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We construct the effective potentials of the P,,A,’ and P$s states based on the SU(3); symmetry and heavy

quark symmetry. Then we perform the coupled-channel analysis of the lowest-isospin PI,’\,’ and P)

ws Systems.

The coupled-channel effects play different roles in the Pé‘,’ and PV/}S systems. In the P,,’)’ systems, this effect

gives minor corrections to the masses of the P{,‘,’ states. In the PQS system, the A.D, — E.D coupling will

shift the mass of the Pjy(4338)° close to the Z.D threshold. The A DY) —E,D™ coupling will also
produce extra P$s states. We discuss the correspondence between the Pg and PQS states. Our results prefer
that the SU(3) partners of the observed PJ (4312)", PJ(4440)", and P} (4457)" in the PJ; system not

have been found yet.

DOI: 10.1103/PhysRevD.106.116017

I. INTRODUCTION

Very recently, the LHCb Collaboration announced
the observation of a Pj,(4338)" signal' from the J/¥A
mass spectrum in the B~ — J/WAp process [2]. The mass
and width of this new pentaquark candidate were measured
to be

Mp = 4338240.7+0.4 MeV, (1)
[p, =70+12+ 13 MeV. (2)

Meanwhile, the amplitude analysis prefers the %‘—Spin—
parity quantum numbers. The central value of the mass of
P}(4338)° is above the E.D threshold. Thus, this state
cannot be directly assigned as the Z.D molecular state.
However, the authors of Ref. [3] pointed out that the line
shape of this resonance could be distorted from the
conventional Breit-Wigner distribution if it lies very close
to and strongly couples to the threshold.

Besides the newly observed Pjy,(4338)°, the Pj),(4459)°
was observed at LHCb [4] as a candidate of a E.D*
molecular state, which agrees well with the prediction from
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the chiral effective field theory in Ref. [5]. The strange
hidden-charm states were also discussed in Refs. [6—14]
and reviewed extensively in Refs. [15-20].

The mass of the Pjy(4459) is about 19 MeV below the
E.D threshold. In Ref. [21], the author argued that from
heavy quark symmetry, the [2.D]"/?", [E.D*]'/?", and
[£,.D*]3/*" channels should share identical potentials and
have comparable binding energies. However, since the
mass of the charm quark is not heavy enough, a serious
study on the masses of the [E.D*]'/?" /[E.D*]>/*" states
should also take the heavy quark symmetry-breaking effect
into account. With the assignment of the Py (4338)" and
P} (4459)° as the [E.D]'/>" and [E.D*]'/*" ([E.D*]¥*)
molecular states, the degeneracy of the [£,D*]'/?" and
[£.D*]3/* channels is removed by the coupled-channel
effects and recoil corrections.

Another novel phenomenon from the My, invariant
spectrum [2] is that there seems to be a structure around
M = 4254 MeV. To understand this signal, the LHCb
checked the m(J/WA) distribution close to the AfDj
threshold and found that this signal is not statistically
significant. Nevertheless, the authors in Ref. [22] inves-
tigated the Pj) (4338)° and P}(4255)° pole positions
from a unitary Z.D — A.D; coupled-channel scattering
amplitude. Besides this, the P} (4255)" pole was also
found in a model with the coupling between the meson-
baryon molecule and the compact five-quark state [23].
The Pj,(4255)% state was also suggested in an effective
field theory framework [24].

The analogy between the observed [P)(4312)7,
Pl(4440)%, PN(4457)7] [2526] and [P)(4338)°,
PQT (4459)] states is discussed in Refs. [27-29]. However,
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since the . and E, belong to different SU(3); multiplets,
the relations between the discussed P,,’\,’ and P{,}S states are not
clear. Besides, the Py pentaquark states as the partners of
the Py’\,’ and Pl,/}s states are investigated in Ref. [30].

If the PJy, states and Py states can be related via SU(3);
symmetry, it is important to investigate the similarities and
differences between these two sets of molecular candidates.
In Refs. [31,33], we discussed the symmetry properties of
different heavy-flavor molecular systems via a quark-level
Lagrangian. We proposed that the interactions of different
heavy-flavor molecules can be related via a generalized
flavor-spin symmetry [31]. This framework provides a
suitable tool to discuss the similarities between the PVA,’
and P states.

We also notice an important difference between the P}
and P}, states. The minimal quark components of the P}/

and P2

ws States are ccnnn (a calculation based on the
compact pentaquark configuration of the Pg states can be
found in Ref. [32]) and ccnns (n = u, d), respectively. For
the charmed/charmed-strange mesons and baryons, the
SU(3); symmetry-breaking effects are reflected on their
physical masses, and we need to distinguish the s quark

from u, d quarks when we study the Pé}s systems. Unlike

the P/ pentaquarks, the PJ) states can couple to two sets of
channels—i.e., the cns — ¢n-type and cnn — ¢s-type chan-
nels. In Table I, we list the possible open-charm channels
and their thresholds for the P} and P} systems.

In this work, we will take P} (4338)° as a molecular

candidate and discuss the following three issues:

(1) Can we understand the minor binding energy of the
P}(4338)° (close to the E.D threshold) through a
E.D — A.D, coupled-channel effect?

(2) Can we produce a P}y (4255)° bound state by includ-
ing the E.D — A.D, coupled-channel effect with the
potential constrained from SU(3); symmetry?

(3) What is the correspondence between the P}y and Pj);
states if the interactions of the PJj and P, states
obey a generalized flavor-spin symmetry?

