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Abstract Inspired by the lower statistical information in
the bottom sector, in this paper, we calculate the masses
and the strong decays of excited B and B; mesons in the
framework of heavy quark effective theory (HQET). Using an
effective chiral Lagrangian approach based on heavy quark
spin-flavor and light quark chiral symmetry, we explore the
flavor independent parameters A(;) = As,f) and A(FC) = As,f)
to calculate the masses of experimentally unknown bot-
tom mesons. Our predictions are consistent with the avail-
able experimental results and other theoretical studies. Their
strong decay to the ground state bottom mesons plus light
pseudoscalar mesons is calculated in terms of the square of
the couplings gy, g5, 87, 8x, &y, and gg. The weighted aver-
age value of the couplings gy, gs and g7 is obtained in the
charm sector (Phys. Rev. D 86: 054024, 2012) by fitting the
calculated decay widths with experimental measurements,
which will be used in the present study to analyze the strong
decays of excited open bottom mesons. Moreover, the ratio
of the decay rates is also predicted, which can be countered
with future experimental data.

1 Introduction

In the past decade, evidence of the charmed mesons has
increased rapidly and remarkably compared to the bottom
mesons [1]. Due to large non-resonant continuum contribu-
tions, however, experimentally the broad resonance states
are difficult to identify. To date only the ground state and
the low-lying excited states of B and By mesons (B1(5721),
B7(5732), B3(5747), B1(5830), B;(5840), B,(5840), and
B;(5970)) are reported by various experimental groups such
as LHCb [2,3], CDF [4,5], and DO [6]. In the bottom sector,
we believe that more experimental statistics may be reported

2 e-mail: keval.physics @yahoo.com

b e-mail: raiajayk @gmail.com (corresponding author)

in the coming years. For that, the LHCb experiment working
at the CERN will be in a unique position.

At the latest, LHCb [7] measured the masses (M) and
decay widths (I") of two new states of excited B; meson in
the BY K~ decay mode as

(My, T}) = (6063.5+1.24£0.8, 264 £4) MeV,
(My, I>) = (6114 £3 £5, 66+ 18 £21) MeV,

with the first statistical and second systematic uncertain-
ties. Based on predictions from various theoretical and phe-
nomenological studies for the masses of excited By mesons
[8—17], these newly observed states may result from the first
orbitally excited states. The By ( 13 Ds) is predicted with arel-
atively narrow decay width of less than 50 MeV [9,18,19].
The states 1' D, and 13D can be a mix, depending on the
mixing angle one of the states from them is as narrow as 20
MeV. The spectroscopic notation, N 251 L ;. is commonly
used to describe these states; where N is the radial quantum
number, S is the sum of the intrinsic spin of the quarks, L is
the orbital angular momentum of the quarks, and J gives the
total angular momentum.

The heavy quark effective theory (HQET) is an important
tool for calculating properties of heavy-light systems where
the heavy quark is assumed to have infinite mass (m g — ©0)
[20-22]. In which the total angular momentum of the system
is defined as J = sp + s;, where s is the spin of the heavy
quark and s; = s; + L is the spin of the light degrees of
freedom, sg and s; are conserved in the heavy quark mass
limit. Here, s; and L are the spin and the orbital angular
momentum of the light antiquark, respectively [23,24]. For
P-wave (L = 1), two doublets s; = % ands; = % containing
four states Jsf = (0T, 1+)% and JSIID =T, 2+)%. The first
doublet has not been filled experimentally to date, while the
second doublet is filled with By;(5730)° and B, (5840)°,
respectively.
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In heavy quark limit, using available experimental infor-
mation on open charm mesons Ref. [25] predicts the masses
of some unobserved bottom mesons. The same formalism
used in Ref. [26] by Gupta and Upadhyay, and examine the
states By (573’0)O and B}, (5 840)O as the strange partners of
By (5721) and B}, (5747), respectively. In Ref. [27], they ana-
lyzed experimentally available excited open charmed mesons
to predict similar spectra in open bottom mesons. At the
latest, Yu and Wang [28] studied the strong decays of the
experimentally observed excited bottom and strange bottom
mesons with the ® Py decay model. They identify B (5721)
as 13 P; and B3 (5747) as 1P, and suggest the quantum
states 23S, and 13D3 for B;(5840) and B(5970) mesons,
respectively [28]. These theoretical predictions are not con-
sistent with each other. Therefore, a further test of calcula-
tions against the experimental measurements is required to
identify the excited B and By mesons.

The main aim of this work is to discuss the possible spin-
parity of experimentally observed excited bottom mesons.
We shall calculate masses and strong decay behaviors of
excited bottom mesons in the framework of leading order
approximation of heavy quark effective theory. The flavor
symmetry of heavy quark explores the flavor independent
parameters A(FC) = A%’) and Agﬁ) = Agf) to calculate the
masses of excited excited B and By mesons. Their strong
two-body decays to ground state bottom mesons plus light
pseudoscalar mesons are calculated. The suppression fac-
tor arising from the breakdown of isospin symmetry, which
occurs when the mass difference between the parent heavy-
light meson with strangeness and the daughter nonstrange
meson is smaller than the kaon mass, is taken into account
here. Our investigation confirmed the spin-parity of experi-
mentally observed open bottom mesons and we believe that
this study could provide valuable information in future exper-
imental studies.

This paper is organized as follows: in the framework of
heavy quark effective theory Sect. 2 presents the mass param-
eters of excited heavy-light flavor mesons and discusses
their strong decays to a member of the lowest-lying neg-
ative parity states plus light pseudoscalar mesons (7, n, and
K).In Sect. 3, we explore the flavor independent parameters
in heavy quark mass limit and calculate the mass spectra of
excited open bottom mesons. Their two-body strong decays
are analyzed in Sect. 4. Finally, a summary is given in Sect. 5.

2 Theoretical framework

In the leading order approximation, the heavy quark effective
theory is developed by expanding the QCD Lagrangian in
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the power of 1/m g as

EHQETZEO‘FLEI‘FLZ[Q‘F'“, )
mo m 0

where finite heavy quark mass corrections are applied and the
heavy quark symmetry breaking terms are studied order by
order [29]. Here the leading Lagrangian £y = h,(iv - D)h,
has an exact spin-flavor symmetry of heavy quark, therefore,
only the first term survives in the heavy quark mass limit (a
detailed discussion is given in [30]).

With the help of fields presented in Eq. (10) in Ref. [31],
the kinetic terms of the heavy meson doublets and the field
¥ = &2 of light pseudoscalar mesons are defined in the
effective Lagrangian as

2
L = iTr[Hyv" Dypa Hyl + %TF[BMZ'BMET]

+ Tr[Sp(iv" Dypa — 8paAs)Sal

+ T"[Tba(iquuba — 8ba A1) Tua]

+ TrIX§ (iv* Dupa — 8paAx) Xaa G)

+ Tr[YP (V" Dyba — 8pa Ay) Yaap]

+ Tr[ZyP (V" Dyba — 8a A7) Zaap]

+ Tr[RYP (V" Dyupa — Sba AR) Raap].
where Ap (with F = S, T, X, Y, Z, R) is the mass parame-
ter that gives the mass splittings between the excited and the

low-lying negative parity doublets [25,26]. That is written in
the form of spin-averaged masses as

Ap = Mp — My, 4)
with
_ 3Mp+ + Mp
MH = T
3Mp1’+Mp8‘ — SMP2*<+3MP1
MS: —4 T :—8
SMp, +3Mp; o M+ SMy, ©)
X =" Y = ——~
8 12
MZ:7MP3+5MP2/* MR=7MPI+5MP§’
12 12

where the ground state doublet JS‘ID = 07,17 | repre-
sented by (P, P*); P-wave doublets JSIID = (0t, 1+)% and
JEo= (1+,2+)% represented by (P, P{) and (Pi, P5),
respectively; D-wave doublets Jsf =7, 2_)% and Jsf =
2, 3’)% are represented by (P, P2) and (P}, PJ), respec-
tively; and the F-wave doublets Jsf = (2*,3*)% and
JSIID = (3%, 4+)% are represented by (P4, P3) and (P}, P}),

respectively. The mass degeneracy between the members of
the meson doublets is broken by the Lagrangian as
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1 _ _
‘cl/mQ = %{)\.HTF[HaUﬂVHaO'HV] — XsTr[SaO'/"VSaO'MV]

+ )»TTr[Tu“U“”Ta‘)‘oM] — )»XTr[)_(Z‘U”VXZ‘UM]

+ Ay Tri¥e Yo, 1 = 2z TriZ% e 7% 6,

(6)

+ ARTr[Rg’ﬂaWRg‘ﬂaw]}.

