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We predict the spectrum of the four 1S and eight 1P nonstrange and strange states in the beauty meson
family in the context of effective field theory. By the union of heavy quark effective theory and chiral
perturbation theory, the mass formalisms for the heavy-light mesons are defined. Our analysis uses mass
expressions involving, for the first time, the full leading self-energy corrections and leading power
corrections to the heavy quark and chiral limits. The counterterms present in these expressions are fitted
using charm data and then used to predict the masses of the analog beauty meson states. The observed

spectrum of the ground state, Bð�Þ
ðsÞ , and excited, BðsÞ1 and B�

ðsÞ2, beauty mesons are well reproduced in our

theoretical calculations. The excited scalar, B�
ðsÞ0, and axial-vector, B0

ðsÞ1, beauty mesons have not yet been

discovered. Hopefully our predictions may provide valuable clues to further experimental exploration of
these missing resonances.

DOI: 10.1103/PhysRevD.103.034009

I. INTRODUCTION

The physics of heavy-light mesons is well described by
heavy quark symmetry. In the heavy quark (HQ) limit,
mQ ≫ ΛQCD, the spin of the heavy quark, sQ, decouples
from the spin of the light degrees of freedom (light
antiquarks and gluons), sl, and both separately become
conserved in the strong interaction processes. The light
degrees of freedom, in this limit, become blind of heavy
quark spin and flavor; accordingly charmed and beauty
mesons, as heavy-light meson systems, become degenerate.
Heavy-light mesons can be organized in doublets of two
states with total angular momentum J� ¼ sl � sQ and
parity P ¼ ð−1Þlþ1, where sl ¼ l� 1

2
and l is the orbital

angular momentum of the light degrees of freedom. Here,
our focus is on the heavy meson doublets corresponding to
l ¼ 0, 1. For the ground state, l ¼ 0 (S wave in the quark
model), the heavy mesons with JP ¼ 0−; 1− are degenerate
and form members of the ground state 1

2
− doublet. For the

low-lying excited states, l ¼ 1 (P wave in the quark
model), there are two cases for sl; it could be 1

2
or 3

2
. For

the 1
2
þ doublet, the degenerate states are 0þ and 1þ. The

other P-wave states, which form members of the 3
2
þ

doublet, are 1þ and 2þ. Although 1þ states of 1
2
þ and 3

2
þ

doublets can mix, they can be distinguished by their strong
decays. In the strict HQ limit, the state 1þ of the 3

2
þ doublet

can only decay to ground state by D-wave pion emission,
so it can be discriminated from 1þ of the 1

2
þ doublet, which

decays by S wave.
The degeneracy between charm and beauty meson

systems, which is realized in the HQ limit, is in fact lifted
by the finiteness of charm and beauty quark masses;
however, the resulting mass splittings are related by heavy
quark spin-flavor symmetry. Experimentally, all the 1S and
1P charmed mesons are well established, and hence
completing one S-wave doublet, sPl ¼ 1

2
−, and two P-wave

doublets, sPl ¼ 1
2
þ and sPl ¼ 3

2
þ. Different from charm

sector, only the 1S beauty states have been well established,
completing one S-wave doublet, sPl ¼ 1

2
−. For the 1P

beauty family, the states belonging to sPl ¼ 3
2
þ doublet

are well established. However, the other excited beauty
mesons, which belong to sPl ¼ 1

2
þ doublet, have not yet

been observed. This work is concerned to make model
independent predictions for the 1S and 1P beauty meson
spectrum using effective QFT.
Heavy meson chiral perturbation theory (HMCHPT) is

potentially a very useful tool in analyzing the properties of
mesons containing a single heavy quark, for a review see
Ref. [1]. We have used this theory to predict the spectrum of
the sPl ¼ 1

2
− and sPl ¼ 1

2
þ beauty mesons [2]. Our analysis

uses the expressions for masses presented in [3]. The
leading one-loop corrections between states belonging to
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the sPl ¼ 1
2
− and sPl ¼ 1

2
þ doublets and corrections due to

chiral and heavy quark symmetry breakings are considered
in our study in [2]. However, the virtual loops effect from
the sPl ¼ 3

2
þ states to sPl ¼ 1

2
þ states are neglected.

According to the power counting rules introduced in [3],
these missing virtual loop effects are important to the
physics of the scalar and axial-vector charmed and beauty
mesons. In our recent study [4], we have used a version of
HMCHPT that includes all relevant heavy quark sPl ¼ 1

2
−,

sPl ¼ 1
2
þ, and sPl ¼ 3

2
þ doublets. We have calculated the

missing loop effects to the sPl ¼ 1
2
þ masses and also have

derived the mass formalisms for the excited sPl ¼ 3
2
þ states,

including full one-loop corrections and corrections due to
chiral and heavy quark symmetry breaking terms.
Our main motivation is to extend the applications of

