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1 Introduction

In the past three decades, mp — w7V reactions have been an important source of experi-
mental data on low-energy 77 interaction. Most of the existing data [1] lack, however, the
information about the reaction kinematics, making the results model dependent. On the
other hand, the existing full-kinematics experiments [2, 3] suffer either from lack of statistics
or they were performed too far above the threshold where effects of baryon resonances in
the final state become important. The data show an enhancement at high =~ 7% invariant-
masses, which seem not to be connected to the known resonances.

In order to supplement the existing data, we have performed a measurement of four
reaction channels 7*p — 7*ntn and 7¥p — 7%7%. Beams of charged pions of several
momenta were chosen to investigate the reactions near the threshold. The cross-sections for
the #~p reaction channels and the #*p — xT7x¥ n channel have been published elsewhere
[4, 5, 6], while the #*p — 7t 7"p channel is still under investigation.

The existing data show in the #~ 7" system an enhancement at invariant masses of a few
100MeV/c? above the threshold. It is the purpose of the present work to study in details
this feature by extending the data to lower invariant masses and by analyzing the angular
distributions of the #~x*n final state. A comparison is also made to the related processes
0

pp — ppr—at, vy — 77t and J/¥ — wr~ T, and to the recent measurements of the 7%=

system.

2 Data selection

The data come from the SC94 experiment performed at the CERN Synchro-cyclotron us-
ing the OMICRON spectrometer. Details of the apparatus and experimental conditions
have been given in previous publications [7]. Here we give a detailed description of back-
ground processes and procedures applied for the extraction of differential cross-sections for

the 7~p — 7~ 7*n reaction. The incoming pion momentum ranged from 295 to 450 MeV/c.



2.1 Background analysis

Since the trigger setting was such that required two charged particles in the final state, several
sources contributed to the background in the incident pion momentum region between 295
and 450 MeV/c. According to the elimination criteria they can be classified into different

categories.
1. Reactions with protons in the final state:

¢ 7~ p — 7 p elastic scattering,
o T p— W p,

- -0
e TTp — 7T Rp.

0

2. The charge exchange reaction, #~p — 7°n, and subsequent #° decays (from here on

electromagnetic backgro.und):

0

e 7 — etey (Dalitz decay),

0

e 7 — vy where one of the photons converts into an e*e~ pair.

3. Reactions originating in target walls and outside target material.

4. Random coincidences.

The analysis of recorded data consisted of track-finding and reconstruction of a common
vertex. Charged-particle tracks were reconstructed from hits in MWPC’s and drift chambers
by a glued-helix method [7] taking into account magnetic field inhomogeneity. A vertex was
searched for by minimizing the weighted sum of squares of distances to the three tracks,

g=S T h (% — &) (1)
~ <>
where £, is the vertex point, Z; a point on track ¢ and d; the distance of track 7 to the true
vertex, as obtained from Monte-Carlo studies.

In order to facilitate further analysis and background rejection, events with double beam
tracks and more than two secondary particles were rejected at an early stage of the analysis.
In addition, only events with one track in each secondary spectrometer arm were transmitted

to further analysis.



2.1.1 Events originating in target walls

Some of the background originated in target walls where conversion of gamma rays from
7V decays took place. It was rejected by requiring that the vertex satisfies the condition
S <10 [S beiné defined in eq. 1]. The same condition served also to remove most of the
events that come from random coincidences. Its effect on 7~#*"n data was monitored with
a Monte-Carlo sample, as seen from Fig. 1.

A specially designed cylindrical target was made of mylar, reinforced by kevlar fibres and
filled with hydrogen gas at 1.2 MPa. The large target volume (length L = 80 c¢m and radius
R = 7.5 cm) allowed us to perform a generous fiducial volume cut at 15 cm < L < 70 cm
and R € 5 cm. In this way most of the background due to 7~ reactions on bound nucleons
and due to gamma conversion in target wall was eliminated. The proportion of remaining
target wall events was determined by taking data with pressure in the target vessel reduced

to about 0.1 MPa. This residual contribution was typically about a few percent.

