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We study the masses of the low-lying charm and bottom mesons within the framework of heavy hadron
chiral perturbation theory (HHChPT). We work to third order in the chiral expansion, where meson loops
contribute. In contrast to previous approaches, we use physical meson masses in evaluating these loops.
This ensures that their imaginary parts are consistent with the observed widths of the D mesons. The lowest
odd- and even-parity, strange and nonstrange charm mesons provide enough constraints to determine only
certain linear combinations of the low-energy constants in the effective Lagrangian. We comment on how
lattice QCD could provide further information to disentangle these constants. Then, we use the results from
the charm sector to predict the spectrum of odd and even parity of the bottom mesons. The predicted masses
from our theory are in good agreement with experimentally measured masses for the case of the odd-parity
sector. For the even-parity sector, the B-meson states have not yet been observed; thus, our results provide
useful information for experimentalists investigating such states. The near degeneracy of nonstrange and
strange scalar B mesons is confirmed in our predictions using HHChPT. We show why previous approaches
of using HHChPT in studying the mass degeneracy in the scalar states of charm and bottom meson sectors

gave unsatisfactory results.
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I. INTRODUCTION

The masses and widths of the low-lying charm mesons
are now rather well determined experimentally, in the odd-
and even-parity, strange and nonstrange sectors (for sum-
maries, see Refs. [1,2]). The patterns of the masses and
interactions of these mesons are governed by two approxi-
mate symmetries: the spin symmetry of the heavy quark
and the SU(3); x SU(3) chiral symmetry of the light
quarks. Both symmetries can be incorporated in a single
framework using heavy-hadron chiral perturbation theory
(HHChHPT), an effective field theory for the interactions of a
meson containing a single heavy quark [3-8].

Within this theory, the masses of the low-lying odd- and
even-parity D mesons have been studied, including one-
loop chiral corrections [9,10]. The chiral Lagrangian at this,
third, order contains a number of unknown low-energy
constants (LECs). These cannot be determined uniquely
from experimental data on the meson spectrum because
their number exceeds the number of low-lying mesons.
Mehen and Springer [9] and Ananthanarayan et al. [10]
fitted expressions that depend nonlinearly on these con-
stants and found multiple solutions, often with quite
different numerical values for them. As a result, no clear
pattern emerged from these fits.

In this paper, we use a different approach to fit these
parameters to remove these ambiguities and provide a
clearer picture. The key difference from previous work
[9,10] is that we use the physical values of the charm meson
masses in evaluating the chiral loops. One important
consequence of this is to put thresholds at the correct
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energies relative to the masses of unstable particles and
hence to ensure that the imaginary parts of the loops are
correctly related to the observed decay widths of the heavy
mesons. A second consequence is that the parameters—the
LECs—appear only in the tree-level contributions to the
masses. This allows us to determine uniquely eight linear
combinations of the LECs from the experimental masses.
These eight parameters cannot be further disentangled into
the individual LECs using the experimental spectrum
alone. By using the experimental masses in the loops,
we generate terms that are of order higher than third order
in the chiral expansion. These include divergences that we
cannot cancel using counterterms in our Lagrangian. We
use the B functions associated with these uncontrolled
higher-order contributions to provide an estimate of the
theoretical errors introduced by our approach. Another,
more technical, difference from previous work on HHChPT
is that we have used corrected expressions for the chiral
loop functions, in contrast to the expressions presented in
Refs. [7,9] which use an inconsistent renormalization
scheme.

The results from the charm meson sector are used to
predict the masses of the full set of the low-lying B-meson
states. The predicted masses from our theory of the ground
states are in good agreement with the well-determined
masses. The first set of excited B meson states has not yet
been observed; thus, our results can be used to provide
useful information for experimentalists investigating such
states. The near degeneracy of scalar B-meson states—the
mass of the nonstrange scalar B meson is similar to that of a

© 2016 American Physical Society
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strange one—is confirmed in our predictions using
HHChPT. Our results are at variance with those in
Ref. [11]. We will show why the previous studies of the
near mass degeneracy in the scalar D- and B-meson sectors
using the approach of HHChPT led to unsatisfactory results.
This paper is organized as follows. In Sec. II, the heavy-
hadron chiral Lagrangian we use is briefly reviewed. In
Sec. III, we present the resulting expression for the meson
masses. Since the number of the LECs exceeds the number
of obervables, the LECs are grouped into eight linear
combinations that are equivalent to the number of observ-
ables. In Sec. IV, we use the D-meson spectrum to fit these
parameters. The results from the charm meson spectrum are
then used in Sec. V to predict the masses of the low-lying
bottom meson states. The summary is given in Sec. VI.

II. HEAVY-HADRON CHIRAL LAGRANGIAN

Our starting point is the same effective Lagrangian that was
used in Refs. [9,10]. We give a brief outline of it here; more
details can be found in those papers and the review
by Casalbuoni et al. [7]. In the heavy quark limit, systems
with a single heavy quark respect heavy-quark spin symmetry,
forming degenerate multiplets independent of the spin ori-
entation of the quark. The lowest multiplet of charm mesons
consists of the pseudoscalar ground states, D°, D, and D},
and their vector first excited states, D*°, D**, and D**. These
can be conveniently described by the effective field,

1 +»

My = (Hly, — Hars) (1)
where the fields H, annihilate the pseudoscalar particles and
H* annihilate the vector ones. Here, the flavorindex a = 1, 2,
3 denotes states with up, down, and strange quarks, respec-
tively. The first excited multiplet has the opposite parity and
consists of scalar, DY, D, and D{,, and axial-vector mesons,
DY, DI, and DY.. These can be described by the effective
field,
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1+
‘Sa = T (SgyﬂyS - Sa>7 (2)

where the fields S, and Sh annihilate the scalar and axial-
vector particles, respectively.

