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YU Guo-Liang( T-HZ)%)  WANG Zhi-Gang( &MY LI Zhen-Yu(ZH#5%)? MENG Gao-Qing (5 miK)*

1 Department of Mathematics and Physics, North China Electric Power University, Baoding 071003, China
2 School of Physics and Electronic Science, Guizhou Normal College, Guiyang 550018, China

Abstract: In this work, we tentatively assign the charmed mesons Dj(2580), D3(2650), Ds(2740), D3(2760),
D;(3000) and D3(3000) observed by the LHCb collaboration according to their spin, parity and masses, then sys-
tematically study their strong decays to ground state charmed mesons plus pseudoscalar mesons with the 3Py decay

model. Based on these studies, we assign the D3(2760) as the 1Dg37 state, the D7(3000) as the 1Fg2+ or 1F;4+

7 1 . .
state, the D3(3000) as the 1F§3Jr or 2P§1Jr state in the D meson family. As a byproduct, we also study the strong

decays of the states 2P%0+7 QPgTr7 35’%177 35%07 etc, which will be valuable in searching for the partners of these

D mesons.
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1 Introduction

In 2013, the LHCDb collaboration announced several
Dj; resonances by studying the D*7t—, D°tt and D**7~
invariant mass spectra, which were obtained from pp col-
lisions at a center-of-mass energy of 7 TeV [1]. The LHCb
collaboration observed two natural parity resonances,
D3(2650)° and D3(2760)°, and two unnatural parity res-
onances, D;(2580)° and D;(2740)°, in the D**7t~ mass
spectrum, and tentatively identified D;(2580) as the
2S5 0~ state, D%(2650) as the 25 1~ state, D;(2740)
as the 1D 2~ state, D3%(2760) as the 1D 1~ state.

DOI: 10.1088/1674-1137/39/6/063101

The D3(2760)° resonance observed in the D**n~ and
DT~ decay modes has consistent parameters, and its
charged partner D%(2760)" was observed in the D°7t* fi-
nal state [1]. Furthermore, the LHCb collaboration also
observed one unnatural parity resonance D;(3000)° in
the D**7t~ final state, and two resonances D3(3000)°
and D3(3000)" in the D¥m~ and D°7™ mass spectra,
respectively [1]. The relevant parameters are presented
in Table 1.

In 2010, the BaBar collaboration observed four ex-
cited charmed mesons D(2550), D(2600), D(2750) and
D(2760) in the decays D°(2550)—D**7—, D°(2600)—

Table 1. Experimental results from the LHCDb collaboration, where the N and U denote the natural and unnatural

parity, respectively.

mass/MeV

D*(2650)° (N)
D%(2760)° (N)
D;(2580)° (U)
D;(2740)° (U)
D;(3000)° (U)
D3(2760)° (N)
D*(3000)°
D}(2760)* (N)
D*%(3000)t (N)

2649.2+3.5+3.5
2761.145.14+6.5
2579.5+3.445.5
2737.0+3.54+11.2
2971.8+8.7
2760.1+1.1+3.7
3008.1£4.0
2771.7+1.74+3.8
3008.1 (fixed)

width/MeV decay channel significance
140.24+17.1+18.6 D*ta— 24.50
74.443.4437.0 D*tn— 10.20
177.5+17.8446.0 D*tm— 18.8¢
73.2413.4425.0 D*ta— 7.20
188.1444.8 D*tm— 9.00
74.443.4419.1 D+m— 17.30
110.5+11.5 Dtn— 21.20
66.7+£6.6+£10.5 DOt 18.8¢
110.5 (fixed) DOt 6.60
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Table 2.
ones observed by the LHCb collaboration.

Experimental results from the BaBar collaboration. The particles in brackets are the possible corresponding

mass/MeV width/MeV decay channel
D0(2550) [D3(2580)°] 2539.444.546.8 130+£12+13 D*tmr—
DO(2600) [D%(2650)°] 2608.742.442.5 9346413 Dtn—, D*tm-
DO(2750) [D;(2740)°] 2752.441.742.7 7146411 D*tn—
DO(2760) [D%(2760)°] 2763.342.342.3 60.945.1+£3.6 Dt~
D (2600) 2621.343.7+4.2 93 DOt
D" (2760) [D%(2760) "] 2769.74+3.841.5 60.9 DOt

D*tm~, Dtn~, D°(2750) — D**mt—, D°(2760) — DV,
D*(2600) — D™ and D*(2760) — D%mt™ respectively
in the inclusive ete™ — ¢C interactions [2]. The BaBar
collaboration also analyzed the helicity distributions to
determine the spin-parity, and tentatively identified the
(D(2550), D(2600)) as the 25 doublet (0, 17) and the
D(2750) and D(2760) as the D-wave states. The rele-
vant parameters are presented in Table 2, where we also
present the possible correspondences among the parti-
cles observed by the LHCb and BaBar collaborations.
Physicists have also studied the decay behaviors of these
charmed mesons using the heavy meson effective the-
ory [3], constituent quark model [4] and the Eichten-
Hill-Quigg formula [5].

