PHYSICAL REVIEW D 99, 094043 (2019)
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We apply the formalism of P. Colangelo et al. [Phys. Rev. D 86, 054024 (2012)] to discuss the quantum
number assignments for the recently observed B,;(5840) state by R. Aaij et al. (LHCb Collaboration)
[J. High Energy Phys. 04 (2015) 024], and we classify the six possible J”’s for this state on the basis of the
theoretically available masses. By analyzing the strong decay widths and the branching ratios for all six of
these cases of B;(5840), we justify one of them to be the most favorable assignment. We also examine the
recently observed bottom state B;(5970) as 2S1~ and states B;(5721) and Bj(5747) with their strange
partners By (5830) and B (5840) for their J™’s as 1P;3,1" and 1P;,,2", respectively. The predicted
coupling constants gyy, Jrm. and gry help in redeeming the strong decay width of experimentally missing
bottom states B(2!S), B,(23S,), B,(2'Sy), B(1'D,), B;(1°D,), and B,(1'D,). These predictions provide
crucial information for upcoming experimental studies.

DOI: 10.1103/PhysRevD.99.094043

I. INTRODUCTION

In recent decades, significant experimental progress has
been achieved in studying the heavy-light meson spectros-
copy. Heavy-light mesons composed of one heavy quark Q
and a light quark g are useful in understanding the strong
interactions in the nonperturbative regime. Recently, many
new charm states like D3(3000), D,(3000), D?}(3000),
D3(2760), D;(2680), D;(2460), D7;(2650)°, D%(2760)°,
etc., announced by LHCb [1,2] and BABAR [3] have
successfully stimulated charm meson spectroscopy. In
the bottom sector, however, only ground states
BY(5279), B*(5279), B*(5324), B,(5366), B:(5415),
and a few of the low-lying excited bottom mesons
B (5721), B3(5747) are experimentally well known [4—
9]; they are listed in a paper by the PDG [10]. But the
information for other excited bottom mesons is rather
limited compared to the charm mesons. However, the
recent measurement of newly observed bottom mesons
by LHCb have opened the gate to extending our under-
standing of these higher excited bottom states. In 2015,
LHCb reported the observation of B,(5721)%* and
B;(5747)%" states, along with the observation of two
new resonances, B,;(5840)%% and B,;(5960)%F, in the
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pp collision data, at center-of-mass energies of 7 and
8 TeV [11]. Also, in 2013, the CDF Collaboration analyzed
a new state B,;(5960) in both the B%z" and B*z~ mass
distribution from the pp collision data at /s =
1.96 TeV [12].

And in the strange sector of the bottom mesons,
B,(5830) and B} (5840) states are well observed by the
CDF [7,12], DO [13], and LHCD [14] collaborations and are
assigned the J* states 1P;,1" and 1P5,,27, respectively.
The masses and the widths of the recently measured
experimental bottom states B;(5721), B3(5747),
B,(5840), B;(5960), B,;(5830), and B (5840) are listed
in Table I. Assigning a place in the mass spectra for such
newly observed experimental states is very important, as
the J? helps in redeeming many crucial strong interaction
properties of the states. To assign a J¥, many theoretical
models are available, such as the quark model [15-18],
heavy quark effective theory (HQET) [19], the 3P, model
[18,20], and many more [21]. Many theoretical predictions
have been made for assigning a particular J” to these newly
observed states. Different theoretical approaches use differ-
ent theoretical parameters, and therefore the predictions are
not completely consistent with each other; hence, a
particular J” is not confirmed to these experimentally
observed bottom states.

The first two bottom states in Table I, B;(5721) and
B3(5747), have been analyzed theoretically with various
models [18,22-25], and their analyses have interpreted the
B;(5747) state to belong to J¥ 27, For the B;(5721) state,
some of the theoretical works [19,24] favor it to be the spin
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TABLE I. Values of the masses and the decay widths of bottom mesons observed by various collaborations.
State JP Mass (MeV) Width (MeV) Experiment Observed decay mode
B;(5721) 1" 5727.7+£0.7 30.1+ 1.5 LHCb [11] Bn
57206 £2.4 e DO [8] Bn
57253+ 1.6 CDF [9] B*n
B3(5747) 2 5739.44 £ 0.37 245+1.0 LHCb [11] B*n,Br
5746.8 £2.4 e DO [8] B*n,Br
5740.2 + 1.7 22.7+3.2 CDF [9] B*n,Bx
B, (5840) 5862.9 +5.0 127.4 £ 16.7 LHCb [11] Brn
B;(5960) 5978 +5 e CDF [9] Br
5969.2 +2.9 82.3+7.7 LHCbD [11] Brx
B, (5830) 1" 5828.40 £ 0.04 “e LHCb [14] B*K
5828.3 £ 0.1 05£03 CDF [12] B*K
5829.4 + 0.7 .. CDF [7] B*K
B*,(5840) 2 5839.6 = 1.1 DO [13] B*K,BK
5839.70 £ 0.7 e CDF [7] B*K,BK
5839.70 £ 0.1 140+ 04 CDF [12] B*K,BK
5839.99 £ 0.05 1.56 £0.13 LHCb [14] B*K,BK

partner of the B%(5747) state, and hence J* as 17 for j; =
3/2 P-wave bottom meson. And other papers [22,23,25]
suggest B;(5721) to be the mixture of the 1P/, and 1P;/,
state. The other two bottom states, B;,(5830) and
B} (5840), being the strange partners of B,;(5721) and
B3(5747) states, also belong to 1Pg,,17 and 1P5,,27"
JP’s, respectively.

