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Decay properties of D? (2317)" as a conventional c5 meson®
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Abstract: Taking D§0(2317)+ as a conventional ¢§ meson, we calculate its dominant strong and electromagnetic
decays in the framework of the Bethe-Salpeter method. Our results are (D7} — Dia% =7.83*177 keV and

1.55

I“(D";ar — Dity)= 2.55%937 keV. The contributions of the different partial waves from the initial and final state
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wave functions to the decay width are also calculated, and we find that the relativistic corrections in both decay pro-

cesses are very large.
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I. INTRODUCTION

The particle D (2317)* was discovered in the invari-
ant mass distribution of D*n® by the BABAR collabora-
tion in 2003 [1]. According to an analysis of experiment-
al data, it is proposed that its isospin and spin parity
quantum number are I(J¥) = 0(0"), its mass is M=2317.8
+ 0.5 MeV, and its full width is ' < 3.8 MeV [2]. Since
its discovery, its small width and low mass [3] have
aroused great interest among experimentalists [4—6] and
high-energy physics theorists [7-22]. Experts have not
fully understood the internal structure of D7,(2317); it has
been interpreted as a traditional c5 state [7—12], while
others think it might be an exotic meson state, such as a
D-K bound state [17-19, 23], c35qg teraquark state
[13—15], or Dyr quasibound state [16], or a mixture of a
¢§ meson and a c¢5qqg tetraquark [21, 22], ¢§ meson com-
bined with quark-antiquark and meson-meson interpolat-
ors [24], ¢5 meson with the effect of the nearby DK
threshold taken into account by employing the corres-
ponding four-quark operators [25], ¢§ meson using inter-
polating fields of different structures [26], etc. A more
detailed description of exotic hadrons can be found in
Ref. [27].

In order to determine its internal structure, further
study of its production and decay is needed, especially its
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decay, which is important for revealing its internal com-
position, because different internal structures will lead to
different decay behaviors and branching ratios. If it is a
traditional meson, the D?;(2317) mass is lower than the
threshold of Ds+n or D, 4+ K; thus, these possible Ok-
ubo-Zweig-lizuka (OZI)-allowed decay channels are kin-
ematically forbidden. Cho and Wise proposed the n—x°
mixing mechanism and the origin of isospin violating ef-
fects from the mass splitting of u and d quarks [28]. In
this case, D7,(2317)" is converted first into Din and then
into D n° by the mixing, i.e., D?(2317)" — D{n — D{n°.
Therefore, the strong decay channel D} (2317)" — Din®
is the dominant decay channel of this particle. This con-
clusion is supported by experimental data [2]. D% (2317)
has another permissible decay channel, i.e., the electro-
magnetic (EM) decay channel D},(2317) — Dyy. Nor-
mally, EM decay is far narrower than strong decay, but
because it is not affected by isospin violation, the EM de-
cay width may be less different from the strong decay
width.

There have been discussions of its strong and EM de-
cays using different models [3, 7-10, 13, 29]. Among
them, Godfrey found a large branching ratio to D}y for
D},(2317); Bardeen et al. [8] studied D;+n, Ds+2r, and
EM transitions from the full chiral theory; Colangelo and
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Fazio used the method based on heavy quark symmetries
and the vector meson dominance ansatz to study the
strong and EM decays; Zhu eral. used the 3Py model
[12] and the light-cone QCD sum rule (LCQSR) [30] to
study the strong decays of D} (2317); Liu et al. studied
the strong pionic and radiative decays in the Constituent
Quark Meson model [31]; Wang calculated the corres-
ponding strong coupling constant in the framework of the
LCQSR [32] and the radiative decay with the assumption
of vector meson dominance; Guo et al. studied the strong
decay by constructing an effective chiral Lagrangian un-
der the assumption of a hadronic molecule [33]; and Liu
et al. [34] studied the strong decay under the assumption
of aDKmolecule in lattice QCD.

In these studies, there is a lack of the relativistic
method. Therefore, in this paper, we assume D7 (2317) as
the ¢§ traditional meson and study its strong and EM de-
cays under the Bethe-Salpeter (BS) framework. The BS
equation is a formally exact equation to describe the re-
lativistic bound state [35, 36]. Using the BS method, we
have studied the strong decays [37, 38] and electromag-
netic decays [39, 40] of some particles, and the results are
in good agreement with the experimental data. In this pa-
per, we will show the advantages of the relativistic BS
method, which can help reveal why the decay width of
D?(2317) is so small, especially the radiative electromag-
netic decay width.

