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Abstract:

We study the four-body decays of neutral flavored mesons, including K°, D° B°, and BY. These

processes, which could be induced by a hypothetical doubly-charged scalar particle, do not conserve the lepton number.

Assuming, as an example, that the mass of the doubly-charged particle is 1000 GeV, and using the upper bounds of
the couplings, we calculate the branching ratios of different channels. For K°—hlhfe e, D® = h hyeTe™, and
Bg,s—ﬂth;e*e*, it is of the order of 1073°, 10732-1072°, and 1073%-1072%, respectively. Based on the experimental

results for the D®—h7 hy 1713 channels, we also find the upper limit for the quantity

Keywords:
PACS: 12.39.Hg

1 Introduction

In a previous paper [1], we studied the lepton number
violation decays of the B, meson induced by a doubly-
charged Higgs boson. There are both experimental and
theoretical motivations to study this kind of particle.
Although the Higgs boson has been found, whether it
is the one predicted by the Standard Model still needs
more confirmation. It is possible that an extended Higgs
sector exists, and that there are additional isospin multi-
plet scalar fields. For example, the SU(2);, triplet scalar,
which contains a doubly-charged component, is intro-
duced to generate small neutrino mass in the Type-II
seesaw modes [2-5]. Generally, such a triplet representa-
tion is needed in the left-right symmetric models [6-8] to
break the extended SU(2),xSU(2)gxU(1)p_1 symme-
try in the Standard Model. The doubly-charged scalar
also appears in other models, such as little Higgs mod-
els [9] and Georgi-Machacek model [10]. As it can decay
into two leptons with the same charge, indicating lepton
number violation, such processes for top quark, 7= [11],
and charged mesons, such as K=, D, D;, B~ [12-15]
have been investigated extensively. As the lower bound
of the mass of the doubly-doubly charged Higgs boson
is around 800 GeV [16, 17|, these low energy processes
have extremely small branching ratios. Although it is
not likely that these channels will be detected soon, as
experiments collect more data, the upper limits of the

sahij
.
M3

doubly-charged scalar, four-body decay, neutral flavored meson

DOI: 10.1088,/1674-1137/43/1/013103

branching ratios for such decay processes will become
more stringent. One can also use them to derive further
constraints for the effective short-range interactions [18].

In Ref. [1], we considered both the three-body and
four-body decay channels of B, meson, in which the
lepton number is not conserved. In this paper, we in-
vestigate the lepton number violation processes of the
neutral flavored mesons induced by the doubly-charged
Higgs boson. Contrary to the charged meson case, where
the annihilation-type diagram and the two W meson
emitting diagram both contribute to the amplitude, in
the case of the neutral meson, the light antiquark is just
a spectator (see Fig. 1). Theoretically, this makes the
calculation simpler, as there is no complexity brought
by the cascade decay. As for the decay products, the
two leptons have the same charge, and so do the two
mesons. These decay modes have no equivalent in the
Standard Model, which makes them also interesting ex-
perimentally.

These channels can also be induced by Majorana-type
neutrinos. Their Feynman diagrams are similar to Fig. 1,
but the s channels should be replaced by ¢ channels. If
the neutrino mass were around GeV, it could be pro-
duced on-shell, which has attracted much attention [19-
22]. For the cases when the neutrino mass is very small
or very large, the branching ratios will have the same
order of magnitude as in the case of the doubly-charged
Higgs boson [15, 23]. Therefore, the theoretical analy-
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Fig. 1.

sis of the low energy processes induced by the doubly-
charged Higgs boson also provides a useful complement
to the Majorana neutrino scenario.

This paper is organized as follows. In Sec. 2, we give
the Lagrangian which describes the couplings between
the Higgs triplet and the Standard Model particles, and
present the amplitudes and phase space integrals. In Sec.
3, we give the branching ratios of all decay channels and
compare the results for D° with experimental data. We
summarize our results in the last section. Some details of
the meson wave functions are presented in the Appendix.

2 Theoretical formalism

The hypothetical Higgs triplet A in the 2x2 repre-
sentation is defined as [12]

- A*/\/? At+
A‘( AO —A+/\/§>' @

It mixes with the usual SU(2), Higgs doublet by a mix-
ing angle 0, from which we define sn = sinfa andl

Feynman diagrams of the decay processes h—hih2li 15 .

ca=coSOn.