The induced symmetry breaking terms are suppressed by
increasing the powers of inverse heavy quark mass [25,26].
Here the constants Ag, As, Ar, Ax, Ay, Az, and Ag repre-
sents the hyperfine mass splitting between the members of
the doublets, given by,

1
A = g(M%* — M32)
1 3

— _ 2 g2 _ - 2 g2
)LS—S(MI/ Mpak) )LT—8(M2* Mpl)

3 2 2 3 2 2 @
hx = g (M}, — Mp.) hy = S(Mp = M)

5 2 2 5 2 2
Az = S(Mp, — M) hp =g (Mp: = M3)).

Flavor symmetry implies that the mass splitting Afr
between doublets and the mass splitting A between spin-
partners in doublets are free from the heavy quark flavor,
ie.,

© _ A®) 5 _ ;0.
A =AY Ay =A% ®)

where F stands for H, S, T, X, Y, Z, and R.

The effective heavy meson chiral Lagrangians (define in
Eq. (11) in Ref. [31]) determine the expressions of strong
decays of heavy-light mesons to a member of lowest-lying
heavy-light spin doublet plus light pseudoscalar mesons (7,
n, and K),

1 Pp 2
r= M“. 9
2]+128nPa2| | ©)

For B} (5747) as 13P,, the two-body strong decays
B} (5747) — B*m, Bm; having the  meson three momenta
P, =374 and 418 MeV, respectively. The decay widths

I'(B;(5747) — B*n, Brr) o P2, (10)

where P2 =7.3 x 10'2and 1.3 x 103 MeV? in the decay to
the final states B* and B, respectively. A small difference
in P, canlead to a significant difference in PJST. So, we have
to take into account the heavy quark symmetry breaking cor-
rections and chiral symmetry breaking corrections to make
robust predictions. The higher-order corrections for spin and
flavor violation of an order O(%) are not taking into con-
sideration to avoid introducing new unknown coupling con-
stants [32]. We expect that the corrections would not be larger
than (or as large as) the leading order contributions. At the

hadronic level, the % corrections can be crudely estimated

to be of the order A% (Al;—’;s) ~ 0.1-0.2.

3 Mass spectroscopy: results and discussion

In our previous study, we analyzed the strong decay of
experimentally observed excited D and Dy mesons [33,
34]. The ratio of the strong decay rates has identi-
fied the doublets: (D;(2420), D3(2460)) as (1° Py, 13 Py),
(D},(2317), Ds1(2460)) as (13Py, 11 P), (Dy1(2536),
D%(2573)) as (13Py, 13Py), (D(2550), D%(2600)) as
(2150,238)) and (D(2740), D*%(2750)) as (1°D,, 13D3).
The resonances D% (3000) and D3 (3000) are identified with
23p; and 13 F quantum states, respectively. The D;(3000)
and Dy (3040) are interpreted as the mixing of 2! P; —23 P
states.

The calculated values of spin-averaged masses Mf, the
mass splitting between the doublets A r, and the mass split-
ting between spin-partner in a doublet A ¢ are listed in Table
1. Further, we compute their propagation in the determina-
tion of uncertainty using the generic method given in the
Appendix. Uncertainty arises in presented results because
of the uncertainties in the various experimental inputs.
Here, the masses of DO(Df) as (1'Sp), D*(2OO7)O(D§¢)
as (138p), D§(2400)° (D} (2317)*) as (13 Py), D1(2430)°
(D41 (2460)F) as (11 Py), D1 (2420)°(Dy;(2536)) as (13 Py),
D3(2460)°(D%,(2573)) as (1°P), D(2550)° as (2'Sy),
D7(2600) (D}, (2700)) as (2351), D;(3000) as (23 Py), and
D7(3000) as (23 P,) are taken from PDG [1]. Experimen-
tally the 1D, 2P, 1 F, and 2D states of excited D and Dy
mesons are missing (or PDG [1] need more confirmation), i.e.
the predictions of D(2740) as (1°D,), D% (2750) as (13 D3),
D*,(2860) as (1°Dy), D*(2860) as (1°D3), D3(3000) as
(1?F»), and Dy (3040)* as a mixture of 2P (J = 1), are still
uncertain. Also, D (2'Sp), the spin-partner of D (235)) is
still missing experimentally. So their masses are taken from
the predictions of Ebert, Faustov, and Galkin (EFG) [10].

The charm data can be exploited to make predictions of
excited bottom mesons. Our calculated masses of the excited
B and B mesons are listed in Table 2 with available exper-
imental observations and theoretical predictions. Note that
the ground state masses of the B and By mesons are fixed
from PDG [1]. For 1 P-wave, our calculated mass 5700+ 10
MeV of B(13P0) is in good agreement with experimental
observed mass 5698 +8 MeV [1] of B’J" (5732). Experimen-
tally B1(5721)° is measured with spin-parity J© = 17. That
is consistent with our prediction of B(1! P;) by a mass differ-
ence of ~ 14 MeV. The mass 5768.0+3.1 MeV of B, (1! P))
and 5875.0+£2.4 MeV of B, (13 Pj) are underestimated to the
experimental measurement 5828.7+0.2 MeV of By (5730)°
[1]. And, the mass of Bs(13P;) is consistent with the results

@ Springer
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Table 1 Calculated values of spin-averaged masses Mp (in MeV), mass splitting Az (in MeV), and the hyperfine splitting A ¢ (in MeV?2) of excited

D and Dg mesons

N Jsf D meson Dy meson

Mp Ar A Mr Af AF
1O 17y 1971.3 - (262.2)? 2076.5 + 0.4 - (270.2 £ 0.9)?
1 (0%, 1+)% 2395.0 £7.3 4240473 (240 & 24)? 24243 +£0.7 347.840.8 (290.9 + 0.8)?
1(1%.25), 2448.0 +9.7 477.0£9.7 (240 + 69)? 2556.5+0.2 480.0 0.5 (255.0 £ 2.4)%
207,17y 2610 + 10 640 £ 10 (200 =+ 28)? 2703.0 £ 2.8 627.0+£2.38 (114.0 £ 7.9)?
1(17.27)3 2799.2 827.9 (194.3)2 29242 847.7+ 0.4 (198.6)?
1@ .37); 2857.6 886.6 (166.9)? 2966.8 890.3 + 0.4 (149.2)?
2(0%,1%), 2928.8 957.4 97.5)% 3063.8 987.4 £0.4 (99.7)%
2(1,2%); 2995.0 + 4.1 1024.0 + 4.1 (300 =+ 25)? 3146.5 1070.0 £ 0.4 (168.32)?
3(007.17); 3087.5 1116.2 (161.8)? 3236.2 1159.8 + 0.4 (136.3)?
12, 3+)% 3112.8 1141.4 (389.3)? 3244 1167.5+0.4 (311.9)
137,45, 3169.5 1198.2 (407.7) 3285.8 1209.3 + 0.4 (373.5)
2(17,27);3 3247.4 1276 (274.6) 3395.5 1319.0 £ 0.4 (225.6)%
2027, 3—)% 33233 1352.3 (264.1)2 3463.6 1387.0 £ 0.4 (183.74)2

