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During the past decades, numerous exotic states that cannot be explained by the conventional quark
model have been observed in experiments. Some of them can be understood as two-body hadronic
molecules, such as the famous X(3872), analogous to deuteron in nuclear physics. Along the same line, the
existence of the triton leaves an open question whether there is a bound state formed by three hadrons.
Since, for a given potential, a system with large reduced masses is easier to use to form a bound state, we
study the BBB* system with the one-pion exchange potential as an exploratory step by solving the three-
body Schrodinger equation. We predict that a trimeson molecular state for the BBB* system is probably
existent as long as the molecular states of its two-body subsystem BB* exist.
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I. INTRODUCTION

In the past few decades, numerous exotic states named
“XYZ” as well as charm-strange mesons beyond the
conventional quark model have been reported by many
experimental collaborations. For a review of these exotic
states, we recommend Refs. [1-16]. Some of them can be
understood in the hadronic molecular picture [12], which is
an analog of the deuteron as a loosely bound state of a
proton and a neutron. In their formation, the one-pion
exchange potential (OPEP) plays an important role, e.g., in
the formation of deuteron and the X(3872) [17,18], due to
its long-range property. Analogously, the existence of the
triton arouses interest in the study of the three-hadron
system, especially after the large accumulation of exper-
imental data, which might give some hints about the
existence of this kind of bound states. In general, to solve
the three-body problem, one should solve the Faddeev
equations rigorously [19-31]. However, for a specific
system, one can do some approximation to simplify the
problem, such as the fixed center approximation (FCA) in
the study of the X(2175) as a resonance of the pK K system
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[32] and the approximation on unitary chiral dynamics on
the 7KK and nzn systems [33]. The FCA has also been
widely applied to other systems, such as the KKK [34]; the
DD*K and DD*K [35]; the J/wKK [36]; the NDK, KDN,
and NDD [37]; the NKK [38]; and the BDD and BDD
[39-41] systems. There are many other studies that employ
the FCA method discussed in Refs. [42-50]. The isobar
familism has also been applied to discuss three-body
systems, such as the strange dibaryon resonance in the
KNN — noN system [51], the effect of the A(1236) isobar
on the three nucleon bound states [52], and other systems
[41,53-55]. The dimer familism is another approximation
method for a three-body system where a composite field is
introduced to describe its two-body subsystem when
rescattering with a third particle, which has been applied
to the three-hadron systems [56-59]. Recently, a series of
studies [60-62] of a three-particle system in a finite volume
via the dimer field have been proposed to gain insights
about a three-body system in a discretized space such as
used in lattice QCD. It is worth mentioning that the system
BB*B* — B*B*B* has been studied recently in Ref. [63]
based on the colored interaction for its subsytems. By
solving exactly the Faddeev equations for the trimeson
system, the authors find a bound state about 90 MeV below
the three B mesons threshold. Similar discussions on the
QNN and QQN systems can be found in Ref. [64].

As discussed above, the OPEP plays an important role in
binding the two-hadron system. From another point of view,
one can view it as a pion shared by the two constituents and
form a bound state. It can be regarded as a bond similar to the
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o bond in hydrogen molecules. There is another kind of bond
called the delocalized 7 bond universally existing in benzene
molecules, which is a pair of electrons shared by the six
carbon atoms. A simple extension is replacing the carbon
atoms by hadrons. We have studied the role of the delocal-
ized 7 bond in forming the three-body bound state for the
double heavy trimeson systems, i.e., DD*K, DD*K, BB*K,
and BB*K [65], based on the sufficient information of it sub-
two-body system and the Born-Oppenheimer approxima-
tion (BOA), which works well for a system with several
heavy and light particles [66]. The crucial idea is to use the
Born-Oppenheimer (BO) potential for considering the
influence of the light part on the dynamics of the heavy
part. Therefore, it is a fascinating idea whether the delocal-
ized  bond and the BOA could be applied to a three-heavy
system, such as the BBB* system with a large reduced mass.

The same three bottomed meson system has been studied
in Ref. [58] by calculating the scattering amplitudes between
the Z,(10610) or the Z,(10650) and the bottomed meson.
The universal bound states of three bottomed mesons
from the Efimov effect has been ruled out. As in their
calculation, only the contact interaction is included that
might be the reason why they do not find a bound state. After
including the long-range OPEP, the case might be different.
Thus we solve the three-body Schrodinger equation to
discuss the BBB* system by considering the OPEP.
Without an assumption about its two-body subsystem,
i.e., the molecular nature of the Z,(10610) or Z,(10650),
we focus on the three-body bound state as a function of the
binding energy of its subsystem. Hopefully, the present
extensive investigations will be useful to deepen our under-
standing of a system made of three-heavy particles.

This paper is organized as follows. After the Introduc-
tion, the formalism and the inputs for the BBB* system are
presented in Sec. II. The dynamics of the two-body
subsystem and the corresponding BO potential are given
in Secs. III and IV, respectively. By constructing proper
interpolating wave functions for the BBB* in Sec. V, we
solve the three-body Schrodinger equation in Sec. VI
Numerical results and discussions are given in the follow-
ing section. The summary is presented in the last section.
Some technicalities are relegated to Appendix.

II. FORMALISM AND THE INPUTS

The BOA has been successfully used in a few-body
system with several heavy and light particles [66,67]. For a
three-body system with one light and two heavy mesons,
such as the DD*K [65] system, the three-body Schrodinger
equation is divided into two subequations: one is the
motion of the light meson with two static sources, and
the other one is the equation for the two heavy mesons with
the BO potential [65], which reflects the influence of the
light meson on the dynamics of the two heavy mesons. If
the interaction between the light meson and the heavy
meson is attractive, it would make the two heavy mesons

a

b c

FIG. 1. Dynamical illustration of the BBB* system with a circle
describing the delocalized z bond inside. Since the three
constituents have the same probabilities to be the B and B*,

one can rewrite the system as Bg*)Bﬁ,*)Bg*).

come closer, thus facilitating the formation of a bound state
of the whole system. However, for a three-heavy meson
system, although the application of BOA is not straightfor-
ward, one can employ the underlying permutation sym-
metry, which means the corresponding dynamics is invariant
under the interchange of any two constituents, for the system
and continue to use the BOA for the calculation.

The OPEP indicates that there is only one virtual pion
exchanged by any two constituents as shown in Fig. 1. One
can use 4, b, and c to label the three mesons in the original
channel, i.e., B;B,B,. It changes into B,B} B, via one-pion
exchange (OPE) between a and b, and the channel B, B} B,
changes into B,B, B} through the OPE between b and c.
When the virtual pion arises between a and c, it returns to
the original channel B}B,B.. Within this scenario, the
virtual pion is not localized between any two constituents
but rather shared by the whole system. It is very similar
with the benzene molecule that has a pair of electrons
shared by the six carbon atoms, which is called delocalized
7 bond in molecular physics. Since the three constituents
have the same probability to be the B and B* mesons, one
can write the system as Bg*>B2*)B£*). Furthermore, the order
of the a, b, and ¢ labels of the three mesons is artificial, as
the system is invariant under the interchange of a, b, and c.
This interchange symmetry will help to simplify our
calculations. The point is that one can count the influence
of each heavy meson on the dynamics of the other two
mesons one by one. In other words, we can divide the system
into three two-body subsystems ab, bc, and ac. In each
subsystem, one should add the BO potential from the
remaining one. The existence of a negative common
eigenvalue for the three subsystems may partly answer
whether there is a three-body bound state for the three-heavy
systems. For simplicity, we call this method the Born-
Oppenheimer potential method (BO potential method).

Before performing the calculation, we define the isospin
wave functions of the BBB* systems as |I,, I3, I3,) with I,
the isospin of the sub-BB* system. /5 and /5, represent the
total isospin of the three-body system and its z direction,
respectively. One thus obtains the isospin wave functions of
the BBB* system,
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Since BB* can couple with B*B* via OPE, the coupled
channel effect is not negligible. We only consider the next
close BB*B* channel in our calculation. If we distinguish
the specific locations of the constituents as a, b, and c, there
are six channels in total, i.e., B;B,B,., B,B};B., B,B,B,
B:B;B,, B:B,B:, and B,B;B:.

The Lagrangians with SU(2) chiral symmetry (we only
consider OPE) and C-parity conservation read

29 o 29 - .
Lp=—iZLMP} 8,0, Pl + i 2 WP, 0, P
fr fa

_%Pzﬂaa‘ﬁbaaﬂpzweuwﬂ+fiaﬂpzﬂaa¢bapzme

waps
(1)
0 Vl (7ab) Vl (7
Vl (?ba) 0 Vl (7
v . Vl (760) Vl (_r:cb) 0
BBB* — - -
Va(Fpa) /2(rab) 0
V2 (7611) 0 V,2 (7
0 Va(fw) V(7

Its graphical illustration is shown in Fig. 2.

