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We study the observed B− → Xð3823ÞK− decay via the rescattering mechanism and show that this
branching ratio is well reproduced by this mechanism. We further extend this theoretical framework to
investigate the decays of B− → ηc2ð1D2Þ=ψ3ð3D3ÞK−, where the ηc2ð1D2Þ and the ψ3ð3D3Þ are D-wave
charmonium partners of the Xð3823Þ. Our results show that the branching ratios, B− → ηc2ð1D2ÞK− and
B− → ψ3ð3D3ÞK−, are of the order of 10−5, which can be accessible at LHCb, Belle and forthcoming
BelleII.
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I. INTRODUCTION

In the past decade, abundant charmonium and charmo-
nium-like states have been discovered. Some of them
cannot fit into traditional quark model predictions and
leave many puzzles. So it attracts great attention to explore
their inner structure and interaction mechanism (see
Refs. [1,2] for a review). An important feature is that
many XYZ or charmonium states strongly couple to open
charmed mesons, and as a result, it leads to a quite
interesting phenomenon in many processes, which is called
a rescattering effect. For example, in a hadronic transition
process of a charmonium, instead of gluon emission, the
charmonium can first decay into charmed and anticharmed
mesons, and these two mesons rescatter each other into a
charmonium plus a light meson. Such a rescattering effect
has been extensively studied by many authors (see
Refs. [3–11]). Their results indicate that rescattering effects
can significantly change the line shapes of three-body
decays and enhance the results of the Okubo-Zweig-Iizuka
(OZI)-suppressed processes.
Another example is given in the situation that the

rescattering effect is combined with nonleptonic B meson
decays. As we will see later, such a rescattering effect even
plays a dominant role. On the other hand, in a naive
factorization approach which is normally adopted for
nonleptonic processes, the amplitudes of some processes
such as B− → χc0K− vanish (see Sec. II). In Ref. [12],
authors explained the large experimental branching fraction
of the process B− → χc0K− applying the rescattering

mechanism. Later, they also studied the B− → hcK−

process using the same mechanism and predicted its
branching ratio [13]. In Ref. [14], authors systematically
studied rescattering effects on nonleptonic B meson decays
and their impact on direct CP violations. Reference [15]
studied process B0 → ηcK� using the rescattering mecha-
nism and reproduced the experimental data. We also notice
that in an earlier time, authors in Refs. [16,17] have already
applied a rescattering mechanism to study nonleptonic D
meson decays.
In 2013, Belle observed a new charmonium-like state

called Xð3823Þ in the χc1γ final state in the process B− →
Xð3823ÞK− [18] with measured mass 3823.1� 1.8ðstatÞ �
0.7ðsystÞ MeV and significance 3.8σ. Recently, BESIII
confirmed Xð3823Þ in the process eþe− → πþπ−γχc1
with measured mass 3821.7� 1.3ðstatÞ � 0.7ðsystÞ MeV,
width less than 16 MeV and significance 6.2σ [19].
Xð3823Þ is expected to be the long missing ψ2ð13D2Þ
with JPC ¼ 2−−. This is because, first, the mass of Xð3823Þ
is consistent with the quark model prediction [20,21].
Second, since the mass of Xð3823Þ is below any open
charm threshold (DD̄ channel is forbidden by parity
conservation), the width is quite narrow as expected and
as observed. Xð3823Þ largely decays to χc1γ, which is the
channel discovered in Belle and BESIII. Furthermore, the
upper limit of the ratio BðXð3823Þ → χc2γÞ=BðXð3823Þ →
χc1γÞ was determined to be < 0.41 by Belle and < 0.42 by
BESIII, which is consistent with theoretical predictions
in Refs. [20–23]. Therefore Xð3823Þ is believed to
be ψ2ð3D2Þ.
In Ref. [24], authors studied the OZI-suppressed process

Xð3823Þ → Jψππ via a rescattering effect. Their calcula-
tion shows that since the mass of Xð3823Þ is close to the
DD̄� threshold, a rescattering effect can significantly
change the line shape of the final ππ mass spectrum. In
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this work, we will focus on another aspect to investigate the
rescattering effect on Xð3823Þ, i.e., the Xð3823Þ production
via a B meson decay. We will illustrate that the naive
factorized amplitude of the process B− → Xð3823ÞK−

vanishes, and hence it provides us another good example
to see how important the scattering effect is.
Besides Xð3823Þ, two other D-wave low-lying charmo-

nia are still missing, i.e., ηc2ð1D2Þ with JPC ¼ 2−þ and
ψ2ð3D3Þ with JPC ¼ 3−−. Their predicted masses and
decay properties are given in Refs. [20,21]. The naive
factorized amplitudes for the processes B− → ηc2K− and
B− → ψ2K− vanish, for which we will also apply the
rescattering mechanism. Their production rates in the B
decay will be a valuable information for experiments.
This paper is organized as follows. After the

Introduction, we study the decay process B− →
Xð3823ÞK− through the rescattering mechanism in
Sec. II. In Sec. III, we make predictions of the production
rates for the processes B− → ηc2K− and B− → ψ2K−. In
the final section, we give discussions and the conclusion.