The Lagrangian which describes the interaction be-
tween A and W~ gauge boson or SM fermions has the
following form [12, 15]

Egnt:ihiﬂ/ffLCUzA%L—\/ingsAAHW’“W;
+§90AW"‘A’3“A++
+ﬁA*(mq/q_Rq;?—mqthq'L)—l—H.c., (2)

where C' = i7?9° is the charge conjugation matrix;

1,1, represents the leptonic doublet; h;; is the leptonic
Yukawa coupling constant; g is the weak coupling con-
stant. The third and fourth terms represent the inter-
actions between the singly-charged boson and the other
particles. Compared with the second term, their contri-
butions can be neglected.

If g=gs, all four diagrams in Fig. 1 contribute to the
decay:

g’ sahi; _ _
MA:g\/im%‘/Vqu 9293 mQA] <h1(p1)h2(p2)|(qu)va(q2q3)va|h(p>><1ept0n>
Y Vi 2205 £t (00) 07 (1) QIR0 lepton) )
8\/§m‘3}‘/ 01Q Yazas "2 Jha H ’
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where the factor 3 in Mp and Mp is introduced by
the Fierz transformation; (lepton) is the leptonic part
of the transition matrix element; V,,,. is the Cabibbo-
Kobayashi-Maskawa matrix element. The definition of

the decay constant f,, of a pseudoscalar meson

—5)q2|0) =1fn, P¥

is used. For vector mesons, it should be replaced by
(h1(pr, €)@y (1=75)q2|0) =M, fi, € (8)

The values of the decay constants are given in Table 1.
It should be pointed out that we have used the factor-
ization assumption in Egs. (3)—(6), which is not quite
appropriate when both final mesons are light. However,
as only the order of magnitude is important in such pro-
cesses, we anticipate that the effects of nonfactorization
and final meson interactions do not change the results
significantly.
Finally, we get the transition amplitude

(hy(py)|qy" (1 (7)

M:MA+MB+M0+MD

_8\/§m%Vm2A{(V:hQV12qs+3V:12Q q1CI3)fh2p2
><<h1(p1)|§1%(1—%)Q|h( )

3“11@‘/;12613)fh1p1

% (I (p2) |2, (1=75) QI (p)) } lepton).

If g#qgs, only Fig. 1(a) and (b) contribute:

(V:IzQV:IlC13+

(9)

M=M +Mpg

” fh2p2 (R (p1)1317.(1=75)Q|h(p)) (lepton),
L VViras 20 i (e p2)] 7, (135)QIR(p)) (epton).

” fh1p1 <h2(p2)|Q2”Yu(

Table 1.

mA =(ha(p)ha (p2)[(©2Q) 4 (4185),_ 4 [A(p)) (leptom)

w2 PR (P)l(@0Q)y 4 (@16s)y a[R(p)){lepton)

m—A<h 1(P)P2(P2)[(0193) 4 (32Q) 4 |1(p)) (lepton)

—75)Q|h(p))(lepton),

| g SAhz
_8\/—m - (%1@‘/:12qs+3‘/:12Q‘/;11fI3)fh2p2
W

x (ha (P1)|Q1%(1—75)Q|h(p)> (lepton).

The hadronic transition matrix can be expressed
as [27]

(ha(p1)IV*[h(p))

(10)

=f+(@*)(p+p1)" +f-(Q*)(p—p1)",

(11)
where h; is a pseudoscalar meson, and f, and f_ are
form factors. If h, is a vector meson, we have

(s (oas VA () =i o (@),
(s (010 A 10) =11 Q) g (40
Q) o r-p)”

+H(Q)(M+M)e,  (12)

where fy and f; (1=0, 1, 2) are form factors; M and M,
are the masses of corresponding mesons; the definition
Q=p—p; is used.

By applying the Bethe-Salpeter method with the in-
stantaneous approximation [28], the hadronic matrix el-
ement is written as

(P (p)lgy" (1

d3q

(2 ) M Pl
where T is the positive energy part of the wave func-
tion; ¢ and ¢, are the relative three-momenta between

the quarks and antiquarks in the initial and final mesons,
respectively.

—75)Q|h(p))
(13)

(@)1 (1=75)9 (@)

Decay constants of mesons (in MeV). The values for w, K, D, and D; are from Particle Data Group [24];

K™ and p, are from Ref. [25]; D* and Dj are from Ref. [26].