Heavy meson effective theory is a powerful tool in
studying the properties of hadrons with a single heavy
quark. With this method, P. Colangelo et al. proposed
a classification of many observed c¢q and bg mesons in
doublets [6]. In Ref. [7], we study the strong decays
of the charmed mesons D;(2580), D3%(2650), D;(2740),
D%(2760), D;(3000) and D%(3000) with the heavy me-
son effective theory in the leading order approximation.
The ratios of decay widths of different channels were cal-
culated, but the exact values of the decay widths were
not given, which constitutes the first motivation of this
study. The quark pair creation (QPC) model, which is
also known as the P, decay model, is another effective
method to study the strong decays of mesons. It was
originally introduced by L. Micu [8] and further devel-
oped by A. Le Yaouanc et al. [9]. This model has been
widely used to evaluate the strong decays of hadrons [10-
21], since it gives a good description of many observed
decay amplitudes and partial widths of the hadrons. Y.
Sun et al. [22] studied the strong decays of the D;(3000)
and D3(3000) with the 3P, decay model, and identi-
fied D;(3000) as the 2P(1") state and D%(3000) as the
23 P, state. However, D;(2580), D3(2650), D;(2740) and
D%(2760), which were also observed by the LHCb Collab-
oration, were not analyzed in their studies. This is the
second motivation of our work. Besides, they chose the
simple harmonic oscillator (SHO) wave functions with
the effective oscillator parameter R as the meson’s ra-
dial wave functions. From Ref. [14], we can see that
there are two types of SHO wave function: those with a

common oscillator parameter R and those with an effec-
tive oscillator parameter R. According to a series of least
squares fits of the model predictions to the decay widths
of 28 of the best known meson decays, it seems that the
SHO wave functions with a common R can lead to bet-
ter results [14]. Thus, in order to identify the D;(2580),
D3(2650), D;(2740), D3(2760), D;(3000) and D3(3000),
it is necessary and interesting to systematically study the
strong decays of these charmed mesons by the *P, decay
model with the common oscillator parameter R.

In the heavy quark limit, the heavy-light mesons Qq
can be classified in doublets according to the total angu-
lar momentum of the light antiquark §), :§]=§’a—|—ﬁ7 where
the 57 and L are the spin and orbital angular momentum
of the light antiquark, respectively [23]. In the case of
the radial quantum number n =1, the doublet (P, P*)
has spin-parity Jslf:(()*,l*)% for L=0; the two doublets
(P5, P1) and (Py, P3) have spin-parity J;" = (0,1%)s
and (1*,2*)% respectively for L =1; the two doublets
(P}, P2) and (Ps, P;) have spin-parity J; = (17,27)s
and (27,37) 5 respectively for L=2 and the two doublets
(P3, P3) and (P3, Pj) have spin-parity J; = (2*,3%)s
and (3%,4%) 1 respectively for L =3, where the super-
script P denotes the parity. The n=2, 3, 4, --- states are
clarified by analogous doublets, for example, for n =2,
the doublet (P’, P*') has spin-parity Jy=(07,17), for
L=0.

The D;(2580)°, D;(2740)° and D;(3000)° resonances
have unnatural parity, and their possible spin-parity
assignments are J© = 0, 1*, 2=, 3*, .... The
D3(2650)° and D% (2760)° and D3(3000) resonances have
natural parity, and their possible spin-parity assign-
ments are JP= 0, 1=, 2¥, 37, ... The six low-
lying states, D, D*, D(2400), D;(2430), D,(2420) and
D,(2460) have been established [24]. The newly ob-
served charmed mesons D;(2580), D3(2650), D;(2740),
D3(2760), D;(3000), D3(3000) can be tentatively identi-
fied as the missing states in the D meson family.

The mass is a fundamental parameter in describing
a hadron. In Table 3, we present the predictions from
some theoretical models, such as the relativized quark
model based on a universal one-gluon exchange plus lin-
ear confinement potential (marked ‘GI’ in the table) [25],
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Table 3.

The masses of the charmed mesons from different quark models compared with experimental data, and the

possible assignments of the newly observed charmed mesons. The N and U denote the natural parity and unnatural

parity, respectively. All values in units of MeV.

nLsp,JP Exp [1, 24] GI [1, 25] PE [26] EFG [27]
D 1530~ 1867 1864 1868 1871
D* 1841~ 2008 2023 2005 2010
D} 1Pot 2400 2380 2377 2406
Dy 1Pt 2427 2419 2490 2469
D; P31+ 2420 2469 2417 2426
D; 1P3at 2460 2479 2460 2460
D} 1D31- ?2760(N) 2796 2795 2788
Do 1D32- ?2740(U) 2801 2833 2850
Do 1D32- ?2740(U) 2806 2775 2806
Dj 1D33~ ?2760(N) 2806 2799 2863
D; 1F 32+ ?3000(N) 3074 3101 3090
D3 1F 33+ ?3000(U) 3074 3123 3145
D3 1F 13+ 73000(U) 3079 3074 3129
D; 1FZat ?3000(N) 3084 3091 3187
D 2510~ 72580(U) 2558 2589 2581
D* 2521~ ?2650(N) 2618 2692 2632
D} 2P0t ?3000(N) 2949 2919
D1 2Pi1t ?3000(U) 3045 3021
D1 2P21t ?3000(U) 2995 2932
D; 2P32+ ?3000(N) 3035 3012
D 3520~ ?3000(U) 3141 3062
D* 3511~ ?3000(N) 3226 3096

the relativistic quark model including the leading or-
der 1/M,, corrections (PE) [26], and the QCD-motivated
relativistic quark model based on the quasipotential
approach(EFG) [27]. We can identify the D;(2580),
D%(2650), D;(2740), D%(2760), D;(3000), D3(3000) ten-
tatively according to these masses.

