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~I Production in n+d Interaetions from 

Threshold to 2.4 GeV/c 

Robert K.Rader 

Lawrence Radiation Laboratory 

University of California 

Berkeley, California 

ABSTRACT 

We have studied ~I production as part of an experiment 

using a n+ beam incident on deuterium in the 72-in. bubble 

chamber, with beam momenta from 1.1 to 2.4 GeV/c. The r{ is 

produced in the reaction n+d - pp~/J and we observe the decay 

mode ~/ - The reaction n + n - p~/. is studied by using 

th tat d 1 Th t . f + / . e spec or mo e. e cross sec lon or n n ~ p~ 16 

observed to rise to a maximum of about 100 ~b at 2.2 GeV c.m. 

energy. The' production angular distribution develops peripheral 

peaking with increasing energy. 
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I. INTRODUCTION 

, . + 
We have studied ~' production in n d interactions as a part 

of a 250 000 picture bubble chamber eXperiment, performed in the 

n-in.deuterium filled bubble chamber, at the Lawrence Radiation 

Laboratory, Berkeley. + A separatedn beam from the Bevatron was 

used, at beam momenta from 1.1 to 2.4 GeV/c, in approximately 

0.2 GeV/c steps. In this paper the 5- and 6-prong events are 
+ .,. + _. + - 0 

used to study the reaction n d~pp~ " ~' ~ n n ~, TJ ~ n 1T 1T or 

n+ 1T - y. The data available fromthe3- and 4-prong events on this 

reaction, where the ~ decays into only neutral particles, is also 

presented. 

This experiment was designed to study the production of the 

known I = 0, nonstrange mesons TJ, w, and TJ', in n+n interactions 

fromI.7 to 2.4 GeV center of mass (c.m.) energy. These processes 

cannot be analyzed in the charge-symmetric n-p interactions 

because then there are two neutral particles in the final state. 

The observed ~ and, W production is reported in ref. 1. strange 

particle production has been studied and is reported in ref. 2. 

For further references to work published from this experiment, and 

other n+d studies, se'e the compilation in ref. 1. 

Int~rest in ~' product~on in n+n interactions was generated 
'. .... . . . +-

in early 1966, when it was observed that the reaction TJ' ~ n n y 

,is a good place to look fora viOlation of charge-conjugation 

invariance in electromagnetic decays. To plan an experiment using 

the reaction n-p ~ nTJ', one needs to know the cross section for 
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this process. This reaction cannot be analyzed in a bubble chamber, 

and the cross section Was not known. Since the charge-symmetric 

reaction J'( + n -4 PT)' can be observed and an~lyzed "in" J'( +d interactions 

in a bubble chamber, . the pres~nt experimeiltwas designed with the 

observation of this· reaCtion as one of its goals. 

The gathering"and reduction of the data in this"experiment 

are described in Sectic:;m 11.·· The final states and separation of 

hypotheses in the 5- arid 6- prong events are discussed in 

.. Section III. The determination of final state cross sections is 

discussed in Section IV,and T)' production is discussed in 

Section V. The results are surr~rized in Section VI. 
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II. EXPERIMENTAL PROCEDURES 

A. The Beam 

+ The separated n beam used in this experiment was designed by 

W. Chinowsky, G. Smith, and J. Kirz (see the Bevatron Experimenter's 

Handbook, Section C, Bevatron Secondary Beam lB, December, 1965J. 

The major modification of the beam for our experiment was the use 

of a "stepper" magnet. Bubble chamber pictures are more easily 

scanned and measured if the beam tracks are separated by a few 

centimeters in space. To accomplish this, a narrow "pencil" beam 

was produced, and then stepped across the chamber by increasing 

the current in a specially-built magnet each time a beam particle 

was counted entering the chamber. The stepper magnet was used in 

the experimental runs from 1.3 to 2.4 GeV/c. 

B. Beam Momenta and Pathlengths 

The experiment was run in eight beam momentum settings, 

nominally from 1.1 to 2.3 GeV/c in steps of 0.2 GeV/c. Due to the 

Fermi motion of the nucleons in the deuteron, and the 40 MeV/c 

momentum loss in passing through the chamber, this would give a 

complete coverage of c.m. energies for the reactions on a nucleon, 

from 1.7 to'2.4 GeV. 

The actual beam momenta were measured approximately as we ran 

the experiment, from small samples of film and a rough fitting 

program, and were later determined accurately for use in beam 

averaging in the fitting program. The median values of the beam 
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Table 1. Beam momenta and pathlengths. 

, ~r 
10' , 

, Beam Error in 
Momentum Pathlength Pathlength ~I 

(GeV/c) (events/I..tb) (events/I..tb) i 

1.10 0.45 0.03 

1.30 0.44 ,0.03 

1.53 2·53 0.13 

1.58 0.43 0.04 

1. 70 3.03 0.16 

1.86 2·92 0.15 

2.15 3.09 0.13 

2.37 0.84 0.08 
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momenta at the center of the chamber were determined by using a 

large sample of four-constraint fitted events from the 4-prong 

events measured on the Spiral Reader. The beam momenta are given 

in Table 1. 

We used a special cross section scan to determine the total 

number of interactions, by topology, on a sample of film. The 

actual length of track was also measured. From these data the 

pathlength has been determined in several ways. The final values 

are given in Table 1, by momentum. These·values agree with the 

several pathlength determinations. 3,4 

C. Scanning and Measuring 

The film was scanned for non-strange events (3-, 4-, 5-, 

and 6-prong events), and events with one or two visible neutral 

particle decays (vees).5 The scanned events were measured either 

on a Franckenstein measuring projector, or on the Spiral Reader. 6 

The 5- and 6-prong events were all measured on the Franckenstein 

measuring projector, and the 3- and 4-prong events were all measured 

on the Spiral Reader. Figure 1 shows an example of a 6-prong event. 

The number of valid 5- and 6-prong events found in the scan is 

given by beam momentum in Table 2. 

D. Geometric Reconstruction and Kinematic Fitting 

Three pictures are taken of the bubble chamber from different 

angles each time the chamber is expanded, to make possible the 

geometric reconstruction of events. The geometric reconstruction 
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Table 2. Number of 5- and 6-prong events found in scan. 

