PHYSICAL REVIEW D 100, 074007 (2019)
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We investigate the consequences of heavy quark spin symmetry (HQSS) on hidden-charm pentaquark
P, states. As has been proposed before, assuming the P,(4440) and the P.(4457) as S-wave D*Z,
molecules, seven hadronic molecular states composed of DZC, DZ:T, D*ZC, and D*Zﬁ can be obtained,
with the DX, molecule corresponding to the P.(4312). These seven states can decay into J/wN and
n.N, and we use HQSS to predict ratios of partial widths of the S-wave decays. For the decays into
J/wN, it is found that among all six P,. molecules with spin 1/2 or 3/2, at least four states decay much
more easily into the J/wN than the P,(4312), and two of them couple dominantly to the D*X;. While
no significant peak around the D*X} threshold is found in the J/yp distribution, these higher P, states
either are produced with lower rates or some special production mechanism for the observed P, states
might play an important role, such as an intricate interplay between the production of pentaquarks and

triangle singularities.
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I. INTRODUCTION

Following the first observation of two hidden-charm
pentaquark candidates, the P, states named P.(4380) and
P.(4450), in the J/yp invariant mass distribution of the
decay A, — J/wK~p [1], the LHCb Collaboration
reported three narrow peaks P.(4312), P.(4440), and
P.(4457) in Ref. [2] with the full run I and run II datasets.
The P.(4312) peak is new (it seems to stick out in the
background in a single bin in the coarser binning in
Ref. [1]), and the P.(4450) structure is split into two finer
narrow peaks, P.(4440) and P.(4457). Because these
peaks are close to the DX, and D*X. thresholds, the
interpretation of them as D)X, hadronic molecules is a
natural idea. A hadronic molecule is a bound state of two
color-singlet hadrons. Analogous to the deuteron and other
nuclei as proton-neutron bound states, hadronic molecules
are expected to provide rich structure in the hadron
spectrum (for a review of hadronic molecules, we refer
to Ref. [3]). One famous example of hadronic molecular
candidates in the light baryon sector is the A(1405), which
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is well described as an S-wave KN bound state [4—7] (see
Refs. [8,9] for review articles). Hadronic molecular penta-
quarks with a hidden charm were expected to exist [10—18]
prior to the LHCb discovery. The new observation of the
three peaks in the J/y p channel [2] has been particularly
encouraging in studies in this field [19-47] (see also
Refs. [3,48-55] for reviews of the earlier literature).

For the study of hadronic systems containing heavy
quarks, heavy quark spin symmetry (HQSS), which emerges
because of the decoupling of the heavy quark spin in the limit
of an infinitely large quark mass in the Lagrangian of
quantum chromodynamics (QCD) [56-58], is an essential
tool for making predictions. Different scenarios of the exotic
hadrons are expected to lead to HQSS predictions that can be
used to distinguish them [59]. Particularly in the P, mass
region, there exist DX, DX, and D* X, thresholds. Since the
(D,D*) and (Z.,X) pairs can be settled into HQSS
doublets, respectively, it is natural to investigate the
D<*)2£*) systems together by using HQSS. The pioneering
work using HQSS to predict hidden-charm pentaquarks is
Ref. [16] before the P, discovery, which was extended to the
hidden-charm strange sector recently [60]. After the
P.(4450) discovery, HQSS was used in Ref. [61] to predict

D(*)Z(c*) molecules, and the results were updated after the
new LHCDb observation in Ref. [21]. In Ref. [61], the
nonrelativistic contact term Lagrangian for the S-wave
D<*>2£*) interaction respecting HQSS is constructed, which
was used in Ref. [21] to predict a whole set of seven states
related to each another via HQSS. The states are generated in

Published by the American Physical Society
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an S-wave by the following channels: DZX.(1/27),
Dx:(3/27), D*E.(1/27,3/27), and D*¥:(1/27,3/27,
5/27). The predictions were made by fixing the only two
parameters to reproduce the masses of the P.(4440) and
P.(4457) as JP = 1/27 and 3/2~ D*X, molecular states.
The results obtained in Ref. [20] using a different formalism
are similar, and the reference also finds good agreement
between their results and measured values for the widths of
observed P, peaks.

On the one hand, in the updated LHCb measurements
[2], the P.(4312) is discovered with a significance of
7.30, and the most visible structure, at around 4.45 GeV,
is resolved into two narrow peaks, P.(4440) and
P.(4457), with a significance of 5.4¢, while there are
no other peaking structures that can be unambiguously
distinguished from statistical fluctuations. On the other
hand, in the hadronic molecular picture, seven states are
expected to exist, with six of them being able to decay
into the J/wN in an S-wave. Therefore, one important
question to be answered in the hadronic molecular model
is why only three P, states were observed. To answer this
question, the decays of the P, states into the J/wp are an
essential ingredient.

