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cop INTERFERENCE EFFECT IN THE m'P —w'7j' 4 + INTERACTION*

G. Goldhaber, W. R. Butler, f D. G. Coyne, B. H. Hall, J. N. MacNaughton, and G. H. Trilling
Department of Physics and Lawrence Radiation Laboratory, University of California, Berkeley, California 94720
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Evidence for a destructive interference effect between the p and cu —m'7r amp]. j.tudes
has been observed in the channel &'p —7t'7I 6 at 3.7-4.0 GeV!c. On the assumption of
complete coherence between the p and & &'r amplitude in a subsample, discussed
in the text, a branching ratio (v-n'x )/(cc e'w e' ) =1.5% is obtained with a 95% con-
fidence-level lower limit of 0.25%. The data do not lead to a significant upper limit.
In terms of 0, the off-diagonal element of the p & mass-mixing matrix, these values
are equivalent to 6 =2.7 MeV and a lower limit of 1.1 MeV. Under conditions stated in
the text, a value P =1.5+ 0.3 rad is obtained for the production phase of p relative to ~
in the channel studied.

m'P —m'm n'm'P (15814 events). (2)

Here we estimate p' production in Reaction (1) as
8300 events and ~ production in Reaction (2) as
4300 events. The data are taken from a recent
exposure consisting of 180000 pictures from the
Lawrence Radiation Laboratory (LRL) 72-in. hy-
drogen bubble chamber in a separated ~'beam at
the Bevatron. The first and (when necessary)
second measurements were carried out on the
LRL flying spot digitizer (FSD). In cases where
a further measurement was required we used the
on-line Franckenstein system COBWEB. All pro-
cessing of events was done with the SIOUX pro-
gram. In the present note we consider in particu-
lar the channels

m'p —n'm 6" (6844 events) (1a)

m'p —m'n w'&" (9596 events)

for which we estimate p production as 3200
events and ~ production as 2000 events. '

We have observed evidence for destructive in-
terference between the p' and the ~ in the n'm

final state, and thus for the two-pion decay mode
of the co. ' ' The observation consists of a 3.5
standard deviation dip in the m'm mass spectrum
at the u mass, together with indications of change
in this same mass interval of the decay angular
distribution in the m'n center-of-mass system.

The experiment is part of a systematic study of
the m'P interaction spanning momenta between
3.7 and 4.0 GeV/c in which we have measured and

analyzed 60 000 four-prong events. In particular
the observation is based on studies of the reac-
tions

w'P —w'm x "P (13060 events)
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for the channel 7t.+p

We first consider the four-momentum transfer
and decay angular distributions. The dN/dt, dis-
tributions for the p' and ~ events are shown in
Figs. 1(a) and 1(b), respectively. The corre-
sponding density matrix elements p" (evaluated
in the Jackson frame) are shown in Figs. 1(c) and
1(d). Here we define the "effective" four-mo-
mentum transfer squared t, as t, =t-tm;„+tm;„',
where t is the four-momentum transfer squared,t;„is its physical boundary value, and t;„'is a
constant corresponding to the physical boundary
for the central mass values of the two resonanc-
es under consideration, e.g. , p" and h".' We
find, in qualitative agreement with earlier re-
sults, 7 that the dN/dt, distribution for the pcb, "
events is of the form exp(at, ) with a = 12 (GeV/
c) ' and shows a break at It, ~

=0.4 (GeV/c)'. On
the other hand the dN/dt, distribution for the
cob" events is more complicated, exhibiting a
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FIG. 2. The &+7t invariant mass spectrum for the
channel 7t'p-&'& ~ . (a) The entire data. (b) For
1te1&0.22 (GeV/&) . The solid curve corresponds to
the fit to expression (3) in the text. The dashed line
represents the incoherent background contribution.
(c) For It, l&0.22 (GeV/c)'. (d) For It, I&0.22 (GeV/c)2,
with background subtraction from both sides of the ~
band. (e) Enlargement of the p u interference region
from (b). The dashed curve represents a fit with our
resolution function folded in and the result averaged
over each bin.