For the bottom state B;(5960), Godfrey er al. [26]
claimed that the properties of the B(5970) seen by the
CDF Collaboration [12] are consistent with the properties
of the B;(5960) measured by LHCb [11], so they may be
the same state. The theoretical analysis made by studying
decay widths for B;(5960) using the quark pair creation
model [25] and HQET [27] favors it belonging to the 251~
state. This prediction is also supported by work in Ref. [28],
where Liu and Lu have used the relativistic quark model. In
our previous work [29], where masses were predicted using
the QCD and 1/m, corrections to the flavor independent
parameters Ay and A, B;(5960) is again favored to be the
2S1~ state. But Lu et al., in Ref. [23], studied masses and
strong decays of B;(5960) states with a different spin-
parity hypothesis and identified that the B;(5960) belongs
to the 1D3~ state. A review of the open charm and open
bottom systems by Chen in Ref. [30] undergoes various
theoretical analyses with the conclusion that B;(5960)
belongs to the 2S1~ state.

As most of the analyses favored the 251~ spin parity,
B;(5960) is considered to be the radial excited 251~ state.
And lastly, for the B;(5840) bottom state, two spin-
parity proposals have been put forward. The first one is
given by Lu et al. [23], who suggested that it belongs to the
2S0~ state. This interpretation matches with the LHCb
Collaboration analysis [11]. A second possible J* is given
in Ref. [28], where Liu and Lu suggested that the B,;(5840)

state is a member of a 1PI1™ doublet with j, = 1/2.
As B;(5840) has been studied in only a few papers, in
this scenario, B,;(5840) needs to be properly placed in the
bottom meson spectra. In Ref. [23], the J¥ for bottom state
B;(5840) has been analyzed by predicting the masses and
decay widths using the nonrelativistic quark model and the
3P, model, respectively. Conversely, the J” in Ref. [28] has
been decided just on the basis of theoretically predicted
bottom meson masses. In both of the references, the models
have some unknown parameters, which are fitted by using
experimental data like the decay width of bottom state
B3(5747). So the accuracy of these predictions cannot be
completely justified.

We apply HQET to discuss the assignments of the
quantum numbers J” of the open bottom states recently
reported by LHCb [11]. In past decades, HQET has
successfully explained the properties of heavy-light
hadrons. The effectiveness of this theory lies in the fact
that a heavy quark is treated as a dynamical degree of
freedom (d.o.f.). As a result, the number of unknown
parameters is greatly reduced using heavy quark spin and
flavor symmetry. Another peculiar property of HQET is that
each effective quark field is written in terms of four-vector v,
of the heavy quark, which remains conserved in the strong
interactions in the infinitely heavy quark mass limit. In our
paper, we predict J” using the branching ratio 2%, which is
free from any theoretical parameter; hence, the prediction
made by HQET is supposed to be more accurate and logical.
HQET was originally proposed to study the interactions
among heavy-light charm and bottom mesons through the
emission of light pseudoscalar mesons (7, #, K) [31-40].
The paper is arranged as follows: Sec. II gives the descrip-
tion about the model “heavy quark effective theory.”
Section III represents the numerical analysis where we
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investigated the B;(5840) state by considering all of the
possible quark model assignments based on its mass and
spin parity and analyze the branching ratio é’i’; for all of these
possible J* states and confirm one of them to be the suitable
J? for this state. Along with this, we also analyze the bottom
states B (5721), B%(5747), B,(5830), B3,(5840), and
B;(5960) for their respective J”’s. In addition to this, we
also study the strong decays for the experimentally unob-
served but theoretically predicted states B(2'S,), B,(23S)),
B,(2!Sy), B(1'D,), B,(1°D,), and B(1'D,) and discuss
their strong coupling constants involved. Section IV
presents the summary of our work.

