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Molecular components in P-wave charmed-strange mesons
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Results obtained by various experiments show that the D¥,(2317) and D,;(2460) mesons are very
narrow states located below the DK and D*K thresholds, respectively. This is markedly in contrast with the
expectations of naive quark models and heavy quark symmetry. Motivated by a recent lattice study
which addresses the mass shifts of the 5 ground states with quantum numbers J* = 0" [D?(2317)] and
JP =17 [D,;(2460)] due to their coupling with S-wave D*)K thresholds, we perform a similar analysis
within a nonrelativistic constituent quark model in which quark-antiquark and meson-meson degrees of
freedom are incorporated. The quark model has been applied to a wide range of hadronic observables, and
thus the model parameters are completely constrained. The coupling between quark-antiquark and meson-
meson Fock components is done using a * Py model in which its only free parameter y has been elucidated,
performing a global fit to the decay widths of mesons that belong to different quark sectors, from light to
heavy. We observe that the coupling of the 0" (1) meson sector to the DK (D*K) threshold is the key
feature to simultaneously lower the masses of the corresponding D7,(2317) and D, (2460) states predicted
by the naive quark model and describe the Dy;(2536) meson as the 17 state of the j§ = 3/2" doublet
predicted by heavy quark symmetry, reproducing its strong decay properties. Our calculation allows us to
introduce the coupling with the D-wave D*K channel and the computation of the probabilities associated

with the different Fock components of the physical state.

DOI: 10.1103/PhysRevD.94.074037

I. INTRODUCTION

The discovery in 2003 of the resonances D;(2317)
(JP =0%)[1]and Dy, (2460) (17) [2] yielded great interest
among theorists and experimentalists due to their unex-
pected low masses and narrow widths. For instance,
calculations based on quark models [3-8] and early lattice
gauge theories [9-15] predicted for these states masses
which were around 100 MeV above their respective DK
and D*K thresholds, whereas the experimental results lie
40 MeV below such thresholds.

Prior to the discovery of these two states, the heavy-light
meson sectors were reasonably well understood in the
mg — oo limit. In such a limit, heavy quark symmetry
(HQS) holds [16]. The heavy quark acts as a static color
source, its spin s, is decoupled from the total angular
momentum of the light quark j,, and they are separately
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conserved. Then, the heavy-light mesons can be organized
in doublets, each one corresponding to a particular value
of j, and parity. For the lowest P-wave charmed-strange
mesons, HQS predicts two doublets, which are labeled
by j¥ =1/2" with J® = 0%, 17 and by j¥ = 3/2" with
JP =17, 2%. The members of each doublet differ on the
orientation of s, with respect to j, and, in the heavy quark
limit, are degenerated. Mass degeneracy is broken at order
1/m . Moreover, the strong decays of the Dy, (j, = 3/2)
proceed only through D waves, while the D, (j, = 1/2)
decays happen only through S waves [16]. The D-wave
decay is suppressed by the barrier factor, which behaves
as g°*!, where g is the relative momentum of the two
decaying mesons. Therefore, states decaying through D
waves are expected to be narrower than those decaying via
S waves.

The D},(2317) and D, (2460) mesons are considered to
be the members of the j5 = 1/2" doublet, thus being
almost degenerated and broad. However, neither the exper-
imental values of their masses nor their empirical widths
can be accommodated into the theoretical expectations.

These results led to many theoretical speculations about
the nature of these resonances, ranging from conventional 5
states [17-19] to molecular or compact tetraquark inter-
pretations [20-26]. More recently, a chiral unitary theory in
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coupled channels has explained that the D?,(2317) state is
produced dynamically by means of the coupled channels
DK and Dy [27,28]. The analysis of the D%(2317)
meson’s properties using other dynamical coupled-channel
approaches for meson-meson in S waves can be found in
Refs. [29-31]. In Ref. [32], a coupled-channel calculation
of pseudo—scalar-vector mesons was performed in order to
study the D, (2460) and D, (2536) states. It found masses
of 2455 MeV and (2573.62 — i0.07) MeV, respectively.
The second state couples mainly to DK*; however, the
width is very small due to the fact that D* K in D waves is not
included. A molecular interpretation of the D*,(2573) state
has been given in Ref. [33].

Certainly, quark models predict ¢s ground states with
quantum numbers J© = 0% and 1% that do not fit the
experimental data. As the predictions of the quark models
are roughly reasonable for other states in the charmed-strange
sector [34,35], one must expect that the D7,(2317) and
D, (2460) resonances should be modifications of the genuine
cs states rather than new states out of the systematics of the
quark model. On this respect, particularly relevant was the
suggestion [36,37] that the coupling of the J¥ = 0T (1) ¢5
state to the DK (D*K) threshold plays an important dynami-
cal role in lowering the bare mass to the observed value.

