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Abstract We give a systematical study on the recently
reported excited charm and charm-strange mesons with
potential 1~ spin—parity, including the D¥ (2700)*, D}
(2860) ", D*(2600)°, D*(2650)°, D7(2680)° and Djf
(2760)°. The main strong decay properties are obtained in
the framework of Bethe—Salpeter (BS) methods. Our results
reveal that the two 1~ charm-strange mesons can be well
described by the further 235;—13D; mixing scheme with
a mixing angle of (8.73:3)". The predicted decay ratio
Bsks for DY (2860) is 0.62073. D*(2600)° can also be
explained as the 23S| predominant state with a mixing angle
of —(7.51“;:2)". Considering the mass range, D"‘(2650)0 and
Dy (2680)" are more likely to be the 235; predominant states,
although the total widths under the two 23§ and 13D assign-
ments have no great conflict with the current experimental
data. The calculated width for the LHCb Df(2760)0 seems
to be about 100MeV larger than the experimental measure-
ment if taking it as 13D or 1°D; dominant state cit. The
comparisons with other calculations and several important
decay ratios are also presented. For the identification of these
1~ charm mesons, further experimental information, such as

B(Dm) -
m, 1S necessary.

1 Introduction

Recently lots of natural parity charm and charm-strange
mesons have been observed in experiments [ 1-10], which are
summarized in Table 1, where we have combined the statisti-
cal, systematic and model errors in quadrature for simplicity.
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These new resonances have great importance in improving
our knowledge of the radial and orbital charmed excitations.
Especially for the spin—parity 1~ charm and charm-strange
states, there may exist 235,-13D, mixing, which makes the
assignments more complicated.

D}, (2700) was first discovered by Belle collaboration
in 2008 [1] in channel D, (27000t — D°K™, and then
confirmed by BaBar in 2009 [2] and LHCb in 2012 [4]. Fur-
thermore, the BaBar collaboration also obtained two ratios
of branching fractions [2],

B[D¥,(2700)* — D*K]

Rk [D¥ (2700)T] =
kD51 (2700)7] BID?,(2700)* — DK]
= 0.91 % 0.13q & 0.124ys, )
BID*,(2860)" — D*K
Rk (D}, (2860)*] = D5, (2860)" — D™K1

BID?,(2860)" — DK]
= 1.1 4 0.1545 & 0.19ys, )

where we have defined the abbreviation Rx for simplicity.
D}, (2860)™ were first detected by BaBar together with the
Djl (2700)" and then confirmed by LHCb [4]. However,
there are about 30 discrepancies in the total width. This dis-
crepancy was resolved by LHCb’s subsequent measurement
with the amplitude analysis in 2014 [6], which find that the
structure DY, (2860) ™ contains both spin-1 and spin-3 com-
ponents, while a larger width of the former one is preferred.
The potential models predict that the masses of 235; and
13D charm—strange mesons are around 2.73 and 2.90 GeV,
respectively [11,12]. The D¥ (2700)* and D, (2860)" are
then usually interpreted as the 235, and 13D, charm—strange
mesons, respectively. There is much work on the proper-
ties of these two resonances. The D;"l (2700)" is identi-
fied as the 235 ¢5 in Refs. [13—17], while in Ref. [18] the
13Dy assignments are favored. Almost all the pure 2S or
1D assignments have difficulty in producing the experimen-
tal ratio Rg[D},(2700)] = 0.91. In Refs. [15,19-24] the
25-1D mixing states of D¥ (2700)* and D (2860)" are
discussed, and we will discuss the mixing scheme in detail
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Table 1 Experimental results of

the recently discovered excited Resonance Mass (MeV) Width (MeV) JP References Time
:;enn_;l;rt;l mesons with natural 3+ (5700 + 2708 + 14 108 + 36 1- Belle [1] 2008
2710 + 12 149 +52.5 BaBar [2] 2009

2709.3 £ 4.9 115.8 & 14.1 LHCb [4] 2012

2709 + 4 117+ 13 PDG [7] 2014

2699114 12773 BaBar [8] 2015

D, (2860)* 2862 + 5.4 48 4+ 6.7 Natural BaBar [2] 2009
2866.1 £ 6.4 69.9+7.3 Natural LHCb [4] 2012

2859 + 27 159 + 80 1- LHCb [6] 2014

2860.5 +7 53+ 10 3~ LHCb [6] 2014

D*(2600)° 2608.7 £3.5 93+ 14.3 Natural BaBar [3] 2010
D*(2650)° 2649.2 £ 4.9 140 +25.5 Natural LHCb [5] 2013
D¥(2680)° 2681.1 + 15.1 186.7 £ 14.6 1~ LHCb [10] 2016
D*(2760)° 2763.3 £3.3 60.9 +6.2 Natural BaBar [3] 2010
D%(2760)° 2760.1 £3.9 744+ 19.4 Natural LHCb [5] 2013
D3(2760)° 2775.5+7.9 953 +35.4 3~ LHCb [10] 2016
D¥(2760)° 2781 +21.9 177 +38.4 1= LHCb [9] 2015
D% (3000)° 3008.1 £ 4.0 110.5+£11.5 Natural LHCb [5] 2013
D3(3000)° 3214 4+56.8 186 + 81.0 2+ LHCb [10] 2016
D*(2600)+ 2621.3+£5.6 93 Natural BaBar [3] 2010
D*(2760)* 2769.7 £ 4.1 60.9 Natural BaBar [3] 2010
D% (2760)* 27717 £4.2 66.7+ 12.4 Natural LHCb [5] 2013
D} (2760)~ 2798 9.9 105 +29.8 3~ LHCb [9] 2015
D% (3000)* 3008.1 (fixed) 110.5 (fixed) Natural LHCb [5] 2013

in Sect.3. Besides the conventional assignments, Ref. [25]
argued that the D}, (2860)* can be explained as D (2420)K
bound states by using the chiral and heavy quark symmetry.