The other ingredient of the theory is the approximate
SU(3), x SU(3)g chiral symmetry of QCD. This is
embodied by fields describing the lightest strongly inter-
acting particles, 7, K, and 5, which are approximately the
Goldstone bosons of this hidden symmetry. These can be
represented by the matrix field U(x) = exp(iv2¢(x)/f)
where ¢(x) is given by

%HO—F%?] t K*
- 0, 1 0
P(x) = d —nt K (3)
K~ K° - %17

In our conventions, we use the physical value of the pion
decay constant f = 92.4 MeV. It is different from the ones
used by Wise in Ref. [3] in which f = 135 MeV was used.
Thus, one has to replace f in Ref. [3] by v/2f to account for
different conventions. The lowest-order Lagrangian for the
light mesons is

f2
L, = ZTr(a,,UaﬂUT) +

2
B
f2°Tr(quT+Um;), (4)

where the coefficient By, is related to the pion decay constant
and the quark condensate of light quark flavors [12]. The
light quark mass matrix is given by m,, = diag(m,,, m,, m).
We take as our low-energy scales, generically denoted by
0, the masses and momenta of the Goldstone bosons and
the splittings between the four lowest states of the D
mesons introduced above. The relevant expression of the
heavy-hadron chiral Lagrangian up to order Q3 is [4,9]

‘CH = _Tr[H_a(iU : Dba - 5H5ab)Hb} + Tr[Sa(iv : Dba - 5S5ab>8b] + gTr[Haanba}/S] + .dTr[SaSb”baYS]

- A - A _ _ _
+ WTt[HoSptpays + Hee] = = Tr{H 0" Hoo,,] + > iS00 S,0,,] + anTr[FyHylmj, — asTr(S, S mi,

(a)

(a)

_ _ A _ A -
+ GHTr[’HaHa]mib - asTr[SaSa}mgb - THTr[Haaf‘”Hbaﬂb]mia + TSTr[Saaf‘”Sbaﬂy}mia

NG (@)

_ A _
- THTr[Haa"”HaoW]mib + %Tr[Saa””SaaW]mib,

where the covariant derivative is defined as D}, = ), +
L(ETOHE + EOMEY) . E(x) = \/U(x). The factors 55 and &g
are the residual masses of the effective fields H, and S,
respectively. The coupling constant g (¢') measures the
strength of transitions within odd- (even-)parity charm

(5)

|
meson states. The strength of transitions between odd-
and even-parity states is measured by the coupling constant
h. The axial vector field is u},, = £ (E'01& — EOMET),,,,. The
hyperfine splittings of the D-meson states are measured by
(A, A@_ Al)). These coefficients manifestly vanish in the
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heavy-quark limit. The quark mass matrix which breaks
chiral symmetry is defined as m$, = T(Em &+ EmyEN),,.
The coefficients (a, o) present in the chirally breaking terms
are dimensionless.

According to our power counting, the first seven terms
on the right hand side of Eq. (5) are all of order Q'. The
sixth and seventh terms break the heavy-quark spin
symmetry. Since, at leading order, the quark masses are
proportional to the squares of the masses of the Goldstone
bosons, the eighth to eleventh terms are of order QZ. The
final four terms which break both chiral and heavy-quark
spin symmetries are of order Q3. These terms are required
to cancel the infinite parts resulting from regularization and
renormalization of the loop diagrams; note that all diagrams
are of order Q3.

III. MASS FORMULA OF THE CHARM MESONS

The full contributions to the physical mass can be
obtained by adding the tree-level contributions to the
one-loop corrections X, as

(a)

3 -
mHa:5H—|—aHma—|-6Hrh—Z(AH+AH (o)

my+ Ay m)+Zy,,

1
mH; :5H+0Hma +6Hﬁ1+1(AH+A§_(IJ)ma +A1(y_(;)ﬁ’l) +ZH2?
3
mg, :55+a5ma+65ﬁ1—1(AS+A§a>ma+A§G>ﬁ’l)+an,

1 a o)
ms, :55+asma+asm+Z(AS+A§ "+ AL R)+ 2.
(6)

where we use the notation of Ref. [9]. Here, we work in the
isospin limit (m, = my; = m;) where m = 2m; + m3 and
m, = (m;,m;, m3). The Feynman diagrams of the one-
loop corrections X, to the masses of D mesons are shown
in Fig. 1. The resulting explicit expressions for the self-
energies of the charm mesons are given in Appendix A. In
our work, the residual masses m . are measured from the
nonstrange spin-averaged H mass, (my, + 3mHT> /4.

The existing coefficients in Eq. (6) can be -either
determined from experiments or from the lattice fit. In

™ K,n m K,n
’z' "s\ 'a‘ “\\
4 \ 4 AY
H { H \ H H ! s N\ H
7T,K,7] 7T>K>"7
R S, Re .
S ! H v S S ! S \ S

FIG. 1. The self-energy diagrams for the ground-state fields H
and the excited-state fields S.
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Refs. [9,10], the authors fitted the above expressions which
depend nonlinearly on these coefficients and found multi-
ple solutions, often with quite different numerical values
for them. As a result, no clear pattern emerged from these
fits. This is because the number of these coefficients exceeds
the number of experimentally known charm meson masses.
Thus, getting unique numerical values of the coefficients is
impossible. Here, we attempt to remove this ambiguity by
following a different approach to fit these coefficients. We
use the physical values of the masses in evaluating the chiral
loops. As a consequence, the energy of any unstable particle
is placed correctly relative to the decay threshold, and the
imaginary part of the loop integral can be related to
the experimental decay width. The second effect is to reduce
the number of unknown coefficients in comparison with the
current experimental data on charm meson masses. Masses
at tree level depend only on certain linear combinations of
LECs. By using physical masses in chiral loops, the masses
still depend linearly on these combinations. Therefore, one
can express these combinations of LECs directly in terms of
the physical masses and loop integrals.

