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Abstract Starting from the molecular picture for the
Dy1(2460) and Dy1(2536) resonances, which are dynami-
cally generated by the interaction of coupled channels, the
most important of which are the D*K for the Dy (2460) and
D K* forthe D;1(2536), we evaluate the ratio of decay widths
for the BY — Dy1(2460)* K~ and B? — Dy (2536)* K~
decays, the latter of which has been recently investigated by
the LHCDb collaboration, and we obtain a ratio of the order of
unity. The present results should provide an incentive for the
related decay into the Dy (2460) resonance to be performed,
which would provide valuable information on the nature of
these two resonances.

1 Introduction

The Dg1(2460), Dy;(2536) are axial vector resonances,
JP =17, containing a ¢ quark and a strange antiquark. The
axial vector resonances have attracted the attention of the
hadron community since many of them can be interpreted
as molecular states coming from the interaction of vector
mesons with pseudoscalars [1-5]. This picture becomes more
attractive from the perspective of quark models being less
accurate in this than in other sectors of the meson spectrum
[6]. In the charm sector, the lightest axial vector resonances
are the D;1(2460) and Dy1(2536) reported by many experi-
mental groups [7]. The Dy (2460), in connection with its spin
partner D;(2317), has been the subject of intense debate.
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The simplest thing is to assume that these states are ordi-
nary gq states, which has been advocated in Refs. [8§—18].
However, the four quark structure has also been suggested
in many works [19-27]. One reason to advocate for more
complex structures than the ordinary ¢g¢ is the failure of the,
otherwise successful, relativised quark model [6], which pre-
dicts higher masses than the experimental ones. On the other
hand, it was soon realized that the DK, D*K channels can
play an important role in lowering the mass of these states
[10,28-30]. The realization of this point, together with the
success of the chiral unitary approach, describing scalar and
axial vector mesons in the SU(3) sector as molecular states
stemming from the meson meson interaction [31], gave rise
to the molecular interpretation of these states, which has met
with a large support [29,29,32-49]. This molecular picture,
in which the DK and D*K channels are dominant in the
interpretation of the D:‘O(2317) and Dy1(2460) states, has
been widely used studying strong and radiative decays of
these resonances in Refs. [15,37,50-53]. It has also been
tested in production experiments from decays of B states
[54-57]. Some other works advocate a mixture of gg and
molecular components [58]. Lattice QCD calculations have
also come to give support to the molecular picture [30,36,59],
although some of them also advocate for a mixture of gg and
molecular components [60].

As we can see, there are many different interpretations
on the nature of these resonances, although the molecular
picture has a stronger support, and, whatever original picture
one uses, the appearance of molecular components seems
unavoidable. This has been made explicit in Refs. [61,62],
showing that even starting from a nonmolecular state that
generates a bound state close to a threshold of two particles,
the state become purely molecular in the limit of zero binding.
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Fig. 1 Mechanisms for
BY — Dy (2536)* KT in Ref.
[71]
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For small but finite binding energy, forcing the state to have
a small molecular component reverts in abnormally large
effective range parameters and very small scattering lengths,
that can be ruled out by experiment.

With this panorama, any new idea that can shed light on
this issue is most welcome. From this perspective we pro-
pose here a reaction that can provide new information on the
nature of the two axial vector resonances, Dy (2460) and
Ds1(2625).

In the molecular picture [35,39], the Dy;(2460) and
Dy1(2536) are obtained from the interaction of coupled chan-
nels, but the relevant ones are D*K for the D;1(2460) and
D K* for the Dy (2536). One may be surprised that the bind-
ing energy is of the order of 40 MeV for the D*K state,
while it is of the order of 200 MeV for the DK* one. In the
extension of the local hidden gauge approach [63—-66] to the
charm sector [67,68], using the exchange of vector mesons
as a source of the interaction, this has a natural interpretation,
since close to threshold the interaction is proportional to m g
for the D*K interaction, while it is proportional to m g for
the D K* interaction and this factor difference leads, indeed,
to a much bigger binding of the DK™ channel.

Lattice QCD calculations have also brought light into this
issue, and the lattice data of Ref. [30] are analyzed in Ref.
[69] and conclude that the Dy (2460) state is mostly of D*K
molecular nature with a probability of this component of
(57 £ 21 4 6)%. Similar results are obtained starting from a
quark model looking for the overlap with molecular compo-
nents in Ref. [70].