In the following, we list out the possible assignments,

(D;(2580),D5(2650))=(0",1");  with n=2, L=0,
(D;(2760),D,(2740))=(17,27);  with n=1, L=2,
(D;(2740),D5(2760))=(27,37)5 with n=1, L=2,
(D;(3000),D5(3000))=(2*,3"); with n=1, L=3,
(D5(3000),D5(3000))=(3%,4%); with n=1, L=3,
(D;(3000),D5(3000))=(0%,1%), with n=2, L=1,
(D;(3000),D5(3000))=(1*,2")3 with n=2, L=1,
(D5(3000),D5(3000))=(0",17); with n=3, L=0.

The article is arranged as follows. In Section 2, a
brief review of the 3P, decay model is given (for a de-
tailed review see Refs. [9, 11, 12, 14]). In Section 3, we
study the strong decays of the charmed mesons D;(2580),

Dx(2650), D;(2740), D%(2760), D;(3000), D%(3000) with
the *P, decay model, then in Section 4, we present our
conclusions.

2 Method

2.1 The decay model

The main assumption of the 3P, decay model is that
strong decays take place via the creation of a 3P, quark-
antiquark pair from the vacuum. The newly produced
quark-antiquark pair, together with the qq in the initial
meson, regroup into two outgoing mesons in all possible
quark rearrangement combinations, which correspond to
the two Feynman diagrams as shown in Fig. 1 for the
strong decay processes A—B+C.

The transition operator T' of the decay A—B+C in
the 3P, decay model is given by

T = =393 (m1-m|0) [E5 AR Gt 7)Y

m

= o
(PP a0

where v is a dimensionless parameter representing the
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probability of the quark-antiquark pair qsq, with J7¢=
0™ being created from the vacuum, and ps and p, are
the momenta of the created quark qs and antiquark q,,
respectively. ¢3!, w3*, and x3*,  are the flavor, color,
and spin wave functions, respectively, of q;q,. The solid
harmonic polynomial Y™ (p)=|p]' Y™ (0,,9,) reflects the
momentum-space distribution of qsq,.

\ 4
\

B
4
A
3
C
< <
2
(a)
1
> <
B
4
A
3
il » C
2
(b)
Fig. 1. The two possible diagrams contributing to

A—B+C in the 3P, decay model.

MMJAMJBMJC

= vV 8EAEsEC

For the meson wave function, we adopt the mock me-
son state | A(n} A“LAJAMJA)(PA» defined by [28]

| A" LAJAMJA)(PA»

= A
= 2Ex > (LaMy, SaMs,|JaM,,)

MLAMSA

3 S\ 12 12, 12
X Jd pAU)nALAMLA (pA)XSAMSA A WA

my my =
7P + ——— P, — , (2
Ch( Tm A PA) ( T, A PA>> ()

where m; and ms, are the masses of quark q; with mo-
mentum p; and antiquark @, with momentum p,, re-
spectively, n, is the radial quantum number of the me-
son A composed of q;q, Sy = 5q1—|—sq2, Ja = LA—I—SA,
5,,(5.,) is the spin of q;(d,), L is the relative orbital

X

angular momentum between q; and q,, B, = D1+ Do,

- _m2p1_m1p2, (LaMy,, SaMs, |JaMj, ) is a Clebsch-

pa= e
Gordan coefficient, F, is the total energy of meson A,

XéiMsA’ (b};za w}‘&a and wnALAl\/ILA (ﬁA) are the Spin7 ﬂaVOI‘,
color, and space wave functions of meson A, respectively.
The S-matrix of the process A—BC is defined by

(BC|S|A)=I-2mi(Es—Es—Ec)(BC|T|A), (3)
with
(BO|T|A)y=8%(Py—Py—Po) MMiaMisMic | (4)

where MMiaMigMic i the helicity amplitude of A—BC.
In the center of mass frame of meson A, M™iaMipMic
can be written as

>

<LAMLASAMSA | JAMJA>

My, Mg,
My Mg,
My, Mg ,m

X(LgMy, S Msy | Js My, )(Le My ScMsg | JeM;,,)

x (Im1-m|00) <Xé?3MsB ngcMsC |XéiMsA X5t

x |(0h0 |65

(1) IS (gl g2

where the two terms in the bracket [ | correspond to the
two possible diagrams in Fig. 1(a) and 1(b), respectively,
and the spatial integral is defined as

D o 3 = ms3 >3 —
I(P,my,my,m3) = Jd pwnBLBMLB (MPBH))

ms —
*
X djnc Lc MLC < P

Mo+mMs
X%[JnALAMLA (ﬁB‘me{n(ﬁ% (6)

where ﬁ:ﬁB = —ﬁc, p=ps, ms is the mass of the cre-

> (P m17m27m3)

SO I(=Poma i, ms)| (5)

| ated quark gz, and the SHO approximation is used for
the meson’s radial wave functions. In momentum-space,
the SHO wave function is

2n!

r (n—i—L—F%)
R?p? L+% /p2 2
xexp| — 5 L (R°p*)Vim,, (P), (7)

where Vi, (0)=|p"Yim, (£2,), and Lhte (R?p?) is an as-

Tooa, (F) = (=1)"(=0)"R¥*3
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sociated Laguerre polynomial. The overlaps of the flavor
and spin wave functions of the mesons and the created
pair in Eq. (5) can be calculated according to the method
in Ref. [14].

