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Director’s
Foreword

The year under review has been noteworthy in several respects. Utilisation of
Nimrod has reached a new peak. Through continued development of beam
sharing techniques and the use of the new Experimental Hall 3, on average
5:9 experiments have been run together compared with an average of 4 in
1967 and 2 in 1964. Of the 33 approved experiments on the high energy
physu:s programme, 10 completed data-taking. We have also been successtul
in makmg more use of CERN and among the experiments now being pre-
pared is one approved to be done on the Intersecting Storage Rings, when
they first become operational at CERN in 1971.

Collaboration between CERN and the Rutherford Laboratory has led to the
successful operation of our 1-5 metre chamber with an internal liquid hydrogen
target surrounded by a neon-hydrogen mixture. Satisfactory tracks have been
observed so that combined in the one instrument are the advantages of both
the hydrogen and the heavy liquid chambers. A result of the successtul develop-
ment of this technique was the decision to withdraw our heavy liquid bubble
chamber from further service.

Also now on the retired list is the 50 MeV proton linear accelerator, which was
closed down in October after 9% years of operation. During this period it
provided over 42,000 hours of nuclear physics research time.

By the end of 1969 we had completed our report on the proposed high field
bubble chamber and we are now ready to start construction of this advanced
instrument. This chamber will have its 70 kilogauss magnetic field produced
by a superconducting magnet. Indeed most of our applied physics activities
are now devoted to the long term exploitation of superconduct1v1ty for high
energy physics research. Progress is particularly encouraging and exciting.

We have decided this year to break away from the format of previous Annual
Reports, which adhered strictly to the pattern of the Laboratory’s internal
organisation. I hope that the re-arrangement will be found to be an improve-

Y id

G. H. Stafford.




HIGH ENERGY PHYSICS DIVISION.

Experimental research programme on Nimrod and the
PLA. Resident counter and bubble chamber groups.
Liaison with visiting teams. Nuclear electronics.

DIVISION HEAD & DEPUTY DIRECTOR: G. MANNING.

NIMROD DIVISION

Operation and development of Nimrod. Experimental
area management. Design and installation of beam
lines. Superconducting beam-line elements.

DIVISION HEAD: D. A. GRAY.

APPLIED PHYSICS DIVISION.

Bubble chamber operations and development. High
Field Bubble Chamber project. Superconducting mag-
nets. Polarized proton targets. Radiation protection.

DIVISION HEAD: L. C. W. HOBBIS.

COMPUTING & AUTOMATION DIVISION
Operation and development of Central Computer
System. On-line applications including hardware and
software for bubble and spark chamber film analysis.
Theoretical High Energy Physics.

DIVISION HEAD: W. WALKINSHAW.

ENGINEERING DIVISION.

Design and manufacture of research equipment.
Mechanical, Electrical and Building services. Chemical
Technology. Safety services.

DIVISION HEAD & CHIEF ENGINEER: P. BOWLES.

o ! |  ADMINISTRATION DIVISION.
ol

= Personnel, Finance and Accounts, Stores, Library,
Transport, General and Specialised Administrative
support.

DIVISION HEAD & LABORATORY SECRETARY: J.M. VALENTINE.




HIGH ENERGY
PHYSICS




10

High Energy Physics

The dominant features of this last year’s high energy physics activities have been
the highest ever utilisation of Nimrod by experimental teams and, at the same
time, an increased use of international facilities. Nimrod records report a total
usage of 26,044 team-hours, and this number when divided by the actual number
of hours (4,521) of 7 GeV beam achieved for high energy physics, implies an average
number of teams running simultaneously of about 6. This shows a substantial
improvement over last year’s number of 4-8. Even greater utilisation is expected
when Experimental Hall 3, commissioned during 1969, is equipped with further
secondary beam lines. Data taking was completed on 7 experiments using counters
and spark chambers (plus 1 at CERN) and 2 using bubble chambers. 1-1 X 10°
bubble chamber pictures were taken at Nimrod for analysis by groups both in the
UK and abroad. A new development of the bubble chamber technique, a neon-
hydrogen chamber with a hydrogen interaction region, was successfully tested
using the 1-5m British National Chamber and opens the way for a new series
of bubble chamber experiments. In parallel with the increased use of Nimrod
there has been an expansion of the use of the CERN facilities in Geneva.Two
teams had experiments running on CERN accelerators and other teams have been
preparing for later experiments. The use of accelerators abroad by experimental
teams supported financially and technically from home is already an important
activity of the Laboratory and it is appropriate to discuss it at this time. Here we
will be concerned only with the CERN work supported by the Rutherford
Laboratory.

The CERN laboratory is situated in Switzerland only a few miles from the inter-
national airport at Geneva. Thirteen European countries participate in the work
of CERN, the European Organisation for Nuclear Research, contributing to the
cost of the basic programme in proportion to their net national income. Britain’s
share in 1969 was 21-6 per cent of the total budget of 235 million Swiss Francs
and is allocated from Science Research Council funds. Over 3,000 people work on
the densely packed site (figure 1) which straddles the frontier between France and
Switzerland. The experimental programme is based on the use of two proton
accelerators — a 600 MeV synchro-cyclotron (SC) and a 28 GeV synchroton (PS).
At the latter machine, large intersecting storage rings (ISR), for experiments with
colliding proton beams, are under construction. The PS experimental facilities
include three bubble chambers, 81cm and 2m hydrogen and 1-2m heavy liquid.
Under construction at CGERN are a 5:7m hydrogen chamber and a 13 cubic metre
magnet spark chamber system (the Omega project). In addition to being an out-
standingly successful example of international scientific collaboration, CERN
occupies a dominating position in high energy physics. Of the four basic forces in
Nature, the strong, electromagnetic, weak and gravitational interactions, investiga-
tions both at CERN and the Rutherford Laboratory are directed mainly towards
understanding the properties of those interactions quite unknown in the last
century, the strong interaction (nuclear forces, particle collisions, etc.) and the
weak interaction (beta radio-activity, particle decays, etc.). Of the two Rutherford
Laboratory supported experiments at CERN in 1969, one was concerned with
the strong interaccion and the other with the weak interaction.

The present theory of weak interactions has been built up over many years assum-
ing several basic rules. The observation of the decay K{ - 7%, a decay forbidden
by the rules, at Brookhaven in 1964 and conflrmcd later that year by experi-
ments at the Rutherford Laboratory and CERN, showed that CP symmetry was

Figure 1. The CERN site looking
towards Geneva from the extension
into France. The ISR project is
shown in the foreground.
(Photograph by courtesy of CERN)

violated in the weak interaction. CP symmetry assumes that the physical laws re-
main unchanged if we simultaneously change particle into antiparticle and reflect
the co-ordinate systems in a mirror. Perhaps the most interesting aspect of CP is
that according to firmly accepted ideas a violation of CP symmetry implies a viola-
tion of time reversal symmetry, according to which the physical laws should re-
main unchanged by reversing the arrow of time. The current theory of the weak
interaction has enjoyed considerable success but the violation of CP symmetry is
not easily fitted into the theory. Since 1964 many experiments, at the Rutherford
Laboratory and elsewhere, have sought more information on the nature of CP viol-
ation. One of the puzzling features is the small magnitude (1 in 500) of the effect.
Present experiments at Nimrod on what is commonly described as the “CP
puzzle are thosc testing CP symmetry in the decays K°— nev (Experiment 14)
andK{ > ntn n® (Expenment 17) and also C symmetry inn°>ntr n (Experlment
16). Although this last decay is due to the electromagnetic interaction it has been
suggested that a violation of C symmetry in the electromagnetic interaction could be
a possible source for CP violation in the weak interaction. A key experiment is to
measure the asymmetry in the rates for K¥* > 7tn°y and K™ - 7 7%y in order to
test both for C violation in electromagnetic interactions and CP violation in the
weak interaction. Several major difficulties confront the experimenter; the decay
probability of K¥ into the n*n° 7 mode is 2 X 107*, CP violation effects are 1in
500 and, for practical reasons, it is desirable to use energetic kaons.

In late summer 1968 a team of physicists and support staff from the Ruther-
ford Laboratory, and the Universities of Glasgow, Liverpool, Oxford and Warwick
left for CERN with 55 tons of apparatus to study K -+ 7wy decays ina 5 GeV/c
kaon beam at the CERN PS (Experiment 19). The equipment included 200 scintil-
lation counters, 20 spark chambers, an on-line computer and 4 fully equipped
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modular control rooms (figure 2). The experiment was on the PS floor for about
a year. During this time it was allocated 16 weeks of PS running time, of which 9
were used for data collection. Technical effort to mount and dismantle the experi-
ment and to service and repair the equipment was provided mainly by home-based
Rutherford Laboratory staff. The team returned to the Laboratory late in 1969
with 800 magnetic tapes (total length 400 miles) for analysis on the Rutherford
Laboratory IBM 360/75. It is estimated that more than 3,000 K* > 7*7°%y events
can be identified from these tapes. Although the time spent at CERN was little
more than a year the overall timescale of the experiment will be of the order of the
now typical 3 years (see Table 1).

Table 1

Timetable for K¥*>n¥roy Experiment at CERN

January— Detailed design of experiment.
June 1967
June 1967 Approved by Nimrod Experiments Selection Panel.

September 1967  Accepted on to the CERN PS Programme to be scheduled
after the October 1968 shutdown.

July— Transfer of staff to CERN; 2 members of the group moved
September 1968  to CERN in July followed by another 5 in August and the
remainder in September.

August— Shipment of experimental equipment to CERN and assembly
September 1968  in the experimental hall.

October 1968 First run on the PS. Assembly of equipment completed.
November 1968—  Setting up of experiment.

March 1969

April— Data taking interspersed with parasitic running for calibration

September 1969 of equipment.

September— Final calibration runs, survey and dismantling of experiment.
October 1969

November 1969 Remainder of equipment returned to Rutherford Laboratory.

September— Return of staff to Britain. All but 3 members of group
November 1969  returned in September and early October, the others returning
in mid-November.

November 1969—  Analysis.
Autumn 1970

Another team to arrive at CERN at the same time was the Rutherford Laboratory
and University of Cambridge collaboration to perform on the synchro-cyclotron a
series of experiments on mp interactions at energies from 100 to 300 MeV (Experi-
ment 10). The CERN SC produces copious beams of low energy pions and is an
ideal machine for such a series of systematic measurements of high accuracy. The
experiment comprises the measurement of the total cross-sections, differential
elastic cross-sections and total charge exchange cross-sections at different energies

Figure 2. Modular
control rooms arriving
on the CERN site for
K = 7 7 7y experiments
at the CERN PS
(Experiment 19).

using scintillation counters and spark chambers. The ultimate objective is the pre-
cise measurement of the long range nuclear forces. Essentially the low energy
pions from the SC are being used to probe the outer pion cloud which surrounds
the proton; centrifugal barrier effects largely shield the pion from short range
forces. Once the long range forces are known accurately then the data available
using higher energy pions can be used with effect to probe the short range nuclear
forces. Data taking has continued throughout 1969 on successive stages of the
experiment. Each stage of the experiment has required apparatus changes and a
team of engineers and electricians has been ‘on-call’ at the Rutherford Laboratory.
(On one occasion they were prevented from landing at Geneva airport due to
fog and were carried on to Beirut!). The final measurements in the experiment
will be completed in the spring of 1970.

Another group, this time from Queen Mary College, Daresbury Laboratory,
University of Liverpool, and the Rutherford Laboratory have proposed an experi-
ment to study the antiproton-proton reactions pp - pp, K K¥ and 7 n7 at anti-
proton momenta between 0-6 and 2-0 GeV/c. Only at the CERN 28 GeV PS are
there fluxes of antiprotons adequate for the experiment in Europe. In November
the experiment was accepted on to the CERN programme. Preparation of the
apparatus, final design, search for flats and suitable schooling in Geneva, etc., have
started. The timescale envisaged aims at the installation of a new beam and the
apparatus in the next major PS shutdown (about November 1970). The experi-
ment uses a large acceptance spectrometer made up from wire spark chambers and
a large magnet which will be made available by CERN. The major part of the group
are currently data taking in a proton-proton elastic scattering experiment (Experi-
ment 6) at Nimrod. This experiment also uses an array of wire spark chambers.

Preparations have been increasing for the first round of experiments (1971—3) on
the CERN intersecting storage rings, construction of which started in 1966. First
operation is expected during 1971. There is considerable excitement in the prospect
of the very energetic collisions made possible by the ISR project. Why is this so?
The dimensions of the objects studied in accelerator experiments have always been
paradoxically different from the size of the accelerators themselves. To look at
phenomena related to atoms (dimensions of 1078 ¢cm) then nuclei (107!2 ¢cm) and
then particles (1072 ¢cm) has called for larger and larger accelerators of higher and
higher energies. When each step was made new phenomena were revealed, new con-
cepts about matter were suggested and some intuitive ideas about asymmetry in
Nature even had to be abandoned. It is expected that the next step to higher energy
will provide explanations of the many puzzling effects of today. 1969 saw the first
experimental results from the 76 GeV accelerator at Serpukhov (USSR). As yet no
new phenomena have been observed but the measurements (on total cross-sections
and particle yields) were different from expectation. Massive construction work
continues in the USA on a 200 GeV accelerator. Meanwhile in Europe the 300 GeV
project (without Britain) is struggling to get approval. The ISR project at CERN
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USEFUL ENERGY GEVY

¢

makes it possible for member states of CERN to get a glimpse of a very much
higher energy region. In a conventional accelerator fast protons collide with sta-
tionary protons producing secondary particles but most of the energy of the
accelerated particles is used up in maintaining the secondaries more or less
along the original direction of the incident particles due to the conservation
of momentum. Only a small fraction of the energy of the accelerated particles is
available for other purposes e.g. the production of new particles. An approximate
formula for calculating this “useful energy” is:

Useful energy =+/Twice accelerator energy

where the energies are expressed in GeV. Thus the CERN 28 GeV PS gives about
7 GeV in useful energy and the proposed 300 GeV machine 24 GeV useful energy.
If however particles of the same energy can be made to collide head-on as in the
ISR then all their energy is useful, since none isneeded to conserve momentum. The
ISR collisions, then, have a useful energy of 56 GeV, equivalent to that produced
by a 1700 GeV conventional machine (figure 3). There is, however, a price to pay;
ISR experiments are limited to proton-proton collisions. Two experiments involv-
ing British groups have been accepted on to the initial programme for the ISR;
one group will be supported by the Daresbury Laboratory and the other by the
Rutherford Laboratory. The latter group comprises physicists from the Ruther-
ford Laboratory and the Universities of Bristol, Cambridge, Liverpool and London
(University College). The experiment will measure particle yields in the angular
range 20—90° placing particular emphasis on muons of large transverse momentum
as a search for the intermediate vector boson, the suggested particle mediating the
weak interaction. This is analogous to the photon, the exchange quantum particle
of the electromagnetic interaction. The muon detector will have 12 slabs of mag-
netised iron 4 inches thick with scintillation trigger counters at front and rear and
in one gap and spark chambers in the remaining 10 gaps. A start has been made on
assembly of 2 3m X 2m ‘model’ of a spark chamber (final size 4m X 2m). The final
detector will weigh about 250 tons and will occupy about 50 cubic metres.

