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We use the local hidden gauge approach in order to study the BB* and B*B* interactions for isospin
I = 1. We show that both interactions via one light meson exchange are not allowed by the Okubo-Zweig-
lizuka rule and, for that reason, we calculate the contributions due to the exchange of two pions, interacting
and noninteracting among themselves, and also due to the heavy vector mesons. Then, to compare all these
contributions, we use the potential related to the heavy vector exchange as an effective potential corrected
by a factor which takes into account the contribution of the other light meson exchanges. In order to look
for poles, this effective potential is used as the kernel of the Bethe-Salpeter equation. As a result, for the
BB* interaction we find a loosely bound state with mass in the range 10587—-10601 MeV, very close to the
experimental value of the Z,(10610) reported by the Belle Collaboration. For the B* B* case, we find a cusp

at 10650 MeV for all spin J =0, 1,2 cases.
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I. INTRODUCTION

In 2003 the Belle Collaboration observed the first
new charmoniumlike state called X(3872) in the BT —
X(3872)Kt — J/wrtn~ K" process [1]. It was later con-
firmed by the BABAR, CDF and DO collaborations [2].
After its discovery, many other new states have been found
by these collaborations, with masses situated in the
charmonium mass region. Most of them are above the
meson-meson threshold and, if they were a conventional
charmonium, they would decay into a pair of open charm
mesons. However, this is not seen in the experiment,
instead, what is observed is their decay into J/y plus
pions which is an unusual property for a simple cc state.
Furthermore, the predictions from potential models for the
mass and decay channels do not fit with the experimental
results. For all these reasons, a strong experimental and
theoretical effort has been made in order to understand the
quark configuration of these new states as well as their
production mechanisms, decay widths, masses and spin-
parity assignments. In Refs. [3—8] one can find a detailed
discussion about the current status of those states, com-
monly called X, Y and Z.

Since the discovery of the X, Y and Z states, an
enormous bulk of work has been done in an attempt to
accommodate them in an exotic picture. By exotic we mean
a more complex quark structure beyond a quark-antiquark
state, like hybrid, tetraquark, hadrocharmonium and meson
molecule. The exotic state idea is not new, actually is quite
old, but before the discovery of Z}(3900) by the BESIII
and Belle collaborations last year, no exotic structure had
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been conclusively identified. It is a challenge to understand
these new charmoniumlike states as exotic since using the
models mentioned above it is relatively simple to reproduce
the masses of those states. This is why it is also important
to evaluate other properties of the states, like the width and
partial decay widths of possible decay channels. It is also
useful to make connections to other cases that bear some
similarity, and in particular to cases where the methods used
have proved reliable. Our work here goes in this second
direction. The same challenges also concern the bottomo-
niumlike states. Among them, the Z,(10650) and
Z,(10610) are very interesting. They were observed by
the Belle Collaboration in zh,(nP) and z=Y(mS), with
the n = 1,2 and m = 1, 2, 3, invariant mass distribution of
the Y(5S) decay channel [9]. As a result of the measure-
ments, Belle reported: Mz, (10610) = (10608.4 £2.0) MeV,
FZ;,(lOGlO) = (156 + 25) MeV and for Zb(10650),
MZ,,(10650) = (106532 + 15) MeV and FZ;,(10650) =
(14.4 £3.2) MeV. The quantum numbers are reported as
JP =17 and positive G-parity. The neutral partner has also
been observed in the T(55) — Y(nS)zxz decay by the Belle
Collaboration [10].

In an attempt to understand the Z,(10610) and
Z,(10650) configuration, some interpretations were con-
sidered. The authors of [11] treated the states as molecular
states of BB* and B*B* using heavy quark spin symmetry
(HQSS), but the strength of the interaction was unknown.
The proximity of the masses of these states to the BB* and
B*B* thresholds prompted the author of [12] to suggest that
these peaks could be a consequence of cusps originated at
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these thresholds. This idea has been made more quantitative
in a recent paper [13]. In [14] the dynamics of a hadro-
quarkonium system was formulated, based on the channel
coupling of a light hadron (h) and heavy quarkonium (QQ)
to intermediate open-flavor heavy-light mesons (Qq, Qq).
In [15] the authors used QCD sum rules assuming
tetraquarks or molecules, and in all cases they could obtain
good results, but the errors in the masses were of the order
of 200 to 300 MeV. In the same line, in [16] the states are
also assumed to be tetraquarks. A tetraquark picture was
assumed by the authors of Ref. [17], where using the
framework of QCD sum rules, they calculated the Z,’s
mass, but the masses obtained were lower than those of
the Z,, states. In [18,19] the authors consider the states as
molecular states driven by the one pion exchange inter-
action. In [20] heavy quark spin symmetry is used,
analyzing the power counting of the loops, and concluding
that the molecular nature of the states can account for the
observed features. In [21] the authors mention that using
HQSS and the molecular picture, states of 1~ should exist
in addition to the reported states of 1*. In [22] the
molecular option is also supported by sum rules, but again
with about 220 MeV uncertainty in the mass. In [23] a
tetraquark nature is invoked. In [24] BB*,B*B* (in an
S-wave) are investigated in the framework of chiral quark
models using the Gaussian expansion method. The bound
states of BB*, B* B* with quantum numbers /(J*) = 1(1%),
which are good candidates for Z,(10610) and Z,(10650)
respectively, are obtained. Another BB* bound state with
1(JP€) = 0(17*), and another two B*B*’s with I(JFC) =
1(0F), 1(JP€) = 0(2") are predicted in that work. In
[16] 11 tetraquarks are invoked and possible 17+, 2++
states from charge conjugation are investigated. In [25] the
molecular picture is again pursued and the Y(5S) —
Y (nS)z*z~ decays are investigated. In [26] the authors
make arguments of HQSS starting from the X(3872)
extrapolating to the beauty sector, and find a plausible
molecular interpretation for the Z,(10610) state. In [27]
once again the molecular structure is supported within
HQSS. A different intepretation is given in [28], where the
initial pion emission mechanism is invoked to reproduce
the Y(55) — Y (nS)zx, with the second z and the reso-
nance produced from the loop diagram involving three B*
states. Again from the molecular point of view in [29],
several decay channels are investigated in order to give
support for the molecular picture. In [30], using phenom-
enological Lagrangians and the hypothesis of molecular
states, the Z — Y(nS)z transition rates are evaluated.
Tetraquarks are again invoked in [31]. Pion exchange is
considered in [32] and limits for the strength to produce
binding are discussed. In [33] a tetraquark is preferred,
since meson exchange binds in / =0 but not in [/ = 1.
By using HQSS and assuming the states to be molecular
states, different modes of production are evaluated
in [34].
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Using the chiral quark models, the authors of [35]
interpret the states as loosely bound states of BB*, B*B*.
Tetraquarks are again favoured in sum rules in [36]. In [37]
the authors use HQSS to relate these states, which are
assumed to be molecular, to the X(3872). A molecular
interpretation was again used in Ref. [38], extending the
work of [18,19], in order to explain the states as B*B and
B*B* assuming an s- and d-wave mixture.