HMCHPT in [2–4] to predict the spectrum of the sPl ¼ 1
2
−,

sPl ¼ 1
2
þ, and sPl ¼ 3

2
þ beauty mesons. Our approach takes

into account, for the first time, the full leading self-energy
contributions and corrections due to chiral and heavy quark
symmetry breakings. The mass expressions in [2–4] can be
used to predict hyperfine and SUð3Þ flavor mass splittings
in different doublets. To obtain, however, accurate pre-
dictions on the excited beauty meson masses, other leading
power corrections to HQ limit of the form OðΛQCD=mc −
ΛQCD=mbÞ are needed. In this work, these missing correc-
tions, which give rise the correct mass splittings among the
different doublets in the predicted beauty meson spectrum,
are properly included to the beauty meson masses. The
paper is organized as follows. Section II presents the
HMCHPT masses that we use for the ground state and
excited charmed and beauty mesons. The method for fixing
unknown parameters using charm spectrum and that for
predicting the analog beauty mesons are illustrated in
Sec. III. The discussion of our results is also given in this
section. Section IV provides our conclusions.

II. MASS FORMALISMS

The residual masses for the sPl ¼ 1
2
− (H-sector), sPl ¼ 1

2
þ

(S-sector), and sPl ¼ 3
2
þ (T-sector) charmed mesons have

been derived within HMCHPT framework including one
loop chiral corrections [3,4]. In a compact form, it reads [2,4]

mr
D�

ðsÞ
¼ ηX � n∓

nþ þ n−
ξX þ αðsÞLX � n∓dXβðsÞFX

þ ΣD�
ðsÞ
; ð1Þ

where D�
ðsÞ ∈ fDðsÞ; D�

ðsÞ; D
�
ðsÞ0; D

0
ðsÞ1; DðsÞ1; D�

ðsÞ2g and

X ∈ fH; S; Tg. The subscript s stands for the strange
charmed meson and the quantity n� ¼ 2J� þ 1 gives the
number of spin states in the meson D�

ðsÞ. The values of

coefficients are as follows: α ¼ −1=3, αs ¼ 2=3, β ¼ −1=4,
βs ¼ 1=2, dH ¼ dS ¼ 1=3, and dT ¼ 1=6. The η and

L (ξ and F) parameters in H, S, and T sectors respect
(violate) heavy quark spin-flavor symmetry. Note that the
parameterFX (in thiswork and in [4]) has the same definition
of the parameter TX in [2]; we use F instead of T to avoid
confusion with T-sector states. Masses in Eq. (1) do not
contain terms that only break heavy quark flavor symmetry.
The self-energy corrections, which are represented by ΣD�,
are nonlinear functions of the mass difference of charmed
mesons andmasses of the light pseudoscalarmesonsπ, η, and
K. They depend quadratically on five (g, g0,g00, h, and h0)
couplings. The g, g0, and g00 couplings govern the strong
interactions among states in the sPl ¼ 1

2
−, sPl ¼ 1

2
þ, and sPl ¼

3
2
þ doublets, respectively. The h (h0) coupling parametrizes
the strong interactions of sPl ¼ 1

2
− and sPl ¼ 1

2
þ (sPl ¼ 1

2
þ and

sPl ¼ 3
2
þ) mesons. The explicit expressions of self energies

for the excited sPl ¼ 1
2
þ and sPl ¼ 3

2
þ charmed meson states

are given in the Appendix of [4]. For the sPl ¼ 1
2
− ground

state, we use expressions given in Appendix of [2].
TheHMCHPTresults for charmedmesons, Eq. (1), can be

used to obtain the predictions for the analog beauty meson
spectrum. For this, the heavy quark spin violating (ξ and F)
parameters should be rescaled by mc

mb
. Following Ref. [2], we

use MS masses, mb ¼ 4.18 GeV and mc ¼ 1.27 GeV, to
define the rescaling factor mc=mb ¼ 0.304ð50Þ, where an
extra uncertainty ofOðΛQCDÞ is added to cover the spread of
b and c masses resulting from different schemes [5]. The
HMCHPT masses for the beauty mesons read

mr
B�
ðsÞ
¼ ηX � n∓

nþ þ n−
ξbX þ αðsÞLX

� n∓dXβðsÞFb
X þ ΣB�

ðsÞ
; ð2Þ

where ξbX ¼ mc
mb

ξX and Fb
X ¼ mc

mb
FX. The one-loop correc-

tions, ΣB� , are now nonlinear functions of the beauty meson
mass differences andmasses of the light Goldstone particles.
By fitting parameters in Eq. (1) to charmed spectrum, we

can use Eq. (2) to predict the mass splittings in the beauty
sector. To extract the absolute masses of the excited beauty
mesons, other leading power corrections OðΛQCD=mc −
ΛQCD=mbÞ to the HQ limit should be included to HMCHPT
masses. Such missing terms are needed to get the correct
mass splittings among the different doublets in the pre-
dicted beauty meson spectrum. We will elaborate how to
properly include them to our masses. For this, let us first
recall heavy meson masses in heavy quark effective theory
(HQET). In a compact form, the mass of a heavy meson X
containing a single heavy quark flavor Q can be expressed
up to the leading power corrections to the HQ limit as [6]

