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We investigate the hadronic two-body decay modes of the scalar-isoggdlar0), f ,(1500) andf,(1710)
states as resulting from the mixture of the lowest lying scalar glueball with the isoscalar states of the ground
state 3P, QQ nonet. In the decay analysis we take into account the direct coupling of the quarkonia and
glueball components of thig, 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 fdg ttates in
the proposed three-state mixing schemes and discuss their compatibility with the observed decay features.
Finally, we determine the glueball-quarkonia content offifistates from a detailed fit to experimental decay
data off(1500) and give predictions for the partial decay widthsgfL370) andfy(1710), providing thus a
sensitive test of the proposed mixing schef®0556-282(99)01415-0

PACS numbgs): 12.39.Mk, 13.25.Jx, 14.40.Cs

I. INTRODUCTION theoretical assumptions concerning the level ordering of the
bare states before mixing. While Ré#] uses for the input

The identification of mesons beyond the conventional vamasses of the bare stattnn)<M(Gg)<M(ss), in Ref.

lence quark—aqtiquaer@) pair configuration is one of the [5] the pure glueball lies above the sca@R states. The
most challenging tasks in low-energy meson spectroscopyiifference of level ordering in the input bare masses leads to

For instance, as a consequence of gluon self-couplings ia substantially differen6,/QQ content of the physical
QCD the usuaRQ spectrum is expected to be supplementedstates, especially fof(1500) andfo(1710). While in Ref.

by mesonic states with pure gluonic composition, that ig4], the glueball is distributed with nearly equal strength over
gluepalls[l]. I__att|ce QCD, in the quenched apprommg(t:lon, the threef states and(1710) has a Iargegcomponent,
predicts the lightest glueball stat&¢) to be a scalarJ the analysis of Ref[5] leads to a dominar®, structure in

=0"%") lying in the mass range of 1.4-1.8 G¢¥,3]. Since . . —
. : ’ the fo(1710), whilefy(1500) is a nearly purss state. The
the observed isovector and isodoublet statgEl450) and results for thefy(1370) are comparable in both approaches,

Ko(1430) set the natural mass scale of the ground state sca- =

. — — — with a largenn component residing in this state. The ob-
lar meson nonet, the |soscaI@Q partnersnn—.(ll\/i)(uu served total width of thé,(1370)[8] and its strong coupling
+dd) andssare expected to lie in a mass region close to th

dicted q lueball. The vicinit of feto the w7 decay channel is in good agreement with naive
predicted ground state glueball. The vicinity of masses 1o, .2 model expectationgl1,12 for a nn°P, state and
the pureGgy, nn and ss mesonic states suggests that the

. ) ) = seems to confirm its dominamin structure. Therefore, the
intrusion of the scalar glueball into the scalQ meson  main difference between the two mixing schemes is the

spectrum is accompanied by significant mixing @} with amount of glueball ands strength residing in thé,(1500)

theSisosce}Iarlm%mltIJers OII tﬁ.@o ”.Of‘et[4'5r]]- @71 h andfy(1710) states, respectively. A further test of the pro-
everal glueball-quarkonia mixing schemies-7] have osed mixing schemes, where the glueball ground state in-

been proposed to account for this scenario and to reveal thg, o5 in the scalar quarkonium sector, is the analysis of the
Go/QQ nature of the scalar-isoscalar statég(1370),  decay modes of the observeiy states. The decay of
fo(1500), established by Crystal Barrel at the CERN Lowf (1500) into two pseudoscalar mesons was studied in lead-
Energy Antiproton RindLEAR) [8] in proton-antiproton an-  jng order of strong coupling QCI4]. Neglecting possible
nihilation rea(]:ctl?]rés, arl?ltpl%o()l[i](-)?) Eg], Wh|0h|_']§ tge scalar  gluonic components of the isoscalar mesons in the final state,
component of the;_ - In a simplified picture o i . - -

X . ' , KK, n7n and nn'decay modes are entirely driven by
can|der_ed in Ref§4,5] Fhe SC"?"af glueball grour_ld Sl e guarkonia components of tlig(1500) state. In this ap-
mixes with the lowest Iymngo |30§calarqu_arkon|um sta.tes. proximation, results for the partial decay widths deduced
Further adn_nxture of the first radially excne?d?o.nonet IS" " from SU(3) flavor symmetric couplings are quite similar for
introduced in Refs[6,7]. However, the restriction to the both mixing schemes and cannot be discrimindeld e.g.

glueball and near lying®P, quarkonia ground states is a — . . .
good approximation provided that the excited glueball anc}he observed wealkK decay mode is obtained in both

quarkonia states are high enough in mass. schemes by the destructive interference betweemthand
Quantitative predictions in the three-state mixing schemess components.
of Refs.[4,5] for the glueball-quarkonia content &§(1370), In order to reveal the difference of the proposed three

f(1500) andf,(1710) differ substantially due to orthogonal state mixing schemes, one should take into account the direct
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coupling of theG, component to the final state mesons. Thissitive test of the proposed mixing scheme. A summary and
mechanism occurs in the leading of strong coupling Q&P  conclusions are given in Sec. VI.
by the transitionGy— G¢G,, which can produce final states

with isoscalar mesons#(n, 7’ and oo, where ¢ is the Il. THREE-STATE MIXING AND DECAY
broad low lying 7 S-wave resonangewith possibly a siz- OF SCALAR-ISOSCALAR STATES IN STRONG
able gluonic component. Independent of a possible small COUPLING QCD

glueball compon_ent in_the final state isoscalars is the decay In the lattice formulation of the strong coupling limig (
processG,— (QQ)(QQ). This next-to-leading order transi- —so0) of QCD [4,11], glueballs aana mesons are nonin-

“9“ can contribute' to a!l tvyo-body decay modes of theteracting eigenstates of the QCD Hamiltonian. Departure
mixed f, states. An investigatiofiL3] of the two-body decay o this limit causes mixing and decay of the strong cou-
modesoo,pp and 7* (1300)r of the fy(1500), all leading pling eigenstatef4, 11].

to the 4 decay channel, indicates the possible presence of a Tg |owest order, the mixing of the scalar glueb@} and

sizable direct coupling of the gluonic component of _thethe 3p, quarkonia statesn= 1/JZ2(UU+ dE) andsscan be
fo(1500) to the 4r decay channels. Neglecting a possible; iroquced by the interaction Hamiltonia, [5]
G, component ino, the leading order decay mechanism pre-

dicts [13] the hierarchy of branching ratioBR with mg z 2z
BR(pp)”BR(77) " BR(co)>BR(7* (1300)7), indepen- °

dent of any particular three-state mixing scheme. The results (H)= z ms 0 |, @)
are in strong conflict with current Crystal Barrel data, where 2z 0 mgy

the pp decay mode of théy(1500) is weak or even absent o -
[15] and a stronger coupling to themmodes than to the 2 wherez=(Go|H,|ss)=<GO|H,|nn>/\/§ represents the flavor

decay chann€8] is required. independent mixing strength between the glueball and
In the present work, going beyond the lowest order decayjuarkonium states. The masses of the bare states
mechanism, we couple tf@Q components of the mixett =G, ,ssnn before mixing are denoted bg;. Deviation

states to the quarkonia components of the final state mesongem the SU(3) flavor symmetry is known to be smaill4]
In the decay analySiS we also take into account the tranSitioand quarkonia mixing is assumed to be a h|gher order per-

Go*(Qla)(Qa) occurring as a next-to-leading order decay tyrbation in the strong coupling eigenstai&), |ss) and
mechamsm _deduced f_rom strong coupling QGA). Incl_u- [nn) [4]. All parameters of KI;) can be taken to be real and
sion of the direct coupling of th&, component of the mixed ositive

fy states to the quarkonia content of the final state meson% H, p.ossesses three eigenstatés(M)) with physical

will lead to contradu_:t(_)ry physical consequences in the PfOtmassesv, which are are given by the linear combinations
posed three-state mixing schemes of Refs], in particular

for the physical staté;(1710). Because of the shortcomings _ — =
of these proposed mixing models, we undertake to extract a [fo(M))=anslnm) +a5ds9 +ag| Go), @
three-state mixing scheme based on a fit to the detailed ex-. 2 5 i B
perimental data of ,(1500) two-body decays and give the With 8 ,;+as+ag =1. Choosing the bare mass,, to be
predictions for partial decay widths of the partner statesqual to that of the observed isovector stage¢1450)[10],
fo(1370) andfy(1710). the remaining parameters iil() can be adjusted to give the
This paper is organised as follows. In Sec. Il we introducemasses of the observed resonanig€4370), f,(1500) and
the three-state mixing scheme of the lowest lying scalar gluet(1710), which fixes the quarkonia-glueball composition of
ball with the quarkonia states and the decay dynamics athe physical state$]. In Ref.[4] it is assumed that the level
suggested by the strong coupling limit of QCD. In Sec. lll spacings of the bare states satisfy the relationg(

we develop the formalism for the decay of thestates by its = —m y/2=mg— mg,=2, which again determines the state