The remainder of this paper is organized as follows.
We show the hadronic matrix elements and the formula
for the two-body strong decay width of D?(2317) — Dyn°
through 1 —7° mixing in Section II. EM decay is presen-
ted in Section III. We show and compare our results with
experimental data and other theoretical approaches in lit-
erature and summarize our results in Section IV.

II. TWO-BODY STRONG DECAY OF D7 (2317)

In this section, we give the formula for calculating the
hadronic transition matrix element and the strong decay,
as well as the relativistic wave functions used.

A. Hadronic transition matrix element

When both quarks in the initial state appear in the fi-
nal state meson, the strong decay of D,(2317)* can be
expressed by a Feynman diagram, as shown in Fig. 1. The
transition matrix element of the two-body strong decay
D},(2317)" — Din can be expressed as (we compute the
D;,(2317)" — Din process first, and then we import
n—n® mixing for Dfn — D{a") [41]

(DE PP (P))

- f d*xe'” ¥ (M2 - PHY(D} (PO, (0IDLG (), (1)

where, P, Py, and P’ represent the momenta of
D3, (2317)", Dy, and 7, respectively. @, (x) represents the
field of #. The light meson field is expressed as the deriv-
ative of the axial-vector flow divided by the decay con-
stant fp of the light pseudoscalar meson according to the
PCAC relation:

1 _
CD,,(x) = @&‘(syﬂ)@s)_ 2

Figure 1 can be approximately converted into Fig. 2 by
using Eq. (1).
By combining Egs. (1) and (2), we obtain:

(DE PP (P))
M? - p? -~
:Wfd4xelpx<D:(Pf)|6’J(E’yﬂyss)|D:g(P)>. (3)

By using partial integration and applying the low-energy
theorem, we can obtain the form of the transition matrix
element in the momentum space. It can be written as

(D (PHNP)DY(P))
2 72
_My-P
M;fp
_iP/ﬂ(MT?_P’Z)f 4 iP’x< " + >
=—— = | dhxe " (DI(P)I5y,yssIDL (P)
M,%fp f H 0

—ip
z(zm“é“(P—Pf—P’)}—P (DI (PISYy5sIDG(P)). (4)

f d*xe” ¥ (DE(P I (Sy,5s) D35 (P))

Then, the transition amplitude for the process D7 (2317)* —
Df +nis
_—ipP*

Ip

T (DI (P)ISy,v5sIDG (P)). (5)

In the Mandelstam form [42], the transition amp-

C C
D~
D, (2317)°
n-='
s 5
Fig. 1. Original strong decay diagram for D} (2317)* —

D0,
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P. q Peoq,
B
n-n='
P, q
Fig. 2.  Strong decay diagram for D?,(2317)* - Din® after
approximation.

litude can be written as an overlapping integral of the ini-
tial and final meson wave functions [43]:

M=(Di(Pp)l5y,yssiDiG(P))
_ dtq d*qy
@yt 2n)

x (2m)* 5 (p] —Plf)

d3qi -+ P
zf 3 Tr @p, (‘]J._QIPfL)MQOP (QJ.)')’}H’S , (6)

Tr [)‘(pf (Qf)S e (Q)Yy)’s]

2w

where y,(¢) and X, (qf) represent the relativistic BS
wave functions of D?(2317)" and Dy, respectively. ¢ and
gy represent the internal relative momenta of the initial
and final mesons, respectively. pi, ps, pif, and pas rep-
resent the momenta of the quarks and anti-quarks of the
initial and final mesons, respectively. S represents the
propagator of the quarks. M represents the mass of

D;,(2317)", and a =
mc+ms
++

and the anti-quark mass mj; goltff and ¢

with the quark mass m,

represent the
positive-energy wave functions of D} and D7,(2317)*, re-
. . P-Py .
spectively. Py, is defined as P’Ji = P’; - (W)PM (sim-
ilar definition to ¢, ), and @1’;:' is defined as yo(gojg:f)Tyo.

