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Abstract

Ž . Ž . Ž .For the first time a complete data set of the two-body decays of the f 1370 , f 1500 and f 1710 into all pseudoscalar0 0 0

mesons is available. The implications of these data for the flavour content for these three f states is studied. We find that0

they are in accord with the hypothesis that the scalar glueball of lattice QCD mixes with the qq nonet that also exists in its
immediate vicinity. We show that this solution also is compatible with the relative production strengths of the
Ž . Ž . Ž .f 1370 , f 1500 and f 1710 in pp central production, pp annihilations and Jrc radiative decays. q 2000 Elsevier0 0 0

Science B.V. All rights reserved.

The best estimate for the masses of glueballs
comes from lattice gauge theory calculations which

w xin the quenched approximation show 1 that the
lightest glueball has J P C s0qq and that its mass
should be in the range 1.45–1.75 GeV. While the
lattice remains immature for predicting glueball de-

w xcays, Amsler and Close 2 have noted that in lattice
w xinspired models, such as the flux tube 3 , glueballs

will mix strongly with nearby qq states with the
P C w xsame J 4 . This will lead to three isoscalar states

of the same J P C with predictable patterns of decay
w xbranching ratios 2,5,6 . Such mixing ideas have

been applied recently to the three states in the glue-
Ž . Ž .ball mass region – the f 1370 , f 1500 and0 0

Ž . w xf 1710 2,6–9 .0

Ž .E-mail addresses: F.E.Close@rl.ac.uk F.E. Close ,
Ž .ak@hep.ph.bham.ac.uk A. Kirk .

While these papers at first sight differ in detail,
nonetheless their conclusions share some common
robust features. The flavour content of the states

Ž Ž . .have the nn and ss in phase SU 3 singlet tendency
Ž . Ž .for the f 1370 and f 1710 , and out of phase0 0

Ž . Ž . Žoctet tendency for the f 1500 that such a pattern0
w x.is natural is discussed in Ref. 10 . In general these

mixings will negate the naive folklore that glueball
decay branching ratios would be independent of the
quark composition of the final state mesons after
taking into account phase space effects, so called
‘flavour blind decays’.

w xRecently Ref. 8 has used some of the observed
branching ratios as input to constrain the mixing
pattern. The results here too agree with the generic

w xstructure found in Refs. 2,6,7,10 . Most recently,
and subsequent to the above work, the WA102 col-

w xlaboration has now published 11 , for the first time
in a single experiment, a complete data set for the

Ž . Ž .decay branching ratios of the f 1370 , f 1500 and0 0

0370-2693r00r$ - see front matter q 2000 Elsevier Science B.V. All rights reserved.
Ž .PII: S0370-2693 00 00623-7
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Ž .f 1710 to all pseudoscalar meson pairs. These data0

will be our point of departure. Using methods similar
w xto those proposed in Ref. 8 we investigate the

implications of the WA102 data for the glueball-
Ž . Ž .quarkonia content of the f 1370 , f 1500 and0 0

Ž .f 1710 . This moves the debate forwards in the0

following ways:

Ø It highlights the sensitivity of the mixings to the
input data.

Ø It exposes some assumptions, both explicit and
w ximplicit, in the analysis of Ref. 8 that can be

improved upon.
Ø It allows for the direct decay of glueballs into h

and h
X, which were not manifested in leading

w xorder in Ref. 8 even though there are reasons to
w xsuspect that they could be important 2,12 .

In order to unfold the production kinematics we
Ž .use the invariant decay couplings g for the ob-i j

served decays, namely we express the partial width
Ž . w xG as 2i j

2 < < 2G sg F q S q , 1Ž . Ž . Ž .i j i j i j p

Ž . Ž .where S q denotes the phase space and F q arep i j

form factors appropriate to exclusive two body de-

w xcays. Here we have followed Ref. 2 and have
chosen

< < 2 2 l 2 2F q sq exp yq r8b , 2Ž . Ž .Ž .i j

where l is the angular momentum of the final state
with daughter momenta q and we have used bs0.5

