TMUP-HEL- 701 (EXP)

EXPERIMENTAL STUDY OF ANTINEUTRON-PROTON
AND ANTIPROTON-PROTON ANNIHILATIONS
» %
AT LOW ENERGY )

by Shoichi KITAMURA

" DEPARTMENT OF PHYSICS, FACULTY OF SCIENCE
TOKYO METROPOLITAN UNIVERSITY
Setagayaku, Tokyo, JAPAN

1976

*) Submitted to the Graduate School of Tokyo Metropolitan
University in partial fulfilment of the requirements for

the Degree of Doctor of Science.




-iji-

ACKNOWLEDGEMENTS'

The author wishes to express his appreciation to Professor
T. Yamagata for his guidance and suggestions not only in this
work but also in the author's graduate study.
| Special thanks are due to Mr. T. Emura for his efforfs and
encouragement throughbut this experiment.
The_expériment has been done by the author in collaboration
with Drs. R. Hamatsu, I. Kita, H. Kohno, S. Matsumoto,
K. Takahashi, T. Yamagata, and Messrs. S. Hamada, J. Kishiro,
M. Komatsu in Japan. He wishes to express his gratitude for
their guidance, discussions and good cooperation. It would
have been difficult to succeed in the experiment without skill
.and efforts of éll members. |
The author would 1ike'to express his gratitude to the
foreign collaborators; Drs. B. S. Chaudhary, S. N. Ganguli,
A. Gurtu, P. K. Maihotra; U. Mehtani, R. Raghavan, A. Subramanian,
(Téta Institute of Fundamental Research); Dr. L. Montanet,/
(CERN); Drs. M. Bogdanski, E. Jeannet, (Neuchdtel Universify) for
their efforts in data taking and useful communication during
the experiment. Their good works have made it possibie to
perform this exberiment with high statistics.
| The author is also grateful to Messrs. M. Kimura, H. Kaseno,
M. Takanaka, K. Tanahashi and Miss T. Mukohda for their generous
assistance during the course of the experiment, and Dr. T. Hirose
for his suggestion in data analysis. v
This experiment was assisted by a grant of the Japan Society

for the Promotion of Science and another one of the Mitsubishi




-iii-

Fundation.

Finally the author is in debt to staffs of Bubble Chamber
Group and Data Handling Division at KEX for their helpful guidance
where major part of computations through THRESH, GRIND,
and others were carried out with the computer system of HITAC

8700.




-iv-

CONTENTS
page
ABSTRACT . ittt vsssoeerossonsasaascacessosns ct s s eneee e X
I. Introduction ....... @t eaeenansesessecaceacnassannrraes 1
II.‘Historical Backgrbund ............................... 7
II1-1. pp Charge Exchange Scattering ................ e 7.
II-1-i. Characteristics of the Reaction ........ »..}.._7
I1-1-ii. Counter Experiments .......ccoceevenecnvens . 8
II-1-iii. Bubble Chamber Experiments ............o... 9
II-1-iv. Results at the Present Experiment ....... .oe 1
II;Z. Antinucleon-Nucleon (NN) Annihilation and 12
Statistical Models .......cveecnesonesaceacaronns 12
I1-2-i. Fermi Model .....civeeeinnccresanenns ; ....... 12
II-2-ii. Koba and Takeda Model ..........cceveecannns iZ
II-2-iii. Interaction Volume of NN Interaction ...... 13
II-2-iv. Bose-Einstein Statistics .....c.cveveevanennee 14
I1-2-v. Hagédorn_Modei .............................. 16
II-Z-vi.vOrfénidis—Rittenberg (OR) Model ............ 18
TI1-2-vii. Lamb MOdel «eueverenvnnnnnnnnaaeessnnns cee.. 19
II-3. NN Annihilation and CEA Model .........cccnuennnn 21
I1-3-i. The Model by Chan Hong-Mo et al. ........... 21
II-3-ii. Modification of the CEA Model .............. 22
I11-4. Formation Experiment on ﬁﬁ Annihilétiqn cereaeaa 25
II-5. Dual Model and pn Annihilation ...........ce00e.e25
I1-5-i. Veneziano Mbdel ........................ e 25

11-5-11;Rubinstein;TheOryvforuMany-Particle Final State
I

. "
II-5-iii. Muller-Regge Analysis for pn Annihilation..28




page
IiI. Experimental Procedure ............. e ceeeee3]
III-1. Antiproton Beams ........ eeesseaneas Craeaean .31
II11-2. Operation of Bubble Chamber ................... <31
III-3. Density of Liquid Hydrogen in a Operating
" Bubble Chamber ............ e cenaees 34
III-3-i. Formulae for Range-Energy Relation ......... ‘34
- III-3-ii. Experimental Result ....... Cheeteerereaaas 35
I11-4. Scanning>and Measuring e 37
III-4-i, Scanning Criteria ........cceveeniennnennnnnn 37
III;4—ii. Classification of Samples and
Scanning Efficiency ....... cec et ceeeea39
III-4-iii. Super Mangiaspago Type Measuring
Projector (SMP) ......cccvvinnnnnnnnnnnnes 40
III-4-iv. Computer Aided Measuring Projector
(CAMP) tiviviieennnnnanensas B o 1
III-4-v. Measuring Machines Used at Bombay and
 Neuch@tel .....veeevennnnns Ceetieeeaaaeaaanene 43

III-5. Processing by Computer (pre-THRESH, THRESH) .... 44

TIT-5-i. Pre-THRESH .. .......ccccvorennnnnnnannans Y
III-5-ii. THRESH ......... e e eneeaeaean . 45

I11-6. Test on Coplanarity Angle for 3-prong Stars .... 48
III-6-i. Rejection of Background Events ............. 48
IT11-6-ii. Ratio of 3,5,7 Prongs to the Total ........ 49

III-7. Processing by Computer (GRIND, Data Summary

Tape) ..oeeeens e et eaneesenraa e tanaan s 51
III-7-i. Principle of GRIND ........... Ceeeraerennaen 51 -




~-vi-

I11-7-ii. Fitting Procedure in GRIND .......... e 53
. ITI-7-iii. Kinematical Ambiguity aﬁd‘C1assifiCation
Of EVents .....ieuieirninesecanarasanns e e . 55
I1I-7-iv. Data Summary Tape (DST) ............ e 58
III-8. Mass Resolution (Measured Width of w

Resonance) ............ e e ... 59

IV. General Characteristics of Antineutron-Proton

Annihilation ....veieiieinienereenssencanennas e eans 61
IV-1. Branching Ratios in the Final State ............... 61
IV-1-i. Branching Ratios and Cross Sections ..... ;...,. 61

IV-1-ii. Comparison of Branching Ratios for np and

pn Annihilations .................... Ceeneeens 63

IV-2. ResSonance PTOAUCEION «.enuuereeeinnereennnnnennnns 65
IV-2-i. Method of Analysis ......veeeeeevens e 65
IV-2-ii. ap - —> 1w w - Final State ..u..eeeeeeeiannnnn 67
IV-2-iii. ap - —> 2r = 7° Final State ...... e 68
IV-2-iv. np —> 31 21" Final STate ....eeveneeenn. ....70 
IV-2-v. ap —> 37 2m n° Final State e 72
IV-S. p-w Interference ........ceeenenn e seseresseneenuos 7%
IV-3-i. G-Parity and pn SyStem .......ceveeaoeonssnnns .73
IV-3-ii. Dipion Mass Spectra of np Annihilation ....... 75
iV-S-iii. Description of the Mass Spectra .....; ....... 77
IV-4. CiA model and np Annihilatioh ..................... 79
IV-4-1i, Description of the Model ........... ISP 79

IV-4-ii. Application of the Model to np Annihilation .. g3




-vii-

page
V-5, Single Particle Distributions of pions .....;.;....86
IV-5-i. Production Angles of Pions in CM System ........ 86
IV-5-ii.Momentum Spectra - DU S 87
IV-6. Bose- Einstein Statistics' ............. Cesee e 88
"IV-6-i. Experimental Data ...; ......................... 88
IV-6-ii. Weighting Function for Bose-Einstein
'Statisﬁicsl......;.;...; .......... e eiii.....88
IV-6-iii. Description of the Data ..............- DU 89
IV-6-iv., Duality and Multiparticle Final State ...... ...90
IV-7. Analysis Using Multiparticle Variables .......... _.92
IV-7-i. Choice of Variables ..... et .. 92
IV-7-ii. The Analysis with fip Data ........e..... i.7.;.93
IV-8. Analysis of ip —> 27w Reaction with Dual
Model ...... U e, 95
IV-8-i. gm Scattering and Dual Amplitude .......... e.e.. 95
IV -8-ii. np —> 27 1" Process ...; ....... ceeees Peeeae 97
IV-8-iii. Comparison of the np Data with Dual Model . 98
IV-9. Inclusive AnalySis ........... e eeeeen.. 100
IV-9-i. Thermodynamical ANBLYSES «...eeseeenennnnnnnss . 100
IV-9-ii. Muller-Regge Analysis for np Annihilation ..... 101
IV-10. Energy Depemdence of fp Annihilatiom ............. 106
V.‘Aptiproton—Proton Annihilation Cross Section .......... 108
V-1. Beam Details. and Two-prong Cross Section ......... 108

V-1-i. Threshold Energy for Inelastic Reaction .......

V-1-ii. Beam Details ....veiveeneiveannnscanonsaionss

108

* 109




-viii-

page
V-1-iii. Topological Cross Sections ............ ceeenn 110
V-1-iv. Estimation of Lost Events due to Small
Angle Scattering ......eeceiiceecocosananns e 111
~V-1-v. Total Cross Section and Two—prong
Annihilation Cross Section ................. e+ 112
V-2. Total Charge Exchange Cross Section ........cec0en 114
V-2-i. Detection Probability for Charge Exchange
» Events .. iiieeetnnnseessosonesassnsssasasesssns 114
V-2-ii. Kinematical Ambiguity ......veeeeveoeancenensn 114
.V—Z-iii} Numerical Calculation of Detection
Probability .......... '...; ........ e . 117
"V-2-iv. Correction I (Spurious Association) ..... seess 119
V-2-v. Correction II (Scaning Biases) .ieeveevennnnans 121
V-2-vi. Total Charge Exchange Cross Section .......... 122
V-2-vii. Background Contamination ........ *......; ..... 123
V-3. Results and Comparison with Other Experiments ..... 125
V-3-i. Annihilation Crosé Setions .......oeoiain.n, ... 125
V-3-ii. Minimum Number of Angular Momentum ........... 126
V-3-iii. Comﬁarison with Other Experiments ......... ;. 128
V-4, Discussion on the Result with Theoretical Models .. 130
_V—4-i. Comparison with Orfanidis-Rottenberg (OR)
Model ...t iiitiinenenenesesaonnnonnanannans «ee 130
V-4-ii. Comparison with Lamb Model ....... e feeees 131
V-4-iii. Comparison with Goldberg Model .............. 132

V-4-iv. pp, KK , e'e” Annihilations and

Statistical Model ...veveeioennn e




~ix-

page

VI. Summary of Results ....... e i eaeaeeer e 136

VII. Discussion and Conclusion ........ciciieenncicraccnnns 142

VITI. APPendiCes ...ueveeneunerennennns e 146

Appendix A. Orfanidis-Rittenberg(OR) Model .......... 146
Appendix B. Monte Carlo Method for Phase Space

Integral .....cciiiuirecesonsnaacanns S 150

i) Method for the Integration .............cc0.. 150

~ii) Gemeration of Events by the FOWL ............ 152

iii) Test of the Random Numbers ........ccccecienee 154

Appendix C. Lamb Model ..........cccvvuuvneenennn e -158

References . ......... Cee e seaeaen EEERER e te s et rareaias 163




ABSTRACT

~ About 3,500 events of antineutron-proton annihilation in a
hydrogen bubble chamber were analyzed in order to investigate
pionic annihilations below 0.8 GeV/c. The antinéutrons were
produced by the charge exchange of antipfotons in hydrogen.

The signature of the event is an occurence of three-, five- or
seven-prong star due to an antineutron-proton annihilation
associated with an zero-prong vertex in the charge exchange
scattering upstream. At the same time about 13,000 events of
all antiproton-proton interactions were detected at 0.6-0.8 GeV/c.
For the antineutron-proton annihilations, fractions of
resonance production were determined. Phenomenological analyses
of np data were performed by the statistical model, the
multipéripheralmodel and the duél model which has recently been
developed. A p-w interference effect was observed in the (ﬂ+ﬂ-)
effective mass spectrum for Tp 49 21t 1° reaction. For the
antiproton-proton events, annihilation cross sections into zero,
two, four, six, and eight prongs were determined, and results of

semi-inclusive reactions were compared with statistical models.




I. Introduction

Existence of antlpartlcles makes it possible to study
interactions of antiparticle-particle within processes called
"annihilation" where the initial particle and antiparticle
disappear in the final state: TFor example experimental data of

“antinucleon-nucleon(NN), antikaon-kaon(XK), and electron-positron
k(e—e+) reactions annihilating into mesons gaﬁe opportunity for
studying various aspects of the basic reaction mechanisms in the
past decade.l)’z)’s)

In particular che NN annihilation reactions possess a large
émount of energy available to recrcate hadrons in the final state,
which takes place inside a volume of A/10'39 emd. It is well
known that pions are mostly pfoduced in/vgdv% of the annihilations
and furthermore very large pért of these pions is due'tocresonance
production (e.g.D,w,K*, f and AZ).

An aim of this experiment is to obtain from the'available
films as much information as possible regarding to antiproton-
proton (denoted as PP hereafter) charge exchange scattering

 p - 7, NG &3

‘and antineutron-proton (denoted as Tip) annihilation

=4

r — {nl-!-l) M + nlM + ZM 5 , (I_Z)

n; = 1, 2, 3, n, = 0o, 1, 2,
where M represents any meson of given charge, atvlow energy.
A characteristic signature for the events in a hydrogen bubble
chamber is a zero-prong Pp interaction, corresponding to the
reaction (1), with the subsequent annihilation of the produced

‘antineutron with proton. The fip annihilation produces odd number




~ the 0.7-0.76 GeV/c incident momentum range.

of chérgéd and any number oftﬁeutral mesons corresponding to
the reactionv(Z). The case of n1=0 in (I-2) is excluded because
of the large contaminations due to badkgroungvevents.

Another aim is to investigate pp annihilation

Bp —> M+ M+ 0 MO, | (I-3)
0,

n; 1, 2, 3, 4, n, =0, 1, 2, ...
where M again represents any meson.
The measurement of the total and differential cross section
%

for the Pp charge exchange scattering (I) has been already made
inAthis experiment based on a sample of about 3,500 events in
5),6) |

The purpose of this work is to make a rudimentary study for
the reactions (2) and (3) around 0.7 GeV/c.

Characteristics of the 7np annihilation are that the initial
state is purely isotopic-spin 1 and moreover both antineutron
and proton are free before the reaction in confrast with the pn
aﬂnihilatiqn as stated below. These facts are very useful to
study the‘NN annihilation with respect to isotopic-spin (I)
dependence by comparing the fip data with Pp bnes in ihe same
energy range since Pp is a mixture of I=1 and I=0 states.

On the other hand fip state is connected with pn state by
charge symmetry, so that data for fip annihilation and thdse of
pn one, which are obtained in>antiproton-deuteron feactions,
should be symmetric. It is not meaningless to ask whether two
data mentioned above are symmetric actually, because the neutron
in the deuterium is not free, but is bound weakly with the proton

(binding energy of 2.23 MeV) accordingly the bound neutron has




7)

the Fermi motion whose effect may‘be‘significant‘at low energy.
Experimental data fbr np annihilation (1) is very poor

because of the difficulty to producé enough antineutron beams to

carry out the experiment. The total cross se;tion Gtof(ﬁp)

was measured at antineutron momentum 6.65 GeV/c using antideuteron

8)

beams. The result was that values of the total cross sections

(np) and o pn) were 59.0+3.0 and 58.8+2.4 mb respectively,

%tot tot ¢
and the both values agreed within statistical error. Another
experiment was made with bubble chamber films at antineutron

‘momenta about 1.1 GeV/c, and fractions of resonance production

) The method of analysis in the above experiment

were determined.
was basically the same as what is employed in the present experiment.
The pn annihilation at intermediate- or low-energy -region

was investigated experimentally by many authors mostly in a

bubble chamber'analysis,lo)'26)'and the theoretical consideration
was also made%7)'36) The results imply that statistical aspects

appears to dominate in the np annihilation, But dynamical effects
probably emergé in the data for‘two-particle or three-particle
correlafions,over the phase space factors. In particular,2n+n;
and 31 2m" final states, which have no neutfal-pions, are interesting
in the duality theory as pointed out by Rubinstein.so)’31)
Méasurementvof the pp annihilation cross section is importanf
espectially from the viewpoint of statistical approach.27)’28)
Moreover it is . interesting to search for similafities in data
of pp, e e', KK, and off-mass-shell pp annihilations without

37),38),39)

regards to detailed mechanisms. Experimental data of

the cross sections (or branching ratios) for pp annihilation




with 0 prong, 2 prongs, 4 prongs ... were obtained in bubble
chamber experiments at rest,4) 0.43,40)’41) 0.55,40)’41) 0.94,42)
and 1.2 GeV/c;zs) But the data for O-prong annihilation are

rather poor except the one at rest because the cross sections for

-the charge exchange are not determined so precisely.

The points studied in this work concerning the np annihilation
are i) dynamics of the np annihilation, ii) analysis of the
many-pion final states and iii) p-w interference effect. For

each of the above points the analyses have been made as follows.

a) determination of cross sections for various final states,
and comparison of the results with the statistical model
developed by'Orfanidis and Rittenberg in which it is
"assumed that ‘annihilation prbceeds by a series of single
pion boil-offs from fireballs retaining non-exotic
quantum numbers at each stage.27)

' b) determination of fractions of prdduced resonances for
various final states, and test of application of the C%A
model to the annihilation. The CZA model, modified by
de l1la Vaissiere, includes production mechanism of
resonances and gives qualitativeiy good fits to data of

pp annihilation at incident momenta 1-— 7 GeV/c.43)’44)

c) phenomenological approéch by 4-point Veneziano amplitudeszz)
for the final state 2m'm and study of the final state

37 21" in the dual theory of Rubinstein's standpoint;so)’31)




d)_study of the annihilation in single particle distribﬁtioné,
charge flows45) between points, and opening angles between

pion pairs of like charge or_unlike charges.46)

e) study of the inclusive reaction in terﬁs of the transverse
momentum and missing mass; the former quantity is
intefesting for the thermodynamical analyéis47) while the

134
latter for the Regge-Muller analysis.34)

) study of np annihilation in terms of the G-parity
conservation law, especially for single-particle distribu-
tions in the production c.m. system and for P-w interference
effect,124) | .

The points conCernihg to the pp .annihilation are;

determination of the annihilation cross sections:

a) 0 prong, 2 prongs, 4 prongs, 6 prongs and 8 prongs at
0.7 GeV/c, and comparison of the results with statistical
models.27’28)

b) search for similarities and dissimilarities among PP,

- PRI Y

e"e”, KK, and off-mass-shell pp annihilatioms.
This experiment has been carried out under the Bombay-CERN-
NeucHﬁtel-Tokyo collaboration. Films were those of the Saclay
- 81 cm hydrogen bubble chamber with antiproton beams of momenta
0.7 GeV/c(Exposure I) and 0.75 GeV/c(Exposure II). Numbers of

pictures used here were 2.2 xlOs(Expo.I) and 4.1 x105(Expo. 11)




pictures. The analysis for np annihilation is made with about
3,500 events (Expo. I, II) and that fof the pp annihilation with
about 13,000 events(from Expo. I .only). In the latter case
topological cross sections are obtained from the beam-count .data
obtained in every twentieth frame.

In_Seqtion-II historical background for reactions (1), ( 2)
and ( 3 ) are described. Section III includes experimental
procedures;-namely, scanning, measﬁring, and computer processing.
The method of analysis and interpretation of the results for the
np annihilation and . for the pp annihilation are described
in Sections IV and V respectively. Results are summarized in
Section VI. Discussion énd conclusion are presented in Section

~VII, and appendices are presented in Section VIII.




II. Historical Background

II-1. pp Charge Exchange Scattering

II1-1-i. Characteristics of the Reaction
The charge exchange scattering (I-1) itself has some charac-
teristics as follows;

'i) The reaction is free from diffraction in contrast to the
elastic.scattering;

PP —> pp ' (11-1)
Furthermore the u-channel exchange is exotic with baryon
number 2; This fact implies a small backward cross section
‘and is available in search for s-channel resonances.

ii) By combining data on the charge exchange scattering‘with
that of the elastic scattering, one can extractvinformation
on the relative importance of isotopic spin.

iii) The pp charge exchange scattering is-cbnnected with the

) néutron-proton charge exchange; |

| | np — pn (11-2)
by line reversal. One may therefore expect a similarity
in the differential cross section (I-1) and (II-2). 1In
particﬁlar, the behavior of.thé differential cfoss section
in the forward direction of the processes (I-1) and (II-2)
are intresting from the viewpoint of the interference |

- between t-channel nexchange term and some kind of

"background".




The energy dependence of the cross section for pp charge
exchange was investigated precisely between incident momenta

0.276 and 3.0 GeV/c by counter experiments for the purpose of

48),49),50)

searching s-channel resonances. Some structures were

found in momentum range 1-3 GeV/c as the result,48)’49) but the

. . 58
signals were not clear for evidence of the resonances. )

Measurements of the differential cross section were made in

high statistics by counter technique at 1.8,5,5.5, 6, 7, 7.76,

8,9,25, and 35 GéV/c.Sz)-SG) It is now established experimentally

that the differential cross section above 1.8 GeV/c shows a sharp
peak in the forward direction due to T exchange. The differential

cross section for the np charge exchange (II-2) also shows a

§
sharp peak over incident momentum range 0.6-27.4 GeV/c.ﬁS)’ég)’70)

" Furthermore the data of pp charge exchange at 1.8,7.76, and 8
GeV/c indicate that the forward peak of pp charge exchange is

slightly less pronounced than that of np charge exchange at the

same energy.

Theoretically the m exchange itself vanishes in the forward

12 e - S,
direction. Th f

59)

the ™ exchange term or a contribution both of a m exchange

pole and the opposite-parity pole (called a conspirator pole)16),
to produce a sharp peak. Description for the structure of ﬁp
and np charge exchange processes was tried by several authors
in terms of Regge-pole exchange with conSpirator.63)’64)’§5)
An absorption picture for the charge exchange scattering was

proposed by Kane et al., where Regge cuts were introduced as




’

64)’55) This model

55)

backgrounds interfering with‘Regge poles.
was applied to the pp charge exchange data at 7.76 GeV/c,
and the magnitudes of the non-interfering and interfering
backgrounds were obtained together with slope parameters. The
result is thét the non-interfering background is non-vanishing
in the forward direction, and the slope parameter Qf the
interfering-background term does not exceed typical values found

55) This is in contrast to what was

in elastic scattering.
obtained in np charge exchange data by the model of Engler et
<a1.67) where the non-interfering background term was found to be
negligible and the slope parameter was about twice as large as

large as the value obtained for elastic scattering.

Bubble chamber experiments for pp charge exchange were
carried out mainly at low energies (g1 GeV/c) with a hydrogen
bubble chamber. The differential cross section was .
obtained at 0.43,%1) 0.55,%1) and 1.13,%1) based on 111, 104,

and 2,600 events respectively. Their limited statistics could

not established the forward.peak,which was found in np charge

’ 68
exchange data over the incident momentum range 0.6-1.7 GeV/c. )

'Theoretical predictions for NN interactions were given by
Bryan and Phillips(BP model), where they used one boson exchange
~potential (OBE) and phenomenological imaginary potential
(independent of sbin and isotopic spin) of the Woods-Saxon shape

to take care of the strong absorption in NN’case.GO) The OBE

potential was obtained by fitting the nucleon-nucleon data
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and was used for NN case after changing the sign of contributions
from mesons of odd-G parity. |

The predicted angular distribution of pp charge exchange
by the BP model was compared with the experimental data, and the
general shape was reproduced.41)’51) But a characteristic
feature of the BP model; i.e. a sharp forward peék followed by
a dip-bump structure, was not giVen in the data at 1.13 GeV/c,
and was not conclusive in the data at 0.43, and 0.55 GeV/c.

Ohsugi et a1.71)

measured the polarization in the pp elastic
scattering at 0.7 GeV/c, and they pointed out that the predic- .
tion of the BP model was not correct(the predicted value of the
polarization was much smaller than the obéerved one) .

Diu proposed a theoretical consideration for np and pp
charge exchange available for all energies except the very low
6nes.6;) The restriction comes from the requirement that the
physical t-interval must be wide enough to separate the peak
(or'dip)‘linked to T exchange, where t is the momentum transfer
between p and n (or n and p in the np case), that is, the
incident momentum should be more than 0.35 GeV/c. To explain
the behavior of the differential cross sections'in the forward
direction, the values at t=0 of three linear combinations of
the invariant amplitudes were taken into account in addition to
the m exchange in Diu's theory. 'These combinations were
recombined into the amplitudes of interference and non-interference
with 5 exchange term, and a restriction was imposed on these
terms from the np charge exchange data. Data for pp charge
exchange were required at either intermediate or low energies

to estimate the magnitude of contribution due to the absorptive




-11-

part of the amplitude.

The pp charge exchange scattering in the 0.7-0.75 GeV/c
incident momentum region has been already analyzed,s)’G) based
on 3,500 events. It has been found that O = 10.7 0.2 mb
at the average momentum of 0.73 GeV/c. The differential cross
section has been characterized by a sharp forward peak and a
dip followed by a seﬁondary maximum in the forwafd direction.
The posifion of the dip has been |t|“ mﬁ (mTT ; pion mass).

The diffraction model of Frahn and Venter72) has been

employed to analyze amplitudes of isotopic spin 1 and 0

independently. Simultaneous fit of ihe model to the data'of PP
71)

charge exchange, pp e1astic73) scattering, and pp polarization
has been tried, and it has been able to reproduce the observed
distribution of charge exchange. |

On the other hand, the dip-bump'structure was understbod
by a simple picture by Ledder,62) which involves a m exchange
and a constant background(for |t]§3m%). It was proposed to

explain the dip-bump structure observed in the

i
E)
0

P
data at 40 GeV/c.

" Further investigation concerning the above-mentioned fact
in this experiment will not be discussed in this thesis since

this has been presented in ref. 5),6).
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I1I-2. Antinucleon-nucleon(NN) Annihilation and Statistical Models

I1-2-i. Fermi Model
In the annihilation reactions, initial particles are destroyed
and new forms of matter (hédrons) are created. All this takes

place inside the volume of a10737 cmd.

A statistical idea
seems more appropriate there than in the case of the nucleon-
nucleon collisions. Therefore we will review various types of
such ideas in this section.

A statistical model of strong interaction was first

proposed by.Férmi74)

to explain multiparticle production processes
in High energy collisions. According to the Fermi model, an
annihilation process cdn be visualized as such that ,‘in the

first instance, within a certain volume a thermodynamical
equilibrium is established, in which the energy will be
~distributed among the various degrees of ffeedom according to
statistical law. Then the energy will be rapidly dissolved and
the particles, into which the energy has been converted, will

fly out in all directions. The probability that within the
minute interaction volume a certaiﬁ number of particles will be

created with a given energy distrubution can be computed statis-

tically.

"II-2-ii. XKoba and Takeda Model

A statistical model for NN inferactions wés proposed by
Koba and Takeda75) by assuming a compound structure for the
nucleon and antinucleon, which are considered to be composed by
a hard core and a m-meson cloud. The core acts in the NN

interaction as a perfectly absorbing medium and the characteristic
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time of its interaction (whicﬁ is assumed to be of the order of

1/(2mN); my is the nucleon mass)'is short compared with the

period of the pion's oscillation in the cloud. In such-way in
»the annihilation process two different phenomena take place; the

short core-core interaction in which = and K-meson emerge, and

the emission of the cloud m -mesons which have no longer a center
" to be bounded.

The number of pions in the cloud was:.estimated as <n“>=i.3,
therefore 2.6(=1.3x 2) pions are on the average comming out from
the cloud of NN pair. Fermi's statistical model was applied to
the core annihilation and the pion multiplicity was obtained to
be 2.2. Hence, the average multiplicity of pioms is 4.8 at rest.

This model seems to éxplain the NN annihiiation,but

quantitative discussion about experimental data has not been made

yet.

I1-2-iii. Interaction Volume of NN Annihilation
According to the Fermi model, the rate of annihilation into
a given final state with n completely independent particles is
given by '
: 9 »

P() = (=)", (1I-3)
where @ is the interaction volume in which statistical equilibrium
is reached and V is the large normalization volume. In the
'driginal formulationvby Fermi the interaction takes place in a
volume

2, = (41/3)R%, (R=1.4x10713 cm) (I1I-4)

0 ’ :
multiplied by a Lorentz contraction factor. In the conventional

statistical model the transition probability per unit time for
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a reaction yielding n pérticles is given by76)
Qi ’
P=4£(i) I [(Zsi+1)m.1 — ]Rn(E,p). (II1-5)
i=1 A QO :

The quantity £(i) is an isotopic statistical weight arising from

the‘assumption of conservation of total isospin I. Rn(E,p) is

a Lorentz invariant phase space, E and P are the total energy

and momentum of the reaction and m;, s;, 9; are mass, spin,

interaction volume of the particle labeled i in the final state.
McConnell et al.7§) estimated the interaction volume for

T meson (Qﬂ)_and K meson (QK) from the data of pp annihilation

in the incident momentum range 0-1.99 GeV/c from the above

. equation. The results are Qﬂﬁsgo, SszO.IQ1T which tend to dim

physical significance.

