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Recent experiments at SLAC show unexpectedly large values for the ratios (1}B(g- px)/
B(g' —p&) and (2) B(g-K~K )/B(g'-Jl:*K). It is proposed that these anomalies are caused
by the mixing of the ground-state isoscalar vector mesons (~, y, g) with a J =1 vector
glueball {0)which was first postulated by Freund and Nambu in 1975. Its mass is estimated
at = 2.4 QeV and direct experimental searches for the 0 are suggested.

PACS numbers: 14.40.Cs, 13.25.+m

Recent experiments at SLAC have revealed a
very interesting set of anomalies in (, (' decays. '
Measurements of the P, P' decay widths for the
exclusive reactions (-X, ('-X for X=pp, ppzr',
K'K m m, 2m'2m m', em'm, 3m'3m p', g*'K',
pn, and e'e are now available. From these data
it is found that for each of these modes but two
(namel. y K*K and pm) the ratio

R, ., = B(q'- X)/B-(q -X)

(i.e. , independent of X) value for the ratio is easy
to understand since one expects

B(C'-X)/B(] -X)
=ll('(o)I'/l((0)l'1& ., '/&. ..'. (3)

However, for the pm and K*K modes it is found
that (to 90%%uo confidence level. )'

B(g'-K*K)/B(g-K*K) &1.96%%uo (4)

is constant (within experimental errors), being
given by B(g'- pm)/(Bg —pm) &1.25'%%uo, (5)

Rz z
= (12+2)%%uo. (2)

Theoretically, if the three-glue continuum pro-
duces the final. hadronic state, such a constant

each one of which is many times small. er than the
theoretical. expectations of (12+ 2)'%%uo. So far no
theoretica1. solution to this puzzle has been ad-
vanced. We suggest a very simp1. e, but, we be-
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lieve, rather important and immediately testable
explanation for this effect.

We propose that the enhancement of the (-K*K
and (-pv decay modes is being caused by a
quantum mechanical. mixing of the g with a Z c
= 1 vector gluonium, designated O. The decay
width for (-pm(K*K) via the sequence P-0
—pv(K*K) must be much larger than the decay
width for the (nonpol. e) continuum process g- three-glue- pn'(K*K). In the other channels
(such as pp, PPm', etc.) the branching ratios of
the 0 must be so small. that the continuum con-
tribution dominates over that of the 0 pole. For
the case of the g' the contribution of the 0 pole
must always be inappreciable in comparison to
the continuum process.

The existence of such a gluonium was first
postulated (with an estimated mass of 1.4 to 1.8
GeV) by Freund and Nambu' (FN hereafter) based
on Okubo-Zweig-Iizuka (OZI) dynamics soon after
the discovery of the P (P') mesons. Indeed FN
predicted that the 0 woul. d decay copiously into
pm and K*K and they had in fact ignored its mix-
ings with the g' and had assumed that it mixes
only with the ground-state (ideally mixed) iso-
singlet vector mesons: cu, y, and g. These prop-
erties are precisely what is required to account
for the aforementioned anomaly embodied in Eqs.
(4), (6), ~d (2).

Our own understanding of the 0 is based on a

potential model, ~ for glueballs. ' In this model
the gluon is thought to have a dynamical. ly gener-
ated effective mass estimated to lie in the range
of 500+ 200 MeV." The short-distance part of
the potential is extracted thus from massive
QCD. In the long-distance part of the potential.
the color screening of gtuons is brought about by
a breakable string. In this potential model the
mass for a low-lying three-glue state such as the
0 is estimated to be about 2.4 GeV. '

There are some other differences between our
picture' for the 0 and that of FN. ' In contrast to
FN we take the mixing parameter (fo„, V= e,y,
g) at the 0-V junction to be a function of the in-
variant mass q'. Thus we assume

f,.(e'):f„(a'):f,g (e') = (~2:—1:1)f,(e'). (6)

