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We have measured 1320 events from the reaction Pn — nta—n~ at 2.98 GeV/c inci-
dent momentum (2.76 GeV total c.m. energy). The regular structure of zeros present in
the three-pion Dalitz plot at lower energies is not found at this energy, except for a
depopulation of events at m2(i’l‘+ﬂ;) = m2(1r+1r9 ~ 1.1 GeV?. The Dalitz plot population
presents other structures which appear to be correlated with the angular variables describ-
ing the reaction.

1, Introduction

The reaction .
- M

has been studied, at rest, by the Rome-Syracuse collaboration [1] and, at p mo-
menta from 1.0 to 1.6 GeV/c, (c.m. energy from 2.08 to 2.29 GeV) by the Berkeley-
Padova-Pisa-Torino collaboration [2]. :

The Dalitz plot of reaction (1) shows some interesting features. At rest, in addi-
tion to the resonance bands at about the p° and f° masses (that are not well-de-
scribed by simple Breit-Wigner line shapes; see ref. [1]) two other structures are
present, The most striking is the complete depopulation in a roughly circular region

pn->atnTaT
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2 L.M. Barone et al. | Production of three charged pions

centered at m2(n*n7) = m*(ntny) = 1.1 GeV?, of radius about 0.2 GeV?. The other
is an accumnulation of events in a region around m*(ntny) = m*(atny) = 1.65 GeV?2.

At the higher energies the Dalitz plot shows a similar behaviour, i.e., a “hole” and
a “maximum” in the same positions as at rest. Furthermore, similar structures
appear in the phase-space region made available by the increased c.m. energy of the
reaction. These new structures are a second “hole” along the diagonal of the
Dalitz plot at m3(ntn)=2.17 GeV? and two more holes placed symmetrically
with respect to the diagonal of the Dalitz plot at m(r*a7) = 1.1 GeV?, m2(n* )
~ 3.2 GeV? and its.symmetrical partner. The three new holes fall near the Dalitz plot
contour and, together with the hole and maximum present also at rest, form a pattern
suggesting some regularity, falling at the vertices of a square lattice. -

We have studied reaction (1) at 3 GeV/c of incident p momentum, to see if this
pattern persists.

The experimental method is described in sect. 2. The Dalitz plot is discussed in
sect. 3, where our data are compared with those at lower energies. In sect. 4 we will
discuss the effects on the Dalitz plot population of some angular cuts.

Preliminary results from this experiment have already been presented at Stock-
holm (1976) [3a] and Budapest (1977) [3b].

i

2. Experimental method

The data come from an analysis of ~400 000 pictures taken in the CERN 2m
deuterium filled bubble chamber exposed to a separated beam of antiprotons of
.98 GeV/c momentum from the CERN PS. The magnetic field in the chamber was
1.7T.

All the 3-prong events from this film (~190 000) have been measured, % of them
om 3 PEPR. zt Pecova, operated in zone guidance, the remaining % ona HPD at ’
T™AF = operated W road guidance.

The events nave oeen reconstructed using the CERN program THRESH (mass
dependent). About one third of the events could not be successfully reconstructed
after the first measurement and were remeasured. The fraction of failures for the
remeasurements was again one third.-A careful analysis of the failures after the first
measurement and visual inspection of part of the failures after the second measure-
ment, showed that the failures were independent of the particular nature of the
events. No third measurement was therefore performed on the remaining 13% of the
events.

A kinematical fit was performed on the events using the CERN program GRIND.
In the final state there is always an-unseen spectator proton (ps) which was treated
as a measured track with p, =p, =0 %30 MeV/c, p, = 0 £40 MeV/c, following

* Centro Nazionale di Analisi Fotogrammi, Bologna, Italy.



L.M. Barone et al. [ Production of three charged pions 3

the standard procedure for deuterium experiments. 1513 events gave a fit to the
hypothesis:

pd = prtna )

with confidence level P(x?) > 0.005.

The reconstructed momentum of the proton shows a spectrum in agreement
with the deuteron wave function folded with errors as expected. Accepting only
events with P(x?) > 0.02 and beam momentum between 2.910 and 3.050 GeV/c
reduces the sample to 1415 events. Some of these gave a fit to more than one
hypothesis. When the ambiguity was between a 4C, n*n~n~ final state and a state
with an additional 7°, the former was always.accepted. The only 4C-4C ambiguity
present was between n'n ™™ and K*K ~#~; the fit with a lower x* was accepted.
The final sample consisted of 1320 n*n 7~ events.