Beam Momentum (GeV/c) Number of events 

1.10 3 

1.30 11 

1.53 171 

1.58 46 

1. 70 478 

1.86 751 

·2.15 1638 

2.37 636 
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of the particle tracks is done by TVGP7 (Three View Geometry 

Program), using the measured trajectory projections in at least 

two views. The kinematic fitting to particular final state 

hypotheses is done by SQUAW.
8 

The two programs are run as one 

unified program, known as SIOUX. 

We used a beam averaging technique in SIOUX, as we know our 

beam momentum better than we can measure it on any event. For 

each event, a weighted average is taken of the measured curvature, 

with its error, and the median value for that beam momentum setting 

(swum to the event vertex), with its width. This width is deter-

mined from the width of the fitted momentum distribution, used in 

II.B above. It includes art intrinsic beam width of ±~%. The 

measured beam width is ±l%, whereas the measurement uncertainties 

on any single event are no smaller than:::::: 2% (and are usually less 

well determined). Thus we get a better determination of the beam 

momentum for each event, on the average. 

Tracks with a projected length of less than 1 millimeter are 

difficult to see in bubble chamber photographs, and cannot be meas-

ured. There is often a low momentum proton (the spectator proton) 

in the final state of a 1/ d interaction; protons with momentum 

less than 80 MeV/c have lengths less than 1 millimeter and are not 

visible. Since one positive charge is not seen, these events are 

odd-pronged. The momentum of these unseen protons, although unmeas-

ured, is not unknown: we know it is less than about 90 MeV/c. The 

most probable value for the unseen spectator momentum is 40 MeV/c. 

v 
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This distribution (given by the deuteron wave function) is approx

imated by using (0,0,0) ± (30,30,40) MeV/c for the measured momen-

tum. If there are no missing particles, the resulting pseudo-four-

constraint fit reproduces the expected spectator momentum distribu-

tion reasonably well. If there is one missing particle, one obtains 

a pseudo~one-constraint fit, which systematically underestimates 

the spectator momentum: at best, the fit can only determine the 

projection of the missing spectator momentum on the measured value 

for the overall missing momentum. 

The density of the deuterium in the bubble chamber is needed 

to determine the range-momentum scale factor and the index of 

refraction of the liquid in the chamber; it has been determined 

fromn-~-e decays.9 

E. Twice-failing Events 

The 5- and 6-prong events which fail in SIOUX are re-measured, 

up to five times. Those events which failed twice were examined 

on the scan table by expert scanners, to find out why they were not 

fitting. Events which had been incorrectly called 5- and 6-prongs 

were reassigned to their correct topology; events which were not 

measurable (too many short tracks, too many kinks, too many 

scatters, vertex obscured) were not processed any further. This 

procedure was repeated after each measurement. 
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III. FINAL STATES AND THE SEPARATION OF HYPOTHESES 

The 5- and 6-prong events were fitted to the following 

reactions: . 

....+d + + - -" ~ pprc rc rc rc 

··++--0 
~ pprc rc rc rc rc 

+ + --
~ pprc rc rc rc 'Y 

, + + - -( 0 ~) 
-1 pprc rc rc rc MM >rc rc 

+ + + - -
~ pnrc rc rc rc rc 

~prc+rc+rc+rc-rc-(MM > nrc o ) 

4- + + - -
~ drc rc rc rc rc 

+ + + + - ~( ) 
~ rc rc rc rc rc rc MM > nn 

( 1) 

(2) 

(3) 

(4 ) 

( 5) 

(6) 

(7 ) 

(8) 

'Where MM stands for missing mass. Reactions (7) and (8) were tried 

only for 6-prong events. 

A. Selection of the Best Fit 

We attempted to separate competing hypotheses, for events 

which fit more than one final, state hypothesis, by using the 

formula 

2 
Q,uali ty == 5· N - X , 

, 2 
where N is the number of constraints and X is calculated in the 

kinematic fit to the hypothesis. The hypothesis with the highest 

quality was then selected as the best fit for each event. 

v 

,ir 
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Equation (9) is an application of the following procedural 

rules! 

a) if two ambiguous fits have different numbers of 

" constraints, prefer the one with the. higher number 

of constraints; and 

b) if two ambiguous fits have the same number of 

constraints, choose the one with the lower x2. 
for its kinematic fit. 

Procedure (a) is based on the belief that the larger the number of 

constraints, the more difficult it will be for the wrong hypothesis 

to look like a solution; and procedure (b) is equivalent to taking 

the hypothesis with the higher confidence level. 

Initially 84% of our events fit more than one final state 

hypothesis. With the above criterion .for the ordering of the fits, 

nearly half of'the second-best fits were i' fits. If these second

be·st i' fits were ignored, only 45% of the events had more than 

one final state hypothesis. 

B. Definition of Ambiguous Events 

Equation (9) is statistical in nature, and a more detailed 

study of an event can result in a different choice for the best 

fit. In particular, one would like to look more closely at events 

for Which the two best hypotheses have nearly the same quality. 

Thus we define an event to be ambiguous if the difference in 

quality values for the two best fits is less than 10; otherwise 

the best fit is called unambiguous. 
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Formulas other than equation (9) can be used, and all give 

somewhat different selections for the ftbestfl fits. However, 

the ambiguous fits have been resolved where possible (see 

Section III.C below) and we have checked that the final selection 

of best fits is not sensitive to the exact form of equation (9). 

c. Definition of Resolvable Ambiguities 

The difference in bubble density for a rr+ and a proton at 

the same momentum provides our best criterion for resolving 

ambiguous fits; however, the 5- and 6-prong events do not have 

pulse-height measurements available, since they were measured on 

the Franckenstein measuring projectors. The bubble densities, 

and other information, can be checked if the event is examined on 

the scan table. It is seldom worth examining an event unless at 
, , ' 

least two of its fits are resolvable by their predicted bubble 

denSities, however. Two fits are defined to be resolvable if the 

predicted bubble densities (relative to a minimum ionizing track) 

differ by 50% for at least one track. (We have found experiment-

ally that one cannot reliably distinguish two bubble densities if 

they differ by less than 50%.) 

The ambiguous events with resolvable fits were examined on 

the scan table, and ambiguities were resolved insofar as possible. 