II. FRAMEWORK

We use heavy quark effective theory for the study of
heavy-light bottom mesons. As in our analysis, we use the
decay width expressions calculated in Ref. [19] by means
of HQET; it is useful to remind the reader about the
theoretical framework of this theory. In the heavy quark
limit my — oo (Q = ¢, b), spin of the heavy quark s,
decouples from the light d.o.f. which includes the light
antiquark and the gluons. Thus the spin of the heavy quark
5o and the total angular momentum of light d.o.f. s, are
separately conserved. The total angular momentum of light
d.o.f. 5;1s given by (s; = 55 + [), where s is the spin of the
light quark and 1 is the orbital angular momentum of the
light d.o.f.; therefore the resultant angular momentum J for
each heavy-light meson is J = s; + s¢. Thus for each state,
there is a degenerate doublet of meson state with J¥ =
s¥ 4 1/2 which for S-wave (I = 0) gives the doublet which
is represented by (P,P*) with J& = (07, 1‘)%. For the
P-wave (I = 1), we get two doublets which are represented
by (P, Pi)and (P, P) with JE = (07, 1*)% and (17, 2*)%,
respectively. Similarly, two doublets for the D-wave (I = 2)
are represented by (P}, P) and (P}, P), belonging to J% =
(17,27); and (27, 37)3, respectively. The above-mentioned
doublets for each wave are expressed by the effective
superfield H,, T, X, and Y, [40,41]:

1+7, .
Ha:T{Pa;ﬂ/ﬂ_PayS}’ (1)
1+¢ KUY 3 v yl/(yﬂ_l)ﬂ)
TZ:T{PZZ}/V_PMD\/;75|:QM -3 |

(2)
XZII_;—ﬁ{PgZYSYD_PTau\/%{g”U_M] }, (3)

v 1+ﬁ *UVO Q) 5
Ye = T{P3Z Vo —sz\/;i/s [&fégﬁ

Gra(r" =) days(y’ = v¥)
_p ; _Jalp 5 :| }’ (4)

where the field H, describes the doublet of S-wave,
and field T, represents the P-wave doublet (11,27)
D-wave doublets are represented by X, and Y, fields for
the (17,27);and (27,37); JP’s, respectively. Here indices a

3.
2

and b in the subsequent fields are SU(3) flavor indices
(u, d, and s). The heavy-meson field P™) contains a factor
/Mg with mass dimension of % For the radially excited
states for radial quantum number n = 2, these states are
replaced by notation with “~”, e.g., P, P*, and so on. The
strong interaction for these heavy-light mesons involves
their decay with the emission of light pseudoscalar mesons
(z, n, K), which can be studied with the help of chiral
perturbation theory.

The light pseudoscalar mesons are described by the
fields & = exp/=, where M is defined as

- L0 1 0
M = T Nk —I—\/gn K (5)
K- K° — %11

The pion octet is introduced by the vector and
axial vector combinations V# =1(£9/ET 4 ET9E) and
AR =L(EOHET —ETD#E). We choose f,=130MeV. The Dirac
structure of the chiral Lagrangian is given by the velocity
vector v/c. The interaction terms between the ground state
doublet (H,) and the excited states (7,, X,, Y,) through
light pseudoscalar mesons are written as

Lyy = QHHTY{HaHb}’ﬂsAZa}, (6)

g _ . .
Ly = %Tr{HaT’;,(zDMA +iPA,)parst +He., (7)

g - . .
Lyy == Te{H X[ (iD,A + iPA,)purs} + Hee (8)

1 _
Lyy = FTr{HaYﬁ”[kf{Dﬂ, D, YA, + k{(DﬂDlAD
+ D,D;A,)]y.1'7s} + Hee. )
In these equations,

D,=9,+V,, {D,D,}=D,D,+D,D,
{D,.D,D,} = D,D,D,+D,D,D,+D,D,D,
+D,D,D, +D,D,D,+D,D,D,. (10)

Here gy, 9rm, 9xm» and gyy = ki + kY are the strong
coupling constants, A is the chiral symmetry breaking scale
which is taken as 1 GeV. Using the Lagrangian Lyy, L1y,
Ly, and Lyy, the two body strong decay widths of Qg
heavy-light bottom mesons are calculated in Ref. [19] as
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TABLE II. Numerical value of the meson masses used in this work [10].
States B B* B* B, B:
Masses (MeV) 5279.58 5279.25 5325.20 5366.77 5415.40
States n* 0 n K+ KO
Masses (MeV) 139.57 134.97 547.85 493.67 497.61

r—_ ! > Py 14, (11) I 49y My

(27 4+ 1) £~ 8zaM? rG3=-07)= CMWMI‘ [Pl (22)

f\f/here A is the scattering amplitudg, and p,,; and m,, are the ) ) 1662, My
inal momentum and mass of the light pseudoscalar meson r3-—=1)=Cy 1052200 M, [Pl (23)

with py = \/A(M7, my, M7)/2M;, where A(a,b,c) =

a* + b> + ¢? —2ab — 2ac — 2bc is the Killen function.
M; and M stand for initial and final heavy-meson mass:
07,17) > (07, 17)+M

(1= —17) = CMQ%;’;EZZM, (12)

(1= - 07) = Cy g%:gﬁi’”, (13)

rO- - 1) = Cy, g’;gf‘i"l, (14)
(17,2%) = (0~ 17) + M

ret—1-) = CMzsg,,%%A//\IgLAj’ (15)

