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. ABSTRACT = -

'Tﬁb rare final staﬁes béoducéd by 10 GeV/c' k' mesons
in hydrogen are analysed, and values are given for many of
théir cross-sections, as well as details of the ambiguities
present. Resonance production in these states 1is eiamined,V
and evidence is presentéd fér tho ﬁrodudtion of the |
K™ (890), the Ki(1420), the ¥ (1385) end the f£'(151h)
rééonancas. Finally, the production oharacter;etics of the
anti~cascade perticle are 1nveétigated and poséible production
mechanisms are suggested for -the 3-body final states. No
event was detected which could be reliably interpreted as
involving the production of.the anti‘dmega particle.
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'CHAPTER 1
INTRODUCT ION

1.1 The Spectrum of Particle States

When the nucleon is exposed to a beam of high energy
mesons or nucleons, it is transformed into short-lived states
of higher energy, which are known under various names, such
a8 'hyperons' or 'resonances'. These states form a spectrum
of baryon states, of which the proton and neutron form an iamﬁh
ground state doublet. All other states ocan be reached by
supplying the nuocleon in the ground state with the necessary
exclitation energy.

Some of the exoited states have different charges from
the ground steate. SOme have different strangeness, or hyper-
charge. The excited states return to their ground state in
.one or several steps, with fhe emission of n-mesons, K-mesons,
1light quanta or electron-neutrino (lepton) pairs. |

The charged mesons and the lepton pairs are charge
carriers and are therefore emitted when there is a charge
difference between excited and ground state. The K-mesons

are also strangeness ocarriers and are emitted when the strangeness

changes.
©.8. ff —> P ﬂf
R W PSSP

) (1765) —> ©HNEK .

An odd situation ococurs with the lower excited states of dif-
ferent strangeness, such as the ones designated by z: ’ [\, and
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ZEE:. They cannot de-execite by K-emission into the ground
state because the mass bf thb'K;meson is higher than the energy
difference. These staﬁeg, thereforo, would be stable, if the
oconservation of strangeness were an exact law (such as the
oénsorvationldf'elbbfrtd“éhéige). In fact, however, strange-
ness is‘oonsérved in all interdctions except the weak inter-
aotions. Théréfbre,—there-exiét very slow transitions from"
these states to the ground ‘state, with the emission 'of ="
mesons, “or Iéptonrpﬁirs,tmédiated‘by”thé weak-interaction.
Hence; the lowest states, with strangeness’ different from
zero are metastable, ‘and decay slowly 'into the only real
stable state, which 1s thé proton. ’ o

" 'Apart from the baryon spectrum, there exists a second
spectrum; called thé meson spectrum, or boson spectrum.’ A
careful analysis 'of the mesons produced by high energy
collisions has revealed that there exists a series of éxoited

states, Teferred to by various letters. p'mesdné.'w méééns;“

Y N
. ~_, BRI L »,' . .. - v
P LR > PR Vet . e sl A
7] meson WA et i ¥ LB e ST e e e e e e A T T
. T e T et s PRER S RIS B SO T IRt B
. N . - . . e . . E . 3 B

.iIﬂ‘transitions'from“an excited state to a lower one, the
energy difference is emitted mostly in the form of mesons,
©.8. the p meson decays to two m mesons.

- The dynamical basis of the baryon and boson spectra 1s
not yet understood. However, inspection of the speotra
definitely reveals multiplet stguctures which indicate certain
symmetries, e.g. Isotopic spin multiplets are present in these
spectfa, 1.0, the‘oharaoteristie'groups of levels of almost
equal energy, whioh differ only in eleotric charge.
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E.g. n‘hino, kao‘

,oto,

The most Lntenesting'gbsoriation,_howeve:,'18 the presence
of ‘an additsional symmetry, to do with hypercharge, and Imown as
SU(3) symmetry. This is based on the idea of quarks as the
building blocks of .the funddmental particles, a baryon being .
a combination ot-3squarks;,and'a.meson.bging & quark-antiquark
pair. ' - |

From such ideas, one can derive a super-multiplet structure
for the levels of a 3-quark system, and of a qua#kfantiqugrk
pair. This leads to the oconclusion that a 3-quark system
gives rise to singlets, ootets and deouplets,;aﬁd that a quark-
antiquark pair to .singlets and octets only. A possible baryon
octet is shown in Fig. l.la, and a boson nonet in Fig,:l.lb.

It was the use of such multiplets which led to the pre-

_ diction and. subsequent discovery of the ﬁflf particle,

strangeness =-3.

1.2 Quantum Numbers and Selection Rules

Particle states may be divided 1nto two groups, v1z.
"stable" partioles whieh deoay through waak or eleotromagnetie
interaotions, and "resonances“ which decay via the strong
interaction. The lifetimes of these states are correspondingly
dirferent. Thua, the stable part1ole lifatime varies from
>103% for the proton, to 207 Ts for the 77 °, while the
resonanoes normally ha?e a lifetime of ~ 10 235.A The Heiaenberg
'uneertainty relation.l A EAt h 1nd1cates that & lifetime
~10 3. 'oorresponds to an uncertainty in energy (mass)

65 Mev. The width or tha stable particles is zero for

practiocal purposes, whereas the resonance has more of =a
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statisticel nature, giving rise to a mess distribution which
resembles a "bump rather than the "spike" of a steble particle.
A parb;cle,stebeJmay be defined by the numbers, .
'H.. » Jy Pg 1, Q._S; b,hLu,.'e, G (for non strange mesome),
where o
&) M 41s the mass of the atate in MeV, _
| T 1s the width of the state, related to its lifetime,/l\' ,

by | = 2 wnere 1 (Mev) ™ =7 x 10 -22,

A~ 7 x 10722 pev.

or 1s

¢) .J 1is the spin of the state.

d) P ;gutge intrinsio pariby.

e) I 4s the isotopic.spin.  The number of charge states is
given.bybﬁal + 1.

£f) Q 41is the electric,chepge,qcentum number,

g) 8  is the strangenees;guegtumlmmmber.

h) B.l;e_thewberyon number, =0 for all meeon‘etates;eru

_ excited meson states. o | ...

i) Lu. L __are the lepton numbers. Zero for all particlee

except ‘the neutrinos, the electron, the muon, and their

antipartioles.
J), G is thefe-parity, defined-later.

A nomenclature which has become commonly accepted is that
I=3, S =0 resonances are called N 'e, and I= 3/2, 8. =0
rescnencee are called ACX's, beryon resonances with "S'= -1 are ..
celled Y 'e, eubdivided into JAL's and z: acccrding to-
their I-spin. ' A

' Inetead,of Etrangeneae, a4 convenient quantity in diecueeiﬁs
elememtary’perticles 15 the hyﬁerchefge, Y, defined as

Y = 8§ +B.
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’ Forwbtrange"'parficles, the charge, Q, differs from ‘i3,
Lo o - - . o, 8 : J t \ ot

the third compornent of I-spin, by a constant which is charac-
teristic of the multiplet, i.e.

- .3 .
Q Iy ¢ 3Y
1.2.1 G-Parity

An additional quantum numbe; is introduoed 1n the case of
mesons . This is the G-parity quantum number, or "1sotopic
parity quantum number. To understand G-parity one must first

look at C, thevohgrge-conjusation operator. This operator

transforms a particle state into its anti-particle state, i.e.

c|x> = {i>,

where X haq opposite charge and strangeness to X. Strong
and elebtrdmugnetic interactions are assumed to be inveriant
under C. For the heutial,‘non-strénge mesons, particle and
anti-particle are indistinguishable, e.g. y, =°. Thus,
these atates will be éiéendfuﬁeb of C with eigenvalue : 1.
(It may be shown that the C-parity of y 18 =1, and thus
that the C-parity of the x° 4is +1,. from =°— yy.) To
extend this symmetry to the charged members, one defines the
G-parity, | |
G = C.R

C exp(in I,)
where R 1s the rotation:of 180° ‘around the y-axis 1n'I-8pin” '

space. Then : ; T | +
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Thus, the.G-parity of~é;qqsliq‘jl, Thg;migns sign arist;frqm
the fact that R(xn) — 7*‘3)? since the eigenvalue of R for -
'qqutral nonfstrange atates-: (91)1. In general, the G-parity
of a multiplet, I of mesons, of whioh the neutral member has

a ohargq-oonjugation parity, 'cﬁ. is

= -1y
6 = ¢y
If a system is coupled strongly toAsupfsjstegé oflquqrityh

G

1 95 3. veess its G-parity will be defined by

G = G G

l « Gy . 03 cresee o
e.g8. the observatlon of p — ' leads.to» G(p) = +i.
For n pions, G = (él) ". B o

This gives rise to a very important selection rule for
strong interactions. 'An even (or odd) number of pions:éannot
'be'tranéfofmed into an odd(even) number of pions, if'the ' -

system is an eigenstate of G

l1.2.2 Parity. .
kTho ﬁayéfunotion'df'an& fﬁndhmenfal particle is an eigen-
state of the parity operator, P, with eigenvalue ¥ 1.
i.e. Py - i+w | ~; even parity.
Py = -y 0dd parity.

In praotice. one is oonoerned with systems of at least two
partioles, where the uhole wave function can be oonsidered es |
the produot of the 1ntr1nsio parities of the 1nd1v1dua1 par-
tiolea. and the parity qf‘tha orbital angular momentum part

of the wave function. Prom the properties of spherical
harmonics, it may bg seen that the parity is given in terms
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of the orbital ahsular momentum quantum number, L, by
P(L = (1% -

The parity of the protonfis chosen to be +1, and from
this one can deduce the parit& br the pions té be vfl, —

Since parity is oonservéd|1n strong interactions, 6ng oan
make predictions about the > 'of the resonant state from its-
décéy produots} 6.8., one which decays to two ptoné must have
g = o*, 17, 2+; ves ote. (so-called "natural",spinfpgfity.
assignment), since the broduét of the intrinsic parities = +1,
end the ‘angular momentum part = (-1)“ which 1s +1 4if . -
L=0,2 eoo, and =1 1f L =1, 3, ... e’to..l High values
of angular momentum arelinhiyited by the bﬁrrier effect;

Thus, thg,experimonQe:‘attempts to measure_the’masa,and
width of obsérved resonances, and from their decay angular
distributions, or Dalitz Plot populations (whioh are also a
funotion of spin), determine the ’JP_ and I-spin quantum
numbers. | |

. These states may be compared with thosepredicted by the
quark model, as a guide to the success of that schame. States
having quantum npmbers which cannot be formed from a three- )
. guark system, or a quarkfanﬁiquérk pair, are called "exotio",

Meson states &are given desoriptive names, according to
their J° values, 1.e. |
a) »0* .stateékane-oalled.soalarApartioles.

b) O istates .are called pseudoscalar partioles. 8.8. T, M,
| ‘because. Py = -w. unlike most soalara undor an
,inversion.

4 : o o -
¢) 1L states are called vector particles, e.g. K -(890) £(1019).
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d) . 1 states are called axial veotor-partiolee, since true .
vectors obviously change sign under san inversion

e) 2 states are called tensor particles. E.g.. f£(1270),
KN(thO) .

1.3 Resonance Produotion in K+g Interaotione

One must now examine more specific iﬁteraotions,'in
particular those 1nvolv1ng collisions of the pioton, available
in a liquid hydrogen target, with incident K mesons.

It is known.that the three and four-body' final states
from Kk* P 1interactions are dominated by reeonanoe production.
and that an important fraotion of the.reaotione proceed through
quasi-two body etates in whioh the Kﬁmeeon and/or the nuoleon
are exoited to the well*known K (892) andléﬁ (1236) reeonanoes.
The oontribution of resonant prooeeses giving final etates or
high multiplicities is less well-known., Its systematio study
may provide 1nformation on reeonanee production and decay. .The
theoretical models deeoribing multibody final states (multi-
peripheral, statistical eto.) often negleot reeonanoe produc~
_tion, 80 that a better understanding .of the experimental |
situation may lead to‘improved models where it would be in-
cluded. | | |

1.3.1 The Reaction ugzr-fe pKon*

The reaction, Abe~—> pKQn+ | (1)
1s.kﬂoﬁn to be' dominated by the production of a fewlfesonanoes;‘°

namely,
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x* (892)

Kaé(lhzo) T often called K (1420)
A*aaze) .

Each of these rescnances is olearly observable, i.e. the
signal to noise ratio is large. In Pig. 1.2:. 4is shown the .
effeotive mass distribution for M(an+) and M(pn+) from
a K*p experiment at 9 GeV/e¢, by V.G. Lind et al.(l).

The K° 1s produced strongly forward in the C.M.S., the
proton strongly backward, and the n+ either strongly forward,
or strongly backward, depending on whether it is a decay
produect of the K*1892), or of the.ZSf+(1236).

Reaction (1) is considered as being oomposed of L channels

(assumed to be non-interfering), némely

k' —> K ¥ (892)p (2)

K'p — KN"' (1420)p | (3)
& — A6 (1)

K*b — pK°m:+ (non resonant). |

It may be seen from Fig. 1.3 that, for this channel,
the. fraction of observed quasi-two body reactions is approxi-
mately constant at a level ~ 60 - 70°/0 over the range of
incident momentum from 2 to 12.7 GeV/ec.

Table 1.1 shows the relative fractions of events arising
from the four possible-changg;a,'1ﬁ'the present experiment.

If one plots the distributions in =-t, the four-momentum
transfer squared, for reactions 2, 3, 4 (from the initial
proton to the final proton in reactions 2 and 3, and to the
pn+ system in L), one finds a dip in the ceross-seotion at
-t Z 0.1 (6eV/0)2, whioch 1s considered to be due to the
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3.
h‘o

TABLE 1.1 fseg»aer. (2))

ben—>fK°n’§

Reaonaﬁcg* Mass (GeV) » ' Width (GeV). . Fraction :.

?zfg**11236f‘- 1.206 ¥ o;oou | 0.586 : 0;008' 0.27 ¥ 0.02
k" *(892) - 0.895 ¥ 0.002 . o0.058 * o;oog- 0.36 ¥ 0:02

k(200 1425 £ ol006 0.115 £ 0,020 . 0.19 ¥ 0.02
O’ | ) 0.8 Yol
(non-resonent) -

Note that the K'p total cross section = (17.3 ¥ 0.1)mb (3),

72
96

. 51

1+ 4+

1+

10

1 .

47
266

32 ub

01T
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dominance of vector meson exchange(h). the particular mesons
being the ,o(765) (and the w(748) meson). It was also con-
cluded(z) thgt the decay angulgr diétributions of the
KI;(IHZO) favoured a 2% or 3' _over a 1 assignment for
JP values. The KN(1u20)~ decays to two.pseudoscalar par-
ticles, so its spin parity must be natural, i.e. 0%, 17, 2%,... .
The angular decay distribution rules out 0*, and previous _
work(5) ruled out 17, so that 2% and 3~ are the most likely
assignments. The K*(892) is established as a 1  particle.
S8imilar results were obtained by V.G@. Lind et al.(l), who
estimated that the J° of KN+(1h20) 1s 2%, with 18%06
pseudoscalar and 72°/b'vector méson exchange in its production,
the same proportion as for K*(892) production.
The results of the study of K*'production indicate that
the reactions can be grouped into two classes, one with no
exchange of charge @ = 0, and the other with charge exchange
Q=1, e.g. K'p > K*™A*. 1t 1s found that Q = O reactions
proceed by vector meson exchange while Q = 1 reactions have
R-eXchange. The observation of a dip near t'= O in the dif—
ferential croaé—section, %%' for Q = 0 reactions, is charac-
teristic of vector meson exchange reactions, while the non=-
observation of such a dip in Q = 1 reactions is consistent

with other pion~exchange reactions.

1.3.2 The Kaxx Effective Mass
l.3.2.1 ‘The region

One may divide the XKxx mass region into two distinct
parts. The first, between 1.2 and 1.4 Gev/ba, called the
Q-region, and the second between 1.7 and 1.8 Gev/ba, called the
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L-region.
The combined distribution of the K=xx. mass from the re-

.actions,

k'p — k*x'xp L ‘“  (5)

K —. Koxox*p o (e)
is shown in'Fig.‘i.ﬁ,f' This shows the well-known low-mass
enhancement between 1.2 and 1.4 Gev/c?, known as the Q. If
one treats the -Q-rééion structure as a single bump, "the Q",
then its production is highly peripheral, most events hévihg-
a four-momentum transfer squargd, ty of ﬁbdulus less fhaﬁ
0.3 (GeV/c)z. One experiment(s) which fitted an exponential
6Pt to the differeéntial cross-section in the Q-region found
a value of b = 7.1 ¥ 0.2 (GeVYc)22 If the Q-region is con-
sidered as a single object (as 1t was when firsf'discovered)
then the 1972 Particle Data Group(7) give the mass as

1298.8 % 11.3 wMeV/c?, with a width,

82.5 ¥ 21.6 mev/c.

m

I

ﬁbwever, the Q=-region does not have a simple Breit-Wigner shape,

and the number of people who see structure in this region is at
least equal to.the number of those,Whé do not, and the number
of sub-pgaks and their position in the- Q vary widely from
experiment to exXperiment..

The @ has never been observed in the reaction

K*p —49 K°x+x+n,

and thus its isospin was taken to be = 1. (This was later
-confirmed in K D experiments( ) .)

The Q decays predominantly into K (890)1, and KP as
ma& be seen by plotting the two-particle effective masses in this
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The dlstrlbutlon of Kunm invariant mass between ..1.0
and 2. 2 GeV/o . The unshaded histogram contains all
K" T 1t and K°x°x” events in this range; the shaded
histogram shows ‘the ef‘feét of removing all N pro-
duction. An estimate of the maximum K (1420) contri-
bution is also shown., - From K.W.J. Burnham et al.(e’)
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region. Fupthermore, the absence pf signal in the K=x channel
in the Q-region, suggests that states of the unnatural spin-
_parity series, o, 1%, 27, .... dominate the Q. All experi-
ments perfopmed s0 far have suggested a strong preference for
the ‘14 assignment. |
The possibility of more than one resonance in this region
arose from the apparent variation in the mass of the vg’ (1300)"
observed in different experiments, and the first observation of
the‘actua; splitting of the "K*(IBOO)" was by Goldhaber gt;gl.
in 1967 in a ‘K*p experiment at 9 Gey/c(g). |
The data from the present experiment also suggested that
‘the Q° was split, with a dip of =~ 3 s.d. below the line join-
ing the peaks. Thus, an attempt was madgs%o fit this Q-
region using 3 models. | '
1) The sum of two incoherent resonances.
2) The sum of two coherent rééonances.
3) The sum of two partislly coherent resonances.
All three models provided a good fit to the data. It is of
. interest that the parameters describing the lower resonant

amplitude‘ in (3), notably,

m =. 1.24 ¥ 0.005 Gev/c?

T = 0.1 % o0.015 gev/c?,
correspond well with the mass and width of the "C-meson" or
the KA(12u0), where the subseript 'A' indicates unnatural
P,

' This meson was studied in annihilation in ps at rest,
 into EKa=x (IQ), and was found to have a mase of 1240 MeV/c2, .
with a width of = 130 MeV/c + The C-meson is in fact con-

sidered to be the only well-established candidate in the Krx
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mass region below 1400 MeV/bz, at the present time.

However, the Dalitz Plot distributions,'and the angular
decay distributions from the present experiment Strongly support
the hypotheses that the Q-enhancement consists of two 1+’
‘resonances. o

The nature of the Q-region was alsb'ih§ééfigate@'using
data from the International K Collaboration(ll), with &= 96,000
events at fourteen beam momenta, in the :gnge, 2.5 — 12.7
GeV/c. This collaboration used a "w?rlg'?ape“‘containing data
from many experiments, 1ﬁc1uding.the'pr§§§gt one. ‘The reactions

investigated were

K+p — K*xfxfp , (77,267 events).
k" P — K°x*2%p o ‘(;3,806 events).
To measure the spinpparity of the ‘Q, they analysed the angular
distributions of the dominant two-step decay,

Q@ — K %*—» g*a™x* (K'° is the K< (892)).

Their results gave JF =1 (although allowing lesser fractions
where JP # 1*). .Furthermore, the Dalitz plot densities

gave good fits only to JF = 1%, and their results were clearly
incompatible with the interpretation of the Q as a single

PEsONance.

1.3.2.2 The L-region

| Above the K (1420) is the "L-regionP,”iLé; é very definite
bumb around 1800 Mevlca. Enhancements in the »me and Ko
effective masses near 1800 MeV/c> were first reﬁqrted by Bartsch
et a1.(32), This enhancement was first thought to be simply a
KN(IMZO)ﬁ threshold enhancemént.'ﬁut'fu:ther evidence for decay
to 'K*(890)x and K*(890»o’ from this éxperiment, has helped
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éstabliah the L as a true resonance. Good evidence for decay
to K*1890)Q was also found. '

.The Particle Data Group Table of 1972 gave as the mass:and
width: L(1770)

m = 1763 * 10 MeV/c2
"= 100 * 109 mev/e?