In a recent lattice study of the D%;(2317) meson [38],
good agreement with the experimental mass is found when
operators for DK scattering states are included. An extended
version of the work performed in Ref. [38] was presented in
Ref. [39]. They study the J* = 0%, 17 and 2* charmed-
strange mesons, incorporating the effect of nearby DK and
D*K thresholds. The D*K threshold is incorporated only as
an S-wave channel in the lattice QCD computations.
However, the D-wave D*K channel could play an important
role in the 1 ¢3 sector, in particular for the j§ = 3/2" Dy,
meson. Moreover, despite the significant progress made by
lattice calculations incorporating DK and D*K thresholds,
no statement can be made about the probabilities of the
different Fock components in the physical state.

The authors of Ref. [40] reanalyzed the lattice spectrum
obtained in Refs. [38,39] using the auxiliary potential
method and a reformulation (valid only for S-wave
scattering amplitudes) of the Weinberg compositeness
condition [41,42] to determine the amount of DK and
D*K components in the respective wave functions of
D?,(2317) and D,;(2460) mesons. They found that the
D?,(2317) meson is made by (72413 +5)% of DK
components, whereas the D,;(2460) meson contains
(57 £21 £ 6)% of D*K.

In this paper, we study the low-lying P-wave charmed-
strange mesons using a nonrelativistic constituent quark
model in which quark-antiquark and meson-meson degrees
of freedom are incorporated. The constituent quark model
(CQM) was proposed in Ref. [43] (see Refs. [44,45] for
reviews). This model successfully describes hadron
phenomenology and hadronic reactions [46—48] and has
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recently been applied to (non)conventional hadrons con-
taining heavy quarks (see, for instance, Refs. [49-55]).

Within our approach, the coupling between the quark-
antiquark and meson-meson sectors requires the creation of
a light quark-antiquark pair. Therefore, the associated
operator should be similar to the one which describes the
open-flavor meson strong decays—namely, the *P,, tran-
sition operator [56].

Our calculation allows us to introduce the coupling with
the D-wave D*K channel in the 17 ¢5 sector and the
computation of the probabilities associated with the differ-
ent Fock components of the physical state, features which
cannot be addressed nowadays by any other theoretical
approach by itself.

This manuscript is arranged as follows: In Sec. II, we
describe the main properties of our theoretical formalism,
giving details about the approaches used to describe the
quark-antiquark sector, the meson-meson sector and the
coupling between them. Section III is devoted to presenting
our results for the D},(2317), D,;(2460), D,;(2536) and
D%,(2573) mesons. We finish summarizing and giving
some conclusions in Sec. IV.

II. THEORETICAL FORMALISM

A. Naive quark model

Constituent light quark masses and Goldstone-boson
exchanges, which are consequences of dynamical chiral
symmetry breaking in quantum chromodynamics (QCD),
together with the perturbative one-gluon exchange (OGE)
and a nonperturbative confining interaction, are the main
pieces of our constituent quark model [43.,45].

A simple Lagrangian invariant under chiral transforma-
tions can be written in the following form [57]:

L =p(id - M(q*) Uy, (1)

where M(g?) is the dynamical (constituent) quark mass and
Urs = ¢"#7s/f= is the matrix of Goldstone-boson fields
that can be expanded as

Urs = 1+Ly5/1“ﬂ“—iﬂ“7z“+--~. (2)
fr 217

The first term of the expansion generates the constituent
quark mass, while the second gives rise to a one-boson
exchange interaction between quarks. The main contribu-
tion of the third term comes from the two-pion exchange,
which has been simulated by means of a scalar-meson
exchange potential.

In the heavy quark sector, chiral symmetry is explicitly
broken and Goldstone-boson exchanges do not appear.
However, it constrains the model parameters through the
light meson phenomenology [58] and provides a natural
way to incorporate the pion exchange interaction in the
molecular dynamics.
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It is well known that multigluon exchanges produce an
attractive linearly rising potential proportional to the dis-
tance between infinite-heavy quarks. However, sea quarks
are also important ingredients of the strong interaction
dynamics that contribute to the screening of the rising
potential at low momenta and eventually to the breaking of
the quark-antiquark binding string [59]. Our model tries to
mimic this behavior using the following expression:

Veon(7) = [=ac(1 = e™") + Al (4 - 2), (3)
where a,. and p, are model parameters. At short distances
this potential presents a linear behavior with an effective

confinement strength, ¢ = —au, (4 - /1;), while it becomes

constant at large distances. This type of potential shows a
threshold defined by

Vie = {~a, + A} - 75). (4)

No quark-antiquark bound states can be found for energies
higher than this threshold. The system suffers a transition
from a color string configuration between two static color
sources into a pair of static mesons due to the breaking of
the color flux tube and the most favored subsequent decay
into hadrons.

The OGE potential is generated from the vertex
Lagrangian

Lyqy = i/ Amagpy,Gely, (5)

where 1¢ are the SU(3) color matrices, G% is the gluon field,
and «a is the strong coupling constant. The scale depend-
ence of a, can be found in e.g. Ref. [43]; it allows a
consistent description of light, strange and heavy mesons.

