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In this work, we investigate the rescattering effects in the radiative decay�ð5SÞ ! �b þ �, which were

suggested to be crucially important for understanding the anomalous largeness of the branching ratios

Bð�ð5SÞ ! �ð1SÞ þ ��Þ and Bð�ð5SÞ ! �ð1SÞ þ �Þ. Our calculations show that the rescattering

effects may enhance �ð�ð10860Þ ! �b þ �Þ by four orders, but the tetraquark structure does not.

Recently the BABAR and CLEO collaborations have measured the mass of �b and the branching ratios

Bð�ð2SÞ ! �b þ �Þ, Bð�ð3SÞ ! �b þ �Þ. We hope that very soon, �ð10860Þ ! �b þ � will be

measured and it would be an ideal opportunity for testing whether the rescattering or the tetraquark

structure is responsible for the anomaly of Bð�ð5SÞ ! �ðnSÞ�þ��ðn ¼ 1; 2; 3ÞÞ, i.e., the future

measurements on the radiative decays of �ð5SÞ might be a touchstone of the two mechanisms.
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I. INTRODUCTION

In 2008, the Belle Collaboration reported their first
observation of eþe� ! �ð1S; 2S; 3SÞ�þ�� [1] and
eþe� ! �ð1SÞKþK� near the peak of �ð5SÞ at ffiffiffi

s
p �

10:87 GeV [1]. Assuming that the observed signal events
are only from �ð5SÞ, the measured partial widths for the
final states �ðnSÞ�þ��ðn ¼ 1; 2; 3Þ and �ð1SÞKþK� are
0:52� 0:85 MeV and 0.067 MeV, respectively, which are
larger than the corresponding partial widths of �ðnSÞ
ðn ¼ 2; 3; 4Þ ! �ð1SÞ þ ��ðK �KÞ [1] by more than 2
orders of magnitude. The anomalously large partial widths
in eþe� ! �ð1S; 2SÞ�þ�� at the energy peak of �ð5SÞ
have stimulated theorists’ interests for exploring the
source, what results in these observations.

The authors of Ref. [2] suggested that the rescattering

processes of �ð5SÞ ! Bð�Þ �Bð�Þ ! �ðmSÞ þ �=f0ð980Þ !
�ðmSÞ þ �� make a substantial contribution to the ob-
served dipion transition of �ð5SÞ. Furthermore, they
applied the same mechanism to the transition �ð4S; 5SÞ !
�ð1SÞ þ � [3]. They have found that the obtained ratio of
�ð�ð4SÞ ! �ð1SÞ þ �Þ to �ð�ð4SÞ ! �ð1SÞ þ ��Þ
reaches 1:8� 4:5, which is consistent with the BABAR
measurement on this ratio [4]. By the same mechanism,
Meng and Chao also studied the energy distribution of
the dipion in the processes �ð5SÞ ! �ð1S; 2S; 3SÞ þ
�þ��, and observed the energy dependence of

�ð5SÞ ! �ð1S; 2S; 3SÞ�þ�� to be different from that of

�ð5SÞ ! Bð�Þ �Bð�Þ [5]. Simonov and Veselov investigated
the dipion transitions of �ð5SÞ by using the field correla-
tion method, which is similar to the rescattering mecha-
nism proposed in Ref. [2] in some sense. The obtained
�ð�ð5SÞ ! �ðnSÞ þ �þ��Þ (n ¼ 1, 2, 3) are in a reason-
able agreement with the experimental data [6].
Since the resonant peak of eþe� ! �ð1S; 2S; 3SÞ�þ��

appears at
ffiffiffi
s
p ¼ 10:87 GeV [1,7] which deviates from the

central mass of �ð5SÞ [8], theorists suggest that this en-
hancement may be explained by a mixing between the
normal 5S state with an exotic component, such as a hybrid
state b �bg or a tetraquark state b �bq �q.
Let us have a closer look at the different explanations.