2.1.2 Background due to random coincidences

A large proportion of the background originating from random coincidences was eliminated
by requiring that both secondary particles hit the scintillator counters in a time interval
shorter than 15 ns. In addition, a special type of events was observed having an opening
angle of about 180°. It was found that they belong to random coincidences between beam
particles and stopped pions decay products emerging from scintillator counters and traversing
the spectrometer secondary-arms. Such events were efficiently identified from a correlation
between cos¥_ and cos . (Fig. 2) where #_ (¥, is the angle between the incoming particle
and secondary negative (positive) particle. The number of this type of background events
was the highest at low incoming pion momenta where beam intensities were large. However,
it was compensated by a betier separation at low beam momenta where opening angles are
small. As a result, the uncertainty originating from the subtraction of random coincidences
was evenly distributed over entire region of incoming piou momenta. It amounted to less

than 0.5 % of the cross section.



2.1.3 Events with protons in the final state

Combined kinematical and identification criteria were used to reject background reactions
with a proton in the final state. The identification was based on time-of-flight and AE/Az
measurements. .The identification capability was limited since the detector was not con-
structed for this purpose.

The determination of the time of flight for each of the two final-state charged particles
was based on a measurement of the time difference between the signal coming from the beam
scintillator counter and the signal from the secondary-particle hodoscope. A correction was
applied to take into account the vertex position. The obtained values and knowledge of
the path lengths allowed us to calculate the particle velocities 3 and their energies (pe/3).
A simple cut on the positive secondary-particle energy at E = 600 MeV was sufficient to
eliminate the background with a slow proton in the final state. The loss of measured events
was estimated from a comparison between positive and negative particle energy distributions
(see Fig. 3). The remaining events with protons in the final state were eliminated by applying
a cut on energy deposited in the scintillator hodoscopes as can be seen from Fig. 4. Asin the
case of time-of-flight cut, the effect of the selection was monitored on negative secondary-
particle spectra. The cross-section error due to proton identification was estimated to be

less than 1 % at all incoming pion momenta.

2.1.4 Electromagnetic background

The electromagnetic background originates from the charge exchange reaction (#~p — 7°%n)
followed by the decay of #°. It is kinematically similar to the measured reaction, particularly
in the region near the 7~ p — 7~ 77 n reaction threshold. Therefore, the elimination of events
with electron-positron pairs in the final state had to be based on particle identification
criteria. By using the scintillator-hodoscope pulse height (Fig. 4) we were able to separate
pions from electrons for particle momenta below 100 MeV/c. The background events could
already be identified by observing one particle of the ete™ pair, making the background
elimination particularly efficient. At electron and positron momenta, both higher than 100
MeV/c, this technique could no longer be used. However, kinematic criteria could be applied

which away from threshold became more efficient (see next section).



To some extent an independent test of the systematic uncertainty resulting from the
above cuts can be made by introducing a kinematical variable w. It was calculated in the
center-of-mass system of the positive and negative particle, assuming that both possess the
pion mass. We defined w as an angle between the direction of the negative pion and the
direction of 7~ 7% ¢ms as seen from the #~ =% cms. It is typical for the cosw distribution to
display sharp peaks at cosw = X1 for the case of electromagnetic background, contrary to
what one expects for any 7~ " system near the threshold. Therefore, by comparing cosw
distributions for the simulated electromagnetic background and the events with at least
one identified electron (Fig. 5), an estimation can be made of the systematic uncertainty.
The resulting error was found to decrease from 10 % of the cross section at incoming pion

momentum of 285 MeV/c, to less than 1 % at momenta above 394 MeV /c.

2.1.5 Kinematical selection of 7~ 7n*n events

As mentioned, the particle-identification criteria could not be applied to the electromagnetic
background when secondary-particle momenta exceeded 100 MeV/c. On the other hand,
the distribution of the scalar sum of the two momenta (Fig. 6) provided a separation from
the 7 ~7%n events. Consequently, a criterion for separation was chosen so as to comply with
the Monte-Carlo simulation. Finally, a missing-mass cut at a value of approximately 3¢ of

the measured distribution was applied in order to clean up the final 7=« n sample (Fig. 7).