Using the Jacob-Wick formula the helicity amplitude
can be converted into the partial wave amplitude [29]

\/47[ 2L+1)

IL/ D
P
ME(F) = 2JA+1

> (LO0TM;, | JaM;,)
My M;,
X (Jg My, Jo My | J My, ) MMiaMipMic (P),
(8)
The decay width in terms of the partial wave amplitude
using relativistic phase space is

_m|P
s )

AL

where

|I3|: \/[Mi_

(Mp+Mc)?|[M3—(Mp—Mc)*]

2M 5 ’
and My, Mg, and M¢ are the masses of the mesons A,
B, and C, respectively.

2.2 Mixed states

The heavy-light mesons are not charge conjugation
eigenstates and so mixing can occur between states with
J=L and S=1 or 0. A general relation between the
heavy quark symmetric states and the non-relativistic
states ®Ly, and 'Ly, can be written as [30]

1
P
ATy > 1 (VIT1 —VI
ol ) LP> " V2LTI\ VI VIAl
27

X (:jiii ) P=(-1)%*'. (10)

Commonly, we express this relation as a mixture. When

J=L=1, the corresponding mixing angle is § =—54.7° |

or §=35.3°, thus Eq. (10

=)

St

2 _ [cos® —sinf\ [[>Py) (1)
’3 1+> sinf cosf P )

In our calculation, the final states are related to
D(2420)/D(2430) and D,(2460)/D,(2536), which are the
1% states in the D and D, meson families, respectively.
The D(2420)/D(2430) and D,(2460)/D,(2536) are mix-
tures of the *P; and ' P, states, which satisfies Eq. (11).
In addition, the initial states of 17 are also mixtures of
the 2P, and ' P, states. As far as the

) transforms into

) 7
1F-3T/1F=-3"
2 / 2

and

3 5
1D-27/1D-2~
2 / 2

states are concerned, they are mixtures of the *F3/' Fy
and *D,/'D, states respectively, and the mixing angle
can be determined from Eq. (10).

In order to determine L from Eq. (8), we choose [ as
the orbital angular momentum of the D mesons in the
following three Eqs. (12-14). If the initial states A(IF)
are mixtures, the partial wave amplitude can be deduced
as

sinf cos6

) JL

Mz tapy—Bc | (cos@ —51119) M\Szlch
JL o

M M\lll)ﬁBc

li4+3,1P)—BC

in the case of the mixings of the final states B(llp/)

o JL
—sinf MAH|3L/,>C
ML

R AL

(13)
When the initial and the final states (A and B) are both
mixtures, we can get a similar relation:

MJL ’
A= =L ye <C059

. ’ ’
ST ot sinf  cosf
A=V +30PHe

IL JL
, ’ . , PV N 31)—31',)C

li=3,1P)—|I' = 3,1'PHC cosfcosf —sinfcosd —cosfsinf  sinfsind Ph)= P

JL o . Y / . ’ JL

=3Py = + 3P e cosfsinf —sinfsinf cosfcosf —sinfcosh ) —I31,)C (14)

= . ’ ’ . . ’ . ’ b

JL , sinfcosf cosfcosf —sinfsinf —cosfsind ML

l+3, 0Py 1" = 3,1I'P")C , , . . ) —I1,)C

JL ) sinfsinf  cosfsind  sinfcosd  cosfHcosh ML

4+ Py— ' +3 1P e [11;) H|1z el

where 6 and 6" are the mixtures of the initial and final states, respectively. Thus the decay width can also be deduced
from the general relations of (12-14). For example, in the case of the mixtures of the initial states of 1T,

My

|3,1+)—BC

sinf cos6

JL ) JL
I1,1+)—BC (cos@ —sm0> M\3P1)~>BC

JL ’ (15)
1P )—BC
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and the decay width can be expressed as

1 LA |ﬁ| JL
F< 5’1+>_>BC> = ZW;MOSGM‘SHPBC

3 7w |P| ,
F< §,l+>—>BC) = ZWZBIHGM%LP”HBC
+cosOM Ny ) pel. (16)
3 Numerical results

The parameters involved in the 3P, decay model in-
clude the light quark pair (qq) creation strength ~, the
SHO wave function scale parameter R, and the masses
of the mesons and the constituent quarks. Based on
Ref. [14], we adopt the SHO wave functions with the
common oscillator parameter R whose value is chosen to
be 2.5 GeV~!. Correspondingly, the value of the ~ is cho-
sen to be 6.25 for the creation of the u/d quark [14, 19].
As for the strange quark pair (s§), its creation strength
can be related by v =7/v3 [10]. The adopted masses
of the mesons are listed in Table 4, and m,=mq=0.22

GeV, my=0.419 GeV and m.=1.65 GeV.