TABLE I. The thresholds of the meson-baryon channels asso-
ciated with the P,,A,/ and Pu’}s systems. We adopt the isospin
averaged masses for the ground charmed mesons and baryons
[34]. All values are in units of MeV.

Py Ph,

AD 41537 AD, 42555  ED 43367
AD* 42950  AD; 43987  EDT 44780
D 43208 =D, 44225  ED 44460
;D 43854 XD, 44871  ED 45132
T.D* 44621  £.D; 45657  E.D* 45874
$:D° 45267 XD} 46303 EDT 46545

This paper is organized as follows: We present our
theoretical framework in Sec. II and the corresponding
numerical results and discussions in Sec. III. Section IV is
the summary.

II. FRAMEWORK

In Ref. [33], we proposed an isospin criterion and
pointed out that the P} and Pj; states with the lowest
isospin numbers are more likely to form bound states.
Based on the same Lagrangian, we only focus on the P,,A,’
and P, states with isospin numbers / =1/2 and 0,
respectively. Thus, we will not include the > pl)
channels listed in Table I for the PV’}S system.

For the I =1/2 P{,\,’ states, we consider the following
channels for the J = 1/2 and 3/2 states:

J==:A.D,A.D*,3.D,5.D*, 3:D", (3)

J=Z:AD*, D, 3 D", 5:D". (4)

o NI

Similarly, for the / = 0 P,,’)S states, we include the following
channels for the J = 1/2 and 3/2 states:

[ e N T P

J =5 :A.D;,A.D,E.D,E.D*,E.D,E.D*, EXD*, (5)
3. N* = N* =) = D*x = )*

J =3 :AD;ED" E:D. D" E:D". (6)

The result of the Pl (Pj,) state with J=5/2 can be
obtained from a single-channel calculation and was pre-
dicted in Ref. [33] in the same framework. Thus, we will
not discuss them further in this work.

A. Lagrangians for the baryon-meson systems

To describe the S-wave interactions between the ground
charmed/charmed-strange baryons and mesons, we intro-
duce the following quark-level Lagrangian [5,33,35,36]:

L = 9,g8q + 9.qr,7° A'q. (7)

Here, g = (u,d,s), and g, and g, are two independent
coupling constants that describe the interactions from the
exchanges of the scalar and axial-vector meson currents.
They encode the nonperturbative low-energy dynamics of
the considered heavy-flavor meson-baryon systems.

From this Lagrangian, the effective potential of the light
quark-quark interactions reads

V = Gsh1 - Ay + Gah1 - A0 - 6. (8)

Here,
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Ay Ay = 228 + 204 + M2, 9)

where i and j sum from 1 to 3 and 4 to 7, respectively. The
operators 2825 (1813 (6, - 65)), A1Ab (AL} (6, - 6,)), and 4] 4]
(12 (6, -6,)) arise from the exchanges of the isospin
singlet, triplet, and two doublet light scalar (axial-vector)
meson currents, respectively. The redefined coupling con-
stants are §, = g7/m% and §, = g5/m?.

The Lagrangian in Eq. (7) allows the exchanges of
two types of scalar and axial-vector mesons that have
quantum numbers I(J¥) =0(0%), 1(07), 1/2(0") and
1(JP) =0(1%), 1(1%), 1/2(17), respectively. At present,
we cannot specifically pin down the coupling parameter of
each exchanged meson in the above six meson currents.
Alternatively, since the mesons in each meson current have
identical interacting Lorentz structure, we use the coupling
constant g, (g,) to collectively absorb the total dynamical
effects from the exchange of each scalar (axial-vector)
meson current. In addition, the couplings g, (g,) for the
scalar (axial-vector) meson currents with different isospin
numbers are the same in the SU(3) limit.

The effective potential between the ith baryon-meson
channel B;M; and the jth baryon-meson channel B;M;
with total isospin I and total angular momentum J can be
calculated as

vij = ([B:M,]}|VI[B;M]j). (10)

Here, |[B;M,]}) is the quark-level flavor-spin wave function
of the considered ith-channel baryon-meson system

Iy _ 1.1, By Mis
|[BiMi]J> - Z Cll,m,l;lz,m,chlll,m,l ¢12,m,2

mpmp,
J*JZ le Mi:
® § : CS].mSl ;Sz,m52¢S].msl ¢Sz,m32‘ (11)
Mg, Mg,

In Eq. (11), ¢§f’ms and ¢g"jns are the spin wave functions
i 1 2

of the baryon and meson, respectively. The total spin wave
function can be obtained with the help of SU(2) CG

coefficient C.’:

S S . For the flavor wave functions of
[RUCRE PR

. B, M, .
the considered baryons (¢, ”,, ) and mesons (¢; ", ), their
B 1 ’ 1

explicit forms have been given in Ref. [31]. When con-
structing the total flavor wave functions of the considered
baryon-meson systems, we use the SU(2) CG coefficient
and take the s quark as a flavor singlet.

The coupled-channel Lippmann-Schwinger equation
(LSE) reads

T(E) =V + VG(E)T(E), (12)

with

1)11 PECEEY Ul[ DY Uln
\/ — /Ujl . /Uji . an , (13)
Uni Uni Unn
t1(E) ti(E) tia(E)
tnl(E) tni(E) tnn(E)
and

G(E) = diag{G,(E). ....G(E). ....G,(E)}. (15)

Here,

G, ]/d a (A (16)

2m E-\/mi+¢@—\/ma+q

Here, m;; and m;, are the masses in the ith channel of the
baryon and meson, respectively. In our previous work
[31,33], we use a step function to exclude the contributions
from higher momenta to perform the single-channel cal-
culation. In the coupled-channel case, we need to further
suppress the contributions from the channels that are far
away from the thresholds of the considered channels. Thus,
we introduce a dipole form factor u(A) = (1 + ¢*/A?)72
with regular parameter A = 1.0 GeV [22,37,38].