By the initial state radiation (ISR), the BABAR
Collaboration once announced their observation of a char-
moniumlike state Yð4260Þ by studying the J=c�þ��
invariant mass spectrum of eþe�ISR ! J=c�þ�� [9]. For

understanding the data, theorists suggested different exotic
structures for Yð4260Þ [10–17]. Hou then indicated that
searching for the bottom counterpart of Yð4260Þ via
eþe� ! �ðnSÞ�þ�� would be an interesting topic [18].
The observation of an enhancement at 10.87 GeV in
�ð1S; 2S; 3SÞ�þ�� invariant mass spectra seems to advo-
cate the existence of a bottom analogue of Yð4260Þ [19].
Karliner and Lipkin proposed that the large partial widths
of �ð5SÞ ! �ð1S; 2S; 3SÞ�þ�� might be due to an
intermediate state T�

b �b
��, where T�

b �b
could be identified

as an isovector charged tetraquark b �bu �d or b �bd �u [20]. That
is in fact an extension of the tetraquark explanation for
Yð4260Þ given in Ref. [12] to the b range. A different
tetraquark structure: the lowest lying P-wave tetraquark
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Yb ¼ ½bq�½ �b �q� (q ¼ u, d) of JPC ¼ 1�� with its mass
equal to 10 890 MeV, was proposed by Ali et al. [21,22].
In their model, the two light flavors in the tetraquark join to
constitute a resonant state [�ð600Þ, f0ð980Þ, and f2ð1270Þ]
which then decays into two pions. This mechanism can
explain the anomalous �ð1S; 2SÞ�þ�� production near
the resonance �ð5SÞ and the structure at the dipion
invariant mass spectrum as well as the cos� distri-
bution of eþe� ! Yb ! �ð1S; 2SÞ�þ�� by the Belle
Collaboration [1], where � is the angle between the mo-
mentum of �ð5SÞ and that of �� in the center of mass
frame of the two pions.

In parallel to the interpretation which invokes the
exotic structure of �ð5SÞ, alternative mechanisms have
been suggested to stand for the anomalous �ð1S;
2S; 3SÞ�þ�� production near the�ð5SÞ in eþe� ! �ð1S;
2S; 3SÞ�þ�� processes. We cannot rule out any possible
mechanisms that interpret the Belle data until more evi-
dence could support or negate some (or just one) of them.
Thus, further exploration is extremely necessary for deter-
mining the physics behind the observed phenomena.

In this work, we would like to further test the rescatter-
ing mechanism proposed by the authors of Refs. [2,3] in the
radiative decays of �ð5SÞ, namely, �ð5SÞ ! �b þ �. We
suppose that �ð5SÞ ! �b þ � radiative decay occurs via

the intermediate state Bð�Þ �Bð�Þ. In fact,�ð5SÞ ! Bð�Þ �Bð�Þ !
�b þ � radiative decay is similar to �ð5SÞ ! Bð�Þ �Bð�Þ !
�ð1SÞ þ �, where one only needs to replace the effective

vertices of Bð�Þ �Bð�Þ�ð1SÞ and Bð�Þ �Bð�Þ� by the electromag-

netic vertices Bð�Þ �Bð�Þ� and Bð�Þ �Bð�Þ�b, respectively, in the
diagrams given in Ref. [3]. The electromagnetic vertex is
relatively simple compared to the hadronic one, thus for the
low energy processes, if one writes the effective electro-
magnetic vertex as e times the phenomenologically intro-
duced form factor which is similar to the hadronic cases
(see the text for details), the results would be more reliable.
In this work, we would take all inputs which were used in
Refs. [2,3], except at the electromagnetic vertex.

Thus, one can expect that the corresponding mechanism
should enhance the ratio of �ð5SÞ ! �b þ �. As a by-
product, we will extend the rescattering mechanism in
�ð5SÞ ! �b þ � to study the radiative decay �ð4SÞ !
�b þ �.

The relevant phenomenological study of �b via the
transitions �ð3SÞ ! �b þ � and �ð2SÞ ! �b þ � is car-
ried out in Refs. [23–31]. In our recent theoretical work,
�ðnSÞ ! �b þ � without including the rescattering effect,
was calculated in the light-cone quark model, which in-
dicated that the decay widths of �ð4SÞ ! �b þ � and
�ð5SÞ ! �b þ � are of the same order of magnitude.
After performing �ð5SÞ ! �b þ � via the intermediate

state Bð�Þ �Bð�Þ, we can compare the results �ð5SÞ ! �b þ
� with and without including the rescattering effect.

Recently the BABAR Collaboration [32,33] and the
CLEO Collaboration [34] have measured the mass of �b

via �ð3SÞ ! �b þ �, which makes us believe that
�ð4S; 5SÞ ! �b þ � can be measured in the near future.
Whether the rescattering effect plays an important role in
�ð4S; 5SÞ ! �b þ �, radiative decays will be tested by the
future experimental measurement. Moreover, the rescatter-
ing mechanism for �ð4S; 5SÞ proposed in Refs. [2,3] can
be tested.
This paper is organized as follows. In Sec. II we study

the possible rescattering effects on �ð4S; 5SÞ ! �b þ �
and present the numerical result. Section III is devoted to
the conclusion and the discussion.

