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The pion induced pion production reaction$ p— 7+ 7*n were studied at projectile incident energies of
223, 243, 264, 284, and 305 MeV, using a cryogenic liquid hydrogen target. The Canadian High Acceptance
Orbit Spectrometer was used to detect the two outgoing pions in coincidence. The experimental results are
presented in the form of single differential cross sections. Total cross sections obtained by integrating the
differential quantities are also reported. In addition, the invariant mass distributions from the () channel
were fitted to determine the parameters for an extended model based on that of Oset and Vicente-Vacas. We
find the model parameters obtained from fitting the" ¢r ) data do not describe the invariant mass distribu-
tions in the ¢r* 7*) channel [S0556-28138)00112-3

PACS numbgs): 13.75.Lb, 13.60.Hb, 13.60.Le, 13.75.Gx

. INTRODUCTION threshold for these reactions is &t=172.4 MeV. Total
and single differential cross sections are reported, and inter-
It was Weinberg who first suggestétl] that the reaction preted within the framework of a microscopic model of the
7N— 77N may be used as a probe ofw scattering. «N—7aN reaction first developed by Oset al. [3] and
Among the processes contributing to the reactiei later extended by Sosst al. [4,5]. The measured invariant
—amN is the one pion exchange mechanié@PB, which ~ mass distributions for ther” 7~ channel were fit to deter-
accounts for the interaction of an off-shell pion with the mine the model parametefsoupling constants for isobar
physical pion. Although the OPE mechanism may be used t§xchanges which contribute to the non-OPE backgrpuhd
study 7 interactions, other processes such as resonandparate publicatiof6, 7] will deal with the double differen-
exchanges also contribute to the reaction amplitude. Thiidl cross sections, Chew-Low and dispersion analyses, and
presents theoretical difficulties as well as potential ambigu&Xtraction of ther scattering length obtained from these

ities in extracting == scattering observables fromrN experimenFaI results. Thg present work is organized as fol-
— 7N data lows. Section || summarizes previous experiments. Section

Although work is in progresi2] to extend the predictive Il describes the experimental apparatus. The techniques

range of chiral perturbation theoChPT) well above the used in the data reduction process are described in Sec. IV.

7N—maN threshold, presently the connection betweenThe results of the experiment are presented in Sec. V. The

theory and experiment is reliable only at threshold. On thénOdGI Is introduced in Sec. VI, ar_1d the data are C‘?"“P?fed to
other hand, a study of the backgroufiton-OPB mecha- the model results there. Conclusions are summarized in Sec.

nisms, which also contribute at threshold, is best suited to thgu'
near threshold region. Constraints for the effective couplings
of these background mechanisms can only be obtained by
comparing a broad set of experimental results with the pre-
dictions of theoretical models. There are five different experimentally accessible chan-
In the present experiment, exclusive measurements of theels of elementary pion induced pion production on the pro-
7 p— " n reactions are reported in the near thresholdton. These arer*p—="7=n, 7w p—===°p, and 7 p
region, atT,=223, 243, 263, 285, and 305 MeV. The — w%#°n. In the past, the above reactions have been studied
over a wide range of incident pion energies. However, only
the near thresholdi8—18 measurementsT(.<400 MeV)
*Present address: University of Colorado, Boulder, CO 80309. are of interest in the current work.
TPresent address: Physikalisches Institut, Univérsiiabingen, In 1974 Jonegt al. measured angular distributions in the
72076 Tibingen, Germany. (7" 77) and (w~ 7% channels at an incident pion momen-
*Corresponding author. Electronic address: smith@triumf.ca  tum of 415 MeVk [8]. They employed a 180 liter hydrogen

II. PREVIOUS #wN—mwN EXPERIMENTS
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bubble chamber at Saturne. Out of 140000 pictures takertontext of a model or even to make direct comparisons of the
881 (w*m~) and 140 ¢r~ #°) events were detected. experimental results.

In the late 1980’s and early 1990’s the Omicron group at
CERN measured total cross sections and angular distribu-
tions for the ¢r*#7), (#~ #°, and (@™ #") channels at
incident pion momenta between 295 and 450 MeV®— The experiment was performed using the M11 pion beam
11]. These experiments employed a large solid angle madine at TRIUMF. The TRIUMF cyclotron provided a
netic spectrometer and a thin gas target. For each reaction tA40 nA, 500 MeV proton beam with a 100% duty factor.
two charged particles in the final state were detected. In orThe primary proton beam was composed of 3—4 ns wide
der to determine total cross sections, the angular distribution@uckets every 43 ns. Pions were produced on a 10 mm thick
were extrapolated to the regions of phase space not coveré§aphite production target.
by the experimental apparatus. They assumed that all kine-
matic variables except the dipion invariant mass in the A. Pion channel

+ - L .
(") channel were distributed according to phase space. Slits and jaws in the front-end of the M11 channel were

