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Search for a narrow resonance structure in pion production from p1Cu near 350 MeV
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The excitation function of positive pions produced at 90° by protons on Copper has been studied to get
information on the long-standing problem of the existence of a narrow resonance near 350 MeV incident
energy. Momentum spectra ofp1 were measured by the CLAMSUD magnetic spectrometer. A narrow
resonance has been indeed observed, in agreement with previous results obtained in different laboratories
during the past years.@S0556-2813~97!50108-7#

PACS number~s!: 25.40.Qa, 25.40.Ny
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After the first experiment made by Krasnovet al. @1#, who
observed at the JINR synchrocyclotron an enhancemen
the p1 yield at 350 MeV, different investigations of th
proton inducedp1 production on Copper have been carri
out over the past decade in order to confirm or reject t
result @2–4#. Julien et al. @2# measured at Saturne energ
spectra ofp1 with a range telescope in steps of 12 Me
around 350 MeV, confirming the existence of a narrow str
ture for low-energy pions. Another experiment by the sa
group @3# reported an enhancement of 5% near 350 M
with a FWHM around 5 MeV. A search was also done us
the reaction Cu~p,p°! @3#, but no definite evidence was foun
for any structure around 350 MeV. Additional experimen
performed at Dubna@4# have observed an enhanced yield
low-energy ~20–60 MeV! to high-energy~60–100 MeV!
p1’s at angles of 90°, 115°, and 125°, and a spin-pa
assignmentJp521 was extracted@5#.

A more recent experiment@6#, performed at TRIUMF,
searched for an enhancement of 40 MeV charged pion
100 MeV charged pions using a magnetic spectrometer
only an upper limit of 2.7% forp1 and 9.1% forp2 was set.
Even if this experiment did not give a convincing eviden
for the existence of the resonance under discussion, s
structure was anyhow observed close to 350 MeV.

Several origins have been proposed for such a resona
The first proposed explanation was related to the poss
excitation of the3F3 dibaryon state~M52220 MeV! almost
at rest, with subsequent three body decayp11p1n @1#. It
was also suggested that the enhanced production of
energy pions near 350 MeV could be due to the formation
a resonant nuclear state near 350 MeV excitation energy
a small width, which decays predominantly by emission
two pions. This interpretation was based on the experime
observation that the anomaly was seen only for pion ener
below about 70 MeV, together with the fact that in such
process on a heavy nucleus, the maximum energy of a
would be 350 MeV22 mp.70 MeV. Alternative possibili-
ties were discussed in terms of an apparent transparenc
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nuclei to low-energy pions@7# or of the existence of bound
two-pion Cooper pairs in nuclei@8#.

Due to the interest related to these different possibiliti
more experimental work is needed in order to get an una
biguous evidence for such a process and, possibly, to stu
under different conditions~different targets, angles, and pio
charge states, . . .!. To reach all these goals the experime
should provide very careful tuning of the incident proto
energy and precise measurements of pion spectra dow
low energies.

The present paper reports new results on this probl
obtained within a research program on pion production
proton-nucleus reactions.

The experiment was carried out at the proton linear ac
erator of the Moscow Meson Factory. A special experimen
area near the end of the linac was built to transport the m
proton beam at a reduced intensity, downstream to a shie
Faraday cup. The beam spot on the target had a diamet
3 mm. The time structure of the beam had 65ms macro-
pulses with a repetition rate of 50 Hz. The duty factor w
only 0.3%. For such reason the average beam current
reduced to about 100 pA, in order to keep the background
low as possible. The beam energy was varied with abou
MeV steps by means of a special tuning procedure of
linac. A time-of-flight measurement with two detecto
placed along the linac channel was carried out to get
absolute value of the beam energy. This gave a precisio
less than 1 MeV, whereas the energy spread was estimat
be about61 MeV.

Several checks were made concerning the beam pos
on the target. A luminiscent foil inserted at the target po
tion allowed one to observe the beam spot by a TV cam
before and after data taking at each proton energy. Du
data taking the beam transmission was monitored by the n
tron background along the proton channel and near the m
netic spectrometer. Correction methods were used du
off-line data analysis according to the following procedu
The beam flux was monitored by a Faraday cup~F! inserted
R596 © 1997 The American Physical Society
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at the end of the beam line and by a counter telescope~M ! of
three scintillation detectors placed at 90° with respect to
beam direction~on the opposite side of the CLAMSUD spe
trometer!, and looking at the target. A four-elements hod
scope~A! of plastic scintillators was used at the entrance s
of the spectrometer. This detector is also used to provid
start signal for the time-of-flight measurement of the p
ticles entering the spectrometer. The information from det
tors M andA, together with that from the Faraday cup (F)
was stored on tape buffer by buffer. Each buffer contain
approximately 30 events, and was filled in about one seco
All these informations collected along each run were use
check the beam quality as a function of the time. As
example, the distributions of the quantitiesA/M and F/M
were extracted during each run and it was found that th
distributions are Gaussian with a narrow width, reflecting
degree of stability of the beam position on the target. T
results were studied without any condition on theseA/M and
F/M ratios, and also by excluding those events for wh
A/M ~or F/M ! lie outside one or two standard deviatio
from the mean value. It was found that the results were
same within statistical errors.