2.2 Monte-Carlo simulation and differential acceptance

A Monte-Carlo simulation was used to obtain the differential acceptance of the apparatus
as well as to monitor the analysis and background rejection. A realistic description of the
detector was included in the simulation. The detector positions were first measured with a
conventional positioning apparatus, and subsequently tuned to the cosmic-ray tracks. Beam
entry parameters were taken from the analysis of a beam sampling trigger. Particles were
tracked through the magnetic field of the spectrometer, taking into account energy loss and
multiple Coulomb scattering in materials. The decay of pions was also simulated keeping
track of the resulting muons.

Reactions were generated uniformly over the beam path through the target. For the



7p — 7w N reactions and the elastic scattering of pions a uniform phase-space distribution
was used. It was provided by the GENBOD routine [8]. Dalitz-pair decays of #°’s were

generated using experimental phase-shifts [9] for the charge exchange reaction 7~ p — 7'n,

*e~ v decay was calculated from the theoretical distribution of

while the subsequent 7° — ¢
Kroll and Wada [10]. The spectrum of photons in the 7p bremsstrahlung reaction followed the
1/E., dependence, and final-state pions and protons were taken to be distributed isotropically.

The #p — w7 N reaction kinematics was parametrized by the standard set of four vari-
ables: squares of the pion-pion (sr-) and plon-nucleon {s,y) invariant-masses and the az-
imuthal (®) and polar (O) angles of the beam respective to the (x,y} production plane in
the CMS, the x-axis being defined by the direction of the nucleon (see Fig. 8).

The differential acceptance of the apparatus was obtained by submitting Monte-Carlo
generated events to the same analysis procedure as the measured ones. Denoting by N (z;)

the number of analyzed simulated events with the kinematics defined by the set z; and by

N,(z;) the corresponding number of generated events, the differential acceptance is given by

dN‘,(:n,-)) N
dz; £
") @, ®

Here N is the number of reactions generated in the target and N, the total number of tracks

used. Following equation (2) the differential cross-section can be expressed as

do(z;) (M)

_ dx;
dz; pe LN w(x;) (3)

where N, 1s the number of measured events, N, the number of incident pions in the beam

and p;L the hydrogen surface density in the target.

3 Results

The apparatus phase-space coverage was checked on two-dimensional distributions. Dalitz
plots (s, versus s,., distributions) obtained by analyzing simulated 7~p — 7 7"n data
show a good two-dimensional phase-space coverage at all incoming pion momenta as can be
seen from Fig. 9. There is, however, an indication that there are regions of phase space
which are not accessible by the apparatus. This follows from the two-dimensional cos @

versus ® distributions showing a loss of events in the region near cos® = 0 and ® = 0. Due
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to relatively low statistics of recorded data we could only perform acceptance corrections in

two-dimensional distributions.

3.1 Final-state dynamics

In order to study final-state dynamics, we plotted acceptance corrected Dalitz plots. A
clear departure from phase-space distributions was observed at almost all incoming pion
momenta (Fig. 10} showing an enhancement of high #~ 7+ mass events. The effect has also
been observed in other measurements [2, 3] on one dimensional m -+ distributions. The
corresponding spectra obtained by our experiment are shown in Fig. 11. Non-uniformity in
Dalitz plots thus seems to indicate a final-state interaction which 1s discussed in the following

seciions.

3.2 «A final state

There is no known baryon resonance which can be directly produced in the #~#%n final
state in the energy range available in our experiment. Nevertheless, it is expected that the
influenice of the vicinity of A (m = 1.232GeV/c:, T = 0.115GeV/c?) resonance should be
visible in the measured Dalitz plots. As it is seen from Fig. 10, we observed no significant

enhancement at high #7n masses. The four-momentum conservation
2 2
S+ My +2m,” = Spent + Sp—p + Sptn (4)

connects all the possible two-particle final-states forcing the two invariant-masses to sm%lIW
values if the remaining one is high. Thus, the reflections between two-body final-states andv
the smallness of the available phase space near the reaction threshold made the analysis

more complicated.