It —0) = CM%, (16)

It —17) = CM%, (17)

(17,27) > (0-,17) + M

L dgyy My
r--o0 )ZCMgﬂf)izilj\zﬁi[p;w(m%/[_Fp%/I)]’ (18)
o 205y My
r(- -1 )ZCM%éf\zﬁi[P%(m%ﬂLpﬁ)], (19)
29%(}1 Mf

(2~ - 17) =Cy

(27.37) > (07, 17) + M

49%/H My

re-—1)=cC Zs
Q7= 1) =Cuigopim,

(Pl (21)

In these equations, the coefficients C,z, Cg:, Cko,
Cgo=1, Cp =1 and C, =3 or { as from Ref. [19].
Different values of C,, corresponds to the initial state being
bi, bd, or bs, respectively. For the decay within n = 1, the
hadronic coupling constants are notated as gyy, 97y, €tc.,
and for the decay from n =2 to n = 1, these couplings
are notated as Gy, Jrm, respectively. Higher order cor-

rections for spin and flavor violation of order m%, are

excluded to avoid new unknown coupling constants. The
coupling constants involved in these widths either can be
theoretically predicted or can be determined indirectly from
the known experimental values of the decay widths. The
numerical masses of various mesons used in the calculation
are listed in Table IL

III. NUMERICAL ANALYSIS

To assign a particular J” to the experimental available
states is very important, as the J¥ helps in redeeming many
crucial strong interaction properties of the states like their
decay widths, masses, branching ratios, hadronic coupling
constants, etc. The recently observed state B;(5840) has
gone through various theoretical analyses [23,28] for its
strong decay, but a unique J” is not yet confirmed for it.

In this paper, we confirm a particular J* to the bottom
state B;(5840) recently observed by LHCb. On the basis of
the theoretically predicted masses Refs. [23,28,42-44],
B;(5840) can be a member of the doublets for radially
excited S-wave 2S(0~, 17), or for orbitally excited D-wave
doublet 1D(17,27) or 1D(27,37). These six possible J*
states are tabulated in Table III with their allowed strong
decays to the ground state bottom mesons 1S(0~,17).

To choose the best possible J© among these, we study
the branching ratio

I'(B,(5840) — Br)

BR =R, =
"7 T(B,(5840) — B*n)

(24)

for all of these suggested J”’s and their masses. This ratio
R, is effective in distinguishing these six possible assign-
ments, as this ratio R; gives a result independent of the
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TABLE III. ~ Strong decay channels for all of the six possible spin-parity J” values for the B;(5840) state.

Decay mode 250~ 281~ 1D1~ D23, D25, 1D3~
B°z° 220.643% 182.58¢% 12.84¢2,,
Bt x~ 439.407% 364.149%,, 254407,
B 124754, 11.60g% 0.01g2y
B n® 523.715%4, 347.463% 61.63g%, 184.91¢%, 16.98¢g% 9.709%,
B*n* 1040.107% 690.0877% 122.464%,, 367.39¢%y 33.41g3, 19.0993
Total 1563.823% 4 1710.099% 742.436%, 552.309% 50.40¢% 67.09¢%,
Ratio R, 0 0.63 2.96 0 0 1.32

coupling constants Jyy, gxy, and gyy, thus making the
predictions model independent. This ratio gives different
values for all these six states, thus allowing us to notate the
proper J¥ for the bottom state B,;(5840).

We have also plotted the graphs for the R; with the
masses for these J” states which are shown in Fig. 1. It is
worth noticing that, as Fig. 1(a) shows, the R; remains O for
the entire mass range, which indicates that the Bz decay
mode is either suppressed or not allowed for J”’s 2507,
1D3,27, and 1Ds),2". Figures 1(b)-1(d) show the varia-
tion of R; with the masses and give the values of R; as 0.63,

Branching

1.4
1.2
1.0
0.8
0.6
0.4
0.2

Mass
5700 5750 5800 5850 5900 5950

(a) Ratio for 25(07), 1D(27 )32 and 1D(27 )5/, state

Branching
5

4

3 L

2

1

Mass
5700 5750 5800 5850 5900 5950
(c) Ratio for 1D(17) state

FIG. 1.

2.96, and 1.32 for the J¥ states 2S1~, 1D1-, and 1D3",
respectively, corresponding to M(5840) = 5862.90 MeV.
The values 2.96 for 1D1~ and 1.32 for 1D3~ point towards
the dominancy of the Bz mode, whereas the value 0.63 for
the 251~ indicates the dominance of the B*z decay mode.
The calculation of the total decay widths for all six of these
classifications of B;(5840) requires the values of the
coupling constants gy, gxy, and gyy, which are exper-
imentally unknown. Nevertheless, on the basis of the
theoretically available values of these couplings, the fol-
lowing results can be seen:

Branching

14
12
1.0
0.8
0.6
0.4
0.2

Mass

5700 5750 5800 5850 5900

(b) Ratio for 25(17) state

5950

Branching
25

2.0

\\

L5 ——
1.0

0.5

Mass

5700 5750 5800 5850 5900

(d) Ratio for 1D(37) state

5950

Branching ratio I'(B,(5840)) — Bx/B*x for all six possible J”’s for the B,(5840) state, where three possible J'’s

285(0-),1D(2-)3/2,1D(2-)5/2 are shown in (a) and J*’s 2S(1-), 1D(1-) and 1D(3-) are shown in (b), (c) and (d) respectively.

