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:n:-p ~ nrc0 :n:0 at 1.6 to 2.4 GeV/c* 

. t . * A. Skuja, M. A. Wahlig, T. B. R1sser, M. Pripstein, J. E. Nelson 

+ / I. R. Linscott, R. w. Kenney, o. I. Dahl and R. B. Chaffee J 

Lawrence Berkeley Laboratory 
University of California 

Berkeley, California 

July, 1972 

ABSTRACT 

0 0 We report results from a study of the reaction :rc p ~nrc :rc between 

1.6 and 2.4 GeV/c, in which all the final-state particles were detected 

using a 3·7 :n:-steradian array of optical spark chambers and shower-counters 

and a set of 20 neutron counters subtending a polar lab angle region of 

12 to 72 degrees.· The most prominent feature of the reaction at low 

four-momentum-transfer, t, to the nucleon, .is 6.(1236) production. The 2:n:0 

mass spectrumat low t [<0.3 (GeV/c)2 J, with6.(1236) events removed, ex-

hibits a marked enhancement with respect to peripheral phase space in the 

region above 700 MeV• The quantum numbers for the observed structure are 

consistent with T = o, J = 0. We have parameterized the enhancement in 

two ways: 1) as a Breit-Wigner shape resonance, which gives an acceptable 

fit to the data with a fitted mass of 820 ± 15 MeV and width of 220 ± 60 

MeV, and 2) in terms of the One-Pion-Exchange model modified by the Durr-

Pilkuhn form factor. The data completely rule out the so-called "down-up" 

solution • 

.J<·Work done under the auspices of the u. s. Atomic Energy Commission 

tPresent Address: Nuclear Physics Laboratory, OXford University, Keble 
Road, Oxford England 
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Since the discovery of the persistent "forward-backward" asymmetry 

in t'he decay of the peripherally produced neutral p (765) meson, the 

corranonly acceptedexplanation of this asymmetry is interference between 

the isotopic spin T = 1, angular momentum J = 1 p amplitude and a T = 0, 

o T 
J = 0 rr-rr amplitude whose phase, 5

0
(= oJ), is near rr/2 at energies close 

to the p mass. Beyond this, however, there has been much speculation and 

controversy over the detailed properties of 5°, particularly below 1 GeV 
0 

1 1 0 in rr-rr invariant mass. Most of the analyses of o have come from 
0 

studies of the rr+-rr system in the reactions 

+ rr +p-?n+rr +rc 

and 

(1) 

(2) 

The dominant p production, coupled with possible non-one-pion-exchange 

0 
contributions, has made it difficult to extract a unique set of o phase 

0 

shifts from threshold to about 1 GeV in rc-rr mass. ·· 

A more sensitive approach, albeit more difficult experimentally; is 

to. study the reaction 

(3) 

in which p production is forbidden. Although the dipion system in 

reaction (3) can have T = 2 as well as T = 0, previous studies of the 

+ + Jr 1r and rr rr systems indicate that there is no structure in the T = 2 

dipion system below 1 GeV and that the T = 2 phase shift o2 is small 
0 

everywhere in this region. 2 0 Thus, any structure in the 2rr system may be 

att~ibuted to the T = 0 state. 

We have performed an experiment at the Berkeley Bevatron to study 

reaction (3), rr-p -7 nrr 0 rc 0
, at beam momenta of 1.59 to 2.39 GeV/c in 0.20-

GeV/c intervals. The salient features of the experiment are, 1) a very 
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high probability for detecting y-rays using a large cubic array of lead-

plate optical spark chambers and 2) identification of the final state by 

detecting the neutron (both its angle and time-of:..flight) and all the 

;-rays from the :rr
0 -decays, measuring the kinematic variables of each of 

the particles and making a highly over-constrained kinematic fit of the 

data (6"."constraint-3-vertex-fit) using a modified version of the LBL 

Group.A bubble chamber program (SIOUX) .. 3 Another important feature is 

that promtnent systematic effects were empirically calibrated during the 

course of the experiment by also collecting data on the two-body reactions 

rc P (4) 

and (5) 

with and without the neutron counters in the triggering logic and comparing 

the results from these two sets of running conditions. This eliminated 

the necessity of relying primarily on Monte-Carlo calculations to assess 

these systematic effects. 

