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We have studied 11' production using a 1r+ beam incident on deuterium in the 72-in. bubble 
chamber, with beam momenta from 1.1 to 2.4 GeV/c. Cross sections for reactions leading 
to five- and six-pronged final states are presented. We observe 11' production in the reac­
tion 1r+d-pp 11', with the decay mode 11'- rr+lT-11· The cross section for 1r+n-P11' (studied 
in the impulse approximation) is observed to rise to a maximum of about 100 Jlh at 2.2-GeV 
c.m. energy. The production angular distribution develops peripheral peaking with increas­
ing energy. 

I. INTRODUCfiON 

We have studied 77' production in rr+d interactions 
as part of a 250 000-picture bubble-chamber ex­
periment, performed in the deuferium-filled 72-
in. bubble chamber, at the Lawrence Berkeley Lab­
oratory. We used a rr+ beam from the Bevatron at 
beam momenta from 1.1 to 2.4 GeV I c, in approxi­
mately 0.2 GeV /c steps. The experiment was de­
signed to study the production of the I= 0, non­
strange mesons in rr+n interactions from 1. 7- to 
2.4-GeV center-of-mass (c.rr .. ) energy. 

The reactions rr-p- nX (where X=77, w, or 77') 
are difficult to analyze in hydrogen-bubble-cham­
ber experiments, as there are two neutral parti­
cles i.n the final state (with unmeasured momenta) 
and the kinematic fits to the reactions are uncon.,. 
strained. However, the charge-symmetric reac­
tions rr+n- pX can be studied in deuterium. 

The observed 17 and w production is reported in 
Ref. 1. Strange-particle and cp-meson production 
have been studied and are reported in Ref. 2. For 
further references to work published from this ex­
periment, and other rr+dstudies, see the compila­
tion in Ref. 1. 

In this paper we study the reaction rr+d-P.P17', 
77'- rr+rr-17. The subsequent 1J decay 17- rr+rr-'lf' or 
rr+rr-y yields five- or six-pronged events (depend­
ing on the range of the spectator proton, p s, in 
the deuterium) while the decay mode 17- neutrals . 
is observed among three- or four-pronged events. 

Special interest in 77' production in pion-nucleon 
interactions was generated in early 1966, when it 
was pointed out that the decay 77'- rr+rr-y is a good 
place to look for a violation of charge-conjugation 
invariance in electromagnetic decays. 3 To plan an 
experiment using the reaction rr-p- n17', it is help­
ful to. know the cross section for this process . 
One of the goals of the present experiment was the 

determination of the 77' cross section and produc­
tion angular distribution as a function of beam 
energy. 

The experimental details are discussed in Sec. 
II.· ·cross sections for the five- and six-pronged 
final states are presented in Sec. m. (The corre.;. 
sponding data from the three- and four-pronged 
events are presented in Ref. 1.) Results on 77' pro­
duction are given in Sec. IV. 

ll. EXPERUMENTALPROCEDORES 

A. Beam Momenta and Pathlengths 

The experiment4 was run at eight beam-momen­
tum settings, from 1.1 to 2.4 GeV /c in steps of 
about 0.2 GeV/c. Because of the Fermi motion of 
the nucleons in the deuteron, this completely cov­
ers the c.m. energy range for the reactions on a 
nucleon from 1.7 to 2.4 GeV. The median values 
of the beam momenta at the center of the chamber 
were determined experimentally from four­
pronged events fitted with four constraints. (About 
700 events were used at each momentum.) The 
beam momenta and pathlengths are given in Table 
I. Our estimated proton contamination is ::>5%; our 
estimated noninteracting (1.t) beam contamination 
is ::>10%. 

:B. Scanning and Measuring 

The film was scanned for nonstrange events 
(three-, four-, five-, and six-pronged events). 
The five- and six-pronged events were measured 
on a Franckenstein measuring projector, and the 
three- and four-pronged events were measured on 
a Spiral Reader. 5 
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TABLE I. Beam momenta and pathlengths. 

