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We propose a new heavy pentaquark chiral perturbation theory for the recently observed hidden-charm
pentaquark states by LHCb Collaboration. With the pentaquark chiral Lagrangians, we present a parameter-
free calculation of the octet molecular pentaquark magnetic moments up to one-loop level. We improve the
quark model description of the data when we include the leading SUð3Þ breaking effects coming from
the one-loop corrections. Without any experimental inputs, our predictions are so simple and unique that
we regard them as a theoretical benchmark to be compared with experiments as well as other theoretical
models.
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The hidden-charm pentaquark state was firstly observed
by LHCb Collaboration in 2015 [1], which appear to be
inconsistent with the predictions of the conventional quark
model [2]. Since then, experimental collaborations have
shown great interest to the pentaquark states, an increasing
amount of data has produced many pentaquark states.
In 2019, PN

ψ ð4312Þþ, PN
ψ ð4440Þþ, and PN

ψ ð4457Þþ were
reported in the updated analyses of the LHCb Collaboration
[3]. In 2020, the LHCb Collaboration observed the hidden-
charm strange pentaquark state PΛ

ψsð4459Þ0 through an
amplitude analysis of the Ξ−

b → J=ψΛK− decay [4]. In
2021, PN

ψ ð4337Þþ was observed by the LHCb Collaboration
in the B0

s → J=ψpp̄ decay [5]. Recently, the LHCb
Collaboration observed a new structure PΛ

ψsð4338Þ0 in the
B− → J=ψΛp̄ decay [6].
With the discovery of so many hidden-charm pentaquark

states in the experiments, theorists have made intense spe-
culations on the nature of these states [7–22]. Due to their
proximity to various charmed meson-baryon thresholds,
those candidates of the hidden-charm pentaquark states can
be explained as the molecular states. It is reasonable to spe-
culate that the full molecular multiplet of the hidden-charm
molecular pentaquarks will be observed in the coming future.
The hidden-charm molecular pentaquark states are

composed of the corresponding singly charmed baryons

and anti-charmed mesons. Considering the direct product
3⊗ 3⊗ 3¼ 1⊕ 81 ⊕ 82 ⊕ 10 and that the PN

ψ pentaquark
states are in the isospin I ¼ 1=2 configuration [23,24],
we construct the chiral Lagrangians for octet hidden-
charm pentaquark states of SUð3Þ flavor symmetry in
this work.
To determine the nature of the pentaquark states, it is

crucial to understand their internal structures. The hadron
magnetic moments provide valuable insight in describing
the inner structures of hadrons and understanding the
mechanism of strong interactions at low energy. We first
investigate the magnetic moments of the pentaquark state
with quark model in Refs. [25,26]; however it is difficult to
include the Goldstone boson cloud effect.
In fact, chiral perturbation theory (ChPT) [27] is

quite helpful to analyze the low-energy interactions.
To consider the chiral corrections of pentaquark we develop
the heavy pentaquark chiral perturbation theory (HPChPT)
similar to heavy baryon chiral perturbation theory
(HBChPT) [28–31] which offers a useful power counting
and ease of calculation of Feynman diagrams. In the
heavy pentaquark limit, the pentaquark field B can be
decomposed into the large component P and the small
component L,

B ¼ e−iMPv·xðPþ LÞ;

P ¼ eiMPv·x
1þ =v
2

B; L ¼ eiMPv·x
1 − =v
2

B;

whereMP is the mass of pentaquark state and vμ ¼ ð1; 0⃗Þ is
the velocity of the pentaquark state. The octet hidden-
charm molecular pentaquark Pn reads
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− − 1ffiffi
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0
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ψss

− PN
ψss

þ 2ffiffi
3

p PΛ
ψs

0

1
CCA:

The flavor wave functions of the octet hidden-charm
molecular pentaquark under SUð3Þ symmetry are shown
in Table I (details in Ref. [32]).
In this work, we investigate the magnetic moments of

spin-1
2
octet hidden-charm molecular pentaquark family in

HPChPT. We explicitly consider the molecular pentaquark
intermediate states in the loop calculation. We use the quark
model to determine the corresponding low-energy con-
stants (LECs) and calculate the magnetic moments order by
order. We follow the standard power counting scheme, the
chiral order Dχ of a given diagram is given by [33]