m
XðQÞ
�

¼ mQ þ Λ̄X −
λX;1
2mQ

� n∓
λX;2
2mQ

; ð3Þ

where the energy of the light degrees of freedom in the HQ
limit is represented by the nonperturbative parameter Λ̄X.
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In the SUð3Þ limit, this parameter has the same value for all
particles in a given sPl doublet. If SUð3Þ breaking is
considered, it is different for nonstrange, Λ̄X

n , and strange,
Λ̄X
s , mesons. The other nonperturbative parameters λX;1 and

λX;2 determine the heavy quark kinetic energy and the
chromomagnetic energy, respectively. They have the same
values for all particles in a given sPl heavy quark doublet.
As kinetic energy is a positive quantity, the sign of λX;1 in
Eq. (3) should be negative.
In Eq. (3), the third term, which contains λX;1, breaks

heavy quark flavor symmetry, but it leaves the heavy quark
spin symmetry intact. However, the last term, which has
λX;2, breaks both heavy quark flavor and spin symmetries.
The spin averaged mass, m̄X, weighted by the number of
helicity states

m̄ðQÞ
X ¼

n−mXðQÞ
−

þ nþmXðQÞ
þ

nþ þ n−
; ð4Þ

is independent of spin symmetry violating parameters, i.e.,
λX;2 (ξ and F) in Eq. (3) [Eq. (1)]. By using Eqs. (3) and (4),
one can define the difference of spin averaged masses in the
beauty sector,

m̄ðbÞ
AðsÞ − m̄ðbÞ

HðsÞ ¼ m̄ðcÞ
AðsÞ − m̄ðcÞ

HðsÞ þ δðsÞAH; ð5Þ

where A ∈ fS; Tg, and

δðsÞAH ¼ ðλA;1 − λH;1ÞðsÞ
�

1

2mc
−

1

2mb

�
; ð6Þ

represents the leading OðΛQCD=mc − ΛQCD=mbÞ correc-
tions. Such corrections to the HQ limit are missing in
HMCHPT formalisms [Eq. (1)]. Therefore, one has to
incorporate them properly into HMCHPT masses for the
beauty mesons. It should be noted that the HMCHPT
masses in Eq. (1) not only involve effects to first order in
the inverse heavy quark mass, 1=mQ, as those of HQET in
Eq. (3), but also involve effects due to the light quark mass,
mq, andmq=mQ terms. These terms, which are buried in the
(η, ξ, L, F) parameters of Eq. (1), scale as Λ2

QCD=mQ ∝
Δ ∼Q and mq ∼Q2, where Q ∼mπ , mK, mη and Δ is
hyperfine splitting operator; for technical details see
Refs. [2,4]. As HMCHPT masses are defined up to third
order, we add the factor,

ΔðsÞ
AH ¼ δðsÞAH

�
1þ a

M
Λχ

þ b
M2

Λ2
χ

�
; ð7Þ

to the excited sPl ¼ 1
2
þ and sPl ¼ 3

2
þ beauty meson masses,

see Eq. (8) below. The chiral symmetry breaking scale is
Λχ ≃ 1 GeV and M is mπ (mK) for nonstrange (strange)
splittings. The magnitude and relative sign of the numerical

factors a and b in the above expansion [Eq. (7)] can be
chosen to reproduce the observed beauty meson spectrum.
It is found that for a and b with values less than unity, good
results can be obtained; the difference between the
observed and predicted masses for the excited jPl ¼ 3

2
þ

states is very small, i.e., of order few MeV. Theoretical
results are not much affected when taking any values for a
and b less than unity. Here, we choose a ¼ 0.82 and
b ¼ −0.18, which provides more accurate results. In light
of the foregoing, one can reexpress the HMCHPT masses
for the beauty mesons in Eq. (2) as

mr
B�
ðsÞ
¼ ΔðsÞ

AH þ ηX � n∓
nþ þ n−

ξbX þ αðsÞLX

� n∓dXβðsÞFb
X þ ΣB�

ðsÞ
: ð8Þ

Both expressions [Eqs. (2) and (8)] will be used in the next
section to predict the mass splittings in the beauty sector.
The absolute masses for the beauty mesons will also be
predicted using Eq. (8).
To proceedwe need to extract the values of ðλA;1 − λH;1ÞðsÞ

and δðsÞAH using Eqs. (5) and (6). From the spectroscopy of the
sPl ¼ 1

2
− and sPl ¼ 3

2
þ charmed and beauty mesons, one finds

λT;1 − λH;1 ¼ −0.197 GeV2 (δTH ¼ −54 MeV) for non-
strange particles and λsT;1 − λsH;1 ¼ −0.174 GeV2 (δsTH ¼
−47.7 MeV) for strange ones. The negative sign shows that
the kinetic energy of the heavy quark in the excited sPl ¼ 3

2
þ

mesons is larger than that in the sPl ¼ 1
2
− ground state. From

Eq. (7), the corrections are found to beΔTH ¼ −60 MeV for
nonstrange beauty sector and Δs

TH ¼ −65 MeV for strange

one. The extracted values for ΔðsÞ
TH amount to lowering the

masses of the excited sPl ¼ 3
2
þ beauty mesons, see Eq. (8).