of [8,9] with a mass difference of 14—15 MeV. Our result
5800 &+ 16 MeV of B(13P,) is overestimated to the PDG
fit value 5739.5 £ 0.7 MeV [1] and is in good agreement
with the predictions of [8,9]. The mass 5930 £ 12 MeV of
B(2'8y) is overestimated to the theoretical and experimental
results [1,8,9] with a mass difference of 26-67 MeV. Our
predicted mass 5960 + 11 MeV of its spin-partner B(2351)
is within the errorbar of PDG fit value 5971 +£5 MeV [1].
The calculated masses of B, (2S) states are underestimated
to the LHCb measurement 6063.5 4+ 1.2 MeV [7] with a
mass difference of 30.5-38.5 MeV and overestimated by the
theoretical predictions [8,9] with a mass difference of 20—
49 MeV. Here, our predicted masses of 2.5 and 1D states are
inconsistent with the observed mass 6114 + 33 MeV [7] of
excited By meson. Our results of 1D, 2P, 3S, 1F, and 2D
states of bottom mesons are overestimated to other theoret-
ical outcomes [8,9] (shown in Table 2). The masses of 1F
states are close to 3.5 multiplets and overlap. Experimentally
38 states are more likely to be observed first rather than 1 F
states, although, it is challenging.

4 Strong decay: numerical analysis
4.1 B meson
4.1.1 1P and 2P states

Our predicted mass of B(13P0) is above the Bz and B*w
threshold, but due to the parity conservation, only decay in

@ Springer

Bm mode is possible. Using the weighted average value
of coupling gs = 0.56 (obtained in the strong decay anal-
ysis of the 1P-wave doublet (Da‘ (2400), D1(2420)) =
(13 Py, 11 P))) from [25], we get the partial decay width of
B(13Py) — Bmw = 278 &3 MeV. That is slightly overes-
timated to the QCD sum rule prediction in HQET 250 MeV
[35], and consistent with the chiral quark model value 272
MeV [36], and larger than the results of quark pair creation
(QPC) model 230 MeV [11] and 225 MeV [9]. Such a broad
decay width is the fundamental reason for the experimental
unavailability of this state. For its spin-partner B(1! Py), tak-
ing a sum of its partial decay width listed in Table 3, which
reach up to 267.0 == 5.3 MeV. This state is very broad com-
pared to the B;(5721) measurements 30.1 £ 1.5 MeV of
LHCb [2] and 23 +£3 MeV of CDF [4]. From the strong
decay analysis of B(1 1P)), we conclude that B (5721) is not
a member of doublet (0", 17),+.

According to HQET, there 2alre two 1T states in P-wave
doublets (07, 17+ and (I+,2%),+ with s/ = 1" and

slP = %+, respectively. For the second doublet (17, 2%) 5+,
3

the decay widths 41 =7 MeV B(13P)) and 63.0 + 4.6
MeV B(13P,) are calculated by taking a sum of its partial
decay widths listed in Table 3 and using the weighted average
value of coupling gr = 0.43 (obtained in the strong decay
analysis of the 1 P-wave doublet (D(2430), D;(2460)) =
(13°Py, 13Py) and (D%,(2573)) = (13 P,) ) from [25]. For
B(13 Py), the decay width 41 &7 MeV is slightly overesti-
mated to LHCb [2] and CDF [4] measurements 30.1 & 1.5
MeV and 23 + 3 MeV, respectively. For natural parity state
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Table 2 Predicted masses of excited B and By mesons (in MeV)

N2SHLL, B meson By meson
Present Exp. [1] Ref. [8] Ref. [9] Present Exp. [1] Ref. [8] Ref. [9]
3P 5700 + 10 5698 + 8 5756 5756 5709.0 £ 4.4 5831 5830
B%(5732)
1'p 5740 + 11 5726.1+1.3 5777 5779 5768.0 £ 3.1 5828.7+£0.2 5857 5858
B1(5721)° By1(5730)°
13 P 5780 + 20 5784 5782 5875.0 £2.4 5861 5859
3P, 5800 £ 16 5739.5+0.7 5797 5796 5890.0 £ 1.7 5839.9+0.1 5876 5875
B3 (5747)° B (5840)°
218, 5930 + 12 5863 +9 5904 5904 6025.0 £3.2 5984 5985
B (5840)°
235 5960 + 11 5971 +5 5933 5934 6033.0 £2.4 6063.5+ 1.2 6012 6013
B (5970)° By (6063)
13D, 6136.3 £0.4 6110 6110 6247.0£2.4 6182 6181
1'D, 6144.5 £ 0.3 6095 6108 6256.0 £ 1.7 6169 6180
13D, 6196.3 £ 0.6 6124 6113 6292.0 £3.5 6196 6185
13D; 6202.3 £0.4 6106 6105 6297.0 £2.5 6179 6178
23 P, 6266.3 £0.2 6213 6214 6387.0 £ 1.3 6279 6279
2lp 6272.4+£0.2 6197 6206 6393.0 £0.9 6279 6284
2P 6325.0 £ 8.1 6228 6219 6470.0 £2.4 6296 6291
2P, 6344.0 £ 6.5 6213 6213 6476.0 £ 1.7 6295 6295
318, 6417.4 £0.2 6335 6334 6556.0 £ 1.3 6410 6409
335 6433.7+£0.2 6335 6355 6567.3 £0.9 6429 6429
1¥F 6436.5 £ 0.6 6387 6387 6560.0 £ 3.5 6454 6453
11F3 6467.8 £ 0.4 6358 6375 6580.0 £2.4 6425 6441
13F; 6499.8 + 0.6 6396 6380 6613.0 £ 3.5 6462 6446
13Fy 65202 +0.4 6364 6364 6629.0 £2.5 6432 6431
23D, 6580.0 £ 0.4 6475 6475 6717.0 £2.3 6542 6542
2D, 6595.2 £0.3 6450 6464 6728.0 £ 1.6 6526 6536
23D, 6657.3 £ 0.6 6486 6472 6790.0 £ 3.5 6553 6542
23D; 6671.3 £0.4 6460 6459 6796.0 £2.5 6535 6534

B(13P,), the decay width 63.0 + 4.6 MeV is overesti-
mated to the experimentally observed narrow decay width
of B3(5747):24.5+ 1.0 MeV of LHCb [2] and 2275 MeV
of CDF [4], and the theoretical result 47 MeV of [36].