ISR X
Figure 3. The relation between
300 GEV x ‘useful’ energy and accelerator
energy is given approximately by
200 GEV x Useful energy = / twice accelerator
USA energy, where the energies are
expressed in GeV.
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Many UK bubble chamber groups analyse film from both Nimrod and CERN and
the experiments generally involve large collaborations from several countries. It is
estimated that about 650,000 CERN pictures came to UK groups in 1969. Co-oper-
ation exists in both directions; CERN collaborated in the neon-hydrogen target
work at Nimrod and film was sent from this Laboratory to many institutions
abroad. Collaborations are also being set up between groups using Nimrod and
groups abroad to perform spark chamber experiments using the Omega project,

the large spark chamber magnet system due to start operation at CERN in early
1972,

In parallel with the growth of the Laboratory’s participation in the CERN pro-
gramme the use of Nimrod has been increasing steadily each year. In cach three
week cycle in the Nimrod schedule one day is allocated for planned maintenance,
four days for machine tuning and development and the remaining 16 for high
energy physics. Shutdown periods to make major changes to experiments, beam
lines and machine components occur at a frequency of about one short shut-down
(of about three weeks duration) and one long shutdown (of about six weeks) per
year. Out of 8,760 hours in the year, 5,145 were scheduled for high energy
physics and 87-9 per cent of these were actually achieved. Due to developments
in target sharing in Nimrod many teams can run simultaneously. The sum of the
number of Nimrod hours used by each team (team-hours) reached an all-time
high of 26,044.

The average number of teams running simultaneously was 5-9 (figure 4). The
average intensity was 1-66 X 10'? protons per pulse and more than 10'* pro-
tons were accelerated by Nimrod. The layout of beam lines in the Experimental
Halls is shown in figure 5. Hall 3 came into use in the middle of the year with
two beams lines installed in the initial phase. One beam line was removed from
Hall 1, reducing the congestion there. 31 experiments are in various stages of
running or analysis and are classified below as 10 strong interaction and 9 weak
interaction experiments using electronic techniques (i.e. counters and spark
chambers) and 12 bubble chamber experiments. The Selection Panel, a committee
comprising Laboratory management and outside high energy physics experts,
dealt with 12 proposals or letters of intent for future experiments; two were not
approved, two CERN experiments were recommended for Laboratory support,
four letters of intent received encouragement and four proposals received full
approval. The CERN experiments were subsequently approved by a corresponding
body at CERN. In response to the projected utilisation of Nimrod a Laboratory
Committee, known as the Co-ordinating Team, have planned the installation of
two or more beam lines from a second target station along the extracted proton
beam X3 in Experimental Hall 3.
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CaraciTons l
PO WP M.

Institutions Participating in the High Energy Physics Programme.

"_;"’ ~ Counter Experiments Bubble Chamber Experiments
s - AERE, Harwell University of Birmingham
o - University of Bergen, Norway University of Brussels, Belgium
= i : University of Birmingham University of Cambridge
R ' University of Bristol CEN, Saclay
on | = University of Cambridge CERN, Geneva
- N LER CERN, Geneva College de France
= . N ¥ University of Glasgow Ecole Polytechnique, France
ST : Imperial College, London University of Edinburgh
=1 % - o Univeristy of Liverpool University of Glasgow
; I\ il e Orsay Imperial College, London
ek 55 [ &) I T University of Oxford University of Liverpool
- . ’ 1 (el | BB v oA | [ Queen Mary College, London University of Oxford
| o | e Rutherford High Energy Laboratory Rutherford High Energy Laboratory
EEE | __j University of Southampton University of Strasbourg, France
oo, 3 I ”—@/ f University of Sussex Tufts University, USA
__;1 - i SE ’[ University College, London Unive.rsity College, London
5 & i jl University of Warwick Westfield College, London

Westfield College, London

1 ol /mren

Figure 5a. Nimrod Experimental Halls 1 and 2. Layout at 31 December 1969.
(This figure is also available in pullout form at the end of the Report).

Table 2 :

Composition of Teams using Nimrod in 1969

Physicists Research Students Support Staff* 1| 7]
|
Electronic| Bubble |[Electronic| Bubble [Electronic| Bubble 'g
Techniques | Chambers |Techniqueg§ Chambers [Techniquest Chambers 3
Visitors**| 59 42 40 43 11 1 '
Resident %
RL staff § 301t 9FF - - 20 12 ]
TOTAL 89 51 40 43 31 13 j
% Includes only technical assistance directly concerned with experiments and does not "
include engineering support. il -
**  Staff from Universities and other groups. 9 ]
t Including Rutherford Laboratory physicists at present working at CERN.

: - . ; & Figure 5b. Nimrod Experiment Hall 3. Layout at December 1969.
¥+  These numbers include 26 fixed term Research Associates and 5 staff members with (This figure is also available in pullout form at the end of the Report).

joint University appointments.
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Experiments using FElectronic Techniques

STRONG INTERACTIONS

Status of Expt.

: " p
Number Experiment Beam Line (at Dec. 1969)
1 Differential cross-sections measure-
ments for 7 p elastic scattering 75 Completed

2 Neutral states produced in K p

interactions K108 Analysis
3 (a) K*p differential cross-sections
in the momentum range 0-45 —
0-90 GeV/c K12 Analysis

(b) K p differential cross-sections
in the momentum range 0-45 —

0-90 GeV/c K12 Analysis
4 (a) K*p differential cross-sections

in the momentum range 1:6 —

2:4 GeV/c K8 Analysis

(b) K p differential cross-sections
in the momentum range 0-9 —

2-2 GeV/c K8 Data taking

5 An investigation of narrow width

mesons w7 Data taking
6 Wide angle elastic pp scattering P71 Data taking
7 Polarization effects in 7p elastic

scattering K14A Data taking
8 K*p differential cross-sections

in the momentum range 1 — 2

GeV/c K15 Setting-up
9 K*n elastic and charge exchange

differential cross-sections KI12A Installation

10 Elastic pion scattering through low
energies CERN Data taking

* see figure 5 where applicable

The strong interaction experiments at Nimrod have been aimed at studying the
properties of resonances, i.e. very short-lived particles (lifetimes or order 10723
seconds). Two types of experiments can be distinguished, namely:

1. Production experiments in which the resonance is produced in a reaction in

association with one (or more) particles and is identified by reconstruction from.

its decay particles. This type of experiment is more often studied using the bubble

J'5

chamber technique. Often the existence of the resonance is inferred from the
properties of the associated particle — a missing mass experiment (Experiment 5
is an example).

- 2. Formation experiments in which the incident particle and target particle coalesce
briefly to form a resonance at an incident particle momentum characteristic of
the mass of the resonance which immediately decays back into the initial particles —
the elastic channel — or into other particles — inelastic channels. The properties of
these resonances, mass, mass width, spin, parity, Isotopic spin e*c., are obtained by
analysing their decay into two body final states. Experimentally total cross-
sections, differential cross-sections and polarizations are measured and the data
analysed in terms of partial wave amplitudes of different spin and parity. Most of
the strong interaction experiments on Nimrod are of the formation type (Experi-
ments 1,2,3,4,7,8 and 9). The existence of a large number of possibly overlapping
resonances requires that measurements be made with high precision and at closely
spaced intervals of momentum and angle.

The scattering of pions on protons can form mp baryon resonances of strangeness
S = 0, and isotopic spin I = 1/2 and I = 8/2. n™p elastic scattering is a pure I = 812
state and 7 p a mixture of I = 1/2 and I = 3/2 states. Very often all the available
data on 7p scattering is required to isolate the resonances by sophisticated com-
puter techniques, e.g. phase-shift analyses. A substantial fraction of the world
data has been produced at Nimrod. In a recent experiment (Experiment 1), analysed
this year and reported at the Lund International Conference in Sweden last June,
measurements were made of the differential # p elastic cross-sections at 30
momenta from 1-2 to 2:5 GeV/c. At each momentum, the angular distributions
contained about 16,000 events. This new data was compared with the existing
phase shift analysis and it was concluded that:—

a. A P13 (1860) resonance previously considered a poor candidate is now
strongly supported (figure 6). (The notation is L2I, 2] (mass in MeV/c?)
where L is the usual spectroscopic symbol for orbital angular momentum,
I the isotopic spin and J intrinsic spin).

b. The suggested D13 (2030) is supported by the data, and
c. There is evidence for an F17/G17 doublet with a mass near 2,000 MeV.

ELASTICITY

ELASTICITY

P13

N S G

05
K.E. (GEV)

Figure 6. The P13 phase shift data from Experiment

1 compared with the latest CERN analysis (solid line).
The more pronounced appearance from the data of
an arc of a circle in the lowest curve is strong
supporting evidence for a resonance of isotopic spin

I = 1/2 and spin and parity _]P = 3/2 at a mass of
1860 MeV/c>.
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The present experimental data is unable to separate the I = 3/2 high mass reson-
ances unambiguously. A new series of measurements (Experiment 7) has started
to investigate the pion-nucleon system by measuring ntp elastic scattering from
a polarized target at approximately 70 momenta between 0-6 and 2-7 GeV/c
incident 77 momentum. This experiment complements the experiment com-
pleted in 1968 on 7 p elastic scattering from polarized protons at 50 momenta
in a similar momentum range. The new LMN (double nitrate of lanthanum
and magnesium) polarized target for the 7Tp experiment has achieved a polariza-
tion of approximately 70 per cent and data taking has commenced.

The K p system can form baryon resonances of strangeness S = -1 and isotopic
spin I = 0 and 1. K p scattering has not been so extensively studied as mp scatter-
ing due to the lower yield of K mesons from accelerators. A survey of K p inter-
actions in the Saclay Hydrogen Bubble chamber at 13 K laboratory momenta
approximately evenly spaced in the interval 1-25 and 1-85 GeV/c is nearing com-
pletion (Ex(Periment 25). A spark chamber study of neutral states, primarily
A%, A°q°, =°7° and =°1°, produced in K p interactions in the range 0-65
to 1-25 GeV/c (Experiment 2), completed data taking in 1969, and is now being
analysed. Systematic measurements on K p elastic scattering (Experiments 3b and
4b), using spark chambers with automatic recording on to magnetic tape through
on-line computers, are now also being analysed. These two experimentsbetween
them have measured 200,000 events at a total of 46 momenta. The discovery of
structure in the K¥p total cross-sections in experiments at Brookhaven and the
Rutherford Laboratory in 1967 has prompted detailed measurements on elastic
K*p and K*n scattering (Experiments 3a, 4a, 8 and 9) to establish the existence or
otherwise of ‘exotic’ (K*N) resonances with S = +1. Strangeness S = +1 baryons
are not expected to be formed on the basis of simple quark models and so far there
has been no conclusive evidence for their existence. Experiment 4a has completed
data taking yielding about 4500 elastic K™*p scattering events in each of 27 momen-
tum bins between 1-6 and 2-35 GeV/c. Analysis is nearly finished and results will
be available early in 1970. In a lower momentum interval, (0-48 — 0-96 GeV/c),
Experiment 3a is analysing a total of about 130,000 elastic events. The data from
these experiments on both K*p and K p elastic scattering represent a considerable
fraction of all data in those momentum intervals and will provide valuable input for
the new phase shift analyses now underway.

DATE I I | T
Q.Mm.C.
1969 — —0— -
PRINCETON BROOKHAVEN
1967 —0- 4 -r o —
ROCHESTER
- —_— —
PRINCETON

1965+ —o——i -

| | | | |
12-10 12:20 12-30 12-40 12-50

kT MEAN LIFE (NANOSECONDS)

Figure 7. The value of the K* lifetime from Experiment 12 compared with the previous data.
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Experiments using Electronic Techniques

WEAK INTERACTIONS

Status of Expt.

Numb E i - i
umber xperiment Beam Line (at Dec. 1969)

11 The leptonic decay modes of the

K* Meson K4 Completed
12 K* lifetime measurement K12 Completed
13 The g decay of the =~ hyperon n4 Analysis
14 Test of the AS = AQ rule for

K° leptonic decays K13 Analysis
15 Test of the AI = 1/2 rule in the

o

decay =t - pn K14 Analysis
16 Search for charge asymmetry in

n decay w8 Setting-up
17 Search for the decay Kg - ntn n° K134 Setting-up

18 Measurements of ¢ 00y the phase of
the decay K] = n°n CERN Completed

19 Study of the decay modes
Kt > 7*7%y and K* > 7%72° 7° CERN Analysis

* see figure 5 where applicable.

Most of the weak interaction experiments have been concerned with various aspects
of K meson decay. One experiment which completed data taking and analysis during
the year was the measurement of the K* lifetime, the value of which had previously
been in doubt (Experiment 12). The clear cut result of this experiment can be
judged from figure 7. Another experiment to complete analysis was the high
statistics study of the leptonic decay modes of the K* meson (Experiment 11). This
experiment has made valuable contributions to the understanding of the form of
the weak interaction in these decays. The last of a series of results has now been
obtained and on completion of the experiment we review the main results:—

-7 )
~{-5
in good agreement with the assumptions of weak interaction theory that the p*

and e”".are equally coupled to strange particles and that the form of the weak inter-
action is (V-A) as it is in the case of non-strange particles.

K* > e* +»_ branching ratio
K* - uT + v, branching ratio

1. B = (19 X 1078

2. The electron momentum spectrum in the decay K* - e*n°» (Ke3) derived from
17,000 events (figure 8), is in good agreement with the predicted pure vector
coupling.

