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Measurement of 7 p— w°#°n from threshold to p,-=750 MeV/c
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Reaction 7 p— 7%7°n has been measured with high statistics in the beam momentum range
270-750 MeVE. The data were obtained using the Crystal Ball multiphoton spectrometer, which has 93% of
447 solid angle coverage. The dynamics of thigp— #°#n reaction and the dependence on the beam energy
are displayed in total cross sections, Dalitz plots, invariant-mass spectra, and production angular distributions.
Special attention is paid to the evaluation of the acceptance that is needed for the precision determination of the
total cross sectionr (7 p— 7°7°n). The energy dependence of(w p— #°#°n) shows a shoulder at the
Roper resonancé.e., the N(144Q%+], and there is also a maximum near tNélSZQ%‘. It illustrates the
importance of these two resonances to #ie® production process. The Dalitz plots are highly nonuniform;
they indicate that ther®#n final state is dominantly produced via th@A%(1232 intermediate state. The
invariant-mass spectra differ much from the phase-space distributions. The production angular distributions are
also different from the isotropic distribution, and their structure depends on the beam energy. For beam
momenta above 550 Me\¢/ the density distribution in the Dalitz plots strongly depends on the angle of the
outgoing dipion systenjor equivalently on the neutron angl@he role of thefy(600) meson(also known as
the o) in #%7°n production remains controversial.
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I. INTRODUCTION branching ratio for the elastic channel of melsoo§+ is a
mere 18%, while it is a hefty 82% for the decay intarN

. . [1]. The study of thesN— 77N processes provides a valu-
.1'4 GeV, the.major_component of the total Cross sections 510 aqdition to therN— 7N elastic scattering partial-wave
is due to the inelastic channels that are associated with nucl

.eo\halyses that are used for determining the existence, the

onic resonances. The principal inelastic channels are the PIAllass the width. and decay channelsN5f and A" reso-
production reactionsrN— 7arN. Even not-so-heavil® and nancés '

A" resonances decay mainly by therN channels rather There exist some data on thgp— =N charged chan-

than the phase-space-favored elastic way. For example, trheels; they have been analyzed using the isobar Mm@,

In this model, the initial7N interaction produces simulta-
neously severaN® andA” resonances that overlap in energy
*Present address: Indiana University Cyclotron Facility, 2401but have a different spin and/or parity. Thesés andA™’s

When thewN center-of-masgc.m. energy is greater than

Milo B. Sampson Ln., Bloomington, IN 47405, USA. undergo quasi-two-body decay$) either into a pion plus a
TPresent address: Collider-Accelerator Dept., Brookhaven Nalighter isobar, which then decays further to the ground-state
tional Laboratory, Upton, NY 11973, USA. nucleon by emission of a second pidi) or into a nucleon
*Present address: TRIUMF, 4004 Wesbrook Mall, Vancouverplus a dipion resonance, predominantly thand, to a lesser
B.C., Canada V6T 2A3. extent, thefy meson. The amplitude forN— 777N is a co-
SPresent address: Nuclear Physics Div., Dept. of Energy, 1990herent sum of the amplitudes for the production of all the
Germantown Road, Germantown, MD 20874-1290, USA. quasi-two-body channels.
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The interest in the study ofr production at moderate 7 p— N — (6000 — 7°7°n. (3)
energy has been stimulated recently by the speculation that . 00 .
the mrr-production process could be dominated by the scalarNOte that procesg) involves two m A amopllotud_es due to
isoscalar f,(600 meson with quantum numbers(J®) the coupling of each o_f the twe”’'s in the 7 =°n final state
=0(0*). The notationf,(600) is used by the Particle Data to the neutron by thd isobar. The interference of these two

0OAO H H 0 0, i 5
Group[1]. Historically, this state was known as theneson. g tA a][nplltgtdes dlgtfprtshtha g’? n gica% ar;g'lélgr ?'Stm'
There is speculation that thi(600 has a smaller mass ution from IS Specilic shap€ defined by the inithal state.

when it is produced inside nuclear matfér7]. This type of From threshold t(p”'_66.0 Mevle, the (ljgm|na_nN isobar

medium modification is a hoped-for signal for the onset ofin Processes2) and(3) is the ';K14405 ; at hlgh?r beam

chiral symmetry restoration. A comprehensive study offthe Momenta, they are thi(1520;~ and theN(1535;". The

in 77 production at very low energy has been made in Refdecay ton®A° goes byP wave for theN(1440 3", by Sand

[8]; it is not conclusive on the role and the existence of thisD waves for the N(152()%‘, and by D wave for the

state. N(1535%. The decay tdfo(600n goes byS wave for the
The initial 7"p system has two isospin componerltg,  N(14405*, and byP wave for both theN(15202~ and the

andl z,, with |w‘p):|y/g|3,2— V@ 12- The final state may be N(15393".

characterized by(2) andI(N), with 1(2m) having the value An earlier version of the analysis of our experiment has

0,1, and 2. For ther 7"n final state}(2) is 0, 1, and 2, for  peen presented in RgP], where a multipole decomposition

7 n%pitis 1 and 2, and for’#n it is 0 and 2. According to  into spherical harmonics of the dipion decay angular distri-

several analyses af 7*n and =~#°p production in the en-  putions was given. It shows that tlig(600) is not produced

ergy range under discussidiz—5], the dominant role is py a one-pion-exchange mechanism, and #atn produc-

played by two resonanceg(770 — mm with 1(p)=1 and  tijon is dominated by sequentiat® decays through the

A(1232 — N with I(A)zg. The extraction of the resonance A(1232 resonance.

parameters and the contribution of tlig600 from the

7 7n data is complicated. Since th@#°n final state is free

of any p contribution, it gives a unique opportunity for in- Il. EXPERIMENTAL SETUP

vestigating the properties of tHg(600) and its role inm@wN The measurement obp— 7°7°n was performed at

production. So far the experimental data on these Channel%’rookhaven National Laboratory with the Crystal BdIB)

- 0.0 . |
_espeuallyq_-r 7, h_ave been poor._Thls has hampered makmultiphoton spectrometer, which was installed in the C6
ing a detailed partial-wave analysis.