The numerical values of the widths of the strong
decays of the charmed mesons D;(2580), D3(2650),
D,;(2740), D3(2760), D;(3000) and D3(3000) observed
by the LHCDb collaboration are presented in Tables 5-8.
The measurements of the LHCb collaboration favor the
assignment (D;(2580), D3(2650))= (0*,1*)% with n=2.
They also favor the following two possible assignments

(D;(2760),D;(2740))=(1",27); with n=1, L=2,
(D;(2740),D%(2760))=(2",37)s

s with n=1, L=2.

The partial and total decay widths in the above assign-
ments are listed in Table 5. Comparing with the ex-
perimental data from the LHCb and BaBar collabora-
tions, our results are of the same order of magnitude.
We can see that, except for the D;(2580), the predicted
total widths of the D;(2740) and D%(2760) are some-
what bigger than the experimental values, and the width
of the D3(2650) is roughly in agreement with the total
width measured by the BaBar collaboration. In addi-

tion, the 1D =3~ state may be the optimal assignment of

the D3%(2760) since the corresponding total width is close

Table 4. The adopted masses of the mesons used in our calculation.

states Mn+ M o MK+ My My Mn/ MD+ Mpo MD*+ Mpy«o
mass/MeV 139.57 134.98 493.68 891.66 547.85 957.78 1869.6 1864.83 2010.25 2006.96
states Mps+ Mpy+ Mp2400)  Mp(2430)  Mp(2aa20)  Mp(2aso)  Mp(2317) Mo, M
mass/MeV 2112.3 1968.47 2318 2427 2421.3 2464.4 2317.8 770 782
Table 5. The strong decay widths I, and the ratios of partial decay widths I, /It of the newly observed charmed

mesons D;(2580), D3(2650), D5(2740) and D3(2760) with possible assignments. If the corresponding decay channel

3R}

is forbidden, we mark it by

. All values of I}, are in units of MeV.

D;(2580) D*(2650) D*(2760) D;(2740) D;(2740) D?*(2760)
2510~ 2911- 1D21- D29~ D22~ D23~
2 2 2 2 2 2
Tp Ip/Ip Ty Ip/I'p Tp Iy /Ip Ty Ip/I'p Ty Ip/I'p Tp Iy/Ip
D*tn~  49.80 0.66 34.72 0.38 16.46 0.09 17.04 0.15 48.63 0.44 10.35 0.11
Di K~ - - 2.02 0.02 2.86 0.02 0.38 0.003 6.95 0.06 0.09  0.0009
D*0n0  25.00 0.33 17.32 0.19 8.19 0.04 8.74 0.08 24.24 0.22 5.32 0.06
D*On 0.81 0.01 3.26 0.04 2.80 0.02 0.59 0.005 7.41 0.07 0.24 0.003
D(2400)7° 0.35 0.004 - - - - 0.06  0.0005  0.00028 0 - -
D0(2460)° - 0.024  0.0003 0.23 0.001 0.97 0.009 23.26 0.21 0.17 0.002
D(2420)n° - 0.12 0.001 23.92 0.13 0.26 0.002 0.089 0.0008  0.024  0.0002
D(2427)n® - 0.30 0.003 3.10 0.02 13.48 0.12 0.0057  0.0001 0.065  0.0007
Dta— - 13.57 0.15 25.15 0.14 - - - - 17.02 0.18
DK™ - 6.56 0.07 10.34 0.06 - - - - 0.70 0.007
D70 - 6.65 0.07 12.35 0.07 - - - - 8.73 0.09
D% - 3.53 0.04 6.78 0.04 - - - - 0.99 0.10
Dtp - 1.59 0.02 37.00 0.20 36.02 0.32 0.50 0.005 26.44 0.27
DI K* - - - - - - - - - - -
D% - 1.37 0.02 19.10 0.10 18.90 0.17 0.29 0.003 13.72 0.14
D%w - 0.14 0.002 17.80 0.10 16.90 0.15 0.20 0.002 12.62 0.13
I'r/MeV 75.96 91.18 186.06 113.34 111.56 96.49
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Table 6. The strong decay widths I, and the ratios of partial decay widths I, /It of the newly observed charmed
meson D7(3000) with possible assignments. If the corresponding decay channel is forbidden, we mark it by “-”.
1Fg2+ 1Fg4+ 2P%0+ 2P§2+ 35%1*
Iy/MeV  Tp/I'p Iy/MeV  Ip/Ip Tpy/MeV  Ih/Ip Iy/MeV  Ip/Tp  Ip/MeV  Ip/Tp
D*tm— 10.46 0.09 9.36 0.09 - - 11.91 0.07 3.19 0.04
D§+K* 1.80 0.02 0.27 0.003 - - 6.38 0.04 1.50 0.02
D*0n0 5.21 0.04 4.78 0.05 - - 5.86 0.03 1.66 0.02
D*On 1.87 0.02 0.54 0.005 - - 3.16 0.02 0 0
D*0y/ 0.10 0.0009 . - - . 0.25 0.001 1.84 0.02
Dtn— 12.61 0.11 14.08 0.14 23.94 0.11 3.40 0.02 3.61 0.04
DgK* 3.71 0.03 0.81 0.008 2.85 0.01 5.47 0.03 0.081 0.0009
DOR0 6.22 0.05 7.19 0.07 11.97 0.05 1.61 0.01 1.84 0.02
D% 2.94 0.03 1.21 0.01 4.26 0.02 1.6 0.01 0.23 0.003
Don/ 4.39 0.04 0.11 0.001 1.07 0.005 4.31 0.02 1.69 0.02
D*tp 6.74 0.06 28.23 0.28 62.01 0.28 25.22 0.14 18.01 0.21
D§+K* 0.0057 0 0.032 0.0003 3.06 0.01 12.21 0.07 0.57 0.007
D*0p 3.49 0.03 14.45 0.14 31.60 0.14 12.78 0.07 8.73 0.10
D*%w 3.16 0.03 13.46 0.13 29.91 0.13 12.38 0.07 9.65 0.11
DTp 11.69 0.10 2.78 0.03 - - 20.71 0.12 0.14 0.002
D;LK* 0.61 0.005 0.016 0.0002 - - 2.29 0.01 3.53 0.04
D% 5.90 0.05 1.46 0.01 - - 10.37 0.06 0.049 0.0006
Dow 5.81 0.05 1.33 0.01 - - 10.38 0.06 0.11 0.001
D(2420)7'[0 15.01 0.13 0.04 0.0004 26.20 0.12 3.91 0.02 7.10 0.08
D(2420)n 0.61 0.005 1.82x10~7 0 1.37 0.006 1.62x1073 0 0.11 0.001
D(2427)r0 2.06 0.02 0.41 0.004 6.69 0.03 1.95 0.01 0.91 0.01
D(2427)n 0.04 0.0003 1.56x 104 0 0.35 0.002 0.13 0.0007 0.77 0.009
D(2400)7° - - - - - - - - - -
D(2400)n - - - - - - - - - -
Dg(2460)K— 3.07 0.03 0.016 0.0002 12.81 0.06 1.03 0.006 0.98 0.01
Dg(2536)K~ 1.54 0.01 0.0081 0.0001 6.40 0.03 0.64 0.004 0.49 0.006
D+ (2460)m— 4.85 0.04 1.14 0.01 - - 11.08 0.06 13.57 0.16
DO(2460)n®  2.45 0.02 0.59 0.006 - - 5.59 0.03 6.87 0.08
D0(2460)n 0.09 0.0008 - - - - 0.05 0.0003 0.008 0.0001
DJ (2317)K~ - - - - - - - - - -
I'r/MeV 116.43 102.31 224.49 174.53 87.22