TABLE 1. The coupling constants and meson masses in our
calculation. The meson masses are taken from the PDG [69].

Mass [MeV] Coupling constants
m, = 139 g=0.57

My = 5279 [ =132.00 MeV
Mp. = 5325

o 29 o % S 29 = s ~
Lp= —lf—MPZauﬁbabeﬂ _ZJTMP“M Qubar Py
T ¥

9 et o
Paﬂ 8a¢abaﬂpby€ﬂbaﬁ7

(2)
where the heavy flavor meson fields P and P* represent
P = (B~,B% and P* = (B*~, B*), respectively. Its corre-

sponding heavy antimeson fields P and P* represent P =
(B*,B%) and P* = (B**, B*"). ¢ is the pion matrix

[/ R ~
+ L PP 0Py P €y — =
fr bt b g

° +
T

¢ = _ ”0 * (3)
T

We use the pion decay constant f, = 132 MeV [68]. The
pionic coupling constant g = 0.57 is extracted from the
width of D** by assuming heavy quark flavor symmetry
[69]. All the parameters and input data are listed in Table I.
Here, we neglect the isospin breaking effect and use the
masses of their charged particles.

Under SU(2) chiral symmetry, the OPE interaction is of
order O(p) for the three-body system. In this paper, we
only take into account the OPEP to the O(p®) order. Thus,
there are four kinds of effective potentials. We use V; to
denote the effective potential for the interaction
BB* — B*B. V, and V/, denote the process BB* — B*B*
and its reverse, respectively. V5 represents diagonal process
B*B* — B*B*. Since the interactions are physical, the
effective potentials should be unitary, which gives V) =
(V,)*.7; is used to denote the relative displacement between

the ith and jth particles. Thus, the effective potentials of
the three-body system in the channel space |BBB) :=
{B;B,B.. B,B}B.. B,B,B;, B,B;B,, B;B,B;, B,B;B;}
take the following form:

ac) VZ(?ab) VZ(?ac) 0

bc) V/Z(?ba) 0 VZ(?bc)

Vi(Fap) Vi(Foe) Vi(Fac)
ca) Vl (7Cb) V3 (7110) Vl <7ab>
Lb) Vl (?ca) Vl (?ba) V3 (7bc)
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FIG. 2. The leading order OPE diagrams for the transitions among the relevant three-body channels, i.e., B;B,B., B,B, B, B,B,B¢,
B;B;B., B, B,B¢, and B,B; B;. The solid and bold solid lines represent the B and B* meson fields, respectively. Dotted lines represent

pion fields.

III. THE BREAKUP STATE AND TWO-BODY
SUBSYSTEM

For the three bottomed meson system, suppose one of the
constituents is infinitely away from the remaining two
mesons. The system can be divided into a two-body
subsystem plus a free meson. A bound state solution of
the two-body subsystem indicates a breakup state for the
three-body system, i.e., a two-body bound state plus a free

|

meson. In the OPE model, as there is no direct interaction
between two B mesons, one could expect a breakup state
with the subsystem BB* with quantum number J” = 1*
and a free meson B. We can detach the subsystem B, B,
first and explore its binding solution. The Hamiltonian
of the subsystem in the channel space |BBB) :=
{B;B,B,. B,B}B.. B,B,B:, B,B;B.. B;B,B;, B,B}B:}
reads

T, Vi(Fa) O 2(Fap) 0 0
Vi(Fra) T, 0 5(Fpa) 0 0
0 0 T 0 0 0
Hab - = e - ’ (5)
V2(rba) V2(ruh) 0 T** + V3(rah) + oM 0 0
0 0 0 0 T.+M Vi(Fw)
0 0 0 0 Vi(Fpa) To+ M
where T, =—(1/2u,)V2, and T,,=—(1/2u,,)V?, are the
relative kinetic energies for the BB* and B*B* in their center- [1,1) = |BT B**),
of-mass frame, respectively, with u,=(MgMp- )/ (M g+Mp:), 0 250
” . — [1,-1) = |B"B*),
o= (Mp:)/2;and Vg, =(1/ry)(d*/dry,)ray—(Lay ")/ 1
—
(r2,). Here L, is the angular momentum operator between 1,0) = 7§ [|BTB*°) + |B°B*1)],
mesons a and b. We also have the mass gap 6M = Mg — M.
The effective potentials V', V,, V), and V3 depend on the 0,0) = L [|B+B*0> _ |BOB*+>].
isospin of the specific channels; thus we rewrite the BB* wave V2

functions with fixed isospin
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FIG. 3.

The u-channel Feynman diagrams for describing both the BB* and the B*B* system interactions at tree level. The regular and

bold lines stand for the B and the B* fields, respectively. The dotted lines denote the pion fields.

For the specific channels B;B,, B,Bj, and BB}, the
Schrédinger equation in the channel space {B};B,, B,B;,
BB} } takes the form

T. Vi(Fap) Vo (Fap)
Vi(Fpa) T, V5 (Fpa)
Vo(Foa) Vi(Fap) Taw+ Vi(Fap) + M

%W(?ab) fW(T”ab)
x| Hyw) | = Ev| Hv(Fa)
' (Fap) ' (Fap)

Based on this, we can derive the scattering amplitude at
the tree level

(FIS]i) = 7 + (22)*6* (py — pi)iMy;
where the 7" matrix is the interaction part of the S matrix
and the M is defined as the invariant matrix element. In the
second equation we have applied the first order of Born
series expansion on the Lippmann-Schwinger equation
with V; being the effective potential. The relation between
the scattering amplitude M; and the potential V; is

_ M Mj;i

\/Hfzpfonizpio \/Hf2mfl_[i2mi
where p ;) and mg) denote the four-momentum and the
mass of the final (initial) state.

In the calculation, p(E;, p) and p,(E,, —p) denote the
four-momenta of the initial state particles in the center-of-

Vi

(7)

mass system shown in Fig. 3, while p’l(E’ll;’) and
p/z(E/z,—I;’ ) denote the four-momenta of the final state
particles, respectively. ¢ = p| — p; = (E| — E,,E’ -p)=
(E, —E,,q) is the transferred four-momentum. For
convenience, we always use ¢ = 1;’ ,—p; and k=

(1;/ |+ P1)/2 instead of p and p in the calculations.
The effective potential in coordinate space can be derived
by Fourier transformation

1
(27)*

To take into account in a rough way the substructure of each
vertex, a monopole form factor

V(F) =

[ aervar@).

A2 —m2 A’ —m2
F.(qg) = LA z 8
with m, the pion mass and
AV2 = A2 — (AMD)2, 9)

is used to suppress the contribution from UV energies.
Here, AM = M} — Mg and AM' = (M}; — Mp)/2. As the
parameter A is related to nonperturbative QCD, it cannot
be well determined. Here we only explore its effect on
the binding energy of the BB* with the quantum number
JP =17 system. To solve the time-independent Schrodinger

equation in coordinate space, the potential V(g, 75) in
momentum space can be transformed into that in coordinate
space as shown in Appendix.

The isosinglet and isotriplet BB* potentials V gg-_ g+ ()
in coordinate space are shown in Figs. 4(a) and 4(b),
respectively, with A = 1440 MeV. The isosinglet potential
Vg —pp (7) is repulsive, which does not indicate a bound
solution. Nevertheless, the potential Vg _ g g (7) for the
isosinglet is attractive as shown in Fig. 5. So there is still
the possibility of a binding solution. On the contrary, the
isotriplet potential Vgp-_pp-(7) is attractive, while its
potential Vg _pp(7) is repulsive. These potentials in
coordinate space can be expressed as

Vi —pp (F) = — {g‘ ET[’%:ZJ\Y(;\’”)

_ e
2

— Y (igr) + (A2 —m2)A

+ S7(€5,€,) [—m?,z(m,,r) +A3Z(Ar)

+ (A2 =m2)(1 +i\r)%Y(i\r)] } (10)
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FIG. 4. The effective potentials Vg g (7) of the BB* system with quantum number J” = 1+, where (a) and (b) correspond to the
isospin / = 0 and / = 1 cases, respectively. The V; and V ,, are the effective potentials for the S wave and D wave. The V, represents
the effective potential of S-D wave mixing. For illustration, the value 1440 MeV is used for the parameter A.

(@ | i (b)
500] ] 500\

V() [MeV]
[—]
=~ ~N
\
\
|
N
s =
V©[MeV]
T T T c T T T
\I
|
|
s =

—500+ L —— Viss j -500 j """" Viss
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r{fm] r[fm]

FIG. 5. The effective potentials for the Swave of the BB* system with quantum number J” = 1%, where (a) and (b) correspond to the
isospin 7 =0 and I = 1 cases, respectively. The V., Vi, and Vs are the effective potentials Vpp-_pp-(7), Vpp-_p-p-(7), and
Vg-p_pp-(r) for the S wave, respectively. For illustration, the value 1440 MeV is used for the parameter A.

