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Decay properties of hybrid mesons with a massive constituent gluon and search for their candidates
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In a previous work we argued the possibility of the f&(1420) being our first hybrid meson with the

configuration of (uu+dd)g/&2, and gave a preliminary consideration to search for other hybrid
mesons. In this paper we calculate respective decay widths of the other members of ground-state
hybrid-meson nonets in the framework of the covariant oscillator quark model extended to describe
bound systems composed of quarks, antiquarks, and/or gluons. Based upon these results we select eight
"observed" candidates altogether, three of them on a rather firm basis, and give some remarks to search
further for their candidates experimentally.

PACS number(s): 14.40.—n, 12.40.Aa, 12.40.Qq, 13.25.+m

I. INTRODUCTION

Recently, there has been an overwhelming belief
among particle physicists that the strong interaction
among hadrons is fundamentally described by quantum
chromodynamics (QCD). However, we feel that QCD in
its present stage still needs more evidence and further de-
velopment to be accepted as the fundamental final theory.
It is one of the most serious theoretical problems that the
present theory of QCD does not actually solve the
confinement problem, since there have been no estab-
lished methods for rigorous treatment of relativistic
bound states, though all experimental observations are
made only through hadrons as composite states of con-
stituent quarks and/or antiquarks.

In this paper we shall concern ourselves with another
more phenomenological but important problem. A
characteristic feature of QCD, compared to quantum
electrodynamics (QED), is that gluons, mediators of the
color force, themselves have color charge as well as
quarks and antiquarks, while in QED photons have no
electric charge. So it is quite plausible that there exist
gluonic hadrons [1],namely, glueballs and hybrids, which
contain gluons as their constituents, in addition to ordi-
nary hadrons with only quarks and/or antiquarks. If

their existence is confirmed experimentally, it will add
strong evidence for QCD to be the true theory.

A useful clue for searching gluonic states is obtained
by careful examination of the ordinary hadron spectrum.
Concerning the level spectrum of ordinary qq mesons,
only the ground S-wave states, whose masses are lower
than 1 GeV, have been confirmed completely, while the
excited states, even the next P-wave ones, have been
confirmed only partially. Recently, as experiments have
gotten more accurate, there have been observed [2] too
many mesons to be assigned as qq mesons in the mass re-
gion of 1 —2 GeV. In Table I we show the present status
of assignments to the P-wave qq-meson nonets, while in
Table II are collected still-unclassified mesons with posi-
tive parity and a mass of about 1.0—1.6 GeV. By com-
parison between these two tables, we see that, for the iso-
scalar partner (with mainly ss content) of the f, (1285) in

the P, qq nonet, there exist two candidates, which are
well confirmed experimentally.

In our previous paper [3], we have given the argument
that the f, (1420) out of the above two is classified as our
"first" hybrid meson with the configuration of
(uu +dd )g /&2 [u (u ), d (d ), and g being u (u ) quark, d
(d) quark, and gluon, respectively], while the remaining

f (15t10) is classified as a member of the P& qq nonet.

TABLE I. Present status of assignments for the P-wave qq-meson nonets.
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TABLE II. Unclassified observed mesons with positive parity and a mass of about 1.0—1.6 CxeV.
The data are taken from Ref. [28], unless otherwise noted.

JPC Meson

b I (1310)'
E'&(1650)

Mass (MeV)

1311+10
1650+50

Total width (MeV)

126+10
150+50

Main observed modes

0++ a (980)
ao( 1320)

983+3
1322+30

57+11
130+29

fo(975)
fo(1240)
fo(1525)
f0(1590)

976+3
1240+22
= 1525

1587+11

34+6
140+22
~ 90

175+19

mm, KK
KE
KK

gg', gg, 4m

f I (1420)
f, (1510)

1422+10
1512+4

55+3
35+15

f2( 1430)
f2(1565)
f2(1640)

= 1430
1565+10
1635+7

= 10-150
170+20

&70

'Reference [26].
Although this meson is not an eigenstate of charge conjugation, it is put here for the sake of conveni-

ence.

There we have also given some theoretical arguments to
search for other hybrid mesons, based upon preliminary
calculations of their decay widths in the covariant oscilla-
tor quark model [4] (COQM) extended [3] so as to be
applicable to systems containing massive vector constitu-
ents. In this paper we shall give the results of more com-
plete calculations of their decay widths and try to give
more rigorous general arguments to search for hybrid
mesons, which may give a new powerful viewpoint in in-
vestigating meson spectroscopy.

The contents of this paper are as follows. In Sec. II we
present the formulation of the extended COQM and de-
scribe the level structure of hybrid mesons. It is also
pointed out that there occurs an interesting phenomenon
of "doubling of four flavor nonets" between the P-wave
qq states and the ground hybrid qqg ones. In Sec. III co-
variant effective Hamiltonians are systematically derived
for respective processes of the ground-state hybrid
mesons decaying into two S-wave qq mesons in the ex-
tended COQM. Then the respective partial decay widths
and total widths as their sums are calculated by using the
observed decay width of the f, (1420) as input. In Sec.
IV, based upon these predicted decay properties of hy-
brid mesons, we select several other candidates out of the
observed meson resonances. Then, as a clue to search
further for their candidates experimentally, several re-
marks based upon the above results are given. Finally, in
Sec. V some concluding remarks are given.

II. MODEL SCHEME FOR HYBRID MESONS
AND THEIR SPECTRUM

tial, of a quark, an antiquark, and a gluon with respective
"constituent" masses and treat them in the framework of
the extended COQM. Needless to say, in order to treat
nonstatic problems such as decay processes, it is in-
dispensable to describe them in a covariant framework.
The COQM has [4] a long history of development and
has been applied to various problems with satisfactory re-
sults. The basic standpoints of our extended COQM are
as follows: (1) The constituent quarks and gluons have
their respective effective masses dynamically generated
inside hadrons; (2) the level structures of composite sys-
tems are well described by the spin-orbit (L S) coupling-
scheme; (3) the confinement potential is of a four-
dimensional harmonic-oscillator type.

The idea that the gluon has an effective mass has been
advocated [7] in continuum QCD, and it has been actual-
ly shown [8] in the numerical studies of the gluon propa-
gator in lattice QCD. This idea has also been supported
[9] by a phenomenological point of view. The effective
mass value is in the range of about 500—800 MeV accord-
ing to these analyses. Nonrelativistic quark models
(NRQM's) with the L Scoupling schem-e have been suc-
cessful in explaining static properties of hadrons. In or-
der to sustain these successes, the framework is extended
te the boosted L-S coupling scheme in the extended
COQM, where the spin (now including the spin of gluons
in addition to of quarks) and space-time parts of the wave
functions are covariantly extended, separately, from the
corresponding parts of the NRQM.