w x Ž .GeVrc 2 . The f 1500 lies very near to threshold0

in the hh
X decay mode, therefore we have used an

Ž .average value of q 190 MeVrc derived from a fit
to the hh

X mass spectrum.
The branching ratios measured by the WA102

Ž . Ž . Ž .experiment for the f 1370 , f 1500 and f 17100 0 0

are given in Table 1. The invariant decay couplings
Ž .g are related to the relevant decay amplitudes Mi j i j

by

2 < < 2g sc M , 3Ž .i j i j i j

where c is a weighting factor arising from the sumi j

over the various charge combinations, namely 4 for
XKK , 3 for pp , 2 for hh and 1 for hh for isoscalar

decays. If in the decay of some state the ratios of the
Ž < < 2 .decay amplitudes squared M for the hhrppi j

and hhrKK are simultaneously greater than unity,
Žthen this state cannot be a quarkonium decay see

w x w x.Fig. 3 of Ref. 2 and also Ref. 5 . Table 2 gives
Ž . Ž . Ž .these ratios for the f 1370 , f 1500 and f 1710 ,0 0 0

Table 1
The measured and predicted branching ratios with the individual x 2 contributions coming from the fits

Measured branching ratio All free fsy198 r s03

2 2 2Fitted x Fitted x Fitted x

Ž .f 1370 ™p p0 2.17 " 0.9 2.13 0.001 2.1 0.004 2.25 0.007
Ž .f 1370 ™KK0

Ž .f 1370 ™hh0 0.35 " 0.21 0.41 0.1 0.01 2.6 0.01 2.6
Ž .f 1370 ™KK0

Ž .f 1500 ™p p0 5.5 " 0.84 5.60 0.01 5.6 0.02 6.20 0.69
Ž .f 1500 ™hh0

Ž .f 1500 ™KK0 0.32 " 0.07 0.37 0.54 0.32 0.001 0.35 0.22
Ž .f 1500 ™p p0

XŽ .f 1500 ™hh0 0.52 " 0.16 0.60 0.23 0.5 0.01 0.20 3.9
Ž .f 1500 ™hh0

Ž .f 1710 ™p p0 0.20 " 0.03 0.19 0.05 0.20 0.002 0.19 0.08
Ž .f 1710 ™KK0

Ž .f 1710 ™hh0 0.48 " 0.14 0.29 1.9 0.17 4.9 0.13 6.1
Ž .f 1710 ™KK0

XŽ .f 1710 ™hh0 Ž .-0.05 90%cl 0.034 0.27 0.04 0.05 0.06 0.05
Ž .f 1710 ™hh0
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Table2
The ratio of decay amplitudes squared

hhrpp hhrKK

Ž .f 1370 0.74 " 0.51 1.64 " 0.960
Ž .f 1500 0.68 " 0.11 2.42 " 0.640
Ž .f 1710 7.9 " 2.4 1.96 " 0.640

Ž . Ž . Ž .as abstracted using Eqs. 1 , 2 and 3 . As can be
Ž .seen the ratios for the f 1710 argue either for0

non-qq content in this meson or for some further
dynamical suppression of the pp mode, say, as may
occur for special values of parameters in some spe-

w xcific models 13 .
< : < : < : < : < : <In the G s gg , S s ss , N s uu q

':dd r 2 basis, the mass matrix describing the mix-
ing of a glueball and quarkonia can be written as

w xfollows 7 :

'M f 2 fG

f M 0Ms , 4Ž .S� 0'2 f 0 MN

'² < < : ² < < :where f s G M S s G M N r 2 represents
the flavour independent mixing strength between the

Žglueball and quarkonia states and hence implicitly
assumes that the S and N spatial wavefunctions are

.the same . M , M and M represent the masses ofG S N
< : < : < :the bare states G , S and N , respectively. Fol-
w xlowing Refs. 2,7,8 we assume the mixing is

strongest between the glueball and nearest qq neigh-
Žbours. With the lattice in the quenched approxima-

.tion predicting the glueball mass to be in the 1.45–
1.75 GeV region, this naturally led these papers to

< Ž .: < Ž .:focus on the physical states f 1710 , f 15000 0
< Ž .:and f 1370 as the eigenstates of M with the0

Žeigenvalues of M , M and M , respectively. An1 2 3
Ž .alternative picture could involve the states f 1500 ,0