The pole position of Eq. (12) satisfies ||1 — VG|| = 0. For
the bound state below the lowest channel, we search the
bound-state solution in the first Riemann sheet of the lowest
channel. For the quasibound state between the thresholds of
the ith and jth channels, we adopt the complex scaling
method and replace the integration variable g with g —
g x exp(—if) while maintaining 0 < 0 < /2 to find the
quasibound-state solution in the first Riemann sheet of
the higher jth channel and the second Riemann sheet of the
lower ith channel. [39].

III. NUMERICAL RESULTS

A. Determination of g; and g,

We first determine the parameters g, and g, in our model.
We collect the matrix elements of (4, - 4,), (1 - 4,6/ - 63)
for the P}y and Pj) states in Tables II and III, respectively.

We can directly obtain the effective potentials associated
with the P) and Py states from Tables II and III,
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TABLEIL. The matrix elements of [(1; - 4,), (A, - 1,6, - 6,)] for the meson-baryon channels associated with the J¥ = 1/2~ and 3/2~
Pl systems.
PY Py

Vi Vij
Channel AD  A.D* >.D >.D* >:D* Channel ~ A_D* D >.D* D
A.D 2.0] [0,0] [0, 0] [0,2v3]  [0,2V/6] A.D* 3.0  [0,-2V3] [0, 2] [0,2/53]

L % T 3
AD 2,00 [0.2v3  [0.-4]  [0.2v72] x:D [—10 ] 0, 5% [&—ﬁﬁ]
=D 20 0.2 gy ED -2 0,195
zD* S B R 4.3
=k 53]
TABLE IIl.  The matrix elements of [{4, - 4,), (4, - 4,6 - 6,)] for the meson-baryon channels associated with the J* = 1/2~ and 3/2~
Pl systems.

Pes Peg

Vi) V3
Channel A.D, A0 E.D =D =D =D ED' Channel AD: ED* =D gD =D
AD;  [-£,0] [0,0] [24/2,0] [0,0] [0,0] [0,2v2] [0.4] AD; [-%,0] 2v/2,0] [0,-2V2] sz\/% m,zvﬁg
A:D; [-4.0 0.0 v2.0) 0.2V2) [o,-4,/3 0.5 =D 3.0 0.2 [0.F  [0,2,/3
- 7 — 7 5
E.D [-L,0] [0,0] [0,0] [0,2] [0,2v2] E:iD }%ﬁ][;j% M—wf]
E.D* =400 1021 [0.-F] 0.2,/3) ED° 2. =% [0.1%5]
=.D =50 0.-32% (0.0 =D 4.3
E.D" =55 0.9
E:D* Rk

respectively. For example, the explicit form of the effective
potential matrix for the J = 3/2 P} states is

%gs _2\/§§a 2ga 2\/§ga
- ~ ~ 104/3 -
PN _2\/§gu _%gs _%gu —73 3ga
\/372 = NG
2~a _%ga _%gs _290§a %Qa

(17)

Similarly, the effective potential matrices \/f;’z, \/f;’é, and

Vyjs

We use the masses of the observed Pg states as input to
determine the coupling constants g, and g,. In our previous
work, we find that the Lagrangian in Eq. (7) can give a
satisfactory description of the observed T, [40,41], P,
and Pj; states if we assign Pl)(4440)" and P}(4457)" as
the 1(J¥) = 1/2(1/27) and 1/2(3/27) states. For consis-
tency, we still adopt this set of assignments and use the

can also be obtained directly from Tables II and III.

masses of the PJ/(4440)* and PJ)(4457)" as inputs. In
the coupled-channel formalism, the bound/quasibound
states in the J” = 1/27 and 3/2~ P} systems satisfy the
following equations:

P

oy
Re[|1 - V{%,G || =0, (18)
Im||1 - V/%,61 5| = 0, (19)
Rel|1 - V{7,655 =0, (20)
Im|1 - V55,625 ]| = 0. (21)

These four equations can be solved numerically, and we get

g, =828 GeV™2, G, =-146GeVZ (22)
The imaginary parts of the pole positions of PJy(4440)"

and P{,\,’ (4457)7 can also be obtained from Egs. (18)—(21).
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B. Discussion on the form factor

In Ref. [33], we adopt a step function in the effective
potential to exclude the contributions from higher
momenta:

V(p.P') = Vipup @A = p)O(A=p').  (23)

For the bound state, the Green’s function can be obtained
analytically and have the expression

m A
G = ;T; {—A + gtan™! (q)] q=+/—2m,E. (24)

Here, the tan™! (%) function has a singularity at ¢ = A.
In Ref. [33], we precisely solve the g,, §,, and A cases
from three single-channel equations with the masses of
P}J(4312), P})(4440), and P}/(4457) as inputs. We obtain
A = 0.409 GeV. In the single-channel case, the discussed
molecular candidates are very close to their corresponding
thresholds. Thus, the condition g << A 1is satisfied.
However, in the multichannel case, if the two thresholds
have a large mass gap, then g ~ A is possible, which leads
to a singularity at ¢ = A. This singularity will appear like
a “bound state” solution in the first Riemann sheet. Such a
solution is artificially introduced by choosing the step
function as the regulator. And it is difficult to distinguish
these fake solutions from physical solutions, especially for
our multichannel calculation. To avoid this difficulty, we
introduce the dipole form factor u(A) = (1 + ¢*>/A?)72.