The hybrid mesons are systematically described by a
trilocal field (wave function) as

A. Extended covariant oscillator quark model H (X),X2p&3) (2. 1)

We regard [3,5] hybrid qqg mesons [6] as color-singlet
three-body bound states, confined by a harmonic poten-

where x &, x2, and x 3 are the Lorentz four-vectors
representing the space-time coordinates of a constituent
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quark, antiquark, and gluon, respectively. This wave
function satisfies [10] the Bargmann-Wigner equations
concerning the quark and antiquark spin indices a and /3

(a,P=1—4) as and

3

d=2+ m, (2.8a)

(2.3)

It is noted that in Eqs. (2.2) and (2.3) P„represents the
center-of-mass momentum of hybrid mesons and in Eq.
(2.2) M is the mass of relevant hybrid mesons, which is
determined through the following space-time wave equa-
tion [11]to be satisfied by the wave function of Eq. (2.1):

3
1 $2

2m;
—U(x &,x2, x3 ) H (x „x2,x3 ) =0,

(2.4)

where m, is the mass parameter for the ith constituent.
Here U is the potential working among the constituents
and is supposed to be

(iP„y"'+ M )p
H~ =0,

(2.2)
H~ (iP„y„' ' M—)p =0,

where y„'" and y„'
' (p, = 1 —4) are the Dirac matrices (we

use the Dirac-Pauli Hermitian representation, that is,
7'„=7'„) and H:H*y—4"y~ '. For simplicity, the color
and Aavor indices are omitted through this paper. It also
satisfies the Lorentz condition concerning the gluon spin
index v(v=1 —4) as

3 2 3+—Kp+ —K~A, +C,
2m gp2 2m A&2 2 ~" 2

P p

(2.8b)

with

3mmg
K =

—,
' K, K&=—9K, m&=

2m+m
(2.8c)

In Eqs. (2.8b) and (2.8c), we have given an expression for
the simple case of m i

=m2 ——m (m 3
=—m ). As men-

tioned above, in Eq. (2.7) the eigenvalues of JR give the
masses squared of hybrid mesons. In order to freeze the
redundant freedom of relative time, we require the
definite-metric-type subsidiary condition [12] for the
wave function

(2.9)

where P„ is the center-of-mass momenta of hybrid
mesons and a„'~' ' are the creation operators for relative
harmonic motions concerning the p and A, coordinates.
As is well known, the wave function satisfying this condi-
tion is normalizable and gives [13] the electromagnetic
form factors of hadrons with the desirable asymptotic be-
havior.

U = Uconf + UPQcD

U„„r=—
—,
' g 2K(x; —x )„T; T +C,

i&j

(2.5) B. Level structures of hybrid mesons
and doubling of states between the P-wave qq mesons

and ground-state hybrid qqg mesons

1X~„= (m, x, m2x2+ m 3x3 )„,m)+m2+m3
(2.6a)

where U„r ( Upqco ) stands for the confinement (pertur-
bative QCD) potential, E represents the parameter for
the confining strength, C is the constant parameter, and
T; (T;~—T; for antiquarks) are the color-SU(3) genera-
tors. In this work, U&QcQ will be neglected.

Defining the center-of-mass coordinate X~„and rela-
tive coordinates p„and A,„as

The level structures of hybrid mesons are described by
the wave equations of Eqs. (2.2), (2.3), and (2.7). The
essential structure is given by two four-dimensional har-
monic oscillators concerning the relative coordinates p
and A.. The total spin J of hybrid mesons is given as a
sum of the two orbital angular momenta L and L&, the
spin of the quark-antiquark subsystem S ( =0 or 1), and
the spin of the gluon S (=1). The parity is given by

P ( 1) P A.

1p„=,—(x, —x2)„,v2 (2.6b) while the charge-conjugation parity of the neutral states
is given by

' 1/2
2
3

1

m, +mz
(m, x, +m2x2) x3 (2.6c)

(2.7a)

the wave equation (2.4) is rewritten in the Klein-Gordon
form

(2. 1 1)

In Table III we have shown the level structure up to the
first excited states. Here it is worthwhile to note that in
the first excited level there exist exotic J states which
never appear in qq states.

The mass of the ground states may be estimated simply
as a sum of the masses of their constituents:

with the mass-squared operator Mo(qqg)=m +m +m (2.12)

At (p„,k,„)=dHO,

where

(2.7b) taking the values m„=385 MeV (half of the p-meson
mass) for n quarks (n denoting u or d quark), m, =510
MeV (half of the P-meson mass) for s quarks, and
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TABLE III. Level structures of hybrid mesons. Exotic quantum number states are underlined. The
mass range for respective levels is estimated in a way described in the text.

JPC

1+—
0++
1++
2++

Mass (GeV)

1.3-1.8

p + +

1

1

2

1.8-2.2

0 1
1-+
1

—+

2
—+

2
3

—+

2.0-2.4

'N =Np+ Ng.
X=S+Sg.

M (qqg)=MO(qqg)+N 0'~'+N'OG (2.13a)

with

0'~' = 2+ 0
qqa 8 m

n"' =—2+3 m

8 m

2m +mg
1/2 (2.13b)

where N (N&) and fl~~' (A~ ') are, respectively, the num-
ber and the value of p (A. ) oscillator quantum and
0 =&32mE. Here the values of 0'~' and 0' ' are

qq

Q'~' =1.260 =1.45 GeV

0'„„' =2.070„„=2.39 GeV for nng systems

Q,'~'=1. 126,, =1.48 GeV
(2.14b)

0', ' = 1.980,, =2.62 GeV for ssg systems,

which are obtained by using the value of 0 =1.15 GeV
determined from the p-meson trajectory and the tenta-
tively fixed value of m =700 MeV and by simply assum-

ing the potential strength K to be flavor independent. In
Table III we have shown the mass range of respective lev-
els estimated as above (without discriminating quark
flavor).

Finally, in this subsection we point out an interesting
and important feature of the level structure in our
scheme. The ground states of our hybrid mesons have
completely the same quantum numbers as the P-wave qq

m~=500 —800 MeV for gluons. Here it may be notable
that the mass of the f, (1420) is just within the range of
1270—1570 MeV estimated this way.

The mass of the first excited states may be estimated,
using the mass formula derived from Eqs. (2.7) and (2.8),
by

mesons. This is due to the fact that a massive S-wave
gluon inside the hybrid mesons plays a similar role to a
P-wave quantum in the qq mesons. Moreover, the mass
of the ground-state hybrid mesons is expected to be in the
range of 1.3—1.8 GeV, which is just the mass range for
the P-wave qq mesons. Thus, in such a mass region, there
exists the doubling of four flavor nonets with quantum
numbers J =(0, 1,2)++ and 1+ between the hybrid
and the qq mesons with nearly equal masses with each
other.

It is notable that in our model the lowest-lying states
have positive parity. This is in strong contrast to the bag
model, where the corresponding states have negative par-
ity and are expected to lie in the mass range of 1 —2 GeV
[14]. In the case of the MIT bag model, there are two
modes of gluon: namely, transverse electric (TE) mode
and transverse magnetic (TM) one. TE and TM modes
are due to the multipole expansion of the color-
electromagnetic field inside the bag. The parity of the TE
dipole mode, which is expected to be of the lowest ener-
gy, is given by PTF =( —1) +'=+; accordingly, the
ground-state hybrid mesons have negative parity. Actu-
ally, in an attempt based on the MIT bag model, the
f, (1420), supposing it to have negative parity, was as-
signed to its ground state [15].

III. DECAY PROPERTIES
OF THE GROUND-STATE HYBRID MESONS

A. Decay mechanism

Now we investigate the decays of hybrid qqg mesons
into the two ordinary qq mesons, H —+M~+Mc, in our
model scheme. We assume [3,16] that these decays
proceed by the conversion of the gluon into a qq pair as
shown in Fig. 1. Then the invariant efFective action for
all the relevant interactions is given, in a unified manner,
by the overlap integral
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I;„,= I d x, d xzd x3[@& ' (x3,x2)(I 3„)$@r ' (xi,x3)H, (xi»2»3)+H c. ] (3.1)

r =IE+rM
ip ip ip (3.2)

where @' ' (x „x3 ), etc., are the bilocal fields (wave func-
tions) describing all the states in the final qq mesons and
I, is the quark-gluon vertex operator [17] given as a sum
of two terms corresponding to the "color-electric" and
"color-magnetic" currents:

decays will be small (or kinematically forbidden) because
of low mass of the initial hybrid mesons. We will use the
experimental width of the f, (1420) as input to fix the ab-
solute scale of the coupling strength g. As for the value
of the magnetic coupling, we use hM=1. 69 obtained
from the analysis [17] of the spin-spin splitting of qq
mesons.

