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Based on a contact Lagrangian that incorporates the SU(3) flavor and SU(2) spin symmetries, we discuss
the symmetry properties of the interactions among the heavy flavor meson-baryon PL, P,j)s (with quark
components [nc|[nncl, [s¢|[nnc], or [n¢][nsc]) systems and dibaryon ng, Hgg (with quark components
[nnc][nec], [nnc][scc], or [nsc][nce]) systems (n = u, d). The light quark components of the P} (Pj,) and
H gm (H ?lu _s) systems have identical flavors, the interactions generated from the exchanges of light mesons
in the P/ (Py),) systems should be very similar to that of the Hg) (Hg, ) systems. We perform the single-
channel and multichannel calculations on the Pf:,’ / P{,}s /Hgm_ /H?)m , systems and introduce the SU(3)
breaking effect to identify the different mass spectra among the P}/ (Hy ) and Py (H ) systems. We
suggest two kinds of evidences for the existence of the flavor-spin symmetry among the heavy flavor
Py/H /Pys/Hg, molecule community, i.e., the mass arrangements of the Py /Hg /Py, /Hg  mass
spectra and the binding energies of the heavy flavor meson-baryon (dibaryon) systems attributed to the

same contact potentials.

DOI: 10.1103/PhysRevD.109.114028

I. INTRODUCTION

In the past 10 years, many pentaquark candidates have
been reported experimentally. The P}/ (4312), P}(4380),
P$(4440), PVA,/(4457) [1,2], P$(4337) [3], P$S(4338) [4],
and P (4459) [5]. Their masses are close to the thresholds

of the =D or 2.D) systems, this general feature
serves as an important evidence of their molecular nature.
Besides the molecular interpretations, the compact penta-
quark states, the hadro-charmounium states, the triangle
singularities, and the cusp effects are also suggested to
understand their underlying structures (Readers may refer

“chenk10@nwu.edu.cn
"wangbo@hbu.edu.cn

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

2470-0010/2024/109(11)/114028(18)

114028-1

to the reviews [6—17]) for more experimental and theoreti-
cal details).

In the molecular picture, as the components of the
molecular state, the two hadrons bind together through
the interactions that are mainly generated from the
exchanges of light mesons. Thus, for the heavy flavor
molecular states, the light quark component and the heavy
quark component in each hadron play different roles. The
nonrelativistic heavy quark component in each hadron is
stimulative to stabilize the heavy flavor molecular system,
while the light quark component in one hadron and its
correlation to the light quark component of another hadron
will determine the types of the exchanged light mesons, and
thus primarily determine the property of interaction among
the two hadrons.

The Egt) baryon can be related to the anti-charmed D)
meson with the heavy diquark-antiquark symmetry
(HDAS) [18]. in other words, the existence of the molecular
state that is below the =0/ D) or £.D*) threshold implies

the existence of the molecular state that is below the =0 =

Published by the American Physical Society
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TABLE 1. The heavy flavor meson-baryon and dibaryon
systems and their corresponding thresholds. We adopt the isospin
averaged masses for the single-charm mesons and baryons. For
the E,.. baryon, we use the experimental mass from Refs. [25,26].

fnES

For the doubly charmed baryons E}. and Q(Ct), we use their
theoretical masses calculated from Ref. [27]. All values are in
units of MeV.

Quark content System and threshold

(nnc)(ne)  AD AD* =D D I.D* D
4153.7 4295.0 4320.8 4385.4 4462.1 4526.7
(nnc)(ncc) ACECC ACEiC‘ ZCECC ZZE‘CC ZCE:C Z§EZC
5907.9 6013.5 6074.9 6139.5 6180.5 6245.1
(nnc)(sc) AD, AD; X.D; XD, XI.D; ZXiDj
4255.5 4398.7 44225 4487.1 4565.7 4630.3
(nsc)(ne) E.D E.D* E.D E:D E.D* ED*
4336.7 4478.0 4446.0 4513.2 4587.4 4654.5
(nnc)(scc) A Qe A Z.Q. ZiQ. Z.Q i
6064.5 6158.5 6231.5 6296.1 6325.5 6390.1
(nsc)(ncc) ECECC ECE:;C EQ‘ECC EZ:CC :IC:ZC E:‘Ezc

6090.5 6196.1 6199.9 6267.4 6305.5 6373.0

or E'.CESE) threshold, respectively. In fact, due to the special

role of heavy quark components in stabilizing the molecular

system, the molecular state consists of the zﬁ*) (E.) and Eg)

components is expected to bind deeper than the molecular
state consists of the ZE*) (8,) and D™ components.
Similarly, the QE.*C) can be related to the anti-charmed-

strange meson D! with the HDAS. Note that the LHCb
collaboration reported the Piy,(4338) [4] state, which could
be the good candidate of Z.D molecular state. Besides,
from the J/WA invariant spectrum, there might be a
P(4255) structure near the A, D; threshold. The existence
of Py (4255) were discussed in some literatures [19-24],
since the threshold of the A.D, channel is very close to the
Pl(4255), the A.Dy interaction attracted much attentions.
If the PJ(4255) do exist, we should also check the
existence of its HDAS partner A Q...

By replacing the ¢ quark in D*)/ D§*> mesons with the
cc pair, we obtain the expected hexaquark systems
H{ /Hg  that have identical light quark components

to that of the P}y / P}y, systems, we list the considered heavy
flavor baryon-meson and dibaryon systems and their
corresponding thresholds in Table I.

In Table I, we adopt the experimental mass of the E/"
baryon measured from the LHCb collaboration [25,26].
The mass spectrum of the doubly charmed baryons has
been studied in many different frameworks, such as various
quark models [27-33], the bag models [34-36], Bethe-
Salpeter equation [37], Born-Oppenheimer EFT [38],

Regge analysis [39,40], QCD sum rule [41,42], and lattice
QCD [43-45]. We adopt the masses of the Z¢. and QU

doubly heavy baryons calculated from a relativistic quark
model [27].

In this work, we collect the Py/Py./Hg [HE
systems together and investigate the possible flavor-spin

symmetry among the Py/Py/Hy /[Hg  molecular

cceS

community, i.e., the interactions of the molecular states
can be related together through their flavor and spin
structures. Our framework [46-49] is based on the one-
boson-exchange (OBE) picture at hadron level, the inter-
action of two hadrons is generated from the exchanges of
light mesons. But we reexpress such process with a quark-
level Lagrangian possessing the SU(3) flavor symmetry
and SU(2) spin symmetry. This framework is particularly
convenient for the symmetry analysis of the interactions
among different dihadron systems [24].

The investigations on the triply charmed pentaquark or
hexaquark states can be found in a few literatures. In
Ref. [50], the authors suggested that if the X(3872) and
Z,(10650) turn out to be the DD* and B*B* bound states,
then the HDAS implies the existences of the triply charmed
and triply bottomed pentaquark states, respectively. Within
the framework of OBE model, the triply heavy pentaquark
systems and the triply charmed hexaquark states have also
been investigated in Refs. [51,52] and [53], respectively. In
the framework of QCD sum rule, Ref. [54] constructed the
color-singlet-color-singlet type currents to investigate the
interactions of the scalar and axial-vector Z..%. dibaryon
states, their results suggested the existences of triply-
charmed dibaryon states. By checking the result of the
heavy dibaryon system X.E.. from lattice QCD [55], the
authors in Ref. [56] proposed a model independent way to
determine the spins of the P}y (4440) and PJ) (4457), i.e., the
mass arrangement of the P bound state spectrum is related
to the mass arrangement of the Hg bound state spectrum

through the heavy quark spin symmetry. In this work, we
will give an extended discussion on the symmetry properties
of the interactions in the Py /Hgy as well as the Py, /H
systems.

This paper is organized as follows. In Sec. II, we present
our theoretical framework. In Sec. III, we discuss the way
we determine the parameters introduced in our model,
then we present how the flavor-spin symmetry manifests
itself from our single-channel calculations on the Pu’\,’ /
HY /Py /Hp, , systems. In Sec. TV, we present and
discuss the results from our multichannel calculations on
the Py /Hg /Py/Hg  systems. Section V is devoted to
a summary.

II. FRAMEWORK

In this section, we present our framework to calculate the
mass spectra of the Pjy/H{ —and Py /Hg  states. We
introduce [46,47] the S wave contact interactions via
exchanging scalar and axial-vector light mesons to
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TABLE II. The flavor wave functions of the heavy flavor
hadrons considered in this work.