2
Vg op B (?) = Cn(i»j) A

o » » » _ ,—N'r
{(23 Fi€) X €;) {m/iA’Y(A’r) —m'3Y (m' 1) + (N2 = m2)A ¢ ]

- - . - A
+ S7(é5, i€ x &) [—m’?,Z(m’ﬂr) + APZ(Ar) + (A2 =m2)(1 + A'r) = Y(A’r)} } (11)

2 .

— .. g >
Vg opp(T) = Cn(h])rﬂfz{(l%

—Ar
X €, - i€} X &) [m,zzAY(Ar) —mY(m,r) + (A% - m,%)Ae }

T A
+ S7(i€] x €, i€} x é,) {—miZ(mﬁr) + A3Z(Ar) 4 (A2 = m2)(1 + Ar) 5 Y(Ar)} } (12)

with > = m2 — AM")2. The tensor operator S; has the
form S; = 3(7- &) (7 - ej) —é,-¢," with e the polariza-
tion Ve.ctor of B*. The Cﬂ(l’ J ) are Channel. dependent TABLEII. Channel dependent coefficients. Here, ¢ denotes the
coefficients, summapzed in Table II. The ¢ in Table II C parity of the two-body system.

represents the C parity of the corresponding channel.

Since the tensor operator S leads to S-D wave mixing, ~ Channel Isospin C(i. j) Channel C(i. )
the contributions from the D wave should be taken into  pgp* I=1 1/2 BB+ 1/2
account. Thus the wave function ¥(7) has two parts I1=0 -3/2 BB -1/2

BB* I=1 c/2 BBt -1/2
Y(7) = ys(7) +wp(7), (13) 1=0 —3¢/2 BB 1/2
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. a a
with wg(7) and yp(7) the S wave and D wave functions, s
respectively. In the matrix method, we use Laguerre tl . BY
polynomials Py e
Veo(T be
(2P0l __..__::..___..__:
Y TLA2(2 =1,2,3,... ”
T Pie © e ¢
fixed fixed - -
(14) (a) (b)
as a set of orthogonal basis with the normalization condition FIG. 6. Tustration of the BO potential, (a) The calculation

A )(im(r) in(r)rzdr: éijémn-

Thus the total wave function can be expanded as

(15)

n—1 n—1

W(7) = Zaz)(zo d)S + prXPZ )¢Dv
i=0 p=0
n—1

V//(7) = ay)(lO S + pr)(;ﬂ ¢Dv
i=0

where ¢bg and ¢, are the angular parts of the spin and orbital
wave function for the S wave (3S;) and D wave (°D),) states,

respectively. al(./) and bl(.') are the corresponding expansion
coefficients of the § wave and D wave, respectively. After
solving the coupled-channel Schrodinger equation with the
S-D wave mixing, we obtain the binding energy E, and its
corresponding wave function ¥(A, 7,,) for a given param-
eter A. Thus the wave function has the form

1 - *
W(A’ rab)|BuBh>

YA Tup) = 7

A 7ub) |BaBZ> +

Fap)|B*B"). (16)
Here, the wave function W(A,7,;,) is normalized. If we
choose the value of the parameter A = 1440 MeV, for
instance, one finds a loosely bound state for the isospin
triplet system with a binding energy of 5.08 MeV, when the
quantum number is J¥ = 17. There is also a loosely bound
state for the isospin singlet system, when the quantum
numberis J* = 1. If the value of the parameter is chosen at
A = 1107.7 MeV, the isospin singlet and triplet systems
have the same binding energy of 5.08 MeV. The dependence
|

0 Vi(Fa) Vi
Vi(Fea) O 0
B RS I
| VaFed) VAGFw) O
Va(Fea) 0 Vi (7.
0 0 0

—
=~

Q

o

~—

)
)
~—

procedure of the BO potential. (b) The role of the BO potential
from the meson a on the dynamics of the bc two-body system.

of the binding energy on the parameter A will be given in
Tables IV and V and discussed in Sec. VIL

IV. BORN-OPPENHEIMER POTENTIAL

As discussed in Sec. II, the BO potential reflects the
influence of one of the mesons on the dynamics of the other
two. For the BBB* (labeled as a, b, and ¢) system, one can
derive the BO potential from a for the bc system. The
procedure is divided into the following three steps:

(i) Considering that the particle b and c are static with
the separation r,., one can separate the degree of
freedom (d.o.f.) of a from the three-body system.
We assume the distance r,. is a parameter. The
mesons b and c are static, and have one-pion
interactions with meson a, which can be viewed
as two static sources.

We explore the dynamics for the meson a in the limit
rpe — oo and subtract the binding energy for the
breakup state, which is trivial for the three-body
bound state.

Within this scheme, we divide the motion of the system into
two parts, one is the motion of the meson « relative to the
mesons b and c. The other one is the relative motion
between mesons b and c in the presence of the BO potential
from a.

As illustrated in Fig. 6, we use 7, to denote the relative
displacement between b and c. Further, 7,, and 7,
represent the displacement of the meson a relative to the
mesons b and c, respectively. One can separate the effective
potentials for the meson a,

(i)

(iif)

Vo(Far)  ValFae) 0
Vo(Foa) O 0
0 Vi) 0 -
Vi(Tap) 0 Vi(Fac)
0 Vi(Fae) Vi(Fap)
Vi(Fea) Vi(Tpa) 0
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from Eq. (4). The remaining part,

0 0 0 0 0 0
0 0 Vi(7pe) 0 0 Vo (7pe)
v, — 0 Vi(7ep) 0 0 (1 V3 (pe) ’ (18)
0 0 0 0 Vi(F) O
0 0 0 Vi(Fy) O 0
0 Vy(Fep) Va(Fes) 0 0 V3(Foe)

in Eq. (4) is the potential between b and c. As discussed in the previous section, one can obtain the two-body binding
energy

1 1 . Vifw)  Valfw) Y w)
@=Gﬁﬁwyw@mwm® Vi) T Vo) || )

VZ (?ba) V/Z (?ab) T** + V3 (7ab)
= W(7ub)T*y/(?ab) + l///(?ab)T**l// (?ah) + W(?ab)v?hl//(?ah) + 2\/§W(?ah)vghlp/ (?ub) + l/// (?ub)vglbl//(?ah)' (19)

The w(7,,) and y'(7,,) in the above equation are the eigenstate wave functions in Eq. (16).
In the OPE model, as the virtual pion can only be exchanged between two of the BBB* subsystems, the wave function of
a can be either \/i—y/(*ab)|B*BbB ) + \/i-y/(*ab)|B B;B,.) +v'(F.,)|B;B;:B,.) with pion exchanged between a and b or

\/%y/(_r'm)w B,B >+\/_z//( Fac)|BaByBi) + ' (7, )|BiB,B:) with pion exchanged between a and c. The final wave

function for the meson a should be the superposition of these two components

ra ’ rac rll raC a c rll a c
Y\Tab C \/z Y {rab \/i 4 BB bB \/E Y\Tab b

1 - * - * D%k - * *
+—wmmmmmwwwMWﬁﬁa+wmmmmm@. (20)

V2

For simplicity, we neglect the mass difference for BB* and B*B* in the kinetic operator, i.e., T,, =~ T,. Then the
Hamiltonian of the meson a is

T, ViFap) Vi(Fac) Va(Fap) Va(Fac) 0
Vi(Fpa) T 0 V5 (Fpa) 0 0
, -
Ha ~ (_' a) (1 r 0 . VZ(rac) (i (21)
Vo(Foa)  Vi(Fap) 0 Ty + V3(Fap) 0 Vi(Fac)
( ) 0 V/2 (7ca) 0 T* + V3 <?ac) Vl (7ab)
0 0 0 Vl <7ca) Vl (7ba) T*

Accordingly, one can obtain the energy eigenvalue of the meson a,

Ea (A7 7bc> = <W(?abv 7ac) |Ha|l//(?abv ?ac)>

1
= = = E2 —|—
U3 w(Fap)lw (Fae)

%<V/(7ab)|T*|W(7ac)> + (W Fan) VI (Fae)) + V20 Fa) V3 W (Fac)) |

where in the second step Eq. (19) and the symmetry between b and ¢ are used. Since both the two-body energy eigenvalue
E, and the wave functions v, and . depend on the parameter A, E, is also a function of A.
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The energy eigenvalue of the meson a and its corresponding BO potential for the isospin triplet of the BB* system. (a) The

energy eigenvalue of the meson a. When r;,, — oo, E, tends to the two-body energy eigenvalue E, = E?2, i.e., the energy eigenvalue
of the breakup state. The right panel gives the BO potential V. Here we chose the parameter A = 1440 MeV.

