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We study the observedB− → X(3823)K− decay via rescattering mechanism and show that this branching
ratio is well reproduced by this mechanism. We further extend this theoretical framework to investigate the
decays ofB− → ηc2(1D2)/ψ3(3D3)K−, where theηc2(1D2) and theψ3(3D3) areD-wave charmonium partners of
the X(3823). Our results show that the branching ratios,B− → ηc2(1D2)K− and B− → ψ3(3D3)K−, are of the
order of 10−5, which can be accessible at LHCb, Belle and forthcoming BelleII.

PACS numbers: 14.40.Pq, 13.25.Hw

I. INTRODUCTION

In the past decade, abundant charmonium and charmonium-
like states have been discovered. Some of them cannot fit
into traditional quark model predictions and leave many puz-
zles. So it attracts great attention to explore their inner struc-
ture and interaction mechanism (see Refs. [1, 2] for a re-
view). An important feature is that manyXYZ or charmo-
nium 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 anti-charmed 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 au-
thors (see Refs. [3–11]). Their results indicate that rescatter-
ing 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 rescat-
tering effect is combined with non-leptonicB meson decays.
As we will see later, such a rescattering effect even plays a
dominant role. On the other hand, in a naive factorization ap-
proach which is normally adopted for non-leptonic processes,
the amplitudes of some processes such asB− → χc0K− vanish
(see Sec.II ). In Ref. [12], authors explained the large exper-
imental branching fraction of the processB− → χc0K− ap-
plying the rescattering mechanism. Later, they also studied
B− → hcK− process using the same mechanism and predicted
its branching ratio [13]. In Ref. [14], authors systematically
studied rescattering effects on non-leptonicB meson decays
and their impact on direct CP violations. Reference [15] stud-
ied processB0 → ηcK∗ using rescattering mechanism and re-
produced the experimental data. We also notice that in an
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earlier time, authors in Refs. [16, 17] have already applied
a rescattering mechanism to study non-leptonicD meson de-
cays.

In 2013, Belle observed a new charmonium-like state
called X(3823) in the χc1γ final state in the process
B− → X(3823)K− [18] with measured mass 3823.1
±1.8(stat.)±0.7(syst.) MeV and significance 3.8σ. Recently,
BESIII confirmedX(3823) in the processe+e− → π+π−γχc1

with measured mass 3821.7±1.3(stat.)±0.7(syst.) MeV, width
less than 16 MeV and significance 6.2σ [19]. X(3823) is ex-
pected to be the long missingψ2(13D2) with JPC

= 2−−. This
is because, first, the mass ofX(3823) is consistent with the
quark model prediction [20, 21]. Secondly, since the mass
of X(3823) is below any open charm threshold (DD̄ channel
is forbidden by parity conservation), the width is quite nar-
row as expected and as observed.X(3823) largely decays
to χc1γ, which is the channel discovered in Belle and BE-
SIII. Furthermore, the upper lmit of the ratioB(X(3823)→
χc2γ)/B(X(3823)→ χc1γ) was determined to be< 0.41 by
Belle and< 0.42 by BESIII, which is consistent with the-
oretical predictions in Refs. [20–23]. ThereforeX(3823) is
believed to beψ2(3D2).

In Ref. [24], authors studied the OZI-suppressed process
X(3823)→ Jψππ via a rescattering effect. Their calculation
shows that since the mass ofX(3823) is close to theDD̄∗

threshold, a rescattering effect can significantly change the
line shape of the finalππ mass spectrum. In this work, we
will focus on another aspect to investigate the resacttering ef-
fect onX(3823), i.e., theX(3823) production via aB meson
decay. We will illustrate that the naive factorized amplitude of
the processB− → X(3823)K− vanishes, and hence it provides
us another good example to see how important the scattering
effect is.

BesidesX(3823), there are still missing two otherD-wave
low-lying charmonia, i.e.,ηc2(1D2) with JPC

= 2−+ and
ψ2(3D3) with JPC

= 3−−. Their predicted masses and decay
properties are given in Refs. [20, 21]. The naive factorized
amplitudes for the processesB− → ηc2K− andB− → ψ2K−

vanish, for which we will also apply the rescattering mecha-
nism. Their production rates in theB decay will be a valuable
information for experiments.

http://arxiv.org/abs/1605.04776v2
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This paper is organized as follows. After introduction, we
study the decay processB− → X(3823)K− through the rescat-
tering mechanism in Sec.II . In Sec.III , we make predictions
of the production rates for the processesB− → ηc2K− and
B− → ψ2K−. In the final Section, we give discussions and
conclusion.

II. B− → X(3823)K− VIA RESCATTERING MECHANISM

First we will show that the naive factorization approach (see
Ref. [25]) fails to describe our discussed processes. When
studying B− → X(3823)K− in this approach, the effective
weak Hamiltonian is written as

HW =
GF√

2

{

VcbV∗cs
[

c1(µ)O1(µ) + c2(µ)O2(µ)
]

−VtbV∗ts

10
∑

i=3

ci(µ)Oi(µ)
}

+ H.c. , (1)

where the operatorsOi read as

O1 = (sαbβ)V−A(cβcα)V−A ,

O2 = (sαbα)V−A(cβcβ)V−A ,

O3(5) = (sαbα)V−A

∑

q

(qβqβ)V−A(V+A) ,

O4(6) = (sαbβ)V−A

∑

q

(qβqα)V−A(V+A) ,

O7(9) =
3
2

(sαbα)V−A

∑

q

eq(qβqβ)V+A(V−A) ,

O8(10) =
3
2

(sαbβ)V−A

∑

q

eq(qβqα)V+A(V−A) .