Meson |Im;) b, Meson  |Imy) Iy
) ut Do~ [L-by de
p-100) 5C

Baryon |Im;) b, Baryon  [Imy) b,
A |00) \/Li (du — ud)c 25_*)++ [11) uuc
st [10) S5 (ud +du)e g0 [1-1) dde
Ef |15) \/LE (us—su)e B [1-1) % (ds — sd)
AR \/Li (us +su)e =0 |11 \/Li (ds + sd)
BT 120 uce BT 13- dec
Q@+ |00) scc

collectively describe the interactions of the P}))/HY and

Py, /Hg  systems

L = 9,g8q + 9.qr,7° A'q. (1)

The fictitious scalar field S and axial-vector field A# can be
expanded as

S - S3/1i + Szll + 81}«8, (2)

A= A2+ AN+ A8, (3)
respectively. The A (i = 1,2,3), 7/ (j =4, 5,6, 7), and A3
are the generators of SU(3) group. Sz (A45), S, (A5), and S,
(A) denote the isospin triplet, isospin doublet, and isospin
single scalar (axial-vector) fields, respectively.

The effective potential introduced from the exchanges of
scalar and axial-vector mesons can be written as

V =Gsd1 - A + Johi - A6 - 6. (4)

The 6/ ) is the Pauli matrix in the spin space. The redefined
coupling constants are J, = g7/m% and §, = ga/m?,
where mg and my are the masses of the scalar and
axial-vector light mesons.

To calculate the effective potential of the considered
Py /Py /Hy [HS. | systems, we need to construct the
wave functions of the mesons and baryons involved in
Table I. We collectively present their flavor and spin wave
functions in Tables II and III, respectively.

With the above preparations, the total wave function
of the considered heavy flavor dihadron system can be
written as

1.1,
|[H1H2]5> - Z Cll amy iy, m,2¢11 amy, ¢12 mp,

mpy mp,

® Z Sl mS .S, mg, d)Sl ms, ¢SZ g, ( )

mSl m52

Here, H 3 stands for the considered heavy flavor meson or
baryon. The ct! and CS1 are the Clebsch-

Gordan coefflclents

With the constructed total wave function, the effective
potential for a specific heavy flavor dihadron system
with total isospin / and total angular momentum J can
be written as

I, m amy, s, ,S2.ms,

Vi, = ([HHL | VI[H o)) (6)
Here, since we only consider the interactions that are
introduced from the exchanges of light mesons, the oper-
ators A4; - 4, and 4, - 4,61 - 6, only act on the light quark
components of the total wave function |[H,H,}).

TABLE III. The spin wave functions of the heavy flavor hadrons considered in this work.

Hadron |Sm) P, Hadron |Smg) B,

o o [11) 1N

D/D; 00) H(M=11) D* /D5 10) HF(ML+I)

1) I

Hadron |Smg) ¢§mS Hadron |Smg) ¢§mS

1D L -1l 133 P
= 11 = 31

/% e TG et L LRV KN A S - Y/ N N A )
170 LAt B 13D i i+ )

= 1 3_3

BeolBee 13D A ) + B 33 b

LU+ =20
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TABLE IV. The heavy flavor meson-baryon channels (P{,\,’ and
Py systems) and dibaryon channels (Hy, and Hg_  systems)
with the lowest isospin numbers and all possible total angular
momentum numbers.

1(J?) Channel
1/1- D )* D xS )+
1e A.D.AD" 2D 25" %D
N 3— * s * * Yk
Py 13 AD*,2:D.2,D*, 2D
1 (i—) Z*D*
2\2
04)  AD, A.D; EDED" E.D E.D* ED"
A 3— N*x = Ny =xy =/ D =k T
Py 0(37) A.D;,E.D*,E:D,E.D* EXD
5— =k )%
O(z ) :.CD
1 —_ —_ E=1]
2 (0+) AC:‘CC’ ZC':‘L‘W ZCh‘L‘C
1 = i =k * Tk
HN §(1+) A(':‘LL’A HLL’Z HLL7ZL‘_‘LL’ZL‘_‘LL7Z —ce
Q.. 1 = (Y= = <k
“o 3 (2+) Ac—'cca Zc—'cca 2.E c—=ccr zc—'a
1 Rk
2 (3+) zch‘cc
1 —_ — Tk
2 (0+) A Q cc h‘c h‘( Cr =eee s Sesee
1 - —_ =) — — =k Rk
HA 2 (1+) ACQCC’ SeSees —‘c':‘cc SeSices SeSees SeSees e
Qe 1(o) BB, B8, BB, EXE,
2 C cc? C cco C cC c ccC
1 —p
2 (3+) SeSee

At present, the experimentally observed Pjy [1,2] and

,,,X [4,5] molecular candidates have the lowest 1sosp1n >
and 0, respectively. In Ref. [46], with the same framework
we proposed an isospin criterion to explain why the
experimentally observed Pu’\,’ / P,,’}S molecular candidates
prefer the lowest isospin numbers. This criterion suggest
that when the light quark components of these systems
couple to lower isospin numbers, the interactions generated
from such configurations lead to more attractive forces,
which is crucial for the formation of the heavy flavor bound
states. Thus, in this work, we only focus on the P}/ Hg
and Py, /HJ | systems with the lowest isospin numbers,
ie, I =1/2and I =0 for the Pj/Hg and Py/HS |
systems, respectively.

We collect the considered channels with the lowest
isospin and all possible total angular momentum numbers
for each Py /Py /Hy /Hg_ , system in Table IV.

. . . Py P o HE HYy

The effective potential matrices V", V",V fecc |/ feeet
can be calculated from Eq. (6) with J = 1/2,3/2, and 5/2
for the PN and PV’}‘ systems, and with J =0, 1, 2, and 3
for the HN _and Hy_ systems. Then we find the bound
state solutions by solving the following coupled-channel

Lippmann-Schwinger equation
T(E) =V +VG(E)T(E), (7)

with

vy vy e v,
V=| v v Vin |, (8)
Upl Ui U
11 (E) 1 (E) t1,(E)
T(E)= tjléE) tj,-(:E) tjn&E) . (9)
tnl:(E) tni(:E) tnn:(E)

and

S(E) = diag{Gy(E). . Gy(E). o Go(E)}. (10)
Here, we adopt a dipole form factor u(A) = (1 + ¢*/A?)7?
[21,24,57,58] to suppress the contributions from higher

momenta, i.e.,

1 q°
Gi——/d 2N, (11
27 qE_\/mizl"‘qz—\/mizz"'qz -y

Three parameters g, §,, and A are introduced in our model,
we will discuss the determination of these three parameters
in Sec. III

The bound state solution satisfies the following equation

II1 - VG| = 0. (12)

The I is the unit matrix. For the bound state below the
lowest channel, we find its solution in the first Riemann
sheet of the lowest channel. For the quasibound state
between the thresholds of the ith (lower) and jth (higher)
channels, they generally has nonzero imaginary parts due to
its nontrivial couplings to the lower i channels. We find the
quasi-bound state solution between the first Riemann sheet
of the higher jth channel and the second Riemann sheet of
the lower ith channel.

III. PARAMETERS AND THE RESULTS FROM
OUR SINGLE-CHANNEL FROMALISM

In this section, we briefly introduce the way we determine
the three parameters g, g,, and A that are introduced in our
model. Then we use a single channel formalism to give a
preliminary discussion on how the flavor-spin symmetry
manifests itself among the Py /Py /Hg /HS_ systems.

114028-4
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A. Determination of the parameters

We use the masses of the P} (4440) and P}y (4457) [2] as
inputs to determine the §, and g,. The J¥ numbers of these
two states have not been measured yet, since they both lie
slightly below the X.D* threshold, the following two
scenarios are possible for their assignments

Scenario 1 : PY (4440) ZCD*;%_>, PY (4457) ZCD*;%_>,
(13)

. _1- _ 33—
Scenario2: P} (4457) XCD*;E >, P} (4440) zcl)*;E >
(14)

We fix the cutoff A at 1.0 GeV. Since we only consider the
exchanges of the scalar and axial-vector light mesons, this
value is comparable to the mass of the ground scalar or
axial-vector mesons, and they are integrated out in our
effective theory. Besides, we also checked that our numeri-
cal results have weak A-dependences around 1.0 GeV. With
the above two sets of assignments, the g, and §, can be
obtained by solving the following equations [24]

Re|[1-V{%61|[ = 0. (15)
Im|[1- V%615 || = 0, (16)
Re||L - V%635 | = 0, (17)
mm|[1- V{7,650 || = o, (18)

then the parameters g, and g, in scenario 1 and scenario 2
are obtained as

Scenariol: g, =828 GeV™?2, §,=-1.46GeV~2, (19)

Scenario2:j, =9.12 GeV~2,  §,=125GeV=2. (20)
The parameter g, that is related to the operator A; - 4, is
much larger than the parameter §, that is related to the
operator A; - A,6; - 6,. The first term in Eq. (4) provides the
driving force for the formation of molecular states, the values
of g, obtained from these two scenarios have opposite signs,
the different signs of g, will lead to different mass arrange-
ments for a specific dihadron system with different total
angular momentum numbers. The P{,\,’ / P$S states in the
scenario 1 have been discussed in detail within the same
framework in Ref. [24]. However, since both scenarios
cannot be excluded at present, to give more valuable
predictions to the considered heavy flavor meson-baryon

and dihadron systems, in this work, we further add the
results of the P} and PJ; systems with the inputs from the
scenario 2.

