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Abstract. The total cross-section for the π−n → π−π−p reaction has been measured at a pion kinetic
energy of 430MeV in a deuterium bubble chamber. The cross-section value was found to be 0.197±0.016mb
that is much smaller than the predictions of the chiral perturbation theory. The differential spectra are
compared with calculations made in the framework of the model of Bolokhov et al.

PACS. 13.60.Le Meson production – 13.85.Lg Total cross-sections

1 Introduction

The recent few years have brought a number of measure-
ments of the πN → ππN reaction at energies close to the
threshold. One of the main goals of these investigations
was the extraction of the S-wave, isospin-0,2 ππ-scattering
lengths. In addition, these production processes certainly
are of interest due to their important role in the low-energy
physics of elementary particles and nuclei. It was shown
that the low-energy experimental data for πN → ππN are
consistent with the assumption of isospin symmetry [1] as
well as threshold predictions of chiral perturbation the-
ory [2,3]. An important progress in the understanding of
πN → ππN reactions was due to the paper of Olsson and
Turner [4], who calculated the leading contributions near
threshold using an almost model-independent Lagrangian.
They showed, under rather general assumptions, that the
nature of the chiral-symmetry breaking can be character-
ized by the single symmetry-breaking parameter ξ. The
ππ-scattering lengths are expressed in terms of this pa-
rameter too. The chiral perturbation theory (and its ex-
tensions) is applied strictly at the threshold of the single-
pion production reactions, where as a rule the statistics is
rather poor because of the smallness of the cross-sections.
As a result the value obtained in different papers [1,5,6]
disperses in a broad range, −0.6 ≤ ξ ≤ −0.2, with errors
not less than 0.1. Experimentalists are forced to move to
the above-threshold region of energies because the pion
production cross-section grows faster than T 2, where T is
the energy above threshold in the c.m.s. In this case an ac-
curate extraction of scattering lengths at large extent de-
pends on a correct understanding of the production mech-
anism in the above-threshold region, because here other
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diagrams together with pole and contact terms contribute
to the reaction amplitude.
It is important here to know the role of contribu-

tions from tails of the N∗(1440) and ∆(1232) baryon res-
onances, which determine almost wholly the mechanism
of the process at higher energies. Hence in this region ex-
perimental data are needed too. Certain models [7,8] de-
veloped for the pion production above threshold pretend
to describe the experimental data up to an incident pion
kinetic energy of 400MeV.
In the energy range 400–600MeV, experimental data

on the reaction π+p → π+π+n are rather scarce and the
statistics consists of tens of events. The poor statistical
accuracy is due to experimental difficulties: apart from
the smallness of the cross-section, the single-pion produc-
tion reaction has the strong background of the elastic
π+p-scattering which also has two positive charged par-
ticles in the final state.
For these reasons, we investigated the charge-conju-

gated reaction
π−n −→ π−π−p , (1)

using a bubble chamber filled with deuterium as a neutron
target.

2 Measurements and experimental results

To determine the cross-section of the process π−n →
π−π−p, we have selected the events for the reaction

π−d −→ π−π−pp (2)

in the deuterium bubble chamber. Experimentally the
presence of more than two charged particles in the final
state is an advantage in using this reaction for it enables us
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to separate it unambiguously from the background (elastic
and quasi-elastic processes) at the first stage of the film
processing.
The experiment was carried out on the pion channel

of the Petersburg Nuclear Physics Institute synchrocy-
clotron. A 35 cm bubble chamber filled with deuterium
was exposed to the π−-meson of beam at a momentum
of 555MeV/c with a spread of 25MeV/c (FWHM). The
muon and electron contamination was determined from
the time-of-flight spectrum and found to be negligible. The
average number of incident particles per picture was about
10. A total number of 225 000 pictures was taken.
Monte Carlo simulation of the reaction (1) with the

use of the FOWL code for a generation of events accord-
ing to the phase space as well as the GEANT21 for par-
ticle tracking through the chamber showed that among
the events generated there was none with a length of any
negative track of the unmeasured curvature. On the other
hand, there were the events without one proton track that
corresponded to the case when one of the protons (the
proton-spectator for the pion production reaction off a
neutron) with a momentum smaller than 80MeV/c is not
visible in the chamber. To select the necessary three- and
four-prong events with two negative charged tracks in the
final state all films were scanned twice. The efficiency of
the double scanning was 99.5%.
The selected events could belong not only to the

negative-pion production but also to processes with Dalitz
pairs in the final state (e.g., the neutral-pion production).
The events found were measured on semi-automatic mea-
suring devices (PUOS) and geometrically reconstructed.
To select the events for the reaction (2) the χ2 criterion
was used with 1% confidence level. Dalitz pair events were
rejected by kinematical and ionization criteria. A total
number of 207 events of the type (2) was selected.
To obtain the absolute cross-section value the total

length of the beam tracks in the fiducial volume of the
chamber was determined. To this aim, the number of beam
tracks was counted in ten pictures taken from every fifty
ones all along the exposure and the mean length of beam
tracks was measured. The deuterium density was taken to
be 0.136 g/cm3 with 4% accuracy. The error given below
for the cross-section value consists of the statistical one
as well as errors of the measurement of the average track
length(1%), track density per picture(3%), total number
of useful pictures(1%) and deuterium density. The cross-
section value for the reaction (2) has been found to be