After this ambiguity scan, we found that 31% of the events still 

had more than one fit (ignoring the second-best y fits); however 

only 13% are ambiguous, using the definition given above. 
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D. Final Separation of Hypotheses 

The remaining ambiguities are most serious between reactions 

(2) and (3). There are 728 events which fit both reactions as 

best or second-best, of which 678 are called ambiguous. We expect' 

+ -the, events to result from ~decays into n n ,. We can only see 

an ~ signal in the , events if we look at; a selected sample of 

unambiguous events, and then only -:::::20% are ~ events. The 

separation by equation (9) is not right, as we then see a clear 

W signal in the n+n-, spectrum, shifted down by -:::::30 MeV, as well. 

as an ~ peak, shifted down by -::::: 50 MeV. This false ~ peak (from 

~ ~n+n-no events) also makes it difficult to see the real 
. + ..;, 

~ ~n. n ,peak. 
o . : 

Since the , and n hypotheses cahnot be resolved, we take the 

nO fit in cases where these two are ainbiguous. Since the real, 

events (from ~ ~ n + n -,) are similar to nO events (from ~ ~ n + n -no), 

this mainly results in broadening the ~ peak. 

There are 1667 events remaining in which reaction (3) is 
. . 

second-best to reaction (1); however, only 361 are ambiguous. 

(Reaction (1) can only be ambiguous with reaction (3) if it has 

a confidence level less than 30%.) This sample of , events shows 

no ~ peak, and an upper limit of 14 excess events in the region of 

the ~', over 35 background events. This gives a rough estimate 

that no more than -:::::144 of these events can be real, events. We 

6 +-would see 3 events involving a real ~ ~n n , decay, as a three 

standard deviation effect. There is no excess of events in this 
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+ -region of (rr rr y) mass, and we conclude that there are .less than 

12 Y events with a 68% confidence level. Since in fact, for all 

ambiguous events reaction (1) is called best, we resolve the 

ambiguity by disregarding the second-best y fits. 

Most of the other ambiguities involve the missing mass 

reactions (4) and (6), and little can be done with them. The 

largest remaining ambiguity involves 10 events ambiguous between 

reactions (1) and (2), which amounts to abo~t 1% of reaction (2). 

We have used a program which simulates the measuring and 

fitting process for each final state, to check our understanding 

of the ambiguities. The results of the program predict the 

ambiguit.ies mentioned above, such as between reactions (1) and (3), 

and reactions (2) and (3). The results also indicate that there 

should be little ambiguity between reactions (1) and (2), which is 

indeed what we find. However, the results do show serious 

+ ambiguities between reactions (2) and (5), because one of the nrr 

o 
combinations can often be re-interpreted as a p:rr. We do not 

observe this ambiguity in our events, as this is exactly the sort 

of ambiguity which is successfully resQlved by the ambiguity scan. 

We have done a special check of this, by looking at 50 events 

which had any fits to reaction (5). This study yields the estimate 

" that 1/44 of the events truly belongiogt0 reaction (5) are called 

reaction (2), which is not a significant amount of contamination. 

\:/ 

, 
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The final separation of events into reactions (1) to (8) .is 

given by beam momentum in Table 3. The systematic errors due to 

the separation are estimated to be less than the statistical errors, 

in most cases. 



Table 3. Number of events assigned to final states, by beam momentum. 

Beam Momentum (GeV/c) 

Final state 1.10 1.30 1·53 . 1.58 1.70 1.86 2.15 2.37 

+ + - - 2 11 132 36 352 497 334 ppre re re re 922 

. + + - -( 0 ) pprc rc re re re or y 21 5 71 159 411 186 

+ + - -( 0 0) I 

ppre re re re MM > re rc 1 3 11 26 6 I-' 
0'\ 
I 

+ + + - - 3 16 34 119 pnre re re re re 57 

+ + + - -( 0) pre re re re re MM > n~ 2 6 22 12 

+ + + - -dre re re rc rc 2 

+ + + + - -( ) re re rc re re re MM > nn 1 1 

,- ):.:.. .. < 
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IV. CROSS SECTIONS 

The cross section cr for .a reaction can be found from the 

number of events Ntotal which are a result of this reaction and 

the pathlength L, from the formula 

where cr is in ~b if thepathlength is in events/~b. The 

pathlengths in this experiment are given in Table '.1. 

(10) 

The total number of events is seldom known: the scanners miss 

some events. 'lbis is taken into account by correcting the observed 

number of events N by the scanning efficiency S. The scanning 

efficiency is the ratio of the number of events found by the 

scanners to the number of events that are actually on the film •. 

It can.be estimated by re-scanning part of the film and comparing 

results. The scanning efficiency was checked for the 3- and 4-prong 

10 events and estimated to be 95%. A check scan has not been done 

for the 5- and 6-prong events ;we use 95% , which should be within 

5% 9f the true value. The systematic error in the cross sections 

due to S is estimated to be ~ 5% . 

A. Deuteron Cross Sections 

In this section we discuss the calculation of the cross sections 

for reactions (1) to (6). The corrections to the number of fitted 

events are discussed, and the cross section calculation described. I 
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The first correction to the number of events is for the 

scanning efficiency, as discussed above. The second corre-etion is 

for the passing rate R. The passing rate is the fraction of valid 

ev~nts' scanned which have been successfully fit to one of the final 

state hypotheses. (Events which did not fit were re-processed, as 

discussed in Section II.) The passing rates are given for each 

beam momentum in"Table 4. 

The sample of 3461 fitted events contains 75 events whieh have 

beam azimuth or dip angles outside the beam fiducial region 

) (suggesting that they have scattered and lost energy somewhere), 

and 140 events where the beam entered through the chamber walls, 

rather than through the entrance window. There are 52 events which 

we reject because their vroduction vertices are not in the required 

fiducial volume. These 267 events have been removed from the 

sample of· fi tted events. 

Similarly, fitted events with very low confidence levels 

contain most of the events on which the measurer has made a 

serious mistake (measuring through a scatter, for erample). 

(The confidence level distributions for the fitted reactions are 

flat, except at confidence levels < 4%, where there is a peaking 

of events. Because these low-confidence level events could belong 

to any reaction, we remove most of the excess (135 events) by 

requiring that the confidence level for the fit be greater than 1%. 

Some events suffer a reduction in constraints because some 

quanti ty cannot be meas ured, e. g ., the moment um of a short pion 

'TJ 

, 
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Table 4. The 5- and 6-prong passing ratios. 

)>i 

Beam Momentum 5-prongs 6-prongs . Both 
(GeV/c) 

1.10 0·5 1. 0.7 

1.30 1. 1. 1. 