B. Flavor-spin symmetry among the
Py /Py /Hg /Hg . systems in the single channel
formalism

With the obtained parameters g, and g, in both scenarios,
we firstly present a single channel calculation to discuss
how the flavor-spin symmetry manifests itself among the
Py /Py /H JHS | systems. Here, we list the diagonal
matrix elements of the operators Of = (4, - 4,) and O =
(A1 - 4901 - 63) for the P//Py/Hy [Hg  systems with
different total angular momentum numbers in Table V.
Then the numerical effective potential for a dihadron
[H,H,]" system can be directly written as

V[H]H2]5 = gsof + gaOfs' (21)
With the numerical effective potentials, we solve the
corresponding bound state solutions with the inputs from
the scenario 1 and scenario 2, and collect them in Table VI.

In our convention, the negative and positive effective
potentials correspond to the attractive and repulsive forces,
respectively. As given in Table V, the [Acl_)]%, [ACD*]%_%,
[AEcclo1» and [AEL ], systems have repulsive forces
and do not have bound state solutions. Besides, the [AL,DS]%,
[ACD;‘]%%, [AL.c]o1» and [AQf ], systems have weak
attractive forces but not strong enough to form bound
states. However, we find that after including the coupled-
channel and SU(3) breaking effects, the existences of the
[Acl_)s]%, [ACD’;]%%, (Ao and [A Q;.], , bound states
are possible, we will discuss this issue in Sec. IV B.

From Table V, we also find that the systems

>9D « =D, (22)
:D* < 8D, (23)
g, <2z, (24)
Ve, o 20E,, (25)

with the same total angular momentum numbers (with the

same spin wave functions) have identical contact potentials.

This is the main manifestation of the SU(3) symmetry.
The diagonal matrix elements O for the [ECD*]% and

[E.D*]; systems are all 0, the E, and D* components have

vanishing spin-spin interaction from their light degrees of
freedom. The inclusion of the spin-spin interaction terms
from their heavy degrees of freedom could distinguish the

114028-5
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TABLE V. The diagonal matrix elements of the O = (4,-4,) and O = {(1;-4,)(6,-6,)) for the
Py /HN / P,,,Y / Hgv systems. We use the superscript A-F on the total angular momentum J to denote six
groups of dihadron systems that have identical effective potentials.

System of o System of or
[ACD]% % 0 [ALEM]OI %,% O, 0
[ACD*]%.% %’% 0,0 [AcEeclia %,% 0,0
[ZCD]%A _% 0 [ZC_‘CC}OB.I _%, —% —2—90,%
[ZiD ~10 0 (18] o _10 10 _%0 10
[ZCD*]%%B -5.-% 3.-% (ZEec]i o -2.-8 73
ZD e R0 -100 020100 [SEL e e _10 10 _10 50 11010 _10
System of ofs System of ofs
[ACDS}%F _% 0 [ACQ(IC]()F,IF _% , _% 0,0

[A" D :f]%r%r - % ’ _% 0,0 [ACQzC]IF,zF —% s —% 0,0
[ECD]%A —% 0 [EL.:.“]OA 1A —1?0 S —1?0 0, 0
[E‘CD*]%A%A _?’ _% 0,0 [ECE’CC]IA 2A —%) s —% 0,0
=D 1o 0 Bl Y o
(2D -5 0 (B e 1o, 1o —% 10
(D) —. -8 P EAAP ~io,_lo 10020
[ETD*]%D%%E —%7—§7_1_30 5907%)’_%) [EiBr Jop 10 38 —%,—%,—?,_13_0 %’%7%’_?

Z.D* molecular states with J = 1/2 and J = 3/2, but this
is beyond the scope of this work. Thus, if we only consider
the interactions introduced from the exchanges of light
mesons, the [E.D*]; and [E.D*]; systems have identical
effective potential and thus have identical binding energy,
as presented in Table VI.

The degeneracy of a dihadron system with different total
angular momentum numbers also appear in the [Acl_)*]%%,
[AL'ECC]O.]’ [Ac‘Ezc]l,Z’ [Acbﬂ%%’ [ACQCC]O,I’ [Ach‘C]l.Z’
[EcEeclon> [BEcEec]i, systems, as can be seen from their
effective potentials listed in Table V. By checking the
results listed in Table VI, we find that among the above
systems, the [E.E..]o, and [E.E! ], , systems have bound
state solutions, the [E.E.], (E.E%])) and [E.E.],
([B.E%.],) have identical binding energy, one needs to
introduce the spin-spin interaction terms from their heavy
degrees of freedom to discriminate the [E.E. ., ([E.E!.]))
and [E.E. ], ([E.Ef],) bound states. In this work, we
assume that the mass corrections induced from the
exchanges of ¢¢ mesons are very small and neglect this
effect.

By simply collecting the systems that have identical
attractive effective potentials, we obtain six groups of
heavy flavor dihadron systems, we label these six groups
of systems with the superscript A-F on the angular
momentum J in Tables V and VL

Among the systems in A-F groups, the systems in F
group have weak attractive force and can form bound state

only if we consider the coupled-channel and SU(3) break-
ing effects, we will discuss the F group in Sec. IV C.

As can be seen from Tables V and VI, on the one hand, in
each of the A-E groups, with the same effective potential,
the heavy-flavor dibaryon bound state has deeper binding
energy than that of the heavy flavor meson-baryon bound
state, this result implies the special role of heavy flavor
quark components in stabilizing the molecules. On the
other hand, since the heavy flavor dibaryon system and the
baryon-meson system with identical effective potential in
the same group have different binding energies, although
they are related via the flavor-spin symmetry, one cannot
directly identify a heavy flavor dibaryon bound state as the
flavor-spin symmetry partner of a heavy flavor baryon-
meson bound state through their binding energies, which
might be observed in the future. Alternatively, in each
group, the flavor-spin symmetry manifests itself very well
in the heavy flavor meson-baryon and dibaryon systems,
separately. For example, from Table VI, we further list the
binding energies in group A obtained with the inputs from
scenario 1 as follows

E.D): -82MeV, [E.D*)i;: —9.7MeV, —9.7MeV
£.D)i: —8.1MeV, [E.D];: —8.9MeV,
[Z:D];: —8.5MeV,  [E:D];: —9.3MeV,

for the heavy flavor baryon-meson bound states and

114028-6
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TABLE VI. The bound state solutions of the P{,‘,’ /H g / P$S /H f\z . Systems obtained within the single-channel formalism. The results
are calculated from the inputs of scenario 1 and scenario 2. We use the superscript A-F on the total angular momentum J to denote six
groups of dihadron systems that share identical effective potentials. All the results are in units of MeV.

Scenario 1 Scenario 2
System Mass (MeV) BE (MeV) System Mass (MeV) BE (MeV)
[ECD}%A 4312.6 -8.1 [ZCD]%A 4307.6 —13.1
[Zj.D]%A 4376.9 -8.5 [ZfD]%A 4371.7 —13.6
[ZCD*]%%B 4438.8, 4457.5 —23.2,-4.6 [ZCD*]%Y%B 4456.8, 4440.9 -5.3,-21.1
[Z;*.D*]%D%%E 4498.8, 4510.3, 4523.8 -27.9,-16.4,-2.9 [EZD*}%D%’%E 4522.9, 4516.6, 4501.6 -3.8,—-10.1,-25.1
ZeBeclos 1 6060.8, 6050.3 —14.0,-24.6 [ZZeclor 6037.5, 6048.1 —37.3,-26.8
[ZiBec]iac 6123.7, 6112.7 —15.9,-26.8 [ZiBec]iac 6102.7, 6113.2 -36.9,-26.3
Z.Ei]i 08 6143.0, 6166.0 -37.5,-14.5 Z.Ei] o8 6162.6, 6142.4 —17.8,-38.0
[ZEEL oo 6198.3, 6205.1 —46.8, —40.1 [Z:Er 6232.0, 6227.7 —-13.2,-174
[Z:E5 e 5 6217.7, 6233.6 —-27.4,-11.6 [ZiEr Joe 58 6218.2, 6201.9 -26.9,-43.2
[ECD]%A 4328.1 -8.2 [E.D]ia 4323.1 —13.3
[E.D* 1A 4468.0, 4468.0 -9.7,-9.7 [ECD*]%A%A 4462.5, 4462.5 —15.1,-15.1
[Eﬁ,D]%A 4436.8 -89 [ECD]%A 4431.6 —14.1
[E:D]%A 4503.9 -9.3 [E:D ]%A 4498.6 —14.6
[EQ.D*]%_%B 4562.5, 4581.8 —24.5,-52 [E’LD*]%%B 4581.1, 4564.7 -5.9,-223
[EﬁD*}%u%_%E 4625.3, 4637.0, 4651.2 —-29.2,-175,-34 [E?D*]%D%%E 4650.2, 4643.6, 4628.2 —-4.3,-11.0,-26.3
[EcEcc]ona 6068.5, 6068.5 —22.0,-22.0 [EcEcc]onga 6061.0, 6061.0 —-29.5,-29.5
[BEi] a0 6173.6, 6173.6 —22.5,-22.5 [CRCHA PN 6165.9, 6165.9 -30.2,-30.2
(A 6184.7, 6173.8 —15.2,-26.1 [ELEccJop 1 6160.8, 6171.6 —39.1,-28.3
(BB eliac 6250.3, 6239.1 —17.1,-28.3 [EiEc]1 e 6228.8, 6239.6 —38.6,-27.8
[ELE:]  » 6266.2, 6289.8 -39.2,-15.7 [ELE: ] 6286.3, 6265.7 —19.1,-39.8
[EE: v 6324.3, 6331.2 —48.7,—-41.8 [E:2Eclom 6358.7, 6354.3 —14.3,-18.6
[BiBi]oc 38 6344.0, 6360.4 -29.0,-12.6 [BiEr ] e 58 6344.6, 6327.9 —28.4,-45.1