In Ref. [19], the decays of the observed three P, states
into J/wp through the D(*)Zg*)D(” triangle loops are
considered, and the obtained partial widths are of the
order of a few to 10 MeV. Since the total widths of the
P.(4312), P.(4440), and P.(4457) are 9.872%, 20.61]%9,
and 6.4“_“26.? MeV, respectively,] the results in Ref. [19]
would mean that the branching fractions of the J/yN
mode are much larger than the model-dependent upper
limit set by the GlueX experiment [43].2 One notices,
however, that the partial widths obtained in Ref. [19]
depend on unknown couplings (for the J/wDD, the
2.DN, and their HQSS related vertices) and are sensitive
to the cutoff value introduced to regularize the ultraviolet
divergent triangle loop integrals. The decays of the 1/2~
P, states as DX hadronic molecules into J/wN, n.N
and D" A, were very recently discussed in Ref. [65] by
considering HQSS.

In this paper, we investigate the decays of all six P,
hadronic molecules with J¥ =1/2~ or 3/2~ into J/yN
and n.N with a formulation respecting HQSS, and we
predict ratios of the partial widths, which are free of
unknown coupling constants. The paper is organized as
follows. The amplitudes are worked out in Sec. I with
details given in the Appendix. Numerical results and related
discussions are presented in Sec. III. Section IV is a brief
summary.

'The statistical and systematic uncertainties in Ref. [2] are
added in quadrature here.

The results in Refs. [62—64] indicate that the dominant decay
modes of the P, states should be D™ A, instead of J/wN.

II. FORMALISM

In this section, we describe the P, states as hadronic
molecules which are dynamically generated from the

D(*)Zﬂ*) S-wave short-range interactions respecting

HQSS. The transition amplitudes for D(*)EE*) into J/wN
and 5N will also be constructed.

A. Short-range D)X interactions

To describe the D(*>Z§*> molecular P, states, we start
with the interaction respecting HQSS. Here, following
Refs. [21,61], we consider the short-range coupled-channel
interactions’ which can be parametrized in terms of contact
terms. As a consequence of HQSS, for each total isospin
(here, I = 1/2), all possible S-wave short-range D(*)EE*)
interactions at leading order (LO) of the nonrelativistic
expansion depend on only two parameters. The LO
potentials for the system with total spin J can be easily
worked out by using either the 9;j symbol as in
Refs. [16,20] or by constructing the LO effective
Lagrangian as in Refs. [21,61], and the details can be
found in the Appendix. They are given by

vxx() = CaCxx) + Cbcg(,x’(J)

<x<'> = DX., DX, DY, D3 ) =

| W

)

where C, and C, are energy-independent constants, and
cxx(s) and ¢y x(7) are coefficients which depend on the

13
2°2°

channels of the initial and final states as tabulated in Table I.
As one can see, the diagonal potentials depend on both C,,
and C,, while the channel coupling is controlled by the
parameter C,,.

The T-matrix of the D(*)Z@ scattering, ¢, is obtained
by resumming the s-channel bubbles with the coupled-
channel Lippmann-Schwinger equation, which satisfies
unitarity,

t=1[1-vG] ", (2)

where v in Eq. (1) is used as the interaction kernel,* and G
is a diagonal matrix given by the nonrelativistic meson-
baryon loop functions. Using a Gaussian form factor
f(g/A) = e~7'/N to regularize the ultraviolet divergence
as in Refs. [21,61], the loop function Gy (W) in channel X
as a function of the total energy, W, in the meson-baryon
c.m. frame is given by

3Channel couplings are not considered in Refs. [21,61].
There is a factor from the nonrelativistic normalization of the
heavy meson fields; see the Appendix.
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TABLE 1. The contact terms for the coupled-channel pHx
interactions for J = 1/2 (top panel), J = 3/2 (middle panel), and
J =5/2 (bottom panel).

J=1 Dx, D*x, D*xr
DX, C, % C, —\/gc,,
D'z, e C,-%c, -42¢,
Drs; ~\/3C ~L¢, C, -3¢,
J=3 DX DT, D*X:
IR 1
Dx; Ca 7§Cb \/écb
Dz, +=C, C,+2C, -¢,
B> Jic -4, c.-2G,
J=3 pes:
Dk C,+ G
2My d*q o2 /N
GX(W) = 4 M / 3 2 P
mxMx | (2z)°W —my—Mx—q*/(2ux) +ie
(3)

where my and My denote the meson and baryon masses in
that channel, respectively, and uy = myMy/(my + My) is
the meson-baryon reduced mass. In this work, we take

isospin averaged hadron masses, and the D) and ZE.*>
widths are ignored.5 Two values of the Gaussian cutoff A,
0.7 and 1 GeV, will be taken in order to check the
uncertainty of the results. The values are chosen such that
they are larger than the binding momenta in all of the
involved channels (much larger than that in the dominant
one) and still much smaller than the charmed hadron
masses so that no significant HQSS breaking will be
introduced by A. The T-matrix in Eq. (2) has poles, and
the real parts correspond to the masses of the hadronic
molecules generated from the interactions.

