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New meson spectroscopy with open charm and beauty
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All the available experimental information on open charm and beauty mesons is used to classify the
observed states in heavy quark doublets. The masses of some of the still unobserved states are predicted,
in particular in the beauty sector. Adopting an effective Lagrangian approach based on the heavy quark
and chiral symmetry, individual decay rates and ratios of branching fractions are computed, with results
useful to assign the quantum numbers to recently observed charmed states which still need to be properly
classified. Implications and predictions for the corresponding beauty mesons are provided. The experi-
mental results are already copious, and are expected to grow up thanks to the experiments at the LHC and
to the future high-luminosity flavor and p — p facilities.
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L. INTRODUCTION

The analysis of hadrons containing a single heavy quark
is conveniently performed in a predictive framework ex-
ploiting the heavy quark (HQ) limit, which is formalized in
the heavy quark effective theory [1]. This is an effective
theory formulated for N, heavy quarks Q with mass m, >
Aqcp (a condition generally denoted as the m, — oo limit),
keeping the four-velocity of Q fixed. The theory displays
heavy quark spin-flavor symmetries, i.e., invariance under
SU(2Ny) transformations. Within this framework it is pos-
sible to describe several heavy hadron properties, the prime
example being the relations among semileptonic transition
form factors in weak heavy hadron matrix elements [2]. In
this paper we consider another sector in which the heavy
quark limit provides powerful predictions, the heavy meson
spectroscopy [3]. The renewed interest in this subject is due
to the remarkable number of resonances discovered in the
recent years, a set of states that will presumably become
richer with the data taking of the experiments at the CERN
LHC, as well as of the new high-luminosity flavor factories
and p — p facilities.

The classification of heavy Qg mesons (g being a light
quark) in the HQ limit relies on the decoupling of the
heavy quark spin from the spin of light degrees of free-
dom, the light antiquark and the gluons. The spin s, of
the heavy quark and the total angular momentum of the
light degrees of freedom s, are separately conserved in
strong interaction processes. Heavy mesons can therefore
be classified according to the value of s,, and can be
collected in doublets; the two states of each doublet have
total spin J = s, = 1 and parity P = (—=1)**"!, with ¢ the
orbital angular momentum of the light degrees of freedom
and 5, = € + 5, (s, is the light antiquark spin). We refer
to the two states in the same doublet as the spin partners.
Since the properties of hadron states are independent of
the spin and flavor of the heavy quark, the two states
within each doublet are degenerate in the HQ limit and,
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due to flavor symmetry, the properties of the states in a
doublet can be related to those of the corresponding states
that differ for the flavor of the heavy quark. In practice,
heavy quark effective theory turns out to be a theory of
charmed and beauty hadrons, the top quark is too heavy
to hadronize before decaying.

In the following we focus on the meson doublets corre-
sponding to £ = 0, 1, 2 (in the quark model they are referred
toas s —, p— and d— wave states), we discuss their prop-
erties in the HQ limit and include corrections to the degen-
eracy condition within each doublet. This allows us to study
how the observed charmed and beauty mesons fit in the
theoretical classification. Furthermore, using the available
data in the charm sector, the properties of the corresponding
beauty mesons, if not yet observed, can be predicted.

Since several recently discovered states require a proper
classification, it is useful to analyze strong decays of heavy
mesons to light pseudoscalar mesons because the decay
rates of these processes depend on the quantum numbers of
the decaying resonances. For such a purpose, we exploit an
effective Lagrangian approach in which the heavy quark
doublets are represented by effective fields, while the octet
of light pseudo-Goldstone mesons is grouped in a single
field. The Lagrangian terms describing the strong decays of
a heavy meson with the emission of a light pseudoscalar
meson are invariant both under heavy quark spin-flavor
transformations and chiral transformations of the light
pseudo-Goldstone boson fields.

In the exact HQ limit for the heavy meson doublets,
considering the strong decays with a light pseudoscalar
meson in the final state, as a consequence of the spin flavor
symmetries, the following properties are expected [3]:

(1) The two states within a doublet are degenerate in

mass;

(i1) The two states within a doublet have the same full

width;

(iii)) The sum of the partial widths of a state in a doublet

to another heavy state in another doublet with
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emission of a light meson is the same for the two
states of a doublet;

(iv) Spin symmetry predicts the ratios of partial decay

widths for a given state;

(v) Partial decay widths are independent of the heavy

quark flavor;

(vi) Mass splittings among the different doublets are

also independent of the heavy quark flavor.

In the following sections we analyze the complete set of
the established and newly observed open charm and beauty
mesons, testing the above properties and discussing the
possible deviations, with the aim of a unique description
for all the experimental findings. On the basis of such a
description, several predictions for still unobserved reso-
nances, in particular in the beauty sector, will be obtained.

II. HEAVY MESON DOUBLETS: AN OVERVIEW

We discuss the states of the doublets corresponding
to € = 0, 1, 2. The lowest lying Qg mesons correspond to
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€ = 0, then sf = %_; this doublet consists of two states with
spin-parity J* = (07, 17) that we denote as (P, P*). For
€ =1 it could be either sf =1% or sf =3*. The two
corresponding doublets have J© = (0%,17) and J* =
(17, 27%). We denote the members of the J = (07, 17);
doublet as (Pj, P}), and those of the Jf = (17,2%);,,
doublet as (Py, P}). € = 2 corresponds to either s} = %*
or s? = %‘; the states belonging to such doublets are de-
noted as (P}, P,) and (P%, P3), respectively. We use an
analogous notation for the radial excitations of these states
with radial quantum number n = 2, distinguishing their
fields by a tilde (P, P, ...).

