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ABSTRACT
We report results from a study of the reaction T p— nn® 7 be-
tween 1.6 and 2.4 GeV/c, in which all the final-state particles were

detected with a 3.7 n steradian array of 6ptical spark chambers

and shower counters, ahd neutron counters subtending a polar lab

angle region of 12 to 72 degrees. The 27’ mass spectrum exhibits a

marked enhancement in the region of 800 MeV. Interms of I=0, S-
wave w-m phase shifts, the data are consistent wii;h' the recently re-

ported "Down-Down'! solution above 800 MeV but are in disagreement

below that dipion mass.

¥ Work done under the ausplces of the U. S. Atomic Energy
Commission.

*#% Present address: Nuclear Physics Laboratory, Oxford,
Un1ver31ty, Keble Road, Oxford, England.

%%% Present address: University of California at Santa Barbara, -
Santa Barbara, California 93106.

1 Present address: Syracuse University, Syracuse, N.Y, 13240

z‘ Present address: Stanford Linear Accelerator Center,
" Stanford University, Stanford, California 94305

The properties of the scalar dipion system (isotopic spin I = 0,
angular momenturhj =0) have been £he subject of much controversy[i]
since the dlscovery of the persistent ""forward- backward” asymmetry
in the decay of the per1phera11y produced neutral p(765) meson. Most .
of the information has come from studies of the ‘n'+—1r system in which

the analysés have been complicated by the dominant p production. A

.more sensitive appr'_oach is to study the reaction

T +p-n+ 1’ +a°, (1)
in which p productioﬂ is forbidden. Although the dipion sys.tem in re- .
action (1) ‘ca;n have I=2 as well as 1=0, previous studies indicate that
there is no structure Vin the I =2 dipion system [2]; thus, any structure
in the 27’ system may be att.ributed to the 1%0 state.

We have perform‘ed an eXpérirnent at the Berkeley Bevatron to
study reaction (1) 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 high
probability for detecting y-rays and 2) identiﬁcation of the final state
by detecting the neutron and ﬂ the y-rays from the n’-decays . The
kinematic variables of each of the particles were measured, and an |
over-constrained (6-constraint, 3-vertex) kinematic fit was made
to each evént using a modified version of the LBL Group A bubble
chamber program SQUAW] 3].

A schematic diagram of the experimental iayou-t is shown in Fig.
1. A detailed descr1pt10n of all the apparatus and its perforrnance
charactenstlcs is given in refs [4-6]. The » beam from the Bev-
atron had a mom_entum bite of £1%, and was focused to a spot size of

1.5 in. horizontally by 0.75 in. vertically (FWHM) at a liquid hydrogen



-3-

target, 8 in. long by 4 in. in diameter. Counter hodoscopes defined
the bea;'n diréc»tion at the targ.et ‘to within 0.2 deg (rms). The target
was surrounded.by. anti-coincidence counters which vetoed any inter-
action in which charged particles were produced. A neutral-final-
state trigger was defined by a coincidence ‘of éS—counter beam tele-
'scope and no signal frdfn the anti—counte.rs. The beam contamination
of p- and g- was monitorec} by a tﬁr_es_hold Cerenkov counter. The v-
| fays Wer;a detected By a largé cubic 'abrray éf lea'.d;plate optical spark
chambers [.4-6] surrounding the'tax;get and covering five sides of a
cube, with the sixth si_de (beam entrance fac-e) almost completely -

covered by showér counters of lead-scintillator sandwiches (Gi in fig.

1). The lab solid angle subtended for y-ray detection was 3.7 w sterad-

ians. Each of the four side chambers was about 7 _radiation lengths
thick, a.nﬂ the downstream chamber was about 8 radiation lengths
thick. The chamber plates were made very thin (1/32 1n lead sand-
wiched between two sheets of 1/64 in. aluminum)'.iri order to ensure a
high detection efficiency for low énergy showers[ 7]. The first four
gaps in each chamber had aluminum plates 3/64 in. thick and were
used as a vijsuall'aid to identify any charged particlgs which managed
"to enter the char‘-nbers.‘ Each clzhamBer was photographed in two ortho-
gonal views for 90 deg stereo. '

The neutron detector consisted of 20. cylindrical pla.sti‘c scintil-
lation counters, each 8 in‘. in diameter and 8 in. long, located about
iS ft from the target (as shown in fig. 1) and subtending polar lab
angles (Gn) from 12 to 72 deg with respect to the central beam ray.
Each neutron counter had an additional counter mounted in front of it
t§ veto charged pafticles. Thg timing gate fTor the neutron detector

-4-

. was set to accept neutrons of velocity (B) in the region 0.47<p<0.84[8]. -

The neutron counter timing resolution was £0.6 ns [4,5].

