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We analyze some of the existing data available for the hadronic and radiative production of
mesons from the J/g. A reanalysis of the decays into a pseudoscalar- and vector-meson pair indi-

cates good agreement with the pseudoscalar mixing angle derived from the new two-photon widths

of these mesons. An important ingredient is the inclusion of the doubly disconnected diagram,

which also provides a natural mechanism for decays into a meson plus gluonium. We attempt to es-

timate the decay rate of J/f into gluonium and mesons using the radiative decay widths as input.

We also present a discussion ofJ/f decays into tensor + vector and axial-vector + vector states.

I. INTROOUCnON

Decays of the J/ttt allow a unique study of meson spec-
troscopy in the 1-2-GeV mass region. One can study
quark content, gluonium, effects of SU(3) breaking, elec-
tromagnetic amplitudes, and spin-parity for a variety of
two-body final states. Of particular importance for an
understanding of QCD is the gluonium spectrum. Two
such gluonium-candidate states' are the t and 8, with
spin-parity 0 and 2+, respectively. Evidence for such
ap interpretation of these states comes from the fact that
they have large rates in radiative J/ttt decay and appear
as single states without partners, unlike the ordinary iso-
scalar meson pairs of analogous spin-parity: g, g' or
f,f'. Dynamical evidence for this interpretation comes
from the two-photon reactions where the gluonium states
are strongly suppressed relative to the normal mesons
and from hadronic J/lt decays where they are suppressed
relative to decays such as cori, Pri', tof, Pf' The suppr. es-
sion comes about in yy reactions because gluonium states
have no charged constituents and in J/P decays because
the gluonium states suffer an extra Okubo-Zweig-Iizuka
(OZI) suppressions in the hadronic decays. The dynami-
cal evidence, however, requires that we understand the
mixing pattern of gluonium with the normal mesons as
well as the degree of suppression coming from the OZI
rule. J/f decays provide a unique source for studying
these issues.

The prototype of such a study is the Mark III analysis
of J/P~P+ V (pseudoscalar+ vector meson) final
states. The conclusions of that analysis, that there

may be substantial g —~ mixing, are in conflict with the
new two-photon widths for the g, g', i. As pointed out by
Pinsky, ' the principal inadequacy of the Mark III
analysis is the assumption that the decays proceed via the
singly disconnected (SOZI) diagram [Fig. 1(a}] alone,
while omitting the doubly disconnected (DOZI} diagram
[Fig. 1(b)]. In group-theoretical language, the existence
of DOZI contributions corresponds to nonet symmetry
breaking. A small DOZI amplitude can produce a large
effect because of interference with the larger SOZI ampli-
tude.

Evidence for the importance of the DOZI amplitude is

the decay J/g~ y+ vector+ vector. This process shows
a clear DOZI decay in that the rate for y+toP does not
vanish. " The rates are given in Table I, and they indi-

cate that the DOZI amplitude is -0.3—0.5 of the al-

lowed (singly disconnected or SOZI) amplitude for this
channel. In this paper we reconsider the P+ V decays,
including the DOZI contribution. The new two-photon
data' ' will be used to provide additional constraints on
our analysis. The inclusion of the DOZI amplitude,
representing processes where the flavors in the final-state
~esons are not correlated, provides a basis for calculat-
ing rates for J/ttt~ vector+ gluonium (8 or t) and

), idd), ass )
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FIG. 1. Diagrams for strong J/g decays: (a) singly discon-
nected (SOZI) amplitude; (b) doubly disconnected (DOZI) am-

plitude.
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TABLE I. Rates for J/P~y+ vector+ vector.

VV state Branching ratio: J/f~y VV (Ref. 11)

1.76+0.09+0.45 )( 10
0.40+0.05+0.08 x 10
0.14+0.025X0.028X10-'

perhaps can provide insight into the odd pattern of rates
in the axial-vector+vector sector. In our analysis we
shall usually assume, below, that the g, g' are normal
quark-antiquark states, and that the t and 8 are pure
gluonium states. New, higher-statistics data from the
Mark III experiment' on P+ V decays provide a much
more stringent check of our model than the data previ-
ously available.

X„=Y„=(—,
' )' cos6)p —( —', )' sin8p = —sinap,

X„=—Y„=(—,
' )'~ sinep+( —', )'~ cosHp =cosap .

(2)

Here ap=8p —er where er =—arctan(1/~2)=35. 3' is
the ideal mixing angle. If we use the data for the two-
photon width of the tl, rl' (Ref. 13), we can extract the fol-
lowing approximate values for the X's and Y's (see also
Sec. II C):

X„=O.8, Y9 ———0.6,
X„.=0.6, Y„.=0.8 .

(3)

II. PSKUDOSCALAR+ VECTOR FINAL STATES

A. The ri-ri' mixing angle

One crucial ingredient to the analysis is the quark con-
tent of the tI and ri'. We shall argue below that the data
are consistent with the assumption that the dominant
part of the q and g' wave functions consists solely of uu,
dd, and ss. Following Rosner, we write

ri =X„ i
uu =dd ) /&2+ Y„ i

ss ),
(1)

rl' =X„~uu +dd ) /~2+ Y„~ ss ) .

In terms of the singlet-octet mixing angle 0&,

This corresponds to a singlet-octet mixing angle of about
0& ———18, with no need for any gluonium admixtures.
We show in Appendix A that this value for 0& leads to a
sensible pseudoscalar mass matrix.

Other determinations of these quantities are in good
agreement with these values as summarized in Table II.
Note that Table II contains a ratio of J/f~P + V rates
which was not measured in Ref. 6. The J/f decays into

pg, pg' are electromagnetic and determine the g, g' quark
content directly, subject to only small second-order
corrections as outlined in Appendix B.

~2r(&2) for co+
~

uu+dd )/~2,
r(&2) for (()+

~

uu+dd )/&2,
~2r for co+ ~ss), r for P+ ~ss) .