In Eq. (1), there are two constants, C, and C,, that
should be determined. We fix these two parameters so as to
reproduce the observed peak positions of the P.(4440) and
the P.(4457). Following Ref. [21], we consider two cases
for the spin assignment of P.(4440) and P.(4457) as D*X.
molecular states:

case 1: P.(4440) and P.(4457) have J = 1/2 and 3/2,

respectively;

The widths of the X7 states are around 15 MeV [66], similar to
the measured widths of the P, states. The decays of the X*D*)
molecules through the decays of the X7 into A, 7 might contribute
an important portion of the total widths of these states.

TABLEII. Parameters C, and C,, fixed in case 1 (top panel) and
case 2 (bottom panel) with A = 0.7 and 1 GeV.

A (GeV) C, (GeV7?) C, (GeV7?)
0.7 -33.0 6.6

1 -20.0 29

A (GeV) C, (GeV7?) C, (GeV7?)
0.7 -37.2 -5.8

1 -21.9 -2.6

case 2: P.(4440) and P.(4457) have J = 3/2 and 1/2,
respectively.

The parameters C, and C,, in these two cases are given in
the left and right panels of Table II, respectively. In both
cases, the magnitude of C), is much smaller than that of C,,
in order to produce poles at 4440 and 4457 MeV in the
D*X, channel. From Table I, this means that the channel
coupling is rather weak, and all diagonal interactions have
similar strengths so that one expects to have seven D(*>Z£*)
hadronic molecules.

By choosing appropriate Riemann sheets, we find
resonance and bound-state poles. As in Refs. [20,21], seven
states of DX.(J=1/2), DX:(J=3/2), D*L.(J=1/2,3/2),
and D*X%(J = 1/2,3/2,5/2) are obtained as a consequence
of HQSS. These seven states are denoted by P,; (i = 1-7),
and their pole positions for case 1 and case 2 are listed in
Tables III and IV, respectively. For each of these states, its
effective coupling constants to the meson-baryon channels
can be obtained from the residues of the corresponding pole
of the T-matrix elements—namely,

géffgéff = ng (W— Wpole)tij (W). (4)

pole

The so-obtained effective coupling constants are given in
Tables Vand VI for case 1, and in Tables VII and VIII for case
2. As expected from |C,,| > |C,|, each pole couples domi-
nantly to a single channel. The binding energies defined as
the difference between the threshold of the dominant channel
and the real part of the pole are also listed in Tables IIT and T'V.
For each spin J, the lowest state is a bound-state pole, while
the higher ones are resonance poles (P 3 .4 .5.c6) With a small
imaginary part, which is again due to the smallness of C,,
which appears in the off-diagonal part of the interaction
kernel. The absolute value of the imaginary part can be
identified as half of the partial width of the decays of that state
into the channels with lower thresholds.

It is important to understand the robustness of the
predictions against the breaking of HQSS. Possible uncer-
tainties of the predicted pole positions from the higher-
order correction of the 1/m, expansion, where m, denotes
the heavy quark mass, are conservatively estimated by
changing the low-energy constants, C, and C,, by an

074007-3
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TABLE IIL

Poles in units of MeV in case 1. The channel which has the largest coupling is given in the second column. The binding

energies with respect to that channel are shown in parentheses in the last two columns. The uncertainties of the P, 567 poles are
evaluated by changing the parameters C, and C;, by 25%. The poles marked with “(V)” move into a wrong Riemann sheet that is not
directly connected to the physical region by crossing the cut at the energy of the real part. The poles P, and P_; are used as input to fix
the parameters and thus do not have such an uncertainty.

Dominant channel

A =0.7 GeV

A =1 GeV

P DE. (J =1/2) 43111185, (9.7+13%)

Pea Dx; (J =3/2) 4374.9190, (10.5444?)

P DT, (J=1/2) 4440.3 — i1.0 (21.8)

P D*X. (J =3/2) 4457.3 - i0.5 (4.8)

P, D*z: (J =1/2) 4501.0518¢ +i(=0.9) 103 (25.7112%)
P D*z: (J =3/2) 451315192 +i(-1.9)/ (13.6559)
P D*Z’C‘ J=5/2) 4523. 9( e Q. 8+I)IA6)

4311.878%%, (8.974%%)
4375.53:7, (9.972%%)

44403 — i1.2 (21.8)

44573 - i0.5 (4.8)
4500.61293 + i(=1.1)107 (26.02373)
451291124 + i(-2.2)41¢ (13.82199)

\4
452381, 5 (2971

TABLE IV. Poles in units of MeV in case 2. The channel which has the largest coupling is given in the second column. The binding
energies with respect to that channel are shown in parentheses in the last two columns. The errors are the same as those in Table III.