B. Relativistic wave functions

In our model, we use the modified BS method based
on the constituent quark model to give the wave func-
tions for J¥ or JPC states. Here, we will directly give the
corresponding positive energy wave functions of initial
and final states.

+ ot
L. 0" state D

The relativistic positive energy Salpeter wave func-
tion for the J* = 0* state D?((2317)* (*Py state), can be
written as

Pq P
t,ogf(P,ql)=A1¢L+A27L +4A3 +A4M’ (7N

where the A; (i=1, 2, 3, 4) are related to the original ra-
dial wave functions f; and f; of the 0" wave function

[44], quark mass m;, quark energy w; (i = ¢, s), and
meson mass M:
1 me +mg We + Wy
Ar=Z|A+1 , A= Ay,
2 We + Wy me+mg
We+w MgWe — MW
A%ZQZAAI, A4— sWe c SAI-
3 n
mes + MW me+mg

We should note that the wave function of a meson is
not a pure wave; it actually includes different partial
waves. For example, in the positive energy wave func-
tion, the A; and A, terms are P waves, which provide the
main non-relativistic contribution, while the A3 and Ay
terms are S waves, which give the main relativistic cor-
rections [45].

2. 0 state D}

The relativistic positive energy Salpeter wave func-
tion for DY (1S state) with J¥ = 0~ can be written as

P P
o (Pqy) = [B1M+Bz+33ﬂ +B4ql7 ys,  (8)

where the parameters B; are functions of the radial wave
functions g; and g, for the 0~ state [44]:

M me + mg We + Wy
Bi=—(g1+& , Ba= By,
2 We + Wy me +mg
me —myg W, + Wy
B; =— < * By, Bs= ———B,.

Mmewg + Mg, mewg + Mg,

We point out that the B; and B, terms are S waves,
which are the main partial waves of the meson, and the
B; and B, terms are P waves, which provide the main re-
lativistic corrections [45].

C. Decay width of strong decay

The two-body decay width formula can be expressed
(import n—x° mixing) as

2

_iﬂ ! i 9)

T8t M22J+1 .

Tty

" —m?

where |Py| = \/[M2 = (My=mp)?1[M? = (M +mz)*1/(2M),
which is the three-momenta of the final meson Df. M,
My, and m, represent the masses of the initial state and

073102-3



Meng Han, Wei Li, Su-Yan Pei et al.

Chin. Phys. C 47, 073102 (2023)

two final states, respectively. J represents the spin
quantum number of the initial meson, which is 0 in this
case. tp is the mixing matrix entry of n-x°, and
tay = <7r0 |7{|77> =-0.003 GeV? [46] is chosen.

III. EM DECAY OF D7 (2317)*

Similarly, we give the Feynman diagram of the EM
decay of D7 (2317)*, corresponding to the two subplots
of Fig. 3:

A. EM transition matrix element

The transition matrix element of the EM decay
D% (2317)" — Dyy can be written as

(D3 (Pr.€)y (k) 1D ) = 2my*6* (P - Py — k) egu M,
(10)

where eand e represent the polarization vectors of the
photon and final meson, respectively. P, Py, and k repres-
ent the momenta of the initial meson, final meson, and
photon, respectively.

M represents the invariant amplitude, which is ex-
pressed as

d4 d46]f

M —
M f Qn* 2n)*
x 6 (p2—py)S5" (p2)

+xp, (ar) @) 6* (b1 = PDST (p1)xp (9) 027"
(11)

T, (9r) 017 xp (@) 2m)*

Here, Q; and Q, represent the electric charges (in unit of
e) of quarks and anti-quarks, respectively. We use the in-
stantaneous approximation to obtain the following form
of the amplitude [43]:

o f d’q
2n)?

- P
+0085" (gL~ Py.) idaat (12)

TY[Q@FT (CIJ. + azpﬂ))’”sﬂ? (1) %

where M represents the mass of D7,(2317)*, and

gfL =qi+aPs and ¢, =q, —a1 Py, correspond to two
U

different processes. a; = and ap = " are
substituted into the above formula with the qﬁark ‘mass

m, and the anti-quark mass mj, respectively.

