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This thesis describes the first prysics experiment to be performed
using the Big European Bubble Chamber at CERN. The discavery of the
1# particle in 1974, and its interpretation as a meson composed of a
charmed quark and anti-guark left anen the question of the existence
of mesons with one charmed quark (or anti-quark) together with an
ordinary {(p, n, or A type) anti-quark (or guark). A proposal was made
to look for such charmed mesons and possible charmed baryons using an
antiproton beam, at a momentum of 12 GeV/c, incident in the hydrogen—
filled bubble chamber. Final statas containing at least one strange
particie (a predicted charm signature) were secanned, and all such events
were then measured. The difficulties encountered in these processes,
using a new large bubble chamﬁe£ with its unusual spherical optics, are

described in detail.

A study of neutral strange particle inclusive physics is presented
and details of a search for narrow resonances are also given, An
investination of a narrow, 4.5 standard deviation peak in the 6-prong
channel was made, but it is not thought to be the result of charmed
particle production. Upper limits for the production cross sections
times branching ratios for the charmed particles discovered in 1976 are
given for various channels, and a search for directly produced electrors

or positrons is described.
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INTRODUCTION

This thesis describes the auvthor's work in cornnection with an
antiproton - proton experiment at 12 GeV/c using the Big European
Bubble Champer (BEBC) in collaboration witH physicists from Bruxelles,
CERN, Imperial College, Fons, and Orsay. This intrcductory chapter
discusses the thecoretical need for charmed quarks and the discoveries
of November 1974 indicating the existence of charmed particles which

gave the main motivation for this experiment.

Charm and SU(4)

The quantum number "charm" was originally introduced [1] to

account for the absence of strangeness—-chaznging neutral currents.

-

Consider the reactions : K —w e o AQ = 0, AS = -1 (1)

il
i

it

and K+ —> 'n:D e+ ~» FAYN] -1, AS = =1 (2)

e
The branching ratios for these two reactions are :

(1) 3 x 1077 and (2) 5 x 102

11

Similarly, K. — S AQ =0, AS =51 " (3)

has a branching ratio of 1 x 10—8, whereas

1

A AG = =1, AS = =1 (4)

has a branching ratio of 6 x 10—1. So hoth AQ = 0, AS = £1 reactions

( (1) and (3) ) are heavily suppressed.

The familiar SU(3) picture of hadrons was extended [1,2] by adding
a fourth, charmed quark ( Figure 1a and Teble T ) to give SU(4).  The
Weinberg - Salam model [3,47 nives a form of the hadronic charged
current from which a natural selection rule emeroges for the decay of

charmed particles, namely

Al = AC = AS , ATl = 0 (amplitude ~ cos@r . GC is the Cahihbo

\
anglie )
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or, Al = AC, AS =0, Al =% {(amplitude n:sinEE)

The model also provides lepton - quark symmebry since it uses four

~ <
leptons (7«7/*) , ( 8) and four quarks (:,) and (;,) .
- o

/U.

The feourth quark opens up a whole new spectrascopy of elementary
particles ; the octets and singlets of "old" mesons are replaced by
15-plets and singlets (Figure 1h) and the %+ baryon octet, for example,

becomes a 20-plet (Figqure 1c). Listsof the quark contents and guantum

numbers of some of the predicted particles are shown in Tables IT and III.

The masses of these charmed particles were estimated [5] to lie in
the range 1.4 to 5 GeU/c2 for mesons, and 2,4 to 19 GeU/c2 for the
lowest baryon states. The dominant decay modes (rvcosEL) were expected
to be non - leptonic, with a stfange particle in the final state, The
total branching ratio for charmed particles to hadfons was calculated

0!’ Sec_19 and for a decay such as D° - K~ &', with Moy = 2 GeU/c%

M 0° >k ") =5 x 10" sec™.

r~

as =1

The Discovery of the b

T

In November 1974, a resonance was discovered at a mass of 3.1 GeU/c2
with a very small width, in e+e— collisions at Spear [6] . At the same
time a MIT - BNL collaboration found a narrow resonance in p - Be inter-
actions at 3.1 Gev/cz [7] decaving to e+e“. Both of these resonances
have been identified as coming from the decay of a meson ( celled the V}
by [6] and the J by [7] ) consisting of a pair of cE quarks ( the ?E of
Table 11 ). A second resonaﬁce was discovered shortly afterwards at a
mass of 3.7 GeU/C2 6] , the 'y', vhich has heen identifisd as a c®

meson (95;) - the first radisl excitation of the .

These discoveries fixed the mass scale of the charmed particlas,
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?
so that, for example, the D mecon should have a mass arcund 2 GeY/c
[5 - addendum]. ThE‘w also gave high energy physicists the incentive

to look for this new spectroscopy of particles.

A Charm Hunt

It was suggested [51 that a good place to look for charmed particles
would be ir fp annihilations, where they could be produced either sinoly
in reactions like :

Bp ~>¢C+nn:'s , 9!); +nms

]

pp ~?Qc+nﬂ:'s 'y Mg +n s

or in pairs : fpp = 00", DD , DF +n s (n21)

Pp annihilations offer the highest centre of mass enerqy in “central®

(i.e. non - peripheral) collisions, compared with ﬂ?p, K'p etc. at the

same energy, and represent a large source of high Pt events. (This is
‘the most promising region to look for the production of high mass objects

as detailed in section 5.2 ).

If charm behaves as strangeness does [5] , it ic predicted that

g_{charmed) A~ oK)
‘o (K) o(m)

Figure 2 shows o~

annihilation (gﬁp - O“pp) and OJKD for pp

seen

interactions. It can be seen that a larue fraction of the annihilation
. . 0 . s :
cross section goes into KSKX, so that if the above relation is true,

antiproton reactions should be good candidates for producimg charm.

Many narrow enhancements have already been observed in BN inter-
actions at lower energies,. These include a sharp enhancemsnt at 3.1
G@V/c2 in pn data at 5.5 GeV/c [107] and at 2.37 and 2.61 GQU/CQ (Fioure 3)
in Pp data at 5.7 GelV/c D1] . This evidence also indicated that Po

interactions might be a fruitful place to look for narrow peaks,
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It was therefore proposed [12] to look for the production of charmed

N :
particles in 12 GeV/c ( E = 4.93 GeV ) Pp interactions in BEBC.

There were several advantages to using BEBC, which include the

following ¢~

a)

b)

The mass resolution can be estimated from & (ﬂ~250}x), the -
uncertainty in reconstructing points on a track in the bubble
chamber, and the magnetic field ( 35 Tesla ). Events of the
o°

type Bp — D were generated, and the errors on

0
o~
k-t Ls a1

effective and missing masses were calculated assuming M~ 2,75

D
GeU/c2, FD= 0, and isotropic angular distributions for both
production and decay of the D's, for both the 2m HBC and BEBC.

At 12 GeV/c, AN for BEBC was 9 Meu/c2 compared to % 24 Mf;'\i/cz
for the 2m chamber ( H = 1.75 Tesla, &= 70 ).
Particle identification in BEBC promised to be good, with its

.large size giving a high probability for S- rays on secondary
tracks, a good measure of dE/dx over a long track length, trapping
of low energy particles (£ 2 GeV/c), and a hioh probability of
secondary interactions. This advantage would be useful for
anomalous events = B.Q. ncn—conseruatiqn of strangeness, and
anomalous V° decays.

The large size of the chamber gives good strange particle detection

7

efficiency, and relatively good Y- ray detection efficiency (~ 15 $%).

At the time when this experiment was proposed ( February 1975 )

there was very little data available on inclusive strange particle

production in Pp interactions [13] , especially abave 10 GeV/c. This

experiment was therefores proposed to fill in some of the gaps in conven-

tional p physics as well as to look for the production of new particles.
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TABLE T

Quark

Quantum Number

I I, Q s
u T, V2 o 2/3 0
d /2 /2 =V/3 0
s 0 0 =5 -1
c 0 0 2/ 0

N EL Es.:
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TABLE 11

Charmed O lMesons

L Label Quark content Tsospin Strangenass
1 p* cd V2 1.="/2 0
1 D® cti 1/ I,=-1/2 0
1 Fr cs 0 +1
0 n m»-\r%;(ua 4+ dd - 2s5) 0 0
0 r{ ~ -;-(UU + dd + s3) 0 0
r -
0 1, 12 (U + dd +'s8 - 3eE) O 0
-1 Do Su Vo, 1,2Y/2 0
-1 D~ Bd /2 I3="1/2 0
-1 F- Ss 0 -1
Charmed 1 Mesons.
c Label Quark content Jsospin Strangeness
1
0 w Nfz“ (uT - dd) 0 0
0 ¢ ~ sB 0 0
0 ?%' ~, CcC 0 0
#1 0,0 FY —— as of, 0%, "
-1 D% 0", FT —— as D%, 07, FT
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TABLE IT1

+
Charmed 3  Baryons

Label Quark content I
C++ cuu 1
1
+
C, c(ud)sym 1
c? cdd 1
1
+
C, c(ud)anti 0
+ . 1
5 c(su)S n =
0 b
5 elsd)gym 3
+ 1
A D(Su)anti 2
0 1
A C(Sd)anti 2
TD css 0
xH ceu *
u
.‘.
Xd ced 5
X+ ces 0
8

Stranoeness
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Figure 1 : Weight diagrems for SU(4).
a) The 4 aquarks of SU(4) = the SU(3) triplet u ("up")
d ("doun"), and s ("stranae"), with N=0, and singlet
¢ ("charmed"), with C=1.
b) 15 = plet + singlet of pseudoscalar mesons

. o
c) 20 - plet of T = %" barvons
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The Annihilation cross section, derived from the

difference between the Pp and pp total cross sections,
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and the inclusive Khe n cross section. ( Note

separate scales. )
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The Bin European Bubhle Chamber

11 Introduction

The obvious development of high energy physics in the 1960s was
towvards higher enercies, This in turn meant higher multiplicity
events withAseveral neutral particles produced; these are complica-
ted to study with counters, With a large vclume of liguid hgmever,
the detection of the decays of neutral particles and )-conversions
from T aﬁd ¥" decays is improved, producing a more detailed picture
of the interaction that has occurred. The study of energetic
neutrino beams also requires a larqge mass of liguid, since the cross

sections involved are so small,

This need for large bubble chambers has been satisfied in
Europe by the construction of the Big European Bubble Chamber (BEBC)

at CERN.[1]

There are four main design differences between this new breed
of large cryogenic bubble chambers and conventional buhble chambers,

like the CERN 2 metre HBC.

1) Small spherical windows, called "fisheyes", one for each lens,

are used instead of large flat glass windous,

2) The large volume of liquid is photographed through wide-angle
- lenses, close to the hydrogen. The field angle of the lenses
used in BEBC is 108°,
3) An inexpensive and efficient way to illuminate the large volume
is by covering the inside of the chamber with Scotchlite to
give sc=called "bright field illumination, The Scotchlite

reflects incident light from annular flash tubes surrounding

each camera lens straicht back to the camera. bihen this reflect-

ed lioht meets a bubble the light is scattered and lost. Thus
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the particle tracks eppear on the film negative as bricht images on

a dark background.

4) Superconducting magnets are used, as they require less powsr
and can produce larger fisld strengths than conventional

electromagnets.

1¢2 General DNescription and History

It was decided in 1967 toc build é large bubble for use
with the CERN Proton Synchrotron, The first tests were carried out
ih BEBC in 1972, The apparatus consists of a 3.7 metre diameter
cylindrical vacuum chamber holding 35,000 litres of liguid. This
is enclosed by a second vacuum chamber contsining the cryostats which
hold the two superconducting coils. An iron magnetic shielding
wall weighing approximately 2000 tons surrounds the whole assembly.
Figure 1 shows the actual chamber vessel being lowered into its
vacuum chamber during ceonstruction in 1971. Figure 2 shouws a cross=~
section of the apparatus, showing the positions of the piston,

cameras, fisheyes, and superconducting magnet.

1.3 Detailed Nescription and Measurement of Constants

Magnetic Field

The magnetic field is produced by two superconducting coils,
each immersed in a cryostat containing licuid helium. Direct
mapping of the magnetic field inside the 22m3 useful volume has never
heen done. Instead, measurements have heen mado on thée boundary
surface, using 181 Hall probes, to an accuracy AB/B ~ 0.001 .

The field inside the useful volume is then reconstructed by doing
a least-sguares fit of the field valuas from the Hall nrobes to a
Legendre Polynomial series, giving a set of coefficients from uwhich

the field at any point inside the volume can be calculated. The valuass



found for Bz and B¢ s the vertical end radial components, are typ-
ically of order 35 Kiloqagss and 50 nauss respertively.

The Hall probe system was built so that variations of the fiald
during an experiment could be observed and corrected for, For
example, when the superconducting magnet is charged and discharged,
the varying radial field seen by the conductor of the maconet induces
eddy currents which tend to oppnose the change of field. This field
is persistent as it is associated with a supsreonductor. It has
been measured and gives a value of 200 gauss at the centre of BERC
after a complete charge or discharge of the magnet, It decays
slowly, disappearing completely when the coils are no longer in the
superconducting state. It was also predicted that another source
of small eddy currents would be from the fast movement of the metal

piston in the inhomogenesus field outside the ussful volume.

Chamher Vessel and Coordinate System

The chamber vessel is made of stainless steel the thickness of
which varies from 50 to 100 mm., for the walls énd 5 mm, for the
windous.

The chamber coordinate system, conventionally employed for event
description, has its origin at the centre; the x-y plane is the beanm
plane'and the z axis points up towards the cameras. Reference fidu-
cial crosses are printed on to the Scotchlite and are identified by
a 2, 3 or 4 digit number according to the plane they lie in and their
angular position in that plane ( Figure 3 ). The positions of the
fiducials were determined at room temperature by triangulation.

Their positions at the 25K working temperature were then calculatéd
from the known thermal contraction properties of the chamber by

applying tha appropriate scale factor to these measurements,
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Opties

There are five optical units; four of them have wide-angle
lenses with annular flash tubes and see a useful volume of 22 m3.
The fifth can house either another camera ér a periscope., The opti-
cal axis of each is inclined to the chamber z axis by 13°, Each
unit has three hemispherical windows at different temperatures bhe-—

tween 26K and 300K, Figure 4 shows the layout of the views used

in this experiment.

All lenses were calibrated in the laboratory by photographing
a im, square precision orid plate at different distances from the
lense. These photographs were then measured on ERASME, a semi-
auvtomatic CRT measuring machine used at CERN, ( This machine will
be described briefly in Chaptér 24) The resulte of the measurements
for each lens were combiped to simulate a three-dimensional point
matrix, The coordinate éystem used in these measurements was def-
ined by the four '"camera-based fiducials", which are incorporated
into the optical system and printed on each photo,. ( They are the
four crosses in dark circles at the extreme corners of the frame in
Figure 3 ). An optical model describing the properties of the lenses
was chosen and the distortion coefficients and pupil shift parameters
( the pupil moves along the optical axis for large viewing angles )
were determined by fitting the measured grid points to their knoun
spatial positions. The 16 parameters from these fits are included
in the title block for the geometry programme so that the transforma-
tion from the distorted, real film plane to the undistorted, ideal

film plane can be made,

The geometrical constants of the chamber (i.e. the position of

the pupil, dirrction of the optical axis, and the fisheye parameters



to allow for small non-caoncentricities of the fisheye windows ) were
determined in a similar way by fitting the known positions of the 90
fixed fiducials on the walls of BEBC to their corresponding measured
positions on the film. The constants for esach camera were fitted

separately in this procedure.

14 Problems Affecting Picture Quality

Thermal Turbulence

The tracks are photographed through several metres of liquid,
Hydrogen has a laroge thermal expansion coefficient, a small viscos-
ity, and a small thermal conductivity so that heat is mainly trans—
ported by convection, which causes turbulence, The consequences
are that bubbles are physically displaced and light rays suffer

multiple scattering through the turbulent hydrogen.