For the corresponding charm mesons, the Godfrey—
Isgur (GI) model [11,12] predicts the 238, and 13D states cii
locate in the mass range of about 2.64 and 2.82 GeV, respec-
tively, while the mass of 13D; state is predicted to be quite
close to the 13D state. BaBarin 2010 [3] reported two natural
parity resonances D*(2600)° and D*(2760)°. Furthermore,
they measured the following ratio of the branching fraction:

B[D*(2600)° — D77
B[D*(2600)0 — D*+7—]
= 0.32 £ 0.024tar & 0.09ys;.

Rp+[D*(2600)°] =
3)

Again we have introduced the abbreviation Rp+ for the
sake of simplicity. Later in 2013 LHCD [5] discovered two
natural parity charmed particle D*(2650)° and D; (2760)°.
Then in 2015 LHCb [9] reported the 17 state D7 (2760)0,
which has a large width of 177 £ 38 MeV. Very recently, in
2016 by using the amplitude analysis, LHCb collaboration
measured a 1~ state D’f(2680)0 and a 3~ state D§(2760)0
[10]. The latter one’s mass and total width seem consistent
with the BaBar D*(2760)° and LHCb D%(2760)°. These

@ Springer

experimental data are also summarized in Table 1, where
the isospin partners of these neutral charm mesons are also
listed in the bottom of Table 1 for comparison. D* (2760)°,
Dy (2760)° and D3 (2760)° can be interpreted as the same
particle, namely, the 3™ state ci, while this interpretation is
favored by Refs. [15,26-28]. Then there are still four natural
parity resonances, D*(2600)°, D*(2650)°, D’l"(2680)0 and
DT(2760)0 in the mass range of 2.6-2.8 GeV. In the tradi-
tional conventions of charm meson spectroscopy, these four
resonances should correspond the 235, and 1°D; states cit or
mixtures of them.

These newly observed charm resonances have also been
studied with the 23S, 13D; assignments or the 25—-1D mix-
ing scheme in theory by several models, including the non-
relativistic quark model [21,27], the heavy quark effective
theory [28,29], the effective Lagrangian approach based on
heavy quark chiral symmetry [30], the Eichten—Hill-Quigg
(EHQ) decay formula [15,24] and the quark pair creation
(QPC) model [23,31-34]. However, the current theoretical
calculations for these higher mass charmed mesons cannot
be well consistent with the experimental data. We find the
calculated ratio R D+[D*(26OO)O] for taking it as the 238,
state is usually greater than the experimental value Eq.(3)
[27-30,32], while Ref. [30] argues that no quantum number
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assignments for a pure state at mass 2600 MeV is able to
reproduce the experimental ratio.

Generally, all the physical mesons have definite J ' spin—
parity or JPC for quarkonia. In the relativistic situations,
the spin S and orbital angular momentum L are no longer
the good quantum numbers, and the physical states are not
always located in the definite 25*1L ; states. This situations
become obvious in the 11 and 1~ mesons, for the 17 states
we always have to make the 'P;—3P; mixing to fit the phys-
ical states [35,36], while for the 1~ states the 2351—13D1
mixing is needed to fit the experimental measurements [37].
So in a more effective and appropriate method to describe
the bound state, we should focus on the J¥(©), which are
the good quantum numbers in any case. In principal, if we
use a full relativistic method to solve the eigenstate problem
of the bound mesons with definite J¥(©, we do not need
mixing to fit the data. We have tried this by the BS method
in a previous work to study the state D;“l (2700) [38], based
on the BS wave function constructed directly from the quan-
tum number J© = 1. The Salpeter wave functions of 1~
states were given, and by solving the full Salpeter equations,
we obtain the eigenstates for ¢s and find that all the states
include both S and D-wave components. The first state is 15
dominant, while D-wave components can be ignored. The
second state is 2.5 dominant, which is the first radial excited
state. The third state, which is the second radial excited state,
is predominant by 1 D components. But our previous results,
including the mass spectra and decays, cannot fit the data very
well. The reason is that we also make some approximations.
The first is the instantaneous approximation, which assumes
the potential is static, since the four-dimensional BS equa-
tion with non-static potential is quite difficult. The second
is the interaction kernel, where we choose the Coulomb-like
plus linear potential. The Coulomb potential comes from the
single-gluon exchange, where we only keep the first order
of QCD interaction. Also the linear confinement potential
is introduced by phenomenological analysis. Since the BS
equation is an integral equation, the kernel includes all the
ladder diagram contributions but not the cross diagrams and
the annihilation diagrams. These approximations have some
effects in diagonalizing the mass matrix. So our method is not
a full theory and not a full relativistic method, and it cannot
exactly fit the experimental measurements. To overcome this
discrepancy, we will make a further mixing to fit the phys-
ical states. In this study, we will give a continuous study of
these 1™ states open charm mesons. We make a further mix-
ing by the second and third radial excited states. Our mix-
ing angle may be smaller than other non-relativistic methods
since some relativistic corrections have already been kept in.

In this research, we will calculate the Okubo—Zweig—
lizuka (OZI) allowed strong decays of these potential 1~
charm-strange mesons, D}, (2700), D7, (2860), and the neu-
tral charm meson D*(2600), D*(2650), D7(2680), and

D7} (2760), where the charge superscripts “+” and “0” are
omitted for brevity here and also in the following context.
We will focus on the further 235,-13D; mixing scheme to
discuss the assignments for these resonances, and the BaBar
measured ratios Eqs. (1) and (3) are used to restrict the mix-
ing angle. This is studied within the framework of the instan-
taneous Bethe—Salpeter methods [39,40]. The BS methods
have been widely used and showed good performance in the
strong decays of heavy mesons [41-44], semi-leptonic and
non-leptonic decays [45-47], decay constants calculations
and annihilation rates [48-50] etc.

The manuscript is organized as follows: in Sect.2 we give
the theoretical formalisms of the strong decays by BS meth-
ods; then in Sect.3 the numerical results and detailed dis-
cusses are present; finally, we give a brief summary and con-
clusion as regards this work.

2 Theoretical calculations

In this section first we give a brief review on the calculations
of transition matrix element and BS methods; then the 1~
state Salpeter wave functions are presented.