B. Effective Hamiltonians for respective decay processes

1 ()I;„=—ig
2 2m; Bx;p

T

iE'

2 2mi

Bx;p

a+a
8

(3.3a)

(3.3b)

where g is the eft'ective quark-gluon coupling constant,
hM is the dimensionless parameter corresponding to the
effective quark color-magnetic moment (in the case of the
normal moment, hM = 1), and V is the color-SU(3) ma-
trix.

Thus we can express the decay widths for all relevant
possible channels in terms of the two coupling parame-
ters g and hM. Actually, we estimate only the decay
widths of the ground-state hybrid mesons into the two S-
wave qq mesons. We would expect that these decay
channels almost saturate the decay of the hybrid mesons,
since contributions from decay channels such as an S-
wave qq meson plus a P wave one an-d a hybrid meson (or
glueball) plus a qq meson and from the direct multibody

The e6'ective Hamiltonians in momentum space for our
relevant respective decay processes are systematically ob-
tained from Eq. (3.1). The only necessary work is to sub-
stitute the following decompositions of our multilocal
fields into Eq. (3.1) and to perform the space-time in-
tegration.

Separating the plane wave functions for the center-of-
mass motion as

iP~ X~
H~ (XH, p, A, ; PH )=, %~~ (p, A, ;PH ),

[(2~) 2EH ]'

(3.4a)

iP,. X,.

4&~(X, », ;P,)=, 'P~(x, ;P, ) (i =B,C),[(2') 2E;]'

(3.4b)

the internal wave functions %~H (p, k;PH ) and Qi (x,. ;p, )
are written respectively as

1 ty PH
(p, A, ;PH ) = — y5 1+

2 2 MH

p
1 l p PH

H (PH )gH (p, A.; PH ) + — y„ 1 +
2 2a

p

H„.(PHWH(p ~'PH»

(3.5a)

with with

a a&
PH(p, A, ;PH ) = exp

~2
'p +2

MH
P;(x;;P; ) = exp

7T

P; (P; x;)x;+2
M

(3.6b)

ai (PH A, )2
~ A, +2

M

(3.5b)

and

P

P(P; )g;(x;;P; )

i y.Pi

M V„(P; )g;(x;;P; ),

(3.6a)

1%~(x, ;P, ) = y5 1+
2V2 M,

where the explicit form of the internal space-time wave
function g(p, A, ;PH) [f,(x, ;P, )] for initial hybrid [final
ordinary] mesons has been determined from Eqs. (2.7)
and (2.8) (the equations similar to those [11,17] given in
previous work); H (PH ) and H„(PH ) may be treated as
ordinary local fields describing our ground-state hybrid
mesons with the quark-spin configurations S =0 and 1,
and similarly P(P, ) and V„(P; ) are the local field
representing pseudoscalar and vector mesons, respective-
ly. Concerning the four-vector indices p and v, these "lo-
cal" fields satisfy, because of Eqs. (2.2) and (2.3) and be-
cause of the equations similar [10] to Eq. (2.2) for V„(P, ),
the constraints
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V.

FIG. 1. Decay mechanism of hybrid mesons into two ordi-
nary mesons.

mesons given by Eq. (2.13a) (the equation similar to that
[17] given in previous work). Here m represents the
eff'ective mass of a quark (antiquark) converted from the
gluon. It is to be noted that in the equations throughout
this section the center-of-mass momenta of mesons P„
are "symmetric" ones (denoted by capital letters), satisfy-
ing P„=—M for respective mesons.

The effective Hamiltonians for respective decay pro-
cesses thus obtained are collected in Table IV. All the
effective coupling constants in this table are written in
terms of g, h~, E, mq, m~, M~, and M;, expressions of
which are given in Appendix B. In the effective "local"
interactions in Table IV, the center-of-mass momenta of
mesons are treated as physical ones (denoted by small
letters), satisfying p„=—m for respective mesons, in or-
der to take account of the effects of phase space correctly.
The value of g is taken to be 6.6 GeV determined from
the experimental width of I [f &

( 1420)—+K *K ] = 55
MeV, as mentioned above. The used values for other pa-
rameters are also given in Appendix B.

C. Decay widths of the ground-state hybrid mesons

P „H„(P )=0, P „H„(P )=P ~„(P )=0

(3.7a)

and

P,„V (P, )=0, (3.7b)

H&, (PH ) = H„(PH ) for ax—ial-vector mesons,

(3.g)

H„(PH ) =H (PH ), H„„(PH ) =0

for tensor mesons .

The various constants appearing in Eqs. (3.4) —(3.6) are
expressed in terms of the fundamental model parameters
of the effective quark and gluon masses and the potential
strength K as

v'7
a = &32m'

9
16

' 1/2

v'32m',m

2m +mg
1/2

(3.9)

m

m +mp
&32mrC,

and MH (M; ) is "symmetric" mass of hybrid (ordinary)

where the "local" field H (PH) represents axial-vector
mesons with j =1+, while the "local" field H„(PH)
is decomposed into scalar, axial-vector, and tensor
mesons with J =0 +, 1++, and 2++, respectively,
satisfying the subsidiary conditions

H„(PH ) =H „(PH ), H„„(P~)%0

for scalar mesons,

From the effective Hamiltonians given in Table IV, the
partial decay widths for respective processes are directly
obtained following the ordinary procedure. All the for-
mulas for the partial decay widths thus obtained are col-
lected in Table V. By using the effective coupling con-
stants fixed as explained in the last subsection, we obtain
the numerical values for the partial decay widths and for
the total decay widths as a sum of the former ones. All
the results are given in Table VI, where we have shown
the respective widths for the two limiting cases of taking
lower and upper mass values for the ground-state hybrid
mesons within the mass range discussed in Sec. II B.

From this table we see that our theoretical decay
widths for the respective hybrid-meson nonets with J
have the following characteristic features.

nonet. All members have a narrow width of less
than about 100 MeV, except for h I with I =150—220
MeV.

0++ nonet. All members have a narrow width of less
than 100 MeV, except for f 0 with I =130—150 MeV, in
contrast with the corresponding qq states, which are ex-
pected generally to have a very broad width of several
hundred MeV.

1++ nonet. All members have a very broad width of
more than about 400 —500 MeV, except for the f,(1420),
which is our "input" hybrid meson. This is due to the
fact that generally this nonet couples strongly with the
P V channel [P ( V) stands for pseudoscalar (vector)
mesons], while the fz, (1420) has very small threshold en-

ergy for its dominant decay channel K*K.
2++ nonet. Each member of this nonet has a width of

about 100—300 MeV, depending upon its mass, which is
moderate for observation, and they couple strongly with
the VV and/or PV channels, while very weakly with the
PP channel.

Thus we can understand why only the f,(1420) has
been observed out of the members of the 1+ nonet, and
we see that there is a good chance for observing the
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members of the 1+, 0++, and 2++ nonets, which gen-
erally have a moderate width for their observation. Here
it may be worthwhile to note that the above features are
related to the "rest rule" concerning the overlapping of
our relativistic spin wave function at zero threshold ener-
gy.

IV. EXPERIMENTAL CANDIDATES
FOR HYBRID MKSONS

A. General remarks on searching for hybrid mesons

In our scheme the ground-state hybrid mesons have
the same quantum numbers as the P-wave qq mesons and
both are expected to have similar masses, as was dis-
cussed in Sec. IIB. We called this fact the "doubling"
between these two meson states. So, in order to identify
hybrid mesons, discriminating from qq mesons or gen-
erally from the other mesons, it is necessary to make deli-
berate physical considerations from various viewpoints.