Illumination and Distortion

Dark fielc illumination ( where the track image on film is AT O~
duced by light scattered from the track buhbles, no lioht being
reflected from the background material ) is used in conventional
chambers like the CERN 2 metre HBC. The tracks are vigued through
a plane glass window by three cameras. To produce a window large
enough for BEBC, in a similar style, would have been technically
unfeasible because of thermal cooling problems, .So bright field
illumination,_as described in the introduction to this chapter, must
be used in BEBC. The large volume is illuminated by smsll light
sources surrounding each lens, and the lenses collect light reflected
from the Scotchlite covered surfaces of the chamber rather than from
the bubbles themselves,

Dark field illumination rcquires buhbbles of 100 to SDQ/L in
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diameter. | However, with bright-field illumination bubbles of this
size would be invisible since the contrast drops sharply when ths
size of the geometrical image of the bubble anproaches the size of
the diffraction spot produced by the lens, Thus, bubbles of dia-
meter 500 to 700}» are required. .At the 26K working temperature

of BEBC, bubbles grow to 200 to BOQp- in 1 ms, and therefore grow

to the correct size for bright-field illumination with a 4 ms., flash
delay. ( The diameter of a bubble is proporticnal to the square root
of the bubble growth time,) Thus the track distortion due to eddy
motion is worse, and there is less ionisation information available

per unit track length,

Scotchlite and Varisble Contrast

Scotchlite was fixed to all visible surfaces inside BEBC,
Much has been learned from the problems encountered in this experi-
ment, and not least from the track visibility problem. Even from
the pictures taken in the 1m. model of BEBC, it was obvious that
there would be problems with changing density difference across the
film giving a variable contrast between the tracks and the background.
Two reasons for this are the loss of reflecting power of Scotchlite
with increasing angle of incidence, and the attenuation of light

inside a wide-angle lens, especially around the ednes.

Other problems for the measurement of the film concerned the
ring of parasitic bubbles above the piston ring, across which the
tracks must be followed by automatic measuring machines. (see Fioure
5 ) Two plastic pistons made for BEBC broke during tests before
this experiment was run, so a metal piston was hastily made. The

soldering on the top of the piston caused a fissure Lo appear durina
C i , ]

the run, which allnwed gaseous hydrooen tc leak intn the chamber and
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produce a further large patch of parasitic bubbles which rotated

slowly with the piston rotation.

Teflon seals were used between the moving piston and the chamber
walls, If they were too tight, teflon dust woes released and scatt-
ered over tHe piston head and louwer paerts of the chamber, reducing
the contrast in these reqions still further, If they were toﬁ loose
hydrogen gas leaked into the chamber, giving the characteristic boil-
ing ring. . These problems, as they affected the scanning and measur-

ing processes, will be discussed in chapter 2,

The following improvements have been made to the arrangement of

the Scotchlite for future experiments :-

a) The parasitic bubbles and teflon dust—covered piston head have
been covered by a floatiné disc.

b) Scotchlite covered screens have been built and erected at an
angle to the vertical chamber walls, so that the angle of

incidence of light on the Scotchlite is more favourable,

These changes have greatly improved the quality of pictures

obtained in later BEBC experiments, as can be seen from Figure 6 .

1.5 The Beam

An RF-separated beam of antiprotons from amn external taroeot of
the.CERN Proton Synchrotron was used for this experiment, The
general layout of the elements of the U7 beam line, which separated
and transported the antiprotons towards thes Uest Area and into REBC

is shown in Figure 7,
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Ficure 1.1 ¢ fhe stai rl of being 1 o g

vacuum chambers and superconducting col during o8

in 1971.
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SCALE IN METERS

Figure 1.2 : Vertical cross-section of BEBC, showing the dame-~shaper

chamber, magnets, shieldinn, cameras, expansion piston etc.



BEAM

Figure 1.3 ¢ Layout of re%erence fiducials in BCBC, There are 90

chahhor-based fiduciale printed on to the Scotchlits,

and 4 camera-hased fiducials (1,2,3,4 in circles).
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Figure 1.4 a) VYertical cross—section of BIBC showing inclination

of the camera optical axis to the vertical, and

the position of the beam plan=,

Beam

Figure 1.4 b) Plan view of PERC, showinn the camera positinns

relative to the incoming beam direction.



Figure 1,5 : A frame from the 12 Gell/c axperiment This plcture camasg
from one of the early befors teflon dust beca
serinus problen The contrast and general pict nuali

was at ite best at this stags.
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DATA PROCESSTNG = SCANMING AND MEASURTNG

2.1 Irtroduction

The prine objsctive of this experiment was tn leook for charmed
particles by observing their decays to stranpe particles. The sign-
ature of strange particle decays searched for was the v® and the
charged \Ii s coming from the primary vertex.

This chapter describes the method of scanning and pre~digitizing
for the automatic measuring machine at Imperial College ( an HPD ),
the scanning and throughput efficiencies, and the problems encountered

in the measurement of film from BEBC,

2.2 Scanning

All events with primary vertex occurring within the fiducial
volume, defined as tHe regions A, B, and € as seen on View 1 ( ss=e
Figure 1 ), and with at least one strange particle associated with
them, were recorded by the scanners, This fiducial volume was chosen
so that the minimum track length of all tracks from the primary
vertex would be.SD cme { for the fastest tracks ), thus allowing a
reasonable measurement of track curvature and direction, and aiving
a good probability for v%s to decay within the chamber. v%s uere
accepted anywhere in the chamber if their tracks were long enough
to be measured.

The number of heam tracks entering the fiducial volums was
recorded every. tenth frame for cross ssction calculations and a
"Zuon book" was kept. A zuon was defined as any event that the
scanner could not explain, For example, an event with an odd number
of tracks from the primary vertex, an even prong neutral star, a two-
prong secondary interaction with two neqative tracks, or a2 track with

. . &+ . \ .
two successive klnks'( U= ) might have been recorded. All events
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in the Zuon book were checked by a physicist, Mo even prong neutral
stars uwere found; these might have indicated the decay of a2 long-
lived heavy neutral particle. Ddd prong events with a pesitive
track missing could be explained as events with a slow proton (momon-
tum less than 100 MeV/c) which does not leave a visible track due to
its short range in liguid hydrogenhat Jow momenta. The momentum
distribution for tracks flagoed as stopping protons did in fact show
a depletion of events at low momenta. Those events with a negative

track missing could be explained by reactiocns of the type
T p - % n
where the TI_’ produced at the primary vertex of the Bp interaction

interacts very near to the vertex,; before producing a visible track,

2.3 V° and V¥ Definitions

The large volume of BEBC means ithat there is a significant
probability that X's, produced mainly from the decay A ¥§ -
will convert to e+e- pairs inside the chamber. ’The X detection
efficiency has been calculated, and is about 20%. It was therefore
necessary to define a UO, for scanning purposes; by one or more of

the following criteria :=
a) Non-zero opening angle.
b) One or both arms with a secondary interaction or ny;e decay.

c) DOne or both arms with bubble density greater than minimum,

taking into account the possibly large dip angle.

. 0 . . . R
An ambiguous VYV~ was one which did not fulfil any of these definitions
but was not an electron-positron pair.

Similarly, a length cut was imposzd for charoed VU's so that svents

chosen as ones including a charged strange particle were not heavily
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contaminated with m decays. Thus, a Ui was defined as a kink occurr-—
ing less than 8 cm. from the primary vertex cn a Bessy scan table (x15

magnification from film).

2,4 Scanning Efficiency and Rouch Digitising

9000 frames were scanned twice and the differences between the
two scans resolved by a check scan. The number of events found on
each scan (N; ,i=1,2) and the number of events found common to both

scans (N ) were calculated. The efficiency for a single scan,

12
Ki’ is equal to the number of events found in that scan, Ni ’

divided by the "true" number of events, NT s

Ay ='Ni/NT

An estimate of this true number of events is N1N2/N12. The mean
single scan efficiency for different topologies was calculated and
the results are shown in Table 1. No estimate was made of biases
in the scanning due to the loss of events with high topology where
the y° decayed so close to the vertex that it was not identified.
(For example, a 601 (6 prong with one V°) which was classified as

a simple 8~prong would have been rejected.)

Since the chronological development of the system used at
Imperial College to measure the BEBC film is somewhat complicated,
a brief summary of this aspect will be ogiven before the system itself

is described in detail,

The Imperial College group was the first (with this expefiment)
to attempt full-scale automatic measurement of BEBC film. This
meant that many new hardware and softuarevproblems had to be over-
COME, The chain of programs used initially was the same as that

used for the measurement of conventionzl bubble chamber film.



( see Figuré 2 ). A good dnscfiption of the measurement of film

from conventional bubble chambers, u=ing the Imperial Collega HPD,

can be found in ref. 1 . The film wss scanned and rough-dinitised

on separate passes, This pre-~digitisation stage, reguired by the
HPD, serves to list the frames of %ntorest and define rough "roads®
where the tracks of the resouired event can be found so that it becomes
unnecessary to diqitise the whole frame, The success rate for compl-
ete events along this chain was only 50% so a second pass through the
HPD was made with new rough digitisings. Only a further 10% were
recovered by this process, so after secveral months, the philosophy
behind the old programmes was changed to take account of all the
lessons learned from this new bubble chamber, and a new chain of
programmes was written., The.original ( 1st measurement ) roads uwere
used (i.e. no more rough digitising took place ) and all the film was

processed through the HPD and geometry programmes acain.,

All of the programmes up to the geometry input stage ( progremme
SMOG ) were written to accommodate measurements from 3 views only.
Also, except for the two Bessy scan tables, all scanning and pre-
measurement tables were 3~channel machines only. It Qas therefore
practical to measure only three of the four views. The three origi~
nally chosen, for reasons of symmetry and large stereo angles ( see
figure 4 , chapter 1 ), were viecws 1,3 and 4. After several rolls
.had been measured, it was apparent that measuremants from view 1 were
worse than from the other two visuws, as the residuals on this view
were consistently larger. So views 2,3 and 4 were used for measure-
ments of the rest of the film, However, with ths advent of a neu
set of geometry titles from CERN, the differences beotusen the vieuws

bacame less noticeahle.



Two fiducials were measured on each view, together with all
vertices and up to four points pesr track, instead of the usuai two
points used for previous experiments. The high magnetic field,
orientation of the camera axes and fisheye optics of BEEC caused
many tracks ‘to have high curvature and to appear non-circular on
film, so it was decided to measure such tracks in severai segments
to simplify track following throuoh large angles. The vertex and
first two points were used to define the "road" for the first seg-
ment and each subsequent point was used to define another seoment.
For the remainder of the measurement procedure these segments were
"treated as separate tracks. For each segment, the proaramme HMIST
decided whether it should be measured on the normal or sbnormal srcan
of the HPD, according to the angle each segment made with the edge

of the film,

2,5 HPD Measurements - chanages to hardwuare and softuare for BEBC

film measurement

The demagnification from bubble chamber to film is large for
BEBC; greater than x50 from the beam plane, and there is a rapid
variation of this demegnification with position in the chamber,

The laser of HPD1 at Imperial College has a spot size of between

5 and 1@“ ( It has not been measured, bu: a similar system has been
studied at thelRutherford Laboratory. ) This is of the same order
as the buhble size on film. The scan line separation was decreased
from Ggu for 2m HBC film to between 30 and S@u. to allow for this

greater demagnification.

It has alrecady been noted (chapter 1.4) that bricht-field illum=
ination gives white tracks on a dark backnround, so it was necessary

to reverse the logic in the photomultiplier circuits to enable BERC
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pictures to be digitised. However, the picture number is black on
white, requiring the same logic as the 2ZmkRC film. Thus two cir-
cuits were built which were switched between the picture number scan

and the start of the normal HPD scan.

The CDAtrast between tracks and background is often very poot
and varies from low contrast over the piston where dust was pfesent
to good contrast nearer the edqge of the film. To cope with this
problem, tEe photomultiplier tubes were fitted with aufomatic gain
control (AGC) circuits. The digitisings were averaged over 100 to
ZDQF' of thé scan to give a background leuel, which was then compared
with the signal from the track. When this signal to background
ratio fell below a certain limit, the gain of the photomultiplier
was increased to allow for the lack of contrast, and vice versa when

the contrast improved.

Another problem concerned the images of the chamber-based
fiducials, Conventional bubble chambers with flat glass windows
have fiducials whose arms are at right angles ﬁo one another and at
45° to the edge of the film. This makes their identification from
the digitisings in the known region of the fiducials relatively easy.
The fiducials in BEBC, stuck on to the curved chamber walls and view-
ed through fisheye optics, are not so easily identified. Thus, the
HPD measurement programme HAZE had to be provided not only with the
predicted coordinates of the 20 fiducials to be measured, but also
with the tangents of the angles between their arms and the edge of
the film, These angles were measured at Imperial College using a
conventional digitising table. Also, many of the fiducial arms wern
curved, requiring that a parabola be fitted to them instead of a

straight line,
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The final two links in the processing chain before geomatry
are the RESCUE pregramme, ghich allows a scanner to recover some
tracks which the HPD has failed to find ot te follow correctly, and
the SMOG prooramme, which produces the final ceometry input, The
HAZE programme outputs the entire contents (digitisings) of a road
on to a magnetic tape when it has failed teo find a track, or when
the track has an error code associated with it (e.q. geps along the
track; 1less than five points; track leaves the road, etc. ). These
digitisings are displayed on a CRT display by the off-line programme
RESCUEL?] LA licht—pen can then be used hy the scanner to redefine a
new narrow road for the track. The filterino process is then re-
peated and new master points are calculated for the track. After
the measurements have passed through HAZE and RESCUE, the SMOG pro-
gramme recombines the data from the three viesws, links the track
segments together, and prepares the data for output on a magnetic

tape which can be used as direct input to the geometry programme.

2.6 Throuohput Efficiency

The throughput efficiency was defined as the ratio of the number
of events with a successful V° kinematic fit, but not necessarily
with all primary vertex tracks present, to the total number of scan-
ned events, The geometry and kinematics programmes will be described
in more detaill in chapter 3. The throughput efficiency was found

to be about 50% only, so a programme of remeasurements was initiated.

2.7 Remeasures

A programme uas written to examine the output from the kinesmatics
programme, where the parameters describing the charasd primary vertex

tracks come from the mass dependent fits in geometry and those doscrib-



ing the v come from the kinematic fit to that vertex. The output
from the remeasures programme, REAM, was in the Torm of computer
printout, giving details of which events wers to be rough-digitised
completely aoain (prior to a second pass through the HPD), and those
which requiféd only one or two tracks to be re-rough-digitised, and
magnetic tape output of track parameters for partiazl events. All
events appearing on the kinematics tape were compared with the master
list (a2 list stored on disk, containing the roll-frame-event numbenr,
topology, measurer's number and machine number of all events, created
from the ONEDIT output). Events which did not appear on the kinema-
tics tape were automatically sent for full remeasurement as "HAZE
failures", If the topology measured, given on the master list, agread
with the number of tracks with good mass fits from geometry, the v°
fits were checked and failures were output requiring the remeasurement
of all V° tracks and the beam track., A track was also falled if it
had been badly measured (i.e. the helix fit residual was greater than
1%/1). If the number of failed primary vertex lracks was greater than
five, or greater than 40% of the expected number, the event was sent
for full remeasurement, If not, the good tracks were output to tape
and a graphics picture was produced offline, on a Tektronix graphics
display unit, showing the projection of the geometrical helix fits

on the different views. A hard copy of this was used by the scannefs
“to indicate which track or tracks were to be romeasured. The picturs
was compared with the film and tracks not aoppearing in the picture
vere remeasured, Again, the V%s were checked for kinematic failure
and their remeasurement requested when necessary. All these remeas-
urements, partial and complets, were processed as complete svents and
a special versien of neomeiry was used to merge the tuo sets of meas-

urements from passes 1 and 2, eliminating dunlicate tracks. This



=)

method was reasonahly successful and certainly speeded up the remeac—
urement process, Houwever, the overall throughrut after two measure~

ments was still only about 607,

A detailed study was made of about 60 events from three different
rolls, Théy were processed normally, but after each procramme the
results vere studied in detail to detect track segments which had
failed. It was hoped that this method would indicate one or tuwo
main causes of the ﬁoor pass rate, The results from part of this

study are summarised in Table I1.

The main lesson learned from the above investigatinns was that
there was no one cause, but that tracks could be lost all along the
chain and an overall improvement could be obtained only if sll the
programmes were improved, It Qas therefore decided to remeasure all
events, concentrating on the lower topclogies and using all four views.
By this stage, the 6-~, 8-, and 10-prang topologies had been remeasured
on a conventional measuring machine with a thrnughpuf afficiency of

86%.

2.8 Improved Measuremaent System

The chain of programmes used for the final measurement of the

film for this experiment is shown in figure 4,

A new version of MIST was written, which celculated the roads for
the fourth view and reduced the number of seoments into which esch

track hzad been divided.

