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1. INTRODUCTION




1. INTRODUCTION

The study of hadron-hadron collision at large angles and high energies
has dramatically changed the picture of strong interaction dynamics and

of deep hadronic structure during the last decade.

We shall present mainly results from the analysis of two hadronic

reactions at large angles :

"p + KPA (1)
and
Br -+ AA 2)

at incident beam momenta between 3 and 12 GeV/c from a fixed target

counter experiment.

STRONG__ INTERACTIONS IN_THE 1970's

"Classical™ hadronic experiments based on bubble chamber techniques were
able to extensively investigate the small scattering angle reglon in a

targe variety of exclusive reaction channels.

A frequent strong forward peak in the differential cross section distyi-
bution and the existence of secondary dips and peaks could be described
adequately by diffraction phenomena or by the exchange of mesons or
baryona within the framework of Regge models. Higher energles, in
general, are accessible in counter experiments for which we glve an
illusﬁrative example in fig. 1-1 for the hypercharge exchangé reaction
{1) at 5 GeW/c (from ref. [WAR?3) and [AST?5)), the question mark aym-
bolizing the domain of interest of this thesia.
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Fig. 1-1 : Forward peak and backward region of the engular distribution
of x°p + K%,

The Regjge model was alsoc able to give predicticons about the existence
{or non-existence} of backward peaks according to whether or not the
quantum numbers required for an exchanged object corresponded to -an

existing physical particle,

As a grest surprise, early results from the ISR at CERN in 1973 showed
that the probability of producing 2 particle with large transverse
moementutt pp, though quite small, waa ectually several orders of
magnitude higher than might have been expected on the basis of a simple
extrapolation ffom small angle data. Thus, the fali-off in the
Lnvarlant crogs-secticn of inclusive 1% production in p-p collisions

at Vs = 52.7 Gev departed from the low transverse momentum exponential

hehaviour to & power law described by

dso ~m
B dp3 ~ By



with m = - (8.2 ¢ .05) and pp values up to ~ 8 GeV/c (see, e.g., the
survey of experimental results in ref. [DARS0]}).

Thig result stimulated fruitful "strcng" interactions between theoreticel

developments and furthar experimental checks.

The first important candidate which was tested under the assumption

of being able to account for the unexpected power law behaviour was the
querk model, developed in the mid-sixties. It had aliready been success-
ful in descriking the spectroscopy of hadrons and their electromagnetic
properties. In particular, electroproduction in the deep inelastic
region led Bjorken (1969} to the formnlation of the scaling behaviour
of the nucleon structure functions, F(x), with respect to the scaling

varieble

kg
. r
Pinc

where k; is the longitudinal parton momentum., Alao in 1969, Feynman
proposed the parton model, according to which e hadron, when viewed in

a frame in which it has infinite momentum, is compcosed of independent

peintiike constituents (partons)}. An explicit parton model assumed the

nucleon to contain "valence® quarks and "sea" quark-antiquark pairs.

As far as the above¥menti9ned pawer law behaviour of the ISR results is
concerned, what are the predictions which can be made from the quark-

parton model ?

1f one supposes an underlying hard scattering process, as shown schema-
tically in fig. 1-2, then three ingrediesnts [FIE?7] are necessary for

a complete descripticn of the collisicon process :

. the parton wave function, assumed to obey Bjorken scaling within
the colliding hadrons (F},
dg

. the scattering process describing the binary parton collision at

’
and
. the fragmentation function {G) of the scattered partons, where G is

agsumed to be very similar to F.



Fig. 1-2 : Hard scattering process.

If now the parton-parton interaction is essumed to be mediated via ex-
change of & photon or & vector 'gluon, the invarlent cross sectlon for

hadron production would simply be :

ada -y
E —/% {1-1)
dp3 br

This is in clear contradiction to the experimental results.

A remedy was propesed in 1973 by the constituent interchange mogel (CIM)

of Blankenbecler, Brodsky & Gunion (see ref. [GUM73]) which predicted
the correct p, dependence % p}“ . This prediction was based on the

remark that the contribution of subprocesses such a5 :

M+q > M+ q
where M and q stand for meson and quark partons respectively, might be
dominant in large pq hadronic interactions. Gluon ¢xchange was believed

to be suppressed.

But the CIM model did not only provide a description of inclusive
processes; In their original paper, Blankenbecler et al. gave explicit
formulae for the.shape of the dlfferential cross section at large angles
and high energies for a large veriety of exclusive hadronic processes.

Their calculation led to a factorization of the following form :

99 . 1. fie/n) 1-2)

dac




The consequence of thia prediction is twofold

1. The shape of do/dt only depends on the value t/s, i.e. asymptotically
. for large 8 and t, on the c.m.s. scattering angle a*.
2. At fixed angle 8", the differential cross section as a function of &

ahould follow a simple pﬁwer law.

EXCLUSIVE REACTIONS AT_ 90° CMS

Also in 1973 and independently from the CIM model Matveev, Muradyan &
Tavkhelidze (see ref. [MAT73)]) proposed the following form for the
alfferential cross section at 90° c.m.s. which is based on dimensional

conalderations :

dg

5 (900 ems) o (M-2) (-3

where M ia the number of quarks inE;de the hadrons taking part in the
collisjon. This 18 why eg. (1-3) is known as the dimensional quark

counting rule. The example of an experimental test for the elastic
reaction pp + pp is shown in fig. 1-3 [LANTSL
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Fig. 1-3 : Teet of power law s~ 1% for pp + pp.



one of the goalz of the WALl experiment was to compare our results with
predictiona of the klnd -of eq. (1-2) and {l-3). The experiment was
carried cut at CERN in 1978, uaing the Omege spectrometer et the West
Aall. Since we took advantage of the RF separeted SI beam line of the
SPS, relatively high X~ end § beam intensitiea could be achieved and all
the following reactions could be studied at beam momenta between 3 and

12 Gev/c :

Two-prong-reactions (*}

Two-vP-reactions
np + K%, KOL®

op -+ Ah, AZO + c.c.

POLARIZATION PHENOMENA

During analysis of the guasi-two-body reactlons, which will be studied
in this thesis, we could take advantage of the eanalysing power of the
weak A-decay proceas in order to look for polarization phenomena. We
will compare our resulta with predictions, where these exist, of the

models presented above.

The importance of the measurement of spin effects is based on the fact

that polarization is an observable depending on the difference in phase

(*)The analysis of the two body reacticns (3) was assured mainly by our
colleagues at the Collége de France in Paris, and the corresponding
results are described 1n detail in the ref. {BILB2].



of heliclity amplitudes. It enables one to detect non-leading emplitudes
in the differential cross sectlons. The sensitivity of polarization
phencmena as 8 function of 8 8nd t mskes them a severe test for theore-

tigal models.

It is Interesting to note results on inclusive A-production in p-p
interactions at 400 GeV/c from an experiment st Fermilab {HEL78], where
a considerable negative A-polasrization is reﬁorted whlch increases with
transverse momentum pp, thelr msximum pp-value is v 2.0 GeV/c. The
authors Suggest a gluon bremsstrshlung mechanism to be responsible for

the polarization and the high py of the strange quark in the A-particle.

COULD QCD RESOLVE THE ISR PUZZLE ?

A final remsrk must be made as to recent results from inclusive n° pro-
duction at the ISR. Angelis et al. [ANG7B] reported in 1978 the
behaviour of the invariant cress section for pp values up to L6 GeV/c.

It turned out that the pia scsling law 1s unable to describe the dsta,
constituting a serious draw-back for the CIM meodel as far as this pp
renge is concerned. ©On the other hand, alnce lower powers sre méssured
(typically p;s) one could hope to start sensing the gluon exchange quark-
quark dliagrams. Thls would support the ldes that large pyp hadronie
processes can be fully understood in the framework of QCD. Then all
possible contributions from quark-quark, quark-gluon, and gluon-gluon

interactions hsve to be taken into sgcount [CONTBl

The maximum pp values in WAL3 sre & 2.2 GeV/¢. From Helsenberg's

relation :
b -pr = B = .197 GeV/c Fermi 1-4)

we can deduce that this pp vslue corresponds to objects of the size of
1/10 Fermi. As we have seen, ISR experiments cover a much larger Pp
range. Hence our experiment seems to cover an Intermediate region

between diffrective processes snd hard scattering processes.



We have organized the presentation of this thasis as follows :

In chapter 2, the reader will be mada familiar with the hardware of
oux sxperiment, that ils the Omega spectrometar itself and tha labyrinth

of electronics around it.

Chapter 3 will iook in some detai} into important parts of tha coftwara
used for the off-lina avant raconstruction. Kinematicel fits testing

particlia and reaction hypotheses will be the subject of chapter 4.

In ordsr toc be able to tranalate the raw angular distributions obtained
aftar the kinematical analysis, we nasd a pracise knowledge of the
geometrical acceptance of the spectrcmeter and of varlous normaijization

factors. Thase c¢calculations sre dona 1n chsptar 5.

Results on differential cross sections end polarization data are presan-
ted in chapter 6, and they will be discussed and compared to theoretical
modals and ta resulte from other expariments in chapter 7. Finally we

concluda in chapter 8 with a summary of the subject discussed.

This is a noticz for a "busy” reader : Ona can hurry along tha differant
chapters by just reading tha summarising introductory remarks without
losing tha logical sequance cf tha presentation and sattla down mora

guletly st sectlons of spacisl intarest.



2. EXPERIMENTAL CONFIGURATION




2. EXPERIMENTAL CONFIGURATION

The heart of the experimental setup for WAlL3 was the Omega spectrometer
situated in the RF separated S1 beam line in the West Hall at CERN.
Counter experiments run at Omega can take advantage of the powerful
magnetic flield of up to 18 kGauss produced by superconducting colls
inside a 1.5 m gap and of the geometrical acceptance o; virtually d=.

~

In this ¢hapter we shall describe the S1 beam characteristics, the
experimental setup inside and around the Omeya spectrometer including
a special trigger chamber, and the data acquisition system which was

designed for multiuser operation.

2.1 81 Beam in West Hall

Protons accelerated to 200 GeV/c at the CERN 5PS were guided on to a
primary beryllium target producing secondary charged particles with ma-
ximum momentum of 40 GeV/c. It is the Sl beam line which assures the
transport of particles of sslected charge and momentum to the Omega
spectrometer over a distance of about 230 m (see fig. 2-1). The beam
is controlled mainly by 21 guadrupcle magnets, 7 bending magnets, and

several sextupole magnets.

The beam intensity and the ratio between different types of particles
produced in the primary target was strongly dependent on the momentum
chosen for a given perlod of the experiment. OQOesign values for an

unseparated beam as given In [PLA76] at a beam momentum Piab =" 12 GeV/c

and during 5PS operation at 1012 ppp (particles per pulse} were, for
example :
- K P
200 x 108 2.6 x 108 3 x 106

Hence a ratic n~ /P of about 67.
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How this ratlo could be brought down to values which assured a high
intensity p-beam with relatively low W content shall be presented

in the next section.

Two Carenkov counters &2 and 3 were used for particle identification.

A& an exampla, we give the operationsl values for pyun = - 12 GeV/c

HT gas filling signature
& | 1.120 kv o2 at 3 atm 17 and K-
&3 2.100 kv N2 at 1.4 atm -

Thus the identification of a particle which had been signaled by scin-
tillator counters In the beam line (giving rise to a signal B) was

possible from the following definltions:

T ef2 -8B

K =82 . + B

O" 01|
w w

P o=&2 . - B

A possibility to reduce the electron content of the beam without affect-

ing the § intenslty was to put a thin sheet (2-4 mm) of lead in the beam

line where electrona lost energy due to bremsstrahlung.

Small inefficiencies of the &-counters and possible misidentificatlons
had to be corrected during normalization of the results for each momen-

tum separately.
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2.2 FF-Separator

The composition of the 5] beam after the primary target was charecterized
by an abundance, ¢f 1~ particles. The RF $éparator was designed to enrich
the contents of K~ and D particles in the beam. Several experiments at
Cmega have taken advantage of this facijity (see ref. [GAG78]) since its
inatallatien in 1977.

The principle of one of the possible operation modes of the separator is
shown in fig. 2-2 : Two cavitiea, each 2.74 m long, are installed in the
beam line and cperated at a temperature of 1.8%K {superfluid He-II}. Two
1 kW RF-generators at 2'855 MHz create a deflecting field which results

in a transverse momentum component'of the beam particles of about 2 MeV/c.

Due to the difference in time of flight between the cavities for parti-
cles of different mass, they acquire a phase slip relative to each other.
The relative phase of the deflectora is adjusted in order to cancel the
deflection of unwanted particles. A central beam atopper behind the
second RF cavity then stops the unwanted particles whereas most of the
wanted particles are deflected above and below and are brought to the

detector.

Whenever the relative phase of the wanted and the unwanted particles is

a multiple of 2%, nu separation is possible. For instance, no separation
is possible between B and 1~ at 13.1 GeV/c. Below about 8 Ge¥/¢ and at
high intensity, electrons represent an important fraction of the beam;

7" /D separation must then be considered in 2 compromise with minimum

electron intensity.

As is indicated in fig. 2-2 (b) at pp,,, = - 11.7 GeV/c, we ugsed a rela-
tive phase PHI = 1519, which gave the following particle intensities at
1.9 -10!2 pep on T1 :

T~ K P

570 000 250 000 750 000

The ratic n /D of about 0.8 shows that an excellent relative enrichment

of P in the beam was achieved at this energy.
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Fig. 2-2 : (a) Principle of RF separation.

(b} Particle intensities as a function of EF phase.
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2.3 Omega Spectrometer

For WAl3l, the Omega spectrometer was equipped with spark chamber moduies
ingide the magnet gap. In a leter veralon (1979), the opticel chambers
and their essocieted stereoscopic video camerz System were replaced by

miltiwire proportional chambers, the spectrometer belng called §1' since

then.

Superconducting magnet coils produce inside the 1.5 m gop of @ a relati-
vely homogeneous fleld of up to 18 kGauss. The average power consumption
of [ with eall its cryogenica ercund is roughly 600 kW. For beam ener-
gies below 5 GeV/c, the magnetic field wes scaled eccordingly for wall,
aa listed in the table below :

Plap (Gev/c) Current (A) Fileld {kG)
. 3.0 2904 11.00
31 3015 11.42
3.2 3102 11.75
3.3 3168 12.00
4.95 4800 18.18
7.8 4800 18.18
11.7 4800 18.18

Table 2-1 : Omega magnetic field.

The R coordinate system will be used throughout the following chapters.
It has the x-axis along the beem direction, the positive y-axis pointing
ta the left of the beam, and the z-axis vertically in upward direction.
The origin (0,0,0} coincides with the geometrical center of the ] magnet.
For WAl3 negative incoming beam particles were deflected to the right in
e horizontal plene, l.e. the [} was aperated with a negative magnetic

field.



A photogrsph taken in the early dsys of 1 is reproduced in flg. 2-3 (a).
One can distinguish the spark chamber modules withdrawn from the magnet
core. Blso vigible in the top left corner are the bending magnets of the
Sl beam line before entering the spectrometer.

2.3.1 Experimental Lay-Out

A top view of the experimental lay-cut for WAl3 is shown in fig. 2-3 {(b).

The set of optical chambers is divided into two groups :

. Geometry I reglon : 7 opticsl modulss with spark chamber gaps per-
pendicular to the beam direction and thus detecting forward outgoing
tracks (fig. 2-4 (a)),

. Geometry II region : with 8 wodules Installed to left and right of
the target {fig. 2-4 (b)).

A oinimum amount of material was used for the construction of the spark
chambers. Thln layers of aluminum foll (25 um) as electrode materiel

and the supporting structure of a 10 gap Geometry I module correspond to
a radiation length eguivalent of Lp = 35 m, The Geometry II modules had

only 8 gaps each and & value of L, ~ 60 m.

After event occurrence, the optical chambers are "fired" hy swltching
on & high tension pulse of 12 and 13 kv. This happened only 1f the

electronice trigger hed decided to record thls event.

In comparison to a standard bubble chamber experiment, this technique
has the advantage of recording only "good" event candidates. On the

15






Lisa -

“gno-fvy 1pguswrzsdrs srwy fo meia dop (q) : (7uow) g-z Bid

o g

I ot

019A-U

[verd

=7 i g i ] ,

mu 00 23
_...o___ 142
&Dn

_@; =

30» .|

.18 € 29 weeq

- oo N
il

44

17



"1 V‘./"U],U. |U —. '
{ G |

T o
S A
.umu uumlmumnmu

w Il

Hﬂﬂﬁl"n'mﬂlIIHHHIIIH!IH .

ol WN

—;_—;__——f——____--f——f'"”‘#
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ather hand, the maximum nuwber of evants/burst which can be recordasd is
limited by :

1. beam intenslty, which, in turn, hed to be edapted to the memory time of
spark chambars of about 1.5 psec (possible multi-event recordings),

ragd-out time of spark chamber information of about 25 msec per

I

event.

The liguid hydrogen target (diamster 4 om, length 65 cm) was surroundad
by several scintlllators which were part of the trigger system :

end cap EC : which vetoed chargad particlas in the forward direc-

tion,

. barrsl counter BC : a set of 24 scintillstor slabs parallel to the
targat for multiplicity trigger information,

. cylindrical scintilletor CYL : which vetosd outgolng charged parti-

cles for 2Vv0 events.

Sandwichad in betwesn the spark chamber modulss more scintillators and
multiwire proportional chambers (MWPC) wers installed (see fig. 2-3 (b}}:

. two sets of MWBC's, ohe at the exit of the targat, the other one
in the center of &, the "chambre a Beusch" CB,
6 scintilietor slabs 56 : each about 30 cm large, which were used
to sssure the up-down symmetry of events,

. a special proportional chamber CC : consigting of 57 radial sensi-
tive sectors. Thia chamber will be described mpore precissly In the

next subsaction.

Although we recorded the drift chamber information during & certain period
of Whl3, we @id not exploit it for analysis since typicsl events at large
sngles had outgoing tracks which normally left the ! spectrometer before
they rsached the drift chambers, this was the case in particular far 2v0
triggers. In addition a y-veto {consisting of e thin lead sheet and plas-
tic scintillstor sandwich arrangement) was installed after the 6th spark

chamber module where many tracks underwent secondary intsraction.

19
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A copper plate-plastic scintillator sandwich device of limited acceptsnce
behind §! was used as H-veto, in order to reduce final state configuration

like KOAn after p-p interaction.

The incoming beam was defined in its pesition (¥,2) at X = - 175 ¢m and
angles 3,4 by thres MWPC Bl, B2, and B3 constituting 7 planes of parallel

wires with 3 1 mm wire spacing.

2.3.2 Electronics Trigger

The whole set of particle detectors described sbove can now be regrouped

and combined in order to build the final trigger signal.

In other words, upen consideration of coincidence, anti-coincidence, and
correct timing of all detector signals, a decision 1s taken whether to
tire the spark chambers and record the event on the data acquisition com-

puter or to reset all signals and drop the information accumulated 50 far.