fairly flat region up to ~t, = 0.22 (GeV/c)2 with a
dip centered at It, I

=—0.24 (GeV/c)' followed by a
region with slope a = 3.4 (GeV/c) '. We note that
at low t, values both channels predominantly pop-
ulate the state Ijm) = I10), suggesting w and & ex-
change, respectively. (Our experimental results
do not depend on this interpretation. ) In the case
of the p events, Fig. 1(c), the p

' values decrease
gradually with increasing t, . In the case of the
m events, p goes through a dip at It, I

=0.24
(GeV/c)' and then rises again gradually. These
features will be discussed in detail in a later
note. For the present considerations of the inter-
ference effect in the m'm mass spectrum we con-
fine ourselves to the region It, I

& 0.22 (GeV/c)'
for which the average p" values are

(p ")=0.74+0.01 and (p ")=0.56+0.04.

The m'm invariant mass distribution for Reac-
tion (la) is shown in Fig. 2(a). A dip is seen at
the M(w'm )=780-790 MeV mass bin (where m„
= 783.4'MeV). We find that this dip in the m'w

mass spectrum is considerably enhanced for It, I

&0.22, Fig. 2(b); but does not occur for It, ~&0.22,
Fig. 2(c). A background subtraction' from the
two sides of the b."band, Fig. 2(d), enhances
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F)G. 3. (a)-(e) The cos0 distribution for the same
events as in Fig. 2(d) in a series of 10-MeV 7t'7r

mass intervals. The mass intervals in MeV are indi-
cated on each histogram.

the effect but leaves the statistical significance
almost unaltered. Increased confidence that this
dip is not merely a large statistical fluctuation
which happens to occur at the ~ mass is provided
by examination of the distribution of the indepen-
dent variable L9, the angle between incident v',
and outgoing m' in the 7t'Tt center-of-mass sys-
tem. At the mass of the ~, partial cancellation
of the v-m'm and p amplitudes could lead to a
change from the well-known characteristic dis-
tribution for p-decay; i.e. , a cos'0 dependence
together with a forward asymmetric term. Fig-
ures 3(a)-3(e) show the angular distributions,
with the same background subtraction mentioned
above, ' as the n'm mass varies from below to
above m . At the bin corresponding to the dip,
the cos6 distribution does appear to be somewhat
more isotropic, although on its own this effect is
not of great statistical significance.

We now proceed to estimate the branching ratio
R = (~ —v'~ )/(~ —m'n w') We .obtain a lower
limit to R by fitting the interference effect, for
the sample in Fig. 2(b), on the assumption that
for this sample the p' and ~ populate the same
helicity states and their 7I'~ decay amplitudes
are coherent. To obtain an upper limit to R we
would have to find a sample for which the p' am-
plitude vanishes while the + amplitude is still fi-
nite or for which one knows the degree of coher-
ence (e.g. , complete incoherence) between the p
and the ~- n'n amplitudes. Since no such sam-
ple is available in our data, we cannot give a sig-
nificant upper limit to R.
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It is clear from our data that we observe a de-
structive interference effect between the p' and co

amplitudes. Thus the overall phase difference
between the two amplitudes must be close to m.

This phase difference is composed of two parts:
(a) the relative production phase P between p' and

v, which is characteristic of our particular pro-
duction process (i.e. , through channels la and

2a), and (b) the phase P' of the G-parity violating
amplitude for v decay into Yt'7t which is common
to all reactions in which this decay can be stud-
ied. The observed interference effect thus im-
plies P+P'= w Usi. ng a phenomenological param-
etrization invoking only a few well-tested as-
sumptions (described below), the phase for &u de-
cay becomes P' = arg[b~(M)], permitting the w'w

mass spectrum dN/dM to be expressed as

dN/dM =n[~c&bz(M)+c ne ~(I &/2)'

&& b, (M)b„(M)I'+1(M)].

The expression bq(M) is the mass dependence of
a Breit-Wigner amplitude:

b„(M)= (r,/2)"/(M, -M fr, /2).