Dominant channel

A =0.7 GeV

A=1GeV

P, DX. (J =1/2) 4305.91/07 (14.87/%1)

Pey DX (J =3/2) 4369.87112 (15.5713)

Py DT, (J =1/2) 4457.3 — i0.5 (4.8)

Py DT, (J =3/2) 4440.3 — i0.2 (21.8)

Ps D*Ef J=1/2) 4523, 3_151 + l( —0. 2)+02 3. 3+15 1)
P D'¥i (J =3/2) 45181, 5 +i(=1.2) 595 8.65/%)
P D*Zi (J =5/2) 4501.61357 (25.0170)

4306.87177 (13.97323)
4370.57137 (14.977%3)
4457.3 — i0.6 (4.8)
4440.3 —i0.2 (21.8)

452325 5 +i(-0.3)7%3 @. 507
451795, +i(—1.4)117 (8.8:22)
4501.31399 (25.31383)

TABLE V. Coupling constants in case 1 with A = 0.7 GeV. The coupling constants are dimensionless.

ps, ps: D, Dz
P, (J=1/2) 2.34 —-0.90 0.54
P, (J=3/2) 2.39 -0.53 —-1.03
Py (J=1/2) —-0.26 —i0.24 e 3.34 +i0.09 0.75 —i0.10
P (J=3/2) e —-0.11 -40.19 1.82 4 i0.06 0.60 + i0.12
P.s (J=1/2) 0.28 +i0.12 e 0.03 +i0.20 3.61 +i0.07
P (J=3/2) e —-0.28 — i0.26 0.10 +i0.26 271 +i0.18
Pq (J=5/2) 1.50
TABLE VI. Coupling constants in case 1 with A =1 GeV. The coupling constants are dimensionless.

Dz, DX Dz, D%}
P, (J=1/2) 2.08 —-0.69 0.40
P, (J=3/2) e 2.14 —0.42 —-0.79
Ps (J=1/2) —-0.15 -i0.26 e 2.94 +i0.08 0.61 —i0.09
P (J=3/2) e —-0.05 -i0.19 1.70 + i0.06 0.49 +10.11
P.s (J=1/2) 0.18 +i0.16 e —0.003 +i0.19 3.16 +i0.07
P (J=3/2) e —0.15 -i0.28 0.03 +i0.25 2.45 +i0.16
P, (J=5/2) 1.44
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TABLE VII. Coupling constants in case 2 with A = 0.7 GeV. The coupling constants are dimensionless.
DX, DX D*%, D%

P, (J=1/2) 2.79 0.73 —0.48

P, (J=3/2) 2.83 0.48 0.81

Ps (J=1/2) 0.20 +i0.17 e 1.83 +i0.07 —0.25 - i0.04

P.y (J=3/2) e 0.04 +i0.13 3.354i0.02 —-0.70 + i0.05

P.s (J=1/2) —0.13 —i0.08 e —0.05 -i0.10 1.60 + i0.04

P (J=13/2) e 0.25 +i0.21 —0.06 —i0.19 2.26 +i0.13

Py (J=5/2) 3.57

TABLE VIII. Coupling constants in case 2 with A = 1 GeV. The coupling constants are dimensionless.

DX, DX D*x, D*x;

P, (J=1/2) 2.45 0.56 -0.36

P, (J=3/2) 2.49 0.39 0.62

Ps (J=1/2) 0.11 4i0.18 1.71 +i0.07 —0.20 —i0.04

Py (J=3/2) 0.01 4 i0.12 2.94 +i0.01 —-0.57 4-i0.04

P.s (J=1/2) —-0.07 —i0.09 e —0.02 - i0.10 1.53 4 i0.04

P (J=13/2) 0.14 4+ i0.23 —-0.01 —i0.19 2.09 +1i0.12

P, (J=5/2) 3.13
amount of Agcp/m, =~ 25%. Itis noticeable that P;, which - _ 1 . _ b he 3
is associated with P.(4312), and P,,, a DX} molecule, are bz(1/2) 23’ DE:(3/2) V3 D172 g
stable in this range of uncertainty. Furthermore, at least one V2 NG

or two of the three poles around the D*X; threshold, P, ¢ 7,
remain even if one changes the parameters C, and C, by
25%. Within the uncertainties, the other poles may move
into a “wrong” Riemann sheet that is not directly connected
to the physical region by crossing the cut at the energy of
the real part [the physical region can be reached by
bypassing the threshold branching point; see, e.g.,
Ref. [67], and see also a recent analysis of the P.(4312)
in Ref. [24]]. Such situations are marked “(V),” meaning
virtual state, in the tables. In that case, the poles are still
close to the threshold, and they can still show up in
invariant mass distributions as a peak with a pronounced
cusp structure at the D*X threshold. For simplicity, in the
following discussions of decays, we will neglect the
uncertainties and keep in mind that the results are obtained
assuming exact HQSS for the interaction vertices.

B. Transition amplitudes of D) X" into J/wN and 5N
Next let us consider the transition amplitudes of the

D<*)ZS‘) into the J/ywN. Using the 9 symbol to recombine
the angular momenta (see the Appendix), we write the

S-wave DWE() = J/wN amplitude with spin J as
follows,

XN = 91hx), (5)

where ¢, is a coupling constant, and

1

hos. =75 homap=—5 hosmep=—5- (6
The D*X; with J = 5/2 does not couple to the S-wave
J/wN. One notices that all of the S-wave transition
amplitudes depend on the same parameter g; due to
HQSS. As a result, one can make parameter-free predic-
tions for the ratios of partial widths.