The expressions for the effective fields describing the
various doublets in the HQ limit are collected below: H,
(a = u, d, s a light flavor index) corresponds to sf = %_;
S, and T, to st = 1" and s¥ = 3%, respectively; X,, de-
scribes the doublet with s? =37, and X/ the s/ =3~

2 2
doublet:

1+9._ .,
Hu = T[PauyM - Pu75]
1+9¢ y
Sa =5 [Plavuys = Pil
1+Y(, 0 3 , 1
T(éL = T Pga Yvr — PlavJ;YSI:g# - g‘y ('y# - ‘U'u)il} (1)
1+Y( wus . |3 1
Xa =——1P2u ¥s¥» — Play —[g”” -y v“)]}
2 2 3
Ipy 1+ ﬁ pvo “ap 5 Moov 1 v 1 M(nv v
Xd" = —571P% Yo = P 37| 8a8p ~ 5 Va8p(YH — vH) — 2 ¥pgaly” — ") 1.
|
The various operators in Eq. (1) annihilate mesons of S fZ +
four velocity v, which is conserved in strong interaction L = iTdH,v"DypoH,] + ) Tr{o#%d,%7]
processes; they include a factor | /i, and have dimension S (inp _
3/2. The octet of light pseudosca_lja\ldr mesons is introduced * Tr[S_‘b(w Duba = Bpals)Sa]
through the definitions & = e/~ and X = &%, with + Tr[ T3 (iv*D g — 8pa A1) T 40l
the matrix M incorporating the 77, K and 7 fields Gl
(f, = 132 MeV): + T XF (v Dy — 8 Ax)Xya]
+ T X P (109D 1y — 850Ax) XL 05 3)
‘/g 2+ \/% n o K+ Such terms involve the operators D and A:
D b - _6b 8 + V b,
M= o el K @ . e
. _ = = Opadu + 5 (ET0,E+ €0, @
K K° - %77 2
i
ﬂ,uba :E(g‘ra,ug_‘fa,uéﬁ)ba' (5)

With these fields an effective Lagrangian can be written,
invariant under heavy quark spin-flavor and light quark
chiral transformations [4,5]. The kinetic terms of the heavy
meson doublets and of the % field read:

The mass parameters Ay (with F = S, T, X, X') represent
the mass splittings between the higher mass doublets and
the lowest lying doublet described by the field H; they can
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be expressed in terms of the spin-averaged masses of the
doublets:

Ap=Mp— My, (6)
with
- 3MP* +MP 3MP/]+MPS
MH = s = - @@
4 4
5Mp: + 3Mp, 5Mp, + 3Mp: ;
;= 2 ¥ = -z @1 (7N
8 8
MX/ _ 71‘4[)3 + SMP/Z* '
12

Corrections to the heavy quark limit are represented by
symmetry breaking terms suppressed by increasing powers
of the inverse heavy quark mass m [6]. In particular, the
mass degeneracy between the members of the meson dou-
blets is broken by the terms:

1 _ _
£1/mQ :%{/\HTr[HaO-MVHaO-,uV] - )‘STr[SgO"MVSaO-,uV]

A THTE o TE 0 ] = AT XS 0 X 400y,
+ A T X P o X P o, 1, (8)

with the constants Ay, Ag, A7, Ay and Ay connected to the
hyperfine splitting in each doublet:

1
Ay = g(M%’* - M%)

3
Ar = g(Mlz:; — M3,)

1
Ag = §(M12,,1 - M3.)
3 9
Ax = g(M,%z - M) ©)
— 3 2 2
Ay =3 (M3, — M3,).

In Table I we collect the observed charmed cg and c3,
and beauty bg and b5 (with ¢ = u, d) mesons, with a
classification established within the heavy quark doublet
scheme. In the Table we also include states not yet classi-
fied: Their position reflects our proposed assignment of
their quantum numbers, and to indicate this (still unsettled)
situation we put a mark in correspondence of such mesons.
Alternative classifications will also be discussed in the
following.

The states belonging to the lowest sf = { and n =1
doublet are well recognized, hence our discussion mainly
concerns the excited doublets with either ¢ = 1*,3% ..,
or n > 1. In Tables II and IIT we collect the values of the
masses and widths of such resonances as reported by the
Particle Data Group (PDG) [7]. For the masses of the states
of the lightest doublet, as well as for the masses of the light
pseudoscalar mesons, we refer to the PDG values.

Let us examine the various entries in Table I. The
sf = %* charmed doublets are filled by the states
(D(2420), D3(2460)) and (D,;(2536), D;,(2573)) in the
nonstrange and strange case, respectively. Considering
their widths in Table II, it can be noticed that these states
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are quite narrow, in accordance with the expectation, since
their strong decays occur in d-wave: the widths of strong
decays to a light pseudoscalar meson of momentum p are
proportional to |p|?¢™!, with € the angular momentum
transferred in the decay. In these modes |p| is small, and
highest values of € correspond to the largest suppression of
the decay rate.

The states (D;(2400), D1(2430)) and (D7,(2317),
D' ,(2460)) can be identified with the members of the
sh = %J“ charm doublet, although they present puzzling
features. The nonstrange states follow the expectation of
being broad, their strong decays occurring in s-wave.
Evidences of cg broad states were provided by CLEO
[9], Belle [10] and FOCUS [11] collaborations, but the
separate identification of the two states, together with
measurement of their masses and widths, is due to Belle
[10]. The strange partners, first observed in 2003 [12], are
very narrow in contrast to expectations. This feature can be
attributed to their masses below the DK (for D};(2317))
and D*K (for D’,(2460)) thresholds, so that the isospin-
conserving decays are kinematically forbidden. The ob-
served strong decays to D, 7° and D* 7 violate the isospin
conservation, hence the narrow widths. Their identification
with the doublet (D}, D) is supported by a light-cone
QCD sum rule analysis [13] which reproduces the experi-
mentally observed hierarchy of the radiative decay modes
[7]. A puzzling aspect is the mass degeneracy between
the strange states and their nonstrange partners.' Another
issue is the possible mixing between the two 1% states: in
the case of nonstrange mesons, the Belle collaboration
has determined the mixing angle 6, with the result:
6 = —0.10 = 0.03 £ 0.02 £ 0.02 rad [10], indicating a
small mixing.