In this article we present the results of extensive measuretBeam line of th_e Alternating .Grad'?‘”‘ Synchrotron. The
; Crystal Ball consists of 672 optically isolated N&ll) crys-
ments of reaction . ) :
tals, shaped like truncated triangular pyramids and arranged

in two hemispheres covering 93% ofr4steradians. The
mp— momn (1) pulse height in every crystal was measured using an indi-
vidual analog-to-digital convert¢ ADC). For registering the
timing information, one TDC was used for every minor tri-
angle, which is a group of nine neighboring crystals. The
typical energy resolution for electromagnetic showers in the

from just above threshold ap,-=265 MeV/c to p,-
=750 MeV/c. Important objectives of the experiment are

to probe the dominant features _of the reaction dyr?amlcsCB wasAE/E=0.020E[GeV])°3® Shower directions were
to measure the total cross sections for reactibnwith . S S
measured with a resolution i, which is the polar angle

good precision, and to look whether there is the direct

evidence of the Roper resonance in the cross-section erW'th respect rt]o the beam axis, 10 bg=2 _3. forhpho;on h
ergy dependence. We have measured reactionat 19 energies in the range 50-500 MeV, assuming that the pho-

incident beam momenta between 270 and 750 MeV/ tons are produced_ in the_center of the CB. The re_solution in
: : . azimuthal angleg is o,/sin 6. The angular resolutions are
corresponding to c.m. energies 121827 MeV. In this mainly defined by the granularity of the CB. When the event
energy range, there are three well-establishEdstates. Nty getl %y granuiarity . ve
The first one is theN(1440%* (or the Roper resonanke does not occur in the center of the CB, the angular resoluuqn
) 2 7~ of a particular photon also depends on the distance for this
with I'~350 MeV. Theother two states are th(15203™  photon from the event origin to the inner surface of the CB,
with I'~120 MeV and theN(15353" with '~150 MeV.  on the angle at which the photon hits the crystal surface, and
At our highest beam momenta, there is also expected to bgn the effective depth of the electromagnetic shower in the
a small contribution from a fewA" states, such as Nal(Tl) material. This effective depth was used as the pivot
A(1600§+, which we can ignore here. It is expected thatin the calculation of the photon angles from the vertex coor-
the 7%7%n final state is produced mainly by two sequential dinates.
processes The experiment was performed with a momentum-
analyzed beam of negative pions. The mean vatue®sf the
incident-momentum spectra and the momentum spogeat
the CB target are listed for all experimental data in Tables |
and Il (see the section with results for cross sectjoii$ie
and mean momentum of the beam spectrum at the target center

7 p— N — 7°A%1232 — #°#°n (2)
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TABLE |. Summary of the main results for the total cross sec- IIl. DATA HANDLING
tion of reactionm p— #°#°n. Content of columns(1) beam mo-
mentum and its sprea®) number of7p— 7%7°n candidates(3)
number of 7%7°n events remaining after background subtraction,
(4) total cross section (7 p— 7°7°n), where the uncertainties are
statistical only.

To select candidates for reaction
- 0_0
TP — N — 4yn, (4)

we used the neutral four-cluster and five-cluster events,
where we have assumed that each photon produced a shower

wt0p(MeV/e)  Negw  Noown  o(mp—momn) (mb) in the CB. In the case of the four-cluster events, the missing
271+3 1 1 0.00025+0.00025 particle was assumed to be the neutron. For the five-cluster
20843 56 54 0.0093+0.0013 events, one of the clusters was considered to be from the
32243 153 1495 0.0270+0.0024 neutron interaction in the CB. The “chster" :_allgorithm was
35544 482 457 0.0830+0 0042 opt_lmlzed to determine a group of nel_ghbormg crystals in

which energy was deposited from a single-photon electro-

3734 5248 4979 0.131+0.002 magnetic shower. The software threshold of the cluster en-
404+4 7290 7035 0.244+0.003 ergy was chosen to be 14 MeVhis value optimizes the
472+5 10672 10296 0.725+0.008 number of the reconstructed events of reactigh All
5015 2479 1855 0.969+0.030 events were subjected to a kinematic fit to test the hypoth-
550+5 41282 40158 1.301+0.009 esis of being reactiofd). The measured parameters in the
61246 5428 3960 1.514+0.035 kinematic fit included five for the beam particienomen-
seio ol elses  Leassooi LM andleshandt and postion coordnatesandy on
668+6 34285 32928 1.689+0.013 anglesé and ¢). When the missing particle was the neu-
67826 33496 32347 1.761+0.013 tron, its energy and two angles were free parameters in the
691+6 30239 29100 1.880+£0.015 fit. For the neutron detected by the CB, the neutron angles
704+7 57078 55138 2.073+0.013 were used as the measured parameters. In the cases of the
719+7 28288 27408 2.132+0.018 data taken with the 10-cm-long LHarget, thez coordi-
727+7 34338 33218 2.156+0.017 nate of the vertex was a free parameter of the kinematic
73346 30216 29210 2.195+0.018 fit. For the solid target, the coordina}te was qs_sumed to
748+7 30379 29352 2 144+0 019 be the measured parameter of the fit. The initial value of

this parameter was the coordinate of the target center,
and the parameter variance was one third of the target
was known with a precision of 2—3 Me¢/The first part of  thickness. The cluster anglésand ¢ that are used in the
the experiment was completed in 1998 using a 10-cm-longninimization procedure were calculated with respect to
liquid hydrogen(LH,) target located in the center of the CB. the center of the CB. To determine the kinematic con-
High statistics data were taken at each beam momentum. Asiraints, the cluster angles were recalculated to find the
inconsistency in the determination of the beam contaminareal angles of the photons and the neutron by using a
tion by electrons became apparent during the analysis; theréransformation to the vertex coordinates. The pivot for the
fore, to obtain absolute cross sections, the data had to betation of the cluster angles was chosen to be the effec-
separately normalized. For this purpose, a follow-up of thdive depth of the electromagnetic shower in the Nal mate-
experiment was done in 2002 after improving the pion beantial. In the present analysis, the effective depth of the
and refining its triggering. Also, a set of solid targets, 1-, 2-electromagnetic shower was defined as the depth where
and 3-cm-thick, was used instead of the 10-cm-long, LH the photon has likely deposited half its initial energy. For
target. The diameter of all solid targets, as well as the LHthe neutron cluster, the effective depth was taken to be
target, was about 10 cm. In the case of the solid targets, thealf the length of the crystals.

pion interactions in hydrogen were measured using Gir In addition to the four main constraints of the kinematic
gets. The background due to pion interactions in carbon wafit, which are based on energy and three-momentum conser-
measured using pure carbon targets. The thickness of thation, there are two extra constraints that require the invari-
carbon targets was chosen in such a way that the energy loggt mass of each photon-photon pair to be the known
of the beam pion in them was the same as in the correspond-meson mass. The total number of constraints for the hy-
ing CH, target. The beam trigger was a coincidence betweepothesis of reactio) is six. The effective number of con-
three scintillation counters located in the beam line upstrearstraints is smaller by the number of free parameters of the fit.
of the CB. The CB event trigger was the beam trigger inln case of the solid targets, it is a 3-C and 5-C fit for four-
coincidence with a Crystal Ball signal, which included thecluster and five-cluster events, respectively. For the, LH
requirement that the total energy deposited in the crystaldata, where the coordinate is a free parameter of the fit, it is
exceeded a certain threshold. The neutral-event trigger resorrespondingly a 2-C and 4-C fit. The kinematic fit was
quired the anticoincidence of the CB event trigger with sig-performed for every possible pairing combination of four
nals from a barrel of scintillation counters surrounding thephotons to form twor”'s. For four-cluster events, there are
target. More details about the CB detector and the datéhree such permutations of the four photons. In case of five-
analyses can be found in Ref40,11]. cluster events, this number is five times larger, since the neu-
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TABLE II. Supplementary results from the Gldata, used for studying systematic uncertainties. Content
of columns:(1) beam momentum and its spre&®) thickness of the Chltarget,(3) z coordinate of the CH
target with respect to the CB centé#) number of 7w p— #°#°n candidates(5) number of7°#°n events
remaining after background subtracti@f) total cross sectiowr (7~ p— #°7°n), where the uncertainties are
statistical only. The four data sets with the momentum marked by the symbol * were taken with different
beam collimation that resulted in a larger fraction of empty-target background.