!

with an I-spin = %, and J° = 2~ favoured, with 1% and 3

.
l

+

not excluded.

1.3.3 Other Results

In addition to studying the Q and L regions, and quasi=
two body final states, the collaboration also submitted a paper
to the Lund Conference on "A Double Regge Model Ahalysis of the
reactions K’p-—é K*wop, and Kfp — beop at 10 Qev/c“;
(BirminghameGiasgow Collaboratien),

Using a modified CLA model (Chan, Loskiewicz, and Allison(13)),
they considered thé reactioﬁ

K'p — k%% - «°(783) — x*x7x°

' — ' £@Qo19)— x°%%°, 'k .

Their results showed that the modified double Regge model used
in'the‘analys;s appeared to provide a good description of single
particle distributions. This was especially true for the
K*p?—> waép channel, where the parameters fequired no change

between 6 and 10 GeV/c incident Kaon momentum.
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1e304 i(-;s_

A 175" ig a strange baryon resonance with. S = +1,

.l.es Y =2, Over the last few years, several experiments
'have been performed to try to detect baryon resonances with
hypercharge, 2, in K*p and KfD collisions. If such

N resonances do,eﬁist, the consequences aré‘vgry'far reaching.
Firstiy,,the well-established hadron resgﬁanéeé have gquantum
numbers which permit their classification as,ngrk-antiqnark
(mesons), or triple quark states. Each quark.is,assnmed to
havéngryon nugber, B = %3: and only one quark has non-zero
strangeness S = ~l. Thus, a 2 = will not f£it this scheme
 since one woul&‘feduire fivé quarks to form such a state,
§.g- referring to Table 1.2, giving the quark quantum numbers,
- one.poésibility would be ‘

| z g QuPPYY

with charge, +1. : _ _

' R.L. Cool et al.(lu) measuréd very accurately the total
crosé-gection fbr; K*p and K+D_'collisibns.between 0.9 and
2;& Gev/c incidepf momentum, and found one bump in the I = O
and ahother in the I = 1 state. SInce'thep; several total
Across-sections, bhgse shift analyses and‘préduct;on experiments
have been performed. The bumps are arodnd‘1.25_GéE/cvar K*p
'andJIJIB_GeVZb for K*D. . Assuming these bumps to be resonances,
Cool et al. calculatethhat‘the masses would be

me 1.863 * 0-020 Gev/e® with T =0, 150 for z).
M= 1.920 % 0,020 GeV/c? with T =/0. 160 for 3}.
The latest. data indicates that the I = O .siate is still

'very'confueed and suggest gn e;astic resonance at ﬁ:lBOO,MeV/ca



ark’

TABLE 1.2

antum Numbers'

o

Quark I,
Q 3 N 0 +5
Qp 3 '. - % 0 -3
'Q} % 0 -1 -3

- 1e17
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with a width of 300-600 MeV/c>. However, the Particle Data
Group still find the existence of exotic resonances a very
open question, and suggest that very much more px'ecis~ déta
is needed., It may be that production of possible A g 1
strongly 1nhib1ted by the abundant production of K ’ KN' and
A ts. '

There was no evidence found in the present experiment to

suggest the exlstence of these states.

1.4 The Rare Events

An event is classed as "rare" if it includes at least two
observed strange decays in the final state. Their cross- N
sections are of. the order of. 1lOub as opposed to several hundred
ub for common events. . The K'p total cross section is, st 10 Gev/c,
(17.3 :"b.l)mb(B).”‘The'analysis of these events provided
values for previously unpublished cross-sections, as well as

much information on the anti-cascade. The lowest energy state

.
et

for production of a charged =, oecours in

K% — = 3/C |
with a C.M. energy of 3,375 GeVs ..requiring a beam momentum

e

> 5.0 GeV/c. Because of the requirement of production of two
—+

baryons along with the :Ei s the production cross—section is

— +
—

low, i.e. ~ few ub., so that the 51 .fits obtained to —,
étates from the analysis of tﬁe rares, represent a significant
contribution to the wald data on mass, lifetime and production
characteristics of these states, .

There was a :special 1ntéfest in the rare events because of

"~ ~the possible production of an anti-omega particle, never seen
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bgfore, partly becquse of 1ts high mass and very low pro-
duction_cppss—section. However, although possible candidates
Weie seen, thgy were ruled out on the grounds that there were
other more likely interpretations of the event. The first
énti-omega was seen by Je.H. Allérdt in December 1970 in a
K*D experiment at 12 Gev/b(ls);_ The reéctién was

' — OY° /[Cpxtx”

‘L—agﬁ?K*
L—>iﬁ€'

' where the p annthilated in the chamber, forming & "star".




(1)

(2)

(3)
(L)

(5)
(6)
(7
(8)
(9)
(10)
(11)
(12)

(13)
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CHAPTER II

EXPERIMENTAL BACKGROUND

2.1 Introduction

The data on which this work is based was drawn from
several exposures of the.2m.nydrogon-Bubble*chamber~(HBc)
at CERN(l), to a beam of 10 GeV/e K+ mesone. The main part
of the work is based on expoaurea taken in 1968 although
data collected in 1965/66 ia also uaed. Table 2.1 gives a
sumary of the Runs. |

Runs 1, 2, and 3 were analysed by Birmingham, Glasgow and
Oxford Universities in 1966/67. and Runs h. 5 by Birmingham and
Glasgow and Edinburgh, from 1968 onwards. For the 1968 film,
Birmingham took the even-numbered rolla of film, and Glasgow,
the odd-numbered.

Runs 1 and 3 were found to hﬁvé e high proton odn;amination,
compared to runs 2, L} end 5. It has been caloulated b&
Lengler(a) that for 10 GeV/o secondaries, produced by 23 GeV/e
protons at 0° from a Be_targgf, the fatié of protons, pions and

kaons, at the end of a:180 ﬁ;ﬁbeam line is

poxti kY = 300277 21

so that protons will be the dominant contamination. This is
particularly serious because of the relatively high pp total
cross-section ( uo mb against 17 3 mb for K p) It is known

that Run 1 was subjeot to phase inatability in the R.F. separa-
tors(3), and Run 3 had ‘reduced beam purity, due to the opening



Date
No. of pictures

Magnetio field

Run 1

Dec. '65

70,000

TABLE 2.1

Run 2 Run- 3

June 166 July '66
75,000 75,000
17.3L4 kG

17.34 k6

Run' l}

Jan., 168
190,000

16.0 kG

"Run S

Feb, '68

120,000

1734 ke

g°c
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of oollimators, because of poor secondary 1ntenaity.
; The proton contamination 1n Runs L and 5 was estimated
at less than.2°/o (§).Z
InApart'of Run L, dueAtp‘overheating in the magnet coils,
the current was reduced fremfl0,000A to 9,0004, thus lowering

the magnetic field value in the centre of the chamber.

1.e. Roll numbers Run Magnet Current

1A —11B ol 10,0004 (Roll 3 - Bad
| { £ilm)
13A — 91B L 9, 0004

(K~ £41m in here)

261A — 379B 5 10,0004 -

The distribution of beam momentum.for‘fitted ;venta on
the final DST is shown in Fig. 2.0. The centre of the dis-
tribution is = 10.08 GeV/ec.

Since estiﬁhtes of beam contamination were obtained by delta-
ray scenning, this method will now be described.

2,2 Delta-ray Scanning

A delta ray is defined as an electron ejected with energy
large compared to the ionisation potential. So the binding
of the electrons can be neglected and their collisions with
the incident heavy parﬁicles evaluated by means of the
Rutherford scattering formula. |

At relativistic velooities; a quantum-mechanical caleule-
tion results in a modifying factor so that the number of col-

-2

lisions in traversing an interval dx g cm of the medium,
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resulting in energy transfers E!' —> E!' + dE' is “"'),
2 | ; ,
£(E')dE'ax = Z2RE.® ngdE' (1 -~5;~§1 )ax (1)
my A B! c™ E!

) max

where <+ and z, are the velocity and charge of the incident
particle, N, 1s Avogadro's number, Z and A the atomic
and mass numbers of the medium, and m. the eleotron mass.
The maximum transrerablo energy, Exgxax; s given by
' 2m v2 .
Bnax = —5 (2)
where f = v/e for the incident partiecle (not electroniec)
and m, = ‘@lectron mass.
Thus, for a given momentum, a muon may transfer more energy |
than a kaon, whiéh in turn may tranarer‘mo're energy than a proton.
. In faot, the maximum energy transferable by a 10 GeV/c
muon 1is o 9 GeV
kaon is o 0.4 GeV
proton is- & 0.1l1 GeV.
This faet was used, | _
a) to obtain an estimate of muon contamination,

b) to obtain an estimate of total kaon beasm track length.
Delta-rays appesr as single tracks, béginning on beam
tracks, curving to the left and having minimum bubble density.
Their ecurvature was nieasured on the table, using a template
to classify them as type A(DJ;OI), type B(D102) or neither |

(momentum too low).
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Typé A edireaponde‘to a momentum, p,
"in 0.11 GeV/ec < p, < 0.4 GeV/e,

and Type B corresponds to a momentum

S 0.1 GeV/e.

A TB

Thus, all D102 types must be due to muons. From this,
one can calculate the nnmber of D10l's due to muons and there-
fore calculate the nnmber due to kaons (and which cannot be due
to protons) and from equation (1). therefore eatimate the total
kaon track 1ength.

2.3 The Chember

The qhamber used was tpg CERN 2m ehamber(S), filled with
liquid hydrogen at a temperature of 26°K, and d‘preaaure of
several atmospheres. At expansion, the pressure is reduggd to
_naarly atmospheric pressure. The chamber contains 1.0 m
liquid hydrogen with a density of 62.75 kg/m at 25.82 K and
1.9 atmosphéres, at beam entry (i.e. after pxpanaion). The
magnetio field at the centre ia nominally 17.l4 kG, and four
50 mm cameras provide a visible volume of 200 em x 50 em x 60 om.
Fig. 2.31 shows the relative position of the chamber planeaf

The beam enters the chamber in the X-direction, with a
. spread in the Y-direotion. The sbregd of the beam is shown
in Fig. 2. 2 As shown in Fig. 2.3 , about 160 em of the
medial (f;e. beam) plane was visible to sll four cameras.

The chamber is viewed in the diagram, from the camera plate.
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There are fiducisl marks on all three planos, to be uaod in
the three-dimensional re-oonatruotion of the ovents. Tﬁo'
scanning grid, used to. provide o rough poaition or vortiooa
for measurement, was based on the layout of the fiducial
marks on plane 2, shown in Fig. 2. h - - |

‘ In the X-direotion, the fiduoials, 201 - 212, were
divided into 10 regions and in the Y-direction, fiducials
203 - 262, plus 1 ecm (in the chamber) on either side, were
divided into 10 regions. The first digit of the 3-digit
fiducial . name gives the plane on which the fiducial is etched.
The fiduoials on plane 3 were "gull-shaped", 1i.e.

The pooitions of the fiducials mentioned above are given in
Table 2.2.

The chamber was illuminsated by three flashlamps with a’
1ight-pulae duration of approximately 200 Bs.

Four cameras were used, with a fooal length 182 hﬁ.,:
at t/32.4'The'oaméraafﬁéro'given names for use in scanning and

measuring, viz.

camera (1) - TOP lj

o (2) ENTRY 2
o (3) EXIT 3

" (L) sou':‘mdxé: L.

The relative positiona of tho oamoraa on the camera plate are
shown in Fig. 2.5 . Tho eoanning grid was used with the TOP 1
view, with a (tablo ohamber) magnification of 0 8



fiducial

201
212
202

203

TABLE 2.2

2.7

Camera Window (no. 2). Plane 2

0.0

1425.08

125.10

125.19

“ Y» .

- 194.90
194.90
'389.50

0.0

“at 20°¢, ¥ 0.05 ma.

uni_t,s s Imm.
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2.  Seanning

'The scanning grid was divideq (as described in Section
2.3), into 10 regions, denoted P, Q, ... X, ¥, from beam
entry to beam exit, and into 10 regions denoted 1,2,3... 10,
from left to right across the table. On the scan sheet was
recorded,

a) The roll and freme number.

b) The event number, -

¢) The topology (see later).

'd) The grid position of the primary interaction, followed
by the poaifion of kinks (charged decays) and'nrutrdl
decays (vois). ‘

~e) Comments - usually restricted to "COM Vo", if a
neutral decay appeared to point to more than one event.

Every event wvas recorded, except two-prongs which were recorded,
only every fifth roll.

'%ommon" evénta, i.e. evéntb with at moat one seen decay, were
reoorded only in grid regions P-—%»U anluaive, if the decay
ocourred below the top half of region, Y.

"Rare" events were reoordquanywhqre 1n the chamber.

A?beam 66un€ was taken every 50 frames,

Events ocourring ‘in "bad? frames were not normally
accepted (at the aoanning atage) unless they were of special
’1nterest (e.g. a track uhich appeared to have a double kink,
or a VO pointing to a decéy‘vértex). A "bad" frame is defined
as one in which |
,a) whole or part of the frame has not been exposed,
bj' thg4$rame has been maltiply exposed; .
¢) more than one of the three views is missing,;

d) there are more than 30 tracks, of any sort, croaiing the
line separating regions R and 8.
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A check was kept on the number of bad frames.

Two scanners were employed, one with the grid on view
TOP l, with acbeas to view. EXIT 3 to resdlvoldifficult'eventa,
the other with view BOTTOM L. a Vp/uwaalaocepted-if it pointed

to within 2 em of the interaction, or decay vertex.

2.4.1 Topology of Event

The topology of an event is desoribed by a three digit
number, e.g. 201, 411, etc. The first digit gives the number
of charged prongs leaving tha.primary vertex. The second
 digit gives the number of those charged prongs which are seen
to decay (excluding T pe decays), snd the third digit gives
the number of visible neutral decays assooiated with the evont..
For a "rare" event, the sum of the last two digits must be at

least two.

2.4.2 The Program CPSCAN

The program "CFSCAN"(6) is a book-keéping program written
at Glasgow University to look after the details of séanning~
information, comparison of two scans, and to produce a list
of events to be measured. | ’

Each scanner has a code neme, consisting of a letter
followed by a digit, and each event recorded on the sean sheet
Vwéa transferred to a punch-card on en IBM card-punch. The
information on egoh scan-oard is exactly tbat on the scan-sheet.
If any roll of film has been double-scanned, CFSCAN compares the

information, accepts what is common to both, and prints out a
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a list of incongruities, which are then cheokeq by a physicist
in a third scan. This 1nfonmat;on fromvthe.third‘eeen is '
punched on cards, and CFSCAN.ueeg it to update the segnning‘
record, stored on magnetic tape on the>01asgew‘Ug;vefeity
Computer, an TBM 360/Hh. The eienfa found on & single soan
are automatically accepted for measurement. _ihe film from
Run 1 and Run 3 whieh wa's reFeeahged id‘Eaihbhfgh; was com-
pletely double-scanned by ecahneis gnd’check-iegenéd by the
author, but only 2/9 of the 1968 f£ilm was double-scanned.

In Table 2.3 1s given a 1list of the different topologies
- fourd at the scanning stage in 70 half-rolls of 9000A f£ilm.

2.4.3 Consistency of Scanning in Birmingham and Glasgow/
- A Edinburgg' S

Six rolls of rilm which had been seanned and measured in
Birmingham were eoanned and meaaured 1n‘ﬁdihburgh, and the
results compared. ’

Binmingham’soaﬁned 37 *good" events.

Edinburgh scanned 39 ~"geed"»evente,
of 'which 3l were oommon. Since the Glasgow scanning was
known to be eonaiatent with Edinburgh scanning, from a check
on 27 half-rolls scanned by botﬁ, the°aiSﬁmption ef‘conf

sistency of socanning was assumed to be satisfactory. ’

2.5 ' Measurement
The great majority or the rare events were measured in

Glaagow University on a "National“ maehine, and later re-

measured on the SHP (Soanning Meaauring Platten) machines.
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Topology Number Found at Sem‘g Staga
201 | 3,106
202 : 322
203 32
211 - - 58
212 - | 7
401 ' 2,752
Lo2 . 242
403 11
Li1 : 89

412 _ . 9
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Appreximateiy.77°/o ot ell eventu eent rot measurement lucn'
eeeded in paeeing the Geometry programme(7) at the firat’
attempt. All rare events round on a single ooan ﬁere'aoeepted
without question for measurement. On average, less than ten
candidates. for rare events were presented per'half roll of-
750 frames, which means that the time consumed in loading and |
winding the fi;m forms a large fraction of the,total time
taken for measurement, unless they are measured eiﬁultaneonely
with the common events. The same is true for ionisation

consistency ehecking.

2.6 The Program “Geemetgz"
The prinoipal task of the Geometry program 13 to cal-

eulate the momentum,‘g, at the eentre of each traek, and :an error
matrix, <op1 dpj> on thie momentnm. In addition, the
program calculates the epatial coordinates of all vertices,
together with errora, and also worka out the topology of the
event. The set of meaeured pointe for each track 1a fitted
to a helix of radius p. From the parametere of the fitted
vhelix. the momentum variablee of the traek used in the
kinematie fits are oaloulated. These variablee are all de-
fined at the centre of the track, and are ﬁ. the ezimuthal
angle, tan A, where A ;a the:engle of dip, end %3 where
P is the momentum of the track in GeV/o. The momentum p -
is given from the radius of_the_hel;x by

- O.3Hp _..~"3
P = E%TE x. 10” GeV/c

where H 1s the Z-component of the magnetic field in kilogauss.
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- The program also calculates the "meaéurement error", 6, for
each fit where 6 is the R.M.S. displacement of the meaéured
points about the fitted track (on film), normally ~ 1lOu. To
the measuremént errors calculated from the helix fit, are
added  the uncertainties in the momentum variables caused by
multiple Coulomb scattering. This then gives the error on the
momentum., |

Note that % is used as a variable rather than p, as
this reciprocal is linearly related to the curvature of the
track which is directly related‘to the measurements and there-
fore 6(%)2 is expected to be more Gaussian than é(p)2 .
‘Note also that the helix fits are mess dependent and each track
may emerge from—Geometry with{three fits, 6ne to a kaon, one
to a pion, and one to a proton, each with different variables
and errors. Those fits are stored in the Helix Fit List (HFL)
in the record.‘ The use of different values for the particle
mass affects the results of helix fitting in two waysS
1) The momentum and angles differ because of the different
slowing down corrections - this is significant only for low
energy tracks. 7
2) The calculated errors differ because the Coulomb errors
are mass-~dependent.,

For very low momentum tracks, four separate fits are carried

out, using K, ®, p and e masses.

2.7 The Program "Kinematics“(a)

This program takes a given reaction hypothesis and tests

it against the data presented to it from the "Geometry" program.
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Some fitting procedure has to be carried out for two reasons:
firstly due to measurement errors, the kinematioal variables
will not satisfy energy-momentum conservation at an interaction
vertex, and one needs to obtain the best estimate of the "true"
values of these quantities, which will satisfy the constraints.
The second reason arises from the lack of knowledge of the
particle causing the,track. The nature. can sometimes be imme-
_diately seen from pnysicel.reasons,&such”asﬁion;sation density,
but only rarely, especially at 10 GeV/c... Therefore it is
_nheceasary to test a vsriety of,hypotheses‘or particular mass
assignments for one event, and this is done.;n,the fitting
program, using a. X 2 test as goodness~of-fit criterion.

. The theory of 7(2-testing demands variables whose errors are
normally distributed.. ,

o From the geometry record, Kinematics.calcu;ates the direc-

tion cosines of a track,

L = ‘' cos 4 cos A
h'

= sin 4 cos A

N w

z = sin N,

The constraint equations at a vertex then become

' Z ‘Pi' cos gecosA = 0O~ ' .Zp‘i‘x'. ‘= 0
: 1 ‘ B $
S p,sindcosA = O or J.pl. = O
1 ' ' : , 1 iyi..
. T |
_ 2 2
; = (pj_ + mi) = 0
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Upon solution of these equations, the .program also yields a
new set of errors for the fitted variables which will in
general be smaller than the measurement errors.
| If o, is the error on the measured variable,. ><‘ o?
then the program will choose as its best estimates, the variables,
><1' which satisfy. - ‘ oL

'Xlg Z (Xi -EX m) = minimunm

1 o, R :

= for a brief Justification of this method,.. see. Appendix 2A.

2.7.1 ginematic gittigg

If one wishes to test an event against a given reaction
hypothesis, one must first describe each track, and the par-
ticles at each vertex, as well as the order in which *Kinematics"
must "f£it" the event. The data describing this is fed in, on
punched cards, which give, for each hypothesis
a) the topology and hypothesis number,

b) the number of tracks in the reaction, 1nclud1ng the beam
track,

¢) the number of vertices, and the target particles at each
vertex (0 for a decays

d) one card per track giving (1) starting vertex number
(1i) end vertex number
(111) electric shsrge
(iv) code number (e.g. 5 for proton,
6 for Z" etCe)y

e) the total number of fits, and the order in which they should
" be attempted.

