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The three pentaquark states, P.(4312), P.(4440), and P.(4457), discovered by the LHCb Collaboration

in 2019, can be nicely arranged into a multiplet of D(*)EE*) of seven molecules dictated by heavy quark spin
symmetry. In this work we employ the effective Lagrangian approach to investigate the two decay modes of
P.(4457), P.(4457) — P.(4312)x, and P.(4457) — P.(4312)y, via the triangle mechanism, assuming
that P.(4457) and P,(4312) are D*X, and DX, bound states but the spin of P,(4457) can be either 1/2 or
3/2. Our results show that the spin of P.(4457) can not be discriminated through these two decay modes.
The decay widths of P.(4457) — P.(4312)x and P.(4457) — P.(4312)y are estimated to be of order of
100 keV and 1 keV, respectively. The ratio of the partial decay widths of P_.(4457) — P.(4312)x to
P.(4457) — P.(4312)y is similar to the ratio of D* — Dz to D* — Dy, which could be used to check the
molecular nature of P,.(4457) and P,.(4312) if they can be observed in the future.

DOI: 10.1103/PhysRevD.104.074022

I. INTRODUCTION

The heavy quark spin symmetry (HQSS) dictates that the
strong interaction is independent of the spin of the heavy
quark in the limit of heavy quark masses [1,2], which
provides a natural explanation of the mass difference of
(D,D*) and (B,B*), as well as those of their baryon
counterparts. In the heavy quark mass limit, D and D* as
well as . and X belong to the same spin doublet, which has
wide implications in charm physics [3—5]. Assuming that
Dy (2460) and D;(2317) are D*K and DK molecules, they
can be regarded as a HQSS doublet [6,7]. This molecule
picture not only reconciles the quark model predictions [8]
with the experimental measurements, but also provides a
self-consistent interpretation for the mass splitting of
Dy;(2460) and D?(2317) in terms of that of D and D*.

It is interesting to note that in recent years, similar
multiplets of hadronic molecules seem to emerge in other
systems as well. In 2015, the LHCb Collaboration reported
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the observation of two resonant states, P.(4380) and
P.(4450), in the J/wp invariant mass distribution of the
Ay, = J/wpK decay [9]. In 2019, they updated their
analysis with a data set of almost ten times bigger and
found that the P.(4450) state splits into two states,
P.(4440) and P.(4457), and in addition a new narrow
state P.(4312) [10] emerges just below the DX, threshold.
Their masses and decay widths are

Mp (1312 = 4311.9 £ 0.758 MeV

Tp 4312) = 9.8 £2.7577 MeV,

Mp_ (saa0) = 44403 + 1.373] MeV

Tp_(4440) = 20.6 = 4975, MeV,

Mp 57y = 4457.3 £ 0.61}] MeV

Tp, (a457) = 6.4 +2.0777 MeV. (1)

In our previous work we showed that these states can be
interpreted as D*)Z,. hadronic molecules and predicted the
existence of their HQSS partners in both the effective field
theory (EFT) approach and the one boson exchange (OBE)
model [11,12], where a complete multiplet of seven

D<*>z£*) hadronic molecules dictated by HQSS presents
itself, which has later been corroborated by many studies
[13—17]. Although at present the molecular interpretation
is the most favored one [13-24], there exist other
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explanations, e.g., hadro-charmonium [25], compact pen-
taquark states [26—33], virtual states [34] or double triangle
singularities [35]." See Refs. [38-42] for some latest
reviews. As argued in Ref. [43], the most crucial, but still
missing information to disentangle different interpretations
is their spins.