Dχ ¼ 4NL − 2IM − IP þ
X
n

nNn; ð1Þ

where NL is the number of loops, IM is the number of
internal pion lines, IP is the number of internal molecular
pentaquark lines and Nn is the number of the vertices from
the nth order Lagrangians. For spin-1

2
pentaquark states, the

matrix elements of the electromagnetic current read,

hΨðp0ÞjJμjΨðpÞi ¼ eūðp0ÞOμðp0; pÞuðpÞ; ð2Þ

with

Oμðp0; pÞ ¼ 1

MP

�
PμGEðq2Þ þ

iσμνqν

2
GMðq2Þ

�
; ð3Þ

where P ¼ 1
2
ðp0 þ pÞ, q ¼ p0 − p, MP is the mass of

pentaquark states. GEðq2Þ is the electric form factor and
GMðq2Þ is the magnetic form factor. When q2 ¼ 0, we
obtain the charge (Q) and magnetic moment (μP),

Q ¼ GEð0Þ; μP ¼ e
2MP

GMð0Þ: ð4Þ

To calculate the chiral corrections to the magnetic
moment of spin-1

2
pentaquark state, we follow the basic

definitions of the pseudoscalar mesons and the spin-1
2

baryon chiral effective Lagrangians in Refs. [31,34] to
construct the relevant chiral Lagrangians. The pseudoscalar
meson fields read

ϕ ¼

0
BBB@

π0 þ 1ffiffi
3

p η
ffiffiffi
2

p
πþ

ffiffiffi
2

p
Kþ

ffiffiffi
2

p
π− −π0 þ 1ffiffi

3
p η

ffiffiffi
2

p
K0

ffiffiffi
2

p
K−

ffiffiffi
2

p
K̄0 − 2ffiffi

3
p η

1
CCCA:

The chiral connection and axial vector field read [31,35],

Γμ ¼
1

2
½u†ð∂μ − irμÞuþ uð∂μ − ilμÞu†�; ð5Þ

uμ ¼
1

2
i½u†ð∂μ − irμÞu − uð∂μ − ilμÞu†�; ð6Þ

where u2 ¼ U ¼ expðiϕ=f0Þ, rμ ¼ lμ ¼ −eQAμ, Q ¼
diagð2=3;−1=3;−1=3Þ. We use the pseudoscalar meson
decay constants fπ ≈ 92.4 MeV, fK ≈ 113 MeV, and
fη ≈ 116 MeV.
The octet hidden-charmmolecular pentaquark states have

three spin configurations JPðJPb
b ⊗ JPm

m Þ: 1
2
−ð1

2
þ ⊗ 0−Þ,

1
2
−ð1

2
þ ⊗ 1−Þ, and 3

2
−ð1

2
þ ⊗ 1−Þ. JPb

b and JPm
m correspond to

the angular momentum and parity of baryon and meson,
respectively. We only consider the JP ¼ 1

2
−ð1

2
þ ⊗ 0−Þ pen-

taquark state in this work.
The free Lagrangian of the pentaquark state reads

Lð1Þ
0 ¼ Tr½P̄ðiv ·DÞP�; ð7Þ

DμP ¼ ∂μPþ ΓμP: ð8Þ

The interaction Lagrangians of 81 and 82 flavor pentaquark
states read

TABLE I. 81 and 82 flavor wave functions.