To improve the description of the open-flavor mesons,
we follow the proposal of Ref. [19] and include one-loop
corrections to the OGE potential as derived by Gupta et al.
[60]. These corrections show a spin-dependent term which
affects only mesons with different flavor quarks. The net
result is a quark-antiquark interaction that can be written as

V(ry) =

where Voge and Vgn have been introduced above. The

Voo term is the one-loop correction to the OGE potential

that contains central, tensor and spin-orbit contributions
and whose particular expressions implemented in our
model can be found in Ref. [61].

Explicit expressions for all the potentials and the values
of the model parameters can be found in Ref. [43], updated
in Ref. [62]. Meson eigenenergies and eigenstates are
obtained by solving the Schrodinger equation using the
Gaussian expansion method [63], which provides enough
accuracy, and it simplifies the subsequent evaluation of the
needed matrix elements.

1-loo
Voce(Fij) + Veon(7ij) + Vo " (7). (6)
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Following Ref. [63], we employ Gaussian trial functions
with ranges in geometric progression. This enables the
optimization of ranges employing a small number of free
parameters. Moreover, the geometric progression is dense
at short distances, so that it enables the description of the
dynamics mediated by short range potentials. The fast
damping of the Gaussian tail does not represent an issue,
since we can choose the maximal range to be much larger
than the hadronic size.

B. Coupled-channel quark model

The quark-antiquark bound state can be strongly influ-
enced by nearby multiquark channels. In this work, we
follow Ref. [64] to study this effect in the spectrum of the
charmed-strange mesons, and thus we need to assume that
the hadronic state is given by

| >_Z a|l//a +Dﬁ

where |y,,) are c5 eigenstates of the two-body Hamiltonian,
¢, are wave functions associated with the A and B mesons,
|pappp) is the two-meson state with f quantum numbers
coupled to total J” quantum numbers, and y;(P) is the
relative wave function between the two mesons in the
molecule. When we solve the four-body problem, we also
use the Gaussian expansion method (GEM) of the gg wave
functions obtained from the solution of the two-body
problem. This procedure allows us to introduce in a
variational way possible distortions of the two-body wave
function within the molecule. To derive the meson-meson
interaction from the ¢g interaction, we use the resonating
group method (RGM) [65].

The coupling between the quark-antiquark and meson-
meson sectors requires the creation of a light quark pair.
The operator associated with this process should describe
also the open-flavor meson strong decays and is given
by [66]

3.3 3) /7 -\ s 5
—ﬁ;/d Pud’ 89 (B + b)) 5, =V 2m

U

< v (” ) 6 (33)1] @i ®

where y(v) are the spin, flavor and color quantum numbers
of the created quark (antiquark). The spin of the quark and
antiquark is coupled to 1. The Y, (p) = p'Y,;,(p) is the
solid harmonic defined as a function of the spherical
harmonic. We fix the relation of g, with the dimensionless
constant, giving the strength of the quark-antiquark pair
creation from the vacuum as y = g,/2m, with m being the
mass of the created quark (antiquark).

It is important to emphasize here that the *P, model
depends on only one parameter, the strength y of the decay
interaction. Some attempts have been made to find possible

)|badih). (7)
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dependences of the vertex parameter y; see Ref. [67] and
references therein. In Ref. [66] we performed a successful
fit to the decay widths of the mesons which belong to the
charmed, charmed-strange, hidden charm and hidden
bottom sectors and elucidated the dependence on the mass
scale of the 3P, free parameter y. Further details about the
global fit can be found in Ref. [66]. The running of the
strength y of the 3P, decay model is given by

y(u) = lg% 9)

where y, and p are parameters, whereas u is the reduced
mass of the quark-antiquark in the decaying meson. The
value of y that we are using in this work is the one
corresponding to the charmed-strange sector: y = 0.38.

From the operator in Eq. (8), we define the transition
potential /i, (P) within the Py model as [68]

<¢M1 ¢M2ﬂ|T|‘l/a>

where P is the relative momentum of the two-meson state.
The usual version of the 3 P, model gives vertices that are
too hard, especially when we work at high momenta.
Following the suggestion of Ref. [69], we use a momen-
tum-dependent form factor to truncate the vertex as

= Phﬂa(P)6(3)(i)cm)’ (10)

2
hya(P) = hya(P) x €72, (11)

where A = 0.84 GeV is the value used herein.
Adding the coupling with charmed-strange states, we
end up with the coupled-channels equations

CaMy+ / hap(P)ys(P)P*dP = Ec,,
7
Z/H/,//}(P’,P);(/,(P)PzdP
+ Zhﬂ’a

where M|, are the masses of the bare ¢5 mesons and Hp s is
the RGM Hamiltonian for the two-meson states obtained
from the ¢g interaction. Solving the coupling with the c5
states, we arrive at a Schrodinger-type equation

> / (Hyy(P', P) + VEIL(P', P))
b

)ea = Exp(P'), (12)

x 14(P)P2dP = Eyy(P). (13)
where
o h ’a(Pl)ha}(P)
VIL(P! PiE) =y e s (14)

- E-M,

Finally, let us mention that this version of the coupled-
channel quark model has been applied extensively to the
study of XYZ states (see, for instance, Ref. [70]).
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III. RESULTS

Table I shows the masses of the low-lying P-wave
charmed-strange mesons predicted by the naive quark
model. One can see our results taking into account the
one-gluon exchange potential (@) and including its one-
loop corrections (a?). The experimental data are taken from
the Review of Particle Physics (RPP) [71].