A schematic diagram of the experimental layout is shown in Fig. 1. 

A detailed description of all the apparatus and its performance character-

istics is given in Refs. 4 and 5. The rc--beam from the Bevatron had a 

momentum bite, 6p/p = ± 1%, and was focused to a spot size of 1.5-in. 

horizontally by 0.75-in. vertically (FWHM) at a liquid hydrogen target, 

8-in. long by 4-in. diameter. Counter hodoscopes defined the beam 

direction at the target to within + 0.2 deg (rms). The target was 

surrounded by anti-coincidence counters, A1 and ~' which vetoed any 

interaction in which charged particles were produced. A neutral-final-

,· 

.. 

.. 
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: : 

state trigger was defined by a coincidence of a 3-counter beam telescope, 

The beam contamination 

of ll and e- was monitored by a threshold Cerenkov counter. The y-rays were 

detected by a large cubic array of lead-plate optical spark chambers 
. 4-6 

surrounding the target and covering five sides of a cube, with the sixth 

side (beam entrance face) a~ost completely covered by shower counters of 

lead-scintillator sandwiches (G. in Fig. 1). A/3 a result, the lab solid-
1 

angle subtended for y-ray detection was 3·7 rr steradians. Each of the four 

side chambers was ~ 7 radiation lengths thick, consisting of 42 thin lead 

plates and 12 aluminum plates of dimension 4 by 5 feet. The downstream 

chamber was ~ 8 radiation lengths thick, made up of 48 lead and 13 alum-

inurn plates, 6.5 ft. square. Each lead plate consisted of a lamination 

of 1/32-in. lead between two sheets of 1/64-in. aluminum. The plates were 

made very thin in order to ensure a high detection efficiency for.low 

energy showers. The y-ray detection threshold was about 10 MeV,· and the 

·average detection probability was 89% per y-ray,
4 

averaged over ally-ray 

energies and production lab angles for y's produced in multi-pion final 

states. 7 The first four gaps in each chamber had aluminum plates 3/64-in. 

thick and were used as a visual veto for any charged particles which 

managed to enter the chambers. Each of the five chambers was photographed 

in two orthogonal views for 90-deg stereo, with the 10 views made visible 

to a single camera by means of a system of 46 mirrors. 

The neutron detector consisted of 20 thick plastic-scintillatot 

counters. Each scintillator was a cylinder 8-in. in diameter and 8-in. 

thick, viewed on axis by an Amperex XP-lo40 phototube. Each neutron 

counter had an additional counter mounted in front of it to veto charged 

1,1 
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particles. The neutron counters were placed side-by-side, along an arc 

of a circle approximately 15 ft. in radius with the hydrogen target as. 

a center. The counters subtended a polar lab angle interval of 12 to 72 

deg with respect to the central beam ray. For neutron kinematic energies 

above 20 MeV (f3 ;:;: 0.2) the average neutron detection efficiency of these 

counters was 20 2:. 2% and did not vary much with energy. For lower energy 

neutrons, :;~be detection efficiency dropped rapidly. To avoid possible 
.- -.,,,; ~ 

biases in .Hie data due to uncertainties in the rapid variation of detection 

efficiency, a cut-off in the neutron timing gate was set so that no 

neutron of f3 < 0.17 would be accepted. In addition, to avoid being 

flooded by r-ray triggers, the neutron counter timing gate was adjusted 

to eliminate any triggers in a time-of-flight interval corresponding to 

f3 ~ 0.84.
4

' 8 Figure 2 shows the neutron kinematics for the reaction 

rc p --?n +missing mass at 2.4 GeV/c,and the region covered by the neutron 

counters in our timing gate. The neutron counter (zero-crossing) timing 

resolution, ± 0.6 ns, was determined by measuring the time-of-flight of 

mono-energetic neutrons produced in the charge-exchange reaction (4) at 

small lab angles. The time-of-flight spectra were continuously monitored 

during the course of the experiment. 