QQ components in the framework of the pair creation oryector of the physicaf,(M) states. In this casg,(1500) is

®Py model. In Sec. IV we construct a digluonium wave func- degenerate in mass with tk8, state and the physical masses
tion based on cavity QCD for the effective description of thenm of the mixing partners(1370) andf,(1710) depend on
scalar glueball state. Furthermore, we indicate the transitioghe mixing strengttz.

mechanism for the decay of th&, component into However, there are sizable uncertainties in these proce-
(QQ) (QQ). The results are presented in Sec. V; we firstdures, particularly since the mass of thg1370) is poorly
show how distinct decay patterns result from the unmixeddetermined, ranging from 1200 to 1500 M¢¥0] and the
Q6 and GO Components of théo states. We then give par- exact level Spacing of the bare states is unknown. For these
tial widths for the two-body decay modes of thgstates in ~ feasons we will also present an alternative strategy by as-
the mixing schemes of Ref§4,5] and confront the results Suming thatf,(1500) is one of the eigenstatestdéf and by
with experiment. Finally, we present a three-state mixingextracting the mixing coefficients; (i=nn,ss Gg) directly
scheme deduced from a detailed fit to the experimental datiom the experimental two-body decay data. This will allow
for f4(1500) decays and give predictions for the partial de-us to give the bare masseg entering inH, of Eq. (1), in

cay widths off,(1370) andf,(1710), providing thus a sen- terms of the mixing strengtl which in turn is restricted by
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FIG. 1. Leading order decay mechanism of @g— GG, tran- FIG. 3. TransitionGy— BC occurring as a next-to-leading order
sition. The dot indicates the three-gluon coupling. decay mechanism in strong coupling QCD. The dots indicate the
quark-gluon coupling with strengti.

the physical masses of the partners of #H¢1500). The
resulting glueball-quarkonia composition of these partnestates couples to the final sta@€Q mesons by conversion of
states, however, is completely independert, asolely deter-  the constituent gluons into quark-antiquark pairs. Section IV

mined by the mixing coefficients of thig(1500). is devoted to the description of this process.
In the minimal constituent pictur&, consists of two glu- ~ Neglecting a possibl&, component in the final state
ons bound in a color singlet configuration wili©=0"*.  isoscalar mesons, the partial decay width_gc for the

For finite g the mixed|fo(M)) decays in lowest order by its decay of|f,(M)) into a two-meson statBC can be written
Gy andQQ components. The relevant diagrams are showr@s
in Figs. 1 and 2. The transiticdB,— Gy G, of Fig. 1 couples

the Gy component of the physical statg,(M)) to the G

component of the final state isoscalar mesons. The constitu- It —~Bc= 27TK Z f dQKIT(IBCBC|2

ent gluons of the initial state decay into two pairs of low Mty fs

energy gluons which involves two three-gluon vertices in the

decay mechanism. We will neglect this transition in our de- => |)\M(IB—°) st 2Mng)BC|2 ©)
cay analysis by assuming that the considered final state isos- 'sc e~

calar mesons do not containG, component. In principle,

the transition of Fig. 1 can contribute to the decay modesyhere M8 and MgBi)Bc denote the transition ampli-
fo(M)— 77, 777; andoo, depending on the unknown over- wd ?Qd —BC n f th five d h
lap of the#,»" ando with the corresponding glueball states. udes including phase space of the respective decay mecha-

Current evidence for the relevance of such a process |nvol\}1 sm. The sum extends over the relative orbital angular mo-
ing the pseudoscalarg and %’ is not compelling, as for mentumlgc between the mesor and C. With the decay
example discussed in R¢#]. For the scalar- meson a large momentumK|=K, E;= VM7 +K? is the energy of the final
coupling to the glueball state is not excluded10]. There- state meson$=B,C with massM;. The strengths of the
fore, we should keep in mind that ti@& — G, G, transition ~ quark-gluon coupling and the pair creation amplitude in the
could induce some changes for they, 7' and oo decay %P, model are factorized out and denoted fyand \, re-

modes of thef, states. spectively. The relative phase between the two transition am-
— — — . D C ol
The leading order decay mechanispQ—(QQ)(QQ), plitudes is fixed by choosini/ (Q%(iBC and MgBi)Bc to be

illustrated in Fig. 2, leads to the decay [#%(M)) by its  real and the ratio/2/\ to be complex with
guarkonia componen®Q and is familiar from the Okubo-
Zweig-lizuka- (OZI-)allowed meson decajl1,13,16. This 72
process will be described in Sec. Ill in the framework of the =gel?, (4)
3P, pair creation mode]17]. A
Here we also take into account the next to leading order
decay mechanisi®,— (QQ)(QQ) as indicated in Fig. 3. In In this casel’s _pc is given by
this mechanism th&, component of the physicdly(M)

— 2pn 2
1 B Ffo_,BC—)\ MQ6—>BC+K MGO—>BC
_ 3
QQ A (Igo) (Isc)
) +2Kcos,</)§C Moo ecMelecl:
c

. . . with the summation ovelg included in the definition of
FIG. 2. Quark line diagram for the decay of the quarkonia com- > . ~oBC .
Finally, in order to take into account properly

ponentQa into the final state mesorBC occurring as a leading Qa(Go)_—vBC'
order decay mechanism in strong coupling QCD. The dot indicateghe available phase space for the detgy»BC we average
the 3P, vertex with strength. over the mass spectrufifm) of broad mesons:
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It ~Bc= J dm dmgdmel’s _gc(Mf Mg, Mc)
Xf(mg ) f(mg)f(me)
(Ti/2)?

fm (Mm—M;)2+(I/2)? ©
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‘I’fo(ﬁl P2)=8(p1+P2)[ xs-1(12)

®‘I’n:o,|:1(51,52)]J:0 X'f:0(12) x&?

oR% ]2

QQ
3w

X[xs-1(12@N-1(P1— P2)l1-ox2(12x4?, (8)

. 1, ..
8(p1+p2)exp — gRog(P1—p2)

with a threshold cutoff as in Ref18]. The individual masses whereRyg is the size parameter for t1@Q component. The

M; and widthsI'; of the resonances are taken from the Par-,

ticle Data Group.

The mass distribution of the scalar-isoscalameson is
parametrized withM =760 MeV andI" ;=640 MeV [19].
For the 7* (1300) we use the resonance widthlofx ;300
=200 MeV[20]. The relationship betweefy(1370) and the
broad structure around 1100 M€¥] called f,(400—1200)

intrinsic spinys_;(12) of theQQ pair (12) is coupled with
relative angular momenturh=1 to the J°¢=0"" scalar
ground staterf=0) andy{? is the color singlet wave func-

tion. TheSU(3) flavor partXI:O(lZ) is given by

XP(12)=a,nyny) +ads:5,), 9

[10] is not entirely clear. If the two states are manifestations

of a single object, theﬁfo(moﬁ 700 MeV[8]. For two in-
dependent states one hasl“fo(1370): 351+41 MeV,
Mt (1370)= 1360+ 23 MeV [8] and ¢ (1370=230
+15 MeV, M¢ (1370~ 1300+ 15 MeV [28].

