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In order to understand the possible gg quark-model assignments of the B;(5840) and B;(5960) recently
reported by the LHCb Collaboration, we evaluate mass spectra, strong decays, and radiative decays of
bottom and bottom-strange mesons in a nonrelativistic quark model. Comparing these predictions with the
relevant experimental results, we suggest that the B;(5840) and B,(5960) can be identified as the B(2!5)
and B(13Dj3), respectively, and the B(5970) reported by the CDF Collaboration can be interpreted as the
B(23S,) or B(1°D5). Further precise measurements of the width, spin and decay modes of the B(5970) are
needed to distinguish these two assignments. These predictions of bottom and bottom-strange mesons can
provide useful information to further experimental investigations.
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I. INTRODUCTION

Heavy-light mesons composed of one heavy quark and
one light quark act as the hydrogen atoms of hadron physics
and are the ideal laboratory for the understanding of strong
interactions in the nonperturbative regime [1-3]. In the past
several years, significant progress has been achieved in
studying the charmed and charmed-strange states exper-
imentally [4-8]. It is widely accepted that the ground
charmed and charmed-strange mesons such as D(1S),
D(1P), Dy(1S), and D (1P) have been established [4],
and some candidates for higher radial and orbital excita-
tions have also been reported, which have stimulated many
theoretical investigations on these excitations [9-28].

Recently, the LHCb Collaboration studied B*z~ and
Bz~ invariant mass distributions by analysing pp
collision data at center-of-mass energies of 7 and
8 TeV [29]. Precise masses and widths of the B;(5721)
and B}(5747) are measured, and two excited bottom
mesons B,(5840)%* and B;(5960)>* are observed,
whose masses and widths are also studied with various
quantum number hypotheses. The measured masses and
widths of the neutral B;(5840) and B,;(5960) under
different spin-parity hypotheses are listed in Table I. In
2013, the CDF Collaboration studied the Bz* and B*z~
invariant mass distributions using the data from pp
collisions at /s = 1.96 TeV [30]. A new resonance
B(5970) is found both in the B’z and Bz~ mass
distributions, and the mass and with of the neutral
B(5970) are 5978 + 5+ 12 MeV and 70750 + 30 MeV,
respectively. Since the B(5970) can decay into Bz final
state, it should be a natural spin-parity state.

Unlike the prosperity of charm sector, experimental
information on excited bottom and bottom-strange mesons
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is scarce. Therefore, the above excited B mesons reported
by the LHCb and CDF Collaborations provide a good
platform to study the low-lying excited bottom and bottom-
strange mesons. Some theoretical predictions on masses
and widths of bottom and bottom-strange mesons have
been performed in different approaches such as constituent
quark model [31-35], chiral quark model [11], 3P, model
[36-38], heavy meson effective theory [39,40], and other
approaches [41,42]. These theoretical predictions are not
completely consistent with each other. In order to under-
stand the natures of the B;(5840), B;(5960), and B(5970),
further test calculations against the experimental measure-
ments are required.

The main purpose of this work is to discuss the possible
quark-model assignments of the B;(5840), B;(5960), and
B(5970). We shall calculate the masses of excited bottom
and bottom-strange mesons in a nonrelativistic quark
model and the corresponding strong decay behaviors in
the 3P, model. The relevant radiative transitions are also
evaluated.

This work is organized as follows. In Sec. II, we
calculate the bottom and bottom-strange meson masses
in a nonrelativistic quark model. In Sec. IIl, we evaluate
the two-body Okubo-Zweig-lizuka (OZI)-allowed strong
decays of the bottom and bottom-strange mesons in the 3P,
model with the realistic wave functions from the quark
model employed in Sec. II. In Sec. IV, we give the E1 and
M1 radiative decays of the bottom and bottom-strange
mesons. A summary is given in the last section.

II. MASSES

To obtain the bottom and bottom-strange meson spec-
troscopy, we calculate the open-bottom mesons masses in a
nonrelativistic quark model proposed by Lakhina and
Swanson, which can describe the heavy-light meson and
heavy quarkonium masses with a reasonable accuracy [43].
We have employed this model to evaluate the open-charm
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TABLE 1. The neutral charge resonances observed by the
LHCb Collaboration with different spin-parity hypotheses [29].
The N and UN stand for the natural spin parity [P = (—1)’] and
unnatural spin parity [P = (—1)V*1)], respectively.

Hypothesis I: Both B,(5840)° and B,(5960)° have UN.

My, (ssa0p 5862.9 £ 5.0+ 6.7 £ 02 MeV
I'g, (s840)0 127.4 +16.7 £ 34.2 MeV

M g, (s960)0 5969.2+£2.9+5.1 £0.2 MeV
s, (5960)0 823+ 7.7+9.4 MeV

Hypothesis II: B;(5840)° has N and B;(5960)° has UN.

My, (ssa0p 5889.7 +22.0 + 6.7 = 0.2 MeV
T's, (ss0)0 107.0 £ 19.6 + 34.2 MeV
Mg, 5950 60159 +3.7+5.1+£02+04
T's, (so60)° 81.6+9.9 + 9.4 MeV

J

Hypothesis II: B,;(5840)° has UN and B,(5960)° has N.