Because the 7. and the J/y form a doublet of HQSS
(see, e.g., Ref. [68] and the references therein), we can also
relate the partial decay widths of the P, into J/ywN and

n.N. In the same manner as the D(*)E(C*) — J/wN ampli-
tude, for the DWE) - 1N, one has

tx nNU=1/2) = Gihx(1/2): (7)
- 1 ~ 1 ~ 2
os =3 Fosim =, Tsin = |
DZ.(1/2) ™1 Dx.(1/2) 2\/§ Dxi(1/2) 3
(8)
where the n.N couples only to the states with J = 1/2
in an S-wave. The ratios I';[)L(l 2/ hps, (172 = —V3 and

/’ZD*E‘“ /s 2 = —/3/5 agree with those derived
in Ref. [65].

C. P, — J/wN and P, — 5N decay amplitudes
The mechanism for the decay P. — J/ywN for the P, as
D(*)Z(C*) hadronic molecules is shown in Fig. 1. The P,
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D)
S/
Fe
s N
FIG. 1. Diagram of the P, decay into J/wN with intermediate
DUz,

resonance first couples to DHEY and the DML pair
turns into the J/wN via rescattering. The momentum
exchange for the rescattering is much larger than the
binding momentum, and thus the rescattering is of short
range and can be parametrized using the amplitude in
Eq. (5).6 The decays into n.N are similar. The decay
amplitudes of P.; with spin J into the J/wN and the 5 N,

Ajyy and A;(;), respectively, are written as

Ai(]) = ngt,i,xéxg 1 hX(J) , )
X

lei(J) = ZgP”»,XGNXgl EX(J) ) (10)
X

with X = DX, D*X.,D*%: (J =1/2), X = DX}, D*%,,
D*¥: (J=3/2), and X = D*%! (J =5/2). Here, the
coupling constants gp _y are those defined in Eq. (4). The
meson-baryon loop function in channel X, Gy, is given by

Gx(W)= 2Mx /d3q e eI
BT dmyMy ) (27 W —my — My — ¢*/(2ux) + i€’

(11)

where the Gaussian form factor e=¢"/A” is introduced only for
the P, — D) ZE*) vertex, and the cutoff A is chosen to be the
same as that in the D(*>ZE*) scattering 7-matrix.

With these amplitudes and taking into account the

nonrelativistic normalization factors, the partial decay
widths are given by

m
T =i = o ol A
1
Pijw =5 A2 (mp omiysm3y,), - (12)

mPc[

®The rescattering is modeled by charmed-meson exchanges in
Ref. [19].

~ my A
li=Dp pn = 2ma P i
1
pm_%’m(m?wm%wm%c)’ (13)

with the Killén function A(x,y,z) = x> + y* + 22 — 2xy
—2yz — 2zx. Note that the spin averaging has been taken
into account in the amplitudes given by Eqgs. (9) and (10)
(see the Appendix), derived using the 9 symbol technique,
and there is no need to introduce an additional factor of
1/(2J + 1) to calculate the decay width.

III. RESULTS

A. Considering only the dominant channel

First, we show the results of the P, decay into J/wN
with a simplification in Eq. (9); i.e., we approximate the
sum over X for the intermediate states by considering only
the channel which has the largest coupling to P, (as listed
in Tables IIT and IV for case 1 and case 2, respectively).
Then the decay amplitude is

-Ai(J) = gP“..XGXgl hX(J)’ (14)

with X = DX, (i = 1), D! (i = 2), D*Z, (i = 3, 4), and
D*X: (i =5, 6).

A few remarks are in order here. In the single-channel
case, the effective coupling constant of the P_; state to the
constituent channel X is related to the binding energy
Egi=myx + My — Mp_, with myx and M being the meson
and baryon masses in channel X, and M being the mass
of P,;, as g%,“_’X x \/Eg; [69] (see, e.g., Secs. III.B and
VLB of Ref. [3]). The nonrelativistic loop integral Gy is
linearly divergent; working out the regularized integral in
Eq. (3), one gets

~ A
GXoc —7;7.‘1' \/ZMXEBJ—V—O(A_I). (15)

If we keep only the LO term in the expansion in powers of
\/2uxEg i/ A, the A-dependence can be absorbed by g,
which needs to scale as 1/A, via a multiplicative renorma-
lization. As aresult, at LO, the product G g, is independent
of A, and we obtain the following factorization formula,’

|Ai(1)|2 X/ EBih§(1), (16)

where the factor « g;/A encoding the short-distance
physics is not shown, and the factor \/Eg; encodes the
long-distance physics from the hadronic molecular nature.
Its physical meaning is as follows: decreasing the binding

"This is similar to the factorization formula for the production
of the X(3872) in B decays discussed in Ref. [70].
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energy, the size of the hadronic molecule increases; then its
decay by recombining the quark contents in the two
constituent hadrons becomes more difficult, and the decay
rate decreases with a speed proportional to the square root
of the binding energy.