Data were collected in two '_d‘i:f_fe_rent modés of el_ectronié tfiggér-
ing cpnditions: 1) a neutron c‘oiu‘lté.;:‘l";ignal in coincidence with a neu- .
tral-final-state trigger as described above and 2)a neutral-final-state

trigger only[ 9] . Systematic biases (e.g. neutron scattering in the cham-

"bers) were ch_é_cked by comparing the differential cross sections for the v

2-body final states, nn’ and nn, as measured in the two triggering modes.

-The neutral-final-state trigger data were also used to determine partial

cross se_cfi_ons for the various neutral final states, as described in ref.
[6]. Cross sections for reaction (1)are listed in table 1.

The film was examined by a group of scanners who recorded the

number of showers and the location of the first spark of each shower.

The film was then measured and digitized on the LBL SASS ma-
chine [ 10] —a.precision cathode ray tube and photomultiplier system

linked to a DDP-24 computer. This information was processed by a

_ pattern-recognition program which reconstructed the shower geometry

in three-dimensional space using the scanner's shower information as
a guide. These data, together with the counter information, were tﬁen.
éubjeéted to a kiﬁematié fit using the LBL program SQUAW [ 3]. The
y-ray energy measurement’from spark counting was éalibrated‘ b'y an
overconstrained kinematic fi.t of the 2-shower events to n7’ and nn
final states [11].

The study of the dynamical properties of reaction (1) was made
with the neutron-trigger data sample containing four visible showers in
the chambers and no upstream shower-counter signal.  The data sam-

ple consists of about 7400 events within our timing gate [corresponding

.



to invariant four—rhomentum transfers to the nucleon (-tp ) of 0.029

to 1.54 (GeV/.c) ] that fit reaction (1) with X probability = 5% 1 2].

The 27° mass resolution is approximately +35 MeV (HWHM) over most
of the masé regipﬂ. The data within the neutron countér acceptance
region in t and Bn have been..correct-ed f,ér neutron scatteri_ﬁg in t‘hAe
chambers, neutron counter ge‘ometry, and detec_tion efficiency [4]. The
averége weight-per event is ~1.7. Structure is eyidenf in vboth the nn°
and 7 o mass plots. The dominant feature, at all iralues of t, is the
nv spectrum (not shown) corresponding to & (1236) production t13] .

In order to study the properties of the 27 system, free from the effects
due to A(1236), we cut out all evénts habving at least one n1’ combina-
tion in the broad mass band of 1100 to 1300 MeV. The nv’ mass spéc-
trum of the surviving events exhibits no r.esonant structure.

Figuré 2 displays the combined data from the five beam momen-
ta, with the A-band events excluded. The t-distribution (fig. 2a) is
characterized by a‘prcvmounced peak at low t. The curve shown repre-
sents the prediction of '"peripheral phasé-space" (PPS) for the region
-t<0.3 (GeV/c)2 This t-cut hencéforth speciﬁes the peripheral re-
gion. PPS is defined as [ {phase-space) ~’(-t)/(t-p2)2 -F(t)], where pis
the pion mass and F(t) is the Darr-Pilkuhn vertex factor [14] multi-

plied by Wolf's t-dependent form factor [ 15]:

2_2
22 (1+2.66°q ")
F(y - (2:3-07) In

(2.3-1)°

. (2)
(1+2.662qt2) ,

q, is the momentum of the incoming target proton evaluated in the neu-

tron rest frame and q, is this quantity evaluated with t = pz. This

PPS distribution fits the peripheral t-distribution very well, as shown

by the curve in fig. 2(a) normalized to the data below 1 GeV dipion

mass (solid histogram).