These data have been criticized for the limited phase-spacl?sed to adjust the intensity of the beam transported to the

coverage as well as the extrapolation process used to detgfe s approximately 14 m from the production target. In this

mine total cross sections. , experiment, the pion flux was typically 1 MHz for incident
In 1993, Sevioret al. reported total cross section mea- ..~ 5nd 2.5 MHz for incidentr". Slits situated at the dis-

surements performed at TRIUMF. The (7") channelwas hersed intermediate focus of the channel (18mmfs/p)
studied at incident pion energies of 180, 184, 190, and 20Qere adjusted such that the momentum spr&adp of the
MeV [12,13. They used a novel method in which a set of Sincident#* (#~) beam was 1%5%). The momentum dis-
thin plastic scintillators were employed as active targets inribution of the channel is uniform with centrofj and stan-
which the final state pions were detected. An array of neudard deviationAp. For the case of the relatively wide~
tron detectors was used to detect the final state neutron. ThRomentum acceptance, a 16 element scintillation counter
same group has recently reported measurements in both thedoscope consisting of 6 mm wide strips each 1.6 mm thick
(m7*#7") and (@* 7~) channeld14]. To date, these repre- was employed. This reduced the uncertainty in the momen-
sent the experimental data acquired closest to the pion praum of the incidentr™ to ~0.3%. The hodoscope was not
duction threshold energy. The measured cross sections oed for incidentr*, due to the heavy proton contamination
Sevioret al. are in disagreement with those obtained by theat the midplane of the channel. The proton contamination
Omicron group. was mitigated by means of an absorltgpically 6 mm thick
At PSI, the Erlangen group performed exclusive measureCH,) at the channel mid-plane. With the absorber, the
ments of the ¢+ 7~) channel at pion incident energies of ratio was typically 3:1 at the final focus of the channel. At
247, 284, and 330 MeV with a liquid hydrogen targ@b].  the energies studied in this experiment, thé ande™ con-
They employed a magnetic spectrometer, plastic scintillatoréamination was small<€2%).
and wire chambers in order to cover large regions of phase
space, including regions out-of-plane. The published results B. The target
were in the form of pion-pion angular correlations, and triple
differential cross sections at 1301 MeV total center—of-masﬁ_h
energy. No total cross sections were published.
Measurements of ther’#°) channel at pion incident en-

Ill. THE EXPERIMENT

A liquid hydrogen target was used for the experiment.
e liquid hydrogen was contained in a cylindrical target cell
of radius 25.5 mm and height 50 mm. The cell consisted of
. : 0.125 mm thick Mylar held in place by copper disks 54 mm
ergies ranging from 5 MeV above threshold (@, in diameter at the top and bottom of the cell. The cell was

=293 MeV were performed by Lowet al. at Brookhaven : ;
[16]. They used the crystal box detector to acquire kinemati—Surrounded by vacuum, and a 0.007 mm thick aluminum heat

cally complete data over a large region of phase space Ighield at a radius of 29.6 mm. The outside pressure was
this experiment the four final state photons originating from upported by a Mylar foil wrapped around a honeycomb

i structure located at an outer radius of 46.8 mm.
0 decay were detected, and th87° events were isolated

as well as angular distributions at LAMPF for the {#°) A
channel at incident pion energies of 190, 200, 220, 240, ang
260 MeV[17,18. They employed ar® spectrometer and a
charged particle detector, and performed an analysis in
which all of the existingrN— 77N data were fitted to ex-
tract partial amplitudes in the framework of the Olssen and Incident pions were counted using two plastic scintillators
Turner (OT) model[19]. situated between the end of the channel and the entrance of
The above constitutes a large body of threshaldN the spectrometer. The first count®; was placed approxi-

data, but the only published differential cross sections are anately 1.5 m upstream of the final focus and consisted of
a single incident pion energyl5]. The published angular four adjacent 10 cm wide horizontal strips each 5 cm high
distributions from other works are often in arbitrary units and 3.2 mm thick. Differential pulse height requirements
[8,9]. As such, it is difficult to interpret these data in the were used to account for the protons which passed through

t this temperature the liquid hydrogen density is
.074 g/cm [20].

C. Beam counting
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this counter, and to eliminate them from the experimental
trigger. The remainingu™ and e* contamination of the
beam was carefully measured in Rgf21,22, and is small
at the beam energies used in this experiment. After removal
of protons, the fraction of pions in the™ beam was 99.5%
and for incidents~ the pion fraction varied between 0.97
and 0.98 depending on the energy. The pion fractions from
Ref. [21] were used to correct the pion beam count in this
experiment. The uncertainty ih, was estimated to be 1%.

The second scintillato®, consisted of four 1.6 mm thick
vertical adjacent strips each 10 cm high. The two center
strips were 8 mm wide while the two outer ones had a width
of 12 mm each, such that the intensity was roughly the same
on each stripS, was located~90 cm upstream of the target
and was used to provide a better definition of the beam at the
entrance to the spectrometer.

The incident beam was counted via the coincidence

S1+S1+S2= beam, whereSl refers to a veto requirement
associated with protons i1, which leave a pulse height in
that counter= four times that of pions. Th&1 signal also
provided the reference time with respect to which the wire ;5 1 |ustration of a reconstructed p— =+ 7 n event re-
chamber drift times were measured, and it defined as well thg,geq aff .- =264 MeV. The profile of the magnet return yokes
timing of all the various gates and strobes associated with thg yisible in the corners. The hit positions in the wire chambers are
spectrometer readout electronics. denoted by crosses. The incident beam is from the left and is reg-
If more than one pion was present in a gived ns wide jstered by hits in WC1 and WC2.
beam bucket, the beam coincidence incremented only once.
Therefore, the beam count was corrected for this rate depegenic targets. The magnitude of the field was measured with
dent effect using Poisson statistics. The technique is dean NMR probe located on the bottom pole face at a radius of

scribed in detail in Refd.21,23. The singles fraction is about 22 cm. During the experiment, the field setting at
=284 MeV was 0.5 T. In order to keep the incident beam
Bre trajectory fixed, the ratio of the spectrometer field to the
fs:mv (1) incident momentum was kept constant at all five incident

beam energies.
whereB=0.85+0.05 denotes the fraction of the beam which  1he two inner CHAOS chambei®VC1 and WC2 are

hit S1,52, and the target, and with multiwire proportional chambers, located at radii of 114 and
229 mm, respectively24]. An anode pitch of 1/2° is em-

ployed for both chambers, which are in addition instru-

A=In| —— R)' (2 mented with cathode strips inclined 30° with respect to the

anodes. WC1 and WC2 are capable of operating at incident
Here, the cyclotron rf frequency=23.058 MHz, ancR is beam fluxes of up te-5 MHz without loss of performance.

the measured beam rate. Depending on the incident pion en- WC3is a qylindrical drift chqmber chated a'g a radius Of.
ergy and polarityfs varied from 0.952 to 0.996 in this ex- 343 mm, designed to operate in a region of high magnetic

periment. The estimated uncertainty in the determination ofi€!d- It émploys a “rectangular” cell geometr25,26. In
f. was only 0.5% total, there are 144 sense wires, plus 576 cathode strips used
. 5%.