Thus, the factorized amplitude of the processB− →
X(3823)K− can be expressed as

M(B− → X(3823)K−)

=
GF√

2
VcbV∗cs

















a2(µ) +
∑

i=3,5,7,9

ai(µ)

















〈K−|(sb)V−A|B−〉

×〈X(3823)|(cc)V∓A|0〉 (2)

with a2 = c2 + c1/Nc andai = ci + ci+1/Nc. In this work,
X(3823) is treated as aD-wave charmonium with quantum
numbersJPC

= 2−−. When checking the factorized amplitude
in Eq. (2), we find the matrix element〈X(3823)|(cc)V∓A|0〉 = 0
due to the Lorentz invariance. Hence this leads to vanishing
of the branching ratio ofB− → X(3823)K− in the naive fac-
torization approach.

However, the Belle measurement [18] shows combined
branching fractionBR(B− → X(3823)K−) × BR(X(3823)→
χc1γ) = (9.7 ± 2.8 ± 1.1) × 10−6. To obtain the value of
BR(B− → X(3823)K−), we consider the theoretical partial
widths of X(3823) decaying intoχc1γ, χc2γ, ggg, andJ/ψππ
which are given byΓ(X(3823) → χc1γ) = 215 keV [21],
Γ(X(3823)→ χc2γ) = 59 keV [21], Γ(X(3823)→ ggg) = 36

keV [20] and Γ(X(3823) → Jψππ) ≃ 160 keV [24], re-
spectively. Summing up all the above partial widths, we can
roughly estimate the total decay width ofX(3823) to be 470
keV, with which we getBR(X(3823)→ χc1γ) = 46%. Then,
we can extract

BR(B− → X(3823)K−) = (2.10± 0.65)× 10−5 , (3)

where the error comes from the combined branching fraction
of the Belle measurement. It shows that there exists a non-
zero contribution to theB− → X(3823)K− decay.

To understand the discrepancy between the experimental
data and theoretical estimate from the naive factorizationap-
proach, we studyB− → X(3823)K− by introducing the rescat-
tering 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 discussedB− → X(3823)K− process,B−

first decays into intermediate charmed and anti-charmed me-
son pair, and then they transit into final states,X(3823) and
K−. The typical diagram describing the rescattering effect on
B− → X(3823)K− can be found in Fig.1. In the following,
we calculate these rescattering processes ofB− → X(3823)K−

to test whether the extracted branching ratio given by Eq. (3)
can be understood under the rescattering mechanism.
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FIG. 1: (color online). The schematic diagrams for depicting the
B− → X(3823)K− decay via the rescattering mechanism. Note that
ψ2 denotesX(3823).

In order to calculate these triangle diagrams at hadron
level, we need to introduce the effective Lagrangians corre-
sponding to each interaction vertex. As for the weak vertex
B− → D(∗)0D(∗)−

s , we also assume the naive factorization of
the amplitude. Neglecting the small contributions from the
operatorsO3 ∼ O10 in Eq. (1), the transition matrix element
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can be factorized as

〈D(∗)0D(∗)−
s |HW |B−〉 =

GF√
2

VcbV∗csa1〈D(∗)0|Vµ − Aµ|B−〉

〈D(∗)−
s |Vµ − Aµ|0〉, (4)

wherea1 = c1 + c2/Nc. One should notice that this naive
factorization for the processB− → D(∗)0D(∗)−

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 factorξ, i.e., Isgur-Wise function [27]:

〈D0(v′)|Vµ|B−(v)〉 = √mBmDξ(v · v′)(v′ + v)µ,

〈D∗0(v′, ǫ)|Vµ|B−(v)〉 = i
√

mBmD∗ξ(v · v′)εµναβǫν∗v′αvβ,

〈D∗0(v′, ǫ)|Aµ|B−(v)〉 = √mBmD∗ξ(v · v′)
(

(1+ v · v′)gαµ

−vαv′µ
)

ǫ∗α,

〈0|Aµ|Ds(v)〉 = fDs mDs v
µ,

〈0|Vµ|D∗s(v, ǫ)〉 = fD∗s mD∗s ǫ
µ.

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

〈D0(p2)D−s (p3)|B−(v1)〉

=
GF√

2
VcbV∗csa1

√
m1m2ξ(v · v′)

(

pµ2
m2
+ vµ1

)

f3p3µ , (5)

〈D∗0(p2)D∗−s (p3)|B−(v1)〉

=
GF√

2
VcbV∗csa1

√
m1m2ξ(v · v′)

(

iǫµναβ
pα2
m2

vβ1 − (1+ ω)gνµ

+v1ν
p2µ

m2

)

ǫ∗ν2 f3m3ǫ
∗µ
3 , (6)

〈D0(p2)D∗−s (p3)|B−(v1)〉

=
GF√

2
VcbV∗csa1

√
m1m2ξ(v · v′)

(

pµ2
m2
+ vµ1

)

f3m3ǫ
∗
3µ , (7)

〈D∗0(p2)D−s (p3)|B−(v1)〉

=
GF√

2
VcbV∗csa1

√
m1m2ξ(v · v′)

(

iǫµναβ
pα2
m2

vβ1 − (1+ ω)gνµ

+v1ν
p2µ

m2

)

ǫ∗ν2 f3pµ3 , (8)

where m1 andm2 are the masses ofB− andD(∗)0, respectively,
f3 is a decay constant of the particle carrying a momentump3,
anda1 = c1 + c2/Nc as defined in Eq. (4).