‘1T-2-iv. Bose-Einstein Statistics

Goldhaber et al. introduced the influence of Bose-Einstein

(BE) statistics for pion pairs of like charge into a statistical

46) To this end suitable symmetrized

model for pp annihilation.
wave functions for‘like-chargedfpion pairs are used. The total

rate Rn of annihilation into nm state is given by

f f 1"'dpn " n n ) (Ii 6)
R=f""" f—"P (p,p, " "'P.)S(W- I w:.)S( I p; -
n mi...mn n 1 n i=1 1 j=1 1 ? o

.where W is the available annihilation energy and pi,'wi are
momentum and energy of i-th pion. Pn(p,pl"‘p#)’is the probability
to find n free pions, which depends on the radius p of the

interaction volume.
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P, is a product of correlation function y for like-charged

pion pairs. For example in the case of four pion final state

PP — 21" 27 , (I1-7).

labeling m'n n m as 1,2,3,4, R, is given by
dp -..dp 4 4
R, (2%27)=f—E——2 y(12)yp(34)6(W - T w3)8C % py),
Wyttt w i=1 i=1
1 n
(II-8)
For two identical particles having momenta p; and Py» the

corresponding y(12) can be written as

v(12) = [f]6°(12) |dr dry. (11-9)

It should be integrated twice over a sphere Q = % wps;
 4%(12) is given by |

s 1 . : '

¢~ (12) = (— ){eXP[l(P1T1+P2T2)]+eXP[1(P2T1+P1T2)]},

V2V .
(I1-10)

where V is a large normalization volume.

Goldhaber et al. used a Gaussian-shaped volume instead of
acement simplifies some computations
without significant change'in the results.

y(12) thus obtained is ° _
P(12) = 1 + exp(-kxlz), (1II-11)

where

2 2
xlz = (pl - pz) - (Wl - Wz) -3

and the radius p of the interaction volume is related to A as

o = 2.15 A/2, (11-12)
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p is a free parameter in this model and should be determined

to fit multiplicities. But the results were inadequate
physically as mentioned in II-2-iii, so that the value of about
13

3/4 times the w7 Compton wave length(1.4x10" ém) is used

hereaftér as the p which is a reasonable order of magnitude
for strong-interaction volume.

One can see from the correlation function that the opening
angles between pions of like charge tend to be smaller than
those of unlike charge, which is called GGLP effect.

This effect was observed experimentally in PP annihilétion
by mény authdrs,77)'82) and it is now established that we need
a description of modified statistical models including not only

experimentally found resonance production rates but also the BE

symmetrization to explain the data.

Statistical thermodynamics of strong interactions at high

energies was proposed by Hagedorn.47) The essential idea is

that a thermodynamical system is established at high-energy
collisions, and the system consisting of more or less excited
hadrons(fire ball or resonance) is itself nothing else than

47)

a highly excited'hadron. It was shown that the above idea

combined with usual formalism of statistical thermodynamics
leads to the following predictions;
i) The number of hadronic state of mass between m and m+dm

is given by

const.
p(m)dm —— exp [m/T.]dm.
n > - m5/2 0
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ii) When the energy density becomes 1argé, the temperature
tends rapidly to a finite limit Ty-
The existence of the highest temperature can be anticipated
By an imagination as follows:  In the fireball gas, not only one
but an ‘infinity of different kinds of particles can be creéted
freely. In this situation, a creation of new particles leads to
a much larger increase of the number of quantum states than
would an increase of the kinetic energy of the existing particles;
with increasing total energy, the new particles.swallow more. and
more energy, and in the 1limit the kinetic energy perparticle
tends to remain constant: T —9T0 for E — = (practically for
Ex a few GeV). | |
| This temperature T, governs the transverse momentum distri-
" bution of the outgoing particles, because this distribution
will not be affected by any kinematical effect caused by relative
motion of incident particles and targets.
The probability that a particle of mass m chosen at random

will have a transverse momentum between Pr and Pr + de is

W(p )dp, =const.p, p% de )dPT

(II- 13)

where Kiis the second kind modified Hankel function. This

equation can be expressed approximately as

W(bT)de =const.p, T, Vpi +m? exp(- Vpi+m2 /Tg)
3/2 .

=C p eXP('P /T,).

T T (I1I-14)

The former is for Vp; +m2 [Ty —> and the latter for pp>>m.
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Hagedorn estimated the value of the maximum temperature
T0 from experimental data of proton-proton elastic scattering as

T. = 158%3 MeV. (11-15)

0

Ijaz et al. studiedss) distributions of the transverse
momentum of produced pions in pp and ﬁn annihilation at 3.5 GeV/c.
Their result is that the Hagedorn distribution (II-14) fits the
data for‘annihilation well and TO varies from 214 MeV to 138

MeV corresponding to the variation of the final states from 3

pions to 6 pions.

Orfanidis and.Rittenberg proposed a new statistical model

to describe NN annihilafion into pions.27) They sﬁggested from
experimental data that a’statistical description of many—particle
final states of NN annihilation seems to be correct up to
Piab=5‘7 GeV/c. Data of Plab R 5.7 GeV/c show transverse momentum
limitation and non-isotropic angular distribution, which are
chracteristic feature of multiperipherality.

| In the OR model annihilation>proceeds by a series of single
pion boiloffs from fireball, the fireball retaining non-exotic
'quantum numbers at each as shown in Fig. 1(a). The statistical
weighf, and hence the branching ratio of a given final state, is
.determined‘by a number of such linear decay schemes which can
- yield the particular final state. The nﬁmbér n of pions emitted
is taken as having a Gaussian distribution, whilst the mean <n>,
and the variance 02 are based on the form used in other

statistical models.
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OR suggested the relations

% ( M;nucleon mass )
<n> = 5.05(—57) , \ s;total energy squared in cms”’
4M
o = T <>, | (11-16)

and then found good general agreement between the predicted
exclusive and inclusive branching ratios and the experimental
results for pp up to approximately 6 GeV/c, and for ﬁn at rest.
The OR model is explained in Appendix A in datail.
Caro et al. confronted the model with data on pn annihilation

below 1 Gev/c.8%)

They concluded from the values of inclusive,
exclusive branching ratios, correlation coefficients that it

continued to give -good agreement.

I1-2-vii. Lamb_Model
Lamb introduced incorporation of SU(3) invariance and
resonance production to a statistical model to describe NN

28) In order to incorporate SU(3)

annihilation {Lamb model).
invariance, the transition matrix of this model is made so as
to be not only isospin invariant but SU(Sj invariant as ﬁell.

The narrow widths of most resonances indicate that they
decay outside the interaction volume which prbduces the final
state. Therefore from the viewpoint of the primary interaction
described by the transition matrix, most resonances which are
members of SU(3) multiblets, are treated as stable particles.
Thus the model can make a possible descriptibn of resonance
production.

Further explanation of this model is given in Appendix C.

A comparison of predictions of the model with data is made
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for pp and pn annihilations up to 3 GeV/c,zs) and branching
ratios for several final states and cross sections for resonance

production are fairly well described.
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II-3. NN Annihilation and CLA Model

The NN annihilations are complexand are far from being well
understood. Statistical feature is dominant over the multi-
peripherality in the experimental data as already mentioned.

But there may be a component due to multi-Regge-pole exchange,
which is characterized by large effective mass of produced-
particle pairs.

To guarantee the existence'of the two components(statistical
‘component and multi-Regge exchange one) in mp or Kp case,

Chan Hong-Mo et a1.85)Suggested the following parametrization

for the multiparticle proddction amplitude. It is called CZA

model, and the exchange mechanism is given in Fig. 1(b) graphically.
the amplitude is given by

PN et M S o Yo +bi)eitiznf[1Ai(si,ti).

i=]l s. +a a b. i=1
1 ‘ 1 (II-16)

The a, and B; are the intercept and slope of the i-th Regge
pole respectively(see the Fig. 1(b)). The quantities siand t;

are defined as

wn
1]

2 2

( Pi+Pi+1) '(mi"' mi+1) s
i

t. = (pA - X
where P; and m; are momentum and mass of i-th leg in the Fig.1(b)

a and ¢ are the scales for statistical component and are constant

parameters.
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The g; plays the role of the coupling constant and b, indicates
the exponential dependencé on t of the Regge coupling .
In that region of phase space where all s;'s >>a and bi

the above amplitude becomes

S. Q. !
Tg.(H* exp[(B; *+ 108‘51)Biti],
a

with B;=-1og b,. This has the form of a fully Reggeized
multiparticle amplitude.

On the contrary, when any of the s;'s is small, then the
corresponding term is replaced by the constant c.

Application of the model to pp annihilations was made by
several authors at 1.6;7.086),'2.3287);2.588)’89) and 5.790)
GeV/c. Adjusting the parameters, production angles,>transverse
momenta, and longitudinal momenta of pions were described by

. the model qualitativel& over wide range of beam momenta and
multiplicity. Clayton et al. pointed out that it was necessary
" to take into account in the amplitude both nucleon and A

trajectories for. a satisfactory fit.89)

~oa

A point which was leff unanswered in the CZ£A model is
a general method for including resonance formation in the
calculation. The point is important for pp annihilation
because of its large fraction of resonance production.

Ranftgo)

proposed a modification of the CiA model for
resonance production. The mothod is that supposing the i-th

leg in Fig 1(b) a resonance, then the total amplitude is
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1 nonreslz

IAponres 12 + rIA res Al

112 = (1-1)
1 J

-
=
ey

J

where A."°"T®S and Aires are the CEA amplitude without resonances
and a Breit-Wigner amplitude respectively, and y is a fraction

to produce a certain resonance.
91)

Another mothod is proposed by Plahte and Roberts They

replaced the clustering constant c occuring in each A amplitude
in eq.(II-16)by a new constant c' as follows. If the particles

i and i+1 in Fig.1(b) are supposed to form a resonaﬁce, then

2 12 2
—_ + . BW.(s. s
c c Y3 J( i)

where the constant Y; is a measure of probability for formation

of a resonance j and the summation is over all possible resonances.

In both methods mentioned above, a measure of fraction for
resonance prodﬁétiqn is determined empirically or in-fitting to
data.

ARecently_dehla Vaissiere built a phenomenological model for pp
annihilation by introducing resonances in the CLA model in a
different way from the above-meﬁtiond modifications.43)’44)

The de'la»Véissiere's idea is that resonances have the same kind
of coupling constant with the nucleon tréjectory as piomns.

This model is explained in detail in IV-4.
In this model the weight of Breit-Wigner function for a

‘resonance is introduced to the phase-space integral. The

probability to produce a resonance is determined by the strength
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of the vertex coupling, namely, the strength of the coupling of
a certain resonance with the nucleon trajectory. By considering
that primary pions areAﬁroduced at much higher rate than
resonances in mind, an assumption is madevthat the vertex
coupling constant G decreases rapidly with increasing mass m of
the resonance(or meson). A suitable expression for the G is
given as '

G = DI’IZHexp(—m/MO), (II—17)

where DI,IZ is the Clebsch-Goldan coefficient between the
resonance (or meson) and the coupled nucleon-antinucleon pair
of a certain isospin state. M, and H are the nucleon mass and
a constant parameter to be adjusted, respectively.

This model gives a good approximation for not only single-
particle distributions but also two-particle correlations in
pp annihilation in wide raﬁge of incident momentum (17 GeV/c)

44)

and multiplicities. It may teach us something about physics

of annihilation.
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I1-4. Formation Experiment on pn Annihilation

pn state has a characteristic of pure-isospin state(I=1).
There are many experimentslo)’26) on pn annihilation in a
deuterbn bubble chamber below 3 GeV/c for the purpose of
.searching s-channel resonances of I=1. 1In these experiments,
energy dependence of the cross sectidn for many final states

was investigated carefully. It is interesting that Carroll et
al.gz) observed a structure at mass value 1932 MeV/cz(probably
I=1 state) in pp aﬁd pn totalrcross sections by a counter experi-

ment.

II-5. Dual Model and pn Annihilation

II-5-i. Veneziano Model

The 3-pion final state in pn annihilation

pn —> wTn (II-18)
was investigated in detail at restll)’zg)’sz) and in fiight.zz)’zs)
In the former case the initial state is dominated by the orbital

93)

-

parity-, G-parity-, and isospin-conservation laws suggest that -
G

angular momentum zero state. Furthermore .angular-momentum-,

the initial state is uniquely I JP(isospin, G parity, angular
momentum, parity)=1'0—, which are just the same quantum numbers
as pion. , ‘

Lovelacezg) analyzed the Dalitz plot of the reaction(II—lS)
at rest supposing the pn state to be a heavy pion, where the one-

94)

term Veneziano amplitude of 7w elastic scattering was employed:
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The amplitude is

T(1-a(s))T(1-a(t))

" F(s,t) = B(0.885(s,t)-0.034) . (11-19)
o r(2-a(s)-a(t))

with.
a(s)=0.483+0.8855+io.zsds-4m§ ,

where s and t are the Mandelstam variables of the crossed channels,
and m is the pion mass. The result of this fitting reproduces
the general feature of the reaction; a hole in the middle of the
Dalitz plot, a pronounce peak at low effective-mass values of
n n  channel, bumps of the m m spectrﬁm at about masses of
p and f mesons. 7

A 4-point Veneéiano amplitude was also fitted to a Dalitz

22) This analysis

plot of the same reaction obtained at 1.2 GeV/c.
is equivalent to treating the pions as a decay product from a
single JP state of pn. In this way thirteen 4-point amplitude
were prepared for possible initial states. The result is that
the amplitude for JP = 2t gives qualitative agreement with the
data, which has the following form.

Ki F(Z_ap(slz))r(l_ap(523))(piqj+piqi)-(14*>3), (11-20)

T(3-0,(515) -0, (5535))

where Py and Py are the negative pion's momenta in the c.m.system.
q=p3xp1 and (1<—>3) indicates the second term obtained from the
first one by interchanging particles 1 and S.ap(s) represents

the p trajectory and the parameters used are

ap(s)=0.65+0.84s+io.2615-4mi )
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Rubinstein pointed 6ut31)?32) based on duality and absence
of exotics that the general feature of the 3t reaction (II-18),
namely, a threshold-like enhancement in the exotic channel and
resonaﬁce-like peaks near prominant resonances, should appear
even in many-body final states.

. The threshold-1ike enhancement in the reaction (II-18) was

solved by Lovelacézg) as follows. ‘

The amplitude for the decay of a charged heavy pion into

three pions is given by

A F(s,t) (I1-21)

- + - -
o> T T T

A0 n+w_n0

1/4(F(u,t)-F(s,t)-F(u,s))
(11-22)

1/4(F(s,t)+F(s,u)+F(u,t))
(11-23)

A O0__, TrOTTO_'TO
wheré s,t,u, are thé squares of masses of the final dipion
combinations and F is the same form as eq.(II-19). In the
case (II-Zl], the u channel is exotic and the Veneziano amplitpde
grows with increasing s and t. It is clear that the amplitude
attains its maximum at the minimum value of u, because of the
relation s+t+u = sum of masses. On the other hand, in the case
of (11-22) or (II-23) there are several terms and they have
maxima at different values of the variables under study, and this
.. fact smears the structure which leads to phase-space-like distri-
bution in Dalitz plot.

Rubinstein's opinion is that the above effect in the 3w

channel should be still operative for annihilations of many-
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particle final states both at rest and in flight, and it should
disappear as a function of increasing number of neutral pions.
One can see that the effect is more operative in pn case
than in pp one since the latter system is neutral initially;
Experimental data for 4-,5-,6-,7-, and 8-pion final states
of pn and pp annihilations both at rest and inflight show the

predicted effect in dipion-mass plot (see Fig. 2 in ref. (31)).

34)

Rittenberg and Rubistein suggested that under the assump-
tion of validity of duality and pn annihilation via resoﬂant
intermediate state, the differential momentum distribution for
the reactions

pn —> 1w+ "anything", (11-24)
and
' pn —> w  + "anything", (I1-25)
behaves differently. They described the above inclusive
processes by Mﬁller expressiongs) considéring a pn state decayed
into a pion and aﬁything. More details are given in Sec. IV-9-ii.

The predicted spectra, as the result, for pn annihilation are

1do _ 2.a. (0
P sz ? Bi(O)(M )i ’ at rest, (II-26)
AZY

o -z mmH™ , in f1ight, (11-27)
dM®dt i ’

where p,Mz, and t are the momentum bf the deteéted particle,bmass
of "anything", and momentum transfer between the incident p and
each pion of a specific charge respectively. The sum should be
over the relevant Regge trajectories oy that can be exchanged

between the pn system and a pion, and Bi is the suitable residue
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function.

A schematic description for the Maller-Regge analysis is
given in Fig. 1(c). Looking at the w spectrum, the crossed
channel is exotic (see Fig. 1(c)), hence the only possible
trajectory is Pomeron. Therefore the following relations are

obtained from the equations (II-26) and (I1-27) for the nt

spectrum.
1 do _ 2 ,
5 az' = BP(O)M , at rest , (11-28)
do 2
k dc P2 . .
—s =17 dt =K, M in flight, (II-29)
dM? At aMlat koo R
with
P _ e
K, =1/ B,(t)dt (at t=t.).
k A P k
tx
These expressions suggest that spectrum should lie on a

2, passing through the origin of

straight line with respect to M
the axis, multiplied by B8(0) or Ky factors. The m case is more
complicated, since more terms beihg expected to contribute to

the sum in egs. (II- 26) (T7-27). If only Pomeron and normal

1
i 228 BRQe 2

(p) trajectories are important in this case, then the ﬂ' spectrum

is
1do _ 2
P Eﬁf = BP(O)M + Bp(O)M, at rest ] (I1-30)
do 2 . . :
do = Mt + KM, in flight. ~  (II-31)
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The inclusive studies of the reactions (II-24), (II-25)

17) and in £1ight?®) (1.0-1.6 GeV/c) in

were made both at rest
bubble chamber experiments. The both results were in tomplete
disagreement with the above predictions. Both spectra of n
and 7 are around a single curve which is rightly expected from

the phase space96) for the average multiplicity of pn annihilation.
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ITII. Experimental Procedure

I1I-1. Antiproton Beams

The antiprotons were produced in a Beryllium targét
(12x3x38 cﬁ) by circulating beams of the CERN PS(Proton §ynchro¥
cyclotron) and were transported to the 81 cm Saclay hydrogen
bubble chamber through the beam transport system as shown in
Fig. 2.97) Functions of each part constituting the system (see
Fig. 2) are as follows; The bending.magnets(BM) and electrostatic
separators (Sep) separate out deﬁired particles by selecting. the
momentum andbmass respectively. The quadrupole magnets(Q) focuss
" beams. The collimators, which are slits made of two blocks of
lead, eliminate unwanted particles. The shielding walls (hatched
areas in Fig. 2) absorb background particles which may traverse
the chamber and spoil the quality of pictures. The bending
magnet closest to the chamber(BM ﬁert.) is adjusted in order to
have the most convenient image of beams inside the chamber,
that is, spread of the incident particles in large in vertical
plane (normal to the optical axis of the camera) and narrow in
holizontal one.In’ the exposure . of the films used here,about

ten antiparticles entered the chamber per burst.

I11-2. Operation of Bubble Chamber

A hydrogen bubble chamber, which is é high-pressure vessel with
. glass windows containing 1liquid hydrogen, is a usefﬁl tool
for high-enérgy physics. It is a detector for charged particles
which make strings of bubbles. along their paths in the chamber.
The principle and operation of a hydrogen bubble chambet are

.described below.gs)
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Any chaged particle moving in a bubble chamber undergoes
collisions with atomic electrons‘and suffers energy loss. The
energy left amongst atoms causes localized heating, radiation,
or decomposition of H, molecules. At this moment the liquid is

brought in a critical or superheated state, then the localized
boiling along the path of the chaged particle is’ induced. When
the bubbles have grown to reach a suitable size, photographs are
 taken simultaneously by three or four cameras positioned at
intervals in one of the sides of the chamber.

A 1liquid hydrogen bubble chamber is kept statically in,fhe
condition of temperature of 26° K and pressure of 5 atmosphereé.
During each cycie the chamber is expanded by a piston within

~ 20 h sec where the folume increases by the amount of 0.5-1 %
and the pressure decreasesby 3.4 -4 atmospheres.

Fig. 3(a) shows the whole aspect of the Saclay 81 cm hydro-
gen bubble chambergg), and Fig.3(b) the arrangement of cameras
and flashes. The light of each flash is focussed outside the
caméras, so that the images of bright fracks in a dark field

are photographed.

A nearly homogeneous magnetic field is maintained perpendic-
ular to the face of the glass of the bubble chamber (20.7 K Gauss
in the Saclay chamber), ahd that allows a measurement of the
momentum of charged particles from curvature of the tracks formed.

In principle the velocity of the particles is reflected in
density of the bubbles, therefore the amount of ionization loss
(i.e. a measurement of the bubble density) should give a measure
of particle masses. In practice, tracks of a proton (or anti-

proton) can be distinguished from those of a pion clearely,
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but it is not always Sufficient to well define kaon tracks among
pion ones in the present situation.
A bubble chamber, when it is used as a particle'detector,
has the following’pfoperties;
i) Interaction points and tracks can be measured more preci-
sely than electronic detectors. For example, a spatial
 position of an interaction point can be defined within
error of a few hundreds microns in the present case (by
a hand-measuring machine).

ii) The liquid in a chamber, which forms strings of bubbles,
is itself a target exposed to incident beams. By this |
fact, not only high-energy particles but also low-energy
ones( < 0.5 GeV/c) can be detectable without any difficulty.

iii) A1l tracks are recorded in a photograph even if a‘reaction
forms a éomplicated topology, that is, a bubble chambef
is a 4-7w solid-angie detector and suitable for many-
particle reactions or cascade ones.

iv) In normal expansion (one expansion per two seconds in
general), photographs are taken without reference to
reactions. Therefore once photographs have been taken,
it is possible to study several problems on the same
films depending on physical aspects interesting and

~iféeasibility.
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I1I-3. Density of Liquid Hydrogen in an Operating Bubble Chamber

In order to evaluate a cross section for any reaction in a
hydrogen bubble chamber, it is essential to determine the liquid-
hydrogen density in operating condition. The density of H2 in
the)Séclay 81 cm bubble chamber was deduced by means of measure-
ment of muon-track length produced by decay t — ut +vu.100) 
The experimental method concerning the above analysis is
described briefly in the following.

A basic expression for energy loss per unit path length of
a charged particle throﬁgh matter is given by the |

Bethe-Bloch equation101)

2

%§_= 21Tz2<-:4NZ,1n chzy Bz Qmax -282 2C & )
( ey
X mCZBZA 12 -2 ’
(III-1)
where Qmax is the maximum energy that can be transfered per

collision and is given by

Quax = szZYZBZ/(1+ 2ym/M + (m/M)Z).

The arguments in the above equétions mean as follows;
ze, Bc, M : éharge, velocity, mass of the incident
particle respectively.
mc2 : electron rest energy.
NZ/A : property of medium.
NZ : number of electrons per unit volume.

A : atomic weight.
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Iis theexcitaticﬁenergy of H (20.3 eV)lOl) and §, a correction
term which becomes 1mportant in the region B —> 1. Cc/Z
represents the shell correctlon term which becomes 1mportant in
the region of small B or, more precisely, when the 8 of an
incident particle is comparable to the electron velocity in
atoms this term is not negligible.

Integrating eq.(III-1) to establish a range-energy relatiomn.
the low-nergy region is excluded but uses an experimental value

at energy TO‘ The range, thus obtained, is expressed 35102)

' (m_/ )T
R(T;,m;: T, I)=—(R(T Y+ f p/ ™ (%EK)'HE, (111-2)

O

where m; is the mass and T, the kinetic energy of the particle

i in questlon, R(T ) is the range of a proton of energy T in

the medium. With T° = 2 MeV, R(T ) is taken to be 0.00288 g/cm

in liquid hydrogen.101) For a muon case the range is
™y ™
R]J (Tu = — TO) = _— R(To)s
P P

+ + '
The events of the decay m —> u *+ v, followed by
- » . .
[ Y et + v, ¥ Ve where T'’s were produced in reactions of

pp annihilation in the 81 cm Saclay bubble chamber, were measured

and reconstructed through THRESH. 128 such events passed the

following criteria;v
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i) point errors: Ax<0.025, AY<0.025,. AZ<0.12 (cm).

ii) dip angle of u' < 60°.

iii) laboratory angle.between r* and u+ directions > 90°.

Perhaps the criterion iii) minimizes the background due to
the in-flight s ; the 1 ’s are mdstly monoenergetic with
kinetic eﬁergy Tu = 4,121 MeV.

The arc lengths of'the u*  tracks were calculated from the .
1inear distance between two decaying points with correction for

101)

the multiple-scattering effect (0.16 %) and the curvature

effect (0.8 %). Figure 4 shows a histogram of the muon-track
1engfhs thus obtained for 128 events. The average track length
is 1.0527 cm with width -0.0443 cm. The expected width due to
straggling is approximately 0.0359‘cm.102) |

The liquid-hydrogen density is deduced from eq. (III-2) to b

Pr, = 0.06266 ¥ 0.00011 g/cm>.

where the terms of § and C/Z in eq. (III-1) are neglected.

The density of H, in the Saclay chamber had been measured

once by CERN-Saclay collaboration; the result is40)
0y = 0.06250.0001 g/cms, The two values are in good agreement,
2
and the average value, Py = 0.0626 g/cms, is used throughout
: 2

‘this experiment.
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III-4. Scanning and Measuring

Having acquired_films, the first stage in any experiment
is scanning; searching each photograph for events of the required
topology. For this purpose films are projected, frame by frame,
onto a white topped table. An image of the film is magnified to
make identification of the required event easy (20 times magnifi-
cation at Tokyo).r Three views of the photograph are used
simultaneously, scanners note down. the frame number of each
event, if it is found, along with the tdpology. At the same
time scanners also record characteristics of the events under a
given rule so as to hold the information necessary for
reidentification, classification and measurement of the event.

At Bombay, Neuchatel and Tokyo scanning was carried out for

. the reaction |
pp —> on
np - annihilation. (III-3)
Bombay and Neuch@tel groups used the films of the exposure IL
(0.75 GeV/c), and Tokyo group the films of the exposure I (0.7
GeV/c)

The event is identified on a scamning table such as a
O—prong‘vertex associated with an odd-prong star with a positive
net charge down stream,(photographs of the typical events are
given in Fig.5) . The scanning procedure is as follows.

i) Frames which have no beam track or are not illuminated,

half illuminated, or very faint are rejected. ;
ii) All odd-prong stars(S,AS, 7 prongs) are firstly searched.

The accompanying VO(K0 — 7'n" decay) or Dalitz pair
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(ﬁo —> Ye+e' decay) is also recorded, where the latter
is identified by one or two spiralling tracks. Any
event O0f one-prong star is not searched because of large
single-track background.

iii) Stars of which a posifive track stops in the chamber
without any decay product are rejected. They are protons
mainly due to background 7p elastic scattering.

iv) Stars of which one of the tracks is clearly going to
the interacting vertex instead of comming out from it
are rejected. They are events of pp annihilation induced
by off-beam p or background mp elastic scattering.
This point is chécked observing 6 - rays (knockon
electfons).' '8 - rays are usually on the right-hand
side with respect to the direction of the moving particle
in the present case(see Fig.5).

v) The stars of which one of the tracks is‘heavily ionized
may be pp annihilation by off-beam p or background mp
elastic scattering, even if they passed the stéps iii)
and iv). The number of :stars having the ambiguity with
pp annihilation was 20 (1.3 % of total samples) at Tokyo,
and they were judged to be accepted or not by a few |
veteran physicists with reference of ionization and dip
angle of the track in question.‘

vi) Once a star was found, a O-prong beam track is'searched
upstream. The O-prong, if found, is checked to confirm

if the vertex actually stays in the chamber rather than

hitting the .glass windows of the chamber, since
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a genuine O-prong reaction occures at middle depth.
O-prong tracks suffering a scattering before are not

accepted.

Events obtained on scanning are classified as;

(A) Associated events: There is an odd-prong star associated

with a O-prong vertex upstreanm.
(B) Unassociated events: There is an odd-prong star with a
0 prong downstream or Without any O prong.

(C) Two O-p or two odd-p in a frame: There are more than
one O prong or more than one odd-prong star in one frame.,
In this case ambiguity for the reaction (IIIjS).arises,
because more than one combination are possible between
O prong and odd-prong stars.

Events are also classified with respect to the number of
prongs or existence of Vé, Dalitz pair ét the-star vertex. A result
is summarized in Tables 1(a), 1(b), and'l(c) corresponding 7
Tokyo's, Bombay's and Neuch3atel's data respectively. Figures
5(a), 5(b) and 5(c) show typicalvevents associated with a 3-prong,
5-prong, or 7-prong star respectively.

Two independent scans were carried out by trained scanning
staff or physicists and scanning efficdiency:was estimated by :the
following equation. v '

' (N, +N,-N; ,)N ‘
S i s VRS P (111-4)
N1N2 )
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where Ni, N, and N;, represent number of events {(including those
of both classes (A) and (C)) found in the first scan, second
scan and both scans respectively. The. average value of E was
97 % on the three groups, and the result also appears in tables

1(a) - 1(c).

The purpose of measuring an event obtained in scanning is
to determine the positions of vertices and‘tracks on two or
more views, and prepare the information with suitable format
for the series of computei programs fotr spatial reconstruction.
The events oBtained at Tokyo were measured mostly by a hand
measuring machine SMP (Super Mangiaspago Type Measuring Projector).
A principle and measurement accuracy of this machine are as
follows.

The SMP is,essentially, an image plane digitizer employing

two strings which measure a point in a bipolar coordinate

103) 104)

system. A diagram of the device is shown in Fig; 6(a).
Two 200 microns diameter steel music wires have one of their
end attached to a '"pack" and the others wound around two 10 cm

it and a

diameter drums. The drum has a spiral groove cut i

‘copper wire wound permanently in the groove. The measu;ing
wires are wound between the turns of the copper wire.

In this way high-précision machining is restricted to the
outer surface of the drums and the.axial holes only. The wires
are kept under constant tension by counter weights connected to
the sfrings wound on the second smaller drums mounted coaxially

with the measuring drums.
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The drums are mounted directly on the shafts of 8,000
counts per evolution encoders which enable us to read the
A position of the '"pack" in semipolar coordinate.

The coordinate system is not strictly bipolar because the
wires lie tangential to the edge of the drum instead of passing
through the center. A conversion of the coordinate system to a
Cartesian one is performed by an iteration method.

One -least count of the encoder is 39u change in length of
the wire. Films are projected on the measuring table with a
magnification of 17'timés without any mirror in path of 1ight,'
the overall accuracy of the digitizer is within 4y on films.