3. The Ke3 branching ratio was found to be 0-0492 + 0-0021, a result which led
to a substantial improvement and clarification in the world average value. This
branching ratio strongly supports the hypothesis that AI = 3/2 currents are absent
in semi-leptonic weak interactions.
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{ 4 { {{ \} The Bubble Chamber Programme
800} } \ - :
. Experiment  Interacting n;g;:g:z:m No. of Pictures Status at
6
No. System GeV/c X 10 Dec. 1969
|
20 T p 0-45 — 0-55 0-275 Completed
600} Scalar =
21 7 0-60 — 0-80 0-10 Analysis
22 mtp (a) 0-90 — 1-05 0-20 Completed
Vector Figure 8. The final (b) 1-10 — 1:70 0-30 Analysis
P _| Ke3 electron momentum |
spectrum is compared 25 : . i
seith, the prsdictions 23 7" He, pHe 1-88 0-50 Analysis
f lar, '
o wsridmponi ). sneng 24 atd 400 010 Tt fanied |
Tensor — N\ (Experiment 11). to CERN
200 ] 25 K p 1-25 — 1-85 14 Analysis
26 K heavy liquid 2:20 0-68 Analysis
27 Kd 1-45 — 1-65 0-71 Analysis
0o 50 100 150 28 Kp 14-00 0-34 Analysis
at CERN and data
Momentum  Mev/c taking
K+ 2:10 — 290 0-2 Analysi
4. The momentum dependence of the Ke3 form factor f; has been measured by a2 K+S 2.90) 0-4 Aﬁil‘:i:;:
studying the pi-zero energy spectrum. The result is parameterized as
At =0-045 + 0-015 and is compatible with theoretical expectations. 30 np 1-00 — 7-00 0-15 Analysis
5. The relative branching ratio of Ku3 (K+ - ;1""170») to Ke3 has been measured 31 bp 1-20 91 Analysis
and a value of the ratio of the form factors deduced to be:—
32 Test pictures and study of electron beam
£(0)=£_(0) / £1 (0) =- 0-35 + 0-22 £ y
- = : s . p 33 Test of neon-hydrogen target facility for 1-5m hydrogen chamber
assumingA™ = 0-045 £ 0-015and A = 0. This result is in agreement with theoretical
expectations and goes someway towards reducing the present discrepancy between
values of ¢ deduced from different experimental measurements.
T . : i : During 1969 the 1-5 metre British National Hydrogen Bubble Chamber has been
Two Nimrod SHpermEn RO weak i Seasrong (Expffrlments 14 and 15) and one at largely devoted to new developments of the bubble chamber technique rather
CERN (Experiment 19) completed data taking during 1969 and are expected to than to maximising the number of pictures taken. The philosophy adopted for the
yield in each case more events ’Fhan the present world _total. Analysm Is continuing operation has been to complement the programme at GERN in the sense that the
and results can be expected during 1970. A new experiment in the setting-up stage CERN 2 metre chamber has played the leading role in supplying conventional high

Events per & Mev/c
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in Experimental Hall 3 is the search for C-violation effects in the electromagnetic
decay n° - nn 7°. To date five experiments at various laboratories with a total
of about 50,000 decays have yielded conflicting results. The Nimrod experi-
ment has been designed to produce 500,000 events of this decay.

New results on the CP violating decay K; - 7°z° have been obtained by a
CERN/Orsay Rutherford Laboratory collaboration using the CERN K] beam
(Experiment 18). The amplitude and phase of this decay were measured to be
oo ! = (3-33 £ 0-64) X 107° and ¢, =51° £ 30°, (preliminary values subject to
confirmation). Although the values are the most accurate to date the overall
situation on the form of the CP violation in weak interactions is confused. Four

experiments designed to study other aspects of CP violation are described below
(Experiments 14, 16, 17 and 19).

quality film to European analysis groups whilst physicists from CERN and the
UK have successfully used the 1-5 metre chamber to explore major developments
in the technique. These developments should provide a unique facility for high
energy physics in 1970. Nevertheless more than one million pictures in two
chambers were taken during 1969.

Two developments have been considered. The first is essentially a development of
the beam feeding the chamber to provide beams of short-lived hyperons, initially
A®’s from a target just outside the chamber magnet. In January 150,000 pictures
were taken as part of the development programme for this technique using fast
neutrons from a target 7 metres from the chamber. This film is now being analysed
(Experiment 30). A major achievement has been the operation of a sensitive
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hydrogen target system within the main chamber which is filled with a neon-
hydrogen mixture (figure 9). This system combines the advantages of the hydro-
gen bubble chamber with those of the heavy liquid chamber. This work (Experi-
ment 33) is a collaboration between staff from CERN, Rutherford Laboratory
and University College, London. The significance of this development is that the
production processes, i.c. beam particle interactions, occur in pure hydrogen or
deuterium (the advantage of having a simple proton or deuteron target being
thereby preserved), whilst the gamma rays from the decay of neutral pions and
=° hyperons are converted in the short radiation length neon-hydrogen mixture
to give measurable electron pairs. In this way events having more than one neutral
secondary particle become accessible for study. This feature is clearly of great
importance, particularly at high energies where many particles are produced. The
technique will certainly find application both in existing chambers and, perhaps
more importantly, in the new bubble chambers under construction or proposed
i.e. the CERN 37 metre chamber and the Rutherford Laboratory High Field
Bubble Chamber.

The conventional high energy physics bubble chamber programme has con-
centrated on two major experiments. The 1-5 metre chamber successfully operated
with a deuterium filling and 400,000 pictures were taken of 2:2 GeV/c K* meson
interactions (Experiment 29). This is the first part of a major survey experiment to
study the K* nucleon interaction in the energy range 2 — 2:8 GeV/c. The data
taking for this will be completed early in 1970. The 1-4 metre Heavy Liquid
Bubble Chamber completed its experimental programme during the year. The
study of K~ interactions at 2-2 GeV/c in a propane-freon mixture (Experiment
27) is now in the course of analysis. During 1969, 300,000 pictures were taken
to complete the data taking for this experiment and yielding a final total of
6000,000 pictures. This exgeriment is designed to study the properties of the
=" hyperon, the A~ — A® interaction and the neutral decay modes of boson
resonances.

Figure 9. The neon-
hydrogen target

facility (Experiment 33).

During the course of a study of electrons and pions at 1-0 GeV/c undertaken to
gain information on the track characteristics in the 1-5 metre hydrogen bubble
chamber for the analysis of the film previously taken to study neutron induced

. interactions, anomalies have been observed in the content of the electron beam.

Indications (Experiment 32) have been obtained of possible deviations of
the bremsstrahlung and pair production spectra observed in the chamber from
the form calculated from quantum electrodynamics. It is suggested that the so-
called electron beam might contain particles of mass greater than that of the
electron and less than that of the muon. This work, if substantiated, could clearly
have very profound implications and further studies will be made during 1970.

Like most other bubble chamber groups, the Rutherford Laboratory group has
been concerned with the analysis of film taken both at CERN and at Nimrod. As
part of a collaboration, a study of multiparticle final states produced ' by 14
GeV/c K™ interactions (Experiment 28) in the CERN 2 metre hydrogen bubble
chamber is in progress. This is the highest energy separated K beam presently
available in the world and all aspects of the interactions, i.e. all final states acces-
sible, will be studied. It is anticipated that this experiment will yield valuable data
on the structure of the Q enhancement and the L meson in the Krr system to-
gether with further studies of other meson and hyperon resonances and high
energy production mechanisms. Analysis has also proceeded on two prong
events from antiproton interactions at 1-2 GeV/c (the region of the T meson).
This film is also from the CERN 2 metre chamber (Experiment 31). A further two
proposals for experiments have been submitted to CERN and will take data during
1970. The first of these is a continuation of the K p survey experiment to the
energy region 1-0 to 1-4 GeV/c to link up with the exposure at higher energy,
1-3 to 1-8 GeV/c, performed at Nimrod. This experiment is still in the process
of analysis. New results confirm the spin and parity assignments J* = 7/2+ of the
T (2030) and JP = 5/2+ of the £ (1915) (Experiment 25). The second proposal
to CERN is for a large, 0-8 X 10® pictures, exposure to study a4 GeV/c nt inter-
actions in the 2 metre chamber filled with deuterium with particular interest in
the splitting of the neutral A, meson. This was originally submitted to the Ruther-
ford Laboratory and approved as an experiment on Nimrod. However, in the spirit
of co-ordination with CERN this proposal has been taken to CERN to release time
in the 1-5 metre chamber at Nimrod for further development of the neon-hydrogen
target facility.
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Differential
Cross-Section for

n- p Elastic Scattering
(61, 199, 211)

. UNIVERSITY OF BRISTOL
Experiment 1 RUTHERFORD LABORATORY
Analysis of the data collected in the measurement of differential cross-sections for
7 p elastic scattering at 30 momenta in small momentum steps from 1-21 GeV/c
to 2:49 GeV/c together with one measurement at 3-03 GeV/c was completed in
early 1969. Details of the experimental method were given in the 1967 Annual
Report (Experiment 11).

The results of the experimental measurements at the 31 momenta have been pub-
lished. A total of about 500,000 elastic events were recorded giving about 16,000
events per momentum. Figures 10, 11 show differential cross-sections for = p at
1:30 GeV/c and 1-92 GeV/c respectively.

The new n p elastic scattering data were compared with cross-sections predicted
by the smooth CERN phase shifts in the momentum range 1-0 to 2:0 GeV/c. Some
modification of these CERN phases were found to be necessary to give acceptable
agreement. The modifications necessary are indicated in the case of the Py3 in
figure 12. The smooth lines are the CERN phase shifts and the points result from
the =~ p differential cross-section data of this experiment.

The results of this analysis have provided further evidence for certain N*% nucleon
resonances in the mass range 1800—2200 MeV/c?. At the Lund Conference and in
a recent publication the following conclusions were reached:

1. A P13 (1860) resonance is strongly supported.

2. The P13 (2030) is supported, but at a lower mass.

3. There is evidence for an F17/G17 doublet with a mass near 2000 MeV/c?.

4. The possibility of structure at higher energies in the P33 and D35 waves
emphasizes the need for systematic differential cross-section and polarization

data both for 7¥p elastic scattering and = p charge exchange particularly at
momenta above 1:5 GeV/c.

Figure 12. The P13 phase shift data from Experiment
1 compared with the latest CERN analysis (solid line).
The more pronounced appearance from the data of an
arc of a circle in the lowest curve is strong supporting
evidence for a resonance of isotopic spin I = 1/2 and
spin and parity J¥ = 3/2 at a mass of 1860 MeV/c?.
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Neutral States
Produced in

K p Interactions

Kip Differential

Cross-Sections

Figure 13. Spark chamber
photograph from Experiment

2. This event has been fittgd =
to the reaction K™+ p > A" +m.

Experiment 2

UNIVERSITY OF OXFORD

This experiment is a study of neutral states, primarily A" K%, 2% and
2°n°, produced in K p interactions. A partial wave analysis of these reactions
will allow a separation of some of the many excited hyperon states formed by the
K p system.

Two data runs have now been completed, yielding 300,000 photographs, covering
15 momentum points every 20 MeV/c from 700 to 1000 MeV/c. Wire chamber
particle co-ordinates are also recorded on magnetic tape for each event. About 1

frame in 6 contains a useful event, and the scanning and measuring of these events

is proceeding at the present time.

Computer programs have been written for the geometric reconstruction, kinematic
fitting, weighting and angular distribution fitting, and below we give an example
of the fit obtained to a An° event, with a comparison of fitted particle energies,
and energies measured on the film using particle ranges and spark counting of
gamma-ray showers.

Event No. 160095. K™ +p—~ A° +7° (shown in figure 13)

Pion Proton
K momentum momentum momentum 7l e
Fitted 731 MeV/c 114+4 921 % 13 276+ 12 51+9
Fit Fit
104 £ 10 > 590 from | 295+ 70 bl + 12
from range range spark count spark count

E . UNIVERSITY OF BIRMINGHAM
Xperiment 3 RUTHERFORD LABORATORY
Elastic differential cross-sections are being measured for K™ p and K*p scattering
in the laboratory angle range 5° to 180°. The K p data are at 14 momenta
between 650 and 960 MeV/c; the K*p data are at 13 momenta between 480 and
960 MeV/c. The aim of the experiment is to provide a set of data with improved
statistical accuracy and small momentum steps. Phase shift analysis of the K p
data should help to clarify the present confusion in the Y* spectrum in this mass
range (1630—1780 MeV). One of the interests of the K*p data is in information on
possible ‘exotic’ resonances (Z*) which are not expected to exist in the simple
quark model.
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Figure 14. Differential cross-sections for K'*p
elastic scattering at 1437 GeV/c (Experiment 4).

Arrays of scintillation counters and sonic spark chambers in a separated K-
meson beam, (derived from X2), were used to study firstly K*p and secondly
K p elastic differential cross-sections. The only substantial change in the apparatus
since the previous report was the installation of a septum magnet as the first ele-
ment of the secondary beam line. This reduced the production angle of the beam
from 15° to 8°, which doubled the beam intensity. Data taking was completed by
December 1969. For intermediate angles the scattered K and recoil proton were
both detected in separate systems, one each side of the target. For forward and
backward scattering this was not possible so either a K or a proton was detected
and momentum analysed with a magnetic spectrometer. The spectrometer geometry
involved a rather loose trigger so that the data includes p’s and #’s from K decay.
These can be separated kinematically over much of the angular range but a region of
confusion does exist. The relatively poor signal to noise ratio means that systematic
effects have to be well understood. The correlation data is much cleaner; the
analysis has already reached an advanced stage and should be completed in the
near future.

g UNIVERSITY COLLEGE, LONDON
E xperiment 4 RUTHERFORD LABORATORY
The data-taking phase of this group of experiments, in which it is aimed at
obtaining differential cross-sections for K*p and K p elastic scattering over a
wide range of momenta with the aid of a computer-controlled wire spark chamber
system, is now nearing completion. Figure 14 shows the results of a KTp measure-
ment at 1437 MeV/c. During the course of testing the equipment, a substantial
amount of data on 7 p and 7 p scatters were obtained, the latter at one momen-
tum only (figure 15). The table summarises the numbers (rounded) of elastic
scatters at present extracted from the'raw data.