The other entries in Table I correspond to the most
recent observations. D,;(2860) was observed by the
BABAR collaboration [15], and D7;(2700) by the Belle
[16] and BABAR [15] collaborations, both the resonances
in the DK final state. The two resonances have been
confirmed in pp collisions at the LHC [17]. The spin-
parity J¥ = 1~ of D% (2700) has been established studying
the production in B decays. D7(2700) and D,,;(2860) are
also seen to decay to D*K [18], hence they have natural
parity JP=17,2%7,37,---. The D*K mode excludes the
assignment J* = 0" for D,;(2860). Additional informa-
tion comes from the measurements of the ratios of decay
rates

BR(D?,(2700)— D*K)

S =0.91+0.133, +0.12
BR(D?,(2700)— DK) . et
BR(D,;(2860)— D*K)
BR(D,,(2860)— DK)

(10)

= 110 0,15, = 0.19,

'The mixing between a ¢5 and a four quark configuration
could be invoked as an explanation of this degeneracy [14].
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TABLE 1. Observed open charm and open beauty mesons, classified in HQ doublets.
doublet s? JP cgin=1) cgn=2) csn=1 csm=2) bgn=1 bgmn=2) bsmn=1) bsn=2)
H %_ 0~ D(1869) D(2550)* D,(1968) B(5279) B,(5366)

1~ D*(2010) D*(2600)* D;‘(Zl 12) D}, (2700) B*(5325) B:(5415)
N 370" Dj(2400) D?,(2317)
1t D (2430) D’,(2460)  D,,(3040)"
T %* 1t D,(2420) D,;(2536)  D,;(3040)*  B,(5721) B,,(5830)
2+ D3(2460) D?,(2573) B3(5747) B?,(5840)
X =1
>~
X' 3= 27 D(2750)"
3~ D(2760)* D,;(2860)*

4States with uncertain assignment, classified according to the scheme proposed in this study.

TABLE II.

Measured mass and width of the observed excited mesons with open charm. All the results are from the PDG [7],

excluding the data concerning D***(2600), D°(2750) and D***(2760) which are BABAR measurements [8]; the widths of D**(2600)
and D**(2600) are kept fixed in the experimental analysis [8]. The quoted bounds are at 95% CL.

cq mass (MeV) I' MeV) c§ mass (MeV) I' MeV)
D(2400) 2318 =29 267 * 40
D(*)i (2400) 2403 £ 14 = 35 283 +24 + 34 D;‘O(2317) 2317.8 £ 0.6 <3.8
D(2430) 2427 + 26 + 25 384 107 +74
D’ (2460) 2459.6 = 0.6 <3.5
DY(2420) 2421.3 + 0.6 27.1 £2.7
D7 (2420) 24234 + 3.1 26 6 D,,(2536) 2535.12 = 0.13 0.92 = 0.03 = 0.04
D30(2460) 2462.6 = 0.7 49.0 = 1.4
D3*(2460) 2464.4 + 1.9 37+6 D?,(2573) 2572.6 = 0.9 20*5
DY(2550) 2539.4 + 4.5 = 6.8 130+ 12 =13
D*0(2600) 2608.7 2.4 £ 2.5 93+6=*13
D**(2600) 2621.3 +3.7+42 93 (fixed) D},(2700) 2709+ 125 + 30
D°(2750) 27524 + 1.7+ 2.7 71+6=11
D*0(2760) 27633 +23+23 60.9 =5.1=*3.6
D**(2760) 2769.7 + 3.8 £ 1.5 60.9 (fixed) D,;(2860) 2862 = 2+3 48+3+6
D,;(3040) 3044 * 8+3° 239 = 35=48

where DK is the sum over the final states D°K" and
D(*)+Kg [18]. Comparing these data with the predictions
obtained in the heavy quark limit [19], we argue that
D7,(2700) is the first radial excitation of D§(2112).

The case of D,;(2860) is more uncertain. For the possible
quantum number assignments to D, ;(2860), one can follow
the discussion in Ref. [20]. Since this resonance decays to
both DK and D*K, it may be identified with the lowest lying
n = 1 state with either J{, = 15 ,,1.e., D}, in the X doublet,

3/2°
orJ Q = 3_,, i.e., the state D in the X’ doublet. Another

5/2°

possibility is the identification with the radial excitation
with n =2 and JI = 21+/2’ i.e., the state D%, in the T
doublet. Allowed decay modes are into DK, D;n, D*K
and D} 7. From the ratios of strong decay rates in the three
possible cases, the identification with D3 was proposed
[20]. An important argument concerns the decay width,
since Dg; is expected to decay in f- wave, which would
explain the observed narrow width of the resonance. D5,
and D~;“2 decay in p- and d- wave, respectively, which makes
the identification of D;(2860) with D, unlikely, but does

TABLE III. Measured mass and width of the observed open beauty excited mesons [7].
bg mass (MeV) I' MeV) bs mass (MeV) I' MeV)
B{(5721) 5723.4 £2.0 B9 (5830) 5829.4 £ 0.7
B30(5747) 5743 £5 22.7 £38 £32, B9(5840) 5839.7 £ 0.6
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not exclude that with D~;‘2. Using typical values for the
strong decay constant governing its strong decays, it turns
out that indeed D7}, should have a width incompatible with
the experimental findings. As for D~;‘2, its mass is expected to
be larger on the basis of potential model calculations:
actually, the prediction M(D*,) =~ 3.157 GeV [21] must be
contrasted to M(Dg;) = 2.925 GeV. As a conclusion, we
continue to propose for D,;(2860) the assignment J* = 3~
with n = 1. The alternative identification with D*, is dis-
cussed in the subsequent sections.

The BABAR collaboration observed another broad struc-
ture in the D*K invariant mass distribution, D,;(3040),
with too limited statistics to permit studies of angular
distributions for this state [18]. Since D,;(3040) decays
to D*K and it is not found in the DK distribution, it has
unnatural parity J¥ = 17,27, 3%, - - - The lightest not yet
observed states with these quantum numbers are the two
JP = 27 states belonging to the £ = 2 doublets, D, with
s¥ =37 and DY, with s} = 3~. The case J* = 3* corre-
sponds to a doublet with sf; = %Jr the mass of which is
expected to be larger. In the case of radial excitations, the
identification with the states with n =2, J° = 1T, and
st = 1" (the meson D/)) or sf = 3" (the meson Dy,) is
possible. Comparison of the features of the four possible
classifications for D,;(3040) shows that, due to the large
mass, several decay modes are possible: to a member of the
fundamental heavy doublet plus a light pseudoscalar or
vector meson and to a member of an excited heavy doublet
and a light pseudoscalar meson [22]. In the heavy quark
limit, the two J¥ = 17 are expected to be broader than the
two JP = 2% states, hence D,,;(3040) is likely to be iden-
tified with one of the two axial-vector mesons. A distinc-
tion between the two is provided by the DK* and D¢
decay modes, since the widths to these final states are
larger for D', than for Dy,. This justifies the classification
of D,;(3040) as one of the two states with J© = 1%, n = 2,
proposed in Table I. The features of the corresponding spin
and nonstrange partners can be predicted accordingly [22].