Figure 2(b) shows the 21° mass spectrum (1323 events) for events

- in the peripheral re'g-idn. The curve represents the PPS distribution

normalized to the data“belc.)w 1000 MeV but excluding the .70'0 to 900 MeV
region. The mass spectrum exhibits a marked enhancement in the 800
MeV region. This pronounced structure is also evident in the mass-
speétrum for the entire t re.gbion (4088 eventé) shown in fig. 2(c). Al-
though the background here is greater and of a different shape than the
background in the peripheral region, the same enhancement in the mass
gpectrum is clearly evident. The curve represents a crude approxima-

tion of the spectrum as the sum of phase-space and PPS, the relative

amounts being determined by a fit to the t-distribution at each momen-

" tum.

‘

In accordance with our introductory remarks, the observed struc-

ture may be attributed to an I = 0 w-« interaction. To determine the

.angular momentum (J) we studied the dipion decay angular distribution

with respect to the incident w direction in the dipion rest frame, for
events in the peripheral region. For all _21r° masses below about 940

MeV, the decay distribution was consistent with iéotropy outside the

" region corresponding to the A-mass-band cut and hence is consistent

with J =0 for the dipion system.
| To pérametrize the peripheral data we assume the one-pion ex-
change (OPE) mechanism as a production model, using the Chew-Low
equatioﬁ [ 16] modified by the form factor F(t) defined above, and work
in the physical regioh (since there are too few events to ﬁlake a mean-
ingful extrapolation to the pion pole).

Cross sections for this t-cut

were determined by normalizing the neutron-counter data to

the neutral-final-state-trigger cross sections. (table 1), as out-
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lined in ref. [4], and are listed in tabl;e 1 [17]. The formula
used, relating the "off—_shell" cross sectioﬁ, dzo/dmmrdt, to the '""on-

shell" cross section 0 in the S-wave approximation, is

dZU'/dm dt = ! lt] _ g% 2 ‘R, I
T B 2 2 2.2 4 r iq o'rm SO (32)
4™ PL (t—p, ) . ,
_Am 2 200 20 : | |
o = qz g sin (60 - 60).” - » »»(3b)

‘M is the proton mass, P, is the lab beam fnomentum, g2/41r =29.2,
m__ is the dipion mass, 6: (602) igs the I=0 (;:2) S—wa-ve. phase shift and

q 'i‘s the on-shell pion momentum‘in the dij‘)ion rest frame[ 18]. To
determine sinz(ég - 602), we used the fpllowiéng procedure which avoids
possible binning problems in t and yields 'r:‘esults which are relatively
i.ﬁsénsitive. to the range of t-values chosen'f[ 19}. We perform a trans-
formation of variables { 20], mapping the t-axis onto the axis of another
varié,ble, x = x{t), such that the distributio:n of events (i.e., dg/dx) is

|
A simple choice for the

L.
transformation is of the form dx/dt =_(p.2— t) k

approximately unif_orrh with respect to x.
with k =2 providing a

sufficiently uniform distribution. Eq. (3) is then of the form
2 o
(

‘ dzd/dm, dx =R{x, m ") sin“(8% - 62)_ where R(x; m 11) is now much more
‘ T Ty 0 0 T , o

nearly constant than is the right-hand side of eq.. (3a). From this ex-

pression we evaluated sinz( 6: - 602) as afunction of rhmr for each beam
|

momentum, using the procedure of ref. [4] . A weighted average of.

sinz(5: _ 50.2) from all the five beam moment:a is plotted as a function of

m'mr in fig, 3. The error bars in each bin;are purely statistical and

do not include a systematic uncertainty in ﬁhe overall normalization
0.0

(within £ 6 %) from our nw 7 cross—secti?n determination for -t<0.3

(GeV/c)z. This uncertainty is a multiplicaitive factor and does not

. -8-

affect the shape of the spectrum. " The analysis does not extend be-
yond dipion mass of 940 MeV because of the probable presence of D-
wave contribution, the amount of which is difficult to dvetermineb due to
the A(1236) cut.

These phase-shift results are derived from our assumption of

-a particular OPE production i‘nédel to describe our data. Although we

cannot conclusively prove the validity of this description, it is nonethe-

lvess‘sug'gestive to note that the data and results are consistent with the
predictions of the model, namely, i) the t-distribution of the periph-
eral data agrees with the fnodel (fig. Za), and ii) the maximum value
of sinz(ég - 502), which is no_t constrained in the analysis, is ;:onsistént
with being equal to or less thaﬁ'unity (fig. 3). ‘