In the measured reaction, A~ resonance is expected to be produced more copiously than
A* due to isospin reasons. This offers a possibility for detecting A resonance production by
measuring the ratio between #7n and w+n invariant-mass spectra. There seems to be an in-
dication for such an effect which is increasing with available energy (Fig. 12). Unfortunately,
the statistical significance of this effect is not sufficient for any quantitative conclusions.

Angular correlations are more sensitive to final-state interactions due to interference

terms. Distributions of the angle ¥4, defined as the angle between the direction of the
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pion and the direction of #n cms as seen from nn cms, could reveal the presence of a A
resonance even below its mass by showing forward-backward asymmetry. Indeed, such an
asymmetry was observed (Fig. 13). Unfortunately, the region below cos 5 = 0 was poorly
covered by the apparatus. Thus, a precise determination of the proportion of A production
was not possible. Nevertheless, we performed a fit to the measured cos?, distributions
taking into account only low angular momenta in the initial and final state (SP1, PS1 for
wrn phase-space background and PP1 for A production; for partial-wave definitions see Ref.
[11]) and assuming relative angular momentum [ = 0 in the 7# system. A justification for
this assumption is resulting from the present measurement as will be shown in the next
section. This fit yielded a value of 25 £+ 13% for the A branching ratio at incoming pion
momentum of 450 MeV /c.

3.3 (m7)n final state

Although the influence of p production to the #~7*n final-state dynamics is highly improb-
able due to the p mass (m, = 0.770GeV/c*, T, = 0.153GeV/c?)) lying well outside the x~x+
mass region covered by our experiment, a check on angular distributions was performed.
Distributions of cosw (see section 2.1.4 for the definition of w) show no structure within ex-
perimental errors at any of the incoming pion momenta (Fig. 14). Pion pairs are distributed
isotropically in the #~#=* rest system, suggesting that the two pions are in a relative s-state.
Moreover, we observed no forward-backward asymmetry (Fig. 15) which should be present if
the influence of a spin 1 resonance were significant. Thus, we conclude that the contribution”
of p production is negligible in the energy range accessed by our experiment.

Furthermore, the mentioned enhancement in # -7 mass spectra cannot be explained by
A resonance production and was attributed to a spin and parity 0% 7= inieraction. Since
we did not observe the same effect in #~7% and #+#* systems [5, 6], we concluded that the
1sospin of the n7 interaction must be zero, I, = 0.

The shape of #~#T mass spectra (Fig. 11} could in principle be explained by a broad
77" state with a mass value outside the range of 77 masses covered by our measurement.
Although an attempt was made to fit the measured 777" mass spectra to such a state,

it is clear that parameters of a resonance lying outside the region of our data could not



be unambiguously obtained. In addition, the shape of the measured spectra is influenced
by A resonance production. An introduction of terms describing A resonance production
rendered the results of the fit even less confident due to a large number of free parameters.
Therefore, our conclusion is of a qualitative nature, showing that the observed departure

* invariant-mass spectra is a consequence of a strong

from phase-space distributions in #~ 7w
s-wave wm attraction.

Saxon et al. [3] performed a fit to their 7=p — 7 x%n and 77p — = x% data at
incoming pion momenta of 415, 456, 505 and 552 MeV/c. They show that the observed

7~ x1 enhancement can be explained only by introduction of an I = .J =0 = interaction.

4 Discussion

There appears to exist a compelling evidence for an enhancement in the 7 =77 mass spectra,
as observed by different experiments, mostly covering mass regions well above the 7= 7%
threshold. The effect was seen in the 77p — 7=~ 7¥n reaction [2, 3] and in other processes
involving 7% in the final state. It was extensively studied by the DM1 and DM2 experi-
ments [12] in vy — &~ 7" processes, by Axial Field Spectrometer Collaboration [13] in the
reaction pp — ppr "7t and by the MARK IIl and DM2 Collaborations [14, 15] in the decay
J/W — wr~rT. Our results show that this effect persists also at masses close to the 77 x+
threshold. In particular, by measuring angular distributions and invariant-mass spectra, we
show that the influence of the A resonance is not sufficient to explain this effect.