The last four states in Table I are the nonstrange cg
mesons discovered by the BABAR collaboration in the
process e"e” — cC — DX [8]. The four new reso-
nances are found with decay modes:

(i) D°(2550) to D** 7~ ;

(ii) D*(2600) to D"z~ and D** 7, and the isospin

partner D**(2600) to D’z ;

(iii) D*°(2760) to D7, and the isospin partner

D**(2760) to D7+

(iv) D*(2750) to D** 7.

Their measured mass and width are reported in Table II.

The BABAR collaboration has also measured the ratios

BR(D*°(2600) — D7)
BR(D*°(2600) — D** ™)

=0.32 £0.02 = 0.09 (11)
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BR(D*(2760) — D* 1)
BR(D™(2750) — D* " 7r)

=042 *0.05*=0.11. (12)

In the case of the final state D** 77—, an important piece of
information comes from the distribution in cosfy, with 6
the helicity angle between the primary pion 77~ and the
slow pion 7" from the D** decay. The measured cosfy
distribution for D*(2600) is consistent with the assignment
of natural parity to this state, which also agrees with the
observation in both D7 and D*7r; moreover, the angular
distribution for D°(2550) behaves like ~cos’*8, as ex-
pected for a J¥ = 07 state.

On the basis of these observations, the BABAR collabo-
ration suggested that (D(2550), D*(2600)) compose the H,
JP =(0",17) doublet of n =2 radial excitations of
(D, D*) mesons, while (D(2750), D*(2760)) can be identi-
fied with the € = 2, n = 1 states [8], mainly from com-
parison of the measured masses with quark model results
[23]. Since there are two possible doublets with € = 2, the
identification with the J* = (27, 37) doublet would come
together with the hypothesis D,;(2860) = D3, and in this
case D,;(2860) and D*(2760) would be corresponding
states with and without strangeness. We have classified
the four new states in Table I according to these conclu-
sions. However, we have mentioned that another possibil-
ity is D,;(2860) being identified with the D*, meson. In
such a case, if D*(2760) is viewed as the nonstrange
partner of D,;(2860), it can be the state D3, and D(2750)
its spin partner D/, both filling the doublet 7'. In the quark
model, the masses of the states in the (D5, D3) doublet are
found to be (2.775 GeV, 2.799 GeV), while in the case of
the n =2 (D|D3) doublet the obtained masses are
(2.995 GeV, 3.035 GeV) [21], findings that also support
the first one of these two possible assignments.

Let us turn to the beauty sector. As in the case of charm, the
JP = (07, 17) lightest doublet is well established and is
included in Table I together with the other observed reso-
nances. The measured masses and widths of the excited states
are reported in Table III. First observations of open beauty
resonances were gained by the LEP collaborations [24,25],
using inclusive or semi-exclusive B decays which made
impossible the separation of the states. More recently, the
CDF and DO collaborations at the Tevatron reported evidence
of nonstrange excited beauty mesons, which can be identified
with the (B,, B3) components of the s = 3* doublet. They
are found in the decays B’ — B™ 7, B* 7~ and B} —
B** 7~ [26,27]. Analogously, for strange-beauty mesons the
first observation of p-wave states was not able to separate the
individual components [24]. Recent CDF and DO studies
have reported evidence of B, decaying to B** K, and of
B}, decaying to BT K~ [28,29]. These resonances can be
assigned to the s§ = 3" beauty doublet with strangeness.
Confirmation of these orbitally excited B and B, mesons,
with compatible masses and widths, has been obtained by the
LHCD collaboration [30].
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TABLE IV. Values of the spin averaged masses My (in MeV), of the mass splittings Ap (in MeV) and of the hyperfine splitting

parameters Ap (in MeV?) defined in Eqgs. (7) and (9).

cil cd cs bi bd bs
My 1971.45 = 0.12 1975.12 = 0.10 2076.4 + 0.4 5313.7 = 0.3 5313.8 = 0.3 5403 + 2
Mg 2591.4 = 3.3
Mg 2400 * 28 2424.1 = 0.5
My 2447.1 = 0.5 2449.0 + 1.6 2558.6 = 0.6 5735.7 = 3.2 5834.7 = 0.5
My 2758.8 £ 2.3
Ag 429 + 28 347.7 = 0.6
Ar 4757 £ 0.5 4739 * 1.6 4822 £ 0.7 4219 3.2 431.7 £ 2.1
Ay 787.4 +2.3
Ay (262.3 = 0.2)2 (261.2 = 0.2)2 (270.9 *= 0.6)2 (246.8 = 1.2)2 (245.9 + 1.2)2 (256.3 * 6.4)2
Ag (211.2 + 13.4)2
Ag (254 + 54)? (290.9 + 0.9)2
Ar (275 * 3)2 (274 + 12)? (267.5 = 2.9)2 (290 * 40)? (212.3 = 9.5)2
Ay (150 = 32)2

III. MESON MASS PARAMETERS
AND PREDICTIONS

The HQ symmetries and the mass measurements permit
us to predict the masses of not yet observed open charm
and open beauty resonances, filling a few empty spaces in
Table I. The preliminary step is to determine the average
masses My in Egs. (7), the mass splittings Ay between
doublets and the splittings A between spin partners in a
doublet defined in Egs. (9) for all the observed states in
Table I. The results are collected in Table IV. Flavor
symmetry implies that the mass splittings Ay between
doublets are the same regardless of the heavy quark flavor.
Furthermore, also the mass splitting A between spin
partners in a doublet should not depend on the heavy flavor.
Considering the various entries in Table IV, we see that
these statements are experimentally violated both by light
flavor and heavy quark mass effects, since such entries
incorporate higher order symmetry breaking terms: in
particular, the strange quark mass effect is clearly visible
in the average mass parameters M.

Using this input, we derive several predictions for the
masses of unobserved states. Let us consider D, the spin
partner of D} which we have identified with D* (2700). If
the effect of the strange quark is to shift the mass of a given
state by the same amount in the fundamental and in the n =
2 radial excitation doublet, we have Mp — Mpo = Mp_ —
M . Identifying D° with the observed D°(2550), we can
infer that M = 2643 = 8 MeV. The consistency of the
identification of D**(2600) with the spin partner of
D®(2550), i.e., with the state D*°, can analogously be
checked. From Mp: — Mpo = Mp: — Mo we obtain:
Mo = 2604 £ 9 MeV, which supports the identification
of D*(2600) with D**. A compatible result is obtained
using the Az parameter in Table IV to predict the D, mass:
Mp = 2643 = 13 MeV. This allows us to conclude that

the masses of all n =1 and 2, JI = (07, 17),, charmed

mesons with and without strangeness, are determined, see
Table V.