(4)

8. P + V final state, simple model

In the Mark III paper on J/P~P+ V final states,
two approaches were taken to look at the g, g' quark con-
tents. The first used ratios of branching fractions, there-
by avoiding assumptions about SU(3) violation, elec-
tromagnetic contributions, etc. , which divide out. The
second method used a detailed fit involving all of these
contributing amplitudes. In this section we use an ap-
proach similar to the first method; however, we allow for
a DOZI contribution. Since we will assume that the
quark contents are given by Eq. (3) in Sec. IIA, the
ratios of J/g branching fractions 8 (cur)) /8 (p rr ),
8(cori' )/8(p m ), and 8(prI')/8(pal) give three numbers
which should be explainable in terms of one DOZI ampli-
tude. Although we make a few simplifying assumptions,
we get fairly reliable results. The more detailed analysis
will be presented in Sec. II C.

In calculating the ratios of rates we take the DOZI am-
plitude to be r &(SOZI amplitude times a coupling factor
depending on the Aavor content of the final-state mesons.
The coupling of the DOZI amplitude to

~

uu +dd ) /&2
is &2 times the coupling to

~

ss ). Hence the couplings
for the diagram shown in Fig. 1(b) are

TABLE II. Determinations of g, g' quark content.

Process Prediction of simple model

=0.73+0.03'
g(m p~gn ) X„

0.75

=0.86+0.108 (J/f~pri) X~
I (papyri) ~ X„~ =0.71+0.09'
I ((()myri)

~ Y„~ =0.6120.06'
r(n' yp) —~X, ~

=0 54+0.04'
y"' —e = —22+2'

8(J//~yes')

0.75

0.80
0.60
0.60

—18'

'Reference 15.
Reference 14.

'Reference 16.
Reference 9.
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Potential phases between the SOZI and DOZI amplitudes

are ignored, since any out-of-phase part will have a negli-

gible effect in the rate. We have chosen to use ratios of
rates for which both SU(3)-violating and electromagnetic
terms are expected to cancel for the SOZI amplitudes (see
Table IV below). We ignore, however, SU(3) violation in
the DOZI amplitudes, since this will be of higher order in
small quantities. Because the rates are given by

i
JR

i p,
where Af is the amplitude and p the vector momentum,
we compare the reduced branching ratios B=B /p . The
ratios of reduced rates are proportional to the squares of
apparent wave function coefBcients X' and Y', defined
in Table III, which should reduce to the two-photon
values if r =0. Adding the contributions from Figs. 1(a}
and 1(b) gives the ratios shown in Table III.

The most striking feature of the data is the observed
small value of X'„.. Taking X'„.=0.25 implies r = —0. 15.
With a DOZI amplitude r = —0. 15, we get the results of
Table III.

Note that r =0, for which we expect
i
X'„

i
=0.36, is

completely excluded by the data.

C. P + VSnal state, full calculation

We now proceed with a full calculation of the P+ V
rates. A first-order parametrization of the amplitudes A,
is shown in Table IV. The notation is somewhat similar
to that of Ref. 6. The more complete parametrization ap-
pears in Appendix B, and is described there in detail. In
Table IV we make the approximation that all terms quad-
ratic in small quantities are dropped. We again fit for the
reduced branching ratio B, B=B/p, shown in the third
column in units. 10 . The J/g branching ratios B are
from the Mark III experiment, ' where common sys-
tematic errors due to the normalization have been taken
out and remaining statistical and systematic errors added
in quadrature. The data from DM2 (Ref. 17) are con-
sistent with the Mark III values. We assume below ideal
mixing for the vector mesons. That this is correct to the
required precision is shown in Appendix C.

In Table IV the SOZI amplitude is g, the relative
DOZI amplitude is r, s characterized the SU(3) violation,
and e is the electromagnetic amplitude. The phase of e
relative to g (denoted by 8, ) is also included in the fit.
The data can be fit with various constraints in order to
check various assumptions. We perform the following
fits.

(1}Fully unconstrained fit to all variables in Table IV.
In this case X„,Y„,X„,Y„will not necessarily be related

(ri} rrl 0

(~o) m„
25 &Z

X„+ Y„

= 1.07+0.07, (5)

(g' } lrt 0

r„(~')

3 2

25 &2
9 7J 5

= 1.63+0.08, (6)

and the ratio of J/p radiative branching ratios into rI and
q' (Refs. 18 and 19):

B(J/Q~yg) Pg'

B (J/P~yri') p„
&2X„+Y„
&2Xq + Y„

=0.166+0.025 .

These fits now have 4 degrees of freedom, yielding sub-
stantially smaller errors. At this stage we still do not im-
pose any relations between the X's and Fs. The results
are given as the second fit in Table V. We have neglected

and need not saturate the g, g' wave function. This
checks whether the J/f data alone can fix the mixing pa-
rameters. The result of this fit, which has one constraint,
is given as the first fit in Table V. Using the numbers
from the fit, we get X„+Y„=1.00+0. 16 and

X„+Y„=1.44+0.25. This result indicates that, using
the J/g data alone, g and ri' are both consistent with be-

ing normal quark states, consisting of uu, dd, and ss
without other admixtures. The coeScients X and Y
characterizing the quark content, however, still have
rather large errors.

We are now in the position to check the necessity of in-

cluding the DOZI amplitude. We do this by refitting the
data requiring r =0. This fit results in X„.+ Y„.
=0.41+0.09 (similar to the original P+ V analysis}, but
the probability of the fit is extremely low (4X10 ): the
X per degree of freedom is X /DF =25. 1/2. This
confirms our conclusion in Sec. II B, that the DOZI am-

plitude must be included in the analysis. It is interesting
to note that the main contribution to the X comes from
the pg' channel which, as mentioned earlier, measures

X„.directly.
(2} To more fully constrain the fit values for

X„,Y„,X„., Y„., we used as additional input' ' the two-

photon width I z~ of m, g, g',
'3 2

B(cog)

B(p 7T )
B(cog')

B(pm )

B(((g')
B(gg)

TABLE III. Ratios of J/P~P+ V rates, simple model.

Calculated with r = —0. 15 and Eq. (3)

~

X
i

'—:
~

X„+&2r(&2X„+Y„)
~

'=0.48

~

X'„
i

'—=
~

X„+&2r(&2X„+Y„)i'=0.065

Y'„~ Y„+r(&2X„+Y„) =0.69
Y'„~ Y„+r(&2X„+Y„)

Data (Ref. 14)

0.39+0.06

0.050+0.009

0.63+0.12
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TABLE IV. Parametrization and fit for J/g~P+ V.