Beam momentum 
(GeV/c) 

1.10 
1.30 
1.53 
1.58• 
1.70 
1.86 
2.15 
2.37 

Total pathlength a 

(events/ 1-1b) 

0.45±0.03 
0.44±0.03 
2.53 ± 0.13 
0.43±0.04 
3.03±0~16 

2.92±0.15 
3.09±0.13 
0.84±0.08 

a The effective pathlength for accepted ~events is about 
20% lower due to scanning .and reconstruction inefficiencr;>~· 

C. Geometric Reconstruction 
and Kinematic Fitting 

We used the program TVGP6 for geometric recon­
struction of particle tracks, and SQUAW7 for kine­
matic fitting to final-state hypotheses. 

Unseen (spectator) protons were assigned a mea­
sured momentum of (Px ,PY ,P~) = [(0,0,0) 
±(30,30,40)] MeV/c. If there are no missing 
particles, the resulting pseudo-four-constraint fit 
reproduces the expected spectator momentum dis­
tribution reasonably well. If there is one missing 
particle, the resulting pseudo-one-constraint fit 
systematically underestimates the spectator mo- · 
mentum: At best, the fit can only determine the 
projection of the spectator momentum on the mea- . 
sured value for the total missing momentum. 

Events which failed geometric or kinematic re­
construction were remeasured; the five- and six­
pronged events which failed again were examined 
oh the scan table. Events which had been incor­
rectly classified as five- or six-pronged events 
(e.g., a four-pronged event with a Dalitz pair) 
were reassigned to their correct topology; events 
which were not measurable (too many scatters, 
too many short tracks, vertex obscured) were 
tagged as unmeasurable. The cycle of remeasure­
ment and failure checking was repeated for the 
five- and six-pronged events until they were either 
successfully reconstructed or identified as unmea-
. surable. ·· 

Ill CROSS SECfiONS FROM FIVE­
AND SIX-PRONGED EVENTS 

A. Final States and Deuteron Cross Sections 

The five- and six-pronged events8 were fitted to 
the following reaction hypotheses: 

1r•d- pprr+1T+1T-1T-

- pprr+1T+1T_1T_rfl 

(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

(8) 

where MM stands for missing mass. [Reactions 
(7) and (8) were tried only for six-pronged events. 
Only two events of each type were found; they are 
not considered further.] 

The separation of these hypotheses is discussed 
at length in Ref. 4. Tli~ following conclusions were 
reached: 

(a) We cannot completely separate hypotheses (2) 
and (3 ); irt cases of ambiguity fits to reaction (2) 
have been us~d, since reaction (3) occurs much 
less often. 

(b) We estimate that contamination of hypotheses 
(2) and (3) by other reactions is <5%, and that loss 
from these final states into all other final states 
is <5%. 

(c) We estimate that contamination of hypotheses 
(2) and (3) by fits with a 1r+ and proton track inter­
changed is $2%, as this is the fraction of self­
ambiguous events for this final state. 

The number of events assigned to final states 
(1)-(6) and the corresponding cross sections are 
presented in Table II as a function of beam mom en- · 
tum. The cross section values shown have been 
corrected for scanning efficiency, reconstruction 
efficiency., and the effect of cuts on fiducial volume. 

B. Nucleon Cross Sections 

I. The Spectator Model 

The spectator model of the interaction of the in­
cident pion with the deuteron can be described sim­
ply in this way: The pion interacts with only one 
nucleon, and.the other proceeds with its original 
momentum, merely a spectator to the interaction . 
We take as the "spectator" nucleon the one with 
the lower .momentum in the laboratory. 

There are two phenomena which affect cross sec­
tion determinations: in deuterium. These are the 
Glauber (screening) correction, and the suppres­
sion of certain :momentum states by the Pauli Ex­
clusion Principle. These effects are too small to 
be of importance in view of the level of statistics 
in this study; see •. however, the discussion in 
Ref. 1. 
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2. Comparison of Data with Spectator Model 

The distribution of the 3-momentum of the nu­
cleons in the deuteron is taken to be the Hulthen 
wave-function prediction 

2 2( ) 2{- 1 1 )
2 

p 4> p rxp\p2+a2-p2+ff (9) 

The value of a is determined by the deuteron bind­
ing energy to be a=0.0457 GeV/c. In the litera­
ture {3 has been taken to be 7a (Ref. 9) and5.18a 
(Ref. 10). We have used {3= 5.18a; none of our re­
sults is sensitive to the value of {3. 