Positions are measured on several reference fiducials, of
épecies, and on five or more points spaced évenly along each
track. Raw data from the digitizer are arranged for the
geometrical-reconstruction program THRESH thrdugh the computer

program "Pre-THRESH".
| To estimate mass resolution for Ko of this machine, 300
events of V° decay produced in pp annihilation were measured,
and the result obtained for the K° mass waé
(K0 mass) = 0.495(GeV/c2),
with spread 0.011 (GeV/cz).. This is in good agreement with the
 standard value appearing in Particle Data Group Table (0.4977

GeV/cZ).

The Tokyo data were also measured by CAMP (Computer Aided

‘Measuring Projector) partly. This machine is a semi-automatic

film plane digitizer designed by Prof. Yamagata.los)’loé)
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CAMP cqnsists of an automatic measuring device (AMD) and
a rough digitizer(supersonic digi;izer), and these are controlled
by an on-line mini-computer. A block diagram of the device is .
given in Fig. 6(b).

A film image is magnified ten times and is projected on a
desk-top screen on which a supersonic digitizer is provided.

A human operator indicates to the computer three points on a
track to be measured using the supersonic digitizer. The
supersonic digitizer is constructed with an electric-spark pack
and three slab-type condenser microphones placed aiong the edge
of the screen. A spark coordinate, a point to be digitized, is
determined with the time-of flight of the sonic wave detected
by the micrbphones. ‘

The computer then calculates a circular road connecting
thgse”roughly measured points, and driveé the stage, where films
are mounted, along the circular road with velocity of about 30
mm/sec. The position of the stage is measured by a pair of Moire
fringe digitizers with the least count of Zu.

Digitization along the circular road is made by means of
automatic measuring mode or manuai mode. In the former case,
now in progress for completion, the AMD scans and measures. on
-fly, track segments which are within 2 mm from the optical axis.
The scan is made'100 times per second by a rotating mirror along
the track where the stage is.driven so as for the track to stay
within the scanvarea. The image of the track to be measured is
directed such as to be always parallel to the axis of the
rotation mirror and to the slit (20u wide and 1 mm long) by thé

Dove prism (see Fig. 6(b)). Data from the AMD are prbcessed and
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output by the mini-computer.

In the latter case(manual mode) the stage is controlled
manually and the coordinates'of points on a track are hgasured
by the like method employed at a Vangard-type machine. The
monitor displays the neibourhood of the point to be measured on
the circular road on a TV screen in 150x magnification. Then a
human operator adjusts the point into the cross-hair in the TV
screen by two handles regarding to X and Y directions.

K° mass was obtained to be

_ » (Ko mass) = 0.496 (GeV/cZ)
- with spread 0.010 (GeV/cz) based on 199 events with manual-mode

measuring by the CAMP, which was comparable with that by the SMP.

Bombay group used conventional image-plane measuring machines.
The characteristics of the machines were studied elsewhere.107)
Among their results, the point-setting error is 7.5 u and the
peak value of k° mass is obtaiﬁed based on 2,153 events
as
(% mass) = 0.4925 (GeV/c?)

with full-width at half-maximum being 0.015 (GeV/czj.

Neuchatel group used a semi-automatic measuring machine

called ENETRA 114A.108)

200 V° events were measured to estimate
the actual accuracy and the result was

(K® mass) = 0.4980 (GeV/c?).
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ITI-5. Processing by Computer (Pre-THRESH, THRESH)

III-5-i. Pre-THRESH
Events obtained on scanning are measured to deliver the
required quantities to THRESH, a program for spatial reconstruc-
tion of the measured points and tracks, developed at CERN.IOQ)
For the purpose of arrangement of the raw data (measured data)
for the required input format of the THRESH, a program Pre-
THRESH was used at Tokyo. This program, which should be altered
depending on sort of experiment and on type of measuring machine,
has some functions as follows.
| i) It prepares input data for the THRESH after arrangemenf
of measured ones.
~ii) A correction due.to the optical distortion of a measuring
machine is made if necessary.
iii) The order and number of measured points of events are
cheéked.
iv) Measurement errors for the fiducial marks are checked.
For the purpose of the last one, a criterion is made ready
as the same way employed in the THRESH. Let (X;,Y;) be a
coordinate of the fiducial marksvprojecied on the inside face
of the chamber window, which is prepared in TITLE card for each
view for THRESH run. Let (X;,Y;) be the correspoding one
6btained by measuring. Then (Xi,Yi) and (X;,Y;) are‘related by

the equations

e
i

a

1] 1
i 1 Y azXy +agy;,

(III-5)

~
i

1 1
a, + a4Xi + a6Yi ’
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where i=1,2,3,4 in each view (four fiducial marks are measured
in practice). The coefficients (al, Boyenes a6) are obtained
by least square method. Using the coefficients, thus obtained,

deviations AX;, AY, and a stretch parameter ST are defined as

\] t
AX; = | Xy - (ag *agXy *+oag¥y)l,
] T
AY; = | Y, - (3, + agXg ¢ aﬁYi)I,
(as-Sa6)2 + (a5 + Sa4)2
ST =\ [ ———— — , (III-6)
lazag - 23]

where i=1,2,3,4 and S=(a3a6-a4a5)/|a3a6-a4as| Figure 7
gives a distribution of ST for each view of the photograph.
The following criteria were imposed to measured events.
i) AX; and AY; should be within the limit 0.03 cm.
ii) The value of ST should be lie between 0 and 0.006,in
each view. |
By these criteria omne can find frames, where fiducial marks are
not precisely measured or films are stretched badly, beforé
TUns ofkthe THRESH. | | -
Positions of the four fiducial marks, a O-prong interaction
point, an apex of the odd-prong star and five points spaced -
evenly along each tracks Were measured on each view. Events

which did not pass the above two criteria were remeasured.

II11-5-ii. THRESH
In this experiment the mass-dependent THRESH was used which
reconstructs apecies and tracks'taking into account the effect

of energy loss due to ionization, where track parameters(momentum,
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polar angle, azimuthal angle) are calculated both at beginning
point and at end point for one track. It requires the following
information in addition to the Pre-THRESH outputs; constant
parameters for the events in question and measuring machine
(CONS block), the camera coordinates (CAMERA block), the
characteristics of the optical media (MEDIA blosk), the coordi-
nates of the standard reference fiducial marks (REFER block),
the mass requests for any track (MASHYP block), the range-energy
tables (RANGE block), the magnitude of the magnetic field at all
points inside the ehamber (FIELD block) and other optional blocks.
The parameters in the CONS 5lock are explained in Table 2(a)
together with the values adopted at Tokyo group.

Spatial position errors for the interaction points (odd-
prong star vertices) of the THRESH outputs are given in Fig.
:S(a),S(b), and 8(c) corresponding to AX,'AY, and AZ respecti?ely.
Errors for momentum, dip angle (polar angle) and azimuthal angle
of the incident tracks are also given in Fig. 9(a),9(b), and 9(c)
respectively, and resi&ues are.ianig. 9(d).

To eliminate poorly measured events, the following criteria
were imposed to THRESH eutputs and the events which did not
pass these criteria were remeasured.

i) Position errors at each vertex should be AX<0.03,

s

AY<0.03, and AZ<0.15 (cm).

ii) The error code for each track should be lese than 1000,
‘this criterion guarantees that a spiral helix is fitted
to measured data with convergence.

iii) The residue for each track should be less than 30 wu.
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The arrows in Figs. 8 and 9 indicate the upper limit for
acceptance of events due to the above criteria. The momentum
o

~resolution Ap/p for the measured tracks was about 4 % on the

average.

Measurement was made three times for fhe events which did
not pass the above criteria, and finally 11 % of all samples
failed in reconstruction. The majority of the failed events
are those which are difficult to measure precisely enough,
because they contain a O—prong'vertex which is hidden by other
‘beam tracks, or a star having a track with large dip-angle or
a track of low-momentum pion decaying within the chamber‘
occasionaly.

‘The results of measurement at Tokyo is summarized in table
1(a). The results at Bombay and Neuchdatel are also summarized

in table 1(b)} and 1(c) respectively together with their criteria

employed for acceptance.
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I11-6. Test on Coplanarity Angle for 3-prong Stars

One of the most .prominent. ' background contaminating
samples is the star-like 3-prong events due to mp(or pp) elastic
scattering caused by background pions (or protons rarely)
traversing the chamber at random. A striking feature of the
above-mentioned events is such that one of the three tracks (or
all of the three tracks in pp case) is heavily ionized which
corresponds to the recoiled proton. Such a feature also appears
in genuine np stars of 3 prongs when one of the tracks has a
large dip angle, :so that the background cannot be removed a
priori in scanning.

All 3-prong events'picked up in scanning were checked on
coplanarity of the three tracks using the THRESH outputs as
follows.

Quantitied CUB and COP are defined as

CUB

11-Gx] , o (III-7)
cop = T;(jxi) '
111.1Gx0 | (111-8)

where-g,'3 and k represent unit vectors along the direction of
the three tracks_in question. For elastic scattering, the
values of both CUB and COP should be compatible with zero
taking into account errors on the measured quantities.

In practice, distributions of both CUB and COP showed
sharp peaks at < 0.04 and at < 0.05 respectively superimposed on

smooth distributions pertaining to genuine np stars (see Figs.

10(a) and 10(b)).
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The 3-prong samples with one (or more) heavily jonized track
in the region CUB < 0.04 were rejected. In the most case, it
was found that the composition of angles between three tracks
of the rejected samples was compatible with the hypothesis of
the elastic scattering. 174 events were removed from the
3-prong samples (1,134 events), and as the result both CUB and
COP distributions became consistent with smooth behavior as
seen in Figs.10(a) and 10(b) respectively ( In the both figures
the shaded area corresponds to the rejected samples).

The samples which failed in spatial reconstruction cannot
be checked on coplanarity. In this case the background events
were confirmed by a few physicist by.refering the information
(ionization and composition of the angles of the three tracks)
obtained by scanning. 18 events were removed from the failed
samples of 3 prongs (119 events).

Rafios of the rejected eventsvto the total ones for the
good reconstructed samples and badly measured ones are 174:
1,134 (=0.153:1) and 18:119(=0.151:1), and are in good agreement
§uggesting that the background in the badly measured samples is

rejected fairly well.

‘The pure samples, thus obtained at Tokyo, are summarized
in Table 1(a). The numbers of events in the 8-th row in this
fable give ratios of np annihilation into 3, 5, and 7 prongs to
“the total (=0.72 : 0.27 : 0.007). The results at Bombay and
Neuchatel are also given in tables 1(b) and 1(c) respectively.

‘A method of the background rejection employed at Bombay is
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~different from that at Tokyo a 1little. They cut off the events
of CUB < 0.025 and estimated a number of eventé lost due to this
cut by extrapolating a smooth curve at CﬂB > 0.025 to the region.
CUB < 0.025.

 The ratios obtained at three groups are consistent, and
finally the summation of the results of three groups yields

3 prongs: 5 prongs: 7 prongsv= 2670.33:1077.67:29

. =0.707 : 0.285 : 0.008, _ (I11-9)

where the former gives numbers of events. and the latter gives

the ratio.
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III-7. Processing by Computer (GRIND, Data Summary Tape)

A kinematical state of a particle’is completely determined
by its relativistic four-momentum, namely its ordinary three
momenta and energy, and each component of the four quantities
of the particles involved in an event should satisfy
relativistic conservation laws during the interaction. Usually
kinematical quantities of THRESH oufputs do not satisfy these
conservation laws because of measurement errors and unobserved
neutral particles if any. The GRIND adjusts the data of THRESH
outputs for an event to the conservation laws (called constraint
equations) with regard of a given physical hypothesis, and puts
out fitted quantities together with fitting probability for the
given hypothesis.llo)

‘ The GRIND requires the following information in addition
to the THRESH Outputs ; constant parameters used in the fitting
procedure (CONS block), the information on controlling the
interation procedure of the fiffing routine (CONV block), the
beam information (BEAM block), the energy-range tables (RANGE
‘block), the magnitude of the magnetic field at all points inside
the chamber (FIELD block), a list of hypotheses indicating
suitable mass assighment‘for particles of the event (Hypothesis
block). The parameters in the CONS block are explained in
Table 2(b) together with the values adopted at Tokyo group.

A set of the four variables to determine a particle is

three-momentum components Pys Pys Py and mass M. Another set

y
is ‘inverse of momentum 1/P, dip angle A , azimuthal angle ¢,
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and mass M. Errors of variables in the latter set distribute
more symmetrically than those in the former set, so that the
set (i/P, A, ¢, M) is used as the variables in kinematical
fitting by thé GRIND. These variables can be divided into
.three groubs:

i) Variables evaluated together with errors during the
geometrical reconstruction of a track, which are called
measﬁred (or weil measured) ones. The following
definitions are made:

(mi); vector of well méasured vériables,

(Gi%); error matrix for the vector m,
(ci); vector for correction onrthe_vector m,
where i(j) represents an index corresponding to each
variable and varies i(j)=1, 2, ..., 3N; N is the number
of tracks with regard.
ii) Variables fixed by a hypothesis, fdr example, mass of
particles.
iiij Variables of badly measured or unmeasured, which
éorreSOpond to tracks with difficulty of good measurement
or invisible neutral particles respectively. Definitions
are méde as follows;‘

(mﬁ); vector of badly measured variables. For
unmeasured variables one first guesses to exist.
inverse error matrix for m*. The matrix G* is
diagonal since the correlations between badly
measured or unmeasured variables have no physical
significance. The elements of unmeasured

variables are zero.
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% %
(ck); vector for correction on the vector m .

The constraint equations are given by

= -10
z +p, =0, ztpy=0, z+p,=0, and g +E=0, (I11-10)

where the direction of a track is always pointing away from the
interaction point, so that the minus signs in eq. (III-10) are
“applicable for incoming and target particles.

Vectors ¢ and c* are determined in fitting prdcedure under

the conditions

&T % R
xz = cTGc + C TG ¢ =minimum, (111-11)

* %
£, (m+c, m +c ) =0, (= 1,2,3,4),(I11-12)

where T means transposition and fA ( »=1,2,3,4) is ééch‘of the
constraint equations (III-10). xz is the ﬁeasure of likelihood
of the hypothesis employed to a given event with a number of
~degree of freedom ( = number of constraint equations - number of
variables unmeasured or badly measured). A fit to a certain

hypothesis is obtained if xz converges.

The hypotheses for the reaction (III-3), i.e.,
' pp —> nn .
L——— np —> annihilation, (III-3)

were considered at each vertex as follows.

(1) 0 prong; pp — nn ,  0-C fit (I111-13)
(2) 3 prongs; ap — 2w, 4-C fit  (I1I-14)
(3) ap —> 2ntw1®, 1-C fit (11I-15)
(4) ap —> 2n 1 M°, no fit (I11-16)
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(5) 5 prongs; np — 3m 2n, 4-C fit (I1I-17)
(6) np —> 37 2n 7°, 1-C fit © (III-18)
(7) np — 3n 2n M°, no fit (I11-19)

Here 4-, 1-, 0-C fit and no fit mean that numbers of degree of
freedom are 4, 1, 0, and no constraint respectively, and M°
means multi-n° production. At present 7-prong stars are not
taken into account because of the poor statistics.

As seen from the above hypotheses, all tracks at the star
vertex were considered as pions unless V° was associated to the
yeftex. The reasons why only pions were taken into account are;
i) In pp annihilation purely pionic final states are dominated
( ~90 %),4) and this fact suggests the purely pionic-final-
state dominanceiin’ﬂp.aﬁnihilafion, ii) It .is difficult vo
idehtify»charged kaons definitely from‘bubble density.

According to 4-C fit, 1-C fit and no fit, the fitting process
can be divided into three cases;

‘i) When an np vertex fitsito one of the hypotheses (2),(5),

with 3-C (The momentum of n is unknown) firstly,

then‘GRIND proceeds O-prong vertex with hypothesis (1)
using the value of momentum of n determined previously;
It goes back to the np vertex again with the fitted
momentum of n obtained at 0-prong vertex and‘tries 4-C
fit there. Finally multi-vertex fit is carried out
with 4-C.

ii) When an np vertex fits to one of the hypotheses (3), (6),
‘ with 0-C tThe unknowns are the momentum of n and

1/P, X, ¢, of no.), the kinematics of this fit gives
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two solutions for momentum of n ariéing from a small
difference of neutron and proton masses. For the
0-prong vertex GRIND now tries both attempts with each
solution and determines the fitted momentum of n. It
goes back again to the np vertex with the momentum of
n and tries 1-C fit there. Finally multi-vertex fit
is cérried out with 1-C.

iii) When a np vertex does not give any fit, this is the
case of (4) or (7), not only single-verfex fit but
also multi-vertex one is provided.

Kinematics for pp vertex is described in Section V-3-ii in
detail. Kinematical quantities of rather multi-vertex fiﬁ than
‘single—vertex one were accepted at Tokyo group since fhe former
is given by adjusting overall quantities measured. It was found
that there was no>significant difference between the quantities

obtained at single-vertex fit and multi-vertex fit,.

One of the most important problem is to solve kinematical
ambiguities in the GRIND outputs, that is to clarify kinematical
overlaps and to eliminate background contamination entering into

fitted samples.

To check the bias which might have been introduced
in the fitting procedure, distributions were taken for

-quantity pull;

A
pull =‘K7====§T R , (I11-20)
oy -0 '
A A
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whére A is the measured quantity and A' the fitted one, and
oA(oA“) is the standard deviation of A(A'). Figures 11(&), (»),
and (c) give the pﬁlls of 1/P, A, and ¢ of the incident
P's of fitted events (4C or 1 C) respectively.

Each of these distributions'is consistent with a symmetric
distribution around zero. The biases, if any, due to the use
of the uncorrected magnetic field or due to uncorrected optical
distortion of the measuring machine should disturb the symmetric
distributions. Figures 11(a), (b), and (c) imply that there is
no above-mentioned biases in the present analysis.

It is possible. to predict the xz distribution for certain
degree of freedom, and hence to calculate the probability that
the XZ comes out with an actual value provided the three
assumptions below are true.lll)

i) All measurements aré elements of Gaussian distribution.

ii) The error matrix is correctly evaluated.
iii) The hypotheses that the equations of a certain constraints
are valid in nature is true. |
Therefore X2 probability P(XZ) is available to eliminate the
background contamination. The following criteria were imposed
to fitted events.

i) If there were several 0 prongs or odd-prong stars on the
same frame, 4-C fit event was accepted when one combina-
tion gave 4-C fit and others 1-C or no fit. On the other
hand 1-C event was accepted when one éombination gave
1-C fit and others no fit. Nothing was accepted when

. they gave fit with the same degree of freedom or did not

give any fit.
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ii) 26 events overlapped between 4-C and 1-C fits.
Furthermore 17 samples of 1-C fit in these events gave
P(xz) < 10 %, whereas the samples of 4-C fit gave a
random distribution of P(xz). From the above fact and
from what mentioned in Section III-7-ii, it can be
concluded that the 4-C fit is more reliable than the
1-C fit. Therefore 4-C fit was accepted in the over-
lapping case.

iii) Figures 12 and 13 give aistributions of P(xz) and (MM)2
for the fitted events respectively. The missing-mass
2

squared (MM)“ is defined as

2 _ _ N2 i \2 i
M) ™ = (Bj, - Egye) (Pin = Pout) > (111-21)

where Ein and E ,¢ represent the energies of incoming

t
particles (n and p) and outgoing ones. of measured
(assumed to be pions) respectively, while P, and Pout
represent the momentum values. |

One can see from Figure 12 that P(xz) distributions for

4-C fit.ére consistent with flat distributions, while those for

1-C fit give slightly positive:slopes which may be caused by

overestimation of the. measurement error. The (MM)Z'distribution

for the 4-C events (see Fig. 13) shows that the events are
concentrated very close to zero and nearly symmetric. These
facts suggest that background contaminations are small among the
fitted events.  One restiictidn was imposed for acceptance of

4-C fit events aé

0.16 < (M%< 0.16 (GeV)?, (111-22) -
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and only 3 events in the 3m 2w samples were rejected by this

cut.

© final state is rather

The (MM)2 distribution for 2w m m
broad and significantly deviates from the symmetric one around
: mﬁo( =0.018 GeVZ) ( see Fig. 13). A restriction was imposed to

acceptance of '1-C fit events as
0.3 < (M%< 0.4 (GeVY). | (III-23)

Folding the distribution in the region (MM)2,<'0.02 onto the

25 0.02, contaminations due to multi-n° production

region (MM)
in the 27 7 #° samples were estimated as ~40 %,

Numbers of the'fitted events, thus obtained, are classified
in Table 3 together with those. obtained at Bombay gnd Neuchatel.
The cut on (MM)2 distributions for the data of the foreign

groups is not imposed in the present case because of the lack of

(MM)2 quantity on the DST (Data Summary Tapes).

The GRIND outputs consist of many words providing the infor-
mation in the fitting, and a part of these is not used in analyses
so. long as GRIND proceeds events normally. Therefore it is
4cohvenient to make a data summary tape (DST) on which variables
are seleéted for.one's purpose and arranged and written on a
magnetic tape with suitable format for analyses.

In the present experiment the DST was made at each group
.with format as given in\TablevS,_and exchanged among them.

In Figure 14 a flow of events handling at each step (from

scan to DST) is shown schematically which was employed at Tokyo.
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II1-8. Mass Resolution (Measured Width of w Resonance)

Since the mass resolution in this experiment is expected
to be larger than the width of w resonance, which is established
as 10 MeV in Particle Data Groupllz), it is possible to estimate
the resolution by measuring the width. Figure 15(a) shows the
(ﬂ+ﬂ-ﬂo) effective mass squared spectrum for the six-pion final
~ state (see III-7-ii) obtained from the data of‘Exposure I : there
are 6 combinations per event. The spectrum shows a sharp peak '
at the w mass.

The mass and width of the w were obtained by a least

square fit of the spectrum between 0.4 and 0.9 (GeV/cZ)Z‘to the

function

, (III-24)

2 4
f=a (l+a,m“+ta,m’ ) +
o 1 2 (mz'Mi

where m is the (ﬂ+ﬂ-ﬂo) effective mass, and a,, 2y, 25, 2z, Mw,
and Pm‘ are parameters to be fitted. The mass Mm and width T,e

thus obtained, are

'+

M, =0.780 ¥ 0.004 Gev/c? , (I1I-25)

'+

r, =0.050 ¥ 0.013 GeV/c? (111-26)

with x*/ ny =45.5/51. The solid curve in Fig. 15(b) gives the

fitted one. The world average for the above quantities is given

by the Particle Data Groupllz) as
tr _ + 2
Mw = 782.7 - 0.6 MeV/c™, (111-27)
rtT - 10.0 ¥ 0.4 Mev/c? (I11-28)

w
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One can see that Mw and M;r are in agreement within statistical
errors implying no systematic biases in the present data.
Since the value of Fzr, true width, is small in contrast with
that of Ty the value of Ty obtained gives a measure of the
experimental mass resolution.

The Breit-Wigner formula in eq (III-24) suitably represents
a resolution function for the experimental responce,therefore

0

 the mass resolution for the 37 2m 7° final state , FR’ is

estimated as 113)

=0 -T = 40 Mev/c?. (I1II-29)
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IV. General Characteristics of Antineutron-Proton Annihilation

IV-1. Branching Ratios in the Final State

We now proceed to the discussion of general characteristics
of np annihilatioﬁ observed in our expefiments.

The experimental procedure employed at Bombay and Neuchatei
groups was essentially the same as that at Tokyo, so that, the
events obtained at the three groups were treated as a set
in the analysis for antineutron-proton(np) annihilation.

For this analysis two criteria were imposed to the sample
obtained by the procedure as described in Chapter III;

i) To study the annihilation within a restricted energy
region, only stars produced by an aﬁtineutron within the momentum
interval

| 0.5 < P(n) < 0.8 (GeV/c) (1Iv-1)
are used.

‘ii) Furtherﬁore only unambiguous stars, i.e. events with
one 0 prong and one odd-prong star in a frame, are used to avoid
the background contamination due to unassociated stars to
0-prong vertex or vice.versa.

Figure 16 gives a distribution of the antineutron momenta
of all events passing through the criterion ii), in which two
arrows indicate the criteria i). Abnormal excess of events
of n momentum < 0.002 GeV/c in Fig. 16 is explained below.

The momentum distribution is' taken from the GRIND outputs for
fitted events and from the THRESH outputs for nofit ones. Tﬁe

GRIND gives faked 1-C fit rarely with very low n momentum because
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of the kinematical ambiguity for n momentum due to the small mass
difference between proton and neutron, and the events in the
region P(n) <0.002 GeV/c are those ones (The things are described
in V-2-ii and the kinematical scheme is given in Figure 62.).

The stars satisfying the above two criteria are subdivided
into pion multiplicities in Table 3. Ratios (branching ratios)
of number of events, after MM2 cut (see III-7-iii), for each
multiplicity to the total ( > 3 prongs) are given in Table 5

which was derived from Tokyo data.

We are unable to calculate the absolute cross
sections for each multiplicity since the number and the
track lengths for the incident antineutrons are not known
if they do not give rise to a star within the fiducial
volume. Therefore the cross sections are estimated on the
assumption that the cross sections fdr np annihilation with more
than 3 charged prongs should be equal to that for pn annihilation
(the charge symmetry). |
The absolute cross sections for pn annihilation ( > 3 prbngs)
below 1 GeV/c had been measured in a deuterium bubble chamber
experiment by Roma Trieste group.lS) By fitting an empifical
formula to the data to represent the cross section (see V-2-iii)

the absolute cross section for np annihilation is deduced as

c?lgn ( > 3 prongs) = 53.4 ¢ 0.7 mb at 0.65 GeV/c,
(1V-2)

which is used as a normalization. The cross sections for each

pion multiplicity in np annihilation are obtained multiplying

gann ( > 3 prongs) by the branching ratios as given in Table 5.

np
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The consequences from the processes of np annihilation are
expected as being symmetric to that of pn annihilationvby the
charge symmetry. On the other hand, data of pn annihilation are
extracted from antiproton-deuteron reactions in whi;h the neutron
is not on-mass shell state, whereas those of np annihilation are
obtained as a consequence of reactions of a free antineutron on
a free proton.

This fact may not guarantee the charge symmetric distribution
for produced particles since pd reactions suffer more complex
mechanism in their interactions.

The data of pn annihilation obtained by Roma Trieste groupls)
gives the average ratio | |

Rén(s prongs):Rﬁn(S prongs) = 1 + 0.40+0.01

(at 9.498-0.591 GeV/c), (1IV-3)
21)

and that obtained recently by Melbourne group is

Rﬁn(s prgngs) : Rﬁn(s prongs) = 1:0.36+0.03

(at 0.404-0.927 GeV/c). (Iv-4)
The ratio for np annihilation at present experiment is
Rﬁp(s prongs) : Rﬁp(s prong) : Rﬁp(7 prong)
=1 : .39%:0.03 : .013+0.004
 (at 0.65 GeV/c). (IV-5)
The data by Melbourne group also give the ratios for pion

21)  The ratios for pn annihilation obtained

multiplicities.
by the two groupsbare summarized in Table 6 together with those

for np annihilation obtained here. Predictions for the branching




-64-

ratios by Orfanidis-Rittenberg statistical model (see Appendix A)

are given in Table 6 which will be discussed later.
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IV-2, Resonance Production

Antinucleon-nucleon annihilation is an abundant source.of
meson resonaces in general4), and this fact holds in np annihila-
tion processes too as mentioned in fhe following sections. In
practice clear enhancements due to o 6r w meson production over
the phase spéce are observed in effective mass distributions- in
fhe presént data.

The relative amount of resonance production for the multi-
pion annihilation processes is determined by constructing a
(model-independent) matrix element for the process and fitting
its parameters by maximum likelihood-- techniques.zs)’114) The
procedure is;
| i) Resonance production is parametrized by the Breit-Wigner
amplitude

R(m) = T /(nP-mi+impl ), (IV-6)
where m is the effective mass of the pion combination, mR and T
are the mass and effective width of the resonance under considera-
tion for two-body resonances with broad width, the width T varies
with

r s T,(a/ag) 2ttt (1V-7)

where Po is the central width, 1 is the orbital angular momentum .
of the partial wave of the decay, q is the 3-momentum of each
member of the pair in their rest frame and dq is its value at

115) This form (IV-7) is used for p , £ and g mesons

resonance.
in the analysis. The true width of W resonance is narrower than

the measured one obtained in III-8, so that the measured width
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(I11-26) is used as an effective width. Resonance parameters

used here are summarized in Table 7. The amﬁlitude is constructed
to hold the symmetric property under like-charge pion interchange
required by Bose statistics. For example, labeling the S
of four-pion final state as 1 2 3 4, and 1etting R(ij) be the
Breit-Wigner amplitude evaluated for the ij pion combination

. . -+ + o + 0
with resonance R, the matrix elements for p mn and p m ©® are

given respectively by

1l

- 2 N
M- et 2 = IR GO (1V-8)

"

[Mpoﬂ+ﬂo[2 lRp(13)|2 K |Rp(23)|2. (IV-9)

ii) Assuming that the amplitudes of the separate processes
add incoherently, the final matrix element for a certain final
state is

M, | 2
1 (IV-11)

M[Z = (1- 2 o) + Za
| i ilow,

where the first term is due to nonresonant state and the a; are
the fractions of the resonance production to be determined from

the likelihood fit. The normalization factor Ni_is given by

- 2 -
Ny = JIM; 1" dp - (IV-12)

where dp is the differential phase space, and the above integral
is calculated by the Monte Carlovmethod using the CERN program
FOWL.116)’117) The methqd of event generation employed in the
FOWL is explained in Appendix B.

1ii) The likelihood function for r events of a certain final

state is represented as
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T 2
L =j;1|M|j , (IV-13)

and it should be maximized with respect to the parameters
(percentages) 05 . To minimize -1n L, the CERN program MINUITlls)
is used, which provides also an estimate of the erroré the
resulting values of the ai's.

iv) Once the best-fit parameters a,; are obtained, events are
generated according to the optimized matrix element, and then

_compared to the real events through the effective mass distribu-

tions.