The ratio of the decay rates is independent of the unknown
hadronic couplings and compare with the experimental
results where available. The ratio,

I'(B(13Py) — B*m)
I'(B(13P,) — Brw)

= 1.0+ 1.1, (11)

is within the errorbar of LHCb [2] measurements 0.71+£0.14
£ 0.30and 0.9110.13 &= 0.12 for neutral and charged states
respectively, and the result of DO experiment 1.10+0.42 £+
0.31 [6]. The best estimate value 1.0 [of Eq. (11)] is close to
the other theoretical result 0.9 of [9,11,26,36]. Also, we find

out the ratio

' (B(13P)) — B*rn))

Rt = S BT P = By + TBIP) = B'n)
=0.6+009, (12)
and
' (B(13Py) — B*rm))
R

~ T'(B(I3Py) > B*m) + ['(B(13Py) — Br))
— 06407, (13)

which are consistent with the DO [6] measurements R| =
0.47 £0.06 and R, = 0.47 £ 0.09, and underestimated
to the theoretical prediction Ry = 0.3 and consistent with
Ry = 0.5 of [36], and close to Ry = 0.6 and R, = 0.5 of

@ Springer
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Table 3 Strong decay widths of excited B and B; mesons (in MeV)

N2, Decay mode Width Decay mode Width
13P Btn~ (589.6 £ 15.6)g3 BYK~ -
BO70 (295.0 £ 7.8)g3 BOK?O -
BsK - Bsn? (149.6 £3.9)g2 x 1074
B - Byn -
1P Bt (568.9 £ 15.2)g3 BYK~ -
B*m0 (285.4 £7.6)g3 BYk© -
B*K - Byn0 (163.6 +-4.3)g2 x 10~*
B*n - Bsn -
1Py Bt (144.2 4 34.0)g7 BTK~ (7.5+0.9)87
B*m0 (73.3£17.2)¢2 B0 (6.4 £0.8)g2
BXK - Bym® (77.0 £3.2)g7 x 107
B*n - Byn -
13p, Bt (108.3 £9.4)g7. B*tK~ (4.5+0.4)g2
B*m® (55 £ 10)g B*0KO (3.8 £0.4)g2
B*K - B¥n® (46.2 £ 1.9)g7 x 107*
B*n - B -
Btn— (115.1 £ 18.5)g2 BYK~ (142 £0.9)¢2
BO70 (57.3+£9.2)¢2 BOK?O (12.9 £ 0.8)g2
ByK - Bn (51.7 £ 1.8)g2 x 107*
BOI} _ Bsn —
218y B*nt (1471.7 £96.3)g% B*t K~ (847.1 £31.2)g%
B*n0 (739.9 + 48.2)g% B*0K0 (827.1 £31.1)g%
B*K (204 £6.7)g%, Bin® (757.0 £23.8)g% x 107
B*n (16.3 £ 18.0)g% By (90.7 £8.2)g%
238, Bt (1129.3 £ 65.7)g% B*tK~ (602.0 + 11.6)g%
B*rn0 (567.4 £32.9)g% B*0K0 (588.3 £11.5)g%
BXK (52.7 £19.6)g% Bin® (524.2£7.2) g% x 1074
B*n (26.2£5.3)g% Bin (7132 £4.7)g%
Btn~ (687.2 £37.6)g% BtK~ (415.8 £6.8)g%
BOx0 (344.5 £ 18.8)g% BOKO (407.3 £6.7)g%
ByK (81.1 £15.2)g%, By (325.8 £3.5)g% x 107*
B%% (253 £3.5)¢% Byn (84.9 £2.8)g%
13D, Bt (869.2 £22.7)g% B*tK~ (1017.2 £ 26.6)g%
B*m0 (435.8 & 11.4)g% B*0K0 (1008.0 £ 26.3)g%
B*K (211.3 £5.5)8% Bin® (490.4 £ 12.8)g% x 10~*
B*n (64.4 £ 1.7)g% B (305.6 £ 8.0)g%
Btrn~ (2228.8 £ 58.2)g% BtK~ (2650.4 £ 69.2)g%
BOx0 (1114.8 £29.1)g% BYKO (2624.2 £ 68.5)g%
ByK (665.8 + 17.4)g% By (1272.1 £33.2)g% x 107*
By (185.0 £4.8)g% Bs1 (945.9 £24.7)g%
1'D, B*nt (27322 £71.4)g% B*T K~ (3223.6 £ 84.2)g%
B*n0 (1369.7 £ 35.8)g% B*0K0 (3195.5 £ 83.4)g%
BIK (688 £ 18)g% Bin® (1546.4 £ 40.4)g% x 10~
B*p (207.1 £5.4)g% Brn (985.9 £ 25.8)g%
1°D, Bt (900.7 +23.9)g2 B*tK~ (331.5+ 13.8)g2
B*r" (453 £ 12)g2 Bk (324.9 £ 13.6)g2
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Table 3 continued

N, Decay mode Width Decay mode Width
BXK (78.4 £2.8)¢7 Bin" (236.9£9.3)g2 x 107*
B*n (28.1+£0.8)g7 Brn (60.1 £3.3)g7

1°D; B*rt (538.4+ 14.2)g2 B*tK~ (396.4 + 13.8)g2
B*n” (270.8 £7.1)g3 B*OK" (388.7 + 13.6)g7
BIK (48.8 £ 1.7)g3 Brn® (281.0 £9.6)g7 x 10~*
B*n (17.3£0.5g2 Brn (73.1 £3.3)g2
Btm~ (559.4 £ 14.7)g3 BYK~ (438.4 £ 14.8)g3
BOx0 (280.5 + 7.4)g2 BOK?O (429.5 £ 14.5)g2
BsK (69.4 £ 1.9)g7 Bym (298.6 £9.5)g2 x 10~*
B (21.9 £0.6)g7 Byn (95.9 £3.6)g7

23p, Btm— (5907.0 £ 154.2)g% BYK~ (7460.6 & 194.8)g2
Box0 (2951.9 £ 77.1)g3 BOk?© (7443.1 £ 194.4)g%
BsK (4080.7 £ 106.6)g3 Byn? (3243.1 £ 84.6)g% x 10~*
B (866.5 £ 22.6)g3 B (3850.9 & 100.6)g2

2'py B*x ™t (5319.5 £ 138.9)g2 B*tK~ (6757.6 £176.5)g%
B*rn* (2661.1 £ 69.5)g3 B*0K0 (6746.9 £ 176.2)g2
BIK (3519.2 £ 91.9)g3 Bin® (2904.4 +75.9)g% x 10~*
B*n (768.4 £20.1)g3 By (3394.1 £ 88.6)g3

22 Py B¥m T (6653.4 % 309.0)g7 B*TK~ (7606.9 + 218.9)g
B*n* (3337.5 £ 154.8)g2 B*0K© (7537.2 £217.0) g%
BiK (1874.9 £ 125.6)g2 Bi=" (4278.2 £ 124.0)g2 x 107
B*n (475.1 £ 28.9)g2 Bin (2692.6 + 84.4)g2

2P, B*rt (4350.8 £ 173.7)g2 B*TK~ (4698.6 & 129.1)g2
B*r” (2182.2 +87.0)g% BYKO (4656.1 + 127.9)g%
BIK (1289.4 £ 70.4)g2 Brn® (2634.0 £73.7)g2 x 107*
B*n (322.5 £ 16.1)g2 Brn (1674.4 £ 49.4)g2
Bt~ (3521.6 £ 136.8)g2 BtK~ (3854.0 = 105.3)g2
BOx0 (1763.0 £ 68.5)g2 BYk?© (3815.8 £ 104.3)g2
B, K (1187.8 £59.3)g% Bym” (2143.6 £ 58.1)g2 x 107
B (282.0 £ 13.3)g2 Bsn (1466.9 & 40.8)g2

318y B*rt (7591.0 £ 198.3)g%, B*tK~ (8120.4 £214.0) g%
B*x" (3801.7 £99.3)g% Bk (8082.7 £ 213.0)g%,
BIK (4067.4 £ 108.7)g% Brn® (4282.8 £ 113.8)g% x 10~*
B*n (837.4 £21.9)g% Brn (3922.6 £ 24.9)g%

