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Excited heavy meson decays to light vector mesons:
Implications for spectroscopy
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We analyze strong decays of excited charmed and beauty mesons into a light vector meson, exploiting
the effective field theory based on heavy quark (HQ) symmetries for heavy mesons, and on the hidden
gauge symmetry to incorporate light vector mesons. HQ symmetries allow us to classify the heavy mesons
in spin doublets, and to relate decays of excited states. We build effective Lagrangian terms governing
the H; — P®V modes, with ‘H,; an excited s, p, d, and f-wave heavy-light quark meson, P, P* the

lowest-lying J¥ = (07, 17) heavy-light mesons, and V a light vector meson. Predictions are provided

for ratios of decay widths that are independent of the strong couplings in the effective Lagrangian terms.
A classification of the newly observed heavy-light mesons is proposed.
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I. INTRODUCTION

Great progress has been achieved in heavy hadron
spectroscopy, thanks to the efforts of several experimental
groups at different facilities which have provided new
pieces of information [1]. In the open charm meson
spectrum the two lowest-lying (1S) and the four 1P
orbital excitations are identified, both for nonstrange
and strange mesons [2]. Information is available for
larger mass states which could be identified either with
higher orbital or radial excitations. Experimental obser-
vations are less abundant in the case of beauty mesons:
the established states are the two lowest-lying (1S) states
and two among the four 1P orbital excitations, both with
and without strangeness [2]. There is progress also in
baryon spectroscopy, with the observation of five new
narrow . resonances [3] and of the doubly charmed ZE..
[4]: however, in this paper we are only concerned with
mesons.

Prompt production and production in B decays, the main
production mechanisms of excited charmed mesons, provide
us with different and complementary information. Prompt
production allows us to establish if a state has natural
JP=0",1",2%,..) or unnatural (J®*=0",17,2",..)
parity, while spin-parity can be determined by Dalitz plot
analyses in B decay production. On the other hand, it is
possible to measure ratios of branching fractions of strong

decay modes, information that can be used to classify the
decaying meson, as we are going to discuss.

Several observed open charm mesons are awaiting for a
proper identification. In Table I we include the resonances
observed by the BABAR Collaboration (in 2010) in the
inclusive production of D*z~, D°z* and D**z~ [5]. The
LHCb Collaboration performed a similar analysis (in
2013), with the findings in Table II [6]. LHCb also carried
out (in 2016) a Dalitz plot analysis of B~ — Dtz ™z~
reporting evidence of the resonances in Table III [7]. Many
of the states found in the different analyses are likely to be
the same, namely the BABAR D°(2550) and D*°(2600)
states in Table I coincide with the LHCb ones DY(2580)
and D3°(2650) in Table 1. D;°(2680) in Table III is
probably different from D*°(2600), although presumably
they both have J” = 1~. The identification of D°(2750) in
Table T with DY(2740) in Table II is also plausible. Two
different resonances are present in the mass range around
2760 MeV: one having J© = 1~ and another one with
J¥ = 37. The state in Table III is definitely the latter one,
reported by LHCb [8]. In the cases of mesons with mass

TABLE I. Mass, width, and spin parity of charmed resonances
observed by the BABAR Collaboration [5].

Resonance Mass (MeV) I' (MeV) JP

D(2550) 25394 +£45+68 130x12+13 0~

D*0(2600)  2608.7+2.4 £2.5 93+6+13 Natural
Published by the American Physical Society under the terms of ~ D*t(2600) 2621.3 £3.7+42 93(fixed) Natural
the Creative Commons Attribution 4.0 International license. DY(2750) 27524+ 1.7+£27 71+6+11
Further distribution of this work must maintain attribution to D*(2760) 2763.3+23+23 609+51+3.6 Natural
the author(s) and the published article’s title, journal citation, ot 27697 + +1 fixed Natural
and DOL Funded by SCOAP". D**(2760) 69.7+38+15 60.9(fixed) atura
2470-0010/2018/98(11)/114028(21) 114028-1 Published by the American Physical Society
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TABLE 1II. Mass, width, and spin parity of charmed mesons TABLE V. PDG fit for the mass and width of nonstrange beauty

from the LHCb analysis of inclusive DWWz production [6]. mesons with uncertain classification [2].

Resonance Mass (MeV) I' MeV) Jr Resonance Mass (MeV) I' MeV)

DY(2580)  2579.54+3.445.5 177.54+17.7+£46.0 Unnatural B (5840) 5851+ 19 571+ 19

D3%(2650) 2649.24+3.5+3.5 140.24+17.1+£18.6 Natural BY(5840) 5863 +£9 584 +9

DY(2740) 2737.043.54+11.2 73241344250 Unnatural B (5970) 5964 £ 5 685+ 5

Di(2760) 2761.14+5.1+6.5 74.44+4.3+37.0  Natural BY%(5970) 5971 +£5 691 +5

Di0(2760) 2760.1%£1.14£3.7 74443.44+19.1  Natural

D3 (2760) 2771.7£1.74£3.8  66.7+6.6£10.5  Natural

D§§3000) 2971.8:£8.7 188.1:£44.8 Unnatural strong decay modes to DM or D; M, with M a light

gi +(é%%(()))) 330%%8'11(?1;3) ;;ggéiids) E:tszi pseudoscalar meson, was exploited, and the states in Table I
J . : and most of those in Table IV were considered. In the same

approach, studies for the states in Tables II and III observed
TABLE Il Mass, width, and spin parity of charmed mesons after the analysis in [16] have been carried out in [17,18].

observed by LHCb in Dalitz plot analysis of B~ — D%z~ z~ [7].

Mass (MeV) I' (MeV) JP

D;°(2680) 2681.1+£5.6+4.94+13.1 186.7£8.5+8.64+82 1
D;%(2760) 2775.5+4.5+4.5+4.7 95349.6+£7.9+33.1 3~
D;°(3000)  3214429+33+36 186+394+34+63 2F

Resonance

close to 3000 MeV LHCb has not provided a systematic
uncertainty for the parameters in Table II, since the states
are observed at the limit of the considered mass range. The
latest results for strange charmed mesons are in Table TV.

While spin parity of charmed mesons can be established
by the amplitude analyses in production in B decays, for
beauty mesons the quantum number assignment is more
difficult. In addition to the above-mentioned established
states, recent observations are due to CDF and LHCb
Collaborations. CDF found a state named B(5970) [13],
likely the same as B (5960) observed by LHCb together
with B)(5840) decaying to Bz, Bz* [14]. Spin parity
is not established, and mass and width are affected by large
uncertainties: the values from PDG fits [2] are in Table V.
The identification as 2S excitations has been proposed [14].
New results on B(;(5830) and B?,(5840) have also been
obtained by the CMS Collaboration [15].

In [16] a comprehensive analysis of the open charm and
open beauty mesons was performed based on the classi-
fication scheme in the heavy quark limit, attempting to fit
the observed states in this scheme. Information on the

TABLE IV. Mass, width, and spin parity of the latest observed
strange charmed mesons.

Resonance Mass (MeV) I' (MeV) JP Ref.
D, (2700) 27092419445 1158+73+12.1 1= [9]
Dy, (2700) 269944 127+2 1= [10]
D (2860) 285941246423 159423427472 1~ [11]
D*(2860) 2860.5+£2.6+£2.5+6  53+£7+4+6 37 [11]
D,;(3040) 30444843 2394+35+%5 [12]

More data are still needed for classification, which is a
nontrivial task for the newly observed mesons. If the
resonance mass is large enough, several decay channels
are open, in particular those with a light final vector meson
which provide an important new piece of information. This
paper is devoted to such a phenomenology.