States Flavor Wave functions

PNþ
ψ 81 −

ffiffi
1
3

q
Σþ
c D̄ð�Þ0 þ

ffiffi
2
3

q
Σþþ
c Dð�Þ−

82 Λþ
c D̄ð�Þ0

PN0
ψ 81

ffiffi
1
3

q
Σþ
c Dð�Þ− −

ffiffi
2
3

q
Σ0
cD̄ð�Þ0

82 Λþ
c Dð�Þ−

PΣþ
ψs 81

ffiffi
1
3

q
Ξ0þ
c D̄ð�Þ0 −

ffiffi
2
3

q
Σþþ
c Dð�Þ−

s

82 Ξþ
c D̄ð�Þ0

PΣ0
ψs 81

ffiffi
1
6

q
Ξ0þ
c Dð�Þ− þ

ffiffi
1
6

q
Ξ00
c D̄ð�Þ0 −

ffiffi
2
3

q
Σþ
c D

ð�Þ−
s

82
ffiffi
1
2

q
Ξþ
c Dð�Þ− þ

ffiffi
1
2

q
Ξ0
cD̄ð�Þ0

PΛ0
ψs 81

ffiffi
1
2

q
Ξ0þ
c Dð�Þ− −

ffiffi
1
2

q
Ξ00
c D̄ð�Þ0

82
ffiffi
1
6

q
Ξþ
c Dð�Þ− −

ffiffi
1
6

q
Ξ0
cD̄ð�Þ0 −

ffiffi
2
3

q
Λþ
c D

ð�Þ−
s

PΣ−
ψs 81

ffiffi
1
3

q
Ξ00
c Dð�Þ− −

ffiffi
2
3

q
Σ0
cD

ð�Þ−
s

82 Ξ0
cDð�Þ−

PN0
ψss 81

ffiffi
1
3

q
Ξ0þ
c Dð�Þ−

s −
ffiffi
2
3

q
Ω0

cD̄ð�Þ0

82 Ξþ
c D

ð�Þ−
s

PN−
ψss 81

ffiffi
1
3

q
Ξ00
c D

ð�Þ−
s −

ffiffi
2
3

q
Ω0

cDð�Þ−

82 Ξ0
cD

ð�Þ−
s
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Lint1 ¼ 2g1TrðP̄1Sμfuμ;P1gÞþ 2f1TrðP̄1Sμ½uμ;P1�Þ; ð9Þ

Lint2¼ 2g4TrðP̄2Sμfuμ;P2gÞþ2f4TrðP̄2Sμ½uμ;P2�Þ; ð10Þ

where P1;2 represent the 81;2 flavor pentaquark states, Sμ is
the covariant spin-operator. The ϕPP coupling constants
f1;4 and g1;4 are estimated in our another work in Ref. [32].
For the pseudoscalar mesons masses, we use mπ ¼
0.140 GeV, mK ¼ 0.494 GeV, and mη ¼ 0.550 GeV.
We also need the lowest order Oðp2Þ Lagrangian to

contribute to the magnetic moments of the 81;2 flavor
pentaquark states at the tree level

Lð2Þ
μ1 ¼ bp1Tr

�
−i
4MB

P̄1½Sμ; Sν�fFþ
μν; P1g

�

þ bp2Tr

�
−i
4MB

P̄1½Sμ; Sν�½Fþ
μν; P1�

�
; ð11Þ

Lð2Þ
μ2 ¼ bp3Tr

�
−i
4MB

P̄2½Sμ; Sν�fFþ
μν; P2g

�

þ bp4Tr

�
−i
4MB

P̄2½Sμ; Sν�½Fþ
μν; P2�

�
: ð12Þ

The coefficients bpð1;2;3;4Þ are LECs. The chirally covariant
QED field strength tensor F�

μν is defined as

F�
μν ¼ u†FR

μνu� uFL
μνu†;

FR
μν ¼ ∂μrν − ∂νrμ − i½rμ; rν�;

FL
μν ¼ ∂μlν − ∂νlμ − i½lμ; lν�.

We use the nucleon mass MB ¼ 0.938 GeV, so that we
can express the magnetic moments directly in nuclear
magnetons.
There are six Feynman diagrams contributing to the

pentaquark magnetic moments to one-loop order shown in
Fig. 1. The tree-level Lagrangians in Eq. (12) contribute to
81;2 flavor pentaquark magnetic moments at leading order
(LO) as shown in diagram (a)

μðtreeÞP1 ¼ ζ1bp1 þ κ1bp2; ð13Þ

μðtreeÞP2 ¼ ζ2bp3 þ κ2bp4; ð14Þ

where μðtreeÞPð1;2Þ represent the LO 81;2 flavor pentaquark

magnetic moments and the coefficients ζ1;2 and κ1;2 for
81;2 flavor pentaquark are listed in Table II. Due to the
SU(3)-symmetry, the LO contributions show the Coleman-
Glashow relations similar to the nucleon octet.
Diagram (c) vanishes in the heavy pentaquark mass limit.

