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ABSTRACT -
We report results from a study of the reaction n p —>nﬂonb between
1.6 and é.ﬁ GeV/c, in which all the final-state particles were detected
using a 3;7 ﬁ#steradian array of optical spark chamhers and shower-counters
and a set of 20 neutron counters subtending a polar iab angle region ofv‘
.12 to'72.degrees.' The most prominent feature of the reaction at low
‘four-momentum-transfer,'t, to the nucleon,_is A(1236).producti0n..The‘éﬂo
mass spectrum at low t [< 0.3 (GeV/c) ], with A(1236) events removed, ex-
hibits a marked enhancement with respect to per1phera1 phase space in theh
reglon above TOO MeV. ' The quantum numbers for the observed structureiare-
consistent with T = 0, J = 0. We have parameterized.the enhancement in
two ways: 1) as a Breit-Wigner shape resonance, wh1ch 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-Plon-Exchange'model modified by the DUrr-
Pilkuhn form factor. The data completely rule out the so-called ”down-uo“
solution. |
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Since the discovery of the persistent "forward-backward"'asymmetty
in the decay of the peripherally produced neutral p (765) meson, the

commonly accepted explanation of this asymmetry is interference between .

the isotopic spin T = 1, angular momentum J = 1 p amplitude'and aT-=0,

J = 0 nt-x amplitudg whose phase, 62(: SE); is near n/2 at energies close
to the p mass. Beyond this, however, there has been much speculation and’
controversy over the detailed properties of 62, particularly below 1 GeV
in n-x invariant mass.1 Most of the analyses1 of 62'have come from
. +_ - Cq e
studies of the n -n system in the reactions
- + - . : ’
T +pon+twA 4o : (1)

and % 4+ p-oATT(1236) + 1 + w0 (2)

' The dominant p production, coupled with possible hon-one-pion-exchénge
' N C s . ' o
contributions, has made it difficult to extract a unique set of 60 phase

shi fts from threshold to about 1 GeV in w-x mass.’

A more sensitive approach, albeit more difficult experimentally, is
to study the reaction
- o o '
X +p-2n+xn +x - o (3)

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

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

+ - - : -
w'%" and x st systems indicate that there is no structure in the T = 2
dipion system below 1 GeV and that the T = 2 phase shift Si ‘is small

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

attributed to the T = O state.

'We have performed an experiment at the Berkeley Bevatron to study

reaction (3), x p —>nﬂ°ﬁ°, 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



e

high probaﬁility for'detecting y-rays using-arlarge‘cubic arrey_of:iea&-
plate oéticel spark chambers and 2) identification of thevfinal state by
detecting the neutron (both its anglelend_fimeeofeflight) and all the
y-rays from the ﬂo—decays,_meaeuring the.kinematie.Vatiables of gggg of
the particles and mekiﬁg a highly over-coﬁstrained kinematic fit of the.
dataj§67constraint—3-vertex-fit) using a modified vefeion of the LBL
Grou;{A%EdeIe chamber program (SIOUX)‘3 Anothef importent feature is
that prominent systematic effects were empirically eelibrated during the;_
course of the'experimenf by also cellecting-data on the tﬁo-body reactions

) n-p‘—>nﬁ° | ‘ o ‘ : | (h)

4

and X p - nﬁ a - (5)

L27

with and without the neutron counters in the triggerihg_logic and comparing:

the results from these two sets of running'cohditions.b Thisveliminated
the necessity of relying primarily on Monte-Carlo calculations to assess
these systematic effects.

A schemetic diagram of the experimehtal 1aYout,is shown in Fig. 1.