The nonperturbative parameter λðsÞS;1 is unknown, and, hence,

we cannot extractΔðsÞ
SH. In Refs. [3,7], the value λ

ðsÞ
S;1 − λðsÞH;1 ≈

λðsÞT;1 − λðsÞH;1 is considered by assuming that the kinetic energy
of the heavy quark in the sPl ¼ 1

2
þ states is comparable to that

of sPl ¼ 3
2
þ states. To cover all possibilities for thevalue of the

kinetic energy of heavy quark in the sPl ¼ 1
2
þ states and not

limit it to values that are comparable to that of the sPl ¼ 3
2
þ

states, we consider that the kinetic energy of heavy quark in
the sPl ¼ 1

2
þ states lying between those of the sPl ¼ 1

2
− and

sPl ¼ 3
2
þ states and add a large uncertainty that measures

our ignorance of λðsÞS;1. Thus, we take ðλS;1 − λH;1ÞðsÞ ¼
−0.09ð6Þ GeV2. From Eqs. (6) and (7), the beauty non-
strange (strange) sPl ¼ 1

2
þ masses in Eq. (8) are lowered by

ΔSH ¼ −27ð18Þ MeV [Δs
SH ¼ −33ð22ÞMeV]. At our level

of precision, the uncertainties due to experimental masses
and higher order OðΛQCD=mc − ΛQCD=mbÞ corrections are
negligible.
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III. RESULTS AND DISCUSSION

Before presenting our results, let us first illustrate the
fitting and predicting methods. Here, we follow the
approach employed in [2] to fit η, ξ, L, and F parameters
and predict the beauty meson masses. The fitting method is
essentially based on using physical masses of charmed
mesons to evaluate the chiral loop functions, which ensures
that the imaginary parts of self-energies (loop functions) are
correctly related to the observed decay widths. This makes
fit linear and hence helps to extract unique values for the η, ξ,
L, and F parameters. Because of computing loop integrals
using physicalmasses, the obtained values for the parameters
will contain contributions beyond OðQ3Þ. The generated
higher order μ-dependent terms cannot properly be renor-
malized using μ-dependence counterterms of the theory.
Therefore, a theoretical error coming from such higher order
terms should be estimated. As in [2], the β functions of the η,
ξ, L, and F parameters will be defined to estimate the
contributions from the generated higher-order terms.
In the fit, we use twelve masses of strange and non-

strange charmed mesons [5]. We work in the isospin limit.
We only average the masses of the well-determined
charmed nonstrange mesons. The 1

2
þ charmed nonstrange

mesons, however, are poorly determined. So, we instead
use the masses of the excited D�0

0 , 2300(19) MeV [5], and
D00

1 , 2427(26)(25) MeV [8], mesons. For Goldstone par-
ticles, mπ ¼ 140 MeV, mK ¼ 495 MeV, and mη ¼
547 MeV are used. Our results smoothly change with
the normalization scale μ; consequently, performing cal-
culations at any other values of the normalization scale will
not make much difference. In our numerical calculations,
we set the normalization scale to the average of pion and
kaon masses, μ ¼ 317 MeV, as in [2]. The numerical
values for the couplings can be extracted using available
data on strong decays of charmed mesons. The coupling
constant g at tree level can be extracted using the measured
width of D�� [5]; this gives g ¼ 0.5672ð80Þ. For the h
coupling, we use h ¼ 0.514ð17Þ, which is extracted from
the width of D��

0 [9]. The g0, h0, and g00 couplings are
unknown experimentally. We, therefore, use lattice QCD
result for g0 ¼ −0.122ð8Þð6Þ [10] and restrict h0 and g00 to
lie between 0 and 1; so, one can study the variation of the
calculated masses with the h0 and g00 couplings. By
confronting our resulting masses against experiments, these
unmeasured couplings will be constrained to lie in a narrow
range making our theory much reliable.
As our calculations are performed at different h0 and g00,

we will only show the fitting method considering h0 ¼ 0.30
and g00 ¼ 0.03. In Eq. (1), mr

A represents the residual mass
of the charmed meson A, which is taken to be the difference
between the experimental mass and an arbitrarily chosen
reference mass of OðmcÞ [3]. Here we choose mD� as a
reference, which yields the following central values for
charmed meson residual masses [5,8]

mr
D¼−141.32; mr

D� ¼ 0; mr
Ds

¼−40.22;

mr
D�

s
¼ 103.65; mr

D�
0
¼ 291.45; mr

D0
1
¼ 418.45;

mr
D�

s0
¼ 309.25; mr

D0
s1
¼ 450.95; mr

D1
¼ 413.45;

mr
Ds1

¼ 526.56; mr
D�

2
¼ 454.5; mr

D�
s2
¼ 560.55 ð9Þ

in MeV units. By fitting the mass expressions in Eq. (1) to
the corresponding empirical masses in Eq. (9), one obtains