—22.0 MeV — 22.0 MeV
BBl )12 — 225 MeV,-22.5 MeV,

for the heavy flavor dibaryon bound states, respectively.
The heavy flavor meson-baryon or dibaryon systems in
group A have very similar binding energies, this phenome-
non can serve as a fingerprint for the existence of the flavor-
spin symmetry. We can also obtain the same conclusion by
checking the binding energies of the heavy flavor baryon-
meson or dibaryon systems in B-E groups. Besides, this
conclusion also applies to the results in A-E groups
obtained with the inputs from scenario 2, as can be checked
from Table VL

From our single-channel calculation, the flavor-spin
symmetry manifests itself very well in the P} /Hgm_ /
Py, /Hg,_, systems, however, different from the P} and
Hg systems, the inclusion of strange quark will violate
the SU(3) flavor symmetry, this might introduce signifi-
cant differences to the mass spectra of the P,,’}s and
Hﬁms systems. Besides, the coupled-channel effect may

also shift the masses of the bound states obtained from the
single-channel calculation in the Py/Hg /Pp/Hg
systems. In the following, we discuss the influences of
these two effects on the violations of flavor-spin
symmetry.

IV. PY/PS/HY /HS , SPECTRA IN THE
COUPLED-CHANNEL FORMALISM

The flavors of light quark components in the Pg and
H g{_“" systems are the same, the replacement of a u/d quark
within the Pé}’ and Hgy systems to an s quark lead to the
Py, and H | systems. In this section, we first discuss the
molecular spectra of the PUI)' and Hga_( systems by includ-
ing the coupled-channel effect. Then we proceed to discuss
the Py, and Hg  systems. To give more complete
descriptions to the spectra of the Py, and Hg,  systems,

we will consider both the coupled-channel effect and
SU(3) breaking effect.
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TABLE VIIL

effective potential matrices V,, Hoce and V, Hoce .

The matrix elements of [(Al A2), (A1 - 4261 - 6,)] for the dibaryon channels associated with the

\/SIZ ..... \/;lg”
Channel AE.. 2B iEY. Channel A EY, 2iB.. B, TIEY.
AE.. [% ,0] [0, 1] [0,2V/2] AEz, [% ,0] [0, —4] [0, 2] [0, 4]
ZoEee 2= 0.7 EE. -85 ob-F D —%]
2B 8.3 ZE 5. =% 0.5
SEL -2
A. Spectra of the P;j and HY, systems The results of the Pj} bound states for the scenario 1 and

With the same framework, we have calculated the
N N

effective potential matrices (\/f"’,\/;D ¥) in Table II of
2 2

Ref. [24], we refer the interested readers to Ref. [24] for
more details. We collect the numerical results of the

. . . HN HN HN
effective potential matrices V,, *, V, *« and V, * for
the HY systems in Tables VII and VIII. As can be seen

from Tables VII and VIII, the diagonal matrix elements of
N N

. HY H L.
matrices V, “, V| * and V, ** all have nonvanishing
central terms, and some of them have corrections from the

spin-spin interaction terms. On the contrary, the central
N

. . . H
terms of the off-diagonal matrix elements in V, “<, V, %,

and V, o are all 0, the different Hg  systems with the

same total angular momentum J couple to each other
through the spin-spin 1nteract10n terms. The above con-

|//

clusions also apply to the (\/1 \é’ﬁ) matrices as can be
checked from Table II of Ref [224]. Due to the small
coupling parameter §,, we may anticipate that the mass
corrections of the Py /Hg bound states induced from the
coupled-channel effect would be relatively small.

We plot the bound state solutions of the P,/ and Hf
systems from our coupled-channel calculatlons in Fig. 1.

TABLE VIIIL

. . .Y
effective potential matrix V, *

scenario 2 are illustrated in the left and right sides of
Fig. 1(a), respectively. The results of the Hg bound
states for the scenario 1 and scenario 2 are illustrated in the
left and right sides of Fig. 1(b), respectively. We illustrate
the central values of the masses of the P,,,/ HN ~ bound
states with black lines, and their numerical values are also
given in Fig. 1. We consider the experimental errors from
the masses and widths [2] of the P}y (4440) and P} (4457)
states to estimate the theoretical errors of the predicted
Py /Hg  states, and plot them with small green bands
in Fig. 1.

For the states [Z:D ]5 and [X:E} ]; with the highest total
angular momentum numbers, we do not need to consider
the coupled-channel effect, their results have already been
calculated in our single-channel formalism and listed in
Table VI, we do not further illustrate them in Fig. 1.

As given in Egs. (19) and (20), the coupling parameter
g, in the central term solved from the scenario 1 is very
close to that of the scenario 2. Besides, in both scenarios,
the values of g, are much larger than that of the g, thus,
the central terms dominant the total effective potentials of
all the Py and Hg systems. The similar and large g,
values in both scenarios are the reasons that in these two

The matrix elements of [(A; - 4,), (A - 4,6 - 6,)] for the dibaryon channels associated with the

V, G

Channel A B AEL ZEee ZeEee DIRCHE ZeEe
AcBee 3.0 [0, 0] [0, -4 [0, -2 0,42 [0, 20
AE 5.0 0,842 0.-3] [0. -4 0,449
P -0 % [0, — 22 [0, — 392 [0, 2019
s

B -5 7] 0.23¢%)
TiE! -5 5]
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Scenario 1 } Scenario 2 D 6270 | .
4500F """ iiiooo - aSaa— -~ = = = = = - a6 Scenario 1 | Scenario 2 yege
=== 45238 Typ1ig0 ' [TTTTooToTTTmmmmmmmmmmmooes  m— Tt 69451
B 45134 | ‘
L 232.
srol 4501.4 | b 62201 6200.5 — 62224 | 6252.9 6230.0 6221.2
14573 | s ae21 S §£§g(5
4440.3  (mput) o (Input)  =gaes 61701 !

4420 (Input) ! (Input) 61458 6166.5 ! 6163.7 61420  y.o
Y S S T U A T i
= 4370¢ | 13854 6120.7 !
< 4373.3 4369.6 61048 ! 61012 6108.6 _
~ \ ».D 7OF STt TTTTmmmommsmmsomes FTTTTmmmmmmmmmmmmm e 074
® 4320F-------------- R RRRRRREEEEEE 5.5 07O e ‘ 6074.9
< T | — AD* 6059.5 }
= 4308.2 ;43053 v S 6.0 B AEL

4270r | ; 6013.5

I I
4220t 5970r
| |
I I
4170 o o AD se20pr [ AZee
! 4153.7 ! 59079
4120 = = = 3= 5870 :
5 5 5 5 0+ 1" 2t ot 1" 2t
(a) (b)
FIG. 1. The mass spectra of the PN and HY systems obtained from our coupled-channel formalism. The results of the PN bound

states for the scenario 1 and scenario 2 are 111ustrated in the left and right sides of (a), respectively. The results of the H Q. bound states

for the scenario 1 and scenario 2 are illustrated in the left and right sides of (b), respectively. We plot the central values of the PV’\,’ and
Hg bound states with black lines and label the corresponding numerical values. The theoretical errors are illustrated with small green
bands, they are introduced by considering the experimental errors [2] from the masses and widths of the P} (4440) and P} (4457) states.

scenarios, the numbers of the obtained bound states in the
Py or Hg mass spectrum are the same.