The principle is, upon arrival of a beam particle inside fI, to build up
the trigger step by step by adding up informstion which is available at
a certain moment. Different parts of the detector system may need diffe-
rent time intervals {ranging from about 10 to 400 nsec} to digest their
information. Thus different trigger levels are reached as is summarized

in the schematic diagram of fig. 2-5 :

. ATl trigger level : which is set if a beam particle has undergone
interaction inside the target,
ILT trigger level (intermediate trigger) : which indicates that
further counters (like BC,S56) suspect an acceptable event,

. UFT trigger lewel (user fast trigger) : final trigger which is
reached upon beam identificetion and after decision from the logic

of the coplanarity chamber.
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Fig. 2-5 : WAI3 electronies trigger.
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For WAlLJ, two types of events were looked for :
1. two-prong avents, i.e. two body final states end

2. two-body reactions with 2 v0's, 1.2. 4 outgoing charged par-
tlcles In the finel stete.

So we had in gummary the following twe alectronic triggers :

Y

"2-prong" = BEAM “EC - (BC =2) - CC-logic - 56 “VE-h
"2-Y0" = BEAM - EC - BC - CYL - CC-loglc +§6 - § -y

The arrivel of a beam particla was defined by BEAM = 51 - 52 - 54 - V4, 1.a.
a coincidance (end entl-coincidence) of signals from scintilletors ins-

talled in the beam line before entry into tha {1 spactromatar.

A speclakty in WALl was tha use of a prop:::rtional chamber {CC) with neariy
radial symmetry which assured tha cdplanarlty of wanted events. (Cons-
truction and tests of this chamber wes one of the contributions of our
colleaguas at tha Coll2ge de Franca in Peris.) Its assoclated electronics
supplied a positiva decislon signal 1f two oppasite sectors (including

one or two additional nearest neighbours in somez conflgurations) wara hit
by charged particlas. The list of all possibla configurations of hit
sectors, modulo a rotation of 2n/57 and 21n/19 for 2-prong and 2-V0 triggers

reaspectively, -1s summarized in the following rafarence table :

2CH/2V0 | Ser. Wr. 1st 2nd | 3rd 4th | Times
1 3 1 29| o 0 57
1 2 1 29 | 30| o 57
1 3 1 28 | o 0 57
1 4 1 | 29 0 57
1 5 1 30 | 2 0 57
3 1 3 ;o] ;3] o 19
3 2 3 6 0| o 19
3 3 3 6 | o 19
3 4 3| s 30 | 33 19
] 5 6 13 o 0 18
3 6 3 l 1| o 19
3 7 3 9 3 | o 19
3 8 3 9 33 | 36 19

Table 2-2 : Reference table of coplanarity chamber.



The first column labels the trigger type (% for 2-prong, 3 for 2-v0),
the second one gives the number of the geries for a given type, the next
four columns ¢antain the possible hits, and the last one stetes how
often this reference configuretion c¢ould occur. For the 2-Vd trigger,

3 sectors each were regrouped into one logical sector.
A typical configurstion of s 2-v0 event iz sketched in fig. 2-6 (a).

Pogssible cross talk between neighbouring sectors was parti=slly inciuded
in the choice of the ghove configurations. Fig. 2-& (b} gives an idee

of the extent of cross-talk.

The decision loglc electronics wes operated according to s timeseving
leok-up procedure bsesed on "hash coding” (or scatter storage technlque,
see ref. [BEL77]) which was designed by Fi Bourgeols et al. at CERN :
insteed of comparing the actual configuration, say C, with all possible
configurations stored in @ lock-up table T (A meaximum time of & ussc
might have been necessery to da this !) the result, say R, of s simple
slgarithm executed upon C was used in order to reed the contents ¢, at
the sddress R In a specisily errsnged memorized table T,.. If the con-
flguration C was equsl to the reference C., the event was e good csndi-
dete. If Cp = O, the event had to be rejected.

Conflicts were possible when the algorithm led to the same regult R for
two configuretions ¢} and Cp. 1In this case, the teble T,  contained at
the locstion R, the address of the second possible configuration Cp.
Depending on the cleverness of the chelce of an appropriete algoritim,
the size of T, cen be much smaller than the one of table T.

With the aid of this technique, the maximum decision time of the copla-
narity logic could be brought down to about 200 nsec.
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2.4 Data Acguisition System

If an event occured in the { spectrometer snd the electronics trigger
accepted it, a fast signal {UFT) wss sent to the dste scguisition
computer {DAC) in order to tell it to start its main job, that is to
read all event information from the CAMAC crates ;;d write it on to

the raw data tape.

In principle, several users could send trigger slgnale'to the DAC.
During WAl3l, howsver, only an¢ further experiment was running with
lower prlority st the same time. Each wser had his own small computer
(PDP 11) for data monitoring and eventusl electronics control, its

own set of counters, and its NIM electronics, l.e. malnly ADC's {analog-
to-digital converter}, scalers, and PU's ([pattern units contalning

simple 1-0 information).

A physical event which the DAC had te digegt conslsted of different
types of data (flducigl events containing fiduclsl mark recording were
simpler)
. beam counters,

spark chambers,
. HWPC's (CB,..)
. user defined data (ADC's, PU's,..)

In general, all information coming from the spectrometer was transfor-
med into NIM standard signals (0 and - BOO mV into 50 Ohm, negative
logic), and collected and structured In CAMAC crates which were read
via CAMAC links into the DAC computer (PDP 11/40). The hardware struc-
ture, l.e. the arrangement of the CAMAC crates and thelr subdivision
into branches {which may contain certain data or which may themselves
lead to further crates) gave rise to & special event structure cslled
ROMULUS. This structure supplied the event data with block numbers,
pointers, and word counts. Thus during off-line analysis data stored
in a certain block could easily be extracted from the event by a

corresponding forward-backward reading scheme.
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All conmponents of the data acquisition aystem communicated with ona
another by sending signals indicating that they were "busy" (and could
not receive any ordsrs for thé moment) or that theay ware "ready"™ to
accept another Fask. An idea of how the system was composed 1s given

in fig. 2-7.

The following important signals had to ba handled :

USR : "user ready™ : a user ia normally "ready”, and he declares
himself "not rsady™ to the system at the moment he sends a
UFT trigger. He then remains “not raady" until he has re-
initialized his own elactronics {NIM, CRMAC and associatead

ussr computar PDP-11). *

SYR : the system 15 "ready" when the DAC computer and the plumbicon

system are "rezady”, and whan a beam signal is present.

The arrival of signala and the definition of resulting logic signals
was handled in the MULTIUSERBOX {which controlled multiplexing of data
arriving from differsnt authorizad users) and in THEBIGBOX which coor-
dinatad camera operation, plumbicon read-out, and DAC interrupt control.

i.e. it defined the system ready signal S¥R.

The operation of the whole system can be described in short like this :

1. whan the system ig rsady an authorized user may send a fast trigger

(UPT, - BOO mV/50 Ohm during 10 ns). This will maks tha system

"busy”.

2. The spark chambers are flred and the plumblcon information is
collacted. This takes about 16-20 ms. AllL 2vant data is stored
into a buffer.

3. The system becomes “reaay“ (SYR) again whan (a) all usears are

raady again, {b) tha DAC computer has finished its working cycle,

and (¢) the plumhicon syatem is ready.

The SYR signal is asnt to ths user (as indlcatad on fig. 2-5 in the
lower right corner), informing him that the naxt avant can be taken and

stored into the buffer.
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Since writing an event on tape took more time than reading it from the
CAMAC crates (¢.g. to write e 1500 word event needed ™ 45 msec); the
maximal number of events recorded per beam burst was about 35 events/
burst.,

A number of pragrams were run on-line on the user computers to accumu-
lete histograms of different counters, ADC's or PU's, in order to detect
passible failures as soon es passible. One of the programs could
visualize the data of the plumbicons and some of the trigger information
event by event. A typical(®) exampie of e 2-v0 candidate is given in
fig. 2-8.

As scon ac the Flrat raw data tepes were completed, checkimng programs
were run on the CI! computer (see fig. 2-7) for control of overall

performance of the experiment.

The total number of triggers recorded during the experiment and n7/p
ratio of the S1 beam et different beam moments is given in table 2-3.

The off-line analysis, as described in the next chapter, was done out-
side CERN, namely For 2-prong triggers, mostly in Parls, and for the
2-V0 triggers, mainly in Neuchdtel. Since the off-line programs (ROMEO)}
were too large to fit into the small computers (PDP-11 and VAX) avatle-
ble in Meuchdtel itself, we were grateful to be welcomed on the CYBER
7328 of the Ecole Polytechnigue Fédérale at Lausanne which could

(*)To be honest, this is an exceptionally beautiful example without eny
additionsal accidental beams, old tracks from previous events, spark
parasites, medule Failures, secondary particle interactjons, track
losses bhetween modules, and what not; all features that characterized
most of the 2-V0 triggers and made their off-line analysis somehow

tedious and lengthy...
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communicate with an underground remote 1nput/out_put UT200 station in the
Institut de Physique de 1'Université at Neuchitel, using a PTT line at
4800 baud.

Plab # triggers beam
[Gev/c] all 2-v0 ™ :p

3.0 32 600 4 600

3.1 54 800 8 800 4.1

3.2 79. 200 9 200

3.3 35 200 3 700

4.95 47 700 5 200 45 : 1

7.8 365 000 35 000 .4
11.7 465 000 85 200 5:6
total 1 079 500 151 500

Table 3-3 : WA13 svents on raw data tapes.
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3. EVENT RECONSTRUCTION

in this chapter, we shall follow eventa from raw data tapes written

during the run of WAl3 along their off-line analysia.

For the reconstruction of charged tracka and the fit of their parame-
ters, I.e. inverse momentum LI/P and angies A, ¢ and the search for
V0-candidates, the ROMEO program (Reconatruction of gg?ga Events Off-
line} was used mainly. Special versions are needed for calibration
purposes like :

. alignment of spark chamber modules

. calibration of beam momentum,

We will look in some detail into error treatment for the above mentioned
parameters : spark fluctuations, measurement errors, and multiple

Coulemb scattering errors will be important.

Finally, the procedures, used elther within ROMEQ or in separate pro-
grams, for the determination and fit of V0's of neutral particles and

of the main vertex inside the target will be discuased.

3.1 ROMEO Pattern Reccognition

Details about the structure of ROMEQ can be found in [ROM75].

We shall limit ourselves here to the description of the most important

stepe and of routines special to WAL,

The main task of the pattern recognition module ia te try to recognize
track segments from the sparks recorded for the two stereoscoplc views,
This comprises :

fiducial mark interpclation

spark decoding
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. treck following

. track matching

. elimination of accidentel beams
. extra track ginding.

3.1.1 Fiducisl Marks

The fiduclsl mark gystem consists of 12 bars with 11 flash tubes eech
for the Geometry 1 region end of B bara with 5 flash tubes in Geometry IIX,
aa shown in fig. 3-1. The barc which are mounted at ¥ =B1.65 cm, Jjust
above the opark chambers, ere fired between two bursts of the SPS and

recorded by the plumbicon system in the same manner aa ordinary events.

If the camers positions and the fiduciszl bar coordinates are known exact-

ly, ROMEQ can determine the position of @ spark in the z =0 plene.

Let Y44 be the coordinete of the ith fiducial mark belonging to the jth

bar, furthermore, let “ij he & mean meagsured value of the fiduciel mark
poaition, as detected by the plumbicons. Then ROMEO calculates correc-
tion coefficients A, = 0.9, for Geometry I and Bk;k = 0..3,for Geometry
II by sdjusting & polynomial of order 5 and 3 respectively on the

meagsured coordinates

Yy = LA, M?j {Geometry I) {3-1
n

tyy = E By M&j {Geomatry II)

These two equations resolve two problems at a time :

1. the transformation from the plumbicon coordinate system {measurement
(My4)) to the Xxy-plane coordinates (Yyy) and
2. the correction of distortions in the plumbicons and their associated

electronics. In fact, es all fiduclal marks on one bar are perfectly
eligned in a straight line, all coefficients in eq. (3-1) except A,, Al

and BO’ Bl should wvanish.



1

‘g @5 J0f (-§-p-] pup ‘[ mera d0f g-p-g-0 pHRIU SID
goasumo fo sucipieod pejosfolg ‘U fo warehe yamw (0ioNpIi

weeq

-
-

-~

-

-
-
-

A SHUVA 1VIONOid



34

If the coordlnstes of a spark insids an optical module have to be deter-
mined, a8 linear interpoletion between the coefficlents of edjecent bars
is used to celiculate the correction coefficients for this individusl
spark. Therefore, it is no surprise thet these operations, though very
simple, require a considerable part of the CPU time of an event.

3.1.2 Track Finding

From the procedure described above, to each spark two pairs of coordi-
nates {(X,¥y) and (X,Y¥;) 8re assigned for view 1 snd view 2 respectively,
the X-value being known from the gap number in which the spark was
detected. Each gap is yiawed by two camerss in order to obtsin a
stereoscoplc view of the sparks. The correspondence of view M to camere

N is given in the following table (see also fig. 3-1)

Camera N View 4
0-2-4 [ L
1-3-5 7 2
Geometry I Ir

Now ROMEO has to attack the difflcult task of deciding which subset of
sparks may constitute & physicel track. An especially timesaving pro-
cedure was developed at CERN by P. Pourgeois et al. [BOU70). So-called
track segments are established separately for the two views. The sesrch
is done in odd {or even} numbered gaps alone for a start. Thus, atsgger-

Ing effects can be treated later.

Contrelled by the steering routine FTRACK, tracks sre foliowed from the
last module in Geometry I towsrds the target and from the innermost
modiles in Geometry II away from the target (cf. fig. 2-3}. Starting
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trials lock for 3 consecutive successful assoclations in order to open
& new track bank or, in the case of 2 consecutive falled assoccilations,
to give up the sttempt. A set of sparks can be considered aa a track

segment 1f there are 3 sparks, and the distance between any two conse-
cutive sparks 1s not greater than two {double) gesps. In addition, an

upper limit on the &sngle of a straight line between two sparks and the
normal to the spark chamber gaps has toe be respected.

The crlteris to eccept or reject the assoclation of further sparks
depends on the predictions and tolexances csiculated by the fit of &
curve on the set of the last found sparks : 4 last for a circle, 3 last

for a parabola, 2 last for a straight line.

When the laat gesp 18 reached, the track segments are followed hackwards
(subroutlne BACK), i.e. from the segment tail towards the head esta-
blished above. This process allows the program to recover sparks which

could not be associated to a segment during the starting trials.
This search is done in bath vlews.

Next the segmenta found are used to search systeomatically for sparks in
gaps with the complementary parity. As will be explalned in more detail
in the next subsection, the "staggering”, l.e. the Qisplacement of a
spark in a gap of given parity with respect to the neighbouring sparks
in gaps with different parity, can be computed as :

A¥ge = g, +0y tana (3-2)

where o, and 0y are constants and tana s the slope of the track. Hence,
the positions of sparks can be predicted and the sparks are searched for.
This process is called the track complementation and is done in the

routlne TRCOMP.

After elimination of accidental beam tracks in the routine ACBEAM on
the basis of momentum estimateas and track positions the track segments
found in the two views separately must be matched in order to know which

ones are the projection of a track in space.
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Flnally, soms non-matched Bedments or lsoleted sparks may be left over
which could belong to trecks thet are strongly curved or which were lost
while "bridging" between Geometry I end IX. The routines XTFIND end
XTLINK essure this job of extre track finding.

All track cocordinetes written on to the output record ere given 1n
the z =0 projection of the Omegs coordinate system without any correc-

tion for steggering so fer,

3.1.3 sSteggering Correctlons

A clearlng field (of the order of some 100 v} is applled te the spark
chamber gaps ln such & way that ita direction ia opposite in neighbouring
gsps. Hence the Lorentz force will lesd to opposite spark displscements
during the time interval between the passage of an lonising particle and
the firing of the modules (high tenslon of 13 kv and 12 kV for Geometry I
and II respactively). 1In flg. 3-2, examples of the staggering effect
sre .dllustrated for an "old" track, which might beleng te the previous
event, and for s "young” treck, normally an accidental beam particle

which traversed the detector during its memory time.

s =+ =+ =+ - s dleoring field
"dm:r F_ === aly {oils
frac h:ﬂnﬂﬁhj (it
= ‘""-:-_\_?&—1,5 13
X (memory time )

even! trnck {7344

i

--—~:~\|=_ 400 ns
“young” track [ TTHH-L. ldelay time)
T 1=40
J { trigger )
IpiRul augs

Fig, 3-2 : Steggering effect in spark chambers.
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Since the negative field of the spectrometer magnet was changed for
different beam momenta during ths run of WAl3, we had to determine
different sets of parameters o, and 0; for eq. (3-2}. This 1s done

by setting all staggering values to zero and calculeting the difference
4 = ¥y -Y¥y = 2 * A¥;y of two consecutive sparks. An example of the
distribution of A in spark chamber modules of Geometry I is glven in
fig. 3-3.

The centribution from "young" accldental beam tracks 1s clearly visible
at A = 0.1 cm. The fcllowing values are an exsmple for the constants
in the expression aYst = gg +0; tana used at 4.95 GeV/c with 18 kG

magnetic fleld :

Geometry I 11
9, 0.25 0.35 om
0, 0.06 0.03 em

3.2 PRomeo Geometry

This part of ROMEO will establish the track parameters (1/p,A,4¢} and

search for v candidates.

At this stage, not only the spark chamber information, i.e. the track
gegments found for both stereoscoplc views in the pattern recognltion
part, but also the wire chamber data is exploited for the determination
of the beam momentum and for the rejection of ouwt—of-time tracks. As
will be described in sectlion 3.3, severel experiment-dcpendent celibra-
tlon vonstants are needed which can only be determined accurately once

the geometry part his been executed using default vilues.



The flow chart in fig. 3-4 gives an idea of the structure of the ROMEC

geometry part.

START

GMAIN

main control routine

r

DECEVT
decode P/R information

4 GEOME

contre]l routine for track

recenstruction SQUINT

TRACKS 4"/‘ tracks in space
‘miﬁhh‘

quintic .spl ine fit-

BEAM

beam parameters

CIRCUS

intersection of clrcles

3

VERTEX EXPOL
steering routine for "l vertex Fit
V0 search
VMASS
1 teBt neutral particle
RGOUT mass

output of geometry

Fig. 3-4 : Flowchart of ROMEQ Geometry.



Now let ut look at some important steps 1n more detail.

A. SPACE POINTS

From pattern recognition one hes obtelned two coordinete palrs : (X,¥;)
end (X,¥;) for the 2 views. In order to reconstruct the corresponding
space palnt (x,y,r), one simply hes to resvlve the following set of
linear equetions representing the "light rays" (see flg. 3-5) :

XZ projection : X = Xgy + (x =Xg3) * g (3-3)

with r, = 2./(2; -%)

¥Z projection : ¥) = ¥o) + (¥ -¥)) *

¥y = ¥op + (¥ -¥e2) ¢ 1y

The position of the cameres is denoted (X.,¥q.2o).

(AM 2 CAM1

vz 2} Wey- 2¢)

;1 v,/ y

Spark

Iyp.zpl

Fig. 3-5 : "Light raya" between gpark and caomeras.



A small correction term haa to be introduced into eq. (3-3) in order to
sccount for the gless plete installed on top of the apark chamber modules.
All calculations are done in the snbroutine GEOME.