B. Relativistic wave function for 1~ state Dj

The relativistic positive energy Salpeter wave func-
tion for D7 (S state) can be written as

01 (Pgr) =C ¢+ CrP+C3(d ¢ —q. - €)
+C4(P¢4J_ -Pq. "9)
+q.-8(Cs+CeP+Cr¢, +Csq, P), (13)

where we define the parameters C; using the radial wave
functions f; (i=3, 4, 5, 6) for a 1~ state [44]:

(fs - fe

1 me +my

We + Wy
me +my

2 We + Wy (f ~fs

c M  ws—w,.
3=
2 mewg + mgwe

We + Wy
me+mg

(ff

We + Wy
mC+mY)
We + Wy
mc+ms)’

Cy= l We + Wy
2 wews +memg— >

(fs—f

1 me +mg
Cs=— 5
2M wewg+memg + g%

+42¢(f3 +f4mC+ms)],

We + Wy

Co= 1 We + Wy

2M? wowg+mems+ g2

+q2¢(f3 +f4mc+ms)]’

We + Wy

me +mg JoM
Wetws) Mmews+mgw.’

C; =ﬁ(f3 + fa

1 we+w;s
2M? m. +my

Cs = mc+ms)

(f3 f4 We + Wy

We + Wy

- fs 3
(me +my) (a)ca)s +memg — qL)

The positive energy wave function ¢ (P,q.) for Dj
includes three partial waves: the C; and C, terms are
S waves; the C3, C4, Cs, and Cg terms are P waves; and
the C; and Cg terms are Dwaves [45].

IV. RESULTS AND DISCUSSION

In this paper, the following masses of constituent
quarks are adopted: m. = 1.62 GeV and m, = 0.50 GeV.
We take the meson mass to have the following values:
Mp.: =2.317 GeV, Mp. =1.968 GeV, Mp. =2.112 GeV,
M, = 0.548 GeV, and M = 0.135 GeV [2]. The decay
constant is f; = 0.130 GeV.

A. Numerical results for decay widths

1. Strong decay

Our relativistic prediction result for the strong decay
of D},(2317)" is
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D, (2317)" D,

P, q P q;

a

D, (2317)" D'

P. g P q;

b

Fig. 3. Feynman diagram responsible for the EM decay D¥,(2317)* — D}*y.

LDy — Din%) =7.83%1 2 keV,

(14)
where the theoretical uncertainties are also shown. These
uncertainties are calculated by varying all the input para-
meters simultaneously within +5% of the central value,
and the largest variation is taken.

For comparison, we list our prediction and those of
other groups in Table 1. As shown, our prediction
[(D{n") = 7.83*-2] keV is consistent with the theoretical
results in Refs. [8, 9, 31, 47]. Among them, Ref. [9] is
based on the heavy quark symmetries and vector meson
dominance ansatz; Ref. [31] is based on the framework of
the Constituent-Quark-Meson (CQM) model; and Ref. [§]
is based on full chiral theory. We also refer to Ref. [47],
in which the QCD sum rules were used to analyze the
strong decay process under the hypothesis of the four-
quark state. In Table 1, the last two predictions of Refs.
[33, 34], which assume that D% (2317)* is a DK hadronic
molecule, differ significantly from our prediction and
others, indicating that the strong decay may be crucial to
test the nature of D},(2317)".

2. EM decay

Our relativistic prediction of the EM decay of
D:,(2317)* s

[(D%§ — Dyy) =2.5570T keV.

(15)

Our result and those from other theoretical groups are
presented in Table 2 for comparison. Our result is slightly
larger than those from Refs. [7, 9, 31] (within a reason-
able margin of error); consistent with the prediction in
Ref. [32], which was calculated in the framework of the
light-cone QCD sum rules; and slightly smaller than the
prediction in Ref. [48], which assumes that D7 (2317)* is
a DK molecule.

B. Contributions of different partial waves

As mentioned previously, the complete relativistic
wave function for a J? state is not a pure wave. It in-
cludes different partial waves [45]: both the non-relativ-
istic main part and the relativistic correction terms are in-
cluded. We calculate the contributions (to the decay
width) of different partial waves in the initial and final
states. The results for strong decay are presented in Table
3, and those for EM decay are presented in Table 4. In the
tables, "complete" means that the complete wave func-
tion is used, "S wave" means that only the S partial wave
makes a contribution and other partial waves are ignored.