II. RESCATTERING EFFECT ON
�ð4S; 5SÞ ! �b þ �

As indicated in Refs. [2,3], the rescattering effect may
remarkably enhance the rates of �ð5SÞ ! �ð1SÞ þ ��
and �ð5SÞ ! �ð1SÞ þ �. Thus, in this work we apply
the same mechanism to study on �ð4S; 5SÞ ! �b þ �
radiative decay, where the transitions �ð5SÞ ! �b þ �
can occur via rescattering subprocesses with the intermedi-

ate states being Bð�Þ �Bð�Þ. The corresponding schematic
diagrams are depicted in Fig. 1.
The remaining diagrams can be obtained by the charge

conjugation transformation Bð�Þ $ �Bð�Þ to diagrams (a)–(f)

and the isospin transformation Bð�Þ0 $ Bð�Þþ and �Bð�Þ0 $
Bð�Þ� to diagrams (a), (c), and (e). We need to emphasize
that the diagrams corresponding to diagrams (b), (d), (f)
after the isospin transformation are absent, since the elec-
tromagnetic interactions of B0B0� and B�0B�0� do not
exist.

FIG. 1. The schematic diagrams for �ðnSÞ ! Bð�ÞþBð�Þ� !
�b þ �.
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Indeed, since the intermediate states Bð�Þ �Bð�Þ can be on
shell as described in Fig. 1, both the dispersive (real) and
absorptive (imaginary) parts of the loop contribute to the

amplitudes of �ð4S; 5SÞ ! Bð�Þ �Bð�Þ ! �b þ �. In our ear-
lier work [35], we investigated the contributions of the final
state interaction (FSI) to the decay amplitudes of J=c !
VP, where V and P stand as light vector and pseudoscalar
mesons. Interferences of the FSI contribution and the tree
diagram result in the decay widths. However, for that case,
the on-shell D �D channels are not open because of the
energy-momentum conservation (the other channels with
light mesons are highly Okubo-Zweig-Iizuka suppressed);
therefore, for the processes J=c ! D �D! VP there is no
contribution from the absorptive part, but only from the
dispersive one. Thus we only need to evaluate the real part
of the loop. By fitting the decay widths of two channels we
determine the model parameters, one of which is for the
form factor at the effective vertex and another for the
interference. Then we predict the widths of other channels
and obtained results which are very close to the data. As is
well known, since the form factor is introduced, renormal-
ization is automatically realized and this corresponds to the
Pauli-Villas renormalization. Fitting data of a few channels
is just like the on-shell scheme. The key point is that once
we have data to fit, we may more accurately estimate the
contributions of (maybe) both dispersive and absorptive
parts. In general, when not enough data are available,
accurate calculation of the FSI contributions is impossible.
Namely, one can only estimate their order of magnitude of
FSI. That is our present case. By general arguments, if the
absorptive part exists, its contribution might exceed that of
the dispersive part. Anyhow, one can argue that they should
have the same order of magnitude. Moreover, it is noticed,
the masses of �ð4S; 5SÞ are much above the thresholds of

Bð�Þ �Bð�Þ, and it implies that the imaginary part may be
dominant. In Refs. [3,5] the authors made a clearer dis-
cussion on it. Thus, in this work we only consider the
contribution from the absorptive part to the decay ampli-
tude, namely, neglecting the real part would just be an
estimate of the lower bound of FSI. The purpose of this
work is to find an effective probe for the two mechanisms
(tetraquark structure or FSI) which can explain the large-
ness of branching ratios of Bð�ð4S; 5SÞ ! �ðmSÞ þ ��Þ
and Bð�ðmSÞ þ �Þ with m � 3. Since they lead to very
distinct results for the widths of �ð4S; 5SÞ ! �b þ � by
orders, one can be content with the estimate of the only
lower bound.