No. of
Process Momentum Range momenta No. of events
7t p 1-715 GeV/c 1 60,000
T p 1-0—1+4 GeV/c 14 100,000
Ktp 1-4—2-3 GeV/c 28 150,000
K p 1-0—1-4 GeV/c 13 30,000
Kp 1-7—2-4 GeV/c 19 30,000

0 -02 -04 -06 -08B -10
cos &%

Figure 15. Differential cross-sections for m*p
elastic scattering at 1-715 GeV/c (Experiment 4).

K*p Differential

Cross-Sections
(202, 204, 206)
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An Investigation
of Narrow Mesons
Produced in
m p Interactions

Counts/108xs

All the data is still subject to small corrections which are currently being investi-
gated and applied. Nevertheless preliminary phase shift analyses are being carried
out on the 7 p and K*p data. The latter at present show no positive evidence for
the suspected Z; (2170) resonance. The former appear to give results compatible
with the CERN phases for all except four of the partial waves, which show a
systematic deviation. There is at present no evidence that any of the new reson-
ances of the CERN analysis will be washed out by our data, although it is likely
that a final complete phase shift analysis will result in a modification of some of
the resonance parameters.

A provisional Legendre polynomial analysis of the high momentum K p data is
suggestive of the spin and parity assignments 9/2 and 9/2% respectively for the
Y#(2250) and Y$(2350), although it is clear that more data will be required to
make firm statements about these parameters.

; IMPERIAL COLLEGE, LONDON
Experiment 5 UNIVERSITY OF SOUTHAMPTON

This experiment is an attempt to search for and study narrow mesons in 7 p
collisions over a mass range from about 500 to 2000 MeV/c?. The equipment
consists essentially of a precisely controlled and variable pion beam, a hydrogen
target, 6 neutron counters near the forward direction and, surrounding the target,
an arrangement of counters differentially sensitive to both charged particles and
photons. It is therefore of the ‘missing-mass’ class of experiments. The emphasis
so far has been on working very close to the reaction threshold and on studying
the variation in the yield of neutrons and protons as the beam momentum is varied.

Data has now been collected at a statistical level suitable for a reasonable study
of threshold effects at momentum intervals of 0-5% from 700 MeV/c to 4 GeV/c.
Some data has also been accumulated at fixed momenta a few hundred MeV/c
above the thresholds for the A, and R;.

By comparison with experiments incorporating spark chambers, relatively little
rejection of spurious events is possible once the run data has been obtained. Thus
much effort has been directed towards making the electronic selection relatively
clean. For the same reason, most of the analysis to date has been concerned with
system performance.

That the basic idea of the experiment is sound can be seen from a study of w (eg
figure 16), n and dipion production, and backward elastic and charge exchange
scattering at low momentum, all of which show very clearly. These processes are
invaluable in giving a detailed picture of the response of the equipment, both to
neutrons and protons, and also to various modes of decay.

Selection criteria=
1. 2 charged particle counters
2.2 X-ray shower counters
3.Delayed neutron count at a
time corresponding to the
velocity in the CM.S.

Rapid rise at w threshold

Figure 16. Measured yield
curve of events satisfying
an electronic criterion
designed to pick out the
most prolific decay of the
w (783). (Experiment 5).

1050 150 1250 1350

Beam momentum MeVic

AERE, HARWELL
UNIVERSITY OF BERGEN,
. QUEEN MARY COLLEGE, LONDON
EXpC riment ©6 RUTHERFORD LABORATORY

The aim of this experiment is to measure differential cross-sections for p-p elastic Wide Angle Elastic

scattering from 1-4—4 GeV/c and 40°—90° centre of mass angle. Proton-Proton
Scattering

Figure 17 is a schematic diagram of the apparatus showing the two picket fences

of counters for detecting scattered protons. After a suitable trigger from the

counter logic the event geometry is recorded using an array of core-readout wire

spark chambers. Data is written by an on-line PDP8 onto 7-track magnetic tape.

The PDP8 is also used to generate a CRT display and to compile a series of histo-

grams used to monitor apparatus performance. Analysis will be off-line on the

Rutherford Laboratory IBM 360/75.

By December 1969 data had been taken at eleven momenta from 1-4—3-0 GeV/c
and will be completed to 4:0 GeV/c early in 1970. Analysis has now begun, and
it is hoped that preliminary results will appear in the near future.

Figure 17. Schematic diagram of the apparatus used in the
measurements of wide angle proton-proton scattering (Experiment 6).
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Polarization
Effects in ntp
Elastic Scattering

UNIVERSITY OF OXFORD
. UNIVERSITY OF WARWICK
Experiment 7 RUTHERFORD LABORATORY
The present experiment is a continuation of the work on mp scattering described
in the Annual Reports of 1966 (Experiment 10) and 1967 (Experiment 7). The
asymmetry in the scattering of 7 mesons by polarized protons was measured at
50 different momenta from 0-643 to 2-14 GeV/c. Data was obtained at values of
cos 8 ranging from approximately +0-9 to-0-95 in the c.m. system at each incident
pion momentum. The results have been expressed in the form of an expansion in
terms of first associated Legendre polynomial series and compared with the pre-
dictions of recent phase shift solutions. It is concluded that although these analyses
give satisfactory predictions of the general features of the results, no one solution
gives complete agreement with the data above about 1-0 GeV/ec.

It is planned to continue the investigation of the pion nucleon system by measuring
7*p elastic scattering from a polarized target at approximately 70 momenta
between 600 MeV/c and 2700 MeV/c incident 77 momentum. The n p system is
a combination of I = Y% and I = 32 states. The acquisitions of polarization data on
atp elastic scattering, which is a pure I = 32 system, will facilitate a full I-spin
phase shift analysis.

The experimental layout is shown in figure 18. Electrons in the beam are vetoed
by a gas Cerenkov counter. Pions are separated from protons at low momenta by
a separator and by time of flight. At higher momenta a DISC C_.ercpkov counter is
required. The new LMN polarized target has achieved a polarization of approxi-
mately 70%, which can be measured by an NMR system to an accuracy of = 4%.
The counter hodoscope consists of vertical counters to determine scattering angle,
horizontal counters to enable elastic (coplanar) events to be separated from
inelastic background, and Cerenkov counters to separate pions from protons in
those regions where they are not clearly distinguishable by kinematics. It is
hoped to extract differential cross-sections from the data if the background is not

too high.

Setting up has been completed and a small amount of data has been taken.

PERSPEX COUNTERS

WATER COUNTER

82

i
N

WATER COUNTER (RETRACTABLE)

//\ sediedie

Figure 18, Plan view of the
apparatus used in Experiment
7 (Polarization Effects in
a*p Elastic Scattering).

POLARIZED TARGET
CRYSTAL

UNIVERSITY OF BRISTOL

Experiment 8 RUTHERFORD LABORATORY

~ With the discovery of structure in the positive kaon-proton total cross-sections in

experiments at Brookhaven and this Laboratory (see Experiment 2, 1967 Annual
Report), experiments designed to establish the existence or otherwise of reson-
ances in the positive kaon-nucleon system have become important. Phase shift
analysis using elastic differential cross-sections and polarization data for the pion-
nucleon system has been effectively used in establishing a number of resonance
states in this system. Already these methods of analysis are being extended to
available positive kaon-proton data such as the polarization effects already mea-
sured at CERN and Argonne. This experiment is designed to measure accurate
differential cross-sections for K¥p elastic scattering over the angular range of
about 7° to 180° in the centre-of-mass at closely spaced momenta from 0-9 GeV/c
to at least 1-6 GeV/c. It is planned to add this data to the polarization measure-
ments for a phase shift analysis.

Positive kaons produced from an external target receiving protons from Nimrod
in Experimental Hall 3 are focussed onto a 30 cm hydrogen target. Scattered
protons and kaons are detected in spark chambers. These chambers use acoustic
microphones developed in this laboratory for the accurate particle location neces-
sary for selecting elastic events. A spectrometer magnet together with spark
chambers is being used to determine the momenta of forward going scattered
particles (either protons or kaons). The positional information derived from the
microphones is fed in digital form directly into the core store of an Argus 400
computer. Use of this computer on-line for recording and monitoring data will
permit a high rate of data collection for later analysis on the IBM 360/75.

Towards the end of 1969 some beam from Nimrod has been used in the testing
of spark chambers, a differential Cerenkov counter and a number of scintillators.
The spark chamber testing has been helped considerably by the on-line use of the
computer.

During the December-January shut-down the hydrogen target and spectrometer
magnet are being installed and the experiment should begin taking beam for
setting up in the first cycle of 1970.

E . 9 BIRMINGHAM UNIVERSITY
Xperiment RUTHERFORD LABORATORY
Early in 1970, a Kn scattering experiment, will be set up to run at the same
momenta as the Kp experiment (Experiment 3), for which data taking is complete.
Installation is at present in progress. The channels to be studied are

Kf+n->Kt+n(I=0and1l)
Kt+n-+K°’+p(I=0and1l) S=+1
cf. K*+p-> K" +p (pure I=1)

and K +n=K +niputel=1)
ef. K +p>K #p(I=02nd 1)

The reason for interest in these new channels is the extra information given
regarding the isospin content of the K-N scattering amplitudes. Currently existing
data is of poor quality statistically, except at a few isolated momenta through the
range concerned. It is intended to obtain about 10* events for each channel, at
each momentum.

Differential
Cross-Sections
for K*p Elastic
Scattering

K™ n Elastic and
Charge Exchange
Cross-Sections
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Figure 19. Results of the 7 p total
40 cross-section measurements in
Experiment 10. The solid curve is
the best fit to earlier data with a
RESONANCE + BACKGROUND resonance mass of 1236-45 MeV/c’
My =1206.45 MeVicZ and a width of 119-6 MeV/c. The
30— =119.6 Mevic dotted line shows the unitarity
limit for the resonant phase shift.
The “background” at the bottom
of the figure represents the con-
3 tribution of non-resonant waves.
10—
BACKGROUND
| | I
250 300 350
Pg-MeVic
Technically, the equipment is largely similar to that used for Experiment 3.
Sonic spark chambers are appropriate, since data taking rates are high (ruling out
optical chambers), accidental backgrounds are low, and only one charged particle
is present for legitimate events (making wire spark chambers unnecessary). The
largest chambers to be used are 3 X 2m? in area. Some of the spark chambers are
run in high field regions (inside the spectrometer magnet). Tests on such sonic_
chambers carried out towards the end of the previous experiment indicate that
this presents no major problems. The beam is identical to that used previously.
E 5 UNIVERSITY OF CAMBRIDGE
Xperiment 10 RUTHERFORD LABORATORY
Elastic Pion 310 MeV is traditionally the boundary between low and medium energy mp

Scattering Through
Low Energies

scattering. At this energy, the complete scattering amplitude has been determined
with high accuracy by groups working with the Berkeley cyclotron. Above it are
inelasticity, synchrotrons, and complicated phase shift analyses. Below it is an
untidy tangle of early experiments, some good, some bad, but most indifferent
by present standards, and done at scattered (and frequently ill-defined) energies,
where University groups happened to be able to run their cyclotrons. The scatter-
ing is almost purely elastic, and, as Hamilton and co-workers showed in an analysis
of the early data, is very clearly described using dispersion theory. Crossing
symmetry restricts the states entering the theory to the nucleon, p and o singu-
larities, plus well-known dispersion integrals. Putting this in more physical terms,
the centrifugal barrier largely shields the pion from short-range forces, and scatter-
ing in this low energy region is a sensitive probe of the outer pion cloud which

surrounds the proton. These long-range interactions play a role wherever pions
interact with nucleons or other pions; and this in practical terms is a large part of
high energy physics.

Experimentally, the region from 100 to 300 MeV is attractive because of the
dominating N*(1238) resonance at 195 MeV. The small non-resonant partial
waves can be measured accurately from their interference with the resonant P33
wave. The aim of the experiment is to take advantage of this favourable situation,
and determine the coupling constants of the 7, p and o to the nucleon with the
maximum accuracy attainable before Coulomb effects, which violate charge
independence, set a limit.

The #~ measurements have been carried out in a branch of the variable energy
7~ beam set up at the CERN SC. Results on the total cross-sections are shown
in figure 19. The solid curve is the best fit to earlier data, with a resonance mass
1236-45 MeV/c? and a width of 119-6 MeV/c?. The dotted line shows the unitarity
limit for the resonant phase shift. The “background” at the bottom of the figure
is the contribution of non-resonant waves.

These results are preliminary, in the sense that small (S 1 per cent) corrections
remain to be made, which depend on the data from the angular distribution,
not yet fully evaluated. The final accuracy will be about + 0-5 per cent. In figure
20 the experimentally determined P13 phase shift is plotted against laboratory
~ momentum. The full line is an empirical fit. The dotted line shows earlier
results, from a CERN phase shift analysis.

Measurements of the angular distribution for elastic scattering have been made
with three techniques. In the angular region where protons emerge from the liquid
hydrogen target, conventional 7p coincidence techniques quickly and simply
give an accuracy of * 1 per cent. In a second measurement, the counters were
supplemented by spark chambers to investigate unwanted backgrounds in detail.
Finally a magnetic spectrometer and 5 double-gap spark chambers were used to
identify the pion over the part of the angular range where recoil protons stopped
in the target.

7t measurements have been made in the same beam from 80 to 145 MeV. The
remaining measurements on higher energy 7+ will be made in a different beam
derived from the external proton beam.
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Figure 20. The experimentally determined P13 phase shift (Experiment 10) is shown
plotted against laboratory 7~ momentum. The full line is an empirical fit. The
dotted line shows earlier results from a phase shift analysis.
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Figure 21(a). Ke3 positron energy
spectrum distorted by Bremsstrahlung with experimental distortions. The
losses in the beryllium chamber.
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vector coupling with At = 0-045.

Experiment 11 UNIVERSITY OF OXFORD
This experimental study of the decay modes K* = etn°», u*n°» has been already
described in previous Annual Reports. The analysis of the data has now been com-
pleted. The experiment is concerned with the following measurements:

1. The positron momentum spectrum in the Ke3 mode;

2. The branching ratio for the Ke3 mode;

3. The relative branching ratio of the Ku3 and Ke3 modes;
4.

The 7° energy spectrum in the Ke3 mode.