II. B− → Xð3823ÞK− VIA RESCATTERING
MECHANISM

First we will show that the naive factorization approach
(see Ref. [25]) fails to describe our discussed processes.
When studying B− → Xð3823ÞK− in this approach, the
effective weak Hamiltonian is written as

HW ¼ GFffiffiffi
2

p
�
VcbV�

cs½c1ðμÞO1ðμÞ þ c2ðμÞO2ðμÞ�

− VtbV�
ts

X10
i¼3

ciðμÞOiðμÞ
�
þ H:c:; ð1Þ

where the operators Oi read as

O1 ¼ ðs̄αbβÞV−Aðc̄βcαÞV−A;
O2 ¼ ðs̄αbαÞV−Aðc̄βcβÞV−A;

O3ð5Þ ¼ ðs̄αbαÞV−A
X
q

ðq̄βqβÞV−AðVþAÞ;

O4ð6Þ ¼ ðs̄αbβÞV−A
X
q

ðq̄βqαÞV−AðVþAÞ;

O7ð9Þ ¼
3

2
ðs̄αbαÞV−A

X
q

eqðq̄βqβÞVþAðV−AÞ;

O8ð10Þ ¼
3

2
ðs̄αbβÞV−A

X
q

eqðq̄βqαÞVþAðV−AÞ:

Thus, the factorized amplitude of the process B− →
Xð3823ÞK− can be expressed as

MðB− → Xð3823ÞK−Þ

¼ GFffiffiffi
2

p VcbV�
cs

�
a2ðμÞ þ

X
i¼3;5;7;9

aiðμÞ
�
hK−jðs̄bÞV−AjB−i

× hXð3823Þjðc̄cÞV∓Aj0i ð2Þ

with a2 ¼ c2 þ c1=Nc and ai ¼ ci þ ciþ1=Nc. In this
work, Xð3823Þ is treated as a D-wave charmonium with
quantum numbers JPC ¼ 2−−. When checking the factor-
ized amplitude in Eq. (2), we find the matrix element
hXð3823Þjðc̄cÞV∓Aj0i ¼ 0 due to the Lorentz invariance.
Hence this leads to vanishing of the branching ratio of
B− → Xð3823ÞK− in the naive factorization approach.
However, the Belle measurement [18] shows

combined branching fraction BRðB−→Xð3823ÞK−Þ×
BRðXð3823Þ→χc1γÞ¼ð9.7�2.8�1.1Þ×10−6. To obtain
the value of BRðB− → Xð3823ÞK−Þ, we consider the
theoretical partial widths of Xð3823Þ decaying into χc1γ,
χc2γ, ggg, and J=ψππ which are given by ΓðXð3823Þ →
χc1γÞ ¼ 215 keV [21], ΓðXð3823Þ → χc2γÞ ¼ 59 keV
[21], ΓðXð3823Þ→gggÞ¼36keV [20] and ΓðXð3823Þ →
JψππÞ≃ 160 keV [24], respectively. Summing up all the
above partial widths, we can roughly estimate the total
decay width of Xð3823Þ to be 470 keV, with which we get
BRðXð3823Þ → χc1γÞ ¼ 46%. Then, we can extract

BRðB− → Xð3823ÞK−Þ ¼ ð2.10� 0.65Þ × 10−5; ð3Þ

where the error comes from the combined branching
fraction of the Belle measurement. It shows that
there exists a nonzero contribution to the B− →
Xð3823ÞK− decay.
To understand the discrepancy between the experimental

data and theoretical estimate from the naive factorization
approach, we study B− → Xð3823ÞK− by introducing the
rescattering mechanism, which was proposed in Ref. [12].
They indicated that such a nonleptonic process should
have a large nonfactorizable contribution that comes from
the rescattering mechanism. For the discussed B− →
Xð3823ÞK− process, B− first decays into intermediate
charmed and anticharmed meson pair, and then they transit
into final states, Xð3823Þ and K−. The typical diagram
describing the rescattering effect on B− → Xð3823ÞK− can
be found in Fig. 1. In the following, we calculate these
rescattering processes of B− → Xð3823ÞK− to test whether
the extracted branching ratio given by Eq. (3) can be
understood under the rescattering mechanism.
In order to calculate these triangle diagrams at hadron

level, we need to introduce the effective Lagrangians
corresponding to each interaction vertex. As for the weak
vertex B− → Dð�Þ0Dð�Þ−

s , we also assume the naive fac-
torization of the amplitude. Neglecting the small contribu-
tions from the operators O3 ∼O10 in Eq. (1), the transition
matrix element can be factorized as
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hDð�Þ0Dð�Þ−
s jHW jB−i ¼ GFffiffiffi