~top (MeV/c) lcw, (cm) Zch, (cM) Nexpt. Nzoz0n oy(mp— m07'n) (mb)
471+5 2 0 924 667 0.690+0.037
550+5 2 0 5986 4568 1.324+0.027
656+6 3 0 8767 6308 1.680+0.032
657+6 2 0 4688 3347 1.708+0.045
658+6 1 0 1825 1307 1.604+0.062
681+7 2 0 6567 4752 1.793+0.038
694+7 2 0 7437 5272 1.816+0.039
*694+7 2 -17.5 2836 1994 2.006+0.064
*707+7 2 -175 2927 1958 1.933+0.064
709+7 2 0 4952 3564 2.036+0.051
*720+7 2 -175 2653 1912 2.186+0.070
72147 2 -17.5 3172 2218 2.088+0.067
724+7 2 0 9588 6845 1.953+0.038
738+7 3 0 7255 5151 2.195+0.047
73847 3 -16 6293 4434 2.277+0.048
741+7 1 0 4899 3501 2.179+0.056
753+7 2 0 5825 4148 2.109+0.051
753+7 2 -17.5 4068 2786 2.153+0.061
*753+7 2 -17.5 3171 2188 2.108+0.063

tron cluster is also involved in the permutations. Events fortensity, i.e., where such losses were less than 1%.
which at least one pairing combination satisfied the hypoth- The events selected asp— #°#’n have almost no back-
esis of reaction4) at the 2% confidence levg¢C.L.) (i.,e., ground from other final states. There are only two other
with a probability greater than 2p4vere accepted as®z°n  channels in our energy range that have a large cross section:
event candidates. A tighter cut on the C.L. is unnecessary, as p— #°n and 7 p— zn. Using a simulation ofz°n, zn
there is almost no background. The pairing combination with— yyn, and zn— 37°n events, we estimate that the contami-
the largest C.L. was used to reconstruct the kinematics of theation due to their misidentification ad7°n events is much
reaction. less than 1%. The production of ther® final state that is
Since the decay time of N@l1) is about 250 ns, there is not due to any decay has a very small cross section at these
a possibility of finding one or more clusters that do not be-energieq12], so that we neglected this contribution.
long to the event which caused the CB trigger. The fraction Another source of background comes from processes that
of these pileup clusters increases with the increase of thare not pion interactions in the hydrogen of the target. The
beam intensity. The crystals near the beam line in the enmain contributions to this background are from beam pions
trance and exit tunnels are more contaminated with pileughat can decay or scatter before reaching the target, or can
clusters, which are mostly muons from the decay of pions irinteract in the material surrounding the target or in the car-
the beam, or pions that have scattered in the material of thieon nuclei of the CHl target. The background events that
detector. The pileup clusters, unless they are eliminatedyere not associated with an interaction in the carbon nuclei
change the cluster multiplicity of true events. As a conse-of the CH, target were investigated using data samples of an
guence, such events are lost in the analysis. The eliminatioampty target. The absolute fraction of this background was
of the pileup clusters is based on the TDC information of thedetermined using the ratio of the total number of beam pions
crystals forming the clusters. All clusters that occur outsideN,- incident on the target for the data taken with full and
the proper TDC gate were eliminated from further considerempty target. The fraction of the so-called “empty-target”
ation. This procedure is very efficient. Some small lossedackground varies for different data sets mostly between 2%
occur only if the true cluster overlaps with the pileup one.and 4%. The “carbon” background was determined by analy-
From a comparison of the data samples taken at differergis of data samples obtained with the carbon target. The pro-
beam intensity, it was deduced that these losses vary fromedure was identical to the one that was used for the analysis
zero to a few percent. In our final analysis we tried to useof the CH, target. To determine the absolute contribution of
only data sets that had been taken at low enough beam ithe carbon data, which have to be subtracted from thg, CH
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we used the ratio of the bea). - for the CH, and the carbon tion. The strongest dependence of the CB acceptance was
target, adjusted by the ratio of the carbon nuclei in bothexpected to be o’, which was defined as the angle be-
targets. The typical fraction of the carbon background for thaween the 2° direction and the beam direction in the overall
7°7°n events from the Chltarget was about 25% —28%. c.m. system. Due to the4 CB geometry, the acceptance
The number of the experimental events selected for reactiodependence og" must be very small.
(1) at each beam momentum is listed in Tables | and Il as To determine the acceptance, we performed a Monte
Nexpe The number of ther®z%n events remaining after the Carlo(MC) simulation ofr p— #%7°n events in accordance
background subtraction is listed in these tableblaso,. All with phase-space distributions. The simulation was made for
numbers correspond to the sum of four-cluster and fiveeach experimental momentum using the experimental beam-
cluster events. The fraction of five-cluster events stronghtrigger events as input for the pion-beam distributions. The
depends on the neutron momentum in the lab system. A¥IC events were then propagated through a full GEANT
the lowest beam momenta, it is less than 1%; pat (version 3.21 simulation of the CB detector, folded with the
=750 MeV/c, it is about 17%. CB resolutions and trigger conditions, and analyzed the same
way as the experimental data. The small difference between
the data and MC for the neutron response in the CB was not
important, as we analyzed the four-cluster and five-cluster
To calculate the total cross section for reactidy one events together. According to the analysis of the simulated
has to know the number of the’#°n events that were ini- samples, the average detection efficiency for the phase-space
tially produced during the beam exposure. Since our reactiom™p— 7°7°n events is between 30% and 40%, depending on
has a three-body final state, its dynamics can be described Itfye beam momentum and other experimental conditions. This
five kinematic variables. The appropriate set of such variis only half of the geometrical acceptance of the CB for four
ables includes beam momentum, two invariant masses of thghotons, which iS0.93%=0.75. The first reason for a de-
particles in the final state, and two production angésand  crease of the acceptance is the forward boost of the final-
¢, for one of the particles in the c.m. system. The experi-state photons in the lab system in conjunction with the hole
mental acceptance for the reaction may also depend on thesethe CB for the beam exit; the higher the beam momentum
kinematic variables; and for the correct calculation of thethe smaller the acceptance. The second reason is photon in-
number of initially produceds°#°n events, these depen- teractions in the beam pipe and in the barrel of scintillation
dences must be taken into account. To study the acceptanceunters surrounding the target. Usually such events do not
dependence on the invariant masses, we used the Dalitz plsatisfy the trigger for a neutral CB event. According to the
of m?(7%7°) versusn?(7°n), where m(#°#% and m(#°n)  simulation, the average probability for one photon not to
are the invariant mass of the®#® and #°n system, respec- pass the neutral-trigger requirement is about 6%, or 24% for
tively. Since there are two possibtén systems, every event four photons. Finally, there is some inefficiency in cluster
has two entries in the Dalitz plot. For studying the accep+econstruction, when either the cluster energy is below
tance dependence on the production angles, the convenieltireshold or clusters overlap.
choice is to take the neutron angles. Choosing the individual The dependence of the CB acceptance on the invariant-
7 angles would lead to the ambiguity of which of the two mass square?(7°7°% andnm?(7#°n), and on the dipion pro-
7%s in the final state to use. In our study we used the production angled” is illustrated in Fig. 1 by the corresponding
duction angles for the2® system, for which the direction in Dalitz plots and the cog" distributions. The simulated Dal-
the overall c.m. system is just opposite to the neutron direcitz plot for 3x10° events of reaction(l) at p,-