The naive quark model predicts masses for the
D?,(2317) and Dy;(2460) mesons much higher than the
experimental values. In fact, one can conclude from Table I
that the j7 = 1/2% and 3/2" doublets are predicted to be
almost degenerated within the naive quark model. The state
assigned to the D?;(2317) meson is very sensitive to the
one-loop corrections of the OGE potential, which bring its
mass closer to the experimental one. This effect could
explain part of its lower mass, but it is not enough, because
our theoretical state is still above the DK threshold. The
mass associated with the D, (2460) meson is roughly
insensitive to the spin-dependent one-loop corrections of
the OGE potential.

One can conclude from above that possible canonical
c§ descriptions of the D},(2317) and Dy, (2460) mesons
seem to fail when model parameters are kept to
describe other quark sectors. From the conclusions
of recent lattice-regularized QCD computations
[38,39], the coupling of the J¥ = 0% (1%) c5 state to
the DK (D*K) threshold appears as a possible mecha-
nism to bring our theoretical masses to the experimental
values.

HQS predicts that the members of the jq7 = 1/2" doublet
[D},(2317) and D,;(2460)] couple equally to their respec-
tive DK and D*K thresholds [72]. Moreover, because these
states have the same mass in the limit my — oo, the
potentially generated mass shifts depend only on the energy
difference between the bare c5 state and the open-flavored
threshold. This would give a mass shift larger for the 17 ¢5
state than for the O™ one, which is contrary to the
experimental situation. The one-loop corrections of the
OGE potential solve this issue and provide appropriate bare
states whose mass shifts due to the continuum go in
accordance with experiment.

TABLE I. Masses, in MeV, of the low-lying P-wave charmed-
strange mesons predicted by the constituent quark model (e, ) and
those including one-loop corrections to the one-gluon exchange

potential (a?). Experimental data are taken from Ref. [71].
Theoretical ~ Theoretical
State JP (a) (a?) Experimental
Dj0(2317) 0" 2511 2383 2318.0+ 1.0
D, (2460) 1T 2593 2570 2459.6 = 0.9
D, (2536) 1T 2554 2560 2535.18 +0.24
Df2(2573) 2+ 2592 2609 25719 +0.8
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TABLE 1II. Values of mp: (2317) ~ M7, in MeV, predicted by
our quark model and lattice QCD [38], taking into account only
quark-antiquark degrees of freedom and also coupling with the
DK threshold. The value mp: (2317) is the mass of the D*,(2317)
state, and myg = 1/4(mp_+ 3mp:) is the spin-averaged ground-
state mass. We compare with the experimental data taken from
Ref. [71].

D*,(2317) CQM LQCD (1) LQCD (2) Experimental
qq 309.0 274.7+15.8 3204 +£213 241.7+1.1
qq+DK 249.6 25444+49 2450+£155 241.7+1.1
V> 2872+58 2660165 241.7+1.1

A. The dressed D;;(2317) meson

Table IT and Fig. 1 compare our results for the D¥;(2317)
mass with the lattice QCD study of Ref. [38] and with
experiment [71]. Instead of the D¥,(2317) itself, following
the lattice study, we compare the values of mp: (2317) — Mg,
where myg = 1/4(mp_+3mp.) is the spin-averaged
ground-state mass. Note that the lattice value of the
D?,(2317) bound-state position in the infinite volume limit
(V — o0) is obtained by an analytical continuation of the
scattering amplitude combined with Liischer’s finite volume
method [38,39]. In Fig. 1, the dashed lines represent the
threshold for DK in the different approaches, and the dotted
lines are the thresholds for D°K* and D* K° in experiment.

The mass of the D%,(2317) state obtained using the naive
quark model and without the one-loop spin corrections to
the OGE potential is almost twice the experimental value,
mp: (2317) = My5 = 437 MeV. As we have discussed pre-

viously, the mass associated with the D,(2317) state is

Quark Model
600 T T T T T

LQCD Ensemble (1)
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very sensitive to the a? corrections of the OGE potential.
This effect brings down the mp-. (2317) — myz splitting to
309 MeV, which is now only 30% higher than the exper-
imental figure. However, as one can see in Fig. 1, the
hypothetical D%,(2317) would be above the DK threshold
and thus would decay into this final channel in an S wave,
making the state wider than the observed one. The mass shift
due to the a2 corrections allows that the 0" state can be close
to the DK threshold. This makes the DK coupling a relevant
dynamical mechanism in the formation of the D¥,(2317)
bound state. When we couple the 0" ¢5 ground state with the
DK threshold, the splitting Mp (2317) — M5 = 249.6 MeV
is in good agreement with experiment.