The first three sections of the analysis have been described in the previous reports.
The final section involved studying the Dalitz plot distribution of a subset of the
data where both the et and 7° were detected. The results are shown in figure 21
with the positron (a) and 7° (b) energy spectra.

Assuming vector coupling in K23 decay, the momentum dependence of the form
factor fy may be deduced from the 7° energy spectrum and is shown in figure
21 (c). Thus for f4(q*) = f+(0) (1 + A" gq*/m,?), At = 0-045 + 0-015 including
radiative corrections. Using the value of A™ and assuming A~ = 0, the Ku3 data
(section 3) gives £(0) = £ (0)/f4(0) =~ 0-35 £ 0-22, for the ratio of the form factors
in K23 decay. These results are compatible with theoretical expectations and go
someway towards reducing the discrepancy between values of ¢ deduced from
branching ratio and polarization methods.
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Figure 22. The value of the K* lifetime from Experiment 12 compared with the previous data.
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Experlme nt 12 QUEEN MARY COLLEGE, LONDON
This experiment, which was completed during 1969, measured the mean lifetime
of the K* meson to an accuracy of nearly 1 part in 1,000 and hence resolved the
discrepancy of about 4-5 standard deviations between the previous 2 best measure-
ments (figure 22). In this experiment, 800 MeV/c K* mesons in an electrostatically
enriched beam were selected by a DISC Cerenkov counter. The kaons were then
slowed down in a copper degrader and finally brought to rest in an aluminium
block surrounded on four sides by pairs of scintillation counters which detected
decay products (figure 23). A signal from the entering kaon was used as a start
pulse in a time to amplitude converter (TAC) and a signal from a decay product as
a stop pulse.

The resultant pulse height from the TAC was fed into a multichannel pulse height
analyser which stored a time spectrum from 0 to 100 ns (figure 24). The spectrum
was read onto paper tape at convenient intervals for computer analysis.

The electronics was calibrated and its linearity checked using a temperature con-
trolled crystal oscillator. About 3 X 10° kaon decays were analysed. The result
was a mean lifetime of 12:380 + 0-:016 ns. The major part of the error is due to
systematic effects in the time calibration and linearity of the electronics, but it
includes also a statistical standard deviation of + 0-0045 ns. The time spectrum
over 6 mean life times showed no deviation from a pure exponential at the 0-1 per
cent level. A full account of the experiment and analysis is being prepared for
publication.

T=12:38ns
Figure 24. Typical time of flight
spectrum from Experiment 12.
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Figure 25. Computer
reconstruction of an event
from Experiment 13
(B-decay of the Z~ hyperon). 4~ .

The vertical track is the 2 o oy
= : Sg o Figure 26. Measured life-time 7
incident pion which interacts g 0.08nSEC

in liquid hydrogen to produce distribution of Z’s in Experiment 13.

a K* and a £~ The K* which {
decayed after 37 nano-seconds

is shown to the left and the

2~ which is not drawn, beta

decayed after travelling 2-5 cms

to give an electron which is

shown to the right.

T,- = 0164 nSEC
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[NANOSECONDS)

: A maximum likelihood fit has been done to the distribution of cosf for these 11
,.o.,é ...................... e Rt S e ' events and figure 27 shows the logarithm of the likelihood function plotted against
-30.0 -45.0 -40.0 -35.0 -30.0 -25.0 -20.0 -15.0 -10.0 -5.0 0.0 5.0 10.0 15.0 20.0 25.0 30.0 35.0 40.0 45.0 %0.0 the asymmetry parameter_ We find « =+ 04 £ 1:2, The matrix element <ni7u
(g8y - ga7vs)IZ > defines the sign of g, /gy which is related to a by the

expression:

QUEEN MARY COLLEGE, LONDON
AERE, HARWELL
RUTHERFORD LABORATORY

a - 2(g, [gv)(1 +(ga /gv ))/(1 + 3(ga /2v )?)

Figure 28 shows the logarithm of the likelihood function plotted against g, /gy
+0.4
= &g

Experiment 13

The B Decay of The electron asymmetry parameter is measured for the beta decay of polarized using this relationship. We find g, /gy =-0-3

the 2~ Hyperon sigmas,Z — ne 7, which were produced with 2 mean polarization of - 0-3 + 0-08
(1, 32) by thereactionm p - Z K%, by observing the angular distribution of the electron There are three published results from bubble chambers, two of which give a mean
directions, defined by the unit vector & in the sigma rest frame, about the sigma +-1b +<19

polarization vector Py. This is given by I(a,cos0) = (1 + aPycosd ), where cosf = value for |g, /gy | of 0-30 _ 13 and the third is g, /gy =+ 16_ 7q. These results

Pyx.& and Py is positive in the direction 7 X Z /17 X Z|. This measurement is made
to determine the form of the weak interaction responsible for the decay and to

are consistent with the predictions of Cabibbo theory within the errors.

test the prediction of Cabibbo theory that it is V + 0-3A.

The data from this experiment is now being analysed. The main problem is that
of identification of some of the 100 beta decay events expected in the 110,000
triggers, which were recorded on magnetic tape in the form of digitizations pro-

Now that the mechanism for obtaining the result from this experiment has been
established, it is hoped to increase its statistical significance. Attempts are being
made to retrieve those events where the K™ lived less than 9 nano-seconds and
those in which the incident pion track chosen does not match up with the K¥, to
form a good production vertex, because of the confusion caused by the high beam

duced by wire spark chambers. So far about 11 events have been found in that ten intensity at which the data was taken. This will give about four times as many
per cent of the triggers in which the K lived longer than 9 nano-seconds. events.

T
T T Gulgy =-0-3 CABIBBO PREDICTION

The methods of finding these events involves a program which reconstructs the X e04t12
incident 7, the K* and the e~ tracks. If it finds these three tracks only, it fits
them to the two vertex topology of sigma production and decay. 239 events were
found which satisfied these criteria and they were plotted on 35 mm film. Criteria
defining the sigma production and decay vertices were obtained by scanning film
of two prong and normal decay triggers respectively, for events in which the
physical process sought had been correctly reconstructed. The 11 beta decay
events were found by scanning the film for events which satisfied these criteria
and in which the electron track was not part of a Dalitz pair of a y-ray shower.

A typical event is shown in figure 25. The vertical track is the incident pion which
interacts in liquid hydrogen to produce a K™ and a . The K™, which decayed
after 37 nano-seconds, is shown to the left and the £, which is not drawn, beta
decayed after travelling 2:5 cm to give an electron which is shown to the right. ! T = T g iy T
The lifetime distribution of these sigmas is consistent with the measured sigma

lifetime and is shown in figure 26.

LOGARITHM OF LIKELIHOOD FUNCTION AGAINST O LOGARITHM OF LIKELIHOOD FUNCTION AGAINST 9,/9y

Figure 27. Maximum likelihood fit for the electron
angular distribution from the events recorded in
Experiment 13.

Figure 28. The graph shows the logarithm of the
maximum likelihood function (figure 27, Experiment

38 13) plotted against g4 /gy -
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Test of the

AS = AQ Rule
for K° Leptonic
Decays

(138)

Figure 30. One of the vidicon

cameras used to

chambers in Experiment 15.

X
x 7 o
- e = e Figure 29(a). An event taken directly from a
. film exposed in the AS=AQ experiment (no. 14).
b X x
X X x . ¥
X X X x * * .
x 7 " : Figure 29(b). Shows the same event after the
= Fd S ) film has been measured on Cyclops (a flying-
% F o ) spot digitizer) and the resulting co-ordinates
/ s . ;
e L s ' displayed on a graph plotter.
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UNIVERSITY OF CAMBRIDGE
RUTHERFORD LABORATORY

Experiment 14

This experiment to test the AS = AQ rule and CP-conservation in the decay
K° - 7 e v has been described in the 1968 Annual Report (Experiment 7). Data
taking was completed in June 1969 and the analysis is now well under way.
Neutral kaons were produced from the reaction n~ p = A°K’, and events were
recorded using optical spark chambers. A total of 580,000 pictures were taken of

which 140,000 were of the more common decay mode K° ~ ata” for calibration
purposes.

The film is being measured both on hand measuring machines and automatically
using the CYCLOPS flying-spot digitizer. The latter method gives greater accuracy,
but it seems necessary at the moment to provide guidance for the track finding
routines. This has been done successfully both using the hand measurements as
rough digitizings and with the aid of an interactive CRT display. Figure 29 shows
an automatically measured event re-displayed on a graph plotter, with the original
photograph for comparison.

To date 30 per cent of the film taken has been analysed in detail, and this contains
approximately 3,000 Ke3 events with the electron sign determined. Each of these
events is being kinematically fitted and re-examined by a physicist.

. - e . _ AS =-AQ amplitude
It is hoped to obtain a preliminary value for the ratio x AT =5 ampEoaE

from this initial sample early in 1970, and to publish a final result based on about
10,000 Ke3 decays by the end of the year.

view spark

WESTFIELD COLLEGE, LONDON
. UNIVERSITY OF SUSSEX
Expe riment 15 RUTHERFORD LABORATORY
The present theory of weak interactions allows non-leptonic strangeness changing
transitions with a change in isotopic spin AI of 1/2, 3/2 or 5/2. There is strong
experimental evidence for a AI=1/2 selection rule. The decay rates and asymmetry

arameters of the non-leptonic sigma hyperon decays are sensitive tests of the
AI=1/2 rule. The asymmetry parameters in the decay £* ~ pr” can be determined
by measuring the polarization of the decay proton with respect to the Z
polarization direction.

A separated beam of 77 mesons of momentum 1110 MeV/c incident upon liquid
hydrogen was used to produce polarized sigmas by the reaction atp > TTKT.
Thin foil spark chambers measured the direction of the K* and the decay proton
from =¥ - pr° and the polarization and range of the proton were measured in an
aluminium plate spark chamber. The chambers were viewed by an array of 8
vidicon cameras (figure 80). The spark positions were immediately digitized and
recorded directly on magnetic tape. Data taking has been completed with over one
million triggers recorded using 300 magnetic tapes. An analysis of the operation of
the vidicon system has now been completed. The digitizing of a full vidicon scan
line is 4096 counts. From an analysis of proton tracks from p-p elastic scattering
test data a spatial accuracy of about + 0-2mm was achieved over a scan length of
69 cm i.c. resolution (FWHM) is somewhat worse than two parts in 4,000. Two
spark images closer together than about one per cent of the scan cannot be
separated due to the finite size of the vidicon’s electron beam spot i.e. resolving
power is about 40 parts in 4,000. The relation between real space positions and
digitizer count is linear to within about + 0-5%. A fifth order polynomial fit is
required to reproduce the positions of lines on a ruled fiducial plate to an accuracy
of 0-2mm. One scan is used for each spark chamber gap and four sparks per line
can be digitized. In the system used in this experiment there was an overall dead-
time of about 50 ms. The nonleptonic = decays are conventionally parameterized
in terms of their decay rates and the three parameters

SZ _Pz
" P

_2Re (S*P), ., . 2Im(S*P
a_ﬁfﬂ_ .B—gr_r(gz—‘), Y

where S and P are respectively the S- and P- wave decay amplitudes. Since 7 is
nearly - 1, the £ polarization is readily observable through the up-down asymmetry
given by the familiar decay distribution

I=1+aPy .q

where § is a unit vector along the momentum of the decay proton in 2t > pr’
and Py is the polarization of the »* from the production reaction 7 7p - TTK™.
The polarization of the proton is given by

(1+aPg .q) P, = (e +P5q) q+B(Pz X @) +raX Pz X q)

Initially the analysis of the data is concentrated on the determination of a.Px(0)
from the decay angular distribution where 6 is the sigma production angle. The
latest value of laPl, where P is the mean T polarization, is 0-67 indicating that the
large sigma polarization required for a measurement of the g and vy parameters is
present.

Test of the
AT =1/2 Rule
in the Decay
Tt > pfro
(136)
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Search for Charge
Asymmetry in

n Decay

(136)

Figure 31. A diagram of the
apparatus used in the search
for charge asymmetry in 7
decay (Experiment 16).

WESTFIELD COLLEGE, LONDON
UNIVERSITY OF SUSSEX
RUTHERFORD LABORATORY

Experiment 16

The purpose of this experiment is to test for an asymmetry in the decay
o + — 0 . o . T 2
n° = n'm w , which would imply that C symmetry is violated in the electro-
magnetic interaction. A violation of C means that a set of anti-particles do not
obey the same physical laws as the equivalent set of particles (i.e. different
physics in an anti-world to that in our world). This work follows naturally from
. . . - . o] + - .
previous experiments by the Laboratory on CP violation in K} - 7™n and in

K7 - 7°n°, both being weak interactions.

There is already evidence for a charge asymmetry in the n - 37 decay, but the
present measured asymmetry

N(ET>=E")
N (E">E")

2. s +
A :H_ =15 per cent £ 05 per cent where i—

has only three standard deviation significance, and therefore requires confirmation.
In the new Nimrod experiment at present being set up, it is hoped to increase the
number of measured events to some 400,000 compared with 36,000 in the previous
most accurate experiment.

A diagram of the apparatus is shown in figure 31. The 7° mesons to be studied are
produced in the process 7 p = n°n and are selected from unwanted background
processes by measuring the time-of-flight of the neutron in the ring of 60 neutron
detectors. Detailed descriptions of the neutron counters, the spark chambers and
the magnet will be found in the Instrumentation section (pages 82—97).

In figure 32 a measured time-of-flight spectrum is shown. The various particles
. . . 0

produced show up as peaks in the time spectrum, and the required 1" s are seen as
a strong peak. Neutrons, detected in the “n® peak” cause the spark chambers in
the experiment to trigger. The spark chambers within the large magnet (surround-
ing the hydrogen target) detect the 77 and m~ from the n° decay and measure
their momenta. The number of times the 7T is more energetic than the 7~ is
denoted by N* and the opposite situation by N and thus each event is analysed
to see if it contributes to Nt or N™. It is expected that one million events will be
recorded in the spark chambers by the on-line vidicon system, and that of these
some 400,000 will lie within the fiducial volume and meet the kinematic require-
ments of the n > 37 decay. It is hoped to start data taking in the spring of 1970.
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1 1 | { 1

U

50 40 30 20 10 0

Figure 32. Measured time of
flight spectra from Experiment
16. The various particles pro-
duced show up as peaks in the
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L.y charged +

time spectra and the required
7’s are seen as a strong peak.

time gate

E . UNIVERSITY OF CAMBRIDGE
xperiment 17 RUTHERFORD LABORATORY
K’ decays are known to have a small CP violating component. This effect first
observed in K{ - 27 has been substantiated and observed also in K; - 7ev and
K, - muv. However the source of the violation is still unknown. It may be a
universal small effect (~ 107 in amplitude) or have its roots in one of a number
of particular processes which themselves strongly violate CP but act only to a
small extent in the decays observed.