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

‘istics ié given in Refs. 4 and 5; The n-—beam f?om the Bevatron had a
ﬁomentum bite, Ap/p % + 1%, and was focused te a spot size of 1 5—in.“:
horizontally by 0.75-in. vertically (FWHM) at a 11quid hydrogen target,
8-in. long by 4-in, diameter. Counter hodoscopes deflned the beam
direction at the target to within + 0.2 deg (rms).v The target was :
.surrounded by enti-coincidence counters, A1 and‘Aé;'which vetoed any

interaction in which charged particles were prodﬁced. A neutral-final-
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state trigger was defined by a coincidencé'of a 3chuﬂter_beam félescdpe,
MlMéMj’ and the anti- counters, i.e., MlMéMéA 'Thé ﬁeam ﬁontamiqgrion |
of 4~ and e was monitored by a threshold Cerenkov counter.. Thé‘y—fays were
detected by a large cubic array of 1ead-piate optiCal spark chambefs k-6
surrounding the target and covering five sides of a cube, with the sixth
side (beam entrance face) almost completely covéred'by showericognterg'éf._,f
lead-scintillator sandwiches (Gi in Fig. l)qv As alreéult,.theilab solid- ‘
a#gle subtended for y-ray detection was 3.7 «x étéradians. Each of the four
side chamberslwas ~‘7 radiation lengths thick, cohsiéting of U2 thin 1ead.:
plates and 12 aluminum plates of dimenéion 4 by 5 feet. The downs tream
chambervwaé ~ 8 radiation léngths thick, méde up’of 48 lead and 13 alum-
inum plates, 6.5 ft. square. Each lead plate consisted of a lamination

of 1/32-in. iead between two sheets of 1/6k-in. aluﬁinum. The plates were
made very thin in Qrder to ensure a high detectidn efficiency for low |
energy showers. The y-ray detection thfesh§1d5was>abdﬁt 1O;MeV,'and.ﬁheA
.average‘&efecfidn probability was 899 per y;féy;h é#éragéd OVervail:y-ray:
energies and prodﬁdtion lab‘aﬁgles for 753 produééd in muifi-bion fin31 
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 chargedvpafticles which
managed to eﬁtér the chamberé.v Each of the five‘chémbers was photographed
in two orthogonal views for 90-deg stereo, with tﬁé 10 views madeFViéible.
to a single camera by means of a system of L6 mirrérs;

The'neutxon detector consisted of 20 thick plastic-sciﬁtiliator
counters. Eééh scintillator was a cylinder 8-in. in diameter and- 8~in.
thick, viewed on axis by.an Amperex XP—thO'phototubé. 'Each neutron
counter had an additionél counter mounted in froﬂt‘of it to veto charged

|
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particles. Thelneqtron counters‘were placed side—by-side, along an arc -
of # circle approﬁimately 15 ft. in radius with ;he hydrégen target és\

a center. The counters shbtended a polar. lab angle’interval'of 12 to T2
deg with fespecf to thé gentfél beam fay. for neﬁtfoh kinematié energieé
above 20 MeV:(B 2.(.).2) the average neutron detéctioﬁfefficiencyvof these
counters was 20 i 2% and did not vary much with énefgy. For lower energy

neutrons,iVﬁégdetection efficiency dropped rapidly.. To avoid possible

!

biases.infihé.data‘due to uncertainties in the répid‘variation of detection
efficiency,>a cut-off in the neutron timing gate was set so that no
neutron of B < 0.17 would be accepted. 1In addition, to avoid being
~ flooded by y-ray triggers, the neutron counter timing gate was adjusted
‘to eliminate any triggers in a time-of-flight interval correspondiﬁg.to

B = O.8hoh’8 Figure 2 shows the neutron kinematics for the reaction. |
ﬁ_p.—?n + miééing mass at 2.4 GeV/c,and the région coveréd by the neutron
.'counﬁers in our timiﬁg gate. The’neutroﬁ éounter (zefoécrossing) tiﬁing
resolution, + 0.6 ns, was'aetermined by méasﬁfingithé:time-of-fiight-ofz
.mono?eﬁergétfc neutrons produced in the chatgé-eéchangé reaction (h)'af
small laB-angles. The time-of-flight spectra were continuously monitored’
during the course‘of the experiment. |