B. Track Parameters

From all space points belonging to a track, one cen now celculate in a
first épproximation the track parametera {1/P,,,.$,} at the firast
meaaured point (A,B,C). The momentum p, ie calculated from the rediua
p, of a circle which can be adjusted on to the X¥-projection of the

track :
Pog = Po " coaAOI(.OOOZ * B,) ’ (3-4)

where lo is the dip angle (P, in CeV/c, Py in cm, B in kGauss). RD can

be calculated by adjusting a straight line on to the ZX-projection :
£ =0C+ xtanl] with tan}, = tan Ay cosd, {3~5)

Finally, the polar angle ¢, represents the tangent to the elrele at the

first measured point.

The parameters illpo,lu,oo} are used as starting values in a quintic
spline -fit (routine FITPLF}. As will be discuased in more detail in
segtion 4.3 on error treatment in ROMEO, this fit leads to the finpal

track parameters :

{L/p, X, ¢,R,8).
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3.3 Calibration For WAl3

The Omega detector consists of different groups af'chambers which are
read for each event trigger :
spark chambers of Geometry I
. spark chambers of Geometry II
. drift chambers {not used for WAL3)
. MWBC inside Omega
. MWPC for beanm.

During the calibration procedute, one has to find the accurate positions
of all modules and wire chambere with respect to a given reference frame.
For many Omega experiments, one uses the drift chambers installed at the
downstream end of the detector as a reference, since their spatial reso-
lution is extremely good (25 um-é). For WAll, many tracks leave the

detector volume before reaching the drift chambers, so we used the opti-
.cal chambers as reference and aligned the remaining detector accordingly

(see ref. [SCH79]).

:1n order ‘to adjust the gpatial relative position of the spark chamber

modules themselves, we have analysed tapes which ceontain recordingsof

straight wires.

3.3.1 Straight wire pata

It has been found that, in spite of using fiducial mark information,
ROMEO calculates points ln space Hhich may deviate slightly from the

actual spark positions.

Our aim is to correct the Y and Z positions of each spark chamber gap
independentiy for the Geometry I modules. This means finding the
correction coefficients which have to be applled before a track fit is
done in the geometry part of ROMEO. Straight wire data offers a
solution to this problem.



There are 6 wires mounted in Omega just above the apark chamber modulea
of Geometry I. By varying a capacitance, the wires are illuminated with
different intensities of light from flash tubes. Thus, the plumbicon
system will detect all different spark intensitiea (0,1,2...7), end an
event will be recorded where the straight wires are treated as normal

tracks in the z =0 plane.

On reconstruction of these events, ROMED (in a special version) normelly
does not find exactly a straight line. A linear fit will then enable
the determination of coefficients which account for two types of correc-

tions :

Slewing correctiona : compensate the effect that the spark position

(in Y), detected by the plumbiccn system, depends on the apark

intenaity.

. Distortion corrections : compensate the deviation of the atraight

wire data from straight lines by correcting the Y-poaition of sparks
for each Geometry I region (correaponding to a certain wire)}, for

each view, and for each gap Independently.

We have checked the influence of corrections from tha atraight wirae data
analygis for different magnetic field values by epplying them to beam
tracks at varlous energies. The result on a stralght wire itself is
illuatrated for one example in fig. 3-6. The reconstructed wire has
become "really straight™ after spplying full fileld slewing and distortion

corrections.

It seems reasonsble to suppose that during over two months of running

time of WAl3, drift effects in the plumbicon electronical {and mechani-
cal} aystem should be taken into account. Unfortunately, this could ]
not be verlfied since the straight wire data was only taken at the end

of the experiment.
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3.3.2 Beam Calibration

Special runs were recerded at all beam momenta without requiring a posi-
tive electronic trigger signal at reduced beam intensity. Thus, a large
number of beam tracks were produced in the spark chambers and recorded

as beam track events.

This data enables a double callbration :

. calibration of beam momentum Pj.p

. calibration of ¥ and 2 positions of beam chambers Bl1~B3.

First, the beam momentum, as determined by ROMEQ, was compared to the
value of the EA spectrometer situated far upstream in the Sl beam line.
It consists of a get of MWPC. Only for a certain number of events
(abour 50 -70%, according te beam momentum) could the value of Pjaph be
determined since one required non-ambiguous hits in at ieast 3 planes.
The resulting distribution defined the default value for the remaining

events.

Furthermore, by comparison of the Pjap-distribution from the EA spectro-
metar and the one obtained from ROMED, we detected a slight displacement
of the first gpark chamher module of the Geometry I region in the X

direction.

In order to callbrate the position (¥ and B) of the beam wire chambers
at the entrance to Omega, a linear extrapolation of the beam tracks for

®x < - 175 cm gave predictions of hits in these chambers.

Comparison to the actual hits found yielded the wanted calibration

coefficients.

The influence of the magnet field outside Omega is small and was

neglected in this extrapolation.

Using the calibration constants for the analysis of the real events, the
two Independent couples {¥,$) and (Z,A) characterizing the beam track at

the entrance of the target were determined by a linear fit to the beam
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chamber information. One required in both the Y and Z direction at
least two single hits. If double hits occured in one plane, the
point nearest to the linear £it from the other single hits was used,

and the fitting procesa was repeated incliuding this new point.

Typical distributions for the beam momentum Py, and the engles X, é

are shown in fig. 3-7.

‘The FWHM value of the beam momentum dlstribution for Pj,n =3.1 GeV/e

wag :
FWHM (Py,p} = .104 GeV/c
which corresponds to a momentuvm resolution of :
AP/P {nom) = 1.4%

for nominal beam values., The resolution for measured beams (EA spec-

trometer] was much better :
AP/P {meas) = .2%

The structure in the i distribution in flg. 3-7 (b) reflects the wire
spacing of 1 mm cf the beam chambers. The angular precision is typi-

cally :
AL = Ad * .6 mrad.
Considering the distance between the firet beam chamber and the center

of the target, thls corresponds to a poasible maximal beam displacement

of 4Y = AZ £ 1.5 mm.
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Fig. 3-7 :

Beam paramgtere at 3.1 GeV/c

{a) momentum p = (3.08 2,04} GeV/e
{b) dip engle A, peaks show the
wire spacing of 1 mm '

(e) azimuth angle ¢ at £ = = 175 om.
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3.3.3 Alignment of Geometry II

A cruclal region of the Omega spectrometer for the detection of 2V0 event
triggers 1s the Gecmetry II spark chamber modules. Consider, for example,
a ¥°A or an AA final state, where the relatively slow A particle will
dlsintegrate into even slower charged particles which have a good chance
of travelling, at least partially, through this reglon. The importance
of these modules is underlined by the fact that without the Geometry It
information we would have lost as much as 65% of the 2V0 candidates at

3.1 Gev/e,

We have checked the pasitions in the Y and 2 directlons (measured in the
Omega coordinate system) by first reconstructing tracks in Geometry I
modules alone, then extrapoiating them lnto the Geometry II region, and
finally comparing the spark coordinate predictions with those actually
found. It was gquite a surprise to reallze that each of the 8 modules had

to be shifted individually in the positive 2z direction by roughly 3.6 mm.

The Y positions of the moduies, a indicated by the survey measurements

of Omega, proved to be correct.

The corrections introduced into ROMED were checked by looking at the
track residuals Ry and Rz after the guintic spline fit (where
Ry = Yspark - Yfit and R, = zspazk - zfit). From fig. 3-8 one can see

that the resulting distribuytions are well centered.

As an edditional result, we can deduce from fig. 3-8 the spatiai reso-

lution of the reconstruction of tracks in ROMEO :

Gepmetry I Ir
Oy E} .5 mm
a9, 1.2 2.2 m
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Fig. 3-8 : Residuals after spline fit in (a) Y-direction and (D)
Z-direation for Geometry II and I modules. The widthe
of the digtributions indicate the spatial resolutions
of track measurements.
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3.4 Error Treatment in ROMEO

During pattern recognition in ROMEO & weight is asaigned to each spark,
according to an' estimate of its fluctuation in the optical chambers and
to the measurement error which characterizes the optical and electronical
detection eystems, j.e. the stereoscopic video cameras and their calibra-

tion by fiducial marks.

These errors will determine the precision of the track parameters
(momentum p, angles ¢ and A} calculated during execution of the geometry

part of ROMED.

3.4.1 Spark Errors

For each spark seen by the plumbicon system, two errors and thelr corres-

ponding error matrices have to be considered [TOW76]
. fluctuation errors og

. measurement errors O

A. SPARK _FLUCTUATION ERROR

The fluctuation error gf represents a displacement of the spark se¢en by
the cameras from the actuai position of the track. The approximation in
ROMEO is to assume that the fluctuation introduces an error in the ¥
position of the space point {Yp,zp). There is probably also & Z fluctu-
ation, but this is neglected in this approximation as the main effect on
the sparks of the crossed electric and magnetic fields isin they-direction.

Thus, the error matrix for the space point from fiuctuation only is :

(0% o)
B {¥n:25) = (3-6)
£iipiop 0o o



The effect of the fluctuaticn on the measurements ¥) and ¥; (view 1 and
view 2 respectively) is obtained by transforming B, = Ef(Yp,Zp) to the
error matrix B, = Eg(¥),¥;) using the general error transformation

eqguation
E, = R g R® {3-7M

R is the derivative matrix (Jacobl) of the transformation TR of the

variables (Yp,zp) —> (¥1,¥;) at a given value X. R"— is the transpose
of R :
ay, ay,
dy, d%p
R = (3-8)
de dzp

The transformation TR is given by the eguation (3-3) of the light rays
{see fig. 3-5) '

¥ = Yoy + (¥p =Ye1) * 2o/ (3¢ -2p))
(3-3)

¥y = Ygp + (Mp-Yop) * (Zo/ (2 - Zp))

where (¥.;,2.} and (¥,,.%Z.) are the positions of camera l and 2, respec-

tively.
Applying eq. (3-7) the fluctuation error matrix, we get :
2 2
St &g
Ef(¥y.,¥5) = s (3-9
S¢St
vhere Sg = of * (2./1(3; ~Zp)).

1t is here where correlation terms between the two views are introduced

into the error matrix.
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B, MEASUREMENT _ERRORS

The measurement errors on ¥, and ¥, are o) and ¢, respectively. They
are uncorrelated. The full error matrix E(Yy,Y;) is the sum of

fluctuation and measurement errors :

2 ] 2
9] +Sf Sf
E(Ylvyz) = 2 2 2 (3-10}
Sg 03 +5%

Using the inverse of transformation (3-3) (light rays), one can now
caleulate the error matrix E(YP,ZP) on the space points. The weights

wy,wz.wyz used in ROMEO are obtained by inversion of the error matrix :

I _
WYL 200 = = BTN Y, Z) {3-11)

C. ROMEQ VALUES FOR GSPARK _ERRORS

The values for the input errcrs 0;,0; used in ROMED are different for

the three categories of tracks :

palred tracks : FLAG = i ooy =. Dd/J—Z_ i=1,2
unpaired tracks : 0 .04
un-matched tracks : -1 .04 & (1. +2.*STEP)

where STEP = lnterpolation distance for the missing spark.

The criteria for the classification of the tracks depends on the minimum
number of paired points NMINPR (for paired tracks) and the minimum

number of corresponding points NMINCR (for matched tracks).
For WAl3, we have used the values :

NMINPR = NNINCR = 8



The fluctuation error Oy has two parts : G, = angle independent and
9, = dependent on the angle ¢ of the treck w.r.t. the normal to the
spark chamber gap :

of =0 + of * ¢ (3-12)

The values used in ROMEOQ are :

0y = 018 cm

o, = .170 cm.

From these valiue¢s one can see that the angle-dependent contribution Y
becomes relevant for tracks passing a spark chamber gap with an angle
¢ > .5 rad. Tracks of this type are e.g. those belonging to a slow 7~
particle from a A-decay of a KPA final state, the A ltself being
already slow with respect to the K. This is one of the reasons why
the reconstruction efficiency for A'a is rather poor, as we shall see

in section 4.

3.4.2 Track Errors After Spline Fit

A. ERRORS ON_ SPLINE FIT _PARAMETERS

For each track, a quintic spline fit 1s done in the routlne SPHINX In
order to adjust the following parametrization af the track in the XY

and XZ projections [WIN74)

¥4 = Rp 4+ Ay * Xy 4+ D% YY(Rg)
{(3-13)
24 = By + By * X4 + D * 2Z(X4)

where Ay,B; are the positiom and A;,B; are the directiontof the track
at X; = X,. Ythi) and £%Z(%;) are double integrals of the field
functions, Finally D = £ .0002998 / P, the sign depending on the sign
of the magnetic field. It is negative for WAl3. '
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As a result of the spline fit, one obtaing the 5 x5 error matrix for the

varilables
{h; Ay D By By}

which is stored in the track bank of the ROMEO output.

B. TRANSFORMATION (A,,A;,D,B;,B;) —> (1/P,,$,Y,2)

A convenient way to characterize a track is to choose its kinematic

variables at x =X;| of the first measured polnt :

1/p A ¢ ¥ 2)
N

The transformation between the two sets 6f variables mentioned above is

the following :

- p/.0002998 (3-14)

arctan(By/v1. +af)

¢ = arctan (Aj)

1/p

P
n

Y= ﬂl +Az "X‘l
Z = By +B; *X;
The 3 %3 error matrix on the reduced set of kinematic variables

(1/P,)X,4) is caleulated by applying, once again, the general error
transformation formula (3-7) with a 5 %3 Jacobi matrix.



C. P"EXTERNAL _ERRORS"

Up to now, thé track error matrix was establiahed on the grounds of
individual spark errcrs alone. BAn alternative approach can be chosen
once the geometrical track parémeters like curvature p (in the XY
projection plane), dip angle A, polar angle ¢, number of points NPT,
and track length L are known. A reasonabie estimation of the spark
measurement error 0 can be taken from the previous chapter. The
following error formulae are based on the error on the sagitta F

(see fig. 3-9) which was determined empirically by Roberts [AST67]
A(F) = 3.5 o/VNPT (3-15}

The errors on 1/p,X, and ¢ are the same as used in the GRIND program

[GRIBSB} and read as follows :

A(l/p) = 28 o/ (VNPT L? cos?x)
A = 21 o cosA/ (L /NPT) {3-16})
Ap = %-cos) * Af{L/p)

The last equation can be dedvced from fig. 3-9 which shows the relation

petween 1/p and ¢
¢ = a - L comd/(2p), L «p {(3-17)

In addition, eq. (3-17) ylelds the (negative) correlation term hetween

the errors on 1/p and ¢

Afl/p.¢) = -.5 L cosk AZ(1/p) (3-18)

whereas the other correlation terms A(1/p,X) and A(),$) are vanishing.
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track

Fig. 3-8 : XY-projection of a track.

D. EXAMPLE _OF _NUMERICAL VALUES

The following table 3-1 compares the "external" errors from eq. (3-16)
with the errors, as calculated in ROMEQ for WALl for a positive low
momentum track and a negative medium momentum track from an event at

3.0 GeV/c beam : (EV 4402 906)

external ROMEO
P NPT
errors errors
.251 11 A{L/p) L0247 | L0964 (1/Gevic]
(GeV/c) AX .qos58 . 0051 {zad}
Ad .0031 .0126 [rad)
A(L/P, ) - -.98E-5 (= 24)
| A(L/P,$) -.TE-4 -.12E-2 (= 98v)
-1.632 32 4(1/p) .0013 . 0025
tGev/e) A . 0008 . 0004
A9 . 0005 . 0006
AQL/P, M) - . ME-7 (= 1)
a(L/p, 8} -.6E-6 .27E-6 (= 18%)

Table 3-1 : Track errors.



The compariscn shows that occaslonally the error formulas (3-16) under-
estimate the errors on the track parameters -~ 1f we assume that the

ROMEQ errors are reasconzbly well established, The correlation between
1/p and X, which is neglected by the "external" errors, 1s in fact very

Emall.

An illustration of a momentum error distribution w.r.t. the track length

L is given in £fig. 3-10. The beam momentum for this sample is 3 GeV/c,

and the mean relative momentum error of the charged outgoing tracks 1is :

Ap/p = 1%

dp/p[%]
10

0.1

302010 0 0 100 200
N —— [ fem] —=

Fig. 3-10 : FOMEQ error caleulation on momentum p.
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3.5 Multiple Scattering Errorpe

-

The charged particies from strange particie decays underge muitiple
independent Couiomb scatterings whiie traveliing through the detector
volume. This is alsc true for the beam particle during its passage

through liguld hydrogen inside the target.

Multipie scattering gives an additive contribution to the error matrix
on the set of varjables (A) Az D B) Bg) in the ROMEQ output. The

geometrical track parameters themseives are not changed.

A. MULTIPLE SCATTERING_ ANGLE

For smail-angie scattering, the projected (plane) distribution is of
Gaussian form [JAC62). The dispersion of the plane angle (see fig.
3-i1) is approximately [REvE0])

88 = K * VL/L, with - K = .0i4/(P@} (3-19)

L/L, is the thickness, in radiation lengths L., of the scattering medium.
For WAl3, this consists mainiy of the spark chamber volume (L, = 3500 cm),
eventuaily the coplanarity chamber and §6/V6 {L, = 40 ch). Fer the
beam, the density of the iiguid hydregen is important : L, = B90 cm.

L
>~ l wplune
e

Fig. 3-11 : HMultiple acattering angla.



For the evaluation of the multiple scattering errors w.r.t. the track
parameters {1/p,X,¢} we uged the game formilee ag derived in the
analysis of the beam dump experiment at CERN [ROM80]) :

1

4
a2q1 = o 429 3-20
/e 3 (L cos?r) t )

2=..1..a-2
Ach 3 AcH

1

1 2
4%y = = —=— pZp
¢ 6 cos?x

The correlation terms A(A,¢) eand AH(1l/p.A) can be neglected, whereas
the relation between ¢ and 1/p wae alreedy illustrated in fig. 3-9

and analytically given in eq. (3-17).
This yields a (negative) covariance term :

I S

* 72y .. 3=2D)
L cos®a

a-La
A{l/p.d) 3

First, the multiple acattering errors on {1/p,},¢} will be transformed

into those for (1/P,),¢). Then, errors on ¥ and Z are discussed.

The transformation between the “gecmetrical” and the "kinematical®

variables is given by (p in em, B, in kG, P in Gev/c)
cegd * p =const * B, * p (3-22)

We use 1t to calculate the derivetive matrix {const = .0002998)

~ tanl

cosh/ {const * B,) B
D= 1/tan} 1 0
0 1] 1
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One can see that for tracke with small dip angle A andfor large momen-

tum P, the correlation term between 1/P and ) should become negligible.

With the matrix transformation Beyp =D Egeom bt (cf. eq. (3-7)), we

derive the new quantities :

2
82(1/p) = codi/tconst * 8,32 * a2(1/p) + t’“‘;’l} F13

2 = = a2
a2 S 8%
A2 - .15 mzzx 2 {3-23)

2
AL/p,Aye - BBBA a2y L BT a201/p)
P pltan)

cosi

m af{l/e, ¢}

ﬂ(l/Pt@) =

One should notice that the influence of varlations ABy of the vertical
component of the magnetic field are sufficiently small, compared to the
othe¥ errors, so they are dropped. As for the correlation between 1/P

and X, 1t can be seen from table 3-1 that it is in fact very small.