In Ref. [33], A, g, and g, are precisely solved from three
single-channel equations. In this work, we want to take into
account the coupled-channel effect to determine our cou-
pling parameters, and it is more complicated to numerically
solve the coupled-channel equations with A, §,, and g, as
three undetermined parameters. To simplify our calculation,
we fix A at 1.0 GeV, which is widely adopted in other
literature [37,38], and select the J* = 1/2~ P/} (4440) and
JP =3/27 PJ(4457) states as the inputs of Eqs. (18)—(21),
respectively, to determine g, and §,. Of course, we can set A
to other values near 1.0 GeV; in that case, we obtain another
set of g, and g, with Pl (4440) and P}/ (4457) as inputs. But
we find that the obtained masses of bound states only have
weak A dependences.

In addition, if we refer to the procedures by which we
determine the parameters A, gy, and g, in Ref. [33] and in
this work as Scheme 1 and Scheme 2, respectively, we can
further perform a brief single-channel calculation on the
masses of the states listed in Table III of Ref. [33]; the
results are presented in Table IV. From Table IV, we find
that the results obtained from the dipole form factor
adopted in this work are still consistent with those in
our previous work [33].

TABLE IV. The masses and binding energies of the molecular
candidates considered in Table III of Ref. [33]. A step function
[O(A — ¢)] [33] and a dipole form factor [(1 + ¢>/A%)?] are
introduced to regularize the integral in Scheme 1 and Scheme 2.
The listed values are all in units of MeV.

Scheme 1 Scheme 2
Mass [33] BE [33] Mass BE
T..(3875)" 3874.5 -1.8 3875.5 -0.8
P,/A,’(43 12)* 4311.9 -89 4312.7 -8.7
P{,‘,’(4380)+ 4376.2 -9.1 4376.9 -8.5
P{,‘,’(444O)+ 4440.2 -21.8 4438.9 -232
P,,",’(4457)+ 4457.3 —4.8 4457.5 —4.6
PQS(4459)0 4468.1 -10.0 4468.3 -9.7

C. Flavor-spin symmetry of the P$ and P,,‘}s systems
in the single-channel formalism

With the determined parameters §, and §,, we first

present our single-channel results for the considered P}

and PV/}S systems and demonstrate that we can relate the P,,’\,’
and PQS systems from their interactions constrained by the
SU(3) and heavy quark symmetries.

Although E.D and XD belong to different multiplets, in
Ref. [31] we proposed that there exists a generalized flavor-
spin symmetry between two-body heavy-flavor systems.
For two different heavy-flavor meson-baryon systems, if
they both possess the same flavor ((H} H}|A; - A,|H{ H}))
and spin ((H{Hj|6, - 6,|H}H3)) matrix elements, they will
still have identical effective potentials in the SU(3) and
heavy quark limits.

In the single-channel formalism, we present the masses
and binding energies of the P} and Py states in Table V.
The theoretical uncertainties are introduced by considering
the experimental errors of the masses of Py (4440)" and
PJ(4457)". We collect the P} and Py, states that share
identical effective potentials in the same row. As listed in
Table V, the P}y and P{,}S states have similar binding energies
in the same row and can be related via a flavor-spin
symmetry.

D. The masses of P’,,‘,’ states in the multichannel
formalism

Next, we explore how the coupled-channel effect
influences the masses of the PJ states. As can be seen
from Eq. (8), the effective potential consists of two parts—
i.e., the central term (§,4; - 4,) and the spin-spin interaction
(G A - Moy - 6,) term. Since the determined g, is much
larger than g,, the central term dominates the total effective
potential and therefore determines whether the considered
system can form a bound state.

As given in Table II, for the matrix elements in the PVA,’
system, all the diagonal matrix elements have central terms,

116017-5



KAN CHEN, ZI-YANG LIN, and SHI-LIN ZHU

PHYS. REV. D 106, 116017 (2022)

TABLE V. In the single-channel formalism, the binding energies of the Pg and P$S states that share the same
effective potentials in the SU(3) and heavy quark limits. All results are in units of MeV.

Py Mass BE Pl Mass BE 1%
— "L +4.1 +4.1
. +4.1 _g +4l [E.DJ: 4328.5557 —8.2555
[=.DJ: 4312.755} 8.1134 =, Di 1468343 97143 .
i = D 44370143 _g.g+3 ~3 9
I I = e . B
’ ’ =) 7238 —79038
[£.D*): 44389149 -23.2149 [E.D*]2 4562.912% -24.5%28 -0, + 27,
£ D 445755 —4.6137 [E.D"] 4582.2% -5.213% =530 =50
[2;1_‘)*]% 44988198 —27.9188 [E;L?*]f 4625310, —29.21%%, 20+ 30
[Z:D*): 4510.3! -16.4 [2:D*]2 4637.9143 -16.6143 -5, +27,

and some of them have corrections from the spin-spin
interaction terms. The off-diagonal terms only consist of
the spin-spin interaction terms. Thus, before we perform a
practical multichannel calculation of the P} system, we
may anticipate that the coupled-channel effect would have
small corrections to the masses of the PJ states.