To pin down the spins of P.(4440) and P.(4457) we
can turn to other systems which are related to the D(*)Z£*>
system via symmetries. In Refs. [43,44], we extended the
DHEY system to the V2 system via heavy antiquark
diquark symmetry (HADS), and predicted the existence of
a complete multiplet of ten triply charmed hadronic
molecules. In particular, we pointed out that the mass
splittings of E..X. spin multiplets are correlated with the
spins of P.(4440) and P.(4457), which, given the fact that
the former can be much easily simulated on the lattice
[45], provides a possibility to determine the spins of the
later in a model independent way. After the observation of
a hidden charm strange pentaquark, P (4459), with a
statistical significance of 3.1¢ by the LHCb Collaboration
[46], using the SU(3)-flavor symmetry we extended the
DHEY system to the DHEY system and predicted the
existence of a multiplet of D(*)Eg*) hadronic molecules
[47]. In addition, we found that the existence of
D™ZE, molecules depends on the spins of P,(4440) and
P.(4457) and the light quark configurations, and we
pointed out that in one scenario the existence of D*)Z,
molecules can be used to determine the spins of P.(4440)
and P.(4457).

In Refs. [18,48], assuming that P.(4312), P.(4440), and
P.(4457) are DX, hadronic molecules, the authors
adopted the effective Lagrangian approach to calculate
the partial decay widths of three pentaquark states to J/yp
via the triangle mechanism. However, the spins of
P.(4440) and P.(4457) cannot be determined. Later, the

weak interaction of A, — DE*)ZC was studied via the W
boson emission and the production rates of three penta-
quark states in the A, decay were calculated, from which
the spins of P.(4440) and P.(4457) cannot be determined
either [22]. Following the same process, assuming that
P_,(4459) is a D*E. bound state with spin either 1/2 or
3/2, we calculated its production rate in the Z; decay, and
we found that the present experimental data cannot fully
determine the P, (4459) spin [49], although the decay
width of a spin-3/2 P, is larger than that of a spin-1/2
one by one order of magnitude with other things
being equal.

'After P.(4380) and P, (4450) were discovered, in Ref. [36],
Guo et al. pointed out that P,(4450) might be caused by the
triangle singularity mechanism because its mass coincides with
the y.;p threshold. Later, Liu et al. discussed more triangle
diagrams which can produce peaks in the energy region where the
pentaquark states were discovered [37].

P(4457)
P(4440)
L Y 145 MeV
128 MeV
P(4312)
FIG. 1. Mass splittings between P.(4457), P.(4440), and

P.(4312).

In this work, we further investigate the spin of P.(4457)
via its decay into P.(4312)x and P.(4312)y. According to
the LHCb measurement [10], the mass splitting between
P.(4440) and P.(4312) is 128 MeV, which is less than the
pion mass as shown in Fig. 1. Therefore, the decay of
P.(4440) — P.(4312)r is forbidden due to phase space.
The mass splitting between P.(4457) and P.(4312) is
145 MeV, accordingly the P.(4457) — P.(4312)x decay is
allowed. Moreover, the radiative decays of P_.(4457) —
P.(4312)y and P.(4440) — P.(4312)y are both allowed.
We note that in Refs. [50-52], assuming that D},(2317)
and Dy,;(2460) are DK and D*K bound states, Amand
Faessler et al. investigated the radiative and pionic
decays of Dy(2317) — Din/y and D,,(2460) — Dixn/y
together with their heavy quark spin partners, B};(5725)
and B,;(5778) through the effective Lagrangian appro-
ach. Subsequently, Xiao ef al. used the same appro-
ach to calculate the decay widths of D (2460) —
D%, (2317)z/y via the triangle diagrams [53]. Based on
the successful description of the strong and electromagnetic
decays of D;(2460) and D}, (2317), the effective
Lagrangian approach is extensively applied to investigate
decays of other exotic states in the molecular picture
[54-58]. In the present work, assuming that P.(4457)

and P.(4312) are DW= hadronic molecules, respec-
tively, we employ the effective Lagrangian approach to
investigate the following two decay modes, P.(4457) —
P.(4312)r and P.(4457) — P.(4312)y, via the triangle
mechanism.

The manuscript is structured as follows. In Sec. II we
present the triangle diagram of the decays of P.(4457) —
P.(4312)z and P.(4457) — P.(4312)y as well as the
relevant effective Lagrangians. In Sec. III we provide the
numerical results for the partial decay widths of
P.(4457) - P.(4312)x and P.(4457) — P.(4312)y and
discuss their dependence on the cutoff of the regulator.
Finally a brief summary is given in Sec. IV.
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FIG. 2. Triangle diagram of pionic and radiative decay of P.(4457) to P.(4312) with the spin of P.(4457) being either 1/2 or 3/2.

