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Abstract In our former work [arXiv:2011.07214], the
P.;(4459) observed by the LHCb Collaboration can be
explained as a coupled strange hidden-charm E.D*/
E*D/E.D*/E¥D* molecule with I (J¥') = 0(3/27). Here,
we further discuss the two-body strong decay behaviors of the
P.5(4459) in the meson-baryon molecular scenario by input
the former obtained bound solutions. Our results support the
P.5(4459) as the strange hidden-charm 2. D* molecule with
I1(JP) =003 /27). The relative decay ratio between A D}
and J/¥ A is around 10, where the partial decay width for
the A. D7 channel is around 0.6 to 2.0 MeV.

1 Introduction

In 2019, the LHCb Collaboration discovered three nar-
row hidden-charm pentaquarks, namely P.(4312), P.(4440),
and P.(4457), by using the combined data set collected in
Run 1 plus Run 2 [1]. These three P. states locate just
below the £, D™ continuum thresholds, they are very likely
to be ©.D™ hidden-charm molecular pentaquarks. Sev-
eral phenomenological models have been adopted to calcu-
late the mass spectrum of the meson-baryon hidden-charm
molecules, like the QCD sum rule, the meson-exchange
model, the quark delocalization model, and so on (see review
papers [2-7] for more details). In particular, through adopt-
ing the one-boson-exchange model (OBE) and consider-
ing the coupled channel effect, we have demonstrated that
the P.(4312), P.(4440), and P.(4457) are corresponding
to the loosely bound XD state with 1(J ) = 1/2(1/27),
¥.D* state with 1 (JP) = 1/2(1/27), and £.D* state with
I(JP) = 1/2(3/27), respectively [8]. And the coupled-
channel effect plays an important role in generating hidden-
charm molecular pentaquarks.
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The hadronic molecule is an important component of
exotic states. Experimental and theoretical studies on the
hadronic molecules can deepen our understanding of the non-
perturbative behavior of quantum chromodynamics (QCD).
Especially, not only the study of the mass spectrums but
also the predictions of the decay behaviors for the P. states
can help us to test the binding mechanism of pentaquark
states. So far, many groups have discussed the strong decay
behaviors of the P. states in the meson-baryon hadronic
molecular picture. For example, the decay branch fraction
of P. - n.p and P. — J/vyp processes were predicted
by using the heavy quark symmetry [9-15]. The effective
Lagrangian method was adopted to study the partial widths
of all the allowed decay channels for these P, states at the
hadronic level [16]. As we seen, all the results are model
dependent. The coupled channel effect is not well taken into
consideration in the strong decay of the P, states.

Recently, the LHCb Collaboration reported an evidence
of a possible strange hidden-charm pentaquark P,s(4459)
decaying to the J/¢ A channel in the §, — J/YAK™
process [17]. The smallest significance is 3.1 o. Its reso-
nance parameters are M = 4458.8 £+ 2.9“_”1‘:; MeV, I' =
173+ 6.5f§:(7) MeV, respectively. The spin-parity J© of the
P.5(4459) remains undetermined due to the lacking of the
experimental data.

After the observation of the P.;(4459), it was inter-
preted as the E.D* strange hidden-charm molecular pen-
taquark with J® = 1/27(3/27) or the tightly pen-
taquark state with J© = 1/27 [18-21]. In particular, we
can reproduce the mass of the P, (4459) in the coupled
E.D*/ED/E.D*/&*D* system with I (J¥) = 0(3/27)
by adopting the one-boson-exchange model [18]. And the
E.D* and EZD systems are dominant. In fact, the hidden-
charm pentaquarks with strangeness P, were predicted
[22-31], and suggested to search for in the A,(Ep) —
J/¥AK(n) [26,27,32].
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Table 1 Two-body strong decay final states for the P.;(4459) as a E.D* molecule with 1 (J?) = 0(3 /27). Here, the masses for the final states
are in the unite of MeV. The S and D stand for the S—wave and D—wave decay modes, respectively

e A (4100) J/ Y A(4212)
D N

. Dy (4423) E.D(4337)
D D

nA(1662) wA(2007)

