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Glueball-quarkonia content and decay of scalar-isoscalar mesons

M. Strohmeier-Presˇiček,1 T. Gutsche,1 R. Vinh Mau,2 and Amand Faessler1
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We investigate the hadronic two-body decay modes of the scalar-isoscalarf 0(1370), f 0(1500) andf 0(1710)
states as resulting from the mixture of the lowest lying scalar glueball with the isoscalar states of the ground

state 3P0 QQ̄ nonet. In the decay analysis we take into account the direct coupling of the quarkonia and
glueball components of thef 0 states to the quarkonia components of the two-meson final state with the decay
dynamics inspired by the strong coupling limit of QCD. We calculate partial decay widths for thef 0 states in
the proposed three-state mixing schemes and discuss their compatibility with the observed decay features.
Finally, we determine the glueball-quarkonia content of thef 0 states from a detailed fit to experimental decay
data off 0(1500) and give predictions for the partial decay widths off 0(1370) andf 0(1710), providing thus a
sensitive test of the proposed mixing scheme.@S0556-2821~99!01415-0#

PACS number~s!: 12.39.Mk, 13.25.Jx, 14.40.Cs
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I. INTRODUCTION

The identification of mesons beyond the conventional

lence quark-antiquark (QQ̄) pair configuration is one of the
most challenging tasks in low-energy meson spectrosco
For instance, as a consequence of gluon self-coupling

QCD the usualQQ̄ spectrum is expected to be supplemen
by mesonic states with pure gluonic composition, that
glueballs@1#. Lattice QCD, in the quenched approximatio
predicts the lightest glueball state (G0) to be a scalar (JPC

5011) lying in the mass range of 1.4–1.8 GeV@2,3#. Since
the observed isovector and isodoublet statesa0(1450) and
K0(1430) set the natural mass scale of the ground state
lar meson nonet, the isoscalarQQ̄ partnersnn̄[(1/A2)(uū

1dd̄) andss̄are expected to lie in a mass region close to
predicted ground state glueball. The vicinity of masses
the pureG0 , nn̄ and ss̄ mesonic states suggests that t
intrusion of the scalar glueball into the scalarQQ̄ meson
spectrum is accompanied by significant mixing ofG0 with
the isoscalar members of the3P0 nonet@4,5#.

Several glueball-quarkonia mixing schemes@4–7# have
been proposed to account for this scenario and to revea
G0 /QQ̄ nature of the scalar-isoscalar statesf 0(1370),
f 0(1500), established by Crystal Barrel at the CERN Lo
Energy Antiproton Ring~LEAR! @8# in proton-antiproton an-
nihilation reactions, and thef 0(1710) @9#, which is the scalar
component of thef j 50,2(1710) @10#. In a simplified picture
considered in Refs.@4,5# the scalar glueball ground stateG0
mixes with the lowest lying3P0 isoscalar quarkonium state
Further admixture of the first radially excited3P0 nonet is
introduced in Refs.@6,7#. However, the restriction to the
glueball and near lying3P0 quarkonia ground states is
good approximation provided that the excited glueball a
quarkonia states are high enough in mass.

Quantitative predictions in the three-state mixing schem
of Refs.@4,5# for the glueball-quarkonia content off 0(1370),
f 0(1500) andf 0(1710) differ substantially due to orthogon
0556-2821/99/60~5!/054010~16!/$15.00 60 0540
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theoretical assumptions concerning the level ordering of
bare states before mixing. While Ref.@4# uses for the input

masses of the bare statesM (nn̄),M (G0),M (ss̄), in Ref.

@5# the pure glueball lies above the scalarQQ̄ states. The
difference of level ordering in the input bare masses lead

a substantially differentG0 /QQ̄ content of the physicalf 0

states, especially forf 0(1500) andf 0(1710). While in Ref.
@4#, the glueball is distributed with nearly equal strength ov

the threef 0 states andf 0(1710) has a largess̄ component,
the analysis of Ref.@5# leads to a dominantG0 structure in
the f 0(1710), while f 0(1500) is a nearly puress̄ state. The
results for thef 0(1370) are comparable in both approach
with a largenn̄ component residing in this state. The o
served total width of thef 0(1370) @8# and its strong coupling
to the pp decay channel is in good agreement with na
quark model expectations@11,12# for a nn̄3P0 state and
seems to confirm its dominantnn̄ structure. Therefore, the
main difference between the two mixing schemes is
amount of glueball andss̄ strength residing in thef 0(1500)
and f 0(1710) states, respectively. A further test of the p
posed mixing schemes, where the glueball ground state
trudes in the scalar quarkonium sector, is the analysis of
decay modes of the observedf 0 states. The decay o
f 0(1500) into two pseudoscalar mesons was studied in le
ing order of strong coupling QCD@4#. Neglecting possible
gluonic components of the isoscalar mesons in the final st
thepp,KK̄,hh andhh8decay modes are entirely driven b
the quarkonia components of thef 0(1500) state. In this ap-
proximation, results for the partial decay widths deduc
from SU(3) flavor symmetric couplings are quite similar fo
both mixing schemes and cannot be discriminated@4#; e.g.,
the observed weakKK̄ decay mode is obtained in bot
schemes by the destructive interference between thenn̄ and
ss̄ components.

In order to reveal the difference of the proposed th
state mixing schemes, one should take into account the d
©1999 The American Physical Society10-1
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coupling of theG0 component to the final state mesons. Th
mechanism occurs in the leading of strong coupling QCD@4#
by the transitionG0˜G0G0, which can produce final state
with isoscalar mesons (hh,hh8 and ss, where s is the
broad low lyingpp S-wave resonance! with possibly a siz-
able gluonic component. Independent of a possible sm
glueball component in the final state isoscalars is the de

processG0˜(QQ̄)(QQ̄). This next-to-leading order trans
tion can contribute to all two-body decay modes of t
mixed f 0 states. An investigation@13# of the two-body decay
modesss,rr andp* (1300)p of the f 0(1500), all leading
to the 4p decay channel, indicates the possible presence
sizable direct coupling of the gluonic component of t
f 0(1500) to the 4p decay channels. Neglecting a possib
G0 component ins, the leading order decay mechanism p
dicts @13# the hierarchy of branching ratiosBR with
BR(rr);

.BR(pp);
.BR(ss).BR„p* (1300)p…, indepen-

dent of any particular three-state mixing scheme. The res
are in strong conflict with current Crystal Barrel data, whe
the rr decay mode of thef 0(1500) is weak or even absen
@15# and a stronger coupling to the 4p modes than to the 2p
decay channel@8# is required.

In the present work, going beyond the lowest order de
mechanism, we couple theQQ̄ components of the mixedf 0
states to the quarkonia components of the final state mes
In the decay analysis we also take into account the trans
G0˜(QQ̄)(QQ̄) occurring as a next-to-leading order dec
mechanism deduced from strong coupling QCD@4#. Inclu-
sion of the direct coupling of theG0 component of the mixed
f 0 states to the quarkonia content of the final state mes
will lead to contradictory physical consequences in the p
posed three-state mixing schemes of Refs.@4,5#, in particular
for the physical statef 0(1710). Because of the shortcoming
of these proposed mixing models, we undertake to extra
three-state mixing scheme based on a fit to the detailed
perimental data off 0(1500) two-body decays and give th
predictions for partial decay widths of the partner sta
f 0(1370) andf 0(1710).

This paper is organised as follows. In Sec. II we introdu
the three-state mixing scheme of the lowest lying scalar g
ball with the quarkonia states and the decay dynamics
suggested by the strong coupling limit of QCD. In Sec.
we develop the formalism for the decay of thef 0 states by its
QQ̄ components in the framework of the pair creation
3P0 model. In Sec. IV we construct a digluonium wave fun
tion based on cavity QCD for the effective description of t
scalar glueball state. Furthermore, we indicate the transi
mechanism for the decay of theG0 component into
(QQ̄) (QQ̄). The results are presented in Sec. V; we fi
show how distinct decay patterns result from the unmix
QQ̄ andG0 components of thef 0 states. We then give par
tial widths for the two-body decay modes of thef 0 states in
the mixing schemes of Refs.@4,5# and confront the results
with experiment. Finally, we present a three-state mix
scheme deduced from a detailed fit to the experimental
for f 0(1500) decays and give predictions for the partial d
cay widths off 0(1370) andf 0(1710), providing thus a sen
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sitive test of the proposed mixing scheme. A summary a
conclusions are given in Sec. VI.

II. THREE-STATE MIXING AND DECAY
OF SCALAR-ISOSCALAR STATES IN STRONG

COUPLING QCD

In the lattice formulation of the strong coupling limit (g

˜`) of QCD @4,11#, glueballs andQQ̄ mesons are nonin
teracting eigenstates of the QCD Hamiltonian. Depart
from this limit causes mixing and decay of the strong co
pling eigenstates@4,11#.