With the above formula, one can easily work out ratios of
the partial widths of different P, states into the J/wN.
However, we notice that different phase space factors
should be taken into account for different P,., and there
are cases with a binding energy as large as about 20 MeV
such that the binding momentum is about 0.2 GeV. Then
the higher-order terms in Eq. (15) can have sizable
contributions. Thus, we use the full expression of
Eq. (3) and take two values of A, 0.7 and 1 GeV, as
discussed below that equation, to check the cutoff depend-
ence. Defining r; with r; = T';/T"; (i = 2, ..., 6), we obtain

case 1: r, =(4.6,4.6), ry=(14.6,15.3), ry,=(1.2,1.2),
rs=(54.5.8), re=(10.3,10.9),

case2: ry = (4.5,4.6), r :(6263) ry=(1.9.2.0),
rs=(1.8,1.9), re=(7.0,7.3), (17)

where the first and second numbers in parentheses are
obtained using A =0.7 GeV and A =1 GeV, respec-
tively. One sees that the dependence of the results on
the cutoff value is weak. The values given above are in line
with the simple expectation in Eq. (16). Numerical
differences can be traced back to the difference of binding
energies and phase space factors for the P_. states as
mentioned above.

B. Including all channels

When all of the coupled channels are included, the
qualitative features of the ratios are the same as those in the
above single-channel calculation, though the numerical
values change to

case 1: r2—(44,4.4), =(9.3,9.6), r,=(1.2,1.2),
=(2.7,2.8), rﬁ_(51,5.4),

case 2 rz—(46,4.7), =(10.1,10.5), ry=(19,1.9),
—(33,3.5), re=(13.9,14.4), (18)

where again the first and second numbers in parentheses are
obtained using A = 0.7 GeV and A = 1 GeV, respectively.

C. Discussions

Note that P, [P.] is assigned as the P.(4440)
[P.(4457)] in case 1, and P.4 [P.3] is assigned as the
P.(4440) [P.(4457)] in case 2; in both cases, P, refers to
the P.(4312). From the above numerical results, one finds
that the partial widths of P and P, i.e., P.(4440) and
P.(4457), into the J /wN are very different, and at least one

of them is much larger than that of the P.(4312). In the
measured J/yp invariant mass distribution of the A‘}] —
K~J/wp decay [2], there are only three clear peaks corre-
sponding to the P.(4312), P.(4440), and P_.(4457). The
ratio of branching fractions B(A) - K=P5)B(Pf —J /wp)/
B(A)— K=J /wp) was measured to be 0.301037, 1.117049,
and 0.537037 for P.(4312), P.(4440), and P.(4457),
respectively, where the statistical and systematic errors in

Ref. [2] have been added in quadrature. Using the values

0LK-P.
in Eq. (18), we obtain the ratios %'

B(A)—K~ P (4440)") | B(A)—K™ P (4312)")
[(P.(4440)%) = T(P.(4312)7)

case 1: 1.5:04:1, case 2: 0.2:1.9:1, (19)

where only the central values are shown. One sees that the
ratio of B(A) — K=PF)/T(P{) can differ by 1 order of
magnitude in case 2.

The production mechanism of the P, states from Ag
decays in the hadronic molecular model is shown in Fig. 2.
Using the same arguments leading to Eq. (16), one gets the
factorization formula for the production rate as the product
of a short-distance part and a long-distance part. The long-
distance part is proportional to the square root of the
binding energy, as is that for the decay; see Eq. (16).
However, the short-distance part differs for different P,
states even though some of them couple dominantly to the

same ZU (*) pair, as can be seen from the fact that
different partial waves are involved in the decays of the A0
into K~ and P with different spins. This makes it difficult
to relate the productions of different P, states to each
another. For a model calculation of the A, decays into the
three observed P, states, see Ref. [40].

Moreover, one finds that the partial widths of the P_s,
P, and P, are all much larger than that of P, i.e.,
P.(4312). However, no visible P,. peaks around 4.50 to
4.52 GeV (the mass region of P . in both case 1 and
case 2) can be seen in the J/y p invariant mass distribution.
This indicates that either the P.5 and P4 states are much
more difficult to produce than the P.(4312) or there are
other mechanisms for producing the observed three P,
states. One possibility is that the observed peaking

FIG. 2. (Left panel) Production of the P, from the A, decay in

the hadronic molecular picture through intermediate D(*)Zs*>
states. (Right panel) A possible quark-level diagram for the weak

decay A) — K3
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structures are a result of an intricate interplay between the
D™¥,_ hadronic molecules and the triangle singularities
discussed in Refs. [71-74] (see also the Appendix of
Ref. [2]), with the latter providing an enhancement at
around 4.45 GeV.