Figure 1 shows the spectator momentum distri-
e>·- bution for all events from reaction (1), which is a 

four-constraint fit. The curve is the spectator 
model prediction (Hulthen distribution), normal­
ized to fit the data below'~50 MeV /c. The fraction 
of events with spectator momentum over 250 MeV I 

· c is 34%. The nucleons in the deuteron have a 
Fermi momentum greater than 250 MeV/conly 
2-7% of the firhe (the number is not well known)/1 

so it is clear that the majority of high-momentum 
spectators are not spectators to the scattering at 
all -both nucleons have been struck. Such events 
are not described by the spectator model. We thus 
require that the spectator momentum be less than 
250 MeV /c when using this model to obtain 1rN 
cross sections. There is quite reasonable agree­
ment between the data and the curve below 250 
MeV /c. For the remainder of this paper we will 
consider only events satisfying this condition; we 
will correct the 7TN cross sections obtained to ac­
count for the excluded events. We note that we 
found no evidence that the excluded high-spectator 
momentum events are more likely to be misidenti­
fied events than the rest. 

~ ... 
(!) 

0 
0 .._ 
"' 1-
z 
w 
> w 

'SPECTATOR MOMENTUM (GeVIcl 

FIG. 1. Comparison of spectator model with data 
from tlte reaction 11-+d;. pp1r+1r+rr-1r- (1936 events). 
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TABLE m. Center-of-mass energy bins and path­
lengths . 

Central value Bin limits Total pathlength a 

(GeV) (GeV} (events/ ~tb) 

(Underflow}. 1.68 0,06 

1.73 1.68-1.78 0.45±0,03 
1.84 1.78-1.88 0.63±0.04 
1.94 1.88-1.98 2.77±0.15 
2.02 1.98-2.06 3.06±0.17 
2.11 2.06-2.16 3,01±0.15 
2.22 2,16-2.28 2,86±0.13 
2.33 2.28-2.42 0.90±0.07 

(Overflow) 2.42 0.02 

a The effective pathlengths for accepted events satisfy­
ing the spectator cutP3 < 250 MeV /c are about40% 
smaller. 

3. Calculation of the Nucleon Cross Sections 
vs. c. m. Energy 

The pathlengths at each of the several beam mo­
menta are known (Table I) and the spectator model 
is used to calculate the distribution of pathlength 
in c.m. energy. -:fhe c.m. energy of the beam and 
the struck nucleon is given by 

(10) 

Here p11 , p11 , Ps are 4-momenta, and the subscripts 
b, d, and s refer to the beam, deuteron, and spec­
tator, respectively. The nucleons in the deuteron 
are assumed to be moving in a random direction 
with equal and opposite 3-momenta distributed ac­
cording to the Hulthen distribution given above. 
The probability of a collision is weighted by the in­
variant flux factor of Ms:)Uer, 12 

Flux(pb ,p1) = [(Pb • p 1)
2

- m 11
2m/Jl12 /mb m 1, (11) 

where p 1 = p11 - p 3 is the 4 -momentum of the target. 
The pathlength values at the incident momenta 

given in Table I were distributed in c.m. energy ac­
cording to the Hulthen momentum distribution and 
the Mpller flux factor using numerical integration. 
The calculated pathlength in several c.m. energy 
intervals is given. in Table ill. 