To lowest order, the mixing of the scalar glueballG0 and
the 3P0 quarkonia statesnn̄51/A(2(uū1dd̄) andss̄can be
introduced by the interaction HamiltonianHI @5#

~HI !5S mG0 z A2z

z mss̄ 0

A2z 0 mnn̄

D , ~1!

wherez5^G0uHI uss̄&5^G0uHI unn̄&/A2 represents the flavo
independent mixing strength between the glueball a
quarkonium states. The masses of the bare statei

5G0 ,ss̄,nn̄ before mixing are denoted bymi . Deviation
from theSU(3) flavor symmetry is known to be small@14#
and quarkonia mixing is assumed to be a higher order p
turbation in the strong coupling eigenstatesuG0&, uss̄& and
unn̄& @4#. All parameters of (HI) can be taken to be real an
positive.

HI possesses three eigenstatesu f 0(M )& with physical
massesM, which are are given by the linear combinations

u f 0~M !&5ann̄unn̄&1ass̄uss̄&1aG0
uG0&, ~2!

with ann̄
2

1ass̄
2

1aG0

2 51. Choosing the bare massmnn̄ to be

equal to that of the observed isovector statea0(1450) @10#,
the remaining parameters in (HI) can be adjusted to give th
masses of the observed resonancesf 0(1370), f 0(1500) and
f 0(1710), which fixes the quarkonia-glueball composition
the physical states@5#. In Ref. @4# it is assumed that the leve
spacings of the bare states satisfy the relation (mG0

2mnn̄)/25mss̄2mG0
5z, which again determines the sta

vector of the physicalf 0(M ) states. In this casef 0(1500) is
degenerate in mass with theG0 state and the physical mass
M of the mixing partnersf 0(1370) andf 0(1710) depend on
the mixing strengthz.

However, there are sizable uncertainties in these pro
dures, particularly since the mass of thef 0(1370) is poorly
determined, ranging from 1200 to 1500 MeV@10# and the
exact level spacing of the bare states is unknown. For th
reasons we will also present an alternative strategy by
suming thatf 0(1500) is one of the eigenstates ofHI and by
extracting the mixing coefficientsai ( i 5nn̄,ss̄,G0) directly
from the experimental two-body decay data. This will allo
us to give the bare massesmi entering inHI of Eq. ~1!, in
terms of the mixing strengthz, which in turn is restricted by
0-2
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GLUEBALL-QUARKONIA CONTENT AND DECAY OF . . . PHYSICAL REVIEW D 60 054010
the physical masses of the partners of thef 0(1500). The
resulting glueball-quarkonia composition of these part
states, however, is completely independent ofz, solely deter-
mined by the mixing coefficients of thef 0(1500).

In the minimal constituent pictureG0 consists of two glu-
ons bound in a color singlet configuration withJPC5011.
For finite g the mixedu f 0(M )& decays in lowest order by it
G0 and QQ̄ components. The relevant diagrams are sho
in Figs. 1 and 2. The transitionG0˜G0 G0 of Fig. 1 couples
the G0 component of the physical stateu f 0(M )& to the G0
component of the final state isoscalar mesons. The cons
ent gluons of the initial state decay into two pairs of lo
energy gluons which involves two three-gluon vertices in
decay mechanism. We will neglect this transition in our d
cay analysis by assuming that the considered final state
calar mesons do not contain aG0 component. In principle,
the transition of Fig. 1 can contribute to the decay mod
f 0(M )˜hh,hh8 andss, depending on the unknown ove
lap of theh,h8 ands with the corresponding glueball state
Current evidence for the relevance of such a process inv
ing the pseudoscalarsh and h8 is not compelling, as for
example discussed in Ref.@4#. For the scalars meson a large
coupling to the glueball state is not excluded@4,10#. There-
fore, we should keep in mind that theG0˜G0 G0 transition
could induce some changes for thehh,hh8 and ss decay
modes of thef 0 states.

The leading order decay mechanismQQ̄˜(QQ̄)(QQ̄),
illustrated in Fig. 2, leads to the decay ofu f 0(M )& by its
quarkonia componentsQQ̄ and is familiar from the Okubo-
Zweig-Iizuka- ~OZI-!allowed meson decay@11,13,16#. This
process will be described in Sec. III in the framework of t
3P0 pair creation model@17#.

Here we also take into account the next to leading or
decay mechanismG0˜(QQ̄)(QQ̄) as indicated in Fig. 3. In
this mechanism theG0 component of the physicalf 0(M )

FIG. 1. Leading order decay mechanism of theG0˜G0G0 tran-
sition. The dot indicates the three-gluon coupling.

FIG. 2. Quark line diagram for the decay of the quarkonia co

ponentQQ̄ into the final state mesonsBC occurring as a leading
order decay mechanism in strong coupling QCD. The dot indica
the 3P0 vertex with strengthl.
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states couples to the final stateQQ̄ mesons by conversion o
the constituent gluons into quark-antiquark pairs. Section
is devoted to the description of this process.

Neglecting a possibleG0 component in the final state
isoscalar mesons, the partial decay widthG f 0˜BC for the

decay ofu f 0(M )& into a two-meson stateBC can be written
as

G f 0˜BC52pK
EBEC

M f 0

(
l BC

E dVKuTf 0˜BC
( l BC) u2

5(
l BC

ulM
QQ̄˜BC

( l BC)
1g2MG0˜BC

( l BC) u2, ~3!

where M
QQ̄˜BC

( l BC)
and MG0˜BC

( l BC) denote the transition ampli

tudes including phase space of the respective decay me
nism. The sum extends over the relative orbital angular m
mentuml BC between the mesonsB and C. With the decay

momentumuKW u5K, Ei5AMi
21KW 2 is the energy of the fina

state mesonsi 5B,C with massMi . The strengths of the
quark-gluon coupling and the pair creation amplitude in
3P0 model are factorized out and denoted byg and l, re-
spectively. The relative phase between the two transition

plitudes is fixed by choosingM
QQ̄˜BC

( l BC)
and MG0˜BC

( l BC) to be

real and the ratiog2/l to be complex with

g2

l
[keif. ~4!

In this caseG f 0˜BC is given by

G f 0˜BC5l2H MQQ̄˜BC
2

1k2MG0˜BC
2

12k cosf (
l BC

M
QQ̄˜BC

( l BC)
MG0˜BC

( l BC) J , ~5!

with the summation overl BC included in the definition of
MQQ̄(G0)˜BC

2 . Finally, in order to take into account proper

the available phase space for the decayf 0˜BC we average
over the mass spectrumf (m) of broad mesons:

-

s

FIG. 3. TransitionG0˜BC occurring as a next-to-leading orde
decay mechanism in strong coupling QCD. The dots indicate
quark-gluon coupling with strengthg.
0-3
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M. STROHMEIER-PRESˇIČEK et al. PHYSICAL REVIEW D 60 054010
G f 0˜BC5E dmf 0
dmBdmCG f 0˜BC~mf 0

,mB ,mC!

3 f ~mf 0
! f ~mB! f ~mC!

f ~m!}
~G i /2!2

~m2Mi !
21~G i /2!2

~6!

with a threshold cutoff as in Ref.@18#. The individual masses
Mi and widthsG i of the resonances are taken from the P
ticle Data Group.

The mass distribution of the scalar-isoscalars meson is
parametrized withMs5760 MeV andGs5640 MeV @19#.
For thep* (1300) we use the resonance width ofGp* (1300)
5200 MeV @20#. The relationship betweenf 0(1370) and the
broad structure around 1100 MeV@8# called f 0(400–1200)
@10# is not entirely clear. If the two states are manifestatio
of a single object, thenG f 0(1370)'700 MeV @8#. For two in-

dependent states one hasG f 0(1370)5351641 MeV,

M f 0(1370)51360623 MeV @8# and G f 0(1370)5230

615 MeV, M f 0(1370)51300615 MeV @28#.

III. DECAY OF THE QUARKONIA COMPONENTS

The decay of the quarkonia components of theu f 0(M )&
states into the final state mesonsB andC is calculated in the
non-relativistic3P0 or pair creation model@17#. This model
has a solid foundation in strong coupling QCD@11,21,22#. It
describes the OZI-allowed decayQQ̄˜BC by the creation
of a QQ̄ pair with quantum numbers@ I G(JPC)501(011)#
out of the hadronic vacuum, as indicated in Fig. 2. In t
evaluation one also has to consider a second diagram w
the quark 3~4! goes into the mesonC (B). The constituent
quarks of the initial state are spectators in the transition.
strength of this transition is governed by the dimensionl
constantl, which is related to the pair creation probabilit
From detailed fits to tensor meson decay@4,23# it is con-
cluded that the pair creation mechanism is flavor indep
dent.

The nonperturbativeQQ̄ 3P0 vertex can be defined as

V3P0

(43)
5ld~pW 41pW 3!@Y1m* ~pW 42pW 3! ^ s2m

(43)†#001F
(43)1C

(43) ,

~7!

wherepW 4(3) are the momenta of the quark~antiquark! 4 ~3!

and Y1(pW )5upW u Y1( p̂). The identity operators1F and 1C
project onto singlet states in flavor~F! and color~C! space of
the createdQQ̄ pair ~43!.

Using the harmonic oscillator ansatzCn50,l 51(pW 1 ,pW 2),
the wave function of theQQ̄ component of the mixedf 0 can
be expressed in its center-of-momentum frame as
05401
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C f 0
~pW 1 ,pW 2!5d~pW 11pW 2!@xS51~12!