A veto countel was placed in the path of the beam at thet® resolve the left/right ambiguity. WC4 is a vector drift

spectrometer exit. It consisted of two adjacent plastic scintil-Chamber with a trapezoidal cell geometry. There are a total

lators each 3 mm thick, and spanned an angular arc of 180f 100 drift cells, each with eight anode drift wires and two
(initiated from the targe’t center additional resistive wires. The drift anodes in each cell are

spaced every 5 mm starting from a radius of 613 mm. To
resolve the left-right ambiguity, the anode wires are alter-
D. CHAGS nately staggered by 250 wm in the direction perpendicular
The experiment employed the Canadian High Acceptanceo the radial line bisecting the cell. The few cells of WC3 and
Orbit SpectrometefCHAQOS), a magnetic spectrometer de- WC4 which were traversed by the beam were deadened.
signed for pion physics studi¢24]. CHAOS consists of a The outermost layer of detectors in the spectrometer is a
cylindrical dipole magnet, four concentric cylindrical wire ring of gain stabilized27] counter telescopes referred to as
chambergWC1-4, and an array of plastic scintillators and the CHAOS Fast Trigge(CFT) counters[28]. Each tele-
lead glass Cerenkov countefsee Fig. L The target was scope is made up of three layers. The innermad,, is
situated at the center of the spectrometer. The CHAOS madNE110 scintillator 3.5 mm thick with an area of 25
net has a pole diameter of 95 cm, and is capable of producing 25 cnt; the second layer consists of two adjacent NE110
magnetic fields up to 1.6 T. A 12 cm diameter bore holescintillators AE,z and AE,, ), each 13 mm thick with a
along its symmetry axis allowed for the insertion of cryo- cross sectional area of ¥25 cnf. The third layerC is
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made up of three adjacent lead glass Cerenkov counters, eact 100 ~———7 77T T
12 cm thick with a frontal area of 92225 cnf. In total 1 Full Target ]
there are 20 such counter telescopes, each covering an angu 60 | -
lar arc of 18°. One such counter was removed where the e ;
beam enters the spectrometer, another was replaced by the’é\ 20
veto countelV where the beam exited the spectrometer. The
solid angle of the spectrometer is therefore determined by the ~~
horizontal acceptance of 324°and the vertical acceptance of »
+7 ° defined by the CFT counters-(L0% of 4 sr).

-20 |

-60 | ' ]
E. The experimental trigger .
_100 PSR SRT W [NT Y SUNT ST SR AN SN S S [ SO SO S S A S W T
The experiment employed relatively high incident beam -100 —-60 -20 20 60 100
rates, and the reaction under study is characterized by cross X (mm)
sections roughly 1000 times smaller than the predominant
background reactionsrp elastic scattering. Therefore the 100 ————T———T T
success of the experiment relied on use of a powerful trigger r 1
system. Two levels of hardware trigger were employed. 60 L Empty Target h

The first level trigger(1LT) [28] made use of the scintil-
lation counters. It consisted essentially of a multiplicity re- ’g 20
quirement on the CFT counters. Each CFT telesdopeas g 3
examined for coincidences in successive I_ay@m;l_E'l ~
X (AE, +AE3g)]. The scheme was such thaE) X AE; S

was counted as a separate coincidence i< AE,, as

20 |

was of course also the case fo#j. Two or more such —60 ]
coincidences were required in coincidence with the 1LT ]
strobe, which was given by beams The timing of the 1LT -100 =t

was defined bys1. Its decision required approximately 100 100 60 }Zz‘zmmio 80 100

ns, and the 1LT rate was typically 1 kHz. The 1LT provided

the gates, Stmbes’ and common stop signals require_d by the FIG. 2. Horizontal profile of the reconstructed interaction vertex
readout electronics. It also set a busy latch and provided thg 7 p—mt N events acquired with the target fulipper, 284

start for the second level trigger. MeV) and empty(lower, 264 MeV.
The second level triggef2LT) [29,30 made use of the