094043-5



PALLAVI GUPTA and A. UPADHYAY

PHYS. REV. D 99, 094043 (2019)

TABLEIV. Strong decay width of newly observed bottom meson B%(5840) and its spin and strange partners B(1'D,), B,(1'D,), and

B:(1°D)). The ratio in the fifth column represents I' =

J

.. r
(B B r

for the nonstrange mesons, and I= i for the strange

r
B!, —BK")

mesons. Branching fraction (B.F.) gives the percentage of the partial decay width with respect to the total decay width.

Decay Decay Experimental/theoretical
State nLs;J? channel width (MeV) Ratio B.F. % value (MeV)
B;(5840) LDz 1~ Bzt 122.46g% 1 16.49
B 61.63g% 0.50 8.30
B*n ... e ...
B*K . e e
Bz° 182.58¢%4 1.49 24.59
Bfn 364.146%, 2.97 49.04
B 11.60 0.09 1.56
B,K . e e
Total 742.436%, 127.40 [11], 127 [18]
B,(5967.20) 1D;,2" Birt 866.425% ), 1 60.34
B*n° 435.16g% 4 0.50 30.31
By 94.61¢%, 0.10 6.58
BiK 39.42¢%, 0.04 2.74
Total 1435.69¢%; 250.69 [23], 98 [18]
B,;(6083.00) 1D35)17 Bin° 175314, 0.57 5.64
Bin 123963, 0.04 0.39
B*K® 300.48¢%,, 0.98 9.67
B*K* 305.62¢%y 1 9.84
BOx” 488.80g%, 1.59 15.73
B,y 49.01¢%, 0.16 1.57
BYK~ 894.37g%y 2.92 28.79
BK® 879.81¢%, 2.87 28.32
Total 3105.83¢%y 213.38 [23], 137 [18]
B,;(6057.50) 1Dy3/2)2" B:n® 436.79¢%, 0.60 23.04
Bin 23.620%y 0.03 1.24
B*"K* 724.426%y, 1 38.21
B*OK? 710.609% 0.98 37.48
Total 1895.45g%y 198.64 [23], 89 [18]
(a) If B;(5840) is classified as that of the member of the observed by LHCb in 2016 [46]. The O R, value and

(b)

doublet 2S(07,17), then the total decay width for
these states comes out to be 150.28 and 165.13 MeV,
respectively, for 250~ and 2S1~. This prediction is
made using the theoretical data gz = 0.31 [45]. Both
of these decay widths match very well with the
experimentally observed broad decay width of
127 MeV for B;(5840). The 251~ state is known to
be filled by the experimentally seen bottom state
B;(5970), and the experimentally observed decay
mode B°z™ is not possible for 250~. So the possibility
of both of these J’s, 250~ and 2S1-, are excluded.
If B;(5840) is the member of the doublet 1D(17,27)
with s¥ =3/27, then the total strong decay width
comes out to be 42.76 and 31.81 MeV for J”’s 1~ and
27, respectively. For this, gyy is taken as 0.24, which
is derived using the charm state D7} (2760) information

the narrow decay width for state 1D2~ also rules out
this option for B;(5840).

(c) The last possibility for B;(5840) can be the member of
the doublets 1D(27,37). Using the available data for
coupling constant gyy = 0.61 [45], the total decay
widths for J? states 2~ and 3~ come out to be 18.75
and 24.96 MeV, respectively. Even for such a high
value of gyy, the decay widths are very narrow. So the
classification of B;(5840) as a member of 1D(27,37)
is completely ruled out.

Thus the left out possibility of spin parity for B;(5840) is

ID(17);,. It is interesting to note that the ratio R; of

B;(5840) for J” state 1D(17);,, also comes out to be
maximum with a value of 2.96, thus favoring 1D(17);, as

the most favorable J* for B;(5840). However, if we
consider the fact that the photon from B* — By is too
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low in energy to be detected, and B* mesons are partially
reconstructed as B mesons. Then the J” option for
B;(5840) belonging to 250~ cannot be fully ignored
because of its large decay width. The identification of
B;(5840) as 250~ is also supported by the work in
Refs. [11,23]. So in the future, one may expect exper-
imental information about the decay modes for B,;(5840) to
broaden up, to clearly identify the exact J* for this state. In
this paper, because of the only Bz" experimentally
observed decay mode, we expect B,;(5840) to belong to
the 1D(17);, J value.