(The interaction veriex is normally given vertex number 1l.)

In choosing a fitting sequence, the general philosophy is
to first perform the fits which have the best chance of having
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the highest number of constraints - usually this is 3, corres-
ponding to fitying a neutral decay to a vertex, where the momentum
of the Va- zero is unknowﬁ. This is known as a "3C-fit".

If one attempts a fit to a hypothetical_chgpged decay at
a vertex, usually this will be a 1C-fit, if the length of the
decaying track is adequate to allow an estimate of its momentum
or a OC-fit, if it is straight.

i O0C=fit is not a fit at all. simply a calculation, and
there can be no estimate:of Wheﬁher,;t is a good or a bad "fit" -
_sinqeﬁit is not poss;ﬁle‘to,calgulate a.')éz-value. Sometimes
a OC-fit at a charged decay vertex gives two physical solutions,
both of which must be tried. Events giving rise to OC-fits
(é%'the primar&vvertex) are not'acceptable.

Hypotheses involving an unseen neutral from the production
.vértex, and a charged decay vertex with.no assoclated y-zero,
are likely to give rise to OC-interaction fits. In Edinburgh,
it was decided to fit only the 2ll-type topology in such cases,
and not the Y4ll-type, dﬁe¢part1y to the very large number of
such hypotheses which it would be necessary to construct and
run, and aléo to the fact fhat such events would be fairly un-
reliable,idue to the small number of constraints involved.

In Birmingham, 1t was dgcided to test such‘h&potheses;

and in this way, fits were obtained to reactions such as

k*r —> % x*k%*xT (x°)

L__?p“;\\—;u*w'

which were not atteﬁpted in Edinburgh.
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2,8 Choice of Hypotheses.

There is a very large number of possible final states of
the reaction

K*p ——> anything, at a K* momentum of 10 GeV/c,

corresponding to a C.M.S. energy of L.4b6 GeVﬂH;Q' The different
possibilities were computed by the program "HYPOTH" (9). which
is told the C.M.S. energy, the initial state and which laws are
to be conserved. From this list were selected the "rare"
reactions which could give rise to at least two visible decays,
and from this subset were chosen those ieactions which it was
thought possidble to fit in Kinematices, having regard to the
points mentioned in the previous section.

In this way, 362 hypotheses were chosen, with a maximum of
fbur charged prongs and a description of each for Kinematics
gave rise to ~ 5400 cards. The hypotheses were divided into
four groups to avoid "overflows"™ in Kinematics, with ¢ach group
containing approximately 10 202 type, 20 402 type, and 60 other
hypotheses involving at least one charged decay. '

In addition, a separate deck was made up of 26 212 type
hypotheses and 25 411 type hypotheses, involving the decay of

—_— — —

jz;j,ﬁ;;j:rl-, or () particles and an unseen neutral from
the interaction vertex. These were run later but produced no
fits.

The hypotheses numbers were agreed with Birmingham Univepr-
sity and a 1list is given in Appendix 2B, along with the number of
fits obtained in each laboratory.

As a summary of hypotheses tried in both laboratories,

are listed below the numbers of each topology tried.
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- Topology . Number .tried in ' Number tried in
Edinburgh _ Birmingham

202 Co 39 _ . © 3
203 | 8 | 30
211 u6 | T us

212 : .+ - 5o = ST 88 -
402" o 7 | S ¢ A
L1l o T 66 ‘ 150~

2.9 Kinemstics Output

Each Geometry tape submitted to 'Kinematics' results in
the production of four Kinematics output tapes end four sets
of print out -~ because there are four separate Kinematics
decks of hypotheses. BEach fit must be checked for consistency
- of 1onisation density and for chi-squared.probability. Any fit
which involves. either a production.fit probability of < 19/b
or an overall fit probability of < 1°%/0 1is rejected. Birming-
ham used the same criteria. This "bubble-density" checking is a
very slow process.with rare events because of film-winding and
loading time. An event which is obscured may require more than
one view to verify the fit. Where an event had more than one
.fit, no account was taken of tﬁe relative probabilities in
deciding acceptable fits. |

After the fits are verified, they are written on to a .
~DS$ fff(Data-Summary Tape) using the Rutherford Laboratory
Program, "Judge" (10).' For this purpose, a '"choice-card" is
‘punched out for-each fit to tell Judge which fits.to take, and
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which to ignore, on the Kinematics O/P tape. Obviously, this
rééﬁlts'in four séparéte. Dsf's qiwhere the.sémeievent_mé&,occur
on more than one tape. If the DST's. are joined simply end-to-
end, this creates difficulties in weighting events and calculating
cross-sections, since it is necessary to know about .the ambiguities
when weighting an event and for this,- it is necessary for the fits
to be written up in striet numerical order. Therefore the author
wrote a program, DSTMRG, which writes the combined D.S.T. in
nunerical order of frame number. This means also that a D.S.T.
produced by a remeasure may be combined with the original D.S.T.
at a ‘later date. The events are now ready for analysis.

In' the ahalysis of the Run 1 and Run 3 £1lm, -every event
was re-cXamined after measurement and, ﬁhere possfble, glven e
chance -of two re-measures if it falled to produce a fit.

In the Runs 4 and 5 film, the events were re-measured if
they falled Geometry 'and later, every event was remeasured.

‘The care which needs to be taken when analysing rare events
was amply demonstrated when one 411 ‘type event which had failed
to produce ‘a fit, even though it loocked. a certain candidate.
for fgifbr _E:i_k (since the: V° was almost certainly associated
with the decay vertex), failed to produce a fit after careful
measurement on the Vanguard-Machine‘in Edinburgh. Although the
V° gave a good fit to )K?——a— p =¥ , -and the decay gave a
good ‘fit to

=t K ’
Pandi \

the interaction fit failed. The most puzzling part was that for
the lowest mass combination for a 41l of this ‘type, i.e. -

+ —t ¥ - N
K'p— ,i/px*'u (N)
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the mass of the unseen neutral was calculated at only 900
MQV/Q?!; i.e. there was not enough energy to form a ./\?'.

The mystery was solved when the event was being remeasured

as the measurer noticed aAvery slight kink on one of the prongs
leaving the interaction. The event was moasured again as a
L4L21 and as expected gave a fit to

+ i+ + -
Kp —> ~—, TN

-

which is, of course, a lower mass combination, However, this
event had been scanned twice and measured twice before the

}:]* = decay was noticed. Since this event inoreased the number
of = ''s found in Edinburgh by nearly 10°/0, this demonstrates

one difference between working with common events and rare events.

2.10 The Lifetime of_Observed States.

One may estimate the mean lifetime of states by making a
logarithmic plot of observed lifetimes in bins of suitébla
size, and fitting a straight line to the data, However,
putting data into bins results in a loss of information, vigz.
the position of each event in the bin. The 'Maximum Likelihood
Method', which uses each individual event, should give a better
result. :

The Likelihood function,ézﬁ » Which is a function of one
parameter, |~ , the mean lifetime, is the product of the proba-
bilities of each event having that particular value of lifetime,
assuming that the event came from-a parent distribution
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A~ e
oharacterised by the value | . One then adjusts ! . to

maximise this probability.
the Likelihood function 18,

Z-T]

where tmh%. and ¢ . are the upper and lower observable times

-t./~
6 . s RO

Y : .
T toing = “tmazy

° 1 emaxfr

for that event, due to the finite sige of chsmber and minimum
visible track length (taken aﬁ 0.3 cm.). The above function,
éZi,‘ may be maximised by Newton's Method, and this was the

method sdopted by the author.

(o]
2.10.1 Lifetime of the K meson

A logarithmic plot of the lifetime of 1075 K° mesons
observed in rare reactions in this experiment is shown in
Fig. 2. 6 ;. ﬁhere.1t.is.olear‘that.there is a loss of events
with very short 11fet1me ( <: 0 1 X 10 S), due to ths small
distance travelled in tha ehamber by such partiolos.

A least-squares-rit was made to the points'ahown‘rqr
t >0.1x10 1%, ¢to

n N = at +.b
(without weighting the points).
The best value for a is

a = =(1.232 ¥ 0.05)"
which corresponds to a mean lifetime of

=10

= (0.811 - O 03) x' 10 "8,

Using the Maximum Likelihood Method gives

= (0.890 ¥ 0.024) x 1071°

S .
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. This latter value may be compared with the latest value from
the 1973 Partiole Data Tables of |

=10

T = (o. 882 ¥ " 0. 008) x 10 *V8,

The Likelihood funotion 1a_slightly asymetric, which means
that the error should also be asymmetris, more positive than
negative. The method employed to find the error assumes that
the function is approximately asympéotiéany normal and this is

true, for large numbers of events.

2.10.2 Lifetime of the /\°-Eyperon

A logarithmic plot of the lifetime of 336 /\°-hyperons
is shown in Fig. 2.7 ’ whera there is a oclear loss of

events for t < 0.4 x 10 710

S.
The least-square fitted gradient of theae points (again
with no weighting) oorresponds to a lifetime of -

=10

T = (2.39 T 0.32) x 107%,

The Haximum Likelihood lifetime is

T= (2.55 ¥ 0.15) x 107'%.
This may be compared with tha 1973 acoepted value of

~10

T= (2.521 % 0, ,021) x 10 “ 8.

2.10.3 Lifetime of. the ZI*bnzgeron ‘

The lifetimes of 2h5 PR -hyperons observed 1n this
experiment are ahown plotted in Fig. 2.8.

The Maximum Likelihood lifetime for these states is
10

I~

"= (0,773 ¥ 0.053) x 10
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compared with the April 1973 value of

P

"= (0.800 ¥ 0.006) x 10710

S.

Thus all three 1ifetimes investigated are totally
consistent with thé"accebted‘valuad of Apfiili973.""
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(9)
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CHAFTER 2
THE_CALCULATION OF THE CROSS SECTIONS

3.1 Cross-Section

By observiﬁg a sufficiently large number of occurrences of
a given reaction, one can also measure the.probability that it
should occur, |

Let the target contain No protons capable of participating
in the reaction under study, and let there be observed, per
second, n events of a predetermined kind. The number of

particles in the beam is specified by the flux, 95 y Lees

| by the number of particles per second which cross unit area,
normal to the beam direction. Then the probability per unit
time of observing one event of a given kind, when there is one

proton in the target is

n
P = — .
NO

This probability is 1itself proportional to .§5 ’ éhd a parameter
independent of the beam intensity is defined by the ratio

(o3 = | E .
The parameter, 0, has the dimensions of an area, and is
called a cross—-section. The unit of measurement is the
barn (10-2h cmz), with its sub units, millibarn (mb) and micro-
barn (ub).

If the target contains NH protons per unit volume, and

the length of beam track = L, then

N = L G'NH

is the number of times the reaction should occur.
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The lénéth ;f beam traék may be calculated in several
ways.,
(1) By seleofing a rgndom sample, say 10°/o, of the film,
and counting the number of good beam tracks orossing the
~chamber every 50 frames. Prom this, one can estimate the
total number of tracks. |
11) Enowing the mean lifetime of the K' meson, and the
fraction of its decays which go via

' — i

i.e. by 'Tau' decay, one can count the number of identified
(.. scanned and measured) events on a given sample of film,
correct this number for.spann;ng‘and'processing losses, and
use this to find the total number.
1i1) Byvsganning and measuring (on the table) the nﬁéber of
delta ray;, as explained in Section 2.2. Y

All methods demand that s check be kept on the number of
"bad" frames, i.e. those not scanned.

Using the results of all three methods, the physioists
at Glasgow Univeraity estimated a baam-traok iength of
188 25 km on 29 half rolls, from a total number of 187
half rolls, for 8 ridueial length of 96 cm,

This corresponds to a miorobarn equivalent of
o +
¥ = . {0.22 =0,03) pub per event

i.0. one seen event corresponds to & cross-section of (gb'ub‘
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3.2 COnsistenc‘ bf~Miorobarn'v uivalent for Birmi

. Edinburgh Sqmgleq

The scanners at Glasgow University, were asked to aceept
rare events over the whole of the scanning region, i.e. = 37.5
em to +97.5em = 135 em. -

~ However, if one exeamines the Xrcoordinates of fitted
events in Fig. 3.1 , there is a clear fall-off at X = + 60 om.
near the'end of the fiducial length defined as acceptable for
common eventé; It is therefore necessary to-imbose a cut off
at this poiﬁf.for the purpose of cross-sestion oﬁlbtiéfisﬁ,
and the "rares" fiducial length then becomes 97. 5 ¢m, which’
implies & microbarn equivalent of T

‘fg = (0.216 © 0-03) kb per event.

Exemining Fig. 3.2 , a plot of the X~coordinates of fitted
events on the Birmingham .sample of film, one sees that the
distribution is relatively flat from X = =37.5 em to

X = +100 om. Using this fiducial length of 137.5 cm, the .
Birmingham gample ﬁicrobarﬁ-eqﬁivalent'is eatimated aé

(0.110 4 o.oi) ub per'avént;

=lo
]

A cheek was made on the eonsistenoy of theae two estimates

by oomparing the nnmber of fits to the reaetion,v

fo;—7>,u*ZK°

where the K° 4s seen to decay, giving a hc interaction rit,

relatively free of ambiguities. '
Using the above numbers, together with scanning efficiencies,

the estimated ratio of fits in Birmingham to those in Glasgow

is 1.56 - 0 25
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The actual ratio = %g% = 1.575, _ which is in very good
agreement. -
The estimates of microbarn equivalent were thus assumed

to be satisfactory.-

3.3 correction Pactors

»

~ The number of reactions which aotually take plaoe has to.
be eatimated from the number of eventa observed, by applying
suitable correction factors. Losses ococur in Scanning,

processing, neutral decays etc. These losses and their eor-

rection will now be considered.

3.3.1 Scanning Efficiency

The efficiency caloﬁlaiions'arb based on the‘assumption

1

that all events of a given tépblogy‘are equally likely to be’
seen by either scan, and that the chance of missing an event
is purely random, 1;9;'1hdependént'of its position in the

chamber.

' Thus,

if scen 1 fin@s"Ni events,

and if 'scen 2 finds N, events,
of which both scana find N events,
then thé efficiency of sean 1 = E,, say = ﬁ%_ "
and the efficiency of’ échn.z = E,, say = §%~ ’

. | - N,
sovthat the true number of even@s = =5 = NT say.

v(Nll + N)(Na':+.N)‘ R S
ivoeo N = —— o-— Where N ' = N
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N,'N,!
= NV 4Nt 4N+ A2
. = . Ns
and the overall .scanning efficiency - = E . =. T
T i _ -

. = ¢ oaH
where - Ns Bl' + N2 + N.

It is shown in Appendix 3A that the likely error on a
ainsle .scan efficiencw, E |

1’
AE 3 1 -E
is -—-1- = 1
El ‘ N

and that the likely error on the overall efficiency is

AE _ /1L-E ]
- ¥

3.3.1.1 Edinburgh Sample Scanning Efficiencies

Only 2/9 of the Edinburgh f£ilm sample was double scanned.

Reaults'

Topology Estimated Scan Efﬁeiencxi[(s'i-ﬁslej

202 (203) 16%/0 = 1%/
4oz (403) 69%0 ¥ 6°0
‘211 (212) 69°/0 T 9%
b1 (2)  62.5%0 % 9%

3.3.1.2 | Birmingham Sample-Scannihg Effioiené;eq

' The Birmingham sample was completely double scanned and
the efficiencies estimated as follows.
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Togologi : ' Efficiency

202 (203) 96.3%0 % 3%o0
402 (403) 95.9%/0 ¥ 3%
211 (212) 95.8%/0 ¥ 3%
b1l (412) 96.5%0 ¥ 3%

h]

'3.3.2  Processing Efficiency for the Edinburgh Samgle

The Runs L and 5 f£ilm must be treated separately, since
they have different 'Geometry' constants and were measured in
separate batches. The first measure was followed by ﬁ re-
measure of those events whieh had either failed or had been
badly measured. A oémplete second measure of the rare events
waa carried out at a later stage.

T results of the proceasing, according to topology,
are given in Table 3.1.

In the Run L4 film, 726 events were sent for measure,

and in the Run 5 film, 1190 events were sent for mesasure.

3.3.2.1 Calculation'fom the Run g £ilm

Let G be thb efficiency for oonvefting a scanned event
1n£o a successful Geometry record. |

Let K be the kinematic efficienecy for fittins a Geometry
record to the correct reaction.

Then in the complete re-measure, if N 1s the true number

of fittable events, from Table 3.1 one has,

79 = NGK .
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b)

TABLE 3.1

Number of fitted events on the DST after the different

measures.

Run Lt film
Topology

lst msasure

Remeasure

2nd measure

Common,

Total

Run 5 film

~Tovology

l1st messure

Remesasure

2nd measure

Common .

Total

202/3

30

8

140
23
55

202/3-

L3
21
38
25
7

211/2 .

10

3
1k
9
18

211/2

17

10

16
10
33

4o2
17
6
19
13
29

oz

26

11

32
18
51

B e-R — N YA FZ
=

17

~N - N 0

Total
62
18

79

L9
110

Total

95
L9
9L
60

178”
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But of the 80 events fitted in the first measure and re-

measure, L9 were common to the second measure,

1.6. 49 = 806 K.

These two equations are sufficient to.ocalculate N,:

viz. o
N = 129%7 . ustng BE - 12
where C = . number of common- events. . . .- .
E = overall efficiency = 0.85,

2.3.2.2 Calculation for the Run 5 film
A similar calculation to the previous one leads to the
~estimated true number of fittable events in the Run 5 film
as,

i .

N = 227%tqy .

3.2.2.3 Results for processing Efficiency
Thus the estimated totél number of events in Runs 4 and
S £ilm is
N, = 356%16
The measures just considered yielded a total of 288 events.
A further 11 events were added later, having been re-measured
on the Edinburgh measuring machine, Vanguard, giving a total

of 299 out of an estimated 356 ¥ 16, which represents a total
processing efficiency of

. +
E;auo/o = so/o o« -

The Birmingham sample processing efficiency was estimated as
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83°/0 ¥ 1°o.

3.3.2.4 Consistency of Processing in Edinburgh and
' Birmingham Laboratories "

Six rolls of film which had been scanned and measured in
Birmingham University, were scanned and measured in Edinburgh
and the results comparéd. The secanning was very similar, and
the same fits waré_obtained to.the‘measured events in both
cases, suggesting that the proéessing was similar in both

laboratories.

3.3.3 Lifetime Losses

-In Fig. 3. 3 is shown the theoretical speotrum of
monochromatic ‘pC hyperons proéueed at a point.iﬂ the
chamber, after a time, t.  Those: JKS'S which deeay. in a
time t < t,» will be missed in the scanning, as they will
not travel far enough in the chamber to make them recog-
nisable as V°'s on the table. Those j\?'s which decay
in a time ¢t > ty will be lgst because they will decay
near the edge of, or outside the chamber.

If the mean lifetime = | , then from the graph it is
clear that the fraction of _ff'e seen |

-t/ -t/
= o 1 - e 2" = K, say.

1

Therefore to each seen deocay, one should attach a weight, ®°

- where t;, = time taken by the ij to travel a minimum
visible distance, XX, and t, 1s the time taken by the [\°

to travel to one of the boundaries of the chamber.
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TABLE 3.2

 Effect of minimum cut{-bi‘f length, XX, pn' weighted number
of events. The second column gives the number of events where
the decay length > XX.

XX N XX) Weighted Number
0.0 958 .

0.1 947 | 998
0.2 940 | i 1021
0.3 930 1045,
0.k 917 106l
0.5 887. . 1060
0.6 869 1070
0.7 8L8 - . 1076
0.8 - 831 - o . 1087
0.9 802 ‘ 1076
1.0 785 .. 1087
1.5 677 1076
5.0 283 , 1060
10.0 |

99 : o 12446
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This also means thaf all events containing a decay length

- XX, must be rejected for purposes of oross-section cal-
culation. Since the rare events contain at least two visible
decays, each event is assigned at least two lifetime weights
and the weighted numbers are therefore average values. The
effect of choosing different minimum out-off distances 1&
showri in Table 3.2 where it may be seen that between ¢ = 0.5 em
and ¢ = 5.0 cm, the weighted number of events varies by less
than 1.5%0. To avoid losing too many evénté, and thus de-
creasing the available statistics, the cut-off value, XX, was
set at 0.3 cin, giving an average weight- of ~ 11%0o.

‘ The author wrote his own program to perform these calou=-

| lations~sin¢é‘the standard program did not operate correctly
on some rare events. 'The lifetime weight was=ﬂ§i§§§§:1nto

word 9 on the DST.