IV. ACCEPTANCE EVALUATION
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=733 MeV/c with the LH, target is shown in Fig. (). Fig. 2. In Fig. 2a) we show the experimental Dalitz plot for
Since the simulation was performed in accordance witithe 292107%7°n good events that were left after subtraction
phase space, the initial Dalitz plot and afsdistribution  of the empty-target background. The data were taken with
must have uniform density. the LH, target atp,-=733 MeV/c; this energy is near the
The decrease of the event population on the Dalitz plotnaximum of theN(15205~ resonance. In Fig.(B) for the
contour is just a reflection of the beam momentum spreadsame experimental events, we give the €osspectrum
The simulated co#" distribution, obtained for the same MC (shown by triangles
sample, is shown in Fig.(lb) by circles. The corresponding The acceptance-corrected offs spectrum, which is
distribution, which was obtained from the analysis of the MCshown in the same figure by circles, contains 89147
sample, is shown in the same figure by triangles. The ratio ofveighted eventsi.e., the number of events in the spectrum
this distribution to the simulated one is the asaccep- after the acceptance correctjo®ne can see that the dipion
tance. It is seen that the CB acceptance #81°n events  production angular distribution is far from isotropic, and the
drops by a factor of 4 from backward to forwarar2pro-  forward production is the largest. The result of dividing the
duction. It is a consequence of the forward boost of the finaldata in four subsets depending on the gowalue is illus-
state photons in the lab system. When befls are produced trated in Figs. &)-2(g); we show here four experimental
in the forward direction, the probability for at least one of the Dalitz plots corrected by their acceptances, and also the Dal-
four photons to escape through the downstream beam hole iz plot that is obtained as the sum of these four plots. The
the largest. The Dalitz plot acceptance was investigated fdatter Dalitz plot contains 90329 weighted events; this num-
different regions of co®'. In Figs. Xc)-1(f) we show four ber compared to the first approach is larger by 1.3%. The
Dalitz plots for the reconstructed events divided in four sub-difference of 1.3% between the two methods may be consid-
sets depending on the c@S value. It is seen that for ered as reasonable agreement of these approaches. The result
cos§ <0.5, the Dalitz plot acceptance is almost uniform; of correcting the experimental Dalitz plot from Figia2 by
for forward anglegi.e., when cosd" >0.5), the acceptance its overall acceptance, which is shown in Fighy yields
decreases for small masses of the® 8ystem. This effect is only 82536 weighted events; it is similar to the number that
not unexpected, since ther2 system with a small invariant would have been obtained if we use just the mean detection
mass has a small opening angle between the#ig In that  efficiency for the acceptance correction. The density distri-
case, both ther®s fly almost along the direction of the?  bution of the experimental Dalitz plot before and after the
system, i.e., towards the downstream beam hole where thaverall acceptance correction is very similar as well. It is
probability for the decay photons to escape is the largest. Faeen that the third method underestimates the number of ini-
backward 2° angles, this effect is almost canceled by thetially produced events by about 8%. It happens because the
forward boost of ther®s in the lab system. large 27° production in the forward angles occurs in the
We have tested three approaches for adjusting the experiegion of the smallest acceptance. The third method also un-
mental distributions by the acceptance; they are illustrated inlerestimates the number of events at lofr°7°) invariant
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02 0.2} 0.2f: — %7 at nine beam momenta. The arrow
< : pointing up atm?(7°n)=(1.21)2 GeV?/c* in each
agoj L o1l - 01k plot shows the real part of the pole for tie
resonance. The arrow pointing downret(7°n)
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- T T for the Breit-Wigner mass of thA.
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mass. In Fig. @) we compare the??(7°#°) projection of the Figures 4 and 5 show the projections of these plots on the

acceptance-corrected Dalitz plots obtained by the second ame?(7°n) andnm?(7°7°) axes, respectively. The®#°n phase-
third methods. It is seen that at lom(7°7% masses, the space distributions are shown in the same figures by the
yield of events from the third methoghown by circlesis ~ dashed curves. These distributions are normalized to the
significantly smaller than the one from the second methodumber of experimental events. _
(shown by triangles To interpret the experimental Dalitz plots and their pro-

For every beam momentum where the experimental stg€ctions, let us note certain revealing features of these distri-
tistics allowed it, we tested all three methods for the accepPutions. The manifestation of th&(1232 produced by pro-
tance correction. It was found that the first and second mett£eSS(2) is clearly seen in Figs. 3 and 4.