Process Amplitude W
B(J/P P+ V) X 10'

Expt. (Ref. 14) Fit

p K,p 7T',p 7T

K*+K-,K'-K+
K* K,K "K'
N'g

COD

p 'g

p 'g

COAT

g+e
g(1 —s)+e
g(1 —s) —2e

(g +e)X„+&2rg ( &2X„+F„)
(g +e)Xg ++2rg( +2X„.+ Y„.)
[g(1 2s)—2e]—Y„+rg(v'2X„+ Y„)
[g ( 1 —2s) —2e] Y„+rg ( &2X„+Y„)
3eX„
3eX~
3e
0

1.556+0.161
1.017+0.061
0.836+0.055
0.632+0.058
0.079+0.010
0.287+0.031
0.182+0.025
0.071+0.010
0.05420.009
0.159+0.017

(0.0026

1.306
1.029
0.850
0.639
0.083
0.305
0.161
0.090
0.045
0.135

SU(3)-breaking effects in Eqs. (5)—(7). In fact such effects
are rather small in the above ratios; a more complete
analysis would not alter our results substantially. For
example, we can include nonet-symmetry-breaking eH'ects

in Eqs. (5) and (6) and fit for the ratio R =Fs/Fo where

Fs and Fo are the octet- and singlet-decay constants.
Our fit yields R =1.07+0.08.

(3) Finally, we fit in terms of one quark sector mixing
angle Hp which relates the X's and Fs as shown in Eq.
(2). The fit results are very consistent for the different
sets of input data: I' (g), I rr(ri'), and B (J/f
~yr))/B(J/P~yrj') alone [Eqs. (5)—(7)]:

X„=0.82+0.01, Hp ———20'kl', X /DF=9. 4/2;

I'rr(s)), I'r„(ri'), B(J//myri)/B(J//~yes)'), and
P+ V rates (Table IV):

X„=O.82+0.01, 8 = —20'+ I',
r = —0. 15+0.01, X /DF= 19.9/7;

P + V rates (Table IV) alone:

X„=O.81+0.01, Hp = —19'21',

r = —0.15+0.01, X /DF = 10.1/4 .

The result of the latter fit is shown as the third fit in

Table V. To compare fitted values with the data, we in-
clude the predicted reduced branching ratios 8 from this
fit in Table IV.

As one can see, the results of the fits are very stable.
The value for the DOZI amplitude is r= —0. 15+0.01,
identical to the result in the previous section. The
SU(3)-breaking term s is small, equaling 10—20% of g.
Allowing the DOZI amplitude r to have a phase 8„&0
relative to g gives r= —0.27+0.04, 8„=0.4420. 05, and
X„=0.75+0.03 for the third fit in Table V.

We find that in most of the fits the r) channel is con-
tributing the largest amount to the X, deteriorating the
X probability of the fits. This channel is difficult to mea-
sure accurately because of p-co interference. We have
checked that the fit results are insensitive to whether or
not this one channel is included.

D. 1ota production, assuming it to be a glueball

The DOZI graph provides a direct way to produce
glueballs with hadrons in J/g decay. The diagram is
shown in Fig. 2, for the case of the t, which is assumed to
be a glueball.

To calculate the amplitude we need to know the rela-
tive coupling of the two-gluon system to the c as corn-
pared to the g or g'. We estimate this by comparing ra-

TABLE V. P + Vfit results including DOZI.

e

8,

X„
F„
X'„
F'„

X /DF

p+v

1.21+0.05
0.21+0.04
0.13+0.01
1.26+0.11

—0.14+0.02
0.67+0.05

—0.74+0.10
0.58%0.06
1.05+0.12
0.02/1

r„(q),r„,(q'),
&/e-yn, „d p+V

1.12+0.04
0.12+0.03
0.13+0.01
1.26+0.11

—0. 14+0.01
0.78X0.02

—0.53+0.04
0.54+0.02
0.80+0.05
10.5/4

P+ V alone,

one mixing angle

1.10+0.04
0.12+0.03
0.12+0.01
1.25+0.12

—0. 15+0.01
0.81+0.01

10.1/4
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ative to DOZI amplitudes for the P+ V final states previ-
ously studied. If we introduce a relative DOZI amplitude
strength r' for P+gluonium [analogous to r in Eq. (4)],
then the above normalization corresponds to r'=&3r.
Coincidentally, one also finds &3r for the relative DOZI
amplitude for P+q, [where q, is the qq SU(3)-singlet
pseudoscalar state], using Eq. (4). However, these two
amplitudes are not related in an obvious manner. Using
r'=&3r, one predicts the following rates in the approxi-
mation that the small electromagnetic term is ignored in
the p tr calculation, no SU(3) breaking is included in the
DOZI amplitudes, and r = —0. 15 as determined in Sec.
II C:

3

B(J//~at)=(r')' B(J/g~p tr )

Pp

FIG. 2. Diagram for J/f decays into vector meson and glue-
ball.

=0.83 && 10-4,

'3 (8)

diative c, q, and q' production using the rates for
J/1(~yri, yr)', and yt which all are expected to occur
via the two-gluon intermediate state as shown in Figs.
3(a) and 3(b). From the data' we learn that the rate for
y+~ is approximately equal to the sum of rates for y+q
and y+g'. Figure 2 suggests that it is a reasonable as-
sumption that this observation continues to hold true for
the DOZI diagram if the photon is replaced by a vector
meson. This then normalizes the vector+i final state rel-

B(J//~cot, )=(&2r') B(J/g~p tr )

Pp

=2.4X10-4 .

These rates may be compared to the Mark III (Ref. 21)
90%-confidence-level (C.L.) limit B (J/g~Pt ) & 2. 1

g 10 and the ~ E rate into KEm of 6 8+'
6

+1.7X 10 . In both cases of Eq. (8) the prediction for
hadronic ~ production is consistent with its nonobserva-
tion: the Pt upper limit is above the predicted rate and
the observed coE, being three times larger than the pre-
dicted co~ rate, might consist partly of co&.

III. OTHER J/1// TWO-BODY DECAYS

(a)

dd)/VZ, ass)

Since the pseudoscalar-vector data require a DOZI am-
plitude, we will now investigate the implications of such
an amplitude for some of the other J/g two-body decays.
Data here are much sketchier and our analysis is meant
to point to how the DOZI amplitude can affect the decay
pattern as well as stimulate further analysis of such de-
cays.