3.3.4 Losses due to small-angle .charged decays

The 5% nhyperon has two main modes of deoay,

)N p «° (1)5/fA,
Z0.7%0 .
Y — aa’ (2) 48.L%,

- S8ince the speed of the proton in the C.M.S. of the deocaying
5°% 1s low, the direction of the emitted proton in the
lab. will not differ much from that of the ,’): » giving rise

to small deeay angles, and a consequent loss of events.
Fig. 3 4 shows the-projected docay angles, #4, from
decay (1) above, where it may be seen that the majority of

N

events iie in =20° & g  20°.
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The projected decay angle is defined as :

s bp = #p

where ﬁP = . azimuthal angle of the déeaying-aigma hyperon,
and #; = aszimuthal angle of the -decay product.
If this angle; ‘tfs:~09, . then the decay is of -the form

and if this angle, ¢ > 0°, the decay is of the form

Fig. 3,5 shows the projected deeay angles for deeay (2),

as well as those for thesdeoay,

2. —> anx . | (3)

It is:séen that thq angles;é}q 1# geneféivmﬁch iﬁréer,‘stretch-
ing out to ¥ 75°, |

The losses which occur can be gppreciéted by an examina-=
tion of the momentum aééctgnm otltpglpérepg 2. ~hyperons in
decays (1) and (2), shown in Figs.3.6 _and 3.7  res--
pectively. Npt’énly ere there almost twice as many detected
decays of type (2) but the momentum spectrum for the protonic
~ deocay mpdé ceases at a sigma momentum of 3.7 GeV/e, wheress
thq_othe? exten@s past 5 GeV/c. -

| Alt@qugh}oﬁa‘does not, know the expected number of projected.

decay angles in the range -4L° < g < L°, it is clear from
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Figs. 3. ) and 3. 5 ~that both pionic and protonic decay
modes suffer from losses in this regiocn, and these sare obviously
more important for the latter modes, for reasons given above,
(One rother high energy experiment( ) performed at 6 GeV/o
incident momsntum, also- found that- this effect became'important
at an angle of approximately 4°.) A

To examine this further, random .-pion and ) -proton
decays at sigma momentum in the range, 0 —> 5 GeV/c in
100 MeV/¢ intervals, uofo‘generafed, and the projeéted deégy

VVVVVV angle for each w§s>§alculﬁted; ‘These were plotted as pér-

centage of decays with |#| < L°, versus momentum of the
sigma, separately for pionic and protonic decay modes. The
result is shown in Fig. 3.8 .

It 18 olear from this figure that for a sigma momentum
> 3.4 GeV/c, no protonic decay can have a projected angle,
)>h°.'».Ths percentage of decéay angles <<'h° - for- the pionioc
decay mode can be represented from Fig. 3-3? » approximately

as

y P + 9

wvhere P = ..sigma momentum, i.e. at]fBeV/c{f Z: -momentum,
the percentage 1is 16%/0.

For the Zj‘-proton decays, the percentage is (to ~ 39/0)

7= houF o+ 532

| If the number of events were 1arge, one could remove from
the sample, all events having a projeoted angle < §° say,
and correet the remainder nsing the equations above.' i.e. the

weighting factor for E::fpion events would be
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100.. ) 1
(91 = 7P) - 1 - 0.1xP

%

(This latter factor was the one used in the published results.)
.The author removed rrpm-Qha,sémple.;all X:-qventa with a
projected decay angle < L4°  and weighted the remaining
.events using the above factors. The results of this procedure
were poor in that it did not improve the diaagrebment between
cross-sections as calculated from the Z: -proton and Z:'- _
pion decay modes. It is felt therefore that the best estimate
. of oross-seotion for events oentaining Z:-deeays would be »
obtained by considering only the 2:}7pion decay modes, weighted

as above.

3.3.5 Losses due to CQmafa Azimuthal Angle

‘In addition to losses due to the smallness of the decay
‘angle, all decays wili"suffér a loss when the decay plane is
very nearly parallel to the camera axis, so that the projected
angle is small.

To 1nyestigate this loss, it ia useful to define the
| "oamora agimuthal angle“ a, as shown in Fig. 3., 9 .

The baam enters along the X-axis as shown, and the
uhamber set of axes is left-handed, i.e. X AY = =Z,
The cameras point along the positive ' Z=axis, Dip angiek,S,
are positive in posiﬁivé z-direetions, and the chamber |
azimuthel angle, ¢, 1is anti-clockwise as seen by the’ eameraa,
with the x-axeg at g = 0°.

' The qamgra.azimuthal<angle;.d,. is anti-clockwise as seen

from positive X, and a = 0° 4in the XY plane.
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Fig. 3. 10 ‘shows the distribution in o for charged
sigma decays,-wheré there is an obvious gap in the distribution
for 64° Za <& 104°, corfoapénd;ng_fo édéajs in ﬁhiéhzﬁhé"“
deeay product rises towards the camers, almost cbilineafl}'with-
the ddééying track. The fact that the gap is not centred around
a = 90° may be explained by the fact that a is caloulated
for a camera which has its axis perpendicular to the beam
ﬁlhne,‘wheréas camera TOP 1, whose view is usually examined
'tirSt, is about 6° off the perpendicular, reducing the caméfaA
azimuthal angle. | '

. The loss'séémébto be smaller for dipping tracks, e.g.
examining the distribution around & = 270°, the density
of events is similar to other regions of the plot, excluding
that part just considered. |

Outside‘the‘iegion"6&042'0”2110h°;"thbre”aré 275
events in the remaining 320°, which*snggesta;that'there‘has
been a loss of approximately 30 events, i.e. about 10°/o~bfi-
deocays- are- 1ost by virtue of their camera &zimuthgl ahglé.“'-

3.3.6 Events lost due to Neutral Decay Modes.

The _/C hyperon has two main modes of decay, viz.

N —spa 6%/
_/\_o ,—>:n--x:9 _ 360

The"Kzﬂﬁ*maaon-has"also two main modes of decay, viz.

. P(: —s gt aT ‘ 68.7%0
- }<§ —_— nb’ﬁo | A 31}39[0_.

In addition, any K° produced, may ﬂeoay.éithe: as K:, with
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a lifetime of 0.86 x 10-108, or as a Kg » with a lifetime
5 x 1078, g0 that the K; mode will rarely be observed.
- 1.e. If ™" j\?-deoays are seen, the number produced is
2 .
R o PO « ) L
Similarly, 1if ™n" K -decays are seen, the number of E>= .

mesons produced = 3—§§7 = 2.,92n.

assumed to be’

When a reaction involves the production of three V°
partieles, there are severai probabilities to acdount for
,'materialisation of two out of three of the V°ig, ¢ ©.8. in
the reaction, B -

K+P —_— n‘h‘koxoﬂA?.
there are 2l different configurations of the three neutral
particles, including decays which take placeléutside'the

chamber, and only 6 of these will be scanned as rare évents,

giving the threé channels
£ — = *x "k (1\9
P — 2" '&%\°(k%)
k' — > o' *k%%9\°

If suitablg,correction factors are applied to éaoh of these
channels, this information can be used to arrive at a better
estimate of the cross-section for the initial reaction. All
welghting procedures adopted assume that any event will be
fitted to the highest topology, e.g8. that a genuine 212-type
of event will not be fitted to a 2l1-type of hypothesis.

Consider the reaction which is observed as,

k" P — o'n'k® \°(%) .
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Let x be the probability of one K° decaying outside the:
chamber, | ‘ ‘

Let =x' be the probability of the other"K°“'dedgy1ng outaide
the chamber. |

let ¥y be the probability of the ‘\° decaying outside the
chamber. | |

Then in a sample of N reactions with the same configurétion,
the fraction one might expeét'to see (ignoring scanning and

processing losses) is

r = %(1-7) | x 2 x%-f:x (1-x)xg x <§ + %x% + %%x‘
(1) O (14) | T (441)

- Xa-na-nEex)

where - (1) - represents the fraction of seen,~A?'hyperons
(ii) represents the fraction of seen K -mesons
(111) represents the unseen K° meson. :

Then 1/¢ -representq the weight attached to such an event.
Similar factors were calculated for the other reactions observed
and plaeed in word (9) on the DST record.

If the hypothasis ‘does not involve an unseen V°, the
ﬁeights are straightforward, e.g. for the hypothesis,

£'p — K™t x°[{°

the weight for the unseens is 2 .x.1.46 x 1.53.

Hypothesea‘involving a  K° K pair. pose special problems,
and the KK° - system will now be discussed.
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3.3.7 The K° X° System

There are two neutral K-meéons, the K° with strangeness
S = 41, and the K° with strangeness = ~1. Both partioles
may decay via the weak interaction to = %, and since their
decay products are indistinguishable, the states ]K°:> and
|E°>' are coupled through the weak interaction. This means that
the above states which are eigenstates of strangeness, are not
appropriate for a study of K°-decay, in which strangeness . is
not conserved. o ’ L
However, in general, weak interactions do exhibit CP
invariance and 1t_would be more appropriate to choose eigen~-
- atates of CP to represent K°-degay. Since the operators CP
and S8 do not éommute, the CP eigenétatea will be ambiguous

with respect to strangenpss. They are defined by,

e |5 = | K%

K%)= =K%

where 1
‘ () - [ O N
K, :> = '75 (IK >+ IEP/’)
£ = l ,ig0\ =0
2/ """"(K - K .
/2_t> |E°) )

Although the K° and E° ocannot be distinguished by their
decay products, the K1° and K2° can, sinece finel pion states

',can have different CP values, vis.

K,°— 2n CP = 41  high Q-value
K2°-—4> 3n CP = =1 low Q-value,
Thus the K1°- with a high Q=value should have a much shorter

lifetime than the E,°, and in fact the mean lifetimes are
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found to be; -

»‘/\(Kl) s 0862x101°s'

v © e o
ot .. [ EATIN

?ﬁf;this'reahbn, the Kl is gensrally known ‘s the K8
(short) end the K,° as the K7 (long). "

. (It was later shown that the - K2 may in faot decay to °
two pions, with a branching ratio"xz 10 3, which represents
a small CP ‘violation oeffect.) -

For.sﬁréng interactions, in ﬁﬁich‘ﬁx or K° are pro-
duced, one may oonsider such states to be a mixture of’ tha
states ‘Kg * and ‘Kg . R

If one has two particles K° and K° in space states
A and B iéépectiielj, with angular mdmenﬁum; ¢, one may

write, instead of K° K°,

0= o0 0 =0 . i
(Is'..A KB + KB xA)/a for even ( values.
(K, ° K° - Kg K;)/2 ~ for odd ¢ values.

i.e. for even ¢ values, using c?léigenatates,

e KL (e AK°> « 1;"(%°-Bié:°)

<BKO ) <AK0 AKO)

h

%(Axg‘ Bxg | -%; _PI;;;)

i.6.  both"short" or hoth "long" .

For odd ¢ -values, one finds
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K° ¥°

' .0 Boo _ o o
b(*g B3 - xg Bx?)

i.e. one "short" and one "long".
This means that if both -K° and K° are seen, i.e. "short",
thoy must have been produced in a state of even angular
momentum. However, if either. K° or K is missing, 1t is
not possible to say anything about the angular momentum states.

For the K K° system, tha CP eigenstate representation

18 .more straightforward. The system mnat be symmstric under

1nterchange of particles, 1.e. one can represent K°k° as

K,° KB‘? = (*x + &) (g + Bzg)/a’
o o B o o o o o
x5 "kg xs ¥ . ks = N xp TR

2 - 2 2 2

That 1s, Y/ of all K°K® pairs produced, will decay by the

k2 KO

s g mode.

3.3.8 Estimate of Loss due to Non-contrained Production Fits

. If a reaction takes place in which an unseen neutral 1is
produced at the interaction vertex, and one of the outgoing
" charged tracks interacts in a short distance, so that 1ts
momentum 1s‘unmeasurable, then there will be four unknowns
at the primary vertex, i.e. a zero-constraint fit, which is
not acceptable.

To estimate the losses involved, a count was made of the
numbers of nt, Kt, P 1involved in the different topologies,
together with their average .momenta. The minimum measurable
sagitta was taken as 1 mm, and the lengths required to give a

sagitta of 1 mm were calculated for the various momenta.
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Using this information, together with the total cross-sections,
estimates were made of the 11kely'nnmber of interactions which

would take place. The losses wbre,ﬁstimated to be as follows

(approximately)
Iopology Loss
202 4270 * 1°%/0
211 3% 1%
ho2 } I89/o : 2%
1 | 7°/0 * 3%

3.3.9 Correction for loss of events in Kinematic Pitting

A cut-off value of 1°/o0 was imposed on the X, 2
probability for fhe kinématic fit. Figure 3.1l shows the
distribution of ‘X, 2-probability, in bins of 5°%/0, for 452
fits (representing 321 actual events). There 18 a sma;l
"bulge" near tha low probability ehd of the diStribution but
otherwise it is acceptably flat. |

Fig. 3.12 shows the distribution of probabilities in
1°/0 bins from 0%to 10°/0, and it appears that wers it
not for the 1°/o cut, the expected content of the first bin
would be ~ 15 fits, . repreosenting a loss of approximately

10 events, or 3°/o0 of the total number of events.

3.4 Combination of Cross-sections from the Two Samples

The problem arose, of combining the cross-sections cal-
culated from the two batches of £ilm, i.e. the Edinburgh and
Birmingham samples. A program called "FT" was written by the
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,authoivto calculate a weighted mean, together with its
associated error. This method assumes that the two estimates
are consistent, i.e. that the difference between them is not
significant. "FT" also calculates a chi-squared value based -
on the two estimates, the average value of which should be

= 1.0, In fact the average value of the iK,z valﬁes based
on 40 caleulations = 0.994, whichnis“encouraging as an
indication of realistic errors. _

If for any calculated value, ?C 2 > 1.0, the error on
the weighted mean was increased by ’)f- s following the
method adopted by the Particle Data Group(z). The distri-
bution of the ;X,a, values is shown in PFig. 3.13 together
with the theoretical distribution, normelised to 4O events.
The agreement is good. |

The 'XLZ test does not reveal whether the cross-sections
calculated from one sample, are consistently higher, or lower
then those calculated from the sample. For this reason, "F?"
also calculatés & normalised stretch function for each reaction,

where the stretch, S, is defined;lfor the Birmingham sample as

6 = OR

8 © 2 _ 2 = %
(0g = 97)
where O = weighted mean value of cross-section.
| dh = ‘cross-section caleulated from Birmingham sample
(-] = error on weighted mean.
dB = error on Birmingham sample crosg-section.
SE = Edinburgh stretch function.

Such a function, S, 1is expected to be normally distributed(3)
about 0.0, with standard deviation 1.0 and the distribution of



CFIG313

—

EVENTS/0.5 -
5
51 e——fheoretical
1 [
0 | - {
0.05 2:50 5.00

CHI-SGUARRED

Chi-squared distribution for cross-section
' calculations. T

O FG3%

15 T

f T - ~ -
. -3.0¢ ‘ - 0.0 430
) ' STRETCH FUNCTIGNS

‘Stretch-functions for cross-section calculations.



3.21

of S, 4is shown in Fig. 3.14. There is an excess of 16

B
events on the positive X=axis, meaning that overall,the
cross-sections calculated for the.Binmingham‘sample are
smaller than those calculated from the Edinburgh sample.
However, bearing in mind the ambiguities present, the agree-
ment ﬁetween-the Samples is very encourag1ng.v All calculated

cross-sections together with their errors are listed in

Appendix 3B,

3.5 Combination of Cross-sections of Mutually Ambiguous

Reactions

Many amhiguous interpretations of an event arose from
K - T ambiguities; e.g8. 27 events were ambiguous between

B’ —> K'n'n*n k%A% (x°)

' .0 ©
and ' — a'n*x'nk N\ (k%) .

Similarly, 32 events were ambiguous between,

ktp — Z:foKo(no)

and ' — IT*'k°(x%).
In calculating the cross-sections for reactions such as the
above, the method used was to allow a weight of 0.5 per event,
to each reaction, although no attempt was made to estimate
the likely error arising from this method.

In the case of triple ambiguities, the weight was 0.33,

e.g8. 10 events gave equally acceptable fits to all of
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g’ — k'n'k° E° ()
k' —— 12 *k%&°( )\°)
£ — k% (% .

It was later decided that it would be better to sum the
cross—-gections for ambiguous reactions, if possible, since this
would give a more truthful picture than any arbitrary weighting
method., Since the Birmingham data had a different microbarn
equivalent, and different correction factors, this also
ne&ossitated treafiﬁg ﬁﬁe fwo samplés-separatély. -

Obtaining this information on oross-ambiguities from |
1500 fits on a DST is a complicated process, and a special
program called "JINGS" was written by the author to 1ist each
reaction with its number of unique fits (which includes |
track~swaps) followed by an ambiguity matrix. A sample output

is as follows.

"Hypothesis 202093
Number of unique fits = 11

Number of competing = 2
hypotheses
Ambiguity array 202203 202103
o 5 3 202203
0 0 202103"

This indicates that for hypothesis number 202093, vigz.
K P —> n P K°K°(K°)
there asre 11l tunique fits.
There are 5 single ambiguities with hypothesis number 20203, vis.
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K b o K"'PK (‘5‘[)

‘and 3 double embiguities with 202203 and 202103 where the
latter. represents,

ktp — > K*h*x°‘°(n) .

This is more clearly expressed as a Venn diagram, as shown in
Fig. 3.15.

Sometimes as many as ten or more different reactions were
involved in collecting all the information on ambiguities for
a single channel, although only two or three of them formed
the dominant ambiguity, e.g. for the hypothesis,

K'p — K+‘I[+Tt+;it.Kvo(‘3[°)
there were 9 other hypotheses at some time ambiguous'with
this one, but 8 of these 9 had no more than two ambiguous
fitc, and the ninth had 19 ambiguities, this being

K hp JE n*hfnfn.xoj\?(K ) . There were 28 unique fits

to the original hypothesis.

Fig. 3.16 shows the ambiguities found in the Birmingham
202-type hypotheses. The E°%6° or KK° events, and the
AfKo events form two distinct sets, and there seems no simple
way of treating several hypotheses together, to calculate a
combined cross-section.

’ Fig. 3.17 shows the equivalent sets for the Edinburgh
sample. These ambighitiés are simpler, probably because there
are fewer events.‘ ‘ ‘

Fig. 3.18 1llustrates the ambiguities encountered in
dealing'with seen Z:°‘ decays, for 202-tjpe hypotheses, and
Fig.'3.19 is the equivalent diagram for the [02-type hypotheses.
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In general, the L02-type hypotheses are more contaminated
by ambiguities than are the 202-types. Only the dominant
channélé are shown in Fig. 3.20.

Finally, Fig. 3.21 shows the ambiguities found in the 211
and 411 type of hypotheses.

The general impression gained from these diagrams is one
of entanglement, really not surprising with six and seven body
final states at high energy. The combination of different
channels is difficult and probably not instructive, énd one
cannot separate final states containing K°k° or K%K° with
any confidence. Combined cross-section estimates were thus

not attempted.

3.6 The /°/7° Ambiguities

There were many ambiguities between the hypotheses
o

ktp — ' A° (1)
and K'P — K'*k°x° (2)

and between the hypotheses,
kP — E'n*n'n K A° (3)
and EK'P — K'iTa*xx°x° (L)
e.g. there were 10 unique fits to reaction (1), 9 unique f;ts

to reaction (2) and 27 fits were ambiguities between (1) and

(2). The 5 decays electromagnetically,

7% — A%
in a time so short that its decay vertex is, for measurement

purposes, at the same position as the production vertex. The

gamma from the decay is usually not seen, so that three constraints
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are lost,

In the C.M.S. of the: E the  decay should be isotropic,
8o that if one plote the distribution in cos 8" where e
is the sngle between the gamme in the C.M.S. of the 2. °,
and the direction of the ‘_Zo in the laboratory, the distri-
bution should be flat. - o |

- If events which were examples of genuine: Ao production

were fitted to 2.° production, one would  expect the cos-e*
distribution to be peaked backwards, since the 2 ° is more
massive than the Ao. |

Let F and B respectively represent- the numbers of
events in the forward snd backward hemispheres in the 5 °
C.M.S. Then one may define the asymmetry by & number, k,

where B-F

so that k represents the fraction of ambiguous events which

are genuine Ao events.
Let B+F = N,
then k = 1-%13' = Ak A -§AF

which gives the likely error in k.

Approximately, AP = NP(1 - P)
where P = probability of the event lying in the forward
diréctio_n, = % ,

; )

then . .k, _,,B-F .‘.'.’.' -‘2—1?-35- .
B+F N

% .
Fig. 3 22 shows the cos © distribution for events ambiguous
between hypotheses (1) and (2) above. Then F = 5, B = 22,
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N =27

‘4.6. 'k = 0.63 ¥ 0.11, * which implies that of the
27 ambiguous events, the number of genuine jko events
= 17 * 3.

- For the 'six-body final states, which are ambiguous be=
tween hypotheses (3) and (L) above, the cos o distribution
is shown in Pig. 3.23. Then B =35, P = 8,

and k = - 0.23 %0.20,
which is consistent with uniformity.
The results above were used to apportion the ambiguous

events and calculate the resulting cross=-sections listed in

- Appendix 3B.