The procedure of combining the LECs is performed
according to the symmetry patterns of the charm mesons.
In this manner, the constructed parameters can be uniquely
determined by using available experimental values of the
meson masses and widths. The parameters that respect
flavor symmetry are

(a)
a A o)\ -
’1H:5H+<?H+UH>’71, §H:AH+<—3H +A§q>)m,

(a)
a A o _
ns=0s+ <§S+05>ﬁ15 Es=Ag+ <TS+A.(§ )>m,
(7)

where 6.5 and Ay respect chiral symmetry, but the other
terms contain the average of the quark masses m which
breaks it. The parameters left after constructing #y, 15, £y,
and &g are

Ly=(my—m)ag.  Ty=(ms—m)A

Ts = (my —my)Ay". (8)
The combinations L .g and T ;. break flavor symmetry, and
the latter also breaks spin symmetry. In terms of these linear
combinations, the masses can be written as

Lg= (m3 - ml)aSv

my, :nH_%§H+%LH +%TH+2H”»

mg: :’7H+%§H+%LH +’%TH+ZH2»

mg =g —?—le&s+%Ls +%Ts + X,

mg: :’13+255+%Ls +ﬂEZTs+ES;v 9)
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where a, andﬁg*) area; = —1, 03 =2,0, =1/2, 03 = —1,
pi = —1/6, and 5 = 1/3. Now, the number of parameters,
En.s: Ma.s» Ly.s, and Ty.5 is 8, which is equal to the number
of observed low-lying D-meson states.

IV. DETERMINATION OF LOW-ENERGY
CONSTANTS

The numerical values of the parameters (&5, 7p.5» Lp.55
Ty.s) will be given in this part. In our fitting, the physical
masses and the coupling constants extracted from the well-
measured widths are used. The used meson masses are two
masses of the ground-state nonstrange mesons in the
isospin limit and four masses of strange mesons from both
sectors, see Table I. The excited nonstrange mesons are
reported with the large uncertainties. In this case, we did
not take the isospin average, and instead the masses of
the neutral heavy mesons (ng =2318 £29 MeV [1],

mpy =2427+36MeV [13]) are chosen due to their

relatively small errors in comparison with the excited
charged mesons [1,14-19]. The masses of the Goldstone
particles used here are (m, = 140 MeV, mg = 495 MeV,
and m, = 547 MeV). The calculations are performed at
the physical values of pion decay constant f = 92.4 MeV
and of the coupling constants g and % that are extracted

900

400

300

2001

Lg(MeV)

100 ¢
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from the strong decay widths ¢ = 0.64 +0.075 and
h = 0.56 & 0.04; for details, see Ref. [2]. The renormal-
ization scale u is chosen to be the average of the pion and
kaon masses ¢ = 317 MeV.

The chiral-loop functions are fed with the difference of
the physical masses of the charm mesons. Thus, the
uniquely determined values of the parameters include
contributions from terms beyond the loop order. Since
these higher-order terms have not been considered in the
chiral Lagrangian, their 4 dependence cannot be canceled
by existing coefficients. So, beta functions of the param-
eters are defined in order to estimate how much higher-
order terms donate to the central values of those parameters.
The resulting numerical values of the parameters which
inhabit the odd-parity sector are

ny = 17157 £ 44 + 5 MeV,
£y = 15095+ 545 MeV,

Ly = 24271 +40 + 18 MeV,
Ty = —52.21 + 18 & 15 MeV, (10)

where the first uncertainty is the experimental error
associated with physical masses of charm mesons and
the second uncertainty is the theoretical error that we have
estimated from the S functions.

200

150+

100 oo T 1

£5(MeV)

501

0L e
60|

40f
00T e g

___________
_______

Ts(MeV)

=20 fmmmmmmm e ]

(d)

FIG. 2. Variation of (a) g, (b) &, (¢) Lg, and (d) T's with ¢. The experimental uncertainties are shown by dashed lines surrounding the
central values, and an estimate theoretical uncertainty is shown by dotted-dashed line. The theoretical uncertainty of the parameter 7 is a

constant +5 MeV.
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TABLE L.

PHYSICAL REVIEW D 93, 094007 (2016)

The listed charm meson states have been used in our fitting. J” is the angular momentum and parity of the meson. In our

fitting, the masses of H, (H?) are obtained by taking the isospin average of D° and D* (D*? and D**); for details please refer to the text.
All masses are taken from the Particle Data Group [1] except the mass of the excited neutral nonstrange meson DY, which is reported by

the BELLE Collaboration [13].