to the experimental value of the LHCb collaboration.
However, the LHCb collaboration identify the D% (2760)

3
as the 1D -1 state, which is incompatible with our re-
sults. From Table 5, we can see that, if the D3%(2760)

5
is the 1D§3* state, the main decay channels are DT p,
3
D*n~, D% and D°w. The decay behavior of the 1D§1*

5
state is very similar to that of the 1D§3* state except

for the decay channel D(2420)7t°. This difference can be
used to further identify the assignment of the D3(2760)
in the future. Furthermore, we tentatively identify the
D;(2740) as the 1D state with J¥ =27, and we can see

that the total widths of the 1Dg2* and 1Dg2* states

are of the same order. However, the decay behaviors of
these two states are different from each other. The main

3
decay modes of the 1D§2’ state are Dtp, D*tmr—, D,

)
D°w and D(2427)n°, while the 1D§2* state mainly de-
cays into D**7t~, D*°n® and D°(2460)7°.
As discussed at the end of Section 1, the D%(3000) is a
natural parity state. Thus, we study its decay behavior

1 1
with the 1Fg2+, 1F;4+, 2P§O+, 2Pg2+ and 3851*
assignments. We can see from Table 6 that the D3(3000)
is most likely to be the 1F§24r state or 1FZ4+ state,

since the total widths are in good agreement with the ex-
perimental data. However, these two assignments lead to
different decay modes, which can be used to further iden-

5
tify its quantum numbers. If the D%(3000) is the 1F§2+

state, the D**mt=, D¥nt—, D*p and D(2420)n° are the
main decay modes, on the other hand, if the D3(3000)