In addition, to be as correct as possible, one should regard how the
multiple scattering exrors, whlch increase along the track, influence
the determinaticon of the track parameters during the spline fit. Tracks
which crosa an important amount of material in between the spark chamber
modules may even have been cut Into two segments by the reconstructlon
program due to sufflcien;ly large deviations in space. The treck para~-
meters in these cases could be improved by ¢ombining the track £lts on

the two separate segments.

Obviously the charged tracks have undergone some multiple Coulomb
scattering already hetween the vertex of a V0 and the first messured

space polnt.

Its amoutit will strongly depend on the distance x between those two

points. In general, however, x is very small w.r.t. L,.



Referring to the track parametrization used by Basusch (BEUS1} the follow-

ihg variances and co-variances can be deduced :

aly = K2 % ca:% {3-24)
a2 ? K2 3—:?; coizl

a(¥,8) = K2 szr coil

atz,n = x2 %

Again, correlations between "horizontal” and "vertical” variables vanish.

- C. NUMERICAL _VALUES

The following table 3-2 gives an idea about the crder of magnitude of
what was derived above. Two charged tracks, a 7* and an B from an A

decay are used as an example (cf. table’3-2 on next page).

The errors due to multiple scattering on (1/p.A,¢} are surprisingly large
w.r.t. the measurement errors, especiaiiy for the second track. This is
because it is a rather long track which also passes through the scintillia-
tor 56/v6. The additional errors on Y and Z are negligible in both casea,

as can be expected for secondary tracks from a V0.

In the scatter plot of fig. 3-12, the mltiple scattering error on the
momentum p of outgoing charged particles is shown w.r.t. the track length
L for a sample at 3 GeV/c beam momentum. One can clearly distinguish
the relatively small contributicn from the spark chamber volume, followed
by the influence of the coplanarity chamber, and finally the scintillator
S6. 1In general, if compared to the fluctuation and measurement errors,

multiple scattering errors are most important for long tracks.
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e ol
nom. p .251 GeV/c A{(1/p) .0964 .0017
flag 1] Al L0051 .00S3
NPT 11 &¢ .0126 ,.0037
L B0.5 cm 13 4 .061 . 006
L/L, .027 AZ - 260 006
A(l/p,A) -.14E-4
A{l/p,¢) ~-.54E-4
ALY, $) -.11p-3 .60E-5
A(Z,)} -.13B-2 .50E-5
prc e mivole
nom. p -1.632 cev/c A(1/p) L0025 .0055
flag 1 Y.} .0004 .0022
NPT 3z Ad . 0006 .00l6
L 258.7 cm AY .028 -001
L/Ly .200 AZ .070 .001
Al/pn} . 34E-7
Ail/p.w ) .27E-6
AlY.4) -.12E-4 _40E-7
A(Z,.X) -.16E-5 . 35E-7
Table 3-2 : Multiple secattering errors.
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Fig. 3-12 : Relative error on momentum p as a function of track length L
due to multiple Coulomb seattering.

Before the above errors can finally be introduced into the ROMEQ- track
bank, we have to transform them into errors w.r.t. to the set of varia-
hles (Al,A2,D,Bl,B2). This procedure usaz the inversion of eq. (3-14}

and, as usual, eg. (3-7).



3.6 Vertex Reconstruction

In the case of a 2-V0 trigger, we look for one or two track pairs which
may constitute & K°, A, or A. ROMED has very weak rejectlon criteria

for V0's, e.g. ete” pairs are easily accepted. Hence often different
track assignments are possibie which may lead to different geometry
blocks in the output record. These ambigulties have to be resolved later

on during the kinematical analysis.

1n section 3.6.1 we describe the way ln which a reasonably well esta-
blished vertex ls calculated for each VO candidate in the ROMEO subrou-
tine EXPOL [DUF76].

As far as the errors on the vertex coordlnates (xv.yv.zv) are concerned
ROMED only calculates a 3 %3 error matrix. Obvious correlations with

the kinematical varlables (i/p,},¢} for each track are ignored.

A vertex fit using the full § x5 error matrix for each track is done
with the program VTXFIT [BIL§2) described in the following sectian
3.6.2. 1In this case, additional errors due to myltiple scattering

{see section 3.5) should be taken into account beforehand.

3.6.1 POMEQ WVertex Fit

The method used In EXPOL to find a vertex (xv.yv,zv) is described 1in
{DUF76] which in turn uses the general fit procedure as described by,

P. Mdhlemann [MOH70].

The determination of the vertex of n tracks by this iteration methed

proceeds as follows :

1} First we choose a starting walue xJ for the x-coordinate of the
vertex and compute the track intersections with the plane
X = gonst. = xg and the tangents to the tracks at these points.

That is, we evaluate the constants 24, b; (i = 1,2, ...2n) which



represent the tangents to the tracks (cf. the track parametrication
in eq. 3-13) :

= ayx +by {3-25)

[

z = asx +b2

= azx +bjy

H -

= BapX +hon

2) Then we determine the point of closest approach of the set of n tan-
gents by the matrix method outlined below. This is the first appro-
ximation of the vertax (x&,y&,.aa} =xl.

3) Replacing x3 by x‘l',. wa comput® again intersection coordinates and

tangents, in other words, new constants "’i'bi'

4) Tha point of closest approach of the tangenta gives the second vertex
approximation (x& ,y‘z,,z‘z,) .

5) Repeating this itsration procsss, we usually reach convsrgence after

3~5% steps.

4, MATRIX METHOD

To £ind the point of closest approach of the n tracke, wa have to mini-
miza the righthand side of the 2n equatlions with residuais rj,rp, ...rpp ¢
a,x! + by -yl ry (3-26)

.'.lzx.‘lr + by -:é, - ra

agx} + by - v} = ry

1’

1 -
agpky+ by Ly = T2n
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Using matrix notation, we have
axl +m="r
and we can immediately formulate the weighted least squares condition :
x2 = REwr = (A x! +8)T W(A x! +B) = minimum (3-27)

which corresponds to :

ﬂxz t '
=0 or AW ¥l +p) = 0 (3-28)
ax

with t denoting the transposed matrix. The weight matrix W contains the

errors on the vertex coordinates :

The improved vertex vector-is now :
%l = - atwm ™! At we (3-29)
and the statistical error on X! {s given by the error matrix

e(xl) = (atway~! (3-20})

B. STARTING VALUE

In order to find a starting value X® for the above iteration scheme ROMEO

proceeds like this :

1. For each pair of tracks, one positive and one negative, calculate,
in the XY plane, the two intersections of the circles representing
each track in this plane, and this for both stercoscopic view sepa-

rately.



2. Choose the correct intersaction (xg.yg) by checking the correspond-

ing zJ values.

. Reject V0 candidates for which the sum of the (reversad) momentum

Jras

vectors does not point towards tha targat.

After the fit, we obtain a 3 X3 arror matrix on the vartex coordinates
(%,r¥yi12y). The track paramaters {(1/p.A,$) are not changed during this

procedure.

In order to check whather ROMEO has missed any V0's, a subsequent program
vzERO(*) searched for VO candidates among the so-cslled extra tracks

which ROMED had not assigned to a v0 beforzshand.

3.6.2 Veartex Fit With Full Error Matrix

Aftar the passage of ROMEO, a rafined vertex fit csn be done with tha
program VTXFIT, taking into account the full 5 x5 error matrix for each

track. Tha following sets of variables are used during the fit :

{d; Ay D By By) ROMEO OUTPUT
{1/p 2 $ Y 2) AT FIRST POINT
{YZABLl/p) PROPAGATED NEAR VERTEX

The transformation betwzan the first two sets was alresady given in
section 3.4.2 (sea eq. (3-14)). In the last set, we usa the definitions
A= Py/P, and B = pz/py. Thus, tha last two sets of variables transform
into each other by :

A = tand (3-31)

B = tan} . /1 +tan?

M ye are grataful to Mr. Baubillier, Paris, for transmitting the
VZERD program, which originally was used for the analysis of the
experiment WA48 at CERN.
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At the beginning of the fit procedure, both tracks are extrapolated from
the first measured point to the starting value xJ which is given (as
a good first estimate) by ROMEO. For the extrapolation, the tracks are

parametrized by a heiix of the following form :

x=X+p * (cosb -cosB,) (3-32)
Y=Y+ ¢ * (sind -sing,)
252+ 8 %9 * {B-By) * tan)

where 5 is the geometrical sign of the track and ¢ is given by :
cogh * P = .0002998 * B, * ¢ {3-22)

and B = ¢ - ST (see £1g. 3-13).

P, 1X.Y.2)

Pix,v.z)
XY projection

&

Fig. 3-13 : Helix pardmetrization.
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Actually the track extrapolation is calculated wsing the routine RXUTAS
[WIL74]. For the error determination at the propagated point, the
helix parametrization formulae and thelr derivatives are used, applylng,

as ysudl, the error transformation formula eqg. {3-7).

The 5 variables xy adjusted by VTXFIT are (1/p,},4,Y,2) for each charged
track. In principle, an iteration scheme 1S used to minimize the XZ-

value defined by :
£ m f _ _.m
(%) =x;) (x5 -x4)
x2 = X i S Sl M A (3-33)
1,1 713

It is usually sufficlent to leave the iteration lcop mfter the first
pass.

As result of the fit a 9 x9 covariance matrix is written on to the ouatput

record for the 9 variables :
(X ¥ 2 1/p; Ay By Lipy Ay By

This "global” error matrix will be used for the fit of the main vertex
inside the target (APEX fit) as described in the following section.

ks an example, we give the probability distribution of fig. 3-14 which
was obtained for Vv0's belonging to events with at least two VO-candidates

found by ROMEOD. The beam momentum was 3.-3.3 GeV/c.

Except for low probability values, the distribution is flat indicating
that our estimates of errors in ROMEQ and the multiple scattering errors

are guite good.
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Fig, 3-1¢ : Probability distribution after the verter fit of single
V0's in 2¥0 event eandidates.



1.7 Apex Fit

Once a firgt estimate ig found for the maln vertex (= apex) inside the
hydrcogen target and after correction of the besm momentum for eventual
energy losses, the fit program described in the preceeding section can
be applied.

A. PIRST APEX ESTIMATE

Up te now, ROMEOQ and the subsequent vertex fitting program have established

-+ -+ > - >
one or two V0's with momentum py, = p; +py, where p; and p; ere the momenta

of the corresponding charged tracks. Extrgpolating in the direction - 5",0
towards the target ylelds one (or two) peints Pj of closest approach (see

f£ig. 3-15) with respect tc the target axis st positions %y, 3 =1,2.

Next the beem is extrapolated from the beginning of the target until the
mean value X = (x, +x5)/2, using the RKUTAS subroutine. This extrspolated
point A, {x, Yheam’ *beam! Proved to be a good first extimate for the apex
position.

Pig. 3-15 : Firet apex sstimate A, from the points of nearest approach
Py and P,.
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If a point Pj of nearest approach lies too far cutside the target w.r.t.
the errors on the x,y,z-coordinates, this V0 either dwes not belong to
the event or does not represent a neutral particle, and hence the V0 is

dropped.

B. ENERGY LOSS_CORRECTIONS

According to the distance which the beam particle travelled through the
hydrogen target prior to the collision with a proton, a suitable ¢orrect-
ion for the energy loss due to electromagnetic Interaction must be
included. From bubble chamber experiments, Garbincius and Hyman [GAR70]

have found :
dE/@x = .26 MeV/cm {3-34)

for p{r~) » 200 MeV/¢ and p(pl » 1300 MeV/c. This value corresponds to

an average lonization potential for Hy of I = 20 ev.

In our case with a target length of 65 cm the maximum energy loss {is

thus (sz = .07 g/em¥)
ﬁﬁmax = 19 MeV/c,.

vwhich corresponds to .64% and .25% of the beam momentum at 3.0 GeV/c and

7.8 GeV/c respectively.



C. ERROR _PROPAGATION_ FOR VO0'B

The VYTXFIT program which we used for the apex fit needs a 5 x5 error
matrix on the variables (Y 2 A B 1/p) for each track, that is the
neutral V0 "tracks" and the beam track. For the neutral tracks, we can
use the information of the "global® error matrix on the variables

(X ¥ Z Ay By 1/p; Ay By 1/p;) written on to the cutput record during
the preceeding fit (¢f. sectlon 3.6.2). Using the definition of the
track tangents Ry = p%/p% and By = pé/p% and the wvector sum

;VO = 5, +;2, together with the neutral track projections :

Y= Y 4Ry (x-X)

z = B, +By (x ~X,}

we can transform the errors for the two charged tracks into errors for
the neutral track, using, as usual, the error transformation formula

eq. {3-Ty.

Finally, we have introduced multiple scattering errors for the beam
particle, as described in section 3.5. As an example, we show the
probability distribution (fig. 3-16) as obtained during apex fit of

events with one or two V0's for the.sample at 3. -2.3 GeV/c.
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Fig. 3-16 : Probability distribution after apex fit of LV0 and 2v0
events.



4. RESULTS FROM KINEMATICAL

ANALYSTIS




4. RESULTS FROM EINEMATICAL

ANALYSIS

Up to now, only geometrical information, 1l.e. space coordinates of sparks,
and fitted track parameters {1/p,A,¢) have been used to £irst reconstruct

sl1 tracks in space, and then to lock for V0 candidates.

If at least one V0 was found, a fit of the main vertex inside the target
was supposed to lmprove a flrst estimete calculated from points of nearest

spproach.

In this chapter, we shall test those results under the assumption of
representing real physical particles and thelr interactions. BAmbiguities

will arise at different steges.

All reaction channels we shall investigate belong to one of the following

topologies :
(T)) 1 ~V¥0 + missing neutral particie MW
(T5)  2-v0
(T3) 2 -V0 + missing neutrel particie MN
The topology T; cetegery contains two-body events where the second

neutral particle was lost during event detection and dsta scquisition or
during off-line analysis (notstion, e.g., n7p + K2(A) If the A was not
detected). Examples of category T3 are found when producing excited
;eutra; particle states which, in turn, decay into two neutrals where

only one is detected, as for example in the reaction =p + KIIL*0 & g2A(n9).

First, a constrained kinematical fit (1 -C) was run on single V0's for all
events using the program KOMEGA (described in the next subsection) in
order to test the particle hypothesis X°, A, and A. secondly, all 2vV0
events with 2 successful particle fitas were tested under the hypothesis
of belonging to one of the exclusive reaction final states KP4, RA, or

Kgxg. Since all particles taking part in the reaction are supposed to be
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known from measurement, imposing energy and momentum conservation makes

this test a four constraint fit (4 -C).

Finslly, & 1 -C fit with KOMEGA waa attempted for 2V0 candidates with a

@ or n(n). BSuccessful fits may belong

third missing neutral particle y, 7
to final atates Llke k%5®, AL +c.c. (charge conjugate), K*0A, K®A (W),

etc.

Resulte of these kinematical fita will lead to unnormalized raw angular
distributiona. We will be able to translate them into finsl dlfferentlal
crosa section distributions only after the acceptance of the Omega spec-

trometer and varlous normalization coefficients have been established.

4.1 Survey of Overzll Analysis

One can discugs which wey of doing the total analysis of an event is the
best. 1In fact, after event reconstruction (with ROMEO) malnly two

different fit procedures for s 2Vv0 event could be sugdgested :

1. First exploit all geometrical information available for each VO
snd execute a vertex Fit on the track variables (1/p,X,¢,Y,2),
using the VTXF1T program. Then, after fitting the main vertex

(apex), test the particle and resction hypothesis with KOMEGA.

2. First pass a physical test on the v0's, i.e. teet the hypothesis
K°, A, & with the KOMEGA program in a 1 -C fit on the track para-
meters (1/p,A,$). Tﬁen usa theae regults for 3 main vertex fit

and the final test of resction hypcthesis.

We have tried both ways and comparing the results did not give a clear
answer, singe both possibilities have advantaeges and disadvantages :

the VTAFIT program fsiled to f£it aome of the delicate v0 cendldates,
like those where one track i; badly measured and the error estimates

are not very reslistic because, ¢.g., it has turned very gquickly (slow
track), or because the extrapolstion distance to the vertex was too long

for the linear approximaticn to held during error propagstion. The



KOMEGA program disregerded the track and vertex position and easily
fitted thosze ceandidates.

On the other hand, the VTXFIT program rejected many of the v0's which
did not belong to e neutrsl particle decay end thus reduced the back-
ground signel significantly.

We have chosen the first possibility for our analysis. The overall
procedure 1s summarized in the flowchart of fig. 4-1.

4.2 Constrained Single Particle Fit

Testing each vO-candidate under neutreil particle hypotheses will not
glve unique results for all v0‘s. This may leed to normalization pro-
blems, especially in the case of 1-V0 events. Some ambiquities,
however, can be resolved by considering their missing mass values and

their fit probabilities.

4.2.1 KOMEGA Programs

The program used st this stage of anelysis is KOMEGA (Kinemetics OMEGA)

which is written under conventions of the HYDRA system [HYD74]. For e
neutrzl particle fit, the following results from the analysis, as
described in chapter 3, are used as input data for KOMEGA :

. treck parameters (1/p.},¢) for the 2 charged tracks belonging to e
V0 cendidate, . .

. errors {meesurement and multiple scettering e:?otsf on the parame-
ters and thelr correlations,

. masp assignments.
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Pig. ¢-1 : Survey of off-line analysis after event reconstruction.




KOMEGA then trles to adjust energy and momentum conservation for a

chosen neutral particle hypothesis :

Eyp = E) +Ey = v +p + vmj +pd -1
- + 3
Byg = P1 P2

This is a system of 4 independent equations where 3 guantities, however,
are not measured ;&O or {1/pv0. Ayor $yp)- This is why we are deeling
with a cne constraint fit {1 -C). In the sppendix, s description can be

found fer & general constrained kinematical fit procedure.

The result of the fit will consist of fitted parameters (L/pyg.ryg.éyg)

and their covarlance matrix used for further analysis.

In order te check the validity of the fit, one can calculate the “pull”

distributions, l.e. for each fitted quantity x,, one determines :

£
x - *y

2 2
Om=9.8 -
x\) x\.l

pullix,) = {-2)

We have presented the pull distributicns of the kinematlcal variables
of -2 charged tracks which are supposed to belong to the decay of a A
particle in fig. 4-2.

"Ideal" pull distributions are normal distributlions with a mean value
of 0 and a standard deviation of 1. From Fig. 4-2, we can be assured
that our 1 -C fit was done correctly and, above all, that the error
determination on track varlables described in chapter 3 has provided
correct input data for the Fit. '
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Fig. 4-2 : Pull dietributions after a 1-C KOMEGA fit under the
A hypothests.
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4.2.2 Neutral Particle Ambiguities

The fit procedure of vo's may lead to a auccessful fit for different mass
assignments of the two charged tracks. We have investigated how often

ambiguities between ¥°, A, and K hypotheses occures.

In fig. 4-3, a scatter plot with corresponding projections

shows the effective mass sguared Mipg(n*n”) versus M2e(pnT) for all 2-VO
candidates at pygp = 3. - 3.3 GeV/c where KOMEGA successfully fitted both
VO's. No cut in probability was applied so far.

This figure demonstrates that many of the {real) A particles may simulate
a K%, whereas cnly a few X particles simulate a A, The difference in

contamination is due to different ¢-values of K? and A particles.