In the case of the doublet J¥ = (27, 37)s),, if the two
states D(2750) and D*(2760) are the (D5, D;) members of
this X', ¢g doublet, we can predict the mass of the spin
partner D of D,;(2860) identified with D ;. From M- =
Mp, — (Mp, — Mpr) we have: Mpr = 2851 £ 7 MeV.
This prediction for the mass of the spin partner of
D,;(2860) holds independently of the identification of
the latter, it only relies on the assumption that D,;(2860)
and D*(2760) have the same quantum numbers and differ
for the strangeness.

Using the estimated masses of D, and D’ we obtain:
Mgz =26925=70MeV, Ayz=0616*=7MeV, Az=
(210 = 19 MeV)?, and My = 2857.5 £ 4.3 MeV, Ay =
781 =4 MeV, Ay = (153 = 62 MeV)? for ¢5 mesons.
Another possibility is that D,;(2860) and (D(2750),
D*(2760)) belong to the n = 2, T doublets: In this case
we would get Mz = 2759.2 = 2.4 MeV, A; = 787.8%
2.4 MeV, while the parameters Ay and A numerically
coincide.

In the HQ limit, charm data can be exploited to make
predictions for beauty. The procedure we adopt, based on
the Lagrangian (3) and (8), is to assume the equalities

A%) — Ag}) /\%) — Ag?)’
for F=H, S, T, X' and T, and to use these two expres-

sions, with the L.h.s. experimentally determined, to predict

TABLE V. Predicted mass and width (in MeV) of two not yet
observed excited charm mesons, quoted together with the other
members of their respective doublets.

Dy(0",n=2)D{,(1",n =2) D{,(27) Dy3(3")

g D(2550) D*(2600)  D(2750)  D(2760)
cSmass 2643+ 13 D*(2700) 2851 =7 D,,(2860)
r 33.5+33 20.5 * 2.4
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TABLE VI. Predicted mass and width (in MeV) of doublets of excited beauty mesons. For the decay widths of B}, and B, see the
text.
By(0~,n=2) EZ‘S)(I*, n=2) B[,(0") B, (17) B;,(27) B;3(37)
bg mass 5911.1 £ 4.9 59412 £32 5708.2 £22.5 5753.3 £31.1 60982 + 2.4 6103.1 +2.6
r 149 = 15 186 + 18 269 = 58 268 =70 103 £ 38 129 £ 10
bs mass 5997.3 = 6.1 6026.6 = 7.9 5706.6 = 1.2 5765.6 £ 1.2 6181.3 5.2 6186.3 = 4.6
r 769 118 = 14 57*6 784 +73

the masses of the two states in the corresponding beauty
doublets. The results are collected in Table VI. If
D,;(2860) and (D(2750), D*(2760))) are assigned to the
n = 2, T doublets, the last two columns in this Table would
represent the predictions for B%)l and B(s)Z’ respectively. It

is worth remarking that the masses of B}, and B/, are
below the BK and B*K thresholds, and therefore these
two mesons are expected to be very narrow, with main
decays into B,7° and B 7" [31-33].

IV. STRONG TWO-BODY DECAYS TO H AND
A LIGHT PSEUDOSCALAR MESON

To describe the decays F — HM, with F = H, S, T, X,
X' and M a light pseudoscalar meson, at the leading order
in the light meson momentum and heavy quark mass
expansion, we can employ the Lagrangian interaction
terms [4]:

Ly=gTilH,Hyy,vs A}l
£S = hTr[I:IaSb’yM’Y5ﬂZLa] + H.c.

[
Lp= A_XTr[HaTl‘f(iD#ﬂ +iP A )pays]+ He
Voo | (13)
LX:rTr[HaXh (lDﬂﬂ+l¢ﬂ,L)ba75]+H-c'

X
1

A A 2
+ kz(DMD)\JZ‘.V + DVD)\“AM)]ba’y/\’YS] +H.c.

Ly=—TiHX"[k{D, D}A,

The chiral symmetry-breaking scale A, is set to A =
1 GeV. L and L describe transitions of positive parity
heavy mesons with the emission of light pseudoscalar
mesons in s- and d- wave, respectively, and g, & and A’
are effective coupling constants. Ly and Ly describe the
transitions of higher mass mesons of negative parity, be-
longing to the X and X’ doublets, with the emission of light
pseudoscalar mesons in p- and f- wave, with coupling
constants k’, k; and k, (we set k = k; + k,). At the same
order in the expansion in the light meson momentum, the
structure of the Lagrangian terms for radial excitations of
the various doublets does not change since it is only
dictated by the spin-flavor and chiral symmetries, but the
coupling constants must be replaced by new ones denoted
by g, h, and so on. This formulation is useful since meson

transitions into final states obtained by flavor and heavy
quark spin transformations can be related in a straightfor-
ward way. The expressions of the decay widths obtained
from Egs. (13), considering the various doublets which the
decaying meson belongs to, are the following:

(i) Decaying meson H = (P, P*) or H = (P, P*):
2
. M
[(P*— PM) = Cy S ZL 15, (14)
MemfZ My
I(P* — PM) = g My Bul>  (15)
6 f2 MP* Pum

. g2 Mp:
F(P? - P;M) =Cyz— ! |PM|3 (16)

37Tf2 Mp*

(P — P*M) = g My s B a7
Momf My TM
(ii) Decaying S = (P}, P}):
oM
L(PG— PM) = Cu 3 7 P[mM+ P11 Bl
(18)
(P} — P*M)
2 Mp
=Cpy—— + | pul? 19
M 3 My ——[miy + 1Py PPl (19)
(ili) Decaying T = (P,, P}) or T = (P,, P}):

2h"* Mp:
T'(P, — P*M) = Cyy~— pul> (20
(P, ) M37Tf% Mp, Pul (20)

4h'2 Mp .
['(P; — PM) = >l

20? Mp
D(Py— P*M) = Cyy—— ——|pul’. (22
(P5 ) M57Tf72,. Mp, | Pl (22)