We take the parameter A = 1440 MeV as an example
and plot E, for the isospin triplet of the BB* system in
Fig. 7(a). As shown in the figure, the energy of the meson a
has a minimum —17.65 MeV when r;,,. = 0, which corre-
sponds to the limit that the mesons b and ¢ are on top
of each other and the system is reduced to the bc-a quasi-
two-body system. When r,. — oo, then E, tends to the
two-body energy eigenvalue E,, i.e., —5.08 MeV. This
corresponds to the situation that the meson b is infinitely far
away from the meson c. Then the meson a can only form a
two-body bound state with either b or c. It is not a three-
body bound state anymore, but rather a two-body bound
state plus a free meson state. In fact, this is nothing but the
breakup state that we have discussed in the earlier sections.
We also plot E,, for the isospin triplet of the BB* system in
Fig. 8(a), taking the parameter A = 1107.7 MeV. Similar
to the above, E, tends to the two-body energy eigenvalue
—5.08 MeV. Therefore, we should subtract the limiting
value E, when investigating the three-body bound state for
the BBB* system. We define the BO potential as

VBO(Av 7’bc) = Ea (A, 7bc> - E2(A> (22)
0
B £
>
]
=
5
=
—25¢ ]
(a)
-30 . . \ A
0.0 0.5 1.0 1.5 2.0 25

rpc[fm]

FIG. 8.

In other words, the BO potential between » and c is the
energy eigenvalue of the meson a relative to that of the
breakup state.

V. THE CONFIGURATIONS OF THE
THREE-BODY SYSTEMS

In the OPE model, there is only one pion exchanged
between any two constituents in the BBB* system. The
constituents will change themselves from vector mesons
into pseudoscalar mesons or vice versa when they exchange
one pion. Each constituent has the same probability to
be a vector meson or a pseudoscalar meson. Thus, the
symbol * is shared among them. Since only one virtual pion
occurs in the BBB* molecule, the virtual pion can also be
shared by the three mesons. We can thus write the BBB*
as BEI*)B(b*)BE*>.

The BO potential can describe the contribution for the
one meson on the dynamics of the two remaining mesons as
we have discussed in the last section. Assuming that the
mesons b and ¢ are much heavier than the meson a, then we
can use the Born-Oppenheimer approximation to separate
the d.o.f. of a from the three-body system. In other words, it

10

>

D
=

5

g
= _20] ]

(b)
-30 ‘ ‘ ‘ ‘
0.0 05 1.0 15 2.0 25

Ipc[fm]

The energy eigenvalue of the meson « and its corresponding BO potential for the isospin singlet of the BB* system. (a) The

energy eigenvalue of the meson a. When r;,, — oo, E,, tends to the two-body energy eigenvalue E, = EPB) | i.e., the energy eigenvalue
of the breakup state. The right panel gives the BO potential Vpo. Here we chose the parameter A = 1107.7 MeV.
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FIG. 9. Three configurations of the BBB* system. (a), (b), and (c) The wave functions y s and y / respectively.

is a kind of an adiabatic approximation that we divide the
d.o.f. of the three-body system into a light one and a heavy
one. The motion of the light d.o.f. is the motion of meson a
relative to the three-body center of mass. The motion of
the heavy d.o.f. is the relative motion between meson b
and c. When exploring the dynamics for meson a, we can
assume mesons b and c¢ are static with the distance rp,.
Then the three-body system can be simplified as a two-
body system consisting of mesons b and ¢ but with an
additional BO potential generated by meson a. Overall,
only meson a can be separated from the system due to the
fact that this meson is much lighter than the other ones. A
separation in this way can be a good approximation for
this system. With the same procedure that we derived in
Eq. (20), we obtain the wave functions y/(r,,, r,.) for
meson a. The remaining d.o.f. is the relative motion
between mesons b and c that can be described by a wave
function assumed as ®(r;,), to be determined from the
Schrodinger equation. Then the total wave function of the
system has the form

\PT = q)<?hc)W(?ab77ac)'

Nevertheless, the true system Bff)Bé*)BE-*) is that the three
mesons have little mass difference. Every meson can be
considered to be a lighter one and separated from the
three-body system. Thus, the system has the three basic
simplification schemes. That is, we can divide the system
BSI*>B§7*)BE-*) into three kinds of two-body subsystems, i.e.,
(*)Bg‘) with the BO potential created by meson c,
>B£*) with the BO potential created by meson a, and
) p(+)
B

(

a

(c* with the BO potential created by meson b as

shown in Fig. 9. These three simplification schemes can
be regarded as three kinds of basic configurations. The
eigenstates of the three-body system should be combina-
tions of them. As the simplest combination, one might
expect the three-body eigenstate should be the super-
position of the three kinds of basic configurations. We
use the yw,, yy, wy to denote these three configurations.

B
B

b
B *

The configuration wave function y, represents the con-

figuration where we omit the meson Bg*) and add the
corresponding BO potential instead. Similarly, yx and y
denote the configurations with the BO potentials provided

by the mesons BE,*) and B(C*>, respectively.
Taking the configuration function y, as an example, we

(%)

separate the motion of the B, ’ relative to the other mesons

B<b*) and B\" where their relative displacement ry, is
regarded as a parameter as shown in Fig. 9(a). The wave
function of the Bg*) has been discussed in the last
section and can be written as y/(7,,, 7,.). The remaining

d.o.f. is the relative motion between BE,*) and B, which
can be taken as ®(7,.). Thus we have the configuration
function w,; = ® (7. )W (Fap, Fac). The other two wave
functions wy and w, can be obtained analogously, i.e.,
Yy = q)(?ac)l//(?ab’?bc)’ Ve = q)(7ab)y/(?bc’?ac)’ which
correspond to Figs. 9(b) and 9(c), respectively. If we
regard the three configuration functions as a set of basis
states, then the basis constitutes a configuration space
{ws wy, we}. The three-body eigenstate expressed as a
superposition of the three kinds of basic configurations can
be described as a state vector in this configuration space.
Thus, as an interpolating wave function, the three-body
wave functions can be written as

‘PT = aq)(?hc)l//(?abv 7uc) + ﬂ‘b(7ac)W(?ab9 7;hc)
+ yq)(?‘ab)l//(?bw 7:ac)

=ay;+Pys+rwe=1| P |. (23)
Y

where @ (7,.), ®(7,.), and ®(7,,) are undetermined
functions that need to be solved. The a, 5, and y are the
expansion coefficients. According to Eq. (20), we rewrite
the three basic configuration functions in the channel space
{B;B,B..B,B};B..B,B,B;,B;B};B..B;B,B:,B,B;B;} as
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= CP (?bc)

vy = CO(F,)

wi= CD(7,) | V2 W (Fpe) +w (7o)l (24)

which can be expanded as a set of Laguerre polynomials

Vi = Z¢i(7b6)lp(7ab97ac‘)’
i

Vg = Z¢i(7u6)lﬂ(7ah9?hc‘)’

Ve = Z¢z (?ub)ll/(?hw?ac)'

Here the subscript i is the order of Laguerre polynomials.
We define the ith order of the configuration functions as
Wld = ¢i(?bc)l//(7abv 7ac>’ l//;f = ¢i(?ac)l//(?ab’ ?bc)’ and
W' = ¢i(Fap )W (Fpe. T4c). Further, C is a normalization
constant.

We expect the three-body bound state that we seek can
be expressed as a state vector in the configuration space
{ws wy, we}. However, the configuration functions in
Eq. (23) are not an orthogonal basis. Thus we orthonorm-
alize the {y,, wy, .} into a new basis {{y, ¥y, @y} We
use ', 7y, and ', to denote the ith order of the new
configuration functions W, g, and ., respectively. Then
we have

o1 ; ; ; ]
Wy = | Wl vl = Y x|

iL i J
V=5 W+ +wl) = > x|,

i L i i
I U "
Vi= N (w2+w3+w;)—2xiﬁ/’iv

where the x;; is a parameter matrix that will be determined
later. The N, are normalization coefficients. The parameter
matrix x;; in the three configuration functions is the same

due to the interchange symmetry for the B’ Bé*)Bg*)

system. _
Since the ith order configuration function i), should be
orthogonal with any order of the other configuration

function 1,7/2, one can get the orthogonalization condition

o ir 1

(Fyliry) = <— {(wg +yy+wl) - inkw,’i] N

N i N;

v+ = S| ) =o.
i

which gives

X (Whlwl)xy — xi (8 + 2wklwl)) — xu(8 + 2w lwh))
This equation will determine the parameter matrix x;;.