The purpose of the present work is to dig further into this
issue and propose one new test for the molecular picture.
We take advantage of the recent experimental measurement
by the LHCb collaboration of the B — D;;(2536)TK=*
decay [71] and we make predictions for the decay BA? —
D;1(2460)~ K T. The rates of these two decays can be accu-
rately calculated within the molecular picture hence provid-
ing a strong test of the molecular nature of these resonances.

@ Springer
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2 Formalism

InRef. [71] the BY — Dj;(2536)T K+ decay was measured
and the mechanisms of Fig. 1 were proposed, with Cabibbo
suppressed mechanisms (we plot the diagrams with I_BSO to
deal with b quarks).

By looking at the Kobayashi—-Maskawa matrix elements
[72] we see that the Fig. 1a requires Vp.V,; = 0.0092 and
Fig. 1b goes with V,;;, V., = 0.0037. We will then choose the
most favored process of Fig. 1a to study the relationship of
Dy1(2460) and Dys1(2536) production, hence we will study
the BY — Dj1(2460)" K~ and BY — Dy1(2536)" K ~ reac-
tions.

From the molecular perspective the Dg1(2460) and
Dy1(2536) resonances are not a cs state, as implicitly
assumed in Fig. la, but they stem from the vector meson-
pseudoscalar interaction of coupled channels. In Ref. [39]
several channels were considered that we reproduce in
Table 1, together with the obtained couplings of the state
to the different channels.

As one can see, the relevant channels, according to the size
of the couplings, are D*K and D}n for the D1(2460) and
DK*, Dyw for the Dy (2536). We will neglect all the other
channels and discuss the relevance of those that we keep.

The mechanism to produce the molecular states starts from
the diagram of Fig. 1a at the quark level, but the ¢s compo-
nent has to be hadronized to give two mesons and allow the
molecule to be formed through the final state interaction of
these mesons. Technically we proceed as follows: we intro-
duce the gg matrices P, V written in terms of the physical
pseudoscalar and vector mesons, respectively,

I S o) + + 30
e + N + NG b/ K D
7 Azl g0 p-
P ATV ,
K~ K -5+ \/gn’ Dy
D° Dt Dy ne
()
RORpE LO p+ K*t D*O
V2 V2
0
- w /4 *0 *—
v=| r S-pm KT DT, 2
K* IE’*O d) D;k_
D*O D*+ D;H‘ J/w
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Table 1 The results for the

poles in the channel 2455.91 MeV (2573.62 — i0.07) MeV
C=1,5=1,I =0 sector and 18il (GeV) l8i| (GeV)
the couplings of the two poles to DK* 0.54 13.96
different channels, taken from N ' i
Ref. [39] KD 9.74 0.30
nD} 6.00 0.18
Dyw 0.51 7.95
neD}¥ 0.02 0.05
DgJ /Y 0.54 0.00
u K- resonances. The hadronizations in Egs. (5) and (6) indicate

S

L

Fig. 2 Mechanism of hadronization to produce K~ and two extra
mesons

with the n — n’ mixing of Ref. [73].
Then the hadronization proceeds as shown in Fig. 2
and, thus,

5 —> Hi=) cqiqis =) _ PiuViz =(PV)a, 3)
i i

if we choose the PV combination and

5 —> Hy=» cqiqis =) _ ViiPi3 = (VP “
i i

if we choose the V P one. Then we have
(PV)g3 = D°K** + DYK* + DF ¢ + 0. DY, )
- 2
VP = DK + DK + D (L \/i /
(VP)y3 ; (\/§ 37 )
+J/y DY (6)

The D;¢ does not appear in Table 1, the n. D} has anegligible
coupling in Table 1 and so is the case of the J /¢ D channel.
The 1’ term is also inoperative due to its large mass and one
has to discuss the relevance of the D** 5 channel. In Table 1
the relative weight to the \%(D*Jr K° + D*K ™) is about
6/10, so with respect to the combination of Eq. (6) we have a

reduction factor of 10 75 which together with the mass

being about 200 MeV higher than that of the Dy (2460),
make again this channel negligible. Hence, we have a clear
case where we have a clean D*K or DK* production in
I = 0, where the final state interaction gives rise to the

that (P V)43, (V P)43 are produced with the same weight.