1.53 0.87 0.95 0.92 

1.58 0.88 0.90 0.89 

1.70 0·91 0.94 0.93 

1.86 0.96 0.93 0.94 

2.15 0.92 0.92 0.92 

2.37 0.96 0.92 0.94 

\; 
,~ 
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track. All constraint-reduced events (136 in mumber) have been 

removed from the sample. The effect of these cuts is to remove a 

fraction l"'C of the events. We call C the cut correction factor. 

For the remainder of this paper we will consider only events 

satisfying these cuts. 

The cross section for each final state is then calculated as 

where N
f 

is the remaining number of events in the final state. 

The number of events, Nf , and the cut correction factor Care 

tabulated in Table 5. o 
The nand y final states are combined. 

The resulting cross sections are given in Table 6. The quoted 

errors have a ±&fo systematic uncertainty folded in with the 

statistical errors and the pathlength errors. 

B. Nucleon Cross Sections 

1. The Spectator Model 

(11) 

The interaction of the incident pion with the deuteron can be 

described simply in this way: At incident pion momenta of 1-2 GeV/c, 

the de Broglie wavelength of the pion in an-nucleon c.m. frame is 

0.4 to 0.2 fermi. Thus, as the nucleons in the deuteron are loosely 

bound, with a binding energy of 2.2 MeV, and are typically z 3 fermis' 

apart, the pion should interact with the nucleons singly, rather 

than together. When the pion interacts with only'one nucleon, the 

other proceeds with its original momentum, merely a spectator to 

the interaction. 

, i 

'.1 
:rl". ; 

I 
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Table 5. Number of events, after cuts (see text). 

Final State 1.10 1.30 . 1·53 

+ + - - 2 10 113 pp:n: :n: :n: :n: 

+ + - -( 0 ) pp:n: :n: :n::n: :n: or / 16 

+ + - -( 0 0) pp:n: :n: :n::n: MM > :n: :n: 1 

+ + + - -
pnrc rc :n: rc rc 3 

+ + + ~ -( . 0) 
p:n: rc rc rc:n: MM > rirc 

Cut factor 1. 0.9 0.85 

Beam Momentum (GeV Ic) 

1.58 1.70 1.86 

33 311 438 

4 61 134 

0 3 10 

0 14 26 

2 5 

0·90 0.88 0.87 

2.15 

768 

345 

20 

103 

21 

0.84 . 

,., 

2.37 

266 

152 

5 

42 

11 

0.80 

I 
rv 
I-' 
I 



Table 6. Cross sections for 1(+d reactions. 

Beam Momentum (GeV/c) 

Final state 1.10 1.30 1.53 1. 58 1.70 1.86 2.15 2.37 

+ + - - 7 ±5 26 ± 8 . 60 ± 7 101 ± 20 132 t 12 194± 17 443 ± 55 PP1( 1( 1( 1( 339 ± 27 

+ + - -( 0 ) ppn: 1( 1( 1( 1( or / 9 ± 2 12 ± 6 26 ± 4 59 ± 7 152 ± 13 253 ± 34 

+ + - -( 0 0) 1 ± 1 1 ± 1 4 ± 1 8 ± 4 I ppn: 1( 1( 1( MM > 1( 1( 9 ± 2 [\) 
['I) 

+ + + - - I 

pn1( 1( 1( 1( 1( 2 ± 1 6 ± 2 11 ± 2 45 ± 5 70 ± 13 

+ + + - -( 0) pn: 1( 1( 1( 1( MM > n1( 1 ± 1 2 ± 1 9 ± 2. 18 ± 6 

. . "' .... .. "-
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The spectator model says that the spectatorhucleon should 

have a distribution in momentum given by the deuteron wave function. 

We will. use the Hulthen wave function to approximate the deuteron 

f t " 11 wave unc lone (See Appendix A for the explicit form of the 

Hulthen wave function.) Since the nucleons in the deuteron have 

no orientation with respect to the beam, the spectator model is 

often said to predict that the spectator nucleons should be distri-

buted uniformly in the lab. (r.e., the cosine of the angle between 

the spectator and the beam should have a flat distribution, and 

there should be no dependence on the angle around the beam. ) 

The distribution of the cosine of the angle between the 

spectator and the beam is not expected to be flat, due to two 

effects: 

a) there is a higher flux of particles when the beam and 

target collide head-on, and 

b) a rapid increase (decrease) of the reaction cross 

section with energy preferentially selects forward 

(backward) spectators. 

These effects will now be discussed. 

The Fermi motion of the target nucleon varies the density of 

nucleons in the target (due to the relativistic length contraction), 

as well as the beam-target relative Velocity. An invariant 

expression for the flux of particles (thus defining an invariant 

cross section) is 
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( 12) 

(the M¢ller flux factor
12

), where Pb and Pt are the respective 

four-vectors for the beam and target, and ~, m
t 

are their respect

ive masses. The flux factor reduces to 

Flux 

-- 11-- . . whenever vb v t. Rere Pb" Pt are the beam and target particle 

densities and ~b' ~t are their respective velocities. 

If the Rulthen wave function is R(p), the number of reactions 

with a beam-target cosine equal to x ± dx/2 is 

d.N (13 ) 

where~, Pt are the magnitudes Of the beam and target momentum. 

"-- --Note that p t:b = -Pt' so that x t = -x~' The c.m. spec a or specta or . 

energy for the reaction is 

E ' = - r::.(P
b
· + p

t
)2 

c.m. V \.t-: 

Since'the flux factor is larger when x = -1 than when x = +1, we 

get result (a) stated above; and since E' is larger when x -1 c.m. 

than when x = +1, we get result (b) stated above. For Pb = 1.9 GeV/c 

the flux factor produces a9% variation in the angular distribution, 

between x = +1 and x = -1. As we will see, the cross section 

dependence can produce much larger variations. 
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If the spectator model describes the data, then one can calc-

ulate TIN cross sections from TId reactions, since the TI really does 
J . .. 

scatter from only one nucleon. The calculation of the TIN cross 

sections should be done by extrapolating the data to the free 

nucleon (p t t ~ 0 almost puts the nucleons on their mass spec a or 

shells): however, when Pt = 250 MeV/c, the mass of the nucleon is 

only ~ 3% below its free~nucleon value, and this extrapolation can 

usually be ignored. 