Since hybrid mesons contain an extra gluon compared

to qq mesons, they are expected to be produced more
abundantly in gluon-rich processes such as the diffractive
process (where the production mechanism is dominated
by Pomeron exchange, which is considered [18] to be
multigluon exchange in QCD) and the central-collision
process (where double Pomeron or Pomeron-Reggeon ex-
change are dominant), while these processes contain gen-
erally strong background effects (especially in the
diffractive process of the Drell-Hiida-Deck effect [19]).
On the other hand, they are expected to be less abundant-
ly produced in peripheral-collision processes such as the
charge-exchange reaction (being dominated by an ordi-
nary qq-meson pole), while these processes may be com-
paratively "clean. "

There are other interesting production processes for
hybrid mesons: two-photon collisions, through which
our first hybrid meson f&(1420) has been observed [20].
J/g decays into hadrons and into hadrons plus a photon,
where the f, (1420) also has been observed [21], which
are Okubo-Zweig-Iizuka- (OZI-) forbidden processes and

TABLE IV. Effective Hamiltonians for the ground-state hybrid mesons decaying into two ordinary
S-wave qq mesons. The expression of the effective coupling constants in terms of the fundamental mod-
el parameters are given in Appendix B.

Decay process'

8~ V+P

S~P +P

S~V+ V

A~V+P

T~P+P
T~ V+P
T~V+ V

Effective Hamiltonian

gBVPH (PH ) V (PB )P(PC )

+FBVPPCW (PH )I C ~ (PB )P(PC )

lgB vv~ro vapBaH v(pH ) Vr(pB ) Vo. (pC )

+ lgBVV~rcrvapcaHV(PH ) Vr(PB ) Vo'(PC )

+ gBVV~rvaPPBaPCPPBo v(PH ) Vr(PB ) Vcr(PC )

+ ~gBVV~ PPBaPCBPBW (I H ) V (PB ) ~ (I C )

+ lgBVV~ovaPPBaPCP v(PH )PCr Vr(PB ) Vo. (PC )

gSPPHpp(PH )P(PB )P(PC )

+RSPPPByPB&pv(PH ) (PB )~(PC )

gSvv~ (PH ) V (PB ) V (PC )

+RSVVPB&pv(PH ) ~p (PB )I Bo Vo (PC )

+gSVVPCW (PH )I C ~ (PB ) Vjll(J C )

+as'v'vua~a~p. (PH ) V.(na ) 1',(ac )

+RSVVPaypa&pv(PH )I Cr ~r(PB ~PBo ~o (I C )

lg AVP~ p aPH Hp (PH ) V (PB )P(PC )

+ lg A VprpvapBa~pv(pH ) Vr(PB ) (pC )

+ i/A VPEvpaBPHaPBPPBvHpv(PH ) Vr(PB )P(PC )

+ g AVP~appvpHapCp Ipv(PH )pCr r(pB ) (pC )

g A VVPB&pv(J H ) Vp(J B )I Bo Vo(PC )

g AVVPB&pv(PH )Pcr) v(PB ) ) p(PC )

g T'P'PPB~B&p. (PH )I'(Pa )~(PC )

RTVPEvPaPPHaPBBPB&p (PH ) &,(Pa )P(PC )

gT'vvHp. (pH ) Vp(PB ) V, (pc)
+g T'v'VS a~a &p.(PH ) )'.(Pa ) V, (PC )

+RTVVPB&p (PH ) ~ (PB ~PH ~ (PC )

+aT'v'VPB Wp. (PH ~PH. 1'.(Pa ) &p(pc )

+RTVVPByPB&pv(PH ~PHv~v(J B ~PHo 1 o (PC )

'B, S, 2, and T represent hybrid mesons, respectively, with J =1,0++, 1++, and 2++ and P ( V)

S-wave qq mesons with J =0 +
( 1 ).
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TABLE V. Decay width formulas for the ground-state hybrid mesons decaying into two ordinary qq mesons. The decay widths
are given by

r=
8a ma 2J + spin

where ~p~
= [[mH —(mz+mz) I [mH —(mz —mc) J

]' /2mH and mH (ms and mc) is real mass of initial hybrid (final qq) mesons.
The e6'ective coupling constants g; for each process are given in Appendix B. (Note that the subscripts of the coupling constants in-
dicating decay processes are omitted in the table. )

Decay process
ZJ+& ~'

p' , ma
g) 3+

2 +2g)g2 1 —
2 P +g2 2 p

ma ma ma

2 gi g2 Ec
6 (g, EB+g2EC) + ' +g, ma 1+

g2 Ec+4 (g/Ea+g2Ec) ' +gsma 1+E

g& g2 Eap4+ —g3ma 1+
Ec Ec

p4+g4'm„'

gi g2+ (g j Ea +g2Ec )g4ma + (g]Ea +g2Ec ) g3ma 1 +
Ec E

gi g2 g2 Ec+4 +gsma 1+ g4ma+ +gsma 1+
Ea Ea

P

E—g3ma 1+
c Ec

g2 —g3ma 1+E E g4ma P
4

2 g2 E+
2 (g, EB+g2EC)— +gsma 1+

ma E E P P

2+
2 (g ~EB+g2EC)

mc

gi g2

E
E—g3ma 1+ E

2

P P

S~I' +P

S~V+ V

Ix I+a2x'

(PBPc ) +, (PBPc )
g2 mamc

mamc mamc

(pape
2ma

9g& +6g)g

1
2 2

+g 3+ + +
ma mc mamc

2

+g,' 1+ P,
ma

(pape)+ gtg2(pape) 1+
2ma mc

(PBPC )P (pape )

mc ma

mc2

P'(PBPc)
2 2mamc

+2 Pape P( )
'

gags 2ma

(PBPc)—2g2g3 1—
ma

(pape)
P

mamc

(PBPc)
P

ma

(pape)'
2g2g5(mc (pBpc ) )

mamc

2

P 2g g 1+
2mc

)2 +21+P 2—ma +g5 1+
mc mc

2 2PBPC +2 3+P +P
2 2mc ma mc

(Pape)
p +2g2g4( ma —(pape ) )

mc

(PBPc)
2g4gs

ma

2 4g3map + g4ma+
3 E

(PBPC)

mc
2

2
P

ma
4 4 PP g4ma+ (gima+g E ) 1+ p'

2 2 4+ (g&ma+g2EB) 3+ g3ma(g]ma+g2EB)p3

T~P+P
T—+V+P

2 2
1 gi g2

2 +, map
mc ma

2 g2p4

sg map
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Decay process

T~V+ V
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TABLE V. (Continued).

2J+i ~'

1
2 2

9+10 +10 +2 +4 ' 1+ + ' —5m' '+5
15

+2 pcPH 4 + 2 5 2 2+5 PBPH 2 2
H 4+2 pBPH 4( )' ( )' m '

( )'
P g4 HP P 2 P 2 P

mBmc mB mc mBmc

24, (PCPH)
+4g5 mH —mH

mc
PBPH PBPH PcPH ) 4 p p (PBpc ) 4

2 2 2 P g lg2 2 2 2 2mB mBmC

5
P PH 2+2 P» 4 +2 PBP 2+ P PH 4 (PB») Pc») 4glg3» p» P glg4 2 p +2» p —4glg5 pmc mBmc mB mBmc mB»mc»

(PcPH ) (PBPH ) (PBpc )(PBPH ) 4
2

+
2 »mc mB mBmc

(PcPH )
2mc

PBPH PBPC PCPH

mB mBmc

(PBPH ) (PBPc)(PBPH )(PcPH ) 4+ +
2 2 P

mB mBmc

mH(PBPH ) (PBPH )(PcpH )P'+4g, g, , +
mB mBmc

(PcPH
+4g2g5 mH+

mc

(pBpH )(pcPH )

2 2mBmc
P4g 3g4

mH(pcpH ) (pBpH )'(PcPH )

2 »mc mBmc
+4g4gs

TABLE VI. Predicted partial and total decay widths of the ground-state hybrid mesons. The iso-
scalar mixing s for hybrid mesons are simply taken to be ideal in each nonet, that is,
f, h =iuu+dd ig/&2 and f', hg = —ssg. The singlet-octet mixing angle for the q and g' mesons is
taken to be —20'.