A. Tensor+ vector decays

(b)

FIG. 3. Diagram for J/t( radiative decays into (a) quark
states, and (b) glueballs.

It would be of interest to repeat the detailed analysis
presented above for J/1( decays into combinations of ten-
sor and vector mesons. This would allow an independent
check of the mixing for the f and f' and the possible
glueball assignment for the 0. Unfortunately the data are
more limited for these meson combinations. Even more
important, because of the spins involved, a large number
of parameters are needed to describe these decays. In the
case of J/g~ tensor+vector, there are five amplitudes
needed to describe each decay. Each amplitude can, in
principle, have a different amount of SU(3) violation,
electromagnetic contribution, and DOZI contribution,
where allowed. The phase-space variation is different for
each of the five amplitudes, and also typically larger than
in the case of the pseudoscalar-vector combinations.

A definition of the five amplitudes describing
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J/P~ T+ V can be found in Ref. 22. In addition, an at-
tempt to evaluate the variation of the branching ratios
with the magnitude of the momentum in the J/g decay
can be found in this reference. As an example, a factor of
seven suppression of Pf ' vs cof due to kinematical factors
was found, prior to any explicit SU(3}violation. This can
account for most of the observed suppression of Pf' rela-
tive to cof (Ref. 23) (see Table VI}. Uncertainties in this
factor, which depends on the admixture of amplitudes in
the decay, can mask the presence of other phenomena
such as explicit SU(3) violation or electromagnetic ampli-
tudes.

Given these uncertainties, we will concentrate only on
channels for which the phase-space correction is negligi-
ble, or those channels which are expected to be absent
without tensor mixing or a DOZI amplitude. The latter
channels are cof', Pf, roe, $6. We will normalize the rates
to the one for p A2, which is dominantly a SOZI strong
decay analogous to p m in the pseudoscalar-vector
analysis. We will take for the f and f' a mixing pattern
indicated by the two-photon widths, ' which implies

Xf-Yf -1 and Yf -0.12,Xf ——0. 12, with an error of
about +0.05. With these wave functions we predict the
relative rates shown in Table VI. They are exactly analo-
gous to the parametrization of Table IV, if SU(3} viola-
tion and the electromagnetic amplitude are ignored.
These amplitudes which we ignore would contribute
corrections of the order of 15% to the terms in Table VI
if their magnitude would be similar to the analogous
terms in the P+ V case. In the table, we take r to be the
relative DOZI amplitude for the quark-based states, and
r' for the 6}, assumed to be a glueball. We assume that
the relative DOZI term is the same for each of the five
amplitudes for a given T+ V decay. None of the chan-
nels in Table VI has an electromagnetic contribution in
the absence of mixing of the tensors, except for cuf and

pA2 which have identical amplitudes in the absence of a
DOZI contribution. The relative amplitude r is normal-
ized so that it is analogous to the same quantity for the

quark-based pseudoscalar+vector final states in J/f de-

cay.
Prior to looking at the results in Table VI, we will

comment on some implications of the tensor mixing,
since usually the tensors are approximated as an ideally
mixed system (Yf ——Xf.——0). The first expectation with

nonideal mixing is that the f' should decay into mn .In.

the limit of flavor-SU(3)-nonet symmetry, we predict a ra-
tio of branching ratios

B (f'~nm ) 3Xf' P~
2

B(f'~KK) 2( Yf +Xf /'(/2) px

'5

=0.096, (9)

using Xf.———0. 12. This will produce interference in the
nn channel with a prescribed phase (determined by the
sign of Xf.) in reactions where both f and f' are pro-
duced, analogous to the expected f-f' interference in the
KK channel. This phenomenon may have already been
observed in J/g~ynm, wher. e the f' appears as a shoul-
der on the f (Refs. 25 and 26). The negative sign of Xf.
correctly predicts the interference to be constructive for
mn masses between the f and f'. A similar effect has
been seen in hadronic interactions.

We list below other consequences of the nonideal mix-

ing off and f'.
(1) The ratio of radiative J/P branching fractions into

f and f ' is expected to be
2 ' 3

B(J/g~yf') v 2Xf.+ Yf' pf =0.26, (10)
B (J/f~y f ) v'2X/+ Yf pf

instead of the naive value of 0.5.
(2) There will be interference between the f and f' in

J/P~y~nor YKK.. For masses between the f and f'
the interference is constructive in the arm channel and
destructive for the KK channel.

(3) For J//~comm or J//~EKE both the production
and decay amplitudes favor f in comm. and f' in PKE,
such that these mass spectra are dominated by only one
tensor meson each, in contrast with the radiative produc-

TABLE VI. Rates for J//~tensor+ vector.

Ratio of rates prior to phase-space correction'
(Xf —Yf 1yXf Yf 0 12yP 0 1sf 0 26)

= ~Xf+v'2r(&2Xf+Yf) )'=
~

1+2.16r
~

=1.48
p A2

I

OAO
= ~Xf +v'2r(v'2Xf + Yf }

~

=
(

—0. 12+1.17r
~

'=0
4f' 2= 2=
OAO

=
( Yf +r(v 2Xf + Yf )

(
=

(
1+0.83r

(
= 1.2

Ratio of
decay

mornenta

1.015

0.89

0.77

Ratio of
experimental

rates '
1.4+0.18

(0.04

90%%uo-C.L. limit

0.23+0.06

p A2
coo
OAO

$8
OAO

=
~

Yf + r( 2Xvf + Yf } (

' =
(
0. 12+ 1.53r

(

' =007.
=

[
&2r'

~

'=0. 14

=
f

r'[ =0.068

0.92

0.77

0.63

0.03+0.02

0.2+0.06

0.07+0.05

's =e =0 assumed below.
Reference 21.

'Reference 23.
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tion mentioned above. The interesting case of J/g
~coKK and J/1(~g~m. is discussed below.

(4) The mixing provides an excellent description of the
tensor mass matrix, as discussed in Appendix A.