The number of events assigned to each rr7V reac­
tion has been tallied by c.m. energy; these num­
bers are given in Table IV. To determine the cor­
rection for high-spectator-momentum events we 
distribute all events in c.m. energy bins in the 
same way that the pathlength was distributed; the 
same process is applied to the high-spectator­
momentum events. The fraction of high-spectator­
momentum events can then be calculated for each 
reaction and c.m. energy bin. This procedure 
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FIG. 2. Cross section for 1r•n -p1r+1r+1r-rr- from this 
experiment, and for the charge-symmetric reaction 
1r-p- n rr+1r+1r-1r- from other sources (Ref. 13). 

yields the probability of a rescattering of one of 
the final-state particles with the spectator nucleon, 
assuming that the high-spectator-momentum events 
are due to such a rescattering. 

The cross sections, corrected for the cut on high­
spectator-momentum events, have been calculated 
and are shown in Table IV. Reaction {5) has a neu­
tron spectator 59% of the time, averaged over all 
c.m. energies; the cross section given is the sum 
of the 1r•n- n1T•1T•1T•rr-rr- and rr•p- prr•rr•rr•rr-rr- cross 
sections. 

Our determination of the rr•n- prr•1r•rr-rr- cross 
section is shown in Fig. 2. Charge-symmetric 
data for the reaction rr-p- nrr•rr•7T-rr- are also · 
shown; these data are compiled from many experi­
.ments.13 The agreement between the two sets of 
data justifies the above procedure for cross-sec­
tion determination. 

IV. r{ PRODUCTION 

A. Known Properties of the r( Meson 

The 71' meson was discovered in IC p experiments 
in 1964.14 ·15 Its mass is 957.5±0.8 MeV, and its 
quantum numbers are JG = o+ and JP= 0- (or 2-).16•17 

The 71' decays into the state Tr1T1J 64% of the time. 17 

Using the known neutral-to-charged branching ra­
tio of the T/ meson, and the fact that the (rrrr)1=o 

state is 1r•rr- two-thirds of the time, the branching 
ratios of the 71' into the various final states are cal­
culated to be 

.. 
0 

0 .. 
I .. ... 

1.1 

FIG. 3. M (1r•rr- neutral) vs M (1r+1r+rr-rr- neutral) 
where the neutral is a 1r0 or 'Y (4 combinations for each 
of 451 events) . 

71'- 1T+1T- (TJ- neutrals) (32%) (12) 

-rr•rr- (71-rr•rr-~ or 7T+7T-y) (13%) {13) 

-rr0~ (TJ- rr•rr-~ or 7T+7T-y) (6%) (14) 

- 1T+1T-y (29%) (15) 

'- (neutrals) (20%). (16) 

The TJ'· has also been observed in the reactions 
rr•p- li ++ TJ', 1s rr-P- n71', 19-21 and rr•d- PPTJ' .22-24 
The amplitudes for the reactions rr-p- n71' and 
rr•n- PTJ' should be equal, by the charge symme­
try of strong interactions. 

> ., 
(,!) 

N 
0 
0 
..... 
(J) 

1-
z 
w 
> w 

M(,.+.,.•.,.-,.-,o OR yl!GeV) 

FIG. 4. Mass of 1l'+11'+1f-11'-7r0/y, from the reactions 
7r+d-pprr+11"+11"-1T-11' 0/y (451 events). 
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FIG. 5. Mass of 11"+11"-11" 0/y, from reactions 1r+d 

- pp1r+11"+11"-11"-1r 0/y (four combinations for each of 
451 events). 

B. 71'Production in Five- and Six-Pronged Events 

0· 

The fiaal state pprr•rr•rr-rr-(rf' ly) has been studied 
for evidence of 71' production in rr+d interactions.25 

The evidence for 71' production in this final state 
is summarized by the scatterplot of the (rr+rr-rf' /y) 
mass (all four combinations are plotted) versus 

. the (1T+1T+1T-rr-lf ly) mass. This plot is shown in 
Fig. 3. The correlation of 71 and 71' events is clear. 
The (rr•rr+rr_rr_lf /y) mass plot is shown in Fig. 4; a 
strong 71' signal occurs at a mass of 0.96 GeV lc2 

with no more than 20% background. The apparent 
structure near 1.1 and 1.25 GeV lc2 coincides with 
the phase-space maxima for the 1.9 and 2.1 GeV /c 
beam momenta, respectively. 