D s

K N(1432) K*N(1830)
D s

Ac Dy (4254) A.Di(4398)
D s

B! D(4447) PA(2135)
D s

o (1971) 73(1326)
s D

K =2(1810) K*Z2(2210)
D s

In this work, we will study the two-body strong decay
properties for the P.;(4459) as a strange hidden-charm
molecule. In our calculation, we consider the coupled chan-
nel effect and input the bound state wave functions obtained
in our former work [18]. In fact, Zou et al. already have pre-
dicted the two-body strong decay behaviors of the possible
A states in the single hadronic molecule pictures [33]. The
obtained total widths and decay patterns can be valuable in
identify the molecular assumptions and spin parities of the
strange hidden-charm molecular pentaquarks.

This paper is organized as follows. After the introduction,
we present the two-body strong decay amplitudes for the
P (4459) as a strange hidden-charm E +D* molecule in Sect.
2. The corresponding numerical results for the decay widths
is given in Sect. 3. The paper ends up with a summary.

2 Two-body strong decay

For the decay process P, — f1 + f2, its decay width reads

1 |p|

= |M(Pes — fi f2)|2d97
2
2J +1 327r2mPCS

2.1)

which is expressed in the rest frame of the P, state. mp, , J,
and p stand for the mass and spin of the initial P, state and
the momentum of the final state ( f1, f2), respectively,

2
|m=/@m

As we discussed in Ref. [18], the P.;(4459) can be
explained as the E.D* molecular state with 1(J) =
0(3/27). When the binding energy is taken as —19.28 MeV,
the probabilities for the . D*, E* D, . D*,and E* D* chan-
nels are 38.95%, 34.58%, 6.61%, and 18.86%, respectively.
After introducing the coupled channel effect, the interaction
for the P.;(4459) — fi + f> process can be express as

(fi + fal Pes) = fi+ fo] (18c D) (Ec D* |+|:*D><EZ‘D|
+ E.D*)(E.D*| + |27 D*)(E; D*|) Pe

—(myp + mfz)z) (m%’(-l\ —(my, — mfz)z)/(Zmpm).
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Here, g p«(r), ¥z« 5 (r), Vg p«(r), and ¥z 5. (r) are the

wave functions for the . D*, E¥ D, E..D*, and E¥ D* chan-

nels in the r —coordinate space, respectively. And we define
M(Pes — J1+ /2)

@ \JiE 72 2By,

re”* Ty 5 (N (fi + f2|EED)

(1 + L2l Pes) = — 2.3)

(fi+ 2B DY)
M (E/C’*(k)—i-b(*)(_k) — fi (P)+f2(_P))

@m)32 [2E 1 JIE 5o 2E 1/ 2E7,

2.4)

There are three kinds of two-body strong decay processes,
the hidden-charm modes, the open-charm modes, and the
cc—annihilation modes. In Table 1, we collect the possible
two-body strong decay channels.

Because the D—wave interactions are strongly suppressed
in comparison with the S—wave interactions, in the follow-
ing, we only focus on the J /¢ A, ACD;‘, PA, oA, px, K*N,
and K*E decay channels. Figure 1 shows the corresponding
decay processes. For the isoscalar P, state as the coupled
E.D*/EfD/E,D*/EfD* molecule, we can obtain

1
MP[\»J/TIJA = ﬁ (M Ef-”*”D‘*"—H/WA - MEE_’,AUD(*)()_,J/WA) ’

MP4.S—>A(,[);‘ = % (M

! % —
g0t p- o AF DY

—M 0 -
{0 p=0Af i)