Hybrid meson
mass (MeV)»S+ 1,2X+ lL a IGJPCJ Decay modes Partial width (MeV) Total width (MeV)

13'
1 48-56

13-21
0

bgl
1300—1500 61-91P'9

K*K
K *m.

K*g
pK
coK

pK
CO'g

K*K

0—14
0—30
~0

22-32
7—10
0—9

150-170
0—20
0—28

0
0

0—16
50-71

1 1+
2 gl

1400—1600
29-81

0-1+-
hgl

1300—1500 150-220

hgl
1550—1750

PIT
CO'g

K K

50-87

3lg
0 1

—0++ 38-41
8—11
28-30
41-46

71m'

KK
Km

Kg
Kg'

a«
1200—1400 78-82

1 0+
2 K,*o

1300—1500 41-58=0
0—12
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TABLE VI. (Con tinued).

2S + 1,2X+ 1L a IGJPCJ

Hybrid meson

mass (MeV) Decay modes Partial width (MeV) Total width (MeV)

31S
0

33S
1

"s
2

Q+Q+ +

1
—1++

1 1+
2

0+ 1++

1
—2++

1 2+
2

Q+2+ +

f,o

1200—1400

fgo
1450-1650

Qg1

1300-1500

1400- 1600

fg, (1420)
1420

f,'i
1550-1750

Qg2

1400- 1600

1500-1700

f,2

1400-1600

f,'~
1650-1850

PP

pw
K*K
K
K
pK
coK

PK
K*K

PP

pro
Km

Kq
Kr]'
K*m
K*q
pK
coK

PK
K p
K co

PP

98-114
7—10

27-30
0

0—5

0—11
44-46

0
0

600-840
0—94

220-300
0-160

160-260
51-84
0—93

55 (input)

290-430
0
0

1 —2
~0
=0

93-310
0—13
0—48
2—3
~0
~0

33-120
0—21
14-80
4—25
0—6
0—30
0—8

5 —7
0—7
~0
~0

0—13
0—82
0—21

0
~0
=0

25-130
0
0

0—42

130-150

44-62

600-930

430-900

55

290-430

94-370

53-290

12-120

26-170

S=S~+S,X=S+Sg, L =L +Lq, and J=L+X.
"The symbols for hybrid mesons conform to the standard naming scheme for ordinary qq mesons except
for the subscript g indicating an extra gluon as a constituent.
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accordingly are comparatively gluon rich. These col-
lision and decay processes are also clean. The Primakov
process [22], where the concerned dynamics is well
known, QED, and hybrid mesons may be expected [23] to
be produced as much as ordinary qq mesons.

Here it is worthwhile to stress the importance of the
interference effect between the two doubling states. Since
these two states with the same quantum numbers have
generally different particle properties, a "single" (thus far
considered) resonance may have a different mass and
width depending upon its production processes and decay
channels due to the interference effect. Actually, we have
shown in a separate paper [24] the possibility that the
puzzle of the "variant mass and width" of the axial-
vector a, meson is solved by this effect (see a discussion
on the 1++ nonet in the following subsection).

B. Candidates for the ground-state hybrid mesons

Now, by making use of our predicted decay properties
of the ground-state hybrid mesons given in Table VI and
their characteristic features discussed in Sec. III C, we try
to select several possible candidates [other than the
f &

(1420) ] for the respective members of their four nonets
out of still-unclassified observed mesons listed in Table II.

The candidates are collected in Table VII, where our
theoretical total decay widths and branching ratios (for
their "observed" masses) are given in comparison with
the present experimental properties.

We give some comments on their candidates assigned
to each nonet with J in the following.

1+ nonet. There exist respective candidates for the
two members 6

&
and K', '. In the recent experiment at

KEK on the charge-exchange reaction m. p~M n, they
have observed [25—27] a peak both in the ra~ and pg
channels. The respective peaks have the same quantum
numbers (I,J )=(1+,1+ ) as those of the b& meson,
while their masses and widths seem to be very different
with each other. The mass and width for a peak in the
co~ channel were m =1236+16 MeV and I =151+31
MeV [25], which are consistent with the world averages
[28] of the b, (qq ) meson. On the other hand, those for a
peak in the pq channel were m =1311+10 MeV and
1 =126+10 MeV [26], which are higher and narrower,
respectively. A similar inclination has been seen [29] in
the "b& meson" observed through the pg channel by the
Omega Photon Collaboration.

Recently, we have shown [24] that both spectra in the
corn. and pg channels are we11 reproduced by the interfer-
ence effect between the two doubling states b

&
and b &.

TABLE VII. Predicted decay properties of the candidates for the ground-state hybrid mesons in comparison with experiment.
The singlet-octet mixing angle for the g and g' mesons is taken to be —20' in the prediction.

Meson Experiment'
mass (MeV) Total width (MeV) Observed channel

Prediction
Assignment Total width (MeV) Decay modes Branching fraction (%%uo)

b l (1300)
= 1300

K, (1650)
1650+50

ao(1320)
1322+30

fo(1240)
1240+10

fo(1525)
= 1525

a, (1400)
= 1400

f, ( 1420)
1425.3+1.3
f2( 1640)
1635+7

~5Q

150+50

130+30

140+10

=90

=700

55+3

&70

g(~~)p bg&( 1300)

K', '(1650)

ago(1320)

f o(1240)

f 'o(1525)

a, (1400)

fg I( 1420)

J"g2( 1640)

55

180

78

150

54

740

55 (input)

160

p'9
K*a
PK
coK

PK
K

7lvi

KK

PP

88
12
40
37
12
11
~0
50
13
37
75
19
6

84
9
7
0

95
5

= 100

64
18
13

5
=0
~0
~0

'The data are taken from Ref. [28] except for the b, (1300) and a, (1400). For these two mesons, see discussions in Sec. IV B.
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We have given the mass and width of b~& used through
this analysis in Table VII. It is to be noted that the
values of (mass and) width for the bs, meson are our pre-
dicted ones.

The candidate K&(1650) for K~& ' selected in Table VII
has a similar mass and total decay width to our predic-
tion, but is observed in the PK channel. It is important
to confirm it in our predicted main channels K*~ and
pK.

Here we would like to point out that some structures in
the mass region of 1.3—1.5 GeV have been seen [30] in
the p~ channel in the same KEK experiment, which
might be due to h, . An experimental analysis of the cog
channel is interesting in confirmation of existence of h

&
if

its mass is large enough to decay into this channel, al-
though its coupling is rather small. In this channel with
high threshold energy, the infiuence of the h &(qq) and
h ', (qq ), which have a lower mass, upon the observed
spectrum of hg& is expected to be small.

1++ nonet. There exist respective candidates for the
two members f &

and a, . The f &
( 1420) is our "input"

hybrid meson fg ~.

In the recent experiment at KEK on the peripheral
charge-exchange reaction m. p ~M n, they observed [30]
a peak in the p~ channel with the same quantum number
(I,J )=(1,1++) as the a& meson. Its mass and
width are 1122+17 and 254+11 MeV, respectively,
which are very different from the values of m =1280+30
MeV and I =300+50 MeV thus far obtained [31] in the
diffractive process and also from m =1208+15 MeV and
I =430+50 MeV recently obtained [32] in the central
production process, while its mass value is close to the
one simply obtained [33] in the r decay without any com-
plex manipulations but its width is much narrower.