My, (ssa0p 5907.8 £4.7 + 6.7+ 0.2 + 0.4 MeV
T's, (ss0)0 119.4 £+ 17.2 + 342 MeV
Mg, 5950 5993.6 + 6.4 + 5.1 + 0.2 MeV
T's, (s960)° 55.9+ 6.6+ 9.4 MeV

J

mesons masses in Ref. [18]. In this model, the total
Hamiltonian can be written as

H:H0+Hsd+cqc']v (1)

where H, is the zeroth-order Hamiltonian, H,; is the
spin-dependent Hamiltonian, and C,; is a constant. The
H 0 is

2y
Hy=2 2% | ppy280€¢

32a.c 3 P 22
= i S, S
0 M, 3r

9y/mwm, my ¢ Sp ()

where p is the center-of-mass momentum, r is the gg
separation, M, = 2m,mg/(m, + mg); m, and my are the
masses of quark ¢ and antiquark g, respectively; S, and S;
are the spins of the quark ¢ and antiquark g, respectively.
The spin-dependent part H,; can be expressed as

S S; 1dv. 2dV
q il
Hoa = <2 2+2m> L(r dr+r dr)

S, -L/1dV
mqmg r r
L 38,078, F=5, S,

3m,mg

S, S S_
+ [ =-=2)+ LV, (3)
my Mg mgimyg

where L is the relative orbital angular momentum of the gg
system, and

by,
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S, =8,+8;. (4)

Here yr = 0.5772 and the scale u is set to 1.1 GeV.

The parameters used in this work are a, = 0.5,
b =0.14 GeV?, 6 = 1.17 GeV, C; = 0.003 GeV, C,j, =
0.051 GeV. The constituent quark masses are taken to be
m, =myg=0.45GeV, m; =0.55 GeV, and m;, =4.5 GeV.

The spin-orbit term included in the H,; can be decom-
posed into symmetric part Hgy, and antisymmetric part
H .- These two parts can be written as

o SCL[( 11V, 2av,
e [\2m2 2m2 ) \rdr o rodr
2 1dV
]
mgmg m2
_S_-L 1 1 1dV. 2dV1
2 2m3 2m§ r dr rdr
1 1 2
— 6
+<m2 m§+mm> 4} (6)

The antisymmetric part H,,; gives rise to the spin-orbit
mixing of the heavy-light mesons with different total
spins but with the same total angular momentum such as
B(n*L;) and B(n'L;) [By(n’L;) and By(n'L;)]. Hence,
the two physical states B; (nL) and B} (nL) [By; (nL) and
B, (nL)] can be expressed as [12,31,44]

i) = (o o) () 0

<BS,L(nL)) < cos®,, siné’;L) <Bs(n1LL)> ®)
B, (nL)) \=sin@,, cos@, ) \B,(n’L;))’

where the 6,; and @/, are the mixing angles. The B} (nL)
[B), (nL)] refers to the higher mass state.

With the help of Mathematica program [45], we solve the
Schrodinger equation with Hamiltonian H, and treat the H

H anti
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TABLE II. The B meson masses in MeV from different quark
models. The mixing angles of B; — B} obtained in this work
are 01p = —34.6°, 0,p = —36.1°, 0;p = —39.6°, O, = —39.7°,
0,r = —41.0°. Dots indicates that the corresponding mass was
not calculated in the corresponding reference.
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TABLE III.  The B, meson masses in MeV from different quark
models. The mixing angles of B,; — B}, obtained in this work
are 0}, = —34.9°, 0,, = —-36.1°, 8}, = —39.8°, 6, = —39.8°,
0| = —41.1°. Dots indicates that the corresponding mass was
not calculated in the corresponding reference.

State  This work ZVR [32] DE [33] EFG [34] LNR [35]  State  This work ZVR [32] DE [33] EFG [34] LNR [35]
B(1'S,) 5280 5280 5279 5280 5277 B,(1'S,) 5362 5370 5373 5372 5366
B(13s,) 5329 5330 5324 5326 5325 B,(13S,) 5413 5430 5421 5414 5417
B(2'S,) 5910 5830 5886 5890 5822 B,(2'S,) 5977 5930 5985 5976 5939
B(23S,) 5939 5870 5920 5906 5848 B,(23S,) 6003 5970 6019 5992 5966
B(3'S,) 6369 6210 6320 6379 6117 B,(3'S,) 6415 6310 6421 6467 6254
B(3’s,) 6391 6240 6347 6387 6136 B,(3%S,) 6435 6340 6449 6475 6274
B(13P,) 5683 5650 5706 5749 5678 B,(1°P,) 5756 5750 5804 5833 5781
B,(1P) 5729 5690 5700 5723 5686 B, (1P) 5801 5790 5805 5831 5795
B/(1P) 5754 5690 5742 5774 5699 B, (IP) 5836 5800 5842 5865 5805
B(13Py) 5768 5710 5714 5741 5704 B,(13P,) 5851 5820 5820 5842 5815
B(2’P,) 6145 6060 6163 6221 6010 B,(2°Py) 6203 6170 6264 6318 6143
B,(2P) 6185 6100 6175 6209 6022 B, (2P) 6241 6200 6278 6321 6153
B|(2P) 6241 6100 6194 6281 6028 B,(2P) 6297 6210 6296 6345 6160
B(2’P,) 6253 6120 6188 6260 6040 B,(2°P,) 6309 6220 6292 6359 6170
B(13D,) 6095 5970 6025 6119 6005 B,(1°D,) 6142 6070 6127 6209 6094
By(1D) 6004 5060 5985 6103 5920 B,(1D) 6087 6070 6095 6189 6043
B,(1D) 6113 5080 6037 6121 5955 B,(1ID) 6159 6080 6140 6218 6067
B(1’D;) 6014 5970 5993 6091 5871 B,(1°D;) 6096 6080 6103 6191 6016
B(2’D,) 6497 s s 6534 6248 B,(2’D,) 6527 s . 6629 6362
B,(2D) 6435 6310 6528 6179 B,(2D) 6492 6410 L6625 6320
B,(2D) 6513 6320 6554 6207 B,(2D) 6542 6420 .. 6651 6339
B(23D;) 6444 6320 s 6542 6140 B,(2’D;) 6500 6420 .. 6637 6298
B(13F,) 6383 6190 6264 6412 - BJ(13F,) 6412 6300 6369 6501 o
By(1F) 6236 6180 6220 6391 Bu(1F) 6313 6280 6332 6468