There are two effects which affect cross section determinations 

in deuterium which have not been discussed. These are the Glauber 

(screening) correction, and the suppression of certain momentum 

states by the Pauli Exclusion Principle (which affects' only the 

non-spin flip amplitude). These effects are too small to be of any 

importance in this study; see, however, the discussion in ref. 1. 

Within the framework of the spectator model, we can determine 

the nucleon cross sections as a function of the c.m. energy by 

observing the number of events in a final state at E = E, within c.m. 

LlE, compared to the pathlength which the spectator model assigns 

to this interval of E c.m. The distribution of the pathlength in 

E ,according to the spectator model, is discussed in d~tail in c.m. . 

Appendix A. Figure 2 illustrates the distribution of pathlength 
i'~ 

calculated for the 1.86 GeV/c beam setting. 

If an event is the result of a reaction involving both 

nucleons, however, we can no longer count the event in the spectator 

model. For each momentum setting, these events are removed. 
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momentum of 1.86 GeV/c. 
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If we assume that all of these reactions are actually a result of 

multiple scattering, rather thim to simultaneous interaction with 

both nucleons, then there is a first ~N interaction at a unique 

E ,followed by an elastic (or charge-exchange, where possible) 
c.m. 

re-scattering of one of the final state particles on the other 

nucleon., Thus a correction must be applied to find the nN 

cross section (see below). 

2. Comparison of Data with Spectator Model 

Figure 3 shows the spectator momentum distribution for all 

events from reaction (1), which is a four-constraint fit. The 

curve is the spectator model prediction, normalized to fit the 

data below 250 MeV/C. The fraction of events with spectator momentum 

over 250 MeV/c is 34%. The nucleons in the deuteron have a Fermi 

momentum greater than 250 MeV/c only 2-7% of the time (the number 

is not well known), so it is clear that the high momentum spectators 

are not spectators to the scattering at all--both nucleons have 

been struck. We require that the spectator momentum be less than 

250 MeV/cwhen using the spectator model to obtain ~N cross sections. 

There is quite reasonable agreement between the data and the curve 

below 250 MeV/C. For the remainder of this paper we will consider 

only events satisfying this condition. 

The angular distribution of the spectator proton with respect 

to the beam is compared with the prediction of the spectator model 
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Figure 3. Spectator momentum distribution compared to the 
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to reaction (1). 
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in Figure 4. The curve is the spectator model prediction, as given 

in equation (13), with an additional sum over beam momenta. The 

cross sections determined below for reaction (1) were used in the 

integral. The curve and the histogram agree with a 7% confidence 

level. This sample of events is consistent with the spectator 

model. 

3. Calculation of the Nucleon Cross Sections 

The number of events assigned to each reaction (1) to (5) has 

been tallied by c.m. energy for each final state. These numbers 

are given in Table 7. The c.m. energy is defined to be 

E 
c.m. 

where P
d 

is the deuteron four-vector, and P
s 

is the spectator 

four~vector. This four-vector sum is equal to the sum of all the 

four-vectors for the final-state particles, minus the spectator. 

The events removed from the sample by the spectator cut at 250 MeV/c 

have been tallied for each final state at each momentum setting, 

and are shown in Table 8. 

We need to know the correction for high spectator momentum 

events for each c.m. energy bin (for each final state). To find 

this we distribute all the events at each beam momentum according 

to the pathlength (see Appendix A and Figure 2); the same process 

is applied to the number of high spectator momentum events (Table 8). 

The fraction of high spectator momentum events can then be 
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Figure 4. Spectator cosine distribution compared to the spectator 

model prediction (including the cross section effect), for 1292 events 

assigned to reaction (1), with spectator momentum less than 250 MeV Ic. 
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Table 7. Number of events by c.m. energy (spectator momentum less than 250 MeV/c). 

Center of Mass Energy (GeV) 

Final State 1.73 1.84 1.94 2.02 2.11 2.22 2.33 

+ + - - 2 9 70 179 305 485 234 P1t 11' 11' 11' 

+ + - -( 0 ) P11' 11' 11' 11' 11' or y 11 39 81 188 125 

+ + - -( 0 0) 
P11'11'11'11' :MM>11'11' 3 3 6 6 

( )+++--a p or n 11' 11' 11' 11' 11' 1 3 13 41 29 
I 

VI 
~ 
I ------ -- --- ----- ----------- - -- ---- --- ---- ---

a The non-spectator nucleon can be either. a proton or a neutron. 



Table 8. Number of events by beam momentum with spectator momenta above 250. MeV/e. 

Beam Momentum (GeV /c) 

Final State 1.10 1.30 1.53 1.58 1.70 1.86 2.15 2.37 

.. +'-+ - - 1 4 43 17 121 153 251 58 PP1t 11 11 11 

+ + - -( 0) 
PP1! 11 11 11 11 or r 5 1 25 49 132 49 

+ + - -( 0 0) 
PP11 11 11 11 MM > 11 11 1 8 10 2 I 

Vl 

+ + + - -
f\) 

11 14 52 23 I 
pM 11 11 11 11 

- .. -- -----. ----- '=-~~.-~' 

- - -""'.,'- -.-, ,., 

~t 

( 
,.~ 
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calculated for each c.m. energy bin; these fractions are given 

in Table 9. 

This procedure yields the probability of are-scattering, 

averaged over the c.m. energy bin; if either the cross section 

or thisprobabili ty are constant over the c. m. energy bin, we 

get the right correction factor in this way. 

The cross sections, corrected for the cut on high spectator 

momentum events, have been calculated and are shown in Table 10. 

Reaction 5 has a neutron spectator 59% of the time, averaged over 

all c.m.energies; the cross section given is the sum of the 

+ + + + - - + + + + - -
11 n ~ nn 11 J{ n 11 and 11 p ~ pn n n 11 11 cross sections. 

Ou d ·t . t . f th + + + - - t . . r e errm.na l.on a e n n ~ pn 11 11 11 cross sec l.on l.S 

shown in Figure 5. The charge symmetric data for the reaction 

+ + - -
11 P ~ nn n n n is also shown; this data is a compilation from 

many experiments. 13 Our data determines the cross section over 

most of our c.m. energy range • 



Table 9. Fraction of events lost to high momentum ~pectator events, by c.m. energy. 