Considering the normalization of the ith order configura-
tion function i,

YA T P 1
(ilor) = <— {(w; +yl ) - inkwﬁ] —
N, i N,
x {(wf; ) - Zxﬂwﬁ;] > =5,

one can obtain the normalization equation for the N, as

1 o
FN}_ [351',' + 6wl lyy) — 2x;;

4> ) + Z] — 5. (26)

After solving the equations for x;; and N;, we obtain an
orthonormalized configuration basis. This basis constitutes

an orthonormalized configuration space. Then the eigen-
vector for the three-body system BE,*)BE,*)BE*) can be written

as a vector in the configuration space {{,, Wy, ¥y}
Therefore, we have
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Yr = Z&ili/; + Z,Bj‘f/;; + 271(’/75,
i 7 k

where the &;, f;, and 7; are the ith order expansion
coefficients.

VI. THREE-BODY SCHRODINGER EQUATION

As we have discussed in previous sections, if the three-
body binding energy is below the breakup threshold, the
|

T.+T, Vi(Fap) Vi(Fa) Vo (Fap) Vi (Fac) 0
Vi(Fpa) To+T. Vi(Fye) Vo (Fpa) 0 V(Foe)
g |V (Fea) Vi(Fep) THT 0 Vo (Fae) Vi (Fpe)
Vo(Foa) Va(Fap) 0 To+Th+V3(Fap) + M Vi(7pe) Vi(Face) ’
Vs (Fea) 0 V3 (Fea) Vi(Fep) T+ T+ V3(Foe) + M Vi(Fap)
0 Vo(Fep) Vo(Fes) Vi(Fea) Vi(Fba) T.+ T, +V3(Fy) + M

three-body system will disintegrate into a two-body system
and a free meson. Since we only focus on the three-body
bound state, we could make an energy shift and remove the
energy eigenvalue E, for the breakup state and define a
reduced Hamiltonian for the three-body system as

H:H—E2

The explicit form of H is

(27)

where T, =—(1/2u,)V?,, T=—(1/20)V?,, T.,=—-(1/2p,,)V?,, T,= —(1/2,u’*)V§, T = —(1/2ﬂ’)V§, and
T, =-(1 /ZM’**)VE are the kinetic energy operators and the corresponding reduced masses are u, = (MgMp-)/
(Mg +Mpg), u=Mp/2, p, = Mg /2, = ((Mp+ MB*)MB)/(zMB_’;_ Mpg:), W' = (2MpMp.)/(2Mp + MB*_):Z and
oo = 2MgMp)/(2Mp + Mp). Here Vi, = (1/ry)(d*/dry,)ra = (Lap/1s,) and Vi = (1/8)(d?/d&*)¢ - (Lz/&?)

with & =7,,/2 — 7p.. 7p. is the direction of the meson b relative to the meson c. Zab is the angular momentum operator

between mesons a and b. Ijg is the relative angular momentum operator between the two-body center of mass for the
mesons a and b and the meson c. The mass gap is OM = Mg — Mp.
The total Hamiltonian for the three-body system in the configuration space {y, ¥y, ¢} can be written as

Hy Hg Hge His+Ey Hag+ Ep
Hr= | Hy; Hyy Hye | = | Hga+Ex Hyy+ E
Hy Hg Hy Hey+Ey, Hy+Es

with H%/Z <l/~/%|H|l[~/%> (m,n = a,b,c).

The total reduced Hamiltonian for the three-body system BE,*)B p

expressed as

Hue + E Huw Mg Hye 1 0 0
Hye+Ey | = | Hga Hyg Hpe | +E2| 0 1 0],
Hye + E, Hey Hey Hpe 0 0 1

(28)

g*)B(*) in the configuration space {{,, Wy, 4} can be

His Hag M
Hr = | Hyse Hpgy Hye | (29)
Hey Hep My
with H , /= ([ /| H|@ m,n = a, b, c). Thus we have
ol h h
HT — HT + Ez.

014028-12



TRIMESON BOUND STATE BBB* VIA ...

PHYS. REV. D 100, 014028 (2019)

The matrix element of the H,, can be written as

ij ~ i ~ 1 i i n
H, = ([ Hlwr,) = <N {(w +yytyl) - Zx,mw,i} Il {(w,i +yltyl) - ijnl//d:| >

1 . ; 1 )
i J ‘ ; n
1 i 1 . 1
— 2xim NiNj <l//y |H|l//,]i> - 2Xjn NiNj <W15|H‘I,Uﬁ> + ximxj,, W <l//d |H|Wd>v (30)

where, in the last step, the interchange symmetry in the B,(l*)BE,*> ()

B¢’ system is used. Similarly, we also have

ij ~ ~ 1 i i n
My = (W Hlyry) = <ﬁ {(w,i ) - lemw,;} Ml {(w,i g wl) - Z_xjnwd} >

1 . ; 1
1 \H J

1
- 2x1mN N <l///5 |H|l//d>

There are two independent matrices

<W}5|H|Wd> Xim 37~

1
YN,

(! Hwhy = xj —— (wh | Hy™)

N;N; N;N;

WiIHIWY) + XimX (Wi Hlw?). (31)

1
NiN;

<Wd|H|l//d> C|2/d7bc{ l//abll//ab> <Wab|l//ac>)[¢bc(T/ + V >¢bc] ( <w:zb|Wi1b>)[¢bc(T/ + V >¢b¢]

+ (<Wab|l//ac> + 2<l//ab|l//ac>)[¢bcvll]c¢bc]}'

. . 1 .
WiHl) = |CP / d?bc{—<¢;cwab|r T

<¢achL |T/ + V ‘¢chaL>

l\)l'— l\)\'—l\)l

to be determined, where we have used the abbreviations

;b’ ¢bc’ ¢ac’ Yabs Yhes and Yace for ¢( ab) ¢(?bc)l’
$(Fec)'s w(Fa). wiie). and w(,,). respectively. The
expression for the Hy; can easily be obtained by the
replacement ¢ — b, b — ¢ on the expression for the H,.
Similarly, the expression for the Hy is obtained by the
replacement ¢ — b, b — a,a — c on the expression for the

‘Hyy,. In fact, interchange invariance for the Bg*)Bé*)BE-*>
system can simplify the calculation, i.e., Hy; = Hyy =
Hys and Hyy = Hyy = Hep

Based on the above discussion, the
Schrodinger equation can finally be written as

three-body

Has Has M @ a
Hps Hys Hye || B | =Es| B |, (32)
Hes Hep Hee ¥ 4

VgCO |¢2c (Wab + l//ac)>

<¢acl//ab |T/ + V

1 X .
+ 3 (DacWap + wie) T2 + Vol Wan)

|¢bcwab>

1 o , o
<¢u¢l//bc|v1b|¢b¢wgh> 75 <¢izcl///bc|véb|¢i;cl//ab> + <¢:zcl//£zb|vih|¢£cl//£lc>

1 ) L
<¢a¢ (l//ab + Wbc)|vh |¢b¢l//ac> + 72 <¢LLW§;L|V§b|¢LCWw> } s

|

where the energy eigenvalue Ej5 is the reduced three-body
energy eigenvalue. The total energy eigenvalue relative to
the BBB* mass threshold is E; = E5 + E,. Solving the
three-body Schrodinger equation may partly answer
whether the three-body system has a loosely bound state.

VII. APPLICATION TO THE NNN SYSTEM

In order to verify the feasibility of the Born-
Oppenheimer potential method for the three-heavy system,
we apply it to the three nucleon system. Since there is
sufficient experimental data for this system, we can apply
the formalism introduced above to investigate its binding
energy and illustrate the feasibility of our formalism. As we
know, the triton and the helium-3 (*He) nucleus are the two
possible bound states of the NNN system; both of them

have the quantum numbers I(J7)=1(i") but have
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TABLE IIL

Bound state solutions of the NNN system with isospin /3 = 1/2. E, is the energy eigenvalue of its subsystem. E5 is

the reduced three-body energy eigenvalue relative to the breakup state of the NNN system. E; is the total three-body energy
eigenvalue relative to the NNN threshold. Vgo(0) is the minimum of the BO potential. r,,,, represents the root-mean-square radius of
any two N in the NNN system. The S wave and D wave represent the probabilities for S-wave and D-wave components in any two N in

the NNN system.