Name JP Mass (MeV) Name JP Mass (MeV) Name JP Mass (MeV)
DO 0~ 1864.84 £+ 0.05 D* 0~ 1869.61 £+ 0.09 D¥ 0~ 1968.30 £ 0.10
D*0 1~ 2006.97 £+ 0.08 D+ 1~ 2010.27 £+ 0.05 Di* 1~ 2112.1 +£04
D8 (I 2318 +£29 D§ 0t e Djoi 0t 2317.7+ 0.6
D?’ 1+ 2427 4+ 36 DY 1" Dsil’ 1" 2459.5+ 0.6

The situation for the even-parity parameters is different
because the coupling constant ¢ is not determined exper-
imentally. Since the value of the odd-parity coupling
constant g is 0.64, it is plausible to consider values for
¢ in the range 0 to 1. The correlations between ¢ and 7y,
&g, Lg, Ty are shown in Fig. 2. The plots also show the
associated experimental and theoretical errors.

Experimental information is not sufficient to separate the
combinations of the LECs into pieces that respect and break
chiral symmetry, which limits their usefulness for applica-
tions to other observables. Lattice QCD calculations would
be required to perform further separations of terms. For
example, lattice results on the charm meson spectroscopy
undertaken in Refs. [20,21] can be used to disentangle
chirally symmetric parameters 6.5 and Ap.g from chiral
breaking terms.

V. PREDICTION FOR THE SPECTRUM OF
ODD- AND EVEN-PARITY BOTTOM MESONS

Using the results from charm mesons, one can predict the
spectra of the B mesons. To this end, the hyperfine
operators in the theory, i.e., the parameters .5, Tp.¢ that
break heavy quark symmetry, will be rescaled to define the
mass formula for the odd- and even-parity bottom mesons.
The rescaling can be achieved by multiplying these
operators by the ratio of the finite charm and bottom quark

masses, ;

TABLE II. The charm and bottom MS masses are evaluated at
their own scale, i.e., i, (/m,.) and 7, (in,). In Ref. [1], the MS
values are converted to the pole scheme. The ratio of charm and
bottom masses obtained from the pole mass is close to the ratio of

the pseudoscalar charm and bottom mesons :’111—2’ =0.35. In the

kinetic mass scheme, the charm and bottom masses are evaluated
at 4 =1 GeV [23].

Mass Charm quark mass  Bottom quark mass ¢

scheme (GeV) (GeV) my,

MS [1] 1.275 £ 0.025 4.18+0.03 0.305

Pole [1] 1.67 £ 0.07 4.78 £ 0.06 0.349
S [1] 4.66 +0.03

Kinetic [23] 1.077 £ 0.074 4.549 £ 0.049 0.237

The masses of the charm and bottom quarks are not
directly measured. Many theoretical and computational
methods have been developed to extract their values; for
areview, see Refs. [1,22]. In Table II, we list the charm and
bottom quark masses evaluated from different mass
schemes. Clearly, the extracted masses of the charm and
bottom quarks are not uniquely defined. The values depend
on the definition of the mass scheme used. It is not clear
which is the best definition for our purposes. However, as
the MS definition has a small associated uncertainty, it is
convenient to choose the ratio obtained from it and add an
extra uncertainty, of the order O(Aqcp), to cover the spread
of Z—h resulting from different mass schemes. Thus, the

hyperfine operators in our theory can be rescaled by the
factor Z—h = 0.305 £ 0.05. In terms of the rescaled param-
eters, the mass formulas for the bottom mesons up to one-
loop corrections are

3m, a, pam
mp, —WH———§H+ 3 LH+7a—TH+ZB ,
Im a, pim
mp: —’7H+——§H+ 3 LH+?H—TH+ZB*
3m, a, p.m
mg, :ﬂs—1%5s+ 3 Ls+?a*Ts+ZB 00
I m, a, pim
mB;O:’?s+——§s+ 3 LS+7_TS+ZB* (11)

where the self-energy X is a function of the mass differ-
ence of the B mesons and the masses of the light
pseudoscalar mesons z, 7, and K.

To predict the masses of the bottom mesons, it is suitable
to choose the ground state of the nonstrange B meson as the
reference mass to get the independent splittings mp- — mp,
mp — Mg, Mg — Mg, Mg, — Mp, Mp, — g, Mg« — Mg,
and mp: — Mg, where the symbols B, B, B*, B}, By, By,
By, and B*0 represent the nonstrange pseudoscalar, strange
pseudoscalar, nonstrange vector, strange vector, nonstrange
scalar, strange scalar, nonstrange axial vector, and strange
axial vector, respectively. The loop functions depend on the
mass differences, and so these independent splittings form
nonlinear equations. We have used an iterative method
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FIG. 3. The mass splittings plotted against ¢': (a) my- — mp, (b) mg — my, and (c) mp. — mp. The solid line represents the central
value of the splittings. The associated uncertainties, which include the experimental errors of the charm meson masses and the coupling
constants and the error from the input parameter > are given by the dashed lines. The dotted-dashed line represents an estimate

m
m,
theoretical uncertainty.

to solve them starting from the tree-level masses. The
numerical values of these mass splittings are shown in
Figs. 3 and 4.

Our theoretical prediction for masses (splittings) of the
odd-parity B mesons are in good agreement with the
available experimental data. In the PDG [1], the splittings
within odd-parity B mesons are

12
13

Mmpg« — Mpg = 45.38 +0.30 MeV,
mp+ —mp+ = 45.0 £ 0.4 MeV,

my —my = 87.33 +0.23 MeV, 14

(
(
(
(15

)
)
)
mp. —mpg = 48.6 = 2.41 MeV. )

The mass difference mp. — mp can be obtained from the
above splittings as follows:

mp: —mpg = (mg. —mpg )+ (mp_—mpg)

= 135.93 + 2.42 MeV. (16)

By comparing the results in Eq. (12) and Eq. (13) with
the predicted splitting shown in Fig. 3(a), we find that the

experimental measurement of hyperfine splitting of the
nonstrange B mesons agrees with our theoretical prediction
within 1o standard deviation. Similarly, the measured mass
difference mp — mp [see Eq. (14)] agrees with our theo-
retical prediction [see Fig. 3(b)] within about 1o standard
deviation. Furthermore, the measured mass difference
mg: —mp [see Eq. (16)] agrees with our theoretical
prediction [see Fig. 3(c)] within 1o standard deviation.