We expect a q dependence in the mixing param-
eter of these ground-state mesons since the gauge
coupling constant in QCD is momentum dependent
and indeed the existing experimental data on y, g
decays cannot be understood in the pole model
without a q' dependence. From a study of y —pm

which goes via, cp -0-~- pm one finds fo(m ~)
= 0.28 GeV'. Similarly from p - pm (i.e. , p -0- v -

p7t ) we find fo(en&) = 0.065 GeV'. Thus the
mixing parameter is q dependent and decreases
rather sharply with increase in q'. '

We can now cal.cul. ate the rate for 0-pm and 0
-K*K. The decay 0- pn proceeds via 0- ~- pm, We thus find

, , = (8/96p)f„, 'fo '(Mo)(Mo' —m ')(1 —x,oq')' '/M 0',

where x,o =m„/(Mo —mz). Thus I"(0- pm) is
estimated to be in the range of 50 MeV for M~
=2.4 GeV, where we have used fo (Mo) = 0.13
GeV' as a reasonable extrapol. ation of the val. ues
for the mixing parameter deduced in the last
par agraph.

Next the decay 0-K*K is imagined to go via
the sequence 0 -p -K*K. The decay vertex for
q -K*K is simil. ar to that of ~- pm. Thus f„~„'
=4f~, „2/m~' implies'

f '= 4f, '/, ' = 2f-p ..'/- (Ba.)

We do not expect these relations to hol. d as the ~
and p propagators go far off their mass shel. l.s as
happens for g (0)- p7T and P (0)-K*K for M ) 2

GeV. For such decays we expect the relevant q'
to characterize these vertices rather than m or

So, for Mo ~ 2 GeV we suggest

(Bb)

i Using (Ba) and (Bb) we find (for Mo —2.4 GeV)io

E.:.~ = 8 to 16 MeV.

We stress that the pol. e model. is an oversimpli. —

fication so that the exact numerical. values of
these decay widths should not be taken too seri-
ously. However, these cal. culations indicate (as
we have suggested earlier)" that the total widths
of glueballs will be characteristic of ordinary had-
rons and will not exhibit any "OZI forbiddenness. "

These absol. ute decay widths of the 0 into pm

and K*K must remain as tentative predictions
whose tests will. have to await the discovery of
the O. Homever, the avail. able measured rates
for g- p'm', (-K'K*', and P-PP do offer in-
teresting tests for the pole model. Thus from
(7) and (Ba) ol' (Bb) we find

Z, „.-=I"((-p'~')/I (P-K'K*')
=4 to 8 (pole model). (10)
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An important consistency check of our 0 hypoth-
esis is also provided by the ( -pp mode. With
use of the pole model (i.e. , g -0-~-pp) we ob-
tain

R», -r((-pp)/r((- p7T) =0.01 (pol. e model)

which. is very small compared to the measured
value' R»~, -—0.16. For thePP mode the three-
glue continuum contribution therefore dominates
over the 0-pole contribution. As a result the pp
model is not anomalous and it obeys Eq. (2) as al. l.

normal modes do.
We now offer some experimental. tests for our

hypothesis. If our exp1.anation for the pm and
K*K modes of g is eorreet then coith no further
assumptions it immediately follows that the
"safest" channels to search for the 0 are through
the exct.usive modes

0 (0')-K*K&, 0 (0')-p»; & =~~,q, q'. (12)

Of course if the mass of the 0 is too c1.ose to the

( then phase-space availability could seriously
1.imit some of these possibil. ities.

Another way to search for the 0 in particular,
and the three-gluon bound states in general. , is
via the inclusive reaction

( (0') - (~~)+X, (13)

where the mm pair is an isosing1. et. The three-
gtue bound states such as the 0 should show up as
peaks in the missing mass (i.e. , mass of X) dis-
tribution. A model-dependent rate for the specific
reaction

g- (mv)+0 (14)

can be arrived at as follows. Reactions such as

This ratio is actual1. y independent of the mass of
the 0 and the mixing parameter and within the.
expected uncertainties of the pole model may be
compatible with the measured value

R
p g ~:, = 3.4 + 0.8 (experiment).

In comparison we note that the nonpole continuum
process suggests a value

R~y„. ~2 (nonpole; i.e. , simpl. e quark
counting in QCD).