The central term is also related to the flavor matrix
element O', which is determined by the flavor structure of
the light quark components in each of the Pj or Hg
system. Thus, the P}y and Hf,
1sospin will have identical central term. Due to the
dominant role of central terms and the larger reduced
masses in the Hg systems, we can say that the existence
of Py bound state with isospin [ also implies the existence
of Hg bound states with the same isospin.

The mass spectra of the Py and Hgj

from Eq. (4) can be described by the following picture. The
central term provide the dominant attractive force to bind
the X ) baryon with D™ meson or ng) baryon, while the
spin- spm interaction term will further shift the mass of the
obtained bound state by several or a few tens of MeV.
Since the values of g, determined from scenarios 1 and 2
have opposite signs, the arrangements of the P}y and Hg
spectra are different. As illustrated in Fig. 1, in scenario 1,
the masses of the bound states that are mainly composed of

states with the same total

states constructed

the Eﬁ*)l_)* system increase as the total angular momentum

J increases. Correspondingly, in this scenario, the masses

of the bound states that are mainly composed of the E ):C

system decrease as the J increases, while the masses of the

bound states that are mainly composed of the ZE )Hcc

system increase as the J increases.

On the contrary, as illustrated in the right sides of
Figs. 1(a) and 1(b), in the scenario 2, the tendencies
discussed in scenario 1 are all reversed.

We also notice that the mass spectra of the Py and Hfy
systems have also been discussed in Ref. [56] based on a
effective field theory that respects heavy quark symmetry.
They use a contact-range Lagrangian to describe the
interactions in the heavy flavor meson-baryon and dibaryon
systems. In their framework, the > D®, and =
hadrons are described by introducing the corresponding
superfields. By comparing the effective potentials of the
Py’\,’ /H gm systems in this work and the effective potentials
of the P)//Hg systems in Ref. [56], we find that the
effective potentials of the Py/Hg
these two works are consistent with each other. This is due
to the fact that we still describe the interactions in the heavy
flavor meson-baryon and dibaryon systems at hadron level,
but we reexpress their effective potentials in terms of quark-
level language. Correspondingly, the mass arrangements of
the P} and Hf{ mass spectra in these two works are also
consistent with each other.

systems obtained in

114028-9
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TABLE IX. The matrix elements of [(/11 /12> (A1 - X206, - 63)] for the dibaryon channels associated with the

A
effective potential matrices V,, e A e A " and \/IHQ
A A
o e
Channel A.Q, &S, 2.8, =B, Chamel AQ;, EE, =&, BLEr,  EEL
4 * 4
AL [-3.0] 2v2.0] |, \@] 0.4 ALl [-4.0] [2\/’ o o, \/g] [072 %} 0,4 \/g]
e —5 8 02 EE 58 o —%J 0.-%)
e -5.5) B2 -5.-% 0.3
A -1 19
c=cc 3579
\/Tl?mm \//1 gm
Channel A.Q.. AQ;, EE. 2.E:;.  Channel E.E. ERCH BEE BrEL,
4 =2 10 20
AL'QL'(T 3> 0} [0, 0] [2\/2, 0] [0, 0] -‘i'h'cc [_ 30 _7] [0, - %ﬁ} [O, - %i} [ s 20\/_]
A Q. [-3.0] [0,01 [2v2,0] EE. [, -3 [0,-20 0, - 40f]
= 5.0 00 == 55 s
BB L0 EEL [— 10, L1

The arrangements of the P} and Hg  spectra would be
the signatures of the flavor-spin symmetry among the
interactions in the PJ) and Hgm systems, thus, the con-
firmation of these arrangements would give strong support
to not only the molecular nature of the observed P} states,
but also a general flavor-spin symmetry among the inter-
actions of the P,/ and Hf, states.

B. Spectra of the P, and H} | systems

. . . Ph o Ph
The effective potential matrices (V,"”,V,;") of the PJ;
2 2

systems have been given in Table III of Ref. [24], we refer
the interested readers to Ref. [24] for more details.
HA HA THY

The effective potential matrices (V) %<’V %t V| #eees]

A
\/f““”) of the Hy  systems are presented in Table IX.
Here, as given in Table IV, to study the J = 1 systems, we
need to consider the interactions coupled from eight
channels. Finding the pole positions of the J =1 Hg(
states from this eight coupled-channel calculation is
relatively time consuming and unpractical (in our calcu-
lation, it takes about ten times longer to find the bound
state solutions from an eight coupled-channel LSE than
that of a seven coupled-channel LSE). Alternatively, from
Table I, one can find that the thresholds from the lowest
A.Q.. channel to the highest Z'E?. channel range from
6064.5 to 6373.0 MeV, the threshold gap is more
than 300 MeV. In general, only the channels with their
thresholds close to the considered channel would give
significant corrections to the interaction of the considered

’(,C‘Y

channel, besides, from our calculation, we find that
the (AQce, AQe, BB, E.EL.) channels couple to the
(E.E., BIE,., B.E! BiEY:.) channels only through
the spin-spin interaction terms, due to the small spin-spin
coupling parameter §,, we can expect that the corrections
from the couplings of the lower four channels with the
higher four channels would be small. Thus, we simplify
the calculation of the J =1 Hgm_s system by dividing the
considered eight channels in Table IV into two groups, i.e.,
the (A Qcm A Q:C’ :c:cc’ :c:zc) and (E/CECC’ E‘Z'Ecc’

—) = e

E.E., EiEL.). We present the corresponding effective

. . Hg. s MHG o
potential matrices V, ~* and V, ™ in Table IX.
There exists an important difference between the effec-
tive potential matrices in the Hyy and Hg_ systems. As
given in Table IX, for the off-diagonal matrix elements, the

effective potentials of the A QEL) -5 50

E.E. channel in the
Hﬁ(_ws systems with J = 0, 1, and 2 consist of nonvanishing
central terms. Due to the large coupling parameter g,, the
coupling from these channels will give considerable cor-
rections to the mass spectra of the Hf\zm.s systems with
J =0, 1, and 2. As discussed in Ref. [24], similar coupling
also exists in the Pj, systems, i.c., the A DY — =, DM
coupling with J = 1/2 or 3/2.

When checking the diagonal matrix elements listed in
Tables II and III of Ref. [24] for the Pyl)' and Py’}s systems
and the diagonal matrix elements listed in Tables VII-IX
for the Hy —and Hy  systems, we find that their
dominant components are from the exchanges of the
nonstrange light scalar meson currents, i.e., from the

114028-10
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matrix elements (4{45), with i sums from 1 to 3. Since the
interactions of the off-diagonal channel A D{” — =, D)

and ACQSQ) - :C:EC) are introduced from the exchanges of
the strange scalar meson currents, i.e., from the matrix
elements (/111 /@ with j sums from 4 to 7. Comparing with
the exchanges of the nonstrange light meson currents, the
off-diagonal matrix elements should be suppressed by the
masses of the exchanged strange mesons. Here, we
quantify the SU(3) breaking effect by multiplying a g,
factor on all the off-diagonal matrix elements that describ—
ing the effective potentials of the A, b= D™ and
ACQSZ) - :C:EC) couplings (one can refer to Ref. [24] for
more details). We assume that g, is in the range [0, 1], at

—

=E.D™ Hc_“) channel. Wh1le at gx =1, the coupling
strength between the A, D (A Q ) channel and E,D*)

._..Lucc) channel is in its SU(3) limit.