II. THEORETICAL FORMALISM

First we explain how to construct the triangle diagram to
study the decay of P.(4457) — P.(4312)z. Assuming
P.(4457) and P.(4312) as D*E,. and DX, bound states,
the triangle mechanism for the P.(4457) — P.(4312)x
decay is shown in Fig. 2, where the D* meson first decays
into D and r, then the D and ¥, interaction dynamically
generates P.(4312). We note that the spin of P.(4457) is
not yet known experimentally. In the molecular picture, its
spin can be either 1/2 or 3/2 as an S-wave D*X,. bound
|

state. Therefore, one purpose of the present work is to
check whether the pionic and radiative decay modes of
P.(4457) can help us fix its spin.

Next we explain how to calculate the triangle diagram of
P.(4457) — P.(4312)x in the effective Lagrangian app-
roach. The interactions between P,(4312), P,(4457)7,
and PC(4457)%_, (denoted by P, P, and P.) and
their components can be described by the following
Lagrangians [18,59],

Lp_ ps, = —igp_ bz, Pe1(x) / dyD(x 4+ s, y)Z.(x + wpy)D(y?),

‘CPL.ZD*Z[ = 9gp,ps. P2 (x) / dy}’”)’sl_); (x + wzt_y)Zc (x + @py)®(y?),

Lp bz, = 9p,prs, Pi3(%) / dyDj;(x + @5, y)Z.(x + 0p-y)P()?), ()
= i A = "p() n- dz k
where @y, iz, Higr) and wpe " are the kin Zp =1- PL.( 0) —o. 4)
ematic parameters with my and mp. the masses of dfo Ho=mp,

involved particles, and gp_ps , 9p,ps,» and gp p-y are
the couplings between the DX, molecules and their
corresponding components. The correlation function ®(y?)
is introduced to reflect the distribution of the two compo-
nents in a molecule, which also renders the Feynman
diagrams ultraviolet finite. Here we choose the Fourier
transformation of the correlation function in form of a
Gaussian function

o() = Bxp(~2E). 5

where A is a size parameter, and Pg is the Euclidean
momentum. The couplings of gp_ps » 9p b5, > and gp_ p+s,
can be estimated by reproducing the binding energies of the
pentaquark states via the compositeness condition [60—62].
The condition indicates that the coupling constant can be
determined from the fact that the renormalization constant
of the wave function of a composite particle should be zero.
For a spin-1/2 DX, bound state, the compositeness
condition is,

where Xp (ko) is the self-energy of the composite particle
with spin-1/2, as illustrated in Fig 3. For a spin-3/2 D*Z,
bound state, the self energy can be divided into a transverse
part and a longitudinal part, i.e.,

Kk
= V3T (ko) + Z—%OzL

(ko)- (5)

EC(kl)

P (ko) /\ Pe(ko)

[)(*)(kQ)

FIG. 3. Mass operators of P,(4312) and P.(4457) as DX, and
D*X, bound states.
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The compositeness condition for a spin-3/2 composite
particle can be estimated from its transverse part

dst (k
zpczl—M =0.

dk() %:mpc <6)

With Egs. (4) and (6), the P.(4312) and P,.(4457) coup-
lings to their components can be determined. With the
size parameter A = 1 GeV, the corresponding couplings
|

are determined as gp py = 2.294, gp pz, = 1.069,
gp bz, = 1.851, consistent with Refs. [13,19,22].
The Lagrangian describing the D* decay into D and 7 is
given by
Lppr = —igpp z(DzD}; — Di*zDY)  (7)
where the coupling gpp-, is determined as gpp+, = 16.1 by
reproducing the decay width of D** — D*z% [63].