This experiment will measure the time dependence of K° » ntr 7° with 7,000
events up to 20 K° short lifetimes. Any interference between K; and Kg to 37
must involve a CP violating amplitude which will be measured with a standard
deviation < 10 per cent of the allowed K; - 3x. The present experimental limit
of the amplitude ratio is about unity.

Neutral kaons of positive strangeness are produced by the reaction7 p - A°K°.
An optical spark chamber spectrometer measures the momenta of ~ 1035 MeV/c
incident #  on a polythene/scintillator target. The A and K decay inside a
40 inch gap magnet which contains 14 optical spark gaps such that the momenta
can be measured to ~ b per cent, sufficient to kinematically separate the wanted
K decay from the others. A counter array demands 4 charged particles after a
neutral state determined by a veto counter just after the target. The apparatus is

Test for
CP Violating
Amplitude in
K° > 3n
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shown in the figure 33. The 7~ beam and the target are similar to those used in the
previous experiment in the K13 position (AS = AQ experiment). Trigger rates have
been measured and some film taken with 6 gaps in the decay region. The trigger
rates are higher than expected mainly due to y conversions but are at an acceptable
level which would result in a total number of pictures of ~ 600,000 in about 100
days data taking. Final installation will be completed during the shutdown and
data taking should commence in about March after a final period of setting-up

in February.
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Figure 33. Diagram of the apparatus used in Experiment 17 (K° - 37).

CERN,
ORSAY
RUTHERFORD LABORATORY

Experiment 18

~ The analysis of the first experiment proposed by this collaboration (a measure-

ment of the phase ¢, of 7., ) has been completed. The final results are

P = 51°3 30°
Mo, !=(3:33 £ 0-64) X 1072

The second experiment to obtain a 10 per cent measurement of In,| is now in
the analysis stage. A total of 360,000 photographs were taken, approximately 50
per cent of these had a 20 cm copper regenerator in the beam and 50 per cent had
no regenerator. The films with no regenerator give directly a measure of In, | and
these together with the regenerator film should give a more precise measure of
¢,o than that obtained with the first experiment (see above).

The analysis should be completed by mid 1970. The scanning is virtually finished
and this has all been done at the Rutherford Laboratory by a team of 14 part-
time scanners. The films are measured at CERN or Orsay.

It is hoped to obtain a new upper limit for In |, where

_ amplitude (Kg - 37°)
amplitude (K] - 37°)

[

from the film of the second experiment.

The present limit is |n,,,/<10 and this data should give an order of magnitude
improvement on this limit.

Finally a total of 240,000 photographs were taken to obtain the decay rates
of Kg and K; to 27. These rates can possibly exhibit CP violation.

The analysis of these last two experiments will not be complete until early 1971.

UNIVERSITY OF GLASGOW
UNIVERSITY OF LIVERPOOL
UNIVERSITY OF OXFORD
UNIVERSITY OF WARWICK
RUTHERFORD LABORATORY

Experiment 19

The aims of this experiment are:

(i) To measure the charge asymmetry in the rates for K* > 7*7°y in order to
test for C non-invariance in electromagnetic interactions and CP non-invariance
in the weak interaction and to measure for this mode the electric and magnetic
dipole structure amplitudes and the interference between the electric dipole
amplitude and the inner bremsstrahlung.

Measurement of ¢,
the Phase of the
Decay K{ - n°n°
(134)

A Study of the
Decay Modes
K% > 1tn°y and
Kt > ntg®a°
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Figure 34. Overall lay-out of Experiment 19 at CERN Proton Synchrotron.

(ii) To measure the charge asymmetry in the rates for K* > 77°2° in order to
test for AI = 5/2, 7/2 CP non-invariant terms in the non-leptonic inter-
action.

The data taking phase of the experiment is now complete and all equipment has
been dismantled and returned to the KRutherford Laboratory. Analysis of the
experiment which was started at CERN on the CDC 6600 has been transferred to
the IBM 360/75.

The experiment was carried out in a 5 GeV/c unseparated kaon beam at the
CERN PS. The overall layout of the experiment is shown in figure 34. A
differential gas Cherenkov counter C identified the kaons in the beam, and a
system of counter hodoscopes and wire spark chambers at B, , B, and B; defined
their momenta and directions. The vector momentum of the charged pion, pro-
duced when a kaon decayed into either of the two desired final states, was
measured by 12 sonic spark chambers at S, and S, in conjunction with a large
spectrometer magnet. As shown in figure 35 six of thesc chambers were placed
within the gap of the spectrometer magnet.

The final state y-rays (including those from the neutral pion) were detected by a
1 metre square counter hodoscope. This enabled the outgoing directions of the
y-rays to be defined to within + 0-5° in the laboratory system.

Information from the counters and spark chambers was fed into a DDP 516 com-
puter for preliminary analysis and also recorded on magnetic tape for detailed
analysis later.
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Figure 35. Diagram of the experimental apparatus used in Experiment 19.

EXpCI‘lme nt 20 UNIVERSITY OF OXFORD
275,000 pictures were taken in the Saclay 80 cm bubble chamber at Nimrod in
1966-1967, covering the momentum range 450 to 550 MeV/c. The analysis of these
is now complete and the results ready for publication. A further 300,000 pictures
were taken at Saturne (Saclay) in 1968-1969, which will extend the momentum
range to 400 to 740 MeV/c.

The principal interest is in the inelastic reactions 7 p > ntr nandn p->n n°p.
The Dalitz plot for 7tz n (figure 36) shows some A~ production and a strong
enhancement of events at high #t7~ mass. This anomaly can be explained in
terms of the production of an interacting spin zero isospin zero nm system. The
am phase shifts in this mass range are still unknown. There is no need to invoke a
low-mass ¢ -meson and a narrow €’ resonance is preferred to a broad one. Figure
37 shows a fit to the (ntn "~ mass)? spectrum at 505 MeV/c. This experiment has
also measured directly the partial wave structure of the inelastic reactions, which
will give improved 7N elastic phase analyses.

Figure 36. Dalitz plot for the reaction
Tp = 7w n at 552 MeV/c. (Experiment 20).
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7%p Interactions
between 0-6 and
0-8 GeV/c

(15, 152, 154, 189)

Experiment 21 UNIVERSITY OF OXFORD
Measurement of all 100,000 pictures, taken at momenta of 0-6, 0-65, 0-7, 0-75 and
0-8 GeV/c in the Saclay 80 cm hydrogen bubble chamber, is now complete. The
inelastic final states 77" p and 77 Tn have been subjected to a partial wave analysis
and acceptable fits achieved at all momenta. The details of this analysis will be
published shortly in Nuclear Physics B, and as a Rutherford Laboratory Preprint.
Figure 38 shows data for the 7Tn° p final state at 0-8 GeV/c.

Values have been obtained for the inelasticity in the incident waves S31, P31,
P33, D33, D35 and F35 (figure 39). The values differ in some details from those
deduced from elastic phase shift analyses, but are in generally good agreement
with a similar analysis of independent data made by a Saclay group.

At present an investigation into possible systematic errors in the elastic scattering
data is being made. It is hoped that it will be possible to publish the elastic
scattering data within the next year, thus completing the experiment.

1.0, 1.0,
x CERN S31 g £ P31
0-84 + THIS EXPT . 0-8 ¢
0-61l = 0-6 |
+ -
- - +
0-4 - il x = 0-4 | 2 - ¥
x “x v ¥ M
. ;I = wlrr ¢ o2t
024 = - x g 0-2 | '.: ® X
13 L 3 1 1 1 1
0-0 0-0 PR -
0-6 0-7 0.8 0-9 0.6 0.7 0-8 0-9
1.0 1.0
P33 033
O'E 0'81
T
06 | : 06 . g
- = ]
0.4 | o I X 0-4 - X :
o T 3 L x = . -
T =%7 =X - -
0.2 | g S 5 02} x_ " *
T 2z
0.0, L% % . 0-0
0-6 0.7 0-8 0-9 0-6 0.7 0-8 0-9
0-6 0-6
035 RS
0-4 0-4 |
0.2 . = : 0-2§ g 2
el & = -
Ix x X - § Ex T T3 : b4 :
0-0] %, o = 0-0 o e
0:6 0-7 0.8 0-9 0:6 0.7 0-8 0-9

BEAM MOMENTUM GEV/T BEAM MOMENTUM GEV/C

Figure 39. A comparison of the values of  (1-n*) obtained from the results of
Experiment 21 and the values obtained from an earlier phase shift analysis.
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Figure 38. The projections of the Dalitz plot for the final state atn® p on the three mass squared axes for the
0-8 GeV/c data determined in Experiment 21. The points are the values obtained from one of the phase shift

solutions proposed by the team.

IMPERIAL COLLEGE, LONDON
WESTFIELD COLLEGE, LONDON

Experiment 22

(i) 0-90 — 1-05 GeV/c

Film from the Saclay 80 cm chamber at 0-90, 0-95, 100 and 1-05 GeV/c has been
completely analysed and has yielded approximately 55,000 fitted events.

Elastic Scattering

The elastic differential cross sections, based on about 5,000 events at each of the
incident momenta, are in fairly good agreement with recent counter measurements
for most centre-of-mass scattering angles. The only serious disagreement occurs
close to 180° where the differential cross-sections obtained from the present
bubble chamber experiment are very nearly 50% lower than previously reported
values. When this discrepancy was first noticed checks were made to ensure that
backward elastic events were not being overlooked or discarded at some stage of
the analysis. In particular, the scanning, fitting and event classification procedures
were investigated in detail and showed no evidence for the preferential mishandling
of these events.

Until recently, phase shift analyses of pion nucleon scattering have relied almost
exclusively on differential cross-section and polarization measurements made using
counter techniques. The differential cross-section measurements now being made
using bubble chamber and spark chamber methods should be less susceptible to
systematic errors and will probably make further evaluations of partial-wave
amplitudes worthwhile.

77p Interactions
in the range
09— 17 GeV/c
(148, 158)
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7" and p
Interactions at
1-88 GeV/c

in Helium
(212)

We have attempted to determine whether small changes to the CERN (Lovelace
etal.) phases and inelasticities could be made in such a way as to provide adequate
fits to our 180° differential cross sections. Several fits, using CERN results as
starting values, have been made, including fits constrained to remain in reasonable
agreement with these results. There is suggestive evidence that appreciable modi-
fications of one or two waves may be necessary to achieve satisfactory fits. To
obtain unique and reliable solutions for the I =34 pion nucleon amplitude in this
way would require the additional constraint imposed by accurate 7 *p polarization
measurements. Until these are available it does not appear useful to pursue the
present fitting techniques any further. A paper on the elastic scattering results
has been written and will shortly be submitted for publication.

Single Pion Production

The 30,000 single pion production events are being used to study the inelastic
decay modes of the I = 34 pion nucleon resonances observed in the elastic channel.
As a first step in the analysis of this data the Dalitz plot distributions have been
fitted using the isobar model in the formulation of Deler and Valladas.

The pion nucleon effective mass distributions. in both single pion production
channels show strong production of the A(1236). Several methods have been
used to obtain an estimate of the amount of 7A production, all of which indicate
that this process accounts for at least 75% of the single pion events. Preliminary
fits have been made assuming only 7A production together with an incoherent
phase-space background. These are in much better agreement with the results
published recently by the Saclay group than with the original DS3 dominated
model of Olsson and Yodh. Statistically the fits are not very satisfactory, however,
and at present the fitting programs are being modified to allow inclusion of
pN and wa}z production as an alternative form of interfering background. The
moment fitting technique suggested by the Saclay group is also being adopted.

(ii) 1-10 — 1-70 GeV/c

Film at eight momenta between 1-10 and 1-70 GeV/c obtained from the British
National Chamber is being used to extend the analysis described above to the
region of the higher mass N* resonances. Film at 1-2 and 1-3 GeV/c has been
predigitized and will shortly be measured on the Imperial College HPD.

Experiment 23 UNIVERSITY OF OXFORD
Scanning and measuring of the 300,000 pictures taken in the helium bubble
chamber exposed to 7T and the 200,000 pictures taken with protons is complete.
Analysis of the = reaction ™ He* - n¥n n"He® is essentially complete. There
are 130 events in this final state, and there is nothing in the data which requires
7tn nT resonant behaviour: a simple one pion exchange model seems adequate
to reproduce most features. Geometrical reconstruction and kinematic fitting of
the proton events is nearly complete; there are about 100 events in the final state

p ntn He'.

The data shows a narrow peak in the 7*7 p mass distribution; it is not yet clear
whether this is the N*(1400) produced coherently or whether the kinematics of
N*(1236) production alone can account for this phenomenon.

. UNIVERSITY OF BIRMINGHAM
Experiment 24 RUTHERFORD LABORATORY
This experiment was originally proposed for running at the Rutherford Laboratory
but has since been submitted to CERN to release time at Nimrod for the develop-
ment of the target facility. The proposal is now for 800,000 pictures to be taken
in the CERN 2 metre chamber. The principal aim of the experiment is to study
with hi_gh resolution and statistics the neutral bosons produced in reactions of the
kind 77D - ppB°; of particular interest will be the splitting of the neutral A,
meson. The experiment will of course benefit considerably from the precision and
speed of measurement now available on the Rutherford Laboratory HPD system
and should yield about 40 events per microbarn cross-section. A number of
pictures were taken at Nimrod during early 1969; however, in view of the move to
the CERN chamber together with difficulties experienced during this run with the
operating conditions in the 1-5 metre chamber, it is unlikely that this film will be
useful for physics.

CEN, SACLAY

COLLEGE DE FRANCE

. UNIVERSITY OF STRASBOURG
Expe riment 25 RUTHERFORD LABORATORY
K p interactions, at 13 incident K laboratory momenta approximately evenly
spaced in the interval 1-25 to 1-85 GeV/c are being studied. The pictures were
taken at Nimrod using the Saclay hydrogen bubble chamber.