B,(1F) 6393 6200 6271 6420 B(IF) 6422 6310 6376 6515

B(13F,) 6243 6180 6226 6380 B(1°F,) 6319 6290 6337 6475

as the perturbative term. The obtained bottom and bottom-
strange meson masses are shown in Tables II and III. The
predictions of some other quark models [32-35] are also
listed.

It is believed that the gg system can be described by the
relativistic Hamiltonian

H=\[p*+m+ [P +m+V().  (9)

For the heavy quarkonium, because of p being smaller than
the quark mass, the kinetic energy terms in Eq. (9) can be
expanded in inverse powers of the quark mass to obtain the
nonrelativistic Hamiltonian. The heavy-light meson state is
in principle a relativistic system since p is not smaller
than the light constituent quark mass m. Therefore, it is
necessary to discuss the applicability of the nonrelativistic
approximation for the relativistic heavy-light system. It is
suggested that the following Martin’s operator bound is
valid for arbitrary mass M [46]:

M o m (10)

This equation gives an upper limit of the relativistic kinetic
energy term. The equality in Eq. (10) holds if the extremum
is taken in M. Based on this effective mass expansion of the
relativistic kinetic energy term, Jaczko and Durand explain
the success of Martin’s nonrelativistic descriptions for the
spectra of the relativistic light-light and heavy-light mesons
[47]. In fact, when an extremum is taken already in the
spectrum, the resulting procedure is just a variational
method, which establishes a connection between the non-
relativistic potential model and the relativistic potential
model. This method, based on the original work [48] and
also known as the auxiliary or einbein field method, has
proven to be rather accurate in various calculations for the
relativistic systems [49] and has been applied to the light-
light and heavy-light mesons, glueballs, and hybrids
[49-55]. This suggests that one can describe the relativistic
heavy-light mesons with formally nonrelativistic formulas.

When we discuss the possible assignments of the
observed bottom states based on the mass information,
we use the mass ranges from different quark models
including the nonrelativistic and relativistic models rather
than only from the nonrelativistic model (1).
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FIG. 1. The bottom meson spectrum. The solid lines stand for our predictions and the shaded regions are the expected mass ranges

from some other quark models [32—35]. The observed bottom states
parity, respectively.

The predicted mass ranges from different quark
models and the observed bottom states are shown in
Fig. 1. It is shown that the ground states B and B* can
be well described. For the P wave bottom mesons,
B(5721) and Bj3(5747) lie within the 1P mass range.
Hence, the B;(5721) can be regarded as the B;(1P) or
B/ (1P), and the B;(5747) is identified as the B(13P,).
The observed B;(5840), B,(5960), and B(5970) lie
close to the mass ranges of the B(2'S)), B(2°S,),
B,(1D), and B(1°D;) states. Considering the spin parity
and masses, we tentatively identify the B(5970) as the
B(23S,) or B(1°D;) state. For the B;(5840) and
B;(5960), all spin-parity hypotheses should be consid-
ered. The bottom-strange mesons B, and B; are well
established. The B,(5830) and B¥,(5840) can be
clarified into P wave bottom-strange mesons. The
assignments for these observed bottom and bottom-
strange states are listed in Table IV. Below, we shall
focus on these possible assignments. Since the mass

are also depicted. The N and UN denote natural parity and unnatural

information alone is insufficient to identify these states,
the strong decay behaviors also need to be investigated
in the 3P, model.

TABLE IV. Possible assignments for the observed bottom and
bottom-strange states based on masses and spin parity.

State Possible Assignments
B,(5721) B, (1P), B, (1P)
B;(5747) B(13P,)

B(5970) B(23S,), B(1°D5)
B;(5840)UN B(2'S,)
B;(5960)UN B,(1D)
B;(5840)N B(2°S))
B;(5960)UN B,(1D)
B;(5840)UN B(2'Sy)
B;(5960)N B(23S,), B(1°D3)
By, (5830) By (1P), B, (1P)
B*,(5840) B,(13P,)
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III. STRONG DECAYS
A. 3P, model

In this work, we adopt the 3P, model to evaluate the
Okubo-Zweig-lizuka-allowed two-body strong decays of
the bottom and bottom-strange mesons. The 3P, model,
also called as quark pair creation model, has been widely
applied to study hadron strong decays with considerable
success [56-59]. In this model, the meson decay occurs
through a quark-antiquark pair with the vacuum quantum
number [60]. Here we give a brief review of the * P, model.
The transition operator T of the decay A — BC in the *P,
model can be written as [61]

T=-3y (Iml - m|00>/ d®pyd
2 (PSP o ) ),

P45 (p3 +p4)

(11)

where y is a dimensionless ¢3g4 pair-production strength,
and p; and p, are the momenta of the created quark qs
and antiquark g4, respectively. (,bo , a)o , and )( are
the flavor, color, and spin wave functions of the q3q4,
respectively. The solid harmonic polynomial V{'(p) =
|p|'Y7(6,.4),) reflects the momentum-space distribution
of the ¢3G,.