For theD(∗)
s D(∗)K interactions, we adopt the effective La-

grangians respecting both the heavy quark symmetry and chi-
ral symmetry. For a heavy-light meson system, there exist
heavy quark spin symmetry and heavy quark flavor symmetry
[28] in the heavy quark limitmQ → ∞. As a consequence,
heavy-light mesons are degenerate and are classified into dif-
ferent multiplets, such as anH doublet (0−, 1−) with quantum
number of light degrees of freedomjP

ℓ =
1
2
−
. The multiplet

can be described by an effective hadron field respecting the

heavy quark symmetry. For example, the field of anH dou-
blet (D,D∗) or (Ds,D∗s) is given by

Ha =

(

1+ /v
2

)

(D∗µa γµ + iDaγ5) (9)

with a the flavor index andv the meson velocity, where the
fields D∗µa and Da contain a normalization factor

√
mM and

have dimension 3/2.
For anH field coupled with an octet chiral multiplet, the

effective Lagrangian reads [29]:

LH = igHTr
[

Hbγµγ5Aµ

baH̄a

]

, (10)

whereAµ

ba = i/ fπ∂µMba + ... with Mba the octet of light pseu-
doscalar mesons andfπ = 132 MeV. H̄a satisfies the relation
H̄a = γ

0H†aγ
0. By expanding the Lagrangian in Eq. (10), ef-

fective Lagrangians for the vertexesD(∗)
s D(∗)K are explicitly

given by

LDD∗s K = igDD∗s K D̄∗sµD∂µK , (11)

LDsD∗K = −igDsD∗K D̄sD
∗
µ∂

µK , (12)

LD∗s D∗K = −gD∗sD∗Kǫµναβ∂
µD̄∗νs ∂

αD∗βK , (13)

where the coupling constants are related togH as,

gDD∗s K = gDsD∗K =
√

mD∗s mD
2gH

fπ
, (14)

gD∗sD∗K =

√
mD∗s mD∗

mD∗

2gH

fπ
. (15)

The vertexesX(3823)D(∗)D∗ andX(3823)D(∗)
s D∗s are addi-

tionally 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 or-
bital angular momentumL but with different total spin can
form a multiplet. In our case,X(3823) belongs to aD-wave
multiplet [30, 31], which is defined by

Xµν
=

1+ /v
2

{

ψ
µνα

3 γα +
1
√

6

(

ǫµδαβvδγαψ
ν
2β + ǫ

νδαβvδγαψ
µ

2β

)

+

√
15

10

(

(γµ − vµ)ψν + ψµ(γν − vν)
)

− 1
√

15
(gµν − vµvν)γαψα + η

µν
2 γ5

}1− /v
2

. (16)

In the above expression, the fieldsψ3, ψ2, ψ, andη2 denote
the charmonia with quantum numbersJPC

= 3−−, 2−−, 1−−

and 2−+, respectively, whereψ2 corresponds to the discussed
X(3823).

For the coupling ofD-wave chamonium multiplet with
charmed mesons, their effective Lagrangian reads [24]

LX = gXTr
[

XµνH̄Q̄a(
−→
∂ µ −

←−
∂ µ)γνH̄Qa

]

, (17)
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whereHQa is given by Eq. (9), andHQ̄a is

HQ̄a = (D∗µa γµ + iDaγ5)

(

1− /v
2

)

, (18)

which is obtained by the charge conjugation transformation.
The fieldsH̄Q̄a andH̄Qa appearing in Eq. (17) are defined as
H̄Q̄a = γ

0H†
Q̄a
γ0 andH̄Qa = γ

0H†Qaγ
0, respetively. Then, the

explicit forms of theX(3823)D(∗)D∗ (ψ2D(∗)D∗) interactions
can be obtained as

Lψ2DD∗ = gψ2DD∗ψ
µν
2 (∂νD̄D∗µ − D̄∂νD

∗
µ)

+gψ2DD∗ψ
µν

2 (D̄∗µ∂νD − ∂νD̄∗µD) , (19)

Lψ2D∗D∗ = igψ2D∗D∗εµναβ∂
µψ

νρ

2 D∗ρ∂
αD̄∗β

+igψ2D∗D∗εµναβ∂
µψ

νρ

2 ∂
αD̄∗ρD∗β , (20)

where

gψ2DD∗ =
√

6gX
√

mDmD∗mψ2 , (21)

gψ2D∗D∗ =
−4gX√

6

√
mD∗mD∗mψ2

mψ2

. (22)

The Lagrangians of vertexesψ2D(∗)
s D∗s are similar to those

shown in Eqs. (19)-(20), where the corresponding coupling
constants satisfygψ2DsD∗s = gψ2DD∗ andgψ2D∗s D∗s = gψ2D∗D∗ if
the SU(3) flavor symmetry holds.

Applying the Cutkosky cutting rule [32], the imaginary
parts of the decay amplitudes ofB− → X(3823)K− can
be obtained, for example, for the amplitude of the diagram
Fig. 1 (1a) as

AbsB−→ψ2K−

(1a)

=
|p2|

32π2m1

∫

dΩ
GF√

2
VcbV∗csa1

√
m1m2ξ(ω)

(

vγ1 +
pγ2
m2

)

f3p3γ

×(−i)gψ2DD∗ǫ
∗µν
5 (p2ν + p4ν)













−gµα +
p4µp4α

m2
4













gDsD∗K pα6

× 1

p2
4 − m2

4

F
2(p2

4) . (23)

Here mi (i = 1, 2, 3, ...) denotes the mass of the particle
carrying momentumpi in Fig. 1, andω = v · v′. Other
amplitudes are given in Appendix. On the other hand, we need
also introduce form factors to compensate the off-shell effect
of the exchangedD(∗)

(s) in Fig. 1. The concrete expression of
the form factor is [4, 14]

F(q2) =
Λ

2 − m2

Λ2 − q2
, (24)

where the cutoff parameterΛ can be parameterized as

Λ = m + αΛQCD (25)

with ΛQCD = 220 MeV.m denotes the mass of the exchanged
meson.