D. Decays into 5,N

The partial decay widths of P_; into n.N (i =1, 3, 5)
normalized to the P.; — J/wN partial width can also be
obtained in the same way. Letting 7; = I';/T";, with I'; and
I; in Eqgs. (12) and (13), we get

case 1: 71 =(2.9,2.9), 73=(0.4,04), 7s=(9.8,10.3),
(20)

case2: 7 = (4.0,4.0), 7 =(24,25), F=(10.2,10.7).
(21)

One finds that the partial width of the P.(4312) — N is
larger than that of the J/wN mode (see also Ref. [65]).8
In both cases, we expect significant peaks to appear around
4.3 GeV from P,.(4312) and around 4.5 GeV from a D*%
molecule if the background is of the same order as in the
J/wN case and the productions are similar. The ratio 73 is
smaller (larger) than 1 in case 1 (case 2) [recall that P
refers to the P.(4440) decay in case 1, and to the P,.(4457)
decay in case 2]. Thus, a search of hidden-charm penta-
quarks in the 57N channel can shed light on the origin of the
P_ states.

IV. SUMMARY

We investigate in this paper the decays of the D(*)E£*>
molecular P, states into the J/ywN and 5N final states with
a setup respecting HQSS. We use the coupled-channel

(D<*>2§*) ) Lippmann-Schwinger equation, and the P,. states
are obtained as poles of the 7-matrix. Following
Refs. [20,21], model parameters are fixed to reproduce
the peak positions of the P.(4440) and the P.(4457), and
five additional states with binding energies ranging from a
few to about 20 MeV are obtained as a consequence of
HQSS [16,20,21]. Some of the seven poles may move into
a wrong Riemann sheet within a 25% uncertainty of the
low-energy constants accounting for the HQSS breaking
effects. Here, we stress that the poles of DX. and DX}
molecules always exist in the correct Riemann sheet, and
one or two of three poles close to the D*X! threshold
remain as well. The lowest pole has a mass consistent with

*In the pioneering works predicting the existence of hidden-
charm pentaquarks [10,11], Wu et al. already noticed that the £ .D
hadronic molecule decays more easily into the 7N than into the
J/wN. Since not all of the HQSS related channels were considered
therein, the predicted ratio differs a lot from our result.

that of the P.(4312), and it couples dominantly to the DX,
with J¥ =1/27. The P.(4440) and P.(4457) couple
dominantly to the D*X,, and their quantum numbers are
1/2~ and 3/2~. Two possible assignments of P.(4440) and
P_.(4457) are considered as in Ref. [21]: in one case, the
spins of P.(4440) and P.(4457) are 1/2 and 3/2, respec-
tively, and in the other case, the ordering is reversed.
Among all seven P, states, six (with J* = 1/27,3/27) can
decay into the J/wN in an S-wave, and three (with
JP =1/27) can decay into the 5N in an S-wave. HQSS
allows us to predict parameter-free ratios of the partial
widths of these decays. It is found that five P, states with
JP =1/27,3/2" decay into the J /N more easily than the
P.(4312), and the P.(4312) decays into the n.N with a
partial width 3 times that of the J/wN mode. We find that
the partial widths into the J/wN for the J¥ = 1/2~ DX}
molecule with a mass around 4.37 GeV and the J* = 1/2~
and 3/2~ D*X} molecules with masses in the range of 4.50
to 4.52 GeV are all larger than that for the P.(4312). The
nonobservation of any of them could be because they have
smaller production rates from the A, decays, or because the
observed peaks receive contributions from other mecha-
nisms such as triangle singularities in addition to the
hidden-charm pentaquarks. In order to reveal the nature
of the observed pentaquark candidates, more measurements
and a detailed amplitude analysis considering both reso-
nances and kinematical singularities are called for. The
results in this paper provide useful input into the search for
more P, states in the J/yp and 75, p final states.
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APPENDIX: D*)2) INTERACTION

The construction of interaction vertices by rearranging
the heavy quark and light quark spins respecting HQSS
using the 97 symbol is used in, e.g., Refs. [3,16,75]. In the

D" meson, the heavy quark component has spin

sD" = 1/2, and the light quark component has spin s?" =

1/2; in the ZE,*) baryon, the heavy quark component has
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)
spin sZ" = 1/2, and the light quark component has spin

) _ « . . .
sE” = 1. The D(*)Zg ) system with spin J can be specified

with the spins of its constituents as

() pe pH pt, = = sl
DS, = |sB 5P P s ), (A

where j2 and jzf_” are the spins of the D**) and the =\,
respectively. Using the 9 symbol, this state can be rewritten
with a linear combination of the eigenstates of the spin of cc,
sy, and that of the light degrees of freedom, s; ;

= = - (%) (%) X
D Dt .pl) . El D O
‘s ST JT sy Lspe LT

= Vs DEsy + DEP + DA + 1)

SL.Sy
- )
D) z
Sy s;o s
i () - )
. () OIS R O .
X sg() szp Sy ’s LSTC LSSy LSy LS d ).

D) (%)
JD JX. J

c

(A2)

where {- - -} denotes Wigner’s 9 symbol. Then, the D(*)Z£*>
states with spinJ = 1/2,3/2,and 5/2 are expressed in terms
of the sy and s, eigenstates as follows:

- 1 1
|ch>l/2 = 5'1/2L7OH; 1/2;) - m“/zu 1y31/2,)
2
+ §|3/2L’ 1y31/2,), (A3)

1
%

1 /5
+ 7 \/;|3/2L’ 14:3/2).

