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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 SU(3) 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, PJ(4312)*, PJ(4440)", and PJ(4457)" were
reported in the updated analyses of the LHCb Collaboration
[3]. In 2020, the LHCb Collaboration observed the hidden-
charm strange pentaquark state Pi(4459)° through an
amplitude analysis of the =, — J/wAK~ decay [4]. In
2021, P} (4337)* was observed by the LHCb Collaboration
in the BY — J/wpp decay [5]. Recently, the LHCb
Collaboration observed a new structure Piy (4338)" in the
B~ — J/wAp 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

“haosongli@nwu.edu.cn

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP’.

2470-0010,/2024/109(11)/114039(6)

114039-1

and anti-charmed mesons. Considering the direct product
33®3=1®8, ®8,® 10 and that the P} pentaquark
states are in the isospin / = 1/2 configuration [23,24],
we construct the chiral Lagrangians for octet hidden-
charm pentaquark states of SU(3) 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 = e—iMP1:~x<P +L),

P — iMpvx 1 _|2_ ﬁB, L — eiMpvx 1 ;ﬁB,

where M p is the mass of pentaquark state and v, = (1, 0) is
the velocity of the pentaquark state. The octet hidden-
charm molecular pentaquark P, reads
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TABLE 1. 8, and 8, flavor wave functions.
States Flavor Wave functions
Pyt 8 \/2+D + \/z++D<*
8> AFD®)
Py 81 \AszW— - \/§ng<*>0
82 Aj’D(*>_
PE,;F & \/%E/CJrD(*)O_ \/%Z:H’Di*)—
8> ErDH0
Py 81 Lgriplo)- 4+ \/ =0H ()0 \/ s+pi)-
8 ) * ) *
2 \/;:jD )~ + \/;:?D<
P$? 8] \/%E/JrD(*)—_\/%EIOD(*)O
8 VDU -\ [lE0De0 - aar D
Y
Py 81 JiELDU- — | f20p(
82 20pH)-
P{,\/J?s 81 \/VH/JFD(* \/VQOD(*
82 '—+D(*
Pyss 8 N \/ QD)
8, Ds
1L pxX o0 A 0 Z + N+
\/_P +\/-P Py P,
> - > 0 A0 NO
P,= Py _TP + \/.P Py
P{/\/In_ Ply\/]nJr }Pé}so

The flavor wave functions of the octet hidden-charm
molecular pentaquark under SU(3) symmetry are shown
in Table I (details in Ref. [32]).

In this work, we investigate the magnetic moments of
spin-1 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 D, of a given diagram is given by [33]

D, =4Ny =2l —Ip+ ) nN,. (1)

where N; is the number of loops, I, is the number of
internal pion lines, /p is the number of internal molecular
pentaquark lines and N, is the number of the vertices from
the nth order Lagrangians. For spin-% pentaquark states, the

matrix elements of the electromagnetic current read,

(PP ¥ (p)) = ea(p")O, (P, p)u(p),  (2)

with
1 i0,,9"
O,(p'.p) = P.Ge(q?) + ”2 Gulg?)|. (3)
P
where P =1(p'+p), ¢=p' —p, Mp is the mass of

pentaquark states. Gg(g?) is the electric form factor and

Gy (q?) is the magnetic form factor. When ¢> = 0, we
obtain the charge (Q) and magnetic moment (up),

= Gg(0), Gu(0 4

0 £(0) Hp = 3 MP m(0). 4)

To calculate the chiral corrections to the magnetic
moment of spin—% pentaquark state, we follow the basic
definitions of the pseudoscalar mesons and the spin—%
baryon chiral effective Lagrangians in Refs. [31,34] to
construct the relevant chiral Lagrangians. The pseudoscalar
meson fields read

T[O_F\/Lg,,l \/§ﬂ+ \/§K+

p=| V2 2"+ en V2K°
- 74\l 2

V2K V2K — AN

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

r, = % W@, — iru+ u(@, —il)u'l. (5
I, . . )
u, = El[u (0, —ir,)u—u(9, — llﬂ)uﬂ, (6)

where u? = U = exp(i/fo), r, =1, =—eQA, Q=
diag(2/3,-1/3,—1/3). We use the pseudoscalar meson
decay constants f,=~92.4 MeV, fr=113 MeV, and
fn~ 116 MeV.

The octet hidden-charm molecular pentaquark states have
three spin configurations J” (JP” Q Jim): 3T ®0),
-+ ®17),and 3 (1 ® 17). J;* and J};" correspond to
the angular momentum and parity of baryon and meson,
respectively. We only consider the J© = 1~(37 ® 07) pen-
taquark state in this work.