Ž . Ž .f 1710 , f 2000 ; we do not discuss this in the0 0
.present paper . The three physical states can be read

as

< :f 1710Ž . < :0 G
< : < :f 1500Ž . sU S0 � 0� 0 < :< : Nf 1370Ž .0

x y z < :G1 1 1

< :s , 5S Ž .x y z2 2 2 � 0� 0x y z < :N3 3 3

where

'M y M M y M C M y M fC 2 M y M fCŽ . Ž . Ž . Ž .1 S 1 N 1 1 N 1 1 S 1

'M y M M y M C M y M fC 2 M y M fCU s Ž . Ž . Ž . Ž .2 S 2 N 2 2 N 2 2 S 2ž /'M y M M y M C M y M fC 2 M y M fCŽ . Ž . Ž . Ž .3 S 3 N 3 3 N 3 3 S 3

6Ž .
wŽ .2Ž .2 Žwith C s M yM M yM q M yiŽ is1, 2, 3. i S i N i

.2 2 Ž .2 2 xy1r2M f q2 M yM f .N i S
w xRef. 8 considered the following three hadronic

Ž . Ž . Ž .decay paths for the f 1370 , f 1500 and f 1710 :0 0 0
Ž .i the direct coupling of the quarkonia component

of the three states to the final pseudoscalar mesons
Ž . Ž .PP Fig. 1a ,

Ž .ii the coupling through two intermediate gluons,
Ž . Ž . Ž .nn ss ™gg™ss nn ™PP Fig. 1b , with r rep-1

resenting the ratio of the effective coupling strength
Ž .of this mode to that of the mode i ;

Ž .iii the flavour independent coupling of the glue-
ball component gg™q q with subsequent decayi i

Ž .q q™PP Fig. 1c ; with r representing the ratio ofi i 2
Ž .this mode to i

We propose that this is inconsistent. Specifically,
Ž . Ž .the modes ii and iii as described above are what

have already been accounted for in generating the
mixed states and so r and r should be set to zero.1 2

This may be seen by comparing the definitions of
Ž .Eq. 6 with the corresponding expressions in pertur-

Ž Ž . Ž . w xbation theory as e.g. Eqs. 27 – 31 in Ref. 2
. Ž .extended to second order . For example, Eq. 27 of

w x Ž .Ref. 2 where C denotes the normalisation factorG

y1C f GŽ . Ž .G 0

< : ² < < : < : ² < < :ss ss M G nn nn M G
< :s G q q 7Ž .

M yM M yMG ss G nn

Ž .may be written in the form of Eq. 6 , with M 'M ,G 1

and N'nn, S'ss

M yM M yM f GŽ .Ž . Ž .G nn G ss 0

< :s M yM M yM C GŽ . Ž .1 N 1 S 1

< :q M yM fC ssŽ .1 N 1

' < :q M yM 2 fC nn . 8Ž . Ž .1 S 1

This shows how the coefficients y , z are equiva-1 1

lent to the perturbation which is in turn driven by
.Fig. 1c . Thus it is double counting to invoke this



( )F.E. Close, A. KirkrPhysics Letters B 483 2000 345–352348

Ž . Ž . Ž .Fig. 1. Possible Decays to Pseudoscalar meson pairs PP . a The direct coupling of the qq to the PP pair, b the coupling of the qq to
Ž . Ž .PP via intermediate gluons, c the coupling of the glueball component to PP and d the direct coupling of gluons to isoscalar mesons.

same figure with strength ‘r ’ to describe gg decays2

via qq intermediate states, having already used it to
compute the mixing of those same qq in the Fock
state. Similar remarks apply to the ss™nn mixing
in second order perturbation theory and Fig. 1b
defined as r .1

However, there are additional pathways that have
w xnot been allowed for in Ref. 8 . First there is the

role of gg™qqqq as in Fig. 1d. These may have
important resonant contributions in the region below
1 GeV but are expected to be primarily a continuum

w xin the 1.5 GeV region of interest here 14 ; we shall
approximate them by assuming flavour independent

Žcouplings. In a more sophisticated analysis one
could incorporate threshold effects in the PP chan-

w xnels that overlap the qqqq configurations 15 ; we do
.not discuss this further in this first look . The result-