struck wire information provided by the three innermost wire ) i )
chambers. This information was processed in a circuit coml25:28 (the high field drift chamber WO3 and Ref.[34]
posed primarily of memory lookup units, data stacks, arith-commissioning resulis
metic logic units, coincidence and delay units all of which
were fully programmable. The 2LT searched all combina- IV. DATA ANALYSIS
tions of wire humbers in WC1-3 until a combination was . . .
found which satisfied all of several predefined criteria. If no Figure 1 shows a typ|cal7(,.21_7) .event recorded in the
such combination was found, the trigger issued a fast clear giPectrometer. The pion beam is incident from the left, passes
the readout system and both triggers were reset. The 2L§rough the target located in the center of the spectrometer,
filtered events in 2—10us based on the following track cri- @nd in the absence of a reaction, exits on the right. The
teria: the existence of a track defined by hits in the inneR0sition of each incident pion in WC1 and WC2 is recorded.
three wire chambers separated from one another by less th&Pmbined with the known beam momentum, this permits the
+32°, a distance of closest approach to the central axis dhcident trajectory to be fully reconstructed to the target
not more than 60 mm, and a wide momentum window. Insince the magnetic field is uniform<(1%) inside WC3.
addition two such tracks were required to be found for eacutgoing tracks are reconstructed using all the available WC
event, and the sum of the momenta of the two found trackinformation and are similarly extrapolated to the target. The
(Psum was required to be within a range tailored to passintersection of each outgoing track with the incoming pion
(m,27) events at the expense o elastic events. The 2LT trajectory is used to compute the interaction vertex and
passed about 10% of the events it received from the 1LT intdscattering” angle on an event-by-event basis. The resolu-
the data acquisition computer. tion in each of these quantities depends on the scattering
In addition to this type of event, two varieties of samplesangle, but was typically 1.6 mm and 0.5°. The momentum
were recorded. One was an unbiased sample of the incidengsolution was typically 2%d).
beam, recorded typically at a rate of a few Hz. The other was Some features of the cryogenic target are visible in Fig. 2
a sample of the events rejected by the 2LT, also recorded athich illustrates the vertex reconstruction provided by
a few Hz. A detailed description of the CHAOS spectrometelCHAOS. These events are primarily elastic scattering events
is given in Ref.[24], and some of its subsystems are de-which were passed by the loose trigger conditions employed.
scribed in Ref[28] (the CFT telescopesRef.[27] (the CFT  The upper part of the figure was acquired with the target full
gain stabilization syste)m Refs. [29,30 (the 2LT), Refs. of LH,, the lower part of the figure with the target empty.
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FIG. 3. Momentum sum spectra farp elastic and ¢,27) re- Missing Mass (MeV)

actions at 285 MeV. The distributions were generated using two-

and three-body phase-space. FIG. 4. Missing mass distributions for all events excety

elastic.

The two outer target windows are well separated from events | . _ .
originating in the target cell. mined for a sample of events in which the elastics were

already eliminated. The missing mass calculation used in the
A. Particle identification figure assumed all events were pions. Those identified by the
. L o . PID algorithms as piongand those tagged as") are also
_Part|cle_ |dent|f|cat|or(P|[_)) was of crumal_ |r_nportance in plotted in the figure. The events tagged as pions show up as
thl_s experiment. It was achiev¢d8] by combining _the pulse 5 clean, narrow peako(=4.2 MeV) centered at 946 MeV,
height information from the CFT telescopes with the mo-(neqrly the expected missing mass of the neutron, and con-
mentum determined from the wire chambers for each tracky;ncingly demonstrate the clean PID achieved as well as the
The dominant backgrounds observed were framp  gycellent missing mass resolution obtained in this experi-
—a*p (elastic scattering and 7~ p— 7°n (SCX). SCX ment.
produces background due to the conversion oftflelecay
photons in the material surrounding the target. This process
generateg™ pairs which imitater™ pairs. Gamma conver-
sion following 7~ p— yn (radiative capture was also a The 7,27 events were isolated from the raw data using
background source. constraints on the interaction vertesum, PID correlations,
Elastic events, although copious, are relatively eas”y‘ind the missing mass. The surviving events were character-
tagged by making use @fsum and using the observed cor- ized in terms of the variablem,, (the dipion invariant
relation between the track momentup) and pulse heightin mass, t (the square of the four-momentum transfer to the
the AE; counters. Although in the context of the 2lsBBum  nucleon, 6 (the angle between the two negative pions in the
was determined only from the struck wire information of the dipion rest framg andx (the angle between the dipion and
three innermost chambers, here of course the drift time inthe plane defined by the incident pion and the scattered
formation of the outer two chambers was used as well. Tha@ucleon. We expressn?_ andt in units of the pion mass
usefulness ofPsum in this regard is illustrated in Fig. 3, squared 2.
which shows the momentum sum of the two outgoing Since the out-of-plane acceptance of CHAOS is limited
charged particles for then(,27) and wp elastic reactions, (=7 °), and the number of experimental events was rela-
determined from phase space simulations. In the figure thévely low, the formation of an event lattice based on four
distributions do not reflect the fact that the elastic cross secvariables was impractical. Consequently, the event lattice
tion is roughly three orders of magnitude larger than2r). was determined in terms ofi,., t, and @ only, all of which
However, it is clear from the figure that good separation carare extensively covered by CHAOS. The poorly covered out-

B. Acceptance determination

be achieved fronPsuM constraints. of-plane variablex was assumed to be distributed according
The p/ AE; correlation is also useful for establishinge  to three body phase space.
PID below about 100 Me\. Above this momentum, how- The out-of-plane behavior of the " p— 7" 7 n reaction

ever, the pulse height deposited hyande tracks in theAE,  was studied in Ref[15]. They observed increasing devia-

counter is nearly the same. In this region, therefore, the Cettions from phase space as the bombarding energy was raised,

enkov information from the lead-glass element of the CFTby examining the ratio of the measured out-of-plane total

telescopes was used. Electrons have a much greater brengsoss sections to those that would have been deduced based

strahlung probability than pions do in the lead glass, leadingn the assumption of phase space for the out-of-plane events.

to showers of Cerenkov light emitting secondary particlesFor our incident pion energies, these deviations are small,