The amount of theoretical work done is quite large,
offering theoreticians a challenge with observed states that
obviously cannot have a cc¢ nature, which should have
I = 0. Our contribution to the subject lines up with the
molecular interpretation, using a dynamical model that
provides the strength of the interaction. We use for this
purpose the extrapolation of the local hidden gauge
approach to the heavy sector, extending results obtained
for the Z.(3900) and Z,.(4025) using that approach [39,40]
which at the same time was shown to fully respect the rules
of HQSS [41,42].

II. FORMALISM

In order to study BB* and B*B* states, the extension of
the local hidden gauge approach [43-45] to the heavy
quark sector [46] seems most appropriate. The interaction
is generated by the exchange of a vector meson. If one
exchanges light vectors the heavy quarks act as spectators
and then, the HQSS of QCD is automatically fulfilled [41].
However, following the approach of Refs. [39,40], we can
show that the BB* and B*B* interactions by means of one
light meson exchange are not allowed by Okubo-Zweig-
Tizuka (OZI) rule for I =1 states. In Fig. 1, a diagram
illustrating an interaction between a B*B*° is shown. In
order for this interaction to occur a dd state has to be
converted into a uuz state, which is OZI forbidden. This
implies a cancellation between the contributions coming
from the p and @ meson exchange if equal masses are
taken, which is also observed in [38]. The same argument
holds for the exchange of a pseudoscalar and one finds an
exact cancellation of the z,7,#7' exchange in the limit of
equal masses for these mesons [39,40]. In practice, due to

B+
u RN e u
d d

B*O

b

FIG. 1. Diagram representing the B*B*® — B*B*0 process
through the exchange of ¢g, which is not allowed by OZI rule.
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the different masses of the pseudoscalar mesons, the
cancellation is partial at low momentum transfers but is
quite drastic at large momentum transfers of the size of the
mass of the #/. Actually, in [38] one also finds a sizable
decrease in the binding when one goes from the one pion
exchange potential to the one-boson exchange potential
that includes the 7, 7, p, ®, o exchange.

Because of this cancellation, we shall consider processes
in which the OZI restriction no longer holds. We, thus,
calculate the contributions coming from heavy vector
exchange and also due to the exchange of two pions,
interacting and noninteracting among themselves.

A. BB* and B*B* interactions via heavy vector exchange

In order to evaluate BB* and B* B* interactions due to the
exchange of vector mesons, we need the Lagrangians
describing the VPP and VVV vertices, namely

Lypp = _ig<V#[P’aﬂP]>’ (1)
EVVV = ig((V"@UV,, - 8DVﬂV”)V”). (2)

The coupling ¢ is given by g= M /2f,, with f, =
93 MeV being the pion decay constant, while My is the
Vector meson mass.

In Egs. (1) and (2), the symbol () stands for the trace of
SU(4). The vector field V, is represented by the SU(4)
matrix, which is parametrized by 16 vector mesons
including the 15-plet and singlet of SU(4),

%4_0702 p+ K*+ B*O
— __i *0 *—
2 A I C)
K* [‘(*O ¢ B:_
B*0 B+ Bt T

u

where the ideal mixing has been taken for w, ¢ and J/y.
On the other hand, P is a matrix containing the 15-plet of
the pseudoscalar mesons written in the physical basis in
which 7, 7’ mixing is taken into account [47],

B*+(k/‘1, El)

B*Jr(]’{;g, 63)

B*‘l’(k'h El)

POMU;T(kl - k:s«f(m)

B*f(k’z, 62)

B*f(/{4f4) B*i(k27€2)
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o s riL_z KO B~
K- K° -5+ \/gn’ By
B BT B} M

(4)

The channels we are interested in are those with B = 0,
S = 0 and isospin [ = 1. In the B*B* case, they are B*B*
and pY. In the case of BB* we are only interested in the
positive G-parity combination, namely (BB* 4 cc)/v/2
and also n,p and zY.