The free Lagrangian of the pentaquark state reads

£y = Tr[P(iv- D)P], (7)
D,P=0,P+T,P. (8)

The interaction Lagrangians of 8; and 8, flavor pentaquark
states read
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Ling =291 Tr(P1 S, {u#, Py }) +2f Te(PyS, [u*, Py]),  (9)
Ling =294Tr(PyS, {ut . P, }) +2f 4 Tr(P,S, [u* . P,]), (10)

where P , represent the 8, , flavor pentaquark states, S, is
the covariant spin-operator. The ¢PP coupling constants
f1.4 and g, 4 are estimated in our another work in Ref. [32].
For the pseudoscalar mesons masses, we use m, =
0.140 GeV, mg = 0.494 GeV, and m, = 0.550 GeV.

We also need the lowest order O(p?) Lagrangian to
contribute to the magnetic moments of the 8, flavor
pentaquark states at the tree level

2 -l Y
£ = bpte (- PSSP

—i
4Mp

+bp2Tr< PI[S”,S”][F;;,PI]) (11)

2 - - y
£3 = byTe (o Palsn S P2} )

-1 -
+ bp4TI'<4MBP2[S”,S ][F;ry, P2]> (12)

The coefficients b),; 53 4) are LECs. The chirally covariant
QED field strength tensor Fji, is defined as

+ _ fpR L
Fo=uFuutuF,u",

R _ .

Fp, = 0,r,— 0,1, — z[rﬂ, rl

FL, =09,,-0,,—ill,1]

We use the nucleon mass Mz = 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
8,2 flavor pentaquark magnetic moments at leading order
(LO) as shown in diagram (a)

(tree

Hp ) = Cibp1 + 1Dy, (13)

Mg;ee) = Csz3 + K2bp4’ (14)

where ugﬁi) represent the LO 8, flavor pentaquark

magnetic moments and the coefficients {;, and «;, for
81, 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

FIG. 1. Feynman diagrams where octet pentaquark state is
denoted by the solid line. The dot represent O(p?) coupling. The
dashed and wiggly lines represent the pseudoscalar meson and
photon, respectively.

(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

v
_mr/)MBﬁ(l,z)

6471f§S ' (15)

(loop)
Hp(1a) = Z

¢p=n.K

where yg?fg)) represent the loop corrections to the &,

flavor pentaquark magnetic moments. We collect the
coefficients ﬁ’fz 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:

i= Zﬂigi,
i
where y; is the magnetic moment of the quark,

€
— 9
2m,~

Ui i=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
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TABLE II. Coefficients of the pentaquark magnetic moments.
States Pyt PO Pyt P PyY Py P9 P
=0 3 -3 3 3 -3 g -3 5
K| =Ky 1 0 1 0 0 -1 0 -1
P 2(f1 4+ a1)? =2(f1+o)? 4f%+%9% 0 0 —4f%—%9% 2(g1 = f1)? -2(g1 = f1)?
By 411 +591 2(g1 = f1)? 2(fi+9)?  4Na —4f19: 2091 = f1)*  20fi+9)? 201+a)’
P 2(fa+9s)*  “2(fa+ ) Af3+343 0 0 —4f1 -39 2(g4 — f4)* —2(94 = f4)?
sy 4fF+%49 2(gs — f4)? 2fa+94)*  Afag9s —Afags 2 —f1)?  “2(fa+to)? 2 s+9)?
in the second and third columns in Table III. When consid- 1 1 4q
. Py 4 = 7o Lquak | Py T 5 ) ~ o500

ering SU(3) flavor symmetry and heavy quark symmetry w 2T R0 quark )\ Ty 0 TS 9f,77"
(me>m, 4,), we obtainthe LECs b,; = 0.93,b,, = 1.55, 1 1 1q
and b,3 = b,, = 0. When we take the constituent quark <P{,\£8Y, +§;7z0 L quark | P +2> ~ §f—z g

ya

masses as input m,, = m,; = 0.336 GeV, m, = 0.540 GeV,
and m,. = 1.660 GeV, we obtain the LO pentaquark mag-
netic moments shown in the second row in Table IV. Thus, up
to NLO, there exist only four LECs, f 4, g, 4, at this order.

To determine the coupling constants g; and f, similar to
the procedure employed for the nucleon, we consider the 7z,
meson decay of P and PJ;.
decay of P)" and PQ’?S with the spin configuration J© =
%‘ (%Jr ® 07) at the hadron level read

The Lagrangians for the 7

EPﬁ,’* == (g1 + [1)P) T r*ys0, 0P},

EPNU —

yss

N = ] =

(fl - gl)PyzygsyﬂySaﬂq)PyA//?s-
At the hadron level, the 7z, hadron interactions read

a1+ 114 a1+ f14;
(Py s mo| =———= Pyt o,mPy T |Pyt) v ===

fx 2 fa
fi—a ST 94z
Jx 2 fa

pNO
Pl//SS

<PNO : 7o

NO
WSS azﬂ'-OP

yss |Py]>,9s>

At the quark level, the 7z, quark interaction read

TABLE III.  8; and 8, flavor pentaquark magnetic moments at
tree level (in unit of uy).