A sample of 90 events of thé final state
ip — mwm ‘ | (Iv-14)
was used. Figure 17 gives the effective mass distribﬁtions for
(n71") and (v'7") combinations. Two bumps due to p° and f mesons
over the phase space curve (indicated by dashed curves) are
clearly observed in the (ﬁ+ﬂ-) effective mass distribution. The

matrix element is built including the following channels:

a) np —> 2ﬂ+n_(phase space), (IV-15)
b) ap —> p°n" , : (IV-16)
c) ap —> fn (IV-17)

d) ip —> g . (IV-18)
The normalization factor Ni (see eq. (IV-12)) for each channel

of a)-d) was calculated by the FOWL as given below.

N,y= 0.2987 , ' (IV-19)
ij= 0.5241x2 , (IV-20)
"NC)= 0.2149x2 , : (IV-21)

Nd); 0.06401x2 , ‘ (IV-22)
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The percentage for each channel was determined by the maximum
likelihood fit. The result is given in Table 8.
The percentages for the charge symmetric reaction of the

above channels were measured between 0.4-0.95 GeV/c by the pd

experiment (Melbourne group). The result i5146)
pn —> p%17: 33+ 2 (%), (IV-23)
pn —> fm: 51 + 2 . (IV-24)

The percentages for the channels (IV-16),(IV-17) of the np
case are (see Table 8):
pOntifn’ = 40:12:47:12 (IV-25)
The above two results are in good agreement within the statisti-

cal errors. Solid curves in Figure 17 are the fitted ones.

A sample of 529 events of the fihal state:

- ap —> 2n°n 1w, : (IV-25)
was used. Figure 18 gives the effective mass distributions for
various combinations of the reaction. Phase space distributions
are given by dashed curves in this figure. Inspecting the Fig.'

18, sizable production of 0° and o' is observed. The matrix

element is built including the following channels:

a) np —> 2n m 7°(phase space), (IV-26).
b) ap —> %' n®, O (IV-27)
c) ap —> plwT, , ' (IV-28)
d) fp —> pww, A (IV-29
e) fp —> frn° (IV- 30)
£) np —> o 0° , (IV- 31)

g) np —> wr | (IV- 32)
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The normalization factor N; (see eq. (IV-12) for each of the

channels (IV-26)-(IV-31) was calculated as below.

Nyy = 0.06512, (IV-33)
Ny = 0.1800x2, | (IV- 34)
N., = 0.1800x2, | (IV- 35)
Ngy = 0.1800, (IV- 36)
Ny, = 0.02237x2, (IV- 37)
Ngy = 0.5496x2, (IV- 39
Ny = 0.03589x2. | (IV- 39

The percentage for each channel was determined by the maximum
likelihood method. The result is given in Table 8.

Comparison of the result with the pn data is made as followé.
The percentages of resonance productions for the chafge symmetric

reaction of the above channels were also estimated between 0.4-

0.95 GeV/c.146) The result is

' pn — 2n ntn%; 34 (%), (IV-40)
pn —— %1% 18 , (IV-41)
pn — pTmwt; 16 , (Iv-42)
pn —s otrTn; 12 , (IV-43)
pn — % 1 s : (IV-44)
pn  —>  p'p% 4 (IV-45)
pn —s Wiy 5 . (1V-46)

The percentages for the channels (IV-26)-(IV-32), denoted by
5)-g) respectively, of the fip case are (see Table 8):
a): b): ¢): d): e): £): g)
= PRER - 2BEP fgfg DOTEM 2 BgR P P, (IV-4T)

34-7  12-7 10-4  5-3 20-6 4-1 146)
The values for the pn annihilation were those of rough estimates s
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while those of the np annihilation may contain considerable
background. Therefore quantitative discussion between them
would be réther difficult. Effective mass distributions
predicted by the £fit, . thus obtained, are given in Figure 18 by
solid curves together with the phase space distributions (dashed

curves).

A sample of 188 events of the final state

np —> 3mi2m (IV-48)

was obtained. Figure 19 gives the effective mass distributions

" . for various combinations of the channel. The maximum likelihood

fit for resonance production in this final state is not carried
out yet. Comparing the éffective mass distributions with the
prediction by phase space (déshed curves in Figure 19), charac-
terristic features are observed as below.

-VA salient feature observable in Fig. 19 is an identification
of the existence of a clear enhancement in the (ﬂ+ﬂ-) effective
mass distribution at

M(r 1) v 700 MeV/c? . (1V-49)
From the data for Zﬂ%ﬂ_ or 2 m m° channels, analyzed in IV-2-ii
and iii respectifely, the p meson production in

ip — p°nmim T, (IV-50)
or | | -

np —> popoﬂ+", (IV-51)
is expected to give a significént contribution, but a bump at

the position of p meson is not observed.
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The shift of the p Breit-Wigner peak toward lower mass is

145) According to their opinion

discussed by Fields and Singer
the annihilation proceeds through the formation and subsequent
chain decay of a single fireball. 1In this case the shift toward
lower mass takes place when energy conservation forbits the
‘emmision of the higher mass part of the p Breit-Wigner.
A branéhing ratio for to resonance-like enhancement at ~ 700 MeV/c2
was estimated by counting the numbers of eventé in the peak above
a dot—déshed curves in Figure 19(a), which was drawn by hand
féfering the phase—space curve (dashed curve in Figure 19(a)).
The résult is

ap — M(700)m wiwT %100 3 (IV-52)
where M(700) represents the events in the resonance-like
enhancement. It should be emphasized that the result is a rough
estimate.

Another interesting feature appears in the (ﬂ+ﬂ+ﬂ_ﬂ-) effec-

tive mass distribution giving significant peaks at

M(r*n 7)) & 1450 MeV/c? (IV-53)
and at

M n*nTnT) v 1680 MeV/c? . (IV-54)
12)
in the (1 ' n n") effective mass distribution of 2m 37  state in
the pd experiment. The mass and width of the enhancement
determined by Bettini et al. are 1410 MeV/c2 and 90 MeV/cz‘
respectively.‘ The position of the latter is consistent with g
meson whose mass and width established in the Particle Data

112)

Group are 1686 and 180 MeV/c2 respectively.




-72-

Significant deviations of (n m 7 ) and (rTr 1) effective
mass distributions from the predictions by phase space (see
Figure 19 (b),(c)) are oBserved. It seems that these deviations
are not caused by statistics, and we cannot interprgt this fact

at present.

_________________________ °_Final State
309 events for the final state
ap —> 3n 2m w° ‘ (IV-55)

were obtained. Figure 20 gives the effective mass distributions
fbr various combinations in~this channel. The distributions are
reproduced by phase space distributions (dashed curves in Fig.
20) in general except for the (ﬁ+n_ﬂ0) combinations which shows
a sharp peak due to the w meson production. The ratio of v {—

ﬂ+w_n°) production to all 67 events was estimated by counting
‘the number of events in the peak above the phase-space curve

(a dashed curve in Figure 20(d)) as

ap —> w2m w5 45 % (1IV-56)
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IV-3. p-w Interference

. . + -
The p-w interference effect in (T 7 ) mass spectra was

discussed theoretically by several authorslzo)’121), and it was’

observed in pp annihilation experiments.lzz)’lzs). Opat124)
suggested that this effect could be observable in pn annihilation
experiment by.comparing (ﬂ+ﬂ_) mass spectra in forward region
with that in backward region; the p-w interference causes
different (w+ﬂ") mass spectra in forward and in backward directions.
According to Opat's argument, pn annihilation is represented
as follows.
The operator G which has the following mapping:
Glp(a),n(b)> = |p(b),n(a)> and ,
Glmn> = nlmm> , (IV-57)
is the G-parity operator
| G=2¢C exb inIz,
where a,b denote the momentum-plus-helicity labels (5 »h),
|mn> the state of.-m pions and n = (-l)m, C denotes the particle-
antiparticle conjugation operator, and I,, the 2nd component of
isospin. The scattering matrix element between an initial pm
state and the final state f is represented as

<f£|S|p(a),n(b)> = <£|G'GS|p(a),n(b)> as G is unitary,

= <f|G'sG|p(a),n(b)> as G is conserved,

= <£|G's|p(b),n(a)> by eq. (IV-57)
If the final state |f> in the above equation is an eigenstate of
G (e. g. a final state consisted of only pionms), theh it follows

<£|s]p(a),n(b)> = n<£|S|p(b),n(a)> ,




-74-

whence, for any differential cross section do,
do (a,b) = do(b,a).
This equation means that if G-parity is conserved, angular
distributions of non-strange mesons show beam-target reversal
symmetry (i.e. forward-backward symmetry).
Consider the interference between two reactions
pn > 0°%, p© —> atnT. (IV-58)
pn — wX , — ﬁ+ﬂf, (X; anything). (IV-59)
The w decay into two pions is mediated by electromagnetic
interactions, and is G-parity violating. The overall amplitude
for the reactions (IV-58),(IV-59) is given by
Aa,b) = T(r'1730) T(0%K;p (@) (b))
+ T(r 1 50) T(wX;p(a)n(d)).  (IV-60)
Each term in eq. (IV-60) is the product of f{(or w) production and
decay amplitudes (in selfevident notations).
 Let assume X be an eigen-state of G for simplicity. Then
'remembering that np=1, n,="1 it follows that
Ab,a) = ny(T(n 77 50°)T(0 X35 (a)n (b))
| “T(r¥ 7 ;0) T(wX;5(a)n(b))). (IV-61)
A cdmparispn of eq. (IV-60) with (IV-61) shows that if the p-w
interference is constructive in the forward direction, it will
be destructive in the backward direction (and vice versa). So
integrated over all directions, the p-w interference should vanish
automatically. The amplitude T(ﬂ+ﬂ-;w); being electromagnetic
in origin, is small, so that in practice oniy p term and the p-w
interference sermi:should be.seen, if any..D.E. Caro et a1%46)tried

to find p-w interference effects in pn annihilation between
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0.40-0.92 GeV/c. They found that; plotting the difference
between the numbers of 4w events with forward dipions (F) and with
backward dipions (B) in c.m.s. as a function of m(ﬂ+ﬂ-), sﬁch an
effect is not observed. However, dividing each hemisphere into
two parts by a cut at [cos 8] = 0.5, where 6 is an angle between
the incident p and the dipion system, the same plot showed
anomalies at the position of the w mass with 2 standard deviations
((F-B) < 0 for the events of |[cos 6] > 0.5 and (F-B) > 0 for

those of |cos 6] < 0.5).

The discussion in IV-3-i for pn system is also applicable
vto np system without any change since the relation ‘

Gln(a),p(b)> = [a(b),p(a)> , (IV-62)
holds for np system. ‘

To search for the p-w interference effect in np annihilation,
effective mass distributions for dipion system are taken for
forward region (angle between incident n and dipion system emitted
is less than 90° in the production c.m.) and for backward one
_separately. Figure 21 shows the (n+n_) mass spectra of (v+w')
system in the forward region (solid linmes) and in the backward
region (dashed lines) in the production c.m.s. for each of the
final states. Striking features observed in this figure are:

Feature i) For 2n w n® samples the enhancement at the

position of w mass in the forward region,and dis-
appearance of.it at the same position in the backward

region are observed clearly.

- Feature ii) For 3n o samples the above effect is 1less
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. + - + -0
conspicuous, and for 2m 7™ and 3T 2W™ T~ cases

statistics is too poor to draw a definite
conclusion.

- Figure 22 shows thé same distributions for (ﬁ+ﬂo) and (W+ﬂt)

mass spectra of 2ﬁ+w_ﬂ° samples. Since these combinations do

not include the G-parity violation process, w —> 7 7 , the mass
spectra should show forward-backward symmetric distributions.

In fact, this point is fulfilled within the statistical errors

as seen in Figure 22. We deduced that Feature i) is of high
statistical significance with 99.7 $% confidenceilevel (3 standard

deviations).

To study more details for the structure appearing on the
mass spectra of 2ntn n® samples, a distribution of the production
angie cos 8 of (n'm°) system with respect to the incident n in
c. m. s. was taken as given in Figure 23. The samples in Figure
23 were divided into two parts by a cut at |cos 6|= 0.5, and the
(ﬂ+ﬁ_) mass spectra for each part were plotted‘with the same way
as done above. Plots, thus obtained for samples of lcos 8] >0.5
and for those of |cos 8| < 0.5 separately, are given in Figure24.
It seems from this figure that the structure at the w position is
more pronounced for the samples of |cos 6| > 0.5 than for those
of |cos GI < 0.5.. Change bf sign of the quantity (F—B) at the

w p051t10n between the two parts, which was observed in the pn

case as mentloned in Section IV-3-i. is not probable in the present

case.
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We have tried to reproduce the Feature i) by a formula of
the type ' p+ w + p-w interference + phase:.space ' as follows.
Taking eqs. (IV-60),(IV-61) into consideration, we used the

122) and fitted the form:

formalism of W. W. M. Allison et al,
dN/dm = dN/dm(forward) + dN/dm(backward), (IV-63)
to the (ﬂ+ﬂ—)‘histograms in the forward region and in the backward
region simultaneously. Each of the terms in eq. (IV-63) is:
s 22 nw 2 L a2 2 . iy *
dN/dm(fo?ward):— o BW " + Ap BWp + ZaAwApRe(e BWwBWp)

+ B*PS ,

W
+ BePS,

dN/dm(backward)= A2 BW 2 + A2 BW 2 - 20A A Re(elVBW BW)
W o] o] w P w p

' . . + -5
where N and m are a number of combinations and {m 7 ) mass
respectively, and PS is a phase-space factor normalized to 1.

BWw and BWp are Breit-Wigner amplitudes for the w and p :

BW = /T /((mZ-m?)-im I ) , BW = /Tp/((mg-mz)-imprp)
where values mw=784, r, =10, mp=770 and Fd=146 in MeV/cz_were usgd,
and T, is the mass-dependent width for the p : T, = Io(m, /m)(Q/qp)S.
Parameters to be obtained by fitting are magnitude of the w
amplitude:Aw, magnitude of the p amplitude:Ap, coherence factor:
o, relative phasé-between w pnd p amplitudes:y, measure for
phase-space factor:B. Results are:

A =0.35£0.03, Ap=0.95¢0.19,a=0.7510.33, w=1.23i1.55,

B=420£30 with x°= 86 (np=61). | (IV-64)
Fitted curves with the above values of the parameters are given

in Figure 25 by solid curves for (ﬂ*ﬂ—) mass spectra of 2m 7 12

samples
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in the forward region (Fig.25(a)) and in the backward region

(Fig.25(b)).

To check the influence due to the contaminations of
multineutrals over the structure appearing on the mass spectra
of 2n n n° samples, we have done the following procedure: |

i) We assume that the above-mentioned multineutrals are

' mostly due to 2ﬂ+n-2ﬂ°events and furthermqre (ﬂ+ﬂ_)

mass spectra of such events show the same behavior as
- those of 3ﬂ+2ﬂ'_samp1es (see Figure 21(c)).

'ii) We take away 40 % of combinations from the mass spectra
of the forward (backward) region of VL REE samples
with the shape of (W+ﬂ_) mass sﬁectra in the forward
(backward) region of 3m 2n  samples.

iii) For the spectra of 2t sapmles, thus obtained, we
try fitting the form of eq. (IV-63).

Results of such fit are; Aw=0.3810.13, Ap=0;8110.08,
0=0.75£0.33,=1.26+0.84, B=173.2420.04 with x’=175(np=61),
which are not far from thosé in (IV-64) in essence. TFigure 26

gives curves obtained by this fit. The method, employed here,

1 3 £ A o~ a4 3 1T+v h
may be unable to dermi the values of A, @ and ¥ uniquely by

hY
LY

o
o

the following reason. The structure at the w mass is reproduced

- by A,» o and ¢ seentially, whereas we haveabout two data points

for it. To determine the value of the phase ¥, data points giving
the spectra within w width Tm should be provided, since a structure
within Pw is represented by two tefms proportional to Awasinw and
Awacosw which show different behavior as a function of the-(n+ﬂ_)

mass.
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IV-4. CEA Model and ﬁp Annihilation

............

43),44)

------------------------

The_CtA model modified by Vaissiere in order to include
the resonance ﬁroduction in ﬁp annihilation is applied to np
annihilation as follows. Let's take a multiperipheral diagram»

"with n particles (pions or resonances) indexed upward from 1 to ‘

n as shown in Figure 1(b), -

each pair is characterized by 2 invariants;

a sub energy s; = (pi+pi+1)2—(mi+mi+1)2 (IV-65)
the quadri-momentum transfer squared to the nucleon
i ,
ti=(pp' Z p.) ’ (IV-66)
=1 |

where p;, m,

; are the quadri-momentum and the mass of the i-th

particle. The formula for the amplitude of the graph k is

s.+b
MSF T g(s ) (A — C) o (g2, v-67)

i
which is slightly different from the usual formula of the original
one by Chan Hong-Mo et al85 (see eq.(II-16)). The meaning of most
parameters is unchanged,
a is an energy scale factor which limits the contribution of
low- and high-energyvregion.
by is related to the residue of the pole exchanged between
.particles i and i+1l. In the model by Vaissiere an
assumption was made for the Value;of b;.
_ e(ti) describes the ty dependence of the amplitude. ‘This
function is equiyalent to Bt, if ts is small(>0). On the

other hand if one neglects the exchange of A7 trajectory,
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it is imposible to have a significant amplitude for large negative
values of t; (emission of pions backward) unless the value of
parameter'bi is taken large (around 3 (GeV)Z). In this model,
putting a small value to bs, Bti is replaced by the function
| e(t) = exp(bt-vyt?) -1 for t<0. (1V-68)
o, and B are the intercept and slope of the exchanged nucleon
trajectoty respectively. | |
gi(si) is the coupling constant depending on the nature of
particles i, i+l and of their relative energy si}
F is the factor directly related to coupling constants at the
external vertices.
The above-mentioned parameters, used in the fit to np annihilation
data, are fixed by the values of Vaissiere's usage as given in
Table 9(a).
b) Coupling Constants
In the high-energy limit the coupling constant g; is
connected to the individual coupling constants Gj» Gjyq of a

meson thrdugh the nucleon trajectory by
g;= /G;EZ:I ) (IV-69)

This expression determines the overall coupling constant which is
a product of all Gi in the very high-energy limit (all the si>>a)
as described below. '

"It is assumed that the vertex constant G decreases with
masé m of meson. This hypothesis is supported44) by the fact
that; i) primary pions are produced at much higher rate than

resonances, ii) when the mass increases resonances are more and

more difficult to observe. A suitable expression for G is the
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exponential decrease

G =HD, . exp(-m/M) , (IV-70)

I,Iy

where'DI’IZ is the Clebsch-Gordan coefficéent connecting the
isosopin state I, IZ of the meson and that of coupled nucleon-
antinucleon pair, M0 is the nucleon mass, and H, a parameter to
be adjusted. |
In the low-energy limit the amplitude for nucleon-antinucleon
state giving two mesons with no relative kinetic energy is given
by c; - A crude dependence on the nature of the two consecutive
mesbns is assumed by putting
c; = DA, (1v-71)
where D' is the isospin amplitude for the process
NN —> two consecutive mesons. (IV-72)
c is a numerical factor &hich gives less weight to pairs
including 0 or 1 pion. A is smaller than 1 and n is the number
of mesons other than pions.
The formulation for gi(si) is
gi(s;) = —————giz? i (IV-73)
i+a
All the functions gi(si) are described with four parameters H,

M_, A, ¢ which are given in Table 9(a), and numerical values of

(38
g; and c; are in Table 9(b).
The factor F is introduced to give the similar weight to

the external coupling as to the internal ones;

, F = »/GlGn . ‘ (Iv-74)
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¢) Generation of Weighted Bvents

Since it is known that the A*" trajectory is weaker in
coupiing strehgth than the nucleon trajectory by about one order
of magnitudelzs), it is neglected.Then in the first épproximation,
pions coupling to external vertices must be m° (coupling p ——9p“0)
or m" (coupling p ——>nﬂ+), having the baryon's charge. Therefore
one can see that the following rules must be held in drawing the
contributing diagrams; i) the ﬁi must alternate,ii) the m° may
occupy any position, iii) the charged pions closest to the
external vertices must have the charge of the incoming baryon.
These rules must be held in the case of resonance couplings too.

Since the CLA model gives no information about the phase,
the squared matrix element for a given intermediate channel
v, IMVIZ, is obtained by adding the squares of the amplitudes of

all possible diagrams,

2 _ 2 )
IMVI = i lAkl . (IV-75)

The effective'weight P, of the channel is, according to the Fermi

rule, the product

P, = M |%ps (IV-76)

v v
where PS, is the statistical phase space relative to the channel. -
The overall weight is obtained by summing over all channels:

W= %P . : (IV-77)
'V' .

For resonance production, normalized Breit-Wigner function

BW(m,mp,T) = = L (1IV-78)
| T (m-mp) “+r /4

is used at each diagram. The parameters of resonances considered
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here are given in Table 9(c).
All calculations are carried out by using the Monte Carlo

116),117) Being given the set of parameters, the

program FOWL.
total weight is calculated for each generated event. All the
distributions obtained by the FOWL are histog?amed with the same
cuts as the experimental results. In Appendix B the procedure

for phase-space calcultion by the FOWL is described in detail.

With the above-mentioned method,events of np annihilation‘
are generated which are weighted by the squared amplitude of the
CLA model. Only 3- and 4-pion final states are considered here,
since it is expected that a multi-peripheral component debreases
with increasing the multiplicity and furthermore a number of
contributing graphs increases rapidly with increasing the multi-

© state is described by 65 graphs

 plicity (for example 3m 21w
under the'consideration of p and w mesons). Comparisons of the
model with the experimental data is focussed on three subjects;
i) effective mass distribution and resonance productibn, ii) angu-

lar correlations, iii) single-particle distribution.

a) 2r'm" Final State

Inspecting the (ﬂ+ﬁ') effective mass distribution (see
Figure 29)), the following channels are included in the calculation

of the matrix elements;

ap — 2w, (IV-78)
ap — %1t . (IV-79)
ap —  fr _ (IV-80)

ap — gnt . (IV-81)
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All graphs contributing are shown in Figure 27. The weight
for each event is calculated by the incoherent sum of the squared
amplitude for each graph in which the effect due to Bose statis-
tics is taken into account. The predictions are given for the
effective mass distributions (Figure 29), opening‘angle distribu-
tions between two outgoing pions (Figure 30) by solid curves, and
for single-particle distributions (cos gcm: Fig. 33, PT: Fig. 34,
|P|: Fig. 35) by dashed curves.

In the 2K+N— case, statistics is poor, hence it is difficult
to make a quantitative discussion. It seems that the resonance
produétions are well represented qualitatively by this model.

b) 2n w 1° Final State

The effective mass distributions (Figure 31) show a strongly
produced p , while f and w are produced weakly. The following

channels are included in the calculation of the weight

ap ——>2n w w°, (1V-82)
ap —> pimim, (IV-83)
np -——9'poﬁ+ﬂo, (1Iv-84) -
np —> p 2m , (IV-85)
ip — 0 0° , (IV-86)
ap —fr 7 (IV-87)
np —>fp , B (IV-88)
ap  —swm . ' . (1Iv-89)

All diagrams for the above channels are given_in Figure 28.
In calculating the weight, the width of w is kept at the measured
value instead of that given in the Particle Data Group.

The effect due to Bose statistics is also taken into account.

36,000 events were generated by the FOWL with the weight for the
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diagrams in the Fig. 28. The predictions are given for the
effective mass distributions (Figure 31) and opening angles
(Figure 32) by solid curves, and for single-particle distributions
(Figures 33, 34, 35) by dashed curves.

| The data not only for the single-particle distributions but
also for the two-particle correlations (effective mass and open-
ing angle) éré well reproduced by this model. This fact may
throw 1light on the production mechanism of resonances in annihi-

lation processes.
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IV-5. Single Particle Distribution of Pions

The distributions of the angles between (ﬂ+ or T or ﬂo)
and the incident antineutron in the production center-of-mass(CM)
are given in Figure 33 for 2n'wm , 2n n n°, 31 2r°, and ant 2m wO
final states. The solid curve ih each figure shows the phase
space distribution obtaiﬁed by the Monte Carlo program FOWL.
For the 2n'n  and 27w 7° final states, the predictions by the
CLA model (see IV-4) are also given in_these figures (dashed
curves), where the resonance productions are taken into account.
In these Figs. both collimétion effect (tendency of the pions to
v be emmited at small angles) and asymmetry effect (tendency of
the pions to follow the line of flight of the baryon with the
same charge) are very weak. Table 10 contains the_collimatioh
and asymmetry coefficients defined respectively as

(P-E)/(P+E), ' (1v-90)

c

A (F-B)/(E+B), ) S (Iv-91)

where P is the number of pions with |cos@| > 0.5, E the number
of pions with |cos8| < 0.5, F the number of pions with cos® > 0,
B the number of-pions with cosf® < 0 (8 being the angle between
the (ﬁ+,ﬂ_,ﬂo) and the antineutron in the production CM).

Small values of C's and A's, thus obtained, imply :that the
_ﬂp énn;hilation at the present energy takes place mostly through
statistical mechanism.

124) suggested that, if G-parity conserves in np annihi-

Opat
lation each distribution of production angles for ﬁ+,ﬂ— and m°

shows forward-backward symmetry in the production CM.. It is
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explained in IV-3 in detail. The coefficients A for 7" and T
in Table 10 do not show any significant deviation from zero, ﬁhile
those for n° are far from zero (see Table 10 tdo). '

Such asymmetry for neutral pions was also observed in pn

146)

annihilation below 1 GeV/c. These asymmetries may be caused

by contamination due to multi-n° final states.

Figure 34 gives spectra of the transverse momentum of pions
and spectra of absolute values of the momentum are given in Figure
35. The solid and dashed curves inveach figuré give the distri-
butions by phase space and those predicted by the CEA model43)’44)
respectively. The spectra for w+, 7" and ©° show the.same behavior

and they can be well described by a statistical picture.
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IV-6. Bose-Einstein Statistics

Figures 42 through 45 show the distributions of the dipion

angles in the production CM for different pion charge combinations

o (o}

in 2n7n7, 2n%nm®, 3% 2n7, 3rt2n 7m0 final states. Significant
deviations of the distributions for like-charge pair from the
distributions of phase space (dashed curves) are evident, while
those for unlike-charge paif are rather close to the phase space
ones.. :This effect, the distributions of the opening ahgles of
like-charge pair are different from those of unlike-charge one,
.was first observed by Goldhaber et a1.126) (GGLP effect) and was
'confifmed by later experiments in pp annihilation into pions.

To measure the deviations from the phase space predictions,

‘a correlation parameter Yy is defined as

number of pion pairs with opening angle>90°
12} ) <90°

(IV-92)

Values of y's for various charge pairs of pions are tabulated in

Table 11 together with the prédictions by phase space.

A possible explanation for the GGLP effect is to introduce

Bose-Einstein statistics into the annihilation process as suggested

46)

originally by'Goldhaber et al., where phase space distributions

are modified by a correlation function (Bose-Einstein symmetri-
zation function) for like-charge pions as follows.

The correlation function for two like-charge pions (1,2) is4§)
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A x

y (1,2)=1+e 12 , (IV-93)

where
Xy, =(P;-P,) % (0 -w,)? (1V-94)
12 17520 07920

and that for three like-charge pions (1,2,3) is given by127)

¥ (i,2,3)=1+e’AAP%2+e-KAP%3+e-AAP§3+
Ze-l/zx(AP§2+Apf3+AP§3) , (IV-95)
where.
w3y = Ipg-pyl® (1V-96)

In egs. (IV-93)-(1IV-96), Pi and w; are the momentum vector and
energy of the i-th pion in the CM system respectively, and X is
interpreted as representing the size of an interaction volume.

The factor A is defined a526)

A =(p/2.15)2 = 6.15(GeV)

where 3/4 h/m“c(3/4‘pion Compton wave length) was taken as the
radius p of the interaction volume. When the pions 1,2 and 3 have
the same sign of charge and the pions 4,5 have the opposite sign,

for example, the overall correlation function is ¢(1,2,3)x¢(4,5).

IV-6-iii. Description of the Data

The phase space distributions for np annihilation are modi-
fied by putting the weight (correlation function) due to the Bose-
Einstein statistics. Events were generated with the weight for
each final state of the ﬁp'annihilation using the FOWL. The solid
curve in‘each figure of 42-45 is that obtained by this method.

The correlation coefficients y predicted by the Bose-Einstein

statistics are given in Table 11.
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Figure 46 shows the values of Y plotted against the total
charge Q of the pion pair obtained for each final state, in which
the dashed line and the solid one represent the predictions by
phase space and by the Bose-Einstein statistics respectively {the
predictions are connected by the linés in this figure to guide
eyes). One can see from Figs. 42-46 that the introduction of
the Bose-Einstein statistics improves the description of the data
in general. In this analysis, resonance productions were not
taken into account which might cause the discrebancies as seen in

Figs.42-46 for non-exotic channels.

Rubinstein had given qualitative predictions such that; in
all processes where there are two-bddy exotic channels and -"none
or at most one neutral pion, threshold-like enhancement in the
eiotic channels (ﬂ+ﬂ+, or T ™ combination in the present qase)
and resonance-like peaks near the prominent resonances should
appear in the effective méss distributions.so) According to ‘
Rubinstein's opinion, these effects are caused by duality mecha-

nism, and should disappear as a function of increasing the number

t
£
.
&
£
3
(¢}

buting. The above-mentioned threshold-like enhancement is analo-
gous to the GGLP effect since the effective mass m and opening

angle 8 of a pair of pions (1,2) are related by

v 2 12 52
m =NJUu1+w2) —Pl—P2—2P1P2cos e, (Iv-97)

where Wy,0y and Pl’ P, are energies and absolute values of the

momenta respectively. The effect should appear more strongly in
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2n'n” and 37%27” final states of np annihilation since these
states are fully charged modes. The effectiye mass distributions
for exotic combinations of the various final states are given in
Figs. 36-41 together with the predictions by phase space (dashed
curve) and Bose-Einstein statistics (solid curve). Systematic
shifts of the effective mass to low-mass region with respect to
the phase spaée are observable in these figures in common. But
it is not possible tQ make quantitative discussion on the
prinstein's standpoint for the pfesent data, because the statis-
tics is not enough and furthermore combinational béckground may

mask the underlying dynamics with increasing multiplicity.
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IV-7. Analysis Using Multiparticle Variables

1V-7-i. Choice_of Variables

The search for kinematical variables which would be sensitive
to the dynamics of multiparticle production is important to inves-
tigate strong‘interactions. Alexander et 31.45) had constructed
multiparticle variables in suéh a way as to be ﬁore sensitive to
the expected underlying dynamical picture. They had analyzed pp
annihilation at 7 GeV/c using the variables and foﬁnd some
characteristics due to multiperipheral mechanism. The Alexander's
mefhod is empioyed for np annihilation in this section.