I fx Tk~ Io

fp D, fp* fp*

130.4 156.2 217 205

204.6 257.5 340 375
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The partial decay width is obtained by evaluating the
phase space integral

1 1 ds 2 d834
r_(1—§5h1h2) <1—§5lll2) 3112 / -

></dcosﬁlg/dcos934/d¢/C|M|2, (14)

where
B 1
T 915,06 |3
X A2 (534,m2,m2). (15)

)‘I/Q(M278127534))\ (812,M MQ)

We also use the definitions s15 = (p; +p,)? and s34 =
(ps+p4)?. The meanings of 0,5, 05,, and ¢ are shown in
Fig. 2. 0,1, is 1 if [; and [, are identical particles, oth-
erwise it is 0. The same is true for d;,5,. The integral
limits are

5126[(M1+M2)27 (M—m1—m2)2],
5346[(m1—|—m2)2, (M—\/E)z]a (16)
o€0, 27], 05€[0, 7], 634€[0, 7,

where M,, m,, and m, are the masses of h,, [, and [,
respectively.

N %
\//

Fig. 2. Kinematics of the four-body decay of h in
its rest frame. P; and P» are respectively the mo-
menta of A1 and ho in their center-of-momentum
frame; P3 and Py are respectively the momenta of
l1 and [ in their center-of-momentum frame.

3 Numerical results

The Bethe-Salpeter method has certain advantages
when calculating the form factors, especially in the case
when both initial and final mesons are heavy. In the first
step, the wave functions of the mesons, which include rel-
ativistic corrections, are obtained by solving numerically
the corresponding instantaneous Bethe-Salpeter equa-
tion. Their pole structure is important for describing the
properties of heavy mesons. Subsequently, the form fac-
tors for the physically allowed region are calculated using
Eq. (13) without any analytic extension. Although the
instantaneous approximation is reasonable for the double
heavy mesons and acceptable for the heavy-light mesons,
it results in large errors for the light mesons, such as 7

and K. For example, when we change the parameters
by +£5%, the form factors at Q% = 0 for the channels
with heavy mesons change by less than 10%, while for
those with 7 or K, the errors can be larger than 50%.
For processes with light mesons, such as B—m(p), other
methods are more appropriate, for example the light-
cone sum rules. Nevertheless, we use this approximation
also for the light mesons as the decay channels we con-
sider are related to new physics, for which the branching
ratios are expected to be very small, and only the order
of magnitude is important.

The parameters of the doubly-charged Higgs boson
have no definite values at present, only the lower or up-
per limits from experiments are available. For exam-
ple, the latest results of the ATLAS and CMS Collab-
orations [16, 17] show that the mass of AT is larger
than 800 GeV. From Ref. [12], the upper limit for sa
is 0.0056. The constraints for the coupling h.. can
be extracted from the ete~ annihilation process [29]:

:fi <9.7x107¢ GeV 2. For h,,, the Muon g—2 exper-

2
iment provides the limit [30]: fy% <3.4x107% GeV~2.
A

The h,, is related to u= — e“ete™ and u= — ey
processes [12], which give h‘iﬁ# <3.2x107% GeV™?
A

and tesbin < 2.0x 10710 GeV™
77LA
ma=1000 GeV as an example, we can estimate the up-

% respectively. Taking

2
per limits of the quantity (%) for the ee and pu
A
cases as 3.0x107!% and 1.1 x 10715, respectively. For

the e case, following the method applied in Ref. [12],
we let h.. and h,, equal to their upper bound, and get

2
hep<1.1x107%, which leads to (222) <3.3x102"
A

For K°, there are only three channels allowed by the
phase space, namely 77ty (I; =e, p). The corre-
sponding diagrams are Fig. 1(a)—(d). The ntnte e~
channel has the largest branching ratio, which is of the
order of 107%° (see Table 2). Experimentally, Br(K*—
7711 15) <1071 [31], which is the most precise result for
lepton number violation. However, lepton number viola-
tion in four-body decay channels of this particle has not
been experimentally found. In Refs. [32, 33], the chan-
nels K s —»ntn~ete™ are investigated. We hope that
the K ¢ — ntnti{l; channels will be experimentally
studied in the future.