^ Cn50,l 51~pW 1 ,pW 2!#J50 xF
f 0~12! xC

(12)

5F2RQQ̄
5

3Ap
G 1/2

d~pW 11pW 2!expH 2
1

8
RQQ̄

2
~pW 12pW 2!2J

3@xS51~12! ^Yl 51~pW 12pW 2!#J50xF
f 0~12!xC

(12) , ~8!

whereRQQ̄ is the size parameter for theQQ̄ component. The
intrinsic spinxS51(12) of theQQ̄ pair ~12! is coupled with
relative angular momentuml 51 to the JPC5011 scalar
ground state (n50) andxC

(12) is the color singlet wave func
tion. TheSU(3) flavor partxF

f 0(12) is given by

xF
f 0~12!5ann̄un1n̄2&1ass̄us1s̄2&, ~9!

with the quarkonia mixing coefficientsai ( i 5nn̄,ss̄) of the
three-state mixing scheme introduced in Sec. II. For the fi
state mesonsi ( i 5B,C) with momentumPW i , total spinJi ,
relative orbital angular momentuml i and intrinsic spinSi we
use the wave functions

C i~pW l ,pW m!5d~pW l1pW m2PW i !@xSi
~ lm!

^ Cni l i
~pW l ,pW m!#Ji

xF
i ~ lm!xC

( lm) , ~10!

wherepW l (m) are internal quark momenta for the quarksl (m).
Explicit forms for the harmonic oscillator wave function
Cni l i

used can be found in Appendix A.

The transition amplitudeM
QQ̄˜BC

( l BC)
, as defined by Eq.~3!,

separates into a flavor partMQQ̄˜BC
F ,

MQQ̄˜BC
F

5^xF
B~13!xF

C~42!u1F
(43)uxF

f 0~12!& ~11!

and the spin-spatial-color partM
QQ̄˜BC

( l BC)SSC
,

M
QQ̄˜BC

( l BC)SSC
5A2pKAEBEC

M f 0

1

A3
E )

i 51, . . . ,4
dpW i

3d~pW 41pW 3!d~pW 11pW 2!d~pW 11pW 32KW !

3d~pW 21pW 41KW !@xSB

(13)
^ CnBl B

~pW 1 ,pW 3!#†

3@xSC

(42)
^ CnCl C

~p4
W ,p2

W !#†@Y1m* ~pW 42pW 3!

^ s2m
(43)†#00@xS51

(12)
^ Cn50l 51~p1

W ,p2
W !#J50

~12!

with the decay momentumKW and the color matrix elemen
^xC

(13)xC
(42)u1CuxC

(12)&5A1/3.
0-4
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GLUEBALL-QUARKONIA CONTENT AND DECAY OF . . . PHYSICAL REVIEW D 60 054010
The amplitudeM
QQ̄˜BC

( l BC)SSC
is evaluated analytically. Sinc

there exists exhaustive literature@11,16,17# on the 3P0
model, we just cite the results in Appendix B. Values for t
various flavor matrix elements are given in Table I. The
sults of Table I were obtained by assumingxF

v5unn̄&.
Thereby we have used the following definitions for the flav
content of theh andh8 mesons:

cF
h5aPSunn̄&2bPSuss̄&

cF
h85bPSuns̄&1aPSuss̄&. ~13!

The quantitiesaPS and bPS are simply related to the pseu
doscalar mixing angleuP as defined by the Particle Dat
Group @10#. For numerical results we use the value ofuP5
217.3° @24# or equivalentlyaPS50.794,bPS50.608.

The partial decay widths for the quarkonia decayQQ̄
˜BC are defined as in Eq.~5! and depend on the pair cre
ation amplitudel and the quarkonia size parametersRQQ̄
andRB5RC for the decay channels considered here.

Exhaustive experimental data exist for the hadronic
cays of the ground state tensor meson nonet and the stra
is to extract the meson size parameters combined with
3P0 strength from a full scale decay analysis. A recent fit
tensor meson decays@23# yields l252.11 and RB
53.65 GeV21 for nonstrangeS-wave mesons and strang
tensor mesons, suggestingRa1

5RQQ̄53.65 GeV21. S-wave
mesons containing strange quarks have an effectively
duced size withRB52.48 GeV21 for h and h8 and RK
52.82 GeV21 for K. No flavor symmetry breaking at th
3P0 vertex was obtained; hencel is independent of the cre
atedQQ̄ flavor. As a result of orthogonality of thep and
p* (1300) wave functions, the respective size parame
satisfy the relationRp5Rp* . The Rs dependence of the
quarkonia decay amplitude was shown to be small@13#. We
therefore chooseRs5Rp for our numerical results presente
in the forthcoming section.

TABLE I. Flavor matrix elements for the two-body decayQQ̄
˜BC of the mixed f 0(M ) states as defined in Eq.~11!. The

quarkonia component of thef 0 states is defined asuQQ̄&
5ann̄unn̄&1ass̄uss̄&. The quantitiesaPS andbPS are related to the
pseudoscalar mixing angle as defined by Eq.~13!. For the vector
mesons we use ideal mixing.

BC MQQ̄˜BC
F

pp,rr A3ann̄

ss,vv ann̄

p* (1300)p,a1p A6ann̄

KK̄ ann̄1A2ass̄

hh aPS
2 ann̄1A2bPS

2 ass̄

hh8 2aPSbPS(ann̄ /A22ass̄)
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IV. DECAY OF THE GLUEBALL COMPONENT

In this section we consider the two-body decay of t
ground state scalar glueball (G0) in the next-to-leading orde
decay mechanism of strong coupling QCD@4#. For the decay
analysis we adopt a non-relativistic picture whereG0 is a
bound state of two massive constituent gluonsg. The decay
is proceeding via the conversion of the constituent gluo
into QQ̄ pairs as illustrated in Fig. 3. In the evaluation
second diagram with different quark rearrangement in
final state analogous to quarkonia decay has also to be
sidered. The elementary quark-gluon interaction vertex
given to lowest order in the non-relativistic limit by

V(giQl Q̄k)5gd~qW i2pW l2pW k! ~sW ( lk)•eW i !1F
( lk)S 1

2 (
a51

8

l ( lk)
a Ai

aD
~14!

with the internal momentaqW i for gluon i 51, 2 andpW l (k) for
the quarks with labell 51,3 (k52,4). The identity operator
1F

( lk) projects onto a flavor singlet state of the createdQQ̄
pair (lk). The last term in Eq.~15! is the color part of the
interaction vertex with the Gell-Mann matricesla acting in
color space of (lk). The color octet wave function of the
gluon i with polarization vectoreW i is denoted byAi

a . The

strength of thegi˜QlQ̄k transition is given byg. We as-
sume that flavor symmetry is manifested in the quark-glu
coupling @4#; hence ^nn̄uVug&[^ss̄uVug&5g. In order to
evaluate the decay amplitudeMG0˜BC we will construct a
non-relativistic digluonium wave function from cavity QCD

A. Digluonium wave function

In constructing the glueball wave function we use the b
model as a guidance. The ground state scalar glueball is
alized in the bag model by the coupling of two transve
electric~TE! modes of the constituent gluon (JPC5112) to
scalar quantum numbersJPC5011 @25#. Using the non-
relativistic TE gluon mode, proposed in Ref.@26#, the scalar
glueball wave function is in simple correspondence with
bag model solution and can be written as

CG0
~rW1 ,rW2!5@TE1~112! ^ TE2~112!#J50

5$@Cn150l 151~rW1! ^ e1
m#1

^ @Cn250l 251~rW2! ^ e2
m8#1%J50CC

(12) ~15!

whereCn50l 51(rW) is the single particle harmonic oscillato
wave functions as defined in Appendix A. The spheric
components of the gluon polarization vectoreW are given by
em(m8). The color singlet wave functionCC

(12) for the two
gluon state is
0-5
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CC
(12)5

1

A8
(
b51

8

A1
bA2

b ~16!

where we have chosen the ‘‘Cartesian’’ basisAb with

Ab5
1

A2
(

i j 51

3

~l i j !
bci c̄ j ~17!

for the octet representation of colorSU(3) with ci and c̄ j
being the basis states for the fundamental representatio3
and 3̄.

CG0
(rW1 ,rW2) can be recoupled as

CG0
~rW1 ,rW2!5A3(

g50

2

~2 !g11H 1 1 1

1 1 gJ
3A~2g11!$@Cn150l 151~rW1!

^ Cn250l 251~rW2!#g

^ @e1
m

^ e2
m8#g%J50CC

(12). ~18!

Introducing relative and center-of-mass coordinatesrW5rW1

2rW2 and RW 51/2(rW11rW2), respectively, we perform the ex
pansion@27#

@Cn150l 151~rW1! ^ Cn250l 251~rW2!#g

5 (
nlNL

^nl,NL,gun150l 151,n250l 251,g&

3@Cnl~rW ! ^ CNL~RW !#g ~19!

where energy conservation restricts the sum to 2n1 l 12N
1L52. The relevant values for the transformation brack
^nl,NL,gun1l 1 ,n2l 2 ,g& can be found in Appendix C.