Ž .ing amplitudes can be obtained from Eqs. A4 of
w x Ž .Ref. 2 and have the same structure as those of iii

above. Hence a non-zero r is restored, though its2
w xinterpretation differs from Ref. 8 .

w xFinally, following Ref. 2,12 , we allow for
Ž .iv the direct coupling of the glue in the initial

Ž X .state to isoscalar mesons i.e. hh and hh decays .
w xAs in Ref. 2 , we assume chiral symmetry such that

Xthe coupling to the ss content of the h,h dominates
Ž . Ž .and allow r to be the ratio of mode iv to i .3

The three decay diagrams considered are shown
Ž .in Fig. 2a–c. Performing an elementary SU 3 calcu-

lation gives the reduced partial widths in Table 3,
' 'Ž . Žwhere a s cosf y 2 sinf r 6 , b s sinf

' '.q 2 cosf r 6 , and f is the mixing angle of h

and h
X. The relevant expressions follow from Ap-

w xpendix A in Ref. 2 with rsRs1 in the case of
flavour independence of the direct couplings. The
predicted branching ratios can then be calculated

Ž . Ž .using Eqs. 1 and 2 .
We then perform a x 2 fit based on the branching

ratios given in Table 1, where we have required that
Ž .the matrix U in Eq. 5 is unitary, which applies an

additional 6 constraints to the fit. As input we use
Ž . Ž .the masses of the f 1500 and f 1710 . In this way0 0
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Ž . Ž . Ž .Fig. 2. The Decays to Pseudoscalar meson pairs PP considered in this analysis. a The coupling of the qq to the PP pair, b the
Ž .coupling of the glueball component to PP and c the direct coupling of gluons to the gluonic component of the final state mesons.

eight parameters, M , M , M , M , f , r , r and fG N S 3 2 3
Ž .are determined from the fit. The mass of the f 13700

is not well established so we have left it as a free
Ž .parameter M . The parameters determined from3

the solution with the lowest x 2 are presented in
Table 4 and the fitted branching ratios together with
the x 2 contributions of each are given in Table 1.

< Ž .: < Ž .:The physical states f 1710 , f 1500 and0 0
< Ž .:f 1370 are found to be0

< : < : < : < :f 1710 s0.39 G q0.91 S q0.14 N , 9Ž . Ž .0

< : < : < : < :f 1500 sy0.69 G q0.37 S y0.62 N ,Ž .0

10Ž .

< : < : < : < :f 1370 s0.60 G y0.13 S y0.79 N . 11Ž . Ž .0

It is interesting and non-trivial that the pattern of
decays determines flavour mixing angles such that a
state having an ‘octet’ tendency is sandwiched be-
tween two states that have a ‘singlet’ tendency. As

w xnoted above and elsewhere 10 this is a potential
signal for G mixing with a qq nonet. The output

masses for M and M are consistent with theN S
) Ž .K 1430 being in the nonet and with the glueball

mass being at the lower end of the quenched lattice
Ž w x.range see also 16,17 . The mixing strength also is

w xin accord with lattice estimates 7 . The mass found
Ž . Ž .for the f 1370 1256 " 31 MeV is at the lower0

end of the measured range for this state. If the
experimental parameters of this state were better
determined much tighter constraints would be placed
on our analysis.

Ž . Ž .The elements in Eqs. 9 – 11 form the matrix U
Ž . Ž .as defined in Eqs. 5 , 6 . We have calculated the

error on each element taking into account the corre-
lated errors on their constituents which gives

0.14 0.12 0.08
DUs . 12Ž .0.07 0.06 0.08ž /0.08 0.04 0.09

This shows that the ‘singlet-octet-singlet’ phase pat-
tern is robust. The most sensitive probe of flavours
and phases is in gg couplings. In the spirit of Ref.
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Table3
The theoretical reduced partial widths

X2 2'Ž . w Ž . xg f ™hh 2 2ab z y 2 y q2ab x ri i i i 3
2 2 2 2 2'Ž . w xg f ™hh 2a z q2 2 b y q r x q2b x ri i i 2 i i 3
2 2Ž . w xg f ™pp 3 z q r xi i 2 i