An important guestion is whether these ambiguitles can affect the final
2-v0 sample. Without any attempts toc reduce single neutral particle
ampiguities, we have, e.g., found that for 12 out of 314 2-v0 candidates
at 3. -3.3 GeV/c, both the K°A-and the AK® assignment was possible,
representing a 4t ambiguity in the K°A sample. .Separatilon on the
grounds of the product of fit probabilities assured an error of less

than 2% for the final normalization which is much smaller than the statis-

tical errors alone.

In the case of 1-V0 events, we have slightly reduced the number of
embiguities : If cne of two successful assignments had a probability
p{X?} smaller than 5%, we have chosen the fit with probability at least
twice as large as the other one. Using event data from the Monte Carlo
simulation and imposing track errors according to the distribuplons
found for physical data, we have checked that no neutral particles were

lost in the XKOMEGA £it.

As an example, we list in table 4-1 the number of successful fits at

Plap = 3. -3.3 GeV/c where the n”:f ratioc of the beam was about 4:1.

In order to estimate the possible contaminatlon in the number of success—
ful 1-C fits, we used the 2-¥0 subsample where an unambiguous K°A final

state was found from a 4-C kinematical fit {as described later on).
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‘el successful ambiquous with
particle -
Fit A A K¢
A 1414 - 15 345
A 630 - 163
K° 2214 -

Table 4-1 : Neuiral partiele ambiguities.

Secondly, the Monte Carlo dats together with appropriate errors was used
to check the conslatency of the contaminstion figures with larger statis-

tics. Thus, neutral particle ambiguities sre possible as follows :

A 21% of the A's (or A's) simulste X%'s
A 8% of the K%'s simulate A's {or A's)

no ambigulties ogcutr between A's and A's

Thess figures changs with the momentum resolution of measured tracks.
The A/A ambiguities listed above wers extremely badly measured candidates

and hence were asaigned tc the hypothesis with higher probability,

Ambiquities between K° and i assignments are shown in figq. 4-4 (a) for

the same sample of v0's, as in the previcus figqure.

Finally, ambiguities betwesn A and y sssignments have to be considered.
Fig. 4-4 (b) shows the 2-dimersionsl plot of the corresponding effective

masses.,

As we shall show in the chspter on simulation, we could have avicted
&1l y's slready at this stsge by introducing a cut in the decay angle
distribution (or slternatively in ths transverse momentum distribution,
which iz a more convenient choice) without losing meny of the A's. But
since we checked our reaction hypothesis with the missing maas w.r.t.
the properly reconstructed v0, these ambiquities did not survive until
. the final angular distributions.
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MASS RESOLUTION IN WAl3

The protections of flg. 4-3 are presented agein in fig. 4-5 but with the

x-axis linear in the effective mass Mgygr.

From the width of the peak, we can deduce the mass resolution of the

spectrometer for our experiment :

Mope(K?) = 498 ¢ 3.5 MeV | (m, = 497.67 MeV)

Heff(ﬁi = 1116 + 1.7 MeV (m; = 1115.60 Me¥)

This agrees with the valves m, given by the Particle Data Group [REVED].

4.2.1 Missing Mass Spectra of One V0 Events

Since we have already calculated the beam parameters at the interaction
vertex during the apex fit, we can now celculate the missing mass MM(VD)
w.r.t. the V0's which successfully fitted a neutral particle hyéothesis.
MM{VD) 1p defined as follows :

2 -+ d 2
M2 (V0) = (Ep,, ~Eyg)” - (I, —Pyol? (4-3)

= i = ¢Vm2 2
where Bian = Ppeam * Erarget = Y@ *Plap * "p -

Fig. 4-6 shows the missing mass distributions w.r.t. A (a) and w.r.t.
K°-particles (b} at P1an = 3. -3.3 GeV/c in the »~ beam. Ambiguities
are not removed. The contributfon which is due to 2-V0 events only 1s
also shown : events assigned tﬁ the K°A reaction channel are given by

the dotted line, those assigned to the K°I° channel by the dashed line.
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Pig. 4-§ : Effective mass distributions tneluding all V0% at 3 GeV/e
which were assigned to the A and K® sample after the
KOMEGA fit, The mass resclution of WA13 can be deduced
from the widths of the distributions.
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Fig. 4-8 : Squared miesing maas with respect to (a) A and (b) K° at
Plap around 3 GeV/e for iV0 and 2V0 events. The dottsd
and dashed line indicate the contribution from 2V0 evente
which wers assigned to the K°A and K°L® sample respective-

ty.
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First one realizes that the pesks from missing A's and missing E%'s
overlap considerably even at low beam momeﬁta. Next, one can deduce
that most of the KP's anticipated from the peak in the missing mass
distribution w.r.t. A will reappear in the 2-V0 event sample, whereas
about half of the A's forseesble from the A/ZI® peak in the missing mass
distribution w.r.t. K° were not reconstructed. We will have to find
the reasons for this before normalizing the resulting angular distribu-

tions,
MISSING MASS [V @)

10 b Unambiguous A
S P - beam
S

~ 5F 1
=

’ [h 1 I

o

05 10 15 20 25
—=— MMZ(A} [GeV?]

Fiq. 4-7 : Squared miestng mass digtribution with respect to K at
Pigp around 3 GeV/e in the P beam.

To be complete, the missing mass distribution w.r.t. § is shown in fig.

4-7. Only unambiguously assigned A's from Pp events are represented.

Again the large peak in the spectrum belongs to associated A or L?

particles.



4.3 Final Fit of Reaction Hypotheses

all 2-v0 candidates where both V0's have successfully fitted at least
one of the neutral partlcle hypotheses will now be tested under the

assumptlon of belonging to a physical reaction channel.

Ambiquitlies arising frequently for reactions with a (third) missing
neutral particle can be resolved Iin most cases by considering the missing
mas5 values and ¢orresponding errors, the probability of the £it, and

the effectlve mass values of appropriate particle combinations.

4.3.1 4-¢ Fit And 1-C Fit For 2-¥0 Events

Once again we employed the KOMEGA program to perform a constrained kine-
matical flt on 2-V0 events. For channels where one of the neutral final
state particles could not be detected, the four constraints from energy

and momentum conservation are reduced to one constraint.
In table 4-2, a survey of all tested channels is given.

411 topologies belong elther to the categorxry 2-¥0 {(Ti1) or to the cate-
gary 2-V0Q + missing neutral particle MN {(T3). The last column ln the
table llsts the most important reaction channels tested, p.s. stands
for the phase space contributlon. The hypotheses 1 -5 are the most

important ones as far as the event numhers are concerned.

BY



hypotheses KOMEGA reaction channels

Nr. topology fit (p.s. = phuse upace)
1 Moor2 4-C Bp + A

2 KeA T2 4-C nTp + KeA

3 KOk® T2 4-C Pp + KOx©

4 My T 1-c Pp » A0 + EO0

5 K% {y) T3 1-c Fp + KOLO

6 (o) T3 1-¢ Bp + M°* + c.c., p.s.
7 K%\ ¢(n9) T3 1-C nTp + KPI®Y, K9*A, p.s.
8 KOA(F) T3 1-c Bp + B*A, p.s.

g Ax%(m)} T3 1-¢ Bp » A", p.s.

10 | X%%(n} T3 1-c #7p + K°A*, fn, p.s.

Table 4-2 : Reaction hypotheses tested by KOMEGA.

4.3.2 sSeparation Criteria

Reactions we are most interested in are those numbered I and 2 (topology
TZ) in table 4-2 and the reactions 4 and 5 (topclogy T3] with a missing ¥

°
from the shortlived L particle decaying eiectromagnetically via 29+ M.

hmbiguities which were difficult to separate occurred for successful

missing Y and missing n° assignments.

An example of possible ambiguous results after the KOMEGR flt is given
in table 4-3 for 412 2-V0 candidates at 3. - 3.3 GeV/c.



1 2 4. s 6 7 ia
hypotheses - - . -
A KO AAGY)Y KOA(Y) RAGR®) KOA(R®) KOKP(n)
1 Ax 27 -- 5 - - - —
2 KOA -~ 140 - 27 -- 5 -
4 KA | - - 37 -- 6 - -
5 KMy [ -- - - 167 - 43 -
6 Aoy | -~ - - - 15 - -
7 KAy - - - - - ap _—
i K%®(m)| - - - - - - 42

Table 4-3 : Reaction ambiguities.

While no cut in prebability has been abplied so far, we rejected those

1-C fits where the squared missing mass Muzltot} w.r.t. the 2-vD's found
1s more than 3 standard deviations away from the predlcted squared wissing
neutral particle mass (y,nﬂ or n}. The definition of MM{tot) is analogous
to eq. (4-3)

2
+ -+
we? (tot) = (Ejap ~Bzy0)? - {|P1ab ~P2val)

where Ezyg = sum of the two neutral particle energies and EQVD = sum of

the corresponding 3-momenta.

The widths of these distrihutions were established from unambiguous events.

At higher energies, poor statistics did not allow the use of these Jdistri-
butions, but the expected widths could be roughly predicted from low

momentum extrapolations and checked with the Monte Carlo data.

Thus, we are certain that no events have been lost in table 4-3.

None of the reconstructed events Eitted the annihilation process pp + KOK®.

It is interesting to lllustrate the different results in a 2-dimensional
plot which shows the measured squared wissing mass M2 w.r.t. the first
V0 versus MM? w.r.t. the second V0. Fig. 4-8 contains resylts for the

topologles T2 and T3 in the 7~ beam (2-¥D = K A) and fig. 4-9 contains
the same topologies in the p-beam with 2-vQ = RA. The dotted line marks

the allowed dom;in of different reaction channels.
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Fig. 4-8 : Scatter plot of squared misstng masses with respect to K%
and A tneluding all 2V0 events which successfully fitted
the K°A, K°L® and K°A(:°) final state hypotheses. Double
asstgnments are possible.
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Pig. 4-3 : Secattsr plot of squared migsing masses w.r.t. A and A
AA, ALY, IO\, and AA(n°} final state hypotheses at pigh
around 3 GeV/e. Ambiguities are ineluded.
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Now let us say s few words sbout how the ambignities listed sbove

were sssigned to the different resction chsonelg..

TOPOLOGY_ T2_ EVENTS

—_——rm e e 2 =

It was not difficult to isolste the exclusive hypothesis of topology T2,
i.e. K°h and Hh final states. Since their kinematicsl £it is most
constrained, we accepted all T2 candidates in table 4-3 if their total
wissing wass was compatible with §. The remaining events belonged to the

T3 topology 2-V0 + missing neutral MN, where MN is either y or z0.
No ambiguities are possible with miSsing neutron events,

The resulting missing mésa distributions for events assigned to the chamnel
T p+ KA are given in fig. 4-10.

MISSING MASS [V @) KA
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K
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Fig. 4-10 : Squared migsing masa distributions . r.t. Aand K% in the
final K°A svent sample at Pigh = & GeV/e.



TOPOLOGY_ T3_ EVENTS -

The final attribution of ambiguous T3 topologies to one of the posaible
reaction channels wag done by deciding upon the following criteria :

1. Reject the 2-v0 + y hypothesis if ths effectiva masa M g¢(Ay) or
Meff(ﬁy}, using fitted quantities, is incompatible with I? or Lo

mass respectively. -

-2. Reject the 2-Vv0Q + w9 hypothesis if the (meaaured)'squared miaaing
mass w.r.t. the first v0 lies below the corresponding limits, within
errors, of the squared effective mass of tha second V0 and the %,
that is, if MM (V0) is incompatible with the phase space distribu-
tion. For exampie, M2:e(A1%) > 1.564 GevZ and MIp;(X%10) > .40l Gey?

within errors. N

3. Decide for the remaining ambigulities by selecting the hypothesis
with higher f£it probability P(x?).

TOPOLCGY Tl _ EVENTS

In order to increase the statistics obtained from topology T2 events
alone, we included some of the TL events {1-VQ +MN) when the misaing
mass MM(VO)-indicated the correct anticipated mass my of the missing
neutral particle. jﬁe decision to include a candidate was besed on

the following tests :

1. probability P{(Xx?) of geometrical vertex fit,

2. probabllity P(Xz) of apex fit,

3. no ambiguities from neutral particle kinematical fit,
4. jm?vo) —m%l < one standard deviation op.

At plab = 3 GeV/c, for example, the width of the missing mass distribu-

tion o, was 0.1 Gev2?, as can be seen from £ig. 4-10.

Scome of the accepted 1-V0 events geave contributions to the angular dis-
tributions in strong forward (and, in same cases, In strong backward)

direction where the acceptance ia not well known,
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4.3.3 A/I° Ambiguities

Since we shall later on comblne the differential cross section of exclu-
sive filnal states K°A and A A from topology T2 with ®r® ang & 1o
respectively from topology T3, the resclutlon of A/I® ambiguities is

not lmportant while establishing the anqular distributions. However,
for extractlng the polarizatlon data and for comparison with other expe-

riments, it is useful to know both coatributlons.

Foxr Fhé xe Eofinal state hypothesls, we have given the probabilicy P{x?)
distribution In fig. 4-11 (a). The effective mass between the (fitted
A and y particle for all successful 1-C fits is given ln fig. 4-11 (b).
One clearly obtains a I° peak with some events belonging to the KOA (n0)
sample {indicated by the dashed line). The dotted lines delimit the

region outside of which no £° particle assignment was accepted.

1-C fit of K°A (7)
od 20_
<
=
b 104
0 T ¥ L T 1
0 0.2 0.4 0.6 08 10

P Ly

Fig. 4-11 : (a) Probability distribution from the one consiraint jit
of the reaction hypothesis w"p » K9I° at 3 GeV/e.
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Fig, 4-11 (eont.) : (b) Squared effective mass between A and (fitted)
y in the K°A{y) sample at 3 GeV/e.

Following the separation criteria described in the last subsection yields
the final sampie of K°z°. one can check the consistency of the KO\ and
K°£° sample by plotting the decay angle distribution of the :Oin its
center of mass system : 1t should be flat for real KOEO events. Filg.
4-12 shows the resuit for both the K9 A and the kor® sample if one plots
the distribution iIn cosﬂz. where O is defined as the angle between the
measured A momentum and the missing momentum Em w.r.t. the fitted K®
momentum, i.e. Em = Blab _3K°' For the K° A sample alone, one expects

a sharp peak at cosfy = 1.0 (;m = EA"

The shaded area in fig. 4-i2 represents the events of the K° A final
states alone. As expected, there is a peak at coser = 1.0 followed by

a tall due to the errors on measured quantities. The K°£° sample on the
other hand, gives a uniformly distributed contribution indicating that

our separation procedure worked quite well.
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T ° DECAY ANGLE

|=

a) bl

o
-

60 -

-1.0 0.0 1.0
{os B[

Pig. 4-12 : ({a) c.m. decay angle distribuiion for the L° m X 5°
final states. The shaded area represents K A final

statlea.
{b) Definition of L° decay angle in the I°® rest frame.

4.3.4 Events with Misaing 1° or n

Finally, some of the successful 1-C KOMEGA fits came from the K9y + MN
and R & + MN hypothesls, where MN = 1% or n. 1In both cases, the unavoid-
able background signal imposes the search for e comprcmise between back-
ground reductlon and real event rejection since we cennot, except for
some ;pecial fecction channels, apply cuts in effective mass, as was the

° -
case for XKOL° and AI° final states.

In general, we will have two contributions : The first one from phase
space, and the second one from excited neutral meson or baryon stetes
which decay inte n® (or n} and the second detected neutral particle.
Pospible candldates are given in table 4-53 (numerical valuea from [REV80]}.
Some decay modes with important branching ratlos are included, though we
did not analyse them in this experiment.



excited state decay branching ratio decay width

[Mev] mode (Y] (3P [Mev]
* (892} > ¥n a~ 100] 1/2(1-) 50.3: .8
* (1430) > Xn " 49.1] 1/2(24) 100. + 10

w

> K'h ~ 27.0

AY (1520) —> Kn 46 2 1| Q(3/2-) 15.5% 1.5

> En 42 1
£* (1385) ——> Anm 88 + 2| 1(3/24) 35
—> I 12¢2

Fig. 4-13

Tabls 4-5 : Excited sirange particle atates.

shows the two effective mage distributionz of interest in the

case of K° A(7°) at 3. -3.3 GeV/c. For the total missing mass MMZ (tot),
we required |2 (tot) -m2,| < .014 Gev , where m?, = .018 Gev2. Though

the number of events 1s rather limited, one can distinguish & contribu-

tion from

Héff(ﬂﬂo’

Fig. 4-13 :

K°*(892) in the MZgp(K® n%) distribution and I*° (1385) in the
distribution.

HYPOTHESIS K°A (x°1

T T ¥ T T

I'K"*IB‘JO < I‘z°"‘| 1385) -

—
[aS)
T

L)
th

=~
T

= N7 .050 Gav®
—~====—1h

05 10 20 25
— M2 K2 [GeV?] —=—MP(A 7°) { Gev?)

L i

Effective maas distributions in the K°A(r°) sample at
3 GeV/e for (a) K° and 1° pavticlas and (b) h and ®©
particles. 'th'marks the threshold in both casea.
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MISSING NEUTRON_ HYPOTHESIS

Passible reaction cpanne;s are indicated under hypotheses 8 -10 in table
4-2. At pj,p = 3. -3.3 GeV/c, no significant signal appeared at the

mass of the A®{1520) particle for the reaction pp + AA" + ¢.c. (hypotheses
8 and 9). The missing masa distribution w.r.t. the two detected VO's

for the K°K%{n) hypothesis is given in fig. 4~14 (a), whlch shows a clear
neutron signal. We applied a probabliity cut at F{¥2) = .0l in order to

reduce¢ the background,

In a recent analysis at 3.95 GeV/c, Loverre et al. looked for resonance
production in the X°k® system {(LOV8(Q). They found contributions mainly
from the £(1270) meson with JP = 2" and from e(1300) wlth JP = 0%, I = 0.

In fig. 4-14 (b), we have plotted the affective mass spectrum between
the two KO9's. One is tempted to identify a signal at the mass of the
£*(1515) meson, which can decay into m®1% and K99, but our Limited

statlstics does not allow any further pracisiens.

From the WALJ trigger setup, some of tha events with wissing neutron n
{or n) should have been supprassed by the fi-veto counter. We shall come

back to this question when calculating tha acceptance in chaptar 5.



KK (n) 3 GeVic

n
N} ‘ a)
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Fig. 4-1% : KOK%{n) final states at py,y avound 3 GeV/e.
{a} total missing mass distribution with respect to 2V0,

(b} effective mass distribution between the two K°'s after
1-C fit,
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4.4 Raw BAngular Distributions

Applying the separation criteris described above, we obtained a certain
estimate N of the number of events and the statistical error AN for

each reaction channel.

The separation became more and more difficult when considering the
results st higher beam momenta, since the missing mass distributions
w.r.t. one V0 became larger and ambiguities occured more frequently,

egpecially between the 2-VD + (yl and.z-vD + (7%} hypotheses.

The following table 4-6 gives & summary of the event numbers retained
after the analysis of WAL3. The errors given correspond to uncertain-

ties in separation of ambiguous assignments.

event numbers for different P1ab [Gev/c]
reaction channel
3, -3.3 4.95 7.8 11.7
Bp —= A+ RI® + c.c 50 1 30 g9
1V + 2vo 92 1 - -
KA only 261 i - -
AL9 only 24 £4 o - --
Tp —> KOA + KOLO 237 24 13 3
ivo + 2vo 455 53 - -
K% A only 138: 2 13 2 - -
K°IL® aniy 99t i3 11+ 4 - -
Bp —> AA(nO) 10 +3 ] - -~
T p —> KPA(RY} : 43+ 11 642 — -~
Tp —> K%%(m) 16 6 -- -- '
—|

Table 4-6 : Epent mumber in final sample.