The K p system can form baryon resonances of strangeness - 1 and isotopic spin
0 or 1. The properties of these resonances, e.g. mass, width, spin, parity, isotopic
spin, are obtained from analysing their decay into two-body final states. Experi-
mentally, total cross-sections, differential cross-sections and polarization are
measured, and the data are then analysed in terms of partial wave amplitudes of
different spin and parity.

The various final state topologies in this experiment are at different stages of
analysis. The common topologies are:

(a) Zero-prong events with one or two visible neutral decays; in particular the
o

channels A°7°, 2°7°
(b) Two-prong events. These yield, for example, the two-body states K'p
(elastic), Y*x, K*p, K*n.

(c) Two-prong events with a visible neutral decay. These yield intermediate 2-
body states such as Y*r, K*p (which decay into A® ntr ™, 2°z¥r ", K pn
cc.)

(d) Two-prong events with a charged decay. The analysis of these channels was
reported last year and has been published.

The reaction K“p > a7’ A

Analysis of the reaction K p - 7°A has recently been completed. The n°A final
state has an isotopic spin of 1, hence this reaction allows one to make a study of
the formation and decay of baryon resonances with strangeness -1 and isotopic
spin 1.

Study of

4 GeV/cn?
Interactions in
Deuterium

A Study of

K™ p Interactions
in the range

1-25 to 1-85 GeV/c
(140, 155)
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This channel is observed in the events with a topology of zero-prong with a visible
neutral decay, i.e. a disappearing beam track with a A or K°® decay associated.
Approximately 26,500 events of this topology were measured to yield a sample of
15,378 events where the A decay hypothesis was selected by kinematic and
ionisation constraints. Figure 40 shows the spectrum of the missing mass squared
associated with the A for these events. The peaks i in the distribution correspond
to events where the A is produced together with a 7°,n or w particle which then
decays into neutral particles (not detected i in a bubble chamber); in addition the
dlstnbutlon contains events of the type £°7°, A°n°n°, etc. A fmal sample of
4,805 An° events with a possible contammatlon of 4 per cent Z°7° events was

obtained.

Cross-sections at the thirteen momenta were determined by normahsmg to the
number of 7 decays (K~ = n¥n 7). These are shown plotted in figure 41, with
the previous measurements in this region.

At each momentum the differential cross-section and polarization distribution have
been expressed as sums of Legendre and associated Legendre polynomials res-
pectively, using the method of moments.

A partial wave analysis of this data has resulted in a measurement of the parameters
of the dominant resonance in this region, the £ (2030) with spin and parity 7/2+.

These are: Mass = 2030 + 10 MeV, Width = 165 = ?g MeV, andv/xx' = 0:2 = 0:02

where x and x' are the elastic and 7A branching fractions.

Evidence supporting the existence of another resonance, the £(1915), with spin
and parity 5/2+ was also obtained. In addition, there was an indication of a possible
resonance with spin 3/2, however this will require another experiment with higher
statistics to clarify the situation.

A partial wave analysis has been carried out on a compilation of the data from the
present experiment together with that previously published. The P3 resonance at
M~2070 is confirmed and evidence found for two further states: P1(1920) and
D3(1940). All these new states can be accommodated in SU(3) groups containing
known N* resonances.
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Figure 41. Cross-section for the reaction K'p = A°7°. The solid circles show the results from

Experiment 25. The squares are the results from previous measurements in this region.

The reactionK p > Zn

Partial wave analysis of this channel is well advanced. The reactions Z*r~ and
T "nt show very different angular distributions readily explicable in terms of
t-channel effects. It is hoped that by simultaneously treating the data to con-
ventional s-channel partial wave analysis useful information will be obtained on s
and t-channel duality.

2-prong events

Data on approximately 60,000 2-prong events have been analysed in collaboration
with the Strasbourg University Bubble Chamber Group. The events may be divided
into two types:

(i) The elastic reaction K p+ K p

Approximately 2,000 events of this type have been obtained at each beam
setting (26,000 events in all). The differential cross-sections can therefore be
measured with a precision considerably greater than in previously published
work. The angular distributions are quantitatively 'described by fitting to a
Legendre polynomial expansion.

N

do . p z:

o = & A P (cos8)
n=20

where N is the maximum order required to fit the data. In this experiment

N = 7 is required, indicating the formation of J = 7/2 resonances in this energy

region.

Using the values of the A coefficients from all the momentum points, together
with the correspondmg data from the charge exchange reaction K p >~ K°n
(also measured in this experiment), and polarization data from counter experi-
ments, a partial wave analysis of the elastic channel is under way which, it is
hoped, will reveal the presence of new Y* resonances together with their spin
and parity quantum numbers.

h%




54

(ii) Inelastic events

The remainder of the events are examples of inelastic colhslons mostly
involving single pion production in the reactions: K p - K pr°, K°prn~ or
K nr™.

The two body mass plots for the first reactions at 1-739 GeV/c are displayed
in figure 42, clearly showing a strong K* (890) in the Kn combination together
with some Y* (1520) in the K p combination. The other two reactions are
dominated by K* (890) production with no sign of any other strong resonance
production.

K™p —K pm°(1-739 GeV/c)

Again by studying the variation in the properties of the pseudo two-body
reactions K*p and Y*r as a function of total energy it is hoped to be able to
draw conclusions on the intermediate formation of Y* resonances observed in

different decay modes.

Two prong events with a visible neutral decay

The pr1nc1pal reactions studled in this topology are: K p > A°ntr ™ (a), Aatna®
(b), °7*n” (c) and K°pr~ (d). Cross-sections for these processes at all momenta
covered by the survey are given in Table 4.

Table 4

Momentum Alntp” A°ntan® >atn” K°pr~

GeV/c (mb) o (mb) o (mb) o (mb)
1-26 305 055 097 + 0:25 0-75 + 0-19 1+46 + 0-39
1-82 262 + 0-35 1-36 £ 0-22 0-73 £ 0-14 1-56 + 0-30
1:37 2-40  0-32 1-79 £+ 0-25 0-62 + 0-12 1-95 + 0-33
1-42 2-63 = 0-35 1-72 + 0-26 0-70 £ 0-14 1-78 £ 0-33
1-46 263 + 0-20 2:07 £ 0-17 0-78 + 0-08 1-99 + 0-20
1-51 2-56 + 0-26 243 + 0-25 0-79 £ 0-11 1-76 + 0-25
1:55 2-67 + 0-22 2-41 +0-20 0-64 + 0-08 2-34 + 0-24
1-61 1-98 % 0-25 2:19+0-27 | 0-66+0-12 202 + 0-31
1-65 2:85 = 0-17 286 + 0-17 0-71 £ 0-07 247 £ 0-21
1-70 2234022 2-23 + 0-22 0-65 + 0-09 2-19 & 027
1-74 2:87 % 0:22 2.52 + 0-23 0-71 + 0-09 2-54 + 0-28
1-80 1-87 £ 0-24 2:27 + Q-27 0-80 + 0-13 2-54 + 0-36
1-84 2-18 + 0-27 2:26 £ 0-27 0-63 £ 0-11 2-01 + 0-30

There are also contributions from the final states K°pr 7°, K7 tr n. Analyses of

the four main channels is in progress.
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Figure 42. Two body mass plots for the reaction K'p > K'p'fro at 1-739 GeV/c (Experiment 25).

The reaction (a) i.e. A°a*n ™ final state is dominated by £ (1385) production

which accounts for about 50 per cent of the events. There is also a significant,

(5 — 10 per cent) amount of p° production. A partial wave analysis of the
2(1385)  channel will be attempted.

Reaction (b) shows the following contrlbutlons from resonance production,
averaged over all momenta. K p » Aw®, 62 per cent; K p > A°n°, 2 per cent;
K p—~ =(1385) nm, 17 per cent and K p > Y* (1520) nw, 1 per cent. A partial
wave analysis of the Aw" channel is in progress.

The =°n*n~ channel, reaction (c), shows the presence of both Z(1385) and
2(1660) each accounting for about 15 per cent of the events.

Reaction (d), K°pn, is dominated by production of the K* (890). A partial
wave analysis of the K*p final state is in progress and will of course include the
data on the same final state coming from the 2-prong topology without a seen
K.
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22 GeV/c K~
Exposure in the
1-4m Heavy Liquid
Bubble Chamber

UNIVERSITY COLLEGE, LONDON
TUFTS UNIVERSITY, USA

; UNIVERSITY OF BRUSSELS
Experiment 26 CERN
Over 600,000 pictures were taken, approximately half of them in 1969. The main
aims of the experiment are:

(i) to find the lifetime of the Z° by a method which uses the v rays from the Z°
decay 7° to fix the decay point.

—

(ii) to study the A° — A° interaction and the properties of the =~ and Z*
resonances.

(iii) to search for X° and ¢° neutral decays and radiative Y* decays.

The first experiment involves two complete scans of the film in order to eliminate
possible bias on the Z° lifetime due to scanning loss of these complex events. More
than half of the film has been scanned twice by now, and the scan should be com-
pleted by Spring 1970. As a by-product of this scan we are finding events with a
K*and two A hyperons. These will be used to study the invariant mass distribution
of the AA state (see figure 43) Z~ and Z* properties will also be studied.

A separate investigatory scan has begun for two prong and zero prong events with
a A and y-ays. The immediate motive of this scan is to search for radiative Y*
decays, but it will also help us to estimate the number of ' and ¢ events in our
film with a view to possible further studies on decays of these particles.

Figure 43. K™+ nucleus = K*AApp + invisible recoils. This event (recorded in Experiment
27) was caused by a series of interactions inside a complex nucleus. A hyperon was
probably formed but it interacted with a proton before it could escape from the nucleus.
The AA pairs formed in such events give a unique opportunity to study the AA interactions.

UNIVERSITY OF BIRMINGHAM
UNIVERSITY OF EDINBURGH

. , UNIVERSITY OF GLASGOW
EXpe riment 27 IMPERIAL COLLEGE, LONDON
Approximately 700,000 pictures were taken using K mesons at 1-45 and 1-65
GeV/c in the Saclay Bubble Chamber filled with deuterium.

Particular attention has been paid to the reaction K™ n > A°r "~ and a partial wave
analysis has been performed. This analysis confirms the values for mass, width
and v/x,x, for the £ (2030) and also gives values of these parameters for the
2(1910). The Z(1910) is not very strong in the data but its inclusion always
improves the probability for a fit. A very marked change in the Py, amplitude is
observed near 2080 MeV; the data can in fact be well fitted if a resonance is
included in this wave.

Channels of the type K n - Y*r are currently being analysed in a search for Y*r
decay modes of the £(1910), £(2030) and Z(2080). Preliminary results show a
strong decay of the =(2030) to =(1385) +r and work is in progress on final states
involving the A (1520).

RUTHERFORD LABORATORY
. CEN, SACLAY
Experiment 28 ECOLE POLYTECHNIQUE, PARIS
During the first half of 1969, an experiment to study high energy K proton inter-
actions was initiated in collaboration with physicists of the Ecole Polytechnique
(Paris) and the Commissariat a I’Energie Atomique (Saclay). The CERN 2m
chamber was exposed to a 14 GeV/c K beam; a total of 340,000 pictures were
taken which will yield a total of approximately 300,000 events. At the end of the
year, the RHEL portion of the film was three-quarters scanned and HPD measure-
ment had begun. Physics analysis of the data from the three laboratories is
expected to begin during the third quarter of 1970.

IMPERIAL COLLEGE, LONDON
. WESTFIELD COLLEGE, LONDON
Experiment 29 CEN, SACLAY
In this survey experiment 40,000 pictures have been taken at each of the momenta
2-1,2-3,2-5,2-7 and 2-9 GeV/c in hydrogen and 400,000 pictures have been taken
in deuterium at 2-2 GeV/c. The hydrogen film was shared between the three
collaborating groups for analysis. Scanning, predigitizing for HPD and a first
measurement of the film has been completed at all momenta. A second pass to
improve the rather low success rate is well advanced. It is expected that the
analysis will be completed early in 1970.

A preliminary analysis of the three channels Ktp - K*p, KN7 and KNnm was
presented to the 1969 Lund Conference. A paper on the elastic data has also been
published.

More detailed studies of the production and decay of A (1236) and K* (890) in
the quasi-two body channels are being carried out, together with a Veneziano
fitting of the differential cross-sections.

K d Interactions

in the range

1-45 to 1-65 GeV/c
(90, 192, 197)

14 GeV/cK~
Interactions

K'p and K*d
Interactions

in the range
20-2-8 GeV/c

(14, 153, 156, 157)
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Experiment 30 UNIVERSITY OF CAMBRIDGE

Strange particle production

n-p Interactions In January 1968 about 40,000 test pictures were taken of neutrons in the 1-5m

from 1 to 75 GeV/c hydrogen bubble chamber. The neutrons were produced by focussing a scattered-

Numbers of events

out 7-5 GeV/c proton beam on to a target about 5m from the chamber, and
sweeping all charged particles out of the beam emerging from the target. About
21,500 of the pictures were scanned for events involving strange particle decays,
yielding about 1400 potential events. The analysis of these is now complete and
the results of this are:—

(i) the cross-sections for the most common channels are:

Final state No. of events Cross-section (in ub)

2:6—4-0 4-0—55 5-5—7-5

GeV/c GeV/c GeV/c
A°pK° 21 109 + 41 45 + 28 73 + 23
A°nK®xt 20 1]l 148 + 41 129 £ 27
z pKt 48 56 14 58 + 12 267
ZtnKtn ™ 22 zero 42+3 32+9
A°pK*tn~ 42 44 32+ 10 64+ 11

(i) The final state £ pK*' has a peaking at 1800 MeV/c? in the 2 "K' mass
spectrum which is not reflected into an enhancement in the £ p mass spectrum
at the high mass region (see figure 44). This is in marked contrast to the

analogous reaction pp > £ nK*.
(iii) The reactions A°nK°7+ and A°pK*r ™ are characterised by a very high (46

per cent) Y* (1385) production. The highest observed in similar pp channels at
comparable momentum is 34 per cent.