In the next section we restate the theoretical framework
based on heavy quark (HQ) symmetries to describe
spectrum and decay processes. For transitions into light
pseudoscalars, effective Lagrangians are written exploiting
the HQ symmetries and the (spontaneoulsy broken) chiral
symmetry holding in QCD for massless u, d, s quarks, with
the light pseudoscalar mesons being the pseudo-Goldstone
bosons. The approach can be extended to incorporate the
light vector mesons, treated as gauge fields of a hidden
local symmetry. In Sec. III we construct the effective
Lagrangians describing strong heavy-light meson decays
with the emission of a light vector meson, generalizing the
analysis in [19,20]. We give the expressions for H; —
P®V decay rates, with V a light vector meson, P*) the
lowest-lying J¥ = (07, 17) heavy-light mesons, and H,
either a orbital or a radial heavy-light excitation.
Sections IV and V contain numerical analyses for charmed
and beauty mesons, considering states requiring identifi-
cation and making predictions for heavier excitations.
Relations among decay rates, independent of the hadronic
couplings, are constructed: they are suitable for experi-
mental measurements and for classifications. The conclu-
sions are presented in the last section.

II. THEORETICAL SETUP

A. Heavy-light meson decays to light pseudoscalar
mesons

The physics of hadrons containing a single heavy quark
can be systematically analyzed considering the my — oo
heavy quark (HQ) mass limit, formalized in the heavy
quark effective theory (HQET) [21]. In such a limit, two
symmetries emerging in QCD can be exploited: the heavy
quark spin symmetry, allowing one to relate the properties
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of hadrons which only differ for the heavy quark spin
orientation, and the heavy quark flavor symmetry, relating
the properties of hadrons which only differ for the heavy
quark flavor. The classification of heavy-light Qg mesons
(g a light antiquark) in the HQ limit is based on the
decoupling of the heavy quark spin s, from the total
angular momentum s, of the light degrees of freedom (light
quarks and gluons). Since such angular momenta are
separately conserved in strong interaction processes, the
heavy mesons can be classified in doublets of different s,.
Each doublet comprises two states, spin partners, with total
spinJ = s, + % and parity P = (—1)"", # being the orbital
angular momentum of the light degrees of freedom and
5, =7+ 5, (s, the light antiquark spin). In the HQ limit
the spin partners in each doublet are degenerate and, due to
flavor symmetry, the properties of the states in a doublet are
related to those of the corresponding states differing for the
heavy flavor.

Meson doublets corresponding to £ = 0,1, 2, and 3 are
those referred to as s, p, d, and f wave states in the
constituent quark model. The lowest lying Qg mesons
correspond to £ = 0, hence sg = %‘; the doublet consists

|

L+y .
Ha 2 [P /47/ PaySL
14V
Sa 2 [Playﬂy5 Pga]’
1+ 3 1
Tﬁ —T{Pza}/b Plau\/;J/S |:g/w__
1+v P .
T 2?75% P
xw _ LHY
2
14V
Pl =

v is the meson four-velocity, conserved in strong inter-
actions. The operators in Eq. (1) contain a factor , /mg, have
dimension 3/2 and annihilate mesons with four-velocity v.

The octet of light pseudoscalar mesons is introduced
defining & = e/x and ¥ = £2, with the matrix M compris-
ing z, K, and # fields (f, = 132 MeV):

M= - —\/%71'0 + \/%n K |. (2
K~ KO - %;7

of two states with J© = (0‘ 17), denoted as (P, P*). For
z,” = 1 one has s2 =1 and 52 = 3*. The two doublets have

= (0",17) and J* = (17, 2*) respectively; the mem-
bers of the J{ = (0", 1%), , doublet are denoted as (Pg,
P), those of the J£, = (17, 2*)3/2 doublet as (P, P3). For

¢ =2 one has sf :3 , and sf —— ; the first doublet
comprises (P;, Py) w1th JP=(1-, 2‘) the second one the
states (P5, P;) with J* = (27,37). One can continue with
¢ =3, which gives s =3" and 5L =7": here we only
consider the first one of such doublets, which comprises
two states with J© = (27,37"), denoted as (P, P3). The
same classification holds for radial excitations: for them we
use the same notation, but for a tilde (P, P*,...).
Effective Lagrangians describing the strong interactions
of such mesons can be constructed introducing effective
fields for each doublet, following e.g., the procedure based
on the covariant representation of the states [22]. We denote
by H, (a = u, d, s alight flavor index) the s? = %‘ doublet,
S, and T, the s =1t and s£ =3" doublets, X, the
st =37, X/, the s£ =3~ and F, the sf 3% doublets. The

correspondlng effectlve fields read

(- ””)] }

(I P |

{Pomv. - Vs sy =ralr =) =~ 3chtr = )| |
{

vo sap O] 4, 1 1 v
P5yys — P ﬁ\/g{ﬁgﬁ—gya%(w—vﬂ)—gmd&(r - )” (1)

[
Vector and axial-vector currents can be defined as

(670, + £0,ET) (3)

N[ =

Vyba =

/Aba = (éTa é: 58 é: )ba’ (4)

and under the chiral group SU(3), x SU(3)y the trans-
formation properties are
E— LEUT = UERT, (5)

A, > UAU", (6)

114028-3
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V, = UV U+ U3, U". (7)
With the definition

Dyba = _5baay + Vpbm (8)
at the leading order in the heavy quark mass expansion and
in the light meson momentum, the effective Lagrangian

terms invariant under heavy quark spin flavor and light
quark chiral transformations can be constructed [23-27]:

Ly = gTr[H Hyy,ys AL, 9)
Ls = hTe[HSpy,rsAp,] +He., (10)
n _
Ly = A—Tr[HaT’;(iDﬂA + iD.A”)huys} +H.c., (11)
X
K _
Ly = A—Tr[HaX’;(iD”A + iDA,,)bays] +He, (12)
4
[
Ly = FTr[HaX;;‘ [ki{D,.D,}A;
4
+ k2 (DﬂDlAu + DuDﬂAﬂ)]bay/lyS} +Hec, (13)
1 I
Lp= FTT[HaFlZ [P1{Dy. DL} A;
4
+ ﬁZ(DﬂDﬂAU + DuDﬂAﬂ)]baYAYS] +Hec, (14)

with H = y°H"y" and A, a scale parameter. The coupling
constants g, h, h', k', ky 5, Py, can be inferred from experi-
ment, indeed bounds have been found [16]. Theoretical
determinations using nonperturbative approaches are avail-
able, namely for g and h [28-34]. The expressions for the
H,; — P®M decay widths, with P*) in the H doublet and M
a light pseudoscalar meson, can be found in [16], with the
exception of decaying mesons in the F doublet, obtained
from Eq. (14)":

L(Py (v, n) = P(U)M(PM))

4p
L(Py(v.n) = P*(v,€)M(pu))
8[/\72 mp
:CM75ﬂf% | pul’(my; + |pul?).  (16)

"The expressions (15), (16) coincide with those given in
[17,18]. Instead, our Eq. (17) is different from the one quoted
in [18].

C(P3(0.1) = P*(0,)M(par)
154]132/\4 |l (my + [PuP). (17)

where 1 (e) is the polarization tensor (vector), p the
combination of the couplings p = p; + pPs, py the three-
momentum of M, and the factor C,; is different for the
various mesons, C,+ =Cg+=1,Cpo = Cg, = andC ——

B. Incorporating light vector mesons

There are several ways to incorporate the light vector
mesons in the effective Lagrangian describing heavy meson
decays. Here we reconsider the hidden gauge symmetry
approach [35-38] applied in [19,39-41].