- Data were collected with and withqut the neutron counter cqinciden§e 

in the event trigger. More specifically, in thé forﬁer case the trigger
consisted of a neutral-final-state coincidencevM1M2M3KiKé in coincidence
with a neutron counter signal occurring within fhe timing gate (corresr
ponding to Bn = 0.17 - Oo8h), When these conditioﬁs-Wege met, the spark
chambers were triggered and the event was photographed, with the neutron

counter information and that from the beam hodoscope and shower counters

S YUy L
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(Ci)brecordedvon an array of'lights‘oh’ardata-hor»ﬁhich waS‘aiso photo-
graphed; For both sets of running conditions, the target empty trigger
rate was between 11 and 16% of the target-full rate, depending on the
beam momentum. -

The.film was scanned by a group of soanners:who recorded the number
of showers, the location of the first spark of each shower within a
scanning grid-zone eorresponding to 2 in. in\realvsoace, and information
about non—shower’traeks (e.g., beam tracks) in the chambers. The film

9

was measured on the LBL SASS machine -ra'precision cathode ray’tube and
photomultiplier system linked to a‘DDP-2h computer. SASS digitizes the
position of all sparks, fiducial iights, and data hox 1ights for each
event. The information was then processed throughva pattern recognition
program'which uses the scanners' information on the first spark position
and the number of showers as a ghide in reconstructing acchrately theh
‘shower geometry in three-dimensional sPace. The y-ray eneréy resolution
from: spark counting was calibrated W1th "tagged" 4 's from an over— |
constrained kinematic fit of o- shower events to reactions - (4) and (5),
'using'the neutron-counter information and the measured directions of the
'7'5 in the fit.10 Scanning efficiency for eachhy-ray multiplicity was
determined by having the scanners triple-scan about_9;000 fraﬁes, with'
a physicist doing the conflict (fourth) scan of the data.11
The neutral-iinal-state-trigger data'was used to determine the

total i p -7 neutrals cross-section and the partial cross-sections:for
Xp-on+My's (ﬁb= 0, eeey 8)¢ .This data, unlike the neutron-counter-
trigger data, did not have the drawback of any.severeigeometric or.

kinematic cuts. Moreover, the procedure was free from most systematic
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biases, sucﬁ as neutfon-?b-séattering in the'spark-éﬁambers; y-ray
measuring_resoiution, etc.  The partial cross-sections were determined by  » }l::vi
counting the number of events of each 7?ray multiplicity observed by the
scanners and applying known corrections.for dete¢£10n inefficiencies.rlA o _" .
detaiied description is given in Ref. 4 and the cofrections areisummaﬁiZed ‘  ?
in footnote 12 below. - The partial cross-sectiénifdr tﬁe corrected 4-y
final state is then assumed to be that for nﬁoﬁo._vIt is shown-in”Fig. 3
élong with the toga;ghéutral cross-section, as a fuhétion of beam -
momentum.‘MThe 1aféé§t contfibution to the errors on thé'crbss-sectibns
comes from our conservative estimate of the unceféainty in the-avérage
.Q-ray'detection probability. Partial éross-sections for the other final

4,13 14-17

states.are.reported elsewhere. Results from otﬁér experiﬁents

are shown in Fig. 3. 1t is seen that 6ur cross-séctions for nnoné agree

very well with those of Crouch et al.16 but are ébouf twice as 1arge as

those of Carroll et al.15 ' o 7 , ;
The'sggdy_of the dynamical properties Qf reéCtidn (3), xfp‘~$nx°n°,

was made wifh ﬁhé neutfon;couﬁtér-trigger data sample‘coﬁtainiﬁg fOuri

visible sﬁowers in the chambers and no upstream showe¥#c0unter‘signa1s'_

Before presenting resuits, wevfirst 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 chambérévand'thereforé av