The first of these improvements was achieved hy performing a

i /
helix fit in space to the measured road points. This helix was then
projected on to the fourth, unmeasured view. An anproximzate Lrack

match procedure was sttempted, but if this failed,

; all poeeibln roars



el

were kept and used in HAZE to search for the tracks on the fourth
views wrong combinations of measured roads would hopefully lead to
a nonsense fourth view road. As a bonus, the lengths of &1l roads

were increased by 10%,

Some cﬁanges were made to the HPD hardware which improved the
measurements, The most important of these was the removal of a
diverging lens which had been introduced to produce the even illum-
ination required for estimation of ionisation on 2mHBC film, The
light intensity incident on the film in the HPD uwas increased by a
factor of 20, but the "evenness" of iiluminatinn was decreased by a

v

factor of 2 or 3. This loss was unimportant since the AGC could

compensate where necessarye.

The other major improvement to the measurement system was the

introduction of geometry into the RESCUE programma,

2.9 Rescue Ceometry

The programme REGEOM takes the HPD measuréments and performs
standard geometrical reconstruction before any light~-penning is
attempted, If there are no measurements of a particular track on
one view, the helix fit found from the other views is projected on
to theldigitisings, which have been stored, for the missing vieuw,

and this is then used as a roard.

The following criteria are used to decide which tracks must be

light-penned -

1) A gap between master points (measurements) greater than 20 cm,
in space,
2) Lennth of track on one vieuw very different from lenoth on other

vieuws. It the rozad is sheort on this view, the track is not sent
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to be rescued,

3) Residual greater than ZQF-K

4) A gap at the beginninglnf the track.

5) Track not used in any multiple chosen by track match. This
is the "largest source of tracks to be rescued.

6) No points on the track.

Approximately 30% of all tracks are sent to be light-penned.
The event is rerun through geometry and the same process repeated,
except that once a track has been light-penned, it is not failed a
second time. The maximum number of passes through geoﬁetry is three.
One event is processed every two minutes on average, but it is possible
to have two REGEOM programmes running alongside one another, each
sending tracks to be light-penned, so that while one event is being

processed through geometry, the other is being rescued.

The treatment of short tracks has also bsen altered. The meas-
urements from tracks which ére shorter than 60@& (on film) are
automatically treatsd as two point tracks, That is, any measure-
ments are discarded and the track is flagged as a connecting track in
the geometry data structure. The end point (vertex) measurements
are obviously kept. Tracks between 600 and 180@p- in length with
less tAan two measurements are treated as above, but those with more

points are treated normally,

The events are then praocessed through an offline version of the

GEOMETRY programme which will be described in the next chapter,
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The 250,000 photeographs were divided into three sections § half
of the total film was measured at CERN and one guarter each in Brux=lles

and Imperial Colleqge.

The film at CERN was measurad using CRASME (Electron Ray Scanning
and Measuring Equipment), controlled by a PDP10 computer, After the
film had been scanned and pre-measured off-line (all vertices and at
least one point per track), this CRT device automatically measures 23
fidueials, all vertices and tracks on 4 views. An operator checks
and rescues vertices and tracks when necessary. When all measurencnts
have been accepted, the complele event is passed to HYDRA geometry for
track matching and space reconstruction, Diagnostics may be displayed
to the operator, such as wrong topology, track missing on one view, or
residuals too large. The operator must then choose whether to accept
the event or remeasure some part of 1it,. Only about three events an

hour can be measured, but the throuqhput efficiency is about 95% for

all tracks (81% for a 4-prong event).

Bruxelles measured most of their film on a POLLY machine, which 1s
also a CRT device. An operator measures three fiducials, all vertices;,
and two points per track on two views only. The first point on each
track is uscd to guide POLLY and the second marks either a decay or
interaction vertex or the point where the track leaves the chamber.

16 fiducials are automatically measured by PCLLY. The event is measured
and track reconstruction proceeds using TVGP. Bad measurements, un-
matched tracks etc, are returned teo the operator for remeasurement,

which mav include measurement of the third view. 609 af all tracks

are reconstructed on two views and the remaining 403 on three views.

The events are passcd through HYDRA geometry off--line. The overall

throughput efficiency for events isc 78%.
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TABLE T

Scanning efficiencies for the different topologies.

No., of prongs ' Efficiency (%)
0 77.1 & 12,3
2 75.2 & 6.5
4 75.4 & 6.8
6 72.7 & 11.5

8, 10 78,5 & 24,1
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TABLE TT

10% complete evts. - all tracks through Geometry with 3 vious
20% complete evts., = all tracks through Geometry with 2 ér 3 vigws
35% events had one track segment which failed
257 events had more than one track segment which failed
5% events failed before MIST programme

5% events failed at HPD (HAZE) stage (no dinitisings etc.)

50% of all track seoments are‘sent to the RESCUE programme, and

of thase -

445  fail because a) the track leaves the road (i.e. bad roadmaking)
or b) not enouch digitisings

or c) circle fit to master points failed

36% fail because a) there are less than 5 master points
b) the masiter points do not extend over the whnle
length of the road

209 fail for other, more technical rTeasons in HAZE
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Figure 2,1

: BEBC was divided into 32 reqions for scanning and measuring

purposes. The 8 radial lines were defined by the pociticns

of fiducials in sections B (see Figure 1.3) and the con-
centric circles separating sections A, By, £, and U were
L3 b8 ? y 2

the ednes of the scotchlite on the piston and chamber walla.
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CEOMETRICAL RECONSTRUCTION AND KINEMATICAL FITTING PROCEDURE

3.1 Introduction

This chapter deals with the problems involved in the geometrical
reconstruction and kinematic fitting of events in BEBC. This was
the first physics experiment in which the programmes dzveloped at
CERN to cope with the specific problems encountered when using a
large bubble chamber, like BEBC, could be tested, Howasver, these
programmes had been used with conventional chambers during their
develaopment. ~ The new approach to the problem of multiple scattering
and the difficulties found with the track matching procedure are
discussed in some detail, Attempts to identify particles (@ from K
and p etc.) are discussed, toéether with the problem of ambiquous y°

kinematic fits ( K/N, K/X°, 578 etc. ).

3.2 The HYDRA System

HYDRA is a set of "systems routines" and applications programmes
developed at CERN for use in high energy physics experiments. It
aftempts to extend 'the range of the FORTRAN language and fecilitate
the manipulation of the complex data structures created in the analyé
sis of hinh energy physics events,

The '"shape" of & bubble chamber event can be compared to that of
a tree, with a trunk (beam track), main branches (primary tracks),
and twigs (secondary interactions, decays, both v? and Ui). The
basic HYDRA data structure consists of a set of BANKS (referred to by
a 2 to 4-letter identifier such as TF for treck fit bank, or IN for

an interaction bank etc.), jointed together into a similar tres=like



structure by LINKS, and containing DATA ELEMENTS (coordipates, momanta,
angles, errars etc.).  An example of & simple data structure is shown
in figure 1. Banks can be added to this structure by the creation

of another link and can be dropped simply by setting the appropriate
link to zero. This tree structure allows the geometrical reconstruc-—
tion and kinematic fitting to preceed as naturally as possible by
linking together all banks relevant to a particular track and further
linking these tracks to their appropriate vertices. Further refer=—
ences to the "mechanics” of the HYDRA system will not be made, but

an understanding of this basic system'of data handling is useful.

3.3 GEDOMETRY: Summary of the Problems

The following list of problems and requirements applies to any
large bubble chamber geometry programme; the programme used for this
experiment was built up from the geometrical applications routines

made available with the HYDRA system [1].

a) The spherical boundearies of the fish-eye 6ptical systems and
the inclination of the optical axes necessitate the transformations

from local camera coordinate systems to a single chamber system,

b) The optical axes are not parallel to the magnetic field causing
tracks to appear non-circular, with variable curvature, loops and
CUSPS This in turn causes praoblems for the reconstruction of

near corresponding points.

c) Track matchino is necessary with hioh eneroy, hiph multiplicity
events where the relative positions of tracks change from one view

to the next.

d) Fiducizls and camera positions may move durina the expansinns

it is assumed that these displacements are the samn for each



expansion, otherwise fits to establish the optical constants would

have to be repeated for sach frame,

e) The inhomogeneous maognetic field reauires a three-dimensional
description, and thus an analytical exnressicon is found, whose
coefficients, oiven in the titles, allow the fisld to be calcula~

ted at any point in the chamber.

f) Turbulence within the liguid adds to the errors on the recons-—

tructed tracks; no corrections can bz made for this,.

3.4 Track Match

The purpose of track match is to associate those images, from
different vieuws, which correspond to the same track in space, The
general philesophy is to leave unassociated as few track imanes as

possible. The basic procedure is as follows t=-

1) Pairs of images on two views arc constructed, which pass suitable

acceptance testssy they are called "doubles®.

2)  The maximum multiplicity multiples are generated (i.e. quad-
ruples if four views have been measurod). A multiple is a con-
sistent set of doubles. For example, the doubles 2200, 2020, 2003,
0220, 0203, 0023 may be combined into the multiple 2223 if they have
compatible valuss Tor azimuth and dip angles. (Fach dioit represents
a track image on one view,) A double wvhose space azimuth and dip
angles cannot be found, because the angle betuween the optical axes
and the track images concerned is too small, is considered comnpatible

with all other doubles.

3) The space curvature for each element of the multiple is checked
for consistenzy, and successful multinles ave stored as "space

track cendidates".
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4) Fach candidate is divided into arcs, and s fou near correspond-

ing points are computed for sach arc.

5) The largest list (qgreatest number of multiples) of compatible
candidates is set up. tihen one track image appears in more than

one multiple, a decision is made usinn the results of tha near

corresponding points calculation.

6) All unused doubles, with no element belonoing to an accented
multiple, are returned to step 2, where the next lower order mul-
tiples are generated and steps 2 tq 6 are repeated, This process
is repeated until all the doubles are used, either invhigher mul=

tiples, or on their own.

The main problem with this method of track matching is the gen-—
eration of spurinus space tracks reconstructed as doubles. This

can occur for various reasons -

a) When two beam tracks lie very close to one another on film so
that both fall within ths roed constructed for the HPD, the HAZE
programme sometimes chooses the wrong beam track on two vieus,
This allows the GEOMETRY programme to produce two doubles, and
thus two beam tracks. This problem was resclved by accepting
the beam track which passed closer to the measured primary vertex

position,

b) The introduction of a fourth view, by constructing roads for
that view ét the MIST stage, sometimes leads to two or three
measurements being made of the samo ﬁrack. It is then possible
for track match to find a triple and a double, or two or three
doubles for that same trazck (in the case of events with more tracts
fraom a vertex than expacied from the measured topoloqy). Tho extra

tracks were eliminated by preferentially rejecting doubles which
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included this fourth view, using the extra constraint of charge

conservation at the vertex as a check,

c) Bad measurements alsn lead to the generation of spurious doubles,
and these were treated in the same way as those in section b),
Approximately 10% of events suffered from the problems listed
pp Y / p

above, and most of them could be recovered by the methods described.

3,5 Treatme t of FMultiple Scattering

The deviations due to wmultiple scatterino for tracks of momentum
less than about 500 MeV/c are typically an order of magnitude larger
than the measurement errors, Geometrical reconstruction programmes
like THRESH [ 2 ] do not ﬁake this multiple scattering into account
explicitly in the least squares fitting of tracks, to estimate their
initial direction and momentum. Details of the "parametrization
method" for the treatment of multiple scattering can be found in
Ref. 3 4, and a summary of this method as it is used in the larqe
bubble chamber qeometry programme developed for use with HYDRA is

given here.

The principle of the method is to follow the scatteren track
more closely by introducing extra parameters into the description
of the trajectory. The trajectory is divided inte several segments
andlfor each segment, two scattering parameters (angles) are fitted,
together with the five standard parametars of the fit (1/p, A, @,
x (or y), and z; where x,y,z are the coordinates of a point on the
track; ?\,? , are the dip and azimuthal angles which specify the
direction of motion of the particle at that point, and p is the mom—-
entum. ). At each measuremant point, partial derivatives of ths film
cistances, dy (the perpendiculzr dietance in the film plame from a

oiven measured paint to the projected trzjectory) are celculated with
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recapect to all the parameters. As with the standard method, the

0, 2
exnression 2 d; , whore n is the numnber of measurements, is mine

P

i=1
jmised to find the new track parameters for the secment, The segmant
lenagth, 1, is chosen such that K? 13 >
= G’C
24
where OE is the measurmment error in space (about 500a for HPD

measurements)
X is a scattering constant which is related to the r.m.s.
scattering angle.

The actual number of "breask points" (each segment has one break
paint) is set as the highest number required for the highest mass fit
passible, Thus, if the proton mass fit is excluded because the meas-
ured track length is greater éhan the range of a proton for that mom—
entum, the number of break points is obtained from the kaon mass fit.
For a low eneray track, the number of break points is typically bestween
3 and 5, but for tracks of momentum greater than 1.5 GeV/c, where
measurement errors dominate, there may be no extra parameters requir—

ed for the fit.

3.6 Imnrovements to the Basic Geometry Prooramme

A new technique was adopted in CERN, and later at Imperial
College, for tracks that had heen "badly" measured, as indicated by‘
~a high (>20m ) helix fit residual on film. It was thouoht that
the large size of BEBC, coupled with the demagnification of the
bubble images on to film givino fine track images, caused the scanners
to miss some small angle scatters or decays when they measured the
tracks, This would account for some of the "bad® measurements.

A version of GEOGRCTRY wae therefore doveloped, unfortunately called

RESCUE GEOMETRY (and not to be confused with REGEOMN in section 2,0)
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mhiéh attempted to isolate the scatter or kink by reducing the lennth
of the track in several stages and refittinng the trajiectory after

gach cut, If this failed to improve ths raesidual, bad measurements

on one view were assumed to be the cause and each view wzs dropped in
turn and the fits again recalculated. If after all these attempts

the fit was no better, the original measurements and views were rest-
ored. The effects of RESCUE GEOMETRY on the residuals for HPD and
Willie (a comentional film plane digitiser) measurements can be seen
in figures 2 and 3. The long "tail" of the residual distribution
disappears after RESCUE GEOMETRY has been used. The track length
distribution is altered only slightlys; the mean length is reduced from
64 cm. to 62 cm, The use of RESCUE GEOMETRY increases the CPU time
marginally for those events that are in nesd of this treatment, About
three events per minute are processed using the PDP10 computer when all

topologies are included.

An on=line version of this programme was developed at Imperial
College so that the measurements and helix fits for all four views
could be displayed on a Tektronix graphics display unit, Interaction
with the GEOMETRY programme allowed an eoperator to drop individual
points or complete views and then return to the gmometry programme faor
refitting. This programme was too slow to be used for production
work, but it did demonstrate some of the problems which oscurred when
tracks were measured in scveral seoments (cf. section 2.5). Missing
segments on one or more views somecimes led Lo systemmatic pulls on
the fitted helices; the problem was most serious with tweo view tracks.

This showed the advantane of measuring on all) four views with as fou

segments as possible (of. section 2.9),

The accuracy of measurement chtained in BF3C is a fecleor of Loun

wnrse than that predicted at the time the experiment was pronosed.
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It was caleulatod that with a rmagnetic field of 35 Konauss and the
long track length available in BEBC, the uncarteinty in reconstruct-
ing peints nn a track would be 250 - SUQ/L in space; a valus of BOQ}L
was used for the HPD and ERASME, and 55Q}L for the YWillie measure-—

ments.

3.7 Kipemstic Fitting

The kinematic fitting programme used has the lngic of GRIMD [4])
but has been rewritten into the HYDRA structure for use with Hydna
. . 0 o =0
geometry programmes., The hypotheses corresnponding to Ky A7y A7,
and y were tested for all measured Vos, but no primary vertex fit uwas
attempted for the majority of the data used in the inclusive analysis,
A data summary tape ( DST ) was prepared, which contained all the
allowable mass fits from geometfy, for primary tracks, and the ve

kinematic fit (or fits, when a kinematic ambiquity existed).