3.7 Error on Cross-section due to Random Fluctuation

| Fér a large nu@beg. N,.of events, the statistical fluc-
tuation is taken to be‘ t\/_ .' according to Poisson statistics.
However, for smali N, this is no longer true and a proper
calculation of the likely error in N shows that for N KX 5,
the error is asymmetric, and for N =1 the uncertainty in the
positive direction is twice as large as that in the negative

direction, e.g. only one example of the resction .

£'p —> Z=* pA°°)

was obéerved and its cross-section was estimated as,
6 = 0.5 .. p,b 'y

The Likelihood function for N (observed) is shown in
Fig. 3.24, for different values of N. It is clear from this
figure that as N increases the asymmetry becomes less), very
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rapidly, and for n = 5, the asymmetry is 150/0; The
derivation of the Likelihood function employed 1is given in
Appendix 3C.

3.8 Reliability of Single Constraint Interaction Fits

In most cases, the hypothesis f@tted includes an unseen

neutral from the 1qteraction vertex, i.0. a one constraint fit.
0.8. K+P —_— > J{+1I+ AOKO(KO) .

It seems likely that in some cases, the Kinematics program will

be unable to distinguish between the above case and
kP — 2"t A%k (&%:°)

because of the small mass of the =°,
As a check, events which gave unique 1C fits to the 202
hypothesis, |
P —  k'n"k° A°(x®)
were tried out on the 201 hypothesis,
k' — k%Y N\°(k°).
Seven good 201 type fits were obtained to the original 22 unique
202 type fits.
It was alsc noticed that good 203-type events which gave
fits to hypofheses 1nvolviﬁg an unseen n°, often gave fits to
202-type hypotheses involving only one unseen particle.

These facts throw doubt on the reliability of 1C fits at
this energy.
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CHAPTER IV

RESONANCE PRODUCTION IN RARE FINAL STATES

L.1 Introduction

For this study, the data obtained from the Run 4 and
Run 5 filh was combined with that from the Run 1 and Run 3
£ilm, which had been analysed separately in Edinburgh by the
author. This latter batch of film consisted of 62 half rolls
of £ilm sent to Edinburgh from Oxford University Physics
Department in 1976. Before looking at finsasl state distri-
butions, a brief description of the analysis of this film

will be given.

k.2 The Oxford Film

It was intended that the analysis of this film should
not only produce more rare events, but also serve as a fair
operational test of the recently commissioned "Vanguard"
mesasuring machine, set up in Edinburgh, together with the
associated computer software. The machine had préviously been
tested on a smell number of events on the Run l film, and per-

(1)

formed satisfactorily, as described elsewhere

4.2.1 Measuring and Data Processing

The Vanguard measuring machine was linked to a PDP8
Computer in the Physies Department, which performed on-line
checking for the measurer, using a program WEED(Z), which
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also wrote the measuring data on to magnetic tape.

This data was then interpreted by a program called
SEEWEED(3), which re~arranged the data into a form suitable
for proaaatation to the 'Geomotry' program at Glasgow Univer-
sity. _ o

Due to the 1noompat1b111ty of the PDPB Computer tape,
Edinburgh Regionsl Computing Centre (E R c c ) tape, and the
. Glasgow University Computor tape, hold-upa were frequent, and
the fastest posaiblo time for analysis of an event was about
throo daya, allowing for transit time botween tho computers.
Difficulties were alao exporienoed with hardware errors rrom
the electronics panel attached to the Vanguard machine, and
a great deal of computing was necessary to rectify the faulty

data, before it was passed to the 'Geometry' program. A small

change was later made to "WEED" which overcame the problem.

k.2.2 Scenning Efficiency

All the film was double-scanned in Edinburgh. and check-
soanned by ‘the author. The efficiencies were calculated as

in Chapter III, and gave the following results:

Topology , Bfficiency
202 (203) .96%/0 % 3%0
211 (212) 93%/0 ¥ 6%
402 (403) 96°/0 % 1°/0
1 () 1 98%0 * 2°/0
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4.2.3 Processing Efficiency

As far as poesible, every event was given two chances
for kinematic analysis, if it failed the first attempt.

Let there be a total, N of scanned events, and let

T’
there be NG events which have a "flaw" causing them to
fail 'Geometry' repeatedly.‘ Of the (N - NG) events re-

4

maining, let HK

'ﬁ' be the measuring efficiency and let 'K' be the

correspond to fittable reactions. Let

efficiency for fitting 8 meaeured event to the correct
hypotheeis. -
Assume that M and K are the same for all meaeures
and all topologies. |
' Fig. h 1 shows the breakdoun of events, from scanning
to fitting. Then on the first measure, and re-measure res-

pectively one has,

189 = (242 - NyM

snd 38 = (53 - NyH

i.e. NG

Geometry. One therefore considers the number of 'clean'’

2. 5 events, and in fact 5 events repeatedly failed

events to be 237.

Then on the first measure,

M o= 189 80°/0 = measuring efficiency.
237 .
Purthermore, on the first measure, from Fig. 4.l -
88 = Ng MK

.and on the first kinematic re-measure,

12 = NK M(1 - K)M K.
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These equations give K = 83°/o = kinematic efficiency,
and NK = 133 events.
The total number of events fitted after three measures

= 119 events, therefore the overall efficiency, E, 1s

—,.]ig- = .O,:
E = 133 89.57/0 .

To estimate the error involved, a formnla similar to that
used to find the error on a single-scan efficiency, was used
for each of the three measures., In this way the'eéror was -
estimated as 10 /o, and the final processing efficiency,
P, ;aken as

P = 90°%0 ¥10%0 .

4.2.l4 Chi-squared Probability of PFit.

The distribution in chi-squared probability of fitted
events from the Oxford film semple is shown in Fig. L.2, end

is considered to be acceptably flat.

4.2.5 Estimation of Microbarn Equivalent

A beam count was taken every 50 frames, and a check was
kept on the nnmher of bad frames. In the Run 1 f;lm the number
of tracks per frame was 16.1 * * 4.8, with 3.5°/0 bad f£ilm, end
in the Run 3 film, there were 1é.o b4 3.8 tiacke'per frame, with
4.5%/0 bad film. The general film quality was foor.

Runs 1 and 3 were known to have a fairly high beam con<
tamination, and previous work(u) on this film, using comparison
scans with the R.F. separators off and on, indicated that the
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likely contamination was as follows.

Runl  Run 3

Average number of protons per ' .
e A eme T T o5 1.3
Average number of muons per 3.35 " 1.9

frame

Using these results, the estimgted.total number of tracks
on the Oxford film was

Np = (4.36 * 0.46) x 105 tracks. o

Figure L.3 shows the vertex position in thé X-direction of
118 fitted events on the Oxford film, and the distribution
is séen to be :easonablg,rlét,oveththe fiducial length of
1.35m. The above figures lead to an estimated microbarn
qquivgleﬁt for the Oxford film, of |

6/N. = (0;3&.;.0.0u)ubhper.event.

4.2.6 Tau-scanning on the Oxford Film
As well as scanning for rare events, the Oxford film
was also scanned for "tau"-decays, i.e. the decay of a beam

track into three charged ‘prongs, prosﬁméd to derive from,
K+ —_— nfnﬁn+ .
A total of 206 examples were found in the film, but were not .

measured. Using the scanning efficiency for tau decays

(73°/o ¥ 7°/o), phe estimated true number of tau decays was,

Bp = 296 ¥ 25 events.

The tau's were scanned in a restricted fiducial region of

0.96 m, and using the above number, the eatimated total beam



track length was

L = (5. 98 0.5) x 105,

Using the information derived from beam track counts in
Soctipnvh;a{s; gives an éhtimated beam track length .of

L = (5.88 % 0.66) x 105m ,

in good agreement with that derived from tau-decays.

4.2.7 Cross-Section Calduiationé
To compare estimates of oross-section calculated from
the Oxford film, snd the 1968 film, two reactions were
chosen. |
a) K'p — x*pPK°E°
. = a well constrained but scarce channel.
p) k'p—> k™x* KO (x®

- a,more abundant but less well-constrained channel.

..........

The usual corrections, described in Chapter I1I, were made

and the results compared.

a) K'P— k'p E° K° | |
The cross-section as estimated from analysis of the

Oxford film is '

. = . . b

compared with ~

6 = 12.9 ¥2.7 w
calculated from analysis of the 1968 film.

b) EK'P—> K+1t+K°_/\.( )

The cross-section calculated from the Oxford film is



o = 36.5 ¥ 11 up
compared with ,v
| o = 38 6 t« 5 uﬁ
calculated from the 1968 film. |

The agreemsnt ;n cross-section Valéasﬁis good, and it

was found that the general pattern of ambiguities in the fitted
hypotheseé.waa very similar to that found for the dgta.from the
1968 £ilm, implying that the data obtained from the Oxford film
is compatible with that obtained from the 1968 film.

4.3 Resonance Prod uction

It was found that with such complicated final states, the
large nhmbef of‘combingtions to be taken into account in mass
distribution produces a large experimental background, which
makes difficult, with the low statistics available, the
identification of resonances. Furthermore, nost of these
multi-body final atates can be studied only in one-constraint
reactions, of which a high proportion of events are ambiguous

with other one-constraint, or multi-neutral reactions.

4.3.1 The States K *k® A°x° and ¥t °A°

- These states were fitted'as‘fhe hypotheses,
KP—+K++°A°( ). (1)
and K'P —> a*n'k® A°(k%) . C(2)

They are the most prolific of the rare final states, and their
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main ambigﬁity is with each other. For initial analysis,
all mutually ambiguous ét#tes were assumed to be genuine
examples of hypothesis (2). _Tﬁis.results in 182 "uniquely"”
assigned states.’ There was a total of 153 fits to hypo-
thesis (1), of which 85 were unique, a 'tvotalxof 97 fits to
hypothésis (2), of which L7 were unique, and 4O of which

were ambiguous with hypothesis (1) .

L.3.1.1 /\° produstion

Tﬁs C.M.S. production angles, cos o* , of the N\°
in the above states 1s showx-xlin Pig. .4 where it is seen
that, as eipected, the.disfribution 1s.stroégly peaked in the
backwards direction. Approximately 20°/o of" the J\?'a are
produced. in the forwards direction.

If one. looks for enhancements in the j{n effective
mass spectrum, there are two entries per event, giving the
364 entries shown in Fig. ﬂ.S, where there are no obviogi
enhancements and the distribution resembles phase space.

If one now assigns all ambiguous states to hypothesis
(1) instead, this gives the mass spactrﬁm shown in Fig. L.6,
which has a general shape bearing a truer resemblénee to
phase space, but with more of a suggestion of a peak centred
on the bin, 1360 —> 1400 MeV/¢Z, 1.e. in the L, (1385)
region. The 21(1385) i8s a well established I = 1, 3/2+
resonance whose main (/~'9o°/o) decay mode is ]\n, and
which has a width of 3l MeV/o2.

It Was thought that the distributions might be improved

by making cuts on the missing-mass squared (MMS) of the unseen
++ See Appendix LA. '
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’

neutral from the interaction and the MMS distributions were
examined.
o

Pig. 4.7 shows the diatribution in MMS for the K from

. K P-——e—n+h+K°.A?(K,) .

The true value for the MMS of a K° 1s 0.248 GeV> and the
central bin in Fig. 4.7 4s 0.22 — 0.30 GeVZ, The average
error on these values is ~ 0.06'Gev2 end 1t was decided
to select only those events where the MMS of the. K° lay
in, , . | |
(015 % Z 0.35) Gev=.

Similarly, Fig. L.8 showe the MMS distribution for the 7°
from, '

K P— K+'it+K° j\°

The true value for the MMS of a n° is '0.0182 GeV2 +and the
centre of the distribution. shown has a broad centre from
0. 0——9 0.0k GeV2 - The average error: on these values is-

~ 0, 03 GeV2 and it was. decided to select only those events
where the MMS o the n 1ay in, . . .. :@
e ~(-o 02" Z ms- Z 'o 06')~dev2' ;

The effect or applying these cuts to the eventa shown in
Fig. L. 6 is shown in Fig. h 9, where the distribution has
not been improved and the general ehape is worse, due to the
smaller statistice. | - -

It was felt that little more could be done to make the
possible presence of a [\n resonance more clear, and simply
concluded that there is reasonable evidence for soms Zj(1385)

production.
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4.3.1.2 The Kn Mass Enhancements

It is well known that the 3 and )4 body finsl states from
K+P interactions at various momenta are domineted by production
of the K*(890) and to a lesser extent, of the KN(IMZO)
resonances.

Again, reactions between hypotheses (1) and (2) were
initially assigned to hypothesis (2). The effective mass dis-=
tribution of the Kn states in the 182 events is shown in
Pig. 4.10. There are 3 possible combinations of K and =
in hypothesis (1), and lj possible Kn ocombinations in hypo-
thesis (2). There is a clear enhancement in the mass distri-~
bution in the region, 860—> 940 MeV/ca, due to K*(890)
production and a suggestion of an enhancement in the regiqn,'
1420 —> 1460 MeV/c2, which is presumably due to Ky (1420)
production.

If all ambiguities are now assigned to hypothesis (1),
this gives the distribution shown in Fig. L.11. The two dis-
tributions, 4.10 and 4.1l are strikingly similer and both
show evidence for K*(890) production as well as possible
KN(thO) production.

If one applies the MMS cuts described in Section 4.3.1.1,
to the events in Fig. L4.1ll, this gives the distribution shown
in Fig. L4.12 where, although the K*(890) is still clear
and there is still a slight bump in the Ku(luzo) region, the
background is large, due to the number of Kn combinations
to be taken into account.

It was thought that a Kn resonance might be seen more

clearly by choosing only those Kn combinations where both
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K and = travel either backwards or forwards together, in
the C. M S. The result of this selection on the events in
Fig. L. 11) is shown 1n Fig. u 13. There are atill signs of
the KN(lhzo), and the K (890) peak 13 very sharp. It: was
felt that 1little more could be done to improve these distri-
butions, given tho low statistics and high background No
enhancements were found 1n tho effectivo mess distributions

of me states.

L.3.2 The KK System

Enhancements in both neutral and charged KK effective..
mass spectra have often been observed, and their quantum
numbefs detéermined, enabling them to be successfully included
in an 82(3) framework.

Thé enhancements ascribed to neutral singlet resonant
states include such well established resonances gs:

a) The ¢(;019) meson,

a member of the vector nonet (JP = 1~) of mesons, which also
1noluéea the K (890), the p and «® mesons. The #(1019)
may decay to’ijk-,' or to Klo K2°,
K,” K,°, because its C-parity is odd.

o o
but not to Kl Kl or

b) The £(1270) meson,

a member of the tensor nonet (J? = 2+) of mesons, which also
includes the A2(1310), the KN(thO) and the f£'(1514) mesons.
The £(1270) decays mainly to 7n but may also decay to K+K-,

o, O o, O
or to Kl K1 or K2 K

> » but not to K1°K °, because its C-

parity is even.
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¢) The £'(1514) meson,
whose only observed decay mode is via KK, and which is
also even under C-parity. 4

The best known member of the I =1 resonances which may
decay to KK is the A2(1310), whose main decay mode is via
pn. The A2(1310) is also even under C-parity.

4.3.2.1 Reactions Studied

The most convenient KK system to study in the rare
final states is the K1°K1° system, and to accumulate meaning-
ful statistics, it is necessary to combine several different
channels. Those selected were as foilqws:;
k' —— YPx%K° (1) 39 fits (21l unique)
k' — K'PK°E°(x°)  (2) 59 fits (25 unique)

i —> k' 'k%E°(n) (3) 53 fits ( 9 unique)

kY —— kter'nK%K° (4)  31-fits (19 unique)

- x*p — k'p 1 n K°K° (=°) (5).. 4B f£its (15 unique) .

The only reaction of the above which was always uniquely
identifieble was the first. A photograph of one example of

the reaction,

k*p —— k' k°%°
“—‘>1t7£
. . + -
) b1 G 1 8

is shown in Plate I. Details of the momenta of the tracks
invoived are éiven in Table L.l.

In reaction (3), only the unique fits were accepted, be-
cause of the severity of the ambiguity involved (e.g. see
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Chapter -3, Fig. 3.16). This leaves 186 examples of Kl” K1
production to be examined. N

4.3.2.2 - The K, °K ° Effective Mass Spectrum .

The distributién in effective mass of the KloKio systen
in the 186 evedts is shown in Pig. L.1l. That due to the
unique events only, is shown hatched. ,

" There is a clear peak in the region, 1500 — 1540 M.eV/c2
more striking in the uniquelévents, and presumably due to
KK - decay modes of the  £'(151L) meson. There is also a small
bump in the region of 1300 MeV/cZ, which might be due to
KK decay modes of the £(1270) and/or the A,(1310) mesons.

Table 4.1

Momentum of Tracks shown in Plate I

Track | Momentum'(GeV[cz
K (beam) © 10.086 ¥ 0.100

From Interaction

A R © 0.927 %0.009
| | | 0.298 ¥ 0.008
Lower Klg
~ o 0.357 % 0.005
T S |  0.1463 ¥ 0.006
Upper K,° | o
ot S 0.873 ¥ 0.007
B  0.090

T S 7.267
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There also appears to be some enhancement in the region
of 1050 MeV/c2, perhaps due to the 8 (1000), sn S-wave KK
interaction often found near the threshold of KK effective
mass spectra. Enhancementq,in'thg.‘KI?KIO effective mass in
this region have been reported elsewhere, ©.8. by Crennell
ot.a1.(5), at a mass of 1068 t‘lo‘MeV/cz, with a width,
of 80 * 15 Mev/c2, snd by Alitti et al.(® at a mass of
1030 ¥ 10 Mev/c2, with a width, | of U457 {g MeV/c?,

The efféct is attiibuted té the ,; = 0 s8state, sinece no

+*
corresponding effect is found in‘KIOK states.

4.3.2.3 The £'(151k) meson

"~ The £r(1514) meson was first éeehfby Barnes et al.(7)ﬁrr
in 1965, in the reaction, |

KK p —  ANEK°E° .
The mass was reported as = 1500 MeV/oz, and the width as
~ 85 MeV/dag Furthermore,'the absence of any Kiokzo ‘decay
‘Although there has;beenolittlé doubt about the mass

value of the f', there has been some uncertaipty abqnt,its
width. In 1967, Barnes et al.(a) reported the width as
87 4 15.MBV/02, and Ammer et al.(9) reported a width of
only 35 ¥ 25 Mev/c®. 1In 1972, Aguilar-Benitez et al, (10
reported the width as 69 ¥ 22 MsV/ca, and Videau et al.(ll)

:

reported the width as 40 ¥ 10 MeV/c®. The Birmingham-Glasgow

collaboration also studied the £'(1514), using mainly K'K~
' states, and estimated the width as 28 : 15 MeV/c2 (12)._

Looking at the f'(151}4) enhancement in Fig. L.1llL, for
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the unique events, the width certainly appears to correspond
ﬁith/that found by the 0011aboration from a study of the
Kk~ states.

k.3.2.4 Preduction Characteristics of the K1 K1  System

' To examine more closely the enhancement in the £1(151L)
region, a selection was made on those events where the

Ki°K1° ‘effective mass lay in the region,

1460 MeV/c® & M < 1580 MeV/o2.

The C.M.S. production angle, cos 6*, distribution fer~the'
K1°K°, system in the 186fevents is shown in Fig. L. 15;‘w1th
the f'-selected events shown hatehed, but there 1e no etriking
dirference between the two sets of data. This is perhaps not
aurprieing, since the 8ix and seven body final states ineluded
naturally give rise to less peripheral dietributions of the

 final etate particles.

L.L Conclusion

There 1is ample evidenee for K (890) production and some
evidence for KN(lhao) produotion in the final states,
gt ot oA_o ,ne
end Cata* x% N\° K°

a8 well as evidence for a small smount of 231385) production.

| 'In“the*final states which involve production of a 3K1°Kige
pair, the effective mase'spectrum'of this system shows enhance-
ments, indicating production of the -f'(iSlu)~meeon, and possible

production of other meson resonances.
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5.1

CHAPTER V

1 ANTI HYPERON PRODUCTION'

5.1 Introduction

The anti-hypercns of méjér interest were the antiparticles

of the cascade particle, .~ , and of the omega minus particle,
)y .

“=' , mass = 1321. 29 0.14 MeV/c

=10 s

mean lifetime = (1. 672 ¥ 0.032) x 10
7, mass

mean lifetime

1672.5 ¥ 0.5 Mev/c?

(.3 . * ° b') x 10710

8 (28 events seen).

The anti-omege, ( ) , had not been detected when the author
started this work in 1968, dand a certain intqrest lay in detect-
ing the first occurrence. The Zziifﬁas in fact first seen in
December 1970, in a deuterium equr;ment(¥), and its obser-
vation is described later 1h this chapter.