1. B*B* case

Consider now the reaction B*B* — B*B*. Here we are
following the same steps as in Ref. [46], in which the
authors were concerned with the D*D* case. As in [46] we
also consider that the external vectors have negligible three-
momentum with respect to their masses. In our case, the
most important diagrams are depicted in Fig. 2. As an
example, we shall calculate in detail the amplitude of the
first diagram in Fig. 2. The evaluation of the other ones is
analogous. For this end, we must calculate the three-vector
vertex which is given by the Lagrangian of Eq. (2).
Figures 3(a) and 3(b) illustrate the three-vector vertices
B**B**p" and B*~B*~p® with the momenta assignments.
The corresponding vertex functions are

9 v
Igripetp0 = ﬁ(kl + k3)ll€1”€3€/<‘0)’ (5)
t S (ky + kyq) vl (6)
BB _\/Z 2 4)u€20€4€0 -

Once we have determined the vertices, it is possible to
calculate the amplitude for the first diagram of Fig. 2.
Considering all the particles involved in the exchange, we
obtain

B*(k3, €3) Bk, €1) B*(ks, €3)

P+(k1 — ks, 6(0))

B*O(k’4,€4) B*O(]{}Q,EQ)

B*O(]m, 64)

FIG. 2. Vector exchange diagrams contributing to the process B*B* — B*B*.
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B (k3, €3) B (ky, €4)
p()(k,l _ k‘37 E((])) p“(/ﬁ _ k& E(()))
B (ky, €1) B~ (kg )
(@ (b)
FIG. 3. Three-vector vertex associated with B**B*+0.

1 2 1 1
Ip+p——pp— = — 592 [M%f e + Mz} (ky + k3)
P ®

. (k2 + k4)€1M€2U€g€Z, (7)

where My, M, and M
mesons, respectively.

As we are interested in the B* B* interaction in the = 1
channel, we must rewrite Eq. (7) on the isospin basis.
The isospin states are

are the masses of the T, p and w

w

- 1 _ 1 -
B*B* =1 _ _ _~ B*JrB*— 4 B*OB*O ,
BE) == S IBTET) + BB
D = 1 *4 D*k— 1 *0 px
|B*B*>170 = 7§|B JrB > —7§|B OB 0>. (8)

By taking into account all the three diagrams of Fig. 2,
we get
) [2MOMG, + ME (=MG, + M3)
IMEMMD,
< (ky + ky)ee0,€5€,, 9)

tlzl - =
B*B*—B*B*

(ky + k3)

which shows explicitly the cancellation of the p and w
exchange.

In order to rewrite the amplitude given by Eq. (9) in
terms of the spin 0, 1 and 2 states, we use the spin
projectors P, P and P> given by [46]

1
PO = —¢e,eve,

3 Ko
P — ! HeV Vet
= E(eﬂepe € —e,e.e%e"),
P2 = 1 HeV Ul ! v ht 10
—z(eﬂeve € +e,e.e% )—geﬂeﬂe e, (10)

where the order of the particles 1, 2, 3 and 4 is implicit. In
terms of those projectors the polarization vector combina-
tion €,€5,€5¢4 appearing in Eq. (9) is equal to

eyeneses = PO + P 4 PO, (11)
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B*f(kg,q) T(k4754)

T<k-lf4) B*O(kQ,EZ)

FIG. 4. Vector exchange diagrams contributing to the B*B* —
pY channel.

Therefore, substituting Eq. (11) into Eq. (9), projecting it
in s-wave, and including the contact term already evaluated
in Ref. [46], we obtain

, [2MoMZ, + M3 (=M, + M)
AMEM2AM?
X (4M3. - 3s), (12)

I=15=012 _ _ 2
Tppopp = 9

where s stands for the center of mass energy of the B*B*
system.

Consider now the other channel, B*B* — pY. The most
relevant diagrams are depicted in Fig. 4. The procedure to
get the amplitude for this channel is analogous to what we
have done earlier. Thus, the amplitude in isospin / =1
basis for the spin S = 0, 2 states in the s-wave, correspond-
ing to all diagrams of Fig. 4 plus the contact term is
given by

, [2M%. + M5+ M3, —3s

t s (R — ! g

B*B*—pY (13)
The interaction in § = 1 vanishes as a consequence of a
cancellation of terms where the p° and Y are interchanged
in the diagrams. The diagonal pY' — p7 transition is again
OZI forbidden and null in this approach.

Equations (12) and (13) will be used as a kernel of the
Bethe-Salpeter equation as we shall discuss later.

2. BB* case

In this case, the Lagrangians defined in Eqgs. (1) and (2)
can also be used to provide the vertices of the PV — PV
interaction through exchange of a heavy vector. The
resulting amplitudes were already calculated in the s-wave
in Refs. [48,49]. In particular the authors were concerned
with axial-vector resonances dynamically generated. Yet, in
Ref. [39] the same equation for the amplitude is used in
order to study the DD* interaction. Here, we extend these
amplitudes for the BB* interaction in the isospin / = 1
channel, with the result

il
Vij(s) = —86—;:26!] |:3S - (Mz + m2 +M,2 + m/z)
1
_;(Mz_mz)(Mlz_m/z)} (14)
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where the masses M (M") and m (m') in Eq. (14) correspond
to the initial (final) vector meson and pseudoscalar meson,
respectively. The indices i and j represent the initial and
final VP channels (BB* + cc)/V/2, nyp and zY.