Center of Mas·s Energy (GeV) 

Final state 1. 73 .1.84 1.94 2.02 2.11. 2.22 2.33 

+ + - - 0.46 0.40 0.40 0.39 0.35 0.32 0.25 pre 11 11 11 

+ + - -( 0 ) pre 11 11 11 11 or y 0.3 0.3 0.34 0.39 0.37 0.38 0.34 

+ + - - 0 0) pre 1l 1l 1l (MM > 11 11 0.9 0.8 0.7 0.4 0·7 0.51 0.44 

+ + + - - 0.3 0.69 0.54 
I 

(p or n)11 11 1l 11 11 O. 0.2 0.55 0.51 VJ 
.. +"" 

I 

'- ( 
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Table 10. Nucleon cross sections in ~b. 

Center of Mass Energy (GeV) 

Final state 1. 73 1.84 1.94 2.02 2.11 2.22 2.33. 

+ + - - 13 ± 9 32 ± 11 59 ± 8 124 ± 13 198 ± 19 337 ± 29 429 ± 49 pn 11 11 11 

+ + - -( 0 ) pn 1! 11 11 11 or y 8 ± 3 27 ± 5 54 ± 7 142 ± 15 259 ± 34 

+ + - - ( 0 0) pn 11 11 11 ·MM>11 11 2 ± 1 4 ± 2 6 ± 2 15 ± 6 J 
'\.)I 

( )+++-- \)l 

p or n 11 11 1! 11 11 1 ± 1 4 ± 2 12 ± 4 39 ± 7 86 ± 18 I 
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v. ~'PRODUCTION 

A. Known Properties of the n' Meson 

The ~' meson (also known as the X
O 

or ~*) was first discovered 

in K-p experiments in 1964. 17,18 Its quantum numbers are IGJP 

0+0-. 19,20 The~' decays into the state ~~~ 71% of the time. 20 

20 Using the known neutral-to-charged branching ratio of the ~ meson, 

and the fact that the (~~)I=O state is ~+~- 2/3 of the time, the· 

branching ratios of the ~' into the various final states are found 

to be 

~' 
+ --)~ :l1 (TI, T1 -)neutrals) (34%) (14) 

+ - + - 0 + - ) (14%) (15 ) -):l1 ~ (~, ~ -) ~ ~ ~ or :l1 ~ 1 

o 0 + - 0 + - ) (7%) -) ~ ~ (~, ~-)~~~ or ~ ~ 1 

-) 1/:l1 -I (22%) 

-) (neutrals) (23%) 

The ~' has also been observed in the reactions ~+p -)6++~', 21 

- 22 23 rr p -) n~' , , d +d ' 24,25,26,27 an rr -) pp~ • The amplitudes for the 

+ reactions rr p -) n~' and rr n -) p~' should be equal, by the charge-

symmetry of strong interactions. 

B. ~'Production in 5- and 6-prong Events 

The final state pprr+rr+~-rr-(rro or I) has been studied for 

evidence of ~' production in n+d interactions. The small number 

of events preferring the hypothesis with a 1 in the final state 
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o 
are included with the n events. (See Section III for a discussion 

of the separation of hypotheses.) ~ 

The scatterplot of the "spectator" proton momentum versus the 

(n+n+n-n";;;/)) mass is shown in Figure 6. The T)' signal is at a mass 

of 0.96 Gev/c2
; most of the T)' events have reasonable spectator 

momenta--only 15% have spectator momenta over 0.25 GeV/c. Since we 

+ are particularly interested in the pI'(;)cess n n ~ PT)', only events 

with proton spectator momentum less than 0.25 GeV/c are considered, 

and the spectator model is used to ih1'er the interaction on a free 

neutron. 

The evidence for T)' production ill this final state is summar

ized by the scatterplot of the (rr\"(-rr'») mass (all four combinations 

.) ( + + ~ - 0) . are plotted versus the n 11: n n 11: :nass. This plot is shown in 

Figure 7~ The correlation of T) andT)' events is quite striking. 

( + + - - 0) The scatterplot of c.m. energy versus the rr rr rr n 11: 

shown in Figure 8, together with its mass projection. 

mass is 

The T)' 

2 
signal at a mass of 0.96 GeV/c is very clear, with no more than 

20% background. 

( + - 0) The scatterplot of c.m. energy versus the rr rr n: mass is 

shown in Figure 9, together with the (rr+rr-rro ) mass projection. 

There is a strong T) signal here, much more than be accounted for 

by T)' decays alone. 

The amount of T)' production was determined by estimating 

background and counting events in the T)' and T) peaks. Every event 
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in the TJ' region has at least one associated (:rr+:rr-:rro ) combination 

in the region of the Tj.The results have been verified by a 

maximum-likelihood fitting program; the agreement is very good. 

The amount of Tj' at threshold requires special discussion, 

however. It turns out that when the c.m. energy is just above T}' 

threshold, at E = 1. 94 GeV, then 1i ve pion phase space peaks c.m. 

at a mass of 960 Mev/c
2

, with a width .of. 90 Mev/c2 • Also, when 

the five pion mass is 960 Mev/c
2

, thr~e pion phase s~ce peaks 

at a mass of 550 Mev/c
2 

(the TJ mass), with a width of 140 Mev/c
2

• 

There are only 11 events in this regic,n, so that background and 

resonance estimates difficult. The lower and upper bounds for the 

amount ofT)' production (by eye) are 0 and 75%; the maximum like-

lihood fit gives 0.36 ± 0.16 (the ernlrs need not have come out 

symmetric) • 

The amount of Tj'. production is shown as a function of c.m. 

energy in Table 11. The c.m. energy calculated for an event 

depends on the spectator momentum; since the spectator momentum for 

one-constraint odd-pronged events is systematically low (see 

Section II.D), their c.m. energies are systematically too close to 

the median c.m.energy for a given beam momentum setting. To avoid 

unceftainties 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 if their c.m. energy is not correctly determined. 
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Table 11. Amount of ~' production (in %), by c.m. energy. 

E (GeV) c.m. 2.03 2.11 2.22 2.33 

Amount 35 ± 20 44 ± 13 26 ± 6 10 ± 2 4 ± 2 

Table 12. Tj' production cross section in f.lb. 

E (GeV) 1.94 c.m. .. , 2.03 2.11 2.22 2.33 

aob§Ettited 3 ± 2 12 ± 4 14 ± 4 14 ± 3 10 ± 5 

atotal .. 21 ± 14 87 ± 30 103 ± 27 104 ± 24 76 ± 39 

Table 13. Number of Tj' events. 