Ill. DECAY OF THE QUARKONIA COMPONENTS

The decay of the quarkonia components of thgM))
states into the final state mesd®sindC is calculated in the
non-relativistic*P, or pair creation modgl17]. This model
has a solid foundation in strong coupling QCDL,21,23. It
describes the OZl-allowed dec&yQ—BC by the creation

of a QQ pair with quantum numberd ¢(J°¢) =07 (0" ")]

out of the hadronic vacuum, as indicated in Fig. 2. In the The transition amplitudM(lB—c)
evaluation one also has to consider a second diagram where

the quark 3(4) goes into the meso@ (B). The constituent

with the quarkonia mixing coefficients; (i =nﬁs§) of the
three-state mixing scheme introduced in Sec. Il. For the final
state mesons (i =B,C) with momentumP; , total spinJ; ,
relative orbital angular momentulpand intrinsic spirs, we
use the wave functions

Wi(Py Pm) = 8(P1+Pm— P Lxs (IM)

(Im)

®W o1, (P, Pm) I xE(IMXE™ . (10)

whereﬁ,(m) are internal quark momenta for the quatksn).
Explicit forms for the harmonic oscillator wave functions
\I’ni,i used can be found in Appendix A.

oosc’ S defined by Eq3),

. F
separates into a flavor paMQaﬁBC,

quarks of the initial state are spectators in the transition. The

strength of this transition is governed by the dimensionless
constant\, which is related to the pair creation probability.

From detailed fits to tensor meson deddy23] it is con-

cluded that the pair creation mechanism is flavor indepen€

dent.
The nonperturbatina 3p, vertex can be defined as

V%’gz NS(Pa+ P Vi, (Pa—P3) ® 7D ]2 1Y)
(7

where 54(3) are the momenta of the quatintiquark 4 (3)

and Y1(p)=|p| Yi(p). The identity operatorsy and 1c
project onto singlet states in flav@¥) and color(C) space of

the created)Q pair (43).
Using the harmonic oscillator ansatknzolhl(ﬁl,ﬁz),

the wave function of thQa component of the mixeél, can
be expressed in its center-of-momentum frame as

Mog-sc=(XE(1IXF(42[ 1P x(12) (1D
and the spin-spatial-color pa g%cizscc,
EoEc 1

(Igc)SSC_
MQ6—>BC =\ 27TK

M, 3
X 3(PatP3) 8(Ppy+P2) 8(py+ps—K)

X 8(ppt pat K)XEVO W, (P1,P3)]"
X[X§P@W 1 (P2, P2) 1TV ,.(Pa—P3)

® U(fi”]oo[)((slj)l‘@ P o_oi-1(P1.P2) 150
(12)

with the decay momentur{ and the color matrix element

(xS LA 1c| x &2 = 173,
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TABLE |. Flavor matrix elements for the two-body dec@®Q
—BC of the mixed fo(M) states as defined in Eq11). The
quarkonia component of the, states is defined asQQ)
=a,/nn)+agdss). The quantitiesyps and Bpg are related to the
pseudoscalar mixing angle as defined by E). For the vector
mesons we use ideal mixing.

BC Mgaﬂsc
T, PP \/§anﬁ
00,00 ann
* (1300)m,a, 7 J6a,,
KK anpt \/zasg
77 apsAnnt V2BpsAss
' zaPSBPS(anF/\/z_ asy

: [ . : :
The amplitudeM é%c_)iscc is evaluated analytically. Since

there exists exhaustive literatufd1,16,17 on the 3P,

model, we just cite the results in Appendix B. Values for the

PHYSICAL REVIEW D 60 054010

IV. DECAY OF THE GLUEBALL COMPONENT

In this section we consider the two-body decay of the
ground state scalar glueba{bf) in the next-to-leading order
decay mechanism of strong coupling Q¢A. For the decay
analysis we adopt a non-relativistic picture whég is a
bound state of two massive constituent glugndhe decay
is proceeding via the conversion of the constituent gluons
into QQ pairs as illustrated in Fig. 3. In the evaluation a
second diagram with different quark rearrangement in the
final state analogous to quarkonia decay has also to be con-
sidered. The elementary quark-gluon interaction vertex is
given to lowest order in the non-relativistic limit by

8
_ L 1
VAR = 5 5(q;— Py = Pu) (o) Ei)lgk)(i 2, A?'k)Aia)

(14)

various flavor matrix elements are given in Table I. T_he re<with the internal momentéi for gluoni=1, 2 andﬁuk) for

sults of Table | were obtained by assuming=|nn).

the quarks with label=1,3 (k=2,4). The identity operator

Thereby we have used the following definitions for the flavorlgk) projects onto a flavor singlet state of the crea@@

content of thep and »" mesons:
YE=apdNN)— Bpds9)

Y = Bpdns)+apdss. (13

The quantitiesapg and Bpg are simply related to the pseu-
doscalar mixing angledp, as defined by the Particle Data
Group[10]. For numerical results we use the valuefpf=
—17.3°[24] or equivalentlyaps=0.794, Bps=0.608.

The partial decay widths for the quarkonia deda)
—BC are defined as in Ed5) and depend on the pair cre-
ation amplitude\ and the quarkonia size paramet&gg
andRg= R for the decay channels considered here.

pair (Ik). The last term in Eq(15) is the color part of the
interaction vertex with the Gell-Mann matrica$ acting in
color space of Ik). The color octet wave function of the
gluon i with polarization vectore; is denoted byA?. The
strength of thegi—>Q|6k transition is given byy. We as-
sume that flavor symmetry is manifested in the quark-gluon
coupling [4]; hence (nn|V|g)=(ssV|g)=y. In order to
evaluate the decay amplitudﬂGO_,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 bag
model as a guidance. The ground state scalar glueball is re-
alized in the bag model by the coupling of two transverse
electric(TE) modes of the constituent gluod{¢=1"") to

Exhaustive experimental data exist for the hadronic descalar quantum numberd”©=0"* [25]. Using the non-
cays of the ground state tensor meson nonet and the stratetgjativistic TE gluon mode, proposed in RE26], the scalar
is to extract the meson size parameters combined with th@lueball wave function is in simple correspondence with the
3p, strength from a full scale decay analysis. A recent fit tobag model solution and can be written as

tensor meson decay$23] yields A?=2.11 and Rg

=3.65 GeV ! for nonstrangeSwave mesons and strange

tensor mesons, suggestimlz Rog=3.65 GeV . Swave

mesons containing strange quarks have an effectively re-

duced size withRg=2.48 GeV'! for » and »' and Ry
=2.82 GeV'! for K. No flavor symmetry breaking at the
3P, vertex was obtained; hendeis independent of the cre-

ated Qa flavor. As a result of orthogonality of the and

satisfy the relationR,=R_«. The R, dependence of the
quarkonia decay amplitude was shown to be siis8]. We
therefore choosR,=R,, for our numerical results presented
in the forthcoming section.

W, (11.r2)=[TE(1" )@ TE(1" )50
:{[q’nl=0|1=1(F1)® er]h

B[ Wn,—01,-1(F2) € 11}y oWE? (15)

7*(1300) wave functions, the respective size parameter@’here\ynzo'zl(r) is the single particle harmonic oscillator

wave functions as defined in Appendix A. The spherical

components of the gluon polarization vectoare given by

e*(*"). The color singlet wave functiow?? for the two
gluon state is

054010-5
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1 8 TABLE II. Flavor matrix elements of Eq21) for the two-body
quz):_ 2 A?Ag (16) decayG,— BC of the mixedf (M) states with glueball component
\/5 b=1 aG0|Go). The quark-gluon coupling is assumed to be flavor inde-
pendent.
where we have chosen the “Cartesian” baafswith
o BC Mcho_.Bc/aGO
—= Z (\ip)Pcic; 17 T pp V6
\/— = oo, 0w \/E
_ * (1300)m,a, 7 J12
for the octet representation of col@U(3) with ¢; andc; KK 2 \2
being the basis states for the fundamental representadions " V2
and3. o ' 0
\I’Go(rl,rz) can be recoupled as
oo 2 1 1 as defined by Eq(3), separates in analogy to quarkonia de-
W, (r1.r2)= \/59240 (=)ot 11 g cay into a flavor parMg__gc with
. F _/.B C (12)4(43)
XN(2g+I{[Vq —o,=1(r1) MG0—>BC_<XF(13)XF(42)|1F 1£™]0) (21)
®‘I’n2:0|2:1(F2)]g and a spin-spatial-color part
o[ef®es Igh-oVE?. (18)

MU 2K

, . L Go—yBCf dg,da,
Introducing relative and center-of-mass coordinatesr

—r, andR=1/2(r,+r,), respectively, we perform the ex-

pansion27] Xi:H 4d6i 8(01—P1—P2) 8(d2— Pa—P3)
(W =01;=1(r) @ Wn,=01,=1(12) Ig XWL(P4.P2) W E(P1.P3) (7 (1) €1)
= > (nl,NL,g|n;=01;=1,,=01,=19) X (0(a3)" €2)W,(A1,02). (22)
niNL
X[Wa(NeWy(R)]g (199  The flavor matrix elements in th8U(3) flavor symmetry

limit are given in Table Il. The color transition amplitude

where energy conservation restricts the sum mo+2+ 2N Mgo_,gc is given by
+L=2. The relevant values for the transformation brackets
(nI,NL,g|n4l1,n,l,,g) can be found in Appendix C.