As discussed in Sec. II, we include five and four channels
to study the J = 1/2 and J = 3/2 P} states, respectively.
For the J = 1/2 channels, according to their thresholds, we
consider five energy regions:

E<my p. (25)
my p < E <my pe, (26)
my p < E <my p, (27)
ms p < E <my p, (28)
my p < E < my:p. (29)

We search the bound (quasibound)-state solutions below the
higher threshold in each energy region on the first Riemann
sheet. The bound (quasibound)-state solutions of the
J=3/2 P), J=1/2, and 3/2 P} states can be found

by repeating the same procedure. We present the obtained
Pﬁ states in Table VI. We do not find any bound states
below the Acl_) threshold. Thus, all the obtained resonances
(Eg) listed in Table VI should refer to quasibound states and
have imaginary parts [Im(Ey)]. Since we only include the
two-body open-charm decay channels, the estimated widths
(') in Table VI are smaller than experimental widths. By
comparing the masses of Pf),[ states in Tables V and VI, we
find that the coupled-channel effect indeed has a small
influence on the masses of the P} states.

E. A numerical experiment on the (A,D.”, E,D(*))
coupled-channel systems

There exists an important difference between the effec-
tive potential matrices in the P) and Pj, systems. As
presented in Tables II and III, the diagonal matrix elements
in the Pj); system are very similar to those of the P}
system. But for the off-diagonal matrix elements, the
effective potentials of the A.D,—Z.D and A.D! —
E.D* channels in the PJ, system with J =1/2 or 3/2
consist of central terms. These terms may give considerable
corrections to the spectrum of the PV’}S states.

For the J = 1/2 and J = 3/2 P} systems, as given in
Egs. (5) and (6), we need to perform seven and five

TABLE VI. The results of P,,’)’ states obtained in the coupled-channel formalism. Here, I’ = —2Im(E}y), and all the

results are in units of MeV.

Our Exp
State JP Mass r Mass Width
PY(4312)* 1= 4308.217¢ 26117 4311.97]9 1045
PY (4440)* - 4440.3720 (input) 9.814¢ 4440.3729 2159
Pl (4457)* 3= 4457.77+0 (input) 20004 4457341 6.415¢
P (4380) 3= 43733724 521392
P (4500) 1- 4501.4739 8.81477
PY(4510) 3= 4513.413% 7.67040
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coupled-channel calculations, respectively. Before we per-
form such complete calculations, we first perform a
detailed discussion on the (A.D,, E.D) and (A.D:,
E.D*) coupled-channel systems.

The effective potential matrixes of the J = 1/2 (A.D;,
E.D), (A.D:, E.D*) systems and the J =3/2 (A.D:,
E.D*) system share the same expressions in the heavy
quark limit. From Table III, we obtain the corresponding
effective potential matrix,

v v
V= ( 11 12)7 (30)
Uy U2
with
. 10 _
U1 = —ggw Uy = _?gm (31)
Vip = U1 = Zﬁgsgx- (32)

Here, for the diagonal matrix elements listed in Tables II
and III, their dominant components are from the exchange
of the nonstrange light scalar meson currents. Since the

interactions of the off-diagonal channel A.D!" —2.D()
are introduced via the exchange of the strange scalar meson
currents, we further introduce a factor g, to estimate the
SU(3) breaking effects. Compared with the exchange of the
nonstrange light scalar meson currents, the off-diagonal
matrix elements should be suppressed by the mass of
strange mesons. Thus, we assume 0 < gx < 1. This factor
also reflects the coupling strength of the A D, —Z.D

channel. With g, = 0, the Acl_)g*) does not couple to the
2.D™ channel. With g, = 1.0, the A.D'" couples to the

=.D™ channel, and its coupling strength is set to be the
value in the SU(3) limit.

In Fig. 1(b), we present the variation of the masses for the
bound states P;y;(4338)" and P(4255)° as the parameter
g, increases. The masses of P (4338)? and Pj,(4255)° are
denoted with black lines. At g, = 0, the A.D, channel itself
has a weak attractive force v;; = —4/3§,, and this force is
too weak to form a A.D, bound state. On the contrary, the
Z.D channel can form a bound state, and its mass is about
M = 4329 MeV, slightly smaller than the experimental
value. As g, increases, the attractive force of Piy(4338)°
decreases, and its mass moves closer to the Z.D threshold.
In a very narrow region 0.62 < g, < 0.64, the attractive
force is just enough to form a P;) (4338)" bound state at the
E.D threshold, and the weak attractive channel A_D; starts
to form a bound state due to the E.D — A.D, coupling.
Only in this very narrow region can P (4338)° and
PL(4255)° coexist as quasibound states. At g, > 0.64,
the 2.D — A D, coupling further weakens the attractive
force of the E.D channel and P}, (4338)® no longer exists
as a quasibound state, while the attractive force of the A D,

A4360 =D 4490
> 4330—MM 1 77
[} P,,(4338) 4460,
\2_/4300
- 4430
z 4270 4400
42401 (a) 4370
4360 4490
< P.,(4338) 4460
4300 s o
2 Ui 4430
S A0 ADs 1 4400
4240 (b) P,.,(4255) 4370
N 4360 =D | 4490 =D
> 4330
=
&.4300 I o
w0
@ B ~
& 4270 A.D;
................... ALy | 4400f -
4240} () Ps(4255) ool (fy P.5(4398)
0 02 04 06 08 1 0 02 04 06 038 1
Gz 9z
FIG. 1. The variations of the masses for the possible bound

states in the (A.D;” E.D™)) two-channel system as the param-
eter g, increases. We use the blue dotted lines to denote the
A.DY” and E,D™ thresholds. The masses of the P, states are
denoted with black lines. Panels (a), (d), panels (b), (e), and
panels (c), (f) are obtained at v§, = 1/5v;, 0, and —1/5v,,,
respectively. The green bands in (a), (d), (b), and (e) denote that
the bound states near the A.D; (A.D:) and E.D (E.D*)
thresholds can coexist in this g, region.

channel becomes stronger, and its mass will decrease. The
observation of the Py (4338)° by LHCb seems to exclude
the parameter region 0.64 < g, < 1.0.