When projecting out the spurious center-of-mass exc
tions, the normalized glueball wave function can be writt
in its center-of-momentum frame as

CG0
~qW 1 ,qW 2!5SA5

9
$Cn50l 52~qW 1 ,qW 2! ^ @e1

m
^ e2

m8#2%0

2
2

3
$Cn51l 50~qW 1 ,qW 2! ^ @e1

m
^ e2

m8#0%0D
3d~qW 11qW 2!CC

(12) ~20!

with the internal gluon momentaqW i ( i 51,2) andCnl(qW 1 ,qW 2)
given in Appendix A.

B. Digluonium decay amplitudes

With the digluonium wave function of Eq.~21! were are
now in the position to evaluate the decay amplitudes for
processG0˜BC of Fig. 3. The decay amplitudeMG ˜BC

( l BC) ,

0

05401
s

s

-
n

e

as defined by Eq.~3!, separates in analogy to quarkonia d
cay into a flavor partMG0˜BC

F with

MG0˜BC
F 5^xF

B~13!xF
C~42!u1F

(12)1F
(43)u0& ~21!

and a spin-spatial-color part

MG0˜BC
( l BC)SSC

5A2pKAEBEC

M f 0

MG0˜BC
C E dqW 1dqW 2

3 )
i 51, . . . ,4

dpW id~qW 12pW 12pW 2!d~qW 22pW 42pW 3!

3CC
† ~pW 4 ,pW 2!CB

†~pW 1 ,pW 3! ~sW (12)•e1
W !

3~sW (43)•e2
W !CG0

~qW 1 ,qW 2!. ~22!

The flavor matrix elements in theSU(3) flavor symmetry
limit are given in Table II. The color transition amplitud
MG0˜BC

C is given by

MG0˜BC
C 5

1

4 K xC
(13)xC

(42)U(
c51

8

l (12)
c A1

c (
d51

8

l (43)
d A2

dUCC
(12)L

5
1

24A2
(
b51

8

Tr@~lb!2#5
A2

3
. ~23!

The analytic evaluation of Eq.~22! contains the spin matrix
element

^xSB
~13!xSC

~42!u~sW (12)•eW1! ~sW (43)•eW2!u@e1
m

^ e2
m8#S50,2&

56A~2SB11!~2SC11!~2 !SC11

3^SBMBSCMCuSm1m8&H 1/2 1/2 SB

1/2 1/2 SC

1 1 S
J ~24!

and the spatial overlap

TABLE II. Flavor matrix elements of Eq.~21! for the two-body
decayG0˜BC of the mixedf 0(M ) states with glueball componen
aG0

uG0&. The quark-gluon coupling is assumed to be flavor ind
pendent.

BC MG0˜BC
F /aG0

pp,rr A6
ss,vv A2

p* (1300)p,a1p A12

KK̄ 2 A2

hh A2
hh8 0
0-6
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E dqW 1dqW 2 )
i 51, . . . ,4

dpW id~qW 12pW 12pW 2!d~qW 22pW 42pW 3!

3d~qW 11qW 2!d~pW 11pW 32KW !d~pW 41pW 21KW !

3CnBl B
† ~pW 4 ,pW 2!CnCl C

† ~pW 1 ,pW 3!Cn50,1l 52,0~qW 1 ,qW 2!

5d l f ;0dmf ;0

1

8E dqW 1drW CnBl B
„qW 121/2~KW 2rW !,

2qW 121/2~KW 1rW !…CnCl C
„1/2~KW 1rW !,1/2~KW 2rW !…

3Cn50,1l 52,0~qW 1 ,2qW 1! ~25!

wherel f is the relative orbital angular momentum of the fin
state with projectionmf . A complete listing of the analytic
results for the amplitudesMG0˜BC

(0)SSC is given in Appendix D.

For the decayG0˜BC( l f) we obtain the dynamical selec
tion rule that the final state partial wave be restricted tol f
50. Hence the decayf 0(M )˜a1p will proceed entirely by
the quarkonia components off 0(M ). Moreover, theD-wave
decay amplitude (l f52) for the two vector meson final stat
is forbidden in contrast to quarkonia decay.

With the QQ̄ meson size parameters fixed,MG0˜BC
(0)SSC de-

pends on the glueball size parameterRG0
. In the constituent

picture we expect the massMG0
of the digluonium to be

MG0
'2mg with a lattice motivated constituent gluon ma

of aboutmg'750–850 MeV. Assuming equal confineme
strength for quarks and gluons on the constituent level
getRG0

53.65/A2.5 GeV21. With this choice the constituen
mass for the lightest quark flavors lies in a reasonable m
range of 300–340 MeV.

V. TWO-BODY DECAYS OF SCALAR-ISOSCALAR
STATES AND THREE-STATE MIXING

In the following we discuss the application of the dec
models developed in the previous sections to the phen
enology of thef 0 decays. Given the detailed experimen
decay data on thef 0(1500), our analysis will focus on thi
state with decay predictions given for the partner sta
f 0(1370) andf 0(1710). After a brief overview of the experi
mental results forf 0(1500), we will illustrate the distinct
decay patterns resulting from the unmixedQQ̄ andG0 com-
ponents. In a first analysis we apply the decay models to
three-state mixing schemes constructed in Refs.@4,5#. Then
we directly extract the mixing coefficients from a fit to th
experimental two-body decay data.

A. Observed decay properties off 0„1500…

The scalar-isoscalar resonancef 0(1500) is now clearly
established in proton-antiproton (pp̄) annihilation reactions
by the Crystal Barrel collaboration at CERN@8#. Mass and
width of f 0(1500) are determined as@8#

M f 0(1500)5150569 MeV,
05401
l

e

ss

-
l

s

e

G f 0(1500)5111612 MeV. ~26!

For the two-body decay modesf 0(1500)̃ BC Crystal Bar-
rel obtains the branching ratiosBR(BC):

BR~pp!52967.5 %, BR~hh!54.661.3 %,

BR~hh8!51.260.3 %, BR~KK̄ !53.560.3 %,

BR~4p!561.769.6 %. ~27!

Here, the 4p final state includesss and p* (1300)p as
intermediate decay channels. The allowedrr decay mode of
the f 0(1500) is found to be weak@15#. Taking the central
value for the width we deduce from the measured branch
ratios the partial decay widthsG(BC):

G~2p!532.268.4 MeV, G~hh!55.261.5 MeV,

G~hh8!51.460.4 MeV, G~KK̄ !53.960.4 MeV,

G~4p!568.5610.7 MeV. ~28!

Alternative multi-channel analyses@28# based on data set
from previous experiments have also been performed.
results for theKK̄ andhh modes are within the experimen
tal errors of the Crystal Barrel data. A larger total wid
(G tot5132615 MeV) and pp decay width (Gpp560
612 MeV) are obtained, suggesting a smaller value
G(4p) than indicated in Eq.~28!.

B. Two-body decays of theQQ̄ and G0 components

We first discuss the decay patterns resulting from the
dividual decay mechanisms of Figs. 2 and 3, coupling to
QQ̄ and theG0 components of thef 0 states, respectively.

In lowest order, neglecting a possibleG0˜G0G0 contri-
bution, the decayf 0˜BC will proceed via its quarkonia
componentsQQ̄. In general we consider a mixed quark
nium state

uQQ̄&5cosaunn̄&2sinauss̄&. ~29!

The dependence of the branching ratiosBR for the two-body
decays off 0(1500) on the mixing anglea is given in Fig. 4.
The results of Fig. 4 correspond to the original discussion
Ref. @4# for the two pseudoscalar meson decay modes o
3P0 isoscalarQQ̄ state. But now predictions for all possibl
two-body decay modes are given.

With the three-state mixing schemes of Ref.@4# (ann̄
50.43,ass̄520.61, corresponding toa554.8o) and Ref.@5#
(ann̄50.40,ass̄520.90, that isa566°) we obtain following
ratios for the pseudoscalar decay modes:
0-7
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BR~pp!:BR~KK̄ !:BR~hh!:BR~hh8!

51:0.21:0.005:0.93 Ref.@4# ~30!

51:0.97:0.12:1.80 Ref.@5# ~31!

to be compared with the Crystal Barrel results@8# of

BR~pp!:BR~KK̄ !:BR~hh!:BR~hh8!

51:0.1260.03:0.1660.06:0.0460.02. ~32!

The best agreement with data is achieved forf 0(1500)
'unn̄&, for which we obtain

BR~pp!:BR~KK̄ !:BR~hh!:BR~hh8!51:0.19:0.16:0.10.

~33!