The total absorptive part of the amplitude of the process
B− → X(3823)K− is

Abs
(M[B− → X(3823)K−]

)

=

∑

i=1a,...,3b

AbsB−→ψ2K−

(i) ,

with which we can estimate the decay width of the process
B− → X(3823)K− as

Γ(B− → X(3823)K−) =
1
8π
|~p|
m2

B

|Abs(M)|2 . (26)

Here,~p denotes the three-momentum of final states in the cen-
ter of mass frame ofB−meson, andmB is the mass ofB meson.

In principle, we may include the real part (dispersive part)
of the scattering amplitude through the absorptive part:

Dis(M(m2
B)) =

1
π

+∞
∫

s

Abs(M(s′))

s′ − m2
b

ds′. (27)

However, as discussed in Ref. [14], this real part has large
uncertainties that come from a newly introduced cut-off pa-
rameter and integration itself. Furthermore, since the mass of
theB meson is far from theD meson pair threshold, the imag-
inary part can largely increase and become dominant in full
amplitude. Hence we assume the absorptive part is dominant
as in Ref. [14], and ignore the dispersive part.

In order to obtain the results, the values of various param-
eters should be specified, which include the weak Fermi cou-
pling constantGF = 1.16638× 10−5 GeV−2, Vcb = 0.04 and
Vcs = 1.0 [33], decay constantsfDs = fD∗s = 0.24 GeV and
Wilson coefficienta1 = 1.0 [13]. As for the mass ofX(3823),
we adopt the BESIII’s resultmX(3823) = 3.8217 GeV [19]
as an input. The strong coupling constantsgH ≃ 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]:

ξ(ω) = 1− 1.22(ω − 1)+ 0.85(ω − 1)2 . (28)

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 B
meson mass. Since the rescattering mechanism as a long-
distant contribution plays an important role to understand
B− → X(3823)K−, we try to reproduce the experimental
branching ratio ofB− → X(3823)K− shown in Eq. (3) by vary-
ing the parameterα to obtainα = 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 ofα can be applied to study sim-
ilar processes like the productions ofηc2(1D2)/ψ3(3D3) plus a
kaon viaB meson decays, whereηc2(1D2) andψ3(3D3) are as
the D-wave charmonium partners ofX(3823). In the next sec-
tion, we illustrate the details of the corresponding deduction.

III. PREDICTION OF B− → ηc2(1D2)K− AND
B− → ψ3(3D3)K−

After discussing theB− → X(3823)K− decay, in this sec-
tion we further investigate the productions of two D-wave
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charmoniaηc2(1D2) with JPC
= 2−+ andψ3(3D3) with JPC

=

3−− through similarB decay processes. Here,ηc2(1D2) and
ψ3(3D3) have not yet been observed in experiment, which also
stimulates us to predict the production rates ofB− → ηc2K−

andB− → ψ3K−.
Similar to the processB− → X(3823)K−, the processes

B− → ηc2K− and B− → ψ3K− are also forbidden if sim-
ply considering the naive factorization contribution, since
〈ηc2(2−+)|(cc)V∓A|0〉 = 0 and 〈ψ3(3−−)|(cc)V∓A|0〉 = 0.
According to the former experience of study ofB− →
X(3823)K−, we need to introduce the rescattering mechanism
to estimate the decay rates of these two processes.

In order to calculate the processesB− → ηc2(1D2)K− and
B− → ψ3(3D3)K−, one needs to have the effective Lagrangian
given in Eq. (17). For the vertexesηc2DD∗ andηc2D∗D∗, the
corresponding Lagrangians read

Lηc2DD∗ = igηc2DD∗η
µν
c2(∂νD̄D∗µ − D̄∂νD

∗
µ)

−igηc2DD∗η
µν
c2(D̄∗µ∂νD − ∂νD̄∗µD) , (29)

Lηc2D∗D∗ = gηc2D∗D∗εµναβ∂
µη

ρν
c2D∗α∂ρD̄∗β (30)

with

gηc2DD∗ = 2gX
√

mDmD∗mηc2 (31)

gηc2D∗D∗ = 4gX

√
mD∗mD∗mηc2

mηc2

. (32)

For the vertexψ3D∗D∗, the Lagrangian is

Lψ3D∗D∗ = gψ3D∗D∗ψ
µνα

3 (∂µD̄∗νD
∗
α − D̄∗ν∂µD∗α) (33)

with

gψ3D∗D∗ = 4gX
√

mD∗mD∗mψ3 . (34)

The Lagrangians for the vertexesηc2D(∗)
s D∗s andψ3D∗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 = gηc2DD∗ , gηc2D∗s D∗s = gηc2D∗D∗

andgψ3D∗s D∗s = gψ3D∗D∗ , which are obtained by assuming the
S U(3) flavor symmetry.

For B− → ηc2K−, the corresponding diagrams are the same
as those ofB− → X(3823)K−, where we only need to make a
replacementX(3823)→ ηc2 in the diagrams shown in Fig.1.
With the above preparation, the absorptive parts of the ampli-
tudes in the processB− → ηc2K− can be obtained, for exam-
ple, for the amplitude of the diagram Fig.1 (1a) as

AbsB−→ηc2K−

(1a)

=
|p2|

32π2m1

∫

dΩ
GF√

2
VcbV∗csa1

√
m1m2ξ(ω)

(

vγ1 +
pγ2
m2

)

f3p3γ

×(−1)gηc2DD∗ǫ
∗µν
5 (p2ν + p4ν)













−gµα +
p4µp4α

m2
4













gDsD∗K pα6

× 1

p2
4 − m2

4

F2(p2
4) , (35)

wheremi (i = 1, 2, 3, ...) denotes the mass of the particle car-
rying momentumpi in Fig. 1. The rest of the amplitudes are
given in Appendix.