7
is the ngéfr state, the D**p, D*°p, D*°w, D*nt~ and

D**t7mt~ are the main decay modes. Our results show that
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Table 7. The strong decay widths I, and the ratios of partial decay widths I, /It of the newly observed charmed
meson Dj(3000) with possible assignments. If the corresponding decay channel is forbidden, we mark it by “-”.
1F§34r 1F%34r 2Pl17L 2Pé14r SSEO’
2 2 2 2
I,/MeV  Ip,/I'r  TIy/MeV  Io/Ir  I,/MeV  I,/Ir  Iy/MeV  I,/Ir Ip/MeV I,/Ir
D*tn— 17.02 0.15 25.95 0.14 20.32 0.11 23.62 0.08 4.78 0.05
D§+K7 0.57 0.005 4.40 0.02 9.45 0.05 1.22 0.004 2.25 0.02
D*0x0 8.69 0.08 12.93 0.07 10.03 0.06 11.85 0.04 2.47 0.03
D*On 1.05 0.01 4.59 0.02 4.92 0.03 2.48 0.009 0 0
D*Onl 0.0057 0 0.25 0.001 2.71 0.02 18.72 0.06 2.75 0.03
Dtn— - - - - - - - - - -
DIK~ - - - - - - - - - -
DOn0 - - - - - - - - - -
DO - - - - - - - - - -
D%’ - - - - - - - - - -
D**p 12.16 0.11 12.79 0.07 41.34 0.23 36.26 0.12 15.44 0.17
D§+K* 0.0081 0.0001 0.016 0.0001 2.05 0.01 4.08 0.01 0.49 0.005
D*%p 6.24 0.05 6.56 0.04 21.07 0.12 18.46 0.06 7.48 0.08
D*%w 5.77 0.05 6.07 0.03 19.93 0.11 17.53 0.06 8.26 0.09
Dtp 29.22 0.26 5.01 0.03 10.59 0.06 34.52 0.12 0.21 0.002
DgK* 1.50 0.01 0.024 0.0001 7.13 0.04 3.82 0.01 5.31 0.06
D% 14.74 0.13 2.63 0.01 5.61 0.03 17.27 0.06 0.073 0.0008
Dow 14.52 0.13 2.39 0.01 4.99 0.03 17.30 0.06 0.15 0.002
D(2420)n° 0.99 0.009 0.40 0.002 0.0081 0 0.024 0.0001 - -
D(2420)n  1.7x1073 0 6.3x10~4 0 3.0x1073 0 6.1x1073 0 - -
D(2427)° 0.0081 0.0001 9.7x1073 0.0001 9.9x1073 0.0001 0.0081 0 -
D(2427)n  5.9x1074 0 1.8x107% 0 1.5x1073 0 3.0x1073 0 - -
D(2400)7° 0.32 0.003 0.057 0.0003 0.24 0.0001 0.17 0.0006 0.51 0.006
D(2400)n 0.011 0.0001 0.0027 0 0.27 0.0002 0.30 0.001 0.28 0.003
Ds(2460)K~ 1.9x1073 0 2.5x1073 0 0.0081 0 0.024 0.0001 - -
Dg(2536)K~ 3.7x1073 0 4.9x1073 0 0.024 0.0001 0.049 0.0002 - -
D+ (2460)n— 0.99 0.009 36.52 0.19 10.52 0.06 56.21 0.19 27.15 0.30
D0(2460)7° 0.50 0.004 18.32 0.10 5.39 0.03 28.05 0.10 13.74 0.15
D0(2460)n 0.019 0.0002 0.85 0.005 0.024 0.0001 0.56 0.002 0.013 0.0001
D§(2317)K* 0.049 0.0004 0.016 0.0001 0.83 0.005 0.52 0.002 0.27 0.003
I'r/MeV 114.40 187.49 177.46 293.05 91.62

1 3 1
the assignments of the 2P§O+, 2P§2+ and 3550’ states

can be excluded since the corresponding total widths are
quite different from the experimental values. Neverthe-
less, this information is valuable in searching for the part-
ners of the D3(3000). In Ref. [22], Y. Sun et al. identify
the D%(3000) as the 23 P, state with the effective oscilla-
tor parameter R. In their studies, it is proposed that the
main decay channels of the 23 P, state are D*p, D(2420),
D(2427)m, D, DK, and D*w.

As for the D;(3000), the possible assignments are
the 35’%0*, 2Pll+7 2Pgl+7 1F§3Jr and ng?fr states.
In Table 7, the partial and total decay widths of the

D;(3000) in those possible assignments are given. We
can easily see from the table that both the widths of the

1
1F;34r and 2P§ 1% states are in good agreement with
the experimental data. So the D;(3000) is most likely
7 1
to be the 1F§?ﬁr or 2P§1Jr state. If the D;(3000) is

7
the 1F§3+ state, it decays dominantly to D*(2460)m,
D°(2460)7°, D**7t~, D*°1t® and D**p, on the other hand,
1
if the D;(3000) is the 2P§ 1% state, it decays dominantly
to D**tp, D*%p, D*°w, D**nt—, D*p and D*°n°. These
conclusions are consistent with the experimental obser-
vation [1], where the D;(3000) was firstly observed in
the D**7t~ decay channel. As for the other three assign-
1
ments 3S§O*, 2PglJr and 1F§3+, we can also see the

main decay modes from Table 7, which are valuable in
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searching for these states experimentally in the future.
In Ref. [22], Y. Sun et al. also suggest that the 2P1°
state is the mostly probable assignment of the D;(3000),
which is compatible with our observation. However, the
1F3* assignment is excluded in their studies as the width
deviates from the experimental value. The differences
between the results of Y. Sun et al. and ours are mainly
due to the influence of the input parameter R. We will
give a short discussion about the dependence on R at the
end of this section.