The absorptive part of the decay amplitude of
�ð5SÞ ! �b þ � is expressed as

Abs ½�ð5SÞ ! Bð�Þ �Bð�Þ ! ��b�
¼ 2ðMðaÞC þMðbÞC þMðcÞC þMðdÞC þMðeÞC

þMðfÞC Þ þ 2ðMðaÞN þMðcÞN þMðeÞN Þ; (1)

where the subscripts C and N denote the decay amplitudes

relevant to the intermediate Bð�ÞþBð�Þ� and Bð�Þ0 �Bð�Þ0, re-
spectively. Factor 2 in Eq. (1) is from their charge
conjugation.
According to the Cutkosky rules [36], the general ex-

pression of the absorptive part of the amplitude corre-
sponding to diagrams (a)–(f) in Fig. 1 is expressed as

MðiÞ ¼ jp1j
32�2m�ðnSÞ

Z
d�Ai½�ðnSÞ ! Bð�Þ �Bð�Þ�

� Ci½Bð�Þ �Bð�Þ ! �b þ �� 	F ðmi; q
2Þ (2)

with i ¼ a, b, c, d, e, f. Here, d� and p1 are the solid

angle and linear momentum of the on-shell Bð�Þ in the rest
frame of�ðnSÞ, respectively.Ai and Ci are the amplitudes

describing �ð5SÞ ! Bð�Þ �Bð�Þ and Bð�Þ �Bð�Þ ! �b� by ex-

changing Bð�Þ meson. The off-shell effect of the meson
exchanged at the t channel is compensated by a monepole
form factor which reflects the inner structures of the me-
sons at the effective vertex [35,37–39]

F ðmi; q
2Þ ¼ ð�þmiÞ2 �m2

i

ð�þmiÞ2 � q2
; (3)

where q and mi are the momentum and the mass of the
exchanged meson, respectively. The cutoff can be parame-
terized as � ¼ ��QCD with �QCD ¼ 220 MeV and the

dimensionless parameter � being the order of unit. Later

we will show the dependence of decay width of �ð5SÞ !
Bð�Þ �Bð�Þ ! �b þ � on �.
For obtaining Ai and Ci in Eq. (2), we adopt the

effective Lagrangian approach. The effective couplings
for �BB, �B�B, and �B�B� adopted in this work are
directly borrowed from Refs. [2,3]

L�BB ¼ g�BB��ð@�BBy � B@�ByÞ;
L�B�B ¼ g�B�B

m�

"���	@��� � ðB��@
$
	B
y � B@

$
	B
�y
� Þ;

L�B�B� ¼ g�B�B� ð���B��@
$
�B
�y
� þ��B��@�B�y�

���@�B
��B��yÞ; (4)

where @
$ ¼ ~@� @

 
and the coupling constants were deter-

mined as [2,3]

g�ð5SÞBB ¼ 2:5;

g�ð5SÞB�B ¼ 1:4� 0:3;

g�ð5SÞB�B� ¼ 2:5� 0:4:

Following the strategy of Refs. [3,40,41], we list the
Lagrangian describing the electromagnetic interaction

Bð�ÞBð�Þ�
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L�BB ¼ eA�ð@�BBy � B@�ByÞ; (5a)

L�B�B� ¼ eð�A�B��@
$
�B
�y
� þ A�B��@�B�y�

� A�@�B
��B��yÞ; (5b)

L�B�B ¼
g�B�B
mB�

e"���	@�A�

� ðB��@
$
	B
y � B@

$
	B
�y
� Þ: (5c)

In terms of the theoretically evaluated value of
�ðB�þ ! Bþ�Þ ¼ 0:40� 0:03 keV and �ðB�0 ! B0�Þ ¼
0:13� 0:03 keV [42,43], one obtains g�B�þBþ 
 3:47 and

g�B�0B0 
 1:97.

The effective couplings for �bB
�B, �bB

�B� can be ex-
pressed as

L B�B�b
¼ igB�B�b

B��@��bB
y;

LB�B��b
¼ i

gB�B��b

mB�
"���	@�B

�
�B
�y
� @	�b:

(6)

If considering the heavy quark spin symmetry [44], g�bB
�B

and g�bB
�B� are related to g�ð1SÞBB, which shows

g�bB
�B ¼ g�bB

�B� ¼ g�ð1SÞBB; (7)

where g�ð1SÞBB ¼ 15 [2,3].

Applying the rescattering mechanism to study �ð4SÞ !
�b þ � radiative decay, one obtains

Abs ½�ð4SÞ ! B �B! ��b� ¼ 2ðMðaÞC þMðaÞN Þ; (8)

where only the diagram (a) in Fig. 1 contributes to
�ð4SÞ ! �b þ � due to the mass of �ð4SÞ being just
above the threshold of B �B. Factor 2 comes from the isospin
symmetry and the charge conjugate. The subscripts C and
N denote the decay amplitudes relevant to the intermediate
BþB� and B0 �B0, respectively.

With the above preparation, we obtain the dependence of

the decay widths of �ð5SÞ ! Bð�Þ �Bð�Þ ! �b þ � and
�ð4SÞ ! B �B! �b þ � on � ¼ 1� 3, as shown in Fig. 2.