The masses and widths of unigue U097 assigned tn one of the
hypotheses KD, AO, RO, calculated from their measured decay tracks
are shown in Figure 4. A Gaussian curve was fitted to each of the
three distributions and the wean and standard deviation (&) found
for each plot ié also shown in Figure 4. Ambiguities, amcunting
to 179 of the tuta; nuantier of fitted VDS, between KO/AO, KD/KO,

AO/% hypotheses ete. were resolved after a study of the distribution
of the angle between aone of the decay tracks and the ve flight path,

o

in the rest frame af ths V7. The decay anoular distributions for

1)

. . o . . . .
uniquely fitted V s were deplated in certain reqgions { see Figure 5 ).
. - . 2 s
A simple decision was made using the X7 prchabilities for the twe
ambiguous fits; the resulting anoular distributions are shown in

Figure f, Althounh this method leads to some sonteminstion of the

- o 0 s) s .
semple by misidentified Vs, all the V's are used, giving maximunm
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possible statistics. One alternative approach to this problam of
ambiguities is to weight all ambiguous fits by the inverse of the
7(2 for the fit, normalisced by the sum of these numbers for sll the

fits for that VO 1.8

2
Weight for = 1/b(i""_ , where n = the number of mass
N, e 2
: 2::;/%,. e e .0
ith Fit = J fits for this V.

Three other methods, using only the unique v° fits, were tried.
The first of these methods was to weight events in depleted regions
of the decay angular distribution so that the resultant distribution
was flat. This method was satisfactory for K® and AO, but could not
be used for KO since there were sections of the Kn decay angular
distributions where there were no events. A second method acain
used the decay angular distribution of unigue vo fits. Depleted
regions were cut out completely, and the overall normalisation was
correspondingly adjusted, This worked for k® and KO, but the decay
distribution for AOS did not have well defined.reqions of event lossg
so this method was also rejected as it could not be applied to all
types of kinematic fit. The last of the three methods was as follows.
For each bin of each distribution plotted (e.g. invariant cross—section
as a function of xFeynmanﬂ see Chapter 4), the distribution of the
decay angle was also plotted, The events were then weighted in
order to make this distribution flat, and the original distribution
was replotted using the new weights. This method was of course very
time~consuming, Since the actual physics did not appear to change
significantly on changing from one of these methods to another, the
simplest method - that of choosing kinematic fits by the X? probabe

i1lity ~ was used,



~60~

The prelimimary work which was done to look for narrow spikes
in effective mass plots, used the geﬁmetry guantities found for each
primary vertex track on the D5T, The ?(2 probability for each mass
fit was found Lo be a fairly good guidé as to the true nature of the
particle for tracks of momentum less than about 1 GeV/c. Fiqure 7
shous the ?(2 for different mass fits plotted apainst one another,
for various momentum intervals. For the purposes of plotting effect-
ive masses of KDnTIs ADnTt, etc. (where n is an integer 2 1), a '7!
was defined as any track for which the :XQ for the pion mass fit was
less than 1.5 times the X? for the best mass fit (lowest ?ﬁz fit).
For tracks of ogreater than 1 Gel/c momentum, the values of X? for
different mass fits were essentially equal, so all fast tracks were
taken as possible pions and were therefore plotted. A more compli-
cated weighting procedure was used for the six-—prong +VVO events,

when a full multivertex kinematic fit was attempted; this will be

discussed in detail in Chapter 5 , on the "I" particle.

3.8 Beam Pzrameters

In order to transform variables into the antiproton-proton centre
of mass system, the beam parameters (momentum and angles @ and A) at
the primary interaction vertex must be knoun, The errors in these
paramefers are often large, especially if the track lenpth available
for measurement is short, For much of the 'bump hunting' the missing
mass recoiling against different systems of particles was required,
and in order ﬁot to smear out any narrow effects that may have been
present, it was necessary Lo have a good estimate of the total centre

of mass enarqy available in the initial state,

Many bram tracks werae moasured very carefully, usino thas ERASME

cem at CERMN, and a set of titles was produced which gave the value=s
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of mowentum, dip, and azimuthal anales as a function of the beam entry
position y';z' on the beam entry windou, Thus, fTor any interaction
point in the chamber, the standard beam parameters could be found

by swimming the track from the intrraction point back to the beam entry
window and computing a weighted average of the measured and standard
values, If the two sets of pesrameters were incompatible, the beam

and event uwere rejected, Since it was known (see section 4.3 ) that
the properties of the beam (e.o0. contamination from 7t and/i) changed
during the run, the b=am parameters uwere computed for saveral differant
rolls. In fact the beam momentum at the centre of ths beam entry
window (y' = z' = 0) was found to vary between 11.9 and 12.02 GeV/c.
This could therefore be taken into account at the analysis stage by

performing the averaging process described above,

The contamination of the beam by light particles is discussed

in section 4.3 .
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Figure 3.1 ¢ A Simple HYDRA Data Structure
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Event bank containing data elements such as

roll/frame number and links to the UX bank

Vertex bank containing data elecments such as
X, ¥y and z coordinate of the vertex, with
errors and links to TF banks and to other

VX banrs

Track fit bank containing data elements such
as the fitted track lennth, and track labels,

and links to I banks and to other TF banks

Mass fit bank, containing as data elements
the results of a mass-dependent fit to the
measurements and links to other MF banks

assncinted with this track.
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STRANGE_PARTICLE TRCLUSTUE PHYSICS

4,17 Introduction

Inclusive cross—sactions for the production of strance particles
( thort’ AO, KO ) in 12 GsV/c antiproton-proton interactions are
calculated in this chapter, There is a detailed description of the
correction factors used in this calculation. A brief account of thes
variables used in inclusive analyses is followed by presentation of
the distfibutions of differential cross—sections as functions of x,
p? s v (rapidity), Mi (recoil mass to the V), and t (the four—
momentum transfer saqusred), The chapter concludes with a Triple
Regge analysis of the reactions Ep - Ao+ £ (in the target frag-

mentation region) and pp = A+ X (in the beam fragmentation region).

4,2 Cross—Section Fornula

. . o] .
The formula used to calculate the inclusive V™ cross-sections

is :

NA § L No
where NO = Number of incident particles
N = Avogadro's constant = 6,022 x 1023 mole'"’l
A = Atomic Number = 1, for hydrogen
lr
¢ = Target density = 0.0624 gm/om” for liquid H, at 26 K

= Fiducial length

N = Number of interactions within the fiducial volume

4.3 Beam Contamination

The beoam contamination by 7 and /L' waa eotimated by two gif -

erent methods. The first of thees used the frames (ebaut 200 in
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every 6000) whera the r.f. separators had been turnad off so that

no antiprotons entered the bubble chambor. A beam count was made
on these frames using a template based on beam tracks from normal

( r.f. on ) frames; all intersctions on 'gnod! bezm tracks were
recorded. Tt was noticed that it was possible to divide the film
into three distinct sections, acenrding to the number of beam tracks
found per frame ( see Figure 1 ). The houndaries between these
sections corresponded to a re-tuning of the antiproton beam.

Table 1 gives the contamination by light particles ralculated for
the three sections. 5% of these beams interacted and so, correct-
ing for the beam attenuation as described later in this chapter for
the antiprotons, it was estimated that (21.7 £ 2.6) % of the total
light particle contamination was due to pions, Using the sample of
film at Imperial College, the total light particle contamination was

found to be approximately 10%.

The second method utilised the fact that the maximum radius of
a &-ray that can be produced by a 12 GeV/c antiproton is 16 cm. in
space in a 35 Kgauss field, This corresponds to a diameter of B cm.
on a Bessy scan table, Several rolls of film were scanned tuice for
5'~rays on beam tracks where the 6'-ray diameter was greater than 5 cm,
on the table, The &8-ray scanning efficiency after two scans was
found to bhe BO%. The diameters were moasured on view one and correct—
ed for magnification differences eccerding to their position in the
chamber., The‘radii in space of the S-rays are plotted in figqure 2a
together with the expescted 5~ray distribution for antiprotons after
a correctior for scanning efficiency has been made. ( Figure 2b
shows the distribution of 6~ray racdii for the r.f..off frames toocether

with the expected distribution for lioht particles.) A total of
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33 &~rays were Tound with a radius greater than 16 cme in space,
corresponding to a total light particle contamination.of (6x1) 7.
It should be noted, howsver that the rolls used in this scan came
from the central section of figure 1, uhere the contamination was

smallest. ‘Thus the results from ﬁhe r.f. off method were used in

. . . . o .
the calculation of inclusive cross sections for V- production.

4.4 Correction Factors

Several fTactors were used to correct the number of KO, AD,

=0 . -
and A observed for losses due to scanning and throughput effic-
iencies, decays outside the chamber or too close to the primary

s s o . . o] .
vertex to be identified, interacticns of V~ before decay etc..

Each of these factors will be described briefly below,

Beam Attenuation

It is necessary to correct the number of beam tracks entering
BEBL, calculated from the results of a beam count on every tenth
frame throughout the film, to allou for interactions within the
chamber which reduce the effective p track length used in the cross
section calculation. This effective trasck length is just the corr—~
ected number of p ( NE } multiplied by the fiducial length ( L ) 3
from the distribution of primary vertex coordinates, the value used
for L was 240 cm,

Thus, using the cross section formula given in section 4.2,

the beam attenuation factor, F, 4 is given by &=

A
A N
FA S I
y J
hA? o L Pﬁ

A

- A I g Y L/A \J
; [1 expl o l./A)
Npp o L Ay
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vhere ¢ = the pp tols)l cross section at 12 Cell/c {1 )

= 51,7 mb.
Thus the value found for Fp was FA = 0,788

Scanning Efficiency

This was discussed in scction 2.4, and the results are given
b -3

in Table I (chapter 2).

Throunhnut Efficiency

The data were divided into two sections by topology since the
6,8, and 10 prong svents were measured on Willie (a conventional
measuring machine) because of their poor HPD throughput. Through-
put, as defined in section 2.6, is the ratio of the number of Fitted
v° appearing on the DST to th; number originally found by the scann-
ers., An estimate was made of the percentage of unfitted V%s that
were really ¥ o Energy loss from electrons and positrons by
Bremmstrahlung was not taken into account separately in the geometry
programne, so z larger proportion of y s failed in kinematics than
did Vs, All y s were subtracted from the total number of Vs before

the throughput efficiency was calculated. The efficiencies used in

the calculation of the inclusive cross sections are as follows :-
0, 2, 4 prongs : ( 59 & 10 ) %
6, 8, 10 prongs: ( 86 & 14 )

Decay Weiohts

v ————

_ . : 0 .
This factor includes both a correction for V° decaying too close
to the primary vertex te be found by the scanners and a correction

o . .
for V7 which decay after l=zavino ths bubhle chamber,
Yy S

Cach evont was given a weight, YW, calculated from the following

expression



W= [exp(umlaﬁzj/pctbcoak) - exp(--mlpmt/pcz'o):]"1

where m = the mass of the V° ( K7, A®, or A° )
P = the momentum of the V° in the lab, frame
cr, = the mean decay length of the v°

aizj = the minimum decay lenqgth of the UD, pro jected on
to thé Xy plane

A = the dip angle of the V°
1,¢ = the potential decay length of the Vo, i.e. the

distance from the primary vertex to the edge of
the fiducial volume, measured along the line of
flight of the V°,  For this calculation, BEBC

was defined aé a cylinder of radius 170 em. and

depth 100 cm,

Figure 3 shows the mean decay weight plotted against the value
chosen for the minimum projected length, lgzsj, for KO, AD, and KD.
The projected lenoth was used rather than the actual length since
it is more directly related to the source of the scanning losses.
From Figure 3 it can be seen that the mean weight becomes constant
at about 2.5 cm., so this value was used as the minimum projected

Jength for 11 v,

The values used for the mean decay weight for KD,AO, and ﬂo in

the cross sazction calculation were :

1.185 for K° , 1.194 far A", and 1.132 for A .

Ambiguities

The problem of kinzeatic arbicuily wos mentioned in section 3.7,

o~

L os N7 , v . . 2
A decision, hased on the X of the fits, was made for sech ambiouous U,
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. . . . 8] .
Although this necessarily contaninates the sanple of K7 ete,, by
. . s s 0o 0 - ’
including migidentified A7, A, and ¥ s for the nurpnees of cross
section calculation such cross—~feed effects contributed only a sinall

systematic effect, which has heen taken inteo account in the coloula-

tion of the cross section errors.

UD Interactinns

. 0 . .
A factor was included to account for theose Vs which interacted
as they passed through the bubble chamber and therefore did not
. 0 . . - 0 -0
appear as an assoclated V-, The cross sections for A'p and A p
interactions at different momznta [2] are more or less constant
0 , =0, . . ,
over the range of momenta found for A" and A~ in this experimant,

s . . 0 -0
The mean momenta { from distributions of A~ and A~ lab. momentum )

and crogs sections were used to calculate corrections to the numbers

0 -0 4 y . .
of A7 and A of 27 and 7% respectively., The cross section for
0 . - . ; .
Kchor%p intaractions is smaller, and corrections were estimated to
short

amount to less than 1%.

0 - .
V' from T Interactions

The numberé of KO and AP Drodﬁced by the calculated T contam-—
ination (section 4.3) were subiracted from the observed number of
K° and<Am, after the above corrections had been applied. The cross
sections for | p -— K° 4 X and T D = AO + X were ohtained from

referance 3.

All the above factors, together with a correction for uns=on

0
decay mndes of the V7, were used to calculate the ‘true' numboer of

0
\_I9

F
I = I8 ;o ';f‘"‘:’E""."‘ — 8 . F
T \ rSFCFI 14 U
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- o
where N = The observed numher of V s

v
FF = fean decay weight
Fg = Scanning efficiency

F =  Throughput efficiency
o . . .
F = V  interaction corraction
F,. = Correction for unseen decay modes

N. = HNumber of V° procduced by T

Also, the number of antiprotons, N5 s was calculated using the

relation :

N_-.—.N-_Q»-—T«
P = B

where N0 = The number of beam tracks entering BEBC
F = Beam attenuation factor
F. = Track counting efficiency ( 99% )

F = Light particle contamination

4,5 Cuts and Chocks on Data for Inclusive Distributions

A discussion of kinematic ambiguities and the decisions made

event by event can be found in section 3.7 .

The X? probability was calculated for sach v fit from the 7(2
and number of degreas of freedom for that fit. Only 3C fits wers
used, when this information was available on the DBS5T. The number
of degraes of freedom was not known for events measured by the
Bruxelles group, and so the probability in this case uwas calculated
assuming all fits were 3C. A plot of the kinematic fit probability
for a sampls nf 0OC and 1C fits uwas made, assuming they uere 3C.

A peak was observed at high probebility. The prohshility dietri-
butieons for 211 knoun 3C fits nlus Bruxelles events ars shown in

figure 4. Thera is a small peaik at high probability. which nrescmably
8] (] Y .
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comes from the OC and 1C Bruxelles fits ( less than 1/6 th of the
total number of* events ) and a larger peak at low probability (figure
4d, e, and f). A cut was therefore made to exclude fits with a
probability less than 1%. To check that this cut is unbiased,

the decay léngth and laboratory momentum distributions for rejected

( low probability ) events and acceptcd cvents were compared.  No

differences were obhserved.

The decay length distributions for v were studied. There
appears to be a loss of Vo at lengths less than about 3 cm., which
is consistent with the length chosen from the mean decay weiqht dis—
tributions (section 4.4). a1y v° decaying closer to the primary
vertex than 3.5 cm., projectéd on to the xy plane, were rejected and
a weight , WU, was applied as in section 4.4 to sach event which decay-
ed within the secondary interaction fiduﬁial volumé, to account for
decays outside the chamber or less than 3.5 cme from the primary
vertex, The x coordinate of the primary vertex was required to

lie within the range -~150 cm. to 450 cm,

4,6 Total Tnclusive Cross Sections

. . - . o D
The inclusive cross sections for the production of KS s N7y

.._.O .
and A™, after the above corrections have been made, are as follows :

Pp -3 Ks + X 214 % 0.19 mb.
op = A” 4 X 1.24 % 0,11 mb.
- -0

Bp = AT+ X 1.14 % 0.11 mb.

0 <0 . ‘g ;
The A" and A cross sections are enual within experimental errvors,
as required by C-~invariance. The variation of ench of thene thrae

cross sections as a function of the incident antiproton momentum is
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shown in figure 5.[4*B} . All these cross sections are seen to
be rising betueen 10 and 160 GeV/c and the values obtained from this
experiment are consistent with the peneral trend. ( The points
reported at 14,75 GeV/c [ 6] seem open to question. )

The inclusive neutral strange‘particle cross sections for
pp — TR X, and Kip —p v® + X are shown in figure 6 as a function
of incident beam momentum. All the cross seciions rise with increas-
ing incident momentum, except that for A° production in K p inter-~
actions. At 12 GeV/c, o (pp = K™+ X} ~ 3.7 o (pp = K+ X) ,
vhich implies that annihilation still makes a2 dominant contribution
to KZ production as a result of processes of the type op ~> KK +

mMEsONs, If it is assumed [9] that

. 0 0 0 - 0
(i) O‘(Kshort) = g(KLong) , so that o(K~ + K°) = ZO‘(KS)
(1) o (k"R7) = o (K°K7) = o(RkY) = o(Kkh) ,
so that o (KK) = 2o(KD)

then the resulte obtained at lower energies sudqgest that KK produc-
tion in pp annihilations rises from ~5% in interactions at rest
to ~20% in interactions at 12 GeV/c. The energy dependence of the

0 . . . - ' -
A~ production cross section is similar for both p and p hbeams.