For the even-parity sector, the B-meson states have not
yet been observed; thus, our results, which are shown in
Fig. 4, provide useful information for experimentalists
investigating such states.

For the predicted masses (splittings) of the even-parity
sector, the strong dependence on the coupling ¢ is due to
the large negative contribution from terms with

g/z _ g/Z 4
4_f2an1 (a),m) _4_f2nf —@

2
0]
x —%nfmzv m? — w?cos™! <Z> +---,

(@ =n?)F(om) +--)

for m* > w* where m = m,, mg. The light-quark factor n

is simply obtained from the Gell-Mann matrices, and its
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FIG. 4. The mass splittings plotted against ¢: (a) mp, —mg, (b) mp

as in Fig. 3.

value reflects the number of independent self-energy loop
diagrams which contribute to the process.

Before proceeding to comment on the SU(3) splittings
within the predicted B-meson states, let us first briefly
examine the charm meson masses given in Table L
Evidently, the strange and nonstrange splittings of the
well-determined states, i.e., J? =0~ and J? =1, are
consistent with the size of the SU(3) breaking,
O(100 MeV). However, this is not the case for the
even-parity sector where the central values of the splittings

sz«g: - mDSO =-03+29 MeV,

My —mpyy = 32.5 + 36 MeV (17)
sl 0

are inconsistent with the size of the SU(3) breaking. The

closeness of .. and Mp:0 Masses was the first observa-

tion of mass degeneracy in heavy-light mesons.

From the heavy quark symmetry, the observed mass
degeneracy in the charm sector implies the similarity of mp
and mp in the bottom sector. Our approach of using
HHChPT shows that there is an accidental cancellation
between SU(3)-breaking loop contributions and counter-
terms in the even-parity B-meson sector. Hence, it is
obvious from Figs. 4(a) and 4(b) that the nonstrange
and strange scalar bottom mesons are nearly degenerate,
and the difference between their central values is ~8 MeV.

50
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500 fmmmmmm L 1
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300f ]
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100t ]
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(98]
[}
(=)

s0

[\

o

(=)
L

mpg
—
)
(=]

.

o
Lo

— mg, (c) mpg. —mp, and (d) mg. —mp. The notation is the same

Moreover, the splitting between nonstrange and strange
axial-vector bottom mesons is ~19 MeV; see Figs. 4(c)
and 4(d). This result, which is inconsistent with the
theoretical expectation on SU(3) breaking, was observed
in the charm sector.

It is worth mentioning that the work undertaken in
Refs. [11,24] was intended to investigate the closeness
of nonstrange and strange scalars in the charm and bottom
sectors, using, in addition to HHChPT, different potential
models. They considered the hadronic loops effect to shift
down the bare masses of scalar mesons. In their work, the
hadronic loop contributions include only the coupling of
D}, to the lowest possible intermediate states, and these
states form members of the %‘ doublet in the notation of
HHChPT. The self-energy contributions from the coupling
of D}, to the members of the 1 doublet have been
neglected in Refs. [11,24] which in turn indicates their
analysis within HHChPT is incomplete. In Ref. [11], the
authors concluded that the results of studying the mass
degeneracy using HHChPT are not satisfactory, which is in
fact not true as shown in Figs. 4(a) and 4(b).

Furthermore, the approach employed in Refs. [11,24]
of using bare masses in evaluating loop functions is
inappropriate for the case of HHChPT. For example, the
predicted masses of B}, and B, as given in Table II in
Ref. [11], provide different splittings when using different
bare masses in evaluating loop functions. More precisely,
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the mass difference mpg. — mp: is ~+4 100 MeV when

evaluating loop functions with bare masses given in
Ref. [25] and is ~—60 MeV when evaluating loop
functions with bare masses taken from Ref. [26]. This
shows that the loop integrals are sensitive to the input mass
differences of the heavy mesons, so using bare masses is
not appropriate. To avoid these problems, we use the self-
consistently determined masses. As a result, there is an
unavoidable theoretical uncertainty, which we estimate
from higher-order contributions from the f function.

VI. SUMMARY

The aspects of mesons containing a single heavy quark
are governed by the spin symmetry SU(2), of the heavy
quark and the chiral symmetry SU(3), x SU(3)y of the
light quarks. Incorporating both approximate symmetries in
a single framework was achieved by defining the heavy
hadron chiral perturbation theory. This effective theory was
used to study the spectra and interactions of these heavy
mesons. We studied the masses of the low-lying charm and
bottom mesons using HHChPT. We expressed the masses
of these heavy mesons up to third order, Q3, in the chiral
expansion, where meson loops contribute. The heavy-
hadron chiral Lagrangian has 12 unknown low-energy
constants (Op.s, Ar.s» Om.s> Ap.ss A;ﬁs, Ag;)s) to describe
eight measured masses of charm mesons. Hence, obtaining
unique numerical values of the LECs is impossible. We
used flavor and heavy quark symmetries to construct eight
linear combinations (17y.5, &y.ss Lpy.s, Th.s) out of the
LECs. By using this method, we reduced the number of
unknown LECs to be comparable with the current exper-
imental data on meson masses. Thus, one can express these
parameters directly in terms of the physical masses and
loop integrals. In contrast to previous approaches, we used
physical meson masses in evaluating the heavy meson
loops. As a result, the energy of any unstable particle is
placed correctly relative to the decay threshold, and the
imaginary part of the loop integral can be related to the
experimental decay width. However, the resulting values