With all the parameters we can obtain �ð�ð5SÞ ! �b þ
�Þ ¼ 4:77 keV which is 4 orders bigger than the direct
transition in Refs. [45,46], where �ð5SÞ is regarded as a
pure 5S state and �ð�ð5SÞ ! �b þ �Þ is not anomalous
compared to �ð�ð1S; 2S; 3S; 4SÞ ! �b þ �Þ as long as
the rescattering is not taken into account. We explore the
dependence of the width of �ð�ð5SÞ ! �b þ �Þ on the
cutoff � and the results are depicted in Fig. 2, where we
can find that the width increases with the increase of �.

III. DISCUSSION AND CONCLUSION

The anomalous largeness of the branching ratio of
�ð5SÞ ! �ð1S; 2SÞ þ �� stimulates a hot discussion
from different theoretical groups. There are two possible
interpretations which are based on different physics sce-
narios. The first is that the observed �ð10860Þ is a tetra-
quark b �q �bq or has a sizable tetraquark component. In this
scenario, the two light ingredients join to constitute a
resonant state which later decays into two pions. This
picture can explain the structure of the dipion invariant
mass spectra observed by the Belle Collaboration.
However, since the mechanism for the tetraquark decay
is governed by the nonperturbative QCD which is not fully
understood so far, the transition matrix element cannot be
reliably estimated. Even though the picture seems reason-
able, one is unable to quantitatively obtain the large rate.
The alternative interpretation for the largeness is due to

the rescattering effects which occur at the hadron level.
The dynamics of the rescattering is clear, but the effective
vertices must be determined by fitting relevant experimen-
tal data. Moreover, for estimating the concerned Feynman
diagrams, a form factor which compensates the off-shell
effects of the exchanged mesons must be introduced. All
these uncertainties must manifest themselves in the theo-
retical predictions. Even though the two scenarios suffer
from theoretical uncertainties, they all offer possible inter-
pretations for the largeness of �ð5SÞ ! �ð1S; 2SÞ þ ��
and �ð5SÞ ! �ð1S; 2SÞ þ �. Thus one should regard
them in relevant processes. Our strategy is exactly based
on this thought.
The rescattering mechanism proposed by the authors of

Ref. [2] can greatly enhance the decay rates of �ð5SÞ !
�ð1S; 2SÞ þ �� and �ð5SÞ ! �ð1S; 2SÞ þ � compared
to the transition among lower resonances. In this work,
we further demonstrate the mechanism at the radiative
decay of �ð5SÞ ! �b þ �, where the effective electro-
magnetic vertex is relatively simple. Our result, which is
obtained in terms of the light-front quark model, indicates
the branching ratio of �ð5SÞ ! �b þ � is not enhanced
compared to that of �ðmSÞ ! �b þ � (m ¼ 1, 2, 3, 4) as
long as the rescattering effect is not taken into account.
However, there could be a four-order enhancement in
magnitude for Bð�ð5SÞ ! �b þ �Þ which is induced by
the rescattering effects. Thus, measurement of �ð5SÞ !
�b þ � would be an ideal probe for the rescattering

α
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th
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eV

)

FIG. 2 (color online). The dependence of decay widths of
�ð5SÞ ! Bð�Þ �Bð�Þ ! �b þ � and �ð4SÞ ! B �B! �b þ � on �.
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mechanism which successfully explains the data of
�ð5SÞ ! �ð1S; 2SÞ þ ��. By contrast, in the tetraquark
scenario, the two light quark-antiquark would merge into
an energetic photon. Since a real photon cannot be pro-
duced by annihilation of a massive quark and a massive
antiquark, the quark and antiquark in the tetraquark must
be much off shell or exchange gluons with b and �b; thus a
suppression should be expected. Thus the measurement on
�ð5SÞ ! �b þ � may distinguish the contributions of the
two proposed scenarios. This is one of the tasks of the
LHCb which will be operating very soon. If their results
give a rather large decay rate on�ð5SÞ ! �b þ �, it would
strongly support the rescattering mechanism. Otherwise
the tetraquark structure scenario would be more favorable.

Recently our experimental colleagues have made great
progress. The BABAR and CLEO collaborations succeeded
to measure the mass m�b

and the Bð�ð3SÞ ! �b þ �Þ
and Bð�ð2SÞ ! �b þ �Þ which offer an opportunity for
us to study Bð�ð5SÞ ! �b þ �Þ. We expect that our

experimental colleagues will carry out the measurement
on �ð5SÞ ! �b þ � pretty soon.
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