A [MeV] E, [MeV] E; [MeV] E; [MeV] Veo(0) [MeV] S wave [%] D wave [%] Fems [fM]
830.00 —-0.18 -1.93 =2.11 —4.54 94.01 5.99 4.21
850.00 —-0.67 =2.71 -3.38 -5.36 93.36 6.64 4.00
870.00 —-1.23 -3.65 —4.88 —-6.32 92.68 7.32 3.78
890.00 —1.88 —-4.77 —6.66 —7.42 91.99 8.01 3.54
899.60 -2.23 -5.38 -7.62 -8.00 91.66 8.34 3.42
900.00 -2.25 -5.41 -7.66 -8.03 91.64 8.36 3.42
920.00 -3.05 —6.85 -9.90 -9.35 90.97 9.03 3.18
940.00 —-3.98 -8.51 —12.49 —10.83 90.35 9.65 2.95
960.00 -5.03 —-10.42 —15.45 —-12.46 89.76 10.24 2.74
980.00 —-6.21 —-12.57 —-18.78 —14.23 89.23 10.77 2.54
1000.00 -7.55 -14.97 -22.51 -16.14 88.73 11.27 2.37
1020.00 -9.04 —-17.61 —26.65 -18.19 88.27 11.73 2.23
1040.00 —10.69 -20.51 -31.20 -20.37 87.84 12.16 2.10

different isospin on its z direction. They have the same
structure and the binding energy if the isospin symmetry
breaking effect is neglected. The calculation on the three-
nucleon system is much more straightforward than the
BBB* system, as there are no other coupled channels. For
simplicity, we only write down the isospin wave functions
of the triton and helium-3 nuclei, which are

272

0,) 1>— L liom)p) = l(np)p)l.

- S

1 1
03:=3) =5 omn) = [p)].

The Lagrangian reads
Ly = gyNiysiN - 7,

where the gy = 14.70 is the coupling constants (we use
here the pseudoscalar coupling, which is fine to the order
we are working; see, e.g., Ref. [70]). N = (y,.y,,) is the
nucleon doublet. Further, 7 = {7, 7,,73} are the Pauli
matrices, and 7 = {\/LE (z* + ﬂ‘),\/% (zt +77),7°} are
the 7 fields. With a procedure similar to the one discussed
in Secs. II-VI, we can investigate the properties of the
breakup state formed by a deuteron and a free nucleon as
well as the three-body bound states. As discussed in the
above sections, there is only one free parameter A in the
monopole form factor introduced in Sec. III, which reflects,
in a rough way, the internal structure of the interacting
hadrons. In other words, the size of the hadron is propor-
tional to 1/A, which is still unknown from the fundamental
theory. Thus the parameter A = 899.60 MeV is fixed by
the binding energy E, = 2.23 MeV of deuteron in our

calculations. With the so determined parameter A, we can
obtain the BO potentials for the NNN system using the
formalism in Secs. I[I-VI, with just the replacement of the
effective potential Vpp, by Vyy in the calculations. This
potential reads

2
Viyonw(7) = —C¥N (i, j) - {31'52[@“(&)

12M3

5 e—Ar
— Y (im,r) + (A* —m2)A }
+ S7(61,0,) {—ﬁﬁZ(ﬁlﬂr) + A3Z(Ar)

(W )1+ A0 B v .

where CY¥N(i, j) is the channel-dependent coefficient for
the two-nucleon system, M is the mass of the nucleon, gy
is the pion-nucleon coupling constant, and ¢; and o, are the
spin Pauli matrices for the nucleon 1 and 2 in the scattering
process 1 +2 — 3 4 4.

After solving the three-body Schrodinger equation, i.e.,
Eq. (32), one can obtain the dependence of the binding of
the three-nucleon system on the parameter A (Table III). As
shown in the table, there is a three-body bound state
with the reduced binding energy and the total three-body
bound energy in the range of 1.93--20.51 MeV and 2.11-
31.20 MeV, respectively, when the parameter A varies from
830 MeV to 1040 MeV. The corresponding isospin
singlet two-body subsystem NN has the binding energy
in the range of 0.18-10.69 MeV. The root mean square of
the system decreases from 4.21 fm to 2.10 fm when the
parameter increases. Once the parameter A = 899.60 MeV
is fixed by the deuteron binding energy, the reduced
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FIG. 10. Dependence of the reduced three-body binding energy
on the binding energy of its two-body subsystem (the deuteron).
The left red point is the critical point which indicates the lower
limit of the required binding energy of the deuteron to form a
three-body bound state. The right one is our numerical result of
the binding energy of the triton or the helium-3 nucleus.

three-body binding energy and the total binding energy
relative to the three free nucleons are 5.38 MeV and
7.62 MeV, respectively. The latter is comparable with
the empirical binding energies of the triton (8.48 MeV)
and helium-3 (7.80 MeV) nuclei. Note again that there is no
numerical difference between the binding energies of triton
and helium-3 in the calculation, as the isospin breaking has
not been considered.

For a better illustration of the binding property, we plot
the dependence of the reduced three-body binding energy
on the two-body binding energy of its deuteron subsystem.
As shown in Fig. 10, the binding energy of the three-
nucleon system becomes larger when the binding energy of
its subsystem NN increases. There are two red points in the
figure, the left red point is the critical point which indicates
the lower limit of the required binding energy of the
deuteron to form a three-body bound state. It is very
interesting that even though the binding energy of its

subsystem is zero, there is a small binding energy of the
three-nucleon system, which is 1.71 MeV. This is remi-
niscent of a Borromean state, where a three-body system
may have a bound state despite the fact that none of its
subsystems forms a bound state. The other red point is our
numerical result of the binding energy of triton or helium-3.
It is a little below the experimental values since in our
calculations we use the Born-Oppenheimer potential
method to construct our interpolating wave functions,
which can be regarded as a version of the variational
principle. As we know, this always gives an upper limit of
the energy of a system.

VIII. NUMERICAL RESULTS ON
THE BBB* SYSTEM

The application of the Born-Oppenheimer potential
method to the three-nucleon system has verified its fea-
sibility to some extent. Now we return to the system mainly
discussed in this paper, i.e., the three B mesons system
BBB*. There is only one free parameter A in the monopole
form factor that is undetermined in our calculations. For the
deuteron case, the parameter A is within the range 0.8—
1.5 GeV. One would expect that the size of the heavier
bottom system is smaller than the size of the deuteron,
leading to a larger A. Thus, we vary the parameter A from
0.9 GeV to 1.6 GeV to study whether the BBB* system is
bound or not.

In order to show the properties of the two-body inter-
actions for the BB*, we first present the numerical results
for the breakup state in Tables IV and V. We plot the
effective potentials for the BB* in Figs. 4 and 5, where the
regularization parameter is fixed at 1440 MeV. In these
figures, (a) and (b) correspond to the isospin / =0 and
I =1 cases, respectively. After carefully solving the
coupled-channel Schrédinger equation with the treatment
of the S-D wave mixing, we find loosely bound states for
both cases.

TABLE IV. Bound state solutions of the BB* system with the isospin /, = 1. A is the parameter in the form factor. E, is the energy
eigenvalue. The binding energy is —E,. 1, is the root-mean-square radius. a and f are the probabilities for the components BB* and

B*B*, respectively.

BB* B*B* Proportion
A [MeV] E, [MeV] S wave [%] D wave [%] S wave [%] D wave [%] Frms [fm] a [%] P [%]
1380 -2.11 99.13 0.87 99.21 0.79 1.51 91.91 8.09
1400 —-2.94 99.12 0.88 99.36 0.64 1.30 90.22 9.78
1420 -3.93 99.14 0.86 99.49 0.51 1.15 88.47 11.53
1440 -5.08 99.16 0.84 99.59 0.41 1.03 86.69 13.31
1460 —6.40 99.19 0.81 99.68 0.33 0.94 84.91 15.09
1480 —7.88 99.22 0.78 99.74 0.26 0.86 83.14 16.86
1500 -9.54 99.25 0.75 99.80 0.20 0.80 81.40 18.60
1520 —-11.38 99.29 0.71 99.84 0.16 0.75 79.70 20.30
1540 —-13.39 99.32 0.68 99.88 0.12 0.71 78.07 21.93
1560 —-15.59 99.36 0.64 99.91 0.09 0.67 76.50 23.50
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TABLE V. Bound state solutions of the BB* with the isospin /, = 0. A is the parameter in the form factor. E, is the energy eigenvalue.
The binding energy is —E,. r, is the root-mean-square radius. a and f are the probabilities for the components BB* and B*B*,

respectively.
BB* B*B* Proportion

A [MeV] E, [MeV] S wave [%] D wave [%] S wave [%] D wave [%] Frmsy [fm] a [%] P [%]
1040 —1.88 86.09 13.91 68.84 31.16 2.03 92.05 7.95
1060 -2.63 84.59 15.41 69.41 30.59 1.79 90.18 9.82
1080 -3.54 83.26 16.74 69.90 30.10 1.60 88.22 11.78
1100 —-4.62 82.07 17.93 70.33 29.67 1.45 86.22 13.78
1120 —-5.87 81.01 18.99 70.69 29.31 1.33 84.22 15.78
1140 -7.29 80.07 19.93 70.99 29.01 1.23 82.25 17.75
1160 —8.89 79.23 20.77 71.25 28.75 1.14 80.34 19.66
1180 -10.67 78.49 21.51 71.46 28.54 1.07 78.50 21.50
1200 -12.63 77.81 22.19 71.63 28.37 1.01 76.75 23.25
1220 —14.78 77.21 22.79 71.77 28.23 0.95 75.09 2491