The cross section for the three-prong Pn interactions (topology 3) obtained from
our data is 12.5 £ 0.4 mb, in good agreement with previous measurements by
Eastman et al., at 2.9 GeV/c [4]. The branching ratio of reaction (2) is 0.90%. To
evaluate the cross section of reaction (1) we must also take into account the events
with a spectator proton momentum large enough to leave a visible track in the
bubble chamber. The size of the chamber is such that practically all such protons
stop in the liquid deuterium (we observe, with high efficiency stopping, spectators
of momentum up to 400 MeV/c).

We have, therefore, scanned the film also for three-prong events plus a visible
stopping proton track (topology 3s). From this scanning we obtain for the ratio
%; (3 +3s5) = 1.52 £ 0.04. Applying the correction for the screening effect of the
deuteron, which is estimated, from total cross-section measurements to be 1.08 at
our energy [S], we get the cross section of reaction (1) in deuterium ¢ =0.18 #
0.01 mb.

3. The Dalitz plot

Fig. 1 shows the (symmetrized) Dalitz plot and its projections on the m*(n*n™)
and m?(n ™7™ axes. The resolution in m? is about 2% on the whole range. On the
Dalitz plot (and on the m%(n*7™) distribution) two accumulations of events are
visible at the p0 and ¢ masses; no signal is present at the g mass. However, a quan-

“titative description of the Dalitz plot by simple incoherent superposition of known
resonarces is not possible, as it was not possible at lower energies. The limited
statistical weight of the sample does not allow more complex parametrizations.

As stated in sect. 1, at lower energies a regular pattern of depopulated regions
(*“holes™) was observed. The comparison of the Dalitz plot at rest [1] with that at
1.0-1.6 GeV/c [2] had suggested that its main features could be determined mainly
by the values of m*(n*n7 ) and m2(7r+772‘ ), regardless of incident energy, To study
whether this is supported by the present experiment, we counted, on the present
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Fig. la. Dalitz plot for the 1320 events pn— ate—n at 3 GeV/e (2 X 1320 entries).
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Dalitz plot, the numbers of events contained in circular regions of 0.26 GeV? radius
centered at the position of the holes observed at lower energies; we then compared
these numbers with those expected in the following two hypotheses:

(a) the density of points in the “hole” position is that expected for a uniform
Dalitz plot;

(b) the density expected is the average density in the “valley” between the p°
and f° bands (0.88 < m*(n*n7) < 1.28 GeV?).

The same was done, for comparison, for the Dalitz plots of refs. [1,2] at lower
energies.

The “hole” observed at rest [1] is centered at m?(n*n7) = m*(n*n3) = 1.1 GeV?;
it contains (inside a radius of 0.26 GeV? as previously stated) 18 events, while 213
or 127 are expected in hypothesis (a) or (b) respectively. In the same region in the
sample of ref. [2] (1.0—1.6 GeV/c) 20 events are present, while 50 or 33 are expected
in the two above hypotheses. In the present sample at 3 GeV/c, we find 2 events
against the 10.5 or 7.5 expected; the corresponding probabilities for this “hole”
being a fluctuation are 0.2% and 2.0% respectively.

We can then conclude that the “hole” centred at 1.1 GeV? is likely to be a per-
sistent feature of this Dalitz plot in the whole energy range explored so far.

The same is not true for the other features, for instance for the second “hole”
along the diagonal, as seen at 1.0—1.6 GeV/c (ref. [2]). It is centred at m*(x*n7) =
m*(n*ny) = 2.17 GeV? and contains 12 events, while 46 or 31 are expected in the
two hypotheses. In our sample at 3 GeV/c we observe 12 events, while 10.5 or 7.5
~ are expected. Analogously, around m*(r*n7)= 3.2 GeV?, m*(n*n3) = 1.0 GeV? at
1.0—1.6 GeV/c, 41 events are found while 92 or 62, respectively, are expected; at
3.0 GeV/c we observe 18 events, while 21 or 15 are expected.

We can then conclude that the only depopulated region (“hole™) that persists at
different c.m. energies is that at m2(n*ny7) = m?(n*ny) = 1.1 GeV?2.

Two new features are noticeable on the present Dalitz plot: a depopulation of-
events near m*(n*ny) = m*(w*ny) 2= 2.6 GeV?, that, as we will see in sect. 4, is
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Fig. 2. Distribution of cos o between 0 and 1. o is the angle between the normal to the plane
containing the three pions and the direction of the incident P.

correlated with the orientation of the production plane, and an accumulation of
events where the diagonal meets the kinematical boundary of the Dalitz plot. This
accumulation corresponds to an enhancement visible at 3.65 GeV? in the m?(r*n7)
distribution.
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Fig. 4a. Dalitz plot for the events with cos.a > 0.5 (2 X 610 entries).
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4. Angular distributions

Reaction (1) is completely defined in its centre of mass by five independent
parameters. Two can be chosen as m2(n*n7) and m2(w*ny), the remaining three are
angles. Due to the fact that both bearn and target are not polarized, only two of these
angles are significant. We then choose for the two remaining parameters the angle a
between the direction of the incident § and the normal to the plane containing the
three pion momenta and the angle § between the 77 momentum and the projection
of the p momentum on the three-pion plane.