The partial wave amplitude M%5(P) can be expressed as

My, My Mg, M
X <JBMJBJCMJC|SMS>

MLS(P) = <LMLSMS|JAMJA>

x / dQy; \, MMuMinMic (P), (12)

where  MMuMisMic(P) is the helicity amplitude and
defined as

(BC|T|A) = 8 (P, — Pg — Po) MMuMisMoc (P). (13)

The |A), |B), and |C) denote the mock meson states and the
mock meson |A) is defined by [62]

|A(n,%\SA+lLAJAMJA )(Pr))

= V2B, Y (LaMy,SaMs,[JaM),)

M, Ms,
3 12 1212
X/dPAWnALAMLA(pA))(SAMSA A0,

my _ my
— P, + — P, - ,
4 (ml + m, A pA>qz (ml + my A pA>>

where m; and m, (p, and p,) are the masses (momenta)
of the quark ¢, and the antiquark g,, respectively;

X
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_ mpi=mpy. 12 12 12
Py=pi+pPy PA="05n s X Pas @4

Wa,,m, (Pa) are the spin, flavor, color, and space wave
A

functions of the meson A composed of ¢,g, with total
energy E,, respectively.

Because of different choices of the pair-production
vertex, the phase space conventions, and the employed
meson wave functions, various *P, models exist in liter-
atures. In this work, we restrict to the simplest vertex as
introduced originally by [60], which assumes a spatially
constant pair-production strength y, adopt the relativistic
phase space as Ref. [61], and employ the realistic meson
wave functions from the quark model (1). With the
relativistic phase space, the decay width I'(A — BC) can
be expressed in terms of the partial wave amplitude Eq. (12)

I'(A > BC) = 4M2 Z|MLS , (14)
A‘Ts
where P = |P| = \/[Mi_(MﬁMgM]A[MZ (My—Mc) ], and My,

Mp, and M are the masses of the mesons A, B, and C,
respectively.

We take the light nonstrange quark pair creation strength
y = 7.6 by fitting to the total width of the B3(5747) as the
B(13P,) state. The y and stran ge quark pair creation strength
7,5 can be related by y; = y—” [63], where the constituent
quark masses m, and m, are the same as those used in the
mass estimates in the quark model (1). Our value of y is
higher than that used by other groups such as [22,59] by a
factor of v/967 due to different field conventions. The mixing
angles 6,; are taken from Tables II and III.

B. B(1P) states

For the B(13P,) state, the predicted mass is above the Bz
threshold. The decay widths of the B(13P,) are shown in
Table V. No experimental data of the B(1°P) exist, but
some theoretical estimations also give a broad width [9,36],
which is consistent with our result.

In Table VI, we give the decay widths of the B%(5747).
The y-independent ratio is predicted to be

TABLE V. Decay widths of the B(13P;) in MeV.

Bz~ 153.80
B70 76.62
Total width 230.43

TABLE VI. Decay widths of the B}(5747) in MeV.
BTz~ 8.46
B7° 4.16
B*t ™ 7.97
B70 3.92
Total width 24.51
Experiment 245+ 1.0£11.5

074012-5



LU, PAN, WANG, WANG, and LI

TABLE VII. Decay widths of the B;(5721) in MeV.
Channel B, (1P) B\ (1P)
B*Tn~ 132.77 27.12
B*070 66.63 13.51
Total width 199.40 40.63
Experiment 30.1 £1.5+35
['(B;(5747)° - B* + n~
(B3(5747) _ ™) _ .95, (15)
I'(B3(5747)° - B*n™)

which is consistent with experimental data of 1.10 +
0.42 £0.31 [64] and 0.71 £ 0.14 £ 0.30 [29].

The decay widths of the B;(5721) as the B;(1P) and
B/ (1P) are listed in Table VII. With the B; (1P) assignment
to the B;(5721), the total decay width is expected to be
about 200 MeV, much larger than the experiment, hence
this assignment can be totally excluded. With the B’ (1P)
assignment, the total width of the B;(5721) is 40.63 MeV,
consistent with 30.1 £1.5+3.5 given by the LHCb
Collaboration [29].

The dependence of the B;(5721) total width on the
mixing angle 6, p is depicted in Fig 2. The predicted mixing
angle from the quark model (1) is 6, = —34.6°. With this
angle, the B (1P) decay width is much broader than that of
the B/ (1P), which is consistent with other theoretical
predictions [9,36]. In the heavy quark effective theory,
the P wave heavy-light mesons can be divided into the
(07, 17);1 and (17,27),_; doublets, where j is the total
angular momentum of the hght quark. In the heavy quark
limit, the 6,p = —54.7°, which is close to quark-model
prediction of —34.6°. For the two 17 states, the decay width
is broader for the j =1 state than that for the j = 3 state.
Hence, with the B/ (1P) assignment, the B;(5721) corre-
sponds to the 17 bottom meson belonging to the
(17,2%),- —; doublets.

