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Evidence for structure near the ~ mass in the (T(+z ) mass spectrum from the reac-
tionpp 2x 2x, at incident momenta from 1.26 to 1.65 GeV/c, is presented. %e in-
terpret this structure as arising from. p-~ interference in the 2~ decay mode, with a sta-
tistical significance of about 3.5 standard deviations. The effect can be well fitted by a
partial width I (~ —2m) in the range 0.18 to 5.3 MeV (95VO confidence level). Alternative-
ly, if F(~ 2~) is taken from e e colliding-beam results, our data can be used to study
both the relative phase and coherence of p and ~ production in pp annihilation.

Several experiments' ' have recently reported
observations of the G-parity —violating 2z decay
mode of the ~. In each case, the amplitude was
seen in interference with the broad p- p'7t de-
cay spectrum. The effect may be described in
terms of a rate I"(~-2v), an interference phase
y, and a coherence factor for the p and ~ am-
plitudes o.. However, the partial rate I'(~-2m)
cannot be uniquely determined unless the co-
herence factor is known. With the exception of
the e "8 colliding-beam experiment, ' the produc-
tion coherence is unknown because the experi-
ments sum over several dynamical variables (in-
cluding the incident beam momentum), and con-
sequently yield only limits for I'(~-2m).

In this experiment, we have analyzed the v+z
mass spectrum obtained from 1448 events of the
reaction

pp ~Tl 17 1T 7l

in a search for p-~ interferenee effects. The
data were obtained from the analysis of 122000
pictures in the Ar gonne-MURA 30-in. hydrogen
bubble chamber, covering a range of incident p
momenta from 1.26 to 1.65 GeV/c. The experi-

mental mass resolution is a critical factor in an
experiment of this type, so that a careful evalua-
tion of the (m'w ) mass resolution in the p region
was made. This evaluation yielded a full width at
half-maximum (FWHM) of 10+ I MeV, and was
confirmed by a study of A'-m'm decays. A' de-
cay and w-z'p z' decay also allow a. check on
the absolute mass scale to an accuracy of &1
MeV. The strong magnetic field (32 kG), the
high optical precision of the 30-in. chamber, and
the use of four-constraint fits are all factors in
obtaining good resolution.

Figure 1 shows the m+m mass spectrum from
Reaction (1) in the region of the p, with no cuts
applied to the data. The spectrum shows statisti-
cally significant evidence for structure near 780
MeV, which we interpret as a manifestation of
p-& interferenee in the 2m decay mode. The p-
and ~-production reactions which contribute can
be written as

(2)

pp 1T 'V (d,
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FIG. 1. Part of the mass spectrum of ~+m from Reaction (6). The dashed curve is a fit to the histogram with-
out interference terms. The solid line is a fit with interference terms whose parameters correspond to the dashed
line on Fig. 2.

with average cross sections of 2.3+0.3 and 3.0
+0.2 mb, respectively, in this experiment (they
both decrease with momentum). We will return
to a description of the properties of these produc-
tion reactions, after describing the theory and
procedures used for fitting the m'm mass dis-
tribution.

Several theoretical papers~' have discussed
the p-(d mixing problem and they differ in cer-
tain respects. We have followed the formulations
of Harte and Sachs' and Gourdin, Stodolsky, and
Renard' and shall outline the basic equations
here.

In the absence of electromagnetic effects, the
states p, and ro„defined as states of pure G pa-
rity +1 and -I, would decay independently into
the 2m and 3p decay channels, respectively. The
most important effect of turning on G-violating
electromagnetic interactions is to introduce a
small real off-diagonal term in the po, coo mass
matrix. This mass matrix describes the time
development of the free p„cop states, and the ef-
fect of the off-diagonal element is to couple their
decay.