The pulse height observed in the lead glass is correspon@nd range from only~2% at 223 MeV to~15% at 305

ingly larger fore® than for ==. MeV. To further check the ramifications of the phase-space
To illustrate the ability of the PID system to distinguish assumption fox, our acceptance correctmf,,T distribution

pions and electrons, Fig. 4 shows the missing mass deteat 305 MeV is compared to that measured in the dr
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500 T T T T ] two distributions agree almost perfecthyA <1 MeV,
N ————— Jones et al. (Normalized) ] Ao=<0.2 Mev)
NE 400 [ 3
} r C. Cross sections
2 300 ¢ 1 At a given incident beam energy, the triple differential
o i ] cross section forrN— 77N can be expressed as
£ 200 | ]
g ] P o
E 100 [ ] gmZ_gtd cog 6)
N[ m2
0 ol et L — [ ﬂ.ﬂ.,t,CO.dg\H)] , (3)
8 9 10 AlmZ _t,cog 6) IN;N,geAm?Z AtA cog 6)

FIG. 5. The acceptance-correcnedm distribution measured in WherzeN Is the number of re_conStrUCted even_ts I.n a glvgn bin
of m-_, t, and cos@), N; is the number of incident pions

this experiment for the4* 7~) channel at 305 MeV is represented mw : . . .
by the solid points. The horizontal errors indicate the bin width. The®" target, accounting for the small fraction of multiple pions

line shows the results of Jones al. [8], obtained at 300 MeV ina Per beam bucket and the fraction of pions in the bebigy.

47 sr bubble chamber experiment. The Jones data were publishédgnotes the effective number of target protons per unit area.
in arbitrary units. e represents the overall detection efficiency, which includes
the wire chamber efficiencies, computer live-time, and PID
bubble chamber experiment of Jonesal. [8] in Fig. 5. efficiency.Ais the acceptance correction factareight cor-
There is excellent agreement between the shapes of the twesponding to a given bin, andim?_, At, andA cos(6) are
distributions, lending further credibility to the assumption the bin widths inm? _, t, and cosf), respectively.
that x behaves similar to phase space. Unfortunately, there Although the normalization quantities found in E®)
are no such previous studies at any of the other energiesere determined individually in order to produce absolute
covered in this experiment, or in ther{ #*) channel. A differential cross sections forN— 77N, = p elastic
final check related to the phase-space assumptiorxfisr  scattering data acquired during the experiment were used to
presented in Sec. V, where the total cross sections from thisrovide an independent check on the normalization. In the
work are compared to previous measurements including rer~p channel, elastic data were acquired at 223, 243, and
sults from 47 sr detectors. 264 MeV. 7" p elastic scattering events were recorded at all

Typically 100007 " 7~ events were obtained at each en-five incident pion energies. From a comparison of the mea-
ergy. All events were binned into a ¥@0X 10 lattice of  sured elastic differential cross sections and predictions from
m2_, t, and cosg). A weighting factor determined from partial wave analysg83], it is clear that the overall normal-
Monte Carlo simulation of the detector was applied on anization of the @rp) cross sections is accurate to better than
event-by-event basis to account for the detector acceptance: 10%.

This acceptance correction accounts for the geometrical During the course of the experiment, empty target data
acceptance of CHAQOS, final state pion decay, energy lossyere acquired to measure the background of events coming
2LT inefficiency, and track reconstruction inefficiencies. It from the windows of the target vessel and which survived
was determined by using three-body phase-sd@d¢ to  the various cuts. The background data were analyzed in the
generate {r,27) events into 4r sr. Each generated event same way as the foregroufi@rget ful) data, and subtracted.
was binned in a lattice ofnfm, t, and cos@). Next, the For both reaction channels, the background never exceeded
CERN detector simulation packageeANT [32] was em- 2% of the foreground, and was therefore a small and trac-
ployed to track and digitize those generated events which felable correction.
within the detector's acceptance. The digitized tracks were The systematic uncertainty of ther 27r) results was also
then analyzed in exactly the same manner as the experimeastimated to be-10%. Some typical values for the factors
tal data, and each fully reconstructed event was binned in eontributing to this are as follows: the pion fraction of the
second lattice. The acceptance correction fadtfor a given  beam(at 265 MeVj was 0.98-0.01. The target fraction, ob-
bin was determined from the ratio of the reconstructed eventtained by folding the incident beam profile over the cylindri-
to the generated ones in that bin. cal target profile was 0.860.02. The particle identification

It is important to note that this procedure does not makeefficiency was 0.9 0.05, and the relative error in the abso-
any assumptions about the distributions mfm, t, or lute target thickness was 2%. The overall WC efficiency,
cos(9). Phase space merely provides a convenient method éfetermined from elastic scattering data acquired with a
generating multiparticle final states which conserve energgingles trigger, was 0.680.059. The uncertainty in the wire
and momentum. The only assumption is thas distributed chamber efficiency dominates, due to the fact that it was
according to phase space. determined from the produat;e,(e,€,€3)?, wWheree; de-

Approximately 16 events were simulated at each incidentnotes the efficiency of wire chambierand primes denote the
pion energy, for both reaction channels. To check the qualitfjncoming beam. Note:,=1.000+0.000 since each of the
of the detector simulation achieved, missing mass spectra fa/C4 cells was composed of eight independent drift anodes,
the simulated and the experimental data were compared. Tranly three of which must fire to register an unambiguous
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FIG. 6. m?_ distributions form~p— ' 7 n. The solid curves FIG. 7. t distributions form~p— 7" 7~ n. The solid curves de-
denote the predictions of three-body phase space. note the predictions of three-body phase space.

track. Combined in quadrature, the individual components The results presented in these figures extend almost all the
itemized above giver 10.5% for the overall systematic un- \yay to the kinematic minima in each variable. The minimum
certainty. Further details of the experimental procedure ang; ; 2 2 ;

y P P anemancally allowedn,  is 4u<, the maximum reflects the

data analysis can be found in RET]. total energy available to the system and is seen to increase
with increasing bombarding energy. In the case of the four-
V. RESULTS momentum transfer distributions, the minimum kinemati-

H 2 _ 2
The triple differential cross sections obtained in this ex—CaIIy allowedt varies between-0.64" and —0.3u".