The energy deéendenoe of the Kz crnss section for pp arnd Ep
interactions cannot be compared at low energy due to the dominance
"of annihilation processes in Ep interactions. However, at higher
energies, the annihilation cross section is less significant and

the energy dependence does tend to be similar.

The topological inclusive cross sections for pp intcractions
at 12 GeV/c are given in Table 11. The fraction of the total Jnclu-—

sive cross scctions associated with each charged multiplicity for
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ﬁD, An, and KZ are shown in fioure 7, and compared with those {or pp
interactions at 12.4 GeV/c [B] “. The average charoed multiplicity
of pp interactions with an associated K® is higher than that for those
with an associated A or Rom There is no effect of a similar magni-

tude in pp interactions.

4,7 Inclusive Variables

Consider the reaction

A + B = LC, +C, + °*c* 4+ C +C 4+ ce*r 4+ C
1 2 n n+1 n

where A is the projectile particle, B is the target particle, and the

ne particles , Ci s are the cutgoing particles. Partircles C1 to Cn

are observed, and Cn+1 to Cn are neutral or undetected, The cross
C

section for channel ¢ can be expressed as

n
n(; Ng — 3
S IR LT
O"C =] "’"%‘_,_"""“_ IN J(S ~E. - Eé, E- - E N-E“ ..(EZQUW 1)
2 c J J s
Pin® 1 1 1 i

where NC is the lLorentz invariant transition matrix element

.th . .
B; s Ei are the momentum and energy cof the i outgoing particle

The total cross section, G}., is just the sum of these channel

cross sections, namely :
© = o
C
The Lorentz invariant n-particle olstrleLvon in momentum space can he
expressed as the sum of the n-narticle exciusive part and Lhe n-partierle
inclusive distribution, depending on s and 3n momentunm variables :

3n

Fn(s,wa'ann) (ﬂf)“‘:*”‘: «o (egun )
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It has been knoun for some time [1G] that there are striking
differences between the behaviout of the transverse momentum of a
particle ( QT: the component normal to the incoming direction ) and
its longitudinal momentum ( oyt the component in the same dirszction
as the incoming particle ). The longitudinal momentum can take any
value which is allousd by the available phase space, whereas the
transverse momentum has an average value between 0,3 and 0.4 GeV/c,
regardless of the nature of the particle or the totsl centre of mass
energy (J5 ). A separation of the three-dimensiocnal momentum vector
into an essentially séalar longitudinal variable and a two-dimensional
transverse momentum vector, is the basis of the longitudinal phase-
space analysis sugoested by Van Hove [11] . The invariant single-

particle distribution of equation 2 can then be written in the form

3
d o
£.(s,p, ,p) £ 2 «. (equn 3)
1 HWweT 1dpud QT

with E1 = the energy of the single particle

If the incoming particles are unpolarized, as is the casa in this
experiment, the differential cross section can be inteaorated over one
of the tranmsverse variables to give a function of three variables only,

- X . 2
The remaining transverse varighle is usually chosen as ‘DT‘ O Ppoe

Integration over both transverse variables is also possible without

losing too much information since the differences and similarities

e

between various particles are more striking when studied in the lonni-

tudinal variable, as outlined in the pravious paraaraph,

The distributions can be studied 'in various different frames of
reference, The three most commonly used are the target rest frarme
( laboratory svstem ), the beam rest frame, and the centre of mass frome,

This last frame of reference has the advantage of symmetry, e=pecially
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in this experiment, with the totally neutral antiproton-proton initial
state, and it will be wsed for much of the inclusive anslysis which is

to follow.

Feynman introduced [12] a variable, x , which is the reduced
centre of mass longitudinazl momentum and which has the advantage of
making the kinematic ranoe covered encroy - independent, It is

defined as ¢

¥*
wherse p” is the centre of mass longitudinal momentum

.x.
and p is the maximum value of the centre of mass longitudinal
max
.x.
mcmentum, For this inclusive analysis, p" is defined by the
max

reaction pp - yoy° , and is given by

* L /o 2
= 5 S AmVD

p“max
‘K‘
In the high energy limit, x can be approximated by x = ZQH/JE . The
search for possible Feynman scaling [12] is best done in the centre

*
of mass system using x instead of Py o

There are still some disadvantages in using the variables already

described. First of all, each event must be weighted by a Tactor

n .

T[Ei ( whieh reduees to just E1 for single particle distrabutions bE
1

but even after this weighting, thers is still a sharp maximum at x = 0

. L s : o, . .

( see figure 8, which shows thes x distribution Ffor K~ in this expeori-
ment ). Also, the distribution changes shape in transforming from one
frame to another. A new variable, vy , was introduced to describe the

b

article i unicuely and to have the fellowing prancerties
p ! Y Sh! .
n
(1) A Jacobian Z{E. ta cancel the factor in ecuantion 2.
i

(2) The exnansion of the rogion near x = 0 relative to Lie larcoe | 4

region,
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(3) 1Invariance under longitudinal Lorentz transformations, cxeept

for a sczle factor.

This new veriable, the lonoitudinal rapidity, was defined

such that
P :
1 2 2
i = = g ! = T
sinh vy q” o where m mo kP

Using the relation coshy = (1 + sinhzy)2 gives

£
cosh y = 8y = ;r .

dp .
i} S ! .
The derivative = ! E&;jitllg = mlcosh y = £ , as reguired,
dy dy
Py
Since tanh vy = s By + ue have
, 1 + p“ L E + Py
y = % log_|—| = 3 1098 m————
T =Py E-py

In trarsforming from one frame to another, the rapidity changes by

a constant
s 1+ pa‘
CeQo y‘ = Vv - 5 nge e =

1
T =0

One disadvantage is that the kinpematic range increases with increasing

values of s

. *
For py ¢ Pp =P = 2P, = JF
F S
or ¥ ' Yp =Yg = lo‘e<inn + my

Therefore, it is useful to define {137 a 'reduced longitudinal

rapidity ' & , such that Y =Yg

5 is the same in any two frames connected by a lonaitudinal Lorentz
transformation, However, very little published data hos so Par heen

presented in terms of this variable, so that comparison of rapicity
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distributions at different enerqies is difficult,

4.8 Differeontisl Cross Sections - Loncitudinal Yariahles

If Feynman scaling is true, then it is expected thzat eguation 3
will become .independent of s over the whole phase space region.
Integration of equation 3 with respect to the two transverse variables

and transformation from p, to x gives the invariant sinole particle

I

distribution function ,

2 2
d o dp
Fﬂ(x) = *max E 2 ‘ T
T.py . dx.de
*
e i Ho
- *max  dx

W.p"

This distribution is shown in figure 8 for K" produced in the reaction
Pp - KY + X s where X is any number of charged and/or neutral
particles, There should be a forward-backward symmetry sbout x = 0,
since an equal number of k® and K are produced. There is a depletion
of svents for x < 0 , which is thought to be due to a scamning loss of
backwards produced V% which cannot be corrected for by the decay weight
factor. ( This distribution is in fact unweighted.) Therefore, only
K emitted in the forward hemisphere have been used for most of the
analysis to follouw, The K° are seen to be produced predominantly in
the central region near x = 0. The equivalent distribution for pp
interactions at 12 GeV/c [7] is also shown in figqure 8; where the

k® are also seen to be produced predominantly in the cantral recion,
The difference between the two distributions, those for p and p beams,
is shown as an inset in figure 8 as a function of x. IfT the excess

of K” observed in antiproton interactions is due to amnnihilation, thon
it can be sren that the annihilation-produced K are to b found =2t

- . o
larger values of Ix|. than the non-annihilation K.
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Figure 9 shows the invariznt sinnle~particle distribulion for K
. s 2 -
as a functinn of x for different Py ranass. The shape doesz npot channe

rangae to the next, imolying that there is little

g . 2
significantly fram onse Pr

correlation betueen the transversa and lononitudinal variables at this
enerqy. However, the shoulder seen at x~0,7 disappears for the high-

2,
est p. interval,

T

The single~particle distribution, F(x), for K® for verious incident
beam momenta is shown in figure 10, There is little enerqy dependence
between 12 and 100 GeV/c. ( In figure 10 the 14.75 GeV/c data has been
renormalised since the published cross section of that experiment appears
to be inconsistent with the x-distribution and with other cross sectionc
at neighbouring energies. Cven after this renormalisation, the slope
of the x-distribution is somewhat different from those at 12, 32, and

100 G=V/c. )

The x-distributions for AO and RO are shown in figures 11 and 12,
and for separate pi.regions in figure 13, They are expected to be
mirror images of each othar about % = 0, and indeed the A° and A® eore
seen to behave as fragments of the target proton and the projectile
antiproton respectively, Also, the differential cross section appears
to be the same for both A and KO for the same value of |x] , bearinn
in mind the small measured difference in their production cross sections.
The data are again compared with 12 and 12,4 GeV/c proton-induced
reactions in fiqure 11, and the difference F(X>ﬁp— F(X);n obtained by

o
folding the pp —» AO + X distribution is also shown in figure 13,
This indicates that the production of A%s in antiproton interactions is
of a fragmentation type , but that this is much less so in proton intor-
actions. The data are also compared with data from eupsrimsnts usino
different incident particles in figure 14.

3]

The differential cross section for the inclucive rroduction of K
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has been plotted in Figure 15 &s a function of the rapidity, vy, with
both lab, and centre of mess scales. The rapldity shous no structure
in the central region, which mioht have been hidden in the plnt of
invariant cross section versus x (Figure 8), Figure 16 shows the

corresponding distributions far A and A

4,9 Differential Cross Sections - Transverse Variahles

The p? dependence of the inclusive KS diffearential cross section,

dc/dpi sy 1s shown in Figure 17 for forward hemisphere Kz. ' A fit of
de/ 2 —bp2
the form de = fe T was made, but the results uere poor

2 . . .
(X"/No. of degrees of freedom = 60,5/25 ; corresponding to a con-
fidence level of only 0.03% ) indicating some significant departure

from & pure exponential form, A fit using the sum of two exponentials

L2 2
dc/dp? = P v T,

('Xz/no. of deqrees of freedom = 11.2%/25 ).  The values of the fitted

( 4 paramsters ), oave a bhetter result

parameters b and d are shown in thes figure. The four parameter fit

shown was made in the range U<:p$<50.95 .

It was mentioned in section 4.7 that there is little change in ths

transverse momentum distribution as the totzl centre of mass eneraqy

changes. Comparing the K? cistribution of Figure 17 with those found
in 32 GeV/c and 100 GeV/c [15,17] Bp interactions confirms this, and

the slope b found from fitting an exponential o the data at 32 GeV/c

)~2

is 4.2 T 0,8 (6eV/ec) 7. There is little variztion of the slope of the

PT distribution for different incident particles, only in the overall

normalisation.

The corresponding distributions for A and A are shown in Figure 14.

Here, both distributions rcan he fitted with a sinple exponential, wvith
1

a confirdence level grester then 1090 over the whole ronne of pl, The
- ) |

fitted paramoters are b(A) = 4,30 & .09  and bB{A) = 4,15 % .09 .
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This is unlike the result found at 5.7 GeV/c [ﬂd] where tha it indicatod
a significant deviation from pure expanentinzl form. Also shown are the

results from the 12 GeV/c pp ~» AX data [7].

It is also interesting te study the variation of the transverse
momentun with a longitudinal variable., This has already besn discussed

I

. - . . s 7
in one case, with the separation of the data Tor different p

ranoss in
T paty

the single particle distributions in x and y ( section 4.8 ). The

averane transverse momentum <DT> can also be studied as a function of

x or §, for example. There is some evidence for an effect often observ-

ed in the first of these distributioné known as the "sesqgull effect”,

a decrease of <DT> at small |x}, in the distribution for the KD,

figure 19a). This effect was not observed in the same reaction =t

14,75 GeV/c [6] . The average transverse momentum over the whole ¥

range is (pT)KO = 0,449 F 004 GeV/c. The {pf) distributions for A

and R are shoun in Figure 19h),c) and do not show the seagull effect.

The average transverse momenta for A and A are :

<pT>A = 0,487 & ,004 GeV/c  and <pT>K = D0.,482 % ,005 GeVY/c.

The (pT) shows no varlation with s, the total centre of mass cneray

squared, for proton induced reactions, up to 400 GeV/c [16]. For anti-

proton interactions, the (pf)?or A , A is marginally higher at 100 GeY/c

( 0.52-% ,04 and 0.54 = .06 GeV/c [17] ) but the same within errors as

lower enerqy data. An increase in <b7> is abserved in K+p > Kx

interactions [18] ( from 0.37 GeV/c at 5 GeV/c to 0,41 Gel/ec at 16 Gov/c).
The mean transverse momentum of the V7 is plotted as a function of

the associated charged rmultiplicity in Finure 20 for KD,/\, and A.

There is a slight fall off at hinher ﬁultjalicities and the maximum

~

. D
occurs for all three types of V7 at a value of n & 2.
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4,10 Differential Cross Sections as Funchions of M, t

It has already been noted {section 4.7) that an inclusive distribe
ution is just a sum of exclusive distributions. An analogy can he
drawn between the guasi two body and single particle inclusive apnroaches,
Consider the reaction a + h - ¢ 4+ X , and defing the four

invariants : s = ( P+ Py )2

t = (p_ -p_ )

ac a c
2
tbc = Py — Pg )
2 2
mX = Saps T ( Pa TP T Pg )

There exists one relationship between them, leaving only three independent

variables, namely

2 2 2
s + t + t = m_ +m o+ m o+ M
ac be a a]
so one can use two body kinematics on the reaction a + b =~ ¢ + ¥ .o {4

For example, the two-body optical theorem relatez the total cross

section, 0. , to the forward elastic scattering amplitude, T s such

T el
that
1
o< — Im T
0} S LR P
- 2 ~ & 5 _
il
\ A
~ Im O
X B b b

Mueller introduced [19] a generalised optical th=orem, which
relates the cross section for reaction (4) to the imacipary part of

the forward elastic snattering amnlitude for the procoss  abB -3 abit .
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The Triple Reegge Linit, as suggested by Caneschi LZD] , de Ter [21},
etc., which is a special case of the fragmentztion limit ahove, applies
cp . 2 2
when the conditions of |t| fixed and small, s/M° large and M° large are

satisfied.
The allowed Reqge exchanges in the reaction

Bp - A° + X vee (8)

* %
are K, K , and K

. ) . Q . :
» in contrast with A" produced in the reaction
- ) . . .
Kpe-> A + X uhere, besides the strange-meson trajectories, baryon
exchange is also allowed, Following Ganquli [14] , who has done a
Triple Regge analysis of reaction (5 top. . = 5,7 GeV a simi-
P 99 y (5) at p, . ong = 57 Gev/c, i

lar analysis wes performed using the data from .this experiment for both

reaction (5) in the target fragmentation region and for Lhe reaction

TJ-D ")AO+X LI ] (6)

in the beam fragmentation recgion. Ganguli was unable te distinguish

# *et
betueen the K -~ K and the K trajectories,

In section 4,8, differential cross sections were studied as functions

' 2 . .
of x and P+ 8O that any "approach to scaling' behavicour would hecoma

apparent, In this section, the cross sections will first be studied
o 2 2 . A cqs .
a mnetions of T or M./s g mass of the system recoiling against
s functions cf ”X r Px , the ma Fothe stem r iling apainst

0 . -~ ‘ . \ AP
the V'y and &, the momentum transfer from the target (beam) to the A7 (A7),

. . . Codoy .2 C el
The differential cross sections /dhy for KD, Aqg and A7 are

shown in Fiqure 21 Tor all topologies, fo fine structure con be coon
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in these plots or in the nlots for individual topolooies,

The mean charged multiclicity is chown in Figure 22 as a function

of the missing mass squared, N here is an aporoximately linear

¥
dependence on log(Mi/Hz) { with Pé ~ 1 GeU2 ) uhich has heoen observed
in several simgle particle inclusive reactions. This dependence
appears to be alrost independent of the momentum and the nature of the
incoming particle [23] . Since the guantum numbers of the X system

in reactions (5) and (6) are charoe conjugate to {same as) those of

the K—p system, the baryon data are compared with the averags total

multiplicity as a function of s, the centre of maess energy snuared, det-

ermined in K p interactions [22]. The agreement is quite satisfactory.

The paramsters characterdizing the charged multiplieity distribu-
tions ( average number of chargéd narticles <{n} and dispersion

D = f<n2> - <n>2J 2 ) associated with KO, AO, and KO production are
given in Table III.