2.1 Transition matrix element

The Feynman diagram for strong decays of charmed meson
is showed in Fig. 1, where we use the subscripts 1 and 2 to
denote the final charmed meson and light meson, respec-
tively. By using the reduction formula, the transition matrix
element for the decay D — D™ K can be written as [41]

(DW(P)K (P)|D}(P)) = / d*xe " P2X (M3 — P3)

x (D™ (P)|®2(x)| D} (P)),
4)

where P, P; and P, denote the momenta of the initial state
Dy, final charmed meson D® and the final light meson K,
respectively (see Fig.1); M5 is the mass of the final light
meson. @, (x) is used to describe the light scalar meson field.
The partially conserved axial current (PCAC) relation reads

P (x) =

1
9, (5THg), 5
V2Fs (ST q) )

where F» is the decay constant of the light scalar meson;
g = u or d corresponds to the K and K©, respectively;
the abbreviation I'* = y#y° is used. Inserting the PCAC
relation into Eq. (4), with the low energy theorem, Eq. (4)
can be expressed as

@ Springer
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(D™ (P)K (Py)| D} (P))
= 2m)*s* (P — P — Py)
—iP)

X T<D<*>(P1>|srﬂq|D;‘(P>>. (©6)
2

Then the decay amplitude M can be described by

PM
M= TZZ(D(”(Pl)IEFquDf(P)% 7

where the transition matrix element (D™ (P})|§ Iuq|Di(P))
can be calculated by the Salpeter method and will be derived
in next subsection. The decay width I' is then expressed by

| P1]

N el
= —(IMP) T3, @®)

where |Pj| = ﬁ\/m and the Killén function
Ma,b,c) = (a* + b* + ¢* — 2ab — 2bc — 2ac) is used;
(|IM |2) stands for the average over initial spins and sum over
final spins.

When the light meson is 1, —1’ mixing should be consid-
ered. In this work we use the following mixing conventions:

n cos®, sinfy ||ng
= | o . ©)

n —sin@, cosb, | | m
ng and 1 are the SU(3) octet and singlet states, respectively.

We use the mixing angle 6,, = 19°. To include this mixing
effect, the PCAC relation reads

Dy (x) = cos 0y Pyg (x) + sin 6, Py, (x)
cos alHu +dTHd — 25T s
T M2 s " ( /6 >
sin 6, Aty + dTHd + 5T Hs
M2 fo " ( V3 )

_ |: —2008077 } a#(EFMS) (10)
“/glesf"fi

sin 6y,

+
ﬁMgo Fro

where in the last step we have only kept the sT"*s part, since
the others have no contribution here; f,; and f,, are the
corresponding decay constants of ng and np, respectively.

When the 7° is involved in the final states, the PCAC
relation reads

1 (ﬁF“u —dF“d)

D o(x) =

d
M2y fr " V2
1
= —=——— 3, (al"u) (11)
V2M2, fr

Again we have only kept the contributory part.

@ Springer

p1 D1
my mj
M, P My, Py
D2 Ph
mo mh
My, Py

Fig. 1 Feynman diagram for two body strong decay of Dz‘s), mp =

m/l = m,, is the constituent mass of the ¢ quark. M, and P, denote the
mass and momentum of the final light meson, respectively

2.2 Transition matrix element with Salpeter wave function

In this subsection we briefly review the BS methods. The BS
equation is a four-dimensional integral equation, which reads
in momentum space [39]

L d%
(p, —mD¥(q)(p, +m2) =1f Wv(q — k)W (k),
(12)

where W (q) is the four-dimensional BS wave function; V (¢ —
k) stands for the BS interaction kernel; p; and p, are the
quark and anti-quark momenta, respectively, while m and
my are the corresponding masses (see Fig. 1). It is more
convenient to express the p; and p, with the total momentum
P and the inner relative momentum ¢ as

pir=aiP+q, pp=wP —gq. (13)

o; (i = 1,2) is defined as a; = ml’j’r"mz. The Salpeter wave

function ¢(q ) is related to the BS wave function W(g) by
the following definition:

d
olq) =i / L),
T

d3k
n(gL) = / ﬁq)(kl)vum—km, (14)

where gp = % andg; =qg— %qp, in the rest frame of the
initial meson they correspond to ¢° and g, respectively; the
three-dimensional integration 17 (g ) can be understood as the
BS vertex for bound states; V (|g1 — k. |) denotes the instan-
taneous interaction kernel, namely, the inner interaction are
assumed to be a static potential. As usual, in this work, the
specific interaction kernel V (r) we use is the Coulomb-like
potential plus the unquenched scalar confinement one [48],
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V() + Vo + 10 ® ¥V (r)

A Aa.
=0 —e ) 4 - ey '= e, (15)
o 3r

where A is the string constant, o (7) is the running strong
coupling constant, and Vj is a free constant fixed by fitting
the data. By Fourier transformation, the potential V(g ) in
momentum space reads

V(r) =

1
o 3
V(q)__< +vo>(2n)8 @)+ (2m) zm
s(q)
_ 273 b A 16
)/0®7/( )32(2+a2) (16)
where the running coupling constant as(g) = ]22_7

1
the spin structure in the interaction kernel V(g ). In fact,
the effects from the spin and orbital angular momentum are
incorporated in the construction of wave functions, which are
discussed more detailed in the next subsection on the Salpeter
wave functions. And also in the Coulomb vector potential,
we have only kept the temporal component and omitted the
spatial components, which are suppressed by a factor of 1/c
for the heavy-light systems in the Coulomb gauge, as stated
in Ref. [51]. On the other hand, a full vector y* ® y,, inter-
action kernel would also cause the calculations to be much
more complicated. So, in a preliminary study, we only keep
the time component of the Coulomb vector potential.
Then under the instantaneous approximation, the BS equa-
tion (12) can be written as

V(g) = S(pn(gL)S(=p2). (17)

S(p1) and S(— p2) are the propagators for the quark and anti-
quark, respectively, and they can be decomposed as