Hence, experimental data for the ratios of two pseudosc
decay modes of thef 0(1500) are consistent with a domina
nn̄ interpretation. However, the predicted total width for
pure 3P0 nn̄ state is in conflict with experimental observ
tion. In Fig. 5 we indicate the calculated total width for
f 0(1500) state with theQQ̄ configuration of Eq.~29!. A pure
nn̄ state results inG tot'500 MeV, which is considerably
higher than the observed width. A sizable reduction of
QQ̄ amplitude in thef 0(1500), as affected by the admixtur
of a G0 component, leads to a reduction of the total wid
For example, the mixing schemes of Refs.@4# and@5# lead to
a total width of G5111 MeV andG5127 MeV, respec-
tively. Working in the lowest order of the decay mechanis

FIG. 4. Dependence of the branching ratiosBR„f 0(1500)

˜BC… on the mixing anglea, defined by theQQ̄ configuration

u f 0(1500)&5cosaunn̄&2sinauss̄&, for the decay mechanismQQ̄
˜BC of Fig. 2. For the meson size parameters we take the va
given in the main text. The arrows indicate the predictions for
mixing schemes of Refs.@4,5# in lowest order of the decay mecha
nism.
05401
ar
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i.e. f 0(1500) decays by itsQQ̄ components, the observe
two pseudoscalar decay modes are consistent with a d
nantnn̄ content, slightly favoring the mixing scheme of Re
@4#; the possible presence of an admixedG0 component is
then only reflected in the corresponding reduction of the to
width.

When going beyond the two pseudoscalar meson de
modes in the leading order decay scheme, strong deviat
from the observed decay pattern of thef 0(1500) arise@13#.
For the two-body decay modes leading to the 4p decay
channel, including also charged pion combinations, we
tain

BR~pp!:BR~rr!:BR~p* p!:BR~ss!:BR~a1p!

51:0.97:0.14:0.31:1.8. ~34!

Predictions are independent of the mixing anglea, since the
final states of Eq.~34! only couple to thenn̄ configuration.
Relative to thepp channel thea1p mode is the stronges
decay channel. The predicted largerr branching ratio with
BR(rr)'BR(pp) is in conflict with the preliminary analy-
sis @15#, where therr channel is found to be strongly sup
pressed. Furthermore, for the combinedss andp* p decay
channels withBR(p*˜sp)50.1 @20# we deduce the ratio
BR(4p)/BR(2p)50.32, which is much lower than the ex
perimental result ofBR(4p)/BR(2p)52.160.6 @8#. The
observed suppression of therr and enhancement of the 4p0

decay modes are both in strong conflict with a naı¨ve QQ̄
interpretation of thef 0(1500) and give further indication fo
a sizable direct coupling of the gluonic component to t
decay channel.

Next we consider the decay pattern evolving from t
direct decay of theG0 component as indicated in Fig. 3. Th
branching ratios for the scalar glueball (G0) decay in depen-

es
e

FIG. 5. Dependence of the total width of thef 0(1500) reso-

nance on the mixing anglea defined by theQQ̄ configuration

u f 0(1500)&5cosaunn̄&2sinauss̄&. The shadowed band correspon
to the experimental total width ofG5111612 MeV @8#.
0-8
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dence on its mass are shown in Fig. 6. A main signatur
the strong suppression of the two vector meson decay c
nels, particularly therr, over the entire mass range, due
the dynamically forbiddenD-wave amplitude. Thep* p and
ss decay modes exceed the contribution of thepp decay
channel for aG0 mass of about 1500 MeV. These results a
in clear contrast to those obtained for theQQ̄ decay mecha-
nism. Both the suppression of therr decay mode and the
enhancement of the 4p0 decay channels resulting from th
decay of the gluonic componentG0 are features observed i
the f 0(1500) decay pattern as discussed previously. For
two pseudoscalar meson decays the results differ from
naı̈ve expectation@4#

BR~pp!:BR~KK̄ !:BR~hh!:BR~hh8!51:
4

3
:
1

3
:0

~35!

FIG. 6. Dependence of the branching ratiosBR(G0˜BC) on
the glueball mass for the decay mechanismG0˜BC of Fig. 3.
Exact flavor SU(3) symmetry for the quark-gluon vertex is a
sumed. For the size parameters we use the values given in the
text. For mass averaging we take a glueball width ofGG0

5120 MeV.
ig
t
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deduced from flavor symmetric couplings. For a glueb
mass ofMG0

51500(1700) MeV we obtain

BR~pp!:BR~KK̄ !:BR~hh!51:3.7~4!:3.9~4.3!, ~36!

with BR(hh8)50 in theSU~3! flavor symmetry limit. The
enhancement of theKK̄/pp decay ratio relative to the naiv
SU~3! flavor estimate of Eq.~35! is a feature confirmed by
recent lattice results@29#. For the given choice of radial me
son parameter (RK52.82 GeV21,Rh52.48 GeV21), as ex-
tracted from tensor meson decay, we obtainBR(KK̄)
'BR(hh). Choosing the SU~3! flavor limit of RK5Rh

leads toBR(KK̄)54.2 BR(hh), which is again consisten
with the analysis of Ref.@29#. Hence, the proposed mode
ling of the G0 decay mechanism contains the main featu
obtained from lattice calculations.

As a measure of flavor symmetry breaking we introdu
the parameterS defined byS[^uūuVug&/^ss̄uVug&51, lead-
ing to BR(hh8)Þ0. The flavor matrix elements fo
KK̄,hh,hh8 decays listed in Table I correspond to the exa
flavor symmetry limit (S51) and have to be generalized fo
pure glueball decays (aG0

51)

MG0˜KK̄
F

52A2S

MG0˜hh
F 5A2~aPS

2 1S2bPS
2 ! ~37!

MG0˜hh8
F

52 aPSbPS~12S2!.

If we adopt the extreme value ofS250.5 @30#, the strength of
theKK̄ andhh decay modes will be suppressed by 50% a
34%, respectively, as compared to the unbroken flavor s
metry couplings.

For scalar glueball masses atMG0
51300, 1500, 1700

MeV the reduced available phase space suppresses thehh8
mode:

ain
MG0
@MeV# BR~pp!: BR~KK̄ !: BR~hh!: BR~hh8!

1300 1: 1.3: 2: 0.0

1500 1: 1.8: 2.6: 0.08

1700 1: 2: 2.9: 0.28. ~38!
of a

Strong violation of flavor symmetry reduces theKK̄/pp ra-
tio, while leading to a finitehh8 contribution. However, data
on charmonium decay involving hard gluons indicate no s
nificant symmetry breaking@4#. We therefore choose to se
-

S51 in the following discussion. Decay data onf 0(1500)
possess qualitative features arising both from the decay
QQ̄ ~here dominantlynn̄) and aG0 configuration, where a
pure QQ̄ or G0 state interpretation of thef 0(1500) is ex-
0-9
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TABLE III. Squared decay amplitudes and interference terms as defined by Eq.~5! for the transition
f 0(1500)̃ BC. Mass averaging as in Eq.~6! is already included. For the interference term we havel BC

50 as restricted by the dynamical selection rule of theG0˜BC transition. All values are given in MeV.

BC MQQ̄˜BC
2 MG0˜BC

2
MG0˜BC

(0) MQQ̄˜BC
(0)

pp 52.2ann̄
2 224.4aG0

2 2103.1ann̄aG0

hh 20.9(0.63ann̄10.523ass̄)
2 865.8bG0

2 2131.1aG0
(0.63ann̄10.523ass̄)

hh8 10.8(ann̄ /A22ass̄)
2 0 0

KK̄ 10.7(ann̄1A2ass̄)
2 828.0aG0

2 286.8aG0
(ann̄1A2ass̄)

rr 50.4ann̄
2 15.0aG0

2 10.2ann̄aG0

vv 5.3ann̄
2 2.2aG0

2 2.0ann̄aG0

a1p 94.2ann̄
2 0 0

ss 16.1ann̄
2 264.6aG0

2 263.1ann̄aG0

p* (1300)p 7.2ann̄
2 440.4aG0

2 255.2ann̄aG0
er
e

o

an

s
of

.

in
n

-

a
ti

ou
te

e,

a
ntal
ed
ling

in

l

l

cluded. Given this simple first analysis of the decay patt
of the f 0(1500) we are naturally led to a mixing schem
where both components are present.

C. Decay analysis in the three-state mixing schemes

In the following we give a decay analysis for thef 0 states
defined by the three-state mixing schemes of Refs.@4# and
@5#. Now, the couplings both of theQQ̄ andG0 components
to the two-meson decay channels are included.

When the physicalf 0 mesons are given as eigenstates
the interaction Hamiltonian (HI) of Eq. ~1!, the partial decay
widths of the processf 0˜BC are defined by Eq.~5! with the
ratio of coupling strengthsk and the phase anglef left as
free parameters. The structure of (HI) implies unbroken fla-
vor symmetry; hence we chooseS51. For thef 0(1500) de-
cays we give in Table III the squared decay amplitudes
the interference terms as defined in Eq.~5!, where mass av-
eraging as given by Eq.~6! is already included. The mas
distribution of f 0(1500) is parameterised with the values
Eq. ~26!.