(13) or (14) arise as five-gluon corrections to the
lowest-order decay of ( via three gtuons. We as-
sume that the seal. ar (0") ground-state glueball
(cal.led G) dominates the two-gluon channel lead-
ing to the formation of the isosinglet pion pair in
the above reactions. This reaction (14) is seen
to proceed via the sequence g-G+P followed by
G-2m, and P-0. The strength of the G(P vertex
is estimated by attributing the closely related de-
cay (' —P~m to g' —G+g, followed by G —7Tn W. e
thus arrive at'

r(g- (~v), +0) =0.4 keV-B =0.6% (15)

as a crude estimate.
In our potential model, Mo = 2.4 GeV (Ref. 8)

and M~ =1.2 GeV. ' Thus a two-body on-shell de-
cay P-0+G is not kinematically allowed. How-
ever, p'-0+G can occur. Thus in a study of
the inclusive reaction ('-zmX (with appropriate
cuts on M „,to remove the P peak), a two-dimen-
sional histogram of M„versus the missing mass
may reveal. both the gluebal. l states t Using t"

dominance in the two-gluon channel. and (—0
mixing one finds'

I"(('—0+G)=3 to 5 keV 8=-1 to 2%. (16)

These rates, whil. e model dependent, are reason-
able to encourage experimental searches.

There are a few remarks that we wish to make
in brief. ,

(1) Since (' is a radial, excitation of g, FN had

ignored its mixing with the O. Actua1. ly in our
model the mixing parameter f« is q' dependent
and as discussed earlier it decreases rapidly
with increase in q'. So because of the q depend-
ence and because g' is a, radial excitation, we
expect f« ~ '« f«'. Thus the branching ratios of
g' rel. ative to ( for decays to pm and K*K channels
which originate through the V-0 mixing should be
expected to be suppressed considerably more than
what the propagator factor, i.e. (m&. ' —mo')'/
(m&' —mo')' indicates. For mo = 2.4 GeV this
propagator effect gives rise to a suppression fac-
tor of 4.

(2) Since the mixing must increase with the
probability for annihilation of a vector meson
into three gt.uons the simplest assumption that
one can make is that [note r„=a, '(g')/u, '(g)]

f '/f '= l0'(0)1'/ltt (0)l'&n =l&(4'- ' s)/8&(0-s "s )]r...~ /r. .. '.
I et us now consider the ratio

(18)
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Using (17) and setting A«D -—0.3 GeV, we obtain

~I m, ~

= 0.66[(lVIo'- m~2)/(Mo2 m~, 2)]2 (19)

Figure 1 shows a graph of this ratio versus M o.
A very conservative upper bound for this ratio
extracted from the experimental data,

R p„„(0.15, (2o)

is shown on the figure. With the particular as-
sumption for the mixing given in (17) we find that
the experimental data indicate

Mo) 2.3 GeV. (21)

Conversely, knowing the mass of the 0 one can,
in this way, determined the nature of 0-V mix-
ing. If we use the data on the K*'K' mode and
similarly study the ratio R~.~„very similar re-
sults on the mass of the 0 are obtained.

Since the candidate two-glue states" have mass
= 1.5 GeV, a three-glue state with a mass ) 2.3
GeV [which may well turn out to be compatible
with our potential-model estimate = 2.4 GeV (Ref.
8)]would lend support to the notion of a dynamical
gluon mass as suggested by the works of Corn-
wall' and Bernard. '

(3) We wish to emphasize that a, vector gluonium
is considerably cleaner than gluonia with other
quantum numbers, say 0'' or 2", For one thing

its mixing with quarkonia proceeds through O(o.',')
rather than O(n, ') and so the mixing is much less.
Also whereas a vector quarkonium can be pro-
duced rather abundantly in e'e annihilation
through one-photon exchange, the cross section
for producing a vector gluonium is exceedingly
small (( 20 pb)." Similarly the decay width for
0-e'e is estimated to be ( 1 eV (Ref. 8) lead-
ing us to expect a branching ratio for 0- e'e of
=10 'which is much, much smaller than what
one expects from a vector quarkonium. Thus an
interpretation of a vector gluonium candidate is
likely to be far less difficult than that of the exist-
ing glueball, candidates: the l. (1440) and the
|i(166O)."