250¢ , , :

200 ’ /_\

150f

100f

Width(MeV)

-100 -50 0 50 100
6(Degree)

FIG. 2. Total decay width of the B;(5721) as the B(1P) and
B/ (1P) versus the mixing angle. The blue dashed line with a
green band denotes the LHCb experimental data. The vertical red
solid line corresponds to the mixing angle ,p = —34.6° obtained
in Sec. IL
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C. B;(5840) and B, (5960)

For the B;(5840) and B;(5960), three spin-parity
hypotheses exist, which classifies these states into different
possible assignments. In the following, we will consider
these assignments one by one.

In Table VIII, we list the decay widths of the B,;(5840)
and B;(5960) under the hypothesis I. The predicted total
width of the B;(5840) as the B(2!S,) is 126.22 MeV,
in good agreement with the experimental data of
127.4 £ 16.7 +34.2 MeV. However, the predicted total
width of the B,;(5960) as the B,(1D) is much larger than
the experimental data of 82.3 £7.7 £ 9.4 MeV.

The predicted decay widths of the B;(5840) and B, (5960)
under the hypothesis II are presented in Table IX. The
predicted total width of the B;(5840) as the B(23S,) state
is 106.13 MeV, consistent with the experimental data of
107.0 £19.7 £34.2 MeV. However, the predicted total
width of the B;(5960) as the B,(1D) state is much larger
than the experimental data of 81.6 £9.9 + 9.4 MeV.

The decay widths of the B;(5840) and B;(5960) under the
hypothesis III are shown in Table X. The predicted width of
the B;(5840) as the B(2'S,) is about 134 MeV, consistent
with the measured result of 119.4 +17.2 £ 34.2 MeV.
If the B,(5960) is the B(2S;), the B,(5960) total width
is expected to be 131.97 MeV, far away from the measured
width of 55.9 +£6.6 £ 9.4 MeV. If the B;(5960) is the
B(13D3), the B;(5960) total width is expected to be
48.55 MeV, in good agreement with the data of
559+£6.6+9.4 MeV.

To sum up, with the hypothesis III, the total widths of the
B;(5840) and B;(5960) can be reproduced simultaneously.
The strong decay behaviors combined with masses indicate
that the B,;(5840) and B,(5960) can be identified as
the B(2'Sy) and B(1°Ds), respectively. The assignment

TABLE VIII. Decay widths of the B,;(5840) and B,;(5960)
under the hypothesis I in MeV. Dots indicate that a decay mode is
forbidden.

B,(5840) B,(5960)
B(2'Sy) B,(1D)
B~ 84.13 63.51
B*z° 42.09 31.83
B(1°Py)tx e 69.62
B(13P)°z° 34.61
B*(5747)+ﬂ 0.005
B;(5747)°x° e 0.002
1(1P)+ - 0.01
B,(1P)°z° 0.005
B\(1P)*z~ 0.17
B\ (1P)*z~ . 0.08
B*n e 11.41
BiK . 10.98
Total width 126.22 222.24
Experiment 127.4 +16.7 + 34.2 823+7.74+94
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TABLE IX. Decay widths of the B;(5840) and B,;(5960) under
the hypothesis II in MeV. Dots indicate that a decay mode is
forbidden.

B,(5840) B,(5960)
B(23S)) B,(1D)

Btn~ 20.43
Bz° 10.26 e
Bz~ 46.68 59.21
Bz° 23.39 29.70
B(1’Py) "~ 0.002 84.63
B(13Py)°x° 29x1074 42.42
B;(5747) ™ e 0.01
B*(5747)O 0 e 0.006

B\(1P)*x 0.21 0.05

B,(1P)°z 0.10 0.02
B( 1P)+n: 0.05 0.54
B\(1P)*z~ 0.02 0.26
By 2.61 e
B*n 0.98 16.79
B,K 1.40 e
BiK e 24.14
Total width 106.13 257.79
Experiment 107.0 + 19.6 + 34.2 81.6+9.94+9.4

of the B,;(5840) as the B(2'S,) state is also suggested by
the LHCb Collaboration [29]. The main decay modes of
the B(2'S,) are expected to B*z and B*j. The main
decay modes of the B(13D;) are expected to be Brx
and B*x.

TABLE X. Decay widths of the B;(5840) and B,(5960) under
the hypothesis III in MeV. Dots indicate that a decay mode is
forbidden.

B,(5840) B;(5960)
B(2'Sy) B(23S))  B(1°D;)

Btn~ 14.39 15.08
B2° e 7.25 7.48
B*tn~ 86.24 38.20 16.17
B*70 43.21 19.20 8.03
B+ (13Py)n~ 4.1 x 107
B*(13Py)n° 4.0 x 1073 o ne
B*(5747) - 0.05 1.62 0.35

B;(5747)°x° 0.02 0.76 0.16
BI(IP)+71‘ 0.37 0.15
B, (1P)°z° e 0.18 0.07
B(1P)*z~ 241 0.04
B(1P)*n~ . 1.14 0.02
By . 6.74 0.44
B 4.57 12.06 0.23
B,K . 11.81 0.26
BiK e 15.83 0.08
Total width 134.09 131.97 48.55
Experiment 119.4 +17.2 £ 342 5594+6.6+94

PHYSICAL REVIEW D 94, 074012 (2016)

TABLE XI. Decay widths of the B(5970) as the B(23S,) and
B(13D3) in MeV.