ηH ¼ 104ð7Þ; ξH ¼ 149ð5Þ;
LH ¼ 212ð14Þ; FH ¼ −44ð11Þ;
ηS ¼ 385ð19Þ; ξS ¼ 138ð27Þ;
LS ¼ 20ð31Þ; FS ¼ 12ð42Þ;
ηT ¼ 490ð1Þ; ξT ¼ 41ð1Þ;
LT ¼ 119ð1Þ; FT ¼ −4ð2Þ; ð10Þ

which are given in MeV units. The fit results are obtained
by computing the chiral loop functions in Eq. (1) using
physical masses and couplings, as mentioned above. The
errors use to get this fit are the experimental errors on
masses and couplings, the lattice QCD error on g0, and the
theoretical error that we have estimated from the β
functions of the parameters. The uncertainty in the non-
strange D�0

0 and D00
1 masses gives rise to the large

uncertainties seen in ηS, ξS, LS, and FS parameters.
The charm sector results on HMCHPT parameters,

Eq. (10), can be used in Eq. (2) [Eq. (8)] to predict the
mass splittings (the mass splittings and absolute masses) in
the beauty sector. For an illustration, we will use Eq. (8) to
extract the beauty meson masses. Following [2], one can
choose the ground state, B, as a reference mass to define
eleven independent mass splittings, ΔmA ¼ mA −mB,
where A ∈ fB�; Bs; B�

s ; B�
0; B

0
1; B

�
s0; B

0
s1; B1; B�

2; Bs1; B�
s2g.

As the self-energies represent nonlinear functions of the
beauty meson mass differences, these independent split-
tings form nonlinear equations. An iterative method is
utilized to solve them starting from the tree-level masses.
Adding the mean value of the observed massmB, which are
chosen as a reference mass in our calculations, to the
predicted mass splittings, yields

mB� ¼ 5325ð9Þ; mBs
¼ 5369ð13Þ;

mB�
s
¼ 5415ð15Þ; mB�

0
¼ 5681ð25Þð18Þ;

mB0
1
¼ 5719ð26Þð18Þ; mB�

s0
¼ 5711ð32Þð22Þ;

mB0
s1
¼ 5756ð31Þð22Þ; mB1

¼ 5726ð13Þ;
mB�

2
¼ 5739ð14Þ; mBs1

¼ 5830ð14Þ;
mB�

s2
¼ 5840ð14Þ ð11Þ
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in MeV units. The errors (first for the sPl ¼ 1
2
þ masses)

come from the uncertainties in the charmed masses,
coupling constants, lattice QCD computation on g0, rescal-
ing factor, and estimated theoretical error. The first error on
the predicted masses of the excited sPl ¼ 1

2
þ beauty mesons

is dominated by the uncertainty in D�0
0 and D00

1 masses and

the second is the uncertainty in λðsÞS;1.
To investigate the influence of virtual loop effects on the

predicted beauty meson spectrum, our calculations are
performed considering different input values for h0 and
g00. The spectrum of the sPl ¼ 1

2
− and sPl ¼ 1

2
þ beauty

mesons depend only on the h0 coupling. Both h0 and g00

couplings, however, affect the excited sPl ¼ 3
2
þ beauty

meson masses. The results can be justified by confronting
them with the experiments.
We first look at the dependence of the higher excited

sPl ¼ 3
2
þ states on g00. To neglect loops effect from the

virtual excited sPl ¼ 1
2
þ states, the h0 coupling is set to zero.

As shown in Fig. 1, the self-energy effects within sPl ¼ 3
2
þ

states, which are parametrized by g00, have a strong impact
on the predicted masses. The calculated masses of B1 and
Bs1 (B�

2 and B�
s2) mesons significantly increase (decrease)

as g00 increases. The observations and predictions are in a
good agreement for small values of the coupling,
g00 < 0.10. At g00 ≃ 0.15 (g00 ≃ 0.25), the excited Bs1 and
B�
s2 (B1 and B�

2) states become degenerate; which in turn
implies that the predictions are unreliable in the limit
g00 > 0.10. Accordingly, g00 should be constrained to lie

between 0 and 0.10. Hyperfine splittings are independent of
OðΛQCD=mc − ΛQCD=mbÞ corrections, and this is con-
firmed in our theoretical results. However, there is no
exact cancellation between the OðΛQCD=mc − ΛQCD=mbÞ
corrections to nonstrange and strange heavy meson masses.
Such corrections lower the predicted SUð3Þ splittings
[compare results from Eqs. (2) and (8)] by nearly
5 MeV with central values close to the observed ones
for g00 < 0.10. In the following, we will use g00 ¼ 0.03.
The variation of the predicted beauty meson splittings

with h0 is presented in Figs. 2 and 3 and compared with the
available experimental data. In Fig. 2, the predicted hyper-
fine splittings in the sPl ¼ 1

2
− and sPl ¼ 3

2
þ doublets, which

exhibit weak dependence on h0, are in excellent agreement
with the observed values. Evidently, the OðΛQCD=mc −
ΛQCD=mbÞ corrections will, in general, lower the SUð3Þ
flavor splittings in the sPl ¼ 1

2
− and sPl ¼ 3

2
þ doublets by

nearly 10 and 5 MeV, respectively. In the lower panel of

FIG. 1. The predicted hyperfine splittings (upper panel) and
SUð3Þ flavor splittings (lower panel) in the excited sPl ¼ 3

2
þ

doublets using HMCHPT masses in Eqs. (2) and (8) plotted
against g00. The associated errors include the experimental errors
on the charmed masses and coupling constants, the error from the
lattice QCD calculations of g0, the error from the input parameter
mc
mb
, and the estimated theoretical error. Different symbols are

given to the experiment and two theoretical predictions using
HMCHPT masses in Eqs. (2) and (8) according to the key in the
(mB�

s2
−mB�

2
) plot.