The lattice QCD simulation is performed on two very
different ensembles of gauge configurations: ensemble 1,
with two dynamical quarks, a pion mass of 266 MeV and a
lattice size of 163 x 32; and ensemble 2, with 2 + 1
dynamical quarks, a pion mass of 156 MeV and a lattice
size of 323 x 64. One can see in Fig. 1 that the outcome
from lattice simulations depends somewhat delicately on
the pion mass even for very low masses. For the case of the
largest pion mass and only quark-antiquark interpolators,
unlike previous lattice simulations, the D7, appears below
the DK threshold with a mp: (2317) ~ Mg in reasonable
agreement with the experimental value; the inclusion of
DK interpolators produces little effect in this case [see
LQCD (1) results in Table II and Fig. 1]. In a near to
physical light quark mass simulation [LQCD (2)], the
D?,(2317) is above DK threshold when only quark-
antiquark interpolators are included. In this case, the
combination of ¢g and DK lattice interpolating fields is
crucial in order to get agreement with experiment. Finally,

LQCD Ensemble (2) Experiment

500

400

300

m-myg (MeV)

200

100

0 ! ! ! ! !

T T T T T 600

500

400

300

200

100

|||||||||||1|||||||||||
|
L4

ad (o) qa (o) qg + DK

FIG. 1.

qq qq+DK V — e

1 1 1 1 1 o
qq qq+DK V — e

Energy levels from the constituent quark model (CQM), from lattice QCD [38] using ensemble 1 and ensemble 2, and from

experiment [71]. We show, for CQM results, the quark-antiquark value, taking into account the one-gluon exchange potential (a;),
including its one-loop corrections (a2) and coupling with the DK threshold. For the lattice QCD results, in each ensemble, we show
values with just a ¢g interpolator basis and with a combined basis of ¢g and DK interpolating fields. The value of the bound D¥,(2317)
state position in the infinite volume limit V — oo is obtained by an analytical continuation of the scattering amplitude combined with
Liischer’s finite volume method. The dashed lines represent the threshold for DK in each approach, and the dotted lines are the

thresholds for DK™ and DTK? in experiment.
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TABLE III. Mass, in MeV, and probabilities of the different
Fock components, in %, of the D%,(2317) state.

Plgq(Py)]
66.3%

Mass
2323.7

State
D*,(2317)

PIDK(S — wave)]
33.7%

Table II and Fig. 1 show also the physical extrapolation of
the mp: (2317) ~ Mg splitting in both ensembles. This value
agrees with experiment and with our result when we
incorporate the coupling of the DK threshold to the O
C§ state.

We turn now to discuss the probabilities of the different
Fock components in the physical state. Lattice QCD studies
[38,39] are only able to remark that both quark-antiquark
and meson-meson lattice interpolating fields have non-
vanishing overlaps with the physical state. Our wave
function probabilities are given in Table III, which reflects
that the D?,(2317) meson is mostly of quark-antiquark
nature. This is in agreement with the fact that lattice-
regularized QCD computations observe this state even with
only ¢g interpolators (see Fig. 1). However, it is markedly
in contrast with the 70% of DK obtained by Ref. [40] in the
analysis of the lattice data of Refs. [38,39].

In our model, the probability of the DK state depends
basically on three quantities: the bare meson mass, the 3P,
coupling constant and the residual DK interaction. Obviously,
as neither of the three are observables, they can take different
values depending on the dynamics, making the results, and
hence the DK probability, model dependent.

In this paper we have constrained the mentioned param-
eters by reproducing other observable quantities like strong
decays [66] (the 3P, coupling constant), charmonium
spectrum [62] (the bare mass) and NN and pp interactions
[73,74] (the DK residual interaction).

To check the uncertainties of the model, we have varied
the value of the bare ¢35 mass and the 3P, coupling y,
keeping the mass of the physical state to the experimental
value. As expected in a model where the DK interaction is
smaller than the effective interaction due to the coupling

PHYSICAL REVIEW D 94, 074037 (2016)

with the ¢§ state, we obtain that the probability of the c5
component grows as the bare mass approaches the physical
mass. To reproduce the scenario presented in Ref. [40], we
would need a stronger residual DK interaction incompat-
ible with the limits of the model. However, other dynamics
are possible in quark models [75]; its analysis would be
interesting in order to explore the possible convergence to
the result of Ref. [40], but this task goes beyond the scope
of the present work.

Finally, we have computed the scattering length asso-
ciated with the physical DY,(2317) state and obtain
a(0") = —1.03 fm. This number can be compared with
the one estimated in Ref. [40]: —1.3 4 0.5 fm; or with that
from ensemble 2 of the lattice-regularized QCD computa-
tion [39]: —1.33 £ 0.20 fm. We conclude that our theo-
retical result is compatible, within errors, with those
estimated by other approaches. The scattering length is
sensitive to the amount of DK in the D¥;(2317) wave
function. However, the uncertainties of the model do not
allow us to compare in a precise way the molecular
component of the different approaches.