Diagrams (d), (e), and (f) contribute to the pentaquark
magnetic moments to next-to-next-to-leading order. Thus,
only diagrams (b) account for the next-to-leading order

(NLO) corrections which are induced by the corresponding
breaking in the pseudoscalar meson masses. The NLO
corrections to the pentaquark magnetic moments can be
expressed as

μðloopÞPð1;2Þ ¼
X
ϕ¼π;K

−mϕMBβ
ϕ
ð1;2Þ

64πf2ϕ
; ð15Þ

where μðloopÞPð1;2Þ represent the loop corrections to the 81;2

flavor pentaquark magnetic moments. We collect the
coefficients βϕ1;2 explicit expressions in Table II.
In ChPT, the LECs should be fitted through experimental

inputs. As there are not any experimental data of the
pentaquark magnetic moments so far, in this work, we use
quark model to determine the LO tree-level magnetic
moment. The magnetic moments in the quark model are
the matrix elements of the following operator:

μ⃗ ¼
X
i

μiσ⃗
i;

where μi is the magnetic moment of the quark,

μi ¼
ei
2mi

; i ¼ u; d; s; c:

With the wave functions of the octet hidden-charm
molecular pentaquark states in Table I (details in
Ref. [32]), we give the LO pentaquark magnetic moments

(a) (b)

(c) (d)

(e) (f)

FIG. 1. Feynman diagrams where octet pentaquark state is
denoted by the solid line. The dot represent Oðp2Þ coupling. The
dashed and wiggly lines represent the pseudoscalar meson and
photon, respectively.
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in the second and third columns in Table III. When consid-
ering SU(3) flavor symmetry and heavy quark symmetry
(mc ≫ mu;d;s), we obtain the LECs bp1 ¼ 0.93, bp2 ¼ 1.55,
and bp3 ¼ bp4 ¼ 0. When we take the constituent quark
masses as inputmu ¼ md ¼ 0.336 GeV,ms ¼ 0.540 GeV,
and mc ¼ 1.660 GeV, we obtain the LO pentaquark mag-
neticmoments shown in the second row inTable IV. Thus, up
to NLO, there exist only four LECs, f1;4, g1;4, at this order.
To determine the coupling constants g1 and f1, similar to

the procedure employed for the nucleon, we consider the π0
meson decay of PNþ

ψ and PN0

ψss. The Lagrangians for the π0
decay of PNþ

ψ and PN0

ψss with the spin configuration JP ¼
1
2
−ð1

2
þ ⊗ 0−Þ at the hadron level read

LPNþ
ψ

¼ 1

2
ðg1 þ f1ÞP̄Nþ

ψ γμγ5∂μΦPNþ
ψ ;

LPN0
ψss

¼ 1

2
ðf1 − g1ÞP̄N0

ψssγ
μγ5∂μΦPN0

ψss:

At the hadron level, the π0 hadron interactions read

hPNþ
ψ ; π0j

g1 þ f1
fπ

P̄Nþ
ψ ∂zπ0PNþ

ψ jPNþ
ψ i ∼ g1 þ f1

2

qz
fπ

;

hPN0
ψss; π0j

f1 − g1
fπ

P̄N0
ψss∂zπ0PN0

ψssjPN0
ψssi ∼

f1 − g1
2

qz
fπ

:

At the quark level, the π0 quark interaction read

�
PNþ
ψ ;þ 1

2
; π0

����Lquark

����PNþ
ψ ;þ 1

2

	
∼
4

9

qz
fπ

gq;

�
PN0
ψss;þ

1

2
; π0

����Lquark

����PN0
ψss;þ

1

2

	
∼
1

9

qz
fπ

gq:

Compare with the axial charge of the nucleon gA,

1
2
gA

5
6
gq

¼
g1þf1

2
4
9
gq

¼
f1−g1

2
1
9
gq

: ð16Þ

We obtain f1 ¼ 1
3
gA ¼ 0.42 and g1 ¼ 1

5
gA ¼ 0.25.