When projecting out the spurious center-of-mass excita- y,C 1 (13) (42) (12)
tions, the normalized glueball wave function can be written Go—BC 4< >
in its center-of-momentum frame as

2 )\(12)AC2 N{amAS

C V2
o 3 o , 7 2 TLO®)?2= 7 (23
‘I’GO(Q1'Q2):( \[g{‘l’n—ouz(%-%)@[f’f@’fg I2to
2 o , The analytic evaluation of Eq22) contains the spin matrix
_§{‘I'n:1|:o(ql,q2)®[ef® €5 loto element
3.+ 0 (12) - - > - ,
X ol taz) Ve 20 (x5, (13)xs(42] (012 €1) (Fazy €[ @ e 1502
with the internal gluon momenig (i =1,2) and¥,,(q;,d>) =6(2Sg+1)(2Sc+1)(—)5c*?
given in Appendix A.
12 12 S
B. Digluonium decay amplitudes X (SgMgScM¢|Su+u')y /12 1/2 S (24)
1 1 S

With the digluonium wave function of Eq21) were are
now in the position to evaluate the decay amplitudes for the

processG,—BC of Fig. 3. The decay amplltudise’lG oBC and the spatial overlap
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Ff0(1500): 111+12 MeV. (26)

- S s o s s For the two-body decay moddg(1500)—BC Crystal Bar-
X 8(01+d2) d(p1+Pp3—K) (psatpa+K) rel obtains the branching rati@&R(BC):

XWh (PP W (P1,P3) Wn-01-2d01,02)
BR(mm)=29+7.5%, BR(77)=4.6+1.3%,

1 .. - s -
=51, 00m 0 | AGGPW (G- VAR ) _
BR(77')=1.2+0.3%, BR(KK)=3.5+0.3%,
=G~ V2AK+ )W (V2K +p) 1/2(K=p))
BR(47)=61.7+9.6 %. (27

XWh0u-20G1,~d1) (25
. . .
wherel; is the relative orbital angular momentum of the final Here, the 47 final state includesro and =~ (1300)7 as

. S e . intermediate decay channels. The allowgddecay mode of
state with projectiorm;. A (%c))sr;gglete listing of the analytic the fo(1500) is found to be weakd5]. Taking the central

results for the amplitudedl g = gc 'S_ givenin App.endlx D. value for the width we deduce from the measured branching
For the decayG,—BC(l) we obtain the dynamical selec- ratios the partial decay widtHs(BC):
tion rule that the final state partial wave be restricted;to

=0. Hence the decafy(M)—a; will proceed entirely by

the quarkonia components &§(M). Moreover, theD-wave

decay amplitudel¢=2) for the two vector meson final state

is forbidden in contrast to quarkonia decay. [(n7')=1.4+0.4 MeV F(KE)Z?).gi 0.4 MeV
With the QQ meson size parameters fixed,S)S3% de-

pends on the glueball size parameRgy . In the constituent
picture we expect the masd of the digluonium to be

Mg,~2mg with a lattice motivated constituent gluon mass i native multi-channel analysd€8] based on data sets

of aboutmy~750-850 MeV. Assuming equal confinement from previous experiments have also been performed. The

strength for quarks and gluons on the constituent level Weog it for thek K and 777 modes are within the experimen-

getRGO=3.65/\/2_.5 GeV 1. With this choice the constituent 5] errors of the Crystal Barrel data. A larger total width

mass for the lightest quark flavors lies in a reasonable masy',,,=132+15 MeV) and 7w decay width [,,=60

range of 300-340 MeV. +12 MeV) are obtained, suggesting a smaller value for
I'(47) than indicated in Eq(28).

[(2m)=32.2-8.4 MeV, T(77)=52+15 MeV,

I'(47)=68.5-10.7 MeV. (29)

V. TWO-BODY DECAYS OF SCALAR-ISOSCALAR

STATES AND THREE-STATE MIXING B. Two-body decays of theQQ and G, components

In the following we discuss the application of the decay \we first discuss the decay patterns resulting from the in-
moc:els divt‘?:ofe% in the Fér_ev'outi s%ct;oqsdto the Phe”to'rhividual decay mechanisms of Figs. 2 and 3, coupling to the
enology of thef, decays. Given the detailed experimental ~—~ .

o . and theG, components of thé, states, respectively.
decay data on thé&,(1500), our analysis will focus on this Qan lowest o(r)der, npeglecting a poossib]}g,eGo(go contr)i/—

state with decay predictions given for the partner states .. ; L .
fo(1370) andfy(1710). After a brief overview of the experi- %utlon, the decayfo—~BC will proceed via its quarkonia

mental results forfo(1500), we will illustrate the distinct COMPONeNtsRQ. In general we consider a mixed quarko-

decay patterns resulting from the unmix@® and G, com- nium state
ponents. In a first analysis we apply the decay models to the PN o Y
three-state mixing schemes constructed in Ref&]. Then [QQ)=cosa|nn) —sinalss). 29
we directly extract the mixing coefficients from a fit to the
experimental two-body decay data. The dependence of the branching ratiR for the two-body
decays off ;(1500) on the mixing angle is given in Fig. 4.
The results of Fig. 4 correspond to the original discussion in
_ _ Ref. [4] for the two pseudoscalar meson decay modes of a
The scalar-isoscalar resonantg1500) is now clearly  3p isoscalaQQ state. But now predictions for all possible

established in proton-antiprotopp) annihilation reactions  two-body decay modes are given.
by the Crystal Barrel collaboration at CERR]. Mass and With the three-state mixing schemes of RE4] (a,,
width of f4(1500) are determined 48] =0.43a,= —0.61, corresponding ta=54.8") and Ref[5]

_ (anp=0.40a5= —0.90, that is« =66°) we obtain following

Mt(1500= 15059 MeV, ratios for the pseudoscalar decay modes:

A. Observed decay properties off ,(1500
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FIG. 5. Dependence of the total width of tlig(1500) reso-
FIG. 4. Dependence of the branching rati8&R(f,(1500) nance on the mixing angle defined by theQa configuration
—BC) on the mixing anglex, defined by theQQ configuration |f0(1500)>=c03a|nﬁ)fsin a|s§. The shadowed band corresponds
|f0(1500)>=005a|nﬁ>—sin a|5§, for the decay mechanis@Q  to the experimental total width df =111+12 MeV [8].
—BC of Fig. 2. For the meson size parameters we take the values
giygn in the main text. The arrows indicate the predictions for the—l_e_ f,(1500) decays by itQ6 components, the observed
mixing schemes of Ref$4,5] in lowest order of the decay mecha- two pseudoscalar decay modes are consistent with a domi-

nism- nantnn content, slightly favoring the mixing scheme of Ref.
_ — _ , [4]; the possible presence of an admix8g component is
BR(7m):BR(KK):BR(#77):BR(77") then only reflected in the corresponding reduction of the total
=1:0.21:0.005:0.93 Refl4] (30)  Width. ,
When going beyond the two pseudoscalar meson decay
~1:0.97°012:1.80 Ref(5 31 modes in the leading order decay scheme, strong deviations
5] S from the observed decay pattern of thg1500) arisg13].
to be compared with the Crystal Barrel resiBg of For the two-body decay modes leading to the 4dlecay
channel, including also charged pion combinations, we ob-
BR(mm):BR(KK):BR(77):BR(77') tain
The best agreement with data is achieved fg(1500) =1:0.97:0.14:0.31:1.8. (34

~|nn), for which we obtain
Predictions are independent of the mixing anglesince the

final states of Eq(34) only couple to thenn configuration.
(33 Relative to theww channel thea; = mode is the strongest
decay channel. The predicted largp branching ratio with

Hence, experimental data for the ratios of two pseudoscald®R(pp)~BR(m) is in conflict with the preliminary analy-
decay modes of thé,(1500) are consistent with a dominant Sis [15], where thepp channel is found to be strongly sup-

. . : : pressed. Furthermore, for the combined and =* = decay
nn interpretation. However, the predicted total width for achannels WithBR(7* — o) = 0.1 [20] we deduce the ratio

pure 3P, nn state is in conflict with experimental observa- BR(4)/BR(27)=0.32, which is much lower than the ex-
tion. In Fig. 5 W.e |nd|ca_te thg calc.ulated total width for a perimental result oBR(47)/BR(27)=2.1+0.6 [8]. The
fo(1500) state with th@ Q configuration of Eq(29). Apure  observed suppression of the and enhancement of ther

nn state results in,~500 MeV, which is considerably decay modes are both in strong conflict with aveaQQ
higher than the observed width. A sizable reduction of thenterpretation of thef,(1500) and give further indication for
QQ amplitude in thef((1500), as affected by the admixture a sizable direct coupling of the gluonic component to the
of a Gy component, leads to a reduction of the total width.decay channel.