The dependence of the partial decay widthsG(BC) on the
mixing coefficientsai ( i 5nn̄,ss̄,G0) in the schemes of Ref
@4# ([ scheme A! and Ref.@5# ([ scheme B! are studied by
adjustingk and f to the Crystal Barrel data forf 0(1500)
decays. First we have determinedk and cosf from a fit to
the observed decay modesf 0(1500)̃ KK̄ andpp. For both
mixing schemes we obtain parameter values resulting
f 0˜hh decay width in good agreement with the experime
tal number. This implies phenomenologically, that aG0
˜G0G0 contribution to thehh decay channel can be ne
glected. For this reason, we also take thehh decay mode
into account when determining cosf and k from a more
restrictive fit. The partial decay widths have a rather we
dependence on the parametrization of the mass distribu
of the physicalf 0 states. Therefore, the discussion@8# on the
detailed relationship between the f 0(1370) and
f 0(400–1200) states is peripheral to our analysis. For
numerical results we use the resonance parame
M f 0(1370)51360 MeV, G f 0(1370)5350 MeV @8# and

M f 0(1710)51697 MeV, G f 0(1710)5175 MeV @10#.
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The mixing coefficients in scheme A@4# are given as

S u f 0~1370!&

u f 0~1500!&

u f 0~1710!&
D 5S 0.86 0.13 20.5

0.43 20.61 0.61

0.22 0.76 0.6
D

3S unn̄&

uss̄&

uG0&
D . ~39!

From a fit to thef 0(1500)̃ pp,KK̄,hh decay widths we
deduce cosf520.67 andk50.095 GeV22. Predictions for
the partial decay widths of the physicalf 0 states are pre-
sented in Table IV. Forf 0(1500) the predictedhh8 decay
width is considerably lower than the Crystal Barrel valu
but the obtained ratioG(hh8)/G(hh) agrees with the
GAMS value of 2.760.8 for f 0(1590) @10#. It is generally
believed thatf 0(1500) andf 0(1590) are manifestations of
single state, but then the large deviation in the experime
data for thehh8 decay mode has to be clarified. Compar
to the lowest order decay analysis, where only the coup
to theQQ̄ component is retained, therr mode is more sup-
pressed and the 4p channel enhanced. We obta
BR(pp):BR(rr):BR(4p)51:0.65:0.46–0.76 forBR(p*
˜sp)50.1–1, still in deviation from the Crystal Barre
data.

In mixing scheme B@5# the amplitudes for the physica
states are given as

S u f 0~1370!&

u f 0~1500!&

u f 0~1710!&
D 5S 0.84 0.28 20.46

0.40 20.9 0.19

0.36 0.34 0.87
D

3S unn̄&

uss̄&

uG0&
D . ~40!
0-10
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TABLE IV. Predictions of mixing scheme A@4# for the partial decay widthsG(BC) of the physicalf 0

states;BC are the final state mesons. The 4p decay channel refers to the contributions of thess andp* p
intermediate states usingBR(p*˜sp)50.121. All values are given in MeV. The predicted ratio

BR„f 0(1370)̃ KK̄…/BR„f 0(1370)̃ hh…52.6 and BR„f 0(1710)̃ pp…/BR„f 0(1710)̃ KK̄…50.93 have
to be compared to the experimental values of'2.5 @8# and 0.3960.14 @10#.

G tot pp KK̄ hh hh8 rr vv a1p p* p ss 4p

f 0(1500)
Model 136 29.3 3.9 5.2 19 19 2 36.8 9.9 12.5 13.5222.4
Expt. @8# 111612 3268.4 3.960.3 5.261.5 1.460.4 68610.7

f 0(1370)
Model 410 65.4 29.1 10.8 3 112.1 22.8 138.6 12.7 16 17.3228.7
Expt. @8# 351641 KK̄/hh'2.5

f 0(1710)
Model 179 23.4 25.1 22.6 20.3 21.3 4.3 28.2 20.9 12.7 14.8233.6
Expt. @10# 133614 pp/KK̄50.3960.14
y
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From an analogous fit we obtain cosf520.953 andk
50.437 GeV22. The predicted two-body partial deca
widths are given in Table V. Compared to mixing scheme
f 0(1500) has a reducedG0 component, but the experiment
data demand a significantG0˜BC contribution in fitting the
pp, KK̄ and hh decays. This is balanced by giving th
G0˜BC transition a stronger weight than in the mixin
scheme A, resulting in a higher value fork. Again, the pre-
dicted strength of thehh8 decay mode overestimates th
experimental value, while similar results are obtained for
rr and 4p decay modes. For mixing scheme B we obta
BR(pp):BR(rr):BR(4p)51:0.46:0.55–0.97 forBR(p*
˜sp)50.1–1. In both schemesa1p is a dominant decay
mode withBR(pp)'BR(a1p). With our fitting procedure,
that is adjusting the relative strength of theG0 decay contri-
bution to the pp,KK̄ and hh decay channels of the
f 0(1500), similar results are obtained for the decay patter
the f 0(1500) in both mixing schemes. Particular predictio
05401
,

e

of
s

for the decay modes of the partner statesf 0(1370) and
f 0(1710) can be dramatically different in the two mixin
schemes. In scheme A the total width forf 0(1710) is in good
agreement with the experimental result ofG517569 MeV
(G5133614 MeV) @10#, but scheme B predicts a unobser
able decay width of G'2000 MeV. Furthermore, for
f 0(1710) we get

BR~pp!/B~KK̄ !5H 0.93 for scheme A,

0.60 for scheme B,
~41!

to be compared with the experimental value of 0.3960.14
@10#.

The two mixing schemes predict rather similar results
the f 0(1370) state. In both schemesf 0(1370) has dominan
rr and a1p decay modes. The ratioBR(KK̄)/BR(hh) is
found to be
g

TABLE V. Predictions of mixing scheme B@5# for the partial decay widthsG(BC) of the physicalf 0

states. The 4p decay channel refers to the contributions of thess and p* p intermediate states usin
BR(p*˜sp)50.121. All values are given in MeV. The predicted ratiosBR„f 0(1370)

˜KK̄…/BR„f 0(1370)̃ hh…51.45 andBR„f 0(1710)̃ pp…/BR„f 0(1710)̃ KK̄…50.60 have to be com-
pared to the experimental values of'2.5 @8# and 0.3960.14 @10#.

G tot pp KK̄ hh hh8 rr vv a1p p* p ss 4p

f 0(1500)
Model 157 34.7 3.9 5.1 31.8 15.8 1.6 31.8 16.2 17.4 19233.6
Expt. @8# 111612 3268.4 3.960.3 5.261.5 1.460.4 68610.7

f 0(1370)
Model 370 38.7 31.4 21.6 1.3 110.8 22.6 132.2 8.2 2.8 3.6211
Expt. @8# 351641 KK̄/hh'2.5

f 0(1710)
Model 2000 253 381 442 0.4 63 12 76 536 263 3162799
Expt. @10# 133614 pp/KK̄50.3960.14
0-11
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TABLE VI. Predictions for the partial decay widthsG(BC) of the physicalf 0 states for the extracted
mixing scheme. The 4p decay channel refers to the contributions of thess and p* p intermediate states
using BR(p*˜sp)50.121. All values are given in MeV. The predicted ratiosBR„f 0(1370)

˜KK̄…/BR„f 0(1370)̃ hh…52.7 and BR„f 0(1710)̃ pp…/BR„f 0(1710)̃ KK̄…50.57 have to be com-
pared to the experimental values of'2.5 @8# and 0.3960.14 @10#.

G tot pp KK̄ hh hh8 rr vv a1p p* p ss 4p

f 0(1500)
Model 101 23 2.8 6.7 14.6 9.7 1 19.6 11.8 12.1 13.3223.9
Expt. @8# 111612 3268.4 3.960.3 5.261.5 1.460.4 68610.7

f 0(1370)
Model 479 78.2 27.4 10.1 4.6 133.2 27.1 164.9 14.6 19 20.5233.6
Expt. @8# 351641 KK̄/hh'2.5

f 0(1710)
Model 146 15 26.3 24.5 27.7 9.7 1.9 13 18 10.1 11.9228.1
Expt. @10# 133614 pp/KK̄50.3960.14
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BR~KK̄ !/BR~hh!5H 2.6 for scheme A,

1.45 for scheme B,
~42!

to be compared with the Crystal Barrel value
BR(KK̄)/BR(hh)'2.5 @8#.

The main conclusions of this section remain unchange
we use forf 0(1500) a largerpp decay width as reported in
Ref. @28#, since a corresponding fit leads to similar values
k and cosf as for the adjustment to the Crystal Barrel da

Inclusion of the direct coupling of theG0 component of
the mixed f 0(1500) state to the two-meson decay chann
gives an improved description of its decay features. For b
proposed mixing schemes predictions for thef 0(1500) de-
cays are very similar, since the difference in size of theG0
amplitude is compensated by adjusting the strength of
G0˜(QQ̄)(QQ̄) transition.

Also, predictions for thef 0(1370) state do not differ too
much, since both schemes assign a dominantnn̄ component
to this state. The key difference rests on predictions for
partner statef 0(1710). We have shown that a reducedG0
component inf 0(1500), as proposed by Ref.@5#, is incom-
patible with the existence of af 0 state at 1700 MeV as a
narrow resonance. Conversely, if the existence of a nar
scalar component of thef j 50,2(1710) @10# state is confirmed,
then a non-negligible glueball component is residing in
f 0(1500) state.

D. Mixing amplitudes

Given the shortcomings of the proposed mixing schem
of Refs.@4,5# we now directly extract the mixing amplitude
of the f 0 states in the given decay formalism. We proceed
an analogous fashion, requiring a fit to the experimental d
on f 0(1500) decays, while demanding the existence of a n
row resonancef 0(1710) as an additional requirement.