There have been several theoretical attempts to describe the anomalous 7~#" mass spec-
trum at low energies. The idea of a strong =7 attractive interaction which gives rise to a
threshold effect in the == invariant-mass distributions was put forward by Weinstein and
Isgur [16] and by Barnes et al. [17]. This explanation seems to be the most favorable al-
though some authors [18] claimed a need of a broad 77 resonance previously referred to as
the o or € resonance with the mass and decay width values varying in a quite wide interval
(me = 0.4 — 1.0 GeV/e? and T, = 0.3 - 1.0 GeV/c?).

The measurement of the related 797° system is experimentally more complicated. The

carly experimental results from the #~p — 7%7%n reaction [19] show no clear enhancement

in the 7°7% mass spectrum in agreement with the measurement of the reaction vy — 7%%°



performed by the Crystal Ball Collaboration [20]. On the other hand, an evidence for a #%7°
interaction came from a measurement of the 7+p — 7 ¥ pr®#° reaction at 4 GeV/c? 21] and
from preliminary results of the Brookhaven E857 experiment studying the 7=p — z%%n
reaction near threshold [22]. A clear confirmation of the low-mass 7w%x° interaction was
published by the DM2 Collaboration [15]. In their study of the J/¥ — wrr decay they
observed a large enhancement at low 7%7% masses. The obtained #°z° and 7~ =¥ spectra have

similar shapes. In addition, the measured relative branching ratios are in good agreement

with isospin prediction.
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Figure captions

Figure 1

Figure 2

Figure 3

Figure 4

Figure 5

Figure 6

Figure 7

Figure 8

Figure 9

Figure 10

Vertex fit S distributions for simulated (a) and real (b) data at incoming pion

momentum of 394 MeV /c.

cos ¥ _ versus cosd . correlation (a) and cosd..+cos ¥ distribution (b) for events
at the incoming pion momentum of 413 MeV/c. ¥_ and ¥, are angles between

the beam particle and the negative or positive secondary track, respectively.

Energy spectra for positive (a) and negative (b) patticles as obtained from time-

of-flight measurements at the incoming pion momentum of 354 MeV/c.

Scintillator pulse-height spectra for positive (a) and negative (b) secondary par-

ticles at the incoming pion momentum of 354 MeV/c.

cosw distributions at incoming pion momentum of 295 MeV/c for simulated EM
background data (a) and measured events with at least one identified electron

with momentum below 100 MeV/c in the final state (b).

Distributions on sum of charged secondary particles momenta for real data (a)
and simulated #~p — 7% *n events (b) at the incoming pion momentum of 334

MeV/c.

Missing-mass distribution at the incoming pion momentum of 375 MeV/c. The

solid line represents a gaussian fit to the measured data.
Definition of coordinate frame in overall center-of-mass system (CMS).

S,—n Versus sy-r+ distributions (Dalitz plots) for simulated data at incoming
pion momenta of 295 (a), 354 (b), 413 (c) and 430 MeV/c (d). The solid line
represents the calculated boundary of the phase-space not taking into account

detector resolutions.

Acceptance corrected s+, versus s,-,+ distributions at incoming pion momenta

of 205 (a), 315 (b), 334 (c), 354 (d), 375 (e), 394 (f), 432 (g) and 450 MeV /c (h).
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Figure 11

Figure 12

Figure 13

Figure 14

Figure 15

The ratio of #~# ¥ invariant-mass distribution of measured events over the dis-

tribution of accepted phase-space generated events (matrix element squared) for

beam momenta 315 (a), 354 (b), 394 (¢}, and 432 MeV/c (d).

The ratio between acceptance corrected #~n and x*n invartant-mass spectra at

incoming pion momentum of 394 (a), 413 (b), 432 (c), and 450 MeV/c (d).

cos Y a- distributions at 315 (a), 334 (b), 354 (c), 375 (d), 394 (e), 413 (f), 432
(g) and 450 MeV/c (h).

cosw distributions at 295 (a), 315 (b), 334 (c), 354 (d), 375 (e), 413 (f), 432 (g)
and 450 MeV /¢ (h).

ﬁ—g asymmetry as a function of 7~ 7% invariant-mass. Data from all incoming

pion momenta are combined on the plot. The solid line represents the result of

a straight-line fit which yielded a value of 0.003 4+ 0.051 for %‘
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