The raaction requiring the least energy to produce the

/———-f+
anti-oaeoade, ~, 5 in K P 1nteractiona 13,
K+P —s =T N
which requires a C.M.S. energy of 3.375 GeV.

—+
The corresponding reaction for production of the <)Y is,

—+

k'p — QO p=°
which requires a2 C.M.S. energy of 3.925 GeV. The total C.M.S.
energy available = L.Lh6 GeV.
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5.2 Decay Modes of the Anti-Cascade and Anti-Omega Particles

5.2.1 The Anti-Cascade Particle

L —
The main (AlOOo/o) decay mode of the .~ _ is,

_— —°
= Nag* Pyax = 139 MeV/c

where PM ax

—+
the /=, centre of mass.

onv. _
The /\ may decay to Pnu' or mn°, sand if the A°

gives the maximum momentum of either particle in

decay 1s seen in the chamber, it is often possible to say at
the scanning stage whether the K originated at the
charged decay vertex, since the antiproton, .i", follows very
closely the line of flight of the AC , 4in the same way that
the K - follows very closely the line of flight of the _’ﬁ’,+.
A good example of this is shown in Plate II, a photograph of

one exsmple of the reaction,

‘ +
k'p —— ‘= x* (ms)

where the anti-proton clearly pointe vdirectly at the charged
decay vertex. A summary of the paramet.efs of the tracks in-
volved is given in Tablé 5.1. If the charged prong from the
interaction 1s assumed to be a proton then the calculated
value of the missing mass is 1.966 GeV/ca.

. The 1ifetime of the =, state shown is

I~

D= (2.16 ¥ 0.29) x 10730 g,



| TABLE 5.1

5.3

Parameteras of Tracks shown in. Plate II

Track Number  Momentum (GeV/e)

1. (Beam) 10.084 ¥ 0.100
2. 3.196 ¥ 0.030
3. (=) 3.22l ¥ 0.435
b, (2% 0.532 ¥ 0.010
5. (M) 2.81 -
6 (P 2.435 ¥ 0.030
7 (xh) 0.377 < o0.004

5.2.2 The Anti-Omega Particle

The three decay modes of the

known decay modes of the ()

(1) ) —— =%"

(11) OV ="

L SAx*

(111) Y — Ax*

In decay (1) sbove, the neutral decay of the =, °

_ L__;_T\;O I

- Length (om)

"Dip (degrees)
109 0.9
15.8 - 3.4
65 -14.6
12.7 - 1.2
66 - 2.2
55 5.3

+ ' .
() , corresponding to

are,

P =

Max 294 MeV/c

PM ax = 2.90 MeV/c

P

Pyox = 211 HeV/o

means that

such a decay mode would be difficult to f£it kinematically,

since ﬁhe position'of the xiéutral decay véi*téx is uhkhdtm.

— 0O

(The mean lifetin;e of the '~

'In deéai ‘(11) above, for an f—l+

~ 3 GeV/c, the maximum decay angle = 6°.

i8 ~ 3 x 10

~-10 S).

produced with a momentum
—_—+

O

For an
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produced with a momentum = 5 GeV/c, the maximum decay sngle

~ L°.

5.3 Anti-Omega Production

The cross-section for o production in K+b inter-
actions at 12 GeV/c was estimated from the observation of
one event(l) as 0.1 pub. If the k*P cross-section at
10 GeV/c for j?i+-production i3 of the same order, then the
Edinburgh~Birmingham-0xford film sample, with a combined
total cross-aection‘of 16 events/ub, might be expected to
contain one or two ) events. chever, there are many
ways in which such events may be lost, or may fail to be
unambiguously identifiable.

- No event was found in this experiment which could be
uniquely interpreted as involving the production of the fﬁf

particle. However, two events which were considered to be

—+
possible candidates for () production will now be described.

5.3.1 The First Anti-Omege Candidate

A photograph of this event is shown in Plate III and
details of the tracks involved are given in Table 5.2. The
topology is of the 21l1-type, and when this event was first
proceased, two kinematic fits giving gocd chi-squared proba-
bilities were obtained, visz.

T

k" p ——

) _ (1)

- R
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i ——> O N (N9 (2)
L spe™

> (‘““ ) .

The calculated value for the missing mass of the unseen

_ﬁf”wes low, 1.0.

I+

1.061 * o.o43 cev/e®  for £it (1)

'+

1.030 0.052 GeV/o? for f£it (2)

The event had failed to fit any other hypothesis tried in the
kinematics decks, and the 1C fit at the charged decay vertex
would not fit the decay of 3%, 3 , or §§:* . The
fitted momentum of the decaying track was 3 186 0.114 GeV/e,
corresponding to a bubble density of 1. 29 0.02, if the
track was made by an _IT_ particle. The event was remeasured
in Glasgow Uniieraity, by eleven different operators, to test
if the same hypothesié would fit the new measurements. In all“
eleven subsequent measurements, very poor fits were obtained
to hypothases (1) snd (2), and no other fits were obtained.
(The values gi%éh'ih Table 5 2 are thé'é§erages of these
measurements) At & later stage, ‘the event was measured four
times in Edinburgh on the 'Vanguard' measuring machine, with
the same results.

Closer examination revesled that the original ﬁeasurement
had been a poor one, the measurement errors being more than
double those of subsequent heasures. This also gave rise to
large errors on the momenta of the tracks, and it is reasonable
to suppose that it was these large errors which gave rise to

the low values of ‘X, 2 obtained for hypotheses (1) and (2)

on the first measurement.
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TABLE 5.2

Parameters of Tracks shown in Plate III

Prack Number  Momentum (GeV/c) Length (cm) Dip (degrees)

1 (beam) 10.076 ¥ 0.100 45 0.3

2 (=h 0.857 ¥ 0.1 . 51 1.9
3 ~ 3.012 ¥ 0.090 36.8 6.9
Lo 1.147 ¥ 0.033 2l -1.2
5 (n) 0.453 = 0.009 29 -23.8
6 (P) 2.727 * 0.058 39 - -10.2

7 (%) 3.095 ¥ 0.048 13 -12.8

However, it was also true that if one considered the
charged decay vertex alone, the only decay sequences which

could give a fit were,

+ o .+ , -
O —=N«k Pyax = 211 MeV/c
e —° + _ - )
() —= = Pyax = 290 MeV/o
k¥ — 1*x® P = 205 MeV/c
. Max
+ > + =
K - TRRY Pyox 236 MeV/c

The transverse mcmentum at the decay vertex was 135 t 3 Mev/ec.

If the decaying track was an () , itsexpected
bubble demsity = 1.29 < 0.02 |
and if it was a K+, its expected bubble density

= 1.03.
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Por the track leaving the charged decay vertex, if it
was a - K+, its bubble density would be 1.21 % 0.01 and for
a n+ or u » 1.01.

Since the décaying track was -v"37'om long in the chamber,
and its decay product was -~ 25 cm long, it seemaq that ;t
might be-poﬁsiﬁle.to‘uSQ:bubble-density esﬁimation'as e means

of establishing the identity of the tracks involved.

5.3.2 Bubble Density

The term 'bubble density';is usually underafood to refer to
the number of bubbles crested by a track, per unit length,’
expressed as a ratio.of the number created by a minimum .ionising
track, such as a beam track. In this experiment, a beam track
created -~ 15'bubbles/cm. The number or bubbles created per
unit length depends only on the charge and velocity, B = v/e,

of the particle, and not on 1ts masa. It g = nnmber of

bubblea created per unit length, then

: 1

8 < =3

o B n

where n:%v2.0(2’3); Usually n 13 teken = 2,0, ‘and since
for the beam tracks, B = 1.0, then the relative bubble

density of a track, gy 84y, is

where f = v/c¢ for the ionising particle; This quantity,
gy 18 the one printed ‘in the Kinemetics output, under the
column headed, 'ION'. If the track has a dip angle, 9, then
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the bubble density becomes

gg' = '8y 890 )
although‘this assumption may be unreliable for angles of dip
>/\.' 300. : . ’ . . . .

Values of 1

/82

at different momenta for the pion, kaon
and proton, are shown plotted 1n”FigJ'5.l. f Normaliy the lower
limit for visual estimates of bubble density is taken as 1.5,
corresponding to a momentum of 200 MeV/c for nt, 700 MeV/c
for Kt, and 1.3 GeV/c for a proton.

There are normally gaps between the bubbles, and the
number of gaps '= number of bubbles. It is expected |
theoretiéally, and has been verified experimentally(3’h) that
the distribution of gaps in:a track is exponential. 4i.e. if:
X = gapvlength, from .bubble centre to bubble centre, greater
thah some minimum length, 'a' say,

and 1if ¢t = 1length of track,
and 1if g, = ‘mean humber of bubbles/unit length,

then(S) the number of gaps greater than X,

n (> x) = 8, L e .

If the gap is measured between the circumferences of the
'bubblest on film then the gap becomes x', where

= ! &
X X ao

and a, = "one bubble diameter,
-gox' “8,8
. _gox'
= -constant x e .

Thus, if one uses a travelling midrosoope to measure the gaps

on £ilm, and sorts the -gaps into bins of length ¢, (i.e. the
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bins are (a, a +¢ ), (a+¢, a + 2¢_),.... ©tc.) ome can
plot log n against gap size, X', . and the gradient of the
straight line will give a.value for 8y By comparing the
gradient of this line with that of the besm tracks, a value
for gg may be deduced. This was the method used.by the

author to measure gp for the decaying track.

5.3;3 Results of Bubble Density Measurements

The unit ehoeen for'bin size in sorting the'gabs was
25 ym on £1lm ('v one 'bubble! diameter) and the gaps were
sorted into bins of size 2-—9 8 units. A leaet-squarea rit
was made to each set of points, and the error was taken as
A/ﬁ where N = total number of gape measured ('v 100 en
each measure). The deeaying track was meaaured seven times

by different workera, giving a mean gradient, ml, of

m - 0. 672 0.075 .

1

The mean value of the gradient for four beam tracks in the

vicinity of the decaying track was m, where

giving a relative bubble density, &R’ for the decaying
track of _ )
gg = 1.06%0.19 .
Obviously, the error is large enough to allow the ionisation
to correspond to & K' meson or an O . Fig. 5.2'showe the
results of a single measurement on the decaying track, together
with the results of a eingle measurement on a nearby beam track.
At a 1ater stage, the tracks were remeasured, using a

different objeotive and values of &g were obtained ranging from
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I+

gg = 1.47 0.21

= 1.08 ¥

to - 0.16 .

€r
Since the error oﬁ.estimated bubble denaitﬁ waﬁ‘too large
to allow any distinctidn,befween meson and hypéron for the
decaying track, and sinqev;t_wﬁs found dittieqlpltobqbtain a
'coﬁsistent value for Bg» the bubble density measurements were

not pursued further.

5.3.4 Lifetime of the First Anti-Omega Candidate
Using the decaying-track length of 36.80 om, snd fitted
momentum of 3.200 ¥ 0.075 GeV/e, the%daigtime of the state

—+

was estimated, aaauming'thb particle to be an (O , as
T = (6.42 ¥ 0.15) x 100 g

compared with the () mean lifetime of

/i\ = (1,3 t g'l") X 10-10 S .

If one assumes that the particle is actually a K+ meson,

decayjtime is

10

T = (1.89 Y o.0p) x10 10 s

compared with the mean lifetime of the K+ meson of

8

T = (1.24 x 10 ° S.

This implies that if the decaying particle is in fact an av »
1ts;§§§gﬁime is unusually long.

It is also trué“that any hypbﬁhesis of'gfif+'pgbduction
in this event requ%fes that both the j\? from the inter-
action and the _A from the decay vertex (or from the .=, °
decay), be unseen, which by itaself is not excessively improbable,
but together with other factors, is evidence against anti-

hyperon production.
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5.3.5  Conclusions Regarding the First Anti-Omega Candidate

" This event was discarded-as a " likely candidate for a*t
produotion for the following reasons:
(1) .Remeasurement gave high.values of ()(2 for the
hypotheses.
(11) The .calculated value of the missing mass of the j\o
from the interaction was very low (mean value from the eleven
measurements = 1048 : 27 MeV/cz).
(111) It was not possible to.establish the identity of the
tracks by bubble density measurementa.‘ |
(iv) PFrom lifetime considerations, the _(1 1nterpretation is
less likely. }
(v) The .?i+ interpretation requires both A° and ]iq
to be unseen. | | | |
(vi) There are other possible interpretations bf the event,
ellowing multi-neutral prodﬁct;on at .the primary vertex. It
was found 1mposgible’tb £it any reasction to the event, and
the author considers that the most likely interpretation is
due to the reactioh,

KP——>K+K+j\_°(nx1t) .
L b :
TARY _

The calculated missing mass for this reaction is = 1.7'GeV/02.

5.3.6 The Second Anti-Omega Candidste

This event is of the 211-t7pe topology, and a sketch of
the event is shown in Pig. 5.3. The length and momentum of
the tracks involved are givén in Table 5.3.



Sketch of the tracks of ‘the second anti-omega .
‘ candidate. o '
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The decaying track was only 0.98 cm long, so its momentum
was unknown. The V° gave a good fit to,

'j\? — Pq

and four fits were obtained at the interaction vertex, viz.

n

CKP— AT (N |
xt (=°)

Kp— N O =’ (/N
+ —_—0
K" (A) .
The same results were obtained on remeasurement. If track 2

is a proton, its bubble density would be 1.3l4, at the limit

for measurement.

TABLE 5.
Parameters of Tracks shown in Fig. 5.3

Track Number Momentum (GeV/c) Length (cm)
1 " 10.076 ¥ 0.100 9
2 1.615 ¥ 0.021 63
3 - 0.98
T - . 1.272 ¥ 0.018 55
5 2.090 ¥ 0.039 S5
6 0.529 ¥ 0.008 43
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The transverse momentum at the charged deocay vertex
is = 160 MeV/c. ‘
—_—+
Assuming that the decaying particle is a . , the

.deé6yltime is,
—_

T = 0.078 x 10 19 g

compared with the > mean lifetime of

™~ =148 x 100 g
—_+

If one assumes that the decaying particle is an ()L ,

,the;'_éifecag time is,
T

= 0.17 x 10 0 g .

A )
Both of these 3.de¢c5}times are acceptable.

5.3.7 Conclusions Regarding the Second Anti-Cmega Candidate

| A8 with the previoﬁa event, if one interprets this event
as being due to the production of an <) 'pax’-ticle,' one hes
to assume that both the A° from the interaction and the |
A, ere unseen. ' '
However, in the absence of other evidence, it is possible
that this event is an example of the production and deocay of

the () particle.

5.3.8 Pirst Observation of the Anti-Omega

The A’ wes first observed in Decémber 1970, in a
' (1)

K'p experiment, by A. .'Firedfq'xie'_‘et{ al.'*’, at the Lawrence
Rediation Laboratory. - '

The reaction was,
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where one ff was unseen. wThe'éttempt to fit the _Af

the charged decay vertex as

_+'___>:/—\? <
failed completely, giving ean unconstrained mass value for the
=" of 14304 ¥ 2.6 Mev/e? ,
far removed from its true .value of 1321 MeV/c2. Inter-
preting the decay aa '
N— j\° K

resulted in a fitted mass valup for the decaying particle of .
1673.1 ¥ 1.0 neV/oa' which 1s in excellent agreement with the
Imown mass of the (), 1672.5 ¥ 0.5 Mev/c?.  .The track
from the decay had a momentum of 866 # 8-@5V/c =wh1ch's§ogld
have a bubble density for a K*, of 1.3, 1.0. at the 1imit of
1dent1fioation and being consiatent with the observed 1onisation.
1 The certainty with which this event was established as
the decay of an anti-omega particle was due largely to the
transverse momentum of the decay, viz. = 210 MeV/c, compared
with the maximum tranaverse mdmentum for the decay,
Eézf;-—ééai?.ﬁ*“ of-iég ﬁéV/61~.Tho“i§hgth‘qf the decaying
track was too short to allow an est1ha€6jof‘moﬂen6ﬁm by \
measurement . ‘ '} o '

The eross-section for anti-omega production at this momentum
was eatimated‘by the authors to be & 0.1 pub. It is interesting
to note that this reéult was based on 500,000 pictures in

¢ — . .
which 45 = events were observed, very similar to the combined



5.15

Edinburgh=Birmingham data.

S.4 Anti-Cascade Production .

- 'The results presented in the following sections involve
a toﬁal of 3L final states contéining an. fgzé-‘particle from
the combined Edinburgh-Birmingham data, and part of these
rebults'has already been published(é), along with the cross-
sections calculated in Chapter III. Because of the mass and
strangeness of the f§f4-,'and‘the fact that it must be pro-
duced along with two oﬁhef baryoné; its production cross-
section 1is low, and the data published from this experiment
represent a significant contribution to the world data on

: —+

—_— J—
~—7, production characteristics. The total .=, pro-

duction cross-section was estimated as (21 :ﬁ) pb .

S.4.1 Lifetime of the.Anti?CascadenStates

Using the method of Maximum Likalihood as deaoribed in
» —
Chapter III,.tha.mgan lifetime of ‘thirteen fZEL’ évents foéound

'in the Edinburgh data was estimsted as,
T = (.64 ¥ Oy 10710
0.3
and when these events were combined with the Birmingham events,

the lifetime was estimated as

+ 0.35 10
- (1.55. _ - 0. 20) x 10

The 1973 Particle Data Tables give the 11fet1m9 of the 7= as

T = (1.672 ¥ 0.032) x 10710 g

in good‘agreement;'

— +

The Likelihood Function, oZ. , for the Edinburgh =,
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events is shown plotted in Fig. 5.4. The asymmetric nature

of the uncertainty is clear.

5.4.2 .Centre of Mass Quantities of the Anti-Cascade

5.4.2.1 Centre of Mass Momentum '

In Figs. 5.5, 5.6, 5.7 and 5.8 respectively are shown
the PeyreW Plots for the 37 ‘= states on the DST, in the
h- and S-body final statea, end the sum of these. The
Peyrou Plot gives the C.M.S. longitudinal momentum, P“ ’
along the x~-axis, and the transvorse momentum, Bf » along the
y—axis.
=+
It is clear from these figurea that the ,~, states pro-

duced in the 3-body final states are more sharply peaked forwards
than are those in the h- and S-body final states.

5.4.2.2 Centre of Mass Production Angle

Fig. 5.9 shows the distribution in cos 6, the C.M.S.
production angle, for the ',__,’“ states, defined with respect
to the incident ‘K meeon._ Naturally, these distributions
eontaip much the same information as the ‘Peyron Plots.

Fig. 5.10 shows the,enggiar eerreiatiene between the nucleon
and hyperen produced in 3 body finaL states of the type,
ZPY, where Y isa N\’ or © L° nyperon.

The Y~-hyperon is clearly peaked baokwarde in the C.M.S.
and the proton peaked backwards and forwarde. The peaked
nature of the angular distributions leads ome fo suppose that
eome sort of peripheral.proeees may.be active in 3-body
production, and it was decided to investigate further the

possible production meehanisme in these states.
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5.4.3 Production Characteristics of the Anti-Casecade in
3-Body Final States

The simplest §§3+ final states are tﬁe 3-body states,
=Y .
One useful method of examining the C.M.S. distributions of
these particles is to use a léngitudinal phase space plot
(LPS plot), first suggested by L. Van Hove(7). The useful-
ness of LPS plots stems from the well-known empirical fact
that the transverse momenta of outgoing particles are res-
tricted to small values, the average being .~ 0.3 GeV/c to
0.4 GeV/c for pions and protons respectively, and are largely
independent of incident energy. Consequently, when the latter
is large, the phase space distribution extends mainly in the
directions corresponding to large longitudinal momenta, and

many of its characteristic features can be read from analysis

of its projection on longitudinal phase space.

s.4.lik The Hexagonal Plot

In the case of a 3-body final state, where the C.M.S.
longitudinal momentum of the final particles is q;» 9y q3,
each event is represented by a point, P, in the plane of
Fig. 5.11, with distances, q» to the three lines q; = 0
(these lines cut each other at 60°). This is known as s
thexagonal plot!'. Events with ay positive (negative) are |
plotted on the side of the qy = 0 lines marked +(-). Here,
a is taken positive(negative) for a particle moving in
the forward(backward) hemisphere of the C.M.S., the forward
direction being that of the incident beam particle. |
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.............

border of the plot, and if thg f%ng; state particles are non-

identical, the kinematical boundary intercepts the three axes

at different points and has an irregular shape. The Hexagonal

plot for the 13 3-body fi?PY states.from this experiment is

shown in Fig. 5.12, where it is seen that the majcrity of

events .fall into ‘that sector where both the proton and the”
="' are emitted forward in the .C.M.S., and the hyperon

is emitted fast backwards. Since .the points ara~fairlylnear
the boundary of .the plot,taﬁd considering that the average

longitudinal momentum of the proton is higher than that of

the =, , one could construct.a double-peripheral .exchange - . .

diagram to represent such a process, vigz.