The C; ; are elements of a 3 x 3 matrix, which, for the
positive G-parity of the BB* combination, is defined as

—w 2y V2
V2 00
where y = (;14)? and y = (;-)*. Those factors are defined

in this way in order to take into account the suppression due
to the exchange of a heavy vector meson. Concerning the
parameters m;, my and mpy,, we choose their values in
order to have the same order of magnitude of the light and
heavy vector meson masses: m; = 800, myz = 5000 MeV
and my, = 9000 MeV. These masses stand for the p or o,
B* and T respectively. We shall see how the results change
by making some variation in the values of these parameters.

3. The T matrix

The results of the amplitudes discussed earlier provide
the potential or kernel to be used in the Bethe-Salpeter
equation (BSE) in coupled channels,

T=(1-VG)'v, (16)

where V is the potential, which in the B*B* case is a 2 x 2
matrix whose elements are the amplitudes defined by
Eqgs. (12) and (13) respectively associated with the channels
B*B* and pY. In the case of BB*, V is a 3 x 3 matrix and its
elements are the amplitudes given by Eq. (14) with C;;
defined by Eq. (15), associated with the channels BB*, n,p
and 7z Y.

In Eq. (16), G is a diagonal matrix and its elements are
given by the two meson loop function, G, for each channel /:

Fq 1 1
G =i , 17
! l/(2ﬂ)4q2—m2+i€(q—P)2—M2+ie (17)

where m is the mass of the pseudoscalar (in the BB* case)
or the vector (in the B*B* case), while M is the vector
meson mass involved in the loop in the channel /. In
Eq. (17) P means the total four-momentum of the mesons.
The integral of Eq. (17) is logarithmically divergent and it
can be regularized with a cutoff in the momentum space or
dimensional regularization. With the cutoff method

Gmax d3q (Ul +CU2 1
G, = , (18
! A (277.')3 2601602 (PO)2— (Cl)] +0)2)2+i€ ( )

where w; = /m® + ¢ and @, = \/M? + g% and g, is a

free parameter. In dimensional regularization there is a
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scale ¢ and a subtraction constant a(u) acting as a free
parameter, namely,

M?* —m? + s . M?
— 0 [
2s &2
s —M?> +m?+2py/s
log 5 5
—s +M*—m*+2p\/s

s—|—M2—m2—|—2p\/E>>

—s—M?*+m?+2p\/s

1 m?
Gl = @ <(ll +10g7—|—

P

NG

+ log

(19)

with p standing for the three-momentum of the mesons in
the center-of-mass frame.

For the sake of comparison of the different potentials
obtained, it is interesting to recall that Eq. (16) with the
cutoff regularization of Eq. (18) can be obtained from
the Lippmann-Schwinger equation using a potential in
momentum space [50]

V(4.9') = VO(qmax = 14D)0(qmax = 14'])- (20)

Hence, assuming ¢ ~ 0 for an external particle, ¢’ can
play the role of momentum transfer in loop diagrams, and
then V as a function of ¢’ remains constant up to ¢,x»
where it goes to zero.

B. The ¢ exchangg contribution to the BB*
and B*B* interactions

The potential due to the ¢ exchange in some cases
provides an important contribution to the interaction. In
Ref. [51] the authors studied the NN system considering
that the o resonance arises from the interaction of two
pions, providing an important contribution to the binding
energy for the NN system. In Refs. [39,40] the same idea
was applied to the DD* and D*D* cases. Following the
approach of those references we shall extend the formalism
to the bottom sector, more specifically, to study the BB*
and B*B* interactions.

Let us consider first the B*B* case. The diagrams
contributing to this interaction are illustrated in Fig. 5.
As can be seen from Fig. 5, each diagram has four vertices
containing two pseudoscalars, the 7 and B(B) mesons and
one B*(B*) vector. Their evaluation is done by means of the
local hidden gauge Lagrangian already defined in Eq. (1).
On the other hand, instead of calculating the vertices and
then the amplitude from the Lagrangian of Eq. (1), we start
from the amplitude obtained in Ref. [40] and substitute the
masses of the D and D* mesons by the masses of the B and
B*, respectively. As a result, we obtain

3
—iV2 =20 (21)

2 AX— AT

where -0 is the isoscalar amplitude for the zz inter-
action, namely
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Bt B*D Bt B*()
A a A a
NS w0, N T
LN . .

B* o B B* oY B
A @) A A @) A
7 N 7 N
. . LN
7 7.‘_L) ﬂ_(J N 7 TrU 7_‘_7\

A a A a
B B Bt B

(@) (b)

FIG. 5.
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B B B B0
a y § a Y §
N T 77‘0 - ~ {7 7'; -
0 N 7 50 0 N 7 =
BY A @) AB B A @) AB
‘ 7 N \ 7 N \
7 7r7 7T0 N 7 ﬂ_— ﬂ_— N
a y § a Y §
B B0 B+ B0

(© (d)

Diagrams contributing to the two pion interaction in lowest order in / = 1 for the B*B* — B*B*. We take the B**B*9*[ = 1

combination. In diagram (a) a B* meson is exchanged between the charged vectors, and a B? is exchanged between the neutral ones. In
diagram (b) the charged vector mesons exchange a B* and the neutral ones a B~. In diagram (c) the charged vectors exchange a B® and
the neutral ones a B, while in diagram (d) the charged vectors exchange a B® and neutral ones a B~.

PR N (22)
fl—l—]%G(s’)(s’—mT")

with G(s’) the two pion loop function suited to this case
(whose explicit form is given in [40,51]) and with P the
total 7z momentum, with the pions traveling to the right in
the diagrams. Hence, P?> = s is actually the variable ¢ for
the B**B* system.