The hidden local symmetry method, which dates back to
applications to supergravity theories [42,43], exploits the
equivalence of the nonlinear sigma model based on a group
G spontaneously broken to a subgroup H, to another model
having G as global symmetry group and H as a local
symmetry. This allows one to introduce the gauge bosons
of the local symmetry, which are identified with the light
vector mesons in applications to chiral theory. In this
formulation the vector fields transform inhomogeneously
under nonlinear realization of the chiral symmetry, while in
alternative approaches to incorporate the vector mesons
(Weinberg [44] and Callan, Coleman, Wess and Zumino
[45]), the vector fields transform homogeneously. The
different methods are shown to be equivalent [36,46-50].

In the hidden gauge symmetry framework one writes

= ¢ (18)
The fields &; p transform under SU(3), x SU(3)g X
SU(3), as
&L — UL@LUL(X)’
Ep — URfRUL(X),
where U g € SU(3); . and Uy(x) € SU(3)y is a local

transformation. The action of the group SU(3) is hidden
when one considers the field X. One now defines

(aaa ErD,ER). (19)

N9} |

5 (fLa £ + ErDuLR)- (20)

[\.)

Fixing the gauge in such a way that &, = &, = &, these
fields can be identified with the ones in Egs. (4) and (3).
Their transformation properties under SU(3), are given by
Egs. (6) and (7), identifying U with Uy.

The octet of light vector mesons plays the role of gauge
fields of the a hidden symmetry, and is introduced writing

114028-4
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pu = ljipw (21)

where p, is a Hermitian matrix defined in analogy to the
matrix M of pseudoscalar fields (2):

\/%p0+\/%¢(8) ot K
lbﬂ: p- _\/%p0+\/%¢(8) K*O

K+ I_(*O _ %45(8)

u

(22)

The constant gy is set to gy ~ 5.8 to satisfy the KSRF
relations [51,52]. The observed vector mesons @ and ¢

correspond to a mixing between the octet component ()
in (22) and the singlet component ¢(©)

¢ = sinOyp? — cos Oy, ¢p®)

o = cos Oy ¥ + sin Oy, (23)
The angle 6y ~ ArcTan% realizes the ideal mixing
allowing one to identify @ and ¢ with the flavor eigenstates
g, = % and ¢, = 5s. In terms of these, in (22) one
can replace \/%qb(g) =sinfy¢p® >¢,, and — %qﬁ@) =

—cos Oyp® — @

\@po—i-\@w pt K**
- \/ +\/co ko |- (9

K*~ ¢

A

Pu = P

u

a replacement becoming exact in the large N, limit [53].
The antisymmetric field tensor is defined as

f;w = ayp ayp/,t + wﬂ’pv}' (25)
p, transforms as V,:
Pu = UIDHUJr + UGMUT, (26)

while the difference Vﬂ transform

homogenously as A,:

— P> as well as F

(V/l _pu) - U(V}l _pﬂ)UT’ (27)

Fu — UF,U. (28)

The covariant derivative D, can be defined, such that
D,F,, — UD,F,)U". If W, is a field transforming
inhomogeneously, one can show that

DoF oy = 0uF y + [F s Wal (29)

v
satisfies the previous relation. W, =V, or W, = p,, or a
linear combination of them can be chosen, but for our
purpose it is irrelevant to fix W, since at the leading order in
the effective theory and for processes describing heavy-
light meson decays to another heavy one and a single light
vector meson, only the partial derivative in (29) contributes
to the amplitude.

III. EFFECTIVE LAGRANGIAN TERMS AND
STRONG DECAY WIDTHS

We now construct the effective Lagrangian terms gov-
erning the decays H; — P*)V, where H; is a heavy-light
meson, V a light vector meson, and P, P* the lowest-lying
heavy-light J* = (0=, 17) mesons. For the doublets cor-
responding to £ =0 and ¢ =1 such Lagrangians have
been derived in [19,20]. We denote by H*1#2--# the spin
doublet which the decaying heavy meson H; belongs to.
The effective Lagrangian describing the transition H; —
PV can have two structures:

Ly = —(Te[HH" 4T, (V= p?)] + He.,  (30)

L, = uTr[HH" MLy papF ™ #)] +He., (31
with the minus sign in (30) included for later convenience.
The two structures I', o and T, , .5 are chosen in such
a way that the Lagrangians are invariant under heavy quark
symmetry and hidden gauge symmetry transformations,
parity (P), charge conjugation (C), and time reversal (7).
Indeed, under such discrete transformations one has

vely, wly, el (e
P T C
PPy P pe P — (%)
f{l[)’ P F ]:'(1/)’ T F f{lﬁ C fa/i T
—Jap — — S ap I ( ) s

where 7 means transpose. As for the heavy meson
doublets, they transform under P and 7 as [54]

Hlél--»ﬂl\(

) — 7 (Ha)yy (D7
Hlél--»ﬂk( )

T(H3)yy. ()T, (32)

where ¥, X denote the parity reflections of v and x (e.g.,
" =wv,), and T =iy'ys. Transforming all the fields
according to these rules, it can be checked that all our
effective Lagrangian terms are invariant under parity and
time reversal. As for charge conjugation, discussed e.g., in
[41], the effective heavy meson fields transform into the
corresponding fields that contain the negative energy
component of the heavy quark. For example, in the case

P
—y
T
—

114028-5
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of the lowest-lying doublet, denoting such field by H ) (x)
one has

H,(x)5 € (T (x) € (33)
where C = iy?y°. Invariance under charge conjugation is
obtained adding to the effective Lagrangian an antiparticle
part that has the same form of the particle part except for the
substitutions: H, — HS) and v > —v. We always imply
that our effective Lagrangian terms include the correspond-
ing antiparticle parts.

Invariance under heavy quark velocity reparametrization
must also be preserved [55]. The heavy quark symmetry
imposes further constraints, since in the decays of the two
members in a spin doublet to the ones of the lowest-lying
doublet, the light meson must be emitted in the same orbital
state. This reduces the number of terms in the effective
Lagrangian. Beyond the leading order in the HQ expansion,
additional Lagrangian terms must be included [56,57].

Considering the doublets in (1), in the effective
Lagrangian terms (30) and (31) we are concerned with
indices having k = 0, 1, 2, that we discuss in turn. For the

and

decay mode P, — P,V we have |py| = AP (o o )
y 1 2 Pv Zmp,
mf,l—mi,z—km
2mp1

2
Ey = Lowith A(x,y,2) =x* +y*> + 22 = 2xy —

2xz — 2yz the triangular function.

Before discussing in details the transitions of states in the
various doublets, we remark that the effective Lagrangian
approach is in principle applicable when the emitted light
particle is soft. This is guaranteed when the mass difference
between the decaying meson and the final heavy-light
meson is not too large. When decays of heavier excitations
are considered, it is possible that corrections from higher
order terms in the effective Lagrangians could become
sizeable. Nevertheless, we push our predictions also for
large values of the mass of the decaying particle, consid-
ering the symmetries as the main guidelines in the
description of the heavy-light meson phenomenology.