Similarly, we can also obtain f4 ¼ g4 ¼ 0. With f1;4 and
g1;4, we obtain the chiral loop corrections to the pentaquark
magnetic moments. Thus we obtain the numerical results of
the NLO pentaquark magnetic moments in Table IV.
The 81f and 82f states are not independent of each other

and can be coupled by strong interaction and electromag-
netic interaction. Considering the coupled channel effect
between 81f and 82f states, the pentaquark magnetic
moments can be derived by

X
i;j

μ1i→1j
hϕ1j

jϕ1i
i þ

X
i;j

μ2i→2j
hϕ2j

jϕ2i
i

þ
X
i;j

μ2i→1j
hϕ1j

jϕ2i
i þ

X
i;j

μ1i→2j
hϕ2j

jϕ1i
i;

where ϕi represents the spatial wave function of the
corresponding ith channel, 1 and 2 represent 81f and 82f
pentaquark states. The magnetic moments of the penta-
quark states depend on the relevant mixing channel

TABLE II. Coefficients of the pentaquark magnetic moments.

States PNþ
ψ PN0

ψ PΣþ
ψs PΣ0

ψs PΛ0
ψs PΣ−

ψs PN0
ψss PN−

ψss

ζ1 ¼ ζ2 1
3

− 2
3

1
3

1
3

− 1
3

1
3

− 2
3

1
3

κ1 ¼ κ2 1 0 1 0 0 −1 0 −1
βπ1 2ðf1 þ g1Þ2 −2ðf1 þ g1Þ2 4f21 þ 4

3
g21 0 0 −4f21 − 4

3
g21 2ðg1 − f1Þ2 −2ðg1 − f1Þ2

βK1 4f21 þ 4
3
g21 2ðg1 − f1Þ2 2ðf1 þ g1Þ2 4f1g1 −4f1g1 −2ðg1 − f1Þ2 −2ðf1 þ g1Þ2 −2ðf1 þ g1Þ2

βπ2 2ðf4 þ g4Þ2 −2ðf4 þ g4Þ2 4f24 þ 4
3
g24 0 0 −4f24 − 4

3
g24 2ðg4 − f4Þ2 −2ðg4 − f4Þ2

βK2 4f24 þ 4
3
g24 2ðg4 − f4Þ2 2ðf4 þ g4Þ2 4f4g4 −4f4g4 −2ðg4 − f4Þ2 −2ðf4 þ g4Þ2 −2ðf4 þ g4Þ2

TABLE III. 81 and 82 flavor pentaquark magnetic moments at
tree level (in unit of μN).

States 81 LO 82 LO

PNþ
ψ

2
9
ð5μu þ μdÞ − 1

3
μc μc

PN0
ψ

2
9
ðμu þ 5μdÞ − 1

3
μc μc

PΣþ
ψs

2
9
ð5μu þ μsÞ − 1

3
μc μc

PΣ0
ψs

1
9
ð5μu þ 5μd þ 2μsÞ − 1

3
μc μc

PΛ0
ψs

1
3
ðμu þ μd þ 2μsÞ − 1

3
μc μc

PΣ−
ψs

2
9
ð5μd þ μsÞ − 1

3
μc μc

PN0
ψss

2
9
ðμu þ 5μsÞ − 1

3
μc μc

PN−
ψss

2
9
ðμd þ 5μsÞ − 1

3
μc μc

TABLE IV. Pentaquark magnetic moments to NLO (in unit
of μN).

States PNþ
ψ PN0

ψ PΣþ
ψs PΣ0

ψs PΛ0
ψs PΣ−

ψs PN0
ψss PN−

ψss

81 LO 1.74 −0.75 1.81 0.26 −0.20 −1.29 −0.36 −0.98
81 NLO −0.21 0.06 −0.22 −0.07 0.07 0.07 0.16 0.15
81 total 1.53 −0.69 1.59 0.19 −0.13 −1.22 −0.20 0.83
82 LO 0.38 0.38 0.38 0.38 0.38 0.38 0.38 0.38
82 NLO 0 0 0 0 0 0 0 0
82 total 0.38 0.38 0.38 0.38 0.38 0.38 0.38 0.38
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components hϕ1j
jϕ2i

i and hϕ2j
jϕ1i

i during the 81f and 82f
mixing analysis. These components are associated with the
binding energies of 81f and 82f pentaquark states. Since
these pentaquark states have yet to be observed exper-
imentally, we are temporally unable to calculate the
magnetic moment with coupled channel effects. In this
work, we calculate the magnetic moments of pure 81 and 82
states. Our prediction without the coupled channel effects is
valuable for exploring the inner structures of hidden-charm
pentaquark states and serves as a reference for subsequent
works. We will study pentaquark states more comprehen-
sively by considering coupling effects in the following
work when enough experimental data is delivered.
For 82 flavor pentaquark states without the channel