Here, we also check the pole position of Pjy(4338)° at
gy > 0.64 in the energy region slightly above the E.D
threshold. We find that the pole of PJ(4338)° still exists in
the first Riemann sheet. This is mainly due to the fact that
the A.D,; — E.D coupling leads Pi (4338)° to be a state
that has a considerable width; thus, the central value of the
P}(4338)° mass may cross the E,D threshold. In this case,
P}(4338)° should be interpreted as a quasibound state
above the Ecl_) threshold. Nevertheless, in this work, we
restrict our scope to the case in which the masses of the
bound/quasibound states are below their corresponding
thresholds.

To understand why the g, region that allows the
P}(4338)" and Py, (4255)° states to coexist is so narrow,
we further check the role of the A.D; channel in our two-
channel model. We allow the effective potential of the A D,
channel to have a 20% shift—i.e.,

1
U(lsl = O,Il:—ﬂll,

- (33)

r_ S5
vy = U1 + Y,
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and we further check how the masses of Pjy(4338)? and
P}(4255)° change as we increase the value of g,.

The channel A, Dy itself has a weak attractive force, as
presented in Fig. 1(a), at g, = 0. After we increase this force
by 20%, this single channel still cannot form a bound state.
But the g, region that allows these two Py’)s states to coexist
becomes broader. On the contrary, as illustrated in Fig. 1(c),
if we decrease the attractive force of the A.D, channel by
20%, then P (4338)° and P}(4255)° cannot coexist, no
matter how we adjust the off-diagonal A.D; —Z.D cou-
pling. Thus, the narrow g, region within which P}, (4338)°
and P})(4255)° can coexist is due to the fact that the A D
channel has a small but non-negligible attractive force.

The results for the J=1/2 and 3/2 (A.D:E.D*)
coupled channels are presented in Figs. 1(d)-1(f). We find
that the roles of the predicted PJ(4477) and Py (4398)°
with J¥ = 1/27 or 3/2 are very similar to those of the
PJ(4338)% and P}, (4255)° with J” = 1/27, respectively.

F. The results of P$s system in the coupled-channel
formalism

We present our complete multichannel calculations on
the J = 1/2 and J = 3/2 PJ; systems in Fig. 2. We find

that only the bound states close to the A,D!” and E,D*)
channels have a significant dependence on g,, since these
bound states can couple to the Acl_)g*) and Z,D™) channels
through non-negligible central terms, while the bound

states that can only couple to the A.D!” and Z.D*)
channels via the spin-spin interaction terms have a very
tiny dependence on the parameter g,.

To further present our numerical results, we fix the
parameter g, at 0.5 and at 0.62. We denote these two cases

4650F N S
4650F
4600}
46001
4550} 1 pooooooo----
—~a500f 145501
= 4500 .
(]
=
g 1-1s| S S -t BN bbb
z 4500
= bt b oAD

4400
4450}
4350F .

4300F 4 4400F-----------

42501 3
4350F

0 02 04 06 08 1 0 02 04 06 08 1

'z Gz

FIG. 2. The variations of the masses for the PQ_Y states with
JP =1/27 and JP =3/2" as g, increases. We use blue dotted
lines to denote the considered meson-baryon thresholds. The
masses of the obtained bound states are denoted with black lines.
The green bands denote that the bound states near the A,;D(y*) or
E.D™ thresholds can coexist in this g, region.

as case 1 and case 2. These cases correspond to the results
when the possible Pj(4255)° signal does not/does exist.
The results of these two cases are listed in Table VIIL.
Comparing the masses of the P, states calculated in the
single-channel formalism (Table V) with the results
obtained in the coupled-channel formalism (Table VII),

TABLE VII. The results of the P,j}s states calculated at g, = 0.50 and g, = 0.62 in the coupled-channel formalism.

All results are in units of MeV.

g, = 0.50 g, = 0.62

States Mass r BE Mass r BE

[AD,J? 42555109 0.0 -0.0592
[AD:]? 4398.1792 0.0 -0.672
A . . . 4398 3104 0.0 ~0.4274
2, 1:)]% | 4331.617¢ 17.873¢ -5.017¢ 4335.997 26.0737, -0.79]
[2.D*]2 44721432 234523 -5.932 44771503 33.0589 -0.9193
(2D 4469.71}2 14.6115k -8.3707 44737727 2027358 4737
[2.D] 44338734 0.8752 122434 4433.7133 0.4758 -12.33
[2: D2 4501.8734 77183 114134 4501.2733 7.8154 -12.0%32
[5;1:3*]% 45644730 45737 —23.03¢ 4564.1737 48138 -23.3133
[E.D): 4582.1737 19790 -5.313% 4582.1135 2.01)3 -5.353%
[E:D"]: 4628.2137 50150 -26.3137 4628.1133 5.213%° —26.417
[2:D*)2 4640.713% 7.0%82 -13.8438 4640.6135 72484 -13.933
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we infer that the off-diagonal channels that only consist of
the spin-spin interaction terms have a small influence on the
masses of the Pj; states, which is very similar to the P}/
system. From Table VII, we find that there exist three extra

Pl states below the A.DY thresholds in case 2.