. Itis clear to see that here we did not include

inf Ay

S(+p1) = qp+a1M w]+ie + gp+oiM+w)—ie’
ing iy
S(—p2) = qp_azMz-f-wz—ie + qp+ot2M2—w2+ie’ (18)
h = Im?2—q¢% (i =1,2). AT i =1,2
where w; = \/m; —q7 (i =1,2). A7 (q1) (i = 1,2)are

the projection operators, which have the following forms:

P

O E DT om; + qp} (19)

n 1
A; (q)_zw,[

It can easily be checked that the projection operators satisfy
the following relations:

A+(6u) +A; (L) = 5
A?E(cm%z\f(ql) = A (qu),
A?E(cm%AT(ql) =0. (20)

Since the BS kernel is assumed to be instantaneous, we
can perform a contour integration over ¢gp on both sides of

Eq. (17), then we obtain the Salpeter equation:

AT (qLn(q)AS (q1)
(M — w1 — w2)
Ay (gn(qi)N; (q1)
Mt orto)

w(gL) =

21

To make a further simplification, we introduce four new wave
functions (,ojEjE (g1) with the definitions
++ + P P oy
¢ (qL) = A (L) re(an) 4 A (L), (22)
where ¢ is then called the positive Salpeter wave function,
while ¢~ is called the negative Salpeter wave function.
Then with the help of Eq. (20), the Salpeter equation (21)

can be further expressed as the following four coupled equa-
tions [40]:

9 (q)=¢ t(q) =0, (23)
(M — o1 — o9 (1) = +AT (g )n(g)AT (qL),

(24)
(M + o) +w)e” (g1) = —A (quIn(gL)A; (qu).

(25)

From the above equations, we can see that in the weak bind-
ing condition, namely, M ~ (w1 +w2), ¢~ ~ is much smaller
compared with ¢ and can be ignored in the calculations.
However, these four equations play equivalent roles in solv-
ing the eigenstate problem. The normalization condition for
the Salpeter wave function reads

dqy [—++£ T R S
@n)3 M M u?® u

} —om.
26)

According to Mandelstam formalism [52], the transition
matrix element (D™ (Py)|ST,,q| D (P)) can be expressed as

(DY (P))|5T"q| D} (P))

d3c7 = l" 47
~ D r“f, 27
) [ (lq |) (g D } (27)
where @ T is defined as y ((p’++) y?, and go’++ 1s the

pos1t1ve Salpeter wave function of the final state qg' =

q— — + P1 m'; and m, are the constituent quark and anti-
1

quark masses in the final charmed meson (see Fig. 1). To

achieve a final result, we still need to know the specific form

of the corresponding Salpeter wave functions.
2.3 Relativistic Salpeter wave function
The Salpeter wave functions involved in these calculations

include the 0, 1~ and 17 states, which correspond to the
1Sy, 381 D)) and P (3P)) states within the non-relativistic

@ Springer
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models. The Salpeter wave function of 0~ state can be found
in Ref. [53]. Here we only give the 1~ state Salpeter wave
function. The 351 and 3D; states share the same spin—parity

JP = 17. We rewrite the Salpeter wave function for the 1~
states [48] thus:
e(17)
L 53 P P
q <f+f2—+f3qj‘ g )
Mg
€uPqi§
+1M—_) 13
Miq |
N [N P 5
X\ fs—=+ for= +f7—+f8>3/, (28)
< Miq | 9| M

where f; i = 1,2,...,8) are the radial wave functions;
€upqie = €uvap P g EP and €0 is the totally antisym-
metric Levi-Civita tensor; & denotes the polarization vec-

tor for initial state and fulfills P - & = 0, Y. &&" =
PIT/II;” — guv- By using the Salpeter equations (23), we obtain
the following four constraint conditions:

g |(@1 + 2) g |(w1 — )
h=———""f fi=—J,

miwy + mowi miwy + moywi

g |(w1 — w2) g |(@1 + 2)
=" f, fR=—Ff6, (29)

miwr + mowi miwr + mowi
which leave us with four independent wave functions

f3, fa, fs and fg, only depending on |g | directly. w; is

defined as , / ml2 +g2(@ =1,2).Itcanbe easily checked that,
with the above Salpeter wave function, every item in Eq. (28)
has the same quantum number, J P — 1—, which is directly
related to the quantum number >5*1L ; of the bound states
and contain the 3$; and 'D; information naturally. Hence the
information from the spin structures is incorporated in the
spatial parts of the Salpeter wave function. Notice that this
wave function form and constraint conditions for 1~ state
are not exactly the same as in Ref. [48]; however, it can be
proved that the two forms are totally equivalent.

According to the definitions of Eq.(22), the positive
Salpeter wave function ¢ for 1~ state is then expressed as

Ptr(IT) = qg'f <A1 +A2A]: + As l’% + A ;%l)

+i%yﬂ (A + AGM + m% + Ag ﬁ‘f;l) "
(30)

And the corresponding coefficients A; are

A= (Vglqa();ujrjn(;i)l)A% As = m%iua;lj_n?zzcll A7,

A= GridmenAs As= RSN As.

A3=%(f3+%f4>, A7=%<f6_%f5),

Ay=13 (f4 + 2 fz) Ag =4 (fs — fé)

€1y

@ Springer

The negative Salpeter wave function ¢~ can be obtained
similarly or by 9™~ = ¢ — ¢ T. Then inserting the expres-
sions of ¢ and ¢~ into the coupled Salpeter equations
(24) and (25), we obtain the radial eigenvalue equations,
which can be solved numerically. The normalization con-
dition for the 1~ state Salpeter wave functions now becomes

/ d3g 8wiwy
(27)3 3M (m1wy + mawy)

The interested reader can find a more detailed procedure for
solving the full Salpeter equations in our previous work [46,
53-55].

By solving the Salpeter equations, finally we obtain these
eight radial wave functions numerically, which are showed
in Fig. 2. Figure 2a shows the eight radial wave functions
of the first radial excited state, and Fig. 2b shows the radial
wave functions of the second radial excited state. From the
two diagrams, also considering that in Eq. (28), the direction
of momentum ¢ , has a contribution to the S or D wave
[56], we can conclude that both the first and the second radial
excited states have S and D wave components, while the first
radial excited state is 235| predominant and the second radial
excited state is a 13D; dominant state, as has been stated in
Ref. [57].