B(5970)

B(23S)) B(13D5)
Btn~ 15.54 13.496
Bz° 7.83 6.69
B n 40.26 14.26
B*70 20.23 7.08
B;(5747) n~ 1.02 0.21
B3(5747)°x° 0.47 0.10
B,(1P)*n~ 0.31 0.10
B, (1P)°z° 0.15 0.05
B (1P)*tz~ 1.63 0.02
B,(1P)*n~ 0.77 0.12
By 6.38 0.31
B*n 10.66 0.14
B,K 10.35 0.16
BiK 12.12 0.03
Total width 127.72 42.69
Experiment 70530 £+ 30

D. B(5970)

The decay widths of the B(5970) as the B(23S,) and

B(13Dy) are listed in Table XI. Since the B(5970) mass is
close to the B;(5960) mass, the results for the B(23S,) and

B(13D3) are similar with those in Table X. However,
because of the large uncertainty of the B(5970) total width,
both the B(23S,) and B(13D5) assignments are favored by
the experimental data [30]. Reference [36] interprets the
B(5870) as the B(23S,) state while Ref. [9] assigns the
B(5970) as the B(1°Dj) state [9]. The main decay modes
of the B(23S,) are expected to be Bz, B*x, By, By, B,K,
and B:K, while the B(1°D3) is expected to mainly decay to
Br, B*z. Further precise measurements of the width, spin
and decay modes are needed to distinguish these two
assignments.

E. B(13D1), Bz(lD) and B/2<1D)

Given the bottom masses and spin parity, no exper-
imental candidates exist for the B(1°D,), B,(1D) and
B (1D) states. Our predicted masses for these three states
are 6095, 6004, and 6113 MeV, respectively. With these
masses as inputs, their total decay widths are listed in
Table XII.

It is shown that all these three states have large total
widths more than 200 MeV. The decay modes of these
states are different, mainly due to the quantum number
conservation and the threshold.

In heavy quark limit, the mixing angle is 81, = —50.8°
[65]. Our predicted 0,, = —39.6° is close to —50.8°. With
this mixing angle, the total decay width of the B,(1D) is
broader than that of the B)(1D), which indicate that the
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TABLE XII. Decay widths of the B(13D,), B,(1D) and
B,(1D) states in MeV. Dots indicate that a decay mode is
forbidden.
B(I'D)) B,(1D) B,(1D)
Btrn~ 26.44
B°7° 13.31
B* x~ 15.45 60.57 61.08
B*07° 7.76 30.38 30.44
B(13Py)*x 4.52 81.79 3.51
B(13Py)"z° 221 40.93 176
B3(5747) n~ - 0.01 0.20
B3(5747)°2° 0.005 0.10
B (1P)* 1~ 10.30 0.03 0.18
B,(1P)%x° 5.20 0.02 0.09
Bq (1P)* 2~ 74.77 0.42 5.57
B/(1P)* 7 37.71 0.20 2.74
3,7 14.18
B*n 7.34 15.58 4.64
B,K 32.67
BiK 15.06 20.75 5.04
B p~ 10.64 o 48.37
BOp? 5.27 24.04
B pm 4.02
B0p0 2.01
Bw 4.20 21.08
B*w 0.58
(2150)+ﬂ— 0.52 R
B(2'S,)'x° 0.24 o
B(23S))"n 0.05 0.01
B(235,)°x 0.02 o 0.01
Total width 287.85 250.69 215.47

PHYSICAL REVIEW D 94, 074012 (2016)

TABLE XIII. Decay widths of the B%,(5840) in MeV.

BTK~ 1.00

BK? 0.86

B*tTK~ 0.09

BK° 0.05

Total width 1.99

Experiment 1.56 £0.13+0.47/1.4+£04+£0.2

B,(1D) and B)(1D) correspond to the (1‘,2‘),,3 and

(27,37) j=3 doublets, respectively.

F. B;(1P) states

For the B,(13P,) state, the predicted mass is below the
BK threshold, which is consistent with some other studies
[32,66]. Hence, there is no OZl-allowed strong decay
pattern and the dominant decay mode may be B z. This
situation is analogous to the charmed-strange partner
D?,(2317), whose decay width is mainly due to OZI-
violated D,z channel. Based on higher mass of the
B,(1°P,) state, some theoretical calculations give a broad
decay width [9,36]. Further experimental search for the
B,(13P,) state will distinguish these two predictions.

The decay widths of the B},(5840) are listed in
Table XIII. The predicted total decay width is 1.99 MeV,
in good agreement with LHCb experimental data of
1.56 £0.13 £ 0.47 MeV [4,67] and the CDF result of
1.4 £0.4 + 0.2 MeV [30]. The predicted ratio

I'(B%,(5840) — B*'K")
[(B?,(5840) — BYK™)

= 0.086 (16)

is independent with the y and in agreement with the LHCb
experimental data of 0.093 & 0.013 £ 0.012 [4,67].