The physical p, v states are obtained by diag-

onalizing the mass matrix. The eigenvectors
then represent states that decay independently
and, neglecting terms of order e', are given by

e =6/(m, --,'iT —m +-,'il" )'~o ~o ~o ~o '

The decay rate of the physical u to 2z is then
given by

I'((u-2') I'(p-Sm)
I'('p -2w) I ((u-Sm)

simply as a result of the mixing. This depends
on the assumption that 5 is real, i.e., that the
direct decay wp 2p is negligible. '

If the physical p and + amplitudes in the 2z
channel are represented by A and A, the 2z
mass spectrum is given by

d&f™fp(iii)l& 'IfBw (m)l'+&p'lf p(m)f'+2~& &, Re(e"fB~ (i')kg p*(iii))],
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where f, (m) is a phase-space factor, f» (m)
and fB~ (m) are Breit-Wigner amplitudes for
the p and ~, and n is the coherence factor of the
two amplitudes (0&a&1). Equation (8) may be
derived by considering the general p-~ density
matrix

(A A, ae

A Apne

)
(8a)

A constant-width Breit-Wigner formula, with the
fixed parameters rn = 784 Me7 and F =13 MeV,
was used for the ~. We fitted the data over the
invariant-mass region from 0.50 to 0.97 GeV in
10-MeV bins, with the 10-MeV FWHM resolution
folded into the theoretical curves. The p param-
eters were determined by fitting to a single reso-
nance plus background without using data from
the three bins in the interference region. This
procedure gave a low mass value (743 MeV) and
large width (I'~ = 180 MeV) which, however, were
also found in fits to both the charged and neutral
gg spectrum in the five-pion final states in this
exposure. ' Furthermore, m and I' were rela-
tively insensitive to the use of the data in the in-
terference region.

With these parameters for the p fixed, the
spectrum was fitted using Eq. (8) and a phase-
space background. ' The three important param-
eters involved in fitting the interference pattern'
are A, y, and n. In fact, only two of these pa-
rameters are essentially independent. This can
be seen by noting that the interference signal
consists in essence of a part that is odd about
ng, proportional to eA A since, and an even
part, proportional to eA A cos~p and A '. With

Insofar as n-1, the phase of the correlation term
y is just the relative phase of A and A .

We fitted our data using the expression in Eq.
(8) with an additional incoherent "phase-space"
background. For the function f, (m), a two-out-
of-four-body phase space was used. To check
that this is a reasonable representation of the
actual background, which is mainly combinatori-
al, we examined the doubly charged two-pion in-
variant mass distributions, and found that fp, (m)
was indeed very similar to these in the mass re-
gion of our fit. A P-wave Breit-Wigner reso-
nance with mass-dependent width was used for
the p:

fB~ (m) = I" '~'(m)/[(rn '-m')-im I" (m)], (9)

I' (m) = I 0(rn /m) (q/q )'.
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FIG. 2. The best value of g, the corresponding
phase p, and coherence o. for different values of I' (~—2x). The horizontal arrow indicates the 95% confi-
dence 1imits for I'~ (cu —2n) (&X =2.7). The fitted
curve on Fig. 1 corresponds to the values given by the
dashed line. Typical uncertainties on p and & are
shown.

the limited resolution and statistics in experi-
ments such as this, these even and odd parts are
the two measurable quantities, and do not suffice
to determine the three unknown parameters
uniquely. Only the condition a&1.0 allows us to
set upper and lower limits on A . Since we also
observe 1250 events of Reaction (3) where ~ de-
cays to 3z, we can relate A„directly to the quan-
tity I""'((u- 2w).

Figure 2 shows the minimum for g' as a func-
tion of I'", as well as the fitted values for y and

+, where e was constrained to be ~1.0. The sta-
tistical significance of the effect is evaluated by
noting that X' decreases by 23 when interference
terms are included in the fit, corresponding to
an effect of more than 3.5 standard deviations.
The parameters of the interference fit shown in
Fig. 1 are indicated by a dashed line on Fig. 2.
The 95/0 confidence limits for I'~'(u-2m) as
shown in Fig. 2 are Q.42 and 2.3 MeV' '. The cor-
responding lower limit for the data of Qoldhaber
et al. ' is Q. 17 MeV' '. For the colliding-beam
experiment, ' I""'(&u-2w) is found to be 0.63 + 0.23
MeV'", which is in agreement with the SU(3)
predictions based on the experimental knowledge

620
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of the p'/p' and K* /K*' mass differences, ' but
there is serious disagreement with the predicted
phase. '

Taking 1""' in the range 0.4-0.8 MeV' ' in
agreement with theory and other experiments,
we see from Fig. 2 that the coherence is proba-
bly greater than 0.9 and is greater than -0.4 with
90% confidence. At first sight, such a large co-
herence seems surprising, since we are sum-
ming over recoil mass, helicity states, produc-
tion angle, and beam momentum. In an attempt
to place an upper limit on the coherence, we
have examined the following features of the p-
and w-productions reactions:

(l) Recoil mass distributions. The mass spec-
tra of the m'm system recoiling against the p
and &u are shown in Fig. 3(a). (The &u events used
are those exhibiting the normal 371 decay mode,
of course. ) The spectra show p and f peaks of
comparable magnitude.