(a)

(b)

FIG. 2. The predicted hyperfine splittings (upper panel) and
SUð3Þ flavor splittings (lower panel) in the (a) sPl ¼ 1

2
− and

(b) sPl ¼ 3
2
þ heavy quark doublets plotted against h0. The notation

is the same as in Fig. 1.

PREDICTIONS FOR THE BEAUTY MESON SPECTRUM PHYS. REV. D 103, 034009 (2021)

034009-5



Fig. 2(a), the results for the flavor splittings in the sPl ¼ 1
2
−

doublet obtained using Eqs. (2) and (8) show weak
dependence on h0. The extracted values from applying
Eq. (8), which takes into account OðΛQCD=mc −
ΛQCD=mbÞ corrections, are in excellent agreement with
the reported values. However, for those obtained using
Eq. (2), the agreement are within 1σ standard deviation. For
the SUð3Þ flavor splittings in the excited sPl ¼ 3

2
þ doublet,

the theoretical results are in good agreement with data for
h0 ≤ 0.5, as shown in the lower panel of Fig. 2(b). For
h0 > 0.5, the results (more precisely the central values)

extracted using Eq. (8) start to deviate from the observa-
tions. Therefore, the coupling h0 should be restricted to
values smaller than 0.5. The Fig. 2(b) also shows how
theoretical error, which is estimated from the β functions of
the parameters, varies with h0.
The sPl ¼ 1

2
þ beauty mesons have not yet been observed.

Our theoretical calculations of hyperfine and flavor split-
tings for these missing states are shown in Fig. 3. The
empirical relation mD0

s1
−mD�

s0
≈mD� −mD ≈mD�

s
−mDs

in the charm sector is expected in the beauty sector by
heavy quark symmetry [5,9]. Our predictions confirm that
mB0

s1
−mB�

s0
≈mB� −mB ≈mB�

s
−mBs

, as shown in the
upper right panel of Fig. 3. Our calculations show that there
is an accidental cancellation between counterterms and
SUð3Þ breaking loop corrections in the predicted flavor
splittings. The predicted SUð3Þ splittings mB�

s0
−mB�

0
≃

19 MeV and mB0
s1
−mB0

1
≃25MeV (mB�

s0
−mB�

0
≃ 30 MeV

and mB0
s1
−mB0

1
≃ 36 MeV) are obtained using Eq. (2)

[Eq. (8)]. These results are far below theoretical expectations
like those in the charm sector; i.e., mD�

s0
−mD�0

0
≈ 18 MeV

and mD0
s1
−mD00

1
≈ 33 MeV [5,8]. Thus, our results are

consistent with the expectations of heavy quark spin-flavor
symmetry.
We have shown the predicted hyperfine and flavor

splittings from applying HMCHPT masses in Eq. (8),
which incorporates OðΛQCD=mc − ΛQCD=mbÞ corrections,
in Figs. 1–3. The variation of the predicted beauty meson
masses with h0 is presented in Table I and compared with
the experimental data. The masses of the sPl ¼ 1

2
− and

nonstrange sPl ¼ 3
2
þ (sPl ¼ 1

2
þ and strange sPl ¼ 3

2
þ) states

show a weak (strong) dependence on the h0 coupling. For
B�, Bs, B�

s , B1, and B�
2 states, the difference between the

mean values of the observed and predicted masses is very
small, i.e., of order few MeV. However, this is not the case

FIG. 3. The predicted hyperfine splittings (upper panel) and
SUð3Þ flavor splittings (lower panel) in the excited sPl ¼ 1

2
þ

heavy quark doublets plotted against h0. The notation is the same
as in Fig. 1. These beauty mesons have not yet been discovered.
Our predictions (upper right panel) confirm the mass relation
mB0

s1
−mB�

s0
≈mB� −mB ≈mB�

s
−mBs

, which has been observed
in the charm sector and expected in the beauty sector by heavy
quark symmetry; for details please refer to the text.

TABLE I. Comparison of the experimental data [5] and our theoretical results using HMCHPT masses in Eq. (8). We take the isospin
average of B−

1 and B0
1 (B

�−
2 and B�0

2 ) to obtain the mass of nonstrange excited state B1 (B�
2). In our calculations, we fix g

00 ¼ 0.03 and use
different values for the h0 coupling. Masses are in units of MeV.