Since the existing data on ( (g') is hinting at the
existence of 0, since the rates for the reactions
in which it may be detectable appear promising,
and since it can go a long way in illuminating the
physics of gtuonia we suggest that its direct
searches be undertaken with renewed vigor.

We are very grateful to Professor D. Sil.verman
for first mentioning to us the existence of anom-
alies in ( decays, Useful. discussions with Pro-
fessor C. Bernard, Professor J. M. Cornwal. l,
Professor G. Fel.dman, Professor J. J. Sakurai,
and Professor G. Tril. ling and especially with
Professor M. Franklin are also gratefully ac-
knowledged. This work was supported in part by
the National. Science Foundation under Grant No.
PHY 80-20144.
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FIQ. 1. A model-dependent extraction of the P mass
from the experimental data on P(g') decays into p'7t ~

and e+e modes [see Eq. (18)]. Curve shows pole-
model calculations with a simple, but ad hoc, assump-
tion for the P-P mixing [see Eq. (17)]. The experimen-
tal upper bound is also shown. Very similar results
are obtained if we consider the K K*~ mode rather
than p~.
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An array of plastic scintillation counters was used to search for slowly moving, weakly
ionizing particles between April and September 1982. The electronically defined velocity
acceptance was 1&& 10 4c to 3x 10 2c. The sensitivity ok the 2.7-m~-sr detector was gradual-
ly increased until the threshold reached about 0.12I~~. The decrease of scintillator excita-
tion with velocity very likely introduced a lower velocity cutoff near 1.4&& 10 c. The flux
limit for the high-sensitivity runs corresponds to an aperture-solid-angle —time product of
(5x10-" cm 'sr ' s &)

PACS numbers: 14.80.Hv, 98.70.Vc

Grand unified theories" suggest that magnetic
monopoles may have been produced in the early
universe. '*' The mass of this type of monopole is
estimated to be -M„/&„, where M„ is the lepto-
guark boson mass (-10"GeV) and &„ is the grand
unified fine-structure constant (-5'o). Depending
upon theoretical models, the predicted primordi-
al monopole density can vary by many orders of
magnitude. " Searches for magnetic monopoles
have recently been summarized by Carrigan, '
C3rrigan, Craven, and Trower, ' Longo, ' and
Loh." These searches set limits of less than
10 "light monopoles per baryon in matter, Bnd
a flux" of fast (highly ionizing) monopoles" of
less than 7&& 10 "cm ' sr ' s '. By measuring
the magnetic flux change in a superconducting
loop, Cabrera" sets a limit of 1.2x 10 ' cm
sr ' s ' and reports an interesting candidate
event. The results of several searches for slow
monopoles using plastic scintillation and propor-
tional chamber detectors have been published. '
The experiment of Bonarelli et al."and the very
sensitive experiment of Mzshimo, Kawoge, and
Koshiba" have lower velocity limits well above

10 'q. The proportional tube detector of Bartelt
et a/. "just reaches 10 'c. We report 3n inter-
mediate flux limit in plastic scintillators with a
velocity cutoff below 2x 10 4e.

Astrophysical arguments based upon average
density limits and galactic magnetic field surviv-
al have also been used to set limits on monopole
flux. The older arguments of Parker" have re-
cently been revised by Turner, Parker, and
Bogdan, "and similar arguments have been pre-
sented by Shapiro and Wasserman. " For experi-
mental purposes, three possibilities must be con-
sidered: (1) Monopoles are distributed uniformly
throughout the universe. Fluxes of massive
monopoles at Cabrera's level are easily excluded
under this assumption. (2) Monopoles are gravi-
tationally bound to the galaxy, and account for
most of the halo mass. This assumption unambig-
uously implies velocities near 10 'c and can be
stretched (with difficulty, especially for magnetic
field survival) to Cabrera's flux limit. (3) Mono-
poles are gravitationally bound to stellar systems.
While it is hard to envisage any mechanism which
would lead to this situation, it cannot be ruled
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