2
p VcbV�

csa1hDð�Þ0jVμ − AμjB−i

hDð�Þ−
s jVμ − Aμj0i; ð4Þ

where a1 ¼ c1 þ c2=Nc. One should notice that this naive
factorization for the process B− → Dð�Þ0Dð�Þ−

s had been
shown to be a good approximation in Ref. [26]. The matrix
element appearing in Eq. (4) can be simply written in terms
of form factors and decay constants.
We use the following matrix elements that contain only

one form factor ξ, i.e., Isgur-Wise function [27]:

hD0ðv0ÞjVμjB−ðvÞi ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffi
mBmD

p
ξðv · v0Þðv0 þ vÞμ;

hD�0ðv0; ϵÞjVμjB−ðvÞi ¼ i
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mBmD�

p
ξðv · v0Þεμναβϵν�v0αvβ;

hD�0ðv0; ϵÞjAμjB−ðvÞi ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mBmD�

p
ξðv · v0Þðð1þ v · v0Þgαμ

− vαv0μÞϵ�α;
h0jAμjDsðvÞi ¼ fDs

mDs
vμ;

h0jVμjD�
sðv; ϵÞi ¼ fD�

s
mD�

s
ϵμ:

Using these matrix elements, one further obtains the
transition amplitudes:

hD0ðp2ÞD−
s ðp3ÞjB−ðv1Þi

¼ GFffiffiffi
2

p VcbV�
csa1

ffiffiffiffiffiffiffiffiffiffiffiffi
m1m2

p
ξðv · v0Þ

�
pμ
2

m2

þ vμ1

�
f3p3μ; ð5Þ

hD�0ðp2ÞD�−
s ðp3ÞjB−ðv1Þi

¼ GFffiffiffi
2

p VcbV�
csa1

ffiffiffiffiffiffiffiffiffiffiffiffi
m1m2

p
ξðv · v0Þ

�
iϵμναβ

pα
2

m2

vβ1 − ð1þ ωÞgνμ

þ v1ν
p2μ

m2

�
ϵ�ν2 f3m3ϵ

�μ
3 ; ð6Þ

hD0ðp2ÞD�−
s ðp3ÞjB−ðv1Þi

¼ GFffiffiffi
2

p VcbV�
csa1

ffiffiffiffiffiffiffiffiffiffiffiffi
m1m2

p
ξðv · v0Þ

�
pμ
2

m2

þ vμ1

�
f3m3ϵ

�
3μ; ð7Þ

hD�0ðp2ÞD−
s ðp3ÞjB−ðv1Þi

¼ GFffiffiffi
2

p VcbV�
csa1

ffiffiffiffiffiffiffiffiffiffiffiffi
m1m2

p
ξðv · v0Þ

�
iϵμναβ

pα
2

m2

vβ1 − ð1þ ωÞgνμ

þ v1ν
p2μ

m2

�
ϵ�ν2 f3p

μ
3; ð8Þ

where m1 and m2 are the masses of B− and Dð�Þ0,
respectively, f3 is a decay constant of the particle carrying
a momentum p3, and a1 ¼ c1 þ c2=Nc as defined
in Eq. (4).

For the Dð�Þ
s Dð�ÞK interactions, we adopt the effective

Lagrangians respecting both the heavy quark symmetry and
chiral symmetry. For a heavy-light meson system, there
exist heavy quark spin symmetry and heavy quark flavor
symmetry [28] in the heavy quark limit mQ → ∞. As a
consequence, heavy-light mesons are degenerate and are
classified into different multiplets, such as an H doublet
ð0−; 1−Þ with quantum number of light degrees of freedom
jPl ¼ 1

2
−. The multiplet can be described by an effective

hadron field respecting the heavy quark symmetry. For
example, the field of an H doublet ðD;D�Þ or ðDs;D�

sÞ is
given by

Ha ¼
�
1þ v
2

�
ðD�μ

a γμ þ iDaγ5Þ ð9Þ

with a the flavor index and v the meson velocity, where the
fields D�μ

a and Da contain a normalization factor
ffiffiffiffiffiffiffi
mM

p
and

have dimension 3=2.
For an H field coupled with an octet chiral multiplet, the

effective Lagrangian reads [29]