Data were collected with and without the neutron counter coincidence 

in the event trigger. More specifically, in the former case the trigger 

consisted of a neutral-final-state coincidence M1~M:3Al~ in coincidence 

with a neutron counter signal occurring within the timing gate (corres

ponding to t3n = 0.17 - 0.84 ). When these conditions were met, the spark 

chambers. were triggered and the event was photographed, wLth the neutron 

counter information and that from the beam hodoscope and shower counters 
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(G.) recorded on an array of lights on a data-box which was also photo-
~ . 

graphed. For both sets of running conditions; the target-empty trigger 

rate was between ll and 16% of the target-full rate, depending on the 

beam momentum. 

The film was scanned by a group of scanners who recorded the number 

of showers, the location of the first spark of each shower within a 

scanning grid-zone corresponding to 2 in. in real space, and information 

about non-shower tracks (e.g., beam tracks) in the chambers. The film 

was measured on the LBL SASS machine9--a precision cathode ray tube and 

photomultiplier system linked to a DDP-24 computer. SASS digitizes .the 

position of all sparks, fiducial lights, and data box lights for each 

event. The information was then processed through a pattern recognition 

program which uses the scanners' information on the first spark position 

and the number of showers as a guide in reconstructing accurately the 

shower geometry in three-dimensional space. The y-ray energy resolution 

from Spark COUnting WaS Calibrated With "tagged" r IS from an OVer-

constrained kinematic fit of 2-shower events to reactions (4) and (5), 

using the neutron-counter information and the measured directions of the 

I • h f• 10 r s ~n t e ~t. Scanning efficiency for each y-ray multiplicity was 

determined by having the scanners triple-scan about 9,000 frames, with 

a physicist doing the conflict (fourth) scan of the data. 11 

The neutral-final-state-trigger data was used to determine the 

total JC p - > neutrals cross-section and the partial cross.- sections for 

n p ~ n +My's (M = O, ••• , 8)~ This data, unlike the neutron-counter-

trigger data, did not have the drawback of any severe geometric or 

kinematic cuts. Moreover, the procedure was free from most systematic 
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biases, such as neutron-Ph scattering in the spark chambers, y-ray 

measuring resolution, etc. · The partial cro.ss-sections were detennined by 

counting the number of events of each y-ray multiplicity observed by the 

scanners and applying known corrections for detection inefficiencies. A 

detailed description is given in Ref.· 4 and the corrections are sununarized 

in footnote 12 below. The partial cross-section for the corrected 4-r 

0 0 
final state is then assumed to be that for n1C 1C • It is shown in Fig. 3, 

along with the tota~ neutral cross-section, as a function of beam 
·,'·, 

momentum. The large·st contribution to the errors on the cross-sections 

comes from our conservative estimate of the uncertainty in the average 

y-ray detection probability. Partial cross-sections for the other final 

4 13 . 14-17 
states are reported elsewhere. ' Results fram other experiments 

. 0 0 
are shown in Fig. 3. It is seen that our cross-sections for n:n: 1C agree 

very well with those of Crouch et a1. 16 but are about twice as large as 

those of Carroll et a1. 15 

The study of the dynamical properties of reaction (3 ), 1C. p --? rur
0

1C
0

, 

was made with the neutron-counter-trigger data sample containing four 

visible showers in the chambers and no upstream shower-counter signal. 

Before presenting results, we first describe the calibration of the 

important systematic effects. As is shoWn in Fig. 1, neutrons produced 

in the target had to pass through the spark chambers and therefore a 

fraction (~25 to 30%) of them would undergo inelastic scattering from 

n-Pb and n-Al interactionsol8a This effect had two consequences: 1) it 

attenuated the flux of neutrons originally produced at the target in the 

"good" direction of a neutron counter and 2) it caused neutrons produced 

in a so-called "bad" direction (i.e., pointing away from the counters) to 

4 ; 
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be scattered into the counters. On the average, the number of fast 

neutrons (?20 MeV) produced in n-Pb + n-Al inelastic collisions is about 

h . 18 h" h ha h b . two at t ese energ1es, w 1c means t t t ere were a out tw1ce as many 

neutron-counter triggers caused by "bad" neutrons scattering into the 

counters as there were by "good" neutrons scattered away from the counters. 