1
Mp~on = 5 (Mt po . pno = Maton o g0
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Fig. 1 Two-body strong decay diagrams for the Pe(4459) as a coupled E.D*/E* D/ E.D*/ &* D* molecule with I (J©) = 0(3/27) in the hadron

level

1
MP(S*)(HA = T/E (M Efw/'*HD(*)’%on - ME&."*)O[)(*)O%(»AO) 5
M 71 M M
Pes—>pZ = Jg( gl pm-_pte- T T EOHm0, p s
_Mai_,'*)+D(*)’~>p020 + Mgg’v*)ob(*)oﬁpo}:[’
+M Ei.’v*HD(*)f‘,prJr - Mgi.’v*m[)(*)ﬂg,pf)?r) ’
1
My oy =5 (MEQ/,*HD(*M,@%
_MEE,‘*)Oﬁ(*)OﬁIZ*On
+M gt pe-grp T MEE"*)“DMD»K*W) ’
1
MP”_>[(*E = 2 ME‘(."*HDH)*ﬁK**E*
7Ms§-"*>“[)<*>0—>1<*+sf
7ME§.,'*HD(*)*—>K*”E + Msi.’v*’°b(*)0_>1<*03> :

Here, we need to mention that the sum of the decay amplitude
for the Eg’*)D(*) — K*N by exchanging the A/ %, is zero
in the isospin conservation case.

The interaction Lagrangians related to the discussed decay
processes are given as [34-37]

iG
Lppy = m(aﬂp (PVy =V P)). (2.5)
G et )
Lyvp = —=e""P (3, V,8,VgP), (2.6)
V2
iG
L = — 3"V (V,V, — V, V), 2.7
12%% 2ﬁ< (VuVo = Vu V) 2.7
Lppp = gp(BiysPB), (2.8)
Lppy = &(By"V,B) + 2f—m (Ba"3,V,B), (2.9)
Lopp = 222 (DM B + BD") 9, P, (2.10)
mp

.8BDV
Lppy = —i

(D“ysy”B + Bysy”D“)

X (3 Vo — 3V, - @2.11)

Here, P, V, B, and D stand for the pseudoscalar and vector
mesons, octet, and decuplet baryons. For example, in the
SU (4) quark model, the pseudoscalar and vector mesons are
expressed as

2 e + + 70
A + 7 + Niv) T K D
n~ S SR B KO D
P = V2 J()E 12 5
_ Y e _
KO K 76 -:m 3S
+ _ 2N
D D D] N
0 _
P wy I/ + k4 *0
R . p K D
- _p L wg Y %0 5
vV = L st 6t K b
K*~ g0 o Sy
D0 D*t D;H' 73\-%;2#

with wg = wcosf+¢sind and sinf = —0.761 [38]. Coupling
constants adopted in the following calculations are estimated
fromthep—7m1—7n, N—N—-n,N—N—p(w), N—A—m,
and N — A — p interactions. For example, when explicitly
expanding the the SU (4) invariant interaction Lagrangians
between baryons and pseudoscalar mesons, one can obtain

Sb—4a . _. 5 o  -. 50
L = ———Gy(niy’n"n— piy°n

BBP o p(niy piy mp
+13iy57r+n + ﬁiysn_p)
V3

3 _ _
+g @t b)Gp(ELiy DOAY — EFiy DT AD)

3 -1 -/
+5la— p)GpELiy DAY — EFiy DT AD)
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_atbg (EFiy’ D’ + 2%y pfE") gup — dvap/m3 Aas ¥
4\/~ pP\~c N c N xizg VPE q).Pla€yss
q _mv
3 _ _/
—Z\/;(a —b)G,p(EFiy’ DY + iy D ET) (2.20)
\/g Mgp_ﬂ/g = igBBP’zM/S
+22a - 20)G (ALY KOEF — Afiy kT ED) I 8BDV 5, v _uov %
8 m my Yoy uy —ytupques,,
3 -4, - Fuip =’
—gaG,,(AjlﬁKoaj —AfiydkTED +.. . (2.21)
(2.12) MZV—>BV — #8DP ”_‘3%“’1L
mp
b R I i
In Refs. [34-36,39-41],b/a = 5.3, gznn = 13.5, gonn = 72 _mlngVVP P22€25 PAa€sp-
3.25, f,oNN = 6.1, 8BDP = 2.127, 8BDV = 16.03, (222)
; .
G = 12.00, and G' = —38— with f, = 0.132 2
(32v2) (x212) J MY _ 8BDV o Seu gy, 8V —qvap/my
GeV. All the coupling constants are determined by compar- bv=Bv 1% ! e m%/

ing the corresponding coefficients in Eq. (2.12). The scatter-
ing amplitudes for all the discussed decay processes can be
expressed as

