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Interference in the XZ decay mode of the f0 and A2 mesons is discussed in terms of the
mass-matrix formalism. It is shown that the measurement of the f0 KEY branching ratio
can be in error by an order of magnitude if interference is not properly accounted for. Data
from x+p and x p reactions at 18.5 GeV/c are used to determine the (f EQC)/(f ' m)
branching ratio R&0 using the known A2 JCT7 branching ratio and assuming a value
for the coherence factor. We find 9%~Ryo ~18%.

I. INTRODUCTION

The f'- KK branching ratio has been a rather
difficult quantity to measure for several reasons.
First, the rate is small. But perhaps more im-
portant, interpretation of the (KK)0 mass spectrum
is complicated by the presence of the A,'. Since
the A,'and f' both have J~= 2' and have masses
which are close relative to their widths, inter-
ference in the (KK)' mass spectrum is expected
to be strong. ' The A, -KtT branching ratio itself
can be determined without this complication by
looking at the K'K' decay mode since the A, has
I =1.

Previous experiments' have attempted to mea-
sure the f'-KK branching ratio without taking
interference into account. Here we describe the
interference effects in detail and show that dif-
ferences in the branching ratio of one order of
magnitude can arise depending on whether the
interference is constructive or destructive. This
theory, based on the mass-matrix formalism, is
developed in Sec. II. The experimental data are
discussed in Sec. III and the data are fitted using
the interference formalism in Sec. IV.

II. THEORY

If one observes a KK pair of invariant mass m
from the decay of either an f' or an A'„ the
amplitude for this observation is given, in the
mass-matrix formalism, ' by the matrix product

S(KK)=(B, B,)P(m)
2

where B, and B, are the f' and A,' production
amplitudes and the T's are their KK decay
amplitudes. The matrix P is given by

( ), (m —m +iy~)
(m-m, +iy, )

' (2)

where m, and m, are the f' and A', masses, the
y, 's are their half-widths, and 5= -(f'~M~A', )
denotes the f'-A2 transition due to the electro-
magnetic mass operator. (Here 5 must be elec-
tromagnetic because of the different isospins of
the f' and the A, .) Neglecting terms of order 5',
Eqs. (1) and (2) yield

S(KK) = B,T~b~ + B2 Tabm —5(B~ T2+ B2 T~)(b~ b2),

(3)

where b; =1/(m —m, +iy;). The B's and T's in (3)
are complex, and thus the expression is quite com-
plicated in general. The magnitude of these am-
plitudes can be estimated from the f' and 420

production cross sections and from their KK
partial widths. Furthermore, an estimate of 5
can be obtained from the work of Coleman. ' These
estimates show that the absolute magnitude of the
third term in (3) is less than 5% of the magnitude
of the first two terms, and thus we neglect the
term linear in 5. Thus we can write

d&(KK)/dm= ~B,T,b, +B,T,b, P



f 0-Ao INTERFERENCE. . .

Note that the production and decay amplitudes now
appear in pairs so that there is only one phase
angle, Q (other than an arbitrary rotation), as a
variable. Redefining constants, we can write this
expx'esslon as

dh(KK)/dm = II '[A-y, '~'V, + a exp(iy) y, '~'f, ]'
= A'II '[y '~'b + rexp(IItI) y '~'b ]'
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where r' = B'/A' is the ratio of the intensity of the
A', meson to the f' meson in the KI7 mass spectrum
Here A, J3, and r are real. The fraction of A,' in
the KK mass spectrum is given by

E = B'/(A'+ 2P)

Noting that the terms in (4a) correspond to I= 0 and
1 production of a neutral KK system, we can write
the intensities for the K'K and K'K' mass spectra,
utilizing Clebsch-Gordan coefficients, as

dh(K'Z )/dm =-,'A'v '[-(c;+-d,')+ ~'(c,'+ d:)

+ 2rcI(c,c, + d, d, )cosy

-2~o, (c,d, —c,d, )sing] (4b)