From our previous multichannel study on the Py’}s
systems [24], we find that the coupled-channel effect only
have considerable corrections to the bound state solutions

that are related to the A, D\ and Z.D*) channels due to
their considerable coupling induced from the central terms.
Consequently, the bound state solutions will have signifi-
cant dependences on the SU(3) breaking factor g,. But for
the rest of channels that can only couple to the other
channels through the spin-spin interaction terms, the
coupled-channel effect will give small corrections to their
bound state solutions, and have very tiny dependences on

=0, the A, D (A QCC ) channel does not couple to the  the parameter g¢,.
4520F 7P _ 1- -
JU =3 = b a530f JP =3
4480F - - - ----- - L - - - - .
4440 _ : =.D
A.D? apor L T
S 4400F - - - - - - - - - - - -
[}
2 4360F =.D 4450 f
b ___\____ Bl
% 4320F Ph (1333 .
= (4358) _ 4410f A.D;
4280 ¢ AD, {1 F---------- R e
4240¢ P2 (4255) 4370}
4160 : : 4330 : :
0 0.2 0.4 0.6 0.8 0 0.2 0.4 0.8 1
9z 9z
6240}
6120} ] 62401
6200}
6210}
= - 4 6160F
=3 6180}
2 6120} ]
-
6150
6040 [ | 6080
6040} - ] 61207
6000 ; ; 6000 6090
0O 02 04 06 08 1 0 1 0

9z

FIG. 2.  With the inputs from scenario 1, as the g, increases from O to 1, the variations of the masses for the PA bound states that are
attributed to the A, D( ) and E D™ channels with J* = 1 ~and3 3= are plotted in (a) and (b), respectively. The variations of the masses for
the H) o,,., bound states that are attributed to the A QEL and _Cuu) channels with J© = 0%, 17, and 2+ are plotted in (c)—(e), respectively.
We plot the green bands with g, at [0.60, 0.62] to denote the region that the Pjy(4338) and Pj)(4255) can coexist, and we plot the red
lines with g, = 0.40 to denote the value that only the P)(4338) exists.
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4520} 1- -
JP=1 =D 4s30f JP =3
4480F - - - - - - - - - - -- -
4440 ¢ D 4490
S 400 - oo -
2 4360 =.D 44501
O S T
2 4320 F
= P, (4338) ) 4410}
4280 AD, 1 Feeeeeoo-- -
240 P2, (4255) 4370¢f
4200 F (a) (b)
4160 : : 4330 :
0 0.2 0.4 0.6 0.8 0 0.2 0.4
9a
6240f JP ot
6120} ] 6240¢
6200F
6210 [ ECEZC
~ B160F - ———---F-pee -4 L _____ L T
= 60807 1 6180
Py 6120} ] _/
< e —— = = = — - - . - - - - - - - 4
= 6150f | ASE,
6040 | 16080 ]
6040f ] 61207
(e)
6000 : : 6000 6090 : :
0 02 04 06 08 10 1 0 02 04 06 08 1

Gz

Gu

FIG. 3. With the inputs from scenario 2, as the g, increases from O to 1, the variations of the masses for the P;}s bound states that are
attributed to the A.D\” and E,D*) channels with J” = 1= and - are plotted in (a) and (b), respectively. The variations of the masses for

the Hg_ bound states that are attributed to the AQY and 2, 2

channels with J* = 0%, 1%, and 2* are plotted in (c)—(e), respectively.

We plot the green bands with g, at [0.60, 0.62] to denote the region that the P} (4338) and P} (4255) can coexist, and we plot the red
lines with g, = 0.40 to denote the value that only the Pj(4338) exists.

The above conclusions also applies to the Hgms systems

as well, from our multichannel calculations on the HS |

systems with J = 0, 1, and 2, we find that only the bound
state solutions that are related to the ACQE’Z) and EEEE’Z)
channels have significant dependences on the SU(3) break-
ing factor g,. Thus, we firstly discuss the special roles of the
Acbg*) —2,.D™ and ACQEﬁ) - ECEE’Z) couplings and their
g,-dependences, then we present the full mass spectra of
Py, and Hg  systems.

With the inputs from scenario 1, we run the g, value in
the range [0, 1], we perform our multichannel calculations

and present the g,-dependences of the masses for the
bound states that are attributed to the ACDE*) and 2.D)
channels for the Pj systems with J® =1~ and 3~ in
Figs. 2(a) and 2(b), respectively. Similarly, we present the

g.-dependences of the masses for the bound states that are

attributed to the ACQSZ) and ECEE‘? channels for the H gx
systems with J” = 0%, 17, and 2% in Figs. 2(c)-2(e),
respectively. The results with the inputs from scenario 2
are also illustrated in Fig. 3. In the following, we mainly
discuss the results obtained from scenario 1 in Fig. 2, the
results obtained from scenario 2 in Fig. 3 can be discussed
in a similar way.

In Ref. [4], the LHCb -collaboration reported the
P[;(4338), this state could be the Z.D molecular state.
Besides, from the J/WA invariant spectrum, there might be
a Py (4255) structure near the A.D; threshold, further
confirmation on this state is still needed. In Fig. 2(a), we
use the green band with g, at [0.60, 0.62] to label the region
that the Piy(4338) and Piy,(4225) states can coexist, then
we select the g, value at 0.40 to label the results that only
the P (4338) exists, while the Pj); does not exist. The
g, = 0.40 is plotted in Fig. 2 with red lines. Then we use
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the same g, region and value to label the J” =
system.

Then we proceed to use the same g, region and value
obtained from the J¥ =1~ P} system to label the results
of the Hy  systems w1th JPE =07, 17, and 2" in
Figs. 2(c)-2(e), respectively. As plotted in Figs. 2(c)-2(e),
for the H gs systems, at g, = 0.40, the bound states that are

attributed to the A, Q'Y channel with J =0, 1, 2 and the

bound states that are attributed to the Z.E'% with J = 0, 1, 2
can coexist. But when the g, is at [0.60, 0.62], for the
JP'=0"and 1" H§ | systems, only the bound states that

are attributed to the ACQE? channel exist, the bound states
that are attributed to the ECEE*C) disappear. But for the J© =
2% gystem, the bound state that is attributed to the A Q.
channel and the bound state that is attributed to the Z.E,.
can coexist.

From Fig. 2, we also find that as the g, increases, the

masses of the bound states in the H5 | systems increase or
cce

3- pA
5 Pys

decrease more rapidly than that of the bound states in the
Pl,’}s systems. We can understand our results from two
aspects. On the one hand, the flavor of the light quark

components for the A,D!" and E.D™) systems are iden-

tical to that of the A QEL) and E _C_Ec) systems, respectively.
From Table III of Ref. [24] and Table IX, we can see
that the matrix elements of the Acbg* - ACDE*),
2.0 —2,D", and A, D' — =,D!" in the Pl systems
are identical to the matrix elements of the ACQE*C) — ACQEi),
ECES’Z) - ECEE"Z‘), and Acﬂg) - ECE(C*C) in the Hf\zms sys-
tems, respectively. These matrix elements only consist of
the central terms, and their spin-spin interaction terms
vanish. The two coupled-channel system (A, D\, 2.D(*))
and (ACQSZ), ECESZ)) with different J have identical
effective potentials. However, the ACQ(CZ) and ECEE’Z)
systems have larger reduced masses than that of the
ADY and E.D*) systems, respectively. Thus, if the
) and (AQL,
ECEEZ)) systems increase (decrease) in the same way, the
absolute values of the binding energies for the systems with
heavier reduced masses will increase (decrease) more
significantly.

On the other hand, as can be found from Table I, the mass
gaps of the E.D—A D, (E.D*—A.D?) and E.E,. —
AR, (AL} —EE:) are 81.2 (79.3) and 26.0
(37.6) MeV, respectively. The A QEC) and _.CHE() channels
lie much closer to each other than that of the AcDg ) and
=.D™ channels. Thus, with the same effective potentials,

attractive forces in the (A.D\”, =D

the AEQS’? - EEEE’Z) couplings in the HQ _, Systems are

more stronger than that of the A.D*) — Z.D*) couplings in
the PJ, systems.
We present the complete PAY and Hg _s mass spectra

from our multichannel calculations in Fig. 4 Similarly, the
bound states [E{D"]; and [E{E[]; with the highest total

angular momentum are calculated in the single-channel
formalism, their results have been given in Table VI, we do
not further illustrate them in Fig. 4.

Two sets of scenarios given in Egs. (19) and (20) are
plotted in the left and right sides of Figs. 4(a) and 4(b). We
illustrate the central values of the masses for the Py/)s and
HgAzw.ps bound states with black lines, and also present their
numerical values in Fig. 4. Here, the bound states that are

mainly attributed to the Acl_)g *) —E.D™ and A Qf;c) -
ECEE? couplings are calculated at two g, values. As
illustrated in Fig. 4, the left and right values are calculated
at g, = 0.40 and g, = 0.62, respectively. We use the “—”
to denote that the bound state do not exist at this g, value.
The theoretical errors are estimated by considering
the experimental errors of the masses and widths [2]
of the P})(4440) and P} (4457) states. We use the red
bands to label the theoretical errors of the bound states that
are mainly attributed to the ACDE*), E.D™), AL,QE?,
and EcEg) interactions, while the theoretical errors for
the rest of the bound states are still labeled with
green bands.

With the parameters in scenario 1 and scenario 2, we
also obtain two types of the mass spectra for the PU/)S and
HA , systems. The mass arrangements of the bound states

in both Ph;

tests to the existence of the flavor-spin symmetry.
Specifically, if one can simultaneously observe the
increase of the masses as the function of J in the E.D*
(47, 37) multiplet and the decrease of the masses as the
function of J in the E.Z,. (07, 17) multiplet, then such an
observation can definitely serve as a fingerprint of their
molecular configurations, and also give strong support to

the flavor-spin symmetry among the Pj, and Hj

systems and Hgms systems would be crucial

cceS
molecule community.

