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Abstract The spectrum of Ds mesons is systematically studied in a semi-classic mass loaded flux tube model.

Ds in D-wave multiplets is predicted to have lower masses in comparison with most theoretical predictions.
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1 Introduction

In past years, the observation of some new D,
mesons and the relevant confusions to them gain great
interest. A D, meson is a heavy-light system, both
the heavy quark symmetry and the light quark chiral
symmetry exhibit their features in this system. So
far, D, mesons have been systematically studied in
the relativized quark model [1-3], the heavy quark
symmetry theory [4], the relativistic quark model [5],
the lattice QCD theory [6], the chiral quark model
[7], the constituent quark model (with heavy quark
symmetry and chiral symmetry) [8-10], the relativis-
tic chiral quark model [11, 12], the mass loaded flux
tube model [13-15], the coupled channels model [16—
19], and some other models [20, 21]. However, the
predicted masses of the higher orbitally excited states
seem to be overestimated in most models.

The semi-classical mass loaded flux tube model
was studied 20 years ago [22]. In this model, a meson
is a system with a massive quark m; and a massive
anti-quark ms, connected by a flux tube with universal
constant tension 7" rotating with angular momentum
L. The flux tube is responsible for the color confine-
ment. This model was recently exploited in Ref. [23],
where light mesons and baryons have been studied
and well classified. The heavy-light hadron has not
been analyzed, but an approximate mass formula was

deduced [23]

L
E:Mﬂ/%u%nr%m%. (1)

Received 19 January 2010

¥5(2860)" and Ds;(3040)" are interpreted in the constituent quark model.

The parameters were given in Ref. [23], the spin-orbit
interactions were ignored in the formula.

In order to take into account the spin-orbit inter-
actions, Eq. (1) was extended in Ref. [14]

L I
E:Mﬂ/%+2%L*im%+aL-S. (2)

In the fitting process in Ref. [14], four P-wave
D mesons and two P-wave D, mesons (Dg(2536)*
and D, (2573)*) were used inputs. However, some
P-wave mesons of them are mixed states, the approx-
imation used there has to be improved.

2 Excited Dy mesons

2.1 New observed D

For the D, or D.-like states listed in the 2008 Re-
view of Particle Physics by the PDG [24], the S-wave
D, mesons have been identified, and the P-wave D,
mesons are believed to be established though there
are controversial interpretations to DX (2317)* and
D.;(2460)*. Some D, candidates listed by PDG and
some recently observed Dy candidates have not been
identified. One confusion to identify these states is
their lower masses compared with most theoretical
predictions.

D,;(2700) was first observed by Belle [25, 26] in

Bt - D’D,, — D°D°K*

with M = 27154+ 117} and I' = 115+ 20135 MeV.
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X(2690) was also reported by BABAR. [27], but the
significance of the signal was not stated.
D7, (2710)* was recently observed by BABAR [28]
in
et +e” — DX (2710)£X — D*KX

with M = 2710 & 2.0 (F7°)syse MeV and I' = 149+
T stat (tgg)syst MeV.

These three experiments are believed to indicate
the same state. For its J” =17, this state was inter-
preted a mixture of the 23S, and the 13D, [29], the
17(1®*Dy) [30], or the 235, [14, 15].

D,;(2860) was first reported by BABAR [27] in

D.;(2860) — D’K*, D+K°

with M = 2856.6+ 1.5 (stat)+5.0 (syst) and I' =
48 + 7 (stat) =10 (syst) MeV. This state has natu-
ral spin-parity: J” =0%, 17, ---, and was explained
as the first radial excitation of the D},(2317) [19, 30]
or the 3-(1°Dy) [14, 15, 30, 31].

Dz;(2860)" was recently observed by BABAR [28]
in

et +e” — D (2860)"X — D*KX,

with M = 286242,00(3)syee MeV and I' = 4843, +
6syss MeV. Obviously, the observation of D,;(2860) —
D*K by BABAR rules out the possibility of 0.