E (GeV) : 1.94 2.03 2.11 2.22 2.33 c.m •. 

3-prong 6 43 18 

4-prong 5 2 24 9 3 

Both 11 52 21 ii' 

5-, 6-prongs 4 13 17 17 5 

Ratio 2.8 ± 1.6 3.1 ± 0.85 4.2 ± 2.1 
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+ The cross section for the reaction n n ~p~' was determined by 

using the results of Section IV.B for this final state.- The detected 

~' cross section is given in Table 12. The total cross section for 

~ I production can be found by using equation (15): we detect 14% 

of the ~i events in this final state. The total ~' production cross 

section is also given in Table 12. The summary of present data on 

~' production in n+n interactions is shown in Figure 10, as a 

function of c.m. energy. Data for thi:= charge-symmetric reaction 

are also shown in Figure 10.28 

The production angular distribution for events in the ~' mass 

region, 0.94 to 0.98 Gev/c2 , is shown in Figure 11. The distri-

bution is flat near threshold, but develops forward peaking at higher 

energies. Figure 10 suggests that the reaction n+n ~N~/2(2190) ~ 

p~ I may account for most of the ~ I mesons produced -_ in this experiment 

(the N~/2(2190) is 0.3 Gev/c
2 wid~); however we expect a symmetric, 

sharply peaked angular distribution if we have pure resonance produc-

tion. Figure 11 does not show the strong forward and backward peaks 

which would be expected from this channel, which decays into an 

L = 4 state. A t-channel process involving A2 exchange is possible, 

but this is not expected to be the dominant process just above 

threshold. 

c. T)' Production in the- 3- and 4-prong Events 

Those ~' events in which the ~ decays neutrally are found in 

the 3--and 4-prong events; from equation (14), 34% of the ~' events 

are in the final state ppn+n-(~, ~ ~neutrals). 

j.(. 
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5 
1.88 < E < 1.98 GeV c.m. 

6 events 

cos8 

1.98 < Ec•m• < 2.06 GeV 
17 events 

,94 < "1' moss < .98 GeV . 

It. '" cos 8 = "I' • ." beam 

2.06 < Ec.m.< 2.16 GeV 
21 events 

5 5 

o L-L--II--J--L.......I.---L----'---'\"'''''&'''"j 0 ........ 1--1 ......... -..&.......&..--&..--'---'--'-.... 
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cos8 cos8 
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~1. -.6 ... 2 
o I..-I--I~--a.--L-..L.......&.. ....... -'-..J 
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cose cos8 

Figure 11. ~'production cosine in c.m. frame, for the 5- and 6-prong 

events. 
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Most of the 3- and 4-prong events have been analyzed else-

1 29 where.' The events of interest are those with a missing mass 

= ~. mass (within errors), and Which have no satisfactory fits to 

other hypotheses. We have examined this sample of events for 

evidence of ~'production. The same cuts were made on the fiducial 

volume as for the 5- and 6-prong events. The 3- and 4~prong events 

were measured on the Spiral Reader, and the pulse height information 

was used to separate the track-mass hypotheses. The kinematic and 

ionization confidence levels for the accepted hypothesis .are re-

quired to be greater than 1%. For this study, we also require that 

the spectator proton momentum be less than 0.25 GeV/c. 

The missing mass of 3-prong events with a.missingmass between 

0.45 and 0.64 Gev/c2 is shown in Figure 12; the missing mass of the 

4-prong events with a missing mass between 0.5 and 0.6 Gev/c2 is 

shown in Figure 13. There is no evidence for neutral 11 mesons in 

Figure 12; however we estimate that there are 70 to 100 events in 

the peak at the mass of the ~ meson in Figure 13~ 

The events shown in Figures 12 and 13 have been fit to the 

one-constraint + + -hypothesis :n: d -t pp:n: :n: ~, 11 -t neutrals. The scatter-

plot of miSSing mass versus the (:n:+:n:-~) mass is shown in Figure 14 

for the 3-prongs, and in Figure 15 for the 4-prongs. There isa 

good ~' signal in both these plots; the plots also show that the 

background can be reduced if we make a more restrictive cut on the 

acceptable missing 11 hypothesis. For the rest of the analysis 
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Figure 12. Missing mass for selected 3-prong events (978 events). 
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2 we require that the missing mass lie between 0.50 and 0.64 GeV/c 

in the 3-prongs, and between 0.52 and 0.58 Gev/c2 in the 4-prongs. 

Thescatterplot of c.m. energy versus the (:n:+:n:-Tj) mass is 

shown in Figures 16 and 17 for the 3- and 4-prongevents, respect-

ively. 
. + 

The. (:n: :n:-Tj) mass projections are also shown in Figures 16 

and 17. The Tj' peak is sharp and clear here, even for the ,3-prong 

events. The background under the Tj' peak is about 20% for both 

topologies. The amount of Tj' production was determined as a 

function of c.m. energy; the number of Tj' events is tabulated in 

Table 13. 

The number of Tj' events observed in the same c .m. energy 

interval in the 5-and 6-prong events is also tabulated in Table 

13, as well as the ratio of Tj' events seen in the 3- and 4-prongs to 

those seen in the 5- and 6-prongs. If the detection efficiency 

were the same for both samples, we expect a ratio of 2.5. The 

overall observed ratio is 3.2 ~ 0.7. 

The cross section for Tj' production has been estimated for the 

4-prongevents: by interpolating the pathlength distribution given 

in ref. 1, pp. 76 and 77 we find the pathlength values given in 

Table 14. These pathlengths are for 4-prong events with the same 

quality cuts which we have applied, but with a spectator momentum 

cut at 300 MeV/C. From the figures in ref. 1, we estimate that these 

pathlength values are approximately 10% too high. The cross sections 

calculated using these pathlengths are also given in Table 14; these 

values agree with those given in Table 12, except at 2.03 GeV. 
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Table 14. Estimated~' cross section, from the 4-prong events. 

E" (GeV) c.m. 

Pathlength 
(evt/lJ.b) 

aobserved 
(lJ.b) 

Table 15. 

1.94 2.03 2.11 2.,22 2.33 

0.307 0.368 0.407 0.337 0.172 

16 ± 8 5 ± 4 59 ± 17 26 ± 10 17 ± 11 

48 ± 23 16 ± 12 173 ± 50 79 ± 31 51 ± 31 

+ -Forward-backward ratios for the n n ~ system. 