In Figs. 4(a) and 4(b), if we subtract the bound states
labeled with red error bars and only focus on the bound
states labeled with green error bars, by comparing the mass
arrangements of these Py, and H  bound states with that
of the P} and H bound states in Flg. 1, we find that in
) bound
_..) mass spectrum are very similar to
) bound states in the PJ),

(Hgms) mass spectrum, this is exactly the manifestation of

each scenario, the relative positions of P (Hy

~ N (N
states in the P, (Hy,
the relative positions of Py, (Hg,

flavor-spin symmetry.

114028-13



KAN CHEN and BO WANG

PHYS. REV. D 109, 114028 (2024)

I I
46701 Scenario 1 } Scenario 2 =D Scenario 1 ! Scenario 2 SIEr,
------------------ T [ ettt Y Y. 0 X1 ¢
146514 - + w
I 4640.7 ! 4645.7 6360 ! 6359.9 6356.0 [
4620 46285 } 6319.1 | 6348.4
""""" “aiaBeliafiafalil 3 TTTTTTTT '%8?4 6310 6326.6 0310 | ==
- ! B e —c—cc
4570} s 4582.1 ! 4582.5 ! 6305.5
4565.4 ‘ o S— —
X ! N -—:-Err
4520 ol . D 6260F T 62686 TTTTTTTTTTTT " 62674
’:; —— 4513.2 — }
4501.7 — A .
= 4a70F == —— I _— T ST I E 6227 54 6109.9
| | 5 .
[~ HO9.8HATTL 4467 71AT3.T 1 4465 9]4476.7 4465044754 :iD e1op F U i
w0 [Tttt C oS TTTTTTTTTTTTTT 4446.0 I 3 - 1| I X 61821 — 7777 SHh
9] — —_— —_— d
L 44338 VT 218 6169.1 |
§ 4420 o300 6160 6183.5 _1 6178.8/6192.4 | S1085  6179.4] - ?\lr?lql
"1'\'4%'"—"\2@’:": 45955 3o5s 4398 7T -] [ ": 0000 g ———— 6158.5
4370r | 6150.0[6136.1 6150.0/6136.1 |
I = I
_____ L - 6110F 6141.8]6124.9 6141.8]6124.9
— e 4336.7 ‘ ==
43201 4329.5/4335.9 | 43250148357 b e e e e oo dm i m e m e e oo
: 60814 —  6082.0/ — | G0s02] — 6006 — KoM
' 6060F s T Lo """ To ST T eSS mmmmmmmmmm-m------
4270F ! 5 == == ! 6064.5
[~ mss T S o 1355.5 - . L
- BLRS | - . . . EIRN2E 3 o | [ | [ |
' 6050.5[6036.3  6050.5/6036.3 ' 6041.4/6024.8 6041.4]6024.8
4220 = 3= = 3= 6010 :
3 5 5 5 ot 1+ 2+ ot 1t 2+t
(a) (b)

FIG. 4. The mass spectra of the PA and HA s Systems obtained from our coupled-channel formalism. The results of the PA bound

states for the scenario 1 and scenario 2 are 111ustrated in the left and right sides of (a), respectively. The results of the HA

bound states

for the scenario 1 and scenario 2 are illustrated in the left and right sides of (b), respectively. We plot the central values of the P$s and
Hgms bound states with black lines and label the corresponding numerical values. The theoretical errors are introduced by considering
the experimental errors from the masses and widths of the P} (4440) and P} (4457). The theoretical errors are labeled with green bands.

The bound states that are mainly attributed to the Acl_)i*) —&.D™ and ACQE-i) - EC:.E() couplings are calculated at g, = 0.40 (left) and
g, = 0.62 (right), we use the “—"" to denote that the bound state do not exist at this g, value, the theoretical errors of these bound states

are labeled with red bands.

C. Binding energies as another fingerprint
of the flavor-spin symmetry

Apart from testing the arrangements of the mass spectra
inthe Py /Py /Hy /Hg , systems, checking the binding
energies of the heavy flavor meson-baryon or dibaryon
systems that are attributed to the identical effective poten-
tials is another way to test the flavor-spin symmetry.

In Tables V and VI, we label the heavy flavor meson-
baryon and dibaryon systems that have identical effective
potentials with superscript A-F on the total angular
momentum J. We collect the binding energies of the
systems in groups A-F in Table X. The results are obtained
in the scenario 1 and scenario 2 within the single-channel
formalism (Table VI) and multichannel formalism (Figs. 1

and 4). The results that are mainly attributed to the ACDE*),

ECD<*), ACQEt), and ECESZ) interactions significantly
depend on the SU(3) breaking factor g,, we present their
results with g, = 0.40 (upper row) and g, = 0.62 (lower
row) in Table X.

In the following, we mainly discuss the results obtained
with the inputs from scenario 1, the results obtained
with the inputs from scenario 2 can be discussed in a
similar way.

For a heavy flavor meson-baryon bound state and a
dibaryon bound state with identical effective potential in
the single channel case, since the reduced mass of the
dibaryon system is heavier than that of the meson-baryon
system, the binding of the dibaryon system is more deeper
than that of the meson-baryon system, so the binding
energies of the dibaryon system is different from that of the
meson-baryon system. But for two different heavy flavor
meson-baryon or dibaryon bound states with identical
effective potential in the single channel case, since they
have comparable reduced masses, they will have very
similar binding energies. This is the manifestation of the
flavor-spin symmetry. Thus, for the systems of the A-F
groups listed in Table X, we will compare the binding
energies of the meson-baryon and dibaryon systems
separately.

From the single channel results collected in Table X, we
find that the flavor-spin symmetry manifests itself very well
in the A-F groups for the heavy flavor meson-baryon and
dibaryon systems, separately. In each group, the binding
energies of the heavy flavor meson-baryon systems are very
close to each other, similarly, the binding energies of the
heavy flavor dibaryon systems are very close to each other,
too. For example, in the single channel formalism, the
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TABLE X. The central values of binding energies for the systems in groups A-F (labeled in Tables V and VI)
calculated from single-channel (SC) formalism and multichannel (MC) formalism in the scenario 1 and scenario 2.
The bound states that are mainly attributed to the A,D\” — E,D*) and A, QL) — 2.5 couplings are calculated at
g = 0.40 (upper row) and g, = 0.62 (lower row), we use the “- - -” to denote that the bound state do not exist at this
g, value. We use the superscript “i” to label the states that have good flavor-spin symmetry after including the
coupled-channel and SU(3) breaking effects. All the values are in units of MeV.

PHYS. REV. D 109, 114028 (2024)

Scenario 1 Scenario 2 Scenario 1 Scenario 2
System BE (SC) BE (MC) BE (SC) BE (MC) System BE (SC) BE (MC) BE (SC) BE (MC)
[26[)];"A -8.1 -12.6 —-13.1 -15.5 [zzD]j'A -8.5 -12.6 -13.6 —-15.8
2 2
[ECD]M -8.2 =71 -13.1 -10.8 [ECD*]M -9.7 —-8.2 -15.1 —-12.1
’ -0.8 -1.0 ’ -0.9 -13
[E.D*]aa -9.7 -10.3 -15.1 -13.0 [ECD]TA -8.9 —-12.2 —14.1 -16.2
2 L
—4.3 2.6
[Ejl_)]%A -9.3 —11.0 -14.6 -16.2
[ECEC;}OA -22.0 -9.0 -29.5 -10.2 BB ]ia —22.0 -8.5 -29.5 -99
[B.Eic]ia -22.5 —-12.1 -30.2 -14.0 [E.EEc]on -22.5 -17.3 -30.2 -16.7
. .. —37 .
[zL_D*]jB —4.6 —4.8 -21.1 -21.8 [E’L_D*]IB =52 =52 -22.3 -22.9
2 3
[ZgEgc]gB -14.0 —-15.3 -37.3 -38.2 [ZCEZ}EB —-14.5 -14.0 -38.0 -38.5
[ELE, _}*B —-15.2 -16.4 -39.1 -39.9 [ELE ,]*B -15.7 -15.0 -39.8 -39.6
C cc 0 C ccC 2
[ZEE e ]oe -26.8 —-34.8 -26.3 -30.9 [ZEEE e -27.4 =227 -26.9 -24.0
[BiBc]ac -28.3 -31.8 -27.8 -31.7 [BiEE e -29.0 -23.8 -28.4 —24.4
D7, 279 =253 =38 28  [mDY, 292 -260 43 32
2 3
[ZZEZ‘.C]:)D —46.8 —44.7 -13.2 —-12.2 [EZ‘-EZLLI)D —48.7 —46.4 —-14.3 —-13.2
[zjb*]; -29 -29 -25.1 -25.1 [EZ‘.D*};"F -3.4 -3.4 26.3 -26.3
5 5
[ziazc]; -11.6 -11.6 —43.2 —43.2 [Ezazc}éh -12.6 -12.6 —45.1 —45.1
[Ac-DshF [AL-Df]%F
-0.0 -1.7 -0.5 -3.1
[ACDﬁ]zr
-0.3 -3.2
[AcQcc]or —-14.0 -23.1 AL ] -14.0 -23.1
-28.1 -39.7 -28.1 -39.7
" F —O. - . " F —O. - .
AL 8.4 16.6 A% ], 8.5 16.6
-22.3 -33.5 -22.4 -33.5