σ(π−d→ π−π−pp) = 0.194± 0.016mb. (3)

The purpose of the present experiment is to determine
the cross-section of the reaction (1). So it is necessary to
discuss the influence of the Fermi motion of the neutron in
the deuteron and the Pauli exclusion principle for identical
protons in the reaction (2) as well as to take into account
screening effects.
The Fermi motion of the neutron in the deuteron could

change the mean value of the effective incident pion mo-
mentum for the reaction (1) as well as the momentum
distribution form. Figure 1 shows the momentum distri-
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Fig. 1. Momentum distribution of the slow proton. The curve
is the corresponding distribution for the Hulthen wave func-
tion.

bution of the slowest proton in the final state of the re-
action (2) together with the Hulthen deuteron wave func-
tion distribution. One can see that the impulse approxi-
mation is valid with an exception for the region of large
momenta. The momentum distribution of effective inci-
dent pion from the reaction (1) calculated from the final
state of (2) taking into account two pions and fast proton
only has the same mean value as that of the pion beam.
But the first distribution has Gaussian width three times
larger. Since the cross-section of the reaction (1) grows
linearly with energy, this increase of the width has noth-
ing to do with the mean energy, for which we intend to
give a value of the cross-section of the reaction (1).

The Pauli principle is important mainly at low ener-
gies when two low-energy protons have rather large prob-
ability to be in the same state. Simple estimates of the
Pauli effect were made in the framework of the isobar
model of the single-pion production. Such an estimate
showed that Pauli principle could result in less than 2–4%
decrease of the cross-section value. These estimates are
model-dependent and, since the total error of the cross-
section σ(π−d → π−π−pp) measured in this experiment
is above 8%, the last correction was not included in the
magnitude of the cross-section off the free neutron.

The screening effect for the neutron in the deuteron
was estimated in the framework of Glauber theory. It was
assumed that screening corrections are identical for any
channel of πN -collisions. Following the receipt given by
Glauber theory [9], the negative-pion production cross-
section on the deuteron is connected with that on the free
neutron as follows:

σπ−d = σπ−n −
1

4π
σπ−nσ

tot

π−p

〈 1

r2

〉

, (4)



K.N. Ermakov et al.: Study of the π−n→ π−π−p reaction at 430MeV energy 347

Fig. 2. Total cross-section for the π+p → π+π+n (π−n →
π−π−p) reaction as a function of incident pion momentum. The
dashed curve is the isospin analysis of ref. [1] and solid one is
calculated in the framework of the model of Bolokhov et al. [8].

where the second term is the screening correction, σπ−n
and σtot

π−p
are the cross-section sought on the free neutron

and the total cross-section on the proton, respectively, and
〈r2〉 is the mean distance squared between the proton and
neutron in the deuteron.
The distance between the proton and neutron in the

deuteron is the double deuteron matter radius. The mean
square matter radius (r.m.s.) equal to 1.967 fm was taken
from the paper of Friar et al. [10], where this value was ob-
tained from isotope-shift measurements. The total cross-
section of the π−p-scattering was taken to be 27.8mb.
Substituting these values and σ(π−d→ π−π−pp) into (3),
one obtains that the screening correction to the deuteron
cross-section amounts to 1.5% and is equal to 0.003mb.
Then the cross-section of the single-pion production off
the free neutron is

σ(π−n→ π−π−p) = 0.197± 0.016mb. (5)

In fig. 2, this value (black circle) is shown together with the
data of others experiments [6,11–13] for π+p → π+π+n
as well as the data for the reaction (1) obtained by us ear-
lier [14] for four lower energies (black triangles). Curves
in fig. 2 correspond to the isospin analysis by Manley [1]
and to calculations carried out in the framework of the
model by Bolokhov et al. [8]. Among all diagrams consid-
ered in [8], only those shown in fig. 3 are needed for a satis-
factory description of the experimental data. They include
one-pion exchange diagram and those at the tree level with
the nucleon, the ∆(1232) and the N∗(1400) baryons in the
intermediate states. The parameters of the model were
obtained by fitting to five total cross-section for five pion
production reactions in the energy points near 430MeV as

Fig. 3. Feynman diagrams taken into account in the frame-
work of the model [8].