The corresponding unnormalized angular distributions are given for
Piab = 3. -3.3 Gev/c in fig. 4-15, for 4.95 GeV/c in fig. 4-16 (&), (b},
for 7.8 GeV/c and I1.7 GeV/c in fig. 4-16 {c), {4) and (e}, (f), respec—
tively. During data taking &t 4.95 GeV/c, ﬁnfortunately the p were
suppressed in the be_am, so only one event was found, for A final state,

at cos* = .5 .

RAW ANGULAR DISTRIBUTIONS 3.-33 GeVic
KA < K°Z° taj e RES e bl
go {1V 2v0 6 ]Ove.zve
- @2ve Qzve
o B Ak
= 50 - 12
40 6 -
20 .
. o .
-1 9 1 -1 1
—Cas T
K°A tx®) ic) IYNE S| 3
- IMM2 Mol ¢ 014 Gev?
o 61 6 1
E 4 -
? 21 n |‘LF
D T -1 0 T n 1
-1 ) 1 -1 ¢ 1

—= (a5 9* .

Fig. 4-15 : Raw angular distributions of the final event sample at
Piqp around 3 GeV/e.

fa) v°p + K®A + K°I°, {c) s p + KO\ (2°), and
(b) Pp + A + AE® + c.0., td) pp + MA(n°),
103



Rev ANUAR_DISTRIGUIONS
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Fig. 4-18 : Raw angular distributions of the final event sample at
different KA13 beam momenta :

fa + b) 4.85 GeV/e,
fe+ d) 7.8 GeV/e, and
{e + f} 11.7 GeV/e.
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5. GEOMETRICAL ACCEPTANCE

AND NORMALIZATIOWN

It was one of the main features of the WAl3 electronics trigger layout
to suppress scattering in forward and backward direction. The accept-

ance of the spectrometer was maximum in the 90° cma region.

Apart from discussing the Monte Carlo program used for the acceptance
calculation and comparing physical resulte with those from simulated
events, we shall discuss in this chapter what kind of hardware and soft-
ware tnefficiencies had to be considered and how the raw angular diatrl-

butions were normalized.

5.1 Acceptance from Monte Carle Simulation

Since it would be too complicated to calculate analytically the final
probability distribution for accepting an interaction by use of the so-
called direct method, thgt is by using the initial random distributions
wlth respect tc random varfables like dip angle, azimuth angle, llfetime,
apex position, etc., we employed the standard method for high energy
pﬁysics experiments which consiste in running relatlvely straightforward
but time consuming Monte Carleo simulations. Supposing all input distri-
butions were known analytically, the direct method would provide an
“exact® final prcbability distributions, whereas the Monte Carlco method
15 bound to exhaustively consume any computer time allocation in the
physicist’s desperate attempt to reproduce all peculiarities of his
apparatus and to reduce the statigstical errors to as low a level as

L0 suggest exact resultis.
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5.1.1 Method

The principle of the Mente Carle method consists of choosing randomly an

initlgl event configuration for a given c.m.s. scettering angle 8', then

to test whether the simulated triggar arrangement accepts this event,

&nd finally to repeat the procedure & certain number of times to obtain

the scceptence a(z), where 2 = cos8® and a(z) ie the ratio between the

number of accepted events and the number of generated events.

So firet starting values have to be chosen for s numbex of random

variables that define the initial event configurstion (see table 5-1).

The probability distributions may represent idealizations of the real

behaviour of a given variable,

random variabls x

distribution perameters x, Uy

beam Pjab Domentum nermal distribution :
X = Pnom ¥ Up=l.57;,
A dip anqgls "
4 azimuth "
apex x-coordinate exponentisl distribution :
X, = absorption length in H;
y-coordinate normal distribution :
oy = I cm
z-coordinate "
interacticon cosB8* scatt. angle isotropic distribution
byz "
b ;cms of outgoing particles
V0 decsy 1 lifetime exponential distribution :
To = mean life
—+ vertex coordinates
oaslyg dacay isotropic distribution
(ne polarization !)
$yo angles "
-+ P of charged tracks
Table 5-1 : Input vartablss for Monte Carlo.
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The set of chosen values is called a simulated event. It consists of
a beam track, a main vertex (apex), two V0 vertices, and 4 charged

tracks from the neutral particle decays.

The next step 1s to send this event through the simulated apparatus.

The impact of charged tracks on various detector devices can be calcul=-
ated by assuming a helix track parametrization and using the RKUTAS
routine for extrapolation, as described during event reconstructilon.
Thus the c:eatiqn of veto signals from the end cap EC or the cylindrical
scintillator CYL and the trigger chamber response from the coplanarity
chamber CC and from the scintillator S6 can be simulated. As scon as

a veto signal is built up the event is dropped and a new initial confi-
guration is chosen randomly. Events that produced a positive trigger
signal are saved on magnetic tape for further use. Fig. 5-1 summarizes

the simulation procedure.

3 bl |
SIMULATE EVENT
choose values for all

random variables

YES VETO ?
- from EC or CYL

NO

?

TRIGGER O.K.
check CC and S6

YES

|

SAVE LEVENT
on magnetic tape and
fill histograms

NO

ENOQUGH
GTATISTICH ?

Fig. 5-1 : Flowchart with prineiple steps in the Monte Carlo program.
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Some surpriaes turned up during data taking of WAl3 and even during off-
line analysisz conc?rnlng the performance of apecial perts of the detector.
For example, only after event reconstruction did we realize by inspection
of the main vertex coordinates inside the target that the ligquid hydrogen
level had not réached itz waximum value. This had to be introduced into
the Monte Cario program in ordar to check whether varying the liquid
hydrogen level changed the shape of the angular distribution of accepted
events. (Apart from that the normalization constanta had toc be changed

accordingly.)

This explains the shape of the apex z-coordinate distribution in fig.
5-2 which ia shown together with the diatributiona for the x- and y-

coordinates as they were used as input for the Monte Carle simulation.

In addition, the efficlency of each part of the detector had to be taken
into account. As far as the spark chambers and their optical detection
system are concerned, we will diacuss them in the next section, together
with the event reconatruction losses. Inefficiencies of scintillatora
{like EC, CYL, and 56) and of the coplanarity chamber CC were determined
by comparing the number of actually detected hits with the number of
predicted hita.

Thus the efficienciea found for the 6 plastic scintillator slabs S6

were

100 98.2 91.4 89.8 93.8 100 [%]

The low values in the central region were due to ralatively high counting

rates.
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EFFICIENCY CC

100 T T LI T T -,_]i
90t ]
— B0f
Foad
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6o} ]
HT=2160 V
sof 4
J’ ] 1 i 1 1
0 10 20 30 W S0

no. of sector Ng

Pig. §-3 : Efficiencies of sectors of the coplanarity chamber CC.

Flg. 5-3 shows the efflciency of each of the 57 sectors of the coplana-
rity chamber. The high wvoltage HT was such that an optimum was obtained
between low crosstalk and little spurious signals on the one hand and

high efficiency on the other hand.

To show how many of the slmulated events survived at different ievels
of the monte Carlo program, we give the figures for the reaution

rp -+ K% at 3.1 Gev/c :

200 393 100.0 » simulated events at input

30 118 15.0 % events after veto (EC and CYL)
B 356 4.2 %+ events after trigger chamber ce
5 000 2.5 & accepted events after S6

A sample of finaliy accepted events ls shown Ln the 2-dimensional plot
of fig. 5-4, where the two axes are cos8* (scattering angle 8%) and ¢yz
{angle of the projected momentum of the scattered meson on to the
yz-plane)}. In the i-dimensional ¢yz projection, one can distinguish

an enhancement each time the K® flies towards one of the corners of the



coplanarity chamber. The second projection demonstrates that events
with a scattering angle in forward or backward directiomn have been
dropped., This distribution, if normalized with respect to the initial
cos8* distribution, represents the geometrical acceptance of the
trigger electronics.

SIMULATION : K° A

N/025 | |

80 .
40
O 1 L 1

27( 1 T T 1

0 L 1 155 . - :
80 4 0-10 -05 00 05 10

N/.08 —~— —— (05 87

Fig. -4 : Scatter plot of azimith angle ¢y, versus scattering angle
cos@* for accepted K®A events.
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Up to now, events were simulated by assuming an isotropic distribution
in the variable cos8®. Thus & first approximation of the shape of the
differeotial cross section distribution could be calculsted using ths
resulta from the kinematical analysis. This gave & more reslistlc in-
puat for the second Mente Carlo rum. It changed appreciably the ’Yl
distribution and geve more reslistic results for the decay length dis-
tribution of V0'a. The acceptance itself, however, changed very littls.

5.1.2 PResulte

For each of the resctioc hypotheses listed in table 4-2 of the preceding
chapter, we had to calculate the acceptancs at sach velue of ths WAll
beam momentums. One simplification, however, was introduced at low
energiea : reaults at 3.1 Ge¥/c were used to linearly extrepolaie to
3.0, 3.2 and 3.3 GeV/c. Possible errurs dus to this procedure shonld
be smaller than 0.5%.

The reaults for the geometrical ecceptance for tha raaction 7" p + E%A
st dlfferent beam momente and pp + AA at 7.8 GeV/c ars given in
fig. 5-5 {(a) and fig. 5-5 (b) res.pect_lvely. Por comparison, ws show
the acceptance for the corresponding elastic channel »"p + ¥"p ot
4.95 Gev/c (dotted line).

At the same tige, we have plotted in fig. 5-5 (b} the acceptance for
the X° K° and K°AR final state, and for the resction »"p + K K°n, all st
Py = 7.8 Gov/c.

Up to now, branching ratios wers disregarded, we will introduce them

Jduring normalixation.
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ACCEPTANCE_ FOR _EVENTS WITH MISSING p

The acceptance for the reaction channels 1 p + K°E® and § p + Ai%a4c.c.
are slightly smaller than the c¢orresponding channels where E® is replaced

by h. On an average, we found :

a{f% = .97 a(h)

ACCEPTANCE _FOR _TOPOLOGY T1 EVENTS

Fer 50 000 simulated 1-V0 events for the reaction ¥ p -+ KY, , where the
second VO was supposed to disintegrate cutside the detector volume or to
decay intoc a non-visible mode, we have found only 8 (4) events where the
K® (A respectively) alone had given a positive trigger signal. Hence,
if ay, and aj, denote the acceptance for events with one or two VO,

regpectively, which disintegrate inside the detector volume, we hawve

1
%1v * 710 %ev
This means that for wvirtually all events recorded on tape, the electronics
trigger had seen both VO's, In tcpology Tl events, l.e. 1-v0 + missing

mass, the second VO usually must have been lost due to reconstruction

inefficiencies and not because of undetectible decay modes of neutral

particles.



5,2 Corrections for Reconstruction Inefficiencies

The geometrical acceptsnce function ogeom(cose‘) calculsted by the Nonte
Carlo program did not cover the determinetion of inefficiencies in the
spark chamber modules and the optical detection system, which may havs
ceused track logses or even event losees. Inefficlencies ware pqobably

different for Geometry I snd Geometry II chambers.

Furthermore, losses could occur during the off-line analysis, for axample
in ROMEO, or during the different fitting procedures. They depend on
‘different parameters : X-ccoordinate of interection vertex inside the
target, scattering angle, decay lengths, staggering, number of detected
eparks for a track, or number of parasitic sparks in the near nelghbour-
hood of tracks. Some tracks, and hence V0's, could be lost 1f their
momentun was very emall or if they passed in between spark chamber
modules.

We hsve tried to account for ell different sources of inefficlencies et
the same time by an indirect method which compares the properly recons-
tructed events of Topology Tl with thoss of Topology T2.

The gquestion 18 whether one globsl correction fector €,,, Will be
sufficient or whether we have to Introduce an efficiency e€(x) as a

function of an approprlately chosen variable x.

Fig. 5-6 suggests an anewer to this question. For a given interval in
cosB®, we have determined the number of events, N; where at least one
V0 was fitted to the K° or A hypothesis with e good X? probability end
where the missing mass with respect to this VO indicated the second

neutral psrticle in the reaction m p + K% . Then we locked for 2-v0

cendidates in the same sample which fitted this reaction.

Thus we obtaiped the event number N;. The ratio . a3 e function
Ny Ny
of cosb* is shown in fig. 5-6.
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Fig, 5-6 : Ratio between the mmbar of 1V0 eventa and the sum of
W0 + 2V0 eventa (in percent) in the KA sample at 3 GeV/c.
Thia shows clesrly that the 2-¥0 reconatruction i{nefficiency is strongly

angle dependent. So we need an additionel acceptance function urectcose').

The above retio camnot, however, answer the two following gquestions :

1. Are detection and reconstruction inefficiencies the same for diffe-

rent kinds of V0's, L.e. for KO, A, and X ?

2. Which variable do theee insfficienclea depend on mainly ?

The answer to the first guestion will supply global correction ceefficients
whereas the aecond answer ahould give the reeeson for the angular dependence

of Apap-

Let us tackle the first part. The total number of interactions v p + KPj
that occurred inside the spectrometer, N .., ¢en be written as a sum of
the number of reconstructed 2-V0 events, Nygo,, the number of I-V0 events,
Rpop) and Ky (KO)* where the missing A and miasing K° respectively ara
indicated by the missing mass with respect to the VO found, and the number

of lost svents, Nioatr

Neor = Ngoy + Moy + Nyeo) * Npgat {5-1)



Using a sample at Plap = 3. -3.3 GeW/c and 4.95 GeV/c, we found the
followling figures :

Ngop Ngo () B (x9)

Hence the single V0 efficlencles are :

N :
ego = N—-:—(g“— « .87 % .12 (5-2)
xon 84 (x0)
N
en A . 55+ .07

Ryop g0 (p)

This corresponds to an overall detection and reconstructlon efficiency

for K%\ events of

€yop = -48 £ .09

The value for the A particle was determined with a smaller event sample.

we found :
€+ = .74 £ .19

which ylelds for all final atates :

< = .41 t ,12
CM\ 41
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As far as the second guestion ig concerned, we have already listed a
number of possible variables at the beginning of this sectlion. From

the fact that the A particle ina p p + KA or Tp > K% reaction takes
away a relatively small amount of momentum, one can understand that the
decay meson with its still smaller momentum, say Pmipe ©an easily get
lost, for example, during the track f£inding part of ROMEC. In additjon,
these vertices will often be situated in the Geemetry IT detector

region,

So we hypothesized that & correct determination of the reconsttuction
efficlency as a function of the smallest momentum of the outgeing tracks,
ctpmln" could explain the angular dependence of the acceptance function

urec(cosﬁ').

The function e(pmini was obtained by comparing the Pnin distribution in
the reconstructed 2~v0 event sample with the same distribution in the
§imulated event sample after the second Monte Cario run. The shape of

e[pmin) was approximated by & function as is shown in fig. 5-7 {a).
. ") ’ o o
E.Fimm [/o] rec [/o]

100 1 100J

——— ) ——

400 -1 0 1
P [MeV/c] Cos 8"

Pig. 5-7 : ({a) PReconatruction efficiency as a function of the smullest
romentum, Pmiys of the decay producte. (Full line at
i GeV/e, dotted line at higher momenta.)

{b)  Variation of geometrical ucceptance due to low momentum
losses.
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Ho V0's were reconstructed with Pmin < 50 MeV/c. We supposed the function
€lpy,) to be flat for p;, . > 170 MeV/c at py,, arcund 3 GeV/c and
270 MeV/c at higher beam momenta.

Applying this efficiency function to the simulated events changed their
angular distribution {as a function of cos8") as is indicated in fig. 5-7
{b). arec(cosﬂ'l is calculated as the ratio between the number ¢of simu-
lated events after apd before randomly rejecting events according to

e(pmin). With increasing beam momentum the values of p also are

min
increasing and the losses ere smaller at 8 and 12 GeV/e,

Altogether we have obtained two resulta. First we have determined a

global correction factor €0 for the reconatruction of 2-V0 events and
the corresponding single V0 reconstruction efficiencies Egor €41 and cﬁ,
and secondly the correct angular dependence is given by the {(normalized)

. *
distribution urec(cosa ).

5.3 Decay Angle Distributions

It will be important for the determination of the hyperon polarization
to verify that results are not biased by acceptance effacts due to the

experimental setup.

wWe first have to define the conventions used for the coordinate system
in the rest frame of a hyperon. A& is shown in fig. 5-8 (b}, the
y-axis is chosen parallel to the normal n to the production plane (fig.
5-8 (a)), the z-axis follows the hyperon momentum, and the x-axis com-
pletes a rlght-handed orthogonal coordinate system. Then the polariza-
tion P of the A particle is defined as :

3
P = ;: <cosﬂpol> {5-3)

where a, = .642 is the decay asymmetry parameter, 8

between the decay proton and the y-axis.

pol = ﬂy is tha angle
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The angls 8, in fig. 5-8 is the decey angle in the hyperon rest frame.

Puring Monte Carlo sigulation, we agsumed sll nsutral particles to be
unpolarized. This was assured by choosing initial isotropic probability
distributfons for the deray angle 8, and for the corresponding ezimuth
angle in the xy-projection of the positively charged decay particls.

The resulting distributione after the Monte Carlo run are given ingigqg.
5-9. FPor ™ 870 accepted events for the reaction @ p + K% , we plotted
for both neutral particles the decay angls distributions (cosg;) in

£ig. 5-9 {a), tl;s polarization angls distributions (oasBy) in fig, 5-9
(b}, and finally the xesulting polariration values as defined in eq.
{5-3} as 2 funrtion of the c.m.¢. scatteriag angle cos8" in fig. 5-9 (c},
including stetistical errors.

What are the conclusions to be drewn from these results ? ALl distri-
butions concerning the K particls are compatible with uniform distri-
butlons indicated by dashed lines, So the geometrical acceptance has
not affected them. For the A perticls, however, the decay angle
distribution is heavily dietorted. Thie may be explained by the fact
that, if the proton from A decey has & large momentum component in the
direction of the A momentum in ths laboratory frame, then the 1~
particle may not be abls to reach the coplanarity chamber since its
Lorentr boont is too small. Thus, thee2 event configurations are bound
to be lost.

On the other hand, the pelarization angle distribution for A is compa-
tible with a uniform dietribution, The polariration itself vaniehes,

Bence, for both K9 and A partircles, the geometrical acceptance did oot
introduce any bias for the polarization measurement, 38 is proven by

fig. 5-9 {e).



»,
Vv
y production plane
X P. x Ps
= 2 —
2/ A {3 = 0]
tg=h
pip
o, |10 AtR)
g\
X
hyperon rest frame
1 7t

Fig. §-8 : fa)
reaction.

Definition of coordinate sysiem tn ths o.m.s. of the

{b) Hyperon decay angles tn its rest frame.



122

Fig. 5-§ :

SIMULATED EVENTS

a} Decoy angle

b) “Polorization  ongle

¢} "Palorization”

Decay angle 8y dietribution (a), polarization angle By dis-
tribution (b), and "polarization" (c) of K® and A purticle
in simulated events axp + K°A.