FIG. 1. The enhancement factor E as a function of
E, the fraction of A~& in the E+X mass enhancement for
several values of @. These curves are for complete
f -Q2 coherence (0!= 1.0).

events as compared with the number calculated
without considering interference effects. Figure
1 shows the dependence of E on E for several
values of ItI with cI =1.0. The enhancement ap-
proaches E =2 for E= 0.5 and $ =30 . This means
that a KK branching ratio determined from K+K
events without considex'ing interference effects
couM be high by a factor of two. On the other hand,
E~ 0.2 for E= 0.5 and P = -l50' and would result
ln a bx'anchlng x'atlo low by a factox' of 5. Thus
errors in the branching ratio as large as an order
of magnitude can result if an incoherent sum of
Breit-Wigner amplitudes 5; is assumed.

III. EXPERIMENTAL PROCEDURE

dh(K'K')/dm = —,'A'II '[(c,'+ d, ') + ~'(c,'+ d,')
The xeactions which we have studied to deter-

mine the KK branching ratios are

2&IX(cgc2+ d~d2)cos@

+2ycI(c,d, —c,d, )sing], (4c)

where c, and d; are the x eal and imaginary parts
of the expression y, ' 'b;, and we have introduced
the coherence factor 0. where 0 & n & 1. We ob-
serve that, except for the case of a=0, the in-
dividual K'K and K'K' mass spectra depend on
P and that the f' and A,'contributions interfere
with opposite phases. Their sum is, however,
independent of Q and of the coherence factor and
ls given by

dh(KR')/dm = A'v '[(c '+ d, ')+ r'(c, '+ d,')]. (5)
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To show how interference effects in the K'K
mass spectrum vary with P and E, we define an
enhancement factor E fox the K+K mass spectrum
as

E(K'K ) =2h(K'K )/h(KK),

where the N's are calculated by integrating' Eqs.
(4b) and (5) over m. Thus E is a factor represent-
ing the increase or decrease in the number of K'K
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FIG. 2. The m+m eQ'ective-mass distributions from
the reactions (a) x+p px+m+~ and (b) m p pm+ad n
at 18.5 GeV/c. The smooth curves are background
estimates used to measure the j0 signal.
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FIG. 3. The p~x~ effective-mass distributions from
the reactions (a) x+p px+x+x. m and (b) m p pm+a 7I-

m at 18,5 GeV/c. The A2 signal is estimated from the
FAKE background curves shove.
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at 18.5 GeV/e. The most copious decay modes of
the A,' and f' are pw and ww', respectively, so the
reactions in which we measure these decays are

{10)

The procedures used in obtaining these event
samples from 322 000 pictures taken in the Brook-
haven 80-in. hydrogen bubble chamber axe dis-
cussed elsewhere. ' '

Figure 2 shows the m'n effective-mass distri-
butions for reactions (10). Clear f' signals can be
seen for both w'p and m p reactions, and cross
sections have been determined for fc production
followed by mn decay using the smooth curves
shown as background estimates. After correction
to include the m'm' decay mode, these cross sec-
tions are 153a 28 pb and 8V a 8 pb for the w'p and
the n p reaction, respectively.

Figure 3 shows the p'm' effective-mass dis-
tributions for reactions (9). The A', signals are
much more difficult to observe than the f' signals
in Fig. 2 because of a lower cross section and a
higher background due in part to the large back-
ground included in the p' selection. [This selection
was made by requiring 0.66 & M(w'w') ~ 0.86 GeV.]
The background curves shown are based on events
generated by a Monte Carlo program. Estimating
the cross sections for A,'prod'. ction followed by
pm decay from the excess of events between 1.20
and 1.36 GeV and correcting for pn events excluded
by the p selection, we find values of 21.5+ 5.0 pb

and 18.5+ 2.8 pb for the w'p and w-p reactions, re-
spectively.