Since the decay final states include the 11 meson, we show
our treatment of their wave functions. Generally, the bound
state mesons consisting of unequal masses of quark and anti-
quark do not have a definite charge conjugation parity. So the
physical 17 states D; and D] can be considered as admix-
tures of 11+ (3P;) and 17~ (1P)) states. Here we will follow
the mixing conventions in Refs. [58,59], where the mixing
form for the 17 states is defined by the mixing angle o p:

|:|D1)] B |: cos o p sinalpi| |:|1+_)i| (33)
|Di) - —SinOllP cosayp |l++) ’

The heavy quark effective theory predicts that, in the limit
mo — oo, the mixing angle for 17 states are expressed as
aip = arctan ,/1/2 = 35.3°. This result will be used in the
strong decay calculations when DY) mesons are involved in
the final states. The Salpeter wave functions for the 17~ and
11+ states can be found in Ref. [60].

Having these numerical Salpeter wave functions, we can
calculate the three-dimensional integral of the transition
matrix element (D™ (Py)|5T*q|D*(P)) in Eq.(27). The
detailed information on performing this integral can be found
in our previous work [43,47].

(fsfa=2ff)=1. (32

3 Numerical results and discussions

First we specify the corresponding parameters used in this
work. The decay constants we used are f, = 130.4MeV,
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(a) BS radial wave functions for the first radial excited
state of D};.

Fig. 2 BS wave function for 1~ radial excited states of D}, mesons

fxk = 156MeV [7], fys = 1.26 f7 and f;;, = 1.07 f. The
mixing angle 6 between n—n’ we choose is 6, = 19° with the
mixing convention in Eq. (9). The other involved parameters
are from PDG data [7] unless otherwise specified. The con-
stituent quark masses and other parameters to characterize
the model are

) =0.210 GeV?
mg = 0.311 GeV,
my = 4.960 GeV,

a=e=2.7183, o =0.060GeV,
Aqcp = 0.270 GeV, m,=0.305 GeV,
mg = 0.500 GeV, m.=1.620 GeV,

which are determined by fitting the mass spectra to the avail-
able experimental data [26,61-66]. This set of parameters has
been widely used since 2010 in the strong decays of heavy
mesons [42—44], semi-leptonic and non-leptonic decays [45—
471, and annihilation rates [50] etc. Good performance and
consistence with experiments are achieved.

The free parameter Vj is fixed by fitting the mass eigen-
value to the experimental value. We get Vj is 0.14 GeV
for 1~ charm-strange mesons, while Vj ranges in —(0.10-
0.54) GeV when taking D*(2600), D*(2650), D} (2680) or
D*(2760); as the 23S state cii.

3.1 17 charm-strange mesons

D},(2700) and D7, (2860) share the spin—parity J P—1-
determined by experiments. In the first place, we take them
as the pure first and second radial excited states, which are
dominant by 23S; and 13D, respectively. So in this work we
still label the first radial excited state as 23S| and the second
excited state by 13D;. The calculated main strong decays
properties are listed in Table 2.

From Table 2 we can see that, for D;‘l (2700), neither
the 23S; nor the 13D; assignment can produce the exper-

Y
o

BS wave function GeV™!
[o]

Lo

2.5
q GeV

(b) BS radial wave functions for the second radial excited
state of D};.

Table 2 Decay widths of D} (2710) and D}, (2860) as the 235) and
1°D| dominant c5 states in MeV

Mode 2 3S1 13D1
D} (2700) D’ (2860) DX (2700)  D¥ (2860)

Dkt 275 50.0 6.4 13.0
DOK+ 17.8 20.8 28.1 38.4
D*tK? 266 49.8 6.1 12.7
DtKO 17.8 213 7.5 38.4
DIty 0.9 7.6 0.1 1.3
Dip 2.8 6.0 3.1 7.2
Total 93.4 155.5 51.3 111
B(D*K)

BOK} 1.52 2.37 0.35 0.33

imental ratio RK[D;“1 (2700)] = 0.91, though the 235, and
13D assignments to D},(2700) and D}, (2860), respectively,
are roughly consistent with the experimental measurements.
Also notice that the total width is only the half of experi-
mental value when taking D}, (2700) as the 1°D; state. So
these assignments cannot produce experimental data. One
also notes that the predicted total decay widths in this paper
are larger than our previous calculation [38]; the reason is that
we have chosen different Djl (2700) mass as input, besides
the difference of phase space, and the node structure of the 25
state also has a sensitive effect due to the variance of phase
space.

Then we introduce the further 235 1—13D1 mixing scheme
in the 1~ charm-strange system. The mixing form we used
is defined by

|D?,) cosfs sinbs | [1238))
* = . 3 ) (34)
D) —sinbg cosbs | | |1°Dy)

@ Springer
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and the mixing states D}, and D7, correspond to D}, (2700)
and D}, (2860), respectively. To get the experimental branch-
ing ratio R [ D}, (2700)] = 0.91;8:12, we obtain the mixing
angle 6 = (8.73:3)". Also the relations between original
masses and physical masses are determined by the following

equation [45,67]:

2
mig | [ s27 | ™Dz, 2100 35
m2, |~ |s2 || m? ’ (35)
1D D}, (2860)
where ¢ = cosfs and s = sinfs. We achieve mos =

2.714:0):88% andmip = 2.85718:883 GeV, respectively. The
errors in experimental ratio R K[D;k] (2700)] are combined
in quadrature for simplicity. The uncertainties in our mixing
angle 6 and other obtained results are induced by varying
the experimental ratio Rg [ D}, (2700)] in the 1o range.