Utilizing all the relevant Lagrangians, the amplitude of
P.(4457) — P.(4312)z of Fig. 2 can be written as

iMl/Z = 9p,bx . 9pP,D"s.9DD*x / (

iM3/2 = gPL,DECgPLGD*ZL.gDD*n/(

where M, , and Msj,, represent the amplitudes of
P.(4457) — P.(4312)x for the cases of the P,.(4457) spin
being either 3/2 or 1/2, p,, ki, ko, and g denote the
momenta of 7, X, D*, and D, and up,, up_, and iip  are
the initial and final spinors, respectively. In addition, to
eliminate the ultraviolet divergence of the above ampli-
tudes, we supplement the relevant vertices of exchanging a
D meson with the following monopolar form factor F(g?)

mzA%—m2
A2_q2 A%_QZ ’

F(q*) = (8)

which also reflects the internal structure of hadrons, similar
to the OBE model [64]. Since there are two different types
of vertices involving D in Fig. 2, we use different cutoff
values, i.e., A and A, for each type of vertices. Following
Ref. [65], we assume that A and A; are related and we
study the following two scenarios to estimate the induced
uncertainty, i.e., Ay = 0.9A and A = L.1A.

k/j
o 1 1 7+
9 F
27) Up,, i —ms q —mz- P2a K- 7/}7’5%2 (@),
Q) ’lkﬂ
dq 1 1 —g7 + 2D2
27)°* Up, ¥y —ms, % —m?, P2a 23— md, 5 F (%),
|
The radiative decay of P.(4457)[P.(4440)] —

P.(4312) +y can also be investigated in the effective
Lagrangian approach via the triangle mechanism shown
in Fig. 2. In comparison with the P.(4457) — P.(4312)x
decay, the vertex D* — Dr in Fig. 2 is replaced with
D* — Dy. The interaction between charmed mesons and
the photon is described by the following Lagrangian

9ppy

ee’”’“ﬂF DD = egpp 8’“’"”38”AD8QD;,

©)

[’DD*;/ =

where F,, = 9,A, —0,A, and D;ﬁ = 0,Dj
the fine structure constant § 2 —
determined as 0.469 GeV
width of D** — DTy [63].

The amplitudes of the triangle diagrams in Fig. 2 can be
written as

— 0yDy,, and
137 The couphng 9Ippy 1
by reproducing the decay

kek!

M [ iyt PR A
i =e . . 7} e € R u ,
1/2 9p,.,Dx.9P.,D*s,.9DD*y (2”)4 Pel kl —my, qz_m% uvoal2 P2)K; k%— D* }/ﬁYS rat'\q

1/3
M [ Gt g (p2)ks —g F(g?).
i =¢ 7 7% B u o
32 = €9PaD2. 9P D 90Dy [ g tpa ms. ¢ —m} EpoaPe" (P2)KS 32—, Upapt\q

where M, , and M3, are for the initial state having spin
1/2 and 3/2, respectively, p, ki, k,, and g denote the
momentum of photon, X., D*, and D, respectively, and

|
up,,,up,,,and ip  represent the initial and final spinors. In
the mechanism shown in Fig. 2, the radiative decay of
P.(4457) — P.(4312) + y occurs via its component D*.
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PCQ/CS

P,(4312
5 e(4312)

FIG. 4. Contact diagram of the radiative decay of P.(4457) to
P.(4312) with the spin of P.(4457) being either 1/2 or 3/2.

For the description of radiative decays, gauge invariance
is important. If the spins of the initial and final states are
both 1/2, the electromagnetic current can be written as

PP
pz)u<ko>, (10)

(@(p) | u(ko)) =a<p1>(gw+gzpl

where J# should satisfy the identity relationship p,,J* = 0.
The loop integral of M/, can be parametrized as

_ i i DY
M, <p2>u<p1>(gT 2y 4. glt/2 P ) (ky).
P1- P2

(11)

If Tr11/2 Tril/2

is not equal to g, '~, we have to add the contact

term shown in Fig. 4 to satisfy gauge invariance. Our

numerical results show that g]"/? is equal to go"'/?. Thus

the contact term is not necessary in our study
If the spin of the initial state is 3/2 and that of the final
state is 1/2, the electromagnetic current can be written as

160 T T T T

S

(=]
T
1

A=L 1A

,_.

1)

(=]
T
1

—

o

(=]
T
1

A,=0.9A

f=2

(=}
T
1

I (P, (4457) V¥ P, (4312) ) (keV)
5 S
T T
1 1

[\
(=]
T
1

NO

2.2 2.3 2.4 2.5 2.6
A (GeV)

(a)

FIG. 5.