For D°, the final mesons can be pseudoscalars or vec-
tors. The results for the case when h; and h, are both
pseudoscalars, that is 7w, 7K, or KK, are given in Ta-
ble 3. The largest value is of the order of magnitude of
1072%. We note that the Fermilab E791 Collaboration
presented the upper limits of the branching ratios for
these channels [34], which are of the order of 107°. By
comparing the theoretical predictions and experimental
data, we find the upper limit of the constant % of the
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order of 10* GeV~=2. One can also extract this up-
per limit from the three-body decay processes, such as
D~ — wte~e™, which gives about 10> GeV~2 by using
the results in Ref. [12]. The branching ratios of D® decay
channels, where h; and h, are 0~1~ or 1717, are given
in Table 4; the largest value has the order of magnitude
of 10729,

The results for B and B° are given in Tables 5-10.
The largest value is of the order of 1072%. In Ref. [35],
the four-body decay channel B~ — D°r*u~pu~ was mea-
sured to have a branching ratio of less than 1.5x 1075,
There are no experimental values available at present
for the neutral B meson decay channels. However, as
LHCDb is continuing to run, more data will be available.

We expect that the LHCb Collaboration will detect such
decay modes and will set more stringent constraints on
the parameters of doubly-charged Higgs boson. Besides,
the future B-factories, such as Belle-II, will also have
the possibility of providing more information about these
channels.

Table 2. The upper limit of Br for different decay
channels of K°.

decay channel

upper limit of Br

KO —snatate e~ 2.2x10730
KOsatatpy—p~ 5.8x10733
KO satate pu~ 1.3x10~41

The upper limit of Br for 070~ decay channels of D°.

Exp. bound on Br [34] Sfnizij/GeV’2
A

Table 3.
decay channel upper limit of Br
DY —r—rm—etet 1.8x10—29
DY —sa—rputput 7.2x10730
DO —sa—n—etput 4.1x10~40
DY —r—K—etet 7.1x10—29
DO —ra~ K~ ptut 2.7x10~29
DY —sr—K—etput 1.5x10739
DY K-K-etet 6.1x10~30
DY K- K- utut 2.3x10730
D K- K~etut 1.3x10—40

<11.2%x107° <42734
<2.9x107° <21080
<7.9x107° <25371
<20.6x107° <29548
<39.0x10~° < 39855
<21.8x10~° <21683
<15.2%x107° < 86661
<9.4x107° < 67045
<5.7x10~° <38177

Table 4. The upper limit of Br for 071~ and 171~ decay channels of D°.

decay channel upper limit of Br

decay channel upper limit of Br

DY —srnp~etet 2.8x10730
DO —n=p—ptut 9.9x10731
DY —r—p~etput 5.8x10~41
DY —sa~K*~etet 4.8x10730
DO sa—K*—ptut 1.6x1030
DY —sr—K*~etput 9.5x10~41
DO —p~K—etet 1.4x10729
DO p~K—ptpt 4.2x10730
D —p~K—etut 2.6x10~40

DY —p~petet 6.7x1031
DO —p=p—ptput 1.3x10~31
DO—p—p~etput 9.4x10~42
DO —p~K*~etet 2.1x10730
DO —p~K*—etpt 1.2x10~41
DY K- K*"etet 9.4x10732
DY K- K* putput 2.2x10732
DY K- K*~etput 1.5x10~42
DY K* " K*~etet 1.2x10732

Table 5.

The upper limit of Br for 070~ decay channels of B°.

decay channel upper limit of Br

decay channel upper limit of Br

BYsrtate e~ 7.1x10730
B sataty—p~ 2.8x10730
Bl srtate p~ 1.6x10740
Bl srtKte e~ 2.7x10731
Bl satKtu—p~ 1.1x10~31
BlsratKte pu~ 6.2x1042
BO—sxtDte e~ 7.8x10729
B0 —satDtu—p— 3.0x10~29
Bl —satDte pu™ 1.7x10739
BOsrtDfe~e~ 6.2x10730
B sat DY~ 2.4x1030

BY—satDfe p~ 1.4x10~40
B0 s K+Dte e~ 5.2x10730
B K+tDtpu—pu~ 2.0x10730
B K+Dte p~ 1.2x10~40
B0 —=DtDte e~ 5.3x10730
B DtDV u—p~ 2.1x10730
BY—DtDtepu~ 1.2x10~40
B DtDfe e~ 7.2x10729
B DtDF 2.9x10729
B DtDYe p~ 1.6x10739
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Table 6. The upper limit of Br for 071~ decay channels of B°.