In Eq. (21), V is a factor that takes into account the
contributions coming from the triangular loops of the
diagram. The detailed derivation of the V factor can be
found in Ref. [40]. We adopt the Breit frame,

(P°.p). (23)

where g is the three-momentum transferred in the process
and p; and p) the momenta for the two incoming B*. The
equations for V are obtained from [40] with the trivial
changes in the masses of the particles. It also contains the
factor (Mp-/Mg-)* replacing the factor (Mp. /Mg )*
[40] as demanded by HQSS in [41].

Finally, substituting Eq. (22) into Eq. (21) and taking
s = —g* since there is no energy exchange, we get the
following expression for the potential:

pi=(P).q/2),pi = (p?.—4/2).p =

N 2
- 31 q+%F
g (@) =V*2— e . (24
o 2P - G- L (@ + %
with
V = e, (ag” + cppy) (25)

and a and ¢ also given in [40] with trivial changes in the
masses. Assuming the spatial components of the momenta
p1, and p', smaller than the vector masses, which implies
taking €° = 0, only the term with the a coefficient contrib-
utes to the potential, providing the e¢’ combination. The

other vertex gives the same structure and then we have the
e€’ec’ combination. Hence, the potential can be rewritten as

2
3 1 g+ %5

1.5.(q) = L
ve 2P G(-*) 4 (¢

where we have rewritten the polarization vector combina-
tions in order to associate the subindices 1,2,3 and 4 with
1 42 — 3 + 4. Therefore, the final form of the potential can
be written in terms of the spin projectors, Eq. (10), providing

/! v
m2 €1M€2u€§€4 ’

(26)

- 3[1 g+

1.5 *(q)—az—[/— - -
" 2P 1= G- 1 @ + %)
x (PO + P 4+ PR, (27)

In Fig. 6 we can see the plot of the 77, . potential, Eq. (27),
as a function of the transferred momentum g.
Next, we shall consider the same mechanism, but now

for the BB* case. The diagrams for this process are shown

s 71—

n n n n 1 n n n n 1 n n n n 1 n n n n 1
0 500 1000 1500 2000
q MeV)

FIG. 6. Potential t; B

ferred in the process.

as a function of the momentum trans-
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B+ B*U B+ Bkl)
A A A A
N 71'0 7r(] P N 7T“ T,
LN & LN &
ot N 7 R0 ot N 7 -
B A /'\ A E /.\ AB
&~ LN
e 71-0 7r(] AN e 7T” ﬂ,—\
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Bt B*0 Bt B0

(@) (b)

FIG. 7.
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B+ Bkl) B+ B*O
A A A A
N w0 s N T T -

LN & LN &

N s = . N s —
B A [ ] AP B R o AD
7 N 7 N
& LN & LN
7 7T7 7T0 N 7 7r7 7T7 N
A A A A
B* B B* B

(c) (@

Diagrams contributing to the two pion interaction in lowest order in I = 1 for the BB* — BB*. We take the B¥B*'I =1

combination. In diagram (a) a B** vector meson is exchanged between the charged mesons, and a B” is exchanged between the neutral
ones. In diagram (b) the charged mesons exchange a B** and the neutral ones a B~. In diagram (c) the charged mesons exchange a B*°
and the neutral ones a B, while in diagram (d) the charged meson exchange a B*" and neutral ones a B~.

in Fig. 7. For this case, the potential 7%, has a difference in
comparison with the former case. Now we have two
different triangular loops. This implies two V factors in

Eq. (21), where each factor is associated with each

triangular loop. Hence, the potential 77;. is given by
-3
—itSy. = —iVVEt,’;Q,M, (28)

where -0 ~ is the isoscalar amplitude defined in
Eq. (22) and V is again given by Eq. (29) in [40] with
|

trivial changes of masses. The potential 75, is plotted
in Fig. 8.

C. The exchange due to the two uncorrelated pions
In this case, the pions are not interacting, then only the
diagrams (a) and (d) of Figs. 5 and 7 contribute to the B* B*

and BB* interactions. Details on the evaluation can be
found in [40]. The amplitude #77 ., can be rewritten in terms

B*B*
of its spin components as

1 1 1 1

. :594A/ &Ep ;,2_éj 2F2 1 B
BB 47815 | (2x) 4 W) + @y 20, 4E% P — w) — E + ie p — w, — Ep + i€

E _ 0
(1Bt ron—
p| —wy — Ep +ic

where A = 5 is associated with spin J = 0, while A = 2 is
related to the J = 2 case, ; = \/(p + q/2)> + m2, w, =
\V/(p—q/2)* +m2 are the energies of the pions and

Ez(p) = \/p*> + m% is the energy of the B meson. F(q)
is a form factor of the type

Cr (548 (5-1
F_F1<p+2)F2<p 2)

A? A?
RGN (-

(30)

with A = 700 GeV, which is also used later to help the
convergence. Note that, according to [41], the coupling
g=My/2f, used in Sec. Il A is now replaced by gz =
(Mg /Mg+)g to account for the requirements of heavy
quark spin symmetry. On the other hand, this correction is
automatically implemented in the extrapolation of the
vector exchange to the heavy sector (Weinberg-Tomozawa

EB+0)1+(1)2—p(])
Pl —wy,—Eg+ic)’

(29)

|
term) because this term is explicitly proportional to the
external B* energies.