1

P _ t

Mpp gy = gp”3)’5”1qz_7ngPPV€5 (=p2u +qu)s
P

(2.13)
Mpp_py = {gvﬁw Y “)qvul}
2
8up —dudp/m
XZ—ZVgVVPgmﬂMvGMQa,
—m
q v
(2.14)
M5B = gpitays—— |gves ¥*
BP—>VB — 8p 41/5[] — 8v€3, V" Ul
N R T T AT
—1
P -
Mpy_ gy = 817”31’5”1mgvvwkwﬁm,\damaqm
P

(2.16)
Mgvﬁgv = {gvﬁﬂ/uul + %53()’MV‘} - )’VVM)QVUI}

, SuB —cmqﬁ/m
Vg 1AA% [64 € (P2a — qa)

q* - V
—ezan‘T(pz + pf) + 62(1(6qu0[ +py efT)] ,
2.17)

_ Sv
ME, e = {gvuw“ezu + sy =y "y pauery

4m *

1 .
{géy"‘eglaul

X
4 —mp
o b b el @as)
4m’ 3B
8BDP - r +
Mpp_py = p a3quuy e igppvey (qv — pav),
P
(2.19)
_8BDV .
M%P%BV = uzy (V ’41 -V ”])q,u
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XEVVV [éfTég(Pza — qa)

_52a€4T(P2 + P4) + GZQ(Gqua + pafm-):l
(2.23)
Mgv_ﬂ/g = {gBBVb_lM/aQa
/BBV -
g 2y —yPy ) paers
Il gBpv s T
m my y o’ u] —y“ul)p3ﬂe3v
(2.24)
Here, Mlllz—> fh corresponds to the scattering amplitude

for the i1 +i» — f1 + f2 process by exchanging the hadron
E. The above scattering amplitudes have the form of

co + c1k? + op’+ck-p+ ci (k*, P )
K+ p2 +2k - p + M2 '

For the heavy loosely bound state, the higher order terms like
the ¢; (k4, p4, ...) contribute very small. In our calculations,
we neglect these interactions. According to the relation in Eq.
(2.2), the convergence of the amplitude M (P, — f1 + f2)
only depends on the wave functions of the P, state as shown
in Fig. 2. For simplicity, we set a upper limit integral knfax
on the amplitude M (P, — f1 + f2) according to the wave
function normalization fOkM“X dky (k) = 1.

M ~

3 Numerical results

Before calculating the decay widths, let’s brief introduce the
bound state property of the P.;(4459) as a strange hidden-
charm meson-baryon molecular pentaquark. In Fig. 3,
we present the probabilities for different channels of the
Pe5(4459) asacoupled E. D*/ E¥ D/ E.D* / E D* molecule
with 1(J¥) = 0(3/27). Here, the coupled channel effect
plays an essential role in forming this bound state. And the
E.D* and ED channels are the most important, followed
by the E} D* and E/.D* channels.
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Fig. 2 The radial wave functions for the P;(4459) as a coupled
E.D*/ 8D/ E.D*/&*D* molecule with I(J¥) = 0(3/27) in the
momentum space. It is obtained by performing the Fourier transfor-
mation, i.e., ¥(k) = fd3re’k"1/f(r). Here, its binding energy is
E = —19.28 MeV
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Fig. 3 Probabilities for different channels of the P.;(4459) as a cou-
pled 8.D*/E¥D/E.D*/ E¥ D* molecule with I (J ') = 0(3/27). The
shallow area labels the position of the P (4459) including the experi-
mental uncertainty

With the above preparations, we can further produce the
two-body strong decay widths for the coupled

E.D*/E*D/E.LD*/E¥D* molecule with I (J¥) = 0(3/27).