The invariant distribution function can be written in terms of the

2
variables t and M as

on o’

As) .

f‘(s,ﬁ,MQ) = ~pT;OJ. i 5
Vo dt.d(M/s)

* .
where pproj is the momentum of the projectile in the overall centre of

mass system. Figure 23 shows the scatter plot of MZ/S versus t for
-AO and KO. There is a flattenineo of the t distrihuticn with incrzso-

ing missing mzss, which is in agreement with the expectztion that hich
masses are produced mainly throucoh large momentum trancsfers, The
inclusive differential cross section is shoun in Figures 24 and 25 for
0 =0 . " \ . . . “
A and A respectively az a function of ©, pamely the s-nrojection of
finurn 23, An axponential of the forn Ae " wos fitted o the datn

oy A 2 . o
( figures 25%a) and 26a)) up to t = 10 (GeY/c)". Data for resction (7)
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at an incident antiproton momentum of 5.7 GeV/c [14] and for the
reaction pp —» A°X  at 12.4 GeV/c [8] had been well fitted by a

more complicated expression [24] :

do bt
s A.e , for JtI< }th

bt c(t-tn..)
br.e br for Jti > Rbg

= A.8
vhere tbr is the value of t at a break point, i.e. where the
slope of the exponential changes sharply.

The parameters A, b, c, and tbr were allowed to vary in the fit,.
There appeared to be a break point in both sete of data around 1 (GeU/c)z.
The data from this experiment wvere fitted using the above expression
over the full range of t, and the fitted values of the four paramsters
are shown in Table EY . A break point was found near ltbg =5 (Gev/c)z.
Since the data ahove |tl=5 (Ge\l/c)2 is limited, the data below this
value of |t|l were rebinned in narrower bins, but no effect similar to

that found at either 5.7 GeV/c or 12.4 GeV/c was observed (Figures 24 b)

and 25 b)).

4,11 Triple Reoge Limit

The Triple Regge Limit, as descrpibed in section 4.10, leads to
the formula :

o (0) = 2u(t) o (0) = 1

2 2
i
__iLE%__ = F%(t)(%') s
dt.d(M*/s) i ’
for the double differential cross scction, where

Bo(t)

o, (0)

i1

Residue functions (independent of beam particle a)

i

Leading trajectory coupling to a& at zero momzntum tranzfer

ot (t)

i

Leading Regge trajectory in the bE (or t-) channel
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Allowed exchangescﬂv, are the Pomeron and/or mesons (P ’ 7).

Ays s
Ganguli [26] fitted the inclusive /\D production cross section from both
proton and antiproton reactions by au)umlng that the Pomeron and an odd
signature meson trajectory (u.g.xxp) only were required. The allowed

o
* Py

Regge exchanges «(t) are the strange meson trajectories, K, K , and ¥ .
. . . L . 0
The invariant cross section for the fragmentation of proton into A7, oo

antiproton into A , can be re~written assuming unity for the Pomeron

intercept and 0.4 for the o trajectory as :~

1=2c( t) 0. 4=20( t ‘)}

2
- do . B(t) [(m?,/s) s0 (% /s)

dt.d(1’/s)
The effective trajectory, w{t), is assumed to have the form :=—
o(t) =x(0) + 't

The data were fitted to the expression

, L Tt 4)
__;i_?‘._ = f /\..(H?/s) Lot
d(r” /s) 4

) t

for the five different t regions @ -t < 0.4 3 0.4< =t < 0.8 3
0.8 <~ <1,2 31 1,2<-~t<1.83; 18< ~£t< 3,2 , takirn into
account the erdne effects at the upper limit in mz/s of the nhase

2 . . -
space. For each P /s bhin, the maxioum end mininum allowad valucs

of t were calcilated usinog the formula 1=
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If the t bin limits arc ti and t. for t < t s t o=t

w1 ? “max it w max
and for t ., > t, ; t, =t ., . Uhen the value of t < t, or
min i L min max . 1
t .. >t%t, . , the integral was set to zero. The double differential
min i+ -

cross section was integrated over these limits and the rzsultant ex-
. . . . 'X?. \ ;

pression was fitted using a minimum method, The results of these

fits; all at a confidence lsvel of greater than 1%, are shown in

Figures 26 and 27 for A° and KO respectively.

The values of X from the fits are plotted as a function of t in
Figure 28. A straight line was fitted to each set of data to give

the effective trajectories

A o
= I . .r.'/_}.
zxeff = (0.116 - 813) + (D 986 £ .0 8) t
tngf = (8.062 = ,014) + (06963 & 0037) t

- The results found at 5.7 Gel/c for reaction (5) were

o = (0,02 F .04) + (1.01 % .04) t

which are in good agreement with the results from this experiment.

Ganguli [26] finds
A
= - c.'}. 01 s 3 ]
X pe (0.2 0.,7) + (0.81F0.1)¢t
for Piab > 10 GeV/c, fitting the inclusive cross sections for np —> AT

L
Q

I

and fp —> A7, No distinction could be made hotween the K and K
trajectories at 5.7 GeV/c, but the data from this experihent appear

.)f. .
to favour the ¥ trajectory at low t (less than -1.0 (GeU/n)Q).
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TABLE 1.
Roll number range light particle contamination
(tracks/frame)
= 141 1.36 L 0,03
142 ~ 160 0.69 X 0,03
= 161 1.01 L 0,03

TABLE 11

. . o L0 -0 .
Topclogical cross sections for Kq, A, and A7 production

in Pp interactions at 12 GeV/c
Topology n o (Kz) mb. S (A°) mb, o (A7) b,
0 0.19 *+ ,04 0,21 % ,04 D.19 L .04
2 0.65 % .08 0.64 % .06 0.00 % .08
4 0.84 & .11 0.%34 & .05 0.31 & .06
6 0,41 £ ,05 0.04 £ ,02 0.03 % .01
g 0,06 £ .02 0,013 & .006 0,011 % 006
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TABLE 17T
0 ] -0
“s A
D 3,53 & ,03 2.40 X ,03 2,38 £ ,03
D 1,93 * .18 1,50 £ .15 1.54 & .17
TABLE IV-

. 2
Fig. b c top (Gev/c?)
2ha . 705 it h.731
ol .703 - ‘ -

258, .629 : 261 5. 800
' 25b | .589 .- -
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5.1 Introduction

This chanter describes the msthods used in the scarnh for narraw
- i3 » * - V):. K -
peaks in effective mass distributions. Both the K (890) and Y (133%)

resonances were observed and are discussed together uwith an effect scen

+
. 0. — . . . .
in the (K'37m )~ combinztions in six ~ prong events.

This experiment was poriginally proposed to look for high mass,
narrow peaks in effective mass distributions and in this seclion some
of the enhancements found in various experimerts are mentioned, con-
centrating on those comrbinations which include a strange particle plus
one or more pions, French [1] nives a summary of the progress made in
meson physics over the years leading up to the discovery of the %ﬁ.
Apart from the well established meson resonances (f>,cou, K%(BQO),

<
K (1420), etc..) many claims have been made for particles for which

there is 1little or no supporting evidence from other experiments,

*
Several K ~ like resonances have heen obsarved in the mass ra

-3

10

®

2 . . . = .
1.7 to 2,0 GeV/c” in experiments with K~ beams. They are summarised

in Table I. A number of narrow enhancements have been found in anti-
proton experiments ( see Table II ) ; however, very few of thesz have
stood the test of time. Searches for charmed particles ( in Km,
Kem, +.. effective mass distributions or nther high mass resonancas
9 =

( e.p. in fip, Pprc, KK, KK ,...etc. ) in 9 GelY/c Bp annihilations [15]
. . 2 R . .
in the nmass range 1 to 4 GeV/c” failed to find any peaks aroater then
3 standard deviations above backoround. A similar null rosult ves

L3 475 v 5 2 /R0 ( 1.2.3) affpnti, 3
obtained at 14.75 CeV/c [15] , vhere A /A nme (n=1,2,3) effective maco

combhinations were also astudied,.
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5.2 Search for Marrow Resonances in 12 GeY/c Bp Tnteractions

Effective mass combinations for all combinations of a sinole
neutral strange particle with one or more charged pions were studied
in detail, to look for evidence of the production of narrow resonances.
Examples of some of these one-dimensional histograms are shown in
iy . . . o & &
Figures 1 and 2. Exotic combinations such as KSTt”1t were also
plotted. Charge symmetric pairs were plotted together for combina-

. . . a,_ -+ -0 __= , .

tions including strange baryons, so that the A"t and A" histograms

for example were added together. Different topologies (0, 2, 4 prong

etc, ) wvere plotted, both sepérately and together.

The recoil (missing) mass corresponding ©o each effective mass

combination was calculated from the average beam parameters (section 3.8)

and the momentum and energy of the combination @

2

2 2
S - Yo o
RECOil ( A ZEiI (Zpi) ’

where i is the no. of particles in the effective mass combination.

Two-dimensional scatter plots (triannle plots) of the effective mass
versus its rgcoil mass were also studied in a search for pair production
of new resonances. Such a process would appear as an excess of entries
in one or more bins. Since this kind of effect is difficult to spot

on a line-printer scatter plot, and as there were several hundred such
plots to be examined, various methods were developed to assist with

this task. Graphical output was produced (sce for example Figure 3),
but even so, an excess of entries in one bin could not be detected easily
as several entries on top of onec another would appear witH the same

intensity as a singls entry.

A three~dimensional plotting packags, originally developed at the
Rﬂtherford Laboratory [17] , was adapted for use on the DEC PDP10 at

Imperial College. "Lego" type building-block pictures of the tuo-
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dimensional scatier plots, which ceould be viewsd from any position
in space (see Figure 4), were used to search for spikes (large sional

to background ratio).

A third methed which was developed took sach selected bin on the
scatter plof in turn and performed a polynomial fit to the neichbouring
bins (background) and calculated the statistical significance 5? the
"signal' bin, Any spike greater than 3 standard deviations above

background could then be singled out for more detailed study.

A special cut was used to try to enhance any sionals at high mass
(>21.5 Gev/cz). High mass combinations of. two or three particles can
occur if one particle is part of the beam fragment and another is part
of the targst fragment. These particlass will be travelling in opposite
directions in the overall centre of mass system, and the combined mass
will be high. If a true resonance exists, the deéay products need not
travel in the beam direction and the transverse momentum, Pr s of one
of the decay products with respect to the beam direction may be large.
Thus, if one selects only those combinations in which one of the com-
ponent particles has a high Pr with respect to the beam, true resonancec
may appear above the reduced backaoround. This methor has been used
sucecessfully [7,18] to enhance hinh mass resonances like the o meson

and the A{1950) baryen.

+ *
Two well known resonances, the K (820) and Y (1385) were observed

and will be discussed in the next section. The most convincing peak
found using the methods described above was at an effective mass of

2 . . . L0 T e
~2,6 GeV/c”. It was present in both charoe combinations of K it w

in six~prong events, sand has heen studied in areat detzil (section 5.5).

5.% Production of ¥ {pen) and Y (1385)

8]
—
s

The K (890) can be seen in the effeciive nass distribution of
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.{.
0 o . . . . . > )
Kn~ combinations (Figure 5).  The curve shown in ficure 5 is the

result of a least squares fit using the following parametrisation [197.

S
= = g (M- (mio -+ mw)) o P £1 -+ b.BU(mK%,Tk*)]

{

where M = the K invariant mass,

NWxUD

BY(m Fk%) =

[(*e 2 2 2 2 2
(N°= mK*) + mK*rk%(H)

y 3 m 2%
and rk*(m) = P**GﬁiDTS)' K
with q(M) = the momentum of the K; in the Kr rest frane.

The six paramecters to be fitted are a, b, o, P, m and rk%, and the

K %y

fit was performed over the ranne 0,64<M<1,2 Gev/cz, with the results

886.6 & 2.4 mev/c2

i

+

Ny = 43,0 X 8,4 MeU/Cz,

with X? = 37 for 22 degrees of freedom.

»
The Y (1385) was ohserved in the effective mass distributions of
o - o~ . . . .,
(A + ce) and (A + cc), which are shown in Figure 6. The fits
.:(
shown (solid curves) are similar to those daescribed sbove for the K (890)
2 .
but over the mass range 1,26<M<1,82 Gel/c”, The results of the fits
for the masses and widths for each of the four combinations are shown

in Table I1II.

5.4 Event Selection and 'eiohting Procedure

0 . .
All 6-prong V- events were passed throuoh a kinematics programme

!('J

similar to GRIND [20] , which attempted multivertex fits ta the V' and
nrimary vertices according to 2 lavge nunbar of hyrothon=s, Fita to

hypothesas where 21l navtrel particles arn observed wvere attempted fires,



-

N

Its}
I

If these failed, one neutral particle was included in the hypotheals

and a il vas acain tried. Finally, a missing mass fit was tried,
where the number and type of missing neutral perticles is not knoun,

Tn qensrzl, fits to more than ore hypolthzsis were ohtained for each
event, usually due to the difficulty of distincuishing between a fast
charged K and a W of the same momentum. However, in order to make

the maximum use of the information provided by the kinematics pronramme,

which had been able to eliminate many hypotheses, a system of event

5]

weighting and selection based on the geometry and kinematics result

for each individual track was devised.

" . i1 i
Geometrical Mass Fit Probabilitv, PG

>
p

Secondary tracks with monentum less than a1 GeV/c from the docay
of V% were studied, and a methad of assiqﬁing orohabilities to the
differsnt mass fits was determinsd. This method made use of the fact
that the enerqgy loss of a charged particle is mass dependent, The
study of 6000 tracks from KD, Amg and A° decays suggested that the

following cuts should be made :=

‘ . e 2 2
a) HMass fit rejected if ')(ﬁt/)(best N
2

s 12 U C
best mass fit > 3 = 1.7p , for p<d GeV/

b) Track rejected if 7(

> 1.3 s for p>1 Gel/c

The "sensitivity to mass dependence" for fits 1 and 2 was definad

. A, An,
My, = T 7
12 &4 €y

o
®
v

i

.

where Api = momentum loss of track with mass fit 1

Ei = error on nomentum measursmont at the primary vertex

. o 2 Ty ;2 2
The ratio of the X probehbilitinsg, F17 ‘Xi/ﬁxz , von dofinod on
that F12:£ 1. Seatter plaots of dﬁqz veraus FQ? vere ctudiond and oz

”

.n Figure 7.

L,

parametrisation was chosen which is dotailad
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-

The ratio, R of the probabilities P1 and P of the tun mass

12° G G
fits was calculated for the w and K mase fits, IF R, <1, then R
K s}
was also computed 3§ if not, then R was calculaterd, The probabilities

Kp

were then normalised by the relation :

The overall geometrical track probability, DT’ for any combination

aof tracks is then just the product of ths probabilities for sach mass

fit. N ;
P = TT'PB s where N is the number of tracks.
i=1

J

{ingmatic Fit Probability, PK

This is given by the ‘X? probability, P

Prs derived from the kine-
hY

matic fit to hypothesis j.

Final Selection

The V° was required to have a 3 constraint fit, with kipemetic
fit prohability greater than 1%. For each hvpothesis i, the overall
track prohability for tracks at the primary vertex was calculated and
only those hypotheses that satisfisd the relation P; > O.3P?ax uere

selected, Two furiher cuts were made for multivertex fits (not more

than one missing neutral particle), namely

p;‘;> 0.1 &

i

K*

oL 25( max
and p fT > O,hb(.K.DT)

Fach hypothesis, j, was then agiven a weight, U.,, and each time an
b $ T = s \J,
effective mass comhination wee plotted it was weighted by this factor.

For multineutral (MM) fits,

j
p .
e
%ﬂj = .gi D; , whore mo= the totsl number of
3=

selectod hynotheoons,



w37~

For multivertex fits (4C and 1C),

B e ety i

W, = ‘ ioi , where L = the total numher
j ;{% PPy
1=

mnultivertex fite.

o
. s IR . . .
5.5 Sturdy of the Pezk Found in K R*™rn'w Mass Distritubtions

_l.
. . . . . et
A peak is seen in the effective mass combinations K™

T from
the following final states i-

+

Bp = KOt at et TR w2 x (1)
-+ - e - —er
and  Bp ~— K° KT atrtatwT T x (2)

vhere X is zern, one, or more than covne unobserved peutral particle.
YA .
1t appears at a macs of 2,60 X 0,01 GeV/c” and the half width at
. . 1] fen 2 . . . . .
half maximum is 9 MeV/c™y, which is compatible with the estimated
experimental resolution (see Introduction), niving the peak a width
r " 2 . L
< 18 MeV/c”. The effective mass error for the four particle com-
bination, calculated by propagating the Lrack parameter errors from
the geometry pregramre, is shown in Figure 8. Figure 9 shous the
. . . . . 0_X A - . .
unweighted effective mass distributinons for K'®"n i combinations.
If all primary vertex tracks are assumed to be pions (reaction (1)),
. . 0 X
then there are 18 combinations of K '3m per event. Reaction (2)
reduces the average number of comhinations to 17.6 . This number ia
further reduced to 16.8 by using the cuts described in section 5.4 to

exclude low probability pions. These cuts have been used to select

the combinations for Figure 9.