For example, the mixing schemes of R¢f§. and[5] lead to Next we consider the decay pattern evolving from the
a total width of '=111 MeV andI'=127 MeV, respec- direct decay of th&, component as indicated in Fig. 3. The
tively. Working in the lowest order of the decay mechanism,branching ratios for the scalar gluebaB{) decay in depen-

BR(77):BR(KK):BR(77):BR(77')=1:0.19:0.16:0.10.
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0.4 deduced from flavor symmetric couplings. For a glueball
mass ofM Go™ 1500(1700) MeV we obtain

o3 BR(7):BR(KK):BR(77)=1:3.14):3.94.3), (36)
O
mj\ with BR(7#7')=0 in the SU3) flavor symmetry limit. The

IO 0.2 enhancement of th€K/ 7 decay ratio relative to the naive
O] SU(3) flavor estimate of Eq(35) is a feature confirmed by
~ recent lattice resulte29]. For the given choice of radial me-
g o son parameterRy=2.82 GeV ',R,=2.48 GeV '), as ex-

' tracted from tensor meson decay, we obtd&iR(KK)
~BR(#7). Choosing the S(B) flavor limit of R¢=R,
leads toBR(KK)=4.2 BR(#%7), which is again consistent

005" Ta00 o0 000 3700 v_wth the analysis of Ref{29]. .Hence, the proposeq model-
Mass [ MeV ] ling of the G, decay mechanism contains the main features
obtained from lattice calculations.
FIG. 6. Dependence of the branching rat®R(G,—BC) on As a measure of flavor symmetry breaking we introduce

the glueball mass for the decay mechani@—BC of Fig. 3. the paramete§ defined byS=(uu|V|g)/(ssV|g)=1, lead-
Exact flavor SU(3) symmetry for the quark-gluon vertex is as- ing to BR(n7n')#0. The flavor matrix elements for

sumed. For the size parameters we use the values given in the maj , . .
text. For mass averaging we take a glueball width I, W nn,nn’ decays listed in Table | correspond to the exact

— flavor symmetry limit §=1) and have to be generalized for
=120 MeV.
pure glueball decaysa@,(J:l)

dence on its mass are shown in Fig. 6. A main signature is

the strong suppression of the two vgctor meson decay chan- MZ K 2.2s

nels, particularly thepp, over the entire mass range, due to 0

the dynamically forbiddem-wave amplitude. Ther* 7 and

oo decay modes exceed the contribution of the decay M(':30—>7777= J2( a% P ,3% 9 (37)
channel for &5, mass of about 1500 MeV. These results are

in clear contrast to those obtained for 1@@3 decay mecha- . )
nism. Both the suppression of thgp decay mode and the MGO_.,,,,Fz apsBps(1—59).
enhancement of the#® decay channels resulting from the
decay of the gluonic compone@; are features observed in _

the f4(1500) decay pattern as discussed previously. For th!a]c we adopt the extreme value 6F=0.5[30], the strength of

two pseudoscalar meson decays the results differ from thE€ KK and#,7 decay modes will be suppressed by 50% and
nave expectatiori4] 34%, respectively, as compared to the unbroken flavor sym-

metry couplings.
For scalar glueball masses Bt =1300, 1500, 1700
MeV the reduced available phase space suppressessthe
(35 mode:

BR(7m):BR(KK):BR(%7%):BR(77')=1:5:

:0

w| >
w| =

Mg, [MeV] BR(wm): BR(KK): BR(%7): BR(n7')

1300 1: 1.3: 2: 0.0
1500 1: 1.8: 2.6: 0.08
1700 1: 2: 2.9: 0.28. (38

Strong violation of flavor symmetry reduces &/ 7 ra- S=1 in the following discussion. Decay data ®p(1500)
tio, while leading to a finitey ' contribution. However, data POSS€ss qualitative features arising both from the decay of a

on charmonium decay involving hard gluons indicate no sigQQ (here dominantlynn) and aG, configuration, where a
nificant symmetry breaking4]. We therefore choose to set pure QQ or G, state interpretation of théy(1500) is ex-
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TABLE lll. Squared decay amplitudes and interference terms as defined b{5Efpr the transition
fo(1500)—BC. Mass averaging as in E@6) is already included. For the interference term we hhye
=0 as restricted by the dynamical selection rule of @~ BC transition. All values are given in MeV.

2 2 0 0).
BC M Q0-BC M Gy—BC M§B0)—>BCM QQ—BC
T 5226‘5? 224.43@0 —103.18,,
7y 20.9(0.62,;,+0.523.)3 865.83 —131.185 (0.63,,+0.5235)
' 10.8@,n/ V2 —ag9)? 0 0
KK 10.7(@,n+ \2ag9)? 828.0a(230 —86.8g,(annt J2ag9
pp 50.48° 15.03, 10.2,72¢,
wo 5.3~ 2.28% 2,088,
aym 94.28°~ 0 0
oo 16.12° 264.6% - 63.1a,a6,

* (1300)7 7.28% 440.451530 —55.2,8¢,

cluded. Given this simple first analysis of the decay pattern The mixing coefficients in scheme [&] are given as
of the f4(1500) we are naturally led to a mixing scheme
where both components are present. |f0(1370) 086 0.13 -0.5

|fo(1500) | =| 0.43 —0.61 0.61

C. Decay analysis in the three-state mixing schemes |f0(171()> 022 076 06

In the following we give a decay analysis for thgstates

defined by the three-state mixing schemes of Rgfsand |nn)
[5]. Now, the couplings both of th® Q andG, components > |s§> _ (39)
to the two-meson decay channels are included.

When the physicaf, mesons are given as eigenstates of |Go)

the interaction HamiltonianH,) of Eq. (1), the partial decay
widths of the procesg,— B C are defined by Eq5) with the ] — )
ratio of coupling strengthg and the phase anglg left as ~ From a fit to thefy(1500)— 7, KK, 7 decay widths we
free parameters. The structure ¢f § implies unbroken fla- deduce cog=—-0.67 andx=0.095 Geyz- Predictions for
vor symmetry; hence we chooSe=1. For thef,(1500) de- the partial decay widths of the physict states are pre-
cays we give in Table Ill the squared decay amplitudes angented in Table IV. Fof,(1500) the predicted;n’ decay
the interference terms as defined in E5), where mass av- width is considerably lower than the Crystal Barrel value,
eraging as given by Eq®) is already included. The mass but the obtained ratiol’(7%')/I'(77) agrees with the
distribution of fo(1500) is parameterised with the values of GAMS value of 2.7-0.8 for f,(1590) [10]. It is generally
Eq. (26). believed thatf5(1500) andf,(1590) are manifestations of a
The dependence of the partial decay widf{8 C) on the single state, but then the large deviation in the experimental
mixing coefficientsa, (i=nn,ss Go) in the schemes of Ref. data for thenn' decay mode has_to be clarified. Compar_ed
[4] (= scheme Aand Ref[5] (= scheme Bare studied by to the lowest order decay analysis, where only the coupling

adjustingx and ¢ to the Crystal Barrel data fof,(1500) O theQQ component is retained, they mode is more sup-
decays. First we have determinedand cosp from a fitto ~ Pressed and the s channel enhanced. We obtain

the observed decay modég 1500)—KK and . Forboth ~ BR(7™):BR(pp):BR(4m)=1:0.65:0.46-0.76 foBR(7*

mixing schemes we obtain parameter values resulting in >0 =0.1-1, still in deviation from the Crystal Barrel
s . ; %a a.