This "puzzle" [34] is interpreted as being also due to
the interference effect between the two doubling states a,
and a, . In the "gluon-poor" peripheral charge-exchange
and ~-decay processes, the a& meson is considered to be
produced more abundantly than the a &, while in the
"gluon-rich" diffractive and central-collision processes it
is vice versa. Actually, we have shown [24] that both "a

&

spectra" in the peripheral charge-exchange and central-
collision experiments are well reproduced phenomenolog-
ically as superposed decay spectra of the doubling states
of a& and a &. The mass and width of a, used through
this analysis are given in Table VII. It is to be noted that
the broad a, width of about 700 MeV is our predicted
value, while its mass of about 1400 MeV is rather ap-
propriately chosen.

0++ nonet. There exist respective candidates for the
three members ago, f 0, and fgo as shown in Table VII.
All these candidates have a rather narrow width of about
100 MeV in accordance with our prediction, in contrast
with the qq scalar mesons, which are expected to have a
very broad width of several hundred MeV in most of or-
dinary quark-model calculations.

It is notable that the candidates ao( 1320) and
fo(1525), respectively, for the a 0 and f 'o have been ob-
served in the respective channels qm and KK with the
largest branching ratios. In this connection it is interest-

ing to check experimentally the existence of the
fgo(1240), being observed in the KK channel with the
second largest branching ratio, in the largest branching
ma channel.

2++ nonet. There exists only a candidate, the
fz ( 1640) for the member f z, which has properties
shown in Table VII. It has been observed in the ~co
channel with the second largest branching ratio, but has
a smaller width than our prediction.

C. Candidates for the excited hybrid mesons

Recently, in the w p charge-exchange reactions, a new
isoscalar gq' resonance X(1920) with a mass of 1911+10
MeV, a width of 90+35 MeV, and possible J =0+
1 +, or 2++ has been found [35]. This meson has the
unusual properties that its decays into gg, mm. , and KK
are strongly suppressed in comparison with its decay into
gg' and that it seems to be produced by a quite different
mechanism from one-pion exchange. It has been pointed
out [35] that these peculiarities of the X(1920) would find
a natural explanation if this meson had the non-qq exotic
quantum numbers J = 1

In our scheme for hybrid mesons, there exist four iso-
scalar 1

+ states in the first excited level as shown in
Table III. One is a state with the qq pair being in a spin-
singlet P-wave state, and the other three are states with
the gluons being in P-wave states with respect to the qq
pairs, which are in spin-triplet S-wave states. In our
model the former, to which X(1920) may be plausibly as-
signed, is expected to lie around a mass of about 1.8 —2.2
GeV and the latter around about 2.0—2.4 GeV, according
to the reasoning given in Sec. II B.

D. Further search for hybrid mesons

We now have 8 experimental candidates for the
ground-state hybrid meson nonets, having 16 members in
total, although further confirmation is necessary, as
shown in Table VII. Here we give some comments on
searching further for the missing members of their nonets
by recourse to their predicted decay properties given in
Table VI. First, we shall refer to the tensor nonet.

a z(1400—1600). This state is predicted to have a
prominent decay mode to pm with a width of about
100—300 MeV dependent upon its mass value and so may
be seen in an experiment with gluon-rich processes being
sensitive to this channel. The interference effects between
the ag~ and Pz qq state az(1320), mainly decaying into
pm, could be important if the a z has a low mass value
close to the az(1320). There is also another effective de-
cay mode of cop [or co(arm) ] (with a width of about 50
MeV for its mass of about 1600 MeV), if the mass of the
agz is large enough to decay into this channel. In such a
high-mass case, the interference effect will not be impor-
tant. It may be worth noting in the opposite case of the
low mass value that the existence of the a z has no effect
on the observation of the az(1320) in the rI~ channel, be-
cause the tensor hybrid states almost decouple with the
PP channel, as mentioned in Sec. III C.

K~&(1500—1700). Its main decay mode is predicted to
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be K*+ with a width of about 30—120 MeV, and in this
channel there could be an interference effect with the P2
qq state Kz (1430). There are also other effective chan-
nels of Kp, Kco, K*p [or K*(m~) ], and K*co, where the
interference effects may be small or negligible similarly as
in the case of the a~2. Accordingly, the observation of
the K2 (1430) in the Krr channel will not be affected by
the Kg*2.

f'2(1650 1850—). This state is predicted to have a
prominent decay mode to K*K with a width of about
30—130 MeV and also to decay into %*I( * if its mass is
large enough. The interference between the fg2 and P2
qq state f2(1525) will be negligible because the latter
couples only with the KK and gg channels, while the
former almost decouples with them.

As for the axial-vector 1++ and 1+ nonets, we have
the two missing members for each nonet and have al-
ready given a comment on one of them, the h,
(1300—1500) in Sec. IV B.

K~,"'(1400—1600). Since the total width of this state is
predicted to be much above 400 MeV, it will be observed
only as a background effect. It is, however, noted that
the candidate K, (1650) for the 1+ nonet member K', '

could be a mixture of the K', ' and K'I '.

fg, (1550—1750). This state is the isoscalar partner
(with mainly ssg content) of our first hybrid meson

fz, (1420), and its only simple decay channel K "K has a
broad width of about 300—400 MeV. It is possible that
this state will be found by a high statistics isobar-type
analysis through the interference with the PI qq state
fi(1510).

h'I(1550 —1750). Since this state has also a prominent
decay mode to %*Kwith a width of about 50—70 MeV, it
will be found together with the f', . If its mass is large
enough to decay into (t)rl, this channel (with a width of
about 20 MeV for its mass of about 1750 MeV) may be
available.

As for the scalar 0++ nonet, we have the only one
missing member.

Kzz(1300 1500). This st—ate is predicted to have a very
narrow total width of about 50 MeV in contrast with the
corresponding Po qq state and to couple mainly with
Km. If such a narrow scalar resonance in the K~ channel
is found, it will probably be the K*o.

V. CONCLUDING REMARKS

Following the argument given in our previous work, in
this paper we have supposed the f, (1420) to be one of
the ground-state hybrid mesons and investigated general-
ly the properties of the hybrid-meson system in the
framework of the extended COQM. First, we have point-
ed out that there may occur generally an interesting fact
of the doubling of the four Aavor nonets with
J =(0, 1,2)++ and 1+ between the ground-state hy-
brid mesons and the ordinary P-wave qq mesons, since
the massive S-wave gluon inside the hybrid mesons plays
the role of a P-wave quantum in the qq mesons, and the
mass of the ground-state hybrid mesons is expected to be
almost equal to that of the P-wave qq mesons. Second,
based upon their predicted decay properties rwhich are
obtained by using the width of the f, (1420) as an input],
we have tried to find experimental candidates for the hy-
brid mesons out of unclassified observed meson reso-
nances. The result is summarized in Table VIII. From
this table we see that there may have been already ob-
served nearly half of the members of our predicted four
non ets.