FIG. 1. Sketch of the magnetic spectrometer CLAMSUD, wh
has been used in the present experiment to detect protons
charged pions. A: Start Detector. B,C: Two planes of plastic sc
tillators for DE and TOF measurements. MW1 , MW2 : Two sets of
multiwire X-Y drift chambers. SC: Scattering Chamber.

FIG. 2. Double differentialp1 production cross section versu
pion kinetic energy for different proton energies.
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A vacuum chamber with a large Mylar window was us
to insert and rotate targets. A Cu target with a thickness
134 mg/cm2 was used, tilted by 45° with respect to the bea
direction. Charged pions were detected by the CLAMSU
magnetic spectrometer@9,10#. This is a compact dipole mag
net with nonparallel poles~see Fig. 1!, installed on a plat-
form which allowed detection angles from 32° to 150° wi
respect to the beam direction. The momentum range of
tected pions extends up to about 250 MeV/c. The solid angle
of the spectrometer was about 12 msr. A hodoscope of f
plastic scintillators was used at the entrance of the spectr
eter as a start detector. The focal plane detector of
CLAMSUD spectrometer was equipped with two planes
segmented plastic scintillators@for time of flight ~TOF! and
energy loss~DE! measurements# and two multiwire drift
chambers withX- andY-coordinate information. The particle
momentum was determined from theX coordinates in the
two chambers by single wire readout, with a resolution
about 300mm. The overall energy resolution of the detect
setup was about 0.2%. The main trigger was generated
lecting only the coincidences between the start detectors
the two segmented planes of scintillators which can be or
nated from the physical tracks of the particles.

Charged pions were identified by their TOF andDE.
Low-energy protons were also detected for the highest m
netic field settings, but they were easily discriminated aga
pions, due to their larger TOF. Due to the compactness of
CLAMSUD spectrometer, pion flight paths are limited
about 2 m, causing approximately only 20% of pion decay
flight for 60 MeV pions. All cross sections reported he
have been corrected for the in-flight decay. Off line, rad
and axial angles of the particles, as determined fromX and
Y coordinates in the two chambers, were used, together
the relevant TOF information, to eliminate muons comi
from pion decay, following GEANT simulations@9#.

Measurements ofp1 from p1Cu reactions were done a
90° in the lab system, for several proton energies, from 3
MeV to 364 MeV in small~about 2 MeV! energy steps. For
each energy the pion momentum spectrum was measure
to the maximum momentum which can be reached by
CLAMSUD spectrometer. Figure 2 shows the double diffe
ential absolute cross section ofp1 at four incident proton
energies. Spectra were measured also at several other
gies, but they are not reported here to improve the clearn
of the figure. A maximum near a pion energy of 40 MeV
observed at all incident energies, with a different behavio
348 MeV, as compared to lower and higher incident en
gies.

Error bars are not shown in Fig. 2 to make the figure m
clear. They are about 2% on the top of the spectra and re
3–4% on the low- and high-energy tails of the spectra. A
proximately, 15 000 pions were collected for each spectru

Several methods of analysis have been used in past
periments to get evidence of such resonance effect. S
such effect was mainly observed as an enhancement of
energy pions, a preliminary analysis of the measured spe
has been carried out here by looking at the ratio of lo
energy to high-energy pions. Pion spectra at low and h
bombarding energy are expected to have a different slo
due to the influence of phase space, which results in a la
yield of pions of higher energy when the bombarding ene
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is raised. The ratio of low-energy to high-energy pions in
spectrum is then expected from simple considerations to v
monotonically with the bombarding energy. While the abs
lute value of this quantity depends on the particular choice
the energy regions, this regular trend is indeed observe
all measurements of pion energy spectra. As an exam
Julien et al. @3# extracted a ratioR5s~20–50 MeV!/
s~75–100 MeV! which goes from about 1.0 at 310 MeV t
about 0.5 at 425 MeV. For this reason, most of the exp
ments concerned with the study of this resonance h
searched for deviations from this regular trend near 3
MeV.

Figure 3~a! shows for the present experiment the ra
between the integrated cross sections in two different reg
of the spectrum, namely 30–60 MeV and 75–120 MeV, a
function of the bombarding energy. A clear structure is se
at energy around 350 MeV, with a very narrow width, whi
can be estimated in the order of 5 MeV. The statistical er
bars for this set of data are in the order of 3–4% and usu
of the order of the size of the points, except at 340 M
where the error bar is larger. The deviation of the measu
yields from the average regular behavior is in the order
25%. Since each spectrum is obtained by a superpositio
different ~five! field settings of the spectrometer, systema
errors due to relative normalization could be a source
problems within each spectrum. To exclude this poss
source of errors, the ratio between the low-energy and
high-energy parts of a portion of spectrum, measured
given field setting, was studied as a function of the bomba
ing energy. This spectrum is obtained for a region of p
momentum of approximately615% with respect to the cen
tral momentum. This corresponds to a constant efficienc
a function of the momentum. Also in this case a bump w
observed, consistent with that extracted from the analysi
the overall shape of the spectrum. As an example, Fig. 3~b!
shows the result for the ratio between the cross section in
region 75–97 MeV and that in the region 97–120 Me
extracted from a single field setting.