fo— »n decay width in good agreement with the experimen- . . .

taOI nZ%ber. YI'his impliges phgnomenologically, ththQ, In mlxmg_scheme B5] the amplitudes for the physical

— GGy contribution to then# decay channel can be ne- states are given as

glected. For this reason, we also take the decay mode

into account when determining cgsand « from a more

restrictive fit. The partial decay widths have a rather weak |fo(1370) 0.84 0.28 —0.46
dependence on the parametrization of the mass distribution |fo(1500) | =| 0.40 —0.9 0.19

of the physicalf ; states. Therefore, the discuss{@&j on the

detailed relationship between thefy(1370) and f6(1710) 036 034 087
fy(400—-1200) states is peripheral to our analysis. For our |nﬁ)

numerical results we use the resonance parameters —

Mf0(1370): 1360 MeV, Ff0(1370): 350 MeV [8] and X |SS> : (40)
M f0(1710): 1697 MeV, Ff0(1710): 175 MeV [10] |G0>
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TABLE IV. Predictions of mixing scheme Ad] for the partial decay width'(BC) of the physicalf
states;BC are the final state mesons. Ther 4lecay channel refers to the contributions of the and 7* =
intermediate states usinBR(7* —ow)=0.1-1. All values are given in MeV. The predicted ratios
BR(fo(1370)—~KK)/BR(f(1370)— 7)=2.6 and BR(fy(1710)— wm)/BR(f,(1710)—KK)=0.93 have
to be compared to the experimental valuessd.5[8] and 0.3%-0.14[10].

ot T KK nn nn' pp wo am T'T o0 47

f5(1500)

Model 136 29.3 3.9 5.2 19 19 2 368 99 125 1B3R4

Expt.[8] 111+12 32+8.4 3.9-0.3 52t15 1.4+04 68t10.7
fo(1370)

Model 410 65.4 29.1 10.8 3 112.1 22.8 138.6 12.7 16 1287

Expt.[8] 351+41 KK/pp~2.5
f,(1710)

Model 179 23.4 25.1 22.6 20.3 21.3 43 282 209 12.7 1836

Expt.[10] 133*14  77/KK=0.39+0.14

From an analogous fit we obtain c¢s—0.953 andx  for the decay modes of the partner stafg$1370) and
=0.437 GeV2 The predicted two-body partial decay f,(1710) can be dramatically different in the two mixing
widths are given in Table V. Compared to mixing scheme A,schemes. In scheme A the total width fg(1710) is in good
fo(1500) has a reducdd, component, but the experimental agreement with the experimental resultlof 1759 MeV
data demand a significa@,— B C contribution in fitting the  (I'=133*+ 14 MeV) [10], but scheme B predicts a unobserv-
T, KK and nn decays_ This is balanced by g|v|ng the able decay width of '~2000 MeV. Furthermore, for
Go,—BC transition a stronger weight than in the mixing fo(1710) we get

scheme A, resulting in a higher value fer Again, the pre-

dicted strength of thepn’ decay mode overestimates the . 0.93 for scheme A,
experimental value, while similar results are obtained for the BR(77)/B(KK)=

pp and 4 decay modes. For mixing scheme B we obtain 0.60 for scheme B,
BR(77):BR(pp):BR(47)=1:0.46:0.55—-0.97 foBR(7*
—om)=0.1-1. In both schemes, 7 is a dominant decay to be compared with the experimental value of G-:¥914
mode withBR(77)~BR(a,7). With our fitting procedure, [10].

that is adjusting the relative strength of tg decay contri- The two mixing schemes predict rather similar results for
bution to the w7 KK and nn decay channels of the thefg(1370) state. In both schemé§(1370)_has dominant
f,(1500), similar results are obtained for the decay pattern opp and a; = decay modes. The ratiBR(KK)/BR(77) is

the f(1500) in both mixing schemes. Particular predictionsfound to be

(41)

TABLE V. Predictions of mixing scheme B5] for the partial decay width§'(BC) of the physicalf,
states. The # decay channel refers to the contributions of the and 7* 7 intermediate states using
BR(7*—om)=0.1-1. All values are given in MeV. The predicted ratio8R(fy(1370)
—KK)/BR(fo(1370)— 5%)=1.45 andBR(fo(1710)— 7m)/BR(fo(1710)»KK)=0.60 have to be com-
pared to the experimental values-sf2.5[8] and 0.39-0.14[10].

ot T KK nn nn' pp ww am T T OO0 A

fo(1500)

Model 157 34.7 3.9 5.1 31.8 158 16 31.8 16.2 17.4—339.6

Expt.[8] 111+12 32+84 3.9t0.3 52t15 1.4-0.4 68+ 10.7
fo(1370)

Model 370 38.7 314 21.6 1.3 110.8 22.6 1322 82 28 386

Expt.[8] 351+41 KK/npn~2.5
fo(1710)

Model 2000 253 381 442 0.4 63 12 76 536 263 3I®9

Expt.[10] 133+14  77/KK=0.39+0.14
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TABLE VI. Predictions for the partial decay widtHs(BC) of the physicalf, states for the extracted
mixing scheme. The # decay channel refers to the contributions of the and =* 7 intermediate states
using BR(7* —om)=0.1-1. All values are given in MeV. The predicted ratilBBR(fy(1370)
—KK)/BR(f(1370)— 7)=2.7 and BR(fy(1710)— 7m)/BR(f3(1710)—»KK)=0.57 have to be com-
pared to the experimental values2.5[8] and 0.39-0.14[10].

ot T KK nn nn' pp wo am T'T o0 47

f5(1500)

Model 101 23 2.8 6.7 14.6 9.7 1 196 11.8 12.1 1323.9

Expt.[8] 111+12 32+8.4 3.9-0.3 52t15 1.4-04 68t10.7
f,(1370)

Model 479 78.2 27.4 10.1 4.6 133.2 27.1 1649 146 19 -26%6

Expt.[8] 351+41 KK/pp~2.5
f,(1710)

Model 146 15 26.3 24.5 27.7 9.7 19 13 18 10.1 #H28.1

Expt.[10] 133*14  77/KK=0.39+0.14

2.6 forscheme A, perimental data of ther, KK and nn decay modes with
1.45 for scheme B, (42)  the restriction of a weakpp decay channgl. Exact flavor
symmetry §=1) for the quark-gluon coupling is assumed.

to be compared with the Crystal Barrel value of Good agreement with the experimental data requires
BR(KK)/BR(77)~2.5[8]. ann'85s<0, i.e. a destructive interference between te

The main conclusions of this section remain unchanged igndss flavors, and we get
we use forfy(1500) a largerrm decay width as reported in _ _
Ref.[28], since a corresponding fit leads to similar values for [f0(1500)=0.314nn)—0.581s5)+0.751G;) (43
x and cosp as for the adjustment to the Crystal Barrel data.