periment cannot be presented in a practical way in this ar-

ticle. A 10X10x 10 lattice was used for each reaction at 0 e
each of five incident energies, therefore there are 10000 re: ]
sults. These are available from the corresponding author. 19 §
Twofold differential cross sections were obtained by inte- B St 205
grating out the cosf) dependence. Since the subsequent 2 ‘L‘lgo OO 0
Chew-Low and dispersion analysis @fo/dtdn?, _is rather — ~ N L=
involved, but draws heavily on the results presented herez 1074 2 """ sl S S S S - 264
this subject is dealt with in a companion arti¢&. 3 1¢ ¢ 1 TR
Figures 6, 7, and 8 show the measured single differential< H— II{ }---E.___?___\}_j 243
cross sections for thes(* #~) channel, which were obtained 3 ] %
by integrating over the two other variables. The same distri- ¥ ii; I
butions for the ¢ *) channel are shown in Figs. 9, 10, L3 R it S—— LS
and 11. The distributions shown were determined by inte- 0+
grating the triple differential cross sections over two of the -10 —05 COZ(% ) 05 1.0

parameters. The vertical error bars reflect the statistical un-
certainty only. The horizontal error bars reflect the bin width £ g cosg) distributions form—p— =" 7 n. For clarity the
used. Tables of these results are also available from the Copyrizontal error bars are not shown. The solid lines are bestfit flat
responding author. Beyond the comparison already shown ifhes to the data at each energy, and the dotted lines are the best-fit
Fig. 5, there are no overlapping data from previous experitines including bothS and P waves. The data correspond To,
ments with which to compare. The corresponding phase- 223 (solid squares 243 (solid diamonds 264 (open triangles
space predictions are also provided in each figure. 284 (solid triangleg, and 305 MeV(open circleg
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FIG. 9. m?_ distributions form"p— ' 7" n. The solid curves >t
denote the predictions of three-body phase space.

denote the predictions of three-body phase space.

The angular distributions are useful indicators of the relisted represent the incident pion momentum at the center of

action mechanism since the OPE contribution shouldSbe the target.

wave. Phase-space also predicts isotropic angular distribu- Inthe (@* 77~) channel, the measured total cross sections
tions, of course. A simple partial wave decomposition wasire consistent with results of previous experiments. The
performed on the cod) distributions presented in Figs. 8 (7" ") data on the other hand, disagree with the Omicron
and 11. For both figures, the best-fit flat lin&wave only ~ results[11] below 400 MeVE. However, the Sevior data
are shown as well as best-fit curves includBigandP-wave ~ [12] also suggest that the Omicron cross sections are too

contributions [for (7=*=7~), Fig. 8, or S (P—) and

D-wave contributiongfor (7" 7*), Fig. 11]. In the case of 0 e L L
the (7= 7~) distributions, theP-wave scattering amplitude ] oGy Ree :
is between 5 and 10 % of ti@wave amplitude, depending = - - 308
on the energy. In the case of the{# ") distributions, the & @ PR S S A &0
P-wave contribution was consistent with zero, as it must be 2 ] 1‘/"”'A___,;‘_-%.__g\_uﬂ\“‘“ A %84
for a final state with two identical pions. TH2-wave scat- et — B 4.1 264
tering amplitude was found to vary between 5 and 15 % of S 10'4 A ) i -
the Swave amplitude, depending on the energy. 3 % A S e e 7
Total cross sections were obtained by integrating the . ]

triple differential cross sections over all three variables. Re- < : g-——i-ui»\i & .
call that the fourth variable was assumed to be distributed ﬁ—%—i ~3 | 223
according to phase space. As such, a comparison of our tota s
cross sections to the results of other grouj®9,11- 0° 1 L]

-10 -05 0.0 05 1.0

14,18,35—-43provides an important check on the validity of
the out-of-plane assumption used in the present work. Our
results are tabulated in Table I. Figures 12 and 13 show the g 11, cosg) distributions for =+ p— =+ #"n. For clarity
experimental total cross sections as a function of the incidenhe norizontal error bars are not shown. The 305 MeV results have
beam momentum, along with the results from previous exteen multiplied by a factor of 2 for clarity in the figure. The solid
periments. The error bars shown on the graffbs our re-  |ines are best-it flat lines to the data at each energy, and the dotted
sults are the systematic errgthe statistical errors are small Jines are the best-fit lines includir§y (P) andD waves. The data
compared to the systematic emorere, the horizontal error correspond tor =223 (solid squares 243 (solid diamonds 264

bars reflect the incident momentum spread. The moment@pen triangles 284 (solid triangle$, and 305 MeV(open circles

cos(@ﬂ)
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TABLE I. Table showing the measured total cross sections. The 10—
uncertainty given in the incident momentum column reflects that E

associated with the mean of the central incident momentiung,, .

refers to the statistical uncertaintyg, to the systematic uncer- 1074 E
tainty. ]

. . . - 102 3 E
Reaction Incident Incident 2 E
channel T, (MeV) p, (MeVic) o(ub) 60y 60y e 1