With the isospin multiplets convention (D+, —D%), (K T,
K9), (D*t, —D*9), (K**+, K*9), the isospin states are given
by

1
D*K,I1 =0) = —(D*TK° + D*'k ), (7
| ) 7
1
DK*, I =0) = — (Dt K*0 4+ DOK*1). ®)
| ) 7

Then, the production of the resonances proceeds as shown in
Fig. 3.
Analytically we have

IBY— K~ Dy (2460)+ = C' Gpk (Vs =2460) gp,, prx, (9)
B0~ K~ Dy1(2536)" = C' Gpk+(/s = 2536) 8D/, DK*> (10)

where C’ is a normalization constant, common to both
decays, that will cancel in the evaluation of ratios, gp,,, p*k
8D, DK* are the couplings of the Dy (2460) and Dy1(2536)
to D*K and DK*, respectively, and Gp«g(y/s) and
Gpk+(+/s) are the loop function for intermediate D*K or
D K* propagation which one has used in the derivation of the
scattering matrix in coupled channels [39]

T=[1-VG] 'V, (11)

where V is the transition potential evaluated via vector
exchange using the extension of the local hidden gauge
approach [63-66].

There is one technical detail: in the rest frame of the
Dy1(2460) resonance the coupling to V P goes as

gD, €Dy, " €V (12)

In this frame the BY and K ~ have the same momentum and
D**, K0 have opposite momenta (see Fig. 4). In the B? —
D*T KYK~ vertex we must contract the € p+ with a vector,
which we take [51;? = —pg.

In Fig. 3a we have to sum over polarizations of the vector
D*, and, thus, we have in the Dy (2460) rest frame

N A R S NS YOI A S
D Pho€be €he €h,, = Ppodij €p, = Pyo €y,
pol

@ Springer
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Fig. 3 Mechanism of final state
interaction to produce the
D;1(2460) and Dy (2536)
resonances

(a)
D**
R0
By K-
KO
Fig. 4 Momenta of the particles in the Dy (2460) rest frame
= —Pgoéu,Dw (13)
s

where in the last step we have written the product in a covari-
ant way, which is valid in any frame of reference.

_ 2 H
‘ When we evaluate ‘| t BY>K- Dy, |© and sum over polariza-
tions of the Dy, we will have

13 v
z :p[;? €, Ds1 €v, Dy Ppo
pol

PDyi,n PDyy,

2
Mp
2 1 2
= —Mjy + —— (poa - Piy) - (14)
' MD.S‘I !

which in the B? rest frame is

M2
M2+1(ME PR 52
— Mpo T 5 BY* Dxl) = —>5 " Pp,
: MDS| MDsI l
M2
BO )
= R (15)
2 K
MDsI
where
M (Mo, M M, )
pK’,i_ 2MBO B
[i = D;1(2460), Ds1(2536)] (16)

and the decay widths are given by

P i) 12 (17)

pol

1
871 M2 Px-,

@ Springer

K*07K*+
(b)
with pg- ; given by Eq. (16) for each Dy; state, and
2
(D2 MB? =2
Z' Dy w2 Pra
pol Dy1,1
2
|Gprk (Vs =2460) - gp,, .ok | . (18)
M%
Z' ope B >
Dy | M2 Pk-2
pol Dys12

2
.)GDK*(\/;:2536)-gD;1,DK* . (19)

with C an arbitrary constant containing C’ in Egs. (9) and (10),
that will cancel in the ratio for Dg1(2536) and Dy1(2460)
production.

2.1 Determination of the couplings and G functions

Here we divert a bit from the procedure followed in Ref. [39]
and use the extension of the local hidden gauge approach,
exchanging vector mesons (implicit in Ref. [39]) and reg-
ularizing the loops with the cutoff method, which is rec-
ommended when dealing with D mesons [74]. Also, unlike
in Ref. [39], where a global perspective of all axial vector
mesons was presented by means of a common subtraction
constant in dimensional regularization, here we can tune the
cutoff in the cutoff method to get the precise mass of the Dy
states.

With the channels D*K*, D*T K9 or DOK*t, Dt K*0
we get the same potential as obtained in Ref. [75] for the
channels DK (1), DT K°(2), which taking My as, approx-
imately, the average of the p, w and ¢ masses is given by

Vij=Cij &> (p1+ p3) - (P2 + pa);