A. Transitions H — HV, with H = (P, P)

When the decaying meson belongs to the H doublet we
have k = 0 in Eqgs. (30) and (31). Decays to PV are not
kinematically allowed for the n = 1 H doublet, hence we
consider the radially excited A doublet (n = 1 is relevant
for processes with intermediate virtual mesons [19]). The
decays occur in p-wave, and the terms (30) and (31)

fulfilling the constraints are
L = —glTr[H Hy* (Ve — po)] + Hee,,  (34)

1 .
f = off TelHH o F o4 + He., (35)

with the parameter A introduced to render the couplings
dimensionless. We set A =1 GeV. In the previous

expressions, the replacement of a single y matrix with
the four-velocity v produces terms that either give the same
result or vanish, a remark holding for all cases considered
below. The Lagrangians (34) and (35) coincide with those
obtained in [19], and from them the decay widths are
worked out:

HY2
(P(0) = PV (preer)) = C A 5 i)
2 (V2 mp
(P~ P (0.0 (pyeer) = 0 2L E L o
)
2 2mp .
(P (08 = P(0)V(py-)) = A 2 g o
39
C(F(0.8) = P (0.6 V(pv.ev)
2 mpe .
= Cy o T (163 (65 + (PN, (39)

|4 2
12zmy, mp.

with ey, and ¢, € light and heavy meson polarization vectors,
iy =" and Cy = 1forV = p*, K**, K™, K*, ¢, Cyy =
1for V=0’ w.

Relations among the decay widths, not involving the
coupling constants, can be constructed:

T(P—>PV)  mpmp B2 (m2, mp..m3)

—_ = -1 ’ 40
BUD(B = PY) T mp md PP (md, mhm}) (40)
- . AB32(mi,, m,, m? -
[(P* - P*V) = m—f’{z 3/2< Pt 2V)F(P* ~ PV)
mp A (mi,*,mp,mv)

m A32(md,, ma., m? N
)
my, A5 (m3, mp, my)

(41)

Other relations independent of the couplings can be worked
out considering modes with different final light vector
mesons, as discussed in Sec. IV.

B. S — HV, with §= (P, P})
When the decaying meson belongs to the S doublet one
has k = 0 in Egs. (30) and (31). The PHY phase space is
closed for n = 1; therefore, we consider radial excitations

in the S doublet. The transitions occur in s-wave, and the
effective Lagrangian terms (30) and (31) read

Ly = —g{Tr[H Sy*(V, — p,)] + Hee, (42)
1
£5 = g3 A S0 F ) + Hee. (43)
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as also obtained in [20]. The decay widths read

L(P5(v) = P*(v.e)V(py.ev))

>
g mp - _ - _
=Cy V2 Z{(g])2(3m3 + |pyl?) + 12gi gyiymy ) my, + | py|* + 4(g3) iy,

4rmy, mp.
L(Pi(v.n) = P(v)V(py.ev))

gv mp

=Cv lZzth mp (gf)2(3m%/ + |l_5v| )+ 12g]gzmvmv m%, + |I_’>v|2 +4(9§)2

L (Pi(v.n) > P*(v.€)V(py.ev))

2
g mp R 3 -
= Cy 5= A{(g})2(3m}, + |y ) + 12g] g imymyr/m, + | By > + 4(g5)>

6zmy mp

with 7 polarization vector. The transition Pj(v) —
P(v)V(py,ey) is forbidden.

C. T — HV, with T= (P, P3)
For the decays of the states in the 7" doublet one has
k=1 in (30) and (31). The transitions to P*)V is not
kinematically allowed for the n =1 T doublet, hence

consider n =2 T. The transitions proceed in d-wave,
and the effective Lagrangian reads

Lr = lhTA Tr[HT ,6"’ D" F 5] + H.c., (47)

with the covariant derivative acting on the light vector
meson field tensor. The resulting decay widths are

5

2 (T2

- gv(h" ) mp
L(Pi(v.n) = P(v)V(pv.ev)) = Cy gfz/\[*) mP Iz
P

Pv

’

1

(48)

S (hPmpe

F(Pl(van) _)P*(U’€>V(pV’€V)>:CV 9”1\4 P, Pv 55
(49)
2 (1, T2
D* g h m -
F(P3(0n) = PO)V(py. ) = Cy T2 g s
(50)
- . 792 nr 2m .
F(P3(0.0) = P (1.6)V(py.e) = € AL s g5
(51)

(3my, +2[pv| (44)
iy (3my + 2|pv|?) (45)
iy (3my, (46)
[
The relations are fulfilled:
F(Pl g P*V) o mp-« ( ﬁV|(Pl_)P*V)>5 (52)
(P, = PV) " mp (|py|Pr=PV))’
D* * = ~*—> * 5
F(P2_)P V)_sz*<pV|P PV)) (53)

L(P5 = PV) 3 mp (|5, |P=rv))

Ratios of decay rates for modes with different final light
vector mesons, independent of the coupling constant, will
be constructed below.

D. X - HV, with X = (P}, P,)
For X doublet one has k=1 in (30) and (31). No
candidates belonging to such a doublet have been observed,
and we do not know whether the P**)V channels are open

for the n = 1 states. The transitions occur in p-wave and
are governed by the Lagrangian

Ly = thA Tr[HX, 0D F o5l + He.,  (54)

with the covariant derivative acting on the light vector
meson field tensor. The decay widths are given by

L(Pi(v.n) = P(0)V(py.ev))

gv(hx)
VoorA* mp

|Pv| (my + pv?).  (55)

L(Pi(v.n) = P (v, €)V(Pv,€v))

gv(hx) mp- |a
V" orzAt m

vI*(8my, + 5|py[*).  (56)
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L(Py(v.n) = P(v)V(py.ev))
gv(hx)
Vo152A% m

(P (v, 1) = P*(”»€>V(Pv»€v))

gy (h*)? mp -
= C i e B 0m 7070 )

mP|_>

vP(5miy +3Ipv[*).  (57)

(58)

Coupling-independent ratios of decay widths are
F(P“f — P*V)
F(PT — PV)
_mp (Ipy|Fi=F1))3 Sm%/ £ 5(|py|FimPV)Y2
mp (|py|F=PYN3 md + (|py| =PV
I'(P,— P'V)
_mp- (1py| =P V)3 10m2, 4 7(|py|F>=F V)2
me (5[ P=P) 5ml+ 3(1 5y | =Py

(59)

(60)

while ratios of decay widths for processes with different
final light vector meson are discussed in Sec. I'V.

E. X' - HV, with X' = (P, P})

For the decays of the members of the X" doublet one has
to consider kK = 2 in (30) and (31). The processes occur in
f-wave, with Lagrangian

d d 1 —
Ly = kX FTr[HXLDD”D”a“ﬂ}'aﬁ] +H.c. (61)

The decay widths read

4g2 KX
(Pyw1) = PV (py-ey)) =, KT e i
(62)
§ 1692 N2 ~
PP (00) = P (1) (py-e) =Cr S SR 7
(63)
i 8¢ (kX'
(P30 = PWV(py.e) = 6 SE T e il
(64)

L(Pi(v.n) = P*(v,€)V(py.ey))
4g3 (kX)* m}

oyl 65
Vo1 26 mp: Dyl (65)
For this doublet the relations are fulfilled:
LRy = PV) _ mpe (BP0
D(Py = PV) — mp (|py|EmPV))7

T(P;—PV) 2mp (|p |P ﬂPV>)7 ‘
F. F — HV, with F= (P}, P3)

The case of the F doublet requires k = 2 in (30) and (31).
The transitions occur in d-wave with effective Lagrangian

cr kazTr[HF (gwpvyﬂ+ngﬂyﬂ—gﬂﬂDvya—g”ﬂDﬂya)faﬂ]+kF Tr[HF,, D'D'6* F 5|+ He.,  (68)
and decay widths
PP (0,1) = P(0)V(py,ey) = Cy - Bl W+l ) (69)
? 752A* m AV

(P (v.0) = P (0.€)V (pyev)) = Cy 7 20 0
D(Py(v.n) = P0)V(py-ey) =

49\/ m px
1057[/\4

L(P3(v,n) = P*(v,e)V(py,ey)) =

2403 .
gy _me |ﬁv|5{12(kf)2

29%/ mp
C _r F
V1052A° m (

14 = kF 2 N
V|5{21<kf>2+xkfk§\/m2v+|pv|2+ (%) mi+sier) .