decay channel upper limit of Br decay channel upper limit of Br
BY—atpte—e~ 6.4x1030 B ptDYe e~ 3.8x1031
B —atptp—p~ 2.5x10730 B~ ptD¥p—p— 1.5%x10731
BY—satpte p~ 1.5%x10~40 B ptDrep~ 8.7x1042
Bl st K*te e~ 5.1x10731 B K+D*te~e~ 4.0x10730
B —satK*tpu—p~ 2.0x10731 BY—sK+tD*tpu—p~ 1.6x1030
Bl satK*te pu~ 1.2x10~41 B KtD*te ™ 9.0x10~41
B0 s ptKte e~ 1.8x1032 B s K*tDte e~ 6.9x10~30
BO—ptKtpu—p~ 7.2x10733 BY—sK*tDtpu—p~ 2.7x10730
BO—sptKte p~ 4.1x10~43 B K*tDte p~ 1.5x1040
BO—rtD*te e~ 4.7x10729 B DtD*tee™ 4.2x10731
B sratD* 1.8x10729 B0 DTD*tp—u~ 1.6x10731
BO satD*te ™ 1.1x10739 B—=DtD*te pu~ 9.2x10742
BY—ptDte e~ 1.3x10~28 B DtD:te e 4.2x10729
B ptDVu—p~ 4.9x10729 B DtD 1.6x10~29
BY—ptDte p~ 2.8x10739 B Dt DiYe 9.1x1040
BY—srtDite e 1.5%10729 BY—D*tDfe e 1.9x10729
B satDi 6.0x1030 B D**DFpu—p— 7.3x10730
BOsatDite p— 3.5x10~40 BO—D**+*Dfe~p~ 4.2x10~40

Table 7. The upper limit of Br for 171~ decay channels of B°.

decay channel upper limit of Br decay channel upper limit of Br

BY—ptpte=e~ 1.3x10730 B ptDiVte 2.2x1042
B —=ptptu—p~ 5.0x10731 B K*tTD*te e~ 1.2x10729
B = ptpte p~ 3.0x10~41 B s K*tD*tp—p~ 4.4x10730
B0 ptK*te—e~ 4.6x10~32 B K*tD*te p~ 2.6x10~40
BO—ptK*tu—p~ 1.7x10732 B0 = D*tD*te"e~ 2.0x10~2°
BY—ptK*te p~ 9.9x10~43 BO = D**tD*tp—p~ 7.7x10730
B0 ptD*te—e~ 2.0x10~28 B0 D*tD*tep~ 4.6x10~40
BO—ptD*tpu—p~ 7.6x1029 B D*tDite e~ 2.0x10—28
B0 —ptD*te p~ 4.6x10~39 B D**+* Dt~ 7.8x10729
B ptDite e~ 9.7x10~32 B D**+Ditep~ 4.6x10—39
B pt Dt~ 3.7x10732

Table 8. The upper limit of Br for 070~ decay channels of BY.

decay channel upper limit of Br decay channel upper limit of Br

BY—»rtKte e 2.5x10~31 B KtDre - 1.8x10~40
Bl wrtKtu—pu~ 9.8x10732 B KtDte e~ 2.3x10732
Bl—rtKte p~ 5.7x10~42 B K+tDtp—pu~ 9.2x10733
B KtKte e~ 3.2x10732 B K*tD%te p~ 5.3x10743
BYsKTKtu—pu~ 1.3x10732 BY—sDtDYe e 2.4x10730
BV KtKte pu~ 7.3x10743 BY—=D+*Dfp—p~ 9.5x1031
BY—srxtDFfe e 5.6x10729 BY»DtDfe p~ 5.4x1041
BY—ntDfp—p~ 2.2x10729 B DfDYe e 1.3x10728
BY—srtDfe p~ 1.3x10739 BY—»DFDFpu—p~ 5.2x10729
BY—sK*tDfe e 8.1x10~30 BY—DIDYe p~ 2.9%x10739
B K*tDfp—p~ 3.2x10~30
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Table 9.

The upper limit of Br for 071~ decay channels of BY.

decay channel upper limit of Br

decay channel upper limit of Br

Bl rtK*te e~ 1.5x10731
Bl—ratK*tpu—p~ 6.0x10~32
Bl —rtK*te pu~ 3.5x10742
B KtK*Te e~ 1.6x10732
B KYK*tpu—pu~ 6.3x10733
Bl KtK*te p~ 3.6x10743
Bl—ptKte e~ 5.6x10731
BO—ptKtp—p~ 2.2x10731
Bg—>p+K+e*u* 1.3x10~41
BY—srtDite 5.1x10729
BY—atDit 2.0x1029
BY—srtDite 1.2x10739
BY—ptDfee 1.0x10~28
BY—ptD¥p—p— 4.0x10729
BY—ptDfe p~ 2.3x10739
BV K*tDiTe e 1.2x10730
BY KD 4.6x10731
BY—»K+Dite pu~ 2.7x10~4