For purﬁoées of comparison, we also show in fig. 3 the two
phaseshift solutions at the K-mass bbtg.ined by Sarker [ 24] from an
analysis of K — 27 decays. While héither solution is ruled out, our
data favor Sarker's lower \}alue_. ‘In" addition, we have plotted in’
fig. 3 the recent pha.!.'se—shift results .of Protopoi}escu et al. [22] from

an analysis of the e system. - It is evident that the so-called

"Down-Up'! 'solution (essentially the same as that of ref. '[20])abvové

‘the p mass is clearly in disagreement with the data and can be ruled

- out completely-a conclusion consistent with that of ref. [22]. Within

the normalization uncertainty, the '"Down-Down' solution agrees
quite well with our results for M = 800 MeV but does not agree

T
Finally, we show the theoretical

with the results below 800 MeV,
predictions (curves II and III) by Basdevant et al. [ 23] for. the phase
shifts just above threshold. The éurves are their solutions:II .and IiI,

respectively. Neither solution can be ruled out by our results,

-~
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For Ey< 300 MéeV, the y-ray energy resclution was about £40%

and became progressively worse to néarly +1400% at EYz 1 GeV. 21,

This kinematic selection criterion rejects almost all ""bad" trig- 22.

{
ger events caused by neutron inelastic scattering in the spark

chambers. Also, this selection, tog(;ther with low feed-down
and small 37’ cross sections, resultis in negligible contamina -

|
tion of 37° events in our 24 sample.
|

For -t<0.3 (GeV/c)Z, about 40% of the events correspond to - 23,

c
A(1236) production. ) I
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i
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In the determination of sinz( 63 - 602) in ref. 4, a different form
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. I
|

|
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|
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Table 1. Cross sections, Figure Captions

,Fig. 1. Layout of the apparatus: (a) arrangement of spark chambers,

P - " olnp— nn’ ) o(ﬁ-p'—>n1r°1r°)_
’ ' : 2 (a) hydrogen target and y-ray detection counters (Gi); ~(b) plan
for 'ltminl < 0.3 (GeV/c) a

: ~ view (reduced scale) of entire layout. M1 represent beam
With A-band-cut With A-band-cut o

' . corrected for‘(b) ' telescope/counters and Ai are charged-particle anti.-counters.
-4 (GeV/c) (pb) wb) - (ub) o » : , i
‘ ' '1.59 ) o 1310+ 400 . -180:!:15" o T 325430 ) B Fig. 2. Data within the neutron counter acceptance_regi()n int and Bn,
’ 7) 1:_7"9 ' 1360% 100 270+ 20- . ’-430; 30 . o and with A(1236) mass-band events excluded (see text):
1.99 - 1390¥ 90 2254 20 . 3351_ 50 ‘ (a), t-distribution. . The dotted histbgram includes all data
2.19 | l380:L- % 220420, H 320430 _ and the solid histogram includes the data ff:)r M“p . < 1900 MeV.
' 0 , . oo The curve represents peripheral phase space (PPS) fdr
‘m 2.3? 114070 . 165i10 225+15 )
M 0 < 1000 MeV, normalized to the data in the solid histo-
(a) Itminl.is determined by neutron counter acceptance in _ gra—m for -t<0. 3 (GeV/c) 3 (b)- (c), 2n® mass spectrum for
1t1[=0.029 (GeV/c)2] and 6_[> 12 deg] _ : ' ~ the t region indicated. The curve in (b) represents PPS while
- n . *

(b) Correction is just ratio of phase space with and without A-bands _that in (c) represents a combination of phase 5p§ce and PPS

removed.. - : : . (see text). Both curves are normalized to the corresponding

data below 1000 MeV but outside the 700-900 MeV region.

e F1g 3. Phase-shift results. SinZ( 6: - 6:) as a functién of Mno I |
% The soiid (dashed) curve above 550 MeV _cbrresponds» to the
ro B : . ' o - ' v ~ "Down-Down" (';DO;Wn-Up") solution _fron_i Protopopescu et-al.
o | o o o » SR L [22]. Curves Il and Il are solutions II and III, respectiveiy;
T ' o | » ‘ , : S from Basdevant et al. [ 23]. The corresponding S-wave

. , scattering lengths (a—ls), in units of m_1 are a: = 0.16 and
. : 7 . . _ ‘ . o ) :a.'sZ = -0.048 for solution II and a: = 0.60 and a = 0. 043 for
solution III. The dashed points at the K-mass are from

Sarker [21].
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United States Government. Neither the United States nor the United
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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.
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