FIG. 3. Ratio of low-energy to high-energy pion yield vers
incident proton energy, measured atq lab590° in thep1Cu reac-
tion. ~a! The integrated cross section between 30 and 60 MeV
divided by the corresponding value obtained for the region betw
75 and 120 MeV.~b! The low- ~75–97 MeV! and high-energy
~97–120 MeV! sides of the same portion of spectrum~fixed field of
the spectrometer! were considered to build up the ratio as a functi
of the incident energy~see text!.
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It is of course important for a critical experiment like th
described in this paper, to check the reproducibility of t
results. The data for this experiment were actually taken d
ing three different periods, several months apart. Full m
surements of pion spectra between 15 and 120 MeV~5 field
settings of the spectrometer! were obtained in the first two
experimental runs. Data from these runs are reported in
3~a!. The points at 356 MeV and 364 MeV are from the fir
run, the point at 340 MeV from the third run, all the oth
points belonging to the second run. Several points were m
sured twice for comparison. In the third run, two field se
tings of the spectrometer were used, to cover the pion ene
ranges 35–60 MeV and 75–120 MeV, and a smaller ene
step~1 MeV! was chosen around the resonance. Part of th
data, which are independent of the previous ones, are
ported in Fig. 3~b!. For some of the points it was also po
sible to make a direct comparison to the corresponding d
measured in a different period, and a good agreement
found. For the data reported in Fig. 3~b! an increase of the
cross-section ratio is also observed at 348 MeV with a low
value at 349 MeV; however it should be remembered that
beam energy in this experiment is only known to a precis
of about 1 MeV, which can explain this behavior. Also th
data reported in Fig. 3~b! show an enhancement of the cro
section near 350 MeV which is outside the statistical flu
tuations; if we compare the value ofR obtained at 350 MeV
~2.7660.13! with values outside the resonance~for instance
260.08!, a difference around 5 standard deviations is e
tracted. To make a more quantitative significance test,
following procedure was adopted@11#. An energy spectrum
of pions was simulated by a Monte Carlo procedure, acco
ing to the shape observed at 356 MeV, i.e., outside the re
nance; this spectrum contained the same number of pion
measured in the experiment~about 15 000!. For this spec-
trum the ratio between the integrated cross section in the
regions 75–97 MeV and 97–120 MeV was evaluated, as
Fig. 3~b!. This procedure was repeated several times, in or
to get the distribution of this quantity. The result is report

s
n

FIG. 4. Distribution of the quantityR5s~75–97 MeV!/s~97–
120 MeV! as simulated in a series of Monte Carlo generated ene
spectra containing the same number of pions actually measure
356 MeV. Comparable results were also obtained from simulati
carried out by the use of the spectra measured at 344, 346, 347
354 MeV ~see text!. The arrow shows the value which was e
tracted from the spectrum at 350 MeV.
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in Fig. 4; according to this distribution, the probability
obtain a value ofR around 2.4 is only 0.13%, and corre
spondingly smaller for larger values ofR.

The idea behind the statistical test applied to the data
to check whether a large deviation ofR from the expected
value could come from fluctuations compatible with t
shape of the spectra. In order to be of some significan
however, an input spectrum at energies not too far from
resonance must be chosen. If a very low bombarding ene
is chosen~for instance 340 MeV or lower, as in previou
experiments!, the ratio R under investigation will have a
value even larger than that observed near 350 MeV, but
only reflects the regular change of the shape of the spect
What is then important is that this ratio is found significan
higher than the surrounding points. The same analysis
plied to the spectrum at 356 MeV was then carried out a
for the spectra measured at 344, 346, 347, and 354 MeV~i.e.,
at energies which lie at least63 MeV outside the expecte
resonance!. For these spectra the average value of the ratiR
was found to be 2.06. A negligibly small probability to get
value of R as high as 2.76~as measured at 350 MeV! was
s-

et
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e,
e

gy

is
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p-
o

obtained in all cases. Even for the spectrum at 344 M
which has the larger value ofR ~2.18! among these spectra
this probability is smaller than 0.001%. These confiden
limits are clearly the result of the high statistics which w
used in the present experiment.

In conclusion, the already observed structure is thus c
firmed and an estimation of the width of this reasonan
gives a value which is comparable to that estimated be
@3#. Further work is presently in progress to analyze all t
data in more detail with several methods of analysis.
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