To measure the KR' decay rates of the A', and f0

produced in reactions ('I) and (8), we have isolated"

I
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FIG. 4. The distribution of MX2 (see text) for
(a) ~+p and Q) x p 4-prong interactions at 18.5 GeV/e
for events mth an identified proton. The background
and the XF and pp signals are shove by the smooth
curve.

the reactions

in our 18.5-GeV/c experiment. To determine the
cross sections for these reactions we have used
an unfitted energy-momentum technique similar to
that used by Ehrlieh ef; a/."for the study of the
reactions n'p-pppn'. These reactions are of the
generic type
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FIG. 5. The Xx and P n effective-mass distributions
for the reactions + pIC"E H at 18.5 Gev/c.

where X'X represents a particle-antiparticle
pair. Using the measured momenta of the particles
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FIG. 6. The E'+X effective-mass distributions for
the reactions x+p pE+E. - m.+ and m p pE+X x-, The
curve is described in the text,

we first impose a momentum-conservation con-
straint to eliminate reactions involving neutral
particles. Energy conservation is then used to de-
termine the mass Mx of the X' and X particles.

The distributions of Mxa for the m'p and the m p
interactions with an identified proton are shown in
Fig. 4. Apart from the dominant m, ' peak, we
observe significant peaks at the m~' and m~'
values. The cross sections for KK and pp are
significantly higher for w'p than for n p interac-
tions. To determine the pp and KF7 signals a de-
tailed study was made of the background. " After
correction for background and for selection inef-
ficiency we obtain cross sections of 51.5 + 13.5 yb
and 27.0+ 9.5 pb for the v'p and n preactions -(11),
respectively.

In Fig. 5 are shown the Km' and pm' effective-mass
distributions for events of reactions (11)selected
by kinematic fitting. Resonance production is
particularly strong for the m'p data as evidenced
by K*' and N~" peaks. Detailed analyses of
these peaks show that they correspond to 34% and
17%%uo of this reaction, respectively. The statistics
for the w p reaction are too small for us to make
any strong statement other than to note that res-
onance production is less prominent.

Figure 6 shows the K'K mass distributions for
reactions (11). The dashed curve is peripheral
phase space and is normalized to the data at the
high end of the mass spectrum. The three peaks
seen in the data correspond to S*(1060)production,
f '(1520}production, and a broad enhancement be-
tween 1160 MeV and 1360 MeV corresponding to
the f'-A', mass region. We will concentrate on
the latter peak in order to determine the fo-KK

lV. THE f ~EE BRANCHING RATIO

If interference effects are ignored, we can de-
termine the branching ratios 8+= (A, -KK)/
(A, -pv) and ftfo=(f'-KK)/(f'-ww) directly
from the data in Sec. III if we assume a definite
fraction of A,' in the f'-A,' peak shown in Fig. 6.
Figure V shows these ratios as a function of the &30

fraction E and corresponds to the case with co-
herence factor 0. =0.0. We have included correc-
tions fox' the E'Eo decay modes in computing the
ratios in Fig. V.

In order to include interference effects, we
must assume a value of o. and then determine x'
and Q in expression (4b). The values of r' (or E)
and Q will correspond to an enhancement factor E
(Fig. 1)which canthenbe incorporated into A„,and

A&0 in Pig. 7 to yield the correctbranching ratios.
To determine ~' and Q, a maximum-likelihood fit
to the K'K mass spectrum (Fig. 6) in the region
1120 ~ M(K'K ) ~ 1400 MeV was done using ex-
pression (4b}. For u =1.0, the best values of the
parameters are E =1% and Q = ll'. This fit is
shown in Fig. 6 and in Fig. 8(a). In Fig. 8(a}are
shown 1-, -2-, and 3-standax'd-deviation contoux's
in the E-P plane. Because the uncertainties in P
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FIG. 7. The vaiues of Bz = (A2 &E)/(&2 p~)
&&d +0 = {f«xx)/{J «&w} Rs R fU110tlOu of E 1f
interference effects are ignored.