335, B*x ™t (5262.8 £ 137.5)g, B*tK~ (5570.4 £ 13.9)g,
B*r" (2635.5 + 68.8)g% B*0K0 (5545.2 £ 13.9)g%
B*K (2873.4 £76.7)g% Bin® (2930.3 £ 12.4)g%, x 107
B*n (588.7 £ 15.4)g% By (2706.3 & 14.9)g%,
Btm— (2914.4 £76.1)g%, BYK~ (3099.9 £ 7.5)g%
BO70 (1458.1 £38.1)g% Bk (3084.3 £7.3)g%
BsK (1687.6 £ 44.1)g% Bsn? (1627.6 £3.5)g%, x 107
B (337.3 £8.8)g% Bsn (1553.5 £4.2)g%,

PR B*n+ (1781.5 £ 46.5)g> B*t K~ (2378.7 £ 62.1)g%
B*n" (892.9 £23.3)g2 B*0K0 (2361.7 £ 61.7)g%
B¥K (573.9 £ 15.0)g2 Bin® (1084.7 £28.3)gZ x 107*
B*n (160.0 £ 4.1)g2 By (809.5 £21.1)g%
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Table 3 continued

N, Decay mode Width Decay mode Width
Bt~ (3423.6 & 89.4)g? BYK~ (4578.5 £118.6)g%
BO70 (1712.1 £ 44.7)g% BOKO (4539.3 £119.6)g%
ByK (1229.8 £32.1)g% Byn© (2106.0 £ 55.0)g% x 1074
B (324.5 £8.5)g2 Bsn (1660.2 = 43.4)g%

1'F; Bt (5312.0 £ 138.7)g2 B*TK~ (6666.4 = 174.1)g%
B*rn0 (2662 £ 70)g% B*0K0 (6620.7 £ 172.9)g2
B¥K (1815.0 £ 47.4)g2 B0 (3026.3 £79.0)g% x 107*
B*n (496.3 + 13.0)g2 Bin (2311.9 £ 60.4)g%

13F3 B*rt (27012.7 £ 716.0)g% B*tK~ (29351.3 £ 1093.9)g%
B*n® (13563.3 +359.5)g% Bk (28985.8 & 1081.9)g%
BYK (5196.0 = 158.6)g% B0 (16050.7 & 598.2)g% x 10~*
B*n (1578.6 £ 42.2)g% B (7805.3 £333.4)g%

1’F, B¥rt (17284.0 +454.9)g% B*TK~ (18345.7 4+ 589.2)g%
B*m0 (8677.2 £228.4)g% B*0k0 (18123.6 £ 582.6)g%
B¥K (3510.5 £ 105.3)g% Bin® (9942.0 £ 327.1)g% x 10~
B*n (1051.2 £27.8)g% Brn (4980.1 £ 181.0)g%
Btm~ (18610.8 £ 491.5)g% BTK~ (20108.9 £ 635.9)g?
BO7? (9282.8 £ 244.1)g% Bk (19832.6 & 627.4)g%
ByK (4352.6 £ 115.0)g% Bn® (10891.5 £ 336.7)g% x 10~*
B (1223.3 £32.3)g% Bsn (5924.5 £ 196.6)g%

2°Dy B*m ™ (6273.0 £ 163.8)g% B*t K~ (8404.7 £219.5)g%
B*n0 (3139.8 £ 82.0)g% B*OKO (8379.2 £218.8)g%
B*K (3528.4 £92.1)g% Birn® (3717.4 £97.0)g% x 107
B*p (802.8 £21.0)g% B (3883.5 £ 101.4)g%
Btm~ (14595.9 £ 381.1)g% BTK~ (19445.5 £ 507.8)g%
BO70 (7296.1 £ 190.5)g% BOK?O (19367.9 & 505.8)g%
BsK (8630.2 £225.4)g% Bsn® (8693.1 £227.0)g% x 10~*
B (1906.0 £ 49.8)g% B (9269.5 +£242.1)g%

2'D, B*n ™ (19845.8 +518.2)g% B*tK~ (26170.2 & 683.4)g%
B*n0 (9933.2 £259.4)g% B*OKO (26092.3 & 681.4)g%
B¥K (11300.9 £295.1)g% Bin® (11573.4 £302.2)g% x 1074
B*n (2558.9 = 66.8)g% B (12148.3 £317.3)g%

2°D, Brrt (13738.2 +361.2)g7 B*TK~ (8350.3 +261.6)g7
B*m0 (6886.6 = 181.1)g2 B*0K0 (8289.8 +£259.9)g2
B¥K (5026.2 & 140.4)g2 B0 (4230.8 £133.7)g% x 107*
B*n (1236.3 £32.6)g2 By (3163.0 £ 106.5)g2

23D;3 B*rt (8380.4 +219.6)g2 B*tK~ (9820.6 £ 283.6)g2
B*7" (4200.6 & 110.1)g2 Bk (9750.1 £281.6)g3
B'K (3125.8 £ 86.8)g2 Bin® (4968.4 £ 146.1)g2 x 1074
B*n (764.7 £20.1)g2 B (3734.8 £114.7)g2
Bta~ (7674.2 £201.2)g3 BYK~ (9033.7 £259.0)g3
BO70 (3839.8 £ 100.6)g7 BOk?© (8958.1 £256.9)g2
B,K (3094.9 +81.2)g7 Bn¥ (4592.0 4 130.6)g7 x 1074
By (728.8 £19.1)g3 Bsn (3597.9 £ 105.4)g3
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[26] . So, we write

(B}(5732)) = (01) ,+ = (1’ Py). (14)
2

Its spin-partner B(1!Py) is still not found experimentally.
Its identification is an important task in future experimental
studies. The doublet,

(Bi1(S721), B;(5747)) = (17,27 3+ = (PP, 1°Py), (15)

is identified very well in the present study. Since the exper-
imental information of the 2 P states is missing. For the 2P
states, more decay channels are open. Suppose the strong
decays of excited B meson (listed in Table 3) are contribut-
ing dominantly to the total decay width, then we can give
an information of fundamental decay modes of the particu-
lar decay state. The B(23 Py) dominantly decays in B*w~
and B;K modes, and B*7+ and BT 7~ are the main decay
channels of B(2®P,). The B(2! P;) and B(2*P)) states can
be found in B*nt decay mode.

4.1.2 28 and 38 states

The experimentally observed mass of B;(5840) is close to
the B(2'Sy) and B(23S)) assignments. The B;(5840) was
observed in Bz decay mode, i.e. the member of natural parity
states. Therefore, we can exclude the B(2! Sp) assignment of
B;(5840). Using the weighted average value of coupling
gn = 0.28 (obtained in the strong decay analysis of the 1P-
wave doublet (D;(2550), D%(2600)) = (2'Sy,2%S)) and
(D;"1 (2700)) = (235))) from [25] and taking the sum of
the partial decay widths of B(23S;) presented in Table 3,
which reach up to 229.0 £ 6.9 MeV. This state is very broad
and in good agreement with the LHCb [2] measurement
224.4 +23.9 MeV of B;(5840) and overestimated to the
theoretical results 107.8 MeV of [8], 106.1 MeV of [11],
and 121.9 MeV of [28]. Therefore, the strong decay analysis
suggests B(2358)) for B;(5840), but still uncertain. It can
also be a candidate of B(13D;) and B(13D3) states. The
calculated mass of the B(23S)) state is close to B(1° D) and
B(l3 Ds) states. However, experimentally the B(23 S1) states
might be more likely to be observed than the 1D states. So,
we write

(B, (5840)) = (17),- = (2351). (16)

Our predicted decay width 229.0-£6.9 MeV of B(23S)) state
with coupling gz = 0.28 is much larger compare to LHCb
[2] measurement 82 + 8 MeV of B;(5970). Also, the mass
difference MB_, (5970) — MB., (5840) ~ 100 MeV. So that they
may not be members of the same wave family. The B*r is the
main decay channel of B(238)), its branching ratio relative

to Bmr decay mode is

I'(B(23S)) — B*m)
I'(B(23S)) — Bm)

=1.6+£0.1, (17)

calculated from Table 3, which is underestimated to the pre-
dictions 1.9 of [8], 2.5 of [9], and 2.3 of [11]. From Table 3,
the 35 states are dominantly decaying in B*7 mode com-
pared to BT . For B(33S)), the branching ratio

I'(B(33S)) — B*m)
I'(B(33S;) — Bm)

= 1.84+0.1, (18)

is predicted in the range of other theoretical estimations 1.4
of [8] and 2.4 of [9].

