetic moment formula of the
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Table 11.
resentation with isospin (Z,13) = (0,0).

Magnetic moments of P.,(4459) in the molecular, diquark-diquark-antiquark, and diquark-triquark models in the 8,/ rep-

P.4(4459) Multiplet Spin-orbit coupling 1(J%) Magnetic moment Numerical results

1~ 1
1+ 0(5 ) 6(6IJE = 3pte + py + pa +44is) —0.531

Molecular model 82f 3 ®1-®0" 3- 1
05 ) g (OHe + Optz + pu+ta +4p1) —0.231

1- 1
1- 0(5 ) 5(6IJ( =3z + py + pa +44is) 0.223

Diquark-diquark-antiquark model 8o 1"o0"® 3 ®0* 3- 1
0G5 ) & (Orte +6uc +pu+pa +4u) —0.231

1- 1
- 05 ) g (O = 3ptc + ptu+ pa + 4pts) 0.223

Diquark-triquark model 8o ;@ 1*®0" 3- 1
05 ) & (Orte +6uc +pu +pa +4u) —0.231

Table 12.  Our results and other theoretical results for the magnetic moments of P.,(4459).The unit is proton magnetic moments. A, B,

and C correspond to the molecular, diquark-diquark-antiquark, and diquark-triquark models.

Cases A B C
, 1 3 - 3 1 3
4 2 2 2 2 2
Our results -0.531 -0.231 0.223 -0.231 0.223 -0.231
Ref. [44] -0.062 0.465 - - - -
Ref. 1.75 - 0.34 - - -
pentaquark with (cq;)(¢q2g3) in the diquark-triquark model is
|
p=(W i+ +fulw) = ) (SSLIl T Y Sl + ) (SpSp.S7S7ISS: >2[§@(uc+uq.)
Saol: §1)s§’f
+ 0 (8:85 8,87 - §a|s¢§¢>2(gya§z +(S7 =5 (g, w))] : (16)

S,

where Sp, S7, and S, represent the diquark, triquark,
and light diquark spin inside the triquark, respectively.
The triquark masses are roughly the sum of the masses of
the corresponding diquark and antiquark. The numerical
results with isospin (/,73) =(1,0) and (I,13) = (0,0) are
shown in Tables 9 and 10, respectively.

The magnetic moments of P.4(4459) in three config-
urations are compared, as shown in Table 11. The mag-
netic moments and numerical results illustrate that the
molecular model is distinguishable from the other two

. 1 C . -
models with 0(5 ) but is indistinguishable with O(% ).
The diquark-diquark-antiquark and diquark-triquark mod-
els are completely indistinguishable with O(% ) and

3~ .. .
0(5 ). In addition, the magnetic moments of P (4459)

have been studied in other papers. In Ref. [44], the nu-
merical value in the molecular model was obtained as

. 1- _
pp, ==0.062uy  with 0(5 ) and pp =0.465uy with

O(% ). In Ref., the magnetic dipole moments of P.;(4459)

in the molecular and diquark-diquark-antiquark models
were extracted as up = 1.75ux and up_ = 0.34uy, respect-
ively. These numerical results differ from our results of

. 1 .
pup. =—-0.531uy with 0(5 ) and up =-0.231uy with

37, .
0(5 ) in the molecular model and up_ =0.223uy in the

diquark-diquark-antiquark model because of the wave-
function and quark mass. We compare the results in
Table 12.

V. SUMMARY

Inspired by the recently observed P.,(4459), we sys-

tematically calculate the magnetic moments of P.; with
P_li éir §i and z+
272727 2
diquark-diquark-antiquark, and diquark-triquark models.

Comparing the numerical results of the above three mod-

in three models: the molecular,

123111-13
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els, we observe that the magnetic moments of states with
the same quantum numbers are different. Indeed, even
within the same model, magnetic moments with different
configurations are different. We then compare the mag-
netic moments of P.(4459) in three configurations,
which have been predicted to involve an S-wave state

with I(JP)=0(% ) and I(JP)=0(% ). The results show

that the molecular model is different from the other two
models with 1(JF) = 0(% ). These findings highlight that
magnetic moments are helpful in determining internal
structures when experimental data on P, keeps accumu-
lating, because magnetic moments encode information
about the charge distributions.
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