In Fig. 9 we can see the amplitude for the two spin cases
as a function of the momentum transfer.

o T T T
-200

-400

o
t BB*

—600

-800

—-1000
0

‘ 500‘ — ‘1000‘
q (MeV)

" 1 "
1500

FIG. 8. Potential 155 as a function of the momentum trans-
ferred in the process.
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For the BB* case we find

PHYSICAL REVIEW D 91, 076001 (2015)

5 il A\ 1., ¢ F? 1
o — g4 - 42 L) ——_ (2 2_ 4
e =~ 1955 €€ ( )g (P*=a>|(4p i) 7 2pa)y - o T 5 200,

X —
2ER2E,

1 1
X

o] + ©F + w0, = (0 + 0,)(2p) — Eg- — Ep) + (P — Ep-) (P} — Ep)]

1 1 (31)

0 0
pi| —w; — Ep- +iep] —w

—EB—|—i€p(1)—a)2

—Ep +iep) —w, — Ep + i€’

where Eg-(p) = /p> + m3 - 1s the energy of the B* meson. The amplitude #7%. as a function of the momentum transfer is

plotted in Fig. 10.

III. ITERATED EXCHANGE OF TWO LIGHT MESONS

In this section we evaluate the contribution coming from the iterated exchange of two light mesons, shown in Fig. 11 in

the case of the B*B* (a) and of the BB* (b) interactions.

In the case of B*B*, the details of the calculation can be found in Sec. C of Ref. [40] and they lead to the following

expression for the amplitude:

1 1
box __ box box
R = lae ol g
where
1

1
tOX
36 1M 3 g m L gim”

1 1 1
_ - tbox _ - tboz( 4 - tbox (32)

1

d3
[l_)(_)x — 4S / "4F2
ij 9gpoJ (2 )3 p mp- + W,

— EB(;?) Zl: iemB* + (1))

— Ep(p) £ ie
Num 1

1 1 1
X =
(Ep(p))? <2a)1w2 ®) + @y mg- —

1
+

— Ep(p) + iemp —w, — Eg(p) + ie

EB(ﬁ) — Mps + w1 + IGEB(ﬁ)

where ij = 7,7, eta’ and @, and w, are their energies of the
two light mesons exchanged,

n n n n 1 n n n n 1 n n n n 1 n n n n 1
0 500 1000 1500 2000
q (MeV)

FIG. 9 (color online). Potential tf,*,B‘ for noninteracting pion
exchange in the case of / = 0 (solid line) and J = 2 (dashed line).

1 . 1 _ .>’ (33)

—mp + w, + ie2mg- — 2Eg(p) + i€

and

—(0] + @5 + 0,0,)
+ (mp- — Ep(p))*. (35)

Num =

The former calculation has been done at threshold. The
momentum transfer dependence on ¢ can be obtained

T T T

0‘ — ‘500‘ — ‘1000‘ — ‘1500‘
q (MeV)

FIG. 10. Potential 7. for noninteracting pion exchange as a
function of the momentum transferred in the process.
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easily from Eq. (33) by taking for the initial and final states
four-momenta p, = (p.4/2), p2= (p3.-4/2), p3=
(p3.=3/2) and py = (p.G/2) (ps. ps momenta of the

two final B*).

In Fig. 12 the amplitude £5%%,
the momentum transferred g for the cases J = 0 (dashed

line) and J = 2 (solid line).

is plotted as a function of

PHYSICAL REVIEW D 91, 076001 (2015)

With a similar procedure we can obtain the amplitude in
the case of BB*, using again the Lagrangian of Eq. (1).
We find

1

1. 1
o = LT g B 5 T — 7
1 1
— 6?’3’? + 5?2;,”‘ (36)
where
1

. ., [ d&p . 11
W“ﬁ404/(pﬁﬁ .

2x)? Eg (p) Ep(p) Ep(P) + @, — Eg(p) + i€

X = > N > > .
Eg-(p) + @, — Eg(p) £ ie Ep-(p) + w, — Eg(p) £ ie

Num’

1 1 1
20,0, w1 + @, Eg(p) — @y — Eg-(p) + i€ Eg(p) — w, — Eg-(p) + ie

1

+

with i, j = z,n,%#. The numerator Num’ in Eq. (37) is
given by

Num’ = —(@? + @3 + w,w,)
+ (601 +0)2)(MB +EB _MB* — EB*)
X (Mg — Eg-)(Mg- — Ep). (38)

Eg, Ep-, @, and @, were already defined in Sec. II C.

The potential t’;‘gi is plotted in Fig. 13 as a function of the

tranferred momentum g.

B B B B
T, T,

Bt BO B+ B0
T, T,

B B B B
(@) (b)

FIG. 11. TIterated exchange of two light mesons for the B*B*

(a) and BB* (b) cases.

1 ) (37)

EB(Z?) +0)1 - EB*(;?) - IGEB(Z?) + Wy — EB*(;?) - iGMB - EB(Z)) +MBx —EBX(Z?) + ie

n n n n 1 n n n n 1 n n n n n n |
0 500 1000 1500 2000
qMeV)

FIG. 12 (color online). Amplitude t'l’;i’%, as a function of the
momentum transferred in the process for the cases J = 0 (dashed
line) and J = 2 (solid line).

—5F

BB*

tbox

=20+

=250
0 500 1000
q (MeV)

S RS 1

1

1500 2000

FIG. 13 (color online).
momentum transferred in the process.