Returning to the predictions in Table VI, we look first
at the ratio of branching ratios for cof and p A z. This ra-
tio will have the smallest phase-space dependence since
the production momenta are nearly equal. In addition, in
the absence of a DOZI amplitude, the ratio should be
unity, even allowing for an electromagnetic term. A de-
viation from unity would indicate the presence of a
DOZI amplitude. The present data in fact yield a result
different from unity. Assuming a phase angle for r that is
not too large, gives a value of r =0. 1 which is roughly
similar in magnitude to that found for the
pseudoscalar+ vector decays. Note, however, that the re-
sult requires the sign of r to be positive, which is opposite
to the pseudoscalar+ vector case.

Looking next at Pf and &of' in Table VI we see that
they will have rates strongly effected by choosing the
value of r =0.1, as found in the cof case. In this case the
mixing and DOZI terms add for Pf and tend to cancel
for cuf'. Thus, instead of nearly equal rates as one might
naively guess, the Pf is enhanced by a factor of 4 in the
rate, while the cd�' is reduced to nearly zero by the DOZI
term. Better statistics for these two branching ratios are
required to make a more quantitative comparison.

The results for 8 production are of great interest be-
cause the 6 is a glueball candidate. Including a reason-
able phase-space correction, the relative rates for coO and

$8 are in good agreement with what is expected for a
glueball, which couples to the singlet components of co

and P. This contrasts strongly with the f and f', which
are predominantly produced in a pattern dominated by
the SOZI amplitude with nearly ideal mixing (e.g.,
&of &&Pf). Setting

~

r'
~

=0.26 (i.e., simply taking the
same value as used for the s), would approximately repro-
duce the observed ratio of rates in Table VI if the phase-
space correction needed to make the comparison to p A 2

is not too great. It is not clear whether this is a good as-
sumption, especially since the admixture of amplitudes
for radiative or hadronic 8 production is different from
the analogous f or f ' amplitudes. '

We mention finally that the Penis a particu. larly in-
teresting channel. Based on our discussion of Table VI
and tensor mixing, it should contain contributions of
comparable size from Pf, Pf', and $8: the f is produced
with a small amplitude but decays with a large branching
ratio into n.n. , the f is produced with a large amplitude
but decays via a small branching ratio, and the 0 is pro-
duced and decays via a moderate amplitude and branch-
ing ratio. These three tensors should interfere with a
phase which is determined by their quark content. In
particular, we expect constructive interference for ~m.

masses between the f and f', arising from the opposite
phase for f~eland f '~em, as disc. ussed earlier. For a
glueball 0, we expect destructive interference for ~m.

masses between the f' and 0. Our expectation follows
from the observed f' einterference seen in the -PKK
channel. Since the interference is constructive in PKK
for masses between the f' and 0, it will be destructive in

the m~ case because the f' decay amplitude has changed
sign, while the 0 amplitude (assumed to behave like a
singlet) is expected to not change sign when going from
KK to n.~.

B. Axial-vector+ vector decays

Within 1o deviations this gives a range of
Xz ——0.04~0.43 for a variation of the branching ratio
8 (E~KK m. ) = 100%~50%.

A second input is the data on radiative J/f decays
from Mark III (Ref. 31) and DM2 (Ref. 17). While the D
is observed in several channels, the signal for the E comes
from r)nmonly (m. ostly 5n.). Note that there is the in-
teresting possibility that a signal of E~KKm. is hiding
under what is summarily called the a signal in radiative
J/g decays to KKm (Ref. 32). Combining the D and E
results gives the following relation:

8 (J/p~yE) &2'+ YE PE

B(J/P~YD) v'2X~+ Y~ pg)

3

0.85+0.25
8 ( E~q~n). (12}

Allowing excursions of lo. , changing the gem. branch-
ing ratio 8(E~r)urer) from 10% to 50% changes Xz
from 0.66 to 0.23. If we assume that KKm. and gem are
the principal decay modes of the E, then the two data sets
determine Xz and the branching ratios 8(E~KKm) and
8 (E~r)mar) uniquely. Combining Eqs. (11) and (12), we
get

+E Oe33 Q ]]
0 108 (E~&7177 ) =0.49+

O &o, 8 ( E~KK 7T )=0.5 1 +o p3

This is the final set of multiplets on which new data ex-
ists. It is intermediate in complexity between P+ V and
T+ V decays, being described by two invariant ampli-
tudes. As shown in detail below, the observed pattern in

the hadronic J/f decays is quite unusual and is difficult
to explain without either large mixing and DOZI contri-
butions or the assumption that states from different mul-

tiplets are observed in the data. Additional uncertainties
arise from the poor understanding of the E decay chan-
nels. In this state of uncertainty we will assume below
that the signals seen in the D and E mass region recoiling
against the y, co, and P are the normal qq axial vectors
D(1285) and E(1420}. This will tell us how far we can

get assuming a minimal number of states. We note that
an alternative choice for the ss axial vector has been
presented in Ref. 28.

To begin the analysis we need to infer the quark con-
tents of the mesons. We can again use the two-photon re-
sult' ' where the D~gm. m. and the E~KKm are ob-
served in off-shell production. Because the E branching
ratio is not known, the data reduce to

I (E) mz (Xz+&2/5') p 34+p lg
I rr(D) m~ (Xg+&2/5')) 8(E KKm)
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XE ——0.35+0.10,
8 (E~ rare') =0.3320.09, (14)

B(E-+KKm }=0.67+0.09,
where the errors are estimated from the scatter of the
data. We will use the mean of these values in the follow-
ing. The D and E wave function are then

D =0.94
~

uu +dd ) /~2 —0.35
~

ss ),
E=0.35

~

uu+dd ) /&2+0. 94
~
ss),

where the relative signs'of Xz and Yz have been fixed by
Eq. (11). The wave functions above imply that both D
and E are produced in m p ~ ( rlnm) n and . in

p ~(KKn )n. In this case we predict
2

o(n p ~En ) XE

o(m. p~Dn)
In Appendix A, we discuss the axial-vector mass matrix.
We note that in fact the large deviation from ideal mixing
provides a more reasonable interpretation of the D and E
masses than would the ideal mixing assumption.

(16)

This result of relative large deviation from ideal mixing in

the axial vectors and of a large E~g~m branching ratio
is constrained by the following observations.

(1}Using the TPC upper limit on two-photon D pro-
duction' we get, using Eqs. (11) and (12),
8(E~rlrrn ) &0.4 for Xz ——0.33.