States 8, LO 8, LO
Pyt S (5pu + 1a) = e He
Py 2wy + Spa) — e He
Pyl 5 (SHu + #5) = He He
P & (5p + Spq + 2u5) — S pe He
P 3+ g+ 2p5) = e He
Prs 5 (5pg + ug) = Sme He
Py, § (M + 5p5) = 3 Hc He
Py § (ia +5p5) =3t He

Compare with the axial charge of the nucleon g,,

(16)

We obtain f; = %gA =042 and ¢, = %gA = 0.25.
Similarly, we can also obtain f, = g, = 0. With f, 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 8, and 8, states are not independent of each other
and can be coupled by strong interaction and electromag-
netic interaction. Considering the coupled channel effect
between 8;; and 8, states, the pentaquark magnetic
moments can be derived by

Zﬂlﬁlj<¢1j|¢1,-> + Zﬂz,--»zj<¢2j|¢2,->
ij iJ

+ Zﬂz,—u, (¢1,1¢2,) + leli—»z/-<¢2,|¢1,->’
i.j iJ

where ¢; represents the spatial wave function of the
corresponding ith channel, 1 and 2 represent 8, and 8,
pentaquark states. The magnetic moments of the penta-
quark states depend on the relevant mixing channel

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

States ~ PY* PNO  PEF P20 PMY PIT O PNO PN
8, LO 1.74 =075 1.81 026 —0.20 —1.29 —0.36 —0.98
8, NLO —0.21 0.06 —0.22 —0.07 0.07 0.07 0.16 0.15
8, total 1.53 —0.69 1.59 0.19 —0.13 —1.22 —0.20 0.83
8, LO 0.38 038 038 038 0.38 038 038 038

& NLO O 0 0 0 0 0 0 0
8, total 0.38 0.38 0.38 038 038 038 038 0.38
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components (¢; [¢,) and (¢, |¢;,) during the 8, and 8,/
mixing analysis. These components are associated with the
binding energies of 8, and 8, 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 8; and 8,
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 8, 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
fa4 = g4 =0 in quark model. Thus, the 8, flavor penta-
quark magnetic moments are all equal to p. = 0.38uy. 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 u,. = 0.38uy, the pentaquark state
belong to J* =1"(3" ® 07)8, flavor pentaquark states
whose wave functions are shown in Table I. We are looking
forward to further progresses in experiment.

For 8, flavor pentaquark states, in order to study the
convergence of the chiral expansion, we separate the LO
from NLO contributions for the 8; flavor pentaquark
magnetic moments (in unit of uy), we also compare the
8, flavor pentaquark magnetic moments with the corre-
sponding baryon-octet magnetic moments in PDG [36],

ppyy = 1.74(1 = 0.12) = 1.53 = 0.55p,,
ppio = —0.75(1 = 0.08) = —0.69 = 0.364,,
pppze = 181(1=0.12) = 1.59 = 0.65uy..
pprz = 0.26(1 = 0.27) = 0.19,

ppy = —0.20(1 = 0.35) = —0.13 = 0.21p,
pprz- = —129(1-0.05) = —1.22 = 1.054;-,
upiy, = —0.36(1 — 0.44) = ~0.20 = 0.16yz0.
ppiv- = —0.98(1 = 0.15) = —0.83 = 1.27uz=-.

wss

It is obvious that the convergence of the chiral expan-
sion is quite good. The reason is accessible, since the
axial charges of 8; flavor pentaquark are generally lower

compared to that of the nucleon (f = £ g4, g = 1 g4), thus
the NLO contributions for the 8; flavor pentaquark mag-
netic moments which are proportional to gf‘ are greatly
suppressed compared to the NLO contributions for the
baryon-octet magnetic moments. The 8 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 8; flavor pentaquark
magnetic moments, the convergence of the chiral expansion
is pretty good, for 8, flavor pentaquark states, the penta-
quark magnetic moments are all equal to y. = 0.38u, 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.

This project is supported by the National Natural Science
Foundation of China under Grant No. 11905171. This work
is also supported by the Natural Science Basic Research
Plan in Shaanxi Province of China (Grant No. 2022JQ-
025), Shaanxi Fundamental Science Research Project for
Mathematics and Physics (Grant No. 22JSQ016) and
Young Talent Fund of Xi’an Association for Science and
Technology (Grant No. 959202413087).
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