This could pose a serious problem for neutron missing-mass experiments 

0 0 . 19 
which use spark chambers to isolate the 4-shower ruc::rr final state. 

These "bad" neutron triggers can be el:iminated by making an over-constrained 

kinematic fit of the 4-shower data to the n:rl:rr0 hypothesis and rejecting 

2 
the events with poor X • The correction due to the attenuation of the 

"good" neutrons is, in principle, calculable since the n-Pb and n-Al 

inelastic cross-sections are known as a function of neutron kinetic 

18 
energy. We have written a Monte-Carlo program, incorporating these 

cross-sections, which calculates the scattering of neutrons in the 

chambers as a function of their energy, position, and direction. This 

was empirically checked using the 2-shower events obtained in both 

triggering modes (i.e., with and without neutron coincidence in the 

final trigger) at various momenta. The events were fit to the 2-body 

hypotheses, reactions (4) and (5), and the differential cross-sections 

calculated, with the fitted events from neutron-counter-trigger data 

being corrected for neutron detection efficiency, counter geometry, and 

neutron attenuation in the spark chambers as calculated in the Monte-

Carlo program. Within the kinematic region defined by the neutron-

counter timing gate and lab angle interval shown in Fig. 2, the differ-

ential cross-sections agree everywhere to within IOcfo. A further study 

of.2- and 4-shower events, ·taken with the neutron-counter-trigger, 

,, 



-10-

indicates that almost all "bad" neutron-trigger events can be eliminated 

in the 4-shower events by rejecting all events with x2 
= probability of 

less than 5o/a~ This is the cut for all data to be discussed from here on. 

The mass resolution of the neutron-counter-trigger data is determined 

primarily by the neutron angle and time-of':"flight information. This was 

calibrated by fitting the 2-shower events to the hypothesis,~ p ~n + y + y. 

The y-y mass spEic~:r::um, combining the data from all five beam momenta 

together, is ·sho~n.in Fig. 4. Two large peaks, corresponding to the ~0 

and T} masses,· are clearly visible above a very small (lOo/o) background. 

The events have been weighted to correct for neutron scattering in the 

h b ' d d . ff. . 20 c am ers, neutron counter geometry an etect1on e 1c1ency. The 

average weight is ~ 1.5. The same weights are also applied to the 4-

shower data. As seen from Fig. 4., the mass resolution (HWHM) is approxi-

. 0 ' ' 21 
mately ± 20 MeV at the ~ mass and ± 35 MeV at the ~ mass. 

In the data sample reported here, there are .about 7,400 unweighted 

events within our timing gate that fit the rur0~0 reaction (3), with x2-

probability > 5o/a •. The timing gate width defines the invariant four-

momentum-transfer, t , to be between 0.029 and 1.54 (GeV/c)2 • The 
p~T} 

neutron production distribution is peaked at low t. Cross-sections were 

determined by normalizing this data to the total rur0~0 cross-sections 

obtained from the neutral-final-state-trigger data22 as outlined in. 

' 2 
Ref. 4. The cross sections for t ~ 0.3 (GeV/c) are given in Table I. 

Figure 5 shows the mass spectra for the ~0~0 and n~0 systems for 

t from 0.029 to 0.3 (GeV/c)2 (~ 2900 events). The dominant features 

are the peak in the n~0 spectrum corresponding to .6.(1236) production and 

a lower but broader secondary peak corresponding to its reflection since 

i 
•: 

~: 
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both Il1L
0 combinations are plotted.· In order to investigate the dynamical 

properties of the 2:rr 0 system free from the effects due to 6( 1236), we 

cut out the 6 events by removing all events having at least one n:rr0 

combination in the broad mass band 1100 to 1300 MeV. The n:rr 0 mass 

spectrum of the surviving events (not shown) exhibits no resonant 

structure. At low t, the t distribution for events with 6 cut out is 

essentially independent 'of :rr0 :rr0 mass below approximately 1 GeV. 