A. Prediction of spin and strange partners for B;(5840)

On the basis of the spin-parity assignment of B,(5840),
it is interesting to look for some features of its spin
and strange partners. As discussed, B;(5840) is assigned
the orbitally excited D-wave state with J© as 1D1~. The
complete picture of the partial decay widths for B(1'D,),
B,(1°D,), and B,(1'D,) being the spin and strange partners
of the B;(5840) state is listed in Table IV. Along with the
partial decay widths, the table also shows the branching

. Fal _ T S _ T .
ratios I' = T, G800 5B ) I = B, =5k and branching

fractions for all of the mentioned decay modes. Apart from
the decay channels mentioned in this table, B,;(5840) being
1D(17) also decays to 1P(17), 1P'(17), and 1P(2") states
along with pseudoscalar mesons (x,7, K). Since these
decays occur via D-wave, their contribution is relatively
suppressed. Here we mentioned only the dominant decay
modes with which total decay width of B,;(5840) comes out
to be 742.43¢%.

The information in the Table IV reveals that, for the
B;(5840) state, BTz~ and B°z° are the main decay modes
compared to the B**z~ and B*z° modes. The decay width
obtained in this work is finally compared with the exper-
imental data, and hence the coupling constant gyy is
obtained to be

gxy = 0.41 £ 0.02. (25)

This information can be beneficial in finding the total and
partial decay widths of unobserved highly excited bottom
meson states. Theoretically, these coupling values are also
obtained as 0.45 [47], 0.53 [48], and 0.19 [24] from the
charm states D,;(2860), D,;(2600) and bottom state
B;(5960) assuming them to be in 1D1~ state. As the
D,;(2600) and B;(5960) belong to 2S1-, the last two
values of the coupling gy = 0.53 and 0.19 predicted from
D;(2600) and B;(5960) are not useful for our study.
Theoretically, mass of the spin partner of B;(5840), i.e.,
B(1'D,) is predicted to be 5967.20 430 MeV in
Ref. [23,28,42-44]. Column 5 of the table gives the ratio
of the partial decay widths for B(1'D,) with respect to its
partial decay width B*~z". Apart from the decay channels
listed in this table, B(1'D,) also decays to P-wave bottom

meson states 1 P(07), 1P(17), 1P'(17), and 1P(27), which
occur via D-wave, and thus due to the small phase space,
these decay modes are suppressed when compared to
decays to ground state S-wave mesons and hence are
not shown in Table IV. From the listed decay channels,
B*~n" comes out to be the dominant decay mode for
B(1'D,) with branching fraction 60.34%. Decay width
calculated in Ref. [18], also shows B*r to be the dominant
decay mode. Hence, the decay mode B* z" can be a
motivation for the experimental search for the missing
bottom state B(1'D,) in future. Using the value of the
coupling constant gyy obtained from Eq. (25), the total
decay width of the bottom state B(1!D,) is obtained as
241.33 MeV. This decay width value is in the same range as
given in Ref. [23] with 3.87% deviation.

Masses for the strange partners of these bottom states are
taken as 6083.06 and 6057.50 MeV from the theoretical
work [23,28,42-44]. Referring to the branching fractions in
Table IV, B* K and B*~K* seem to be the dominant decay
modes with contribution 28.79% and 38.21% for the
bottom strange states B}, and B,,, respectively, which
are comparable to the dominant modes seen in Ref. [18].
These strange states also allow decays to P-wave bottom
meson states but are relatively suppressed. Hence, the total
decay width for these strange state comes out to be

I(B?,) = 522.09 MeV, (26)
I'(By,) = 318.62 MeV. (27)

The results conclude that B}, is a broader state than its
spin partner Bj,. Moreover, if we use the coupling gyy =
0.45 obtained in Ref. [47], the decay widths for states
B(1'D,), B,(1°D,), and B,(1'D,) deviate from our results
by 16%.

B. Analysis for bottom states B,(5721), B;(5747),
B,,(5830), and B} (5840)

We have also analyzed the bottom states B;(5721),
B3(5747), B1,(5830), and Bj;,(5840) for their J”’s. On the
basis of their available theoretical and experimental infor-
mation, the states B;(5721), B;(5747), B,(5830), and
B} ,(5840) are identified as the P-wave bottom mesons with

jl = 3/2

(B)(5721), B5(5747)) = (1+,2%);, with n=1,L =1,
(28)

(B,(5830), B3, (5840)) = (1+,2+);, with n=1,L=1.
(29)

We study their strong decay widths using Eqs. (14)—(16)
and calculate the various branching ratios involved. The
numerical value of the partial decay widths for the bottom
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TABLE V. Strong decay width of newly observed bottom mesons B (5721) and B5(5747) and their strange partners B(5830) and

B}, (5840). The ratio in the fifth column represents the I' = -

(BY) B+ a7)

for the nonstrange mesons, and I' = ) for the strange

___r
[(B:,—BYK*

mesons. The branching fraction (B.F.) gives the percentage of the partial decay width with respect to the total decay width.