12 2'Ž . w Ž . xg f ™KK 4 z q 2 y q r xi i i 2 i2

w x6 , ignoring mass-dependent effects, the above im-
ply

G f 1710 ™gg :G f 1500 ™ggŽ . Ž .Ž . Ž .1 1

:G f 1370 ™ggŽ .Ž .1

2 2 2' ' 's 5z q 2 y : 5z q 2 y : 5z q 2 yŽ . Ž . Ž .1 1 2 2 3 3

s3.8"0.9:6.8"0.8:16.6"0.9. 13Ž .
where the errors come from the coefficients in DU,

Ž .Eq. 12 .
Ž .The gg width of f 1500 exceeding that of0

Ž .f 1710 arises because the glueball is nearer to the0

N than the S. Contrast previous works where the G
Ž .was nearer to or even above the S, in which case

Ž .the f 1500 has the smallest gg coupling of the0
w xthree states 6 . This shows how these gg couplings

have the potential to pin down the input pattern.
An interesting feature is the small value of the

Ž .pseudoscalar mixing angle f ; it is interesting that
Ž .this value agrees with recent work that has f h /

Ž X. w x.f h 18 . We have checked that our results are not
sensitive to allowing these angles to be independent.
If instead we fix the value of f to y198 degrees, the
x 2 of the fit increases from 3.0 to 7.7 and the results
are given in Tables 1 and 4 respectively. As can be
seen the parameters of the fit are not very much
affected.

We have also tried setting r to zero: the x 2 of3
Ž .the fit increases to 13.9 see Tables 1 and 4 and

once again the parameters are not much altered.
Other authors have claimed that M )M )MG S N

w x7,19,20 . This scenario is disfavoured as, if in the fit
we require M )M )M , the x 2 increases to 57.G S N

In any event, we are cautious about such claims
w x7,19,20 as they are likely to be significantly dis-
torted by the presence of a higher, nearby, excited

)Ž .
)nn state N such that M )M )M : the phi-N G S

losophy of dominant mixing with the nearest neigh-
bours would then lead again to the ‘singlet–octet–
singlet’ scenario that we have found above. We defer
detailed discussion to a more complete report.

Our preferred solution has two further implica-
tions for the production of these states in pp annihi-
lations, in central pp collisions and in radiative Jrc

decays that are in accord with data. These are inter-
esting in that they are consequences of the output
and were not used as constraints.

The production of the f states in pp™pq f is0 0

expected to be dominantly through the nn compo-
nents of the f state, possibly through gg, but not0

Žprominently through the ss components. The possi-
w xble presence of hidden ss at threshold, noted by 21

is in general swamped by the above, and in any
.event appears unimportant in flight . The above mix-

ing pattern implies that

s pp™pq f 1710 -s pp™pq f 1370Ž . Ž .Ž . Ž .0 0

;s pp™pq f 1500 .Ž .Ž .0

14Ž .
w xExperimentally 22 the relative production rates are,

pp™pq f 1370 :pq f 1500 ;1:1. 15Ž . Ž . . Ž .0 0

and there is no evidence for the production of the
Ž .f 1710 . This would be natural if the production0

were via the nn component. The actual magnitudes
would however be model dependent; at this stage we
merely note the consistency of the data with the
results of the mixing analysis above.

For central production, the cross sections of well
established quarkonia in WA102 suggest that the

Table4
The solutions for the minimum x 2

Parameters All free f sy198 r s03

2x 3.0 7.7 13.9
Ž .M MeV 1440 " 16 1433 " 19 1437 " 15G
Ž .M MeV 1672 " 9 1668 " 8 1672 " 13S
Ž .M MeV 1354 " 28 1366 " 25 1368 " 29N
Ž .M MeV 1256 " 31 1251 " 18 1264 " 143

Ž .f MeV 91 " 11 95 " 13 90 " 11
Ž .f Deg y5 " 4 y19 y25 " 4

r 1.02 " 0.14 0.92 " 0.18 0.95 " 0.122

r 1.04 " 0.24 0.77" 0.26 03
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w xproduction of ss is strongly suppressed 23 relative
to nn. The relative cross sections for the three states
of interest here are

pp™ppq f 1710 : f 1500 : f 1370Ž . Ž . Ž .Ž .0 0 0

;0.14:1.7:1. 16Ž .

This would be natural if the production were via the
nn and gg components.