The total absorptive part of the amplitude of the process
B− → ηc2K− is

Abs
(M[B− → ηc2K−]

)

=

∑

i=1a,...,3b

AbsB−→ηc2K−

(i) ,

B−(p1)

D∗0(p2)

D−

s
(p3)

p4

K−(p6)

D∗0
B−(p1)

D0(p2)

D∗−

s
(p3)

D∗+
s p4

ψ3(p5)

K−(p6)ψ3(p5)

ψ3(p5)

D∗0(p2)

B−(p1)

D∗−

s
(p3)

D∗0 p4

K−(p6)

B−(p1)

D∗0(p2)

D∗−

s
(p3)

D∗+
s

p4

ψ3(p5)

K−(p6)

(1a) (1b)

(2a) (2b)

FIG. 2: (color online). The schematic diagrams for the decayB− →
ψ3K− via the rescattering mechanism.

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

AbsB−→ψ3K−

(1a)

=
|p2|

32π2m1

∫

dΩ
GF√

2
VcbV∗csa1

√
m1m2ξ(ω)

(

iεγδηβ
pη2
m2

vβ1

−(1+ ω)gδγ + v1δ
p2γ

m2

)

f3pγ3













−gδα +
pδ2p2α

m2
2













igψ3D∗D∗

×ǫ∗µνα5 (p4µ + p2µ)













−gνθ +
p4νp4θ

m2
4













gD∗DsK pθ6
1

p2
4 − m2

4

×F2(p2
4) . (36)

Note thatmi (i = 1, 2, 3, ...) denotes the mass of the particle
carrying momentumpi in Fig. 2. The rest of the amplitudes
are given in Appendix.

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

Abs
(M[B− → ψ3K−]

)

=

∑

i=1a,...,2b

AbsB−→ψ3K−

(i) .

Other input parameters are the masses of two unobserved
charmoniaηc2 andψ3, which are given bymηc2(1D2) = 3.811
GeV andmψ3(3D3) = 3.815 GeV [21]. We vary±50 MeV
to account for the uncertainties of these predicted masses.
When takingα = 0.70 ± 0.05, the same value as that for
B− → X(3823)K−, we obtain the branching fractions for the
processesB− → ηc2K− andB− → ψ3K−,

BR(B− → ηc2(1D2)K−) = (1.72± 0.47)× 10−5 , (37)

BR(B− → ψ3(3D3)K−) = (0.80± 0.21)× 10−5 , (38)
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where the errors come from the uncertainties ofα and the
masses ofηc2 andψ3. The results are sizable and are the same
order of magnitude asB− → X(3823)K−, which means that
these two decay channels can be accessible in future experi-
ments.

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 as-
sume they are not dominant as in Ref. [14]. As for the weak
vertexes, there are actually much smaller uncertainties since
either the naive factorization assumption forB → D(∗)D̄(∗)

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 parameterα and the predicted
masses ofηc2(1D2) and ψ3(3D3). Since the coupling con-
stantsgH in Eq. (10) andgX in Eq. (17) appear in all the am-
plitudes as global factors, after fitting to the processB− →
X(3823)K−, the uncertainties caused bygH and gX are just
canceled when calculating the processesB− → ηc2(1D2)K−

andB− → ψ3(3D3)K−. The uncertainties from cutoff α and
the predicted masses ofηc2(1D2) andψ3(3D3) have already
considered in the text. As a whole, we stress that these uncer-
tainties 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 de-
cays [12–17]. As a long distant contribution, the rescat-
tering mechanism is a typical non-perturbative QCD effect.
Stimulated by the observation ofB− → X(3823)K− [18],
we study the contribution from the rescattering mechanism
to B− → X(3823)K− since the naive factorization contribu-
tion to B− → X(3823)K− vanishes. With a reasonable cut-
off parameter, we can reproduce the experimental branch-
ing ratio of B− → X(3823)K−. Under the same theoreti-
cal framework and with fitted parameters, we further inves-
tigate the processesB− → ηc2(1D2)K− andB− → ψ3(3D3)K−.
Our results showBR(B− → ηc2(1D2)K−) = 1.7 × 10−5 and
BR(B− → ψ3(3D3)K−) = 0.8 × 10−5, which are compara-
ble toBR(B− → X(3823)K−) ≃ 2.1 × 10−5 extracted from
experimental data. Our study shows that non-factorizable
contribution toB− → X(3823)K−, B− → ηc2(1D2)K− and
B− → ψ3(3D3)K− are sizable. Thus, experimental explo-
ration of B− → ηc2(1D2)K− and B− → ψ3(3D3)K− be-
comes possible at future experiments like LHCb, Belle, and
the forthcoming BelleII. We also expect that our predictions
of B− → ηc2(1D2)K− andB− → ψ3(3D3)K− can be confirmed
in experiments.

So far, two D-wave charmoniaηc2(1D2) and ψ3(3D3)
are still missing in experiments. When exploringB− →
ηc2(1D2)K− andB− → ψ3(3D3)K−, a key point is how to iden-
tify ηc2(1D2) andψ3(3D3) experimentally, whose task is full of
challenges faced by experimentalists. Since the present study
shows thatB− → ηc2(1D2)K− and B− → ψ3(3D3)K− have

sizable branching ratios. These two processes are also ideal
channels to search forηc2(1D2) andψ3(3D3). If future exper-
iment can find these predicted decays, it will not only make
our knowledge ofB meson decays become more abundant,
but also be helpful in establishing the charmonium family.