The (rr+rr-rf' /y) mass plot is shown in Fig. 5. 
There is a strong 71 signal here, much more than 
can be accounted for by 71' decays alone. The 
amount of 71' production was determined by esti­
mating background and counting events in the 71' 
and 71 peaks. Every event in the 71' region has at 
least one associated (rr•rr-rr0 ly) combination in the 
region of the fJ· 

The amount of 71' production is shown as a func­
tion of c.m. energy in Table V. The c.m. energy 
calculated for an event depends on the spectator 
momentum; since the spectator momentum for a 
one-constraint odd-pronged event is systematical­
ly low (see Sec. II), its c.m. energy is systemati­
cally too close to the median c.m. energy for its 
beam momentum. To avoid uncertainties due to 
the incorrectly determined c.m. energies, the c.m. 
energy bins were chosen to center on the median 
value for each beam momentum setting. Thus 
these events are assigned to the correct bin, even 

TABLE V. Cross section for TJ' production. 

Ec.m. (GeV) 
1.94 2.02a 2.11 a 2.22 2.33 

Events: 
3-4 prongs 11 2 24 52 21 

Events: 
5-6 prongs 4 17 21 19 5 

Cross section 
(pb) 23 ± 7 91 ±33 112 ± 30 114 ± 15 127 ± 25 

a At 2.02 -and 2.11 GeV the 3- and 4-pronged sample is 
incomplete. At these energies the cross section is based 
on 5- an<:I 6-pronged events alone. 

0·· 
if their c.m. energy is not correctly determined. 

The amount of 77' at threshold requires special 
discussion. When the c.m. energy is just above 71' 
threshold (.1.94 GeV) the five-pion phase space 
peaks at a mass of 960 MeV I c2

, with a width of 90 
MeV I c2

• Also, when the five -pion mass is 960 
MeV lc2

, the three-pion phase space peaks at the 71 

mass, 550 MeVIc2
, with a width of 140 MeVIc2

." 

Thus background and resonance can be separated 
only by the narrow width of the resonance peaks. 
There are only 11 events in this region, so that 
background and resonance estimates are difficult. 
The lower ;and upper bounds for the amount of 71' 
production ·,(by eye) are 0 and 75%. We have also 
performed a maximum likelihood calculation, 
using a Gaussian resolution function with a= 12 
MeV lc2 for the resonance shape, and phase-space 
background, which gives the amount of 71' produc­
tion as 36 ± 16%. 

C. 71'Productron in Three- and Four-Pronged Events 

There are three known decay modes of the 71' that 
lead to three- and four-pronged topologies in our " 
experiment (Reactions 12, 14, 15). We discuss here 
only 77'- rr+r.-71, 11- neutrals, as this is the largest 
decay mode, anti the most bias-free. 

Most of the three- and four-pronged events have 
been analyzed elsewhere. 1

•
26 (The three-pronged 

events wer.e not measured at all beam momenta.) 
The events of in:terest are those with a missing 
mass equal to the 71 mass (within errors), and 
which have no satisfactory fits to other hypotheses. 
We have examined this sample of events for evi­
dence of 71' production:. The same cuts were made 
on the fiducial volume as for the five- and six­
pronged events. The three- and four-pronged 
events were measured on the Spiral Reader, and 
the bubble densityinformation was used to sepa­
rate the track-mass hypotheses. The kinematic 
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TIG. 6. Missing mass for (a) three-pronged events 
(978 events), (b) four-pronged events (365 events). 

and ionization confiderice levels for the accepted 
hypothesis are required to be greater than 1%. 
For this study, we also require that the spectator 
proton momentum be less than 250 MeV /c. 