B. The dressed D (2460) and D,;(2536) mesons

Table IV and Fig. 2 compare our results for the mass of
the first two J¥ = 17 charmed-strange states with the
lattice QCD study of Ref. [39] and with experiment
[71]. Instead of the masses themselves, following the lattice
study, we compare their difference with respect to the spin-
averaged ground-state mass, myg = 1/4(mp +3mp:).
The lattice value of the D,;(2460) bound-state position
in the infinite volume limit (V — oo0) is obtained by an
analytical continuation of the scattering amplitude com-
bined with Liischer’s finite volume method. The mass of
the D,;(2536) meson is given directly from the lattice
computations without resorting to the Liischer method. In
Fig. 2, the dashed lines represent the threshold for D*K in
the different approaches and the dotted lines are the
thresholds for D*°K* and D**K" in experiment.

TABLEIV. Values of mp_ (2460) — m75 and mp  (2536) — My, in MeV, predicted by our quark model and lattice QCD [39], taking into
account only quark-antiquark degrees of freedom and also coupling with the D*K threshold. The mp 2460) and mp_ (2536) are the masses
of the D,;(2460) and D ;(2536) states, and myg = 1/4(mp_-+ 3my: ) is the spin-averaged ground-state mass. We compare these with

the experimental data taken from Ref. [71].

Dy, (2460) CQM LQCD (1) LQCD (2) Experimental
qq 495.6 383.3+4.5 398.4 +12.5 3833+ 1.0
qq + D*K(S) 409.9 3774 £42 3920+ 11.0 3833+ 1.0
V- o0 e 404.6 £ 6.2 408.0 = 14.2 383.3+1.0
93+ D*K(S+ D) 409.8 383.3+1.0
D, (2536) CQM LQCD (1) LQCD (2) Experimental
qq 486.0 446.5+12.3 503.2 +10.7 458.9+0.5
qq + D*K(S) 488.0 444.0 + 12.0 507.0 £ 10.0 4589+ 0.5
V- o0 4589+ 0.5
93+ D*K(S+ D) 461.1 458.9+0.5
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Quark Model LQCD Ensemble (1) LQCD Ensemble (2) Experiment
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FIG. 2. Energy levels from the constituent quark model (CQM), from lattice QCD [39] using ensemble 1 and ensemble 2, and from
experiment [71]. We show, for CQM results, the quark-antiquark value, taking into account the one-gluon exchange potential (a),
including its one-loop corrections (a?) and coupling with the D*K threshold in S and D waves. For the lattice QCD results, in each case,
we show values with just a gg interpolator basis and with a combined basis of ¢g and D*K interpolating fields. Remember that in the
lattice QCD computations the D*K threshold is coupled only in an S wave. The value of the bound Dy, (2460) state position in the
infinite volume limit V — oo is obtained by an analytical continuation of the scattering amplitude combined with Liischer’s finite
volume method. This method has not been used for the Dj;(2536) meson. The dashed lines represent the threshold for D*K in each
approach, and the dotted lines are the thresholds for D**K* and D**K° in experiment.

The naive quark model predicts that the states correspond-  associated with the physical state Dj;(2460). This state
ing to the D;;(2460) and Dj;(2536) mesons are almost  is below the D*K threshold in both lattice configurations
degenerated, with masses close to the experimentally  (ensemble 1 and ensemble 2), and it is seen already when
observed mass of the D;(2536). The inclusion of the using only gg interpolators. This observation should have
one-loop corrections to the OGE potential does not improve  jmportant consequences in the interpretation of its com-
the situation, making the splitting between the two states positeness. The level is downshifted by about 20 MeV

even smaller. Following lattice criteria, we first couple the (ensemble 1) or 30 MeV (ensemble 2) if D*K interpolators
N ) . + -
DK threshold in an S wave with the two 1™ ¢5 states. One are included [39]. The second state in both ensembles is

can see in Fig. 2 that the state associated with the D, (2460) identified with the Dy;(2536) meson. In ensemble 1, with

in th itisl low th . . .
ison goes dOWI.l in the spectrum, gnd it 1 ocated be. ow the the heavier pion, the state lies below the D*K threshold, in
D*K threshold with a mass compatible with the experimental . . . .

strong disagreement with experimental observations.

value. The state associated with the D,;(2536) meson is H i ble 2. the D+ (2536

almost insensitive to this coupling, because it is the J© = 1+ OWever, 1n£ e ensemble 2, the D;(2536) state appears
member of the j, = 3/2 doublet predicted by HQS, and thus a'bove the D*K threshqld. For the two lattice conﬁgu'ra—
it couples mostly in a D wave to the D*K threshold. Lattice ~ 1°DS: the effect of coupling the D* K threshold to both naive