5.4 Comparison with Physical Results

One can test whether the Monte Carlo program 1s a realistic approximation
of the behaviour of the spectrometer by comparing distributions from

simulated events wlith those from physical results.

In fig, 5-10 {a), for example, we plotted the #x-distribution of the

main vertex for m p + K°A and X%I° events (full line) together with the
digstribution one would expect from the simulated event aample (dotted
line). Obviously interactions occurring at the end of the target are
most probably detected. The distribution aa a function of ¢yz‘the
azimuth angle of ths scattering process in the yz-plane, is shown in

fig. 5-10 (b) together with the Monte Carlo prediction. In both flgures,

the two curves coinclde within statistlesl errors.

A test for the validlty of the separation of V0 ambigultles is given

in fig. 5-10 (c¢}. Supposing the rest frame decay angle 8, (see fig.

5-8 (b}) to be uniformly distributed in the neutral particla decay, then
the transverse momentum distributicn, in the reat frame or laboratory
frame of the neutral particle, is given analytically by the following

formula :

dN Ptr.
= const-é (5-4)
APtrans bt —p?
cms trana
The momentum pop. of the decay products in the strange particle’s rest

frame 1s well-known from the masses of the partleles involved.
For a X p equals 206 MeV/c, while for a A or K it is 100 Mev/c.
cms

The distribution is sharply peaked at the kinematic maximum, P oms’ and
goes to Zero at Ptrans = 0. The transverse momentum distribution for
the "decay tracks" from gammas, however, peaks at zero aﬁd drops off
sharply. This is due to the fact that the photon has zero mass and

regquires 2 reccll proton in order to convert to an electron pair.
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Hence, contamination from gammas should give an additionel paak at

Prrana = 0 in the A transverse momentum distribution.

The dotted line in fig. 5-10 (c) wes not obtained directly from eq. (5-4),
but from the simulated event s2mple. From this figure, we are confident
that the Pyrang dlatributions behave as expected and that no ambiguities
between A's and gammas heve distorted the final 7 p + K°A /L® sample.

MEAN LIFE OF NEUTRAL _PARTICLES

From simulated events, we can determina the efficlency of V0 reconstruc-

tion, €4, a8 a function of the lifetime T of a neutrel particie.

The veto countere around the target will cancel all v0's which disin-

tegrate within the first few cm's from the interaction point.
V0's with a larger decsy length d;,), will more probably be detected.

The resulting detection efficiency €, iz plotted in fig. 5-11 (b} and
fig. 5-12 (b} for the K® end A particle respectively at Pap * 3 GeV/c.
The lifetime T in the meutral particle’'s rest frame is obtained by first
calculating the decay time T in the laboratory frame from the decay
length d,,, and the neutral particle momentum, and aecondly by transform-

ing v into the rest frame with :
sz.t {5=5)

where y is the Lorentz factor.

The distribution of the mumber of neutral particles as a functlon of
was then normalized with the e, distribution, The resulting normalized
lifetime distribution dn/dt of X? and A particles is given, on a
logarithmic scala, in fig. 5-11 (a) and fig. 5-12 (e), respectively.
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From the alcpe we deduced the experimental mean lifatimes :

T, = (LB2 & .13) * 10710 sec

K

T, = (2.5%0.5) * 10710 gec,

A

which is 1n good agreement with tabulated values from [REVB0], namely

= (.89 £ ,002) * 107!% sec and 1, = (2.63 t .02) * 10°10 gec.

TKO A

Qur errors are quite large, though, due to limited statistics in the

final event sample and in the deteroination of ¢, from the Monte Carlo

simulation.

5.5 NWormalization Factors

The acceptance curves, together with some normalization factors which
account for different inefficlencles and the visibility in neutral

particle decays, will enable the calculation of the differential crosa
section do/dt from the raw angular distributions presented at the end

of chapter 4.

We defined do/dt as follows :

da AN 1
at - Y PYTTEN £ (5-6}
At - L -+ TR «Nipe

4N is the number 6f eventa found in the 4-momentum transfer interval &t,
L the target length (65 cm), A Avogadro's number, M = 2 for hydrogen

molecules, fn, the liquid hydrogen density (.0708 g/cm?}, the total

Ninc
number ©f incident particles, o(t) thas total acceptance and £ the product

of various correction factors.
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The c.m.s. Scattering angle 8 is related to the Mandelstam variable t

by the relation :
t= (P -P3)2 = 2p)p3cosd” + mi + m% - ZE;E; (5-7)

t is the 4-momentum transzfer between particle 1 and 3 with A-momentum
Py and Pj respectively, if we consider the reaction 1 + 2+ 3 + 4,

=+ -+,

P;, P; and ET, E; are c.m.s. 3-momenta and energlea, m;, m3 the masses

of particles 1 and 3.

As we have seen in section 5.2, the acceptance for 2v0 events as a
function of cos8" contains one part, Egecm’ determined by the Monte
Carlc program and a second term, Qyacs which accounts for reconstruction

inefficiencies of ROMEOQ. So, in eqg. {5-6) we used :
aft) = ageonlt) * Spaclel. (5-81

During the analysis of elastic reactions, a normalization factor
fo1 (Pigp) = £1 . £2 - £3 was determined at each beam momentum vaiuve. It

accounts for [BILBZ] 1

. losses due to the varying 1liquid hydrogen level (f1),
. ncrmalization runs at 3. -3.3 GeV/c (£2),

losses due to wrong beam particle identificacion (£3).

The resulting factor and ita errora is listed in table 5-2 below.

Furthermore, visibility factors fvis had to be Introduced which account
for neutral particle decay modes that cculd not be detected during this
experiment. So the branching ratios of decays into charged particle
final states are (64.2 + .05M for A + pn~ &and (68.61 + .24)%for

K® + n*:i~. In addition, 50% of the KO's belong to the leng-lived K¢

which has a much longer mean life,t,o = 580 1,0 .
[] KL KS

Another correction is due to losses when outgoing neutral particies
undergo secondary interactions in the material inside or around the target

{barrel counter, BC or cylindricel scintillstor CYL). This contribution



is also dependent on the scattering angle. 1In analogy to 2-prong

correction factora, we used a factor f;,. = 1.20 t .12

Finally, a factor froc assured the correction for the reconstruction

efficiency CK°A and €4, as was discussed in gection 5.2. So, altogether,

the factor f .. in eq. (5-6) is the product :

£=fa; * fyig " finr * frec (5-9)
A summary of the factors invoived in the normaiization of the raw anguiar
distributions is given in tables 5-2 and 5-3 for incident n~ and P-beam,
respactively. (At 3. -3.3 GeV/c beam momentum Nine ¢ontains the number of

incident particles of “normaiization runs” oniy.)

Plab IGev/e) Yne {+108] £s1 fu1s frec
3.0 9.23 118 ¢ 014 ] 4.54 + Q2] 2.08 t .39
3l 20,46 063 ¢ .007
3.2 41.86 127 ¢ .013
1.1 50.05 314t 039
4.95 821.15 2.403 ¢ 137
7.8 3955. 1.035 ¢ .159
11.7 10209. 2.092 + 1.451

Table 5-2 : Normalisation factors for n~ beam.

Prap [Gev/e] | Ny [+106) fal fuim frec
1.0 2.19 L097 £ (015 | 2,426 & 004 | 2.43 £ .71
3.1 1.60 L0895 ¢ 014
1.2 5.86 128 £ 017
3.3 5.40 177 & L0286
4.95 ~18.25 2.403 £ .137
7.8 a122. 1.015 £ ,107
11.7 11730. 2.561 ¢ .753

Table 5-3 : Normltaation factors for P-bean.
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Apart from statistical errors on the number of events in the raw angular
distribution, it is the errors of the normalization factors which deter-
mine the precision of the final results. They are ~ 20% for the K%

event sampie and » 29% for the LA final state.

Errors from the acceptance term in eq. (5-6) are usuelly wuch smaller,
“ 4% in the large angle region. So these are small with respect to the

statistical errors alone.
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6. DIFFEREMNTIAL CROSS SECTION

AND FOLARIZATTION

From the knowledge of the spectrometer acceptance and tha normalization
factors we can calculate the differentlal cross sections from the raw
angular distributiens of 2-v0 ewventa. Including topology Tl events
{1-v0) lncreases considerably the statistica, but normalization is only

posslble relative to the 2-¥0 sample.

When extracting the polarlzation of hyperons, we have to consider the

precession 6{ the particle spin in a strong magnetic field.

6.1 Normalized Angular Disttibutions

6.1.1 KPA and KOL® Final Stats

In this section, we shall combine the two channels

p —> KPAQ {la)
and

p —> g2 {lb)

in order to reduce statistical errars. ?or_the raw engular diatributlions
of £lg. 4-15, we have already indicated each contribution separately. It
will become clear when discussing theorstical modei; that the shapes of
the two resulting differential cross saction distributions ara very
similar. This is due to the similarities of A and L% particle properties.
8oth have strangeness S = - I, electric charge 0, epin %, and their mass
difference ls small, The A exists only aa a neutral particle with isospin
I =0, The I?, howaver, 15 a member of the ieospin triplet L™, I, I*
with I = 1.
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In the decay £ + 4 + y, the momentum of the decay products in the i%'g
rest frame is only 74 MeV/c, So the influence of the missing ¥ in the
total missing mass distribution (see definition in eq. {(4-4)) with
respect to the two detected V0's is only a broadening of the pecak centered
at zero. "~ The result for the sum of 2-V0 candidates for reacticn (la) and

(1b) is given in fig. 6-1.

2 | i [ I T

N/.002 GeY 1 . o
xp—=— K°(A1£°)
60 - 3-33 GeV/c _|
40 - -
20 |- ~
—i— ! | | I'I["ll‘ri n

~.04 -.02 0 .02 04

MISSING MASS? [ Gev? ]

Fig. 6-1 : Total missing mass distribution for the K°A/:® samle
at 3 GeV/o.



If compared to the K% final state, the momentum taken away by the y in
the K°E°‘f1nal state will introduce a breedening also for the missing

momentum distributions. In addition, for the x-component (beam direction)
an asymmetry appears at small positive veluesa. The distributions for all

three components for the final KCA/I° sample is given in fig. 6-2.

MISSING MOMENTUM K°A/Z? 3Gevic

1T T T T T T T T T
o g, =.101 GeV/c g, =.091 Gevic g, =.076_MeVic
S 60F i}
X
2wt .
=
20 - .
0 = i 1 i i 3 1 1 i
-0.5 0.0 0.5-0.5 00 0.5-0.5 00 0.5
Py [ DEV/C] Py 1 GeViC] P,n { OEV/C]

Fig, 6~2 : Dietributions for the three components of the misaing
momentum in 1" p + KOA/I® at 3 GeV/c.

The differential cross section do/dt for the sum of the reaction channels
mp + K%A
scattering angle 0%, summarizing all WAl3 2-VO data for these d¢hannels.

Exrrors are relatively large for cos8® > .8 where the acceptance becomes
very small. At large angles and at high beam momenta, we bave regrouped
bins with iow contents. Altogether, the values of do/dt cover a range of

about 4 orders of wagnitude,

and T p + KOE? is given in fig. 6-3 as a function of the c.m.s,
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Fig, 6-3 : WA13 pesults for the differential cruas section £H
=p + K°A/EC. Only 2V0 event topalogy is considered.

6.1.2 AA and AI® + c¢.c. Final States

We analyze simultaneously the auto-conjugate reaction
Bp —> AA t2a)
and the conjugate reactions

pp —= A% + I% (2p)
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As an example, the total missing mass distributions at 7.8 GeV/c for all
2-V0 candidates for these reactions is given in fig, 6-4 (b}, whereas
fig. 6-4 {(a) contains candidates for reaction {la) and {lb]) discussed in

the previous subsection,

Compared to data at lower beam momenta, the widths of these distributions
have increased. This reflects the fact that at higher energies, reaction
ambiguities occurred more frequently and the uncertainties during separa-

tion increased accordingly.

pm= 7.8 GeVic
T o T ~
a) K°A bl AA
~ W0F . - :
-
3 gl _ I ]
b2
= 6 - 8 .
.4
b [ '
2_ . | .
LT
-1 0 A -1 0 A
. | MM? [ Gev?)

Fig. 6-4 : Total missing mass distrtbutions from candidates to
{a) the K°h and (b} the A\ final state at 7.8 GeV/e.

In fig, 6-5 (&), we summarize the differential cross sections for EA, ize

and I%h final states at incident beam momenta around 3 GeV/c, 7.8 GeV/c and

11.7 GeV/e. In order to illustrate the [tl-range that was covered at
these energies, we plotted the same data in £ig. 6-5 (b} as a function -
of - t* = - (t - tyn}, where tyy, is the lower kinematical 1imit of the

4-momentum transfer.
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—w do/dt Inb/GeV/c )]
2

Fig. 6-5 :
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(a) Differential eross section distributions at different
WA13 beam momenta for the V0 eveni sample of the
Pp + M + AL? +# ¢.e. reaction channel,
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Fig. 8-5 (eont.) : (b} Differential cross sections as g Humetion of
momentum tranafer -=t' for pp + A + AR? + e.c.

139



140

6.1.3 Reactions with Missing x°

Though it was not the aim of this experiment to study final states that

inglude neutral pions, we normalized a small sample of this category

that we obtained after separation of ambiguitles between a missing y or

a missing 1? particie.

as was pointed out in chapter 4, the reaction w p + K°A{s%) has important
resonances, such as X*®(892) and [*C(1385). At pjap = 3 GeV/ic, for
example, the total cross sections for the final states K*®A and KUL*®

are (63 %6) mb and {29 £7) mb respectively, according to [HER79].

From the effective mass plots M%EE(K%") and Hf_,ff(Al") in fig. 4-13, we
estimate contriburions from approximately 16 +5 K*?(892) and 10 ¢3 E*©
(1385) within the originally reconstructed 92 candidates for the KOA (n?)
hypothesis (see table 4-3). Some of these candidates were attributed

to the K° I° sample. In order to reduce the background signal, we intro-
duced a cut in the total missing mass |MM2(X%A ) - .018| < 014 Gev? and
obtained finally 43 events. The normalization procedure resulted in the

differential cross section distribution of f£ig. 6-6.

Compared to the m p + K° A reaction, the acceptance for K° A (1Y) final
states is much smaller. The Aifferential cross secticns, however, are

of the same order of magnitude around 90° e.m.s.
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Fig. 6-6 : Differential cross section of K°A final state with missing
neutral pion at 3 GelV/ec.

6.2 Differential Cross Sections at Large Angles

N

From a theoretlcal point of view, lt would be convenient to have results
at the largest possible pp values at each energy, that is at g0° c.m.8.
scattering angle. For the K% A/E® final states, though, data polnts
from 2-V0 events exist only down to cosB® = .3 (8" = 73%), as was shown
in fig., 6-3, An extrapolatioﬁ-to 90% would require sn assumption on the
shape of the anguiar distributions. This wlll be possible ance we have
locked into some theoretlcal models. At this atage of the analysis, we

only want to exploit experimental data.

S0 in flg. 6-7 we plotted the values of the differential cross sectlon
at 8% = 73% for the channel n'p + KPA/I® snd G p+ AA + A L9 + c.c.

One should note that one of the two references, [JAY77], does not lnclude
final states where 5% or E° particles are present. In addition, in this
case the beam momentum slready approaches the thresnold region where the

total cross section drops off sharply.
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The straight line in fig. é-7 not only guides the eye, but follows the
suggeation made in the introduction that the differential cross section
at fixed angle follows a power law S™7. We shall discuss theoretical

predictions for n in the next chapter.

"= 13°
. . —
105k o 1w p—KhKZ®
+ A Pp—A+AZ% e
10 \\f Ref: © K°A/X° (3.95] -

\ﬁ & AA 11.85)
107 |- AN i

10 - \f\\ 1

~sB \

—— dG/dt [nb/{Gevie)?)

AN
10° AN

1 i 1 |

6 10 o, 18
—— s {GeV']

i i ! )
3065 395 495 7.8
— pmb I 71--' [GeVI(l

185 315 78
— Py [P [GeV/CT

Fig. 6-7 : Large angle differential cross section at 8% = 73° from
WA13 data ot 3 GeV/e, 4.85 GeV/e and 7.8 GeV/e, and from
ref. [LOVBOY at 3.95 GeV/e and [JAY?7) at 1.85 GuV/c.

The dashed line indieates the quark counting law prediction.
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6.3 Polarization Data

At some beam momenta, the number of events is sufficiently high to take
advantage of the analyzing power of the weak A and X decay for the

determination of hyperon polarization.

In the following sections we use the term "inclusive®” for events where
at least one hypercn was reconstructed. "Exclusive", as usual, concerns

events for which both final state neutrai particles are knownm.

6.3.1 Definitions

In the hyperon rest frame, the 3 components of the polarization vector

-
P = (Py,Py,P;) are defined by

yr

1
Pi = z A TE i==x,y,2 (6-1)
where 5 is the hypercn spin and m; denotes the spin component with respect
to the axis i. The definiticon of the coordinate system associated to

the hypercn rest frame was shown in fig. 5-8.

In the case of twc particles with spin 8, cne defines the spin corrsla-

tions
ij = ] <lIIl'j 'm2'j> (6-2)

When measuring experimentally the polarization of the A particle, say,
one has to analyze the decay distribution in the hyperon rest frame given

by (see also section 7.1.3)

do

— (1 + P
~ - -
i " Gy Pp B} (6=-3)

where p 1s the unit vector parallel tc the momentum of the decay. proton.

ay is the asymmetry parameter in the weak decay process. Employing the
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moment method, one obtains the polarizetion components

3
Ppi = ;: <cosl;> (6-4a)

An estimate of the error is given by

‘”pl\,i} = % /<c05381> - <co581>2 (6-4b}
oL 1/_3.
o, Ny

The A polarization is obtained correspondingly.

1f acceptance effects cause anisotropy in the detection probability as a

function of cosﬂi, weights ui(cosﬂi} have to ba introduced accordingly :

1
I wylcos8,) cosB1 doosly

-3 -5
Py y o - (6-5)

f vy [cosB;) dcosd,

-1

For a FA. final state we have to consider the jolnt decay distribution :

-
- p - . p {6-6)}
P, pp+uKP P

ddg 1 -
= 1 @" {1 +a
@ an At ~ (gmZ o

A
AR

+a, op I cls cw:;sﬂ.,hi 'COEOK,j]

i3
where ID(B'i is the measured differential cross section, dﬂﬁand dﬂi are
the solid angles in the decay A + 17 p and A&+ prt respectively.

From CP invariance, one obtains [REVE()

a, = -e; = .642 £ 013



Agein by integratlon we get the splon correlationa from eq. (6-6)

Cij = P <cosﬁn'1 -cnsﬁi'j> (6-Ta}
AMA
Tha error estimates are :
sy =3 - (6-70)
%4 AA

Low statistlcs ere a severe handicap as far as spin correlationa are

concerned. Baged on our final AA aample, °(Cij) = 1.1.

PRECESSION

If a particle carries a magnetic moment asgocliated to its spin, it will
undergo some precession durlng its lifetime in the magnetic field. We
have celculated the correspoading correction in spla orientatlon (see
Appendix A.2). The angle Ac between the spin direction before and after
precession in the hyperon rest frame jia easentislly determined by

de v g H* {6-8)

where the Landé factor g = - 0.67 for the A perticle, uy 1s the nuclear
magneton, H* is the detector magnet field transformed into the hyperon

rest frame.