+

K

-

< 1l

It is known that'at'high energies, meson-nucleon col-
lisions take place not as 'head-on' dollisions, but more as
'glancing! collisions, where particle~like systems are imagined
to be exchanged, which carry the quantum numbers required to
produce the final state.' Thus, the gbove graph represents a
reaection in which there are two exchangeé of particles, from

the upper to the middle vertex, and from the lower to the

middle vertex, e.g. pdadible exchanges might be ]f end K’

respectively.
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P(n=e

Hexagonal Plot for. ZPY final states.

FIGS13

Definition of sectors 1 —> 6 in the Hexsgonal plot.
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Since in any sector of the Hexagonal plot, the identity
of the leading particle is ambiguous, one may create new
sectors to correspond to the double-peripheral graphs, by
1 L2 and LB’

* — * 3 *
P, (B = P»  (P), P (P) = Py (¥), and

constructing the lines L respectively, where

1

PT (=) 3? (5{3) as shown in Fig. 5.13. One may number
these sectors l’to 6, starting with sector LlL3 on the _
L.H.S. of the diagram, Thus sector 1 correspoﬁds to the

graph just considered, and there sre six events in this region.

Sector 2 corresponds to

+

K =*
Y
P
P K Y

. . o + A s -
with possible Y  and K exchange. There are three events
in this region.

Sector 3 corresponds to

K* ’ ' §+
s Y
P Ll P

i.e. Possible Y° and Pomeron exchange. (The Pomeron '
carries the quantum numbers of the vacuum.) There are three
events in this region which is perhaps surprising since one
might expect this process to contribute most.

Sector.l} corresponds to

+
K Y
\ = —_
AB’
P p
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— + .
i.e. =) exchange, wnich must be rare, due to the mass

e
end strangeness of the exchanged particle. There is only one
event in this region.

Sector 5 corresponds to

K+

+

A

aq =

-
tenf

P

g

This involveé the exchange, at the lower vertéx, of a di-
baryon state with strangeness, -2. No such state .is known
to exist, nor is predicted thééretically.' This sector contains
no events. | | |
-Sector 6 corresponds to

+

K

—< v

!

which again involves the exchange of an exotic (i.e. non
SU(3)) state. Once again, there are no events in this region.

Thus,Athe population of the sectors of the Hexagonal plot,
‘as defined above, is in complete accordance with present‘

theoretical predictions about the existence or otherwise of

particle states.
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S5.4.5 The C.L.A. Parametrisation -

Amplitudes have been constructsd to represent such pro=-
cesses as have just been considered, e.g. in the Chan, “
Loskiewicz and Allison model (Q.L.A. modél)(e). " The physicists
at Birminghem University used those emplitudes which describe
| thé graphs for sectors 1, 2 and 3 in the Hexagonal plot, to-
gether with events generated by a Monte Carlo program, anu
calculated the effect of these aﬁplitu&es'on thé‘finéi uiafe,
4n terms of the angulur distribufiou'of the fhreb finéllstéte
particles. Modest success was achieved in the cbrresbondenoe_
between tha experimental distributions end. those prediceted by
the c. L A. 'double Reggo model' Much greater statistics would
be required before any firm conclusions could be drawn, regard-

— +
ing such =7, production.

S.4.6 The Triangular t-Plot

Another (related) method of looking at possible production
mechanisms of 3-body final states is the so-called,
'triangular t-plot', whose boundary is an equilateral triangle,
and the perpendicular distancea of a point within this boundary.
t; one of the sides, ropresents 't', 1 . minus the four-
momontum tranefer squared from the beam partiole to oach of
the outgoing'barticlea in the final state, and since the sum of
the momentum transfers is a constant, this gives rise to the
equilateral boundary. | |

If ¢

., KP
squared from the incoming beam particle to the final state

represents minus the four-momentum transfer

proton, etc., then the equations of the sides of the triangle

. are,



xp = 0
% = 0
t',- = O .
N
- . = 4
The relevant quantities for the 3-~body = PY states

are shown plotted in Fig. 5.1L.

Phase space within this plot is known to be fairly
uniform(g), and any concentration of events near the edges
of the plot implieg a peripheral process.

Examination of Fig. 5.1l revels that the gominant

'process is one in which the smallest momentum transfers

(~ 1.5 (GeV/c)g) are between ‘x* ana P, then between

K' and =" (~3 (GeV/c)®), and the largest
(A{lO(GeV/c)g) between K& and Y. This may be represented

by the graph,

i.e. the trisngular t-plot leads to the same general con-
clusions as the Hexagonal plot, regarding possible production
mechanisms, and serves as a useful guide to the extent of the

peripheral nature of the reactions.

5.5 Conclusion

. . ’ 5 - p——t 3
The production mechanism of the three-pody = PY
final states can be broadly interpreted by means of a double-
Regge model, involving exchsnges of known SU(3) states. The

Hexagonal plot and the Trisngular t-plot were found to be
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b

' The Triangular t-pl»ot. |
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useful aids for the simultaneous examination of the C.M.S.
distributions of the three final state partiocles.
No event was found, whose 1nterprétation oould be _

. _—+
uniquely assigned to ( ) production.
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GENERAL CONCLUSIONS

The analysis of the rare events from this experiment has
provided useful 1nfogmation on the part played by resonance
production in auch.qampliqated,rinﬁl states, .although the
Kn ambiguities, the‘small npmber of constraints, and the
low statistics makes detailed investigation diffioult.

It would be 1nteres§1n$‘to study more glosely the
Kl? gl°' state, although collection of the necessary
statistiocs is a daunting task. The data presented in this
thesis is derived from the gnalysis of 500,000 pictures and
to obtain more significant statistics would require huge
efforts in time and computing. |

Useful and 1nteres€ing infofmation has also been}‘
obtained on the anti-cascade final states, in terms of the
distribution of final state particles and possible produc=-
tion mechanisms. More sophistioated anglysis would again

require far greater quantities of data.
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APPENDIX 2A

A Justification of the Use of the X 2 Method of Pitting

After an event has passed through the kinematical fitting
program, one has to decide if the tested hypothesis is ocorrect
or not. All measured variables are forced to fulfil the
constraint equations and the magnitude of " X 2" 41g depen-
dent on the difference between fitted and measured values.

Let there exist a set of variables,

v = (vl, Voseeees vn) for which one has independent estimates,
m, assumed to belong to normal distributions with v#riances,
612, 622,....., 65?. Let there also be a set of funotions
(constraints) - f£(v) = 0, which the variables obey but whieh
are nét satisfied by the estimates. - One hopes to find an
dimproved set, m+c¢, such that f(m+c) = 0, and the most

probable set.

The probability of ey lying in S4s Oy + de1 is
1 k(%1763
P(o,)de, = e 1 dey
6, /%= ,
and for all independent elements,
P(o) = T‘T P(e,)
i
-' fo 2
% ).(0,76,)

= oonst., x &

= which probability oﬁe wishes to maximise, i.e. one should
minimise '

2
K= ) (o802 .
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The distribution of | X 2 4s predictable, if one knows
how many 'e’]:emez;ts » © snd £, oexist, | |

One .can convert the X 2 value and the number of degrees
of freedom (number of oonstraints minus the numbér of para-
'meters) 'into ‘a ‘probability by using ‘the: ‘theoretioal X 2 “dis~
tribution, whiech gives the probability that X 2 is’ greater
than or equal to a given value. i.e. the caloulated one.
A probability of < '5°%c 1is doubtful and ome < 1%/0
implies a very unlikely interpretation of the event. - Hoﬁever »
a single valué of X 2 ‘does not tell too much, unless it ,
happens to be rather large, and the most significant inter- -
pi-etauons ‘of X-z' testing require large numbers of events.
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APPENDIX 2B

This appendix gives a list of the hypotheses tried in the-
two laboratories, Birmiﬁgham and Edinburgh, togethef with the
hypothesis numbers. The number of fits obtained from the
Run L} and Run 5 film is listed, with the number of unique fits
in brackets, and there is a separate column for ﬁhe fits
- obtained from the '0xford! Run 1 and Run 3 film, anélysed in

B

Edinburgh} The 'F_,' column gives the number of fits obtained
. - . )
in the Birmingham Laboratory.

E
Edinburgh Laboratory. '

The 'F_' column gives the number of fits obtained in the

The 'F_' column gives the number of fits obtained in
' the Edinburgh Laboratory, from the Run 1 and Run 3 only.

The 'NHYP! column gives the hypothesis number, and an
asterisk denotes a'hypothesis‘which was not attempted in the

_Edinburgh Laboratory. Only successful hypotheses are listed.



TOPOLOGY 202

- NHYP FB FE FO

093 36(16) 21(9)  8(W)
103 35(2) 10(5)  7(1)
123 21(0)  5(1) - 5(1)

© 133 L48(23) 22(12) 10(2)

143 25(2)  3(0) L(0)
153 41(9) - 10(1) - 5(1)
173 25(L) 14(7) L(1)
183 78(41) 34(22) 20(9)
193 ~22(22)  7(7) 3(3)
1203 27(9)  16(8) 9(3)

213 1(0) 1(0) -
23h4 1{1) 1(0) = 1(1)
2Ll 35(12) 10(3) . 11(3)
453 S 1(1)  1(1) T~
L63 2(1) - -
b3 3(1) 2(1) -
1493 - 1(0) -
665  18(12)  7(L) 2(2)
675 - 7(0)  8(1) 5(0)

685 5(0) _‘LL(O) 3(0)

Pinal State

7t P K°Ke(K?
K*7tK°K°(n)
77t KoK(E)
T ACKe (K
T I ke (A
K*m+keZ®
K7t K° A°
Kt KeA® ()
KtPKeke
KYP KK ()
Kt P A K (R)
KK*ke 2°
Kt *K°K* (=)
77 P A°A°(K)
TP A K (A)

TP A K (R

Tt P AK(Z)
KYK*A® K® (K°)
Kt K*Ke Ko (1)
K* K e & (A)



NHYP

013
023
033
oL3
053
003
073
083
093
103

113

123
133

Ll

154
195
- 205
2145
255
265
275
295
603
905
966

19

F

22(10)
60 (1)
1Lh(1)

31(12)

12(0)

9(2)

20(10)

25(6)
22(6)
7)
L)
5)

10
17

~ e~ e~

2(0)
9(2)

2(1)
5(h)

1 2(0)
3(1)

1(1)
L{o)

. Topology L0O2

1(1)

FE Eo
15(9) 3(2)
18(10) 1L(lh)
9(L)  6(1)
11(h) 6(0)
6{(0)  1(0)
6(1) 1(0)
8(6) 2(2)
1U(5) 2(1)
- 7(2) 2(0)
7(1) L(2)
6(L) 1(1)
L(0) 3(1)
2(0) 1(1)
2(2) -
2(2) -

- 1(0)
3(2) © 1(1)
2(1) -
1(0) -
5(1) 1(1)

- 2(0)
1(1) -
1(0) -

2B.3 .

Final State

Ktmtrta~ KeA® -~

CK'mrrratke /\0(77—‘)).

Ktpratn KP2°
Tt K A(Ke)
TITT TR KK (A°)
KK (Z°)
K¥pmtn KeK®

KtP irn” KeRe(Te)
K*memen KeRe (n).
Prm+n+n Keke(K®)

- PritmrKTKeK®

P+t K™ Ko IKe ()
mrntrr KKKk ()

o
CKtKYmtn K2

Kt it Koo (&)
KrK'n*K K Ko(n)
K* Pt~ IKCK (K®)
Kt mt K™ KeA® (1K)
Krrrm KTke ke (K)
Ktatme K Kkere (Z°)
KHK* mtm Ko (K°)
KKt~ KO (29
KtP mm = A°A°

K*'P K n* K°K® (K°)
KKKt Keke (=°)
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NHYP “ FB FE Fo
013 5(5)  2(2) -
023 8(8) 2(2) 2(2)

033 19{6) 12(7) 5(2)
oh3 - 28(11) =20(9) 5(2)
053 15(k) 8(3) 3(0)

063 33(15) 18(6)  6(3) .

072 1(0) = -
082 3(2) - -
092 . 1(1) = - -
102. " 2(2) 2(2) -
112 3(2) - -
122 1(0) 2(2) 1(1)
163 - ) -
183 2(0) L(0) -
203 1(1) . 1(0) -
223 - 2(0) -
23 . 2(0) - -
253 - 2(0) -
263 3(1) - -
273 3(0) 5(0) -
293 1(1) - -
333 1(0) = . =
463 - 1(0) -
- L73 - 1(0) -
- L82 (1) . - -
S K92 1(1) 1(1) -

502 1(0) - ~ -

" Final State

z';: K*K®
ZWK*K°
ST Y KE(R9)
KR ()
S Ko (K9)

TrmtKe(ke)

= FPIN)
EZPA
= PA ()
= 7mtA° ()
35792:3
= P(Z9)
‘Z Fre (Z°)
=Pk (1)
z PA° (K
ZW< A° ()
TP K(Z9)

A PR

Jr PRY(A)
S PK(A)
S PA ()
ZxKR ()
0 Tr+ INEN)
:WAM)

SstpE

>r P E

='PR(n) -

ZBfl;.
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Topology 212

012 3{1) 1(y) -
022 2(0) - -
032 - 1(1) -
062 - 1(1) -
ootk - 1(1) - -
- 172 - 3(3) = =
22l 1(1) 1(1) -
314 (1)  2(2) -
324 1(1) 2(2) -
6y - 1(1) -
585 22y - -
613 2(2) - -
623 3(3) - -
Topology 203
NHYP Fy Fp F
o5  2(n) . - -
083 2(2) 2(2) -
093 C1(1) C2(2) -
135 - 1(1) -
155 1(0) - -
185 1y - . -
193 1(1) - -
213 6(3) 2(0) -
223 h(1)  Wk(2) -
233 8(8). 4y - -
253 2(2) - -

. 2B.5

Final State

o+

= PZe
=PA
ZP NG
__‘-f —

= rPKe(n)
—t .
= KA (Z°)
= N(n)

S PKeA°

S mtKeKe
Z:r ,7-+K0Ko :
Y. PKOA°
7L KKK
ST KoK ()
it KeKe(T)

" Final State

KPP RKK(K?)

TTP K KR
TP K ke Ko (79
Kt K+ APKe Re
KK+ KeKeK(n)
Kt r* KoK® V\D(Zb) -
Kri* KK A® (R
TrTHt KK Z°
T KCKCA®
7t Ko Ko /\°(7,‘9_
7t KO Ke(n)
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n

384

L8y -

373
L63

003

182

073
063

1(1)
3(2)
1(0)
2(0)

- 9(5)

19(13)
1(0)
9(1)

L7(15)

1(1)
6(2)
25(7)

. 1(1)
~2(0)
L(1)

1h(3)
25(9)
13(5)

quélogy 411

Fp. - F,
1(1) -
1(1) -
1(1) -
L(l) 2(2)

13(11) 2(2)

-~ -

]
1

1
1

Topology Li12

- 1(1)
- 1(1)
1(1) 1(1)
(1) -

Topology L21

1(1) -
1(1) -
1(0) -
1(0) -
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Fingl State

E prPr(RY
ZPrta(Z°)
=Pt m (/%)

CZPKTKKKo(7®)

2 KKK Ko (1)

iK't K®

TrIKitnK®

EPrrKk(n)

S Kt K>
> Kt Ke(r)
2 KK 1" KY(K®)
s mnnKe(ke)
Jrmmtn ke (Ke)
FtPK*tn- Z°

= Kk m(KY

L T TKTKMTK (R

Z K'mtrtK®
Z Kttt Ke(mo)
STrtnrrt KO(KY)

= KK Ko ()
=Z K K(K)
Zoarrmrnt K Ke

StutmnT Ko Ke

= S mtr(n)
=L P
S TSPtk

Tr Y PItK®
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APPENDIX 3A

Scanning Efficiency

For each event, let p, q, r, 8 respectively be the pro-
babilities of the event being recognized by neither scannsr,
scanner A, scanner B, or both.

Then p+q+r +38 = 1 _ (1)

Assuming no correlation bstween the scanning,

p = (L-E)QA -E_Z)
a = | El(l - E,)

r = E,(1 - E)

8 = E1E2

where El; E, are. the scanning efficiencies .
Then ApsA = qr ' : (2)
Let there be a sample -of N events (N is of course unknown)
pf which a; b,(c events are deteéted by sc¢anner A, scanner
B; or both. The probability of this happeniﬁg, for a particular

"sample is
N! N-a-b-c

PN = X p X qa X rb X 8
atblc!(N-a=b=-c)! ‘

c

- the powers.of P, 4, r, 8, Dbeing the probability of a par-
ticular'pattefn of detection, or non-detection, and the multi-
nomial coefficient being the number of patterns leading to

the totals a, b, c. |

. The expected value of 'a' is

L. ) Z: a Py(a)
a b c

= Nq _ (after manipulation).

Il

a

| Similarly, .
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) = Nr

T = Ns .

One then obtains the 'most likely' values of the unknowns
N, E;, E, by equating @, b, ¢ - to the observed values of
8, b, c. 'From equations (1) and (2) and using the results
just derived, one obtains

N = B4 4T+
and E, the overall efficiency,
a+b +c

- _

=Zlof

One now reguires the standard errors.

. ! —_ 5
(Aa)g_ &= (a = &) . a2_'§v e

.Now ala - 1) =.Z Ebz a(a“l)Pﬁ(a;b',c)
. a c '

= q2 N(N - 1) (éfter manipulation) .
So that, | |
Ta -2 = QA1) +aN - (am)?
= a(l-q)N .
Similarly, '  ,
(AD)2 =  r(1-r)N ;

'(Ac)z = g(l=-s)N .
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The off-diagonal terms of the error matrix are given by, e.g.

b) = ab ~a b

| (a - a)(b
and ab Z: 2: Xj ag PNfa,b,c)
a b c . .

-N(N-1)qr .

]

So that . (a - a)(b -b) = = Ngr
and similarly for the other off-diagonal terms. The standard
error on ény function, f, of the observed variables, a, b, ¢

is given by

2 _ of 2T =2 2 o i o2, (982 T =2
.(Af) = (33) (é- a)‘ ( ) _( b) (dc) (¢ = ¢)
‘ of of 7. _— /. .= of of
+ 233 P (b=b) (c-c) + '25— P (c- c)(a a) +
of of _ _
| + 255.33 (a a) (b b)
. 2 : .
ie. JADT (952 , (952 (df 2
N da T 'ob
of of of, 2
) (% %a "% op T8 dc)
- ab
0.8, for N = g +b + ¢ +-E-
(AN)2 = l-E
. N s }
ie. AN - /1 - &
° * N c .

For a single scan efficiency, Ea-

il 2 -
(AE,) : E (1 -E)
2

&

N : N



For the overall efficiency, E, 1let Ns =g +b + c.

: Ns + | Ns
Then  E = 'ﬁ—— then E - AE = 3

_ N - AN

N N -
= _ﬁ_§, X lAN A -N—E-"- x (1 +—%—N-) =
+
(1 - 5
= . EAN AE . _ AN

i.e.. AE = —a or_ < T

3A.4
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'APPENDIX 3B

This appendix gives_détails of cross-—sections calculated from
the Birmingham and Edinburgh saﬁples, using the program.'FT{
as descfibed_in Section 3.L. The cross-sections for events
containing a E:'+ have been calculated from the decay mode;

+ +
2. — nm , only.