(2) Mark II (Ref. 30) assumes B(Eccrine)=0. , i.e.,
8(E~KKn )=1. Then Eq. (11)yields Xz ——0. 19+o',5.

(3) 8 (E~gnn) i.s bounded by the Mark II upper limit
8 (E~cirro ) /8 (E~KK m ) & 0.6 (Ref. 30).

(4) Mark III has analyzed the broad t peak in the KKn.
mass spectrum from radiative J/f decays in terms of two
resonances. The lower peak has the mass and width of
the E (Ref. 32}. Combining this KKn rate with the rite.
rate from Ref. 31, we get 8(E~r)nm)/B(E. ~KKn)
=0.52+0. 18.

(5) Mark III observed E~r)nm and E~KKm in the
hadronic channel J/f~coE. The measured ratio is
8 (E~ r)n n ) /8 (E~KK m ) = 1.35+0.74 (Ref 31)..

(6) WA76 (Ref. 33) and possibly GAMS (Ref. 34} have
observed the E~gmw decay and their results are con-
sistent with a large E~g~n. decay width.

Taking all the above observations into account allows
us to obtain a more reliable value for Xz. We shall take
8(E~rlrrn)/8(E~KKn }=0.5%0.2, and make use of
Eqs. (11)and (12) to obtain

=0.56+0.30,
B(coE),„p,

B(PD )

8(PE) „p,
(17)

is completely scrambled from the naive SOZI expectation
(r =0, s =0), which would be

'2
XD =72
XE

B(t0D )

B(a)E )

B(QD )

8(PE)
YD

YE

2

=0.14 .

IV. CONCLUSIONS

We have looked at a range of data on J/f decays in
terms of a simple decay model incorporating both meson

We now turn to the hadronic J/f decays involving
vector+axial-vector final states. In Table VII we show
the amplitudes for coD, coE, JD,JE including DOZI con-
tribution r and SU(3)-breaking term s. To simplify the
expression we leave out the electromagnetic amplitude,
which had a small effect on the P+ V rates. We also in-
clude in Table VII the measured rates from Mark III
(Ref. 21) and 0M2 (Ref. 17), where we use 8 ( E
~KKm)=0. 67, B(E~r)nn }=0.33. We corrected the
experimental branching ratios by a kinematical factor
which we took as p ~ in analogy to a detailed investigation
of /+tensor decays, resulting in reduced branching ra-
tios B. From a one-constraint fit to the data in Table VII
we extract g=4.0+, 2, s=0.36+p ps, and r = —0.35+pp6.
We include the calculated rates from the fit in Table VII.
The errors do not include the uncertainty on the value of
XE and the E branching ratios, which we have shown are
substantial. Using the value of g obtained above, we can
predict the branching ratio 8 (J/1(t~p A, ) =3.2)& 10
which is of the same magnitude as the J/g branching ra-
tios into p m. (Ref. 14) and p A z (Refs. 17 and 23). Both
the SU(3)-breaking term s and the DOZI amplitude r are
about twice the value found in the P + Vcase. We do not
understand the origin of this difference. Note that the
rates for coD and PD are about the same size. These rates
are independent of uncertainties in the E branching ratios
and prove that mixing, the DOZI contribution and SU(3)
breaking are important. The small rate for PE requires
the DOZI term to be large and negative and the large
rate for coE requires both a negative DOZI term and a
negative nonstrange component Xz. The observed pat-
tern (Table VII)

TABLE VII. Rates for J//~axial vector+ vector.

Channel
Amplitude'

X~ YD 0 35' Yg XD 0 94
8(J/Q~ A + V) X 10

Expt. rate ' Fit

coD

coE

PD
PE

g[XD+W2r(Y2XD+ YD)]=g(0.94+1.39r)
g [Xs+v'2r (v'2'+ Ys ) ]=g {0.35+2.03r)
g[ Yo(1—2s)+r(&2XD+ YD)]=g[—0.35{1—2s)+0.98r]
g [ YE(1 2s)+ r (~2Xs+ Ys) ]=g [0.9—4(1—2s)+ 1.43r)

4.6+2.1

8.5+2.5
2.8+0.5
(2.3

3.3
2.0
3.0
1.0

'e =0 assumed below.
Reference 21.

'Reference 17.
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mixing and the effect of doubly disconnected diagrams.
For the case of the pseudoscalar mesons, the model gives
good agreement with the quark wave functions deter-
mined from two-photon decays. We have extended the
model to predict the rates in hadronic J/g decays into
the glueball c, which comes out smaller than present
upper limits.

In the case of tensor+vector or axial-vector+vector
decays, the model predicts a pattern of rates which is in
general agreement with the data. Since the amplitudes
can be extracted from the data, a much more de6nitive
test will be possible once better measurements in more
channels are available, providing constraints for the pa-
rametrization. The use of radiative J/f decays, as well
as two-photon widths, should serve to determine the
quark content of the axial vectors. Initial results, surpris-
ingly, indicate that this multiplet is not ideally mixed.
Better results in the case of the tensor mesons should
serve to check more quantitatively our model assump-
tions and the assignment of the 0 as a gluonium state.
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APPENDIX A: THE MESON MASS MATRIX

The pseudoscalar quark content allows us to calculate
the mass matrix At for this case, assuming it is a two-
state (g, g') system. The result in the basis given by

~

uu +dd ) /&2 and
~

ss ) is

X„m„+X„m„2 2

X„Y„m„+X„Y„m„
X„Y„m„+X„.Y„m„

Y~m ~ + Y~~m ~~
2 2

(A 1)
Taking the results from Sec. II C, X„=O.81, Y„=—0.58,
we get

0.66m&+0. 34m& 0.47(m„—m„)
0.47(m„. —m„} 0.34m„+0.66m„

688 192

192 819 MeV . (A2)

A simple model for this matrix, including SU(3) break-
ing is

m +2a &2ab

&2ab m +b (A3)

where the mixing diagram is shown in Fig. 4. We associ-
ate an SU(3)-breaking factor &b /a with each vertex con-
taining strange-quark pairs. Using the numbers in Eq.
(A2), we calculate b =68 MeV, a =276 MeV, and
m,, =751 MeV. The value of m,, serves to check the
model since we can compare it to the value expected from
other considerations. In a potential model, using one-
gluon exchange,

FIG. 4. Mixing diagram.