© 10 4 E

(m* ") 223 335:3.4 5.0 03 05 °
(mtah) 243 3573.6 14.9 07 14 .
(mt ) 264 378-3.8 327 09 31 10 3
(m*at) 284 400-4.0 49.7 1.4 48 ] [
(w7t 305 422-4.2 56.8 14 54 0 ————
(m*77) 223 336:2.9 35.6 21 40 250 300 13350( Mev‘ﬁg 450 500
ata 243 35734 106.2 5.8 11.3 i
( )
(m*77) 264 3774.0 198.0 4.6 21.0 FIG. 13. # p—a" o n total cross sections from: this work
Caxay 284 400:4.6 366.5 5.0 342 (solid circles, Ref.[9] (open squardsRef.[37] (solid stary, Refs.
(mt77) 305 42247 620.0 17.0 58.0 [38-4(Q (open diamonds Ref.[41] (solid squares Ref.[42] (solid

diamond$, Ref.[13] (open circleg Ref.[43] (open triangles and
Ref.[8] (solid triangle$. Results of previous experiments were ob-
high. The solid curve is the predicted cross section obtainechined from a comprehensive list presented in IRE8]. The solid
from an amplitude fit for all isospin channels of theN line is the result of an amplitude analysis performed by Burkhardt
— N reaction[36]. It indicates that the CHAOS results and Lowe[36].
are consistent with the total cross sections measured by
Sevioret al.[12] as well as the bulk of previously published exchange with nucleon anl intermediate states, three-point
Ccross sections. diagrams with nucleon and intermediate states, and two
point diagrams with N* intermediate states and
VI. INTERPRETATION NN* 7rrS-wave coupling througle (an isoscalar resonance
state also referred to as tlkemeson exchange.
The results of this experiment are interpreted with an iso- OV assumed that the Lagrangian densityNo¥* 7 was
bar model, first developed by Oset and Vicente-Va@s given by
(OV) and later extended by Sosial. [4,5,44]. This model
was chosen because to date it is the only framework which is Lant mn= — Cihns - i+ H.C. (4)
not limited to the threshold region.

The OV model of ther™p— 7"« n reaction added dia- \yherey, ., &, andyy are theN*, pion, and nucleon fields,

grams involving nucleonA and N*(1440) intermediate regpectively3]. C is a parameter of the model determined in
states to the OT moddB]. These additional mechanisms {he original work of OV by estimating the fraction of the

may be summarized ag7NN coupling throughP-wave p  \yidth for N* — 77N which goes into theNe channel[3].
They estimatedC to be 0.910.20u L.

10’ S e B I I Subsequently, Sossit al. [44,5] addedP-wave NN* 77

F 1 coupling and replaced thew scattering amplitudes in the
original OV model with those obtained by Donogheteal.
[45] to one-loop order in chiral perturbation theory. Ther
amplitudes in the original OV model were based on the
Weinbergm Lagrangian, which included the chiral symme-
try breaking parametef. Use of the Donoghue amplitudes
eliminates the controversial, but involves two additional

parametersy; and a, which are renormalization constants
that must be determined from experimental data.
In the original model[3], the strength of theN*
o T — N(717) swave Process was not accurately determip&d A
250 200 250 400 450 500 determination of_thls quantity requires knowlgc_ige(bhnd
P_( MeV/c) the N* N7 coupling constangy«y,. The addition of the
N* — N(77) p.yave MeChanism requires the determination of

FIG. 12. #"p—#"#"n total cross sections from: this work the N* A coupling constangs s -
(solid circles, Ref.[11] (open squaresRef.[12] (solid star$, and 2The' e>.(ten.ded oV mOdﬁ]E’] was used to compute t.he
Ref.[35] (solid triangles. All previous experimental results shown Mzx d'St”b.Ut'OnS for the @ K )_ Chf’:mnel at all five inci-
here were obtained from a comprehensive list presented in Reflent energies. The CERN minimization packageuiT was
[18]. The solid line is the result of an amplitude analysis performedemployed to perform a global fitat all incident energies
by Burkhardt and Lowé36)]. simultaneously of the experimentamfm distributions by

o, (ub)
50
T
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TABLE Il. Table showing the results of the global fit to the 0

(m" ™) data, compared to other results. " § This work
[ —— Model
Reference  C(u™)  Gwas (179 o -
[3] -0.91+0.2 —
[47] —2.07+0.04 2,
[44] 1.35+0.225 =0 F E
(5] -3.04 S
[45] —0.007+0.011
[48] -1.82
this work —1.35+0.001 2.6:0.01 0.0170.005
o L e

320 340 360 380 400 420 440

varying a4, asy, 2C ON* Nor » andgNl*M.. Initial studies indi- P, (MeV/C)

cated that they~ of the global fit did not show a strong

dependence OEZ Or gn* N - Consequently&z was fixed at FIG. 15. lllustration of the experimental total cross sections and
the value given in Ref{45] (0.013 and gy«y, Was set to  predictions of the extended OV model for the™(w~) channel.

0.024~ 1 [3.5]. o _ _

The results of the fit are listed in Table II, and the fits to {@inties present in the model. Given the larg, the sys-
the m2__ distributions and the predicted total cross sectiond€Matic errors may be substantial. _ _
along with their experimental counterparts are shown in Figs, The value forC obtained in the current work is very dif-

14 and 15, respectively. The redugeiifor the global fit was erent from those obtained by Osettal.[3] and Sosset al.

10.8. The uncertainty in each parameter was determiner]' However, it should be noted that the previously pub-

. . ished values ofC are not consistent. In their 1993 work,
erergs?eb;hlangﬁe'getké?ﬁoﬁirsvrgge;etgﬁ‘;iéﬁstﬁgx? r?j)elrn;)f ﬁossieé al. state tfrflat inclusiodn ﬁf thﬁ Dor;oghcl;te atl)mplitl:jdes
T3 ‘ . nas a dramatic effect o@, and that the value o€ obtaine
107°), however, they do not represent the systematic uncer i the Weinberg amplitudes is 1.97x* [5]. In Ref. [5],
the value ofC obtained with the Donoghue amplitudes is