In summary, experimental study ofB− → ηc2(1D2)K− and
B− → ψ3(3D3)K− will be a potential issue in near future. If
these channels can be confirmed in experiments, the role of
the rescattering mechanism inB− → ηc2(1D2)K− andB− →
ψ3(3D3)K− can be further identified, which will deepen our
understanding of non-perturbative QCD behavior.
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Appendix: The rest of the amplitudes of the processes
B− → X(3823)K−, B− → ηc2K− and B− → ψ3K−

The amplitudes of the processB− → X(3823)K− depicted
in the diagrams Fig.1 (1b)-(3b) are:

AbsB−→ψ2K−

(1b)

=
|p2|

32π2m1

∫

dΩ
GF√

2
VcbV∗csa1

√
m1m2ξ(ω)

(

vγ1 +
pγ2
m2

)

f3p3γ

×(−1)gDD∗sK pα6













−gαµ +
p4αp4µ

m2
4













(−i)gψ2DsD∗s ǫ
∗µν
5

×(p3ν − p4ν)
1

p2
4 − m2

4

F
2(p2

4) , (39)

AbsB−→ψ2K−

(2a)

=
|p2|

32π2m1

∫

dΩ
GF√

2
VcbV∗csa1

√
m1m2ξ(ω)

(

iεγδαβ
pα2
m2

vβ1

−(1+ ω)gδγ + v1δ
p2γ

m2

)

f3m3













−gδµ +
pδ2p2µ

m2
2













igψ2DD∗ǫ
∗µν
5

×(p4ν + p2ν)(−gDD∗sK)p6θ













−gθγ +
pθ3pγ3
m2

3













1

p2
4 − m2

4

×F2(p2
4) , (40)
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AbsB−→ψ2K−

(2b)

=
|p2|

32π2m1

∫

dΩ
GF√

2
VcbV∗csa1

√
m1m2ξ(ω)

(

iεγδαβ
pα2
m2

vβ1

−(1+ ω)gδγ + v1δ
p2γ

m2

)

f3m3













−gδθ +
pδ2p2θ

m2
2













gDsD∗K pθ6(−i)

×gψ2DsD∗s ǫ
∗µν
5 (p4ν − p3ν)













−gγµ +
p3µpγ3

m2
3













1

p2
4 − m2

4

×F2(p2
4) , (41)

AbsB−→ψ2K−

(3a)

=
|p2|

32π2m1

∫

dΩ
GF√

2
VcbV∗csa1

√
m1m2ξ(ω)

(

iεγδζη
pζ2
m2

vη1

−(1+ ω)gδγ + v1δ
p2γ

m2

)

f3m3(−i)gψ2D∗D∗

[












−gδν +
pδ2p2ν

m2
2













×εµραβǫ∗µν5 pα4 pβ5













−gρσ +
pρ4pσ4
m2

4













+













−gδρ +
pδ2pρ2
m2

2













εµραβ

×ǫ∗µν5 pα4 pβ5













−gσν +
p4νpσ4

m2
4













]

gD∗D∗s Kετσκλpκ4pλ6

×












−gτγ +
pτ3pγ3
m2

3













1

p2
4 − m2

4

F
2(p2

4) , (42)

AbsB−→ψ2K−

(3b)

=
|p2|

32π2m1

∫

dΩ
GF√

2
VcbV∗csa1

√
m1m2ξ(ω)

(

iεγδζη
pζ2
m2

vη1

−(1+ ω)gδγ + v1δ
p2γ

m2

)

f3m3













−gδθ +
pδ2pθ2
m2

2













gD∗D∗s Kεσθτκ

×pτ2pκ6igψ2D∗s D∗s

[ 











−gσν +
pσ4 p4ν

m2
4













εµραβǫ
∗µν
5 pα3 pβ5

×












−gργ +
pρ3pγ3
m2

3













+













−gσρ +
pσ4 pρ4
m2

4













εµραβǫ
∗µν
5 pα3 pβ5

×












−gγν +
p3νpγ3

m2
3













]

1

p2
4 − m2

4

F2(p2
4) . (43)

The amplitudes of the processB− → ηc2K− depicted in the
diagrams Fig.1 (1b)-(3b) are:

AbsB−→ηc2K−

(1b)

=
|p2|

32π2m1

∫

dΩ
GF√

2
VcbV∗csa1

√
m1m2ξ(ω)

(

vγ1 +
pγ2
m2

)

f3p3γ

×(−1)gDD∗sK pα6













−gαµ +
p4αp4µ

m2
4













gηc2DsD∗s ǫ
∗µν
5 (p3ν − p4ν)

× 1

p2
4 − m2

4

F2(p2
4) , (44)

AbsB−→ηc2K−

(2a)

=
|p2|

32π2m1

∫

dΩ
GF√

2
VcbV∗csa1

√
m1m2ξ(ω)

(

iεγδαβ
pα2
m2

vβ1

−(1+ ω)gδγ + v1δ
p2γ

m2

)

f3m3













−gδµ +
pδ2p2µ

m2
2













(−1)gηc2DD∗

×ǫ∗µν5 (p4ν + p2ν)(−gDD∗sK)p6θ













−gθγ +
pθ3pγ3
m2

3













1

p2
4 − m2

4

×F2(p2
4) , (45)

AbsB−→ηc2K−

(2b)

=
|p2|

32π2m1

∫

dΩ
GF√

2
VcbV∗csa1

√
m1m2ξ(ω)

(

iεγδαβ
pα2
m2

vβ1

−(1+ ω)gδγ + v1δ
p2γ

m2

)

f3m3













−gδθ +
pδ2p2θ

m2
2













gDsD∗K pθ6(−1)

×gηc2DsD∗s ǫ
∗µν
5 (p4ν − p3ν)