E (GeV) 1.94 c.m. 2.03 2.11 2 22 2.33 

5- , 6-prong ~' 1± 1 16t 16 4 t 2 2 t 1 4 t 4 

5- , 6-prong 
(0/2) 2,± 1 2 t 1 2 ± 1 It 1 background 

3- , 4~prong ~' 2 t 1 ' 3± 2 7 ± 5 4 ± 1 16 t 16 

3- J 4~prong 
0·9 t 0·3 0.8±0.3 1. 4±0.4 2·7tO.4 1.8-1:0·5 background 

, i 

i 
, 
I, 

i 

.. ' 
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Nothing is gained by attempting to fold the two sets of values 

together. due to the systematic uncertainties. 

The Tj' production angular distribution was studied by making 

a cut on the (11+11-Tj) mass between 0.94 and 0.98 Gev/c2 . The 

production angular distributions for the 3- and ,4-prong events 

are consjstent with each other. The production angular distrihu-

tions for the 3- and 4-prong events in the Tj' mass region are 

shown in Figure 18. 

No background subtractions have been made on these angular 

distributions. There is qualitative agreement between the back-

ground angular distribution and that of the Tj' events. In order 

to make a quantitative comparisori of the Tj' angular distribution 

with that of the background, we calculate the ratio_of the number 

of events going forward (cos>, 0) to those going backward 

(cos < 0). This ratio is caluclated for eachE bin; the c.m. 

background events used are those not in the 11', with (11+ 11 - Tj) mas s 

. /2 less than 1.1 GeV c . These ratios are shown in Table 15. There 

is no significant difference between the background and the signal. 

The same procedure has been carried out with the 5- and 6-prong 

events, with the, same result. These ratios are also given in 

Table 15. 

The data for all of the Tj' events is summarized in Figures 

19 and 20. Figure 19 shows the (11+11-Tj) mass plot. Only 5- and 

6-prong events which have at least one (11+rt-11
0

) mass in the ~ 
2 

0.59 GeV /c ) are used. ~:i'igure 20 

shows the angular distributions for all of the Tj' events. 
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VI • SUMMARY OF RESULTS 

The cross section for ,,/ production in the reaction 
. { 

• :n: + n ~ . p 7 " has been determined, from threshold to 2.4 GeV /c . 

These cross sections, and the charge-symmetric cross sections 

from other experiments, are shown in Figure 10. The production 

angular distribution (Figure 11) shows that the s:",channel 

+ * () f. td. resonance process :n: n .~ Nl / 2 2190 .~ Pi? 1S no om1nantj 

a t-channel process involving A2 exchange is possible, but 

there is not enough data to warrant an attempt to model A2 

exchange. 
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APPENDIX A. DISTRIBUTING THE PATHLENGTH IN C~M. ENERGY 

We know our pathlengths at each of our several beam momenta; 

we would like to know how much pathlength we have as a function of 

the c.m. energy of the :rrN system. We use the spectator model to 

give us an explicit way of calculating the distribution of the 

pathlength in c.m. energy. 

We approximate the deuteron wave function by the Hulthen wave 

fu t " 11 . nc ~on. The Hulthen wave function H(p) can be written as 

H(p) 1 1 
22' 

P + (3 
(AI) 

The value of a is determined by the deuteron binding energy to be 

a = 0.0457 GeV/c. The value of a we use is calculated from the 

1 f th d t b " 'do 14 Th t (3 new va ue or e eu eron ~n ~ng energy. e parame er 

determines how quickly the second term cancels the first, and thus 

can account for more Qr less high momentum spectators" In the 

7a15 8 16 literature (3 has been taken to be and 5.1 a . The value 

(3 = 0.236 GeV/c used here is the value from ref. 16. None of our 

results are senstive to the value of (3. 

The c.m. energy of the :rrN system is given bY. 

E c.m. 

where P
b 

is the four-vector of the beam particle, and P
t 

is the 

four-vector of the target, given experimentally by 

(A2) 
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Pdeuteron - Pspectator- The invariant flux factor12 is 

where 

and x 

Pb' Pt are the magnitudes of the beam and target momenta, 

-+ -+./ 
= !b-Pt PbPt-

(A3 ) 

Thus the probability density for incident beam particles with 

momentum:Pb to approach the target with E = E is .. com. 

The incident flux is spread out in c.m. energy by the Fermi 

motion of the target, as is evident in equation (A4), and also 

by the momentum lost in traversing the chamber, and by the spread 

in the beam momentum. We have assigned widths to our beam momenta 

of ±l%;themomentum loss through the chamber is 40 MeV/C. (the 

tracks are minimum ionizing). To take these effects into account, 

we define the function f(Pb,Pi) to be the convolution of a Gaussian 

:resolution function (vTidth 1% of the beam momentum Pi) with a flat 

distribution in momentum due to energy loss in the chamber. Given 

the central value of the beam momentum distribution, p., f(Pb,p.) 
). ). 

is the fraction of beam particles passing a nucleon target with 

momentum Pb" 

Noting that 

as these are normalized probability densities, we can write 

(A5 ) 

• 
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PL::: 2PLi 

2fipb f ("%,Pi ) f dE P(E,Pb)PLi 

IdE I dPb 2f ("%,Pi ) P(E,"%)PLi 

where PL stands for pathlength, and the summation is over all 

of the beam momentum settings. Thus we can define 

to be the differential pathlength at energy E. 
J 

Thepathlength in a given bin of c.m. energy is given by 

PL = lEhigh dE C~~(E) 
.E low . 

The c.m. energy bins which we have used, and the resulting 

pathlengths, are given in Table A.l. 

(A6) 

CA8) 
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Table A.1. Center of mass energy bins and pathlengths. 

Lower Limit Central Value Path length 
(GeV) (GeV) . (events/Ilb) 

') 

(underflow) 0.04 

1.68 1·73 0.42 ± 0.03 

1.78 1.84 0.58 ± 0.04 

1.88 1.94 2.62 ± 0.15 

1.98 2.02 3.03 ± 0.17 

2.06 2.11 3.09 ± 0.16 

. 2.16 2.22 2.90 ± 0.13 

2.28 2.33 1.02 + 0.08 

2.42 (overflow) 0.04 
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