8 = kF 2 R
FRATRE g+ 3+ (5F) 3+ 817 .
(70)
1BV (T + 4[By ). )

(72)
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A relation independent of the couplings connects various modes:

P3—>P*V)\5 1k _y p* r*_) N
[Py = V) = P ) (GNP — o) 4 VP = V)4 Ry V),
14 v’
(73)
where
cPs=pv) _ Smey EVIY) _ plhm)
1 2mp, ([py| =P’
CgP;*—»P*V) Smp; mp: E(P’_)P v) Ei,P;_’P*V)
3mp, mp (|py|PmPV)
(PE—P'V) _ Mp: 1 1 = (ProP V)2 (PamPTV) _ (PE=PY)
G ~ mp, (|py| B T, + 4| py | PPV 28(|py["> )7 (Ey Ey )
14 " ‘< Pt . . e, v, pr
(|p | (Py—PV) )Z(EE,PZ P*V) _E§/P3 P V)) I 10(|Pv|<P3_’P V))Q(EE/PZ PV) —Eifz P V))
7 - - ~p*
—gmv(27E<P ) 4 gELI=PY) _ 35 plPmh V))}. (74)
Moreover, for V, and Vp two light vector mesons one simply has
=15 (702 = 2
R€3V _ [(P3; — P,V,) Gy, |Pv,| (7va +4|py, ") (75)
AVB

IV. NUMERICAL ANALYSIS: CHARM

The expressions in the previous section allow one to
construct quantities useful for the classification of high
mass charmed and beauty states. In Table VI we collect the
observed hg, hs mesons, with ¢ = u, d and h = ¢, b. For
the various H; — P®V modes, ratios of decay widths of
‘H; to different light vector mesons, and ratios of decay
widths involving the same light vector meson and a
different member of the final H doublet can be constructed,

TABLE VI

Iﬂ(P3 _)PBVB) B

Cy, |ﬁv8|5(7m%/3 + 4|13VB‘2) '

I
obtaining quantities independent of the coupling constants
in the effective Lagrangians. For nonstrange decaying
mesons we define

RIL=D _ I(Hf - D" w) (76)
% ZT(HE 5 D) AT = D)

RIP0 _ I(H} - D,K*) (77)
o L(HS — D*p%) + T(H; - D%*)’

Observed mesons with open charm and open beauty, classified in HQ doublets. The assignment for the states in boldface

is uncertain. Two possible classifications are indicated for D3(3000).

Doublet s? JP cgn=1) cg(n=2) csn=1) c3n=2) bgn=1) bgn=2) bsn=1) bsn=2)
H %— 0~ D(1869) D(2550) Ds(1968) B(5279) B;(5840) B,(5366)
1= D*(2010) D*(2600) Di(2112) D% (2700)  B*(5325) B;(5960) B;(5415)
S %* 0t D{(2400) D’;o (2317)
1T D}(2430) D’ 1(2460)
T %+ 1™ D;(2420) D,,(2536) B, (5721) B, (5830)
2t D3(2460) D;(3000) D* ,(2573) B3(5747) B*,(5840)
X %* 1= Dj(2760) D;‘l (2860)
-
X’ %— 27 D5(2740)
3= Dj;(2760) D*,(2860)
F %* 2t D;3(3000)
3+
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2200l D3(3000)
3200}
3100} mp; + ng--
— mp, + mg+- 3100+ mp: + My
— Mpo + m,
__ 3000} b ©“o 1051(3040) — mp, + my
% — Mp+ + My~ > — Mp+ + M0
[ L
2 — mpo + mpo E 3000 — Mpo + Mg+
29001 — mpo + my, — mp+ + Mg
-_—m, + my,- [— e
b 2000} Mpo + M+
2800+ — mpo + My
. D:(2860)  Epy.
1D;(2760)  D3(2760) s1 D(2860)
Ip,(2740) 2800k
2700t
2600 2700

FIG. 1. PV and P*V thresholds for decaying neutral nonstrange (left) and for strange charmed mesons (right). The position of several
resonances, with the mass uncertainty, is indicated.

RI=DT I'(Hf - D" w) (78) R _ [(HY - D) + T(HY - D*p™) (87)
" TR - D) + T(HE - Dpt)’ " T(HY) = D) +T(H) » Dp7)
H =Dy, I(H{ — DyK*) 79 RMis — [(H; = D*"'K*) + T(H;; — DK*Y) (83)
K0 TR S D) T (H; 5 D) U K T T, 5 DYK) 1 (R, - DK
and The PV and P*V thresholds of neutral nonstrange and of
strange charmed mesons are shown in Fig. 1. For charged
HOD I'(H° - D'w) nonstrange charmed mesons the thresholds are almost
Rop = o o, o —— (80)  coincident with the neutral ones.
(") - D) +T(H? - D*p7)
0D, F(H® — D.K*) A States in H dou.ble.ts
RK*/) = F(H? N Dopo) i F(H? ~Dp) (81) There are candidates of radial excitations of (D), DZ‘S))
in the H doublet. In particular, D},(2700) observed by
HO—D* F(HQ — D) (82) Belle [58] and BABAR [59], with mass and width in
Ro) = l . (82 Table 1V, can be identified with the n = 2 excitation of
r 0 D*O 0 r 0 D*tp~ a 5 n
(H; = D7p") + T (M — /) D;(2112). Indeed, the measurement [12]
=D T(H) —» DiK*") B(D*,(2700) — D*K)
Ry, "= T . (83) i1 =0.91 £ 0.133, £ 0.12 89
o L(H) = D*%p%) +T(H) — D**p7) B(D:,(2700) - DK) Ao 20120 (89)
For decaying strange mesons we define with D®K = DHOKH 4 D(*VKg, agrees with the pre-
diction for the first radial excitation of D}(2112) [60].
Rs=Dw _ I'(H;s — D) (84) The situation is unclear for the states without strangeness.
oK N [(H;;—» D K*)+T'(H;, » D°K*t)’ Two resonances can be identified with the members of the
n =2 H doublet, (D(2550), D*(2600)) in Table I, most
RH"SY_)D?‘) _ (M, — Dig) (85) likely coinciding with (D%(2580), D3°(2650)) in Table II.
e [(H; — D** K*O) +T(H;5 — D0 K However, this classification needs to be further corrobo-
rated [16].
For different final heavy mesons we consider The masses of the three states are below the PV
thresholds, hence higher radial excitations must be consid-
n T(Hf - D*"p°) + T(H - D*°p") ered for decays into light vector mesons. Using (36)—(39),
R," = T(HT - DTp° T(HT = D%t "’ (86) . b D—D hop PPl
(H; = D™p°) + T'(H — D) we compute the ratios RDP, Ry, Y, RD>P", Ry, @
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0.7
0.6F ~°T RQZD
0.5F Do
---------- REZP
0.4t 2000 3300 . o RB};’D
0.3F 5p
02k Rg*p (s)
! baD
0.1F A Rgep
0.0 H . 5D
2600 2800 3000 3200 3400  =mmeeee R’,i o
mb(*)n [MGV]

0.4

0.3F

0.2F

0.1F

2900 3000 3100 3200 3300 3400 3500
mb(*) [MeV]

FIG. 2. Ratios in Egs. (80)—(83) (left) and (84) and (85) (right), evaluated varying the mass of the decaying meson belonging to an

excited (n = 3) H doublet.