Figure 44. Mass distribution of 95 events of the

reaction np =+ ZpK*. The curves were generated 40
by a Monte-Carlo programme that included the
variation in momentum of the incident neutrons g m(AKT)
(Experiment 30).
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Figure 45. Three body invariant
& mass distribution of all ANK®
final states from np interactions
in Experiment 30. The shaded
portion contains events with
m(A7) in the range 1345-1405
0 Mercz. The curve is a resonance
22 ‘ 26 Mev/c? model which gives the best fit to
the two body invariant mass
Curves:-----phase space —pure N*(1780 *400) resonance spectra of the same events.

(iv) There is evidence for the pseudo two-body reaction np - N*p in the three
body channel Y* (1385)pK (see figure 45). It is not certain whether this is due to
N* (2190) or A (1950), as there are too few events in the selected region to give
the peak positions accurately.

(v) There are about 120 events which have identified strange particle decays, but
no satisfactory solution. It is estimated that 20 of those will be due to interactions
of A° produced in the chamber, and another 30 may have been produced by K2
emerging from the target. An example of the former type was shown in last year’s
report, and it is hoped that enough events of this type will be found to form the
subject of a separate publication.

Single and multiple pion production
(i) np - ppr between 1 and 7-5 GeV/c

The study of this reaction has now been completed. About half of the film was
useable and yielded a sample of 27,100 three-prong events. These were tested
against the 3-constraint hypothesis np - ppm , 3658 events giving satisfactory fits.
Using the known cross-section for the reaction as a function of neutron momentum,
the momentum spectrum of the neutron beam was deduced from the momentum
distribution of the incident neutrons. This spectrum was used in the evaluation of
the cross-sections tabulated above.

The events were divided into four momentum ranges and the properties of the
reaction studied from threshold up to 7-5 GeV/c. Particular results of interest are:

(a)  The existence of the N* (1470) in the pr mass distribution at 7-0 GeV/c,
reported by other workers, could not be confirmed. Our results in the cor-
responding momentum range are more consistent with the diffraction
dissociation model.

(b) At lower momentum, there is clear production of the A® (1286) and N*
(1688)

(c)  There is a forward-backward asymmetry in the c.m.s. which increases with
incident momentum. From isospin considerations, this appears to be incon-
sistent with the present cross-section data for np > ppn~ and pp > ppn" .

(d) OPEM and DRM predictions for the reaction have been evaluated (including
a variable beam momentum) and compared with the data. After suitable
adjustments to the OPEM form factors, satisfactory fits were obtained.
DRM fits were less satisfactory.

(ii) np - pprtr 1~ and np - pprtatr Tn 7 between 1 and 8 GeV/c.

In January 1969 112,000 pictures of n-p interactions in the 1-5m hydrogen bubble
chamber were taken, using a full 8:3 GeV/c extracted proton beam striking a Be
target approximately 7-8m from the chamber to produce a beam of neutrons.
A sample of this film is being processed to examine the reactions np -+ pprtr 7~
and np - pprtatr n . To date 7353 events of both topologies have been
measured, of which 2-3 per cent are 7 prongs. 26 per cent of five prongs, and about
50 per cent of 7 prongs, fit as the above reactions (3C fits). The general features
of these reactions are being analysed, and together with data on np - ppn~ will
be compared with predictions of the multiperipheral model. Further light may be
thrown on the existence of the N* (1470) observed in 7 GeV/c pd collisions.
Results for the channel np - ppn™n 7 will be compared with'those of pp -
pprtr naC.
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pp Two-Prong
Interactions

Anomalies of
Electromagnetic
Processes

, UNIVERSITY OF LIVERPOOL
Experiment 31 RUTHERFORD LABORATORY
At the end of 1968, a Rutherford Laboratory group joined physicists of the
University of Liverpool in a study of anti-proton-proton interactions in an energy
region near the mass of the T-meson first observed by the CERN Missing Mass
Spectrometer Group. The CERN 2m liquid hydrogen bubble chamber was exposed
to anti-protons at momenta of 1:28, 1-34, 1-39 and 1-47 GeV/c. A scan of
approximately 50,000 pictures was carried out at RHEL for all two-prong interac-
tions; the 75,000 events yielded by the scan were then digitized in preparation
for measurement on the HPD. The measurement was completed in late 1969 and
the remeasures were almost complete at the end of the year. Use was made of
automatic ionization measurements obtained from the HPD to resolve final state
ambiguities, reducing the amount of scan-table examination of events by about
one-half. An on-line light-pen facility was also used to fix some of the geometry
failures, hence reducing the number of remeasures. Physics analysis is now
beginning. It is hoped that the presence of T-meson formation will be observed
in the large-scale elastic scattering data and/or in the n*n~ and K¥K™ annihilation
channels.

Experiment 32 UNIVERSITY OF GAMBRIDGE
A study has been made of pair production and bremsstrahlung losses using
pictures taken in the 1-5m hydrogen bubble chamber in January and September
1969. Using the X1/K9 beam line, separated beams of approximately 1 GeV/c
‘electrons’ were produced. The results suggest that particles lighter than the muon
other than electrons may have been present in the beam.

Anomalies have been observed in the distributions of the following three quantities:

(i) Pair a- Anomaly

a is defined as (p, - pJ)/(p, +p-) wherep, and p_are the momenta of the positive
and negative tracks of the pair. No anomaly was found in the film exposed in a
neutral beam of the distribution of & for pairs which can be assumed to come from
7°- decay gammas. The histogram of |a|- values for all pairs with (p, +pJ)> 100
MeV/c on the January film is shown in figure 46. The Wheeler-Lamb theoretical
spectrum with measurement errors folded in is shown for comparison. When the
theoretical and experimental distributions are normalised to give the same total
number of events, the experimental distribution is found to be consistent with
theory only at a level of 1 part in 10°. There appears to be an excess of events
concentrated between |a| = 0-3—0-6.

(ii) Pair Energy Anomaly

Writing k for the pair energy (p, +p.) and E, for the incoming beam momentum
we have examined the distribution of the ratio k/E_. Considering all pairs from
both runs, a smoothly decreasing spectrum is obtained except for an enhancement
in the range 0-80—0-86. Four different sets of beam entry conditions into the cham-
ber involving differing amounts and types of material were used. In figure 47 is
shown the k/E, spectrum corresponding to the presence of about 1-5 radiation
lengths of material placed in front of the chamber beam entry window.

(iii) Bremsstrahlung Anomaly

A plot of R, the ratio of final to initial momentum for particles entering the
bubble chamber with approximately full beam momentum is shown in figure 48.
The theoretical curve, calculated using Monte-Carlo techniques, is shown for com-
parison, and has been normalised to the experimental distribution in the range
0-22—0-90. An enhancement in the range 0-16—0-22 is apparent.
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It is planned to take more pictures in the period February-March 1970. This will
enable a more detailed investigation of the above phenomena to be carried out.
The fact that the enhancements in R and k/E, are complementary may indicate

that they are related phenomena.

3108 events

300 -

200+

100 A

Figure 46. Histogram of |a | values for all pairs found
with momentum greater than 100 MeV/c in the January
film of Experiment 32. The solive curve is the Wheeler-
Lamb theoretical spectrum with measurement errors
folded in.
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Figure 47. The measured k/Eo spectrum
corresponding to the presence of about

1-5 radiation lengths of material placed

in front of the chamber beam entry window
(Experiment 32). The theoretical curve is
"shown superimposed.
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Figure 48. A plot of
» _ Final momentum
Initial momentum
for particles entering
the bubble chamber
(Experiment 32), with
approximately full
beam momentum.
The theoretical curve
was calculated using
Monte-Carlo techniques
and has been normalized
to the experimental
distribution in the range
0-22-0-90.
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. CERN
Experlment 33 UNIVERSITY COLLEGE, LONDON
Beta Decay of A® This experiment takes advantage of the sensitive target facility in the 1-5m cham-
using Neon-Hydrogen ber (see page 96) to study the § decay of the A® hyperon. A beam of 1-035 GeV/c REACTION T+ p—A°+ K—Tr* + TI™ IN HYDROGEN TARGET IN NEON/HYDROGEN
Target Facility =~ mesons is injected into the target which is filled with hydrogen. The associated lpea-s o  ELECTRON DETECTION SPIRALISATION.
production reaction 7 p - A°K® yields a sample of highly polarized &
The decay spectrum for the § decay of the A° in the V-A theory has the form Tsr;geﬁumse Swoow
dN = C (pe ™ - Pe)? P% [l tacos g,y +P (B, cos @, + By cos ¢p)] dp.d2.dQ, i _
o 1-x2 . 2x(1+x) . _ 2x(1+x) _ l,&
where a = T+3 % ),B.3 “a+3 xz)"B" = T+3x) and x = G, ,C, where C,and \
BEAM ENTRY : // No
Cy are the axial vector and vector coupling constants. p, and po ™ are the momen- . ] 7 \% %_JB
tum of the electron and its maximum value, P is the polarization of the B $op the TARGET FILLING &
electron neutrino angle, ¢, the angle between the electron momentum and the i | .
A° spin, and ¢, the angle between the neutrino momentum and the A~ spin direc- [~ HE ,
tion, e I _—
The experiment is aimed at determining the parameter x which is related by the F . \ X anceT o
Cabbibo theory to the coupling constants in other hyperon § decays and to the s g il i o s bl
rates. Clearly the distributions in cos ¢,,, cos ¢,, cos ¢, have sensitivities to the STANLESS STEEL
value of x. In particular ¢, is not sensitive to the sign of x. TRARSICN B ANEE
SEALS WITH PUMP OUTS HYDROGEN TARGET INSTALLATION

The target system is used in order to detect a sample of § decay events against a

background of 800 : 1 normal A° - prn~ decays. The design of the target system

is shown in figure 49. The target is constructed of 2mm thick perspex, is 4cm Figure 49. Diagram of the hydrogen target installation for the 1:5m British National Bubble Chamber (Experiment 33).
deep by 30 cm high and extends the full length of the chamber. Thus the beam

particles are contained in the target and interact only with protons whilst the

secondary particles (i.e. the products of the A° and K° decays) pass through the

walls of the target into the main chamber volume. The main chamber is filled with

a 50 molar per cent neon-hydrogen mixture. Operating conditions are then chosen

so that the mixture in the chamber and the hydrogen in the target are simul-

taneously sensitive.

The leptonic A° decays (A - pe ») are detected by the radiation loss of energy
of the electrons in the neon-hydrogen mixture. The radiation length of the mixture
is about 70cm which is sufficient to allow the detection of the electrons by the
characteristic appearance of their tracks, without introducing too much multiple
Coulomb scattering error into the energy determination. During 1969 two test
exposures were made using the target system. A picture from such an exposure is
shown in figure 50. Clearly the two phase operation of the chamber is successful
since both the beam tracks and the secondary tracks outside the target are of good
quality. The optical quality of the pictures is excellent. The perspex surfaces do
not present any problems since they are plane and nearly normal to the axis of
the cameras. The expansion is transmitted to the hydrogen by movement of the
perspex walls; since however an expansion ratio A V/V < 1 per cent is required
for sensitivity, the walls only move about 0-2mm, i.e. one tenth of their thickness.

In order to-achieve useful statistics on the A° decay process it is necessary to run
with a high number of beam tracks. In addition to the target tests a sample of
pure hydrogen pictures were taken in 1969 to study the scanning and analysis {
problems of high track density film. From these studies it is concluded that up
to 100 7~ tracks per picture are acceptable and will yield, in the total exposure of
700,000 pictures, approximately 150-200 fully reconstructed A° beta decays.
The main data taking run will be in 1970 and should yield a well defined value
for C, /Cy the ratio of the axial vector to vector coupling constants in the decay. Figure 50. Bubble chamber picture taken during tests with the liquid hydrogen target installation.
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The Veneziano Model
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Daughter Structure
of Veneziano Model

Theoretical High Energy Physics

The work and interests of the Rutherford Laboratory’s theorists cover a wide
range of topics in high energy physics. There is some emphasis on the practical
consequences of theory, and their relation to experiment, but formal questions
are not ignored.

As usual, there was a summer programme of visitors from other centres in Britain
and overseas. The annual December conference was attended by some 200 physi-
cists, mainly theorists from British universities.

The following brief accounts give some idea of the work going on here.

The most exciting area in strong-interaction physics last year was the Veneziano
representation. This is a new type of formula, first written’ down by Veneziano
for the rather inaccessible process # + 7 - m + w, and later extended to other
reactions. The reason for the excitement is that in a simple formula two deep
theoretical principles and some intriguing experimental systematlcs have been
embodied, namely:

(i) Crossing symmetry: the relation between particle-particle and particle-
antiparticle scattering.

(ii) Scattering cross-sections at high energy vary as a simple power of the energy
- the power depending on momentum transfer — “Regge behaviour”.

(iii) In the spectrum of resonances, the highest spin at a given mass m is pro-
portioned to m?.

(iv) Analyticity. The formula unites low and high energy scattering in a single
well-behaved mathematical function. The connection between high and low
energies is not a priori very strong, but a simple and bold scheme (the Finite
Energy Sum Rules) assuming Regge behaviour at high energy has had amazing
success in predicting high energy scattering from low energy data. The
Veneziano formula is a realisation of this stronger connection.

There remain many problems. The biggest is that the formula is not unitary; it
does not strictly conserve probability. Attempts to put this right have become a
major industry, but so far no completely satisfactory answer has been found.

The predictions of the Veneziano model for 7— scattering have been investigated.
In particular, it predicts a vector meson p' with the same mass as £°. It was found
that the most sensitive test for this object is the forward/backward asymmetry of
the n* 7~ angular distribution in the f° mass region. None of the present unitarisa-
tion schemes give results consistent with the observed asymmetry. It is concluded
that if such a p' exists, the mass-degeneracy with f° is badly broken.

A question of practical importance is how to recognise a resonance, and determine Resonance :
its parameters, from the Argand diagram of a partial wave amplitude varying with Recognition in

energy. A resonance is expected to give a circular arc, but this is not enough: is the

resonance energy at the top of the loop, or where? Also there is controversy about (73)

the significance of Regge pole exchange contributions, that are known to give
Argand loops: are the latter approximations to be true resonance loops, or are
they background effects that should be subtracted? These questions were studied
in a Veneziano model for the process mm—nw. This model has many realistic
features, also the true resonance parameters (and the Regge pole terms) are known.
It was found that the only reliable criterion for determining a resonance energy is
to take the maximum of velocity in the Argand diagram. Regge poles do not in
general give good approximations to the resonance loops (in the jargon, local
duality doe<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>