fraction (~25 to 30%) of them would undérgo ineiéstic Scattering‘from D &

n-Pb and n-Al interactions.18a This effect had two conéequences: 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 . z
i
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be scéttered into the counters. On the average, the.number pfAfast
neutrons (2 20 MeV) produced in n-Pb + n-Al inelasrié collisions is about
two at theSe‘energieS,18 which means that theré weré.about‘tWice as many
neutron-counter triggers caused by ”bad” neutrons scattering into the
counters as there were by '"good'" neutrons scattéred-éﬁay from the counters.
This could pose a serious probleﬁ for neutron missingfmass experiments
which ﬁse spark chamberé to isolate the 4-shower nr’x° final state.19
These '"bad'" neutron triggers can be eliminated by making an over-constrained
kinematic fit of the 4-shower data to the nﬂoﬁo hypothesis and rejecting
the events with poor X2. The-correction due to the artenuation of the
"good" neutrons is, in principle, éalculable since the n-Pb and n—Al
inelastic cross-sectiqns are known as a function of neutron kinetic
energy.18 We have written a Monte-Carlo program, iﬁcorporating thesg
cross-sections, which calculates the scattering of neutrons in the
chamberé'as a function of their energy, position; énd direction.'-This

was émpirically checked using the 2-shower events obtained in both
triggering ﬁodes (i.é., with and withbur neutron_ééihcidence'iﬁ the

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

- hypotheses, reactions (4) and (5), and the differential cross-sections
calculated, with rhe fitted events froﬁ néutronécounrer-trigger data

being éorrected for'neutron detection efficiency, counter geometry,'and
neutron attenuation in the spark chambers as calculéted in'the Monte~-
Carlo program. Within the kihemaric region defined by the neutron-
counter timing gate and lab angle interval shown in Fig. 2, the di ffer-

ential cross-sections agree everywhere to within 10%. A further study

of 2- and k-shower events, -taken with the neutron-counter-trigger,
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ind;qateé‘thét almbs; all "bad" neutron-trigger,eﬁeﬁts ;én'be eliminaﬁgd

in the L-shower events by rejecting all éveﬁté-witﬁ.xg = probability of

less than:5%;. This is the cﬁt for all data ﬁd'be'discussed from here on.
The mass.resolufion.of the neutron-éounter-trigger data is déterminéd

primarily by the neutron angle and timE-ofeflight information. This wasiz

calibrated_by fitting the 2-shower events to the hypothesis, ﬂ,p >0+ oy + y.

- The y-y mass spéétguﬁ, combining the data from all fiveé beam momenta
togéther, is'shbﬁﬁnin Fig. 4. 1Two large peaks, ¢qrfesponding to the x°
an& n maéses;'are cléarly visible above a very small (10%) background;
Ihefevents have been Weighted to correct fof neutron scatterihg in the
chambefé, neutron counter geometry and detection efficiencyo20 The
average weight is ~ 1.5. The same weights are a1§§ gpplied to the 4--_'
‘shower dgta. As seen from Fig. L., the mass resoiﬁtidn (HWHM) is approﬁi-
mately + 20 MeV at the n° mass and + 35 MeV at the q méss.21 |

In the daté'sample reported hére, there are‘abbqt 7,400 qnwéigﬁted 
events within our timihg'gate that fit the nﬂonolfeadtién (3), with Xgﬁ
probability > 5%. . The timing gate width defines the invariant four-

momentum~-transfer, t s to be between 0.029 and 1.54 (GeV/C)2. The

PN _
neutron production distribution is peaked at low t. Cross-sections were
determined by normalizing this data to the total nx°x® cross-sections
obtained from the neutral-final-state-~trigger data22 as outlined in-

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

. | 00 o
Figure 5 shows the mass spectra for the =« T and nn systems for:
t from 0.029 to 0.3 (GeV/c)2 (~ 2900 events). The dominant features

are the peak in the nx° spectrum corresponding to A(1236) production and

a lower but broader secondary peak corresponding to its reflection since
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both nﬁo'cﬁmbinations are plotted.” In order to investigate the dynamical
propgrtiés of the 2x° system free from the effects dﬁé'to A(1236), we
cut oﬁt the A eﬁents by removing_all'eventé having at least one ﬁxo
combination iﬁ the broad mass band 1100 to 1300 MeV. = The nx® mass
spect;ﬁm of the sﬁrViVing events (not shown) exhibits_nﬁ resonant
structﬁre. At 16w»t, the t distribution for events with A cut out is
essentiaily ihdependent'of 7°%° mass below approxiﬁatéiy 1 GeV..