RD'=P, and Ry. ™" in Egs. (80)~(83) for the (DY, D)
excited doublet. For the strange partners we consider

D.—D,, Ds_’D*. D*>D, .
Ry ", Ry, and Ry " in Egs. (84) and (85). In

Fig. 2 we depict such observables varying the mass of the

decaying meson. We find RD;P > RD>D’

NV T
2990 MeV, and Ry., " ~Ry. " for mpo ~3260 MeV.
The relation (40), varying mj and setting the mass differ-
ence between the two spin partners of radial excitations in
the range 0 < mp. — mp < 100 MeV, is shown in Fig. 3
for V = p.

An interesting relation is obtained in terms of the ratios

for mpo >

I'(D* —» DV) (D - DV)
Ri=—=———t R=—m—F20 (90)
['(D* - D*V) ['(D* - D*V)
using (41):
oo o 2P0 )
m‘lf) Mmp- 23/2(m2~*,m%)*,m%,)
P22 m? . m?
— 2R, 3/2( 2D 2 ‘;)} (91)
A (mb*,mD,mv)

100

50m-—m; [MeV]

FIG. 3. Ratio (40) for V = p, varying m, and the mass splitting
Mp« — M.

This relation is shown for V = p in Fig. 4, varying the
mass mp of J© = 0~ radial excitation in the range [2900,
3200] MeV, and setting the spin splitting mp. —mp =
40 £ 20 MeV.

B. States in X doublets

Ratios of decay rates independent of the coupling
constant can be written for (D7, D,) belonging to the X
doublet. They are plotted in Fig. 5 varying the mass of the
decaying particle. There are two candidates for the lowest-
lying X doublet: D" (2760) observed in the decay to Dz "
[6], that is likely to have J* =17, and D7 (2860) [11].
Their parameters are in Tables III and IV. Since the PV and
not P*V modes are kinematically allowed, we display in

Fig. 5 only the ratio Rg;,_)D for D*(2760), with the gray
vertical line corresponding to the measured D} (2760)
mass. Identifying D} with D’*(2760), we predict

RDPT=D _ (295 10.15) x 102, (92)

. D*—=D D*—=D*
The ratios R,  and R, are nearly equal for masses

. D;—D Di—=D
larger than ~3.25 GeV, while R! " <R, . The
ratios for Df; and the spin partner Dy, are also in Fig. 5.
The observables in Egs. (86)—(88), also independent of
the coupling constant and involving the same final light
vector meson, are displayed in Fig. 6.

25f]
20}
9%
5|4 15 1 — mj=2900 MeV
+Q :*‘S 1.0F ] — mb=3000 MeV
o= — mp=3100 MeV
0.5 ]
— mj=3200 MeV
0.0 : : : ‘
00 02 04 06 08 10
I (D" D*p0)
T D )

FIG. 4. Relation (91) for several values of mp. The bands
correspond to the chosen mp- — mp spin splitting.
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0.5r
0.4F
03
I,
i
0.2f !
lll l/ 031 g
Dj -D;
0.1F 'E ,/ P4 T R (——— RKl; ©
0.0 i ," ) 267‘1.7‘ 2771.7 2‘87‘1.7
' 2800 3000 3200 3400 3600
mpy+ [MGV]
0.6 T T T T T

3200 3400 3600

mps [MeV]

3000

FIG. 5.

0.4 T T T T T

0.3F

0.2F

A' 1
3200
mp;, [MeV]

00 1 1 1
2800 3000 3400 3600

0.4

0.3F

0.2f

0.1F

3200 3400 3600

mp, [MeV]

0.0,
2800 3000

Ratios in Egs. (76)—(79) (left) and (84)—(85) (right), evaluated when the decaying particle is D?S)l (top) and Dy, (bottom) in

the X doublet. The gray region corresponds to the measured mass of D3"(2760), candidate to be identified with Dj.

At the chosen order in the effective Lagrangian approach
the strong decay widths of the members of the X doublet
with a light final pseudoscalar meson depend on the
constant £’ in Eq. (12). Neglecting phase-space suppressed
channels (e.g., decays to excited doublets), the widths of
the members of the X doublet are determined by the
couplings k' and AX. Saturating the widths of D**(2760)
and D’} (2860) by the modes

D**(2760) — D)+ 29, D0+ Dy DK,
D+pO,D0p+,D+a)
D’} (2860) — D+ K5, DUOK* DV . DK™ DOK*,

the couplings X’ and hX can be constrained in the region in
Fig. 7, with the bound |k'| < 0.16.

4,
3,
>
2 —
— R

3200 3400 3600

mpy,, [MeV]

0 1 1
2800 3000

C. States in X’ doublet

In 2006 BABAR observed the D ;(2860) meson decaying
to DK [59], which was proposed as the J* = 3~ state in the
¢5 X' doublet [61]. A subsequent LHCb analysis supported
this classification and showed that another state, D}, (2860)
with J = 17, is present in the same mass region, likely
the member of the X doublet [11]. The parameters of the
JP = 3~ resonance are in Table IV. LHCb observed another
candidate for the X" doublet, D3°(2760) with parameters in
Table II1, that can be identified with the nonstrange partner
of D?;(2860) [7]. Finally, BABAR and LHCb found a
resonance that might be the J¥ = 2~ state in the X’ doublet:
this is D°(2750) decaying to D**z~ [5], with parameters in
Table I. The LHCb D°(2740) state, observed in D**z~ [6]
(see Table II), likely coincides with it.

2.0

1.5¢

1.0 J— RlL’)Z
Dy
%

0.5+

00 1 1 1 1

2800 3000 3200 3400 3600
mp,,, [MeV]

FIG. 6. Ratios (86)—(88) for decaying particle in the X doublet.
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14F
1.2H
1.0
__osf
= T(D(2760))
0.6}
(D%, (2860))
0.4}
0.2F
0.0E, " n " |
0.0 0.1 0.2 0.3 0.4

I

FIG. 7. Bounds for the couplings k¥’ and #% from the widths of
the X doublet candidates D**(2760) and D%, (2860).

For the two JP =3~ states, allowed decays to light
vector mesons are D3°(2760) — D*p~, D, D’w and
D — DYK**, D=K*°. We plot in Fig. 8 ratios of widths
independent of the coupling constant, varying the mass of
the decaying particle. In correspondence to the measured
D;°(2760) mass we predict

D10(2760)—D

Ry = (30.1 £0.2) x 102 (93)
and
0.7
0.6F 0.32 L —1 ]
08¢ 0.27 ] RO
wp
0.4F 26755 27755 28755 7] ’
RDﬁD
0.3F -1
RDﬁDH
02¢ ] D -Ds,
0.1 17 RK?” !
0.0 PR i i i
2800 3000 3200 3400 3600
mDi“ [MCV]
O ———
0.6F 0.32f / ]
0.5f 0.28} ]
wp
0.4F 2737. 2850 RD>-D
03f ’
0.2 K
0.1H
0.0

2800 3000 3200 3400 3600
mD'Zo [MCV]

FIG. 8. Ratios in Egs. (80)—(83) (left) and (84) and (85) (right), evaluated when the decaying particle is Dz‘

v T(D3*(2760) — D p~) +T'(D3*(2760) — D°p°)
“ " T(D*(2860) — D°K*~) +T'(D*5(2860) — D~K*0)

=1.6405, (94)
X _ I'(D;°(2760) —» D°w)
b T I(D7(2860) — DYK*") +T'(D*; (2860) = D~K*)
=0.47+0.16. (95)

Analogous ratios for the J¥ = 2~ member of the X doublet,
with and without strangeness, are shown in Fig. 8. In the
nonstrange case, the candidate is D°(2740). The D*p~,
D’ D@ channels are open, and we predict

D(2740)—D
Ry

= (28.6 £0.6) x 1072, (96)
In the same figure R,?Q%QD is plotted versus the mass of D’,
with the gray region corresponding to the D°(2740)
measured mass. Ratios involving the same final light vector
meson are displayed in Fig. 9.