The actual value is 400 MeV.
For the case in which we are interested, we get

0.6(m + —mx )=240 MeV from (1},
m& —m,, =

0.8(m + —mx ) =320 MeV from (2). (A6)

Using the value of m&, this gives, for the mass of the ss
pseudoscalar,

700(m, , (780 MeV, (A7)

where above we have found m, , =751 MeV.
The agreement is very good and shows that a pseudo-

scalar mixing angle of 8~ = —19' is not contradicted by
the mass matrix. A more general discussion of the mass
matrix is given in Ref. 20. Note that a choice of
Hp= —10' does not result in a very different value for

m„, which shows that this is not a sensitive method for

determining the mixing angle.
We can similarly look at the mass matrices for the iso-

scalar tensor and axial-vector mesons. We use the mixing
pattern discussed in the text:

Xf ——0 99' Yf 0 12' Xf 0 12' Yf 0 99
(AS)

XD ——0.94, YD ———0.35, X~ ——0.35, YE ——0.94,
to construct an experimentally determined mass matrix,
as outlined in Eq. (Al). This matrix can then be analyzed
using Eq. (A3) to extract what the masses of the

~

uu +dd ) /&2 and
~

ss ) mesons would be, if mixing did
not exist. These masses can be compared to the known
members of the appropriate octet for which mixing does
not contribute. From Eq. (Al), we get

1276 —30
Jtt(2+ ) = 30 1527 MeV,

(A9}

where m; and m are the masses of the quarks making
up the particular bound state. A range of predictions
comes from assuming (1) a,

~
P(0)

~

constant, b,

=const/m, m, (2) a, constant,
~
g(0)

~

proportional to
the reduced mass as for the case of linear potential, where
b, =const/(m;+m ).

These predict

0.60(m —m„}=380MeV from (1),
m~g —mg—

0.75(m —m )=470 MeV from (2).

b, =m( S, ) —m( So)=—2ma,1 32

m,.m .
(A4)

1299 45
At(1+ ) = 45 1402 MeV .
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We note the difference in sign for the off-diagonal ele-
ment in the two cases, with the sign for the axial vectors
the same as in the pseudoscalar case, Eq. (A2). The
relevance of this sign to understanding the mixing mecha-
nism is discussed in Ref. 38. The off-diagonal element in
the axial-vector matrix is small despite the large devia-
tion from ideal mixing, due to the small value of
mE —mD.

To extract a range of possible unmixed masses, which
we indicate as m ( 1+ ), m (2+ ) for the light-quark state
and m'(1+ ),m'(2+ ) for the ss state, we shall consider two
extreme choices for the SU(3) violation in the mass ma-
trix: one is perfect SU(3) symmetry in Eq. (A3}, i.e.,
a =b, and the other the same degree of SU(3) violation as
in the pseudoscalar case, i.e., a =2b. These give the fol-
lowing mass ranges, in MeV:

m(2+}
m'(2+ )

m(1+)
m'(1+)

1318
1547
1236
1434

a =2b

1355
1537
1173
1418

m(2+)=mz ——1318+5 MeV
2

and the approximate relation

—,
' [m ( 2+ ) +m '(2+ ) ]= 1433 MeV =m 2" ' '

(A 1 1)

=1426+2 MeV .

(A12)

(A10}

For the tensors, the SU(3)-symmetric choice gives excel-
lent agreement with expectations, which are the exact re-
lation

Q is difficult to determine because of mixing with the
analogous 1+ state. Extracted masses are m& -1340
MeV (Ref. 41) with values as low as m&

——1310+15MeV
(Ref. 42). These are compatible with the predicted
tensor —axial-vector splitting of approximately 100 MeV.

We note, finally, that the rather small splitting between
the physical states D and E is caused primarily by the
mixing pattern. This may be compared to the g'-g mass
splitting which is even more reduced by mixing, com-
pared to the m, -m mass difference.

APPENDIX B: PARAMETRIZATION
OF J /f~P + V AMPLITUDES

We parametrize the amplitudes of the decay
J/g~P+V by the following terms: the SU(3)-
symmetric SOZI amplitude g, the nonet-symmetry-
breaking DOZI amplitude r, relative to g, and the elec-
tromagnetic amplitude e (with phase 8, relative to g).
The SU(3) violation is accounted for by a factor (1—s)
for every strange quark contributing to g, a factor (1 —sp )

for a strange pseudoscalar contributing to r, a factor
(1—s„) for a strange vector contributing to r, and a fac-
tor (1—s, ) for a strange quark contributing to e.

It is convenient to provide a translation of the formal-
ism in Ref. 7 for the above parameters. In Ref. 7, a pure-
ly group-theoretical approach was used to obtain the ma-
trix elements for the above amplitudes. Note that these
arguments depend only on the assumption of flavor-SU(3)
symmetry and its breaking due to a heavy-strange-quark
mass and electromagnetic effects. In this sense, these re-
sults are independent of the detailed diagrams involved
(shown in Figs. 1 and 5). In terms of the notation used in
Ref. 7,

1
g =gs+ ~3 gmss ~,

Including the case of the axial vectors, where the SU(3)
breaking is less well defined, we get, from Eqs. (A10), the
following range of mass splittings:

Sg =

3ge 88
1

3
gm, 88

(BI)
m '(2+ ) —m (2+ ) =229 Me V,
198 & m '( 1+ ) —m ( 1+ ) & 245 Me V,
82 & m (2+ ) —m(1+ ) & 145 MeV .

(A13)

1
gl gs+ ~3 (g , lm+sg l ms2gm, ss}

1
rgsp = + (gm, sl gmls) &,

Thus the splitting between the two axial vectors is pre-
dicted to be similar to that of the two tensors, and the ax-
ial vectors are predicted to be lower in mass than the ten-
sors by about 100 MeV.