To study quantitatively the peripheral or® pfdduction, we tried
various parametefizations of the data using the LBL maximum likelihbod

fitting routine OPTIME._23

This program generagedva set of Monte-Carlo
evehts for the nn'x° final state according tovphaseVSpace, incorporating
the geometry of our detectors and the same kinémétic cuts (such as neutron
timing gate widfh, A cuts,.etc.) as were applied to the data. The data -
parameterizatioh procedure consists of weighting fhése Monte-Carlo evenﬁs
by é métrix element corresponding to fhe.hypotheSis or modél.beiﬁg tes;ed;
with the weighted events then uséd.iﬁ the maximum likelihood fit to the
data. We fifst parametériéed the data by fitting ;he t'diStfiBufion with
a phase space distribution modified by a t—dependent.form factor. A
compérisoh of the predicted 7°x° mass spectfum resulting from this matrix
elemenf with the data indicaﬁed that additional parameterization was |
necessary, as &iscussed below

.Figure,6 shows thé t distribution_for~M&oﬁo <1 GeV, with fheSAeband
events excluded.'_For each beam momentum, the loﬁ-tvdistribution is'm§re
peripheral than phase space multiplied by the one-pion-exchange (QPE)' '

propagator, 557 where p 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) é‘single exponential,
- 2 : e : : g

e a(t TH )'and 2) the phenomenological Durr-PilkuhnZh vertex factor

multiplied by Wolf's t-dependent form factof,g5 which for S-wave scatter-

ing is

2 | 2 2 '
2
P(t) - 2.3 - ) - 1+ 2.66_qr.l \ ‘ )
2.3+ ¢t ' 1 +‘2 662q o ] -
. - . t .,

where (qt)ziig%ihe momentum squared of the incoming target proton
evaluated in the neutron rest system, and qn2 is this quantity taken on-
shell. Both form factors yielded acceptable fitsvté the data for a very
small t region. However, the latter describes the production distribution
bettef over a wider range of t-values, {to £ § O.3V(GeV/c)2} than does

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

over the five beam momenta, of the expression | F(t) - t . (phase

| - | (t+ 07
space)J , normalized to the number of events with t < 0.3 (GeV/c)~ at
each momentum. We henceforth refer to this expression as "beripheral
phase spacé." |

Figure 7 shows the 7°x° mass spectrum for f;S,O-3 (GeV/c)é with
events in the A~mass band rejected (= 1323 events).‘ The soiid curve
represents peripheral phase space, normaliéed to the data below 1000 MeV
buf outside_the 700'to‘9OO MeV region. The curve and the data agree Quite
- well except in the region Mﬁoﬂo ~ 660 to Y40 MeV where.the”data exhibits:.
a marked enhancement over peripheral phase space. In accordénce with our
introductory remarks, this enhancemeng'may be attfiﬁuted»to aTs=0n~xn
.interaction. To determine the angular momentum of ﬁhis enhancement, We_ 

studied'the dipion decay distribution with respect to the incident

direction in the dipion rest frame. For all 2r® masses below 1000 MeV,
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'thevdécay distribution was consistent with isotropy.outside'thgrregioni L
corresponding to the A-masé-band cut. If we assume one-pion-ekchange
(OPE) for the dipion production mechanism,bthén the absence of structure
in this decay distribution implies thatithe'21r0 system is S—ane;
We have parameterized the 2x° mass»épeétrum in two ways: 1) Wg