Decay Decay Experimental/theoretical
State nLs,J? channel width (MeV) Ratio B.F. % value (MeV)
B, (5721) 1P317" Bt 74.83g2 1 66.16

B*n® 38.25¢%, 0.51 33.82

Total 113.09¢7 30.1 [11], 55 [18]
B;(5747) 1P32" Bt 52.47 g2y 1 30.65

B*n° 26.78¢% 0.51 15.64

B°z° 30.91g3, 0.58 18.05

Btn~ 61.02g7, 1.16 35.64

Total 171.18¢%, 24.5[11], 7 [18]
B,,(5830) 1P 1+ Bin® 444563, 100

B*TK" ~0(1071% g2, e

BK* ~O(107"%) g7y

Total 444563, 0.5 [12], 30 [18]
B;,(5840) 1Pg02" Bin° 30413, 87.38 40.27

B*K° 0.20g3; 0.59 0.27

B K" 0.34g%, 1 0.46

BYK~ 3.97g3y 11.40 5.25

BK? 4.64¢%, 13.33 6.14

B,n" 35.92¢%, 103.21 47.53

Total 75.57 g3 1.40[12], 1 [18]

states B;(5721), B5(5747), B1,(5830), and B3 (5840) are
given in Table V. The obtained decay widths are then
compared to the experimental data to obtain the strong
coupling constant gry. Since the strange states B,(5830)
and B} (5840) are very narrow, we exclude them to
calculate the coupling constant grg. gry comes out to
be 0.50 + 0.01 and 0.37 + 0.01 for bottom states B;(5721)
and Bj(5747), respectively. This is consistent with the
theoretical values of gy in Refs. [24,45,49] obtained from
charm mesons. Here the consistency in the hadronic
coupling constant gry beautifully describes the heavy
quark symmetry between the charm and bottom mesons.
We also obtained the ratios R,, Rz, and R, as

(B, (5721))

R, = =0.60, (30
> 7 I(B,(5721)) + ['(B3(5747)) (30)
I'(B; - B*
Ry = (B3 > B'x) =046, (31)
(C(B; —» B*n) + I'(B5 — Bx))
Bt
R, = B3(5747) - =0.85, (32)

Btrm~
which are consistent with their experimental values R, =
0.47 £0.06 and R; = 0.47 £0.09 observed by the DO
Collaboration [8], and R, = 0.71 £0.14 measured by
LHCb [11]. Table V also shows the decay widths of the

strange bottom states Bj,(5830) and B3,(5840). The
negligible values of the decay widths (of order of
1071 MeV) for the B,,(5830) state decaying to B**K~
and B*~K? are consistent with its very small decay width
0.5 MeV measured by the CDF Collaboration [12] in 2014.
Table V reveals that B**z~ and Bz~ are the main decay
modes for B;(5721) and B3(5747) with branching frac-
tions 66.16% and 35.64%, respectively. Similarly, B}z° and
B, are observed to be the dominating decay modes for
their strange partners B (5830) and B3 (5840),
respectively.

C. Prediction of spin and strange partners for B;(5970)

Now, we will proceed in a similar manner to study the
spin and strange partners for bottom state B,;(5970). As we
have discussed, B,;(5970) is fitted to be the radially excited
state with J” 1~. Table VI shows the partial decay widths
for B;(5970) along with its spin and strange partners
B(2'Sy), B,(23S,), and B,(2'S,). Along with the partial
decay widths, the table also shows the branching ratio =
r(3§*>—1:3*+f) and ' = F(BL—’FB*OK*)
strange states B(2'S,), B(23S,), B,(23S,), and B,(2'S,),
respectively.

From the experimental decay widths of B;(5970), we
obtain the strong coupling constant gy as

for the nonstrange and
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TABLE VL

ratio in the fifth column represents the I= L

F(B() B n7)

Strong decay width of bottom meson B;(5970) with its spin and strange partners B(2'S,),
for the nonstrange mesons, and I=

B,(2'Sy), and B,(23S,). The

W for the strange mesons. The

branching fraction (B.F.) gives the percentage of the partial decay width with respect to the total decay width.