Op = cross-section calculated from the Edinburgh Sample
GB = - cross=-section calculated from the Birmiﬁgham Sample
O, =A combined cross-section.
Final State o op(ub) 'oB(ub) o, (ub)
KPR . ‘. B w ¥ o3 1ty 13 o,
Kf PR a9t e 9 2 10%
Kt KN | 18 % 6 9% 3 10.5% 3
KK T | 5r 2 12?3 9% 2
KirtkeRe( - 9% 3 97 2 9% 2
R ING i3t 37 e 39%f 5
Gtk (=) 18 % 7 oL ¥ ¢ 22 ¥y
Tt P KA "~ mean of six values 17 % 3
T K K (Z°) 25 T 1o 26% 7 26% ¢
Tt KK R () 108 15% 6 137 5
CK*rtmrm KeAS | 20 5 12t 2 13% 3
K 17 Ko A () 26t 7 2%ty 23 3
K 73  3%1.55 3.57% 2
KfP 17 K°K® 12t g 9f2.5 107 2
KPPt KoK (™) W oy 8 % 2 9t 2
K e ke e (M) s3I 6 ¥ o 6 ¥1.5
KPrere KoK 17 % 8 7% 3 8t 3
KPRt K)o 6T 3 137 4 9% )
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/

Final State crE(;;.b) og (1b) o7, (ub)
Tt T KeKeAS mean of four values 8 t 2
_ Tt KK (Z°) 21 * 7 16 T 7 18 ¥ 3
TR 6ty 1wty 8% 3
SR wtio 2t e 2975
T KK 22% 7 23% 5 23% L
SR KE b1tz 18T s a1% 7
T K () : wtoe o amte
7w K<Y - TR B T
2K b *o2 3% 1 3%
DAl o _ 6t o 6t 2
o (R _ 5 F N
= PA _ mean of three values 0.7 > 0.5
E:F Z.° : mean of five values 1.8 % 0.7
=Pt - esr8l estol
Eat A (0) mean of three values 1.9 + g?_)
E KT - 05197 0518
E Pra(z) g - rIod
= P (N) 0.9.% t2 1.0%o0.6 097 8‘:2)
A EiPW*K'(O) | - 0.2 23 o0.277)
B V132 eatEh euigh
= I st ! - s
= LTPRT Y - w9
§+Z+W*n’(n) 3.5 7 12* - 351 ‘;>
= KK (K) | 0.3 334 o314
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APPENDIX 3C

Derivation of the Likelihood Function for N(Observed)

The probability of obtainihg ‘n!' events in a chanhel~

with a cross-section, ¢, is Poissonian.

i.e. P =

where a is proportional to &, a = A G say.
In a large number of trials (e.g. runs),. the mean number, H,

in that channel, will be
A A -

n = E , nP = a .
n.
A n=0 .
So r = AG, i.e. A is the usual factor of track length x

deﬂsity.
It_is,required to find the likelihood of a particular
value of ©, given an observation of I'n'’ events. The

likelihood is just P_.

n
ie. Jd(o) = P. = Likelihood,
then ~L‘n;i = n tn(xd) - A0 = ¢n(n!) (1)
d - _ n _ - , . .
E§§<£nli) . = & A = 0 for max. likelihood
'n .,
i.e g = Xx. *~ usual result.

o
AN
{
]
|

s0, tnk = znzito + (o - 65)(§%>t511§-~+
. . :G’o

2
+ &(o - 0;)2(*g@ lﬂZi) + .... (Taylor Expansion)
d oF



where 6:) = maximum l'ikeliho-od value, —;\’ s, and
o) 2 0
266

i.e.: an goes down by % (one standard ef*ror)

: 2 0,02
when (o = o‘o) = =
i.e. 6 = o (1 : —]—‘-) - usual result.
: - © /n

3C.2

Higher terms in the Tayior ser_iés can be ignored when n is

léfge. To find how large n must be one takes

._d....,:; (tnz) = -gz-l-é- .
46’ - , o
. ‘ ) 3 N . - -
Then #(o - o )3 (= lnz)' = N (6 - o3
T o=0,, 36, °
= I --]-'-__-_- at the standard erfor limit.
3/n

Then c;hoqs'ing n > 5 gives a correction: g< -]7-‘ .

n=1or 2, say, one has to return to equation (1),
{n ;Z; = n {n(ie) - A¢ - in(n!)

tnofo= nénn = n - ¢(n(n!)

_and | z-n(z/&/’o) = n {n (Lno-_) - (A0 - n)

R -, AO, . AO - - - X
Then,.tn(n) nfl = K .
) Y Ve
Let X - = o
then fnx - x+1 = - -2  at the error

But if

-3 at the standard error limit.

limit.
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If this function, f(x) = = é%, is tabulated for n(observed)

it has the shape shown in Fig. 3.24. It may be seen that
f(x) is very asymmetric for n = 1,2,..., 5, but as n

increases, the standard error on ¢ becomes very symmetric.
For - n =1, 6"'."(;—07)

(1

In general, if xq and X, 8are the lower and upper inter-

>45_'
1+

vg:ZS) ote.

"~ For . h.‘= 3, o =

cepts, respectively, of f(x) "with - %E s then,

(1= -1y

c = 2



APPENDIX LA

Phase .Space'!

The two body effective mass spectrum from a final:staté~

containing four or more particles is. expected to be of the

form,

events
A

where the tangent to the distribution at the lower mass
end is at 90° té'theIX*aXis;uéhd_af_fﬁgmuppér:ehd,*at 0°
to the x-axis. The distribution should be smooth without
any narrow peaks. If, however, a short-lived resonance

exists in the mass combination, then the distribution will

show a peak at this mass.
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MULTIPLE STRANGE - PARTICLE PRODUCTION
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Abstract: Production cross sectlons for channels involving = partlcles (20. 9 3 4) ub, =~ par-
ticles (2.3 + 1.0) ub, Q articles (an upper limit of< 1 ub), and other strange particle
channels, are given. An ' production mechanism is suggested, in terms of a double-Regge
exchange model, not ipvolving exotic trajectorﬁes The values of the mass
(1321.6 £ 0.8) MeV/c2 and lifetime (1.55 ) X 10‘10 sec are in good agreement
with those of the =™ '

1. INTRODUCTION

We present results of a study of K*p interactions at 10 GeV/c in which more than
one strange particle in the final state is produced. The data were collected from
290 000 stereophotographs forming part of a 500 000 pictures exposure of the
2m HBC to a 10.1 + 0.1 GeV/c K* beam at CERN P:S,, ref. [1]. The proton contam-
ination of the beam was estimated to be less than 2%. The film was analysed jointly
by Birmingham and Edinburgh - Glasgow Universities, and the cross sections calcu-
lated using the two independent estimates from the two laboratories. The film was
scanned for any events which had a neutral-decay pointing either to a production
vertex or to any charged- partlcle decay vertex. The events recorded were processed
using the Rutherford Laboratory series of programs. For the Birmingham sample of
film and the accepted fiducial region, the microbarn-equivalent was (0.110%0.010)ub/
event (before the efficiency corrections); for the Edinburgh- Glasgow sample it was
(0.216 % 0.030)ub/event.

The selection criteria in kinematic fitting of hypotheses essentlally agree w1th
those of Scotter et al., ref. [2]. All fitted hypotheses were checked for consistency
with track ionisation by a physicist. A 1% cut-off level on the probability for accept-
ing a production vertex fit it was used. Four-constraint fits at production vertices.
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were preferred against one-constraint fits, and the hyperon-decay fits were accepted
in preference to K-decay fits for decays of fast and short charged particle tracks.

2. THE CROSS SECTIONS

Cross sections for reactions shown in tables 1, 2 and 3 were calculated from
the observed number of events (fits) by applying the following multiplicative factors:
(a) Corrections for scanning losses, applied to individual topologies (the average
value over all topologies was about 1.04);

(b) Correction factors for the probability cut-off (1.01);

(¢) Corrections for loss of events which repeatedly failed to pass through our pro-
cessing and analysing system (about 1.20);

(d) Correction factors taking into account the neutral decays of A° hyperons
(1.53) and K° mesons (2.92);

Table l
Cross sections for the observed Z final states at 10 GeV/c.

Reaction No. of fits Unique o(ub)
events
£*pA° 6 2 0.7+ 0.5
Etpx° 10 6 1.8+ 0.7
=+ _,0 0 +0.7
Z pAw 1 1 0.5+ 203
£ A% 6 6 1908
£*pKR°n 2 1 1732
K A%(=9) 1 1 0.5 jg:g
= + — o + 13
Eprrn (TV) 1 1 1.0 o6
E'pm n_(Ao) 4 3 0.9 tgg
£*pr K™ (n) 1 0 02*03
=+ +0.4
Z pprm ~(K9 2 2 0.4 _gg
=ttt . + 3.
CAD M 1 1 25713
f+2+n+ﬂ n 1 1 1.7 +2.2
: 3t
= + M
=tet p1'r 1 1 2.1 14
= multineutral 14 14 5.0+1.6
=+ =z + 6-1
=" total 51 209734
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Table 2
Cross sections for the observed =™ final states at 10 GeV/c.

Reaction No. of fits ~ Unique a(ub)

) events :
= KK A (KO) 1 1 0394
=~ multineutral 5 5 2.0£0.8
=" total 6 2.3 'tA 1.0

(e) A momentum-dependent correction factor of the form 1/(1 — ap), with
a = 0.1, to correct for a loss of small-angle, fast kinks (the average weight for reac-
tions involving a charged hyperon was about 1.40);

(f) Momentum-dependent correction factors for the neutral hyperon decay es-
cape probabilities (for the given fiducial volume);

(8) A correction (weighting) factor for events ambiguous between several hypoth-
eses fits, of the form (I/n). No error was allowed for using this method of correction.
Obviously, the product of these correction factors represents a weight attached

to each seen event. '

The total (overall) = zt production cross section, including 14 multi-neutral =+
events which gave only (3c and 4¢) kink fits, but not complete production and mul-
tivertex fits, is (20.9 +§ i) Hb. In total, we measured 47 events each containing an
=t hyperon, out of wh1ch in 35 events the A° visibly pointed to the charged-particle
decay vertex No O final states decaying via

sz* ~A°K*
or
Qf>=t°

channels have been reliably detected, thus giving the upper limit of cross section of
about = 0.5 ub (depending on the assumed mean weight), and the upper limit of the
ratio (QF/= 1 ) exp.~ 1/47.

At the same time, altogether 6 cascade Z™ final states have been seen (one of a
type Z-K'K"n'K®, the rest of a multineutral nature with only kink ﬁts complete)
giving the overall weighted cross section of (2.3 * 1.0) ub. Only four Z° and one E°
events were fitted. The values of the overall cross sections for =% and Z~ production
are in reasonable (2.0 standard deviations) agreement with the values quoted (e.g.)
in ref. [3], viz., 05, =(10.0 £ 3)ub and 0. =(2.5 + 1)ub; the same can be said
about our estimated upper limits for " productlon (0g = 0.5 ub), see ref. [4].

For tables 1, 2-and 3 the errors quoted on the cross sections are a combination
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Table 3
. . *
Cross sections of the other strange-particle final states at 10 GeV/c (for see remarks to table 3)

Reaction No. of fits .Unique o(ub)
events
K atKOA° 39 11 15.7+ 2.7
K 'n K°A%#° 112 63 38.6 ¢ 5.1
K a"KO=° 51 9 5.1:29
K" pK°K° 29 29 129+ 2.7
K pK°K°%® 43 16 99+ 3.4
K*n'K°K°n 45 8 T 89%16
K »tkoKk°=%) 45 - 14 218+ 4.0
K*K'AKO(R®) 2% 16 ' o
7 pKPKO(R®) 55 25 *
atatKOKOA® 98 C36 . 16.6 + 2.4
't atKOKOA 12 12 13.0 + 4.6
2t pKOKOK® 4 4 ' *
2 r KOKO(=) 26 1 26.0+58 .
K atata KOA° 37 19 , 13.1 + 3.1,
K'ntntaKOA%° 78 ' 29 225 £3.3
K n nta KOs 3 6 3517
K prtn K°K® 28 18 9921
Kfprtn K°R%2® 39 12 MR ET R
Kta'n'r"K°K°n 29 6 55213
K prnta KOK® 16 7 83:3.2
K pntn KOKOn° 21 5 8835
atpatnTKOKO(RY) 26 - 8 -
atataTn KOKOA® 60 S U I ©97+20.
atrta T KOKO(=%) 15 . 3 © 18.0:53
E;K+K° 7 . 5  26:1
= KKO 10 10 - 7. 4214
3K KO 31 13 81226
THKTKO° 48 18 : 144+ 2.6
2;K°K°n+ 23 6 ., 39:1.0

E;K°K°n+ 51 o - 114 £ 2.0
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Table 3 (continued) -

Reaction No. of fits Unique o(ub)
ever_lts
;K+K° T 13 11 46+ 1.4
KK O n ™ 32 25 103 3.5
;K Konr* 11_770 9 1 24:09
+K Kon n n® 47 17 17.1¢ 3.2
+K°K° FatnT 6 2 1.5+ 0.6
;KOK"ﬂ*n‘“ - 25 7 6.8+ 1.6
£TK KOt 19 8 2808
27K KOt 25 . 10 56+ 1.5
=TKoKO at A"

13 5 1.9+ 0.7

of the standard errors on (a) scanning efficiency, ('b) processing efficiency, (¢) num-
ber of events observed, +/n, and the error on the ub-equivalent ( ~ 12.5%).

2.1 Remarks on the tables 1, 2, 3 -

(a) Events with at least one K®-meson i m the final state have been weighted to
take account of the long-lived meson K? .

(b) The cross sections quoted for reactlons with a K°K®pair in the final state
(but not those with K°K°K®) are only for those reactions where the K°Kisina
state of even angular momentum, since we require both particles to be seen i.e. short-
Tlived, and this is not possible if the K°K® pair is in the state of odd angular momen-
tum, ref. [13]. Where one K° (or K°) is seen, and a K° (or K®) is unseen, we make
no attempt to calculate a cross section.

(c) Where a cross section is quoted for a reaction with an unseen K or A°, thlS
means that the reaction has not been observed. with the V° seen. For other reactions,
all V©’s have been seen in one mode or another, e.g., A°’K°K®n*n* may be observed
with all three V©’s seen, the A°-unseen, or an K°-unseen, and these three models
were actually used to estimate the cross section.

(d) The 'number of fits’ column includes events having multiple ambiguous fits.

(¢) The 14 identified Z* multineutral events gave only complete kink fits. The

.same applies to the 5 events identified as =~ . _
" (f) The cross sectnons for reactions mvolvmg a =%, are quoted separately for
2 - pr® and =¥ > pn ‘due to the large d1fference in detectlon efﬁcnency

2.2 Remarks on kmemancal ambiguities
It may be of interest to summarlze some of the kmematlcal amblgumes we have
observed, e.g.,
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18 _ 4 - BODY

......

-1 0 cos 0y o1

Fig. 1. The =° -y angular distribution for 4-body AO/Eo ambiguous events (in c.m.s, of =9%.

(a) 26 events were ambiguous between K*7*K°A° and K*7*K°Z°;

(b) 24 events were ambiguous between K*7"K°A°(7°) and n* 7" K° A°(K°),

(c) 9 events were ambiguous between K*pK°K®(7°) and n* pK°K°(K®),

(d) The main ambiguity of K*#*K°K® (n) was with 777t K°K® (£°) and/or
77 KPKP(A®), .

(e) 11 events were ambiguous between K* "7t 717 K°A° and K n*ntr~K°2°,

() 27 events were ambiguous between K*n* 77~ K°A°(z°) and
ntata atK°A°(KO), ‘ '

(g) 32 events were ambiguous between = TK*K®(n°) and ¥ 77 K°(K®) (including
both =* decay modes),

~ (h) 13 events were ambiguous between Z*K*n" "mmKO(n°) and =*Kortntn ™ (K°)
(including both =¥ decay modes).

Those events ambiguous between A° and £° (A° seen) were apportloned after a
study of the Z° -y decay angle. Although the statistics are limited, we estimate that
for the 4-body states, (96 * 4)% of the ambiguities are _genuine A°-events; for the
6- body events, (75 £ 25)% of the ambiguities are genuine A®-events. As an example,
the =° -y angular distribution for the 4-body events is shown in fig. 1.

3. THE ANTICASCADE FINAL STATES "~

As seen from table 1, the production of~ occurs in the three, four and five- body
final states always containing two other accompanying baryons or hyperons (the =
events involve 5 and more, bodies).’ The distributions of Z* longitudinal and trans-
verse momenta are shown in fig. 2, with the overall K*p c.m. angular distributions
in fig. 3. These distributions are uncorrected for the hyperon decay and escape prob-

abilities. The mean transverse momentum of our = sample (all channels) is
0.465 GeV/c.
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Fig. 2. Peyrou plots for =t produced in various channels (momenta in the overall K+p c.m.s.).

N 3 -BODY (S PY) N MULTIBODY
41 4
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41 . 4-BODY % ALL CHANNELS

cos B=* cos 6=°

Fig. 3. Angular distributions of Z7 in the overall K+p c.m.s.

It can clearly be seen that the fraction of Z* emitted forward decreases with in-
creasing number of particles in the reaction. The Z*’s in the 3-body channels are
produced mainly forward. This trend agrees well with that observed by Stone et al.,
ref. [3] at 12.7 GeV/c, while Shen et al., ref. [4] find an essentially isotropic distri-
bution (at 9 GeV/c K* momentum). Generally, the flattening of angular spectra with
increasing number of particles in final states has been found in other high energy in-
teractions, see e.g., a systematic analysis of multibody strange particle final states in
proton-proton collisions at 8 GeV/c, ref. [5]. It has been known for some time [6],
see also a recent paper [3] that, in heavy hyperon production, the accompanying
baryons/hyperons show some degree of a forward-backward anisotropy in the over-
all c.m.s. This effect is present also in our data.

Several production mechanisms may almost certainly be involved; we limit our-
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% P(N)
N/ ||

3 - BODY (Z &'py)

cos By

Fig. 4. The hyperon-nucleon angular correlation in =t pY states in the K+p system.

T - — T -

Y43 4

3

P) [Gevic?]?

M2 ("
w

0 °n- 12
M2 (2Y) [Gev1c2]2

a)\-
~4
™

w0

Flg 5. Dalxtz plot for = pY final states.

selves to a more detaﬂed discussion of the 3-body réactions T, K'p.~>Z'py, for
which we present the hyperon-nucleon angular correlations in fig. 4, and the Dalitz
plot in fig. 5. Finally, fig. 6 is the Van Hove plot. It-is only natural with the low sta-

t Both neutral hy erons,_/\0 and-Zo, behave very similarly for the present purpose.
p
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Fig. 6. Van Hove plot for Et pY final states. Curve K calculated for Pl ~ 0.4 GeV/c.

tistics involved that we could not have indications for any mass enhancements. The
calculated phase-szpace distributions for M2 (Z*p) combinations has a maximum at
about 8(GeV/c?)%. The Van Hove plot, on the other hand, has some quite interest-
ing features.

As distinct from the results of Shen et al., ref [4] suggesting possible peripheral
single boson or hyperon exchange graphs, Van Hove plot indicates the possibility of
(peripheral) double Regge exchange processes [7], viz., that achieved through an in-
coherent sum of the amplitudes corresponding to graphs in fig. 6. These involve only
exchanges of the K*, A°, Z* and of the pomeron trajectories. Thus no exotic trajec-
tories seem necessary to explain the dataviz., the suggested [4] intermediate boso
states with § = +1 and the baryon states with B=2and S=—1. - i

The non-resonant model predictions from the C.L.A. parametrization (8] for all
the =¥ pY final states have been calculated using the FOWL programme [9]; for our
case the most relevant angular distributions are given in fig. 7. Although a direct com-
parison with actual data is difficult due their scarcity, it appears possible to say that,
for the three-body (as well as for the quasi-three-body) reaction, the double Regge
pole models may naturaily represent the basic qualitative features so far seen. Actu-
ally, the forward-backward peaking of the accompanying baryons/hyperons is quite
well reproduced (compare fig. 4 and fig. 7); the predicted angular distribution of Z*
appears, however, rather too much peaked towards the extreme forward direction
(compare fig. 3 and fig. 7). A more direct and sophisticated fitting is not possible
with the present data. It is clear that the number of contributing amplitudes may
change, or different (exotic?) amplitudes may also be found important (with respect
to those in fig. 6) whien there are substantially more data available. o
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N
P(N)
T
0 cos 6p
N
Y
1 6 cos Oy “

Fig. 7. Smoothed angular distributions from C.L.A. model tor the incoherent sum of three am- .
plitudes represented in fig. 6. The vertical axes in arbitrary units.

4. THE Z* MASS AND LIFETIME ESTIMATES

The Z™ particles studied are almost always produced in reactions which are highly
constrained, and often A°’s are also seen to decay. In our sample of 47 measured -
Z* events we have 35 measured events in which the A° visibly points to the charged-
particle decay vertex. The Birmingham part of the sample (23 events) was re-mea-

. sured ten times to study possible random measurement errors.

Weighted (by the inverse square of individual errors) values of the relevant quan-,
tities were used and the fitted mass of =+ from all 35 events =* - A°#" was com-
puted to be (1321.6 + 0.6) MeV/c?, where the error is only statistical. Using the max-
imum likelihood technique [10], with a likelihood function

exp (—t,/7)
L(n= I_I :'— min I max ’
i T Uexp (—¢"1) —exp (=" /7)]
we obtained for the Z* lifetime the value 7= (1.55 i8%8) X 10710 sec. In the at}ove
formula, 7 is the proper lifetime to be obtained, 7 is the observed proper time, ;'™
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and tmax is the minimum and maximum proper time consistent with the conditions
of observatlon of the ith particle. A constant cut-off minimum length of =* track of
0.3 cm was taken.

Using the same measurement and computation procedures we obtained for a sam-
ple of 169 well-constrained events containing A° decays (from a part of the same
film batch) the values for the mass m 0=(111555+0.34) MeV/c?, and for the
lifetime 750 =(2.45 0 ) X 10~ 10sec (errors purely statistical). Both these val-
ues compare well thh the accepted ones [11].

We also tried to take into account possible systematic errors involved in the mass
values; following [12] we roughly estimate, in our case, the quadratically combined
errors from possible curvature distortions, magnetic field mhomogenemes and a vari-
ation in A°® mass value used in ﬁttmg, not to exceed ~ 0.50 MeV/c?. Together with
the statistical error already quoted this leads to the resulting uncertainty in the =
mass of (1321.6 £ 0. 8)MeV/c
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