LH ¼ igHTr½Hbγμγ5A
μ
baH̄a�; ð10Þ

where Aμ
ba ¼ i=fπ∂μMba þ � � � with Mba the octet of light

pseudoscalar mesons and fπ ¼ 132 MeV. H̄a satisfies the
relation H̄a ¼ γ0H†

aγ0. By expanding the Lagrangian in

Eq. (10), effective Lagrangians for the vertexes Dð�Þ
s Dð�ÞK

are explicitly given by

LDD�
sK ¼ igDD�

sKD̄
�
sμD∂μK; ð11Þ

FIG. 1. The schematic diagrams for depicting the B− →
Xð3823ÞK− decay via the rescattering mechanism. Note that
ψ2 denotes Xð3823Þ.
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LDsD�K ¼ −igDsD�KD̄sD�
μ∂μK; ð12Þ

LD�
sD�K ¼ −gD�

sD�Kϵμναβ∂μD̄�ν
s ∂αD�βK; ð13Þ

where the coupling constants are related to gH as

gDD�
sK ¼ gDsD�K ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

mD�
s
mD

p 2gH
fπ

; ð14Þ

gD�
sD�K ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimD�
s
mD�

p
mD�

2gH
fπ

: ð15Þ

The vertexes Xð3823ÞDð�ÞD� and Xð3823ÞDð�Þ
s D�

s are
additionally involved in our calculation, for which we also
use the effective Lagrangians respecting the heavy quark
symmetry. However, for a charmonium system, the heavy
quark flavor symmetry does not hold, where only the heavy
quark spin symmetry remains [30]. Thus, charmonia with
the same orbital angular momentum L but with different
total spin can form a multiplet. In our case, Xð3823Þ
belongs to a D-wave multiplet [30,31], which is defined by

Xμν ¼ 1þ v
2

�
ψμνα
3 γα þ

1ffiffiffi
6

p ðϵμδαβvδγαψν
2β þ ϵνδαβvδγαψ

μ
2βÞ

þ
ffiffiffiffiffi
15

p

10
ððγμ − vμÞψν þ ψμðγν − vνÞÞ

−
1ffiffiffiffiffi
15

p ðgμν − vμvνÞγαψα þ ημν2 γ5

�
1 − v
2

: ð16Þ

In the above expression, the fields ψ3, ψ2, ψ , and η2 denote
the charmonia with quantum numbers JPC ¼ 3−−, 2−−, 1−−

and 2−þ, respectively, where ψ2 corresponds to the dis-
cussed Xð3823Þ.
For the coupling of D-wave charmonium multiplet with

charmed mesons, their effective Lagrangian reads [24]

LX ¼ gXTr½XμνH̄Q̄að~∂μ − ∂⃖μÞγνH̄Qa�; ð17Þ

where HQa is given by Eq. (9), and HQ̄a is

HQ̄a ¼ ðD�μ
a γμ þ iDaγ5Þ

�
1 − v
2

�
; ð18Þ

which is obtained by the charge conjugation transforma-
tion. The fields H̄Q̄a and H̄Qa appearing in Eq. (17) are

defined as H̄Q̄a ¼ γ0H†
Q̄aγ

0 and H̄Qa ¼ γ0H†
Qaγ

0, respec-

tively. Then, the explicit forms of the Xð3823ÞDð�ÞD�

(ψ2Dð�ÞD�) interactions can be obtained as

Lψ2DD� ¼ gψ2DD�ψμν
2 ð∂νD̄D�

μ − D̄∂νD�
μÞ

þ gψ2DD�ψμν
2 ðD̄�

μ∂νD − ∂νD̄�
μDÞ; ð19Þ

Lψ2D�D� ¼ igψ2D�D�εμναβ∂μψνρ
2 D�

ρ∂αD̄�β

þ igψ2D�D�εμναβ∂μψνρ
2 ∂αD̄�

ρD�β; ð20Þ

where

gψ2DD� ¼
ffiffiffi
6

p
gX

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mDmD�mψ2

p
; ð21Þ

gψ2D�D� ¼ −4gXffiffiffi
6

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimD�mD�mψ2

p
mψ2

: ð22Þ

The Lagrangians of vertexes ψ2D
ð�Þ
s D�

s are similar to those
shown in Eqs. (19) and (20), where the corresponding
coupling constants satisfy gψ2DsD�

s
¼ gψ2DD� and gψ2D�

sD�
s
¼

gψ2D�D� if the SU(3) flavor symmetry holds.
Applying the Cutkosky cutting rule [32], the imaginary

parts of the decay amplitudes of B− → Xð3823ÞK− can be
obtained, for example, for the amplitude of diagram (1a) in
Fig. 1 as