— 129" )u, (ko)
(12)

(a(pr) | u, (ko)) = a(p1)(g1r" s

where the tensor current should satisfy the relationship
Pauko,J* = 0. The amplitude of M3/, can be written as

5" 29" Ju, (ko).
(13)

M = e, (p2)a(p1) (g1 v pl

The term g "/* is found equal to g

gauge invariance is satisfied.

With the amplitudes of pionic and radiative decays of
P.(4457) to P.(4312) determined, one can obtain the
corresponding partial decay widths as

T13/2 \which implies that

1

Ipl
T 2]+ 18z |M| (14)

where J is the total angular momentum of the initial state
P.(4457), the overline indicates the sum over the polari-
zation vectors of final states, and |p| is the momentum of
either final state in the rest frame of P.(4457).

III. NUMERICAL RESULTS AND DISCUSSIONS

Before presenting the numerical results for the pionic
and radiative partial decay widths, we discuss the cutoff
dependence of our results. As explained above, we have
introduced a monopolar form factor for the meson
exchange vertices. The cutoff reflects the fact that hadrons
are not pointlike particles and its value is not known
a priori. In the OBE model the cutoff can be fixed by
reproducing the binding energies of some molecular
candidates. In our previous works [12,15,64], based on

160 T T T T

'S

o
T
1

A=L 1A

—_

oo

(=]
T
1

—_

1=

(=]
T

A,=0.9A

=3}

(=}
T
1

I (P, (4457) %% 5P, (4312) m) (keV)
5 &
T T
1 1

[
L=
T
1

2.2 2.3 2.4 2.5 2.6
A (GeV)

(b)

E\-,O

Decay widths of P,.(4457)"/> — P.(4312)x (a) and P,(4457)%? — P.(4312)z (b) as a function of the cutoff.
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1.10 T T T T

j=}

(521
T
1

I'(Py—P,m) /T (P,—P 1)
8
T

A=0.9A |
|————
AFL 1A
0.95 | b
0. 90 1 1 1 1
| 2.2 2.3 2.4 25 2.6
A (GeV)

FIG. 6. Ratio of the partial decay widths of P.(4457)%/% —
P.(4312)rto P.(4457)"/? - P(4312)x as a function of the cutoff.

the molecular picture where the deuteron, X(3872), and
P.(4312) are nucleon-nucleon, DD*, and DX, bound
states, we fixed the corresponding cutoff of the OBE
model as 0.86, 1.01, and 1.12 GeV, respectively,
which can also be described by an empirical formula
A =mg + algep [66], where mp is the most massive
particle of all allowed exchange particles, Agcp ~
200-300 MeV is the scale parameter of quantum chromo-
dynamics (QCD), and «a is a dimensionless parameter. In
general, o is taken to be unity, and the corresponding
formulais A = mg + Aqcp. If we apply this formula to the
present work, the cutoff is estimated to A = 2.1 GeV. In
the following, to study the dependence of the results on the
cutoff, we vary the cutoff from 2.1 to 2.6 GeV.

In Fig. 5 we show the decay width of P.(4457) —
P.(4312)x as a function of the cutoff, where Fig. 1(a) is for
spin-1/2, and Fig. 1(b) for spin-3/2. As the cutoff varies
from 2.1 to 2.6 GeV, the decay width of P.(4457)7 —

T T T T

2or A=LIA i

A,=0.9A

0.8k i

(P, (4457) 12 5P (4312) y) (keV)

0.4 T

A (GeV)

(a)

1.10 T T T T

r (PCB_)Pcly) /r (PCZ_)PCIY)

1.00 F A1:0. 9A -
==
A=L 1A
0.95 F T
0.90 1 1 1 1
2.1 2.2 2.3 2.4 2.5 2.6
A (GeV)
FIG. 8. Ratio of the decay width of P_(4457)3/2 — P.(4312)y

to P,(4457)'/? — P.(4312)y as a function of the cutoff.