—3.04u 1. Reference$3] and[5] also state that their value

60

N § o T=228 MeV | of C is consistent with thé&N* — N branching ratio. The
T p>T T N 3 4 tptal width for_N*—mmrN_ls 350100 MeV, a_nd the fra_c-
«, 30 tion of the width for which the final state pions are in a
—— Model Ek 20f relativeSstate is 7.53:2.5%[46]. Due to the large uncertain-
——— Phase-Space 3 ties associated with these parameters, Nfe decay width
s does not provide a stringent constraint ©n

R B The difference between the values@fiand to some de-

~ penns . gree, the uncertaintigobtained in Ref[5] and that deter-
3 100 T,=243 MeV ] mined in this work can be attributed to the extra constraints
g imposed by the differential cross sections. In the past, the

extended OV model has predominantly been used to fit the
experimental total cross sectiofs,44]. In general, the pa-
rameters determined by fitting the experimental total cross
sections may not be well suited towards describing the
m2_distributions. The invariant mass distributions contain
8 new information concerning the reaction mechanism and
place extra constraints on the model.

In order to test the predictive power of the extended OV
formalism, the results of the model for the{ #*) channel
using the parameters determined from the' ) data are
shown in Fig. 16. The predicted total cross sections are
shown in Fig. 17. There is significant disagreement between
the experimental results and the model predictions in the
(7" a*) channel. Figures 16 and 17 indicate that the model
2 parameters required to describe thg_ distributions in the
Mg (1) (w*7*) channel are not consistent with those obtained by

FIG. 14. Measured differential cross sectidsslid pointg and ~ fitting the (7" 7 ) distributions. The ¢~ =) data seem to
extended OV model fitésolid lines for the (w* ) channel. The ~be better described by three body phase space. Coupled with
dashed lines represent three-body phase-space. The model predioe large 2 in the (m*7~) channel, the inability of the
tions are absolute, and the phase-space curve has been normalizé@del to correctly predict the corresponding invariant mass
to the experimental total cross sections. distribution and total cross section in the{#") channel

2
"

do/dm,,

(b /u®)

2
g

do/dm,,
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0 ARARAASSAS (a, anda,) determined in Ref45] were obtained from data
sl T,=223 MeV | over an energy range which clearly exceeds the validity of
I the one-loop calculation. Prior to a more extensive fit and in

Lo~ ] order to obtain reliable values @&, a;, andgy«,,, more
theoretical input to the model is clearly required.

+ + 0+
T p>7 T n

(ub/1?)

2
-

T

-

—— Model

™

— —— Phase-Space
VII. CONCLUSIONS

do/dm,,

, . : , , , We have performed an exclusive study of the elementary
+ T,=243 MeV | st + T,=264 MeV | pion induced pion production reactions p— 77 n and
/g + m p— a7 7w n at incident pion energies of 223, 243, 264,
h/ Mo ] ] - ] 284, and 305 MeV. A cryogenic liquid hydrogen target was
++ \ ] employed, and the CHAOS magnetic spectrometer was used
ok, b \ ] to detect the two outgoing charged pions in coincidence. On
5 N ] the order of 2000 to 12 000#(,27r) events were recorded at
\ each energy. The experimental distributions were corrected
4 5 ] 8 4 5 8 7 8 for detector acceptance and experimental efficiencies in or-
' - ' - - . der to produce single, double, and triple differential cross
35¢ T,=284 MeV 1 30 T,=305 MeV : sections for both reaction channels. The overall normaliza-
++ 1 25¢ -+ ] tion of the measured distributions was confirmed by compar-
ing our measured absolute differential cross sectionsrior
elastic scattering to those obtained from phase-shift predic-
tions[33].
The extended Oset and Vicente-Va¢@y/) model[3-5]
was used to fit the experimentai?  distributions in the
8 (7" a~) channel. In this analysis, the parameters of the

2 2, 2 ~
iy (1) My (1) model, namelyC, gn«a», and a,; were varied in order to
FIG. 16. Measured differential cross sectidsslid pointg and best describe the measured dls“.’lbu“ons' The res“'.“”g pa-
rameters do not agree with previous values determined by

predictions of the extended OV modgblid lineg for the (w* = ") it | . Tabl Th del
channel. Three-body phase space is represented by the dashed Iinétat'.ng tota. Cross sectloniﬁseg able |l. The model param-
ers obtained from then(" 7~) data were then used to pre-

The phase space curve has been normalized to the experimenta P i P -
total cross sections. The model predictions are absolute. dict the m? . distributions for them™p—m" 7" n reaction.

There is significant disagreement between the model predic-

indicates the fitted parameters obtained in this work are untions and the experimental data in this channel, highlighting

reliable, and that the model itself is inadequate in its preserthe need for more theoretical effort in this area. _

form. Despite the theoretical uncertainties present in relating the
The extended OV model has been criticized in the worklarge body of existing 4,27r) cross sections term scatter-

of Olssen, Meissner, Bernard, and Kai$d®], where they ing observables, the cross sections measured in this work

state that the model is inconsistent becausertheandwN  represent the world’s most complete data set on pion induced

amplitudes are not treated at the same order in the chirdlion production near threshold. The many-fold differential

expansion, and because the mesonic low energy constarft§?ss sections measured in this work should prove to be of
great importance in furthering the understanding of the reac-
2 tion mechanism involved in+#,27). In particular, we have
0 T T .
r Thi ] shown that there are significant differences between the re-
I is work ] . . + + -
L odel .. - ] action mechanisms for ther(* #*) and (#*#~) channels.
3 ] The theoretical framework used to interpret the data is
clearly inadequate. Phase space, which describes the*
data rather well, does not describe thé 7~ results at all.
Progress is being made in extending the predictions of
] chiral perturbation theory to the energy regime covered by
.y ; this experimenf2]. The data presented here should provide a
stringent test of the success of that effort.
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