In analogous to the B;(5721), the B;(5830) can be
the By (1P) or B/, (1P). With the predicted mixing angle
0,p = —34.9°, the total widths of the By (1P) and
B! (1P) are expected to be 162.76 and 21.35 MeV,
respectively, both much larger than the CDF data of
0.5+0.3+0.3MeV [30]. The dependence of the total
widths of By (1P) and B/, (1P) states versus the mixing
angle are shown in Fig 3. It can be seen that when the
mixing angle varies in the range of (—59.2 ~—50.4)°,
the total width of the B (1P) is consistent with the
observed width. In the heavy quark effective theory,
the ideal value of the mixing angle is 0,p = —54.7°,

200 T T T

Width(MeV)
> O

[
(=]

[N
(=}
1

—
(O
T

Width(MeV)
°

0.5 - ,'
0.0 - - oot - -
-70 -65 -60 -55 -50 -45 -40
0 (Degree)

FIG. 3. (a) Total width of the B (5830) as the B, (1P) and
B, (1P) versus the mixing angle. The vertical red solid line
corresponds to the mixing angle 8, = —34.9° obtained in Sec. II.
(b) The variation of total width of the B/, (1P) with mixing angle
0,p = (=70 ~ —40)°. The blue dashed line with a green band
denotes the CDF experimental data.
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TABLE XIV. Decay widths of the B,(2'S,) and B,(23S,) in
MeV.

B,(2'Sp) B,(2°S))
BtK~ 35.67
BOKO e 35.67
B*TK~ 106.62 70.71
B*KO 105.26 70.29
By e 5.32
By 1.51 4.24
Total width 213.38 221.90

lying in the range of (—59.2 ~ —50.4)°. The extremely
narrow total width of the B,;(5830) suggests that it can
be identified as the B (1P) state belonging to the
(17,27) j=1 doublet.

G. B,(25)

Our predicted masses of the B(2'S;) and B,(2S))
are 5977 and 6003 MeV, respectively. The decay widths of
the B,(2'S,) and B(23S) are listed in Table XIV. It is
shown that the B(2!S,) state mainly decays into B*K, and
the main decay modes of the B,(23S,) state are BK and
B*K.

H. Bs<13D1>9 Bs(13D3)’ BSZ(ID)’ B;Z(ID)

Our predicted masses of the B(13D,), B,(1°D3),
By, (1D), B',(1D) are 6142, 6096, 6087, and 6159 MeV,
respectively. The decay widths of these states are shown in
Table XV. The B,(1°D,) state is expected to be broad,
while the B;(1°D;) is a narrow state. This behavior is
similar with their bottom partners B(1°D,) and B(13D5).
The dominant decay modes of the B(1°D,) and B,(1°D5)
are BK and B*K.

The mixing angle of the By,(1D) and B/, (1D) states is
expected to be —39.8° close to the ideal mixing
angle —50.8° in the heavy quark limit. For the
By (1D) and B!,(1D), the B*K channel is expected to
be the dominant decay mode. The broad By, (1D) and the
narrow B/,(1D) correspond to the 2~ bottom-strange

TABLE XV. Decay widths of the B,(1D) states in MeV.

B,(1°Dy)  B,(1°D;)  Bu(1D)  B,(1D)

BYK~ 52.95 11.99

B'KO 53.48 11.70
B*K~ 29.36 11.04 90.12 38.53
B*OKO 29.57 10.74 90.38 37.88
B 19.13 0.57 . .
Bin 8.80 0.30 18.15 2.95
Total width 213.38 46.33 198.64 79.37

PHYSICAL REVIEW D 94, 074012 (2016)

mesons belonging to the (17,27);; and (17,27),s

doublets, respectively.

IV. RADIATIVE TRANSITIONS

Besides the strong decays, the radiative transitions are
also the important tools to determine the properties of
heavy-light mesons. We evaluate the £1 and M1 radiative
partial widths between the v = n?S*!L; and v/ = /> +!1L/,
states using [22,68,69]

dae? EE
2 Crdss WP = (17)

lio(5) I

_ mQutmQy s myQytm0,
where ey = oty > €0 = om0 0, and Q,, stand

for the charges of the quark b and ¢ in units of |e|,
respectively. @ = 1/137 is the fine-structure constant, E, is
the photon energy, E is the energy of final heavy-light
meson, M, is the mass of initial state, and the angular
matrix element Cy; can be expressed as

Ca(o = o/ +7) =

FMI(U = ’l),+y)
:KIQZLJ/_FI /6 v
3 2L +1 LL'USS +1

(18)

L J s)?
Cy =Max(L,L')(2J' + 1) . (19)
f J L 1

The wave functions obtained from the quark model (1)
are used to calculate the E1 and M1 radiative partial
widths. To determine the photon and final state energies,
the masses of these initial and final states should be
involved. For the well established B, B*, B, and Bj}, the
masses are taken from PDG [4]. For the B/ (1P), B(13P,),
B(2'Sy), B(1°D3), B, (1P), and B,(1°P,), their masses
are taken to be the B(5721), B3(5747), B,(5840),
B;(5960), B;(5830), and B%,(5840) masses, respectively.
For other states, their masses are taken from the predic-
tions of the quark model (1). The E1 and M1 transitions
widths of the neutral charge open-bottom states together
with the photon energies are listed in Tables XVI, XVII,
XVIII, and XIX.

From Table XVI, it can be seen that the B(13P,)y,
B (1P)y, and B/ (1P)y channels are essential to discrimi-
nate the B(23S,) and B(1°D;) interpretations for the B
(5970), since these decay mode are forbidden for the
B(13D;) state while allowable for the B(23S,) state.
The B(1°P,)y final state for these two assignments
has sizable decay widths, and can be observed
experimentally.