Decay Decay Experimental/theoretical
State nLs,J? channel width (MeV) Ratio B.F. % value (MeV)
B, (5881) 215,0~ Bin* 1148.08@%,,, 1 66.48
B*z° 571. SOgHH 0.50 33.27
B*n L. OOgHH 0.00 0.05
BiK e e
Total 1726.893% 91 [18]
B;(5970) 238,1~ B*mt 1178.233% 1 36.30
Bn® 591.953% 0.50 18.23
B*n 122.225%,, 0.10 3.76
BiK 69. 94gHH 0.05 2.15
Bz° 359.115%, 0.30 11.06
Btn~ 716.215% 0.60 22.06
B% 113.375%4 0.09 3.49
BK 94.4352,, 0.08 2.90
Total 3245.4933,, 82.30 [11], 107 [18]
B,((5976.0) (2154)0~ BOKY 521. 96§HH 0.96 31.38
B K™ 539.413 gHH 1 3243
Bin® 593.725% 1.10 35.70
Bin 7.85%% 4 0.01 0.47
Total 1662.975% 75.80 [26], 106 [18]
B;(6007.8) 238, 1- BYK? 342713, 0.97 15.87
BYK~ 350.667% 1 16.24
B,n° 292.675%4 0.83 13.55
Bgn 58.295% 0.16 2.70
B*K° 474.963% 1.35 22.00
B*tK~ 486.475%,, 1.38 22.53
Bin® 466.535%,, 1.33 21.61
Bin 36.985%,, 0.10 1.71
Total 2158.6532%, 114.0 [26], 127 [18]
gy = 0.15 £ 0.01. (33) And for their strange partners B, and B, we observe

The error in the value of coupling comes from the statistical
error in experimental mass and decay width values of these
bottom states. Using HQET, this coupling constant G is
also predicted as 0.14 [24], 0.31 [45], 0.28 [19], and 0.40
[48]. The first value is obtained from bottom state
B;(5960), and the other three values are obtained from
the charm state sector by assuming that the charm states to
be in the 250~ state.

From the listed decay channels mentioned in Table VI,
B*zt comes out as the dominant decay mode for
B;(5970) and its spin partner B(2!S,) with branching
fractions 36.30% and 66.48%, respectively.

Apart from the decay channels listed in Table VI, we also
find its partial decays to 1P(0"), 1P(2"), 1D(17), and
1D(37) states, but due to the small phase space, these decay
modes are suppressed and are not considered in this work.

B*TK~ and B}z as the dominant decay modes for the B,
and By, bottom states, respectively. Thus these decay
modes are suitable for the experimental search for
these missing radially excited strange bottom mesons
B}, and By. Using the result in Eq. (33), their total decay
widths corresponding to the mass M (B;) = 5881.00 MeV,
M(B%,) = 6007.80 MeV, and M(B,,) = 5976.00 MeV
[23,28,42-44] are obtained as

I'(By) = 38.85 MeV, (34)
I(B?,) = 37.41 MeV, (35)
I'(By,) = 48.56 MeV. (36)

This shows that the strange partners follow the same pattern
as the nonstrange bottom states, i.e., B}, state is seen to be
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broader than its spin partner By,. From the other available
theoretical coupling values of gyy, the uppermost theo-
retical value predicted from the charm states is 0.40 [48].
The results for the decay widths obtained using this higher
value are very large, (=254 + 35) MeV, from the values
obtained in our result. However, if we use the coupling
value gy = 0.14 [24] obtained from the bottom sector, it
gives decay widths of 33.84, 32.59, and 42.30 MeV for the
states B(2'Sy), B,(2'S,), and B,(23S,), which deviates by
11% from our results. The results for dominating decay
modes for all of these four states are the same as observed
in Ref. [18]. If we look at the leading order terms of the
coupling constants, it will remain the same for both the
charm and bottom sectors. It may vary if we go for
corrections up to 1/mg order. So using the coupling
constant values obtained from experimental charm states
to theoretically predict the information for bottom states
may change the actual results. Moreover, one can also
extend the work by studying the decays decaying to ground
state through vector mesons with J¥ = 1~ [50].

IV. CONCLUSION

In this article, we have used the heavy quark effective
theory of Ref. [19] to investigate the recently observed
bottom mesons, B;(5840), B5(5747), B,(5840), B}(5960),
B*,(5830), and B?,(5840) by calculating the B/B*-light

pseudoscalar meson decay widths. We also calculate the
strong decay widths for the experimentally unobserved but
theoretically predicted states B(2'S,), B,(2°S;), B,(2'Sy),
B(1'D,), B,(1°D,), and B(1'D,). In particular, we have
identified the six possible spin-parity assignments for the
B;(5840) state, observed by the LHCb in 2015 [11]. We
have analyzed the total decay widths and branching ratio
(Ry) é’;’; for all six of the assignments in Table III and
concluded that the only favorable J value for B;(5840) state
is 1D17. This ratio has very different values for B;(5840)
belonging to these two J’s, so experimental measurement
of such a branching ratio in the future will be very helpful in
clearly identifying one of them to be the most favorable J*’s
for B;(5840).

We have also obtained coupling constant gyy, Gry, and
gry governing the strong decays of bottom states to the
light pseudoscalar mesons. These obtained couplings
allowed us to compute the strong decay widths of the
above-mentioned experimentally missing bottom states.
Along with this, we examine the recently observed bottom
states B;(5721) and B;(5747) and their strange partners
B,;(5830) and Bj;(5840) for their J”’s as 1P5;,1" and
1P5,,2%, respectively. Thus these predictions have opened
a window to investigate the higher excitations of bottom
mesons at LHCb, DO, and CDF.
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