Theoretical predictions at different h0

jPl JP Meson 0.00 0.30 0.50 0.90 Experiment

1
2
− 1− B� 5325(9) 5325(9) 5325(9) 5325(9) 5324.70(21)

1
2
− 0− Bs 5369(13) 5369(13) 5368(13) 5366(13) 5366.88(14)

1
2
− 1− B�

s 5415(15) 5415(15) 5414(15) 5413(15) 5415.4(2.3)
1
2
þ 0þ B�

0 5683(25)(18) 5681(25)(18) 5678(25)(18) 5667(28)(18) unseen
1
2
þ 1þ B0

1 5721(26)(18) 5719(26)(18) 5717(26)(18) 5709(28)(18) unseen
1
2
þ 0þ B�

s0 5713(32)(22) 5711(32)(22) 5709(32)(22) 5699(36)(22) unseen
1
2
þ 1þ B0

s1 5757(31)(22) 5756(31)(22) 5754(31)(22) 5749(36)(22) unseen
3
2
þ 1þ B1 5727(13) 5726(13) 5725(14) 5724(19) 5726(2)

3
2
þ 2þ B�

2 5739(14) 5739(14) 5738(15) 5737(19) 5738.35(49)
3
2
þ 1þ Bs1 5832(13) 5830(14) 5826(15) 5813(28) 5828.7(2)

3
2
þ 2þ B�

s2 5842(14) 5840(14) 5837(16) 5826(29) 5839.86(12)
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for the sPl ¼ 1
2
þ and strange sPl ¼ 3

2
þ beauty mesons, where

the virtual loop effects lower their masses by an amount
of ∼Oð15Þ MeV.
By analyzing the predicted and observed spectrum in

Table I, it is clear that the sPl ¼ 1
2
− and sPl ¼ 3

2
þ states are

well reproduced, which without a doubt reflects the power
of HMCHPT. Clearly, the best values for the masses of
the strange excited sPl ¼ 3

2
þ states are those extracted

considering h0 ≤ 0.50. It is worth remarking that the
predicted excited sPl ¼ 1

2
þ beauty nonstrange (strange)

masses are well above (below) the threshold for decays
to ground state B mesons and pions (kaons), and therefore
these mesons are expected to be very broad (narrow) like
sPl ¼ 1

2
þ charmed nonstrange (strange) mesons. Our pre-

dictions for the not yet discovered B�
s0 and B0

s1 states are
remarkably close to the lattice QCD results in [11]: mB�

s0
¼

5711ð13Þð19Þ MeV and mB0
s1
¼ 5750ð17Þð19Þ MeV.

It should be noted that the approach employed in the
current paper and [2] to predict the beauty meson spectrum
within HMCHPT framework is different from the one
utilized in [7,9,12]. In this work and in [2], a third-order
one-loop mass expansion for the heavy-light mesons,
which takes into account the effects to first order in light
quark mass, mq, and to first order in 1=mQ, and mq=mQ
terms, is considered. The unknown parameters in such mass
expansion, i.e., Eq. (1), are fixed using charm spectrum.
Then, the fitted hyperfine parameters, which are functions
of Oð1=mcÞ, are scaled by mc=mb to define the mass
expansion, i.e., Eqs. (2) and (8), for the corresponding
beauty meson states. A self-consistent approach is then
used to extract the beauty meson masses. In [7,9,12], on the
other hand, the treatment is based on the heavy quark
symmetry argument. In these studies, the one-loop correc-
tions and chiral symmetry breaking terms are neglected. In
the rest of this section, we will briefly review and discuss
the approach employed in these studies. For this, we will
use the notation of [12] and restrict the discussion to the
missing excited sPl ¼ 1

2
þ states. In the strict HQ limit [12],

ΔðcÞ
S ¼ ΔðbÞ

S ;

λðcÞS ¼ λðbÞS ; ð12Þ

where ΔS measures the spin-averaged mass splittings
between the excited S doublet and ground state H doublet
(this corresponds to δS − δH in [2–4]) and λS measures the
mass splitting between spin partners of S doublet. The
quantity λS represents the HQET nonperturbative parameter
λS;2, see Eq. (3). The HMCHPT hyperfine parameter, which
is denoted by ΔS in [2–4], is related to this HQET
parameter by ΔS ¼ λS=mc for the case of the charmed
mesons. Note that the mass expansion in [2–4] is defined up
to first order in 1=mc, which in turn implies that λðcÞS ≡ λðbÞS .
Therefore, it is sufficient to rescale the hyperfine

parameters (ξ and F) in the charmed meson mass expansion
[Eq. (1)] by the mass ratio mc=mb to define the HMCHPT
mass expansion for the analog beauty meson states, i.e.,
Eqs. (2) and (8). The leading QCD corrections and 1=mQ

effect [13] to λðcÞX ≡ λðbÞX are beyond the order, i.e., OðQ3Þ,
to which we are working. Such corrections, which have
been considered in [7,9], are found to shift the masses by a
few MeV; see the text below Eq. (18).
The lhs of the relations in Eq. (12) is experimentally

determined. The two relations are then used to predict states
in the corresponding beauty doublets. For the missing
excited sPl ¼ 1