AbsB
−→ψ2K−

ð1aÞ

¼ jp2j
32π2m1

Z
dΩ

GFffiffiffi
2

p VcbV�
csa1

ffiffiffiffiffiffiffiffiffiffiffiffi
m1m2

p
ξðωÞ

�
vγ1þ

pγ
2

m2

�
f3p3γ

×ð−iÞgψ2DD�ϵ�μν5 ðp2νþp4νÞ
�
−gμαþ

p4μp4α

m2
4

�
gDsD�Kpα

6

×
1

p2
4−m2

4

F2ðp2
4Þ: ð23Þ

Here mi (i ¼ 1; 2; 3;…) denotes the mass of the particle
carrying momentum pi in Fig. 1, and ω ¼ v · v0. Other
amplitudes are given in the Appendix. On the other hand,
we need also introduce form factors to compensate the off-

shell effect of the exchanged Dð�Þ
ðsÞ in Fig. 1. The concrete

expression of the form factor is [4,14]

Fðq2Þ ¼ Λ2 −m2

Λ2 − q2
; ð24Þ

where the cutoff parameter Λ can be parametrized as

Λ ¼ mþ αΛQCD ð25Þ

with ΛQCD ¼ 220 MeV. m denotes the mass of the
exchanged meson.
The total absorptive part of the amplitude of the process

B− → Xð3823ÞK− is

AbsðM½B− → Xð3823ÞK−�Þ ¼
X

i¼1a;…;3b

AbsB
−→ψ2K−

ðiÞ ;

with which we can estimate the decay width of the process
B− → Xð3823ÞK− as

HAO XU, XIANG LIU, and TAKAYUKI MATSUKI PHYSICAL REVIEW D 94, 034005 (2016)

034005-4



ΓðB− → Xð3823ÞK−Þ ¼ 1

8π

j~pj
m2

B
jAbsðMÞj2: ð26Þ

Here, ~p denotes the three-momentum of final states in the
center of mass frame of B− meson, and mB is the mass of
the B meson.
In principle, we may include the real part (dispersive

part) of the scattering amplitude through the absorptive
part:

DisðMðm2
BÞÞ ¼

1

π

Z þ∞

s

AbsðMðs0ÞÞ
s0 −m2

b

ds0: ð27Þ

However, as discussed in Ref. [14], this real part has large
uncertainties that come from a newly introduced cutoff
parameter and integration itself. Furthermore, since the
mass of the Bmeson is far from theDmeson pair threshold,
the imaginary part can largely increase and become
dominant in full amplitude. Hence we assume the absorp-
tive part is dominant as in Ref. [14], and ignore the
dispersive part.
In order to obtain the results, the values of various

parameters should be specified, which include the weak
Fermi coupling constant GF ¼ 1.16638 × 10−5 GeV−2,
Vcb ¼ 0.04 and Vcs ¼ 1.0 [33], decay constants fDs

¼
fD�

s
¼ 0.24 GeV and Wilson coefficient a1 ¼ 1.0 [13]. As

for the mass of Xð3823Þ, we adopt the BESIII’s result
mXð3823Þ ¼ 3.8217 GeV [19] as an input. The strong
coupling constants gH ≃ 0.57 and gX ≃ 1.4 GeV−3=2 are
given in Ref. [24]. As for the Isgur-wise function, we adopt
the form calculated in Ref. [27]:

ξðωÞ ¼ 1 − 1.22ðω − 1Þ þ 0.85ðω − 1Þ2: ð28Þ

So far in our calculation the only unknown parameter left
is α in Eq. (25). The rescattering mechanism becomes soft
in the case of the B meson decay because of heaviness of
the B meson mass. Since the rescattering mechanism
as a long-distant contribution plays an important role to
understand B− → Xð3823ÞK−, we try to reproduce the
experimental branching ratio of B− → Xð3823ÞK− shown
in Eq. (3) by varying the parameter α to obtain
α ¼ 0.70� 0.05, where the error comes from Eq. (3). It
is obvious that this is not the end of the whole story. This
value of α can be applied to study similar processes like the
productions of ηc2ð1D2Þ=ψ3ð3D3Þ plus a kaon via B meson
decays, where ηc2ð1D2Þ and ψ3ð3D3Þ are as the D-wave
charmonium partners of Xð3823Þ. In the next section, we
illustrate the details of the corresponding deduction.