QCD has not yet computed the coupling in the D wave of the qq states seems to be small (see Fig. 2). This is expected for
D*K threshold with the 1* ¢5 sector. This coupling is  the state associated with the D (2536), but not for the state

trivially implemented in our approach. The state associated ~ associated with the Dy, (2460), because the D*K threshold

with the D,;(2460) meson experiences a very small modi- is coupled only in the S wave. It is also found in lattice

fication because it is almost the |1/2, 1) eigenstate of HQS, =~ computations that the D,;(2536) state is not seen if only

whereas the state associated with D;(2536) meson suffersa ~ D*K interpolators are used.

moderate mass shift approaching the experimental value. Table V shows the probabilities of the different Fock
Some comments related with the lattice results are due ~ components in the physical D (2460) and Dy, (2536) states.

here. The lowest level in both lattice ensembles is When the D*K threshold is coupled, the meson-meson

TABLE V. Mass and decay width, in MeV; and probabilities of the different Fock components, in %, of the D, (2460) and Dy, (2536)
states. Results with and without coupling of the D-wave D*K channel are listed.

State Mass Width Plgg('P))) Plag(CPy)] PID*K(S — wave)] P[D*K (D — wave)]
Dy (2460) 2484.0 0.00 12.9% 32.8% 54.3%

Dy, (2536) 2562.1 0.22 34.4% 15.8% 49.8% e

Dy, (2460) 2484.0 0.00 12.1% 33.6% 54.1% 0.2%

D, (2536) 2535.2 0.56 31.9% 14.5% 16.8% 36.8%
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component is around 50% for both Dy (2460) and
D;;(2536) mesons. This is in agreement with the fact
that lattice calculations [39] find similar overlaps of the
physical states with the quark-antiquark and meson-meson
interpolators. Moreover, our prediction in this case is in
agreement, within errors, with the one reported in Ref. [40]:
the D, (2460) wave function has a probability of
(57 £21 +6)% for the S-wave D*K component.

One may wonder why the molecular component is
different in the D%,(2317) and D;;(2460) mesons, given
that heavy quark symmetry predicts similar dynamics
in both cases. Although HQS holds at the level of the
interaction potential, it breaks due to the one-loop correction
of the OGE potential, which is necessary to get the
corresponding bare mass of the D},(2317), and due to
the different D*) K thresholds. In order to check this fact, we
have disconnected the one-loop corrections and also artifi-
cially degenerated the respective meson-meson thresholds
to avoid HQS breaking effects and observe that the DK and
D*K probabilities for the D%(2317) and D (2460) mesons
are very similar, around 60%.

It is also relevant to realize that the quark-antiquark
component in the wave function of the D;(2536) meson
holds quite well the ' P, and 3P, composition predicted by
HQS. As pointed out in Ref. [76], this is crucial in order to
have a very narrow state and describe well its decay
properties. In Table VI we compare the results obtained
in the present calculation with the updated ones of
Ref. [76]' and the experimental results. The theoretical
ratios, which pose very demanding constraints to the
Dy, (2536) wave function, are compatible with experiment,
indicating that our mixture for the Dj;(2536) wave
function describes reasonably well the phenomenology
of this state. Furthermore, the sophisticated coupled-
channel study presented herein supports the more phenom-
enological one performed in Ref. [76].

As in the case of the D},(2317) meson, we have
computed the scattering length associated with the physical
Dy, (2460) state and obtain a(1") = —1.11 fm. This num-
ber can be compared with the one estimated in Ref. [40]:
—1.1 & 0.5 fm; or with that from ensemble 2 of the lattice-
regularized QCD computation [39]: —1.15 £ 0.19 fm(set 1)
or—1.11 £ 0.11 fm (set 2). We conclude that our theoretical
result is compatible, within errors, with those estimated by
other approaches.

C. The dressed D;,(2573) meson

The mass and total decay width of the D%, (2573) meson
are predicted well using naive quark models, and thus this

"The updated results of Ref. [76] quoted herein are slightly
different from those of Ref. [76], since in this work we use the
scale-dependent strength y of the * Py model obtained in Ref. [66],
which is very close to but not the same as the value used in
Ref. [76].

PHYSICAL REVIEW D 94, 074037 (2016)

TABLE VI. The total decay width, I', and the branching ratios
R, R, and R; defined in Ref. [76] for the present calculation. We
compare these with the updated results of Ref. [76] (see text for
details) and the experimental values reported by RPP [71].

This work Updated Ref. [76]  Experiment [71]

I' MeV) 0.56 0.99 0.92 +£0.03 £0.04
R, 1.15 1.31 1.18 £0.16

R, 0.52 0.66 0.72 +£0.05 £ 0.01
R3(%) 14.5 14.1 3.27£0.18 £0.37

state is commonly expected to be a conventional charmed-
strange meson. Moreover, the nearest DK-type thresholds
are far enough to assume that they do not play an important
role in the dynamical composition of the D, (2573) meson.

The same reasoning was followed by the lattice group
[39], and only quark-antiquark operators in the configura-
tion basis were used in the study of the D},(2573) meson.
They also obtain a mass in qualitative agreement with
experiment confirming that this state can be described well
within the ¢5 picture.