For the P} (4338)" state, due to its strong coupling to the
A,.D, channel, the width of this state is broader than the
result given by LHCb. Note that in our calculation, we only
include the open-charm two-body meson-baryon channels.
Thus, the width predicted by our model should be regarded
as the lower limit of the experimental width. Since
P}(4338)° is reported in the B — J/WAp channel, the
narrow width of the P} (4338)" found by the LHCb may be
due to the small phase space of this B-meson decay process.
Thus, confirming P}(4338) in other decay processes is
important to pinning down its resonance parameters.

Besides, we also find that the Pvl)s states that are close to
the £,D") states are broader than the other P states due to

their strong coupling to the Acl_)g*) channel. Thus, our

results suggest that there exist two J© = 1/27 and J* =
3/2~ quasibound states near the Z.D* region. This region
is close to the reported P (4459)°, and the two-peak

invariant spectrum due to their considerable widths. The
decay behaviors of Py (4459)° have been discussed in
Refs. [12,30,44-46]. The decay widths and decay patterns
are valuable in identifying the structure of the Pj(4459)°
state. Further investigations on the total and partial decay
widths will be crucial to accomplishing a thorough under-

: N A
standing on the P, and P, states.

G. The correspondence between the Pf,\,’ and P,,’)s systems

Finally, we compare the masses of the P} and P states
obtained from our multichannel model. The mass of the
constituent s quark is heavier than those of the u and d
quarks by about 100 MeV. Thus, we shift the mass plot of
the P,,’}S system by 100 MeV to check the similarities
between the P{,‘,’ and P,,’}S states. We present the multichan-
nel results for the P,IA,’ system in Fig. 3(a), and the multi-
channel results for the P{,}X system calculated at g, = 0.5
and g, = 0.62 are given in Fig. 3(b). As can be seen from
Figs. 3(a) and 3(b), the meson-baryon thresholds in the Py

and Py’}s systems have the following analogies:

structure in this region has been discussed in a great deal of My pe < My g6, (34)
the literature [5,9,14,42,43]. The results from our model
provide a new possibility—i.e., the two PJ; structures in (35)
. . . . . M (x) 7 ) <> M_i(x) 5
this region may have a significant overlap in the J/PA =D A
670} g2 = 0.50 9. = 0.62 o
4520 f---- " 777 ssmmmm T m e m e D e =D
= 4620 | — =
4470 R ERGELEECEEEEE PP | Tl EpD* """"""""" il """ 240 TTTTTSSSsssssssss- Talalelel— "~ ~ :QD*
p— 4570 - — —
44201
_ 4520 o E*D
P bbb bbbttt b D —_— — ¢
= 4370+ == = b
§ 4470 |- —_— — — [ ] =e
~— g ~/D
B 4320F -zttt Tttt XD = = ‘
é@ = 4420
----------------------------- A(:D ST TTTTTTTT TS E T TS S s s s s s T T T T T T T islelelel T T T T T T eeieibee— T T ACD;
4270+ )
42201 sl = - =D
4170 4270+
----------------------------- ALD ST TTTTTTTT TS E T TS S s s s s s I e ACDS
4120 : 4220 : :
_ _ 1 3— 1— 3~
! @ 3 3 2 (b) b 2

FIG. 3. The mass spectra of the Pg and PQS states in the multichannel formalism. We present the results of the P;}S system at g, = 0.50

and g, = 0.62. The meson-baryon thresholds m ADE)> M

thresholds, 2.D and E,D" in the PJ;,

mz(

c

A D)

*)Dm 5

and m_

=) p are illustrated with blue dotted lines. The two extra

system are denoted with green dotted lines. We use black lines to denote the central values of the

obtained P}) and Py states, and their uncertainties are illustrated with green and red rectangles. The six green states in the P} system can

directly correspond to the six green states in the P,,’)s system.
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We denote these thresholds with blue dotted lines in Fig. 3.
Besides these, there exist two extra meson-baryon thresh-
olds, &.D and E.D* in the Pj); system. These two channels
cannot directly correspond to the meson-baryon channels in
the P} system. We denote these two thresholds with green
dotted lines.

As can be seen from Fig. 3, there exist six Pyl)' states with
JP =1/27 or 3/2". These six states can correspond to the
six states in the P$s system. We denote the masses of the
central values of these 12 states with black lines, and their
uncertainties are denoted with green rectangles. According
to Fig. 3, the experimentally observed Py states and the
predicted Pj); states should have the following analogies:

PN (4312)" < P)(4434)°, (36)
Pl (4440)" < Pl (4564)°, (37)
Pl (4457)" < PL,(4582)°. (38)

As indicated in Fig. 3, if we replace the A.D; and Z.D
channels with the 2.D and Z,.D* channels, respectively, we
can reluctantly obtain the following analogies:

PY(4312)" < P21 (4472)°, (39)
PY(4440)" < P23 (4564)°, (40)
PY(4457)" < P1,(4582)". (41)

The predicted Py)(4472)° may correspond to the reported
P}(4459)°. However, such an analogy indicates a con-
siderable SU(3)-breaking effect. In both sets of analogies,
P}(4338)° cannot directly correspond to the lowest
PlJ(4312)" state.

There exist three and six extra Pv’}s states that cannot
correspond to the states in the P{,}' system at g, = 0.50 and
g, = 0.62, respectively. We denote the masses of the central
values of these states with black lines, and their uncertain-
ties are denoted with red rectangles. Further experimental
explorations on the PJ system may help us to distinguish

which case should be preferred.