: The maximum of the\ peak occurs close to the real part
ods agreed better for all data with beam momentum above o L
p.-=550 MeV/c. For beam momenta at and belopy- of the pole position of thé resonance, which is 1210 MeV

T [1]. This is expected, as the conventional Breit-Wigner mass
=550 Mev/c, all three m(?thds gave nearly the same numg . o A, which is 1232 MeV, is determined from the analy-
ber of initially producedr #"n events. Finally, to obtain our

its for then®m0 " d the first meth dsis of 7N elastic scattering, where the fit to the P33 partial
resulls for thér~rn Cross Sections, we used the irst method,, aye has a large background from the nucleon pole term. In

of the acceptance correctigne., the method of the co8 4 case we have a three-body final state where\tisbar
distribution. For the two lowest beam moment®.- s produced as an intermediate state. In Figs. 3 and 4 the pole
=271 MeV/c and 298 MeV£), where the experimental sta- position is shown by the arrow pointing up, and the conven-
tistics is very small, the average acceptance correction Wagonal Breit-Wigner mass is shown by the arrow pointing
applied. down. Some changes that are seen inAfseshape for dif-
ferent momenta can be explained by the fact that for every
7°n system produced due todecay, there is the secondn

In Fig. 3 we show ther®7°n Dalitz plots for nine beam System, the invariant mass of which smearsAfgesignal in
momenta that cover our full energy range. All Dalitz plots the plots. Since the®7°n system has two identical particles,
are background subtracted and acceptance corrected. The #ae Dalitz plot has a line of symmetry. This line connects the
ceptance correction was made according to our secon@oints on the Dalitz plot contour that have the largest and the
method, i.e., by dividing the data into four equal intervals insmallest invariant-mass squared(w°#°). Every event has
cosd’, and correcting each of the four Dalitz plots by its two entries in the Dalitz plot, which have the sam&7°7°)
acceptance. All Dalitz plots but one in Fig. 3 are for the,LH but two differentm?(=°n). It is a property of then%#’n
data. The LH data have more statistics and less backgroundDalitz plot that these two entries lie opposite to the line of
than the CH data, which are shown here only for one mo- symmetry and at the same distance to it. In Fig. 6 we illus-
mentum,p,-=612 MeV/c, that was not taken with the LH trate this property of ther°#°n Dalitz plot using simulated
target. events of the hypothetical process p— 75A°%— mmon,

V. FEATURES OF THE DATA
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where eachr® has an extra subscript. The beam conditionschoice selects thad decay. In Fig. ) one can see that the
for the simulated events are identical to the datapat  choice of m(win) results in the reflection of tha’s band
=748 MeV/c. The A mass of 1210 MeV and the width of with respect to the line of symmetry. The Dalitz plot in Fig.
100 MeV were taken according to the pole position of the 6(c) is the sum of the two first figures. In Figs(dp—6(f) we
resonancé1]. Knowing now which#? is from theA decay, show them?(n°n) projection for each of the three Dalitz
we can distinguish the distributions for the twn systems. plots.

In Fig. 6@a), the Dalitz plot is shown fom(rr‘z’n) only; this A visual examination of the nine Dalitz plots and their
o 15000
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c
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o itz plots shown in Fig. 3. The dashed curves show
z 1000 110000 the 797°n phase-space distributions normalized
to the number of the experimental events.
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FIG. 6. (Color onling Dalitz plots and their
m?(7°n) projections for Monte Carlo events of
the sequential processr p— mIA%— momon
atp,-=748 MeV/c: () mX(mim9) vs mA(man),
(b mz(ﬂ'?ﬂ'g) S mz(q-r?n), (©) mz(ﬂ'(l)wg)
vs mA(mi ), (d) mA(mn), () mA(min),
and (f) nP(m}n). The vertical line at
(1.21)2 GeV?/c* corresponds to the real part of
the pole for theA resonance; this mass was used
in the simulation. Line number 2 is the line of
symmetry of the Dalitz plot that connects the
points on the Dalitz plot contour which have the
largest and the smallest mass(#°#). Line
number 3 is a reflection of the vertical line num-
ber 1 with respect to the line of symmeteie.,
line number 2.

projections does not allow a quantitative conclusion about The general feature of the®#°n data for all beam mo-
the size of thef;-meson contribution, except that it is not the menta is a strong asymmetry in population of the events

major one. If thef, meson, produced by proce&?®), had a

along the invariant mass of theé7° system. The number of

mass of 600 MeV or below, and a width of 200—300 MeV, it 7°#°n events with largem(7°7°) masses is considerably
would be seen as a horizontal band in our Dalitz plots. Inarger than with small ones. For a better illustration of the
Ref. [1] the fo(600 meson is listed as having a width of magnitude of this asymmetry, we show in Fig. 7 the ratio of
600—1000 MeV. Such a broad state would look like an althe experimentai?(7°#°) spectrum and its phase-space dis-
most uniform distribution in our plots; however, a uniform- tribution for the nine beam momenta shown in Fig. 5.
density component does not appear to be a major part of our A likely explanation for such an asymmetry is the inter-
m°7°n data. A horizontal band with a narrower width is seenference of the transition amplitudes.

at the top of the Dalitz plots of the low-momentum data. It

Another interesting feature of the®#’n events became

seems to be produced lyand its reflection with respect to apparent when the data were divided into four Dalitz plots
the symmetry line rather than by ttig meson. If it were a according to the cog” value. For the data atp,-
signal fromfj, this band would be centered around the same=733 MeV/c, this has already been illustrated in Figs.
m(7°7%)=m,, have the same width df; , and be seen for 2(c)-2(f). For the four lower beam momenta, which are
656 MeV/c, 550 MeV/c, 472 MeV[c, and 404 MeV¢, the

our higher beam momenta as well.
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corresponding Dalitz plots are shown in Fig. 8. thickness of 10.57 cm was along the beam axis. The hemi-

For all data above,-=550 MeV/c, a strong dependence sphere radius was 7.62 cm. The effective hydrogen density
of the m(#°#°) spectrum on the 2° production angle is for the LH, conditions calculated in units dimb cmtis
seen. For backward7® angles, there is an enhancement opr£2:4-248>< 10°°. Then, the effective number of hydrogen
the experimental events for large(=°°) masses. For for- atoms isNf} =pf; XI5, , wherel| is the effective thick-
ward 27° angles, the situation is opposite; there is an enness of the LH target for them~ beam passing through the
hancement for smalin(7°7%) masses. For the data below entire target. This effective thickness was determined by a

~=550 MeV/c, the dependence of the Dalitz plot density MC simulation, where the real beam-trigger events were
on the 27° production angle is small; there is an enhance-Used for calculating the average path length through the tar-
ment of the experimenta| events at |a[ge1-077-0) masses for get Taklng into account the Spatial (_iistribution of the data at
all four cos#* intervals. dlﬁerent beam momenta}, thE$f effective number of hydrogen

To illustrate the change of the c@ distributions with ~ {0ms in the LH target isN(}; =(4.05£0.08 X 107 mb™,
the beam momentum, we show in Fig. 9 these distributiond he calculation of the effective number of hydrogen atoms in
for nine different momenta of the Litdata. These distribu- the CH targets was easier due to the cylindrical shape of
tions are shown in units of mb/sr, so they can be considerel'€Se targets. For the4QHla£rlget with thickness 1 cm, this
as the differential cross sections of reactidh. Details on "umber was 0.808 107" mb™=; for the 2-cm-thick target, it