Inclusion of the direct coupling of th&, component of  wjith the ratio of coupling strengths=0.1 GeV 2 and the
the mixedf,(1500) state to the two-meson decay channelphase factor cog=—0.92. The fit to thef,(1500) decays
gives an improved description of its decay features. For botiajone does not fix the phase of thg amplitude relative to

proposed mixing schemes predictions for fi¢1500) de- the quarkonia coefficients. Instead we obtain the condition
cays are very similar, since the difference in size of G that ag c0s$<0. For the f(1500) state vector we have
amplltude is compensated by adjusting the strength of the

akenaG >0 and cosp<0 for reasons given later. The rela-

Go—(QQ)(QQ) transition.
Also, predictions for thef;(1370) state do not differ too tive phases between the state amplitudes of(E8). are the
same as in mixing schemes A and B. For the full set of

artial decay widths we obtain the results given in Table VI.
ompared to mixing scheme A thgp mode offy(1500) is
) o suppressed by a factor of 2. This is achieved by enhancing
component info(1500), as proposed by R¢b], is incom- the Gy amplitude since thep suppression foff o(1500) is

patible with the existence of &, _state at.1700 MeV as a Given by the gluonic componetisee Sec. IV, An alterna-
narrow resonance. Conversely, if the existence of a narrow

scalar component of thie_q {1710)[10] state is confirmed, tive fit to obtainpp suppression requires a strosgcompo-

then a non-negligible glueball component is residing in the?€Nt @nd a larger value for as resuilting for example from
+(1500) state. mixing scheme B. However, the existence of a narrow

fo(1710) state rules out this possibility.

o ] For the 4x/27 decay branching ratio we obtain

B. Mixing amplitudes BR(4w)/BR(2m)=0.57-1.04  using BR(7*— o)

Given the shortcomings of the proposed mixing schemes=0.1-1, where recent resulf20] for =* — o favor the
of Refs.[4,5] we now directly extract the mixing amplitudes lower value. This is still in deviation from the Crystal Barrel
of the f, states in the given decay formalism. We proceed invalue ofBR(47)/BR(27)=2.1+0.6[8]. The disagreement

an analogous fashion, requiring a fit to the experimental datpossibly hints at a sizabl&, component ino. A strong
on f4(1500) decays, while demanding the existence of a nareoupling ofo to G, is supported by the experimental finding
row resonancé (1710) as an additional requirement. [10] that oo is the largest hadronic branching ratio for the
First, we start with the unspecified mixing amplitudes of charmonium stateg, and x,. In this case, the lowest order
the f5(1500) state vector as defined by Eg). The mixing  decay mechanisn®s,— GG, neglected here, can enhance
amplitudes off 3(1500) are determined from a fit to the ex- the oo and therefore the # decay mode. The predicted

BR(KK)/BR(57)=

much, since both schemes assign a domiantomponent
to this state. The key difference rests on predictions for th
partner statef4(1710). We have shown that a reducéd
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ratio BR(7%')/BR(n7n)=2.2 is in agreement with the by previous approaches are=77 MeV [5], z=64

GAMS value of 2.7-0.8[10], but in conflict with the Crys- +13 MeV [14] and z=100 MeV, where the latter value is

tal Barrel result of 0.2Z0.10[8]. Breaking of flavor sym- deduced from the full nonperturbative three-state mixing

metry at the quark-gluon vertex, that &#1, will further ~ scheme of Ref[4]. Hence, semiphenomenological extrac-

enhance theyn' decay width. tions ofz favor a value near the upper limit set by the lattice
With mass and eigenstate ©f(1500) fixed at 1500 MeV result.

and by Eq.(43), respectively, we deduce for the bare masses Choosing an intermediate value 80 MeV we obtain

m;, (i=nn,ssG,) entering in {,) of Eq. (1), for the physical masses of the mixing partners given py Eq.
(45), M- =1660 MeV andM _=1190 MeV, whereM _ is
Myn=1500 MeV-3.38&, m=1500 MeV+1.2%, lower than the mass of th&,(1370). A similar result is
obtained from the full mixing approach of Rd#], which
me,=1500 MeV+0.1¢, (44) corresponds qualitatively to our extracted scheme.

Given our fit to thef5(1500) decays, we obtain a physical

. . . massM_ and a total width which deviate from the corre-
with the mixing strerlgttz>0. Fo:the l_)are_ masses we obtain sponding data ofy(1370). Therefore, within the framework
the level orderingn,,<mg,<mss, which is independent of ¢ 5 three_state mixing scheme, the lower lying partner of
z and corresponds to that proposed originally in Réf.  f(1500) could be identified with the very broad structure
When taking the alternative sign pattern ag <0 and  around 1100 Me\[4], called f,(400—1200)[10]. Alterna-
cos¢>0 for the fit to thefy(1500) decays, we obtain the tively, the Crystal Barrel staté,(1370) could be the high
unphysical level ordering of the bare states with,>ms;  mass tail off ;,(400—1200). However, given the ansatz of Eq.
>mg,, we hence exclude this choice. Additionally, for the (1), the most stable and testable consequences of our mixing

massed -, of the mixing partners lying aboveM-) and scheme concern predictions for all the two-body decay

below (M) f,(1500) we obtain modes of thef, states as given in Table VI. Given the sen-
sitivity of the decay pattern on the particular size of thg
M. =1500 MeV+2z andQQ components in thé, states only, a full experimental

determination provides a stringent test.
M_=1500 MeV-3.9%. (45)

For consistency, we call these statgc1370) andfy(1710) V1. SUMMARY AND CONCLUSIONS

and use the values for mass and total width given in the \ye have performed a detailed study of the two-body de-
previous section for the parametrization of the respectivgay properties of the scalar-isoscalgf1370), fo(1500) and
mass distributions. For the mixing partners of #€1500)  f (1710) states resulting from the mixture of the lowest ly-
we obtain the glueball-quarkonia content ing scalar glueball with the isoscalar quarkonia states of the
o _ 0" * nonet. In the decay analysis we have taken into account
|f0(1710)=0.149nn)+0.811ss)+0.568G,) (46)  the coupling of the quarkonia and glueball components of the
f, states to the quarkonia components of the two-meson final
and state, where the decay dynamics is guided by strong coupling
o _ QCD. Leading order corresponds to the transitidp&
[fo(1370)=0.938nn) +0.070s5) —0.341Gp), (47)  _,(QQ) (QQ) and Gy— G, Go, where the latter transition,
which can contribute teyn, 7%’ ando o final states, is omit-
where the amplitudes are independent of the particular valugd due to its ill-constrained nature. The coupling of the

of z. Predictions for the corresponding partial decay widths : =~ - - :

: . quarkonia componentdQ) of the f, states is described in
of f0(1_710) andfo(137Q) are also given in Table VI. The 0 framework of the’P,, pair creation model, which is suc-
total width and the ratidBR(77)/BR(KK)=0.57 of the  cessful in the phenomenology of OZI-allowed meson decay.
fo(1710) are in good agreement with the experimental rejn next-to-leading order we obtain a direct coupling of the
sults of of I'=175£9 MeV (133+14 MeV) [10] and G, component of thé, states to the quarkonia component of
BR(7w7)/BR(KK)=0.39+0.14 for f;_q(1710) [10]. For = the decay channel. The corresponding transitiGhy
the fo(1370) the predicted ratio BR(KK)/BR(7n7)=2.7 —(QQ)(QQ) is modelled by resorting to a scalar digluo-
is to be compared to the experimental vak@.5[8]. For  nium wave function foiG, as given by cavity QCD. Predic-
the total width we get’,,;=479 MeV, somewhat larger than tions for the two-pseudoscalar decay channels, thatss
the Crystal Barrel value df =351+ 41 MeV [8]. KK and 57, are in rough agreement with recent lattice re-

For a mixing energyz=43+31 MeV [14], as deduced syits in the limit of unbroken flavoBU(3).
from lattice QCD in the quenched approximation, we obtain  our analysis on the two-body decay modes of fie
mg,=1508+6 MeV, in agreement with the lattice result of states focuses on tHg(1500), where detailed experimental
Mg, =1.65+0.15 GeV[3]. For the bare masses we gaf, data are available. In comparison to the observed decay prop-
=1355+105 MeV and M¢g=1556+40 MeV. The values erties offo(1500) we elaborate the distinct decay patterns
for the glueball-quarkonia mixing matrix elemenfavored resulting from the unmixe® Q andG, components. Taking
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into account the coupling of th@Q components of the ~2BR(wm). Hence an experimental determination of the
f4(1500) only, which corresponds to the leading order decaf17 decay channel of;(1500) is desirable to further quan-
mechanism of Ref[4], data on two-pseudoscalar decay tfy the relevance of its gluonic component.