074012-9



LU, PAN, WANG, WANG, and LI PHYSICAL REVIEW D 94, 074012 (2016)
TABLE XVI. El transitions widths of neutral charge bottom TABLE XVIII. M1 transitions widths of the neutral charge

mesons. E, in MeV and T in keV. bottom mesons. E, in MeV and I' in keV.
Multiplets Initial Meson  Final Meson  E, r Initial Multiplet Initial Meson Final Meson E, r
B(2S) — B(1P) B(238)) B(13Py) 250 214 B(1S) B(138)) B(1'S,) 45 0.1
B(23S)) B(1°P,) 196  51.6 B(2S) B(238)) B(1'S,) 623 8.0
B(23S)) B/(1P) 206 11.67 B(23S)) B(2'S,) 31 0.05
B(23S)) B (1P) 210 259 B(2'Sy) B(13S;) 554 0.9
B(2'S,) B,(1P) 176 496  B(1P) B,(1P) B(13P)) 46  0.03
B(2'Sy) B (1P) 180 252 B (1P) B(13°Py) 42 0.01
B(1P) - B(1S)  B(13P,) B(13S,) 347 1169 B(13P,) B/(1P) 11 14x1073
B(13P,) B(13S,) 400 177.7 B(13P,) B (1P) 15 1.7x1073
B, (1P) B(13S,) 390 53.1 B(1D) B(1°D)) B,(1D) 90 0.7
B (1P) B(13s,) 386 108.5 B,(1D) B(1°D,) 18 23x1073
B,(1P) B(1'Sy) 432 1302 B, (1D) B(13D;) 118 1.4
B/(1P) B(1'S,) 428 604 B, (1D) B,(1D) 108 19
B(1D) - B(1P)  B(1°Dy) B(1’P,) 248 1270
B(1°D)) B(13P,) 345 9.3
B(1°Dy) B(13Py) 398 2835 TABLE XIX. MI transitions widths of the neutral charge
B(13D1) B (1P) 355 49.0 bottom-strange mesons. E, in MeV and T in keV.
B(1’Dy) B{(1P) 359 106.2 — , ~ ,
B»(1D) B(13P,) 258 145 Initial Multiplet Initial Meson Final Meson E, r
B,(1D) B/(1P) 269 143.1 B,(15) B,(135))  B,(1'S)) 489 0.1
B,(1D) By(1p) 273 0.l B,(2S) B,(23S))  B,(1'S,) 603 40
B,(1D) B(13P,) 362 572 B,(23S,)  B,(2'S,) 259 0.2
B)(1D) Bi(1P) 372 86 B,(2'S,)  B,(1°s;) 535 0.
B)(1D) Bi(1P) 376 3563 B (1P) B, (1P) B,(13°Py) 45 0.2
B, (1P) B,(1’Py) 72 0.05
B,(13P,)  By(1P) 39 004
B,(13P,) B!, (1P) 11 52x10™*
TABLE XVII. El transitions widths of the neutral charge B,(1D) B,(1°D,) By, (1D) 55 0.1
bottom-strange mesons. E, in MeV and T in keV. B, (1D) B,(1°D)) 17 13 x10-3
/
Multiplets Initial Meson Final Meson E, r g fzgg ; %5;(1%3)) S; gi
B,(28) = B,(1P)  B,(2%S)) B,(13P,) 242 172
B,(23S)) B,(13°Py) 161 256
B,(2°S)) B,(1P) 199 94 V. SUMMARY
BS(ZTS 1) B, (1P) 172126 In this paper, we calculate the bottom and bottom-strange
Bs(ZISO) B j‘l(lP ) 173417 meson spectroscopy in a nonrelativistic quark model
B,(2'S0) B, (1P) 146 12.3 proposed by Lakhina and Swanson. Our predictions,
B(1P) = B,(15) B(1’Py) By(I’S,) 330 847 bined with the results from some other quark models
B(PPy)  B(I'S,) 409 150 0% 1 ’
By (1P) B.(1%S,) 372 395 give the mass ranges of bottom and bottom-strange mesons.
B’S (1P) BS. (13 Sl) 308 988 With these predictions, we give the possible quark-model
B” (1P) BA (1! Sl) 418 977 assignments for these bottom mesons observed by LHCb
s1 s 0 1
B, (1P) B,(1'Sy) 444 566 anq CDF Collaboratl(?ns. Furthermore, the strong and
B,(1D) - By(1P)  B,(13Dy) B,(1P,) 251 1132 radiative decay beha.mors- of these? bottom apd. bottom-
B,(13D,) B,(1°P,) 295 5.1 strange mesons are investigated with the rea.hstlc': meson
B,(13D)) B,(13P)) 374 2044  Wave functions from our employed nonrelativistic quark
B,(1°D)) B,(1P) 332 353 model. The B;(5721) and B;(5747) can be classified into
B,(1°D) B, (1P) 305 568  the B|(1P) and B(1°P,), respectively. The By;(5830) and
B (1D) B,(1°P,) 242 105 B?,(5840) can be identified as the B, (1P) and B,(1°P,)
By, (1D) By (1P) 279 138.8  states, respectively. The B;(5840) and B,(5960) can be
B-;Z(ID) Blsl(gl P) 253 004 explained as the B(2'S,) and B(13D;), respectively. The
B,SZ(]D) By(1°Py) 311315 B(5970) can be interpreted as the B(23S,) or B(1°Dj).
By, (1D) B (1P) 348 5.9 The properties of other states are also predicted, which will
B, (1D) B, (1P) 321 1954 prop P ’

be helpful to search for these states experimentally.
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