4 -l : ;
the determination of the number of beam pions incident orfv@s 1.622 107" mb™; and the 3-cm-thick target was just a

target and the effective number of hydrogen atoms in theéUm Of the first two. , _
target are given in the following section. The calculation ofN_- involves several corrections that

The detailed investigation of the®#°n dynamics by a take intp account scatte_ring and decay of pions, and also the
partial-wave analysis of the data at all beam momenta simucontamination of the pion beams by muons and electrons.
taneously is foreseen. The decay an_d scattering of the beam pions can be taken into

account by simulation. The real beam-trigger events were
used as input for this simulation. The trajectory parameters
VI. NUMBER OF BEAM PIONS AND TARGET PROTONS for the beam particles were measured by the drift chambers
located in the beam line. For beam momenta below

Besides the determination of the number of initially pro- 350 MeV/c, the beam contamination by muons and elec-
ducedn®7°n events, the cross-section calculation also needgrons can be measured by a time-of-flighOF) system. The
the total number of beam pionkl -, incident on the target muon contamination was 2% —4% for beam momenta above
and the effective number of hydrogen atoms in the target400 MeV/c [13]. For all momenta, the electron contamina-
The LH, target had a cylindrical shape along the beam dition was also investigated usingCrenkov counter located
rection with hemispherical endcaps. The maximum targein the beam downstream of the CB. However, the analysis of
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the LH, data atp,-<350 MeV/c revealed an inconsistency tions of the beam pions in the counter and their decay along
between the beam contamination by electrons as determingde 30-cm distance were very small. TGerenkov counter

by the TOF system and by ttigerenkov counter. The results was moved upstream to be as close as possible to the CB; its
determined by theCerenkov counter were systematically new location was just 2.5 m downstream of the target. Also
lower. In this energy range, there are several measuremerfiar beam momenta above 690 Med//the measurements
of the charge-exchang€CEX) reaction 7 p— #°n. Com-  were repeated with the target shifted upstream from the CB
parison of our results for the CEX reaction with the existingcenter. This shift improved the CB acceptance 48is pro-
data showed good agreement for the only case when thduced in the forward direction. The second part of the ex-
beam contamination was determined using the TOF informaperiments covered only the energy rarme =470 MeV/c,

tion [14]. For higher momenta, where onfierenkov counter but with more points in the region of the Roper resonance.
information was available, our results for the CEX reactionThe beam contamination by electrons, according to(tee

also turned out to be below the existing data. An additionankov counter information, varied from 12% at the lowest
study was carried out to understand this problem. It turnednomentum to 3% at the highest momenta. The beam con-
out that using a separator to eliminate the electrons from thiamination by muons was taken as 3% for all data with
pion beam resulted in a small deviation between the direcP==470 MeV/c (see Ref[13)]).

tions of the pion and electron parts of the beam. This devia- FOr the LH data withp,-=322 MeV/c, N,- was calcu-
tion did not matter when the beam was triggered by thdated using the no_rmallzatl_on to the differential cross section
system of scintillation counters located upstream of the cBOf theé CEX reaction. Besides, for the normalization of all
However, the large distance to tkirenkov counter, which LH, data with Pr= 470 MeV/c, we used our gwn .results
was located 8 m downstream of the target, resulted in a cor{pr t_he CEX reaction ob;am_ed from the GHata. In Fig. 10
siderable shift between the pion and electron parts. Since thi€ illustrate the normalization for the case where the beam
separator was usually tuned to have the lowest rate in th1omentum, which is 656 Me\d/ is the same for both the

Cerenkov counter, it merely led to the case where the maxic' 1z and Ch data. In the same figure we also show the
mum of the electron part of the beam was not in the ﬁduciaporrespondlng. FAO2 solutian (.)f SAIRL5], which is an out-
volume of theCerenkov counter. put of the partial-wave analys{®WA) of the George Wash-

The second part of the experiments, which was performe!9ton group based on experiments made earlier by many

with the solid targets, was optimized to minimize the uncer-2ther groups. _
g P To exclude the effect of the low acceptance in the forward

tainties in the beam control. Instead of the separator, a les f
3-mm-thick lead plate was used to suppress the beam coff"g'es for all momt_antg at and above 470 Me,\*Nve ex-
luded from normalization the angular range @s> 0.6,

tamination by electrons. Using the solid targets allowed us t& N
put an extra beam counter located just 30 cm upstream of thethere 6 o is defined as the angle between the and the
target. The transverse size of the countex,%cn?, and its  beam direction in the overall c.m. system. Note that the LH
thickness of 5 mm insured that the pions which triggered thalata are in better agreement with the PWA solution for the
beam also hit the target. The losses due to nuclear interaferward and backward angles, where the ,Cpbints go
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4 T T ' The PWA solution is shown in the same figure for the

— SAID (656 MeV/c) - intermediatep,.-=735 MeV/c. Note that our results disagree

35r I with the PWA solution for the backward angles, although
© CB 2002 (656 MeV/c, 3 cm CH,) much better agreement is seen for the middle angles. There-

3 v CB 1998 (656 MeV/c, LH,) il fore, our normalization required that the ratio of the PWA

solution atp,.-=738 MeV/c to the CH data was the same as
] the ratio of the PWA solution gi,-=733 MeV/c to the LH,
data. Only the middle part of the 009%0 distributions was
used to get these ratios. Note that for the entire energy range
of the CH, data, our agreement with the PWA solution for
the CEX reaction is very reasonable; the difference is only
seen in the backward angles for momenta abgue
=700 MeV/c. Our results for the LEldata at low momenta,
where the beam contamination was determined from the
TOF information, also show good agreement with the PWA
solution for the CEX reaction; therefore, we decided to nor-
0 =08 —06 —04 02 0 02 0+ 06 08 1 malize our three remaining momenta on L #ata(.e., p.-

c.m. cos@(n%) =355 MeV/c, 373 MeV/c, and 404 MeV¢) to the corre-
sponding solution of the PWA for the CEX reaction.