Decaying X = (P, P,):
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TABLE VII. Theoretical ratios Rﬁ\f) for charmed and beauty mesons. The results are obtained identifying D*?(2760) as D5 and

D,;(2860) as Dg;.

cq R, cs Ryo R, R
D*(2600) 1.22 = 0.01 D7,(2700) 0.91 =£0.03 0.195 = 0.006 0.05 £0.01
D;%(2460) 0.440 = 0.001 D%, (2573) 0.086 = 0.002 0.018 = 0.001 -
D*(2760) 0.514 = 0.004 D,;(2860) 0.39 = 0.01 0.132 = 0.003 0.025 = 0.001
bg R, b3 Ry R, R:
B* 1.63 = 0.005 B} 1.43 £0.015 0.132 = 0.008 0.11 £0.015
B; 0.87 = 0.01 B, 0.07 + 0.005 - -
B; 0.92 = 0.005 B 0.815 = 0.006 0.103 = 0.002 0.063 = 0.003
L(py— PM) g — BRE=D'm) o) _ BR(F, — D'K)
n " BR(F—Dm)’ K BR(F, — DK)’
= Cor ME i 4 B Pl 3) :
MYmf2 Mp: M Pul™llPm R _ BR(F, — D;n) RHFD _ BR(F; — Dimn)
K BR(F, — DK)’ K BR(F, — DK)
[(P; — P*M) (29)
2k Mps . .
= Cug M—;[mzzw + PulPlBml 24 pWa(k) indicates D™Oxt(K*) + DU AO(K)  for
T charged states, and D™07%(K) + D"* 77~ (K~) for neu-
tral ones. Such ratios can be experimentally determined, so
I'(P, — P*M) a comparison with the theoretical outcome is possible.
262 Mp- . e 1 In Table VII we collect the predictions for the charmfzfi
=Cug = . Ly 1Pyl (25) states D*(2600) and D7, (2700), identified with D* and Dy,
™k respectively; for D3°(2460) and D¥,(2573) and for
D*(2760) and D,;(2860) identified with the states D5 and
(iv) Decaying X' = (P, P3): Dg;, as assumed in Table 1. The case of DZ‘S)I in the doublet
W M X is not included in the Table since there are at present no
L(Py — P'M) = Cyy—— P 15,7 (26)  candidates for it; however, we consider it in the following.
157f7 Mp; In the alternative classification of D**(2760) as Dj we
obtain R, = 0.775 *= 0.003; analogously, identifying
42 M, D,;(2860) with D, we get Rx =0.63 +0.01, R, =
PPy — PM) = Cu s 3y - Ipul”  27)  0.19 + 0.002 and R}, = 0.07 = 0.003.
277 Py For some of the resonances considered in Table VII
I(Py — P*M) = C 16k=  Mp- 1Byl’. (28) experimental data are available. For D5(2460) one has [7]:

M1057f% Mp,

The coefficients C,, are different for the various light
pseudoscalar mesons: C,+ = Cg+ =1, Cpo = Cg, = %,
C,= % Du is the three momentum of M. Notice that
only for the states P* in H, P; in T, P} in X and P in
X', both the decays to PM and P*M are allowed, while the
other resonances can decay either to PM or to P*M, a
useful observation for the classification of the states.

The decay rates depend on effective coupling constants
which need to be specified. Model dependence in a deter-
mination of such couplings can be avoided considering
ratios of widths in which the constants cancel out.
Therefore, for each meson F(; that can decay both to
PM and PE‘S)M, we focus on the following ratios, con-

sidering as reference modes the decay to D for the non-
strange mesons, and to DK for the strange ones:

I, _ T(D3(2460)* — D7) _
T, T(Di(2460)* — D077)
I

VETD

1.9*+1.1*+03

= 0.62 £0.03 £ 0.02,

for the charged state, and

I, T(D3(2460)° — D* ™)
i =1.56+0.16 = 0.3
I, T(D5(2460)° — D** 7))
r (31)
= =0.62 = 0.03 + 0.02
r,+7I, ’

for the neutral one. For these quantities the theoretical
results are
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FIG. 1 (color online). Ratios

BR(D;—D**7~)* BR(D;—D*"7")

I
(—‘) — 2.266 * 0.015
FZ charged

R12)chareed = 0.694 * 0.001

( Il‘z harged 32)
(—‘) — 2.280 =+ 0.007
FZ neutral

(RIZ)neutral = 0.695 = 0.001.

The comparison of predictions with data shows a deviation
from the heavy quark limit in the case of the neutral
channel. However, the PDG result is obtained averaging
several data in the range (%)nemml € [2.2-3.0], and the

average is dominated by a single measurement provided
by BABAR collaboration [8], which requires a
confirmation.

The corresponding charmed-strange resonance is
D?,(2573), identified as the 2" member of the ¢ = 1, s? =
3%, T doublet. It decays to D™* Ky, D*OK*, D n, and is
below the D} n threshold. There are no experimental data
for the ratios in Table VII; however, the PDG quotes the

* —s )*0 g+
BR(D,(2573}»D"K") _ 0.33, which is satisfied

BR(D,(2573)—~D"K™)
= (0.091 = 0.002.

BR(D?,(2573)—D"K*)
BR(D,(2573)—D"K ")

The D},(2700) has been treated in Ref. [19], where the
ratios in Table VII were analyzed. The BABAR measure-
ment of the first ratio in Eq. (10) [18] is in agreement with
the theoretical outcome reported in the Table, and this
supports the classification of this state as D*;.

Let us turn to the first radial excitation of D*, the D*. As
discussed in the previous sections, there are hints that the
observed D*(2600) might be identified with such a state,
and in this case the theoretical ratio Eq. (11) (identifying
D*(2600)° with D*°) would be

upper bound:

by our result

BR(D**(2600) — D7)

= (.822 = 0.003,
BR(D*(2600) — D**7r™)

(33)

which is larger than the measurement in (11). To inves-
tigate the origin of the discrepancy, we consider the other
states (up to € = 2) for which the decays to PM and P*M
are both allowed, namely P} in X, P5 in X’ and P} in T. In
BR(D}"—D*n") BR(D}—D"7")

BRIDV—D"*7)* BRID\—D""7) and

Fig. 1 we plot the ratios

and

BROI=D" ) versus the mass of the decaying meson.