For the isospin triplet case, i.e., I, = 1, the dependence
of the binding energy of the two-body BB* system on the
regularization parameter A is shown in Table IV. The
energy threshold of the breakup state for the BBB* is just
the two-body energy eigenvalue of the BB* plus the mass of
the three static free meson. We use E, to denote the energy
eigenvalue of the BB*. When the parameter A varies from
1380 MeV to 1560 MeV, there is a bound state solution
with the binding energy 2.11-15.59 MeV and the root-
mean-square radius 1.51-0.67 fm. The S-wave component
takes over 99.13%-99.36% comparing to the value 0.87%—
0.64% for the D wave. The BB* and B*B* channels have
probabilities 91.91%—-76.50% and 8.09%—-23.50%, respec-
tively. The proportions of the B*B* channel and D-wave
component are relatively small. However, as the value of
the regularization parameter A increases, the B and B*
interacting with the pion are more like point particles: the
proportion of the B*B* channel increases greatly, while the
D-wave component decreases. We plot the radial wave
functions of the S wave and D wave in Fig. 11(a) for the
system BB*, and obviously, the bound state we have found
is the ground state.
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FIG. 11.

lines denote the wave functions for its subsystem BB*. (a) The isospin states [1,3, 4 (£3)) and |1,1, +

For the isospin singlet case, i.e., I, = 0, the dependence
of the binding energy of the two-body BB* system on the
regularization parameter A is shown in Table V. We also use
E, to denote the energy eigenvalue of the BB*. When the
parameter varies from 1040 MeV to 1220 MeV, there is a
bound state solution with binding energy 1.88—14.78 MeV
and the root-mean-square radius 2.03-0.95 fm. The S-wave
component is 86.09%—77.21% compared to the value
13.91%-22.79% for the D wave. The BB* and B*B*
channels have probabilities 92.05%—-75.09% and 7.95%—
24.91%, respectively. The proportions of the B*B* channel
and D-wave component are relatively small, which is
similar to the case of the isospin triplet. As the value of
the regularization parameter A increases, the proportion of
the B*B* channel increases greatly. Different from the case
of the isospin triplet the S-wave component decreases and
the D wave increases as A increases. As the parameter A
increases, all of the effective potentials become stronger.
The S-wave potential increases faster than the D-wave
potential for the isospin triplet case, while it is reversed for
the isospin singlet case. In order to check whether the
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Plot of various wave functions. The blue lines represent the wave functions for any two constituents in the BBB*. The red

1

2) cases. (b) The isospin state

|0, % ,x %} case. Here we chose the parameter A = 1440 MeV in (a) and A = 1107.7 MeV in (b) for a better comparison of all the cases,

since they have the same two-body binding energy of 5.08 MeV.
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TABLE VL

Bound state solutions of the BBB* with the isospin I3 = 3/2. E, is the energy eigenvalue of its subsystem BB* with the

isospin I/, = 1. Ej is the reduced three-body energy eigenvalue relative to the breakup state of the BBB* system. E7 is the total three-
body energy eigenvalue relative to the BBB* threshold. Vi (0) is the minimum of the BO potential. 7, represents the root-mean-
square radius of any two B in the BBB* system. The S wave and D wave represent the probabilities for S-wave and D-wave components
in any two B in the BBB*. The a and f denote the probabilities for the BBB* and BB*B* components, respectively.

E, [MeV] E; [MeV] E; [MeV] Veo(0) [MeV] S wave [%] D wave [%] Fems [fM] a [%] P [%]
—0.18 -0.19 —0.38 -3.43 99.76 0.24 3.98 97.50 2.50
—-0.48 -0.45 -0.93 —4.88 99.68 0.32 3.34 96.39 3.61
-0.89 -0.85 -1.74 -6.62 99.59 0.41 2.67 95.02 4.98
—1.43 —1.42 -2.85 -8.56 99.49 0.51 2.11 93.78 6.22
-2.11 -2.20 —4.31 —-10.65 99.41 0.59 1.71 91.91 8.09
—-2.94 -3.17 —6.11 —12.87 99.34 0.66 1.43 90.22 9.78
-3.93 —4.33 -8.26 —-15.21 99.29 0.71 1.24 88.47 11.53
-5.08 -5.67 -10.75 —17.65 99.25 0.75 1.09 86.69 13.31
—6.40 -7.18 —-13.58 -20.19 99.22 0.78 0.98 84.91 15.09
—7.88 -8.83 -16.71 -22.83 99.20 0.80 0.90 83.14 16.86
-9.54 —10.61 -20.16 —25.55 99.18 0.82 0.83 81.40 18.60
—-11.38 —12.51 —-23.89 —28.36 99.17 0.83 0.77 79.70 20.30
—-13.39 —14.62 -28.01 -31.24 99.16 0.84 0.72 78.07 21.93
-15.59 -16.75 —32.34 —34.20 99.15 0.85 0.68 76.50 23.50
-17.97 —18.99 -36.95 —-37.24 99.14 0.86 0.65 75.01 24.99

bound state we have found is the ground state, we also plot
the radial wave functions of the § wave and D wave in
Fig. 11(b) for the system BB*.

In Sec. II, we have listed the isospin wave functions of
the BBB*, which are expressed as |15, I3, I3,). After solving
the three-body Schrodinger equation via the method of
Sec. V, we find that all of these isospin eigenstates have
bound state solutions. As long as the two-body system BB*
has a loosely bound state, the three-body system BBB* is
most likely to have a loosely bound state, too. We have
collected the dependence of the three-body bound state
solutions on the two-body binding energy in Tables VI
and VIL

The bound state solutions for the state |1,3,+£1(£3))
are shown in Table VI. The three-body binding energy
relative to their breakup states is 5.67 MeV, when the
parameter A is chosen at 1440 MeV and the two-body
binding energy of their subsystems BB* is 5.08 MeV. To
search for the dependence on the binding energy of the two-
body system E,, we change the parameter A. It turns out
that if the value of FE, varies from —0.18 MeV to
—17.97 MeV, then the reduced three-body energy eigen-
value E5 decreases from —0.19 MeV to —18.99 MeV and
the total three-body energy eigenvalue E; decreases from
—0.38 MeV to —36.95 MeV. The structure of the three-
body bound state is a regular triangle with the root-mean-
square length of one side decreasing from 3.98 fm to
0.65 fm. In order to illustrate the strength of the BO
potential, we also collect its minimum Vo (0) in the table
within the range of —3.43— —37.24 MeV as E, increases.
As FE, increases, the effective attraction between B and B*
becomes stronger, the BO potential becomes deeper, so

then the three-body system becomes tighter and has a larger
binding energy. From the results in the table, we can also
see that the dominant wave between any two B in the
BBB* is S wave and the dominant channel is the BBB*
instead of the BB*B* channel. For comparison, we plot the
wave functions for any two B™*) in the BBB* system and
that for the two-body BB* system in Fig. 11(a) with
A = 1440 MeV. The shapes of these exhibit little differ-
ence. From another perspective, one more B meson has
little effect on the size of the system but greatly increases
the binding energy.

For the state O%i%> we also find a loosely bound
solution, which is shown in Table VII. The three-body
binding energy relative to their breakup states is 7.18 MeV,
when the parameter A is chosen at 1107.7 MeV and the
two-body binding energy of their subsystems BB* is
5.08 MeV. In order to show the dependence on the binding
energy of the two-body system E,, we also change the
parameter A. We find that if the value of E, varies from
—0.19 MeV to —17.10 MeV, then the reduced three-body
energy eigenvalue FE; decreases from —0.32 MeV to
—20.96 MeV and the total three-body energy eigenvalue
E; decreases from —0.51 MeV to —38.06 MeV. The
structure of the three-body bound state is a regular triangle
with the root-mean-square length of one side decreasing
from 3.89 fm to 0.93 fm. As an illustration for the strength of
the BO potential, we also list its minimum Vo (0) in the
table within the range of —2.15-—30.15 MeV as E,
increases. Similar to the /5 :% case, the dominant wave
between any two B*) in the BBB* is S wave and the
dominant channel is the BBB* one. In order to show that one
more B meson has little effect on the size of the system,
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TABLE VIL

Bound state solutions of the BBB* with isospin I = 1/2. E, is the energy eigenvalue of its subsystem BB* with the

isospin I = 0. E; is the reduced three-body energy eigenvalue relative to the breakup state of the BBB* system. E7 is the total three-body
energy eigenvalue relative to the BBB* threshold. Vg (0) is the minimum of the BO potential. r,,, represents the root-mean-square
radius of any two B in the BBB* system. The S wave and D wave represent the probabilities for S-wave and D-wave components in any
two B in the BBB*. The «a and f denote the probabilities for the BBB* and BB*B* components, respectively.