The product of the production cross section, ¢, and the branchi

iy

ratio, BR, into the cbserved final stat

giving the result o 0R 22 ZD/ub« This value uas obtazined from tho

H

of

ng

2 hos been estimated Tor the pock,

six—-prong cross sectinon, with corrections for the number of combinabinng
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, o .
per event and the neutral decay mode of the Kg. The peak epowars in

hoth positive and nenative charoe conbinations.

-

s s d

The weighted effective mass distribution for KR~ R’ combina-
tions is shown in Figure 10, where the statistical significance of the
peak has incfeased. It should be noted, however, that the sionificance
of any peak produced in a hich multiplicity event when the number of
combinations plotted per svent is large, is reduced by a factor which
depends on the probabilities of one event contributing 0, 1, 2, ..
combinations to the signal bin. Calculation of the background under-
neath such a signal is complicated by fhe fact that the signal itself

can give rise to a combinatorial background in neighbouring bins.

po}

4
. . . . s o~ + = . e
The weighted effective mass distribution for K®™rn'® combineticns

using the kinematically constrained track parameters,; instead of the
mass Tit parameters from noeometry plus the K® kinematic fit, is shoun

in Figurs 11 (4C and 1C fits only). The significance cof the peak hers
is considerahbly reduced. One explanation could be that if a long-
lived particle were being produced (the width of the peak is less tha:
the experimental resolution), then it might travel a signifiicant distance
in the bubble chamber (a few mm.) before it decays. The multivertex
kinematic fit might then distort the track parameters, since all primany
vertex tracks are constrained to come from the same point in snace, and
thus have the effect of broadening the 2.6 Gca\l/c2 peak over several
effective mass bins. Examination of such events under high magnifica-

tion on the scénning table failed to find any support for this hypothesis.

Figures 12 to 14 show the weighted effective mass of the systen o

. . . . , 0, ) . . o,
particles which recoil anainst &) the K 3w combination, b)) ihs K 3r

8]

. . . . )
corbination plus an extra i o) the K3 combiration plus two oxtra mo.
7 '

h) and ) were plotled to look for roactions of the type Bn -~ 17,

and fp ~» Ilnew, vhere I is the sunposed new 'particle’, The {vo-
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dimensional scatter plot of effective mass versus recoil mass is shown
in Ficure 15. Mo definite system of particless has been observed to rTocoll

against the I (defined by 2,53<& R (k%3%) < 2,62 GQV/CQ>. For this

aff

last plot, two control repions are also shown, and these are defined by

2,44 € mp”(KOm) < 2.48 GeV/c® and 2.74< I‘ﬂef,f,(KU'ﬁrr) < 2.8 Geu/oz.

A search was macde for evidence of substructure within the I by
— ,‘_ a——

+ + oz } A e e
plotting the effective masses of the Kom“, Knﬂ“ﬁﬂ, TR, and W T W

systems selected from the final state of the I and from the control

ol
V

o
. s o, = o_= T

reqlons. Figures 16 and 17 show the K'r™ and K'®™®" mass plots res~
pectively. No difference could be observed betueen the plots for the

. . . Lok
I region and the control regions, except perhaps in the case of K =7,

: 2
where there appear to be two enhancements around 1.5 and 1.7 Gell/a”.
The effective mass distribution for all events (Figure 18) gives woak
indicatinons for structure near these values, and there is also a peak
. o L 4 - 2
in the K w™m'® mass spectrum near 1.7 GeV/c™. A check was made by
. . o_& - o 72 L
selecting events with mefF(K ™) near 1.5 and 1.7 GeV/e” and plotting
. o_& - . :
the corresnonding K n ' mass (Figure 12), and the T neak is sesn
guite clearly.
n . . . o_4_ - 0
No neutral state of the I was found in combinations K'a m =~ or

MR . . . . . . .
K™ n'r , but this result is inconclusive since the mass resolution is

- X < 8]

likely to be reduced for the 1C fits containing a &, and there are vary
: . . . . e 4 . 0

few combinations with a well identified K7, 371 six-prong V evaents

vere check scanned by a physicist to try to irdlentify as many treacks ac

nasihle, sa that some more kinegmatic hypotheses could he eliminated.
b H

Infornation such as kinks, indicating the decay of & K7 or @, associ-
ated electron = positron peirs and neutral stars were recordec and socoen
cards were generated which contained this information for the 100 events

so affrated. Uhan the analyvois nrooramne uas run, tho scan eards wore

read and the probability for a hypothesis which conflicted with the
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information niven on the scan card uwas reducrd by a factor of tuwo.

This procodure, however, did little to altzr the sionificencn of the
: 2 2 T

I peak with respect to the backoround,

. . . . . 0.,
Fiours 20 shows the production anole distribution for all K 3r

combinations, the I region, and two control regionsz 3 there are no

significant differences between tha T and its control recions.

Another production characteristic of the I peak which could be
linked with the reduced significance of the peak when kinematically
fitted track parameters are usad is the enhancement of the peak when
events with lafge K° impact parameter are selected. The impact para-
meter was defined as the distance between the primary vertex and the K"
flight path, as celculated from the geometrical track ouantitias.

A cut of 0,05 cm. in the impact parameter led . to the dist-
ributions of Figure 21, which show that the I appuars to he produced in
large impact parameter events. This could again be due to a long-livad
particle which travels some distance in the hubble chamber befnre it

decays.

An attempt was made to study the decay of the I by assuming that
2 . . ‘
the appearance of the 1.5 ani 1,7 GeV/c” pesks in the Ko~ subsysten

indicated a three body decay process of the form -

-~

.{. ¥
I — (Ko'rc")1 c T

or 1.7

Various decay angles were studied, but the statistics were =0 limiterd
Y g s

that no conclusions could be draun.

Searches have boen made to try to find any ovidence for tha 1 pasl

in other channals, The information civen by the kinematics prooras

wos used with the cioht-nronn cuenits, but here the combinzinorial book-

nround is consicderahly worse, and no peaks wern obsorved.



5.6 A Search for Supnortinn Evidence

Arguments were presented by Roasner [21] as long ano as 1943 in
favour of enhancements with zere baryon number, which would decay mainly
to a baryen B, and an antibaryon B. He suonasted that such resonzncos
might be produced in high multiplicity events, and that BB enhancemants
with more unusual guantum numhers may be of interest. For example,

. . N I
resonances with § = -1 and Q@ = -2 may anpear in the PA'® speactrum.
Experimental evidence for BB enhancements in Pp formation experimaents
has been availzble for some time. Three enhancements have been obseryad
in the pp total cross section 3§ the S, T, and U [?22 -26] . The S, ot

e N 2 - 2
a mass of 1.935 GeV/c”, is narrow (around 6 MeV/c”) but the T, at a

a 2 . 2 . PR

mass of 2,190 GeV/c” and the U, at 2.350 GeV/c” are much wider (90 & 20

2 2 . |
MeV/c” and 160 % 20 MeV/c respeotlvely). Searches have zlso been made

in production experiments and several non-strange enhancemsnts with

narrow widths (of the order of the experimental resolution) have bezen

reported [27 ~29] in the mass reqion 2 to 3 GBU/CZ.

These discnveries prompted the theorists to develop thzir ideas »n
multiruark final states and "baryonium" states — states whosz coupling
to BB channels is substantially larger than to channels made up entirely

. *4 r
from "normal’ mesons like fr, K, ps K etc, [30,51]; In terms of planer
dual diagrams, ordinary mesons and baryons may be represented by the
o H 2 J

boundaries a, and Qj s where qi is an ordinary cuark and 0, is a diquark

J
syetem which carries haryon number, Thus a ® meseon may be reprosented
% 3 Qm
b > a kaon by > end a nucleon by —————> |
b4 < - . Y€ - 3 Y g -
o} o} 0
Q
o -
States of bharvonium wauld be represented by diagrams like T
G
0
The necessity for haryonium stetes hecomes clear when nne ronoiders ftwun
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body scaltirring diagrams. TN scattering corresponds to -

o
E!(')
o /| -
whers the resonances -——54%—- and a, Irqo may be described as
o

"duyal" to one ancther. For BB elastic scattering one has :-

8}

ZAN

showipg the need for baryonium states dusl to ordinary mesons.

Chan and Hoégaasen developed a model for baryonium [32] and predicted

masses and decays for a whole new spectroscopy of hadrons.

The six—-prong final states in this experiment which include =2
AF or RO were studied to look for evidence of these predicted baryoniun
states in the channels NA’m® and NAmm (m=0,1,2). There were very feu
events of this type with a seen AD/ﬁP, so 4C and 1C fits with missing
AP/ﬁP or n/f were included in the analysis. Using the same sel of events
available at the time of publication [33] of the effect describad in
secticn 5.5, and plotting all charged and neutral combinations tug;the:
(Pﬂ? 4 Dﬁqx + pﬁ%tﬁ - CC, nﬂ? + nﬁﬂt -+ nﬁﬂi? 4+ =c), a paak can he seen
in the same bin as the I (2,59 to 2,62 GOU/CQ) in Fipure 22, However,
using the full statistics of the experiment, this intriguing pesk dis-

appeared, as shoun in Figure 23, The four—prong events were also studiec

but no significent structure was found.
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Production of hioh mass K (1700 -
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TABLE 1

Finzal Effective mas flass Width
2 2
State combination MeV/c” Mel/c
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K K1 1760 80
3o
Kiep } Kre 1800
Kr'n
K7 n Kie 1700 ~ 2000, 300

2\ . . .
2000 MeY/c”) in K'n interactions
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TABLE 111

#=k =%k
Fitted resonance parameters for the Y ~(1385) and ¥ ~(1385)

-+ K

-
-
<1
-

Resonance
flass (GBV/CQ) 1.382 + 003 1,383 & ,002 1,374 % 005 1,395 & .05
Width (GeU/cz) 0.052 & 018 0,027 X .012 0,05 & 095 0.181 % .161

X% (22 degrees 16.9 18,9 27,0 15,5

of freedom)
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Figure 5.4 : As figure 3, but plotted as a three-dimensional
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A _DEARCH FOR KR

CHARMERN PARTTINLES

6.1 Introduction

This chapter describes somz of the results from experiments
analysed since the discovery of tho’w in Movember 1974 (see main
introduction to this thesis), MNo definite idnntificatian of a charmed
particle has been made in a hadron experiment so an attempt has haen
made here to derive upper limits for the preduction cross section
times branching ratio (o x BR ) for the D meson discovered in e e
annihilations, A search for direct lepton production was also made
to look for poscible semi-leptonic or leptoﬁic decay modes of the
charmed particles. Finally, there is a comparison between K® prod-
uction in ete™ and Pp annihilations in order to detect a possible chiarge
in the K° yield per annihilation event in Bp interactions, as has beazn
observed in e'e” at a centre of mass energy near 4 GeV, which might

also indicate a threshold for charmed pair production,

6.2 Evidence for the FExistence of Charm

Most of the evidence for the existence of chermed particles comes

- ‘s . . . + 7 e S AP
from ete™ annihilations. Two pezks were found in K=Tt* and KWV 70 77¢

mass distributions at SLAC [1] and identified as coming from the decay
. - 2 . . .
of a neutral particle of mass 1.8865 GeV/c”. A pealk found in the exolic

P Sl + 2 .
combination KTV [?,ﬁ] at 1,876 £ 0.015 GeV/c” can he inte

&s
a charged charmed meson, composed of cd or ¥d quarks, which decays
weakly with AS = AC to an uncharmed negative {positive) strannancsa
state. Parity viclation has bocen obsorved [4} in the Dalitz plot of

..{.

the 3 bory reaction D7 = KW which also indicates a wook decay. Cther
_ cp 0 =0 . s o o
decay mores have been seen with K. (Kn) plus pions In the final sinto.

Both the charosd and neutral states have baen identifiad wvith the tuo
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‘s . . . 4.0
predicted isospin deublets of charmed D mesons, namely (0°D7) and

rema() )

(07D (see main introduction to this thesis).  Proaks have aloo heen

Q.
-}
o
by
)

‘ 2, .
seen at 2,01 Gel/c” in the reocoil mass spectrum to the charaqe
;2. .
at 2.01 and 2,15 GeV/c” in the recoil system to the neuiral D's; the
2 . . *
2.01 GeV/c” peak has been interpreted as the excited D state.  The
widths of all the observed D mesons are less than the rssolutinsn of the

experiments concerned. -

Two different states have been found by a DASP ceollaboration at
- +*
DESY LS} which may be the F and F mesons with measured masses

m. = 2.03 + 0,06 GeU/C2 and  m.x = 2414 + 0,086 GeU/Cz.

Further evidence for charm comes from» interactions in the form

]
o

of one ovent [6] R - /um}\01t+Tt+Tt 1 which violates the

AS = A0 rule and can be explained if a charmed baryon,Ab, had been
produced which suhsequently decayed to either (A0371)+ or (ADATE)++@

A Fermilab photoproduction experiment [7] studying the reaction

XBB m9.KQ + pions has produced a narrow peak in the AKDTI"IE_1T44mass
distribution at 2.26 GeU/c2 and a hioher mass (~ 2.5 Gev/cz) peak in
(A°4 71)° which is seen to cascade into the first state. No signal was
found in the A07t+7t+it_ state however, which is centrary te charm

expectations.

Various attempts have heen made to lrok for charmed particles in
. . . - . . . , -
hadronic interactions, T interactions at 19 GeV/e producing K K pi
TP I S . . . o
and K'K Ut T p final states have been studied with the {2 spoctrn-
meter abt CERN [8] and upper limits for the production ¢'x BR of betwoen

50 and 2000 nb, have been calculatad for reactions like & p ~p D“DDp ,

5Q00prt_ ete, Baltay [9] has studied n+p —~ v? 4 % at 15 Gall/c

and auotes upper limits for O x BR of betunen 1.5 and 3,?/ubo Tnelosivn
studies have also been nade @0 Aubert [1H] hos looked for rezciions

of the type p + Be «» D 4+ ¥  at 30 6oY/c and has faund unper timits of
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only a few nb. However, these limits were calculated for masses hicher
2 , - ’ . . :
than 2.25 GeV/c” and at an cnergy much higher then that at which the
. . 4 - —_ R
D's were discovered in e e annihilations, Baltay has alsg looked
inclusively at his data and calculated upper limits for o x BR for
charmed mesons of between 5.7 and 35/ﬂ3, and for charmed baryons of

hetuween 2,6 and 15/ub.

Cester [11] , using a carbon target and incident antiprotons at
JE = 5 GeV found o' x BR upper limits of between 0.6 and 6/¢h,/nucleon.
Searches have zlso been made in antiproton interactions at 9 Gel/c [12]
and 14,75 GeV/c [13] and in the ISR at g5 = 53 Gl [14] with no

positive results.

A recent proton beam dump experiment performed at the CERN 5F5 [15]
has produced evidence for prompt neutrinos, which, if they come from the
production and subsecuent decay of charmed particle pairs, would requirse

charm production cross sections in the range 100 to AUU)ub.

Indications of the production of charmed particles have also been
seen in the increase of the kaon yisld per annihilation =svent found in
A - cls . . s . . . . .
e e annihilations; this will be discussed in some detail in section
6.4 . Direct lenton production which may be due to the lertonic or

semi~leptonic decay of charmed particles will be discussed in section

Be5

6,3 Upper Linmits for the Produrntion of Cheormed Particles

In thie saction upper limits for the production cross section
. . . . A sy
times branching ratio of tho charmed D mesons found in e’'e  osnnihila-
tions [1~3] and of the charmed batyon, Ac [7] arc caleulated.
- s 12 . . o [} - . 0 - .. ( PR
Cffoctive mass distributions for Knge (n=1-5) and N/ A ne (n=1=)
svotoms have been sturtiad ( figure 1 } in 2 search for chornod particles

produced in the inclusive roactions -
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fp = D+ X
pp = D+ X

B = Ar + X

The width of the mass bins used in these distributions was determined
by the resoiution of the experiment since the charmed particles are
Very narrow. The error on the effective mass. for the mass réginns
under consideration, was calculated by propagating the errors of the
individual track parameters and was found to be ~15 mev/bz. An

error of ~ 25 NeU/c2 was calculated for the missing mass. The bin
widths were therefore taken as 30 MeU/c2 for the effective mass and

50 P’Ie\//c:2 for the missing mass distributicns. No significant signal
is observed in any of the exhected mass regions. A gquantitative esti-
mate of the upper limits for the production cross sections for charmed

particles was obtained using the following method.