4.1.3 1D, 2D, and 1F states

There are four 1D states, from which an unnatural parity
states B(1!D,) and B(13D,) are mainly to decay in B*x
mode (see Table 3), and in accordance with the results of
Refs. [8,9,11]. For the natural parity states B(13Dy) and
B(13D3), the branching ratio

I'(B(1’D,) — Bn)
s =

= =26+0.1 1
I'(B(13D)) — B*n) ’ (19

and

I'(B(13D3) — Bn)
Ry = ~

T T'(B(13D3) — B*m) L0, (20)

are calculated from Table 3. The value of R3 is overestimated
to 2.0 of [8,9], 1.7 of [11]; while R4 is consistent with 1.0
of [8,9,11]. Therefore, the B mode is more dominant over
B*7 for B(13 D)) state than B(13 D3). B;(5970) is observed
in the decay of two pseudoscalar mesons. Thus, we suggest

(Bs(5970)) = (17),- = (1°Dy). 1)

We obtain the coupling gx ~ 0.1 by equating the calcu-
lated decay width of B(13D 1) from Table 3 with LHCDb [2]
and CDF [4] measurements for By (5970). No experimen-
tal information is available for 2D and 1F states. From the
results listed in Table 3, the B(2®Dy) is mainly to decay in
B, and the 23 D5 state is equally found in Bz and B*x
modes. The branching ratio,

I'(B(2®D;) — Bn)
s =

= =23+009, 22
['(B(23D;) — B*m) (22)

and
_ I'(B(2°D3) - Bm) _
= T(BD;) > B'1)
The Rs is consistent with 2.5 of [8] and 2.2 of [9], and

for Rg our prediction is larger than 0.5 of [8]. The decay
behavior of the 1 F states is shown in Table 3. The B K mode

1.0. (23)
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is dominant over B*K, for the B(1° F») and B(13 Fy) states.
The branching ratio,

_ I'(B(I°Fy) > Bm)

" T(B13FR) = B*n)

—1.940.1, (24)

and
R — I'(B(13Fy) — Brm) _
8T TB(F) — B'n)
Here, the R; is quite larger than 1.4 of [8,9], and Rg
is consistent with 1.0 of [8]. B*rw is the main decay chan-
nel for B(2' Dy), B(23D»), B(1' F3), B(13 F3) states and in
accordance with the results of Refs. [8,9]. The ratios of the
strong decay rates will be helpful in searching these states
experimentally.

1.1. 25)

4.2 B meson
4.2.1 1P and 2P states

The predicted mass of B‘Y(13Po) is below BK threshold
[11,37-39]. A similar situation arises, like in the strange
charmed partner D},(2317). Hence, only the strong decay
to Bgm mode (called isospin-breaking mode [40]) is allowed
kinematically. To account for isospin violation, the square of
the suppression factor, given by,

2
3 —
== (2B ) 0, (26)
16 \my — ==

is multiplied with the decay width formula [41,42]. Here
my, my, and mg are the current quark masses. Using the
weighted average value of coupling gg = 0.56 (obtained in
the strong decay analysis of the 1 P-wave doublet (D (2400),
D1 (2420)) = (13 Py, 1' P)) from [25], we get the partial
decay width of By(13Py) — Byn® = (47.0 £1.2) x 107*
MeV. And, its doublet partner By (1 I'p) — B = (51.0+
1.3) x 107* MeV. Here the decay B, (1> Py) — BK is kine-
matically forbidden. Godfrey et al. [8] used the QPC model
and determined the partial decay width 138 MeV of B, (13 Py)
decay to BK mode. Such a broad decay width of B (13 Pp)
following some other QPC model predictions 225 MeV of
[9] and 217 MeV of [28], and the result from the chiral quark
model 227 MeV [36]. Such a broad resonance state is difficult
to identify in experimental studies.

The ratio among the decay rates can be used to confirm
or reject the quantum number assignments of the observed
states. The ratio,

L (Bs(1’°P)) - B*TK™)
r(B;(1’P,) - BYK~)
is calculated using the results of Table 3. It is larger than the

experimental measurements 0.081 +0.021 £0.015 of CMS
[43],0.093£0.013+£0.012 of LHCb [3] and 0.10£0.03 £

0.3, 27)

@ Springer

0.02 of CDF [44], and the theoretical prediction 0.1 of [9, 11,
28,36]. The BY,(5840) as By(13P»), with PDG [1] world
average mass 5839.92 £ 0.14 MeV, our calculated partial
decay rates are (0.38 =0.02 )g2 MeV and (4.63 £0.13)g?2
MeV for the decay states B** K~ and B+ K ~, respectively.
That gives aratio % ~(0.082+0.005, which is within
the errorbar of CMS [43] measurement, and in agreement
with the results of other experimental and theoretical studies
[3,9,28,36,44].

The decay width 6.740.3 MeV of By (13 Py) is calculated
by taking a sum of its partial decay width listed in Table 3
and using the weighted average value of coupling g7 = 0.43
(obtained in the strong decay analysis of the 1 P-wave doublet
(D1(2430), D3(2460)) = (13 Py, 13 P») and (D¥,(2573)) =
(13 P,)) from [25]. Such a narrow decay width of By (13P,) is
quite larger than the experimental observed narrow resonance
state B}, (5840): 1.5240.34 30 MeV of CMS [43], 1.4 &
0.44+0.2 MeV of LHCDb [3],and 1.56£0.13£0.47 MeV of
CDF [44], and the theoretical prediction 2 MeV of [11,36].
Therefore, B;‘z (5840) can be a strong candidate for By (13 Py)
. For its doublet partner By (13P)), the decay width 2.6 £0.2
MeV is obtained by summing up the partial decay width
from Table 3 with g7 = 0.43 . Such a state is narrow and
is underestimated to the prediction 21.4 MeV of [11] and
overestimated to the CDF measurement 0.5+0.3+0.3 MeV
[4]. In P-wave, the states 1! P; and 13 P; can be a mix, and
as we said in the introduction, one of the states may narrow.
Experimentally B;1(5830) is observed as a narrow state [4].
Soitis more reliable to predict By (13 Py). Therefore, we write

(Bs1(5830), B, (5840)) = (1T, 2+)%+ =(1®P,1°P).  (28)

For the 2 P states, more decay channels are open. But there
has been no experimental observation to date. Suppose the
strong decays of excited strange-bottom mesons (listed in
Table 3) are contributing dominantly to the total decay width,
we can give information of the fundamental decay modes of
the particular decay state. The BK is the main decay mode
of B;(23 Py), and the states B (2! Py) and B, (23 P;) are dom-
inantly decaying in B*K mode; and B*K and BK are the
main decay channels of By (23 P»). Our results are consistent
with the predictions of [8,9].