First, we start with the unspecified mixing amplitudes
the f 0(1500) state vector as defined by Eq.~2!. The mixing
amplitudes off 0(1500) are determined from a fit to the e
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perimental data of thepp, KK̄ and hh decay modes with
the restriction of a weakrr decay channel. Exact flavo
symmetry (S51) for the quark-gluon coupling is assume
Good agreement with the experimental data requ
ann̄•ass̄,0, i.e. a destructive interference between thenn̄

andss̄ flavors, and we get

u f 0~1500!&50.314unn̄&20.581uss̄&10.751uG0& ~43!

with the ratio of coupling strengthsk50.1 GeV22 and the
phase factor cosf520.92. The fit to thef 0(1500) decays
alone does not fix the phase of theaG0

amplitude relative to
the quarkonia coefficients. Instead we obtain the condit
that aG0

cosf,0. For the f 0(1500) state vector we hav

takenaG0
.0 and cosf,0 for reasons given later. The rela

tive phases between the state amplitudes of Eq.~43! are the
same as in mixing schemes A and B. For the full set
partial decay widths we obtain the results given in Table
Compared to mixing scheme A therr mode of f 0(1500) is
suppressed by a factor of 2. This is achieved by enhanc
the G0 amplitude since therr suppression forf 0(1500) is
driven by the gluonic component~see Sec. IV!. An alterna-
tive fit to obtainrr suppression requires a strongss̄ compo-
nent and a larger value fork as resulting for example from
mixing scheme B. However, the existence of a narr
f 0(1710) state rules out this possibility.

For the 4p/2p decay branching ratio we obtai
BR(4p)/BR(2p)50.57–1.04 using BR(p*˜sp)
50.1–1, where recent results@20# for p*˜sp favor the
lower value. This is still in deviation from the Crystal Barr
value ofBR(4p)/BR(2p)52.160.6 @8#. The disagreemen
possibly hints at a sizableG0 component ins. A strong
coupling ofs to G0 is supported by the experimental findin
@10# that ss is the largest hadronic branching ratio for th
charmonium statesx0 andx2. In this case, the lowest orde
decay mechanismG0˜G0G0, neglected here, can enhan
the ss and therefore the 4p decay mode. The predicte
0-12
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ratio BR(hh8)/BR(hh)52.2 is in agreement with the
GAMS value of 2.760.8 @10#, but in conflict with the Crys-
tal Barrel result of 0.2760.10 @8#. Breaking of flavor sym-
metry at the quark-gluon vertex, that isSÞ1, will further
enhance thehh8 decay width.

With mass and eigenstate off 0(1500) fixed at 1500 MeV
and by Eq.~43!, respectively, we deduce for the bare mas
mi ( i 5nn̄,ss̄,G0) entering in (HI) of Eq. ~1!,

mnn̄51500 MeV23.38z, mss̄51500 MeV11.29z,

mG0
51500 MeV10.18z, ~44!

with the mixing strengthz.0. For the bare masses we obta
the level orderingmnn̄,mG0

,mss̄, which is independent o
z and corresponds to that proposed originally in Ref.@4#.
When taking the alternative sign pattern ofaG0

,0 and

cosf.0 for the fit to the f 0(1500) decays, we obtain th
unphysical level ordering of the bare states withmnn̄.mss̄
.mG0

, we hence exclude this choice. Additionally, for th

massesM ,(.) of the mixing partners lying above (M .) and
below (M ,) f 0(1500) we obtain

M .51500 MeV12z

M ,51500 MeV23.9z. ~45!

For consistency, we call these statesf 0(1370) andf 0(1710)
and use the values for mass and total width given in
previous section for the parametrization of the respec
mass distributions. For the mixing partners of thef 0(1500)
we obtain the glueball-quarkonia content

u f 0~1710!&50.149unn̄&10.811uss̄&10.565uG0& ~46!

and

u f 0~1370!&50.938unn̄&10.070uss̄&20.341uG0&, ~47!

where the amplitudes are independent of the particular v
of z. Predictions for the corresponding partial decay wid
of f 0(1710) andf 0(1370) are also given in Table VI. Th
total width and the ratioBR(pp)/BR(KK̄)50.57 of the
f 0(1710) are in good agreement with the experimental
sults of of G517569 MeV (133614 MeV) @10# and
BR(pp)/BR(KK̄)50.3960.14 for f j 50,2(1710) @10#. For
the f 0(1370) the predicted ratio ofBR(KK̄)/BR(hh)52.7
is to be compared to the experimental value'2.5 @8#. For
the total width we getG tot5479 MeV, somewhat larger tha
the Crystal Barrel value ofG5351641 MeV @8#.

For a mixing energyz543631 MeV @14#, as deduced
from lattice QCD in the quenched approximation, we obt
mG0

5150866 MeV, in agreement with the lattice result o

mG0
51.6560.15 GeV@3#. For the bare masses we getmnn̄

513556105 MeV and Mss̄51556640 MeV. The values
for the glueball-quarkonia mixing matrix elementz favored
05401
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by previous approaches arez577 MeV @5#, z564
613 MeV @14# and z'100 MeV, where the latter value i
deduced from the full nonperturbative three-state mix
scheme of Ref.@4#. Hence, semiphenomenological extra
tions ofz favor a value near the upper limit set by the latti
result.

Choosing an intermediate value ofz'80 MeV we obtain
for the physical masses of the mixing partners given by
~45!, M .51660 MeV andM ,51190 MeV, whereM , is
lower than the mass of thef 0(1370). A similar result is
obtained from the full mixing approach of Ref.@4#, which
corresponds qualitatively to our extracted scheme.

Given our fit to thef 0(1500) decays, we obtain a physic
massM , and a total width which deviate from the corre
sponding data onf 0(1370). Therefore, within the framewor
of a three-state mixing scheme, the lower lying partner
f 0(1500) could be identified with the very broad structu
around 1100 MeV@4#, called f 0(400–1200)@10#. Alterna-
tively, the Crystal Barrel statef 0(1370) could be the high
mass tail off 0(400–1200). However, given the ansatz of E
~1!, the most stable and testable consequences of our mi
scheme concern predictions for all the two-body dec
modes of thef 0 states as given in Table VI. Given the se
sitivity of the decay pattern on the particular size of theG0

andQQ̄ components in thef 0 states only, a full experimenta
determination provides a stringent test.

VI. SUMMARY AND CONCLUSIONS

We have performed a detailed study of the two-body
cay properties of the scalar-isoscalarf 0(1370), f 0(1500) and
f 0(1710) states resulting from the mixture of the lowest
ing scalar glueball with the isoscalar quarkonia states of
011 nonet. In the decay analysis we have taken into acco
the coupling of the quarkonia and glueball components of
f 0 states to the quarkonia components of the two-meson fi
state, where the decay dynamics is guided by strong coup
QCD. Leading order corresponds to the transitionsQQ̄

˜(QQ̄) (QQ̄) andG0˜G0 G0, where the latter transition
which can contribute tohh,hh8 andss final states, is omit-
ted due to its ill-constrained nature. The coupling of t
quarkonia component (QQ̄) of the f 0 states is described in
the framework of the3P0 pair creation model, which is suc
cessful in the phenomenology of OZI-allowed meson dec
In next-to-leading order we obtain a direct coupling of t
G0 component of thef 0 states to the quarkonia component
the decay channel. The corresponding transitionG0

˜(QQ̄)(QQ̄) is modelled by resorting to a scalar digluo
nium wave function forG0 as given by cavity QCD. Predic
tions for the two-pseudoscalar decay channels, that ispp,
KK̄ and hh, are in rough agreement with recent lattice r
sults in the limit of unbroken flavorSU~3!.

Our analysis on the two-body decay modes of thef 0
states focuses on thef 0(1500), where detailed experiment
data are available. In comparison to the observed decay p
erties of f 0(1500) we elaborate the distinct decay patte
resulting from the unmixedQQ̄ andG0 components. Taking
0-13
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into account the coupling of theQQ̄ components of the
f 0(1500) only, which corresponds to the leading order de
mechanism of Ref.@4#, data on two-pseudoscalar dec

channels are consistent with a dominantnn̄ structure residing
in this state. However,f 0(1500) is too narrow for a simple

nn̄ structure, implying a sizable reduction of its quarkon
components as resulting from glueball-quarkonia mixin
When going beyond the two-pseudoscalar decay chan
large deviations from the observed decay pattern of
f 0(1500) arise. The large 4p branching ratio, fed by thess
andp* p decay channels, and the suppression ofrr are in
clear conflict with the simple leading order analysis
f 0(1500), where coupling to itsQQ̄ component is taken, an
points towards the relevance of a possible glueball com
nent. Coupling of theG0 component of thef 0(1500) to the
quarkonia component of the two-body final state yields
significantly different decay pattern. In the two-pseudosca
sector strongKK̄ and hh decay modes are found. Furthe
more,p* p and ss dominate over thepp decay channel,
whereasrr is strongly suppressed. This latter feature o
strongly reducedrr coupling to G0 is also obtained in a
recent work@31#, where the coupling ofG0 to the pionic
decay channel is set up in an effective linear sigma mo
Both observed features of thef 0(1500), the enhancement o
the 4p0 decay channels and the reduction of therr channel,
are driven by its gluonic component.