III. PREDICTION OF B− → ηc2ð1D2ÞK−

AND B− → ψ3ð3D3ÞK−

After discussing the B− → Xð3823ÞK− decay, in this
section we further investigate the productions of two
D-wave charmonia ηc2ð1D2Þ with JPC ¼ 2−þ and

ψ3ð3D3Þ with JPC ¼ 3−− through similar B decay proc-
esses. Here, ηc2ð1D2Þ and ψ3ð3D3Þ have not yet been
observed in experiment, which also stimulates us to predict
the production rates of B− → ηc2K− and B− → ψ3K−.
Similar to the process B− → Xð3823ÞK−, the processes

B− → ηc2K− and B− → ψ3K− are also forbidden if simply
considering the naive factorization contribution, since
hηc2ð2−þÞjðc̄cÞV∓Aj0i ¼ 0 and hψ3ð3−−Þjðc̄cÞV∓Aj0i ¼ 0.
According to the former experience of study of
B− → Xð3823ÞK−, we need to introduce the rescattering
mechanism to estimate the decay rates of these two
processes.
In order to calculate the processes B− → ηc2ð1D2ÞK−

and B− → ψ3ð3D3ÞK−, one needs to have the effective
Lagrangian given in Eq. (17). For the vertexes ηc2DD� and
ηc2D�D�, the corresponding Lagrangians read

Lηc2DD� ¼ igηc2DD�ημνc2ð∂νD̄D�
μ − D̄∂νD�

μÞ
− igηc2DD�ημνc2ðD̄�

μ∂νD − ∂νD̄�
μDÞ; ð29Þ

Lηc2D�D� ¼ gηc2D�D�εμναβ∂μηρνc2D
�α∂ρD̄�β ð30Þ

with

gηc2DD� ¼ 2gX
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mDmD�mηc2

p ð31Þ

gηc2D�D� ¼ 4gX

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimD�mD�mηc2
p

mηc2

: ð32Þ

For the vertex ψ3D�D�, the Lagrangian is

Lψ3D�D� ¼ gψ3D�D�ψμνα
3 ð∂μD̄�

νD�
α − D̄�

ν∂μD�
αÞ ð33Þ

with

gψ3D�D� ¼ 4gX
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mD�mD�mψ3

p
: ð34Þ

The Lagrangians for the vertexes ηc2D
ð�Þ
s D�

s and ψ3D�
sD�

s
have the same form as those shown in Eqs. (29), (30), and
(33), where we only need to have the relations among the
involved coupling constants, i.e., gηc2DsD�

s
¼ gηc2DD� ,

gηc2D�
sD�

s
¼ gηc2D�D� and gψ3D�

sD�
s
¼ gψ3D�D� , which are

obtained by assuming the SUð3Þ flavor symmetry.
For B− → ηc2K−, the corresponding diagrams are the

same as those of B− → Xð3823ÞK−, where we only need to
make a replacement Xð3823Þ → ηc2 in the diagrams shown
in Fig. 1. With the above preparation, the absorptive parts
of the amplitudes in the process B− → ηc2K− can be
obtained, for example, for the amplitude of diagram (1a)
in Fig. 1 as
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AbsB
−→ηc2K−

ð1aÞ

¼ jp2j
32π2m1

Z
dΩ

GFffiffiffi
2

p VcbV�
csa1

ffiffiffiffiffiffiffiffiffiffiffiffi
m1m2

p
ξðωÞ

�
vγ1þ

pγ
2

m2

�
f3p3γ

×ð−1Þgηc2DD�ϵ�μν5 ðp2νþp4νÞ
�
−gμαþ

p4μp4α

m2
4

�
gDsD�Kpα

6

×
1

p2
4−m2

4

F2ðp2
4Þ; ð35Þ

where mi (i ¼ 1; 2; 3;…) denotes the mass of the particle
carrying momentum pi in Fig. 1. The rest of the amplitudes
are given in the Appendix.
The total absorptive part of the amplitude of the process

B− → ηc2K− is

AbsðM½B− → ηc2K−�Þ ¼
X

i¼1a;…;3b

AbsB
−→ηc2K−

ðiÞ :

For B− → ψ3K−, the relevant diagrams are shown in
Fig. 2. The absorptive parts of the amplitudes of the process
B− → ψ3K− can be obtained, for example, for the ampli-
tude of diagram (1a) in Fig. 2 as

AbsB
−→ψ3K−

ð1aÞ

¼ jp2j
32π2m1

Z
dΩ

GFffiffiffi
2

p VcbV�
csa1

ffiffiffiffiffiffiffiffiffiffiffiffi
m1m2

p
ξðωÞ

�
iεγδηβ

pη
2

m2

vβ1

− ð1þ ωÞgδγ þ v1δ
p2γ

m2

�
f3p

γ
3

�
−gδα þ

pδ
2p2α

m2
2

�
igψ3D�D�

× ϵ�μνα5 ðp4μ þ p2μÞ
�
−gνθ þ

p4νp4θ

m2
4

�
gD�DsKp

θ
6

1

p2
4 −m2

4

×F2ðp2
4Þ: ð36Þ

Note that mi (i ¼ 1; 2; 3;…) denotes the mass of the
particle carrying momentum pi in Fig. 2. The rest of the
amplitudes are given in the Appendix.