Before discussing the angular distributions we note that in our reaction the final
state in an eigenstate of the G-parity operator, while in the initial state G|pn) = |np)
{6]. Therefore; all the angular distributions of the pions must be (and are in our
data) symmetric under inversion of the p momentum. We, therefore, discuss in the
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Fig. 6. (a) Distribution of cos 0;‘,~ between 0 and 1 (2 X 1320 entries). (b) Distril?ution of
cos 6 5+ between 0 and 1 (1320 entries).
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following only symmetrized distributions. The distributions of cos a between 0 and
1 and of 8 between 0° and 180° are shown in figs. 2 and 3, respectively. We have
then studied the Dalitz plot and the squared mass spectra with different cuts in

cos a and B. No clear correlation is evident for the Dalitz plot and its projections
with the value of . As for cos a, selecting events with cos a > 0.5 and cos « < 0.5
gives the Dalitz plots shown in figs. 4a and 5a, respectively.

The selection of large values.of cos « enhances (in the limits of the reduced sta-
tistics) the depletion of events at the centre of the Dalitz plot. In the area of radius
0.4 GeV? centered at m*(n*n7) = m¥(@*ny) = 2.6 GeV?, only 2 events are found
with cos &> 0.5 against 17 with cos & < 0.5. The same cut also has a marked effect
in the mass projections: the peakat the f © mass almost completely disappears for
cos o > 0.5 (figs. 4b, 5b). . '

Another angular variable of physical interest is the c.m. angle, 6%, of emission of
the pions with respect to the P line of flight. The observed symmetnzed distribu-
tions for cos 0.— and cos 0.+ are shown in figs. 6a, b. The tendency for the pions to
follow the P line of flight is more pronounced for the n~ than for the 7"

Acurvel —-D+3b cosze;t' fits the data with »_ =0.27 £ 0.02 and b, =0.18
0.03 (C.L. 5% and 35%, respectively). There is a correlation between the angle of
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Fig. 7. Distribution of cos 6,,— as a'function of mz(n’kn{).
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emission 6:1- of a negative pion, and the recoiling mass m2(n*73). This is displayed
in fig. 7 which gives the distribution of cos 6;1— for different slices of m*(n*ny). The
events in the o and f bands show a peaking along the collision line that is not present
for events in the “valley” between these bands. For higher masses, the tendency to
peak near cos 49:;* =1 is still present but not so strong. This effect is clearly demon-
strated also in figs. 8a, b where m?(7*n3) is plotted for cos 8,->>0.5 and cos 6;1— <
0.5. The peaks at the p and f masses are enhanced in fig. 8a, and practically absent

in fig. 8b. A cut at higher values of cos 6;1— also reduces the p peak as compared
to that of the f.
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5. Conclusions

We have analyzed the reaction pn - n'n~n™ at 2.76 GeV total c.m. energy. At
lower energies (1.88 and 2.2 GeV) a regular structure was observed in the Dalitz
plot and interpreted as a general property of the meson ~ 3 mesons decay ampli-
tude which was assumed to dominate the reaction [7,8]. This regular structure is
not observed at our energy and this might be due to the onset of different ampli-
tudes. The “hole” observed atrestat m?(w* 7 ) = m* (" n3 ) = 1.1 GeV isstill present
at our energy. A new depletion appears at m2(n" 7 ) = m2(ntn;) = 2.6 GeV2.
This last effect is correlated with the orientation, with respect to the incident p, of
the 3-pion production plane. -

Correlations are present between the angular-distributions and the population of
the Dalitz plot. In particular, a selection for high values of cos 6:,1-‘ enhances the
peaks in the recoiling m?(n*n3) mass at the p and at the f positions.

We are pleased to acknowledge the efficient work of our scanning staff and of
the measuring staff of the Padova PEPR and of the HPD at CNAF, Bologna. Dr. C.
Pinori and Mr. G. Pasquali (Padova), Dr. N. De Seriis (Roma), Mr. F. Beccari and
Mr. M. Mengotti (Trieste) contributed most of the necessary programming work.
We are grateful to Dr. M.L. Luvisetto (CNAF) for her collaboration in the process-
ing of the events measured on HPD.
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