From Tables 5-7, we can also see that most of the
ratios of different decay channels are roughly consis-
tent with the results in Ref. [7]. For example, the ra-
I'(D;(2580) =D K~) I'(D;(2580)—D*n°)
I'(D;(2580)—D*+nt—) " I'(D;(2580)—D*+m~)

I'(D;(2580)—D*n)
I'(D;(2580)—D**m—)
theory are 0, 0.51 and 0.02, respectively [7], which are
consistent with the present results 0, 0.52, and 0.02,
respectively. In Table 8, we also present the experi-
I'(D3;(2460)—D*m™)

for the
I'(D5(2460) —D*+7m—)
well established meson D3(2460) from the BaBar [2],
CLEO [31, 32], ARGUS [33], and ZEUS [34] collabora-
tions. The result based on heavy meson effective theory
in the leading order approximation is also listed in Ta-
ble 8. The present prediction of 2.29 based on the 3P,
decay model is in excellent agreement with the average
experimental value of 2.35 [7]. Furthermore, this result
is consistent with the prediction based on the heavy me-
son effective theory. Finally, it should be noted that the
ratios of the decay widths of different charmed mesons
based on the ® P, decay model are roughly consistent with
the experimental data. For example, for the predicted

tios and

from the heavy meson effective

mental value of the ratio

I
ratio =229 ~0 83 based on the 3P, decay model, the
D*(2650)
corresponding experimental value is 1.27; for the pre-
I D% (2760)

dicted ratio ~ (.86, the corresponding experi-

D (2740)
mental value is 1.0.

We now give a short discussion of the uncertainties
of the results based on the *P, decay model. Since this
model is a simplified model of a complicated theory, it is
not, surprising that the prediction is not very accurate.
Especially, the input parameter R has a significant in-
fluence on the shapes of the radial wave functions. The
spatial integral in Eq. (6) is sensitive to the parameter
R, therefore the decay width based on the 3P, decay
model is sensitive to the parameter R. We take the
decay D;(2580) — D*Tmt~ as an example, and plot the
decay width versus the input parameter R in Figs. 2
and 3. From these two figures, we can see easily the
dependence of the decay width on the input parameter
R. If Rp«+ and R- are fixed to be 2.5 GeV~!, the de-

cay width of the D;(2580) changes several times with the
value of Rp(2580) changing from 1.5 GeV~" t0 3.0 GeV 1.
Similarly, the decay width changes 2-3 times, when the
Rp,(2580) and R,— (or the Rp (2550 and Rp«+) are fixed
to be 2.5 GeV~! while the Rp-+(or R,-) changes. In
Ref. [14], H. G. Blundel et al. carry out a series of least
squares fits of the model predictions to the decay widths
of 28 of the best known meson decays, and the common
oscillator parameter R with a value of 2.5 GeV ™" is sug-
gested to be the optimal value [14]. As for the factor
v, it describes the strength of quark-antiquark pair cre-
ation from the vacuum, which also needs to be fitted
according to experimental data, giving a fitted value of
6.25 [14, 19]. Once the optimal values of v and R are
determined, the best predictions based on the 3P, decay
model are expected to be within a factor of 2. More de-
tailed analysis of the uncertainties of the results in the
3Py decay model can be found in Ref. [14].

0.06

0.05 |

0.04 |

0.03 r

I''GeV

0.02 |

0.01 |

0 1.0 2.0 3.0 4.0 5.0
Rl)_,(ZSX())/GeV_]

Fig. 2. The strong decay of Dj3(2580) — D*Trm~
with R,—- =2.5 GeV 1.

0.07 . :
bl —o—R,=1.5GeV"

0.06  Rp+=25GeV ™! 4 —
/5 . =R, =20GeV™'

0.05 f ' ¥ ——R.-=25GeV !4

=3.0GeV ™' |

S 0.04 |
Q
Q
~ 003 |

0.02 r

0.01 r

0 1.0 2.0 3.0 4.0 5.0
RI)J(ZS)«))/GeVﬂ
Fig. 3. The strong decay of Dj(2580) — D**rm~

with Rp.t =2.5 GeV ™!,
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Table 8.
I'(D3(2460)—D"n™)
I'(D3(2460) —D*+7m—)

for the ratio

Experimental values and numerical results based on the leading order heavy meson effective theory (HMET)

compared to our numerical result based on the Py decay model.

BaBar [2] CLEO [31] CLEO [32]

ARGUS [33]

ZEUS [34] HMET [7] this work

1.4740.031+0.16 2.240.7+0.6 2.3£0.8

3.0£1.1£1.5

2.8+0.8102 2.29 2.29

4 Conclusion

In this article, we study the properties of the charmed
mesons D;(2580), D3(2650), D;(2740), D3(2760),
D;(3000) and D3(3000) with the 3P, decay model. Our

results support the 1Dg3* assignment of the D%(2760),

but more experimental data are still needed to iden-
tify it. Furthermore, both the mass spectra of the D

mesons and the two-body decay behaviors indicate that

the D3(3000) may be the ngTr state or the ngéfr

state, since the widths in these two assignments are both
in good agreement with the experimental data. We ten-

7
tatively identify the D;(3000) as the 1F§3Jr state and

1
2P§ 1% state based on the decay widths. It is noted that

the D%(3000) and Dy(3000) states are strongly correlated
with the background parameters as shown in Ref. [1].
Thus, more experimental data are still needed to draw
a more clear conclusion on the existence of these two
states. In studying the D;(2580), D%(2650), D;(2740),
Dx(2760), Dy(3000) and D%(3000), we have also obtained
their partial decay widths in different channels in the as-

1 3 1 1
signments 2P§O+, 2P§2+, 3551*, 3550*, etc, which
can be used to confirm or reject the assignments of the
newly observed charmed mesons in the future.
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