central values of the binding energies for the [Z.D] !
[Py/(4312)] and [Z{D]; [Py(4380)] [1.2] bound states
are —8.1 and —8.5 MeV, respectively, very close to each
other. Experimentally, the central values of these two
systems are —8.9 and —6.2 MeV, respectively. This con-
sistence can serve as an important evidence of the flavor-
spin symmetry. Although the binding energies of the [Z.D] !
and [Eil_)]% systems are —12.6 and —12.6 MeV in scenario
2, respectively, and slightly deviated from the experimental
values, but we should emphasis that the exact values of our
calculation of course will depend on the form factor we
adopted in our model, but the closeness of the binding

energies between the [X.D]; and [E{D]; systems is still
maintained. This conclusion is model independent and is
the key point of the flavor-spin symmetry.

However, the inclusion of the coupled-channel effect will
violate the flavor-spin symmetry in some groups.
Specifically, as shown in Table X, from our multichannel
calculation, the systems in groups B, D, and E maintain
flavor-spin symmetry, i.e., in each of the three groups, the
binding energies of the meson-baryon systems are very
close to each other, and the binding energies of the
dibaryon systems are very close to each other, too. But
for the systems in groups A, C, F, the flavor-symmetry is
violated (from the results in B, D, and E groups, we roughly
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say that the flavor-spin symmetry is violated if the differ-
ence of the binding energies between two meson-baryon
systems or two dibaryon systems is more than 3.0 MeV).

As shown in Table X, from group A, the binding energy
of the [Z.D] 1 system is —12.6 MeV in the multichannel

calculation. However, for the [E.D]; system, after the

inclusion of the coupled-channel and SU(3) breaking
effect, its binding energy is obtained as —7.1 and
—0.8 MeV with g, =0.40 and g, = 0.62, respectively.
The difference of the binding energies between the
[Z. D]1 and [E, ]1 is larger than 3.0 MeV, and thus the

flavor-spin symmetry is violated. Similar violation also
appear in the systems of group F. The SU(3) breaking effect
is the primary violation source of the flavor-spin symmetry
in the systems of groups A and F.

Without the SU(3) breaking effect, the coupled-channel
effect itself can also lead to considerable flavor-spin
symmetry violation. For the systems in group C, as
presented in Table X, the binding energies of the
[ZZECC]Z’ [ZCEzc]Z’ [EzEcc]b and [ETE&]Z are _26'8’
—27.4, =28.3, and —29.0 MeV respectively in the sin-
gle-channel formalism, comparable with each other. But in
the multichannel calculation, the binding energies of the
[ZiE.], and [E;E.], systems become -34.8 and
—31.8 MeV, respectively, while the binding energies of
the [ZiE.]5 and [EiE!], systems are —22.7 and
—23.8 MeV, respectively. The flavor-spin symmetry vio-
lation from the coupled-channel effect can reach up to
10 MeV. However, for the systems in groups B, D, and E,
the flavor-spin symmetry is still maintained even if we
include the coupled-channel effect. Thus, we conclude that
the violation of the flavor-spin symmetry from the coupled-
channel effect depends on the specific systems. The
systems in groups B, D, E, the [£.D]; and [Z¢D]; systems
in group A, we label these systems with superscript “{,”
they are ideal bound state candidates for testing the flavor-
spin symmetry among the P}y /Hg, /Py /Hg  molecular
community.

V. SUMMARY

In this work, based on a contact Lagrangian possessing
the SU(3) flavor symmetry and SU(2) spin symmetry, we
discuss the flavor-spin symmetry of the interactions
among the Py /Py /Hy /H$_ systems within a unified
framework. The flavors of the light quark components for
the pentaquark systems P}/ and Py are identical to that of
the hexaquark systems Hg and Hg , respectively. The
interactions of these systems are expected to share very
similar interactions. This work is devoted to clarify the
similarities and differences of the interactions among the

Py /Py /HS JHS  systems.

The parameters g, and g, are determined in two

scenarios, i.e., the J” numbers of the PjJ(4440) and

P} (4457) are = and 3 respectively in scenario 1 and
the J¥ numbers of the PN IV (4440) and P! (4457) are 3~ and
% respectively in scenario 2. The obtamed values 0f the g,
are much larger than the values of the g,, thus, the central
term dominant the formation of the bound states.

We firstly perform a single channel calculation to
obtain the effective potentials and mass spectra of the
Py /Py /Hy [HS | systems. In the single-channel for-
malism, since the matrix elements Of in the central terms
only depend on the flavor wave functions of the

Py /Py /HS [JHS | systems, the Py (Py,) and Hg
(H 3‘) systems with the same total isospin share identical
central terms. The spin-spin interaction terms depend on
the flavor and spin wave functions of the considered
systems. Since the meson-baryon PJ/Pj) and dibaryon

o, /HS, , systems have different spin wave functions,
we cannot'directly relate the effective potentials from the

Pl /P to the HN /HQ s systems. Instead, we simply
collect six groups (A- F) of the Py/Py/HY [HY
systems that share identical effective potentials. From
groups A-F, we find that with the same effective potentials,
the HY / H gs systems bind much deeper than that of the

P, N/ P,,,‘ systems due to their larger reduced masses.

Then we perform multichannel calculations to the Py
and Hg systems. Since the corrections of the coupled-
channel effect for the P, and H{
introduced from the off-diagonal spin-spin interactions, the
coupled-channel effect give small corrections to the masses
of the P} and Hg bound states. We present the Py and

HY mass spectra in both scenarios, the different arrange-

ments of the bound state solutions in these two scenarios
can be used to test the flavor-spin symmetry in the Pyl)' and

H{  systems.

A

mass spectra are

We also perform the multichannel calculations to the P;);

and H?zms systems. Since the couplings of the ACD§ ")

2.0 and AQY —=.2% are introduced through the
exchanges of the strange scalar and axial-vector light
mesons, we introduce an factor g, with its range in [0, 1]
to quantify the SU(3) breaking effect. The effective poten-
tials of the Acbg*) —=2.D™ and ACQE*C) - :C:EC) channels
have nonvanishing contributions from the central terms,
thus, the masses of the A, D (A Q"yand = D E’Z) )
bound states have considerable corrections from the SU(3)
breaking effect. By comparing the mass spectra of the P}
(Hgm) with Pj (H?zms) systems, we conclude that the

bound states that related to the A D™, E.D*), ACQ?E), and
ECEE-*C) channels do not have their P} and Hgm_
partners. The emergences of these states are due to the SU®B3)
breaking effect. For the rest of the molecular states in the PQS

molecular
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and H ﬁ s states, they can find their corresponding P} and
Hg(_“ molecular partners with lowest isospin and identical
total angular momentum numbers, the mass arrangements of
these states is very similar to that of the P} and H —mass
spectra, this is the manifestation of the SU(3) flavor
symmetry. The mass arrangements of the P$s /H 35 spectra
can also be used to test the existence of flavor-spin
symmetry.

By checking the binding energies of the systems in A-F
groups obtained from the single-channel and multichannel
formalisms, we discuss the roles of the coupled-channel
and SU(3) breaking effects on the violations of the flavor-
spin symmetry. In the single-channel formalism, the flavor-
spin symmetry works very well for the Py (Hg ) and Py,
(H ?Zu-cs) systems. In the multichannel formalism, the
systems in groups A and F receive considerable corrections
from both the SU(3) breaking and coupled-channel effects,
while the systems in groups B, C, D, and E receive
corrections from the coupled-channel effect, and the

SU(3) breaking effect has tiny corrections to these systems.
By comparing the results in groups B, C, D, and E, we find
that the violations of the flavor-spin symmetry introduced
from the coupled-channel effect is system-dependent, the
flavor-spin symmetry in the systems of group C is violated,
while it is still a good symmetry in the systems of groups B,
D, and E. The similar binding energies from the [Z,D] rand

[ZjD]% systems in group A, and the heavy flavor meson-

baryon or dibaryon systems in groups B, D, E, is another
manifestation of the flavor-spin symmetry. We hope that
further investigations on these systems from both experi-
ments and lattice QCD simulations could test our results.
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