do/dQ(r"p —>7°n) [mb/srl

FIG. 10. Differential cross sections for reactianp— 7°n at
p~=656 MeV/c. The LH, data are normalized to the middle
angles(-0.8< cosﬁ;o<0.6) of the CH, data, where the agreement VIl. CROSS SECTIONS AND THEIR SYSTEMATIC
is better. The PWA solution is taken from the SAID data base. UNCERTAINTIES

slightly below the LH ones. We explain this by the fact that ~ The main results for the total cross sectier(7p
the CH, data were taken at much larger beam intensity than— #°#n) are listed in Table I. All results obtained with the
the LH, data. As discussed above, in that condition we cantH, data are included in Table I, since these data have less
not avoid some losses of good events caused by the overldgackground and much larger statistics than the G&ta. The
of the true and pileup clusters. Since the pileup clustersCH, results we consider to be supplementary to help with the
mostly occur in the crystal layers surrounding the beam linenormalization of the LH data and with the evaluation of the
the forward and backward® production is most sensitive to systematic uncertainties of the measurement. The @
these losses. An example of the normalization when thaults are given in Table Il except for the beam momenta of
beam momentum was slightly different for the £&hd LH, 501 MeV/c and 612 MeV¢, which were included in the
data is illustrated in Fig. 11, where the beam momenta for thenain table, since there were no corresponding measurements
CH, and LH, data were 738 MeW and 733 MeV¢, re-  with the LH, target. The uncertainties that are given for the
spectively. total cross section in the tables are the statistical ones only.
Our results for the total cross section(7 p— 7°7°n)
are shown in Figs. 12 and 13 as a function of the beam
~ SAID (735 MeV/c) T A momentum. The existing data are shown in the same figures.
Note that the statistical uncertainties for our high mo-
menta are much smaller than for the existing data. For low
v CB 1998 (733 MeV/c, LH,) 1 momenta we have good agreement with the most recent data.
The energy dependence of our total cross sectgmr p
— 7%7%n) is in good accord with the expectation that the
largest contributions to this channel are 440 and the
N(1520. The maximum which the total cross section reaches
atp,-=730 MeV/c does correspond to tH&(1520 mass. A
shoulder that is seen in the total cross section at lower mo-
menta appears to be a manifestation of the Roper resonance.
i The position and the width of this shoulder are in better
agreement with the pole paramet§t$ of the N(1440 than
with the conventional Breit-Wigner mass and width. It is also
interesting to compare the energy dependence of our
o7 p— 7%7°n) results and the relevant cross section of
processyp— 77% [23]. In Fig. 14 we show the total cross
FIG. 11. Differential cross sections for reactianp— #°n for sections for both processes as a function of the c.m. energy.
beam momenta close fo,-=735 MeV/c. The method of the LKi ~ The absence of the Roper-resonance shoulder inyhe
data normalization is given in the text. The PWA solution for ~ — 7°@°p Cross section is no surprise as the Roper resonance
=735 MeV/c is taken from the SAID data base. has only a small radiative coupling. Note the difference in

N
&)
T

o CB 2002 (738 MeV/c, 3 em CH,)

do/d0(n"p —> 1°n) [mb/srl
& N

0.5

0—1 -08 -0.6 -0.4 -0.2 0 02 04 06 038 1
c.m. cos@(n°)

045202-12



MEASUREMENT OF 7 p— 7%7°n FROM THRESHOLD TOp,-=750 MeV/c

this work
Barish, 1964
Bulos, 1969

.
*
A
¢ Buniatov, 1972
v
o

g
s}

Bunyatov, 1977
Chiu, 1967 +

(' p — ©°n°n) [mbl
5- N

0.5

.,W

0.3 0.4 0.5

0.6 0.7 0.8

7~ momentum [GeV/c]

FIG. 12. Total cross section (7 p— 7°%°n) as a function of

PHYSICAL REVIEW C 69, 045202(2004

3
£
= e CB o(np = n°n°n) ..0°.
6 2
o TAPS o(yp = n°n%) x1071 .
..
1.5 ¢
*
1 ¢ o
o°°° ¢ ¢+++++++++
. %o +
%o
0.5 °°
00°
[e]e)
L] ) Oooooo
0 0.0%.0.0.0209°
1.2 1.3 1.4 1.5

center—of—mass energy [GeV]

FIG. 14. Total cross sectiomy(m p— 7%7°n) compared to

the beam momentum. Our results are compared to prior datg,(yp— #%7%) as a function of the c.m. energy.

[16-2Q.

the dependence af; on the c.m. energy close to the thresh-

old for v and =~ beams.

Since most of the results far, (7 p— #°#°n) obtained
with the LH, target have a very small statistical uncertainty,
the systematic uncertainty becomes the dominant one.

best solution for middle cog". The middle part of the cog’
distribution is almost insensitive to the beam intensity. As
discussed above, a high beam intensity causes losses of good
events due to the overlap of the pileup and true clusters. Note
that several data sets with the gtarget were taken with too
high beam intensity. This gives slightly lower results for two

ASr three values ofr (7 p— 7°7%n) in Table II; they lie be-

discussed already, the main sources of the systematic Unc§&y, our main results and the GHesults, which have the
tainties are the background subtraction, the acceptance cQ¥ame heam momentum and a lower beam intensity. For the
rection, and the calculation of the number of incident pionSsame data sets of high beam intensity, similar losses are seen
N.-. Based on the agreement obtained between the SAIR, forward and backward angles of the differential cross sec-

CEX results and our measured differential cross seqgsn
pecially in the middle part of the ca distribution), the

tion for the CEX reaction. However, the middle part of the
cos ¢ distribution did not change. This allows us to consider

combined systematic uncertainty in our CEX data isthat our normalization of the Ljidata to the Ckldata is not
3% —4%. SAID itself can be assigned a 2% uncertainty of itsvorse than 2%. Since the LHlata were taken at low beam

'50.35
§ ® this work
:c\ 0.3} x* Belkov, 1980
&
% o Lowe, 1991 +
TO'% v Bunyatov, 1977 -
IO_
E/ 0.2
6
0.15 +
0.1 b %
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0.05 ¥
¥
[e] _8_ °
0 00e®.°

0.26 0.28 03 0.32

FIG. 13. Total cross section (7 p— 7°7%n) as a function of
the beam momentum fagp,-<410 MeV/c. Our results are com-

pared to prior datd§20-27.

0.34 036 0.38 0.4
7~ momentum [GeV/c]

intensity, the effect of the pileup losses to the lddsults for
o(7m p— 707°n) is very small(<1%). Finally, the total sys-
tematic uncertainty due to the normalization of the,Ld#&ta
to the CEX reaction measured with the Ctharget is esti-
mated to be about 5%.

Another systematic uncertainty comes from the combined
features of ther%7°n dynamics and the CB acceptance. Ear-
lier we discussed three methods for calculating the number
of initially produced#°#°n events. We showed that the av-
erage detection efficiency of reactigfh) does not always
give the correct result. More reliable results can be obtained
by using the cog distribution or by dividing data into four
subsets of cog" with the four Dalitz plots corrected for their
acceptance. Since the CB acceptance drops for the forward
dipion angles, the latter methods give more accurately the
number of initially produced events for the case when the
production angular distribution of then? system is asym-
metric. Note that the difference between the results obtained
by the cos#” acceptance correction and by the method of
four subsets is not larger than 3% over the entire energy
range.