The vériables are constructed out of two kinematical quan-
tities, the transverse momentum Pr i and the CM rapidity
yi=0.5 1n((Eipri)/(Ei—pLi)) associated with the i th outgoing
particle of an event (Ei and py; are the CM energy and 1ongitudina1
momentum). The othér two quantities entering into the calculation
are charge a; of the i th particle and its'ordering according to
rapidity among the final particles.

The variableé employed here are those related to the multi-
ﬁarticle picture of high-energy strong interactions. 1In this
kind of picture the production mechanism is described by a'diagram
of the type shown in Figure 47. The ordering of the outgoing
particle is given by the value of a kinematical quantity such as
rapidity, which is adbpted in the present work. v

Conservation laws at each vertex in the diagram of Figure 47
allow one to calculate the charge Ao x and transverse momentum
Eex exchanged in the j th rung of the multiperipheral ladder,

that is
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g . % > Iv-98
Pex < P o ( )

ex 4.4 Ti

3 j

J = - v - .
dex ~ 9a E 4 (1V-99)

where q, is the charge of the incoming particle A.  From these

exchange quantities the following variables are built;

P '—Viil 133 ] IV-100)
Tex .-, 'Pex! » (
- 3_1
and
U lad | - (IV-101)
Qex = . 1 Qex! »
J=

where v-1 is the number of rungs in the diagram.

These variables are related to the multiperipheral picture
of hadron interactions where the‘exchanged objects are believed
to carry small pgx and qu valués. Alexander et al. pointed out
that the multiparticle variables , evaluated event by event, elimi-
nated the combinational background at least.in part, which was
introduced by the presence of identical particles in the final

state and expected to mask the underlying properties in the

" 1nteraction.
TV_7_134 Tha Amaliuoctcec Lam e Nao+a
T l_tte_iUv Nlalysio UL _uUp bata

The experimental distributions of the multiparticle variables

o} (o}

P 7., and Qex are evaluated for 2n'n™, 2n*n™n®, 3n¥2n", and 3nt2nw

final states. The same quantities for phase space are calculated |
using the Monte Carlo program FOWL and are compared with those
of experimehtal data as follows.

Distributions of R, the ratio of Qéx of the data to that of

phase space, and those of P ox 2T€ given in Figs. 48 and 49
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respectively. The solid curves in Fig. 49 are the phase-space
distributions.

These figures show that the distributions for the final
states of various multiplicities are consistent with the phase
space distributions. This fact suggests that the contribution
of multiperipheral mechanism to np annihilation at the present
energy does not differ from that of phase spaée. Qex and PTex
of the 2’1 data deviate slightly from the phase space foward the
lower values. This feature may be caused by multiperiﬁheral

component with small amount.
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IV-8. Analysis of np —> ANk Reaction by Dual Model

The reaction

np —> 2n'm (IV-102)

can be regarded as a decay process of a heavy particle made of
np of the initial state decaying into 2m'm~ state. Therefore the
amplitude to describe the reaction (IV-102) is related to the

reaction
T — gts (IV-103)
by the line reversal, where S represents the heavy particle of
spin S, isospin 1.
The amplitude A(s,t) satisfying'the_duality for the reaction
(Iv-104)

+ - + =
T ~—> T,

is given by 128)

' A(s,t) = D(L=3(s)Ir(1-a(t)) (IV-105)
r(l-a(s)-a(t))

where T'(z) is the I' function, a(t) the single exchange degenerated
trajectory of the Regge expole (ap(t)=af(t)=q +a't), and s, t are
the Mandelstam variahles. The amplitude (IV-105) has the following
properties;
a) it is analytic,
b) it has Regge asymptotic behavior for s —sw determined
by a(t),
€) it has resonance poles of zero width at positions deter-
mined by a(s). v
The pole structure of_A(s,t) on the (s,t) plane is shown in Fig.

50. The curve drawn in this figure at s>0, t>0 region is the
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boundary for the reaction (IV-102) at 0.65 GeV/c. Inspection of
"the Figure 50 leads to the following consideration.

The poles at a(s)=n, o(t)=m (n, m =1,2,...) may coincide in
the region s>0, t>0, which is outside of the physical region of
the scattering process (IV-104). No double pole appears, however,
since the amplitude A(s,t) vanishes on the lines a(s)+o(t)=n,
(n=1,2,...), so that the double poles of the numerator are reduced

'to a single pole of A(s,t) only. The poles at a(s)=n lie on the
real axis(a(s) is real) and these correspond to resonances of
zero width. Phenomenologically, finite-width resonances are
introduced into the amplitude by adding an imaginary part to a(s);
u(s)=ao +0o's + 1 Ima(s) . (Iv-106)
Lovelace had analyzed the Dalitz plot of the annihilation
process “
pn —s 2n m (IV-107)
by the dual amplitude for wm scattering. In this case pn state
is assumed to have the same quantum number as pion under considera-

tion of the incident energy (at rest), and the amplitude employed

is

A(s,t) = (0.885(s,t)-0.034)glll=a(s))TA-a(t))  (ry_108)

I'(2-a(s)-a(t))

with _

‘a(s)=0.483 + 0.885s + iO.281/5-4m§ . tIV—109)
The distribution of events on the s=M§+ﬂi versus t=M§+”é Dalitz
plot is then given by '

2%, |A(s,t) |2 . (IV-110)

9tos

Fig. 51(a) shows the Dalitz plot for the reaction (IV-107)
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at rest together with the prediction by the dual amplitude
(Lovelace's method). One can see immediately that the experimental
distribution is very much similar to that of the dual model as
expected on the basis of Figure 50. The events concentrated at
a(s)=1, a(t)=1; p band, and a(s)=2, a(t)=2;‘f band, and furthermore
there is a hole in the middle corresponding to the line
a(s)+a(t)=3. In fact this hole is so deep and the depletion of
events along the lines a(s)+a(t)=2 or 4 is so much weak that a
fit to the data will require an additional line of zeros at

a(s)+u(t)=3.

' Fig. 51 gives the Dalitz plot for the reaction (IV-102) at
0.65 CeV/c based on 90 events (the present ekperiment) together
with those of the reaction (IV-107) at restzg) and at 1.2 GeV/czz).
np state is related to pn state by the CP conjugation, therefore
the distribution of np data is expected to show a similar behavior
to that of pn data. Figure 51(b) shows that; in spite of pdor
‘statistics, the np Dalitz plot seems to have a hole at s = t = 1
(GeV/cZ)Z and gives the concentration of events at both ¢ and f
bands which are observed commonly at the pn Dalitz plotvat rest
(Figure 51(a) and at 1.2 GeV/c (Figure 51(c)). The above-mentioned
structure is consistent with the one expected on the basis of
Figure 50, that is, concentration of events at a(s)=1, a(t)=1;
a(s)=2, a(t)=2, and depletion of events corresponding to the line

a(s)+a(t)=3. More detailed structure is not obvious.
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A phenomenological approach for the reaction (IV-102) is
made in this section considering each JP state of the initial'
states of np system. The JP values of such states can be grouped
in the two sequences;

a) normal parity: JP‘= 2+, 4+,...

b) abnormal parity: JF = 07,1, 2, 3,

Regarding the np system as being a certain JP state, the density
of the Dalitz plot can be deduced from the amplitude for the
reaction (IV-103).

Goebel et a1.129)

applied the Veneziano model to the reaction
(IV-103), namely, 77 scattering with arbitrary-spin particle in
the final state. Bettini et a1.22) analyzed the Dalitz plot of
the reaction (IV-107) at 1.2 GeV/c based on 818 events following
the Goebel's method. Assuming JP value of pn system as given in
the above two sequences (up to G waves of pn angular momentum),
Bettini et al. obtained qualitative agreement of the data with
the prediction by the 2t amplitudé. The 2° amplitude is
P(Z-ap(s))r(l—ap(t))

A, - wigd+pidh-a T,
r(3-a_(s)-ag (1)) R —

(IV-111)
with_ﬂ_ B &
ap(s)=0.65+0.84s+10.26‘Vs-4m§', (IV-112)

where s=M?+ - and t=M2+ - , p, and p, are the negative pions'
m ™, 1 2

m

1
momenta in the CM, q=p, x py and (16192) indicates the second
term obtained from the first one by interchanging particles 1

and 2.
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The amplitude (IV-111) is employed together with the trajec-
tbry (IV-112) for the np annihilation at 0.65 GeV/c to describe
the Dalitz plot. The density on the Dalitz plot by the amplitude
is calculated using the Monte Carlo program FOWL. The contours
on the Dalitz plot in Figure 52(a) are the predictions by the
above amplitude and the solid curves on the projected histograms
are also the pfedictions by it (dashed curves are the phase space
distributions). It is not possiblevto make a quantitative discus-
sion on’the Figure 52 because of the poor statistics, but the
structure appearing on the Dalitz plot is consistent with that

predicted by the 2t amplitude.
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IV-9. Inclusive Analysis

We picked up np events with >3 prongs on a scanning table
as mentioned in Section III. Therefore inclusive analyses are
not applicable for the annihilation process for lack of 1 prong
events in the striﬁt senée of the word. However we have done
the analyses for the np annihilation in this section by the
following reason; a rate of the 1 prong events to the total of
the annihilation is predictable asrw 15% based on the data of pd
experiment518)21) (v15%) and on the prediction'by the Orfanidis
Rittenberg model (17%), which is rather small, and furthermore‘
such events have only one charged track. We believe that results of
:the analyses give good information to investigate the annihi-
lation process.

In the framework of the Hagedorn mode1,47) the primary
annihilation process can be treated as a fireball of mass equal
to the CM energy, which decays into successive fireballs and/or
resonances until the final multipion state is reached. The
fireball system is described by the statistical thermodynamics
of an unlimited and undetermined number of more or less excited
hadrons, in which an idea of the highest temperature (indépendent
of the actual number of particle) is introduced (éee I1-2-v).

The highest temperature can be determined by fitting the
exponential type formula to the data of the transverse momentum
distribution as follows.

Concerning to the transverse momentum spectrum P, there

are two different types of the distribution from thermodynamical
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aspect, that is, Hagedorn distribution and Boltzmann one;130)’131)
N(pp)dp, = NopT3/2 e Pr/T dpy (Hagedorn), (IV-113)
N(pp)dpy = Nopp e PT/"  dpy (Boltzmamn) (IV-114)

where N(pT)de represents a number of particles of P within the

interval de, N_ is a constant for normalization, T represents

o
the highest temperature (Hagedorn temperature) and o being a
parameter. A question then arises which of the two types of the
distribution (IV-113),(IV-114) i§ more adequate to account for

_ éxperimental data.

Figs. 53(a), (b), and (c) give the inclusive spectra of
transverse momenta of T, T énd both of them in the np annihila-
tion at 0.65 GeV/c respectively. Solid and dashed cufves‘in
these figures are those obtained by fitting the distributions of
Hagedorn type (IV-113) and Boltzmann type. (IV-114) for the data
‘respectively. xz value for each fitting is summarized in Table
‘12 together with the highest temperatures thus obtained.

The highest temperatures for ﬂ+, T, and.both of them are .
in good agreement and furthermore they are not far away from the

value expected in the Hagedorn's thermodynamical model for strong

interactions (v130 MeV).

34)

Rittenberg and Rubinstein proposed an inclusive analysis

. of pn annihilation to study the questions of duality and background
correlation to exotic states. They considered the forward
amplitude of the scattering of a spinless particle(A) on a spinless

particle (B) (their masses being ma and my respectively such that
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ma>mb) below threshold. The discontinuity of the scattering

amplitude is then related through unitarity to the decay process
A —> B + anything. (1IV-115)

The Lorentz invariant differential cross section for particle B

can be written as

3 . 2 2
Ebdc/d pBNDlscS(A(s,t=0,u=2ma +2mb -s)), (IV—116)

with s=(ﬁA+pB)2, which is the equivalent formula to the Maller
expressionlsz) for an inclusive scattering process. »
Assuming the amplitude ‘
| A(s,t,u)=B(s,t)+B(t,u)+B(u,s)," (IV-117)
as suggested by duality,
Disc_ (A(s,t=0,u=2n% +2mZ -5))=5(s)+u(s),
| (Iv-118)
where
S(s)=DiscB(s,t), U(s)=DiscB(u,s). (IV-119)
Parametrization of the S(s) term below threshold by means of
.Regge poles is made considering duality and saturation with a

few Regge poles as

S(s)= T Bisqico). (1V-120)
1 ;

The trajectories a; have quantum numbers of the AA and BB systems
and include the Pomeron.

Following to the above consideration and assuming that np
annihilation broceeds via a small number of direct channel
resonances, the pion spectrum of the reaction

fip —> m° + anything , (IV-121)

is related to the forward ampiitude of the scattering
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A+ nt —> A+ “;, A=(np) system, (IV-122)
since the above discussion is available even if the annihilation
takes place via higher spin states of s-channel or in flight.
The only one restriction is that the np state should be through
direct channel resonances. Neglecting the contribution of U(s)
in eq. (IV-118), the invariant cross sections of the inclusive
process (IV-121) in flight are given by

do?/amlat = T B, (1) Mm% (8 (IV-123)

i

where the variables are the missing mass squared Mz, which
corresponds to the variable s in eqs. (IV-116)-(IV-120)), and
the moméntum transfer t between the incident n and each pion of
a specific charge. The sum should be made over the relevant
Regge trajectories as that can be exchanged between the np system
and the pion (see‘scattering (Iv-122)) with suitable residue
functions Bi(t). |

» Looking at the m spectrum in (IV-121), the crossed channel
S (IV-122) is exotic,vhence the only possible trajectory is the
(by duality) Pomeron, and the cross section(IV—12$) becomes

do?/am?dt = 6 (t)M2. (IV-124)
In the ﬂ+ case more terms being expected to contribute to the
sﬁm in eq. (IV-123). Then one can expect a differencelbetween
the spectra of m  and 7 .

Figure 54 gives the spectra of ﬂ+(CIOSS mark) and m (closed
circle) against M2 for various t intervals, and Figure 55 (a) gives
the same quantity for overall t region. It is obvious that the

speétra of m° and 7 behave similarly in these figures. The data
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in Figure'SS(a),M2 distribution for overall t, are used
in fitting the formula

aN/amM? =xM%)%, (N: number of pions), (IV-125)
to the spectra of ﬂ+, and 7, where K and o are left to be ffee

‘parameter. The a's obtained for " and T are

1.99 + 0.07, ' (IV-126)

Q
[}

o™ = 2.03 % 0.10. (IV-127)

The above two results are in good agreement and are unrealistic
for any Regge trajectory, whereas they reproduce the data fairly
well (see the_dotted curvé in Figure 55(a).Inbconc1usion, the
predictions by Rittenberg and Rubinstein are in disagreement with
the present data. The inclusive analysis of pn annihilation at
rest17) and at 1.0-1.6 GeV/cZS) had been performed in the similar
way of the above-mentioned method, and the both results show.also
disagreement with the predictions by Rittenberg and Rubinstein.
‘One of the causes of the disagreement may be that the value of
missing mass squared M2 kinamatically allowed is too low to test
the model.‘

A statistical approach is made for the inclusive process
(IV-121) with the Orfani '
is explained in Appendix A. The branching ratios of

np —> 1ﬂ+(1;1)ﬁ_mn°,(l,m; positive integer), (Iv-128)
for various (1,m) values were calculated following the OR model.
The ratios thus obtained are given in'Table 13. The evenfs with
fixed 1,m are generated without appealihg to any dynamical
property by the FOWL, and histograms for the missing mass squared

are taken at the same time in a similar way of the inclusive
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analysis. Then the histograms for each (1,m) set are added
according to the predicted rates in Table 13. The spectra,
thus obtained,‘for m° and m show the same behavior, which are
given in Fig.55(a) by a solid curve. It reproduces the data
well except the highest t region. ‘ |

Since we did not use the nofit events obtained at Bombay in
the present analysis, which corresponded to "33 % of all >3-prong
events, we chacked the missing-mass spectra for 7 and ﬂ-.of
nofit events within Tokyo and Neuchatel data as follows.
Figure 55(b) gives the missing-mass spectra for the nofit events.
It seems from this figure that 7% and 7~ do not give any signifi-
cant difference between their missing-mass spectra . We tried
fitting the form of eq.(IV-125) to tﬁese spectra, and obtained

the best-fit values for a as

=]
]

1.50%0.01, - (IV-128)

1.56-0.01. (IV-129)

Q
]

Both of them are unrealistic for any Regge trajectory. A dotted
curve in Fig.55(b) showes the one drawn with a =1.50 . With
the above consideration we conclude that the result obfained in -
this section dose not éhange in essence even if the nofit events

at Bombay are supplied later.
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IV-10. Energy Dependence of np Annihilation
| Only nucleon antinucleon interactions provide the way to
form mesons in the laboratory, besides ee” collisions which
couple exclusively to JP=1_ state. There are obvious quantum
numbér restrictions on nucleon-antinucleon system, namely,
strangeness=0, isospin=0>or 1 or mixture of them, and the mass
being greater than two nucleon masses.

A 1ot of experiments had been carried out to search for
high-mass mesons in nucleon antinucleon interactions. A review

on the formation expefiments is given by Astbury58).

133)meatsured the total cross sections

Recént1y>Carr011 et al.
of pp and pd reactions between 0.36 and 1.05 GeV/c by electronic
counter technique, and observed resonance like structures in the
both cross sections at almost the same momenta. Their result is
that; the enhancement observed in pp total cross sections
corresponds to the effective mass 1932 GeV/cz, the width is 9
MeV/cZ, and it seems to be isospin=1 probably.

We have tried to search for such a signal‘as found by Carroll
et.,al. in np reactions as-follows.

Figure 56 gives distributions of events of np annihilation
‘in our experiment Qith respect to the total energy of np system.
The same distributions for odd-pion final state (Fig. 56(b)) and
even-pion one (Fig. 56(c)) are also given. A position of the

133) is indicated by arrows

enhancement observed by Carroll et al.
in Fig. 56. The normalized cross sections are not obtained in
the present case, so that, it is hard to -observe enhancements due

to direct channel resonances, if any. But if resonances are

produced with definite G parity, the distributions of Figs. 51(b)
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and (c) should show different behavior at the position. It seems
from Figs. 56(b) and (c) that the behavior is slightly different
around 0.65 GeV/c but the conclusion cannot be drawn yet because

of the poor statistics.
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V. Antiproton-Proton Annihilation Cross Section

V-1. Beam Details and Two-prong Cross Section

One of the purpose of this experiment is to estimate ﬁp‘
annihilation cross section. In other words, it is a main work
to estimate the fractions of pp charge exchange cross section in
the 0-prongs and pp elastic cross section in the 2-prongs. The
above anlysis is carried out with data on the films of Exposure
I only at Tokyé. Beam momenta of the Exposure I were 0.7 GeV/c
on the average. At 0.7 GeV/c, the 0-prong should be either
pp —> nn , (v-1)
or | |

Pp —> neutral mesons, | (V-2)
and the Z-prong should be

PP — PP , (V-3)
or

pp —> two charged mesons (plus neutral ones),

(V-4)
since the inelastic reactions, such as
pp —> nnt°, (V-5)
and
pp —> ppr°, - (v-6)

are not possible because of the higher threshold momenta
(0.7852 and 0.7765 GeV/c for the reactions (V-4) and (V-6)

respectively).

A
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V-1-ii. Beam Details

In order to calcﬁlate the cross section for any reactiom,
information about a flux of incident beams should be provided.

So that, a number of incident tracks and, at the same time, a
number of interactions of all topologies were counted within a
certain fiducial volume on every twenty frames over 182,000
pictures.

Figure 57(a) shows the reference fiducial marks on the
view 2; where the fiducial volume is defined as the region
inside the dotted lines. Figure 57(b) gives the spatial fiducial
volume and its position in the chamber system. A restriction

~for the incident p tracks was made such that; i) The trajectory
or its extrapolated one from the interaction point should cross
the two arrows as indicated in Figure 57(a). ii) The angular |
_ deviation of the track from the average beam tracks

should be less than 5° at up Stream. iii) It does not suffer
visible elastic scattering before entering into the fiducial
voiume.

On searching for all yields in the chamber, events of elastic
scattering with a recoil prdfon track less than 3 mm on a scanning
table (20x magnification, on view 2) were not concerned since it
was inefficient to pick up such events. Obvious Dalitz pairs

°_ e+e'y, which were characterized by

comming from the decay =
one or two spiralling tracks, were recorded. Beam contamination
due to m or u background was found to be 9.17 %, since m or
u~ tracks were easily distinguishable from p ones owing to their
lower bubble density (The amount of energy loss of p in liquid

hydrogen is two times more than that of T or u at 0.7 GeV/c).llz)
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About ten tracks of incident p per frame were observed on
the average. A distribution of momentum at the interactioﬂ
points of incident p beams obtained from THRESH outputs of
measured events for ﬁp charge exchange is given in Figure 58 for
the Exposure I (Tokyo daté). Similarly the same distribution
is given in Figure 59 for the Exposure II (Bombay's data) to
compare the two exposures. Characteristics of the beams are

summarized in Table 14.

For each topology of pp interaction (0-, 2-, 4-, 6-, 8-prong

type), the topological cross section.o is calculated as

(v-7)

__n
o pNL ?

where n is the number of events of a certain topology, op density’
of liquid hydrogen, N Avogadro's number, and L total length of
effective tracks. To obtain the quantity L, it needs the average
track length 1o within the fiducial volume as defined in Figure
57(b). For this purpose O-prong tracks measured in this experiment
were made use of, and the coordinates of the two points (indicéted
by characters P and Q in the Figure 57(b)), at which a helix of
p trajectory intercepted with the planes constituting the fiducial
volume, were cgléulated by Ngwign-Raphsonls,metth.

The Value of 10, thus obtaiﬁed, was 39.1 cm. The quantity
L is expressed as

L =1m(l-¢e), ' (V-8)

where m 4s the number of tracks countedvin~the all used frames

and € represents the reduction of the average track length due
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to occurence of all sort of interactions (8.6 % in the present
case). The topological cross sections were calculated by the
equation (V-7) based on 8,346 frames in which 13,054 interactions .

were observed, and the result was

o(0-prong) = 12.8 % 0.3 (mb),  (V-9)
o(2-prong) = 70.3 > 0.8 , (V-10)
o(4-prong) = 37.6 - 0.6 , (V-11)
o(6-prong) = 3.6 - 0.2 , (V-12)
o(8-prong) = 0.04% 0.02 , (V-13)

The result in Section V-1-iii does not include the events
of elastic scattering with a recoiled-proton length less than
3 mm on the 20x magnifications scanning table, which corresponds
to that less than 1.5 mm in real size .since the picture itself is
reduced from the real event by 1/10. ‘Therefore an amount of the
loss of events of elastic scattering with short recoiling or
invisible proton should be estimated.

Assuming the view-2 camera being positioned just above the
interaction vertex of the elastic scattering, it is possible to
draw a picture as Figure 60(a) to represent the relation of

coiled-proton lengths between in the chamber and on the fromt

H
a

glass on which tracks are projected. This assumption is right
approximately under _consideration for position of the camera_and
the size of the chamber (see Fig.57(b)); In this figure an
incident track is perpendicular to the paper which contains the.
interaction point. A recoil proton is emitted radially in a plane
approximately perpendicular to the incident track as shown in

Figure 60(a) whenever the scattering takes place forward; for
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example the range 10 mm of a recoil proton corresponds to the
angle 77° between the recoil proton and the incident p.

The range of a recoil proton (represented by the radlous of
the circle in Flgure 60(a)) is a function of four-momentum
transfer t (between incident and scattered p), so that .an event
with small |t|, such that the projected range of the recoiled
proton is smaller than 1.5 mm (shaded area in Figure 60(a)),
cannot be picked up. Figure 60(b) shows the ratio of loss of
such events as a function of |t|, together with the relation
between the range and |t| obtained from the data in Particle
Data Group.llg) |

The efficiency, which is equivalent to the ratio 26/7 in
Figure 60(a);, is almost 100 % at |[t| > 0.04 (GeV/c)z. 's of
loss of events due to forward elastic scattering are listed as

the result as follows.

0.0 < |t] < 0.0085 (GeV/c)? ; 100 %,
0.0085 < |t] < 0.02 3 24 %,
0.02 < |t] < 0.04 ; 4%, (V-14)

An experiment of pp elastic scattering was carried out based

73)

on 2,751 pictures five years ago. In this experiment the total

elastic cross section was obtained to be
ol = 51.2 ¥ 1.6 mp, | (V-15)

and the differential cross section was also measured. Figure 61

shows the result for the differential cross section at|t|<0.1(GeV/c)2
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in which the solid curve along the data points gives the best
fit to the diffraction type formula

L &2 g0, wae

to the data with A=59.0 ¥2.0 mb and a=0.996 $0.023 fm. According
to the result (V-14), the loss of events due to the projected-
range of‘recoil proton less than 1.5 mm can be represented
schematically as the shaded area in Figure 61, which corresponds
to 16.6 % of cel[

Using the results in Section V-1-iii, the total two-prong

cross section, thus obtained, is

tot  _ T e
o3 prong = 78-8 * 1.0 mb, (V-17)

and the total cross section is
ot°t - 132.8 * 1.2 mb. (V-18)

tot

This value for ¢ may increase by a few %, since we counted a

number of 2, 4, 6 and 8 prongs only once, . . therefore scanning

efficiency for these events was not taken into account. The

- . . . . PR 1
. two-prong annihilation cross section is given by subtracting o®
tot

from 02~prong

ann _ + —
0 prong = 27-6 T 1.7 mb . o v-19)
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V-2. Total Charge Exchange Cross Section

A pp charge exchange event is identified as a 0-prong
vertex associated with an odd-prong star within the restricted
fiduéial volume. This fact implies that the event cbuld be
picked up with detection probability for the emitted n giving
rise to np annihilétioﬁ (odd-prong star) within the fiducial
volume. Therefore a number of charge exchange'events are
deducible by putting a weight, inverse of the detection proba-
bility; to each observed one. A total number of pp charge
exchange is then given by the sum of the weight.

The detection probability P(T,L) for n with kinetic energy
T is given by '

ot

P(T,L) = (1-exp(-NoLofo (M) oZn™(T)/o%0

(7,

(V-20)
where N is Avogadro's number, p density of hydrogen, and L is a
potential-path length of n before leaving the fiducial volume
(see Fig. 57(b)). oggt(T) is the total cross section of np
reaction and cggh(T) is the annihilation cross section of that

reaction giving >3 charge prongs.

The THRESH outputs are used in a calculation of the total
charge exchange cross section, because the GRIND outputs don't give a
fit for the event of multi-neutral at np vertex even if it is a
genuine event (see Section III-7-ii). Therefore . the energy and

direction of each n emitted are calculated from the measured
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Due to the mass difference between p(or p) and n(or n),

there are two solutions for kinematical quantities7in pp charge

_ekchange (V-1) although the emission angle of n in the laboratory

system is known.

Figure 62 shows the kinematical scheme.

Solving equations of energy and momentum conservation for P

charge exchange leads to the following results in lab. system;

Cor

" Where

Thus, T is given

ﬁ(ﬁ) - M(P)+“¢A(M(p)2 —M(n)23+A2M(n)2, (V-21)
| (1-A)

ey = ME- AR M D atum g
(1-A) . '

2

P(ﬁ)zcos 0

(E(p)+M(p))

A= , E@? = p@? + M2,

p(p); momentum of antiproton in lab.,

similarly p(n)

‘E(n); energy of antineutron in lab.,"

similarly E(p).
M(n)=M(n); mass of neutron or antineutrdn,
similarly M(p).
0 ; angle between the directioﬁs of the
antiproton and antineutrbn in lab.
by
T = E(n) - M(n).

Kinematical ambiguity for the choice of n energy arises from the

",

k
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two possible solutions (V-21) and (V-22), which are called as
high-energy solution and low-energy one respectively hereafter.

At the present energy of incident antiprotons, the maximum
values of the kinetic energy T and the scattéring angle between
. p and n in.éenter of mass system cosecm for the low-energy
solution are calculated to be 1.3 MeV and -0.989 respectively,
which correspond to the minimum values of those for the high-
energy solution. Hence, the events with low-energy solution
should distribute having the path lengths of n within a few cm
and the angles cos®_  in the band -1.0 < cos® . < -0.989.

The events measured were examined by the aspect poiﬁted
above, and the high-energy solution was always taken by the.three
reasons; '

i) The fiducial volume is defined as shown in Fig. 57(b),

and an experimental distribution for the ratio of the
actual-path length x'of n to the potential-path length
L, x/L, is given in Figure 63.. The distribution is
compatible with uniformity,hence indicating the mean free
path length of n larger than the dimension of the chamber.
ii) There were 28 events of 1-C fit having the low-energy
- solution (momentum of n between 4 and 50 MeV/c) in the
GRIND outputs. However path lengths of n's of these
events were réther large (.> 3 cm) and values»of cosecm
were concentrated to a narrow backward region (-1.0 <
cos(-)Cm < -0.99997), indicating that the 1-C fits with
~low-energy solution were faked ones.

iii) 109 events of 4-C fit were obtained, but none of them
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had the low-energy solution. This fact implies that
the low-energy solution is unlikely with an upper limit
0.9 % for the possible occurence, because the 4-C fit

is more reliable than the 1-C fit as explained in III-7-ii.

By the charge symmetry, oggt and G%;h in eq. (V-20) should
be equal to OEOt and o;ﬂh of pn reaction which can be. measurable

in an antiproton-deuteron experiment. On the other hand, the
choice of the high- energy solution makes it possible to

: approx1mate eq. (V-20), the detection probablllty,.as below.
P(T,1) = NoLo20P(D), - (V-23)

anh

whlch includes only Oip (T) as an unknown quantity.