|
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for these parameters contain contributions beyond the order
Q? of heavy-hadron chiral Lagrangian. This is due to using
empirical masses which generate higher order y-dependent
terms that cannot be renormalized using p-dependent
counterterms of our Lagrangian. To this end, we chose
to define the f functions for these parameters to estimate
the contributions from higher-order terms. Having fitted the
linear combinations of the LECs to the D-meson spectrum,
we rescale the hyperfine combinations to predict the masses
of odd- and even-parity bottom mesons. In our calculations,
we used a self-consistent approach to extract the B-meson
masses; i.e., the values we started with to evaluate the mass
splittings within B-meson states are the same as the
resultant mass splittings. The predicted masses from our
theory are in good agreement with experimentally mea-
sured masses for the case of the odd-parity sector. For the
even-parity sector, the B-meson states have not yet been
observed; thus, our results provide useful information for
experimentalists investigating such states.

The approach developed in this paper can be extended to
predict the spectra of the other doublet of the P-wave states,
re., S? = %*, where S is the total angular momentum of the
light degrees of freedom and p is the parity. The spin-parity
quantum numbers of these states are 17 and 27. This
requires introducing a new (tensor) field to describe
the dynamics of these states in the chiral Lagrangian.
The general structure of the relevant chiral Lagrangian with
tensor fields is represented in Refs. [2,6,7] for instance.
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APPENDIX A: SELF-ENERGIES OF CHARM
MESONS

The explicit expressions for the self-energies of the
charm mesons are

2
g 1
Xy, = ye [31(1 (mp: —mp, mg) + gKl(mH; = my,.my) + 2K, (my; — mHlva):|
h? 1
+W 3Ky(ms, —mp,,my,) +§K2(ms, —my,,m,) + 2K, (mg, — my, . mg)|, (Al)
P
Ty = a7 |:K1(mH| — My, My) +§K1(mH| = My, my) *‘51(1(’”1113 - mH’l‘va):|
> 2K,(0 K (0 K
+4—fz 1(0.my) + 5 K1 (0.my) + 2 Ky (mp; — my;, mg)
h? 1
+F 3Ky (mg: — mp:,my) +§K2(m5’; = my:.my) + 2Ks(mg;, — my:, mg) |, (A2)
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2 2
7 [4 n: 4
ZH3 :47_2 [3K1(mH§ —mH3,m,7)—|-4K1(mHT —mH3,mK)} 4f2 |: I(Q(i’nsg mH3,m,1)+4K2(mSl —mHS,mK)],
(A3)
2
g |4 4
ZH; = 4—f2 |:§K1(mH3 - mHg,m”) +§K1(mH1 - WLHg,mK):|
7 [8 8 h? [4
+ F 9K1(07 m,) + gKl(mH; - My, mg)| + 4f2 Kz(ms* - My;, M my,) + 4K2(m57 - My, mg)|.  (Ad)
' 1
2s1 = 4—f2 3K1(ms1f - mS17mJT) +§K1(ms7 - mSpmr]) + 2K1<ms; - mS,’mK)
h? 1
+-— pye 3K, (my, —mg,,my) + §K2(mH1 —mg,,my) + 2K,(my, —mg,,mg) |, (AS)
g2 1 2
X5 = 4f2 K (mg, — mS*]"mﬂ) ‘|'§K1(msl - mspmn) ‘|'§K1(ms3 - msT»mK)
g’2 2 4
4f2 2K,(0,m,) +§K1 (0,m,) +§K1 (mg; —mg:, m)
h2 1
4f2 3Ky (my; — mg:,my) + ng(mH; = mg.,my,) + 2K5(my; —mg:.mg) |, (A6)
g2 4 h? [4
X5 = 4—],2 §K1 (msg —mg,,my) + 4K1(m57 —mg,,mg)| + 4f2 Kz(mHz mg,,my,) +4K,(my, —mg, . mg)|, (A7)
g% [4 4 g% [8 8
X = 4 [51(1("153 — mg:, my) +§K1(msl —msme)] 4 9 K,(0,m,) +§K1(m5; - mg;, mg)
h2 4
4f2 Kz(mH* - mg;, m,) + 4K2(mH»« - mg;, mg)|. (A8)

The chiral loop integrals are

m? 16
K (w,m) = 62 [( 2w’ + 3m’w) ln( > —4w? — m*)F(w, m) —I—?aﬁ - 7a)m2],
u?
2
Ky(w,m) = = [(—2503 + m’w) In <m—2) — 4w’ F(w,m) + 40° — a)mz}, (A9)
m !

renormalized in the MS scheme. The function F(w,m) is given by

®
-V m? — w*cos™! (—), m? > w?,

m

Flw,m) = ®* — m? [iﬂ — cosh™! (—)] . < —m, (A10)
m

®
vV @? — m%cosh™! (—), ® > m.
m

It is worth mentioning that the expression for K (w, m) in Ref. [9] does not agree with our expression. Some finite pieces
are missed due to the inconsistent use of dimensional regularization; i.e., the authors set d = 4 before expanding in powers
of 4 — d. However, our calculation when using the chiral function K, (@, m) from Ref. [9], i.e.,