Suppose ng events are found in a bin centred on the D mass, and
having a width defined by the experimental resolution, as defined above,
The backoround is estimated using k/2 bins on each side of the D, and 2
total of NO events is found in these k control hins, If s is the a
priori expected number of signal events in the D bin and b the expected
number of background events per bin, giving kb svents in the k control
bins and B + S events in the D bin, then the probability, P, of ohseru~
ing'n'events in bin D and N events in the k control bins is the convolu-~

tion of two Poisson distributions =

Py 5,8) = o By om(bes) (o
1 n!

For a given b and s, the prnbabi]ity,[3, of finding 2 signal laraor thon
that ohserved is qiven by -

[as] o - _
o = 2 o B E] gl gy

Ve ] e vrvrn o beest e e (1)
M= n=0 o -
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P N

. X v o
subject to the constraint n - - :> N, =i .

9540 confidence level upper limits are piven by a value of p 1 = 85

= .05 in equation (1) which has to be solved numerically to find the
largest value of s compatible with the relation (1). t'hen the number
of events in each bin is large ( as in the plots of figure 1 ), the
Gaussian approxination has been used where formula (1) becomes a double

integral over Gaussians.,

The upper limits so derived for the product of the inclusive pro-
duction cross section times branching ratio for D and D* mesons and for
the AE baryon are given in table I. Using the branching ratios [Tﬂ
BrR (0F ~> BPnt) = 1.5 2 0.6 % and BR (D° = KO RT) = 3.5 £ 1.1 %,
upper limits of o‘(D+)< 320/ub. and cy(DD)< 260/;b. have been determined

S
for the total inclusive D' and n° production cross sections.
The production of pairs of charmed mesons in the resctions @
op = [y}

fp — DD ( + charge con jugate )

X %

pp — O D
has been studied from the scatter plots of the K°nm effective mass
versus the mass of.the recoiling system { figure 2 ). The boxes on
the figure represent the various DD regions; no signal is distinguish-~
able from the background in any of these reoions. Table II gives the
upper limits for the production cross section times decay branching
ratio for the different DD combinations, derived at a 95% confidence
level assuming Poisson statistics. The branching ratio refers only to
the D particle which is supposed to decay into the observed KOnTr system,
since the missing mass ( mass of the recoil system ) integrates over all
possible decay channels,

The results of table I can be used to compare the production of
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e R ~ e
charmed particles in e e and pp annihilations. For example, using
the production nross section for n° decaving via KD1T+TC“/R01T4WI— E18] :
- o] a] Ot = 0~ KR
gB(ete” > DX 3D KT T /AT T) ~ 1,09 F 0,30 nb.
(ete~ —» hadrons) 33 nb.,
~ 3,3%

However, using the results from this experiment and the known Pp

annihilation cross section :-—-

o o e s e

o.8 (Fp = 0% 3 0° = KPn " KOn TR < L Spub.
(Bp =» annihilation) 12.1 mb.

< 0,07 %

So, it appears that thes fraction of hadronic interactions producing

charmnd particles is suppressed by two orders of magnitude over charm

+

production in e”e™ at the same overall centre of mass energy.

6.4 Search for Direct Electron Production

Another signature, predicted by Gaillard, Rosner and Lee {19] ,
which might indicate the presence of charm, maé the semi~leptonic and
leptonic decay modes., If the charmed particles decayed preferentially
to strange particles then evznts with for exampls a Kz and et or e” in
the final state would be of interest., A search for direct leptons in
this experiment, mﬁare only events with strange particles had been
recorded, mioht ther=fore give interesting results. If any direct
"leptons found were produced in pairs this would imply that an electro-
magnetic process was responsible, If howeover, single leptons were
observed, they might indicate the decay of charmed or other new particles
with perhaps an associated threshold below which no direct leptons ueuld

be observed,

The results obtained by other experiments arc far from conclusive.
Two neutrino expsriments [20,21] had evidence for thes production of

-
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anocmnalous /u o K

OS]

events which could not be explained by previously

known processes but could be explained by charmad narticle preductinon,

D

A Pennsylvania~Stony Brook collaboration [22] has measured the e/t
ratio and finds a value 1.10—4 using incident ®™and p at 10, 15, and

24 GeV/c. “Their results imply pair production of direct leptons however.
Winter [23] quotes a null result in proton-platinum collisions at

" 19 GeV/c. PMuirhead [24] also finds a null result for single et
production with 1.6 GeV/c incident antiprotons in a heavy liquid at a
level of e/h‘~5.10_5 and can explain all their e+e_ pair production by
known processes. Preliminary results from the 14,75 Gel/c pp experi-
ment [13] were encouraging. They found 10 KZe;t events and 3 Aoei

events in their small sample of 889 events with associated Vs,

The 72000 pictures at Impefial College weres scanned for interactions
which included at least one strange particle in tie final state ( see
section 2.2), This produced a list of 8784 events, excluding U-prongs,
of which 7467 events were rescanned to look for sinole electrons or
positrons at the primary vertex and Dalitz paifs. The scanners were
asked to record events with at least one track uwhich either sﬁiralled
rapidly down to zero momentum, or spiralled and did not interact, and/or
exhibited Bremstrahlung characteristics. Using these criteria, a list
of 382 et or e oaﬁdidates and 50 Dalitz pairs was produced. Tighter
definitions than those used may have excluded some o candidatesy for
“example a positron which did not spiral teo zero momentum but annihilated
with an electron. All candidates were checked by a physicist and 23 of
or e candidates survived tooether with 37 Dalitz pairs, 5755 of the
film was check scanned for a second time and the efficiencies for finding
a sinaole electron or positron or for finding a Dalitz pair wera calculated
to be 42 + 2290 and 42 % 17 ¢ respectively. The large errors are due

purely to the small numbers of events in epach sample. No assumptions
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concerning the (reasonably good) visibility of Dalitz pairs compared

to single ei vere made and it is thought thet the equality of these

scanning efficiencies is coincidental. Having found a possible e

{f

or e candidate, all other primary tracks were studied carefully in

order to find a dalitz pair partner if one existed.

19 ei candidates were measured as comgletz svents on Hillie,
paying special attention to the ei candidate. The effective mass of
the candidéte with, in turn, each of the tracks of opposite charge which
did not either interact or decay was calculated ( figure 3 ). The
measured events were again scanned using the mass fits from geometry and
all candidates which had a Dalitz pair partner (i.e. acceptable e mass
fit and m2(e+en)'< 0,0182 Geﬁz) were rejected. Only three events

remained after this scan.

The first event was probably a @ , since aftef 1m track length there
appeared to be an interaction of the type T p —> T neutrals, with the
1 decaying via no —> Be+8~' This secondary interaction was only
visible on one view but was fairly convincing.~ The other two candidates
were low energy (momentum less than 100 MeV/c) positive tracks which were

consistent with =a 1t+ decaying at rest, at the production vertex.

The total number of Balitz pairs, including those identified after
geometrical fitting, corrected for scanning losses, is 138 + 68,

£
Several sources of background for the production of both single e or e

- . ' .
and e e pairs have been considered.

a) e+ from the cdecay of ﬂ% at rest at the primary interaction point
b) e which are éwrays
c) Compton electrans and asymmetric y—rays

. . X - a .
d) Secondary reactions like wp —> ® X close to the primary vertex

L»? Y e
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e) Semi-leptonic decays of strange particles e.o.

+ -
i)Y OKm e e

JE S
i

0 pA
—r T B8 W

ii) K
ii1) AT = pe”w
f) Asymmetric Dalitz pairs
Source a) can be removed if all candidates of momentum less than 100 ol /o
are ignored. Sources b) - e) would have to occur within about 0.5 cm.
(real space) of the primary vertex for there to be neo visible kink or
interaction. Both b) and c¢) would give an extra negative track; events
with an odd number of primary tracks were igrniored by the scanners. The
background due to e) has been calculated and amounts to ~0,09 of an event,
The largest source of background comes from asymmetric Dalitz peairs. The
number of m° produced in Pp interactions at 15 GeV/c has been measured
[25] and the average number of x° in each tonology was found to be
given by <nmg> = 0,97 + 0,37(n/2) where n is the number of charged
prongs. Using the topological cross sections ( chapter4, table I ),
it was estimated that 1.775 ®° would be produced per event, averaged
over all topologies. 1/80 th of all @ will produce Dalitz pairs [26]

giving 166 for the number of events studied here,

Since no candidates for direct electren/positrnn production with
an associated straﬁge particle remain, only an upper limit can be given
for the eivoﬁzi ratio. Taking into account the various scanning effic-—
iencies, measuring efficiency, and the fact that only e¥ of less than
~ 600 MeV/c can be detected by their spiralling in BEBC, an uppar limit
(calculated at the 95% confidence level) of 1.4 .10—3 was calculated for

the above ratio.
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6.5 Comparison of Inclusive ¥ Production in e e and pp Annjihilations

Both ®e and Bp annihilations have 5=0=B8=0 in the initial state
and JPC =17 for Be at s = E ¢ and JPC = Dm+ or 1 for pp at s = 4mf,c
One might therefore expect €e and Pp annihilations to be the same in the

reqgion of s = 4m2 However, there is no a priori reason why they should

N.
be equivalent at higher energies. It has been noted [27] that there

are some remarkable similarities in‘numbers of prongs and average charoged
multiplicity distributions. For example the average msan charged topol-

ogy for €e is 4.3 L 0.1 and for Pp is 5.46 & 0,14 at 5 = 4.9 GeV. Also

the total annihilation cross section eppears to be related i?&]:

’ )Ee ~» hadrons

o (s S)ﬁp —~» hadrons (annih.)

2 0,9 .10"60*(

Since this relation applies at energies above threshold it seems reason—
able to compare other cross sections at the same centre of mass enerqy
for both €e and Pp annihilations. A scheme proposed by Bjorken and
Kogut, and by Brodsky and Gunion [29] in whkich hadron production is

universal ( depends only on 4§ ) supports this experimental evidence.

However, if hadron interactions are collisions between the constit-
uent quarks, then pp annihilation can be seen as the result of up to
three guark—antiquark interactions,; each leading to a jet of secondaries.
Following a model proposed by Rosstand Veneziano [30] , the relation
between the mean charged nultiplicities for ete” and Pp annihilations

is of the form

<nc(‘/?) Pp 3<nc(€-‘)>§e , with rl= 3.

A more detailed analysis suggests that n shauld be ~ 4,5 .

The PLUTD collaboration at DESY [31] have published results on
inclusive K° production crass sections in €e annihilations from 3.6 to

5 GeV centre of mass energy (Js'). The KZ yield, relative to
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Be —» hadrons, shows a sudden increase around 4 GeV, which has heen
interpreted as a threshold for charmed particle pair production with
subsequent dercay into strange particles. | A grocup at SLAC [32] have
also studied the production of KS in ©te anﬁihilations for 45 between

s
3.4 and 7.6 GeV and find an increase in the inclusive szcross section

around 4 GeV and structure at 4,028 GeV and 4,415 GeV.

Two variables are defined which represent the Koyield per annihil-

ation event i~

0’( Bp annlhllatlon> KSX ) c_( e+e- - sz )

& ( pp = annihilation )

o ( ete” — hadrons )

These variables are plotted in figure 4 as a function of 45, and the
gstimates of R1 at various energies from previously published dala
[33,34] are given in table III, "he pp data show an increase in h1 up
to /S = 13.76 GeV ( the highest energy data auailabie at present ).

In this experiment, at 4§ = 4.9 GeV the value of R1 is found to be
0,129 * 0.018, which is of the same order of magnitude as the value of
R2 found at neighbouring energies. The values of R1 do not show the
sudden increase found for R2 [31] . No conclusions can be drawn con—
cerning the presence or absence.of structure in R1 at 4 GeV and 4.4 GeV

due to the lack of data in those regions. The data are also shown

( figure 5 ) with R, as a function of J§ { for pp ) and 3R, as a function

1
of §5/4.5 ( for Be ). The trend of the data is for a roughly linear
increase of the K° production cross section with QJE‘. However, the

mean charged multiplicities in fip and €e annihilatioen [27] are not

well reproduced using this model [30] .
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TABLE T
The upper limits on the inclusive production cross—section times decay
branching ratio for D-mesons, D¥-mescns and Ac—baryons at 95% confidence

level.,

CHANNEL o x BR
- (ub)
p* s f;n+ 2.4
D° - ng+n" 4.5
D" > KSan x" 10.0
D° - 3221+2v— 4.y
p" - ﬁ23w+2ﬂ— 2.0
Xt . ng+ 1.5
D*® > K3r'm" 7.0
p*t & Ko2n"w 6.7
p¥o , Roonton 4.9
p** > Ko3wton” 2.4
Ac > Amt 2.9
A, > Ax " 5.2
Kc + Aw 2.8
[ o w w 5.3
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Upper limits, at 95% confidence level, for the production cross-section
times brenching ratio of pairs of charmed D mésons and D¥ mesons for the

different DD combinations.

. REACTION or x BR .
T (ub)

p*p” + p D 1.1

. LK;n+ LK%W—

ptp*"+ pp** -~ 1.0
LK°«+ LKOﬂ—

S
p**p~ + p*p?t 0.9

L?°n+ LKOW—
S S

p*rpX~ 4 pX* p*t . 1.0
LK°n+ LK°w-
S S

pef®  + Dop° 1.9
LK§ﬂ+n- LK;n+v-
pepXe 4+ popfe 1.0
Ligﬂ+n— LK;g+ﬁ-

ptoPe 4+ Drope - 0.2
LK°n+v— LK°x+n—

S S
pXopXo 4 PropFo 0.7
Lﬁgn+n‘ LKgn+w-
p*tn” + oot - 0.4
L§22v+n- LK;2R_R+
p'p*™ 4+ P'D’* 1.2
L—K°2ﬂ+v— '->K°21r-1r+

S S ‘
p**p™ 4+ p*¥p?t 1.1
LK22n+n— LKg2ﬂ—v+ ]
pX*tp*~ 4 p¥Tp*t 2.2

LK§2W+1T_ LK§2'n—1r+
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- TABLE IT (continued)

Depe + D°p° 0.7
Loonton™ Lxoonton"
>KP27 27 >KC2nm 2n
S S
pep*ro + Dop*o 0.6
LT(—°2w+21r— LK°2w+2Tr—
S ’ S
p*opo + Dope ~ 0.7
LE02W+2W— LK02ﬂ+2ﬂ—
S S
DKO'D'}EO +EKODKO V 1.7
LY°2ﬂ+2ﬂ— LK°2H+27T—
S S
+o - ~+

DD ~ +DD 1.
LK23W+2W‘ LK;BH_Qw+

p'p*”  + pTp*t
Lfgjnf2w~ LK;BW—Qﬁ+
p¥tp~ + p*pt 1.

LK§3n+2n“ LK;3W"2ﬂ+

pE+pXT  , pX-p¥+ 0.7
Lﬁg3w+2n’ LK;3W‘2w+
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TABLE TII
The inclusive production cross—section of KS in pp and pp interactions

and R,, the Kf vield per annihilation event, at various energies. When

1’

not available the pp cross-section is obtained by extrapolation from

surrounding energies.

¥3 . .o(pp + K;X) o(pp ~+ K;X) o(pp + annih) R1

GeV mb mb ' mb

3.6 2.27 + 0.19 [0.104 + 0.014 [19.15 + 2.04 [0.113 + 0.016
4.35 2.05 + 0.10 . [0.41 + 0.10 [16.33 + 0.8 [0.100 + 0.010
4.88  2.14°+ 0.19 |0.58 '+ 0.02 [12.1 + 0.8 [0.129 : 0.018
6.84 2.24 £ 0.20 |1.26 + 0.03 |[7.86 + 0.36 [0.125 + 0.026
7.86 3.4 % 0.25 [1.7 & o0.2 7.31 + 0.23 [0.192 + 0.04}
13.76 5.2 + 0.4 4.1+ 0.3 3.32 + 0.35% [0.331 + 0.155




Number of combinations /0.03 GeWe® .

Number of combinations 70,03 Gev/c?
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