BV K*tDfe e~ 3.6x10730
BY s K*+*Df =~ 1.4x10730
BV K*tTDfe pu~ 8.0x10~41
Bl KtD*te e~ 4.2x10732
B K+tD*tpu—u~ 1.6x10~32
Bl K+D*te ™ 9.5x10743
Bl K*tDte e~ 8.4x10733
B K*tDtpu—u~ 3.3x10733
BO—>K*+D+5*;¢* 1.9x10~43
B DfDite e 3.4x10730
B DDt~ 1.3x10730
BY—DfDite p— 7.5%x10~41
B DtD:ite e 1.4x10729
Bg—>D+D;+u w 5.5x10730
BY—D*tDite pu 3.2x10~40
BY—D*tDfe e 1.7x10730
B D*+Dfup 6.7x10731
BY—D*tDYe pu~ 3.8x10~41

Table 10. The upper limit of Br for 1-1~ decay channels of BY.

decay channel upper limit of Br

decay channel upper limit of Br

BO—ptK*te e~ 4.6x10731
BY—ptK*tu—p~ 1.8x10731
B ptK*te pu~ 1.1x10~41
Bl K*tK*te e~ 5.2x10732
B K*tK*tu—p~ 1.9%x10732
Bl K*TK*te p~ 1.2x10742
BY—ptDite e 1.7x10~28
Bg—>p+D§+u’,u’ 6.5x1072°
BY—ptDite~ 4.0x10~39
BO—>K*+D*+ e~ 1.9x10729
B2—>K*+D§+u w 7.2x10730

BY s K*tDiTe pu~ 4.3%x10~40
Bg—>K*+D*+e e~ 6.4x10732
Bl K*tD*tu—p~ 2.5%x10732
B K*tD*te ™ 1.4x10742
BY—D*tDite e 9.4x10730
BY— D*+D*+;r;r 3.6x10~30
BO—>D*+D*+ —u 2.1x10~40
BY—»DitDite e 3.6x10728
BY—=D:t Dt~ 1.5x1028
BO—>D*+D*+ T 8.3x10739

4 Conclusions

In this paper, we studied the lepton number viola-
tion in four-body decays of neutral flavored mesons, in-
cluding K°, D°, B°, and B°. They are assumed to be
induced by a doubly-charged scalar. For K°, the chan-
nel K°—wtnte e has the largest branching ratio, of
the order of 1073°. For D°, the channel D° —7~ K11
has the largest order of magnitude of 1072°. By compar-

Appendix A

Wave functions of mesons

With the instantaneous approximation, the Bethe-
Salpeter wave function of the meson fulfills the full Salpeter
equations [36]

ing with the E791 experimental data, we find the upper
limit for % of the order of 10* GeV~2. For B and
B A

B?Y, the largest values of the branching ratio is also about
10728, As these values are extremely small, there are no
prospects for detection of such processes in the near fu-
ture. However, the constraints for such channels may
provide guidance for the studies of neutrino-less double
beta decays of mesons. We expect more experimental
data for such processes from the LHCb and Belle-II Col-
laborations.

(M—wi—wa)pt  (qL)=
(M+witw2)p, (q1)=

Al Np (‘ZL)A2 ,
—Ainp (qu)A3, (A1)

©f (q0)=05"(q1)=0,

013103-7
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—oh_Papp — 2_ 2 — 2_ 2.
where ¢'| =¢"—13 P*, wi=+/mi—q7, and wa=+/m3—q1; m1
and m2 are the masses of quarks and antiquarks, respectively;

Aii:% [%wiq:(—l)i(gl—&—mi)} is the projection operator. In

the above equation, we have defined

Np (m)z/%‘/(ﬁqnh)% (k1) (A2)
and
e a=0F Lo @ L, (A3)

where ¢, (g1 ) is the wave function, which is constructed us-
ingg , P, and the polarization vector. Here we only show the
expression for the positive energy part of the wave function.
For the 17 state, it has the form

P @) =(ar0) [ e+ As(a)+ fE A

+}Z52l A4(ql)} +My {A5(‘JL)+%A6(QL)

+%A7(qn+ IZZ; As(qL)} : (Ad)
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