To separate the decay (12) from the other two 
modes in this topology (14, 15), we have to rely on 
the missing-mass measurement. The missing 
mass of three-pronged events with a missing mass 
between 0.45 and 0.64 GeV /c2 is shown in Fig. 6(a); 
fue missing-mass measurement. The missing 
a missing mass between 0.5 and 0.6 GeV /c2 is 
shown in Fig. 6(b). There is no evidence for 7J 
mesons in Fig. 6(a); however, we estimate that 
Uwre are 70 to 100 events in the peak at the mass 
of the 7J meson in Fig. 6(b). The resolution in 

C> 

0.60 

0.55 

> .. 
(!) -
C/) 
C/) 0.50 
<[ 

~ 

(!) 
z 
c;; 
C/) 0.45 
~ 

0.55 

~50 Wlllliill~Will~WllWllWWWill~WW~~~~~ 

0.9 1.0 1.1 1.2 1.3 1.4 1.5 1.6 
M( .... +,.-"7) (GeV) 

· FIG. 7. Missing mass vs M (71+71-7]) for (a) three­
pronged events (888 events), (b) four-pronged events 
(359 events)~ 

missing mass in the region of the 71 is ±50 MeV /c 
for three-pronged, and ±15 MeV /c2 for four­
pronged events. 

This resolution is clearly adequate to separate y 
from 1j, and therefore decay (15) is not expected 
to contaminate our sample. However, for decay 
(14) the missing-mass spectrum peaks near the 7J 
mass, 16 and a ·considerable amount of contamina­
tion from this ,source is expected, especially in 
the three-pronged sample. This contamination 
will not affect the 11' production angular distribu­
tions to be discussed below. In order to find pro­
duction cross sections, this contamination has to 
be taken into account. 

. The events shown in Fig. 6 have been fitted to the 
one-constraint hypothesis 1( .. d- pprr+n-7], 71- neu­
trals. The scatter plot of missing mass versus 
(71+7T-7J) mass is shown in Fig. 7 for the three- and 
four-pronged events. There is a good 77' signal in 
both these plots; tbe plots also show that the back­
ground can be reduc·ed if we make a more restric­
tive cut on the acc€{1ltable missing..;mass range. 
For the rest of the analysis we require that the 
missing mass lie between 0.50 and 0.64 GeV I c2 in 
the three-pronged events, and between 0.52 and 
0.58 GeV /c2 in the ]our-pronged events. With 
these mass cuts w.e estimate that about 70% of the 
events from decay «14) are included with the three-
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pronged events, amounting to a 14% contamination 
of the sample. Among the four-pronged events the 
acceptance is about 40%, the contamination 8%. 

The (7T+7T-17) mass plot is shown in Fig. 8. The 17' 
peak is sharp and clear here, even fCl' the three­
pronged events. The background under the 17' peak 
is about 20% for both topologies. The amount of 17' 
production was determined as a function of c.m. 
energy; the results are tabulated in Table V. 

We can calculate the 17' production cross section 
separately using the 3-4 prong and the 5-6 prong 
samples. Within statistics, the two samples are 
consistent. The ratio for the combined data from 
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the three energies at which we have complete sam­
ples is 1.1±0.3. 

D. Summary of 11'Results 

The cross section for TJ' production in 'IT+n and 
'IT-p interactions is shown in Fig. 9 and Table V. 
Our results, combined with other measurements/7 

indicate a rapid rise above threshold to a maxi­
mum of about 100 Jlh, and a slower decrease at 
higher energy. 

The TJ' production angular distribution was 
studied by making a cut on the ('IT+'IT-TJ) mass be­
tween 0.94 and 0.98 GeV/c2

• The production angu­
lar distributions for the three- and four-pronged 
events are consistent with each other, and with the 
five- and six-pronged angular distributions. The 
production angular distributions for the combined 
sample in the TJ' mass region are shown in Fig. 10. 
No corrections have been made for the effect of 
the background (<20%). 

While the angular distribution is reasonably flat 
near threshold, it rapidly develops a peripheral 
peaking with increasing energy. 

Since the cross section reaches its maximum 
near Ec.m.=2190 MeV, and the width of its peak is 
about 300 MeV, the question arises whether or not 
the reaction is dominated by the process 'IT•n 
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