well as to the differential distributions obtained by Kirz
et al. at 357MeV [11] and those of this experiment, which
are presented below.
In the papers by Bernard et al. [2] and Jensen et al. [3],

the single-pion production was studied in the frame of the
relativistic baryon chiral perturbation theory at the tree
level, with the ∆(1232) and N∗(1440) baryon resonances.
In [2] the exchanges by heavy mesons (σ, ρ) were also taken
into account. In both papers, it was declared that they can
describe satisfactorily the majority of existing data for to-
tal and differential cross-sections for incident pion energies
up to 400MeV. Since in refs. [2,3] the cross-sections were
calculated only for the region below 400MeV, we may
compare our experimental value with those given by [2,
3] on the edge of this energy range. In both papers, a
slow growth was predicted for the π+p→ π+π+n reaction
cross-section, and the values given for 400MeV are about
0.4mb and 0.35mb, respectively, that is much larger than
the value measured by us for 430MeV. So the predictions
of the chiral perturbation theory for the cross-section of
this reaction are obviously overestimating. Of course, it is
possible that the energy above 400MeV is too high, and
these approaches are not applicable here. An analysis of
pion production through the baryon resonance formation
in the intermediate states is more appropriate here. Such
is the model of Bolokhov et al. [8].
As was mentioned above, the statistics for the reac-

tion π+p → π+π+n(π−n → π−π−p) in the energy range
400–600MeV amounted to tens of events only. Therefore
so far it has been impossible to investigate the differential
spectra and compare them to the theoretical calculations.
Although the statistics for the present experiment is not
large too, still it allowed us to carry out the analysis of
one-dimensional spectra.
Figures 4a, b show the distributions of the events as a

function of the pion and proton momentum in the c.m.s.
of the π−n → π−π−p reaction at 430MeV. The curves
normalized to the total number of events represent the
phase space (dashed curve) and the results of the fit (solid
one) carried out in the framework of the model [8] with the
use of the diagrams of fig. 3. Although the curves differ a
little from each other, the calculations within the model [8]
reproduce the behavior of the experimental spectra more
correctly. The situation with Mπ−π− and Mπ−p invariant
masses spectra is fairly similar (see figs. 5a and b). This is
not a surprise, for the squares of invariant masses connect
one to one with the c.m.s. energy of the third particle.
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Fig. 4. The center-of-mass momentum spectra of pions and proton of the π−n → π−π−p reaction. The dashed curve is the
phase space distribution and the solid one is calculated in the framework of ref. [8].
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Fig. 5. Distributions of events as functions of the M
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and M
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invariant masses. The curves are the same as in fig. 4.
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Fig. 6. Distributions of events as functions of the π−-meson and proton angles in the c.m.s. The curves are the same as in fig. 4.
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Fig. 7. a) Distribution of events as a function of the relative pion momentum in the dipion c.m.s. b) Distribution of events as
a function of the square of momentum transfer. The curves are the same as in fig. 4.

The c.m.s. angular distributions of pions and the pro-
ton are shown in figs. 6a and b together with curves
presenting the results of the above-mentioned fit. It is
worth noting that the observed behaviour of the differen-
tial cross-section of this experiment is similar to that ob-
served by Kirz et al. [11] at 357MeV. The calculations of
the Bolokhov et al. model for angular distributions agree
excellently with both sets of data of these experiments.
Figure 7a shows the distribution of events as a function

of the relative pion momentum Kππ in the dipion c.m.s.
The phase space distribution and the calculation within
Bolokhov et al. model are similar here, though the latter is
closer to the experimental distribution. In fig. 7b, one can
see the distribution of the events as a function of the mo-
mentum square τ transferred to the proton, in m2

π units.
Again, the dashed line represents the phase space, whereas
the solid line shows the calculation within Bolokhov et al.
model.
So the comparison of the various differential spectra

with calculations in the frame of the model by Bolokhov et
al. shows that to reach the agreement of the theory with
experimental data in the energy range 450–550MeV/c,
one needs to include into theory not only one-pion ex-
change but also diagrams with the nucleon, the ∆33(1232)
and the N∗(1400) in the intermediate states. The exclu-
sion from the fit of any of the baryon resonances shown
in fig. 3 results in a considerable disagreement between
experimental data and the theory.

3 Conclusion

We have studied the single-pion production π−n →
π−π−p reaction, using as a neutron target a bubble cham-
ber filled with deuterium. The obtained cross-section value
coincides fairly well with the prediction of the isospin anal-
ysis by Manley [1] but disagrees with models developed for
the description of the energy region of single-pion produc-
tion a little bit above the threshold [2,3]. As a rule, the

predicted values are much higher than the experimental
magnitude. The fitting of various differential spectra ob-
tained in [11] and in the present experiment allowed us
to find parameters of the model [8] so that the theory de-
scribes quite well experimental data in the energy range
450–550MeV/c.

We would like to thank the personnel of the cryogenic division
for excellent operation of the bubble chamber and to thank the
scanners and measurers for their painstaking efforts.
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