- characterize fhe-enhancementias a Breit-Wigner and fit the data to an

expreséion of the form {(peripheral phase space) [a’+_b(Breit-Wigner)}},.
allowing the mass and width 6f the Breit-Wigner to be free parameters.
We get an accéptable fit (X2 - probability ~ 15%) with a mass of 820 i.
15 MeV and wiath 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 "bn-shell" momentum). The formula used,
relating the "off-shell" cross section, de&/dMﬁﬂdt to the "on—shell"'cfogs-

section, dﬁﬂ'in'the S-wave approximation, is

2 = 2 v o
do N -t g M? : N N
3 C , ' qo__ . F(t) - (7a)
M AE hafp 2 (¢4 2)2 M0 ww Tww T
and
e 29 o o . . .
q ‘
where . M= protoh mass
PL = lab beam momentum
2
g /hx = 29.2

52(63) is the T = 0 (T = 2) §-wave phase shift and q is the pion mOmentuﬁ

27

in the dipion rest frame. The term sin?(agb- Si) was evaluated at eaéh,
beam momentum as a function of M- A weighted average for all the beam

3
-
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momenta is plotted in Fig. 8a. The error bars in each bin include the

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

unceftain;y in the overall nérmalizétibn (within.i 10%).6f our data_22 is
not inélﬁded. Eor comparison we plot the ﬁreaictions from the recent

T = 0, S-wave phase-shift solutions of Protopopescu et al.,28 using T = 2
phase-shifts of Béton et a1.29 It is evident that the so-called "down-
up" solution above the b mass is clearly in disagfeement 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 daﬁa.

To’facilitatevthe cdmparison fur;her we.have eliminated the effect.
of thé small uncertainty in our overall normalization as follows. We»
introduced the phase shifts of Refs. 28 and 29 intb our Monte-Carlo and
generated the 7°%7° mass spectrum at each beém-momentum, sub ject to the
éame geomeﬁric and kinematic cuts as were applied-to ﬁhevdata._‘The
resulting spéctrum was then normalized to the number of events in the
data withrﬁono mass betﬁeen LOO and 940 MeV. The &éta and thévMbnte—_”

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

2

the data and the down-down solution may be due to 60

or 52 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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7 p - nn®x® for 0.029 <t < 0.3

P _ » n;p-ﬁ nﬂoﬁo ,

. K _ : , (GeV/c )2, A(1236) contribution
(Gev/c) (p.b) ~ removed . (ub) '
1.59 1310+80 325¢31
1.79 " 1360+80° k32436
1.99 1390+80 337+30
2.19 13'_:80%80 3_164_?27
2.39 1 1l+0i6b 22617

The A(1236) contribution was removed by cutting out all the events in

the A(1236) mass band and correcting for the fraction of phase Spa._ce‘

that had been removed.

S S——
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Fig. 5. Mass spectra of (a) mro_ and (b) 7°x° from the reaction

% p = nnw. for 0.029 <t <0.3 (GeV/c)e. Data are from all five

momenta. The curve represénts- phase space, arbitrarily normalized.
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Curve shown is peripheral phase space, normalized to the data below .

1000 MeV but outside the 700 to 900 MeV region.
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Fig. 8. {(a) Sin?(bz - si)'as a function of the dipion mags; (b) mass

-spectrum of the dipion system. The data sample for both plots goﬁsists ;
of events with 0.029 < t < 0.3 (GeV/c)z.'“ In plot (b), events in the
A(1236) mass band have been excluded. Combined data from all momenta.

The curves shown are the predictions of the ph&se-shifﬁ solution of
?rotopopescu et al.28 for 62 and BétOn et a1.29-fpr Si; The normalization

of the curves in (b) is described in the text.




LEGAL NOTICE

This report was prepared as an account of work sponsored by the
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any warranty, express or implied, or assumes any legal liability or
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