P.(4312)z changes from 91.7 keV to 142.2 keV with
A; =1.1IA and from 18.8 keV to 123.2 keV with
A; =09A, while the decay width of P.(4457)F —
P.(4312)7 changes from 90.9 keV to 139.8 keV with A| =
1.1A and from 18.7 keV to 121.5 keV with A; = 0.9A. The
decay widths of P.(4457) — P.(4312)x for spin 1/2 and
3/2 are close to each other, with the latter a bit larger, which
can be explicitly seen from the ratio of the decay width of a
spin-3/2 P.(4457) to that of a spin-1/2 P.(4457) shown in
Fig. 6. Our results show that the spin of P.(4457) cannot be
discriminated from the P.(4457) — P.(4312)x decay. The
decay width of P.(4457) — P.(4312)x is predicted to be
of order of 100 keV in the molecular picture. In comparison
with the total decay width of P.(4457), the branching ratio
of P.(4457) — P.(4312)x is 1.5%. With more data accu-
mulated, the LHCb Collaboration should be able to observe
the decay of P.(4457) — P.(4312)x.

zor AFL 1A 1

A=0.9A

L2 f ; .

0.8F i

(P, (4457) % 5P _(4312) y) (keV)

0.4 .

0.0 1 1 1 1
2.1 2.2 2.3 2.4 2.5 2.6

A (GeV)

(b)

FIG. 7. Decay width of P,(4457)!/> = P.(4312)y (a) and P, (4457)%/% — P.(4312)y (b) as a function of the cutoff.
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0. 020 T T T T
0.018 | b

0.016 F A=1. 1A .

A,=0. 9A
0.014 | 1

I (P,—P,7) /T (PP m)
\
\
\
|
|
\

0.012 | b

0.010 L L .
2.1 2.2 2.3 2.4 2.5 2.6

0. 020 T T T T
2 oo8F .
N
Tb‘)
& 0.06 FA=L 1A .
= L —_—
~
= A=0.9A
T oouf -
o3
—

0.012 | .

0.010 1 1 1 1

2.1 2.2 2.3 2.4 2.5 2.6

A (GeV)

(b)

FIG. 9. Ratio of the radiative decay width and the pionic decay width of P.(4457) with spin 1/2(a) and 3/2(b) as a function of the

cutoff.

For the radiative decay, both P.(4457) and P.(4440) can
decay into P.(4312). The spin of P.(4440) can be either
1/2 or 3/2 as a D*X, bound state, thus yielding similar
results as the P.(4457) for the radiative decay, except for
the small difference originating from the slightly differ-
ent phase space. Therefore, we refrain from explicitly
presenting the numerical results of P.(4440) -
P.(4312)y. The partial decay width of P.(4457) —
P.(4312)y as a function of the cutoff is shown in Fig. 7,
where the left and right figures are for the spin-1/2 and
spin-3/2 assignments for the initial state P.(4457), respec-
tively. One can see that the decay widths are close to each
other. In Fig. 8 the ratio of the partial decay width of
P.(4457)%% - P.(4312)y to P.(4457)"/2 - P.(4312)y is
presented, which shows that the partial decay width for
spin-3/2 is a bit larger than that for spin 1/2. Similar to the
pionic decay mode, the radiative decay mode cannot be
employed to distinguish the two spin assignments for
P.(4457). As the cutoff varies from 2.1 to 2.6 GeV, the
decay width of P,(4457): — P.(4312)y changes from
1.4 keV to 2.2 keV with A; = 1.1A and from 0.3 keV to
1.9 keV with A; =0.9A, while the decay width of
P, (4457)%7 — P.(4312)y changes from 1.4 keV to
2.2 keV with A; = 1.1A and from 0.3 keV to 1.9 keV
with A; = 0.9A. Compared with the total decay width of
P.(4457), the corresponding branching ratio is about
0.02%.