4.2.2 28 and 3S states

The decay behavior of the By (2'Sp) and B, (23S)) states are
shown in Table 3. It shows that the B*K is the main decay
mode of By (21So), and for By (2351) state B*K is dominant
over BK. The branching ratio,

(Bs(2’S)) - B*K) _

I'(B,(23S]) — BK) L4, 29
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whichisin good agreement with 1.5 of [8], and overestimated
to 2.0 of [9,11]. Like 285 states, the B*K is the main decay
mode of By(3!Sy) state. Moreover, for By(33S)), the B*K
mode is dominant over B K. The branching ratio,

(Bs(3’S)) > B*K) _
'(B;(33S)) — BK)

is predicted in the range of the theoretical results 1.2 of [8]

and 2.0 of [9]. It is interesting to study the strong decays of a
strange-bottom meson with the help of couplings obtained in
the charm sector. Using the weighted average value of cou-
pling gz = 0.28 (obtained in the strong decay analysis of the
1 P-wave doublet (D1(2550), D;(2600)) = (2180, 235))
and (D},(2700)) = (2381)) from [25] and taking the sum
of the partial decay widths of Bs(2!Sy) and B (238)) pre-
sented in Table 3, which reach up to 138.0 & 3.5 MeV and
170.0 £ 1.5 MeYV, respectively. Such states are predicted as
a broad resonance state, which is underestimated to the pre-
dictions 213.4 MeV B;(2'Sy) and 221.9 MeV B, (23S;) of
Ref. [11], and overestimated to 75.8 MeV By (2'Sy) and 114
MeV B(23S1) of Ref. [8], and 44 MeV B (2'Sy) and 51
MeV B(23S)) of Ref. [9].

1.8, (30)

4.2.3 1D, 2D, and 1F states

The natural parity 1D states 13D and 13 D3 are dominant to
decay in BK (see Table 3). Their calculated branching ratio
of the decay rates relative to B* K decay mode are,

I'(B;(1°Dy) = BK)

R = =2.6=+0.1, (31)
I'(B;(13D)) — B*K)

and
'(B;(1°D BK

Ry — (By(1°D3) - BK) _ 32)

T I'(B,(13D3) — B*K)

Our calculated value of R is overestimated by the the-
oretical results 2.0 of [8], 2.2 of [9], and 1.8 of [11]; and
Ry is consistent with 1.2 of [8], 0.9 of [9], and 1.1 of [11].
The B*K is the main channel of By(1' D) and B(13D»),
which are in accordance with the results of Refs. [8,9,11].
For 23 D states, BK is the fundamental decay mode; and for
23 D3, B*K is dominant over BK (see Table 3). The branch-
ing ratio,

_ I'(By(2°D1) - BK)
T T(B,(23D)) — B*K)

=23=£0.1, (33)

and
_ I'(By(2°D3) > BK) _
* = T'(B,23D3) — B*K)
Here, Rj is consistent with 2.5 of [8] and 2.3 of [9], while
for R4 our prediction is quite larger than 0.5 of [8] and 0.4
of [9]. For By (21 D) and By (23 D») states, B*K is the main
decay channel. The decay behavior of the 1F states is shown

0.9. (34)

in Table 3. The BK mode is dominant over B*K, for the
states B (13 F») and B, (13 F4). The branching ratio,

_ I'(By(1°F;) > BK)
ST T(B,(1’°F,) — B*K)

=1.940.1, (35)

and

_ I'(By(I°Fy) > BK) _
= T(B,(’F,) — B*K)

Here, the R5 is overestimated to 1.4 of [8,9], and R¢ is
consistent with 1.0 of [8]. The branching ratio distinguishes
the fundamental decay mode, which is valuable to further
experimental search. Using gx ~ 0.1 (as we extract in
Sect.4.1.3 for B;(5970) as B(13D;))and taking summation
of partial decay rates of B;(13D;) and Bs(1'D,) listed
in Table 3, we obtained 82.0 &= 1.0 MeV and 74.0 = 1.2
MeV, respectively. These are underestimated to the results
213.4 MeV Bs(13Dy) and 198.6 MeV B(1'D,) of [11],
183 MeV B, (13D;) of [8], and 191 MeV B;(1°D;) of
[9]. Our calculated decay width 82.0 & 1.0 MeV of natural
parity state By(13 D) is within the errorbar of experimental
measurement 66 £ 18 &= 21 MeV of B;(6114). We expect
more experimental efforts in the future to identify its nature
properly.

However, such a comparison is not necessarily valid
because heavier excited meson resonances might decay to
alternative final states, such as those involving higher light
pseudoscalar multiplicities, light vector mesons, and lower-
lying excited heavy mesons [8,9,11,28,36,45]. The effective
heavy meson chiral Lagrangians reported in Ref. [33] do not
contain such extra decay modes.

(36)

5 Summary

We have carried out a systematic study of the excited B and
B mesons in the framework of heavy quark effective theory.
The masses and the strong two-body decays of excited B and
Bg mesons are calculated. Our predictions listed with other
results obtained from the various potential model as well as
available experimental measurements give the mass range of
these mesons. With these predictions, we assign the possi-
ble quantum states for the experimentally observed excited
B and B mesons such as B; (5732), B1(5721), B41(5830),
B3 (5747), B;(5840), B},(5840), B;(5970), and B,(6063).
Furthermore, the strong decay behaviors of the excited B and
B mesons are investigated with the help of couplings gy, g5,
and g7 obtained by Colangelo et al. [25] in the strong decay
analysis of excited charmed mesons. The B (5732) is iden-
tified as B(13 Py). The B;(5721) and B} (5747) are classified
into P-wave spin doublet (13P;, 13 P,), and the B, (5840) is
interpreted as 23 5. The By (5830) and BY,(5840) is found to
be a strange partners of B1(5721) and B; (5747). The branch-

@ Springer



777 Page 12 of 13

Eur. Phys. J. C (2022) 82:777

ing ratio g’; can explain B;(5970) as 13D;. We tentatively

identify B, (6063) as By (238)) from the spectroscopy study
and B,(6114) as Bg(1>D;) from the strong decay analy-
sis. In this regard, we expect more information from future
experimental studies. The properties of other excited B and
B mesons are also predicted, which will be useful in future
experimental searches.
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Appendix: Uncertainty computation

Uncertainty arises in presented results are because of the
uncertainties in the various experimental inputs. For the com-
putation of uncertainties in our results, we use the most gen-
eral technique. For instance, the uncertainty in the compu-
tation of spin-averaged mass M (a, b) because of the uncer-
tainty in the experimental inputs a and b can be written as

— 2 — 2
AM (a. b) = /(%jb)aa) + (%ﬁ’b)ab) . 37)

with §a and §b are the uncertainties in the a and b respec-
tively. The uncertainties in the mass splitting between the
excited and the low-lying negative parity doublets, hyperfine
mass splitting between the members of the doublets, and the
strong decay rates are also extracted using the same method.

References

1. P.A. Zyla et al. (Particle Data Group), Review of particle physics.
Prog. Theor. Exp. Phys. 2020, 083C01 (2020)

@ Springer

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

217.

. R. Aaij et al. (LHCb Collaboration), Precise measurements of the

properties of the B1(5721)%% and B3 (5747)%+ states and obser-
vation of BT9 77 =F mass structures. JHEP 2015, 24 (2015)

. R. Aaijj et al. (LHCb Collaboration), First observation of the decay

B, — B**k~ and studies of excited BY mesons. Phys. Rev. Lett.
110, 151803 (2013)

. T. Aaltonen et al. (CDF Collaboration), Study of orbitally excited

B mesons and evidence for a new Bz resonance. Phys. Rev. D 90,
012013 (2014)

. T. Aaltonen et al. (CDF Collaboration), Measurement of resonance

parameters of orbitally excited narrow B® mesons. Phys. Rev. Lett.
102, 102003 (2009)

. V. Abazov et al. (DO Collaboration), Properties of L = 1 By and

Bj mesons. Phys. Rev. Lett. 99, 172001 (2007)

. R. Aajj et al. (LHCb Collaboration), Observation of new excited

B? states (2020). arXiv:2010.15931v1 [hep-ex]

. S.Godfrey, K. Moats, E.S. Swanson, B and B; meson spectroscopy.