The decay properties with 25—1D mixing are listed in
Table 3. The total width for D7, (2700) is about 100.8 MeV,
which agrees well with the experimental measurement I’ =
117 & 13MeV [7]. Our results are also consistent with that
in Ref. [23], where the mixing angle is about 6.8°-11.2°
and the calculated F[D;"1 (2700)] is about 100MeV. With
the obtained mixing angle, the total width for D}, (2860)
we obtain is 108.8 MeV, which is also comparable with the
LHCb result I'[ D} (2860)] = 159 4+ 80.3MeV, but less than
the result ~300MeV in Ref. [23]. Furthermore, the predicted
ratio Rg [ D7, (2860)] = 0.62, which is also consistent with
the result 0.6-0.8 in Refs. [17,23,24] and could be used to test
this 235;—13D; mixing scheme in the future measurements.
The comparisons of our results with other predictions can be
found in Table 4.

If we do not restrict the mass of the 23S state to be less
than that of the 13D state, we can obtain another large mixing
angle, 6, >~ —77°, which could also reproduce the experi-
ment ratio R [D};(2710)] = 0.91. With this mixing angle,

we find that the masses before mixing are mos = 2.852f8:883

Table 3 Decay widths in MeV for D}, (2700) and D}, (2860) under the
further 23§1—13D; mixing. The mixing angle 6; is in units of degrees

0 8.7739 —(76.9779)

Mode DX (2700)  D¥(2860)  DXF(2700)  D*(2860)
DK+ 23371 19.6%3°2 149713 36.1137
DOkt 252133 312739 16.2719 32718
DK 225717 19.3%32 143713 36.1759
DTK® 252133 311398 15918 333718
Difn 0830 21703 0475 57163
Dfn 38703 5.5206 16503 86303
Total 1008730 1088755  63.370% 152378
SO oo gl 0e9B 09l 10oth;

@ Springer

and mip = 2.718;8:88% GeV, respectively. The strong
decay properties are also listed in Table 3. In such a case,
F[D;k] (2700)] is ~63 MeV, which is about the half of the
experimental value; the total width for its orthogonal partner
D7, (2860) is about 150MeV; the ratio Rx[D},(2860)] is
1.09. References [19-21] also obtained a large mixing angle
—(57-77)°. We notice that in Ref. [18] a large mixing angle
is also obtained, although in the latter work [22] the authors
denied this possibility.

As a short summary, based on our results of the strong
decays, we find that the 238,-13D; mixing scheme with a
small mixing angle 6; 2~ 8.7° can well describe the observed
D7,(2700) and D7, (2860). The weak mixing between 235,
and 13D charm—strange mesons is also favored by Refs.
[15,22-24].

3.2 17 charm mesons

As just stated in the introduction, there are four potential
17 resonances observed in the experiments recently, namely,
D*(2600) [3], D*(2650) [5], D}(2680) [10] and D7} (2760)
[9]. The discrepancies among these current experimental data
make the classifications more complicated than that for the
corresponding charm—strange mesons. LHCb reported two
1~ states charm mesons, D} (2760) [9] and D7} (2680) [10].
The two resonances have the spin—parity J© = 1. The
detected total widths are almost the same, while the mass dif-
ferences are ~100 MeV. Besides the two spin—parity deter-
mined 17 states cu, there are still two natural parity charm
mesons D*(2600) [3] and D*(2650) [5], whose masses are
located in the mass region of the 23] state cii predicted by
the GI model [11,12]. However, the measured total widths
of D*(2600) and D*(2650) are inconsistent by ~50MeV.
Above all, we calculate the strong decay properties by
taking all these four resonances as the 235, or 13D, state
cu. The obtained results are listed in Table 5. We can see
that, when taking D*(2600) as the 239 | state, both the total
widths and ratio Rp+[D*(2600)] are comparable with the
BaBar measurements, 93MeV and 0.32 [3]. For the other
three resonances, only the total widths can be used to com-
pare with experiments. From the calculated total widths, we
can only make rough judgments, both the 235, and 1°D;
assignments seem reasonable for D*(2650) and D7} (2680),
while also considering the mass predictions [11,12] they are
more likely to be the 23S; states. Taking D7 (2760) as the
13D1 state cu gives the width ~290MeV, which is about
100MeV larger than the LHCb measurement ~180 MeV [9].
We also find that the decay channel Dfrn’ becomes quite

important in the decay of the 1°D 1 state, hence we define the
r(Dfn)

C(D*Fr)"
assignments of 23¢ 1 or 13D1. All in all, for the identification

ratio R pr = This ratio is quite sensitive to the
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Table 4 Comparisons with

other references when taking Mode Exp. This Ref. [21] Ref. [23] Ref. [24]
* *

D3, (2700) and D, (2860) as 0, - 8.7439 —(61-77) 6.8-11.2 —(4-16)

the mixtures of 2°S;—1°D; cs. "y

Decay width T is in units of ' px 2700) 117+ 13 100.823 180-198 ~100 ~(210-220)

MeV and the mixing angle s is Ry [D*(2700)] 0.91+0.18 0917018 1.16-0.66 ~091 ~(1.35-0.69)

in units of degrees “1
T'p, 2s60) 159 = 80 108.84'4 40-70 ~300 ~(120-150)
Rk [D},(2860)] - 0.62701 0.04-2.71 0.6-0.8 0.31-1.16

Table 5 Decay properties of D*(2600), D*(2650), Dj(2680) and D7} (2760) as the 238 or 1°D; dominant cii states in unit of MeV

Mode 235, 13D,
D*(2600) D*(2650) D7 (2680) D*(2760) D*(2600) D*(2650) D*(2680) D*(2760)

D*070 12.6 15.3 17.4 25.5 2.9 3.6 4.2 5.8
DO 6.7 7.4 7.9 8.6 13.6 15.7 17.3 232
D= 24.8 30.3 34.6 51.0 55 7.0 8.2 11.3
Dtrn~ 13.5 15.0 16.0 17.5 26.6 30.8 34.0 46.1
Dt K~ 0.1 2.1 4.8 20.0 0 0.2 0.6 22
DFK~ 5.4 7.9 10.0 16.6 5.5 8.4 10.9 22.1
D*y 1.6 3.6 52 11.5 0.3 0.7 1.0 22
D% 3.7 45 5.0 5.9 53 6.8 7.9 12.0
D70 0.1 0.4 0.8 4.4 13.0 22.6 30.5 55.5
Din— 0.1 0.6 1.4 8.3 23.6 42.9 58.6 109.1
D70 0.7 0.6 0.3 0.7 0 0.002 0.005 0.04
Dt 1.4 1.2 0.7 12 0 0.004 0.008 0.07
Total 70.7 88.9 104.1 171.2 96.3 138.7 173.2 289.6
% 0.54 0.50 0.46 0.34 4.84 4.40 4.15 4.08
% 0.004 0.02 0.04 0.16 43 6.1 3.7 9.7

of these excited 1~ resonances, the consistent measurements
from experiments are necessary and pivotal.