Here it is to be noted that our argument vitally de-
pends upon the supposition that the gluon inside hadrons
has a nonzero effective mass. Accordingly, the ground
states of our hybrid mesons have positive parity and this
makes it possible to assign the f, (1420) (with positive
parity) to one of their ground states. This is in strong
contrast with the case of the bag model (see the discus-
sion in Sec. II B). Here it is also to be noted that our sup-
position of a massive gluon makes a vital change in the
decay properties of the ground-state hybrid mesons, com-
pared to the ordinary "massless" gluon models [36]. The
main decay mode of our ground-state hybrid mesons was
the two ground-state qq mesons. On the one hand, in the
ordinary approach based upon the bag model picture, the
ground-state hybrid mesons in the TE mode cannot decay
into two S-wave qq mesons, although the second lowest
hybrid mesons in the TM mode (which have the same
quantum numbers as our ground-state hybrid mesons)
can decay into them. On the other hand, in the Aux-tube
model, the low-lying hybrid mesons generally have no
couplings with two S-wave mesons. A physical origin for
this rule seems to come from the fact that the Aux-tube

TABLE VIII. Present status of our assignments for the ground-state hybrid-meson nonets.

2S+1,22+1 y.~J
13'

1

31'
p

33+
1

35'
2

JPC

1+—
0+ +

+ +
2++

nng

bg1(1300)
a~p(1320)
a, (1400)

I=—'
2

nsg, sng

K 1(1650)

nng

fgo( 1240)

fg I ( 1420)
fR?(1640)

I=O
ssg

fgo(1525)
(g g)b

'This state is expected to be seen only as a background effect because of its very broad width.
This state may be observed only through interference effects between doubling partners because of its

broad width. See the text.
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breaking mechanism in the model necessitates the
0++( Po) production of a new qq pair. In contrast, in the
static limit of our case, a 1 ( S, ) qq pair is produced
through the S-wave massive gluon in the initial ground-
state hybrid meson. It may be worthwhile to add the fol-
lowing remarks: There are other plausible arguments in
the level of hadron interactions, where the f, (1420) is re-
garded as simply a something like a meson-meson mole-
cule [37). However, here we should note that the two in-
terpretations from the quark-gluon and hadron levels are
not necessarily mutually exclusive: Remember the histo-
ry of hadron physics and especially the fact that the 6
particle now to be regarded as a three-quark bound state
had been interpreted as a resonance in the pion-nucleon
system from the Chew-Low theory for a long time, the in-
terpretation of which is still correct.

Next, we give some remarks concerning other kinds of
hybrid states. Theoretically, we may expect equally the
existence of various hybrid states, if our present hybrid
rnesons prove to truly exist. One of the most interesting
ones may be hybrid mesons with heavy quarks, where we
can expect equally the doubling of states. In the case of
the ground-state hybrid ccg mesons, their mass is expect-

ed to be around mz&&+m =3.8 GeV (or a little lower,
considering an effect of running gluon mass), while their
doubling partners y, and h, mesons (which are P-wave cc
states) have a mass of 3.4—3.5 GeV. Thus, in this case,
since the mass values of doubling states are largely
separated from each other compared to their characteris-
tic decay width of about 10 MeV or less, there may be no
chance of interference between the doubling states.

In the case of baryons, the ordinary P-wave qqq states,
which belong to the (70, 1 ) multiplet of SU(6)O(3)z,
have rather too complicated level structures, as a result
of the freedom of two relative coordinates and the quark
Aavor-spin symmetry, to be simply compared to those of
the ground-state hybrid qqqg baryons.
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APPENDIX A: SPACE-TIME OVERLAP INTEGRAL

The coupling constants in the eftective decay Hamiltonians shown in Table IV are obtained through the overlap in-
tegral in Eq. (3.1). Here we give the results of the space-time integral. It involves the integrals

J„(J, )= f d x, d xzd x3[@c(x3,xz)O„(O )@B(x,,x3)]H(xl, x2, x3), (A 1)

with

(A3)

0 = —ig
1

(A2)
2mp Bx3p ()x 3

L

h

2mp Bx3p Qx 3

where O„[O ] is the space-time factor of the operator I [I™]given in Eq. (3.3a) [(3.3b)] and 8 [4B and @c]means
the space-time part of the wave function for initial hybrid [final qq ] mesons given in Eq. (3.4a) [(3.4b)]. Defining

Jp f d x ld x2 x3@c(x3~x2 )
g

@B(x1 ~x3 ) H(x 1~x2~x3 )
X 3p

(A4)

and

J = dxdxdx
)Lt 1 2 3

3)M

ofc+C(X3&X2) +B(X1&X3)H(X1&X2&X3 (A5)

the relevant integrals in Eq. (Al) are given as

J = ig (J ——J ),1

2 P

hM (J +J )JM )g
2mp

For the evaluation of the integrals in Eqs. (A4) and (A5), we choose XH, xB ( =x, —x3), and xc ( =x3 xp)
ables of integration. Then, performing the integration with respect to XH, we obtain

(A6)

(A7)

J„=N(2') o (PH PB Pc)( i)— ——F+2 PB G PB„+PBG„m+m (A8)
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and

J„=N(2~) 5 (PH P—B P—c)( i—)
m pc

, Pc G Pc„—PcG„m+m M2 (A9)

where

4 4 ~a a ~c c ~

F(PH, Ps, Pc)—: d xsd xce ec(xc;Pc)es(xg, Pg)'PH(xg, xc', PH), (A10)

p( H s c) d xgd x( ( xgp) +c xc c)+8 xB B)+H(xB xc H)
a 4 4 '~&a ~a+&c ~c]

(A 1 1)

with

H B c) xB xc( xcp) +c xc c)+B x8 B)+H xB xc H
C — 4 4 . '~~a xa+~c "c~ (A12)

2m +m
m mp+mg

Pa —Pcm+m
(A13)

m m —m +mQc=- P Pc2m+m m+m
(A14)

and

N= [(2') 2EH(2m)2Es(2m. ) 2Ec]
The Lorentz-invariant integral F in Eq. (A10) is given, in the special case of Ms =Mc, as

32a agF=
(a +P)(aq/3+P)[2(a —P)(aq/3 —P)+P(a +aq/3)MH /Ms ]

(A15)

X exp
[m/(m+m )] Ms

4(a —P)(aq/3 P)+2P(a —+aq/3)MH/Ms

m+m
3

—P+2P
2m +m

2 2 2
MH —4 +(a +p)
M~ M~

2m —m MH
2 2

2m +m (A16)

where P=Ps =Pc and we have used energy-momentum conservation and the
also find for the integrals G and G„ that

G„=G (P~„Pc„)+G+(P—s„+Pc„),
G„=G (Ps„Pc„)—G+ (Ps—„+Pc„),

where G and G+, being Lorentz-invariant quantities, are

relations P,„=—M,. (i =H, B,C). We

(A17)

(A 1 8)

and

1 m

2(a~ —P)(az/3 —P)+P(a +a&/3)MH /Mz~ m +mz

1 m

2(ap —P)(aq/3 P)+P(a +aq/3—)MH/M~ m+mq

a m+m M~2p+p—
3 2m+m

2m mg m +mp
(a +p)+p2m+m 2m+m

M~ —4 F,
M

(A20)

with F given in Eq. (A16).
Here, for the sake of calculational convenience, we write J„and J as

J„=A 0( iP~„)+ A, ( iPH„)—, —

J =Bo(—iPs )+B)(—iPH ),
where, in the special case of M~ =Mc,

(A21)

(A22)
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Ap= F+P.I m+m
M~ —2
M~

M~2
G + G

M~
(A23)

(A24)

Bo=O

gAM
B,= F+/3

2m rn+m
M~ & M~+2 G + — —4 G+
M M

(A26)

Thus far, we have concerned ourselves with the first term of the overlap integral in Eq. (3.1). The space-time integral
parts J„and J of the second term, being the Hermitian conjugate of the erst term, are related to J„and J as

JE, JE JM JM
p, p ~ v v (A27)