BR(Dy’—D*7")
BR(D}'—D**7")
ratio exceeds 1 both for D5 and for D7, while in the case of
DNZO it could be smaller than 1 only for a large mass,
M(D3%) > 3100 MeV. Instead, a quark model prediction
for the mass for this meson is M(D3°) = 3035 MeV [21].
Therefore, no quantum number assignment to a meson
with a mass of about 2600 MeV is able to reproduce the
measurement (11). A possible conclusion is that there is a
violation of the HQ symmetry in the decays of D**(2600).

Let us proceed with the other resonances. Identifying
D*(2760) with D5 and D(2750) with its spin partner D%,
we obtain for the ratio (12)

versus the mass of the decaying meson. The

BR(D*°(2760) — Dt 7™)

= (0.660 = 0.001,
BR(D*°(2750) — D** 7)) | xdoublet

(34)

which is close to the experimental result. In the hypothesis
that (D(2750), D*(2760)) fill the (D), D3) doublet, we obtain

BR(D*(2760)—D" 7~ -
T2 | ot = 0.563 = 0.001.

the uncertainty in (11), both these results agree with the
measurement.

The last resonance to discuss in Table VII is D,;(2860),
for which we support the identification with D ;. However,
the ratios in Table VII do not compare favorably with the
measurement in Eq. (10) [20], and this requires an expla-
nation. In Sec. III we have predicted that the spin partner of
D,;(2860) has mass M(D;}) = 2851 =7 MeV. Hence,
these two states are very close to each other, and the
experimental resolution in the common D*K decay chan-
nel could be difficult. A possible consequence is that the
measurement in Eq. (10), which at first sight is attributed
only to D,;(2860), might be contaminated by the decay
D} — D*K, and what is actually measured is the number

of final D® K pairs produced from both the states:

Considering

’The ratios (33) and (34) have also been computed in
Ref. [34]. The result for the ratio in Eq. (33) agrees with ours,
while for Eq. (34) the value 0.80 has been obtained. The case of
D*0(2760) belonging to the doublet 7 has not been considered in
that study.
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I'(D;;(2860)— D*K) + I'(D?},(2851) — D*K)

R(2860) = I'(D,,(2860)— DK)

(35)

The prediction for this ratio, considering the two contribu-
tions, is

R(2860) = 0.99 = 0.05, (36)

which agrees with the datum Eq. (10).?

The various ratios of decay rates for the beauty mesons
can be predicted, using the observed masses of the two 27"
states in the sf = 3/2% doublet and the predicted masses
in Table VI for the other states. The results are collected in
Table VII. The last line in the Table corresponds to the
assignment of D ;(2860) and D*(2760) to the X', s; =
5/27 doublet; if these two states belong to the T doublet,
for the corresponding beauty mesons we predict R, =
1.15 = 0.03 for B;, and Rx = 1.06 = 0.01, R, = 0.160 =
0.003, R’; = 0.135 = 0.004 for Efz. Therefore, the ratios
R, and Rg can be used to distinguish between the two
assignments.

V. STRONG COUPLING CONSTANTS
AND DECAY WIDTHS

The measurements of the meson widths allow us to
determine the effective coupling constants. Since for me-
sons in the same doublet one should obtain the same result
in the HQ limit, a comparison among the results tests the
heavy quark symmetry and the quantum number assign-
ment to the decaying state. From the obtained coupling
constants, predictions for not yet observed states follow.

@ g
The strong transition among states in the H doublet
is governed by the coupling g. Actually, only
charmed mesons undergo real DZ‘S) — D (K) tran-

sitions, the corresponding beauty modes being kine-
matically forbidden. The coupling constant plays an
important role in processes in which the B*Br
vertex is involved; at present, there is a single ex-
perimental determination of the D** width [36]:
I'(D**) = 96 = 4 = 22 KeV, corresponding to g =
0.64 £ 0.075, a value which is larger than the theo-
retical results obtained in the HQ limit [37-39].
(ii) h

The coupling constant & controls the decays S —
HM. We can use data on the members of the cg
doublet S, with ¢ = u, d. However, the case g = s
corresponds to (D},(2317), D/,(2460)) and, as we
have already discussed, the strong decays of these

*In Ref. [35], it was }Proposed that two overlapping structures
with J® =07 and J* = 2% exist in the mass range about
2860 MeV, identified with the n = 2 scalar and tensor c3§ states,
respectively.

054024-10
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particles cannot be computed through the effective
Lagrangian (13) which describes isospin conserving
modes. Therefore, we only consider the doublet
(D;(2400), D (2430)). The values of & obtained
from their widths in Table II, and using the rates
in Egs. (18) and (19), are: & = 0.61 = 0.07 from
D(2400), h = 0.50 = 0.06 from D;*(2400) and
h = 0.8 £ 0.2 from D}’(2430). The weighted aver-
age is

h = 0.56 = 0.04. (37)

This result nicely agrees with the QCD sum rule
outcome Ref. [38] and with the lattice QCD deter-
mination in Ref. [39]. For beauty mesons, using the
predicted masses together with (37), we obtain the
widths quoted in Table VI.

(iii) A’

The T — HM decays (with mesons in the doublet
T having n = 1) are described by the coupling
constant 4’. Using the widths in Table II together
with Egs. (20)—(22), we obtain i’ = 0.56 * 0.03
(from  D%(2420)), h'=0.54*0.065 (from
D7 (2420)), h' = 0.43 £0.01 (from D3°(2460)),
h' =0.37 =0.03 (from D3*(2460)) and h' =
0.48 = 0.035 (from D%,(2573)). The weighted
average is

K =0.43 £ 0.01. (38)

This translates into a prediction for the full width of
D,;(2536): T'(D,;(2536)) = 0.305 = 0.002 MeV.
A recent determination provided by BABAR col-
laboration [40], quoted in Table II, is larger than
our result, possibly signalling a mixing with the
other axial-vector state D', (2460) [41].

In the case of beauty, in the 7" doublet only the
width of the B;O meson has been measured, with
the result A’ = 0.36 = 0.09. Using this value, the
predictions in Table VI follow for the other beauty
resonances in 7. The two beauty-strange states
are very narrow, and they decay to B*K (the
B,(5830)) and to BK, B*K (the B},(5840)) with
a tiny phase space (Mg = 5777 MeV and Mpg =
5823 MeV).