D*(2600) seems consistent with the 235, assignment,
while the predicted ratio % = 0.54 is a little larger
than the BaBar measurement of 0.32 [3]. This small discrep-
ancy between theoretical and experimental results is a hint
that there exists a small mixing between the 23§; and 1°D;
states. The physical quantity Rp+[D*(2600)] can behave
as a good restriction to the mixing angle, just as in the 1~
charm-strange systems. Then again we introduce the 23§;—
13D mixing scheme as

ID)] [ cosy sind,[1235))
|Df)| ™ | —sin6y, cosby | [ 11°Dy) |
At first, we take D*(2600) as the 1~ state cu domi-
nant by 235, components, while D*(2650) as the orthog-
onal partner of D*(2600). To fix the ratio Rp+[D*(2600)]

at BaBar’s measurement 0.32;&83 [3], we obtain the mixing

(36)

angle 6, = —(7.5J_r§:(3))°. The theoretical uncertainties are
induced by varying the experimental ratio Rp+[D*(2600)]

in the 1o range of its central value. Our results reveal that
the mixing angle 6, is not sensitive to the mass of D;. When
m py ranges from 2.65 to 2.78 GeV, the variation of the mix-
ing angle is about 0.1°. So we will ignore this tiny difference
in the following statements. The partial decay widths are
listed in Table 6, where D*(2650), D*(2680) or D} (2760)
is taken as the orthogonal partner of D*(2600). The depen-
dence of I' D} and ratio Rp+(Dj;) over the mass of D can
be seen in Fig. 3, where we let mpy range from 2.65 to
2.78 GeV.Itcanbe seen clearly in Fig. 3a that the correspond-
ing I'px increases from about 140-290MeV. The predicted
ratio Rp+[Djy] decreases from 9.4 to 6.8, which is displayed
in Fig. 3b. The calculated total width I' p«(2600) = 66 MeV
is comparable with BaBar’s measurement 93 MeV [3], while
L p; is located in the range 142-291MeV when m p varies
from 2.65 to 2.78 GeV.

Certainly, several other mixing schemes and correspond-
ing assignments are still possible, however, there is no exper-
imental ratio like Rp+[D*(2600)] for D*(2650), D} (2680)
or D} (2760) to restrict the mixing angle. In Table 7, the
decay properties are displayed when taking D*(2650) as the

@ Springer



297 Page 10 of 13

Eur. Phys. J. C (2017) 77:297

Table 6 The strong decay properties with the further 23§;-13D; mix-
ing scheme, where D*(2600) is taken as the D} state and D*(2650),
D7} (2680) or D} (2760) is taken as the Dj state. The unit for decay
width is in MeV. The obtained mixing angle 6, = 7(7.5f3‘:2)° when
the ratio R p+[D*(2600)] ranges in lo

Mode m[D}] m[D}]
2610 2650 2680 2780

D*0r 14058 20507 24703 37509
DOx0 44710 18.171] 19.7419 253108

— +0.2 —-1.3 —-1.5 —-1.9
D" 27.6175 3.8,0% 4705 7.3117
Dtn~ 8.857 356132 38.8%22 50.4717

- 0 —0.1 —0.2 —0.4
DIt K 0.1%, 0.1 0.3707 L1705
DrK- a0l 0309 B3tE 256l
D% L850 03y 05ig 12503
D% 26303 8.1703 9.4104 13.6703
DYr® 0.4704 22.1.9% 297,91 548704
Dfn~ 0.7%907 419702 57203 107517
pPxt07R 0o 0ovhE 00ufd
Difm=  13gh  00s%g 00s%Gr 0.0750
T Total 664717 1424197 1761702 290.6,22
(Dt r”) —0.09 +5.8 +4.6 127
F(D*igr*) 0321000 9455 83553 6.9775

|D}) state with varying m D} from 2.68 to 2.78 GeV, where
we still assume the ratio Rp+[D*(2650)] = 0.32 £ 0.09
for D*(2650). In this case, we find the mixing angle 6, =
—(6.11“3‘:2)", I'p+es0) = 85.1MeV and FD; ranges in
176-292MeV when m pr varies from 2.68 to 2.78 GeV.
Of course, we can still take D} (2680) as the |D}) state
and DY (2760) as the | Dj) state. The results should behave

280 %

I GeV

260

240

220 ”

200} /

- v
180 /

160
u /
140 ./

276 278
Mass GeV

2.66 2.68 2.7 272 274

(a) Total width T'p; versus the mass.

similarly to the above tests, the mixing angle will even be
smaller, and the corresponding properties will behave almost
the same as under the assignments without this further mix-
ing.

The comparisons of our results with others can be found in
Table 8, where we have also listed the properties of D} (2760)
when taking it as the | Dj) state in order to make a compar-
ison. From Table 8, we can see that both our small mixing
angle and I'px(2600) are consistent with other predictions,
except for the total width in Ref. [24], which is about 3
times larger than ours. Also it should be noticed that the ratio
Rp+ (DZ) is sensitive to the variation of the mixing angle 6,.

Based on our calculations and current experimental
results, it is still difficult to make definite assignments to
the observed D*(2600), D*(2650), D} (2680) or D} (2760).
For these excited 1~ charm states, D™ 7 channels are the
important decay modes for both 2351 and 13Dy assignments,
and they can amount to (60-80) and (30-50)% of the total
widths, respectively. Besides, we can still make the following
summary:

1. Decay channels D7 become very important for 13D,
state cu and can amount to about 50% among the total
width, while these decay modes can be ignored in the
238, state. This feature can be used to determined the
essence of these 1~ charm resonances.