The total absorptive part of the amplitude of the process
B− → ψ3K− is

AbsðM½B− → ψ3K−�Þ ¼
X

i¼1a;…;2b

AbsB
−→ψ3K−

ðiÞ :

Other input parameters are the masses of two unobserved
charmonia ηc2 and ψ3, which are given by mηc2ð1D2Þ ¼
3.811 GeV and mψ3ð3D3Þ ¼ 3.815 GeV [21]. We vary
�50 MeV to account for the uncertainties of these pre-
dicted masses. When taking α ¼ 0.70� 0.05, the same
value as that for B− → Xð3823ÞK−, we obtain the branch-
ing fractions for the processes B− → ηc2K− and
B− → ψ3K−,

BRðB− → ηc2ð1D2ÞK−Þ ¼ ð1.72� 0.47Þ × 10−5; ð37Þ

BRðB− → ψ3ð3D3ÞK−Þ ¼ ð0.80� 0.21Þ × 10−5; ð38Þ

where the errors come from the uncertainties of α and the
masses of ηc2 and ψ3. The results are sizable and are the
same order of magnitude as B− → Xð3823ÞK−, which
means that these two decay channels can be accessible
in future experiments.
There are some remarks on our theoretical uncertainties.

The uncertainties come from three parts, the lack of real
parts of the amplitudes, the weak vertexes and the strong
vertexes in loops. As for the real parts of the amplitudes, we
assume they are not dominant as in Ref. [14]. As for the
weak vertexes, there are actually much smaller uncertain-

ties since either the naive factorization assumption for B →

Dð�ÞD̄ð�Þ
s [Eq. (4)] or the form factor of the matrix element

[Eq. (28)] has been proven to have a good agreement with
experiment. The dominant uncertainties come from strong
vertexes: the coupling constants, the cutoff parameter α and
the predicted masses of ηc2ð1D2Þ and ψ3ð3D3Þ. Since the
coupling constants gH in Eq. (10) and gX in Eq. (17) appear
in all the amplitudes as global factors, after fitting to the
process B− → Xð3823ÞK−, the uncertainties caused by gH
and gX are just canceled when calculating the processes
B− → ηc2ð1D2ÞK− and B− → ψ3ð3D3ÞK−. The uncertain-
ties from cutoff α and the predicted masses of ηc2ð1D2Þ and
ψ3ð3D3Þ have already been considered in the text. As a
whole, we stress that these uncertainties do not influence
our main conclusion.

IV. CONCLUSIONS AND DISCUSSION

The rescattering mechanism has been widely applied to
the studies involved in hadronic transitions [4–11] and B
decays [12–17]. As a long distant contribution, the rescat-
tering mechanism is a typical nonperturbative QCD effect.
Stimulated by the observation of B− → Xð3823ÞK− [18],
we study the contribution from the rescattering mechanism
to B− → Xð3823ÞK− since the naive factorization

FIG. 2. The schematic diagrams for the decay B− → ψ3K− via
the rescattering mechanism.

HAO XU, XIANG LIU, and TAKAYUKI MATSUKI PHYSICAL REVIEW D 94, 034005 (2016)

034005-6



contribution to B− → Xð3823ÞK− vanishes. With a reason-
able cutoff parameter, we can reproduce the experimental
branching ratio of B− → Xð3823ÞK−. Under the same
theoretical framework andwith fitted parameters, we further
investigate the processes B−→ηc2ð1D2ÞK− and B−→
ψ3ð3D3ÞK−. Our results show BRðB−→ηc2ð1D2ÞK−Þ¼
1.7×10−5 and BRðB−→ψ3ð3D3ÞK−Þ¼0.8×10−5, which
are comparable to BRðB− → Xð3823ÞK−Þ≃ 2.1 × 10−5

extracted from experimental data. Our study shows that
nonfactorizable contributions to B− → Xð3823ÞK−, B− →
ηc2ð1D2ÞK− and B− → ψ3ð3D3ÞK− are sizable. Thus,
experimental exploration of B− → ηc2ð1D2ÞK− and B− →
ψ3ð3D3ÞK− becomes possible at future experiments like
LHCb, Belle, and the forthcoming BelleII. We also expect
that our predictions of B− → ηc2ð1D2ÞK− and B− →
ψ3ð3D3ÞK− can be confirmed in experiments.
So far, two D-wave charmonia ηc2ð1D2Þ and ψ3ð3D3Þ