Phys. Rev. D 94, 054025 (2016)

. Y. Sun et al. Higher bottom and bottom-strange mesons. Phys. Rev.

D 89, 054026 (2014)

D. Ebert, R. Faustov, V. Galkin, Heavy-light meson spectroscopy
and Regge trajectories in the relativistic quark model. Eur. Phys. J.
C 66, 197 (2010)

Q.F. Lii et al. Excited bottom and bottom-strange mesons in the
quark model. Phys. Rev. D 94, 074012 (2016)

V. Kher, N. Devlani, A.K. Rai, Spectroscopy, decay properties and
Regge trajectories of the B and By mesons. Chin. Phys. C 41,
093101 (2017)

N. Devlani, A K. Rai, Spectroscopy and decay properties of B and
B mesons. Eur. Phys. J. A 48, 104 (2012)

M. Shah, B. Patel, P.C. Vinodkumar, Spectroscopy and flavor
changing decays of B, B; mesons in a Dirac formalism. Phys. Rev.
D 93, 094028 (2016)

D. Jia, W.C. Dong, Regge-like spectra of excited singly heavy
mesons. Eur. Phys. J. Plus 134, 1 (2019)

J.K. Chen, Regge trajectories for the mesons consisting of different
quarks. Eur. Phys. J. C 78, 648 (2018)

T. Lahde, C. Nyfilt, D. Riska, Spectra and M1 decay widths of
heavy-light mesons. Nucl. Phys. A 674, 141 (2000)

L.-Y. Xiao, X.-H. Zhong, Strong decays of higher excited heavy-
light mesons in a chiral quark model. Phys. Rev. D 90, 074029
(2014)

I. Asghar et al. Decays and spectrum of bottom and bottom strange
mesons. Eur. Phys. J. A 54, 127 (2018)

E.J. Eichten, C.T. Hill, C. Quigg, Properties of orbitally excited
heavy-light (Qg) mesons. Phys. Rev. Lett. 71, 4116 (1993)

T. Mannel, Review of heavy quark effective theory (1996).
arXiv:hep-ph/9611411

A.F. Falk, T. Mehen, Excited heavy mesons beyond leading order
in the heavy quark expansion. Phys. Rev. D 53, 231 (1996)

M. Neubert, Heavy-meson form factors from QCD sum rules. Phys.
Rev. D 45,2451 (1992)

FE. Close, Z. Li, Effective heavy quark theory. Phys. Lett. B 289,
143 (1992)

P. Colangelo, F De. Fazio, F. Giannuzzi, S. Nicotri, New meson
spectroscopy with open charm and beauty. Phys. Rev. D 86, 054024
(2012)

. P. Gupta, A. Upadhyay, Placing the newly observed state

B (5840) in bottom spectra along with states B (5721), B3 (5747),
By1(5830), B},(5840), and B,(5970). Phys. Rev. D 99, 094043
(2019)

P. Gupta, A. Upadhyay, Analysis of strong decays of charmed
mesons Dj3(2460), Dy(2560), D>(2740), D1(3000), D5(3000),
and their spin partners D (2680), D3 (2760), and D§(3000). Phys.
Rev. D 97, 014015 (2018)


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://arxiv.org/abs/2010.15931v1
http://arxiv.org/abs/hep-ph/9611411

Eur. Phys. J. C (2022) 82:777

Page 13 of 13 777

28.

29.

30.

31.

32.

33.

34.

35.

36.

G.L. Yu, Z.G. Wang, The analysis of the excited bottom and bot-
tom strange states B;1(5721), B3 (5747), B,1(5830), B},(5840),
B;(5840), and B;(5970) in B meson family. Chin. Phys. C 44,
033103 (2019)

H.X. Chen et al., A review of the open charm and open bottom
systems. Rep. Prog. Phys. 80, 076201 (2017)

A.V. Manohar, M.B. Wise, Heavy quark physics (Cambridge Uni-
versity Press, Cambridge, 2000)

Z.G. Wang, Analysis of strong decays of the charmed
mesons D;(2580), D’ (2650), D;(2740), D7 (2760), D,;(3000),
D7 (3000). Phys. Rev. D 88, 114003 (2013)

Z.G. Wang, D;"3(2860) and D};(2860) as the 1D Cs states. Eur.
Phys. J. C 75, 25 (2015)

K. Gandhi, A K. Rai, Strong decay analysis of excited nonstrange
charmed mesons: implications for spectroscopy. Eur. Phys. J. A 57,
23 (2021)

K. Gandhi, A.K. Rai, T. Matsuki, Identifying D_;‘ 7(2860) as
four resonance states through strong decay analysis (2020).
arXiv:2010.15931v1 [hep-ph]

S.L. Zhu, Y.B. Dai, The effect of Bz continuum in the QCD sum
rules for the (0F, 1%) heavy meson doublet in HQET. Mod. Phys.
Lett. A 14, 2367 (1999)

X.H. Zhong, Q. Zhao, Strong decays of heavy-light mesons in a
chiral quark model. Phys. Rev. D 78, 014029 (2008)

37

38.

39.

40.

41.

42.

43.

44,

45.

. J. Zeng, J. Van Orden, W. Roberts, Heavy mesons in a relativistic
model. Phys. Rev. D 52, 5229 (1995)

H.Y. Cheng, E.S. Yu, Near mass degeneracy in the scalar meson
sector: implications for B(*s)o and BE 5)1 mesons. Phys. Rev. D 89,
114017 (2014)

M. Di Pierro, E. Eichten, Excited heavy-light systems and hadronic
transitions. Phys. Rev. D 64, 114004 (2001)

D.J. Gross, S.B. Treiman, F. Wilczek, Light-quark masses and
isospin violation. Phys. Rev. D 19, 2188 (1977)

P. Colangelo, F. De Fazio, Understanding D;;(2317). Phys. Lett.
B 570, 180 (2003)

T. Matsuki, K. Seo, Chiral particle decay of heavy-light mesons in
a relativistic potential model. Phys. Rev. D 85, 014036 (2012)
AM. Sirunyan et al. (CMS Collaboration), Studies of B}, (5840)°
and By (5830)° mesons including the observation of the
BY, (5840)° — Bk (S) decay in proton-proton collisions at /s = 8
TeV. Eur. Phys. J. C 78, 939 (2018)

R. Aaij et al. (LHCb Collaboration), Observation of orbitally
excited B; mesons. Phys. Rev. Lett. 100, 082001 (2008)

S. Campanella, P. Colangelo, F. De Fazio, Excited heavy meson
decays to light vector mesons: implications for spectroscopy. Phys.
Rev. D 98, 114028 (2018)

@ Springer


http://arxiv.org/abs/2010.15931v1

	Study of B, Bs mesons using heavy quark effective theory
	Abstract 
	1 Introduction
	2 Theoretical framework
	3 Mass spectroscopy: results and discussion
	4 Strong decay: numerical analysis
	4.1 B meson
	4.1.1 1P and 2P states
	4.1.2 2S and 3S states
	4.1.3 1D, 2D, and 1F states

	4.2 Bs meson
	4.2.1 1P and 2P states
	4.2.2 2S and 3S states
	4.2.3 1D, 2D, and 1F states


	5 Summary
	Acknowledgements
	Appendix: Uncertainty computation
	References