It is interesting to compare the results obtained
from charm and beauty sectors for such a coupling
constant, which in the HQ limit should coincide.
Including 1/m, effects, one may write: h'(my) =
Rysymp(1 + a/mg). Identifying the value in (38)
with A'(m,) (and m, =~ 1.35 GeV) and the above
h'(m,) (with m, =~ 4.8 GeV), we find hjgyp, =
0.33 and @ = 0.13 GeV. The value from the beauty
data is close to the asymptotic one, while in the
case of charm the correction for the coupling is of
030%).
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(v) &
The constant g governs the decays H — HM, with
H the doublet comprising the radial excitations
of H. Observed states that fit in such a doublet,
with and without strangeness, are the two reso-
nances D(2550), D*(2600) and the strange one
D7,(2700). From their measured widths we obtain
g = 0.35 = 0.03 (from D(2550)), § = 0.23 = 0.02

(from  D*(2600)), g =0.31*0.04 (from
D7,(2700)), with weighted average
£ =0.28 =0.015. (39)

We can predict the full width of the spin partner of
D7,(2700) using the mass fixed in Sec. III, as
reported in Table V. The predictions for the widths
of the beauty resonances belonging to H' are col-
lected in Table VI.

According to the interpretation of the remaining states
[of (D(2750), D*(2760)), of D,;(2860) and its spin partner
that we denote with D;(2851)], we could determine one
more constant. However, for such states other strong
decay modes besides those considered here are possible.
Kinematically allowed transitions with the emission of a
light vector meson are

D(2750), D*(2760) — Dp, Duw,
D,;(2851), D,;(2860) — DK*. (40)
|

D(2750) — D};(2400),
D*(2760) — D/ (2430),

which proceed in p-wave. It is important to notice that the
transitions D(2750) — D/ (2430)ar, D,(2420)7 are al-
lowed only if D(2750) has J* = 17, n = 2, the alternative
possibility considered in this paper. Therefore, experimen-
tal study of this decay mode is useful to establish the
correct classification.

All the listed modes have small phase space. Therefore,
we can adopt the same strategy used to determine h, k', g to
fix the constant that determines the strong decays of
(D(2750), D*(2760)) and D,;(2860), that depends on the
doublet in which we place them. The obtained values
should be viewed as upper bounds on the couplings, since
we neglect suppressed decay modes.

In the classification of D,;(2860) as the J© = 3~ state
belonging to the X’ doublet, the resonances
(D(2750), D*(2760)) fill the corresponding nonstrange
doublet. From their mass and width we obtain the coupling
k=k +ky: k=058=%0.05 (from D(2750)), k=
0.39 £0.02 (from D*(2760)), k= 0.41 = 0.03 (from
D,;(2860)). The average is

k=0.42 = 0.02. (43)

D (2430),
D,(2420) 7,

PHYSICAL REVIEW D 86, 054024 (2012)

These decays are possible both for states filling the X/,
JP = (27,37) doublet, both for mesons belonging to the
doublet 7 with J” = (1%, 2%). In the first case these pro-
cesses occur in f- wave, in the second one in d- wave. The
2~ state could decay also in p- wave, and the 17 meson in
s-wave, but at a next-to-leading order in the HQ expansion.
The strange meson decays in (40) are severely phase-space
suppressed.

Other kinematically allowed transitions are the decays to
a member of one of the excited doublets A, S, T and a light
pseudoscalar meson. In the case of the X’ doublet, allowed
f-wave decay modes are

D(2750) — D{(2400)7,  D3(2460),
D*(2760) — D! (2430)7r,  D;(2429)w, D3(2460).
(41)

Decays to the members of the doublet H, identified with
(D(2550), D*(2600)) are possible, however, the available
phase space is almost closed for D*(2600), and is about
60-70 MeV for D(2550).

In the case of the T doublet, allowed decay modes are

D, (2420)w,  D5(2460),
D;(2460) 7, (42)

Using this result we predict the full widths of the D',
the spin partner of Dg;(2860), and of the analogous
beauty states [keeping in mind that also for beauty other
decay modes are possible, the analogous of those in
Egs. (40) and (41)]. Using the masses in Sec. III we obtain
the results quoted in Tables V and VI.

Alternatively, if D;(2860) is the n = 2, J* = 2% state,
ie., the first radial excitation of D},(2573), and
(D(2750), D(2760)) the nonstrange members of the T dou-
blet of radial excitations of T, we can fix the constant 4
governing the decays 7 — HM. The results are /' =
0.23 £0.02 (from D(2750)), 7' =0.18 =0.01 (from
D(2760)), h' =0.17 =0.01 (from D,;(2860)), with
average

h'=0.18 = 0.01. (44)

In this case, the spin partner of D,;(2860) is D, with
JP =17, and its full width is I'(D,;) = 30 = 3 MeV,
while for the 7 beauty states we predict: I'(B;) = 96 +
7 MeV, I'(B;) = 111 = 8.5 MeV, I'(B,;) = 67 =5 MeV
and ['(B*,)) = 83 = 6.4 MeV [neglecting the modes analo-
gous to (40) and (42)].
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Finally, we quote our results for the widths of the s;, =
3/2" beauty states: I'(B;) = 13.6 = 0.6 MeV, I'(B,;) =
0.016 £ 0.002 MeV and I'(B,) = 0.9 = 0.1 MeV.

VI. CONCLUSIONS

The heavy quark symmetry is a powerful tool for the
analysis of the properties of hadrons with a single heavy
quark. Using ideas and methods based on this symmetry,
we have proposed a classification of all the observed cg
and bg mesons in doublets, as shown in Table I, determin-
ing a set of mass parameters from data. Moreover, we have
fixed several effective coupling constants governing the
strong transitions into the lightest heavy quark doublet.
With these inputs, we have predicted the mass and width of
two not yet observed c§ resonances, reported in Table V.

PHYSICAL REVIEW D 86, 054024 (2012)

The contribution of the new state D,;(2851) has been
advocated to explain a discrepancy between the observed
ratio of D*K /DK yield in the invariant mass range around
2850-2870 MeV and the theoretical result obtained assum-
ing only the contribution of D;(2860) to this observable.
The other main experimental observables in the charm
sector are reproduced, with the exception of the first ratio
in (11) for the D*(2600). Finally, we have predicted the
properties of the not yet observed bg mesons: the confir-
mation of such predictions is expected in the very near
future from the experiments at the LHC.
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