are still missing in experiments. When exploring B− →
ηc2ð1D2ÞK− and B− → ψ3ð3D3ÞK−, a key point is how to
identify ηc2ð1D2Þ and ψ3ð3D3Þ experimentally, whose task
is full of challenges faced by experimentalists, since the
present study shows that B− → ηc2ð1D2ÞK− and B− →
ψ3ð3D3ÞK− have sizable branching ratios. These two
processes are also ideal channels to search for ηc2ð1D2Þ
and ψ3ð3D3Þ. If future experiments can find these predicted
decays, it will not only make our knowledge of B meson
decays become more abundant, but also be helpful in
establishing the charmonium family.
In summary, experimental study of B− → ηc2ð1D2ÞK−

and B− → ψ3ð3D3ÞK− will be a potential issue in the near
future. If these channels can be confirmed in experiments,
the role of the rescattering mechanism in B− →
ηc2ð1D2ÞK− and B− → ψ3ð3D3ÞK− can be further identi-
fied, which will deepen our understanding of nonperturba-
tive QCD behavior.

ACKNOWLEDGMENTS

This project is supported by the National Natural Science
Foundation of China under Grants No. 11222547 and
No. 11175073. X. Liu is also supported by the
Fundamental Research Funds for the Central Universities
and the National Youth Top-notch Talent Support Program
(“Thousands-of-Talents Scheme”).

APPENDIX: THE REST OF THE AMPLITUDES
OF THE PROCESSES B− → Xð3823ÞK−,

B− → ηc2K− AND B− → ψ3K−

The amplitudes of the process B− → Xð3823ÞK−

depicted in diagrams (1b)–(3b) in Fig. 1 are

AbsB
−→ψ2K−

ð1bÞ

¼ jp2j
32π2m1

Z
dΩ

GFffiffiffi
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p VcbV�
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ffiffiffiffiffiffiffiffiffiffiffiffi
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p
ξðωÞ

�
vγ1þ

pγ
2

m2

�
f3p3γ

×ð−1ÞgDD�
sKp

α
6

�
−gαμþ

p4αp4μ

m2
4

�
ð−iÞgψ2DsD�

s
ϵ�μν5

×ðp3ν−p4νÞ
1

p2
4−m2

4

F2ðp2
4Þ; ðA1Þ

AbsB
−→ψ2K−

ð2aÞ

¼ jp2j
32π2m1

Z
dΩ

GFffiffiffi
2

p VcbV�
csa1

ffiffiffiffiffiffiffiffiffiffiffiffi
m1m2

p
ξðωÞ

�
iεγδαβ

pα
2

m2

vβ1

−ð1þωÞgδγþv1δ
p2γ

m2

�
f3m3

�
−gδμþ

pδ
2p2μ

m2
2

�
igψ2DD�ϵ�μν5

×ðp4νþp2νÞð−gDD�
sKÞp6θ

�
−gθγþpθ

3p
γ
3

m2
3

�
1

p2
4−m2

4

×F2ðp2
4Þ; ðA2Þ

AbsB
−→ψ2K−

ð2bÞ

¼ jp2j
32π2m1

Z
dΩ

GFffiffiffi
2

p VcbV�
csa1

ffiffiffiffiffiffiffiffiffiffiffiffi
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2
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−ð1þωÞgδγþv1δ
p2γ

m2
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2p2θ
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2

�
gDsD�Kpθ
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ϵ�μν5 ðp4ν−p3νÞ

�
−gγμþp3μp

γ
3

m2
3

�
1

p2
4−m2

4
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AbsB
−→ψ2K−

ð3aÞ

¼ jp2j
32π2m1

Z
dΩ

GFffiffiffi
2

p VcbV�
csa1

ffiffiffiffiffiffiffiffiffiffiffiffi
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p
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�
iεγδζη
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2
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vη1
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p2γ

m2

�
f3m3ð−iÞgψ2D�D�

��
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pδ
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2

�

×εμραβϵ
�μν
5 pα

4p
β
5

�
−gρσþpρ

4p
σ
4

m2
4

�
þ
�
−gδρþpδ

2p
ρ
2

m2
2

�
εμραβ

×ϵ�μν5 pα
4p

β
5

�
−gσνþ

p4νpσ
4

m2
4

��
gD�D�

sKετσκλp
κ
4p

λ
6

×
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−gτγþpτ

3p
γ
3

m2
3

�
1
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4−m2

4

F2ðp2
4Þ; ðA4Þ
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AbsB
−→ψ2K−
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The amplitudes of the process B− → ηc2K− depicted in
diagrams (1b)–(3b) in Fig. 1 are
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The amplitudes of the process B− → ψ3K− depicted in
diagrams (1b)–(2b) in Fig. 2 are
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