1. Strong decay

From Table 3, we can see that the main contribution
of the 0* state Dj comes from its P wave, which is the
non-relativistic part, and the relativistic correction
(S wave) makes a small contribution. Meanwhile, for the
0~ state DY, the main contribution comes from its S par-
tial wave, which is the non-relativistic part, and the re-

Table 1.  Strong decay widths (in units of keV) of D (2317)*.
Decay chnnal Our work [9] [31] [7] [8] [47] [33] [34]
LD — Dia’) 7.83%141 6 3.68-8.71 ~10 7.74 6+2 180 + 110 133+22

Table 2. EM decay widths (in unit of keV) of D¥,(2317)*.

Decay chnnal Our work [9]

[31] (7] [32] [48]

2.55+0.37 1

(D) — Dyy) Toas

~1.1 1.9 1.3-9.9 3.7+03
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Table 3. Strong decay widths (keV) of different partial waves for D% — Dia°(0* — 07).

0* 0
complete S wave(By1, B>) P wave(B3, By)
197 2.52 0.08
complete 7.83% %8 16.97571 L74%000
P wave(Ay,Az) 11.3f?:gg 21.83:23 1.70f8:?g
S wave(As3,As) 0.32+0.01 0.30+0.01 2274004 107

Table 4. EM decay widths (keV) of different partial waves for D} — Diy(0" — 17).

-

0 complete S wave(C1,C2) P wave(C3z,C4,C5,C¢) D wave(C7,Cg)
complete 2.55703 0.16+0.05 1397013 1.99%025 x 104

P wave(A,Az) 4267032 0.837013 1.354949 7.27348 %107
S wave(A3, As) 0.21+0.01 0.26 £0.02 3.49+38¢x 107 5.11%186 % 1074

lativistic correction part (P partial wave) makes a very
small contribution.

In the strong decay, If we only keep the non-relativ-
istic wave functions and ignore the other partial waves for
both the initial and final states, we obtain the non-relativ-
istic result

To(Dy — Din’) =21.8723 keV,

(16)

which is far larger than the relativistic one of ' = 7.83*] 7

keV, indicating that the relativistic correction in this
transition is very large.

2. EM decay

Table 4 presents the contributions of different partial
waves in the EM decay Dj — D;y. The main contribu-
tion of D?j comes from its P wave, which is its dominant
partial wave. The final state D} is a 1~ vector. It is usu-
ally denoted as a *S; state in a non-relativistic method,
which means that it is an S wave dominated state. We
have shown that in addition to the dominant S wave, its
wave function also includes P and D partial waves, and
they provide the relativistic corrections. From Table 4,
we can see that the contribution of its dominant S partial
wave is suppressed, while the P wave gives the main con-
tribution, indicating that the relativistic correction is dom-
inant in this EM decay. We can see this if we take the
non-relativistic limit without relativistic correction. In Ta-

ble 4, if only the P wave in the initial state and the Swave
in the final state make contributions, the non-relativistic
result is obtained:

To(Diy — Diy) = 0837015 keV,

(17)
which is far smaller than the relativistic one of

- 0.37
['=2.55%],5 keV.

C. SUMMARY

In this paper, taking the particle D7 (2317)" as the
conventional ¢§ meson, we calculate its main decay pro-
cesses in the framework of the Bethe-Salpeter method,
i.e., the strong decay and electromagnetic decay. Our res-
ults are [(D%) — Din’)=7.83*127 keV and I(D
— D;*y)=255"077 keV. Because of the low mass,
D?(2317)" has no direct OZI-allowed strong decay chan-
nel. Its strong decay channel D% (2317)* — D{x° violates
the isospin conservation, and the —z° mixing is needed.
Owing to this mixing effect, the strong decay width is rel-
atively small.

In addition, we calculated the contributions of differ-
ent partial waves. For the decay of D’f — D{z°, the main
contribution comes from the dominant partial waves of
initial and final states, while for the D} — Djy decay,
the main contribution comes from the dominant partial
wave in the initial state and the small P partial wave in
the final state. In both cases, the relativistic corrections
are very large.
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