In practice eq. (V-23) was used instead of eq. (V-20) by

tot

the following reason; Data for 5n at low energies in a

deuteron experiment is not enough, because a complete separation
of the events of scattering into those on neutrons and on protons

is hard because of the kinematical ambiguities in the GRIND outputs

18)

and/or the influence of multiplevscattering.

mancirwamandt ~nf
« OX

A measurcmen cross section was made in

‘a deuterium bubble chamber experiment at Roma-Trieste group with

18) They

incident momenta of p beams in the range 0.3-0.6 GeV/c.
pointed out in the paper that fhe pp annihilation cross section
obtained from their‘deuteron experiment did not show any signifi-
cant defect in comparison with the same quantity obtained in a

40)

hydrogen bubble chamber experiment at low energies. This fact

impliés that the measured cross sections for pn annihilation with
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1-, 3-, and 5-charged mesons at Roma-Trieste group are in good
estimate of those oﬁ free neutrons. The result for pn annihilation
is given in Table 15(cited from Table III in ref.18)).

ogﬁh(T), the cross section of pn annihilation with >3 prongs}

is nearly equal to the cross section 0z + Og in Table 15 (The

contfibution of o, should be about 1 % as seen in Table 1(a)

7
hehce.negligible small)}. ‘The crdss sections 0 * Og are plotted
in Figure 64 at each energy, where a solid curve is the result
of fit of an empirical formula'ﬁo the data as described below,
"and a dotted one is that used in the previous experiment.73)
The empirical formula which represents the energy dependence of

the data fairly well, thus obtained, is
ggﬁh(T) = (747 ¥ 10)/ /T, in mb, (V-24)

with xz/nD=13/8, where T is in MeV. Thus the expression (V-24)

is used as cgnh(T) in eq. (V-23), and a weight for each event is

np
obtained by inverse of P(T,L).

To get the average weight, events in the well measured
sample were selectea following the criteria as below (see-Table 1,
too). | |

i) Events whose angle between p- and n in 1lab. syétém

exceeded the kinematical l1limit (see Fig. 62) were
excluded.

ii) Events out of the fiducial volume were excluded.

iii) Events with more than one zero prong or. more than one
star in a frame were excluded because of their large

fraction of the false association in the combinations

between 0-prong vertex and odd-prong star vertex (more
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‘than 50 %).
iv) To purify the sample, only events of incident p lying
within 0.6 < momentum < 0.8 (GeV/c) and -0.2 < dip angle
< 0.2 (radian) were accepted.
Finally 1,111 events remained (in 223,749 frames) and the
average weight for these events was
W= 24.11 . , (V-25)
In the case of well measured events, the number of the charge
exchange samples is that remained after cuts of both i)»énd ii);
1,278 events (see Table'l(a)).
In the case of badly measured events (176 events, see table 1(a)),
the number of the samples which should'remain after cuts i) and
ii) is estimated supposing that the above two cuts reject. the
events with the same ratio as in the case of well measured events;
167.5 events (= 176x1,278/(1,278+51+14), see Table 1(a)).
The number:of the charge exchange events totally observed
in the fiducial volume (see Fig. 57(b)) was 1,445.5 as the result,

“and the sum of weights of these events was

Wt = 34,851 in 223,749 frames.  (V-26)

The cross section corresponding to this number of events is
calculated by the same method employed in Section V-1-iii to be

tot' _ -
Ochex = 11.36 mb. , (v-27)

tot'

chex obtained should be corrected concerning

The result for o
spurious associations. An event of the suprious association is

such that, the origin of the antineutron yielding a star within
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the fiducial volume is not the 0 prong observed in the same
frame even if it looks like a genuine event accidentaily.
Occurence. of such events is due to the fact that the antineutron
between 0-prong vertex and odd-prong star is invisible. The
‘frequency of the accidental coincidence can be estimated using
the known numbers of both isolated stars and 0 prongs as follows

The isolated stars were picked up on scanning which were
éalled 'unassociated stars' as classified in Section III-4-ii,
and these events are summarized in Table 16. The number of 0
prongs were obtained in the beam counting as described in V-1-ii.
The samples of 5-prong star are used here because these are more
detectable than 3-prong stars, énd the number of chances of the
accidental coincidence N is given by |

NN,

N= =2, | (V-28)
2N,

where
va; number of frames used on scanning,
; number of 0 prongs observed in:Nf frames without_ any
regard for the stars,
number of unassociated 5-prong stars observed in Ne
frames. |
N ; number of the chances of accidental coincidence that
a 5-prong star and a 0 prong which are not connected
in truth appear in the same frame accidentally.
The ratio of the number of the chances of suprious association

to that of genuine association for 5-prong events is

e, = N/M, (V-29)
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where M is the number of associated 5-prong events in Nf frames
and € the fraction to be estimated. The result, thus obtained,
is V

=9.6 %, (V-30)

The method of scanning employed in this experiment might cause

. .scanning biases and they might distort the data. .. One of the
biases to be taken into account is a scanningvloss of events with
short-path length of n. When pp and np vertices of these events
are very close they are less detectable than the normal onmes.

A distribution for the antineufron path length, givéh in
Figure 65(a) shows a dip at the small value (<2 cm), and this
feature is also observed in the distribution of x/L, a ratio of
an antineutron path length to the potential length (see Fig.63).

This common feature implies the loss of events with short
path length of n, and the loss is estimated by extrapolating the
smooth behavior (at x > 2 cm) in Fig.65(a) to the dip region
(x <2 cm). The ratio of the lost events to the observed ones,
thus obtained, is

€, = 2.6 %, (V-30)

which is consistent with what obtained from the distribution for
x/L.

Another possible bias is a scanning loss of events depending
on the location of the vertices on a scanning table. To check |

this point a weighted distribution for the angle between the
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scattering plane (p-n plane) and the perpendicular to the front
glass of the‘chamber (approximately parallel to the optical
axis) 1s shown in Figure 65(b). One can see from this Figure
that the distribution is not inconsistent with flat one leading
to the result of no systematic Bias.b |

The over-all scanning loss explained in III-4-ii should be
taken into consideration in calculation of the cross section.
After two independent scans over all films the loss was estimated
to be |

€, = 2.4 % . : (v-31)

. tot!
Correctlons due to €15 € €3 should be made on O chex

~obtained in V-2-iii. The total cross section for pp charge

exchange is given by

tot _ _tot' . _
Ochex ~ 0chex(1+€1)(1 82)/(1 63)

10.8 mb . (v-32)

Estimation of error is as follows. The statistical error

due to the number of observed events is

L tot )
'Aochex = 0,28 mb. . (Vv-33)

A systematic error due to the use of the empirical formula for
'oﬁg’ﬂT), explained in V-2-iii in detail, is 1.3 %.

The same cross section was also obtained at Bombay group

(Exposure II) with essentially the same method employed at Tokyo,

and the result was
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tot _ + ' )
Ochex - 10.6 0.24 mb. (V-34)

The two results are in good agreement and the small discrepancy
may be caused by a small difference of the incident momenta
between two group (Tokyo; 0.7 GeV/c, Bombay; 0.75 GeV/c).

An average value of the two results is

tot _ + -
Ochex 10.7 0.2 mb at 0.73 GeV/c. (V-35)

A possible background is the contamination due to np elastic
scattering before np annihilation which deflects the direction of
n . The probability of occurence of such events can be estimated
making use of the cross section for np elastic scattering at low '
energies. But there is no data for such reaction, so.that, it
should be deduced from the data for pn elastic scattering by the
charge symmetry. |

Overcoming the difficulty as pointed out in ref. 18), a meas-
urement of the cross section for pn scattering together with
that for pp scattering'was made below 1 GeV/c in a deuterium

133)

bubble chamber experiment at Melbourne. Data of differential

cross sections for both pn and pp scattering were published at

0.735 and 0.940 GeV/c,133)

where a typicai diffractive structure
was observed in both pn and pp data with the same order of ‘
magnitude.

From the characteristics of the above-mentioned data, the
cross section for np scattering is guessed not far from that

for pp scattering, therefore it is assumed that at the average

momentum'of the observed antineutrons (0.6 GeV/c) a np scattering
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occurs. with the samc frequency as in the pp case (65 mb at

0.6 GeV/c).134)

Since the sum of total path length of n's was 125m for the
samples of'1,111 events, the number of events for np scattering
between the 0O-prong vertex and odd-prong star is expected to be
30 events, which corresﬁonds to about 3 % of all events.

It is difficult to make a quantitative discussion concerning
the effect of such events on the result for pp charge exchénge
cross section. However, since the antineutrons from np scattering
are emitted mainly in the forward direcfions due to the diffractior
scattering, the result for pp charge exchange could not be
‘changed significantly in conclusion. Only 6 events with heavily
ionized tracks between the 0 prong and star were found up on
scanning, which were probably the np scattering.

Another contamination is background events due to inelastic
chérge exchange scattering (V-5), namely

pp —> nnr° . | (V-5)
But the contribution of such events is negligible, because only
0.3 % of all events for the Exposure I (and 22 % for Exposure II)
is above the threshold momentum for reactibn (V-5), see V;i-i,
and furthermore the charge exchange scattering should be
dominant over the inelastic charge exchange one by analogy of

pp elastic (V-3) and inelastic (V-6) cases.13%)
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V-3. Results and Comparison with Other Experiments

tot

el
Subtractlng Gch

from the O-prong cross section and O chex
from the 2-prong one (see V-2-ii), pp annihilation cross sections

with 0, 2, 4, 6, and 8 prongs were obtained together with the

branching ratios to the total annihilation cross section ozgﬁ as
follows;
2n§r°ng = 2.0 % 0.4 (mb), 2.8 ¥ 0.6 (%), (V-36)
inﬁrong =27.6 e 1.7 | | ,39.0 Y96 I (V-37)
gngr°ng =37.6 ¥ 0.6 551 Y17, tV'SS),
o0 PTO"E = 3.6 T 0.2 , 5.1 70.3 ., (V-39)
o8-PTONE = g 04% 0.02 , 0.06% 0.03 , (V-40)
Sanh =70.8 ¥ 1.9 . (V-41)

The average multiplicity for multi-particle productiom

processes is defined as

<n> 1/0a) In; o, , (Y—42)

with

where subscript i represents each channel and n,

i 0p are the

multiplicity, the cross section of channel i respectively.
The average multiplicity for negatively charged meson <n >

in the pp annihilation is calculated from the data (V-36)-(V-41)
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as follows

<n’>=1.61 Y o0.03 . (V-43)

A Dalitz pair which might be overlooked on scanning
increases the number of charged mesons of the event by 2 by
dedeit, so that it should be checked on this point. Numbers of

obvious Dalitz pairs observed are (5, 31, 23, 3) for (0-, 2-,

%

4-, 6-prong event) which correspond to (2.5, 1.1, 0.6, 0.8)
of the annihilation cross. sections (V-36)-(V-40).

Taking into account w° partial decay mode

o + -
) —> e e Y

112)

with fraction 1.17 %, the average multiplicity for 7° in the

‘ﬁp annihilation can be deduced from eq. (V-42) as .

@™ > = 0.74 . (V-44)
Comparing the results (V-43) and (V-44), one can guess that half
or more of the Dalitz pairs associated to the annihilating events
may be overlooked on a.scanning table. However percentage of
such misidentified events is only 1 %, if any, of the annihilation

samples, which is too small to bring a significant bias.

V-3-1i., Minimum Number of Angular Momentum

The knowledge of the elastic cross section o1 and the

total cross section GtOt allows us to make a statement on the

minimum number of angular momentum partial waves contributing

to the annihilation process. According to Rarita et al.,lss)

el tot
o and ¢ are expressed as

I (L% F MY /(20 + 1), (V-45)
1=0 -
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ot - zm/xtH z Ly, | (V-46)
1=0

where k is the wave number, L, and M, (both real) are related to

the usual (complex) phase shift §, as

L, + iM, = (21+1) (1-e2201).
For given o1 and otOt , eqs. (V-45) and (V-46) place
certain restrictions on the (L,,M;). We are interested in the
case in which L1=M1=0 when '>1 for given 1. In order to
.détermine the minimum allowable value of T, the purely férmal
problem, in which 1 is given, is considered firstly. The condition,

that (L19M1) must satisfy for t < 1 in order that cel be a

minimum for a given GtOt,

is sought. The method of Lagrange multipliers leads to

M =0, Ly/(21+1)=L, (V-47)

for .1< 1. When eq. (V-47) holds, the sum in eq. (V-46) can be

carried out to give a relation expressing L0 in terms of Y and

GtOt’

Ly = k2 oot 2n(1+n) Y. (V-48)

1

1 . _,is the
in

, designated by o;
tot

The corresponding value of o°

minimum consistent with the assumed values of o and 1,
Therefore, for given values of the latter two quantities,'cel

must satisfy

0el N Gel

> 08k = 1y otz = kPN n T Y,

0
(v-49)
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which is a consequence of eqs. (V-45), (V-47), and (V-48).

el tot the

From (V-49) it follows that for arbitrary ¢ and o
summations in (V-45) and (V-46) can be cut off above 1=1 only
if 1 satisfies

el

B R AR A HACLE A T (V-50)

This provides the restriction on 1 sought at the outset.

6®l = 51.2 mb and o%°% = 132.8 mb

With the given values
(see V-2-ii) for pp reactions at 0.7 GeV/c, which corresponds to
the wave number k= 1.676 fm_l in‘the center of mass system,’
1 is obtained as
1 0>2 . (V-51)
The present data indicate that at 0.7 GeV/c partial waves with
values of the orbital angular momentum 1 (and total angular

momentum J) up to at least 1=2(and J=2), must contribute to the

annihilation process.

The cross sections (or the branching ratios) for pp

4) 40),41)

annihilation below 1 GeV/c were published at rest , 0.43,
0.55.40)541) 414 0.9442) GeV/c, all of them are bubble chamber
experiments. Figure 66(a) gives the total (kaonic plus pionic)
annihilation cross sections of these results together with that
at 0.7 GeV/c obtained in this experiment. The solid curve in
this figure is the cross section obtained by fitting the data

to the formula of the geometrical picture assuming an energy-

dependence law of the type

tot _ 2 . -
Oanh = T(a+x )°, (V-52)
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where X being the wave 1ength of the relative motion. The best

fit value is _
a = 0.930%0.015 fm. © (V-53)

In the Koba-Takeda mode17s), the antinucleon-nucleon

interaction is considered in terms of absorption and <<shadow>>
scattering by a black éphare without any surrounding potential.‘
In this aspect, the annihilation cross section has the form of |
eq.(V-52) and a is interpreted as the radius of the black sphere;
The bfanching ratios of the 0O-prong, 2-prong, 4-prong, and
6-prdng annihilation cross sections to the total annihilatioﬁ
ones below 1 GeV/c are‘given in Figures 66(b),(c),(d), and (e)
respectively. The average multiplicities of negatively charged
particles and two-particle correlation coefficients are also
given in Figures 66(f) and (g) respectively (see the nextbsection).
Curves in these figures are explained in the next section. It
seems from the figures that the distribution of annihilation

events into various charged multiplicities does not show any

appreciable variation below 1 GeV/c.
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V-4. Discussion on the Result of Theoretical Mode1§

Orfanidis and Rittenberg36) suggested that a statistical
contribution is dominated over a multi-peripheral component
in pp annihilation up to‘5.7 GeV/c. They proposed a sfatisticai
model where pp annihilationvoccufs through a linear chain of
fireballs (with no exotic quantum numbers) with each fireball
decaying into a single pion and other fireball. This model is
explained in Appendix A in detail. The energy dependence of the
annihilation cross section is not given by the model, so that
the branching ratios for the topological cross section are
conéidered here;

The solid curves in Fig.66(b)-(e) are the predictions by
this model. Assuming the all tracks at each topology to be pions,
~ the agreement between the data and the predictions is satisfactory.
- The average multiplicity and the two-particle correlation |
coefficient for negatively charééd particles are defined as

= <n > (V-54)

£

£,

<n"(n~ - 1)> - <n"> 2. (V-55)

Fig.66(f)-(g) gives the above quantities for the experimental
data together with the predictions by OR mbdel (solid curves),
where agreement is alsb good. A salient feature of the data
is the large negative correlation coefficient in the ﬁomentum
range under consideration, which is also reproduced by the

statistical model.
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The statistical model for antinucléon—nucleon’annihilation,
proposed by Lamb, incorpbrates SU(3) invariance and resonance

28) In this model each particle {hadron) or resonance

production.
in both initial and final states is regérded as a member of the
SU(3) multiplet in which it belongs. Consequently the transition
: matrix is built ensuring conservation of hypercharge, isospin,
charge, and SU(3)-spin(or unitar& spin), and the couplings are
accomplished using SU(S) Clebéh;Goldan codfficients. Details

for the numerical calculation are described in Appendix C.

The predicted branching ratios of 0-prong, 2-prong, 4-prong,
and 6-prong annihilation cross sections to the total annihilation
one, <n > and fé are given in Figures 66 (b)-(g) by dashed.
curves which were read from the figure of ref. 28) by the aufhor.
The predictions also reproduce thé data well, while'tﬁeée are

somewhat different from those by the OR model. It is not

conclusive which of the two models is more appropriate to :the data.
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137) pp annihilation processes and obtained an

and Pignotti
acceptable fit to the bulk of annihilation data at the incident
momentum range 3-7 GeV/c. The Goldberg's method is as follows;
" The reaction under consideration is

pp —> mﬂ+mﬂ-kﬁo, : . (V-56)
where both m and k are integers. The annihilation channel is
constructed from baryon-exchange diagram, which resembles Figure
1(a). An assumption is made that only one B=l, I=172 trajectory

-with intercept ap is present, and only pions are considered in

the final state. The SU(2) invariant couplings are taken as

(2/3)1/2g(f0r mt) and (1/3)1/2g for (ﬂo) and the end couplings
(2/3)1/2G and (1/3)1/2G. The kinematic approximations of Chew
and Pignotti iead to the cross section formula
: 2 2m+k-2
Om,k = ( ghe(20p-2)Y (féiik_zj! w3 Xe/n™
Y (2mek) !
x( k! (2m)! > ,. (V-57)

mass respectively. The topological cross sectionm is obtained
by summing over k as
2 2m-2
G = G4e(2uB—2+g2/3)Y ( i (2/3g7Y) _ +
m ' 9 (2m-2)!

4 (2/3gPny™ 1 (27387 M
] (Zm-1) 7 M &2 ) N A

(V-58)
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The total annihilation cross section oggh and the charged

average multiplicity <nCh> are

PP _ 4, (Za —2+g )Y , . (V-59)
Tanh 1/2 G

ch

<n7> o= (Zm)o/ canh = 2/3g2Y+4/§. (V-60)

N8

m=1

With the above formula for cm(V-SS) and with the parameters

ap=-0.14, (V-61)
g2=1-68, ) (V-62)
G,=240.0, (V-63)

which were obtained by Goldberg, the branching ratios, <n >

and f% are calculated as given in Fig. 66 by dot-dashed curves.
One can see that the Goldberg model behaves differently from the
statistical models and the data are not reproduced by ;his model.
This fact implies that the Chew-Pignotti type multiperipheral

mechanism in pp annihilation at low energies is negligibly small.

Positron-electron(e’e”) annihilation process have been37)_39)’

138)-142) investigated together with pp annihilatidn one by many
authors both theoretically and €xperimental y.. :
lation processes share a common feature of an absence of a
diffractive contribution to the final state. Furthermore the
quantum numbers of the both initiallstates are commonly given as
Q(charge)
B(baryon number)

S(strangeness)

I(isospin) = mixed state of I=1 and I=0.
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It is observedlsg) that the e'e  annihilation process is

dominated by a single photon exchange, namely the initial state

is
JPC =177,
while the pp annihilation in flight occures with a lot of initial

JPC state;

where J=intrinsic angular momentum; P=parity, C=charge conjugation.

Irrespect to whether the e'e” annihilation takes place

138) or vector mesons

138)

through a mediation of partons (parton model)

such as p°, & or ¢ (vector meson dominance model), statistical

model considerations may at least partially describe the process.

From a more dynamical point of view, the process may be regarded

142)

as a formation of a single fireball of energy. The decay of

that fireball provides an excellent situation for using statisti-
cal ideas. In fact, the OR model proposes a descfiption for the
decé& process of such fireballs on a standpoint of statistical
mechanism, therefore it is meaningfhl to test the OR model to
reproduce the data of e'e” or KK (see below) annihilations
although the model is that for pp annihilation.

Regardless of the detailed mechanisms occuring in the two
processes (pp and ete” anﬁihilatiohs), the number of charged
pions appearing in the final states are compared with'thé 0-R
statistical model in the following; Data for KK annihilation,
which are also available to be taken into consideration, are

38) They had analyzed the reaction

presented by Fry et al.
Kp —> A + pions

at 8.25 GeV/c and measured the pion multiplicities of the process

P
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KK —> pions ,
with.available .enexgy of :the .plon ;gystem defined as

s(m = (K +p - 1P,
where K, p and A aré the four-vector momenta.

Figures 67(a), (b), and (c) show e’e”, KK and pp data for

the branching ratios of 2-prong, 4-prong, and 6-prong annihilation
cross sections to the total ones, respectively, versus s, the
‘available energy squared. Our data for pp annihilation at 0.7
GeV/c are indicated by closed circles, and other data are cited

38) For these data, we extrapolated

2

from the paper by Fry et al.
the calculation of the model below 4 GeV” and drew curves of the
predictions as given in Figure 67.

| A feature in these figures:is that: the ratio of 2 prongs
for e*e” or KK annihilation is systematically larger than that
for pp annihilation and it is reversed for 4-prong case.

However behavior of the predictions as a function of s is similar
to that of e'e” and KK data. These facts imply that: the éhain
decay scheme of fireballs of the OR model is not so suitable for
e'e” or KK annihilations than the pp case, but the gross feature

of the é+e', KK data (energy dependence) may retain the statis-

tical mechanism.
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VI. Summafy of Results

In this section we summarize the results drawn from our
analysis.

A bubble chamber analysis for the antineutron-proton annihila-
tion process |

np - (n1+1)'n+ + nlﬂ- +‘nzTro , (VI-1)
(n1=1,2,3, n2=0,1,2,...)
has been made around 0.65 GeV/c based on about 3,500 events in
636,932 pictures. The number of films used at presént corresponds
to ~ 11 events/ub of statistics. At the same time topologicali
.cross sections of antiproton-proton annihilation process
pp > m(n® + ®°) + (neutrals) , (VI-2)
(m=0,1,2,3,4)
have been obtained at 0.7 GeV/c.

The liquid hydrogen density in operating condition of the
bubble chamber was deduced by measuring muon.ranges of the decay
LAESETR vu(Section I111). Checks for measuring devices and for
computer processing steps were made by means of evaluation of mass
values of X° and wmesons in this experimeﬁt, and it was found that
the values were in good agreement with those appearing in the Tables
of Particle Properties (Section III).

The measured data were processed through the THRESH-GRIND
program chain, and contaminations due to background evénts were
checked carefully at several stages of the data handling flow(Section

I11). Results can be summarized as follows.
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np annihilation

(1) The following geﬁeral features were observed among produced
particles in this reaction:

- i) Topological braﬁching ratios of np annihilation were obtained
as 3 prongs : 5 prongs : 7 prongs = 1 : 0.39%0.03 : 0.01370.004 .
These ratios are in very good agreement with the predicted values
1 : 0.376 : 0.016 by Orfanidis-RittenbergCOR) statistical model.
The ratios also agree with those of pn data below 1 GeV/c(Section
IV-1).

"ii) The branching ratios for pion multiplicities were estimated
as given in Tables 5,6 together with those predicted by the OR
model and those of pn data. It should be noticed that after the
missing-mass cut for the samples fitted to 2n 7w 7% channel we
estimated the amount of background events due to multineutrals
about 40 % in the samples. 'The given ratios are in agreement with
the predictions and those of pn data except that for 2ntn" %, . This
discrepancy may be caused by uncertainty in the estimation of the
background(Section IV-1).

iii) It was found that the np annihilation produces resonances
(mostly p, £ and wj copieusly (see Table 8). The (ﬂ+ﬂ-) effective
mass distribution of the reaction np >377 21"  showed an enhancement
at ~ 700 MeV with absence of a bump at the position of p meson.

~This fact may be caused by energy conservation law forbidding the;;;
145) -

emission of the high-mass part of p Breit-Wigner or by p-w
interference effect with destructive interference. This point

is not solved yet (Section IV-2).
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0 samples

iv) The (v 7 °) effective mass distribution of 2n¥n e
for forward and backward dipions with respect to the incident n
in CM system showed a characteristic féature of p-w interference
effect based on the G-parity conservation law.The ratio of the
magnitudes of the w amplitude to the p one was determined as

Aap »m 1% 0 +ﬂfn_)/A(ﬁp sntn%psn w) ~1/3 , (VI-3)
together with the large coherence factor(—~ 0.75) between them
(Section IV-3).

v) Single-particle distributions of pions( |p| ,Pp momenta,
production angles in CM system) were given by the phase space
predictions in general. However, amongithe above distributions

© for both 2n 7 n° and 3n 27 7° samples

the production angle of =
deviate slightly from a flat distribution which might be caused
by contaminations due to multineutrals underlying the samples
tSection IV-5).
vi) The GGLP effect between like-charge pions was observed for
the 3w, 4w, 57, and 67 final states. Introduction of the weight
due to symmetrized wave functions for like-charge pions could
describe the data of opening-angle distributions quantitatively.
An eifect of the resonance production on the distributions should
not be negligible which was not concerned at present(Section IV-6).
vii) Energy dependence of np annihilation rate with odd pions, even
pions and the total did not show‘any significant signals concerning
.s-channel resonances. A test to search for s-channel resonances

in this experiment is difficult because the structure appearing

in the differential cross section of pp » nn 6) disturbs a smooth
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behavior of the rate and furthermore the absolute cross sections
of np annihilations at various energy intervals were unable to

be evaluated in this experiment(Section IV-10).

(2) Comparison of our data with various models lead to thé results:
vii) The CEA model, in which resonances were assumed to have the

" same kind of coupling with a nucleon trajectory, reproduced the

data of single-particle distributions in CM system, opening angles
of dipions in CM system, ahd effective-mass distributions for 2w+w',
and 27 n 7° samples well. We can emphasize that this model |
reproduced the rates of resonance productions qualitativelj and
this fact may throw light on the resonance production mechanism of
NN annihilation(Section IV-4).

viii) Threshold-1like enhancements for exotic combinations of
produced particles were observed as predicted by Rubinstein( a
dual-dynamical effect)?O)SI) However quantitative discussion is
difficult because of the combinatorial background which increases
with increasing multiplicity. Such enhancements were reproduced
By the Bose-Einstein statistics fairly well(Section IV-6).

ix) An analysis using multiparticle variables (transverse momentum
flow and charge flow quantities along the particles ordering in
rapidity) gave the result that the annihilation is takefn place mostly
'through statistical mechanism (Section IV-7).

x) Inclusive analyses with respect to the thermodynamic model
and the Mﬁllér-Regge model were carried out. For the former case

47)

the maximum temperature appearing in the Hagedorn model was

determined as ~ 114 MeV. For the latter case misSing¥mass spectra
+

for np + 7 + ANYTHING were in contradiction with the predictions
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by the Rittenberg-Rubinstein mode1§4) and were in good agreement

with the predictions by the OR model(Section IV-9).

xi) The Dalitz plot for np -+ 2nFm” showed the structure (a hole
at s-t-1 GeV% and concentration of events at both p and f bands)
as observed in the Dalitz plot for pn - 2nw. In spite of
very poor statistics, the distribution of events in the Dalitz plot
was consistent with the prediction on the basis of 4-point Veneziano

P

amplitude for J =2" (Section IV-8).

pp annihilation

As for pp reaction we found:

i) Topological cross sections for 0 prong, 2 prongs, 4 prongs,
6 prongs and 8 prongs at 0.7 GeV/c were determined together with
the total cross section. In evaluation of 0-prong and 2-prong
annihilation CTross séctions, pp charge exchange cross section and
elastic scattering one were measured and subtracted from 0-prong
and 2-prong cross sections respectively(Section V-3).

ii) Under the consideration of unitarity and cutoff of higher
partial waves, it was found that the»partial waves with orbital
angular momentum 1 (and total angular momentum J) up to at least

1=2 (and J=2) must contribute to the annihilation process(Section

V-3).
iii) A fit of pp annihilation cross sections between 0.4~1 GeV/c
to the form O annihi- v(a+i)2; where X being the wave léngth of the

relative motion, gave a=0.930-0.015 fm which could be interpreted

as the radius of the black sphere in pp scattering (Section V-3).
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iv) The topological branching ratios (assuming that all tracks

were pions) were compared with predictions by the OR model, Lamb

model (SU(3) invariant statistical mode1)28) and Goldberg model
(multi-Regge model)}36) The Goldberg model was ruled out. Both

of the OR model and Lamb model reproduced the data well(Section V-4).
v) We extrapolated the OR model below /s = 2my and compared
the predictions, thus obtained, with topological branching ratios

38)

of KK and e'e” annihilations.°’The data of the ratios of 2 prongs
for KK and e'e” annihilations are substantially larger than fhose
for pp annihilation and it is reversed for 4-prong case at the same
energies up to s=14 GeVz. It seems that the predictions by the
OR model reproduce the behavior of energy dependence of the data
of KK and e*e” annihilations well, however the ratios of 2 prongs
‘and 4 prongs are systematically larger and smaller than the
predictions respectively (Section V-4).

Finélly we give some comments concerning the quality of the
data wused in the present analysis.

i) The cut on the missing-mass squared diétributions for the
fitte& events was taken into account only for Tokyo data,
therefore the contaminations due to multineutrals were
not concerned for the events in Bombay and Neuchatel data.

ii) In the inclusive analysis, all of the charge tracké were
assumed as pions, Furthermore 1-prohg events were not
taken into consideration and nofit events obtained at Bombay :
were not used.

Our opinion is that the results give good information on investiga-
tion on the annihilations,even if the data suffer distortions

a little by the above reason ( explained in the textj.
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VII. Discussion and Conclusion

In this section we make a discussion on the results,summarized
in Section VI, and try to understand the mechanism of NN annihila-
tions. For this attempt, we make a discussion concerning- (A)
study of np annihilation in comparison with pn annihilation in a
deuterium bubble chamber, (B) study of the dynamics ruling NN

annihilations.