2. The properties of D*(2600) reveal that it is predomi-
nant by the 235 component. The BaBar measured ratio
% [3] can be explained by a small 235,-13D;
mixing. Our obtained mixing is about —7.5°. This result
is consistent with that for the 1~ states D;‘l (2700) and
D7,(2860), where we got a mixing angle 65 = 8.7°.

9.5

N\

8.5

Ratio

e

e

/

s N
: .

2.66 2.68 27 2.72 274

D‘./"
276 278
Mass GeV

(b) Rp+(Dj) versus the mass.

Fig. 3 The variation of I' D} and the change of the ratio R+ (D)) along with the mass of Dj;, where D}, is the state dominant by the 13D component

'(Dj—DVn™)

and Rp+(Dp) = ripesperay
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Table7 The strong decay properties with the further 23§;~13D mixing
scheme, where D*(2650) is taken as the D} state and the mass of D}
is taken as 2.68, 2.73 and 2.78 GeV, respectively. We assume that the

ratio % = 0.32 £ 0.09, as for D*(2600). Our obtained mixing

angle 6, = —(6. lfgf‘))". The unit for the decay width is MeV

Mode m[D}] m[D}]
2650 2680 2730 2780

D0x 167505 26505 3400 3950
DOx" 52713 19.57}3 22112 253111

— +1.6 -1.7 -2.0 —2.1
D*Fa 33514 SR 6.6, 19 LAY
D¥n~ 10.6,37 38.412¢ 44133 50.3%23

- +0.03 —-0.2 —-0.3 —-0.5
DiTK 22500 03101 07503 1.2005
DK~ 6.21 1314 18.61] 254112
D% 39%, 063 1T 14703
D% 33,07 9.210% 11.3798 13.5758

0.0 +0.5 -0.7 -0.9 -1.0

Din 0.8%03 29.9 04 43504 35404
Dfn~ 14152 57.6353 83.7:0% 107.9,59
DPx° 0.6,0.0" 0017902 0.02700"  0.0470%
Difa 1270 0038 004l 006l
T Total 851719 1762119 2346707 2917707
r(tzx-) —0.09 +4.56 +3.28 +2.89
F(D**j:-r*) 0.321 .09 7535579 6.677776 6.53775,

3. Themass of D} (2760) is consistent with the prediction of
the 13D, state cit [11,12]. If we take this assignment, the
measured total width seems too small (the LHCb result
[9] is about 100 MeV smaller than the theoretical calcu-
lation). This conclusion is also favored by the research in
Refs. [12,21,24,27,33].

4. D*(2650) is more likely to be the 23§ predominant state.
There is no great conflict in the total widths of the 23]
and 1°D 1 assignments, while its mass is more consistent
with the 23S state. The ratio % behaves quite
differently for the two assignments, which is 0.5 for the
23§ assignment and 4.4 for the 13Dy assignment. Hence
this ratio can be used to test the essence of D*(2650).

5. For D} (2680), the situation is similar to D*(2650). There
exists no great conflict in the total widths between the

23S; and 13D assignments compared with experimental
measurements. The ratios % are 0.46 and 4.15 for
the 2351 and 1°D; assignments, respectively; therefore
they can be used to discern the essence of D} (2680).

4 Summary

In this work, we carried out a systematical research on
the potential 1~ open charm mesons, including the charm—
strange mesons D}, (2700) and D}, (2860), charm mesons
D*(2600), D*(2650), D} (2680) and D} (2760). The main
strong decay properties by taking these natural spin—parity
resonances as the 235 or 13Dy states are obtained by using
the Bethe—Salpeter method. In particularly, the further 25—
1D mixing scheme is used to explain both the 1~ charm
and charm-strange mesons. The obtained results and pre-
dicted properties can be tested in the near future experi-
ments.

Our results reveal that D7, (2700) and D}, (2860) can be
well described by the further 235,-1°D, mixing scheme with
a small mixing angle (8.71‘%:3)". Both the total widths and
the ratio of the corresponding partial decay widths are con-
sistent with the experimental measurements. Our predicted
ratio %*KK)) for D7, (2860) is 0.62“:8:%%, which could be
used to test this 25—1 D mixing scheme in the future. For the
corresponding charm mesons, since the experimental mea-
surements are not consistent with each other, the identifica-
tion and assignments are much more difficult. Based on our
results, the BaBar result for D*(2600) [3] can be explained by
the same mixing scheme with a mixing angle of —(7.51“31:(3))".
D*(2650) [5] and DT(2680) [10] are more likely 238, pre-
dominant states, since their masses are consistent with the
239 1 predictions, while our calculated total widths are both
comparable with the experimental measurements under the
238, or 1°Dy assignments. Our results also show that the mea-
sured width of D} (2760) is much smaller than the theoretical
calculations under the 13D; assignment. This would be an
obstacle to identifying D} (2760) as the 1°D; predominant
cu. There still exist puzzles and difficulties in the identifica-
tions of these new excited charmed mesons. Further precise

Table 8 Comparison with other references when taking D*(2600) as the mixture of 238,-1°D; cit. I'poq is in units of MeV and the mixing angle

6, is in units of degree

D*(2600) Exp. This Ref. [21] Ref. [27] Ref. [24] Ref. [33]
O - (75739 —(21-23) —(36 £ 6) 4-17) (—3.6-1.8)
T b (2600) 93+ 14.3 66.4,73 74-80 75-115 205-195 ~60
Rp+[D*(2600)] 0.32 £ 0.09 0.322009 0.38-0.43 0.63+0.21 ~(0.25-0.53) ~0.32
Tosceo) 177 + 38.4 290.6,22 280-310 300-550 ~290 385
Rp+[D}(2760)] - 6.9%37 1.25-2.25 - (2.62-28.86) 22
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measurements of their properties are needed and are impor-
tant.
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