The two terms within the absolute-value signs
represent the amplitude for p' production-m'm
decay, and for x production- n'7t decay, aver-
aged over angles and the chosen t, interval.
Here the form of the v decay amplitude is moti-
vated by the knowledge that the "intrinsic" ~ -7tm.

decay amplitude is small' and hence the observed
decay must proceed through a p' intermediate
state. " In this phenomenological treatment, c ~

are taken as real numbers proportional to the
square root of the number of events of particle A.

produced in the selected t, interval. In this sam-
ple these numbers are Nz = 2130 and N = 540.
The term I(M) represents the background, con-
sidered here as incoherent, and of the form a
+ bM multiplied by a phase-space factor. The
quantity n is an overall normalization. Under the
assumption of complete coherence between the

p and co- m'm amplitudes in this sample, the
value of n gives the branching ratio by R = n'.
The expression —,n(I'&I' )' 'bz(M) describes the G-
parity nonconserving amplitude for co decay into
w'w, provided that R is "large" ( 1%). This
form of the vertex function follows from unitarity
(Watson's theorem) and from po dominance of the
P-wave w'w scattering amplitude. " Since the p
and co masses are very close, this yields" an v
-2w decay phase of P'=w/2 at M =M .

We have carried out a least-squares fit of ex-

pression (3) above to our data in Fig. 2(b) in
which we left n, P, M~, and I"~ as free parame-
ters. " The best values give a= 0.12+ 0.04, P =1„5
+0.3 rad, M&=766+3 MeV, and I'& =161+10MeV
when fitting to the data between the n'n mass of
650 and 900 MeV. Here the background intensity
was first estimated from the entire mass spec-
trum shown in Fig. 2(b) and amounts to 11% in
the mass region fitted. This fit is shown as the
solid curve in Fig. 2(b). The dashed line repre
sents the background term. The enlarged insert
of the region of the dip, Fig. 2(e), shows the fit
in greater detail (solid curve) as well as a fit
with our resolution function of full-width at half
maximum (FWHM) of 10+ 1 MeV folded in (dashed
curve). " We find that inclusion of this resolution
function has negligible effect on the fitting param-
eters and the quality of the fit. For the present
we have ignored the m'm 8-wave effect, in that
we have fitted mass distributions only. In the fu-
ture, if large amounts of high-resolution data be-
come available, it is an intriguing possibility to
study the S-wave effects in the ~-p' interference.
region.

Under the assumptions of the above fit, the val-
ue of n leads to a ratio R =1.5% and, in particu-
lar, allows us to quote the 95% confidence-level
lower limit of R as 0.25%. As we cannot mea-
sure the actual degree of coherence between p'
and ru-w'w decay, expression (3) does not lead
to a useful upper limit to B.

In conclusion, we have observed evidence for
destructive interference between p' and u —m'w

amplitudes in the channel w'P-w'w 4". If we

accept the above-mentioned theoretical value for
the ~- w'w decay-phase P', this leads to a mea-
sure of the relative p' and v production phase P
=1.5+ 0.3 rad, a result which has been interpret-
ed by Goldhaber, Fox, and Quigg" as evidence
for partial m'-B exchange degeneracy. This in-
terpretation then leads to predictions for P of
—w/2 for the w P —nw'w reaction and 0 (w) for
K - (g -) induced reactions. Furthermore, these
authors point out that universal coupling of pho-
tons to vector mesons implies P =0 for the e'e
—m'm formation. " Thus, for the different reac-
tions and P values, the interference pattern at the
~ mass is expected to go through the entire gam-
ut of possible shapes from destructive to con-
structive interference. The value we quote for R
from expression (3) will tend to be an underesti-
mate as any incoherent component in the data
sample of Fig. 2(b) will increase R. The related
quantity 5 (the off-diagonal element of the po, m
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mass-mixing matrix)' is given by & = (o.'/2)
x (I'~I' )' '. We thus obtain a corresponding value
of 6 = 2. 7 MeV and a 95% confidence-level lower
limit on 5 of 1.1 MeV.
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