_ 1
|D23>3/2 = B 13/21,0453/2y) 11/2, 1453/2y)

(A4)

_ 1 5
D*Y. =———11/2 :1/2 —11/2;,14;1/2
ID*2c)1 )2 2\/§| /21,0y /J>+6| /2013 1/2))
V2
+?|3/2L71H;1/2J>’ (AS)
_ I I
|D Z:c>3/2 = _%|3/2LaOH;3/2J> +§|1/2L, 1H;3/2J>

V5

5
+7|3/2L7 14:3/2)), (A6)

_ 2 V2
|D*ZZ>1/2 = \/;|1/2L,OH; 1/2J> +?|1/2L, 15 1/25)

1
~ 320 11/2)), (A7

_ 1 /5 V5
|D*Z§>3/2 = B \/;|3/2L’OH;3/2J> + T|1/2L’ 1H;3/21>

1
+6|3/2L’ 14:3/2)), (A8)

|D*Zf~>5/2 =13/20, 1455/2y). (A9)
On the right-hand side of these equations, the trivial argu-

DO (=)
ments SL(H)

shown explicitly.

In the heavy quark limit, the spins of heavy quarks
decouple from the dynamics, and the interaction only
depends on the spin of light degrees of freedom s; (both
s; and sy are conserved). We can write the matrix element
(sposs I |Vinds. st J') = Clag,11)/201.005,,.5, 65, 5, (DOW
we suppress the isospin index because we consider the I =
1/2 case only). With the substitution of C; = C, —2C,

and C, = C, + C},, one can obtain the transition amplitude
from channel X to X’ (X, X' = D(*>Z£*)), vx x(s) in Eq. (1),
as summarized in Table I.

Here, we note that the meson fields are normalized in the
nonrelativistic way, and the interaction v in Eq. (2) is

(zmx)(zmx/)vxyxl(‘]) with UX,X/(J) in Eq (1) (mX is the
meson mass in channel X). Then, C,;, have a dimension
mass—2 and » has mass~! in our calculation.

One can also start from the effective Lagrangian given in
Ref. [61],

are suppressed; i.e., only s§;, sy, and J are

= 2 _
L:D(*)ZE*),D(*)ZE.*) =—C,Sc - S Tr[H:H,]|

- Cbiejik(SI‘)j(Sc)kTr[HzoiHc]’ (A10)
where o; (i = 1, 2, 3) are the Pauli matrices, and §c and H,
are the heavy quark spin doublets of (X, £¢) and (D, D*) in
the two-component notation [76] (see, e.g., Refs. [77-79] for
the four-component notation),

S, :—3326+i§, (A1)
— 1 - L Ex
.=——(-D+&-D") (A12)

This Lagrangian, Eq. (A10), gives the D(*)ZE*) S-wave
interaction which is the leading order of the momentum
expansion. The C, and C, terms come from the vector and
axial-vector currents.

To see the relationship to the coefficient obtained with
the 9 symbol, we perform a spin projection and average
over polarizations. Writing the amplitude of the X — X’
transition (X") = DX, DX}, D*Y,, D*T!) given by the

Lagrangian equation (A10) as t(’l,/’s};”m [s(s") and A()
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denote the third components of the spins of the baryon and
meson in the initial (final) state, respectively], we give the
projection of the amplitude on spin J as

Vi _ PE w0 g, .
tX/,X - Z C(.]X’ ’.]X’ 7‘]7/117 SI’J>
AN s,

(s ,A8)

D)y .
xC(R™ R Tds. g™ (A13)

where j is the third component of spin J, C is the Clebsch-
) (s (*) —

Gordan coefficient, and j)l:((,))@ ) is the spin of D*) (ZE*)) in

the channel X). The polarization average of the amplitude

is given by

- 1 )
tX’.X - 2] 4 1 zj:[X/.X' (A14)

This spin averaged amplitude provides the same result as
that obtained using the 9; symbol given by Eq. (1).

For the transition of D(*)ZE* into n,N or J/wN, we
provide the decomposition of the . N and J/wN:

|’IcN>1/2 = |1/2.,05;1/2,), (A15)
|J/WN>1/2 = |1/2;, 15 1/2y), (Al6)
/wN)3, = 1/2,1533/2,). (A17)

The matrix element (1/2;,05(15)3;1/2;|Vinel1/21,05(15);
1/2,) is denoted by the parameter g; in Egs. (5) and (7),
which is independent of sg.

The coefficients of the X — J/wN and 5N transitions,
hx sy and ﬁx( s in Egs. (5) and (8), can be obtained by using
the following effective Lagrangian respecting HQSS with
projection on spin and average over polarizations in the
same manner as in Eqs. (A13) and (A14):

91 7
‘CD(*)XS»*),J/U/N = %NTGiHcJT(SC)i’ (Alg)
where N denotes the nucleon field, and J = —#, + 6 -y is

a doublet composed of 7, and J/y [68,80].
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