Amplitude t‘;‘g& as a function of the
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IV. RESULTS

We have calculated the amplitude of all the processes
contributing to the B*B* and BB* interactions. A com-
parison between the different contributions is shown for
each case in Fig. 1416, respectively. We want now to make
a rought estimate of the strength of each potential. This is
done by evaluating the integral [ @>gV(g) in order to take
into account the contributions coming from the exchange of
light mesons and use them to obtain an effective potential
V- We will follow a simple strategy to account for the
different potentials. We will get the strength [ d®qV,(gq) for
all the potentials exchanging light mesons and sum them.
Then we convert the sum into an effective potential of the
type of the vector exchange,

Veffe(Qmax - |é|)9(Qmax - |é/|) (39)

In Eq. (39), ¢max 1 the maximum momentum used in the
loops in Eq. (18) [see Eq. (20)], such that |, 1< AP qV o is
equal to the sum of [d*qV,(g). While solving the BSE
equation with an 7 dependent potential is feasible, as done
for instance in [38] for the Schrodinger equation, the former
separable form of the potential renders the BSE an
algebraic equation. The stability of the results with relative
large changes in the value of V. makes the more elaborate
procedure of solving the BSE in the 7 space unnecessary.

Then, we take as potential in our case this effective
potential plus the one coming from vector exchange. Both
are of the type of Eq. (20) and can then be used in the
Bethe-Salpeter equation with the same G function
[Eq. (18)], regularized with the cutoff g,,y.

On the other hand, the value of the strength depends on the
value of the upper limit of the integral [ d*qV(q). For this
reason we calculated the effective potential V. using values

40

—40+ . m

~60 . . .
0 500 1000 1500 2000

q (MeV)

FIG. 14 (color online). Comparison between the potentials
tp-pp-p [small dashed line, vector exchange Eq. (12)], 5. 5.
[dotted line, Eq. (27)], #5375 for J =0 [dotted dashed line,

Eq. (29)] and J =2 (solid line), tg‘i%* for J =0 [solid thick
line, Eq. (32)] and J = 2 (large dashed line) as functions of the

momentum transferred in the process.
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— ——— —
Ofeercmorozmmzzoressns Epep————
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\
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3 / 4
\ 7
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FIG. 15 (color online). Comparison between the potentials
tpp-—pp [solid line, Eq. (14)], 155, [dashed line, Eq. (28)], 777,
[dotted line, Eq. (31)], tg‘}; [dotted dashed line, Eq. (36)] as
functions of the momentum transferred in the process.

of this limit for the light meson exchange potential varying
from 700 to 1100 MeV for both B*B* and BB* interactions.
Changing the upper limit in [ d*¢V,(g) introduces large
uncertainties in the approach concerning the final potential.
The strength of the final potential, summing Vs and the
vector exchange, can be a factor 2.4—-14.5 times the one of
the vector exchange alone for the case of B*B* with J = 0,
while for J = 2 we find a factor 1.2-5.2. For the case of BB*
the factor varies between 30 and 64.

In the following we study the shape of |7, |2 for both B* B*
and BB* cases. As we will discuss in detail, both amplitudes
show a clear peak and the large uncertainties on the potential
do not affect drastically its position, which justifies a poste-
riori the approach followed indulging in large uncertainties.

A. BB* case

In this case, we are interested in studying the 7" matrix for
the channels: BB*, n,p and zY. We evaluated the transition

200 000

150 000

100 000 -

o
S

50 000 -

0 " " L
8000 11 000 12 000

FIG. 16 (color online). |T};|? as a function of the /s center-of-
mass energy for the case of BB*. Each curve is associated with a
value of the integration limit: 700 MeV, 800 MeV, 900 MeV,
1000 MeV, 1100 MeV. The peak moves from right to left as the
integration limit increases.
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matrix 7 between those channels for values of /s around
10600 MeV. In order to do this, we use the dimensional
regularization formula for the loop function G, given by
Eq. (19). To obtain reasonable values of the subtraction
constants in each channel we proceed as follows: we take a
cutoff g,,,,, then we find a subtraction constant that provides
at threshold the same G function obtained with the cutoff
method. Here we are taking g,,,,, = 700 MeV, for which we
find agp = -2.79, @,,, = —3.56 and a,y = —3.78.

In Refs. [39,40] the changes in the position of the peak of
the 7" matrix due to the variation of ¢,,, were studied.
However, in the current case, the changes due to this
parameter are smaller than the ones due to the variations of
the upper limit of the integral [ d®qV(q) used to estimate
Vg In Fig. 16 the shape of [T, |?, the component of the T
matrix that describes the transition BB* — BB*, for differ-
ent values of the integration limit, is depicted. As can be
seen, even choosing values of the limit between 700 and
1100 MeV, the effect on the binding and the width is small.
As a result, we find that the position of the peak moves
slightly to higher energies for decreasing values of the
upper limit and it is seen in the range of 10587-10601 MeV.
These values are very close to what was found by the Belle
Collaboration, M, (10610) = (10608.4 £ 2.0) MeV.

We have also studied the stability of the results with
respect to variations of the my, my parameters (and related
y and y) in Eq. (15). We change my in the range (4000—
6000) MeV and my in the range (8000—10000) MeV. The
value of the binding energy from one extreme (4000,8000)
to the other (6000,10000) changes in 1.2 MeV, which is a
smaller change than those seen before.

It is worth noting that both the #,p and zY channels are
open for decays, and this gives a width between 1.6 and
3 MeV, with bigger widths corresponding to lower values
of the integration limit. The experimental value reported by
the Belle Collaboration is I'z, (19610) = (15.6 +-2.5) MeV.
This difference might seem large to make claims of
reproduction of this state. However, one should note that
we do not include channels of the VP type with two light
mesons. These light channels could be reached in our
approach including them as coupled channels, but the large
difference in the masses, together with the weak transition
to these states, which requires the exchange of heavy
vectors, makes them inoperative concerning the mass of the
state found. However, even with very small couplings of the
resonance to these channels, the large phase space available
for the decay can produce a contribution to the width larger
than the one estimated by us with the 77,0 and zY channels.
Examples of this can be seen in the study of hidden charm
baryons in [52] and hidden beauty baryons in [53].