2
þ states, the authors of [12] obtained

mB�
0
¼ 5708.2ð22.5Þ; mB0

1
¼ 5753.3ð31.1Þ;

mB�
s0
¼ 5706.6ð1.2Þ; mB0

s1
¼ 5765.6ð1.2Þ ð13Þ

in MeV units. The leading QCD corrections and 1=mQ

effect to the relations in Eq. (12) are taken into account in

[7,9]. The leading 1=mQ correction to ΔðcÞ
S ¼ ΔðbÞ

S is
estimated using HQET as done above. It is given by

ΔðbÞ
S ¼ ΔðcÞ

S þ δSH; ð14Þ

where δSH ∼Oð−35Þ MeV is obtained using 4.65 and
1.275 GeV for the beauty and charm quark masses,
respectively, and by assuming that the kinetic energy of
the heavy quark in the sPl ¼ 1

2
þ states is comparable to that

of sPl ¼ 3
2
þ states. The next-to-leading corrections to the

relation λðcÞS ¼ λðbÞS has not yet been calculated. The authors
of [7] have generalized the calculations of Amoros,
Beneke, and Neubert [13] for the negative-parity mesons
by considering the leading QCD corrections to the relation

λðcÞS ¼ λðbÞS , i.e.,

λðbÞS ¼ λðcÞS

�
αsðmbÞ
αsðmcÞ

�
9=25

: ð15Þ

With aforementioned improvements [Eqs. (14) and (15)],
the authors of [7] obtained (in MeV)

mB�
0
¼ 5715ð22Þ þ δSH; mB0

1
¼ 5752ð31Þ þ δSH;

mB�
s0
¼ 5715ð1Þ þ δSH; mB0

s1
¼ 5763ð1Þ þ δSH; ð16Þ

where the δSH correction amounts to lowering the masses of
the excited sPl ¼ 1

2
þ beauty states.

The predicted masses in [7,9,12], which are given
in Eqs. (13) and (16), are obtained using mD�0

0
¼

2318ð29Þ MeV for the nonstrange scalar charmed meson,
which is very close to its strange partner, D�þ

s0 . Our
theoretical predictions in Figs. 1–3 and Table I are obtained
using the 2020 PDG [5], where the updated value for the
mass of the scalar D�0

0 state is 2300(19) MeV, which is
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smaller than D�þ
s0 by nearly 18 MeV. To compare the

approach employed in this work with the one used in
[7,9,12], the results in Eqs. (13) and (16) must be updated
using the 2020 PDG [5]. This leads to the following
predicted masses (in MeV)

mB�
0
¼ 5696ð19Þ; mB0

1
¼ 5749ð31Þ;

mB�
s0
¼ 5706.9ð1.8Þ; mB0

s1
¼ 5765.9ð1.8Þ; ð17Þ

in the HQ limit [Eq. (12)] and

mB�
0
¼ 5702ð20Þ þ δSH; mB0

1
¼ 5746ð30Þ þ δSH;

mB�
s0
¼ 5714.0ð1.8Þ þ δSH;

mB0
s1
¼ 5763.5ð1.8Þ þ δSH; ð18Þ

when considering the 1=mQ [Eq. (14)] and leading QCD
[Eq. (15)] corrections. By comparing Eqs. (17) and (18), it
is obvious that including the leading QCD corrections
enhances (reduces) the masses of the scalar (axial-vector)
beauty mesons by nearly 7 MeV (2 MeV), as already noted
in [7,9]. The predicted B�

s0 and B0
s1 states in Eq. (18) are

close to our predictions in Table I. However, the masses for
B�
0 and B0

1 states in Eq. (18) are higher than the predicted
masses in Table I by order 20 and 30 MeV, respectively.

IV. CONCLUSIONS

The spectroscopy of the ground-state (sPl ¼ 1
2
−) and

lowest-excited (sPl ¼ 1
2
þ and sPl ¼ 3

2
þ) beauty mesons were

analyzed within HMCHPT framework. The mass expres-
sions used in our study include all leading contributions
from one-loop corrections and those due to chiral and
heavy quark symmetry breakings. The charmed spectrum
was used to fix the unknown parameters that appear in the
mass formulas. Then, we used charm results to make
predictions for the analog beauty meson spectrum.
Our calculations were performed at different values for

the experimentally and theoretically unknown (h0 and g00)
couplings, which helped to examine the influence of virtual
loops effect on the calculated masses. It was found that the
data is more consistent with the predicted sPl ¼ 3

2
þ masses

when g00 < 0.10. For self-energy corrections parametrized
by h0, the calculated masses for the sPl ¼ 1

2
− and nonstrange

sPl ¼ 3
2
þ (sPl ¼ 1

2
þ and strange sPl ¼ 3

2
þ) beauty mesons

were found to have a weak (strong) dependence on h0. The
sPl ¼ 1

2
þ and strange sPl ¼ 3

2
þ beauty mesons were pushed

down by nearly Oð15Þ MeV. The resulting masses for the
sPl ¼ 1

2
− and sPl ¼ 3

2
þ beauty mesons are consistent with the

observed values. However, the sPl ¼ 1
2
þ beauty mesons

have not yet been discovered; so, our findings could
provide useful information for experimentalists investigat-
ing such states.
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