APPENDIX 8: COUPLING CONSTANTS IN THE EFFECTIVE DECAY HAMILTONIANS

We can express coupling constants appearing in the effective decay Hamiltonians in terms of MH, MB, and Mc (sym-
metric masses of hybrid and ordinary mesons) and Ap, A „Bp, and B, defined in Eqs. (A23) —(A26). Their expressions
for each decay process are as follows.
B~ V+P process:

(&)
gBVP 4~2

(MH ™B™c)(MB( BPC ) MBMc] ™BMH™cMH™B™C)( BPc )
Bo+ B)

M~McMH M~McM~

MBMC(MH+MBMH+MCMH +2MBMC )
Bi

M~McMH
(81)

(2)
gBVP

B~V+ Vprocess:

MH +MB +Mc (MB —Mc )(MB +Mc +MH )
Ao- B)

McMa M~McMH
(82)

1 ( C H)
gBVv 4V2 0

MCMH

GOMB (2Gp+ G i )(PBPC )+2G iMc+
2M, M,

G0MB G, (PBPC)—
2M~M~

(83)

~z~ 1 (PcPH ) (MH+Mc)r G0MB —G, (PBP, )]
4V'2 MCMH 2M~McMH

(84)

2M~ +Mc+MII G Ig(3) G +
4v'2 2MB MCMH MBMC

(4)
gBVV 4~2

Ma+Me —MH MH +Mc
Ho+Go

M~McMH 2M~ McMH
(86)

M~+ 2M~ —Mc
G),4V2 2M M M (87)

where Go = do+ 2, and G& = A &.

S~P+P process:

MH+MB+Mc 2 2 2 2 2
RSPP IMB[MH —(MB ™c)]Bp~™B™c)MH ™B™C)B&]

8 2 MBMCMH
(88)

(2)
gSPP

MB+Mc —MH (MB —Mc )(MB+Mc+MH )Ao- Bo
aMc M~ McMH

(89)
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S~V+ Vprocess:

(1) 1
gSVV 4~2

Ma +Me ™H Gp(PBPH )+G1(PcPH )
Ap+3

MBMC MHMB

(PBPH ) (Gp —G1)(PBPc ) —3[Gp(PBPc )
—61MC]+ 1—

MBMH MBMC

(PcPH ) (Go —6, )(PBPc)+3[GoMB —G, (PBPc)]
M M

Gp(PBPH )+ G1(PCPH )+ Ma+ (PBP—c )
MB~ MC2MH 3

12) 1 2
A P

(PBPH) Go (PCPH) G
P P +3 1— +3 1—

MCMH MB

( Gp +6 1 )( Pa Pc ) —3 [6oMB —26 1 ( Pa Pc ) ] 3 G p ( Pa PH ) +6 1 ( PcPH )
+ +-

MB MCMH 2 MBMCMH

( Go 261 )(Pa Pc1+
MBMCMH

(PaPH )

gsvv = —
M [ Go(PB PH )+61(PcPH ) ]+ 1 —

M [Go(Pa Pc ) —G1Mc ]4 2 MBMcMH B H MC

(PC H ) GOMB 61(PBPC ) 60(PBPH )+61(PCPH )—2 1— + (PBPc)
MCMH MB MBMCMH

(810)

(4) 1
~SVV

(5) 1
gSVV

3 —+ V+P process:

Ma ™c™HGo(PaPH)+61(PCPH) (PBPH ) Go
Ap+ +2 1—

MBMH MHMBMC MBMH Mc

(PcPH ) Go —G1 Go[2MB —(PBPc )]—G, (PBPc )1— +
MCMH MB MB MCMH

Ma ™c™H (PBPH ) Go —6, (PcPH ) G,+ 1— —2 1—
MCMH

0

Go(PaPH )+G, (PcPH ) (Go+ G, )(Pa Pc )+2G,Mc
MBMCMH

(813)

(814)

(&)
8 AVP

3MBBp

2MHMBMc

MH+MB+Mc
Ap

MBMCMH
(815)

(2) 1 MH +2MB —Mc
~A VP B (816)

(3)
gAvP 4~2

(4)
A vP 4~2

A ~V+ Vprocess:

(PcPH)1+ B
MCMH

(PcPH )1+ B]
McMH

)[ o( B H )—,MH ] MH[BpMB B1 (PBPH )]+
2MHMBMC 2MHMBMc

BPMB B
& PBPH

2MH MB

(817)

(818)

(1)
FA VV

I.

MB ™C™H (PCPH ) Bp
Ap — 1—

MBMH MCMH MB

Bp (PcPH ) B1 Bp(PBPC)+B1(PcPH) (PBPc)
+2 1 +2 .+ Bp

MH McMH MB MHMBMC MBMCMH
(819)
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(&)
gAvv 4~2

T—+P +P process:

Mii +Mc +MH (PiiPc ) Bo (PiiPH ) B i
Ao+ 1— +2 1—

M~ Ma M~ Ma Ma M~ Ma Mc

(MPH ) Bo+ 1—
M~ Ma Mc

BpMJi B—t (PiiPH )—2
MaMaMc

(820)

1
gTPP= 4~2

M~+Mc —MH (Mc —Mii )(Mii+Mc+MH )
Ao+ Bo

M~Mc M~ McMa

T~ V+P process:

1
RTVP 4~2

MH+Mz —Mc (Mii+2Mc)Bo+3MHB i30+
M~McMa 2M&McMa

(822)

T~ V+ Vprocess:

Bp (Pii PH ) B i MH — ( Pii PH ) Bo ( Pii Pc ) +B i ( PH Pc )
gTvv= +4 1—

4&v Ma M~ Ma Mc

(PcPH) Boy Bi(PHD)—Bp(PiiPH) —BiMH—4 1— + (PIi Pc )
McMa M~ M~McMa

(823)

(2) 1
gTVV

M~+Mc+MH (PIiPH) Bo (PcPH) Bo
Ao- + 1—

M~ Mc M~ Ma Mc Mc Ma M~

Bo(MPH ) BiMH-
M~McMa

(824)

(3)
gTVV 4~2

Mji+Mc+MH (PiiPH ) Bo+B,
20+2 1—

MaMc M~ Ma Mc

(PcPH ) Bo1—
McMa M~

Bo

Ma
Bp(PiiPH ) —B iMH Boy B i(PHPii )

+2
M~McMa M~McMa

Bo(PaPc)
MaMcMa

(825)

(4)
gTVV 4~2

Mii +Mc +MH (PiiPH ) Bo1—
M~Mc 0

M~ Ma Mc
(PcPH) Bo1—
McMa M~

Bo+
Ma

Bo(PIiPH ) B,MII Bo(P—IiPc)+B, (PHPc )
+2

M~McMa M~McMa
Bo(PaPc )

MaMcMa
(826)

Ao+Bo+2B ]

2v'2 Mii Mc MH
(827)

Here the Lorentz-invariant quantities (PiiPc ), (PHPii ), and (PHPc ) appearing in these expressions are written as

(828)

It is noted that the e6'ective coupling constants are written in terms of our model parameters g, hM, K, mq mg Ma,
and M, . The numerical results for respective decay widths given in Table VI are obtained by taking the following
values of these parameters:

g =6.6 GeV, hM=1. 69,
for the fundamental coupling constants g and hM,

Q =1.15 GeV

for 0 =+32m„E, instead of the confining strength K,

m„=385 MeV, m, =510 MeV, m =700 MeV,
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for the effective quark and gluon masses,

MH(nng)=MH(nsg or sng)=1. 90 GeV, MH(ssg)=2. 15 GeV,

for the symmetric masses of the ground-state hybrid mesons, and

M(nn)=0. 77 GeV, M(ns or sn)=0. 91 GeV, M(ss)=1.02 GeV,

for the symmetric masses of S-wave qq mesons.
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