These predictions are diScult to check since the
masses of the octet axial-vector states A, and Q have
some uncertainty. The cleanest place to study the A, is
in ~ decays. Results from different experiments have
now been consistently interpreted after allowance for the
large A, width. The resulting A, mass ranges from
1235+40 MeV to 1250+40 MeV, while the Particle Data
Group' value is 1275+28 MeV, based primarily on ha-
dronic scattering experiments. The value based on ~ de-
cays is in good agreement with the range of masses given
in Eq. (A10). The mass of the strange axial-vector meson

1
rgsu ~ (gm, ls gm, ss )

For completeness, we have included in Table VIII a term
which arises due to a combined mass/electromagnetic
breaking of the flavor-SU(3) symmetry. This correction
was first introduced by Isgur et al. who analyzed
corrections to V~P+y radiative decays. They intro-
duced a parameter x =pd/p, which accounts for the ex-
pected difference in the d-quark and s-quark magnetic
moments due to mass breaking. It is easy to see that the
V~P+y amplitudes are precisely proportional to the
electromagnetic contribution to the J/P~P + V decay,
whose dominant decay occurs via J/f~y ~P + V.
Thus we can simply read off the results of Ref. 43 and in-
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C

), idd), ass )

dd)/v2,

ass�)

(b)

dd )/v 2, i
ss )

(d)

FIG. 5. Diagrams for electromagnetic J/(( decays: (a) singly disconnected em amplitude; (b)-(d) doubly disconnected em ampli-
tudes.

elude them in Table VIII. These results can be easily
reproduced in the quark-model language by reducing the
amplitude where the photon converts to an ss pair (as
compared to an uu or dd pair) by a factor of x = I —s, . It
must be stressed that such a contribution represents only
part of those terms which are second order in the SU(3)-
symmetry breaking. For example, in quark-model
language, we have yet to include symmetry breaking in
the one-photon-exchange diagrams due to the production
of ss quarks from the vacuum. As a result, including just

some of the second-order contributions seems rather arbi-
trary. Including all of the second-order terms introduces
too many new parameters to be of any utility. Hence, fol-
lowing Ref. 7, we have neglected all such terms in the
analysis presented here.

In principle we should include corrections to the elec-
tromagnetic amplitude e equivalent to DOZI decays.
However we expect that such corrections will be small.
In order to present the argument, we show the elec-
tromagnetic graphs in Fig. 5 in the order of decreasing

Process

TABLE VIII. General parametrization of amplitudes for J/P~P + V.

Amplitude

p VT,p 7T,P 7T

K*+K K* K+
K* K,K* K
CO'g

COT/

P I

P '9

COAT

g+e
g (1—s)+ e(1+s, )

g(1 —s) —e(2 —s, )

(g +e)X„+&2rg [&2X„+(I —s ) Y„]
(g +e)X„+&2rg [&2X„+(I —s ) Y„]

[g(1—2s) —2e(1 —s, )]Y„+rg(1—s„)[+2X„+(I —s ) Y„]
[g(l —2s) —2e(l —s, )]Y„+rg(1—s, )[&2X„+(I—s ) Y„]

3eX„
3eX„

3e
0
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importance. Figure 5(a) is the analogue to the SOZI am-
plitude [Fig. 1(a)], and Figs. 5(b) —5(d) are the analogues
to the DOZI amplitude of Fig. 1(b}, where Fig. 5(b) [Fig.
5(c), Fig. 5(d)] is suppressed by at least an additional fac-
tor a, [a„a,] relative to Fig. 5(a), respectively. The am-
plitude of Fig. 5(a) has fiavor correlation in the final state
and leads to [p, coI + zrand tp, to, (()I+ Izl, zl'I final states.
Figure 5(b) gives rise to [p, to, pI+ [zl, ri'), as does Fig.
5(c) which is a small correction to Fig. 5(b). Figure 5(d) is
even more suppressed, but is the lowest-order diagram
producing the zr + ttz final state: it leads to
Ico,PI+ [zr, zi, zi'I. We can estimate the relative size of
these corrections to e from the data: Fig. 5(b) has as larg-
est contributor J/f~p+g'. Using the radiative J/f de-
cay to g' and vector dominance as input, we get
1.1)(10 for this DOZI electromagnetic rate, compared
to an observed rate of 1.1X10, a possible correction of
30% to the amplitude e. The diagram Fig. 5(d) can con-
tribute to J/ttz~n+P .Com. paring the upper limit of
8 &2.6)&10 for zr +P to the reduced branching ratio
8 =1.6)& 10 for m +co, one deduces that the amplitude
of Fig. 5(d) contributes less than 20% of Fig. 5(a).

In order to simplify the expressions in Table VIII, we
make use of the fact that e, r, s, s, and s„are all small
numbers and we therefore drop any product of those
quantities when compared with g or unity. This results in
Table IV, which will be compared to the data. The pre-
cision of the data' is in the best case about 6%%uo, justifying
that we ignore second-order correction terms.

APPENDIX C: LIMIT ON MIXING
OF THE VECTOR MESONS

In our analysis above we have assumed that the vector
mesons are ideally mixed to sufBcient precision to ignore
any vector mixing terms in the amplitudes. When using
these amplitudes we kept terms of order 10%%uo. Our ap-
proximations will therefore be valid provided we can
show that the mixing is smaller than or of the order of a
few percent. The most sensitive test of the mixing can be
made in processes where there is interference between the
strange and light quarks within a vector meson. Such a
case is g'~yen, which can be normalized to q'~yp
where only the light quarks contribute. We take for g'
the wave function z7'=0. 58

~

utT+dd )/&2+0. 81
~
ss),

as in our earlier analysis, while for the ~ we take

1

9

Xn (1+4R ) —2 Y„Y„+R
2

L

X„(1+2R)+&2R Yn

(C 1)

Here E o= k, K„~k„are kinematical factors integrated
over the Breit-Wigner resonance of the p and e, respec-
tively, and thus are very sensitive to the exact parame-
trization of the Breit-Wigner shape. In Ref. 14 the reso-
nance shape of the p was determined and we find
K„/E =0.84+0.06, where the error describes the un-

certainty of the parametrization. Using the measured
values 8 (ri'~ yp) = ( 30.0+ l.6)% (Ref. 18) and
8(zl'~yea)=(3. 3+0.36)% (Ref. 45) gives Y =( —3. 1

+2.2}% for R =0. Using instead the Particle Data
Group (PDG) value 8(ri'~yea)=(2. 7+0.5)% (Ref. 18)
gives Y„=(0.6+3.0)%. The uncertainty in the p line
shape contributes an additional systematic error of
+1.5%. We cannot determine Y„and R simultaneously.
For the branching ratio of Ref. 45, setting Y =0 gives
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