Our predicted mass is shown in Table I; one can see our
results taking into account the one-gluon exchange poten-
tial (a,) and including its one-loop corrections (a?2). In both
cases, our values are slightly higher than experiment but
compatible.

We give in Table VII the partial and total strong decay
widths of the D¥,(2573) meson. We show the absolute
values in MeV and the branching fractions in percentages.
One can see that the total decay width reported by PDG
[71] is in excellent agreement with our result. The DK
channel is clearly dominant with respect the other two
possible decay channels, D*K and D#n. Therefore, in a
coupled-channel calculation, the mass shift of the J* = 2+
ground state would be an effect mainly driven by its
coupling with the DK threshold. However, in order to
do this, the D and K mesons should be in a relative D wave,
and thus carrying extra momentum, which would imply a
small mass shift.

Finally, we show in Fig. 3 the low-lying energy spectrum
of the charmed-strange meson sector and compare it with
those predicted by the two ensembles of lattice QCD.

TABLE VII. Open-flavor strong decay widths, in MeV, and
branching fractions, in %, of the DS*2(2573) meson. Experimental
data are taken from Ref. [71].

Channel [sp, (MeV) Bsp, (%) Texp (MeV)
D+K° 8.02 42.95

DK+ 8.69 46.54

D*t KO 0.82 4.40

DK+ 1.06 5.67

Dy 0.08 0.44
Total 18.67 100 17+4
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Quark Model LQCD Ensemble (1) LQCD Ensemble (2)
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FIG. 3. Resulting D, spectrum for all channels from CQM (squares), LQCD ensemble 1 (up-triangles) and LQCD ensemble 2 (down-

triangles). The masses are presented with respect to the spin-averaged ground-state mass mys = 1/4(mp_+ 3mp. ). The black solid lines
correspond to experiment. The green dashed lines correspond to DK and D*K thresholds in the respective approaches. Recall that the
lattice values of the D%,(2317) and Dy, (2460) bound-state positions in the infinite volume limit (V — o) are obtained by an analytical
continuation of the scattering amplitude combined with Liischer’s finite volume method.

Leaving aside the spectrum obtained using ensemble 1,
which has some features in strong disagreement with
experimental observations, the spectrum predicted by our
coupled-channel quark model and ensemble 2 of the lattice
are in a global agreement and compare quite nicely with the
experimental situation.

IV. EPILOGUE

We have performed a coupled-channel computation
taking into account the D?,(2317), D, (2460) and
D,1(2536) mesons and the DK and D*K thresholds within
the framework of a constituent quark model (CQM) whose
parameters are largely constrained by hadron observables,
from the light to the heavy quark sectors.

Our study has been motivated by the fact that recent
lattice QCD computations need to incorporate explicitly
meson-meson operators in their interpolator basis in order
to obtain correct states for the physical D%,(2317) and
Dy (2460) mesons. Our method allows us to introduce the
coupling with the D-wave D*K channel and the compu-
tation of the probabilities associated with the different Fock
components of the physical state, features which cannot be
addressed nowadays by lattice calculations.

The D,(2317) meson benefits most from the coupling
of the DK threshold. The level assigned to it is much higher
than the experimental value in the naive quark model.
However, the one-loop corrections to the OGE potential
bring down this level and locate it slightly above the DK
threshold. This makes it so that the coupling with the
nearby threshold acquires an important dynamical role.
When coupling, the level is downshifted again towards the
experimental mass of the D%,(2317) meson, which is below
the DK threshold. We predict a probability of 34% for the
DK component of the D};(2317) wave function.

The naive quark model predicts that the states corre-
sponding to the D (2460) and D,;(2536) are almost
degenerated with masses close to the D (2536) mass
observed experimentally. The inclusion of the one-loop
corrections to the OGE potential does not improve the
situation, making the splitting between the two states even
smaller. When the coupling with S- and D-wave D*K
threshold is performed, the states associated with the
physical Dy, (2460) and D,;(2536) mesons are in reason-
able agreement with the experimental situation and lattice
findings. We observe that the meson-meson component is
around 50% for both D;(2460) and D;(2536) mesons.
The Dy, (2536) meson appears as the |3/2, 1) eigenstate
of HQS, which is crucial to describing its decay properties.

The mass and total decay width of the D?,(2573) meson
are predicted reasonably well within our quark model
approach taking into account only quark-antiquark degrees
of freedom. We have calculated the partial decay widths of
this state into open-flavored mesons. The DK channel is
clearly dominant with respect to the other two possible
decay channels, D*K and D,n. Therefore, in a coupled-
channel calculation, the mass shift of the J* = 2* ground
state would be an effect mainly driven by its coupling with
the DK threshold. However, in order to do this, the D and K
mesons should be in a relative D wave, thus carrying extra
momentum, which would imply a small shift.

Finally, our spectrum of the low-lying charmed-strange
mesons compares nicely with the most updated lattice QCD
computation and with the experimental situation.
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