In addition, the WA102 collaboration has studied
the production of these states as a function of the
azimuthal angle f, which is defined as the angle
between the p vectors of the two outgoing protons.T

An important qualitative characteristic of these data
Ž . Ž .is that the f 1710 and f 1500 peak as f™00 0
Ž .whereas the f 1370 is more peaked as f™1800

w x24 . If the gg and nn components are produced
coherently as f™0 but out of phase as f™180,
then this pattern of f dependence and relative pro-
duction rates would follow; however, the relative
coherence of gg and nn requires a dynamical expla-
nation. We do not have such an explanation and
open this for debate.

In Jrc radiative decays, the absolute rates de-
pend sensitively on the phases and relative strengths
of the G relative to the qq component, as well as the
relative phase of nn and ss within the latter. The
general pattern though is clear. Following the discus-

w xsion in Ref. 6 we expect that the coupling to G will
be large; coupling to qq with ‘octet tendency’ will
be suppressed; coupling to qq with ‘singlet ten-
dency’ will be intermediate. Hence the rate for
Ž .f 1370 will be smallest as the G interferes destruc-0

tively against the qq with ‘singlet tendency’. Con-
Ž .versely, the f 1710 is enhanced by their construc-0

Ž .tive interference. The f 1500 contains qq with0

‘octet tendency’ and its production will be driven
dominantly by its G content. If the G mass is nearer
to the N than to the S, as our results suggest, the G

Ž .component in f 1500 is large and cause the Jrc0
Ž .™g f 1500 rate to be comparable to Jrc™0

Ž .g f 1710 .0
w x ŽIn Ref. 25 , the branching ratio of BR Jrc™

.Ž . Ž . Ž .g f f ™ppqKK for the f 1500 and f 17100 0 0 0

is presented. Using the WA102 measured branching
w xfractions 11 for these resonances and assuming that

all major decay modes have been observed, the total

relative production rates in radiative Jrc decays
can be calculated to be:

Jrc™ f 1500 : Jrc™ f 1710 s1.0:1.1"0.4Ž . Ž .0 0

17Ž .

which is consistent with the prediction above based
on our mixed state solution.

Ž .In these mixed state solutions, both the f 15000
Ž .and f 1710 have nn and ss contributions and so it0

would be expected that both would be produced in
y y Ž .p p and K p interactions. The f 1500 has clearly0

been observed in pyp interactions: it was first ob-
served in the hh final state, although at that time it

Ž . w xwas referred to as the G 1590 26 . There is also
Ž . yevidence for the production of the f 1500 in K p0

0 0 w x™K K L 27,28 . The signal is much weaker com-S S
XŽ .pared to the well known ss state the f 1525 , as2

Ž .expected with our mixings in Eq. 10 and the sup-
pressed KK decay associated with the destructive
nnyss phase in the wavefunction.

Ž .There is evidence for the f 1710 in the reaction0
y 0 0 )

XŽ .p p™K K n, originally called the S 1720S S
w x29,30 . One of the longstanding problems of the
Ž .f 1710 is that inspite of its dominant KK decay0

mode it was not observed in Kyp experiments
w x28,31 . However, these concerns were based on the

Ž .fact that initially the f 1710 had Js2. In fact, in0
w x Ž .Ref. 32 it was demonstrated that if the f 1710 had0

Js0, as it has now been found to have, then the
contribution in pyp and Kyp are compatible. One
word of caution should be given here: the analysis in

w x Ž .Ref. 32 was performed with a f 1400 not a0
Ž .f 1500 as we today know to be the case. As a0

further test of our solution, it would be nice to see
w xthe analysis of Ref. 32 repeated with the mass and

Ž .width of the f 1500 and the decay parameters of0
Ž .the f 1710 determined by the WA102 experiment.0

In summary, based on the hypothesis that the
scalar glueball mixes with the nearby qq nonet
states, we have determined the flavour content of the
Ž . Ž . Ž .f 1370 , f 1500 and f 1710 by studying their0 0 0

decays into all pseudoscalar meson pairs. The solu-
tion we have found is also compatible with the

Ž . Ž .relative production strengths of the f 1370 , f 15000 0
Ž .and f 1710 in pp central production, pp annihila-0

tions and Jrc radiative decays.
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