1 2
Ki(w,m) = 62 (=2@* + 3m*w) In <ZZ—2) —4(w? —m*)F(w, m) + 40* — Som?|, (A11)
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does not affect much the results on the B-meson spectra.
The difference between the obtained results using our
expression and the ones in Ref. [9] is less than 1 MeV.
However, the values of parameters that break flavor and/or
spin symmetries, i.e., £y.5, Ly.g, Ty, are much affected.
For instance, the central values of odd-parity parameters
given in Eq. (10) become

ny = 171.57 MeV,
Ly =263.13 MeV,

&y = 173.04 MeV,

Ty = —29.54 MeV. (A12)
Our expression for K,(w,m) agrees with the expression
presented in Ref. [9]; for details, see Appendix B.

APPENDIX B: CALCULATION OF LOOP
CORRECTIONS

For the sake of simplicity, we restrict our discussion to
SU(2) HHChPT with nonstrange D mesons. Our calcu-
lations of loop diagrams differ from those in Refs. [7,9,27]
in two aspects:

(i) Dimensional regularization is used consistently.

(i) To maintain the heavy quark symmetry at the

quantum loop level, the nonrelativistic heavy meson
fields are defined in four dimensions.

In Figs. 5 and 6, we show the Feynman diagrams of the
one-loop correction to the masses of D mesons. In

PHYSICAL REVIEW D 93, 094007 (2016)

evaluating loop integrals for these diagrams, one has to
be careful with the tensor structure to get the correct
expressions. For this purpose, we will calculate loop
integrals for diagrams a—e in Fig. 5. The results hold for
diagrams with a similar tensor structure of the even-parity
sector as shown in Fig. 6.

Let us start with the loop diagram a in Fig. 5, which
contributes to the self-energy of the H, field, i.e., the DT,

qﬂ qy (g;w - UM Uu)

d
o(a) 9 aa [ 4°q
Z :3 —_
i <2f> K /(Zﬂ)d(q-v—a)a+i€)(q2—m,2,+i€)

9)\* 4—d

=3 (g) (gm/ — Uy Uy)/,t -
" / d'q 7'q
2m)(q-v—w,+ic)(q*> —m2 +ie)’

v

(B1)

where @ is the mass difference between internal and
external heavy meson states. The factor 3 results from
Pauli matrices (77),; = 38,4, where for one-loop diagrams
in which a single pion is exchanged @ = 3, so J,, = 1.
The chiral loop integral is divergent. However, there are
many ways to regulate the above loop integral, and each
one introduces a new momentum scale of which physical
observables must be independent. In field theory, the so-
called dimensional regularization scheme (DR) is widely

T T
PRI PR N
4 \ ’ Y
’, \ 4 AY
Hi + H* v Hy H S vOHy
(a) (b)
T T T
[N [ T LeTTs
’, ~ , ~ ’ A
* ’ * * 4 A * * N A *
Hi H v HY H{ H* v HY Hi S* vOHp
)

(©

FIG. 5.
energy of the H7 field.

() (e)

Feynman diagrams shown in (a) and (b) represent the self-energy of the H, field and those shown in (c)—(e) represent the self-

™ T
S1 / S* \ S1 S1 / H K S1
(a) (b)
s s ™
S S s oom NS
(© (@ (e)

FIG. 6. Feynman diagrams shown in (a) and (b) represent the self-energy of the S, field and those shown in (c)—(e) represent the self-

energy of the S} field.
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used since it preserves gauge and chiral symmetries as well
as Lorentz (Galilean) invariance for relativistic (nonrela-
tivistic) systems.

For loop integrals containing two or more powers of ¢
(momentum of the internal pion) in the numerator, the
standard procedure of evaluating them is to break them up
into simple integrals that can then be easily calculated
[12,28]. Thus, one can write

v

it / d’q 9'q
27)? (q- v — o + i€)(q> — m2 + ie)

= ¢y + V¥, (B2)
where
==y - 0] (B3)
and
Jy = [(do? =)y + 0dd). (B4)

The explicit expression for J; is

o [ 4 1
JO — l//t4 d
2r) (q- v — o+ i€)(q> — m2 + ie)

® m2\ 2

and the expression for J, is

dlq 1 m2 m2
J =1 4_d/ - ” 1 —Z - R 5
== (2m)4 (> —m2 +ie) 16x° [n<y2> ]

where R = ;% — y; + In(4x) + 1 contains a pole at d = 4.
In these expressions, y is the renormalization scale. The
function F(w,m,) is given in Eq. (A10).

To use dimensional regularization consistently, one has
to set d =4 after expanding J, and J5 to first order in
4 —d. If one sets d = 4 before expanding in powers of
4 — d as in Refs. [7,27], the expressions for J, and J3 will
be missing some finite pieces where ﬁR = éR + % # %R.
If there is only one integral, then the different constants can
be absorbed by different renormalization schemes; i.e., this
corresponds to some modified subtraction schemes. For the
case of two integrals with different finite terms, there is no
single consistent renormalization scheme; i.e., the
differences cannot be hidden in renormalization schemes.

By expanding Egs. (B3) and (B4) to first order in 4 — d
and then taking d = 4, we get

PHYSICAL REVIEW D 93, 094007 (2016)

1 [/2 AWE.