IV. SUMMARY

Motivated by the recently discovered P (4338)? from
the LHCb Collaboration, we have performed a multichan-
nel calculation of the / = 1/2 P) and I = 0 P}, systems
and presented a comparison between the interactions of
the P and PJ, states in the SU(3); limit and heavy
quark limit.

Unlike the ¢n—cnn (n=u, d)-type meson-baryon
channels in the Pﬁ system, we need to consider two types
of channels when we study the PV/)S system—i.e., the

¢n—cns and ¢s— cnn meson-baryon channels. This
difference will lead to extra states in the P$s systems.

The effective potentials of the P} and Pj, states are
collectively obtained via a quark-level Lagrangian, which
allows us to construct the correspondence between the PVA,’
and Py systems.

We use the masses of PJ/(4440)" and P} (4457)" as
input to determine the coupling parameters g, and g, in our
model. We first study the masses of the PU’Y states in the
single-channel and coupled-channel formalisms. Since all
the off-diagonal terms in the effective potential matrices
consist of the spin-spin interaction terms, the coupled-
channel effect provides very small corrections to the masses
of the P} states.

There exists an important difference between the P}
system and PV’}S system. In the Pl,/)s system, the off-diagonal
terms A, D\’ — E,D™ in the effective potential matrices
consist of the central terms and will have considerable

corrections to the mass spectrum of the P,,’}S states. To

clarify the role of the A,D{” — Z.D™ coupling, we have
performed a numerical experiment on the (ACD§*), 2.D™)
coupled-channel system. Our results suggest that the mass
of the P} (4338)° may shift very close to the E.D
threshold by adjusting the coupling between the Z.D
and A.D, channels. This coupling may also lead to a
PJ(4255)° state in a reasonable g, region.

Then we present our complete multichannel calculations
of the Py systems. Since the P} (4255) is not confirmed
by experiment, we present our numerical results with
gy = 0.50/0.62, corresponding to the case in which the
P}(4255)° does not/does exist, respectively. Due to the

1]

strong A.D; —E.D couplings, our predicted width of
P}(4338)° is broader than the experimental value. The
reported narrower width may be due to the small phase
space of the B-meson decay process. Confirming the
P}, (4338)° state in other processes will be helpful to
pin down its resonance parameters. There exist two Pu/)s
states with J¥ = 1/27 and J” = 3/2~ below the E.D*
threshold. The masses of these two states are close to the
mass of the reported P}y, (4459)°. Due to the A D} — E.D*
coupling, these two states should have considerable widths
and may have significant overlap in the J/WA invariant
spectrum. Further experimental exploration would be
important to test our predictions.

Finally, we present a complete correspondence between
the P and Pj states. The observed P} (4312)",
P}/(4440)", and P}(4457)" do not directly correspond
to the observed P(4338)° and Pj,(4459)°. It is particu-
larly interesting to find the SU(3) PJ states that may
correspond to the observed Pé}' states, and to investigate if
such a correspondence does exist. Further experimental
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researches on these topics will be helpful to fulfill a
complete picture on the spectra of the P and PJ; systems.
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APPENDIX: FLAVOR AND SPIN WAVE
FUNCTIONS FOR THE CONSIDERED MESON-
BARYON SYSTEMS

Similarly to the one-boson-exchange model or resonance
saturation model, in our framework, a meson and a baryon
can interact with each other via exchanging light mesons,
but we describe such a process with a quark-level
Lagrangian. Thus, the flavor and spin wave functions
are constructed at the hadron level, and we further rephrase
them into quark-level forms. In Tables VIII and IX, we
present the flavor and spin wave functions of charmed
hadrons we used in this work.

With the flavor and spin bases presented in Tables VIII
and IX, we can construct the total quark-level flavor-spin
wave function of a specific [BM]yJ system according to
Eq. (11). For example, the explicit forms of the total wave

1 —
2 and [2,D]% systems can be directly
2 22

==

functions of the [Z.D]

]

obtained as

‘[Z D]%> = \/guucdé - \/I(udc + duc)uc
Tz 3 6

® [\@mm—m

- \/%m FUNd-an)
[Ecl_)]g_f> = B (usc — suc)de — % (dsc — sdc)ué]
® ;-1 -in) @)

We explicitly expand Egs. (Al) and (A2) to calculate
their corresponding (A, -4,) and (A -A,6, - 6,) matrix
elements. 1

The wave functions for the [Z.D]; and [E.D]? systems
with other I, and J. components ¢an be obtained in a
similar way, and we can obtain the total wave functions of
the rest of the considered baryon-meson systems by
repeating the same procedure.

TABLE VIII. The flavor wave functions for the charmed hadrons considered in this work.
Hadron [Im;) (]5%{, Hadron [Tm;) ¢§Vrl’{,
Do %%> ue D)= | % — %) dc
Dy" 00) sc
Hadron |Im;) o ) Hadron [Tmy) ¢fr’2,
AF |00) \/LE (du — ud)c )+ [11) uuc
st 110) 15 (ud + du)c (0 =1 dde
=t 11 1 _ =0 1_1 €L —
O o b A S
Ee 22 NA e 272 /2
TABLE IX. The spin wave functions for the charmed hadrons considered in this work.
Hadron |Smy) ¢]SW,,';S Hadron |Smg) ¢sMrf{S
1) ™
D/D, 00) (M=) p/b;  |10) SHCNINES
I1-1) W
Hadron |Smyg) ¢€,‘ns Hadron |Smy) q‘b?,i,s
Az, 1%%>1 %(N —int £> e
-3 L - 4Nl e O
. lzz> —EMEIDTE AL T B A U
I R IR -3 b
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