In the effective Lagrangian approach, the strong decay
widths of the members of the X’ doublet to a light
pseudoscalar meson are controlled by k = k; + k,, with
k, and k, in Eq. (13). Neglecting phase-space suppressed
modes, the widths of the members of the X’ doublet are
determined by the couplings k and kX'. If (D°(2750),
D3%(2760)) and D?;(2860) belong to the X’ doublet, their
widths impose constraints on the two constants, as shown
in the left panel of Fig. 10 obtained assuming the full
widths saturated by

0.25¢

0.00 ol . .
2800 3000 3200 3400 3600

mp:, [MeV]

0.10}

0.05¢

0.00 e’ . .
2800 3000 3200 3400 3600

mp, [MeV]

(top) and D’( (bottom)

in the X’ doublet. The gray regions (enlarged in the inset) correspond to the measured mass of D*0(276OS candidate as D§, and of

D(2740) candidate for the D), in the X’ doublet.
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25 25
2.0f 2.0}
1.5¢ 1.5F
1.0 — R 1.0 — &
' R " R
0.5 0.5
00 1 1 1 1 00 1 1 1 1
2800 3000 3200 3400 3600 2800 3000 3200 3400 3600
mp,, [MeV] mpy, , [MeV]
FIG. 9. Ratios (86)—(88) for a decaying particle belonging to X'.
30F 1.0F
25} 0.l
20}
. 0.6f
— r'(D°(2740 —
515 (D°(2740))
= ) =
[(DY(2760)) o4l
I'(Dy3(2860))
0.2¢
ok, . : : . E 0.0h . . n . E
0.0 02 04 06 08 1.0 045 046 047 048 049 050

IN

Ik|

FIG. 10. Left: constraints on the couplings k, kX' from the measured widths of D°(2740) [6], D%(2760) [7], and D*;(2860) [11]
candidates for the X’ doublet. In the dark blue region all constraints are fulfilled. Right: coupling region for |kX/| <1

D°(2740) - D*°z°, D** 7=, D"y, D:K~,D* p=,D°p°,D’w
D3%(2760) » D)+ 2= D070, D)0y DK~

Dt p=,D%" Dw
D*,(2860) - DK, DHOK+ Dy D+K*0, DOK*+.

For |kX'| < 1 the coupling region is also shown in Fig. 10
(right panel): kX" is unconstrained, while |k| = 0.47 £0.02,
slightly above the value obtained in [16] using the BABAR
data [5,59].

D. States in 7 doublet

We analyze the T doublet before F since there is a state
that can fit in both of them, and this sequence in the
discussion is convenient. For each one of the two states in
the 7 spin doublet we construct ratios of decay rates
independent of strong couplings. A J¥ = 2% meson has
been observed [7], D3(3000), that could fit in the 7 or in
the F doublet. Hence, we compute the various ratios
varying the mass of the decaying particle, then we
specialize to the mass of the candidate, as shown in
Fig. 11. For D}(3000) belonging to this doublet we predict

D:°(3000)—D
o) - (

Rop 33.04+0.1) x 1072,

P
*0 SD*
REC0=P" _ 35.640.2) x 1072,
*0 —D
Rz PP~ (235+3.6) x 1072,
D3(3000)— D7
RKip( =% - (13.0 £4.5) x 1072

Ratios of decay rates involving the same final vector meson
are plotted in Fig. 12. For D3(3000) belonging to 7" we

predict R.> = 0.22 4+ 0.02. If the D3(3000) full width is
saturated by the modes D070, D) +7z= D)0y, DK,
DWp= DH0K0 D)0 D' K*~ the two couplings A7 in
(47) and A’ in (11) can be constrained to the region in
Fig. 13, with the bounds |'| < 0.135 and |A”| < 0.29.

E. F doublet

The single ratio independent of the coupling constant in

the effective Lagrangian Eq. (75) for D5 and for its strange
Dy —>D<S)

partner D3 is shown in Fig. 14, obtaining Rg},_’D <Ry,

for a decaying particle mass below 3.38 GeV.
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FIG. 11. Ratios in Egs. (80)—(83) (left) and (84)—(85) (right), evaluated when the decaying particle is D?s)z (top) and D(S) 1 (bottom)

belonging to 7.
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FIG. 12. Ratios (86)—(88) when the decaying particle belongs to the 7" doublet.

F. More about D;(3000)

The LHCb assignment for this particle is J* = 2F [7],
and mass and width are compatible with D3°(3000) [6]
(Tables II and III). It could be identified with the lowest
lying J¥ =2+ n =2 state D} in T doublet, or with D5
belonging to the n =1 F doublet. Predictions for the
masses of the two states have been worked out in quark
models. For example, using the chiral quark model devel-
oped in [62,63], the values mp. = 3035 GeV and mp: =
3101 GeV have been predicted [64]. As for the identifi-
cation of D3}(3000), no consensus is reached adopting
variants of the quark model. Using a model with instanta-
neous Bethe-Salpeter potential, identification with D; is
supported [65], while D}(3000) is preferably interpreted as
D’ on the basis of the 3P, model for strong decays [66].

The two possibilities lead to different predictions for the
PY)M and to P*)V widths. Possible transitions to P*)M

are D(3000) — D°z°, D)+ 7=, DO, DIVK~, lead-
ing to the strong coupling independent ratios:

o T(D3(3000) - D*°7%) +'(D3*(3000) — D**x™)
T T(D3(3000) — D7) +T(D3°(3000) - D*7~)
(97)

RO _ I'(D3°(3000) — D°)
" T(D5°(3000) — D°2%) + T'(D3°(3000) —» D7)’
(98)
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i

FIG. 13. Bounds on the couplings R in (11) and AT in (47)
from the measured width of D3(3000), assuming that the state
belongs to 7.
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FIG. 14. Ratio (75) for different final states when the decaying
particle is D3 in the F doublet.

(D3°(3000) — D*%)

(D3°(3000) — DiK™)
(D3°(3000) — D°2%) + [(D3%(3000) — D*7~)
(101)

*0 __
Ry =

Decay modes of the strange partner of D}(3000) are
D%, — D§*>;1, DW*K, DHOK+ with the following ratios:

N

[(Dy — D*'Ky) + [(Dj; - DK™")

Rig = ., (102
K (DY - DTKg) + (D5 — DK™) (102)
R L(D5; = Dgn) (103)
Y T(DE = DTKg) + (DY — DYKY)’
(D5 — D}
R:, = (Dyy = Din) (104)

[(Dy; — D*Kg) +T(Dy — DK*)

The results are different if one identifies D3(3000) with D5
in the 7 or with DY in the F doublet. We fix the D3’ mass to
the value in Table IIT with the errors combined in quad-
rature: mp.0 = 3214 4+ 57 MeV, and for the strange partner
we assume mp. = mpo + 100 MeV enlarging the uncer-
tainty: mp: = 3314 + 70 MeV. The ratios (97)—-(101)
and (102)-(104) for the two classifications are in
Tables VII and VIIL. R) and R}, have the highest
sensitivity to the two classifications.