One of the interesting points in this experiment is to compare
np data with pn ones as mentioned in Section I. Our experiment
of np annihilation gives'a result, within its statistics, that
the data on np annihilation agree in gross feature with those of
pn annihilation in pd reactions for the following points:

i)charged prong multiplicities,

ii) pion multiplicities,
iii) Mi distributions in the inclusive analysis,

iv) structure in the Dalitz plot for the 3w state,

v) rates of resonance productions(for p, £, w).
This fact tells us that the pn data for the above poinfs of problem
are not distorted although they are extracted in pd reactions and
they give good information to investigate NN annihilations of pure
isospin state(I=1).

On the other hand we have observed interesting features in the
np data as follows:
i) an enhancement at ~ 700 MeV in the (7 7 ) mass spectra of

57 samples with absence of the p peak,
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ii) appearance of a structure at the w mass position in (n+n')
mass spectra of 4m samples characteristic to p-w interference.
For the former feature, which is not observed in pn déta, we cannot
interpret. it quantitatively yet. It may be produced by p-w

145)

interference effects or some kinematical effects , but such

explanation S5eems:not powerful.

The latter feature was observed slightly in a pd experiment146)
with 2 standard deviationé, while our data give it with 3 standard
deviations. Furthermore our data show that this feature is more
pronounced for the events with the (ﬁ+ﬂ“) dipion emitted into
poiar directions with respect to the incident n in CM system. We
explain this fact in such a way that the CM system could be defined
more precisely in np case than in pn case and by this reason the

p-w interference effect appears in the np annihilation with high
confidence level. We have tried fitting the form 'p+w+p/wint.+PS’
to the data and.the value of the coherence factor between p and w
amplitudes obtained is 0. 7520.33. The large coherence is sugges-
tive that the ann1h11at10n may take place overlapping between
channels of pure G-parity as pointed out by Allison et a1‘122)
PP experlments have recently reported an¢évidence for p-w interference
in the reaction pp > 47 at 1.26~1.65 GeV/clzz) ‘and 1.6~2.2. GeV/éZS)
This fact together with our result may imply that the 4m final
state in NN annihilations is sensitive to p-w interference effects.
Study of the p-w interfefence effects infp.and pp annihilations

at low energies varying the incident momenta is interesting for

investigation of annihilation dynamics.
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Description‘of dynamics ruling NN annihilations by the
information obtained in this experiment is difficult because of
the poor statistics, restricted final states and contaminations
in the samples. However we can draw pictures concerning np ‘and pp
‘annihilations from our results as follows where the data and
models suitable for these are contrasted.
i)The topological branching ratios(np,pp) and pion multipilcities
(np) are well represented by the OR statisticalvmbdel.
ii)Thesingleéparticle distributions,correlations,inclusive analyses,
multiparticie variable analyses suggest a statistical piéture.
iii)The resonance production rates are reproduced by the CEA model.
'iv)The structure on the Dalitz plot is given by the dual médel.
Although the models(OR model,CtA model,dual model) can describe the
‘data as mentioned above and these are not inconsistent each other
by duality, each of them has defects as
OR model: Distribgtions of produced particles are not predicted,
resonances are not taken into account.
CEA model: Relative phases between amplitudes for a certain final
state are not given, branching ratios are not‘predicted
~dual model: Branching ratios are not predicted, numerical calcula-
) tions of the amplitude for many-particle final states
are very complicated.
Therefore we cannot describe NN annihilation dynamics with one
image compenséfing the above defects at preéent. However we

emphasize that none of our data gives a result inconsistent
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with the threé models within our statistics. This fact implies
that NN annihilation itself may be ruled by more complex (or more
simple) dynamics including these models consistently. -

Comparison of topological branching fatios for KK and e¥e”
annihilations with the predictions by the OR model shows that
energy dependence of the data is well reproduced by this model.
We interpret this fact as: KK and e'e” annihilatibns are
dominated by the statistical mechanism with the multiplicity distribu-
tion function employed in the OR model but the distribution function
for charged particles should be modified to reproduce the data well,
that is, the decay mode of the fireballs may be déformed: from that

of the lineat—chain scheme.

To make further investigation for NN annihilations we suggest
the following points with experimental aspect. |

a) np system (I=1) can produce a channel with fully charge mode,
for example np -+ Zw+n_, 3ﬂ+2ﬂ-, which reduces a‘background due to the
permutation of amplitudes, therefore they may produce data sensitive
to the dynamics. Furthermore it is free from the deuteron complica-
tion. An experiment with high statistics for such channels is
important especially to study the annihilation by ﬁeans of dual model.

b) Analyses of the data of channels including kaons are attrac-

tive since such channels not only reduce the combinatorial back-
groundlbut also give the information for strange-particle produc-
tions in the annihilatioms. Data for branching ratios, effective
mass distributions, resonance productions, single-particle distribu-
tions of produced particles and inclusive analyses of the channels

should give good information to improve the above-mentioned models.
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VIII. Appendices

Appendix A

Orfanidis-Rittenberg (OR) Model S

In a recent paper27) Orfanidis and Rittenberg (hereafter
denoted OR) proposed a new statistical modei to describe anti-
nucleon nucleon (NN) annihilation. They studied components of
statistical behavior ana multiperipherality in NN scattering
"both of which may contribute to the annihilation.

At high energies, experimental data indicated that secondary
particles distributed with limited transvefse momentum and with
non—isotropié angular distributions in the CM system, which were
characteristic iﬁ a multiperipheral picture. Therefore they
considered the statistical behavior dominahce in thé annihilation

‘up to 6-7 GeV/é}. _

The following assumption is made in the statistical model.

Integrated cross sections for NN annihilation are represented as

én,l = fn,lan(s)’ (A-1)
for . the reaction
‘ pp —> 1m + 1t + (n-21)7°, J (A-2)
and
an’l(') - _fn’l‘(') a_(s), | (A-3)
for '

pn —> 1w+ (1—1)ﬂ+ + (n—21+1)n°, (A-4)
where s is the total energy squared in the CM system and n,l
are positive integers. an(s) is a factor depending on n-body

phase space and fn 1(f (- ) represents the number of

, n,l1
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configurations in which‘an initially neutral (negatively charged)
fireball decays into n pions of which 1 have negative charge.

To determine the number of fn,l and fn,l(-)’ it is assumed that
NN annihilation takes place through a "linear decay chain" of
fireballs, that is, only two-body decays occur along the chain
which produces always a pion and another fireball at the decaying
vertex. Furthermore the fireball retains non-exotic quantum
numbers at each stage. Figure 1(a) gives the'deca?ing scheme

" where solid, dotted and thick lines represent charged pions,

heutral pions and fireballs respectively.

£, 1 and £ 1(ﬁ) thus obtained are

H ’

fn,1 =a21(2?) d (0 1< ?£?E?/§V?£?odd))? (A-5)
£ = 2P 0, ki YR aay) s ()

with a =/7Z.
From equations (A—l)'through (A-6), the ratio of pp annihilation

cross section to pn one is estimated as

R = L Pp,amn _ . _ o o (A-7)
%pn,ann ‘
This result suggests that the ratio R should be approximately
energy independent if the statistical component dominates the
aﬁnihilation processes, which is true at low energies.
Comparison of experimental data with the OR model can be¢
made with those of branching ratios instead of annihilation créss

sections which are not given by the model. The branching ratios

of the model are represented as
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G
. n,l1 . ). 'n,1 i _
n,l —— 10,177 : (A-8)

o= o-
pPp,ann pn,ann

(o

.Using eqs. (A-1) and (A-3), eq. (A-8) becomes

= . (-) . (-) -
on,l _Pn,l Pn(s) ) Qn,l —Pn,l Pn(s)’ (A-9)
where Pn 1 and Pn(s) are probabilities
n n
_2021(31) _ (-)_2021-1 (o1 ,)
by e PP (A-10)
(1) ™+ (1-0)" (o)™ (a-o)"

Pn(s) is assumed as a Gaussian form which is expected from the
central-l1imit theorem;
. 1 (n—<n>)2

P = z 2 , A-11
n() = e ; (A-11)

"with

2

- b
fol = a<n>, <n>nvs

> : (A-12)

where a énd b are . unknown parameters which should be determined
by other theoretical models or experimentally.  From eqsf‘(A—Q)—
(A?lz) one obtains the following expression for the.borrelation

- coefficients for negatively charged pions;

fl- =f1-(') =B<n> (= <1>), ‘ (A-13)
£y =f,- () =172 80 -a)Ey - (= <110 )<Y, (A414)
£o- =50 =(5/4-8%43/20 -a)8 (1 +28))
' ' (= <1(1_1jti-z)>-3(<1(1_1)>-<1}2)<1>-<1>3),
(A-15)
with
B - o
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From eq. (A-13) the average number of %25 in pp annihilation is

- = 2 B
<n, 0> = <n>-2f1— =5 fl- , ~ (A-15)

which indicates that <n,0> is substantially larger than <n,->
or .<nﬂ_+ >,

The parameters a and b are essentially free as mentioned
above, and Orfanidis-Rittenberg took a=!/4 and b=1/3 from other

147),148)

theoretical models such that

. 1
<n> = 5.05(—5— )‘/3, (M=nucleon mass). (A-16)
am* |

The constant in eq. (A-16) was adjusted by OR to get the observed
multiplicity for pp annihilation at rest. The value of o in eq.
(A-10) should be V2 if only two-body decays occur along the
fireball decay chain. Orfanidis—Rittenberg took a=1.5 in order '
to effectively take into account the multi-body decays and a small

multiperipheral component.
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Appendix B

Monte Carlo Method for Phase Space Integral

An important préblém in the investigation of multiparticle
production processes is the computation of the integral
1= [ T64cP—_? pj)i?, s(p? -mfya%p, . a-17)
j=1 i=1 _
.where
P is the total four-momentum vector of the n-body system,
p; is the four momentum vectors of the indifidual particles
m; is the mass of the particles,
T is the matrix element squared.
The region of the integral is the whole physical region. The
total cross section is evaluated by multiplying a flux factor to
In’ and the differential cross sections afe obtained by integrating
over the subspace of the entire phase space. T describes the
interactions between the particles, and if there is no interaction
between outgoing particles, namely T=1, In gives the n-body phase
space integral.

As before, it is necessary to eliminate the § functions in

P R N R | T U By Y - 1 P LR - . a1 ~ 143)
Lile 1ntegrdl (A-1/7) 4d4nd TO Wrlte J.n 1 Ttne TOoTm
I = [y 49 p (6)T($)
= [ydof (). ~ (A-18)

Here ¢ stands for the coordinate of a point in the 3n-4 dimentional
phase space. The domain of integration V is the domain of
integration in eq. (A-17) expressed in term of the phase space

-variables. The integrand fn(¢)= pn(¢)T(¢) is a product of the
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matrix element squared T(¢) and the phase space denéity pn(¢).
The dinsity pn(¢) is the product of certain factors arising from
the transformation of variables (the Jacobian) and from integra-
tion over delta functions.

When one applies the Monte Carlo methods to particle physics
one does not evaluate the integrand fm(¢) at a predetermined set
of points, bﬁt rather chooses these points at random with a given
dénsity in phase space and evaluates fn(¢) at these events. Ah
event here is a set on n momentum vectors Py --P, in any given
frame satisfying four-momentum conservation and the mass shell
conditions p% =m§ , i=1,...,n.

To be able to generate the events using a fast standard
" computer routines, the integral (A-18) is further transformed
until each of the 3n-4 variables in.¢ has a simple range of

variation. In fact one will find a set

1] -

o =(xP L Gnd)y (A-19)
so that the 3n-4 dimensional hypercube V'

o< ) <1, 4=1, ..., 34, (A-20)

and the physical region V corresponds to each other one-to-one.

1] A

Now, the Jacobian from ¢ to ¢ 1is 3¢ /3¢ , and the intergral

(A-18) becomes
| C (608 T (6)
d¢

99 /39

Inv= IV'

IV' d¢' Iligll__

gale') (A-21)
with ‘
gl (o )= 20 L3 (A-22)

p,(9)
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If the values of ¢i, ey ¢'N for N events are generated evenly

in the hypercube (A-20), then the Monte Carlo estimate of In is

i 1 (A-23)
I == I w , -
n N k=1 k
T'(d)'k) : A
Wy = ——— . (A-24)
gn (4 )

If the distribution-in some variable v or the derivative BIn/av
is requested, the range of v is devided in bins of width Av, and

the derivative is estimated by

Q>

I v AIn

=]

v o Av . : (A-25)
Here in is given by eq. (A-23) with restriction that only events

with v inside the given bin are included.

The phase space integral (T=1 in eq. (A-17)) Rﬁ can be

described by the two-body phase space factor Ro» asl44)’116)
1 n-1 ; '
Ry = == [70 [ T (2 Ry(My g sMy,my ))dM .. dM,
ZM1 i=1
(A-26)
With . i ~ ~
R, (M, ;M.,m, )= 27 A'\Mz '+(Mi‘m§+1)2 —2MZ4m? )
A A e vl Ny i i+l
i+l i+l
(A-27)
where RZ(Mi+1;Mi’mi+1) represents the invariant two-body phase

space of mass Mi+1 decaying into M, and M- In the other words,
n-body production process can be regarded as a chain process of

two-body decay
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(A-28)

M —_— Mi +m

i+l i+l
where Mi and mi+1arethemassesofthe« trunk and branch (produced
particle) in the i th decay process (similar to the scheme of
Figure 1(a)).

Mj (j=2...n-1) is chosen so as to satisfy the physical

condition using random numbers T, .

(A-29)

s
=
—
+
n e
=

Mj =rj(Mn-'i ) ;
with
Q<r1<r2<...< rj<rj+1< cea<T 5 <1, (A-30)
where Mﬁ and M, are the invariant mass of the initial state and
the mass of the decay particle in the last stage(=m1) fesﬁectively.
The weight in egs. (A;23), (A-24), which is proportional to
n-1
NI, m )= 1 (iR (Mg 3Myamy 1)) Ry (Mysmyomy)
(A-31)
is calculated in the FOWL.
| For ﬁjbody final state, there are 3n-4 -independent variables
satisfying the energy- and momentum-consefvation laws, therefore
3n-4 randqm numbers should be used for generation of an event.
n-2 random numbers are spent to determine the invariant masses
M; in the chain decay process. Other 2m-2 are used to generate
angles.
Since the two-body phase space is isotropic in angular space,
polar angle‘ei and azimuthal one o5 of M1 in the decay (A-28)

are chosen to be isotropic in Mi+1 frame as
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cos 0, =28 1),1-1,...,n-1 , (A-32)

6; =2rr@) | ie1, . ne1 (A-33)
where f(;) and r(l) are random numbers with . uniform distribution
between 0 and 1. The final description of the event in the overall

center of mass system is obtained by successive Lorentz trans-

formations of each momentumn.

iii) Test of the Random Numbers

Sequences of random numbers are classified into three types;116)

A; Truly random numbers are those which are chosen in such a way

that at any given point in the sequence all numbers are equally
probable and independent of the preceding numbers.

B; Pseudo-random numbers are those which are generated according

to an arithmetic pfescription so that each number depends on the
preceding ones, but in such a way that any finite sequence (up to
a certain maximum length) satisfies {nearly) the same statistical
tests as a true random sequence. |

C;. Quasi-random numbers are generated according to an arithmetic

pfescription which results in certain strong correlations between
the numbers in any short sequence, but in such a way that certain
asymptotic properties of the distributions are more advantageous
than the corrésponaing properties of truly or pseudo-random
vsequences.

Tﬁe principle of quasi-random number generators is that
certain correlations are harmless (depending of cource on the
problem) and indeed they can sometimes be helpful. For an
integration of k dimensions, sets of k random numbers are required,

each set giving rise to a point in the space. The k numbers must
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be uncorrelated within each set. However certain correlations
betwegn'successive sets of numbers do not cause any trouble.
Therefore a subset of quasi-random numbers which have the pfOperty
‘that the density of'points is more uniform than that of truly
random numbers is useful for the integration and it improves the
convergence of the Monte Carlo estimate.

The random number generator employed in the FOWL is of the

"'shuffled quasi-random" type. It is based on the simple formula

= K.*% i
Rij K; Cj , modulo 1, (A-34)

where Rij is the i th number (i=1v20) generated for j th kine-.
7 matical variables (3n-4 variables are required for an n-body event),
Cj is the square root of the j th prime number (in fact'if‘could
-be almost any irrational number), and Ki is a facto: increasing
with the number of eventé generated.

In order to eliminate the correlations between the random
numbefs, thus generated, the "shuffling" stage is accomplished
in the following way; Before the first event,Aa matrix Rij (i=1
...20, j=1...3n-4) is filled using the first 20 numbers from each
of the 3n-4 generators. Then for each event, a random choice
among the 20 numbers is made for each variable, and the numbers
used are replaced by the next number ﬁroduced by each generator.
An ordinary pseudo-random generator (supplied by the system library)
is required for the "shuffling",

Events are generated by the FOWL using HITAC 8700 compufer
at KEK where one word is composed with 32 bits. Tests for the

random numbers generated in the FOWL are made as follows.
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50,000 random numbers are generated by the above-mentioned
method and they are devided into fi&e_equal parts following the
sequential order. Figure 68 gives distributions of the random
numbers falling between 0 and 0.05 for each sequence of the five
parts (each part contains 10,000 random numbers in a sequence).
It is obvious from the figure that except the first sequence the
ﬁniformity is destroyed drastically. This fact implies thét good
estimate of the phase space integral cannot be given as long as
one uses the FOWL at 32 bits machine. When the FORTRAN arguments
in the generator of the FOWL are used with the double precision
declaration (64 bits), the above defect is remedied and the
uniformity is preserved (the distributions are given in Figure
69).

The non-uniformity in the case of 32 bits machine may be
caused by the small number of the significant figures per
word -~ (7 significantvfigures), that is, the number Ki in eq.
(A-34) increases with increase of the number of generated events
which leads to the result that the number of significant figures

; produced by 'modulo 1'" are not enough'to cover the 3n-4

Aimancinnal cnarn 33 LAawvwmTay
(¢4 i1ax Spalls wiliIUiniiy .

“of R.
i

In the present work, the "shuffling" type generator in the

FOWL is replaced By a pseudo-random number generator supplied
by the HITAC 8700 system library. The generator is

SUBROUTINE RANDUN(IX,X) .

DATA IX/27561413/

IX=1X%48828125

IF(IX) 10,10,26

10 IX=(IX+2147483647)+1
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20 X=FLOAT(IX)*0.4656613E-9

RETURN

END
Figure 70 gives the same quantity as given in Figures 68 and 69
using the random numbers generated by the above. generator. The
uniformity shown in this Figure 70 is not so good as that of
Figure 69, which implies that the "shuffling" type generator
gives more uniform random numbers fhan the pseudo-random gemerator.
The reason why the "shuffling" type generatdr is not used in the
present work is to avoid the trouble caused in the 32 bits case,
which may arise in the 64 bits case when a number of generated

events grows up large.
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Appendix C
Lamb Model
Lamb model is a SU(3) invariant statiatical model proposed
by Lamb to describe NN annihilation processes.zs) Following to
the model  the annihilation cross'section 0, giving rise té a

certain final state is represented by

- ) 2 -
% No Po g, . .vSufsu(s) @ 1,m Rn. (A-35)

Each factor of the above formula is explained in the following.

N, 1is the normalization factor defined by

____ N
Ny=———— | (A-36)

PemEem
where PCM and ECM are the incident momentum and total energy in
the CM system, and N is a constant(independent of energy) which
converts the final statistical weights into absolute cross sectioms.
The denominator gives the incident particlé flux. The comnstant
N is found by normalizing the sum of all the final-state statisti-
cal weights at a given energy to the experimental cross section.

Lamb obtained the value considering data at four different energies

as
N_rA £1 1 N rs—:\__-nn"z n-"3,,,1 Fa_mes
N (.01 ¥ U.4/)X1U eV Inb. (A-D7)
P, 8 ¥ is the permutation factor defined by
5 :
- ' n! :
P = b . . A‘38
LTLERRR n!n,! ...n ! ( )
a’ 7B Y

where nu,ns,..nY are the numbers of identical particles of kind
of o, B, ..y respectively appearing in the final state, and n
is the total number.

Sn is the spin weighting factor. Spin states of j th particle
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of spin Sj are

-S., -S.+1, ... S.. : , A-39
i’ SJ J ( )

Regardless of the other quantum number eigen values of the final
state, the above states are equally probable and will be equally
populated. Thus the angular momentum "phase space" of the final

state is given by the spin weighting factor

Sn =

=g

(28:+1). (A-40)
j=1

R, is the invariant phase space defined as

' 4
n d'k.
. e 4 4 2 2 j
R = J...f(Zm )n(Zﬂ) § (ke-k.) I (2m) G(k.-m.)————z ,
{(A-41)
where kf, ki and kj are four-momentum vectors of final state,

initial state and j th particle respectively. The factor in'eq.
(A-41)
n :
Iom | (A-42)
i=1
is introduced to retain the concept of an interaction volume. .

§l; o Trepresents the interaction volume of NN interaction defined by
3

% -2l T me™xy, | (A-43)
Q(X) = RQ(m), (A-44)
a(r) v ye_ . | (A-45)

Here 1 is the number of non-strange and m is the number of strange
particles; thus
l1+m=n, . (A-46)

where n is the total number of the particles. <y is the Lorentz
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contraction factor. Q(w) and Q(X) are the interaction volumes

for non-strange and strange parficles respectively, which are

introduced under consideration that the strange particles are

created close to the core of the pion cloud surrounding the

incident particle and hence they reach statistical equilibrium

only within a somewhat smalier volume than do non-strange particles.
Lamb obtained the values for the radius of the pion inter-

action volume Rﬁ'and the ratio‘R of Q(K) to Q(m) by the least

.square fit to experimental data as

Rﬁ =(1.75 + 0.020)-(0.337 0.001)ECMA, (A-47)

R =(0.48 + 0.03), (A-48)

where A and E-y are the pion Compton wave length and the total

energy in CM respectively.
ASU(S) describes the SU(3) invariant amplitude, which is an
essential quanfity in the Lamb model. The amplitude is built by
the foilowing procedure.

The SU(3) invariance of the transition matrix T is introduced
into the model by expanding each initial and final‘state over
SU(3) eigenstates. Having expanded the states in this way, T
will be automatically invariant if it is a scalar quantity and
connects only identical SU(3) eigenstates.

Each particle participating the annihilation is considered
as a member of an SU(3) representation or supermultiplét, and the
wave function for a state is given.by

¢f=¢1(d1’11’131’y1) ------ q)n(dn’in’iSn’yn)’ (A'49)

which is a product of individual particle wave functions. Here

i’iB’ and y denote the isospin, isospin third component and
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hypercharge respectively. d (= D(p,q) denotes the SU(3)
representation to which the particle belongs, and is related
to SU(3) spin or unitary spin which is now conserved in the
interaction. SU(3) invariance states that not only isospin
n .
1%=( 3 i,)2, (A-50)
j=1 J :
but also unitary spin
2_. 1 2
D*=(z ®d.)° , ' (A-51)
j=1
are good quantum numbers. In order to exhibit this property, a
system of basis states must be used in which both I and D are
diagonal. The basis states of such a scheme can be denoted by
¢(iliz(ilz)13(1123)’"dldz(dlz)dS(dLZS)"’)’ (A-52)

where

2.2
112 =Uig+i%,

.2 . . . 2
lypz=(ig+iy+ig) ™,
: (A-53)
2 - 2
dyp =(d;+d;)%,

2 2
dy23=(d5+d,+d5) ",

Then the following unitary transformation can be written.
¢f=¢1(i31’y1)¢2(132’y2)"'¢n(13n’yn)
= s z ’ R(D;,D .D

2

22" "n-1
Dy,Dg,...D 4 LSV SR
IZ,IS,...In_1;131,132,...13n;y1,y2,...yn)
@(DZ,DS,...Dn;IZ,IS,..fIn)f " (A-54)
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. where the coefficient R is the unitary spin recoupling coefficient

which is a product of SU(3) C-G coefficients, and Ij’ Dj are
Ii=i123..5 » (A-55)
D;=d123. .5 (A-56)
Finally eq. (A-54) becomes
n . diD.3i. 1.1
‘I’f=D2,1733, D, 12,§3,...1n_1 ‘jgl Cdj;l(,i?DJ;lJ_l )
. 37357735733
@(DZ,Ds,..{Dn;IZ,IS,...In)
=ADn’In @(DZ?DS,...Dn;IZ’,IS?.,.Inj. (A-57)

Describing both initial state @i and final state ®f by the. same
~expression of eq. (A-57), the SU(3) invariant matrix element can

be written as

2 =2 . 2
|<og|T]o >]2 = T2, <a_|0.>]
f i 8B B.. 5132"13n £17171
=2 . 2
=T ' . IA A vl
B B. .6132 ,I3n ‘DnIn DZI
_TZ . A2
= t -
B B. .6132 Iz SU(3) (A-59)
Here primes denote the initial state, Also, in this expression

all external quantum numbers are neglected.

ASU(Z) are given in Lamb's thesis.

Typical values for
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Table 1 (&)
TOKYO DATA
Scanning for Associated Events

number of rolls
number of frames

scanning efficiency after double scanning 97.6

LIST OF EVENTS

233 rolls

%

°

223,749 frames

3-Pp 3-P+V 5-P 7-P total
{Scanning)
events found ' 1,253 7 437 14 1,711
- one 0-P and one 0dd-P in a framef| 1,153 7 406 14 1,580
two 0-P or two odd-P in a frame 100 31 0 131
(Measuring)
well reconstructed'events*) 1,134 5 368 10 1,517
[cut] ®x-p elastic scattering**) 174 V .
[cut] cos Glab'<~cos elab.min. _ 11 0 3 0 14
[cut] out of fiducial volume =) 33 0o 17 1 51
events Temained after these cuts 916 5 348 9 1,278
one 0-P and one odd-P in a frame 821 5 318 9 1 ,153
| _ two 0-P or two odd-P in a frame § 95 - 0 30 0 125
events which failed in reconstruction 119 2 69 4 194
[cut] 7t-p elastic scattering****) - 18 18
events left after this cut - 101 2 69 4 176
one 0-P and one odd-P in a frame 96 2 68 4 170
two 0-P or two odd-P in a framegﬂ 5 0 1 0 6

*) All df points and tracks passed = criteria of XL 0.03, AYL0.03,
AZ <0.15,track error <1000 and residual <304 after THRESH outputs.
*%) 3-prong events with one heavy ionized track and a cubic volume<

**%%) see Fig. 57.

*%%%*) 3-prong events with one heavy ionized track.

[cuts on 1,153 events]
P(incident); 0.6 - 0.8 GeV/c
dip angle of p; ~0.2 - 0.2 rad.

1,111(3-P,3~-P+V,5-P,7-P = 793,5,505,8) events passed.

path length of 2 > 1 cm

1,063 (3~P,3-<P+V,5-P,7-P = 753,5 298,7) events passed.

0.04,
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Table 1 (b)
RCOMBAY DATA

Scanning for associated events

number of rolls 320 rolls
number of frames 336,080 frames
‘scanning efficiency from 2 scans of 50 rolls 98 %

LIST OF EVENTS

number of events

(Scanning)
events found 2,860
one O-p(prong) and one odd-p in a frame 2,685
§) odd-p associated with more than one O-p 475
‘ (Measuring)

well reconstructed events after 4 measurements*> 2,543

(cut) CUB <0.025 270
(cut) beam momentum < 0.6 or > 0.9 (GeV/c) 29
(cut) failure in kinematics 19
(cut) path length cf n < 1ecm 76
events remained after these cuts 2,055

topology of 2,055 events
: **) ann-)
1‘P+V, 3—p+v, 5_P, S-Pa 7—P = 75 16'5, 13950859 617‘67,20

*) A11 of points and tracks passed criteria of A X< 0.03,
Av< 0.03, AZ< 0.15(cm) , track error < 1000 after THRESH
outputs. _.
**) Decimal fractions appear because the events denoted by §)-
were counted with the weight (e.g. 1/2, 1/3, etc.,). '
**x) In addition to this nunber, Bombay:group estimated 5%.5

z_prong stars lost by the cut on coplanarity (CUB< 0.025).
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Table 1 (c)
NEUCHATEL ~ DATA

Scanning for Associted events
. pumber of rolls : .70 rolls

number of frames : 77,105 frames

LIST OF EVENTS

3-P 5-P 7-P total

type
~ (Scenning)
events found in scanning _ 321 1224 1 446
one O-P and oné 0dd-P in a frame | 301 118 1 420
two O-P or two odd-P in a frame 20 6 (o) 26
(méasuring) A
one O-P and one 0dd-P in a frame 301' 118 1 420
lost: .
unmeasurable - 15 4 - 9
tape manipulation | - 1 1 2
fiducial vol. cut by progfam 7 1 - 8
momentum cut( 0.6<P<0.8 GeV/c) 2 - - 2
events remained 277 112 - 389
EVENTS CONTAINED IN DST (SENT TO TOKYO)
No. of events in DST - i as
one O-P and one 0dd-P in a frame§) 250 113 - 363
events remained aff;; cuts on P ") | 245 104 - 349

§) We identified these events in DST with the value
of location 25 (=1.0) .