To study quantitatively the peripheral 2:rr0 production, we tried 

various parameterizations of the data using the LBL maximum likelihood 

fitting routine OPTIME. 23 This program generated a set of Monte-Carlo 

events for the n:rr 0 :rr0 final state according to phase space, incorporating 

the geometry of our detectors and the same kinematic cuts (such as neutron 

timing gate width, 6 cuts, etc.) as were applied to the data. The data 

parameterization procedure consists of weighting these Monte-Carlo events 

by a matrix element corresponding to the hypothesis or model being tested, 

with the weighted events then used in the maximum likelihood fit to the 

data. We first parameterized the data by fitting the t.distribution with 

a phase space distribution modified by a t-dependent form factor. A 

comparison of the predicted rc0 :rr0 mass spectrum resulting from this matrix 

element with the data indicated that additional parameterization was 

necessary, as discussed below 

Figure 6 shows the t distribution for·M 0 0 < 1 GeV, with the 6":band 
1{ 1{ . 

events excluded. For each beam momentum, the low-t distribution is more 

peripheral than phase space multiplied by the one-pion-exchange (OPE) 

propagator, 1 
2 2, where ~ is the pion mass. To parameterize the 

( t + ~· ) 
observed distribution at each momentum, we multiplied the OPE propagator 
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by a form factor. Two form factors were tried: 1) a single exponential,
4 

e-a(t + ~2 ) and 2) the phenomenological Durr-Pilkuhn24 vertex factor 

. 25 
multiplied by Wolf's t-dependent form factor, · which for S-wave scatter-

ing is 
2 ( 2 2\ 

F t = (2.3- g2) • 1 + 2.66 qn 
( ) 2.3 + t . 2 2 J 

. 1 + 2.66 qt 
(6) 

'.',· 
~ : .. ~ . 

2 where (qt) is the momentum squared of the incoming target proton 

evaluated in the neutron rest system, and q 2 is this quantity taken on
n 

shell. Both form factors yielded _acceptable fits to the data for a very 

small t region. However, the latter describes the production distribution 

better over a wider range oft-values, [tot~ 0.3 (GeV/c)
2

] than does 

a single exponential. Hence we use it. The curve in Fig. 6 is the sum 

over thle five be~ momenta, of the expression [F(t) (t: ~2 )2 
2 

(phase 

space) , normalized to the number of events with t ~ 0.3 (GeV/c) at 

each momentum. We henceforth refer to this expression as "peripheral 

phase space." 

Figu;re 7 shows the rc0 rc
0 

mass spectrtim for t ~0.3 (GeV/c)2 with 

events in the 6-mass band rejected (= 1323 events). The solid curve 

represents peripheral phase space, normalized to the data below 1000 MeV 

but outside the 700 to 900 MeV region. The curve and the data agree quite 

well except in the region M 0 0 R;j 660 to 94-o MeV where the data exhibits rc rc 

a marked enhancement over peripheral phase space. In accordance with our 

introductory remarks, this enhancement may be attributed to a T = 0 rc-rc 

interaction. To determine the angular momentum of this enhancement, we 

studied the dipion decay distribution with respect to the incident rc-

direction in the dipion rest frame. 0 For all 2rc masses below 1000 MeV, 

C· 

! 
..... ! 
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the decay distribution was consistent with isotropy outside the region 

corresponding to the A-mass-band cut. If we assume one-pion-exchange 

(OPE) for the dipion production mechanism, then the absence of structure 

0 in this decay distribution implies that the 2~ system is s-wave. 

We.have parameterized the 2~0 mass spectrum in twoways: 1) We 

characterize the enhancement as a Breit-Wigner and fit the data .to an 

expression of the form {< periphera 1 phase space) [a + b { Breit-Wigner)] }' 

allowing the mass and width of the Breit-Wigner to be free parameters. 