If the spin of P.(4457) is 1/2, the radiative decay
P.(4457) — P.(4312)y can be parameterized by two
terms, electric-charge(E0) and magnetic dipole(M 1), while
only the M1 term contributes to its radiative decay width. If
the spin of P.(4457) is 3/2, the radiative decay
P.(4457) — P.(4312)y is parameterized by three terms,
magnetic dipole(M1), electric quadrupole(E2), and electric
charge quadrupole(C1), while only the M1 and E2 terms
contribute to the radiative decay width. According to

Refs. [67-70], the E2 contribution relative to that of M1
for a general baryon transition B(3/2) — B(1/2)y is of the
order of 1%. Therefore, we can safely neglect the E2
contribution to the radiative decay of P.(4457) —
P (4312)y.2

Finally, the ratio of the partial decay width of
P.(4457) - P.(4312)y to P.(4457) - P.(4312)x is
given in Fig. 9, where the left and right figures are for
spin-1/2 and spin-3/2 assignments, respectively. The ratio
is about 1.5% in the two cases, in agreement with the ratio
of the decay width of D* — Dy to D* — Dx [63],

Br(P,(4457) — P.(4312)y)
Br(P,(4457) — P.(4312)x)

Br(D* — Dy)

~ ~1.6%,
Br(D* — Dr) ’

(15)

which illustrates that the radiative and pionic decays of
charmed mesons may play an important role in describing
the radiative and pionic decays of P.(4457). In other
words, P.(4457) and P.(4312) contain large molecular
components, which reminds us of the fact that the mass
splitting of D?,(2317) and Dy;(2460) can be easily under-
stood in the DK and D*K molecular picture. Therefore, if
the ratio of P.(4457) — P.(4312)y to P.(4457) —
P.(4312)x is observed in future experiments, it will help
us to either confirm or repute the molecular nature of
P.(4457) and P_.(4312).

IV. SUMMARY
In this work, assuming P.(4457) and P.(4312) as

D(*)Z(C*) hadronic molecules, we employ the effective

’In Ref. [71], the suppression of the E2 term for the
P.(4457) — P.(4312)y decay is estimated to be [(mp_ (4457)—

Mp_4312))/Mp, 4457)]* = 0.1%.
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Lagrangian approach to investigate the decays of
P.(4457) — P.(4312)z and P.(4457) - P.(4312)y via
the triangle mechanism. With the assignment for the spin of
P.(4457) as either 1/2 and 3/2 we found the decay width
of P.(4457) — P.(4312)x is at the order of 100 keV, and
the decay width of P.(4457) — P.(4312)y is at the order
of 1.5 keV. In comparison with the total decay width of
P.(4457), we obtained the branching ratios of P.(4457) —
P.(4312)z and P.(4457) - P.(4312)y, i.e., 1.5% and
0.02%, respectively. With a larger statistics, it is likely
that the LHCb Collaboration could observe the
P.(4457) — P.(4312)r decay. The ratio of P.(4457) —
P.(4312)y to P.(4457) — P.(4312)x is 1.5%, consistent
with the ratio of D* — Dy to D* — Dx, which can be
easily understood in the molecular picture where P.(4457)
and P.(4312) are D*T, and DX, molecules, respectively.
In addition we found that the spin of P.(4457) can not be
discriminated through these two decay modes, P.(4457) —
P.(4312)x and P.(4457) — P.(4312)y.

One should note that Voloshin argued that if the D*X,
bound state has spin 3/2, it can not decay into #.p in
S-wave. On the other hand, if it has spin 1/2, the branching
ratio T[P.(J = 1/2) = n.p|/T[P.(J = 1/2) = J/wp] is

3/25 in the limit of heavy quark masses. As a result, the
observation of the decay mode to #.p will be helpful to
determine the spins of P.(4440) and P.(4457) [72].
Utilizing heavy quark spin symmetry and kinematic effects,
Sakai et al. also argued that the 7, p channel can shed light
on the spin of the D*X, bound state [19]. In Ref. [73], Du
et al. used an effective field theory which takes into account
inelastic D*A, and 7, p channels to fit the LHCb data, and
they argued that the spins of P.(4440) and P.(4457) can be
determined by studying the line shapes of DE‘,(C*) and#n,.p.In
addition, in a number of works [48,74-76], it was argued
that the decays of the D*)X. molecules into 7, p and DA,
could help discriminate the spins of P.(4440) and
P.(4457) and check the molecular nature of these penta-
quark states.
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