branching ratio. This peak corresponds to a cross
section of 10.9+3.1 pb above background for the m'

data and to 6.1+2.6 pb for the n- data.
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and E from the fit are large, we have not attempted
to determine both A„and A&0 from our data, but
we assume 8„,to be knovrrl and then determine
RI0, P, and E. (As discussed earlier R„can be
measured unambiguously from charged-A. 2 de-
cays. ) For R+ we use the A, branching fractions
recently reported by Barnham et al." These
branching fractions correspond to R„=(7.7+ 8.9)%."2
Contours of R„ in the E-Q plane are shown in
Fig. 8(b). [Contours of Rzo are given in Fig. 8(c)
for ready reference. ] The intersection of the 1-
standard-deviation area of Fig. 8(a) and the 8/0
& R+ &12% area" of Fig. 8(b) is shown in Fig. 8(d).
From this figure we obtain the results, 9.0/0

&R,0&18/0, -1.8&/&2. 0rad, and 2 5%&E&.7.5%.
In order to study the sensitivity of these re-

sults on n, we have performed similar analyses
for n =0.5 and a =0.0. These results are showrl

in Table I along with the results for n = 1.0. It is
interesting to note that the value of A&0 is rather
insensitive to n.

Finally, since it is possible that Q is different
for the m+ and the m- data, we have used the m'

data sample by itself to determine 8~0. This re-
sult, for o. =1, is also given in Table I. We note
that this result is consistent with the results for
the combined data.

V. CONCLUSIONS

We observe a peak in the K'K mass spectrum
between 1.16 and 1.4 GeV which can be interpreted
as being due to the Z'K decay mode of the f' and
AD, mesons. These channels can interfere. Ana-
lysis of the spectrum yieMs an (f'-KEY)/(f'-nw)
ratio of 9% & Rzo & 18% if we assume that the A, is
a simple (nonsplit) 2' resonance with a KZ/prr
branching ratio between 3% and 12%, and that the
coherence is maximal, Although the relative
phase between the f' and A20and the fraction of A,'
depend on the coherence factor n, the branching
ratio is relatively independent of e.

We show that the combmed E Z and K K mass
spectrum would not be affected by interference
effects. We suggest that R higher statistics experi-
ment with a capability of measuring both E, "E
and K'F7 mass spectra vrould be very informative
in studying the branching ratios. The phase de-
termination using the individual mass spectra as
a function of mass could be important regarding
the question of splitting of the A, meson.

Co
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I -3-
40 0

SOLUTION
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FIG. S. (a) Contours of equal likelihood in the +I'
plane for function (b) fitted to the data of Fig. 6 in the

f0-A.02 region. (b) Contours of B& in the +J' plane"2
determined from the data. (c) Contours of B&0 in the
+J' plane determined from the data. (d) Best solution
obtained by superimposing the acceptable regions from
(a) and (b).
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From a sample of 393 Z p decays, me have selected 63 events in which a proton recoil
from a neutron interaction in the chamber is observed. From the measured values of the
electron-neutrino angle we conclude that for the Z ee-v, )gz/gr( = 0.29~ Q. This re-
sult is obtained from a maximum-likelihood calculation which includes the effect of a well-
understood background of 27+ 6 events contained in our sample.

I. INTRODUCTION

The ability of the Cabibbo' theory to corre-
late all data on leptonic decays of hadrons has
prompted a series of experiments to improve the
experimental information on such decays. In par-
ticular, on Qe basis of the rates alone for leptonic
decays, the theory can predict the magnitude of
the vector and axial-vector coupling, thus inviting
more direct comparisons with observations.

Methods by mhich the relative amounts of such
couplings can be determined in the leptonie decay

of a spin--,' baryon into three fermions are mell
knomn. "For the decay of unpolarized baryons
a,nd when the polarization of the decay baryon is
not observed, the electron-neutrino correlation
or equivalently the baryon recoil spectrum is very
sensitive to the type of interaction, but not the
relative sign of the tmo couplings. In the case of
the decay Z n+ e + T, the presence of tmo neu-
tral particles in the final state makes the deter-
mination of the relevant correlation very difficult.
However, since it is easier to produce a large
number of unpolar ized Z hyperons than polarized