We get an acceptable fit (X2 - probability ~ 15%) with a mass of 820 + 

15 MeV and width of 220 + 60 MeV for the Breit-Wigner term. 2) We assume 

OPE production and use the Chew-Low equation, 26 modified by the form 

factor F(t) above, and work in the physical region (but replacing the 

"off-shell" pion momentum by the "on-shell" momentum). The formula used, 

relating the "off-shell" cross section, d2
r:1/dM dt to the "on-shell'' cross-

~~ . 

section, iJ in the s-wave approximation, is 
~~ 

iC1 
dM · dt 

~~ 

== 

and 

where 

1 t 

4 2 2 (t + 112)2 . ~~PL ,... 

2 g 2 . 
i.'""": }1: qr:1 • F ( t) 
'+1f 1f1f ~1f 

M = proton mass 

PL = lab beam momentum 

2 
g /4-rr. == 29-2 

(7b) 

5°(5
2

) is the T = 0 (T = 2) S-wave phase shift and q is the P.ion momentum 
0 0 

in the dipion rest frame. 27 2( 0 2) The term sin 5 - ~ was evaluated at each 
0 0 

beam momentum as a function of M • A weighted average for all the beam 
1f~ 
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momenta is plotted in Fig. &. The error bars in ea.ch bin include the 

statistical errors of the data and of the Monte-Carlo events as well. The 

uncertainty in the overall normalization (within ± 10%) of our data22 is 

not included. For comparison we plot the predictions from the recent 

28 
T == 0, S-wave phase-shift solutions of Protopopescu et al., using T == 2 

phase-shifts of Baton et a1. 29 It is evident that the so-called "down-

up" solution above the p mass is clearly in disagreement with the data 

and can be ruled out completely--a conclusion consistent with that of 

Ref. 28. The prediction of the down-down solution is much closer 

qualitatively to the data. 

To facilitate the comparison fm;ther we have eliminated the effect 

of the small uncertainty in our overall normalization as follows. We 

introduced the phase shifts of Refs. 28 and 29 into our Monte-Carlo and 

0 0 
generated the n n mass spectrum at each beam momentum, subject to the 

same geometric and kinematic cuts as were applied to the data. The 

resulting spectrum was then normalized to the number of events in the 

data with ~0n° mass between 400 and 940 MeV. The data and the Monte-

Carlo events from all the momenta were then combined and are shown in 

Fig. 8b. The data are the same as in Fig. 7• The disagreement between 

the data aud the down-down solution may be due to 5~ or 5~ being some• 

what different from the values derived in the solutions of Refs. 29 and 

28, or it may be due to possible non-OPE contributions in our data. 
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Table I~ Cross-Sections 

p 
J( 

(GeV/c) (f.Lb) 

1-59 

lo79 

1-99 

2.19 

2.39 

1310±80 

1360±80. 

1390±80 

138b±8o 

1140±60 

-20-

- 0 0 . . 
·~ p ~ n~ ~ for 0.029 2 t 2 0.3 
(GeV/c)

2, 6(1236) contribution 
removed·* . ( 1-1b ) 

325±31 

432±36 

337±30 

316±27 

226±17 

* . The 6.( 1236) contribution was removed by cutting out all the events in 

the 6.(1236) mass band and correcting for the fraction of phase space· 

that had been removed. 
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r------------------LEGALNOTICE--------------------~ 

This report was prepared as an account of work sponsored by the 
United States Government. Neither the United States nor the United 
States Atomic Energy Commission, nor any of their employees, nor 
any of their contractors, subcontractors, or their employees, makes 
any warranty, express or implied, or assumes any legal liability or 
responsibility for the accuracy, completeness or usefulness of any 
information, apparatus, product or process disclosed, or represents 
that its use would not infringe privately owned rights. 



'":> ~ ,.~ 

TECHNICAL INFORMATION DIVISION 

LAWRENCE BERKELEY LABORATORY 

UNIVERSITY OF CALIFORNIA 

BERKELEY, CALIFORNIA 94720 

---::;:. -::-:::'. 