*) We used these events in the calculation of the differential
cross sections. 'cuts on P' means -0.2<dip<0;2, 0.6<P<0.8

GeV/c eand path length of n>1ecn.
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Table 2(a)
Contents of CONS block of THRESH

Significance , Value

. Tolerance for fiducial marks - 0.04 ¢cm
. Constant for multlple scattering 0.000675

1
2
3. Tolerance on.ux + AY2+( Az/stereo ratio) )1/2

for labelled point reconstruction 0.1 cm -
4, Minimum curvature for quasi-straight tracks 0.000C1 cm
5. Maximum length for a track image with

only 3 measurements 10 cm
6. Stereo ratio ' 3.8
7. Maximum length for a track that one may try to

fit again as quasi-straight when the helix

- fit does not converge 10
8. Length unit for sagitta cutoff _ 0.2
9, Measurement error on film ’ 0.002 cm
3. Multiplier of CONS 8. ' A
N5. Multiplier of the current tolerance for the .
track measurement , 3
6. Number of near corresponding points used as
] reference for certain tests 5
7. Lowest letter for the second label of a track
imposed as straight w
N8, Distance film lens. ’ 10 cm
N9. Upper tolerance 0.5 cm
0. Iower tolerance 0.05 cm
?1. Reference radius of curvature R 400 cm
22, X max 45
?3. X min . -45
24, Y max 30
25. Y min =30
26. Maximum relative angular gap acceptable
between consequtive measurements 5
27. Maximum amount of extrapolation for near
corresponding point reconstruction c.8
29, Maximum acceptable variation for the Z coordinate
of the start point during the helix fit 1.5 cm
320. Idem for the mass fit " 0.5 cm
241. Maximum acceptable mean residual after helix fit
or mass fit ' 100
32, Maximum acceptable Stretch coefficient 0.005

33, Maximum acceptable mean residual after the
circle fit of the first approx. 1 cm
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Table 2 (b)
Contents of CONS block of GRIND

Significance Value
1. Bubble density for |B| =1 (bubbles/cm) 22.
2. Relative error on bubble density 1.
3. Range error, if not calculable 0.1 cm
4. Maximum projected length for zero-range tracks 0.1 cm
5. Constant for multiple scattering 0.000495
6. Measurement error on film coordinates 0.008 cm
7. Number of standard deviations allowed in
comparisons 5
8. AX 0.0002 cm
9. AY minimum error on space points 0.0002 cm
10. AZ 0.001 cm
1. A>‘max maximum errors on neutral track 0.5 radlén
- 12. A¢max angles _ 0.18 radian
13. Maximum length of a track in chamber 60 cm
Table 3
Number of Fitted Events
*
Channel Tokyo Bombay Neuchatel Total Accepted Events )
at_- - e P PR ~
e T 35 47 . 15 101 gu
2n w0 225 347 141 713 529
3nt2m” 67 122 25 214 188
srtoarn® 122 364 309

182 60

*) see Section IV-1-i




Location
1
2
3

5,6,7
8,9,10
11,12,13
14,15,16
17
18
19
20
21
22
23
24
25

26
27

28-54
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Table 4
Contents of the Data Summary Tape (54 words)

Contents
Identification of the event (film-frame-event number).
Number of tracks of the associated star.
Number of particles of the associated star (including

" 1°). Set to 0 for nofit and 0-C fit.

Number of constraints in the fit of the associated star.
Set to 10 for nofit events.

X,Y,Z coordinates of the primary vertex (pp vertex).
X,Y,Z coordinates of the secondary vertex (np vertex).
p(GeV/c), A, and ¢ (rad.) of the incident P

ps X, and ¢ of the antineutron.

9(lab): emission angle of the n in the laboratory.

8(cm) emission angle of the A in the pp-cm.

cos 6(cm).

-t: four-momentum transfer between p-n.

Distance between primary and secondary vertices.
Potential length for the antineutron.

np annihilation cross section: computed from 747//T(mb).
Weight for the event (inverse of the detection eff.). ‘
Weight due to the presence of several events on the
same frame (value 1,1/2 or 1/3).

Probability of the fit (o if nofit or 0-C fit).
Coplanarity angie for the 3-prong associate
0-1 (-1 for 5- or 7-prong stars).

9 times 3 variables (p, *,9) for the particles of the
associated star. Sequence positive, negative and
neutral psrticles. (Completed with 0 for the rest of

cL

. the banks.).




Branching Ratios for np Annihilation
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Table 5

*)

*) derived from Tokyo data.

**) see Section III-7-iii.
*%%) This number is deduced by symmetrizing the (MM)

tlon (see Sec.III-7-iii) around the axis (MM)? -(m )

type 23ént§ MM cut**) % cross section

3 prongs 679 679 71.4%3.6 38:2-3.9 (mb)
ConteT ( 32 32 3.4%0.6 1.8%0.3
2n m n° (168 93 9.8%1.1  5.2%0.6
2 mr® (m>1)( - 554 58.3%3.1 31.1%1.7
5 prongs 262 262 27.6%1.9 14.7%1.0
3nton” ( 53 50  5.3%0.8  2.8%0.4
3n 2 ° ( 99 98 10.3%1.1  5.5%0.6
3nt2n mr® (m>1) (- 114 12.0%1.2  6.4%0.6
7 prongs 9 9 0.9%0.3 2

0.5%0.

dlgtrlbu-

Table 6
Comparison of the result with pn data and with the OR model

type np (%) pn (%) ref.21) OR model (%)
3 prongs 71.4-3.6 73.535.3 71. 89
37 3.4%70.6  2.9%0.4 2.66
4w 9.8%1.1 15.0%1.4 16. 46
>4 58.373.1 55.7%5.1 ' 52.77
5 prongs 27.6-1.9 22.9%3.8 26.94
5w 5.3%0.8 7.4%1.3 6.43
6m  10.3%1.1 11.6%2.8 12.62
>6m  12.0°1.2 7.4%1.8 7.89
7 prongs 0.9%0.3 | 1.17




"Table 7
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Resonance Parameters

mass (GeV)
o 0.77
w 0.78
£ 1.27
g 1.68
Table 8

width(GeV)
0.15
0.05
0.17
0.18

Percentages of Resonance Productions

channel

+ -
21 T,

3ntom”
M(700-7 )
3t 2m " w°

w- production’

e

20712
a7tz
86
4616 11.6 T6.7
t1t6 15.8 Z6.6
714 9.6 *3.8
_g¥% 4.8 2.7
g 20.2 5.7
) 4.4 T1.4

~100

~45
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Table 9
Parameters Used in the CIA Model

(a) Values of model parameters

=-0.38, H=3.50(GeV)” ",
B=0.88(GeV)"2 M =0.94GeV
2=0.88(GeV)? A=0.5 ,
b=1.25(GeV)? , c=1.50(GeV)™] .

y=0.25(GeV) ™ »

(b) Sample values of coupling constants g; and ci(in (GeV)-1)

- 84 ¢i 8i i
ntn”  3.02 1.27 wn® 1.80 0.7
atn® 2.5 0.99 et 139 0.7
w0 1.8 0.50 £ 1.17 0.49
Pt 2.16 0.64 P 0.99 0.35
PO 1,30 0.25 ntg® 1.11 0.50
Pon° 1.53  0.29

(c) Masses and widths in GeV

+0
P .
J

N o
HEROFYard

,0.15 .-
£ :1.27,0.17 .
g : 1.68,0.18 .

w :0'78390005 »‘
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Table 10

Colimation Paramaters C

and Asymmetry Parameters A

C(=(P-E)/(P+E))

A(=(F-B)/(F+B))

20t 3 ow 0.044%0.074 -0.196%0.072
x 0.019%0.099 © 0.304%0.099
200 1% «F 0.002%0.031 0.030%0.031
w~ 0.027%0.044 -0.018%0.-044
2 0.122%0.043 -0:.170%0.043
3n2m o 0.011%0.042 -0.064%0.042
| n  -0.048%0.052 0.106%0.051
3rt2n 7% o7 0.077%0.033 0.064%0.033
+  -0.010%0.040 0.016%0.040
° -0.023%0.059 -0.314%0.054
Table 11
Correlation Coefficients Y
(rr) @1 @) @) @)
21t Ps: - - 3.51 - 3.51
' " BE: - - 3.73 - 2.71
+
EXP: - - 4.26%0.80 - 3.38-0.84
2 "m0 ps: - 2.30 2.30 2.30 2.30
BE: - 2.21 2.46 . 2.31 1.65
EXP: - 2.31%0.22 2.41%0.16 3.22%0.23 1.3970.12
3727 PS: 1.80 - 1.80 - 1.80
BE: 1.51 - 1.98 - 1.66
EXP: 1.0970.16 - 2.84%0.19 - 1.32%0.11
3rt 21 7% PS: 1.62 1.62 1.62 1.62 1.62
BE: 1.27 1.54 1.61 - 1.98 0.93
Bxp: 1.19%0.14 1.34%0.11 2.02%0.10 1.82%0.12 1.18%0.08

PS:Phase Space, BE:Bose-Einstein

statistics,

EXP:Experiment
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Table 12

Transverse Momentum Spectra

model 12 g max.T or a (GeV)
Hagedorn |n* | 221 36 10.1138
n 79 |36 0.1146
total | 351 |36 0.1139
Boltzmann n* 107 56 0.3326
n 86 |36 0.3312
_ total | 126 |36 | 0.3333

Table 13
Brénching Ratios of Dp annihilation at 0.6
GeV/c for Various Multiplicities Calculated
Follov?ing the OR model (%)

no. of s° [ 0 1 2 LI 5 6 7 8
s U
ontn” 2.2 13.6 23.7 15.3 4.1 0.5 0.0 0.0 0.0
3nton” | 5.3 0.4 5.5 1.00.0 0.0 0.0 0.0 0.0
4n*3n” 0.6 0.3 0.05 0.0 0.0 0.0 0.0 0.0 0.0
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Table 14

Beam Characteristics

DU e
| average momentum M, m contamination | no. of P’s
: (GeV/c) : _ (%) ! _per frame
= T_ = e ' B - e e oETE e e B
I(Tokyo) ﬁ 0. 704 —O 039 E 9 17 O 11 10. 23 O. 04
L;(Bombay) | 0.760 *5.025 | 9. 9 -o 18 § 10 10%0.04| .

S GV U O S S

Table 15
pn annihilatipnﬁgross sections at low energiesqs)
izggggzory | Eiggﬁzggry v Cross sections(mb)
energy (MeV)| momentum(MeV/c) 3 prongs 5 prongs
57.4%13.2 | 333. % 40. 70.6% 3.9 | 23.3%2.1
79.8 10.0 395. 26. 56.9 3.0 21.5 1.7
98.1 8.5 | 440. 20. 48.3 2.5 22.6 1.6
109.3 8.8 | 466. 20. 52.9 2.6 | 19.2 1.5
1241 8.1 498, 7. 45,3 2.1 18.6 1.3
137.7 7.5 | 527. 6. 46.3 2.0 19.1 1.2
146.6 7.1 | s45. 4. ~ 48.0 2.1 17.6 1.2
158.8 6.7 | 569. 3. 43.5 1.8 | 18.6 1.1
170.5 6.4 | 591, 12, 82,7 1.7 16.1 1.0
© Table 16

Numbers. of unassociated stars

3 prong | 5 prong 7 prong
650 313 13
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Figure Captions

Fig. 1.
Fig. 2.
Fig. 3.
Fig. 4
Fig. 5.
Fig. 6.
Fig. 7.
Fig. 8.

(a) Linear chain decay scheme of NN system in the
Orfanidis-Rittenberg model. (b) Multi-Regge-pole
exchange scheme of the CiA model by Chan Hong-Mo

85) (c) Schematic description of the Muller-

et al.
Regge analysis of pn annihilation.

Layout of the K4-beam in the North Hall of the CERN
P.S.

(a) Whole aspect of the Saclay 81 cm hydrogen bubble
chamber. (b) Alignment of cameras and flashes of the
Saclay 81 cm hydrogen bubble chamber.

Histogram of the urange in the Saclay 81 cm hydrogen
bubble chamber.

Typical events of the charge exchange scattering
associated with np star of (a) 3 prongs, (bj 5 prongs,
and (c) 7 prongs. The cross marks are reference marks
(called fiducial marks).. The 0-prong and odd-prong
vertices correspond to pp charge exchange and np
annihilation respectiyely, |

(a) Schematic diagram of the Super Mangiaspago type
measuring device (SMP). (b) Block diagram of the
Computer Aided Measuring Projector (CAMP).
Distribﬁtig; dé,fﬁewéf;;;;h,parameter ST (defined by
eq.(III-6)) for (a) view 1, (b) view 2, (c) view 3 of
fhe photograph (Tokyo data). ,

Point errors in THRESH outputs for the odd-prong vertex; °

(a) AX, (b) AY, and (c)AZ.The.arrows indicate the

criteria for acceptance (Tokyo data).




Fig.

Fig.10.

Fig.

Fig.

Fig.

Fig.

Fig.

9.

11.

12.

13.

14.

15.
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Track errors in the THRESH outputs:of  the incident p; .

(a) A(1/p), (D) AA, (c) 24 ,(d) .residuals ( p, A

and ¢ are radius, dip angle, and azimuthal angle Trespec-
tively.). The arrows indicate the criteria for
acceptance (Tokyo data).

Disfributions of (a) coplanarity angle COP and (b)

cubic volume CUB for the 3-prong stars, which are
defined by eqs. (III-7) and (III-8) respectively.

The shaded areas correspond to the events of which
oné_of the three tracks was heavily ionized. These
events were rejected in the present analysis (Tokyo
data).

Distributions of pulls (as defined in eq. (III-20))

for the. incident.p . (a) 1/p, (b) A, (c) ¢(Tokyo data).
x2 probability distributions of the GRIND outputs for
(a) np —> 2n'm", (b) 2w+ﬂ_n°,'(c) 3W+Zﬂ_, and (d)
3n72r 1% final states (Tokyo data).

Distributions of missing-mass squared for (a) ﬁp-—92ﬂ+ﬂ-,
(b) Zﬂ+ﬁ_w°(The.dot lines represent a histogram symmet-

e 4 . -2 2 . L. o - - 4+ - n
rised around MM“=m_.), (c) 37 Zr , and (d) 3m zmw

~ final states  (Tokyo data).

Block diagram of the experimental procedure employed

at Tokyo. Events flow‘élong the arrows.

Determination of the effective width of w meson.

(a) Effectivevmass squared distribution of (ﬂ+ﬂ-ﬂ0)
combinations of the 3w 27 7° final state. (b) Mass

and width of w meson determined. Events used are those
within the region indicated by the arrows in (a) (Tokyo

data).




Fig.16

Fig.17.

Fig.18.

Fig.19.

Fig.20.

Fig.21.

Fig.22.

Fig.23.

-189-

Momentum distribution of the antineutrons. The two
arrows indicate the momentum criterion imposed for
acceptance.of events.,

(m*17) effective mass distribution for np —> Ul
reaction.Thesolid.and dashed curves are the fitted
curve of (resonances+ phase space) and the prediction
by phase space respectively.

Effective mass distributions of various combinations

O reaction.The

for resonance productions in np —> 2t
solid and dashed curves are the fitted curve of
(resénances + phase space) and the prediction by phase
space respectively.

The same distributions as Fig.18 for np —> 3m 2m
reaction. The dot-dashed curve in the (n+w') mass spectrum
is explained in Section IV-2-iv.

The same distributions as Fig.18 for np —> 3m 21 w°
reaction.

(r*r7) effective mass distributions for (a) 2n'n,

(b) 2ﬂ+n'w°,(c) 3n72r" and (d) 3w 21 w° samples. The solid
and dotted histograﬁs represent those for the events

with (W+ﬂ~) dipion system emitted in the forward and

backward directions with respect to the incident n in

c.m. system respectively.

The same distributions as Fig.21 for (a) (n+n°) and (b)

4+ . . + -
(m 7 ) combinations of 27 T m° samples

Production angle, cos8, distribution of (m 7 ) dipion

.system with respect to the incident n in c.m. system

+ - 0
for 2r 7 w samples.




Fig.24.

Fig.25.

Fig.26.

Fig.30.
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(W+“—) effective mass spectra of 2ntn samples for
the events with production angle 8 of (ﬂ+ﬂ_) dipion
system (a) |cos 6] > 0.5 and (b) |cos 6] < 0.5.

(“+ﬂ_) effective mass spectra of events with (ﬂ+ﬂ-)

dipion system emitted (a) in the forward direction and

(b) in the backwardAdirecfion for 2n'n x° samples. The
solid curves are those obtained by fitting the histograms
with the form defined.in eq (IV-63).

(ﬂ+ﬁ_) effective mass spectra of events with (w+n-)
dipion system eﬁittea (a) in the forward direction and
{(b) in the backward direction for 2w+n‘ﬁ° samples.,

These histograms are those obtained by subtracting events
from the histograms in Fig.25 by the amount of 40%
following the shapes of the (ﬂ+ﬂ—) mass spectra‘of

3n2m” samples (see IV-3-iii).The solid curves.are those
obtained by fitting the histogram with the form defined

in eq. (IV-63).

. Graphs of the C:A model contributing to the reaction

- 4+ -
np — 27 T

Graphs of the CLA model contributing to the reaction

- + - 0
np — 2m W T .

+ - . ' -
(r'n7) effective mass distribution for 2n m final

state.The solid curve is the prediction by the CZA
model.

(ﬂ+ﬂ—) opening angle distribution in the production.
c.m. system for 2n'n” final state.The solid curve is

the prediction by the CEA model.




Fig.31.

Fig.32.

Fig.33.

Fig.34,

Fig.35.

Fig.36.

Fig.37.
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Effective mass distributions for 27 7 7° samples.

(a2) ("'77) combination, (b) (7 'm°) combination (c)
(ﬂ-ﬁo) combination, (d) (ﬂ+ﬂ_ﬂ°) combination;The solid
curves are>the predictions by the CZA model.

Opening angle distribﬁtions of dipions in the production

0 samples. (a) (ﬂ+ﬂ+) combination,

c.m. system for ortn T
(b) (ﬂ+ﬂ°) combination, (c) (ﬂ+ﬂ-) combination, (d) (ﬂ_ﬂo)
combination.The 501id curves are the predictions by the

CLA model.

Distributions for production angles of w+, m , and n°

for various final states in the production c.m. system.The
solid and dashed curves are the predictions by phase
spacevand by the CZA mbdel reépectively.

- - . + -
Distributions for transverse momentay(PT Jofwm , m,

and 7° for various final states.The solid and- dashed

curves are the predittions by phase space and by the

CLA model respectively.

. . . +
Distributions for absolute values of momentum of w ,
T , and 7% for various final states in the production

c.m. systemThe solid and dashed curves are the predictions

by phase space and by the CiLA model respectively.

(ﬂ+ﬂ+) effective mass distribution for 2n ' m  final state.

- The solid and dashed curves ‘are.thepredictions by the

Bose-Einstein statistics and phase space respectively.
This notation is kept up to Fig.41.

+ . . . . . - .
(w ﬂ+) effective mass distrivution for 2w+n 1% final

state.




Fig,

Fig.

 Fig

Fig.

"~ Fig.

Fig.
.Fig.
Fig.
Fig.

Fig.47.

Fig.

38.

39.

.40,

41.

42,

43,
44.
45.
46.

48

-192-

(W+ﬂ+) effective mass distribution for 37 27  final
state.
(r"n7) effective mass distribution for 3m 27~ final

state.

(o)

(ﬂ+ﬂ+) effective mass distribution for 3w 2n 7° final

state.

(r"m") effective mass distribution for 3 2n 1° final
state.‘

Distributions of the dipion opening angles in the
production c.m. system for 2m m  final state.The solid
and dashed curves are the predictions by the Bose-
Einstein statistics and phase space respectively.

This notation is Kept up to Fig.45.

The same distribution as Fig.42 for 2r'm n° final state.
The same distribution as Fig.42 for 3" 2r  final state.
The same distribution as Fig.42 for 3m 27 n° final state.
Cbrrelation parametefs y (defined by eq.(IV-92)) as a

function of the dipion charge mode in the reactions (a)

- + - + - 0 +,. - +, - O
np —> 2n 7 , (b) 2w -, (c) 37 2r , and (d) 37 27 7 .
The solid and dashed linesarethe predicticns by the Bose-

Einstein statistics and phase space respectively, whith
are the ones obtained by connecting the predicted point;
to guide eyes;‘

A ladder diagram of np —> pions showing the flow of
charge and transversetmomentum along the t;chanﬁel.
Distributions of R, the ratio of Qex(defined in eq.
(IV-101)) of the data to that of the prediction hy the

phase space for (a) 2m'n ? (b)/ZWfﬂ-ﬂp, (c).SﬂfZﬂf,
and (d) 37 27 7% final states.




Fig.49

Fig.50.

Fig.51.

Fig.52.

Fig.53.

pn —> 2r 7w at 1.2 GeV/c
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Distributions of Py__ (defined in eq.(IV-100)) for
(@) 2v*r™, (b) 2n*TMC, (c) 37727, and (d) gt omwO

b

final states together with the predictions by phase..space.

The physical regions on the s,t plane of the three

" different channels of 7'n° —> m'm . The straight

lines marked a(s)=1, etc., show the positions of the

poles in s and t; the dashed lines marked a(s)+a(t)=1,
etc., are the lines of zeros of the amplitude. The
curve in the region s>0, t>0 is the boundary of the
Dalitz plot for np — 2r¥n” at 0.65 GeV/c.

Dalits plots of the reactions (a) pn — amrt at
rest,zg) (b) np — 2r'm” at 0.65 GeV/c, and (c)

22), The contours in (a) show

the prediction by the Veneziano modelzg).

(a) Dalitz plot for the reaction np — 2 n” at 0.65
GeV/c.The contours give the prediction by the 2% amplitude
which is given by eq. (IV-111) explicitly. (b) The
projected distribution of the Dalitz plot for CD,
effective mass squared. (c) The projected distribution
of the Dalitz plot for (n+n+) effective mass squafeddThe
solid aﬁd dashed curves in both (b) and (c) are the =
prediction by the Zf amplitude and phase space
respectively. '

Inclusive spectra of the transverse momentum for {a) w+,
(b)m~ and (c) total pions. The'solid and dashed. curves
represent the fitted onesfof the Hagedorn distribution
(eq.(IV-113)) and the Boltzmann distribution (eq.(IV-114))

respectively. The best fit parameters are given in

Table 12.




Fig.54.

Fig.55.

Fig.56.

Fig.57.

Fig.58.

Fig.59.
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Mi spectra of nt (cross mark) and ™ (closed circle)

for various t intervals of the inclusive reaction

np —> s X,

{a) The_ same distribution as Fig.54 over whole.t region.
The 'solid and-dashed curves are the prediction by the OR
model and the fitted curve by eq.(IV-125) respectively.
{b) The same distribution as (a) for nofit events.
Distributions of events of np annihilation with respect
to the total energy; (a) all events, (b) odd-pion final
states (3m+5m), (c) even-pion final states (4m+6m).The
dashed arrows indicate the position at which Carroll

et al. observed an enhancement in the spectrum of the
total cross section of pd reaction.gz)
(a) Fiducial marks (cross marks) projected on the view 2
screeﬁ of a scanning table (20x magnification).The arrows
indicate the entrance and exit for the incident beams

to be accepted. The‘camera is placed in this side of '
the sheet (98.5 cm from the two-folded circle);Theadashed
lines indicate the fiducial volume for the present
experiment. (b) Fiducial volume difined in the bubble
chamber coordinate.

Momenta of thé incident p at pp —> nn scattering

vertex of the Exposure I-(Tokyo data).

The same distribution as Fig.58 of the Exposure II

~ (Bombay data).




Fig.60.

Fig.61.

Fig.62.

Fig.63.
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(a) Schematical representation of the range of a

recoil proton of elastic scattering in a bubble chamber.

An incident p is assumed to be perpendicular to the
sheet which contains the interaction point. The radius
represent the range. The projected length of the range
of the recoil proton falling within the shaded area is
smaller than 1.5 mm. (b) Rate of loss of events of
short-recoiled elastic scattering on a scanning table
(solid curve) and the range of the recoil proton (dashed
curve) as a function of t (between incident and scat-
tered p) in a hydrogen bubble chamber.

Differential cross section for pp —> pp with [t|<0.1
(GeV/c)z at 0.7 GeV/c. The solid curve along the data
points gives the prediction by the diffraction model
(see eq.(V-16)). The shaded area representé loss of
events due to the small pfojected range of the recoil
proton ( < 1.5 mm in the bubble chamber).

Kinematical scheme for ﬁp —> nn scattering.

;
6.: measured angle between p-n in lab. system.

* . .
8, possible angles of emission of antineutron 1in cms.

t-'i

P momenta of antineutron with low-energy and high-

L> Ph’
energy .solutions in lab. system respectively.

PS: momentum for which PL=PH.-

Figures are exaggerated concerning tbe'ﬁ,ﬁ mass differ-

ence for the sake of clarity. »/

Ratios of:the path length of @ (X) to.the potential

length (L). Definition for each quantity is given in

Fig.57.




Fig.64.

Fig.65.

Fig.66.

Fig.67.
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A fitted curve of the empirical formula (eq.(V-24)) to

the cross sections 03+<5,5 of pn annihilation at low
energies (solid curve).The dashed curve is the one

used in the previous experiment73).

(a) Path lengths of the n, (b) Angles between the
scattering plane (p - n plane) and the perpendicular

to the front glass of the chamber (approximately parallel
with the optical axis).

Data for pp annihilation below 1 GeV/c. ~ The data.
obtained in this experiment are indicated by open circles.
(a) Annihilation cross sections.The solid curve is that
obtained by fitting the formula of eq.(V-52)to the data.
(b) Branching ratios of 0O-prong annihilation cross
section to the total one.Theéolidanddashed curves are

the predictions by the OR model and Lamb model respec-
tively. (c) Bfanching ratios for 2-prong annihilation.The
solid, dashed and dot-dashed curves are the prédictions
by the OR model,_Lamb model and Goldberg model respec-
tively, and this notation is kept up to (g). (d) The
ratios for 4-prong annihilation. (e) The ratios for
6-prong annihilation. (f) Average multiplicities of
négativeiy charged particles. (g) Two-particle corre-
lation coefficients for the pp data (see eq.(V-55)).
Branching ratios of (a) 2-prong, (bj 4-prong, and (c)
6-prong annihilation cross sections to the total
annihilation cross sections for e+e', KK, and pp
annihilations. The data in the present analysis are
indicated by closed circles and other data are cited

from ref. 38). The solid curves are the predictions by

the OR model.




Fig.68.

Fig.69.

Fig.70.
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Distributions of random numbers generated by the
"Shuffling" method that is  employed in the FOWL.
50,000 random numbers are generdated using HITAC 8700
computer (32 bits per word), and they are divided into
five equal parts following the sequential order. The
distributions are taken for the . numbers. of each part.

distributing within the interval 0.0-0.05.

‘The same distribution as Fig.68. Random numbers are

generated by the "Shuffling" method where FORTRAN
areguments in the generator are used with DOUBLE
PRECISION declaration (64 bits per word).

The same distribution as Fig.68. Random numbers are
generated using a generator supplied by the HITAC 8700

system library.
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Fig. 1.
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Expznder reservoirs
Boot valves

Driving piston

‘ — O
, W
/ |k
Cold piston , C
Liguid hydrogen shield - N \ 1 -
' g
Liquid nitro hiel i
q gén shie d \ Vacuun tank
Tron yoke

= ' - 4 ils
N i -{@ L//,—CO:L
, = o ‘ - Cameras
Chamber body ' . : :

Glass w1ndows'—\

N
Condenser lenses A
Flash positidn-*Jl

Cooling loop

Fig.? (a)
Saclay-CERN 81 cm Hydrogen Bubble Chamber
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Fig.3. (b)

Incident Beams
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Fig. 4.

n0. of events

20

10 +

muon range {cm)




-202-

Fig.5.(a) 3-prong Event
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1
|
[}
SUPER SONIC +~ MIRROR
i
]

ROUGH DIGITIZER 7 -] 1TV 4 MONITOR
i | | 7’{" CAMERA[| TV
! HALF , !
: MIRROR%- /. »]DOVE || AUTOMATIC
| PRISM [ MEASURING
7 ! CONTROL| | DEVICE
SNA@M) i :
CREEN L
O LENS

S RV
MOTOR SERVO
_/ MOIRE FRINGE MOTOR

DIGITIZER l ' "
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- TRONICS
| @ ! RR OR ELECTRO
CRT DISPLAY L
(S DATA P
7\ | AICOM-C
& =

PAPER R
LIGHT PEN TAPE |ITAPE |ITYPE

READER]||PUNCH WRITER

Fig.6 (b) Block diagram of CAMP.
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Fig. 7.
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Fig.11.

{(a) Pull of 1/p
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(b) Pull of X

20 7

(c) Pull of ¢
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Fig.12.
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Fig.13.

Missing-Mass Squared
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Figure 14

Experimental Procedure

[Film Acquisition]

\
Scanning, Beam Counting

Measuringke

ERIND] -—- kinematical fitting

/

"
Analysis of Data

with the MINUITS, FOWL, ...

<<—badly measured events

PrefTHRESHE-—preparation of input data for THRESH

[ﬁ?RESHl-——'geometrical reconstruction

DST|  --- preparation of data summary tapes

--- physics
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"Fig.15.
Effective Width of w
(Tokyo data)
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Fig.16.

Antineutron Momenta

Fig.17.
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Fig.18.
Resonance Productions in 27 m 7° Samples
90 I (a) 90'! ‘ (b)
80 4 80 -
70 70
60 60 1
50— 50
40 1 401
30 7 307
20 - 204
10 4 10
0 ™ 0
0.2 0.2
effective mass in GeV
- 90 — v
(d)
80 .- o
(r n o)

70

60 -

50

40

30 7

20 4

10 4

ﬂ~ 0 T

2.0

effective mass in GeV




ons/0.04 GeV

—

number of combinati
(=]

-215-

Fig.19.

'Resonance Productions in 3r* 21" Samples
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Fig. 20.
Re sonance Productions in 37 27 w°
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Fig.24.
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Fig.27.

Graphs of CZA model for np —>2ntn™

three body state
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Fig.31.
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Fig.33. 4
Production Angles in c.m.s
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Fig.36
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Fig.45.

Dipion Opening Angles in np
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Fig.45.
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Fig.50.

Pole Structure on the Dalitz Plot
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Figure 51
Dalitz plots of 3%r final state
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Figure g2
Dalitz plot of the reaction np —> ntn”
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Fig.53.

Transverse Momentum Spectra
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Fig.54.
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Fig.55. (2)
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Fig.55(b)
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Fig.56.
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Fig.57.
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Fig.SS.

Momenta of Incident p (Exposure I:Tokyo)
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Fig.60.
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Fig.63.
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Fig. 65.
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Fig.66.
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\ pp Annihilation Cross Section below 1 GeV/c
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Fig.66.
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Fig. 67.

Data of e'e”, KK, and pp Annihilations and

Predictions by the OR Statistical Model
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Fig.68.

Random Numbers in the FOWL
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Fig.69.
Random Numbers in the FOWL
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Fig.70.

Random numbers by the System Library
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