2 (0 5\ 1,

3@ (R—|—3> —|—3wm,r(3R+4)}, (B5)
and

1 8 2
J3 o [(2111,2,(1) - §w3> In <7)
7
-~ (4a? — m2)F(w,m,) + = @? <R + 6)
—~wm2(3R + 2)} (B6)

Now, by substituting Eq. (B2) into Eq. (B1), one gets

(@ g\? o )
=0 = 3@) (g = 1,00 (=i( T + D923))

A g)\? .
_3l<ﬁ> (l_g/wgﬂ )‘]2

As we have chosen to define the heavy meson fields in four
dimensions, the contraction of the metric tensors is
9wg" = 4. This is quite different from regularizing gauge
theories in which the components of the gauge boson fields
are continued in ¢ dimensions to maintain the gauge
invariance. In contrast, here it is important that regulari-
zation keeps the integrals of Figs. 5(a), 5(c), and 5(d) equal.
Our purpose is to preserve the heavy quark symmetry. As
will be shown below, our choice of defining the meson field
as four dimensional maintains this.
Thus, Eq. (B7) becomes

(B7)

izl = 3i<%>2(—312) - 3i<%>2K1 (wgom,),  (BS)

where in the last step we introduced the chiral function
K(w,m,). This can be related to J, as
3

Ki(w,m,) ==3J, = I

[(m3 = @)Jo = @) ]

1 m?2
= —263 + 3m2w) In( —Z
e [( @° +3mim) n<ﬂ2>

— 4(w? —m2)F(w, m,)

+ 203 <R + %) — om2(3R + 4)} : (B9)

where this represents the contribution to self-energy of
charm mesons from one-loop diagrams with interacting
particles belonging to the same doublets.

Now, we want to calculate the integral of the loop
diagram in Fig. 5(c), which contributes to the self-energy of
the vector charm meson
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5@ _5( 9 2 —/44—"/ dlq €-qe-q
& 2f (27)! (g - v = o, + ic)(q* — m; + i€)

(L) (—erept / d’q ¢'q"
2f) \THH ] a)i(q-v—w, +ie) (g — m2 + ie)
2
=3 %) eie, (¢ + viT3), (B10)
where the last line is obtained by using Eq. (B2). Since v,¢* = 0 and € = -1, 21(;1) is
(e (9)? (9\*
122% = _3l<ﬁ> J2 = l(ﬁ) K] (COC, m,,). (Bll)

The integral of the one-loop diagram in Fig. 5(d), which contributes to the self-energy of the vector charm meson, is

o(d) g 2 i ddq gll/y//)'(;/ez/vp/qp, (gmf — vy Uo_)e;w/me” Uqu
Xy =3 == —U (

1 2f 20) (g v —wq+ i€)(q* = m; + ie)
2
= -3 (%) e”/”//’/"/eﬂ/,//,/,,/el’;,e”/ vy 1Y J,. (B12)
Asv-v=1,e-v=0, and €- ¢ = —1, the contraction between indices of the totally antisymmetric tensors yields —2!.
Thus, ZST) becomes
=0 = 3i( LY a0y = 2i( L) Ky (g my) (B13)
H;‘ 2f 2 2f 1 d> )

Clearly, our choice of defining meson fields in four dimensions, which gives g,, ¢ = 4 for the loop integral of Fig. 5(a),
yields results equal to the loop integrals of Figs. 5(c) and 5(d). The results of the diagrams in Figs. 6(a), 6(c), and 6(d) are
similar to the ones of Figs. 5(a), 5(c), and 5(d), respectively.

Now, we evaluate the loop integrals for graphs describing the interaction of heavy mesons with opposite parity. To this
end, let us begin with the second one-loop contribution to the self-energy of H; which is shown in Fig. 5(b):

) _ 3 h\? —M4_d/ dq v-oqu-q
& 2f 2x) (g v =@, + i€)(q* — m; + ie)
h\2 ddq q;tqu
Y L S G / , B14
<2f> < U ) (g v —ap + i) (P — mE + ie)) (B19)

Similarly, substituting Eq. (B2) into Eq. (B14) gives

o (BN ) (h\? S h\?
ZZH] :3Z<Tf> U”vy(g" Jz-'—’l)”l) J3) :3l<ﬁ> (12 +J3) = 3l(?f> Kz(wb,mﬂ), (BIS)

where

2

Ky(w,my)=Jy+J3 =y +wl, = [(—20)3 +miw)In <m_g) —4@*F(w,m,) +20*(1 +R) —wom2R|.  (B16)
I

1672

For the one-loop diagram with (heavy) interacting particles belonging to different doublets, the contribution to the self-
energy is given by the chiral function K,(w, m,).
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The integral of the one-loop diagram shown in Fig. 5(e), which contributes to the self-energy of the vector meson, is

v ale” — ) - ge,

i) =32 ZHH/ .
Hi 2f (27) (q - v — w, + i€)(g* — m2 + i€)

h\?2
= (ﬁ) (:'Z(:',,(g”y— Uﬂvy)vayﬁﬂ4_d/

diq q°q’
(27)(q- v —w, + i€)(q* — m% + ie)

Similarly, substituting Eq. (B2) into Eq. (B17) gives

h\? d’q 9q’
=-3|— 4-d . B17
(&) v | o= B
w(e) A h\? 5 ) [ h\? S h\?
iXy: = 3i 27 VaVp(gP Ty + vl T5) = 3i 37 (Jo+J3) =3i 27 Ky (w,,my). (B13)

The loop integrals of the diagrams in Figs. 6(b) and 6(e) are similar to the result of Figs. 5(b) and 5(e), respectively.
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