’ My
g = 7 My =800 MeV, f =93 MeV, (20)
with f the pion decay constant, and
.
MZ M
CGi=| " "] (21)
My My

which projected over S-wave gives

1
(p1+p3) - (p2+p) = 5 [3s M2 M2
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+m’2) . l(Mz . mz) gl.z/(s —50), with sq the square of the resonance mass, are
S calculated as
(M/2 _ m/2)] , (22) .
. o gl = lim (s —s0) Ty = 5\ (26)
with M, M’ the initial, final vector masses, and m, m’ the §—>50 3V 1 _ G

initial, final pseudoscalar masses. Taking average masses
between the D, K (D*, K*) multiplets we can go to the
isospin basis using the wave function of Egs. (7) and (8) and
get the combination (V1 + Vap + 2V)2)/2 = 2V for the
I = 0 states, hence

2

V=——=(pi+p3)-(p2+pa)g’> (23)
M
v

and the scattering matrix will be given by

1% 1
T = = ,

1-VG V1-G

with

(24)

g o +w 1
G(s) = 3 >
G l<qmae Q)7 20102 s — (01 + @2)* +ie
(25)

with ; = \/m? + ¢ 2.

We should recall that we have eliminated some coupled
channels of Table 1. This can be done, as shown in Refs.
[76-78], with the consequence that the elimination of some
channels reverts into an additional attraction in the remaining
ones. Indeed, in the case of two channels, 1 and 2, if we
eliminate the less important channel 2, we can get the same
T11 scattering amplitude using an effective potential [78]

V3 G,
1 - Vn G,

and since G is negative, the effective potential (Vi1 < 0)
gets enhanced. Then it should not be surprising that we need
to increase a bit the potential of Eq. (23) to get a proper bind-
ing. Alternatively we can also increase gmax in Eq. (25), to get
extra binding. Indeed, increassing gmax makes the negative
strength of G bigger, and, hence, this is equivalent to making
the strength of V~!(whichis negative) smaller, which means
increasing the strength of V.

Vit ett = Vi1 + ~ Vi + V122 G,

3 Results

With the former discussion, we present results with two sce-
narios:

1. Take the potential of Eq. (23) and fine tune gmax to get
the pole at the right energy. We need gmax = 1025 MeV
for the DK* interaction and gmax = 820 MeV for the
D*K interaction to get the poles at the physical masses.
The couplings obtained from the 7" matrix at the poles, as

where L’Hopital’s rule has been used in the second step
of the equation. We obtain the values

|8 D,1 (2460), k D*| = 12107 MeV, @7
|8 D1 (2536), DK | = 20234 MeV, (28)

and then the ratio R, defined as

_ T'(BY - K™D, (2460)")

= —= , (29
F(B? — K~ D;1(2536)1)
has the value
R=0.7. (30)

2. Here we take values of gmax in the line as used in other
works with gmax from 750 to 800 MeV and multiply the
potential by a factor to get the poles at the right place. We
multiply V by « for the DK* interaction and by g for the
D*K interaction. The results can be seen in Table 2.

We can see that we get different values than before.

We get results with two scenarios

R(fixed potential) = 0.7,  R(fixed gmax) = 1.16. (3D

There is no compelling reason to prefer one result over the
other and thus we should accept these two results as indicative
of the uncertainties of our approach. The recent measurement
of LHCb on the BY — K% Dy1(2536)~ reaction indicates
that the same work for the Dy1(2460) is also possible. The
future measurement of this decay channel would provide a
valuable test for the nature of two Dy (2460) and Dy (2536)
resonances.

4 Conclusions

The recent experimental measurement of the BY decay to
K*D;1(2536)F by the LHCb collaboration [71] prompted
the idea of the present work, evaluating the decay rates
for the related Djg;(2460) resonance. The two resonances
are described from the molecular picture from the interac-
tion of coupled channels, where the most important are the

@ Springer
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Table 2 The ratios of R = I“(B? — Dy1(2460)T K ™)/ F(B? — Dy1(2536)" K ™) with different assumptions. The gmax and couplings g are in

units of MeV

Gmax o B | D1 (2536), DK+ |8 D1 (2460). K D R
750 1.717 1.113 24863 12448 1.17
770 1.635 1.078 24393 12346 1.16
800 1.524 1.030 23737 12203 1.14
D*K for the Dy1(2460) resonance and the DK* for the  References

Dy;1(2536) resonance. We are able to determine the ratio
of the branching ratios for E’? — K~ D;(2460)T and
L_?A? — K~ D;1(2536)™ for which we get a value of the order
of unity. The measurement of the decays for the Dy (2536)
production indicates that the measurement of the same decay
leading to the Dy1(2460) resonance should also be possi-
ble. With the results of the present paper, this measurement
should provide an important test for the molecular picture of
these two resonances and the present work should provide
an incentive for this experimental work to be performed.
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