(2) Production angular distributions. These
are shown in Figs. 3(b) and 3(c). The two histo-
grams show similar features.

(3) Helicity-state populations. We computed
the density matrices of the p and co in the helicity
frame, and obtairied, for ~,

p„=0.40+ 0.01), p, , =0.09+ 0.02,

Rep, = 0.01 + 0.01;

for p,
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FIG. 3. (a) Histogram of the rr mass spectrum re-
coiling against ~ (background subtracted). & cut = 0.775-
0.810 GeV/c2. The smooth curve represents the wm

mass spectrum recoiling against p. Due to background
considerations, this cannot be obtained from simple
cuts and has been reconstructed from detailed likeli-
hood fits for the 4x channel. The area is normalized
to equal that of the histogram. (b) Center-of-mass
production angular distribution for p (background sub-
tracted). The statistical error is shown. (c) Center-
of-mass production angular distribution for v (back-
ground subtracted) .

pyy 0 40 + 0 01, p, , =0.02 + 0.02,

Repro 0 01 + 0 01.

These errors are statistical and do not include
systematic uncertainties in the background sub-
traction.

(4) Cuts. We have examined the effect of cuts
on the distribution shown in Fig. 1. We made
cuts on beam momentum, recoil pg mass, and
production angle, but saw no clear evidence for
a change in the appearance of the structure in
the co mass region, within the reduced statistical
accuracy of such cut samples.

None of these analyses allows us to put a useful
upper limit on the coherence —even though we are
summing over many dynamical variables.

Again taking I"' ' in the range 0.4-0.8 MeV' '
we can use our data to determine that the effec-
tive phase of Eq. (8) lies in the range y= 60'-90 .
Further, since the coherence is near 1, we in-
terpret this value of @ as a measurement of the
dominant phase of the p, component of physical

"relative to p. Then from Eqs. (4)-(6), if 6 is
positive, ' the phase of e is in the range 90'-125,
which implies that the production phase of p rela-
tive to w is between 0' and 65'.

In summary, this experiment provides evidence
that p and ~ production in pp annihilations in this
energy range take place with a fairly large co-
herence and dynamical similarity. This situation
resembles that for p/&u production in K p colli-
sions at high energy, where the independent-
quark model provides a simple way to interpret
the observed p/v similarity. " For the present
case, the measured coherence and phase for p/"
production should provide a useful test for mod-
els of annihilation. For example, a reaction
mechanism involving a sequence of nonoverlap-
ping S-channel resonances of pure G parity would
lead to incoherent p/" production.
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The effects of the cuts correction to Regge-pole amplitudes is investigated at inter-
mediate energies. It is shown that, as a consequence of this correction, "resonance"
bumps appear in total cross sections.

Some time ago Schmid' pointed out that the par-
tial-wave projection of a crossed-channel Regge
pole can give rise to counterclockwise circles in
the Argand diagram. In many cases these circles
strongly resemble' the "resonance circles"
found in actual phenomenologieal partial-wave
analysis. At this stage the most obvious conclu-
sion is that the Regge-pole amplitude "contains"
most of the s-channel resonances, or, in other
words, the relation

AR'96'(s, t) =A "(s t)

holds not only in the finite-energy sum rule
(FESH) average sense, ' but even locally. The
most obvious criticism" of this idea is that the
smooth Regge-pole amplitude does not contain
second-sheet poles. Furthermore the maxima
in the various partial-wave cross sections are
correlated in such a way that the resulting total
cross section is a structureless function of the
energy, this last feature is not characteristic of
the "true" resonances.

However, it must be remembered that from
general princip1. es, like Lorentz symmetry or