B. B*B* case

For this case we have two channels: B*B* and pY.
Again, we use the dimensional regularization form of the

PHYSICAL REVIEW D 91, 076001 (2015)
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FIG. 17 (color online). |Ty;|? as a function of the /s center-of-
mass energy for the case of B*B* for J = 0. Each curve is
associated with a value of the integration limit: 700 MeV,
800 MeV, 900 MeV, 1000 MeV, 1100 MeV. The peak moves
from bottom to top as the integration limit increases.

loop function G, Eq. (19), with p = 1500 MeV and the
subtraction constants ag-p- = —2.79 and a,r = —3.56,
corresponding to a cutoff value equal to ¢,,,, = 700 MeV.

Figure 17 shows the shape of |T,|?, which means the
component of the 7" matrix that describes the transition
from B*B* to itself, for different values of the integration
limit plotted as a function of the center-of-mass energy, /s,
of the system. This peak corresponds to spin J = 0. In
Fig. 18, we show the shape of |T|* for the J = 2 case,
again for different values of the integration limit. It is
important to emphasize that, according to Eq. (13), there is
no contribution in the transition matrix 7 from B*B* to the
pY channel for spin J = 1. In this case, B*B* stands as a
single channel.

From these figures we can see that the variations of the
integration limit cause no effect to the peak position, as we

10 000

8000 -

6000 -

|7 ?

4000 -

2000

10 700 10 800 10 900

Vs [MeV]

0 . .
10 400 10 500 10 600 11 000

FIG. 18 (color online). |T};|? as a function of the /s center-of-
mass energy for the case of B*B* for J =2. Each curve is
associated with a value of the integration limit: 700 MeV,
800 MeV, 900 MeV, 1000 MeV, 1100 MeV. The peak moves
slightly from bottom to top as the integration limit increases.
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ITu)?

10 500 10 550 10 600 10 650 10 700 10 750 10 800

Vs [MeV ]

FIG. 19 (color online). |T};|* as a function of the /s center-of-
mass energy when only the B*B* channel is considered (the J =
1 case). Each curve is related to the cutoff values ¢, equal to
700,800,900,1000 and 1100 MeV. The peak moves from bottom
to top as the cutoff increases.

already noted in the BB* case. It is interesting to note that,
even with the large uncertainties in the potential admitted,
we always find a structure for the peak of |T;|*> which
corresponds clearly to a cusp. Whether to call this a
resonant state or not is a question of criteria. We should
however note that the a,(980) appears in the experiments
(or in the theories) [54,55] as a cusp and is universally
accepted as a resonance. Our findings, obtained as a cusp
for the |T,|*> amplitude in this case, would come to support
the claims of the former works [12,13].

For the sake of completeness, we repeat the calculation
considering the spin J =1 case. Here we have a single
channel problem,

Ty = ~ : —.

| —tgpppGpp
where G-+ is the loop function defined by Eq. (19) for the
B*B* channel, while 73-3-_ g5 is the B*B* — B*B* vector
exchange potential already defined in Eq. (12), plus the
contribution from V. due to the exchange of two interact-
ing pion exchanges. In this case, we saw that the non-
interacting pion exchange vanished, and the interacting two
pion exchange was also small (see Fig. 6), smaller than the
vector exchange (see Fig. 14), in all ranges. This is why, in
this case, in order to play with uncertainties we follow the
strategy of Refs. [39,40] and we change the range of the
vector exchange potential, by changing the cutoff ¢,,,, to
values from 700 to 1100 MeV.

In Fig. 19 we show the plot for |7, |? as a function of the
center-of-mass energy of the system. Note that in this case,
we also have a peak of about 10650 MeV, which is just the

PHYSICAL REVIEW D 91, 076001 (2015)

threshold mass of the B*B* channel. Again, we see
essentially a cusp in the amplitude which does not corre-
spond to a bound state. The situation is similar if we increase
the value of 7.5 _, -5 of a factor 1.5 to account for possible
uncertainties. The value of |T'},|*> grows accordingly, but the
cusp remains and its shape is like that in Fig. 19.

V. SUMMARY AND CONCLUSION

Using the local hidden gauge Lagrangians, we have
studied the BB* and B*B* interactions for isospin I = 1.
We have shown that the exchange of a light meson is not
allowed by OZI rule. For that reason we have investigated
the contributions coming from heavy vector exchange and
also due to the two pion exchange, interacting and non-
interacting among themselves, in which the OZI restriction
no longer holds. Unlike Refs. [39,40], the vector exchange
potential is not the main source of the interactions here. In
view of this, we have considered the vector exchange
potential corrected by a factor that takes into account the
contributions of the others meson exchange cases and, then
we have used it as the kernel of the Bethe-Salpeter equation
in order to solve the transition matrix 7. Looking for poles
in the 7T matrix, we have tried to relate them to the
Z,(10610) and Z,(10650) states reported by the Belle
Collaboration. From our results, using a cutoff value
gmax = 700 MeV, we have found a bound state of BB*
with mass in the range 10587-10601 MeV very close to the
experimental mass of the Z,(10610) at 10608 MeV. In the
case of the B*B* interaction, we have found a cusp at
10650 MeV for spin J = 0 and J = 2 cases. On the other
hand, the spin J = 1 case can be considered only in the one
channel problem without taking into account the pY
channel. In this case, again a cusp at 10650 MeV appears
in the |7,;|? as can be seen in Fig. 19 and was also pointed
out in Refs. [12,13].
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