In a next step we have investigated the decay propertie
the f 0(1370), f 0(1500) andf 0(1710) states in the propose
three-state mixing schemes of Refs.@4,5#. As a result of the
inclusion of theG0˜(QQ̄)(QQ̄) mechanism in the deca
analysis, we were able to discriminate between the mix
schemes, in particular with respect to the orthogonal phys
consequences for thef 0(1710) state. A negligibleG0 com-
ponent inf 0(1500) as proposed by Ref.@5# is incompatible
with the existence of a narrowf 0 state in the 1700 MeV mas
region; hence our first analysis of the two-body decays
vors the mixing scheme of Ref.@4#.

Finally, we have extracted a three-state mixing sche
based on a detailed fit to the experimentalf 0(1500) decays,
while demanding the existence of a narrowf 0 mixing partner
in the 1700 MeV mass region. For the bare masses be
mixing we obtain the level orderingmnn̄,mG0

,mss̄, corre-
sponding qualitatively to the scheme originally proposed
Ref. @4#. Adjustment of the gluonic decay mechanism lea
to a proper description of the observed two-pseudoscalar
cay modes off 0(1500) with the exception ofhh8. Accord-
ingly, we obtain a significantrr suppression coupled at th
same time to the enhancement of the 4p0/2p ratio, in line
with experimental requirements. A full reduction of the o
served 4p/2p ratio requires a strongss mode. Both devia-
tions in the hh8 and ss decay channels suggest a no
negligible leading orderG0˜G0 G0 contribution, which
was neglected here. A key signature for the extracted s
composition off 0(1500) is the prediction for thea1p decay
mode withBR(a1p)'BR(pp). A pure QQ̄ configuration,
or equivalently, application of the leading order dec
mechanism to the mixedf 0(1500) state results inBR(a1p)
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'2BR(pp). Hence an experimental determination of t
a1p decay channel off 0(1500) is desirable to further quan
tify the relevance of its gluonic component.

The resulting predictions for the decays of thef 0(1370)
and f 0(1710) states are consistent with the limited expe
mental data@8,10# on pseudoscalar decay modes. Clearly
search for the decay channels feeding the 4p decay products
is most relevant in clarifying the nature of these partn
states. Predictions for the total widths off 0(1370) and
f 0(1710) roughly agree with the observed values@8,10#; the
physical mass spectrum resulting from the extracted mix
scheme points towards a sizable influence of the broadf 0
structure at 1100 MeV@8#, which should be clarified.

The quantitative predictions of our analysis emphasize
role of the gluonic components in thef 0 states and its ob-
servable consequences in the two-body decay modes. H
a full determination of the hadronic decay properties p
vides a sensitive test on the nature of thef 0 states, revealing
the intrusion of the glueball ground state in the scal
isoscalar meson spectrum.
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APPENDIX A: SPATIAL WAVE FUNCTIONS

For the spatial part of the wave functions used in the t
we use harmonic oscillatorsCnl(pW i ,pW j ) which are defined in
the limit of equal constituent masses as

Cnl~pW i ,pW j !5Nnl~R/2! l~pW i2pW j !
l

3expH 2
1

8
R2~pW i2pW j !

2J
3Ln

l 11/2S R2

4
~pW i2pW j !

2DYlm~pW i2̂pW j !

~A1!

with internal momentumpi ( j ) and size parameterR. The nor-
malization constantNnl depends on the radial and orbit
quantum numbersn, l with

Nnl5F 2~n! !R3

G~n1 l 13/2!G
1/2

. ~A2!

The Laguerre polynomials are given by

Ln
l 11/2~p!5 (

k50

n
~2 !k G~n1 l 13/2!~n2k!!

k! G~k1 l 13/2!
pk. ~A3!

For theQQ̄ mesons we use
0-14
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~nl !5H ~00! for p,h,h8,K,K̄,r,v,

~01! for a1 ,s, f 0 ,

~10! for p* ~1300!.

~A4!

APPENDIX B: QUARKONIA DECAY AMPLITUDES

In the following we give the full expressions for the spi

spatial-color amplitudesM
QQ̄˜BC

( l BC)SSC
defined in Eq.~12! as ob-

tained for the quarkonia decay processQQ̄˜BC. For equal
size parameters ([RB) of the final state mesonsB andC we
obtain:

~1! QQ̄˜pp,hh,hh8,KK̄

MQQ̄˜BC
(0)SSC

5AEBEC

M f 0

8

p1/4

RQQ̄
5/2

RB
3

~RQQ̄
2

12RB
2 !5/2

3expH 2
1

4 S RQQ̄
2

RB
2

RQQ̄
2

12RB
2 D K2J

3FK1/22
RB

2~RQQ̄
2

1RB
2 !

3~RQQ̄
2

12RB
2 !

K5/2G . ~B1!

~2! QQ̄˜rr,vv

M
QQ̄˜BC

( l BC)SSC
5AEBEC

M f 0

8

A3p1/4

RQQ̄
5/2

RB
3

~RQQ̄
2

12RB
2 !5/2

3expH 2
1

4 S RQQ̄
2

RB
2

RQQ̄
2

12RB
2 D K2J

35 K1/22
RB

2~RQQ̄
2

1RB
2 !

3~RQQ̄
2

12RB
2 !

K5/2 for l BC50,

2A8

9

RB
2~RQQ̄

2
1RB

2 !

RQQ̄
2

12RB
2

K5/2 for l BC52.

~B2!

~3! QQ̄˜ss:

MQQ̄˜ss
(0)SSC

5AEsEs

M f 0

4

9p1/4

RQQ̄
5/2

RB
5

~RQQ̄
2

12RB
2 !7/2

3expH 2
1

4 S RQQ̄
2

RB
2

RQQ̄
2

12RB
2 D K2J

3F60K1/21
11RQQ̄

4
14RB

2~RQQ̄
2

1RB
2 !

RQQ̄
2

12RB
2

K5/2

2
RQQ̄

4
RB

2~RQQ̄
2

1RB
2 !

2 2
K9/2G . ~B3!
~RQQ̄12RB!

05401
~4! QQ̄˜p* (1300)p:

MQQ̄˜p* (1300)p
(0)SSC

5AEpEp*
M f 0

23/2

33/2p1/4

RQQ̄
5/2

RB
3

~RQQ̄
2

12RB
2 !7/2

3expH 2
1

4 S RQQ̄
2

RB
2

RQQ̄
2

12RB
2 D K2J

3F63~3RQQ̄
2

24RB
2 !K1/2

2
RQQ̄

2
RB

2~13RQQ̄
2

16RB
2 !

RQQ̄
2

12RB
2

K5/2

1
RQQ̄

4
RB

4~RQQ̄
2

1RB
2 !

~RQQ̄
2

12RB
2 !2

K9/2G . ~B4!

~5! QQ̄˜a1p:

MQQ̄˜a1p
(1)SSC

5AEa1
Ep

M f 0

24

3p1/4

Rf 0

5/2RB
4

~RQQ̄
2

12RB
2 !5/2

3expH 2
1

4 S RQQ̄
2

RB
2

RQQ̄
2

12RB
2 D K2J K3/2. ~B5!

APPENDIX C: TRANSFORMATION BRACKETS

The relevant values for the transformation brack
^nl,NL,gun1l 1 ,n2l 2 ,g& used in Eq.~19! are

~1! g50:

^00,10,0u01,01,0&5
1

A2
~C1!

^01,01,0u01,01,0&50 ~C2!

^10,00,0u01,01,0&52
1

A2
. ~C3!

~2! g51:

^01,01,1u01,01,1&51. ~C4!

~3! g52:

^00,02,2u01,01,2&5
1

A2
~C5!

^01,01,2u01,01,2&50 ~C6!

^02,00,2u01,01,2&52
1

A2
. ~C7!
0-15
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APPENDIX D: DIGLUONIUM DECAY AMPLITUDES

The spin-spatial-color matrix elementsMG0˜BC
SSC , defined

in Eq. ~22!, for the decay of the scalar digluonium stateG0
~size parameterRG0

) into the final state mesonsBC ~size

parameterRB) are
~1! G0˜pp,hh,hh8,KK̄([2 PS):

MG0˜2PS
(0)SSC 5AEBEC

M f 0

32

3
A2p7/4

RG0

3/2~RB
222RG0

2 !

~RB
212RG0

2 !5/2
K1/2.

~D1!

~2! G0˜rr,vv:

MG0˜BC
(0)SSC 5

1

A3
MG0˜2PS

SSC . ~D2!
B

s.

d
.S

d

05401
~3! G0˜ss:

MG0˜ss
(0)SSC5AEsEs

M f 0

64A2

9
p7/4

RG0

7/2~2RG0

2 29RB
2 !

~RB
212RG0

2 !7/2
K1/2.

~D3!

~4! G0˜p* (1300)p:

MG0˜p* p
(0)SSC

5AEp* Ep

M f 0

32

3A3
p7/4

3
RG0

3/2RQQ̄
2

~14RG0

2 23RB
2 !

~RB
212RG0

2 !7/2
K1/2. ~D4!
l

ys.

p.

:
,

ett.
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