−gγµ +
p3µpγ3

m2
3













1

p2
4 − m2

4

×F2(p2
4) , (46)

AbsB−→ηc2K−

(3a)

=
|p2|

32π2m1

∫

dΩ
GF√

2
VcbV∗csa1

√
m1m2ξ(ω)

(

iεγδζη
pζ2
m2

vη1

−(1+ ω)gδγ + v1δ
p2γ

m2

)

f3m3













−gδα +
pδ2pα2
m2

2













(−1)gηc2D∗D∗

×ερναβpρ5ǫ
∗µν
5 p4µ















−gβσ +
pβ4pσ4
m2

4















gD∗D∗s Kετσκλpκ4pλ6

×












−gτγ +
pτ3pγ3
m2

3













1

p2
4 − m2

4

F2(p2
4) , (47)

AbsB−→ηc2K−

(3b)

=
|p2|

32π2m1

∫

dΩ
GF√

2
VcbV∗csa1

√
m1m2ξ(ω)

(

iεγδζη
pζ2
m2

vη1

−(1+ ω)gδγ + v1δ
p2γ

m2

)

f3m3













−gδθ +
pδ2pθ2
m2

2













gD∗D∗s Kεσθτκ

×pτ2pκ6













−gσα +
pσ4 pα4
m2

4













gηc2D∗s D∗sερναβpρ5ǫ
∗µν
5 p3µ

×














−gβγ +
pβ3pγ3
m2

3















1

p2
4 − m2

4

F2(p2
4) . (48)

The amplitudes of the processB− → ψ3K− depicted in the
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diagrams Fig.2 (1b)-(2b) are:

AbsB−→ψ3K−

(1b)

=
|p2|

32π2m1

∫

dΩ
GF√

2
VcbV∗csa1

√
m1m2ξ(ω)

(

pβ2
m2
+ vβ1

)

f3m3

(−1)gDD∗sK pθ6













−gθα +
p4θp4α

m2
4













igψ3D∗s D∗s ǫ
∗µνα
5 (p4µ − p3µ)

×












−gνβ +
p3νp3β

m2
3













1

p2
4 − m2

4

F2(p2
4) , (49)

AbsB−→ψ3K−

(2a)

=
|p2|

32π2m1

∫

dΩ
GF√

2
VcbV∗csa1

√
m1m2ξ(ω)

(

iεγδζη
pζ2
m2

vη1

−(1+ ω)gδγ + v1δ
p2γ

m2

)

f3m3













−gδα +
pδ2p2α

m2
2













igψ3D∗D∗ǫ
∗µνα
5

×(p4µ + p2µ)













−gτν +
p4νpτ4

m2
4













gD∗D∗s Kεστρβpρ4pβ6

×












−gσγ +
pσ3 pγ3
m2

3













1

p2
4 − m2

4

F2(p2
4) , (50)

AbsB−→ψ3K−

(2b)

=
|p2|

32π2m1

∫

dΩ
GF√

2
VcbV∗csa1

√
m1m2ξ(ω)

(

iεγδζη
pζ2
m2

vη1

−(1+ ω)gδγ + v1δ
p2γ

m2

)

f3m3













−gδτ +
pδ2pτ2
m2

2













gD∗D∗s Kεστρβ

×pρ2pβ6













−gσα +
pσ4 p4α

m2
4













igψ3D∗s D∗s ǫ
∗µνα
5 (p4µ − p3µ)

×












−gγν +
p3νpγ3

m2
3













1

p2
4 − m2

4

F2(p2
4) . (51)

[1] X. Liu, An overview of XYZ new particles,
Chin. Sci. Bull.59, 3815 (2014).

[2] H. X. Chen, W. Chen, X. Liu and S. L. Zhu, The hidden-charm
pentaquark and tetraquark states,arXiv:1601.02092.

[3] X. Liu, X. Q. Zeng and X. Q. Li, Study on contributions
of hadronic loops to decays ofJ/ψ →vector+pseudoscalar
mesons,Phys. Rev. D74, 074003 (2006).

[4] X. Liu, B. Zhang and S. L. Zhu, The Hidden Charm De-
cay of X(3872), Y(3940) and Final State Interaction Effects,
Phys. Lett. B645, 185 (2007).

[5] C. Meng and K. T. Chao, Decays of theX(3872) andχc1(2P)
charmonium,Phys. Rev. D75, 114002 (2007).

[6] C. Meng and K. T. Chao, Scalar resonance contributions tothe
dipion transition rates of Upsilon(4S,5S) in the re-scattering
model,Phys. Rev. D77, 074003 (2008).

[7] X. Liu, The Hidden charm decay ofY(4140) by the rescattering
mechanism,Phys. Lett. B680, 137 (2009).

[8] F. K. Guo, C. Hanhart, G. Li, U. G. Meissner and Q. Zhao,
Novel analysis of the decaysψ′ → hcπ

0 and η′c → χc0π
0,

Phys. Rev. D82, 034025 (2010).
[9] D. Y. Chen, J. He, X. Q. Li and X. Liu, Dipion

invariant mass distribution of the anomalousΥ(1S )π+π−

and Υ(2S )π+π− production near the peak ofΥ(10860),
Phys. Rev. D84, 074006 (2011).

[10] D. Y. Chen, X. Liu and S. L. Zhu, Charged bottomonium-like
statesZb(10610) andZb(10650) and theΥ(5S ) → Υ(2S )π+π−

decay,Phys. Rev. D84, 074016 (2011).
[11] X. D. Guo, D. Y. Chen, H. W. Ke, X. Liu and X. Q. Li, Study on

the rare decays ofY(4630) induced by final state interactions,
Phys. Rev. D93, 054009 (2016).