. . L= - The resulting predictions for the decays of thg1370)
channels are consistent with a dominantstructure residing

. . . . and f,(1710) states are consistent with the limited experi-
in this state. Howeverfy(1500) is too narrow for a simple mental datd8,10] on pseudoscalar decay modes. Clearly a

nn structure, implying a sizable reduction of its quarkoniasearch for the decay channels feeding thedecay products
components as resulting from glueball-quarkonia mixing.js most relevant in clarifying the nature of these partner
When going beyond the two-pseudoscalar decay channegates. Predictions for the total widths ¢§(1370) and
large deviations from the observed decay pattern of the,(1710) roughly agree with the observed val{i@d0]; the
fo(1500) arise. The large branching ratio, fed by theo  physical mass spectrum resulting from the extracted mixing
and 7* 7 decay channels, and the suppressiop@fare in  scheme points towards a sizable influence of the brigad
clear conflict with the simple leading order analysis of structure at 1100 MeV8], which should be clarified.
fo(1500), where coupling to itQ Q component is taken, and The quantitative predictions of our analysis emphasize the
points towards the relevance of a possible glueball comporole of the gluonic components in tHg states and its ob-
nent. Coupling of the5, component of thef,(1500) to the servable consequences in the two-body decay modes. Hence
quarkonia component of the two-body final state yields aa full determination of the hadronic decay properties pro-
significantly different decay pattern. In the two-pseudoscalavides a sensitive test on the nature of fhestates, revealing

sector strong(i and 7 decay modes are found. Further- f[he intrusion of the glueball ground state in the scalar-
more, 7* 7 and oo dominate over thers decay channel, iS0scalar meson spectrum.

whereaspp is strongly suppressed. This latter feature of a

strongly reducedpp coupling to G, is also obtained in a ACKNOWLEDGMENTS
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In a next step we have investigated the decay properties &87)'
the f((1370), f4(1500) andf,(1710) states in the proposed
three-state mixing schemes of R€f4,5]. As a result of the APPENDIX A: SPATIAL WAVE FUNCTIONS

mclusu_)n of theGO_’(QQ)(Q.Q) _m_echanlsm in the dec?‘Y For the spatial part of the wave functions used in the text
analysis, we were able to discriminate between the mixin . . > - . , .
schemes, in particular with respect to the orthogonal physicg’t‘e use harmonic oscillatori (p; . p;) which are defined in
consequences for thigy(1710) state. A negligibl&s, com- the limit of equal constituent masses as
ponent infy(1500) as proposed by RdE] is incompatible .. ..
with the existence of a narrofy, state in the 1700 MeV mass W oi(pi,p;) =Np(R2) (pi—p))’
region; hence our first analysis of the two-body decays fa- 1
vors the mixing scheme of Ref4]. % exp{ — —R%(pi— 5].)2}
Finally, we have extracted a three-state mixing scheme 8
based on a detailed fit to the experimerfig]1500) decays, RZ _ o
while demanding the existence of a narrbymixing partner XLL* 1’2(Z(pi - pj)z) Yim(Pi—Pj)
in the 1700 MeV mass region. For the bare masses before
mixing we obtain the level orderingn,,< Mg, <Mss, COrre- (A1)

sponding qualitatively to the scheme originally proposed in

Ref. [4]. Adjustment of the gluonic decay mechanism leadswith internal momentunp;;, and size paramet&. The nor-
to a proper description of the observed two-pseudoscalar dgnralization constaniN,,, depends on the radial and orbital
cay modes of 4(1500) with the exception ofy»’. Accord-  quantum numbers, | with

ingly, we obtain a significanbp suppression coupled at the

same time to the enhancement of the® ratio, in line 2(nHR® ]2

with experimental requirements. A full reduction of the ob- N = T(n+1+3/2) (A2)
served 4r/27 ratio requires a strongo mode. Both devia-

tions in the »»" and oo decay channels suggest a non-Tphe Laguerre polynomials are given by

negligible leading ordeiGy— Gy G, contribution, which

was neglected here. A key signature for the extracted state D (VKT (4] 4+ 3/2) k!
composition off 3(1500) is the prediction for tha,; 7 decay LL+ 1/2(p): E pk.  (A3)

k=0 kI T'(k+1+3/2)

mode withBR(a;7)~BR(m7m). A pure Qa configuration,
or equivalently, application of the leading order decay .
mechanism to the mixet,(1500) state results iBR(a, ) For theQQ mesons we use
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GLUEBALL-QUARKONIA CONTENT AND DECAY OF . ..

(00 for a,7,7'.K.K,p,o0,
(01)
(10

for

(n|)= al,O',fo, (A4)

for 7*(1300.

APPENDIX B: QUARKONIA DECAY AMPLITUDES

In the following we give the full expressions for the spin-
spatial-color amplitudeM g%clzs(:cdefined in Eq(12) as ob-
tained for the quarkonia decay proc@§—>BC. For equal
size parameters<Rg) of the final state mesori3andC we
obtain:

(1) QQ—mm, 77,77’ KK
/.
[EsEc 8 RogRe
2
Mi, o (Rogt2R3)%?
1

_ 2
Xexp{ 4( K ]

2/ p2_ . p2
Kl/2_ RB(RQQ+ RB) K5/2 . (Bl)
3(Rgg+ 2R3)

(0)ssc _
QQ—BC

M

2 52
RS GR?
2 2
RSo+ 2R3

X

(2 QQ—pp, 0w
512 53
EgEc 8 RooRe
2
Mt, V37 (Rg+2R3)>?
2 2
X ex —RQQRB 2
Rog+ 2R3
2,52
e R3(RygtR

2
)
, > K52 for lgc=0,
3(R2g+2R3)

\F R3(RS5+ R3)
N9 RZ2__.op2
RS+ 2R3

(Igc)SSC_
Qa—rBC -

1

4

X

K52 for lge=2.
(B2)

(©)] Qa—m'o:
5/2 ~5
[E.E, 4 RooRe
My, 97l/4 (RS 5+ 2R3) "
1
% _Z 2
exp{ 4( K ]

4 2 2 2
0K 24 11RQ5+ 4Rg( RQ6+ Rg)
2 2
Rogt 2R3

KQ/ZI )

(0)SSC _

M QQ—H}'U'_

2 2
2 2
Rog+ 2R3

X 5/2

4 2p2 | R2
~ RogRB(Ryg*RB)
(Rgot2R3)?

(B3)
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(4) QQ— =* (1300)r:

5/2 ~3
\ (©)sSC _ [E.E. 2%7 RagRs
00 7 (1300} = Mfo 33/2771/4(R26+2R§)7/2
2 52
ex Z 2 >
RQQ+2RB
2 ey ll2
X 6><(3RQQ 4RE)K
R2-R2(13R% -+ 6R3)
. QQ (1355 BT K52
2 2
RQQ+2RB
R RY(RZ-+R%)
QQ 'BA'QQ " BN op
5 75 K (B4)
(RQ5+ 2Rg)
(5 QQ—aym:
524
(1ssc /EalEﬂ 2 Rfo Rs
— 71'_ 2
QQ—ay Mfo 3771/4(RQ6+2Ré)5/2
2 2
1 R”=R
XEXp{ —Z(ZLBZ Kz] K32 (B5)
RQ5+2RB
APPENDIX C: TRANSFORMATION BRACKETS
The relevant values for the transformation brackets
(nI,NL,g|n;l1,n,l5,9) used in Eq(19) are
(1) g=0:
(00,10,301,01,0 ! (C1
1 1 L 1 \/E
(01,01,001,01,0=0 (C2
(10,00,301,01,0 ! (C3
b 1 1 1 \/E-
(2) g=1:
(01,01,101,01,h=1. (Co
(3 g=2:
(00,02,201,01,2 = ! (CH
1 1 L L \/E
(01,01,201,01,2=0 (Co)
1
(02,00,201,01,2=- — (C7

&
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APPENDIX D: DIGLUONIUM DECAY AMPLITUDES (3) Gg— oo

The spin-spatial-color matrix elemertsg>C ., defined
in Eq. (22), for the decay of the scalar digluonium st&dg ()5S0 /EgEo 642 7/4RZ;/§(2RéO—9R§) 0
(size parameteRGo) into the final state mesonBC (size Gy Mi, 9 (R§+2Ré0)7’2

parameteiRg) are

_ D3
(1) Gog—am, .y’ KK(=2 PS): (3)
E-E.32 RI¥AR3-2R2 ) (4) Go— 7* (1300):
M(éJ)sszgS: B C_\/Ewm 02 ] 0 12
0 Mfo 3 (R&+ ZRGO)SIZ -
(D1) M@ssC _ [—m=m 32 7l
Go—m*m Mfo 3\/§
(2) Gg—pp, ww:
31252 2 _ap2
ssc_ L ssc X RooRag 1Re, ~3Re) KY2 (D4
MG ZBc= e MG =2ps- (D2 (RZ+ 2R(230)7’2 '
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