The two assignments lead to predictions for the spin
partner of D3(3000). For D5(3000) identified with D}, the
spin partner is the J© = 1% state D, while the spin partner
of DY is D3 with J¥ = 3T, In the two cases we construct

RO — the ratios of decay widths
T T(D3°(3000) — D°z°%) + (D3°(3000) - DT z~)’
(99) F (DY - D**z~) + (DY - D*°z%) (105)
SP (D" —» D7) + T(Dy® - D*z°)’
R0 _ I'(D3°(3000) —» DK™)
¥ TDE000) = D) FTDIE00) = D) DY D) ST D)
(100) SP — F(DIZ*O N D*+7T_) + F(DIZ*O N D*O”O) ’
TABLE VII. Ratios in Egs. (97)—(101) for two different classifications of D3(3000).
Doublet State RY R) R;? RY Ry
T(n=2) D3P 1.06 +0.03 0.29 +0.01 0.27 £0.02 0.35 £0.020 0.30 £ 0.03
Fn=1 D’z*O 0.40 £ 0.015 0.31 £0.01 0.11 £0.01 0.33 £0.02 0.11 £0.01
TABLE VIII. Ratios defined in Egs. (102)—(104).
Doublet State R R;, RS,
T(n=2 D, 1.02 £ 0.04 0.31£0.01 0.29 £ 0.03
Fn=1) D% 0.40 +0.02 0.28 £0.01 0.10 £ 0.01
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FIG. 15.

Varying conservatively the mass of D, in the range
[mD;(:;OO()) — 100 MeV, mD;(3000>] and the mass of D3 in

[mD;(3000), M ps(3000) + 100 MeV] we obtain

12<R, <17, 17<RL <26 (107)

V. NUMERICAL ANALYSIS: BEAUTY

The flavor symmetry allows one to extend the analysis to
the beauty sector. The H; — P*)V thresholds, for H; a
neutral beauty or a beauty-strange meson, are displayed in
Fig. 15. No one of the observed excited beauty mesons are
above the P*)V thresholds; therefore, our predictions hold
for higher excitations. We define ratios of decay widths for
charged and for neutral nonstrange decaying beauty mes-
ons as

M —B I'(Hf - Btw)
Ry, = ! , 108
v I'(H} — BTp°) + T(H — B%") (108)
HI =B F<H+ - B K*+)
R, Y = t > , 109
Sy L Ea Yy M
R =B _ [(H - B w) (110)
" T(H{ = B*p") +T(H - Bp*)’
RHE-»BZS) _ [(H - BiK*") an
G T(Hf — B p°) + T(H - Bp")’
and
- '(HY - B°
RILP = (H/ = Bw) (112)

- T(H) = B%) +T(H) = Bp7)’

PV and P*V thresholds for neutral nonstrange (left) and strange beauty mesons (right).

6500
6400(
mB; + my
mBJ + Mg
% 53001 — — mpo + Mo
2 g 4 g
........ mpgo + mK»«O
mp+ + Mg+
6200(
6100
RIEBo _ [(H? — B,K*) (113)
K T(H = B%°) + T(H] - B*p™)’
R'H?—>B* - F(H? g B*O(U> 114
wp = 0 0 0 0 PERN (114)
I(H; = B*p”) +T(H} — B*"p7)
HO— B* F(HO — B*K*O)
s O === 0 . (115)
’ I'(H} = Bp°) +T'(H; = B*"p™)

Ratios of decay widths can also be constructed for beauty
mesons with strangeness:

RHi.x—’B(.\) — F(His - Bs¢)
o [(His = B°K*) +T(H;y = BTK*")’
(116)
R _ I'(H;; — Big)
Pk I'(H;; » BFK0) +T(H;y — B*TK*)’
(117)

Ratios of decay widths with the same final V meson are
also independent of strong couplings:

w  T(H{ - Bp°) +T(H - B ")

R, = , 118

S Ty e e
I(HY - Bp°) + T(H) — B*"p~

R — (Hi = Bp") + T(H; = B*"p7) (119)

T(HY — B%°) + T(H) — B*p™)
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FIG. 16. Ratios (112)—(115) (left) and (116) and (117) (right) for decaying particles belonging to the bg (b5) doublet H (top row),

T (second row), X (third row), and X’ (bottom row).

[(H;, » B*"K*") + T'(H;; — BK™)

R = _
K T(H; - BTK*") + T(H,;, - B°K*)

(120)

A. H doublet

The ratios (112)—(115) and~(1 16) and (117) evaluated
when the decaying particle in H, are in Fig. 16. For mp <

6237.22 MeV one has RE>2 > RE>P". In B, decays, for

mp > 6576.8 MeV one predicts Rﬁ};B“ < Rg};’m . Other

. . . B_’B(r) B_)BZV)
ratios show similar features, namely Ry., " < Ry.,

for mpo > 6441.3 MeV.

B. T doublet

Presenting the results in Fig. 16 we do not distinguish the
decaying B, or B’;, which have the same expressions for the
ratios. The observables in (118) and (120) are displayed
in Fig. 17.
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C. X doublet

Ratios of decay rates for beauty mesons in the X doublet
are in Fig. 16. When the decaying particle is B}, the two

. B:i—B Bi—B* .
ratios R,, and R,, = become almost coincident for

0.5

0.4r /-
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0.2f 1 — Rgi;B(:)
— R35373x

01f oK

6200 6400 6600 6800 7000
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FIG. 18. Ratio (75) for several final states, for a decaying By)3

in the F doublet.
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Ratios (118) and (120) for decaying particles in the g (b3) T doublet (top row), X (middle row), and X’ (bottom row).

Mo = 6367 MeV. Ratios involving the same final light
vector meson are in Fig. 17.

D. X’ doublet

The considered ratios have the same expressions for the
two members in the X’ doublet. Those defined in
Eqgs. (112)—(115) and (116) and (117) are displayed in
Fig. 16, those with the same final vector meson in Fig. 17.

E. F doublet

For this doublet there is only one ratio independent
of the coupling constants, the one in Eq. (75) for spin 3
meson. The results displayed in Fig. 18 show the hierarchy

Ry > R " for my, < 3375 MeV.

VI. CONCLUSIONS

The construction of a QCD-based framework to classify
the excited resonances with open charm and beauty and to
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describe their decays is needed in view of the ongoing and
forthcoming experimental investigations. Since orbital and
radial excitations can be above the thresholds for decays to
light vector mesons, we have worked out effective
Lagrangian terms governing the strong transition of a
heavy meson to a light vector meson and a member of
the lowest-lying heavy-light spin doublet, in the HQ limit.
We have defined observables independent of the couplings
in the Lagrangian, and made predictions varying the mass
of the decaying particle. The HQ limit is considered the
guideline for the description in the actual cases. Our
methods can be exploited for a few observed states with

uncertain identification, namely D3(3000) for which we
have compared predictions corresponding to two different
classifications. Among the various tasks left to new
analyses there are the computation of the various strong
couplings and the classification of the subleading
Lagrangian terms, which is particularly interesting in case
of charm.
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