couplings, it is interesting to notice that the NLO con-
tributions to the magnetic moments are all zero due to
f4 ¼ g4 ¼ 0 in quark model. Thus, the 82 flavor penta-
quark magnetic moments are all equal to μc ¼ 0.38μN . At
present, the magnetic moments of the recently observed
pentaquark states have not been measured in the experi-
ment, our calculation shows that if the magnetic moment of
the pentaquark equal to μc ¼ 0.38μN , the pentaquark state
belong to JP ¼ 1

2
−ð1

2
þ ⊗ 0−Þ82 flavor pentaquark states

whose wave functions are shown in Table I. We are looking
forward to further progresses in experiment.
For 81 flavor pentaquark states, in order to study the

convergence of the chiral expansion, we separate the LO
from NLO contributions for the 81 flavor pentaquark
magnetic moments (in unit of μN), we also compare the
81 flavor pentaquark magnetic moments with the corre-
sponding baryon-octet magnetic moments in PDG [36],

μP1Nþ
ψ

¼ 1.74ð1 − 0.12Þ ¼ 1.53 ¼ 0.55μp;

μP1N0
ψ

¼ −0.75ð1 − 0.08Þ ¼ −0.69 ¼ 0.36μn;

μP1Σþψs ¼ 1.81ð1 − 0.12Þ ¼ 1.59 ¼ 0.65μΣþ ;

μP1Σ0ψs ¼ 0.26ð1 − 0.27Þ ¼ 0.19;

μP1Λ0ψs ¼ −0.20ð1 − 0.35Þ ¼ −0.13 ¼ 0.21μΛ;

μP1Σ−ψs ¼ −1.29ð1 − 0.05Þ ¼ −1.22 ¼ 1.05μΣ− ;

μP1N0
ψss

¼ −0.36ð1 − 0.44Þ ¼ −0.20 ¼ 0.16μΞ0 ;

μP1N−
ψss

¼ −0.98ð1 − 0.15Þ ¼ −0.83 ¼ 1.27μΞ− :

It is obvious that the convergence of the chiral expan-
sion is quite good. The reason is accessible, since the
axial charges of 81 flavor pentaquark are generally lower

compared to that of the nucleon (f1 ¼ 1
3
gA, g1 ¼ 1

5
gA), thus

the NLO contributions for the 81 flavor pentaquark mag-
netic moments which are proportional to g2A are greatly
suppressed compared to the NLO contributions for the
baryon-octet magnetic moments. The 81 flavor pentaquark
magnetic moments and the baryon-octet magnetic moments
present a certain degree of positive correlation.
In summary, we have investigated the magnetic moments

for the octet hidden-charm molecular pentaquark family to
NLO in the framework of HPChPT. We construct the chiral
Lagrangians of the octet pentaquark states and determine
all free parameters needed for the low-energy dynamics of
octet pentaquark with the quark model. Thus, we report
on the first global study of octet molecular pentaquark
magnetic moments up to one-loop order. As the lifetime of
pentaquark state is very short, experimenters can measure
the magnetic moment of pentaquark state by using the
Thomas precession of particles with magnetic moment in a
uniform magnetic field. When the polarized pentaquark
state whose spin axis is perpendicular to the external
magnetic field and parallel to the direction of motion is
hit into the annular orbit of the magnetic storage ring.
Under the action of a highly uniform stable magnetic field
in the orbit, the pentaquark state will make a uniform
circular motion along the magnetic storage ring. The
magnetic moment can be measured with the revolution
angular velocity of the pentaquark state.
Our calculations indicate that for 81 flavor pentaquark

magnetic moments, the convergence of the chiral expansion
is pretty good, for 82 flavor pentaquark states, the penta-
quark magnetic moments are all equal to μc ¼ 0.38μN even
to NLO. Moreover, these calculations depend only on the
spin-flavor wave functions of the pentaquark states.
Without any experimental inputs, our predictions are so
simple and unique that we regard them as a theoretical
benchmark to be compared with experiments as well as
other theoretical models. We are looking forward to further
progresses and hope our results may be useful for future
experimental measurement.
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