E, [MeV] E; [MeV] E; [MeV] Veo(0) [MeV] S wave [%] D wave [%] Fems [fM] a [%] P [%]
-0.19 -0.32 -0.51 -2.15 94.66 5.34 3.89 97.68 2.32
—-0.44 -0.64 —-1.08 -3.04 92.56 7.44 3.27 96.66 3.34
-0.80 -1.13 -1.93 —4.19 90.43 9.57 2.69 95.36 4.64
—-1.27 -1.82 -3.09 -5.57 88.49 11.51 2.24 93.80 6.20
—1.88 -2.72 —4.60 -7.14 86.72 13.28 1.93 92.05 7.95
—-2.63 -3.82 —6.45 —8.89 85.09 14.91 1.70 90.18 9.82
-3.54 -5.11 —8.65 -10.78 83.60 16.40 1.53 88.22 11.78
—4.62 -6.57 —11.20 —-12.82 82.27 17.73 1.40 86.22 13.78
-5.04 -7.13 -12.17 —13.56 81.84 18.16 1.36 85.52 14.48
-7.29 —10.00 -17.29 —-17.25 80.06 19.94 1.21 82.25 17.75
—8.89 —11.93 -20.83 —-19.63 79.15 20.85 1.13 80.34 19.66
-10.67 —14.00 —24.68 —-22.12 78.36 21.64 1.07 78.50 21.50
-12.63 -16.20 —28.84 —24.70 77.66 22.34 1.02 76.75 23.25
—14.78 —18.52 -33.30 -27.38 77.03 22.97 0.97 75.09 2491
-17.10 -20.96 —38.06 -30.15 76.46 23.54 0.93 73.52 26.48

we also plot the wave functions for any two B*) in the
BBB* system and that for the two-body BB* system in
Fig. 11(b) with A = 1107.7 MeV. Here we chose the
parameter A = 1107.70 MeV for a better comparison with
the|1,3, £1(£3)) case, since both cases have the same two-
body binding energy 5.08 MeV.

The state |1,5,43) also has a loosely bound solution.

b 2 9
However, in our calculation the states |1,1,+1) and
1,3, £1(+3)) are degenerate. This is due to the fact that

in the OPE model only two-body interactions are consid-
ered, and the two-body interaction depends only on the
total isospin of the two interacting mesons. The states
1.3, +1) and |1,3,+£1(£3)) have the same two-body
interaction but may have different three-body interactions.
If we further consider the calculation to the next-to-next
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leading order, this degeneracy may disappear. The calcu-
lation that contains three-body interactions via pion
exchange is quite complicated, which is left for further work.

The numerical results show that the three-body binding
energy |E3| increases as the two-body binding energy |E|
increases. One may wonder whether there is a critical value
of the |E,|, below which the three-body system has no
bound state solution. After lots of calculations, it turns out
that all of the isospin eigenstates have no such critical
value. That is to say, no matter what a small value for the
two-body binding energy |E,| is, as long as the two-body
system BB* has a loosely bound state, the three-
body system BBB* probably has a loosely bound state.
To show this conclusion explicitly, we plot the dependence
of the three-body binding energy on the variety of two-
body binding energy in Fig. 12. The isospin eigenstate
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FIG. 12. Dependence of the reduced three-body binding energy on the two-body binding energy of its subsystem BB*. The red point is
the critical point that indicates the lower limit of the required binding energy of the isotriplet BB* to form a three-body bound state.

(a) The isospin states |1,%,i% (= %)) and

72072

1,1, 41y cases, while (b) corresponds to the isospin state 0,1, +1) case.

02012

014028-18



TRIMESON BOUND STATE BBB* VIA ...

PHYS. REV. D 100, 014028 (2019)

1.3, +£3(£3)) and [1,},£4) cases are shown in

Fig. 12(a), where E7®, and E7) denote the reduced
three-body binding energy and two-body binding energy,
respectively. When the two-body binding energy EZ5
approaches 0 MeV, the reduced three-body binding energy

E}PP, approaches a small value of about 0.06 MeV.

Similarly, we also plot the dependence curve for the
0,1, £1) case in Fig. 12(b), where E’ffl% and EZE| denote
the reduced three-body binding energy and two-body
binding energy in this case, respectively. As shown in
the figure, the reduced three-body binding energy EF7,
also has a small value of about 0.12 MeV, when the two-

body binding energy EZZ| approaches zero.

IX. SUMMARY AND DISCUSSION

In the present paper, we have performed an extensive
study on the possibility of the BBB* system to form trimeson
molecules. Based on the Born-Oppenheimer potential
method as well as the OPE scheme, we derived the three-
body Schrodinger equation for the system BBB*. Since the
regularization parameter A is difficult to be pinned down, we
choose the parameter in the range of 0.9-1.6 GeV and show
various bound state solutions of the BBB* system. After
careful treatments of the S-D wave mixing and the coupled-
channel BB*B* effects, we found that all of the isospin
eigenstates expressed by the |I,, I3, I3,) have bound state
solutions. For instance, in the states [1,3,+1(43)) and
|1%j:%) the three-body binding energy relative to their
breakup states is 5.67 MeV, when the parameter A is chosen
at 1440 MeV and the two-body binding energy of their
subsystems BB* is 5.08 MeV. In the state 0%i%> the
three-body binding energy relative to their breakup states is
7.18 MeV, when the parameter A is chosen at 1107.7 MeV
and the two-body binding energy of their subsystems BB* is
also 5.08 MeV. After careful calculations, we find no critical
value for the two-body binding energy, which indicates the
lower limit of the required binding energy of their subsystem
BB* to form a three-body bound state. That is to say, no
matter how small the two-body binding energy is, as long as
the two-body subsystem BB* has a loosely bound state, the
three-body system BBB* is most likely to have a loosely
bound state, too.

The BO potential method we have used in this paper is
an adiabatic approximation that divides the d.o.f. of the
motion for the three-body system into a light one and a
heavy one. Then we simplify the three-body system into a
two-body system not only with heavy d.o.f. but also with an
additional BO potential generated by the relative light
meson. Since the system Bg*)Bé* Bg*) has little mass
difference on its constituents, the motion of every con-
stituent can be regarded as a light d.o.f. Therefore,
the eigenstates of the three-body system should be
the combinations of all of the possible cases. As the

simplest combination, one might expect the three-body
eigenstate to be a superposition of all of the possible cases.
In other words, the three-body bound state solutions we
have listed in the last section are approximate solutions.
It may be that the strict solutions will be more complicated
combinations. To answer this question requires further
study.

Our calculations are based on the OPE scheme, which
is leading order in the chiral power counting (neglecting
contact interactions). Since only one virtual pion occurs
in the BBB* molecule, the virtual pion is also shared
by the three mesons. Therefore, the three constituents
in the BBB* system share one virtual pion that corre-
sponds to a delocalized pion bond. It is attractive and
strong enough to make them form a three-body molecu-
lar state.

To summarize briefly, with the delicate efforts of the
long-range one-pion exchange, the S-D wave mixing, and
the coupled-channel effects, we have investigated the
existence of the loosely bound trimeson molecules BBB*
and find that it is very easy to form a trimeson molecular
state as long as its two-body subsystem BB* has a
molecular state. Hopefully, the present extensive inves-
tigations will be useful for understanding the few-body
hadronic systems and the future well-developed experi-
ments on hadron collisions will provide us with a platform
to seek out the trimeson molecules.
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APPENDIX: SOME HELPFUL FUNCTIONS AND
FOURIER TRANSFORMATIONS

The functions Y (771,r) and Z(in,r) in Egs. (10)—(12) are
defined as

B exp(i,r)

¥(iinyr) = S
/

’

Z(i,r) = (1 + ﬁ%r -+ (rh,?:—r)2> Y (fi,r),

where

A2 = m2 — (AM)?.
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Fourier transformation formulas read

A2 — m2\?2 1 5 » —Ar
4n<~2 ’i’;) g = Y (gr) — AY(Ar) = (A2 = m2) S,
AN +q°) q +n; 2A
A2 — m2\2 52 Ne—f\r
dr| —= ” W2 [AY(Ar) = m, Y (i A2 HA s
H(A2+—q'2> 52_|_ﬁ1;21_)mﬂ[ ( r) my (mﬂr)}_F( mﬂ) 2
NomV G DED 1o 2 [axors s caoe oy i€
4r = R ~ 366 gAY (Ar) — Y (i,r) + (A* —mz)A 3
1 = 3l X370 R 2 2 <A
+§ST —ni, Z(nmigr) + N Z(Ar) + (A —m,,)(l—&—Ar)EY(Ar) ,
where 87 = 3(7-&,)(7-6,") —é,- &,

The polarization vector is the S-D wave space that has the following substitution:

€€ =

+
3

lg X51~iEZX52—>
Sp(iEl x &, &l x &) —

ST(E?,, IEZ X 52) —
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