In Fig. 4, we present the corresponding decay widths for the
P.5(4459). Here, we take the binding energy from —0.75
MeV to —30 MeV. We see that

e The total two-body strong decay width I'iy is from 10
MeV to 25 MeV in the mass range of the P.;(4459).
It is consistent to the experiment data I' = 17.3 £
6.5780 Mev.

e In general, when the hadronic molecular state binds
deeper and deeper, the overlap of the wave functions of
the components becomes larger and larger. The quark

exchange in the hadronic molecular state becomes easier
and easier. As shown in Fig. 4a, with the decreasing of
the mass of the P.s(4459), the total decay width turns
larger.

e For the cc—annihilation decay modes, the K*E and wA
decay modes are the most important among all the dis-
cussed decay channels as shown in Fig. 4b. The partial
widths for these two final states are around several or
more than ten MeV, the corresponding branch fraction
(Tg*z+Twa)/ Tt is around 80%. For the remaining ¢ A
and p X channels, their partial decay widths are around a
few tenths and percents MeV, respectively.

e Compared to the light hadron final states, the hidden-
charm decay widths are much smaller as their nar-
row phase space. Here, the partial decay width for the
P.5(4459) — J /¥ A process is only several percents
MeV.

e For the open-charm decay modes, the partial decay width
for the A.D} channel is in the range of 0.6 MeV to 2.0
MeV. The relative ratios for the R = I'y p+/Ty/pa
is around ten. Thus, the open-charm decay should be
an essential decay mode to search for the P,y state as
a strange hidden-charm molecular pentaquark in our
model.

To summarize, our results of the two-body strong decay
widths  support the P.(4459) as the coupled
E.D*/E¥D/E.LD*/E*D* molecule with I (J¥) = 0(3/27).

4 Summary

In 2019, the LHCb Collaboration reported three narrow
hidden-charm pentaquarks (P, (4312), P.(4440), and P.(4457))
inthe A, — J/¥pK process [1]. They are likely to be the
charmed baryon and anti-charmed meson molecular states.
And the coupled channel effect plays an very important role
in forming a bound state and the strong decay [8,9]. Very
recently, the LHCb Collaboration continued to report an
evidence of the hidden-charm pentauqarks with strangeness
|S| = 1. After adopting the OBE model and considering the
coupled channel effect, we find the newly reported P (4459)
can be regarded as the coupled E.D*/E}D/E.D*/ &} D*
molecule with 7(J*) = 0(3/27). The dominant channels
are the S—wave E,D* and E¥ D channels.

Using the obtained bound wave functions, we study the
two-body strong decay behaviors for the P.;(4459) in the
molecular picture. Our results show that the total decay width
here is well around the experimental value reported by the
LHCb Collaboration [17]. The cc—annihilation decay modes
are very important. In particular, the partial decay widths for
the P.;(4459) — K*E(wA) are over several MeV, their
branch fractions are nearly 80%. The partial decay width for

@ Springer
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Fig. 4 The total (a) and partial (b) decay widths for the P.;(4459) as a
coupled E.D*/ E* D/ EL.D*/ E* D* molecule with 1 (J©) = 0(3/27).
The shallow area labels the position of the P.;(4459) including the
experimental uncertainty

the A.Dj mode is around 1 MeV. The relative ratio for the
R = FAC[)?/ Iy /y a is around 10.

Until now, the inner structure and the spin-parity of the
P (4459) are still mystery, more theoretical and experimen-
tal studies are needed. Although our phenomenological study
is still model dependence, the strong decay information pro-
vided here can be a crucial test of the hadronic molecular
state assignment to the P, state. Experimental search for the
possible hidden-charm molecular pentaquark will be help-
ful to check and develop these adopted phenomenological
models.
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