D.;(2632)" is a surprisingly narrow signal which
was first reported by SELEX [32] in

D (2632) — Dim , DK+

with M = 2632.5+1.7(stat)+5.0(syst) and I' < 17 MeV
with 90% confidence level. This state has an ex-
otic relative branching ratio I'(D°KT)/I'(Din) =
0.16 £0.06. Its decay favors the D.n mode over the
DK mode, but the two channels share the same quark
flavors and phase space. This signal was interpreted
the conventional 17(23S;) Dy [33, 34], the four-quark
state [35, 36]. In Ref. [37], we argued that this state
seems not the 17(235,) D, and it is very possibly the
17(13D,) D, [15]. However, this state has not been
observed by BABAR, FOCUS or Belle. It seems that
this state is excluded, which should be definitely con-
firmed by more experiments.

Dz;(3040)* was recently observed by BABAR [28]

in
et +e” — DX (3040) "X — D*KX,
with M = 3044 + SStat(ﬁO)syst MeV and ' = 239+

3Dgtat (fig)syst MeV. The non-observation of Dg;
(3040)" — DK and the angular analysis suggest

an unnatural parity: J¥ = 0, 1%, 2=, .... This

1 +
state was interpreted the radially excited 17 j© = 3

D, [15].
2.2 Orbitally and radially excited D,

As well known, the mesons may be named in dif-
ferent ways. In the nonrelativistic quark model, the
mesons are usually named by their quantum numbers
n?*1L;, where n is the principle quantum number,
S is the total spin, L is the orbital angular momen-
tum, and J is the total angular momentum. In most
quark models, the interactions between the quark
and the antiquark include the spin-independent con-
finement interaction, the spin-dependent interactions
(spin-orbit interaction, color hyperfine interaction)
and some other interactions [1, 38—40]. The spin-orbit
interaction consists of a color-magnetic piece and a
Thomas-precession piece. The spin-orbit interaction
is often considered the dominant one except for the
confinement interaction. In Ref. [14], the spin-orbit
interaction is therefore approximated an LS coupling,
while other spin-dependent interactions were ignored.

In heavy quark effective field theory, the mesons
are usually named by their quantum numbers njt,
where j is the total angular momentum of the light
degrees of freedom. Accordingly, the spin-orbit inter-
actions may be approximated a Jy- T coupling. This
approximation was successfully employed to study A,
baryons in Ref. [41]. However, in the infinite heavy
quark limit, the hyperfine splitting effects vanish in
D,. In our previous analysis, the spectrum of D and
D, mesons is difficult to be reproduced with the ap-
proximation of the J, - Jn coupling.

In the P-wave multiplets, there is mixing between
the 3P, and the 'P,. Similar mixing occurs between
the *D, and the ' D,. Therefore, the physical P-wave
1t and D-wave 2~ state is the mixed state. The de-
tail of the mixing could be discovered by their spec-
tra and decay features. In the fitting process, these
mixed states are not good candidates of the inputs if
the detail of the mixing is not clear. In Ref. [42], we
improved the analysis of Dx.

In our analysis, D.(2573)%, D.;(2632) and
D,;(2860) are used as inputs [15, 42|, while
DZ,(2317)%, D, (2536)* and D»(2573)* are not used.
After fixing ¢ = 1.10 GeV? through other theoreti-
cal studies, M, = 1.354 GeV, mg; = 0.462 GeV and
a = 0.044 GeV were obtained through a minimum
of the mean square error of the mass of these input
states. These parameters are comparable with those
in most quark models. The results of the spectrum of
the orbitally excited D, mesons are listed in the table
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in Ref. [42].

For the radially excited D, mesons, the Regge tra-
jectories phenomenology are employed. As stated in
Ref. [43], in the mass region up to M < 2400 MeV,
the radially excited mesons have Regge phenomenol-
ogy on (n, M?)-plots

M? =M+ (n—1)p*, (3)

where M, is the mass of the basic meson, n is the
principle quantum number, and p? is the slope pa-
rameter of the trajectory.

The assignments of D;(2700)* and D,;(3040)"
1t
with radially excited 1~ (235;) and 17F (5 ) D,

mesons, respectively, are consistent with the Regge
phenomenology on (n, M?)-plots

M?(Dg(2700)%) — M2 (D7 (2112)%) = 2.78 GeV?,
M?(D4;(3040)") — M*(D?,(2460)*) = 3.19 GeV>.

3 Conclusions

In summary, orbitally excited Dy mesons are stud-
ied in the mass loaded flux tube. The predicted
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