[12] P. Colangelo, F. De Fazio and T. N. Pham,B− →
K−χc0 decay from charmed meson rescattering,
Phys. Lett. B542, 71 (2002).

[13] P. Colangelo, F. De Fazio and T. N. Pham, Nonfactorizable con-

tributions in B decays to charmonium: The Case ofB− → K−hc,
Phys. Rev. D69, 054023 (2004).

[14] H. Y. Cheng, C. K. Chua and A. Soni, Final state interactions in
hadronic B decays,Phys. Rev. D71, 014030 (2005).

[15] Z. G. Wang, Final-state interactions in the decaysB0 → ηcK∗,
Eur. Phys. J. C58, 245 (2008).

[16] X. Q. Li and B. S. Zou, Significance of single pion ex-
change inelastic final state interaction forD → VP processes,
Phys. Lett. B399, 297 (1997).

[17] Y. S. Dai, D. S. Du, X. Q. Li, Z. T. Wei and B. S. Zou, Final state
interactions inD0→ K0K̄0, Phys. Rev. D60, 014014 (1999).

[18] V. Bhardwaj et al. [Belle Collaboration], Evidence of a
new narrow resonance decaying toχc1γ in B → χc1γK,
Phys. Rev. Lett.111, 032001 (2013).

[19] M. Ablikim et al. [BESIII Collaboration], Observation
of the ψ(13D2) state in e+e− → π+π−γχc1 at BESIII,
Phys. Rev. Lett.115, 011803 (2015).

[20] E. J. Eichten, K. Lane and C. Quigg,B meson gateways to miss-
ing charmonium levels,Phys. Rev. Lett.89, 162002 (2002).

[21] D. Ebert, R. N. Faustov and V. O. Galkin, Properties of
heavy quarkonia andBc mesons in the relativistic quark model,
Phys. Rev. D67, 014027 (2003).

[22] P. W. Ko, J. Lee and H. S. Song, Color octet mechanism in
the inclusiveD wave charmonium productions inB decays,
Phys. Lett. B395, 107 (1997).

[23] C. F. Qiao, F. Yuan and K. T. Chao, A Crucial test
for color octet production mechanism inZ0 decays,
Phys. Rev. D55, 4001 (1997).

[24] B. Wang, H. Xu, X. Liu, D. Y. Chen, S. Coito and E. Eichten,
UsingX(3823)→ J/ψπ+π− to identify coupled-channel effects,
Front. Phys.11, 111402 (2016).

[25] G. Buchalla, A. J. Buras and M. E. Lautenbacher, Weak decays
beyond leading logarithms,Rev. Mod. Phys.68, 1125 (1996).

[26] Z. Luo and J. L. Rosner, Factorization in color - favoredB me-

http://link.springer.com/article/10.1007%2Fs11434-014-0407-2
https://inspirehep.net/record/1414795
http://journals.aps.org/prd/abstract/10.1103/PhysRevD.74.074003
https://inspirehep.net/record/729700
https://inspirehep.net/record/746772
https://inspirehep.net/record/771290
https://inspirehep.net/record/816997
https://inspirehep.net/record/845837
https://inspirehep.net/record/898899
https://inspirehep.net/record/901421
https://inspirehep.net/record/1420156
https://inspirehep.net/record/589859
https://inspirehep.net/record/630027
https://inspirehep.net/record/660581
https://inspirehep.net/record/793185
https://inspirehep.net/record/425509
https://inspirehep.net/record/496042
https://inspirehep.net/record/1228343
https://inspirehep.net/record/1356733
https://inspirehep.net/record/587848
https://inspirehep.net/record/600736
https://inspirehep.net/record/439441
https://inspirehep.net/record/423062
https://inspirehep.net/record/1385615
http://inspirehep.net/record/403867


9

son decays to charm,Phys. Rev. D64, 094001 (2001).
[27] H. Y. Cheng, C. K. Chua and C. W. Hwang, Covari-

ant light front approach fors-wave and p-wave mesons:
Its application to decay constants and form-factors,
Phys. Rev. D69, 074025 (2004); see also, T. Matsuki and
K. Seo, Construction of Lorentz invariant amplitudes from rest
frame wave functions in HQET: Application to Isgur-Wise
function,Prog. Theor. Phys.118, 1087 (2007), Erratum: [Prog.
Theor. Phys.121, 1141 (2009)].

[28] M. Neubert, Heavy quark symmetry,
Phys. Rept.245, 259 (1994).

[29] M. B. Wise, Chiral perturbation theory for hadrons containing
a heavy quark,Phys. Rev. D45, 2188 (1992).

[30] R. Casalbuoni, A. Deandrea, N. Di Bartolomeo, R. Gatto,
F. Feruglio and G. Nardulli, Phenomenology of heavy meson
chiral Lagrangians,Phys. Rept.281, 145 (1997).

[31] R. Casalbuoni, A. Deandrea, N. Di Bartolomeo, R. Gatto,
F. Feruglio and G. Nardulli, Hadronic transitions among
quarkonium states in a soft exchange approximation.
Chiral breaking and spin symmetry breaking processes,
Phys. Lett. B309, 163 (1993).

[32] M. E. Peskin and D. V. Schroeder, An Introduction to quantum
field theory, Reading, USA: Addison-Wesley (1995) 842 p.

[33] K. A. Olive et al. [Particle Data Group Collaboration], Review
of Particle Physics,Chin. Phys. C38, 090001 (2014).

http://inspirehep.net/record/551987
https://inspirehep.net/record/632120
http://inspirehep.net/record/746562
https://inspirehep.net/record/355600
https://inspirehep.net/record/31475
https://inspirehep.net/record/418734
https://inspirehep.net/record/344606
https://inspirehep.net/record/1315584