For a better understanding of the systematics due to the
acceptance correction, some measurements were repeated
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600 1 wool g o3l oowooozza% i FIG. 15. The experimental distributions for
‘ool | g ° % reaction 7 p— 7% at p,-=738 MeV/c with
oz 20 T o the CH, target located at the center and 16 cm
200} ]| 2001 oq kT emoem i upstream: (a) the background-subtracted spec-
2=0cm ° Z=—1§¢m trum of mX(=%°) when z,=0 cm, (b) the
09 02 o4 % 0.2 04 23 0 ’ background-subtracted spectrum  of?(m°7°)
m*(n°n°) [GeV?/c'l m*(n°n®) [GeV?/c'l c.m. cos0'(2n°) when zcy,=-16 c¢m, (¢) the acceptance for the
cos ¢ distribution (shown for both target loca-
@ T 9 2500F . 9= ' : 2000 .
e Az Y| o tions), (d) them-(#"7") spectrum after the accep
€ 2500} 15 &) |~ o04fvz=0em f)4 :
z 3 20001 1 g tance correction whenzCH2=0 cm, (e) the
3 20001 13 1500} {= o3 z=m16em # m?(w°7°) spectrum after the acceptance correc-
+ 1500} 1% 3 odt tion whenzcy,=-16 cm, (f) the cosé" distribu-
& 1000k {-g1000- 18 02 N’%i!*&?%%# ] tion after the acceptance correction, calculated in
s00l 1% s00l- 4 o} - units of differential cross sectiaighown for both
Z=0cm =-16cm | target locations
% 02 o+ % 0.2 0+ L9 0 1
m*(n°n®) [(GeV?/c*) m*(n°n®) [(GeV?/c'l c.m. cos®'(2n°)

with the CH, target shifted upstream of the CB center. It efficiency for the cross-section calculation can lead to an
gives a larger CB acceptance for forward dipion angles. Irunderestimate. Applying the ca5 distribution or the

Fig. 15 we compare some experimental distributions of reacmethod of four subsets for the acceptance correction has a
tion (1) that were measured a,-=738 MeV/c with the  systematic uncertainty due to this correction of 2% —4%.
CH, target located at the center of the CB, as well as shifteetinally, the total systematic uncertainty of our total cross
16 cm upstream. The beam intensity conditions were almosfectionsoy(7 p— 7°#°n), which includes all uncertainties
the same for both measurements. mentioned above, is about 6%.

Because of the limited experimental statistics resulting in ~ ther systematic uncertainties that we checked were
large statistical fluctuations.after the carbon and th(()e ‘gmptyfound to be smaller than 1%; so they are not included in the
target background subtraction, we show only thén°n%) o) uncertainty of the measurement. This includes different
projection of the Dalitz plot instead of the plots themselves,,imizations of the cluster algorithm, different cluster
In Figs. 1%a) and 1§b) we show themz(wowo)_ projections  thresholds, and different confidence levels of the kinematic
that are obtained after background subtraction; they are ngf for event selection. Figure 16, for example, illustrates the
yet acceptance corrected. It is seen that thé(n%7°) agreement between the data and MC for the probability dis-
invariant-mass distribution with the target shifted upstreamyipution of the kinematic fit for ther p— 7°7°n— 4yn hy-
has more events at low masses. This is easy to explain by thgythesis. The data distribution is the background-subtracted
earlier observation that low masses7°n°) at this momen-  gpe.
tum are mostly produced in the forward angles. So with the
target shifted upstream, such events have a better acceptance.
In Fig. 15c) one can see how different the c6sacceptance
is for both target locations. In Figs. @ and 1%e) we show
the samer?(#°#°) projections that were obtained as a result
of the acceptance correction by using the method of dividing
the data into four subsets depending on 6asOne can see
a much better agreement in the mass spectra for both target $$
locations. Finally, in Fig. 18) we compare the acceptance- gg
corrected co®’ spectra obtained for both target locations; Fogs .
these spectra are shown as differential cross sections in units PO 90 oonte 000 e ey TEE
of mb/sF;. Within uncertainties, both differential cross sec- 1000 % AT anerttnlon, O
tions are in agreement. It is also interesting to compare the
total cross sections which are obtained for both target loca-
tions with our three methods of the acceptance correction.
For the CH target located at the center, the average detec-
tion efficiency givess (7 p— #°7°n)=2.07 mb, the co¥"
acceptance correction gives 2.20 mb, and the method of four 0.2 0.4 0.6 0.8 1
subsets gives 2.25 mb. The corresponding values obtained Probability (x?)
with the CH, target located 16 cm upstream are 2.17 mb,

2.28 mb, and 2.29 mb. The statistical uncertainty of all these FIG. 16. Comparison of thg? probability distributions for the
results is about 0.05 mb. Comparison of these numbers comtata and MC events that satisfied the kinematic fit hypothesis for
firms our earlier conclusion that using the average detectioreactionz p— 7%7°n— 4yn.

Events

3 ¥ Data

2000 & o MC
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Note that an increase in the distributions for low probabil-pic distribution, and their structure depends on the beam en-
ity is due to events with partially overlapping photon show-ergy. It is remarkable that no direct evidence for a strang
ers or with a small leakage of energy of the showers into thénteraction in the =J=0 state is seen im p— 7°7°n from
entrance and exit tunnels of the CB. Since the CB resolutiotthreshold top,,-=750 MeV/c. A better understanding of the
function was determined for “solitary” electromagnetic role and contribution of thé,(600) meson in7°#° produc-
showers that totally deposited their energy in the CB, it untion needs a detailed partial-wave analysis of the data. The
derestimates the errors in the energy and angles of suamergy dependence of(7 p— #°#’n) shows a shoulder at
clusters. the Roper resonance, and there is also a maximum near the
N(152()§‘. It illustrates the importance of these two reso-
nances to ther®7° production process. The®7°n cross
section is rather large for a reaction with a three-body final
state in comparison to a relevant two-body process. Our
7°7°n data implies that the ratio of the total cross sections at
=750 MeV/cis (7 p— 7°7°n)/ oy(7 p— 7°n) =~ 0.25.

VIIl. SUMMARY AND CONCLUSIONS

Reaction7 p— 7°7°n has been measured with high sta-
tistics for 19 incident momenta from threshold m,-
=750 MeV/c. The dynamics of ther p— 7%7°n reaction ~
and the dgpendenqe on the.beam energy are shown in to"%[ue systematic uncertainty in our total cross sections is about
cross sections, Dalitz plots, invariant-mass spectra, and pr 0
duction angular distributions. The Dalitz plots are highly ="
nonuniform; they indicate that the®#°n final state is domi-
nantly produced via them®A%1232 intermediate state.
There is a strong enhancement at lamgg#°7°) and a This work was supported in part by DOE and NSF,
smaller one at lowr?(7°7°) with depletion in between. For NSERC of Canada, the Russian Ministry of Industry, Science
beam momenta above 550 Me¥/ the density distribution in  and Technologies, the Russian Foundation for Basic Re-
the Dalitz plots strongly depends on the angle of the outgosearch. We acknowledge SLAC for the loan of the Crystal
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