As is shown in flg. 6-B at pj.n = 3. ~3.3 GeV/c, the correction due to
preceasion which we had to apply prior to the celculetion of polarizetion
angles varies between 0° and 4° with a mean valua of about 0.7°. Even

at pran = 7.8 GeV¥/c the corrections were relstively small {8e = 1.1},
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Fig. -8 : Precession of A pariicle at pigp arcund 3 GeV/e.

(a} Change of spin direction bec versus life time 1,
{b) te distribution.



6.3.2 Results

A striking result is the strong negative A polarizatien found in the
reaction 1 p + K® A/E® (cf, BELS1 ). The angular distribution in
°°5°A,y- where Bn'y is the angle of the momentum of the decay proton
and the normal to the production plane (see fig. 5-8} is shown in fig,
6-9 for p;,, around 3 GeV/c.

dn POLARIZATION A
d cos 8y ' ' 7
20F o Py=-51 2 13
1.5
1.0
0.5
0 1 1 |
-10 -05 0.0 05 10

Los 8y

Fig. 6-9 : FPolariaation angle distribution for the A particle in the
KOA/T® evernt sample at 3 GeV/e. The straight line results
from a least square fit of the parameter aP.
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The straight linz fitted to the data has & slope of P = - .51 ¢ (13,
with a reduced X2 value of 0.B4, hence tha average polarization is

For tha K°4 final atata avents alone we found :

P - -1.03 t .23
PA.Y

A number of collaborations have meaaured the A poclarization in the
raaction m p + K?A . We plot publishad data from some axperiments

(ABR?1 at 3.9 GeV/¢, BEU70 at 4.0 GeV/c¢, BEU75 and AST7S at 5.0 Gav/c)

in fig., 6-19 (a) betwsen 3 and 4 Gev/c and in fig. 6-10 (b} arcund 5 GeV/c.
Our data points includs the X°A and X° I° sampla,

al 3-4 Gevic - bl S Gevic T p—=—KANZ°

¥ T T T T L T

- # "al 1
o%/ fJ o Fjﬂ:rt
My oWy

=
-—

*

L
¥

0 2 b 6 0 ) 6 8
-t ((GeVie 1 Coheevic) ]

Fig. 6-10 : A polarization data from WAI3 {(a) at 3 GeV/c ( & ref.
[ABR?1] at 3.8 GeV/e and % ref. [BEU70) at 4 GeV/e) and
(b} at 4.95 GeV/e ( § ref. [BEU?S] and { ref. [A5T75]
both at 5 GeV/e). The full ltme in (a) indicates a
Regge model prediction [NAVZE).

Both plots are characterized by a A polarization which starts around 0
in the forward direction, going to nagative valuas at increasing It

valuzs. OQur data complstes published small-angla data. In the
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backward direction (that is, when A's are produced in the forward direc-
tion) the peoliarization becomes Strongly positive before coming back to

zero at the kinematical limit.

As a test of the analyzing program, we have determined the X° "polariza-
tion". It is, in fact, vanishing as is shown in £ig. 6-11 (b). This
figure and all other parts of fig. 6-11 show "inclusive" polarizaticn
data, i.e. all events are considered where at least the particle

considered was properly reconstructed.

Fig. 6-12 gives a summary of inclusive A polarization at all beam momenta

as a function of squared momentum transfer t.

7T~ beam e 7T beam
P . °
A ol K
N | !
"t
¢ ¢
R + . Atk B
1 0 -1 +1 0 -1
P, l;:- beam b Ip beam
' +1F t) B ' a1t d) h
bt
+1 0 -1 +1 0 -1
—= (g5 8* —= (as 8*

Fig. 6-11 : A polarization at pp,, arownd 3 GeV/e in the 1~ beam (a)
and B beam (e). The "K° polarization” 18 checked in (b).
The A polarization ig shown tn (d).
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In order to show the pp-range covered in our data we have plotted in

fig. 6-13(a) the inclusive A polarization in the 7 -beam and in

fig. 6-~13{b} the inclusive A and A polarization in the p-beam. Compared

to exclusive data the incliusive hyperon polarization is smaller but

still negative for pp—values above 0.4 Gev/c.

Finally, in the exclusive process pp + AA/E® at 3. -3.3 Gev/c the

combined A and A mean polarization around - t = 1.25 (Gev/c)2 was

Polarization A’inclusive |7t~ beam )

M,y

.60 t+ .38

I I S -

frg., 6-128 :
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3, - 3.3 GeV/c
5 GeV/c
8 GeV/c
12 GeV/c

"“Inclusive™ A polartaation as a functiovn of -t for
different WA13 beam momenta.
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Pig. 6-13 : ‘"Inclusive” A and A polarization as a funotion of transverse
momentum tn

{a) n"p + A + neutrals,
{b) pp + A + neutrals and Pp + A + neutrals,
at beam momenta belween 3 and 12 GeV/e.
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7. THEORETICAL MODELS

In this chépter, we first want to supply a general framework for the
description of the experimental résults. Then, we shall brieflydescribe
tpe essential features of specific models and ccmpare, as far as posslble,
thelr predicticns with cur results. In additlon, data from other experi-

ments wlll be considered in some reactlcns.

Since we deal with processes involving half Integer s$pin particles, the
heliclty amplitude formalism represents a convenlent way to describe the
differential cross section and the polarizatlon data. #Hellcity amplitudes
were orlginally introduced by Jacocb end Wick [JAC59]. The closely
related concept of spin density matrices 15 based on a paper by Durand
and Sandweiss LDUR64]. R general intreduction inte the field of polari-
zatlon and an extensive review of the experimental situation cen be

found 1n a recent report by Bourrely et al. [BOUBO].

In general, the interpretation of experimental results can be done in e
mode{ independent or in a model dependent way. In the first case one
could, far exanple, test simple parametrizatiocns of the amplitude, as
was done in ref. [ATH74] for Pp + A\. The decompositicn into partial

wave amplitudes would be a2 second example.

To #o this, we need_to have an idea about the magnitude and the ahepe
of the forward peak of the angular distribution. This regicn, however,
was suppressed by the trigger lay-out of the WAl3 experiment. So for
the discussion of models which typically account for the behaviour at
low energles and small transverse momentum values, wehave to teke Llnto

account results from other experiments, mostly bubble chamber data.

Usually, low energy models deal with the "macroscoplic” picture of elqmen-
tary particles. For example, the analysis of a diffractlon pétte:n can
glve informatlon about the size of barticles. In the case of Regge
medels, which we shall discuss later on, one makes the assumption that
the interactlon proceeds via exchange of particles asscclated to Regge

"trajectories". ©Only quantum numbers which characterize the lnteracting
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particles as a whole are crucial in the choice of the exchanged trajec-

tory.

Models making assumptions about the internal "microscopic™ structure of
particles will be more appropriate to investigate the large angle domain.
Some models try to avoid tc specify too closely the nature of the internal
conatituents or partons of elementary particles. A prediction for the
energy dependence of the differential cross sectlon at large angles that
depends only on the number of constituents inside the reacting particles
was derived by Matveev et al. [MAT73) and ls known as the dimensional

counting rule.

Ancther candldate, the constituent interchange model (CIM) assumes baryons
to contaln a canstituent-core palr [GUN73]. 1In other words, the baryon
1s described by a guark that takes part in the Lpteraction and 3 spectator
diquark core. It is suggested that no QCD-like hard scattering subprogess
between cgnstituents occurs. So all contributions to the amplitude are

eagsily determined from the guark guantum Aumbers that can be exchanged.

The massive quark model (MOM) introduced by Preparata [PRE73] assumes a
subprocess between gquarks which is Regge behaved. The nature of the
interacting quarks determines all possible exchanges of meson aud baryon

trajectories in the subprocess.

In a first step, all models have to define how to choose the interacting
constituents. For example, the CIM model exploits’ the electrowagnetic
form factor of mesons and baryons as measured in e-p interactions. In
a second step, one has to define the interaction mechanism butween
constituents. It 1s here that the wmost important differe¢nces between

models show up.



7.1 Hellcity Amplitude Formalism

Helicity amplitudes supply a model independent expression for the diffe-
rential cross section in reactions where spin is involved. Initisl and
final states sre defined by their spin density matrices which csn be
expressed in terms of polarizstion and spin correlation. Symmetry con-
alderstions considerably restrict the number of helicity amplitudes snd
impose conditions on the observables that should be satisfied in every

experiment.

7.1.1 Model Independent Cross Section

In general, the differential cross section {denoted by d.c.s. hereafter)
and the scattering amplitude £{E,8) as a function of energy E = J; and

c.m.5. scattering angle 6, for the process

are related by

a _ Pe 2
— = = |f(E,8) {7-1)
a  p, | l '

where p, and p, are initial snd final state c.m.5. momenta.

Commonly, the Lorentz invariant amplitude
Fis,t) = 81 /5 £(E,6)

is used. 50 we get for the d.c.s.

P 2
e aredl L TLY (1-2
aft  g4n®s p,
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We use the invarlant Mandelstam variables deflned by

a=(p, +p° : (7-3)

2
£L= !Pa - Pc)

u = ‘Pa - pd)l

where P;, 1 = a,b,c,d are the four-vectors of the interacting particles.

Expressing the d.c.s. with respect to the varlabie t, we get

de 1 2
—_— = ——— {F t 7-4
dt  64mne p: i s Jl t ’

At high energles {s >> m), one obtains approximately s = 4 P%, thus

do 1

dt 16752

]:’(s,n:}}2 {7-5)

As far as spln is concerned, the two types of reaction we are interested

in are

o + 172 —_— 0 o+ 1/2 {7-6)
and

/2 o+ 12 ——s 12 + 1/2 {7-7)

In this c¢hapter, we shall mainly deal with the more complex second case,
where ¢ach spin state gives a contribution to the d.c.s., according to
eq. (7-4), 5o, a priori, we have to determine i6 independent scattering

amplitudes.



HELICITY

A useful definltion of spin states Ls given by the helicity A of & parti-
cle with spin s. The helicity is defined as the projection of tha spin

-+ +
vector s on to the psrticle momentum p

- -
»=25E (7-8)
H

This definition has the following characteristics :

a} For mass m # 0, there are 25 +1 helicity states A = 5, 8-1, ..., - 8.
If m = 0, like for the phaton with & = 1, there are only two values

Ae by,

b} Rotations in space (x,y,z} change the direction of ;, but A remaining

unchanged. Under space reflection )} changes gign.

>
c) When a Lorentz transformstion in the direction of p is applied, one
obtaing a state with the same {or opposite) direction but a different

- -
magnitude of p. If p is not reversed, agsin A remains unchsnged.

In order to illustrete the definition of helicity, we list the four possi-
ble initial and final spin configurations in resction (7-7) with obvious

ket notations :

initial state fina) state

| ++> | ++> f//,
I+-> B P 4>

{—+> b/

- o>

Following [JAC5%9], the probabllity of the transition from an initisl
helicity state laab to a final state Acld_is meagured by the helicity

amplitude defined as

1 . 1 ~
= — = T=
£ Agi "a"bm’“ > % 3+ 3 Ady T ey (A 0> {7-9)

et oY ().
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where A =k, -}y, b = A_~ky, J = total angular momentum, and §=1+1%.
The functions dgu(e) define rotations and can be found, for example, in

ref. [JAC59].

Thus, we are able to express the d.c.8. in terms of helicity amplitudes :

do + 2
ac” 18, {7-10)
&l A

7.1.2 Symmetry Considerations

Strong interactions are supposed to be invariant under the parity opera-
tion P and charge conjugation C. We shall see what sort of conditions

this imposes upon the helicity amplitudes.

PARITY

The parity operator will change the direction of the momentum, but not
the spin, and thus the sign of the helicities will be changed. The

result from parity operation on a two particle state is

J -~ -5
Pliahp> = manp(- 177 %7 By, <oy
where n,.n, are intrinsic parities. 1In the case of baryon-antibaryon

ha M = - L.

Considering the properties of the functions dh,(ﬂ) in eq. {7-9), we
obtain the following condition on the helicity amplitudes :

= LA
EhaAgi-ag-ap Bemm8) = np w CHTT g Gy g @09



where 0, depends on the intrinsic parities, and equals + 1 for reactions
of type (7-7). Hence, if parity is conserved, the helicity ampiitudes
do not change under iaversion of all helicities. So for the reaction

(¥ stands for hyperon)

pp — ¥y

instead ¢f initially 16 only 8 amplitudes are indepandent.

CHARGE _ CONJUGATION

This operation transforms a particie a into ita antiparticle 3, whereaa
hellcities are not changed. If the transition matrix T is invariant
with respect to charge conjugation, one obtaine from eq. (7-9)

f*é Agi Apha T EAE Az Aghp
Thie means for auto-conjugate reactions like Pp + AA and Pp + LOLO that,
apart from a sign, exchanging particles a and b dces not change the
corresponding amplitudes.

For the conjugate reactions §p + AL® and pp + EA, this implies thet the

amplitudes of the first reaction entirely determine the Becond one.

Therefore, it i5 justified to add, as we have doae, both clasaea of events

for the d.c.s. calculation :

97 7r0y o ¢ 5o
a0 {AE9) an {E90)
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CP_ INVARIANCE

If we finally suppose that invariance under both parity operation and

charge conjugation holds, there remain only 6 independent helicity ampli-

tudes for pp + AR (and IOL®) and only 8 amplitudes for fp + AELC (and

Ton.

pp * AA

Using the notation of Plaut [PLA7)) for this reaction, we are left with

the following non-flip {index 0), single-flip {index 1)} and double-£flip

amplitudes {index 2) :

fo = f44y
t

£5 = £y

fp = f++‘
[

£1 = f4y

£2 = £y

fz = f++|

Aand for the d.c.s., we obtain :

++

= fa4p -+

= -f

=y m-

ag
dt

2 2 2 2
= nn= £+ [£5)7 + 2015017 + [£117) + |,

12

+ |f§]2

(7-12)

Using the concept of density matrices, as will be described in the follow-

ing subsection, the polarization is given by :

P= % Im ((£, ~£2)" E

1

L] *
- (g +Ey)" £y)

{7-1i3)



nTp -+ K%

The corresponding result for this reaction ia much simpler. We only have
to consider a non-flip amplitude Ay and a apin-flip amplitude Ap. So

the d.c.s. in terms of these amplitudes reads :

do

at " |*‘N|2 + |“E|2 (7-i9)

For the polarization of the A particle, we use :

do *
P a = 2 Im(Aghp) (7-15)

7.1.3 Spin Density Matrix

A natural wéy to define polarization vectors and spin correlations is
the introduction of the spin density matrix. In any reactlion, one
starts with a knowledge of the density matrix of the ipitial state, oy,
and one attempts to measure the density matrix pg of the final state.
Then pgy will contain all relevant dynamical 1&E6rmation about the

reaction,

S0, Lf T denotes the tramsition watrix, pg le defined by :

R

FE = T rp

with  Rg =T, T+ = k Fp, w* (7-16)

Pi
where IF 1s the matrix containing the helicity amplitudes f,, k is a
kinematical factor. In order to point out the relation to the d.c.s.,

using eq. (7-10}, we can write :

8w Tr(RE) = k T (T by ¥ (7-17)
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In the cagse of the reaction pp —+ KA, the density matrix is of the form
4 x4, Since in our experiment beam and target particles are unpolarized,

the initial state density matrix is simply :
91’1/41

The finai state Qensity matrix pg, in general, will have 16 complex
elements, representing 32 real parameters. They are reduced, due to the

following properties of the denaity matrix s
Lopgy= °;L (hernicity)
2.p4420 {positive real diagonal elements)
3. Telp) =1 (normalization)

Consequently, 15 parameters have to be determined only, in general. The
hyperon and anti-hyperon polarization (2 *3 compenents) and the 9 spin
correlation terms, for example, can provide sufficjient information to
determine pg. From eq. (7-16), which relatas the density matrix to
helicity amplitudes, and from symmetry considerations discussed in tha
preceding subsection, wa already know that under parity conscrvation,

anly B parameters will remain independent.

A complete orthonormal base for the representation of any 4 *4 matrlix
iz supplied by the 16 matrices °ij = 0§ X0y, vhere o, = i, and o), O3,
and 03 are the uaval Pauli matrices. So we can express pg in the follow-

ing form [DURGA] :

i
Pp = 7 {2+ § PA'ioi x1+ § Pﬁ,j 4 x gy + 1Ej Cyy Ty xuj} {7-18)

Ph i and PE 3 are the polarization components and Cij the apin correla-
4 *

tions between hyperon and anti-hyperon.

How can the observables deflned in eq. (7-1B) be measured ? First, we
notice that the whole reaction process can be separated into the scatter-~

ing of initial particles described by a transition matrix M and the



subsequent hyperaon decays governed by the matricea :

M= A d + A, 0D k = AR (7-19)

4

where Ag and Ap are the s-wave and p-wave amplitudes in the weak hyperon
2 2 +

decay process normalized to |A ]" + ]Apl = (41)71, 0 = (o;,0;5,03), and

E is the momentum of the decay nucleon. Eq. (7-19) determinés the decay

distribution Ln the hyperon rest frame {( p = b /l;|) :

ac o T +
am, T Mk B ope )
vhere Mf M, = ﬁ (1 +ax s -5 (7-20)

-1
and Pg x = E‘( 1+ 3& -3)

where AR, ls the solld angle in the hyperon rest frame aad a, is the

asymmetry parameter in the weak decay :

2Re P
_Re Ahp (7-21)

ay = 2
IASIZ + |Ap!

So for the whole process we have T = M, M- M and we can write the diffe-

A A
rential cross section ln the case of pj = % 1 [DUR64 }
3
i+ 1
—— e o HE TR S .=t 7-
3 a, an Te (M} 8, M #p - 7 M M) (7-22)
1,8 —— 1 B .5 +ar B b
R N RS T S

+ C,. P vp= 1)
0“ as E ij Pp'i pP-j

In order to extract the polarization and the spin correlations, one can
employ the moment method [PILA67] and cone obtalns the results that were

already introduced in section 6.3 while presenting the polarization data.

Since pg and IF .are related by pg = % r F*[/Tr(Rg) (7-16) ., the condi-

tlons imposed an the helicity amplitudes by invariance arguwents will
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yield certaln characteristics for the parameters used in the representa-

tion for pg .

AUTO _ CONJUGATE _REACTIONS

=T e STam T ATt ST

For the reactions pp + M) and pp + LOL® parity conservation P yields B

conditions :

=0 {7-232)

This weil-known result implies that under parity conservation, the

polarization is normal to the production plane.

Charge conjugation C introduces in addition :

P o p=- = P {7-23b)
Ay A;Y Y
Cye = Cax

The correiations C;y, i = x,y,2 may be non-vanishing. In addition, CP

invariance yields : an = - “ﬁ‘

CONJUGATE REACTIONS

Far the reaction Pp -+ ALY and I°A we have, apart from eg. (7-23a), the

conditions :

P- = p and (7=-24)

- = P
Y Ay Pfo,y 20,y
g = bt -} =
Cup (REP) = €, (E94)  and Gy (RE®) = 0y, (E°A)

C11(EZ°J - Cii{foﬁ), 1= x,y.2



Finally, during I° decay into Ay, one finds [DUR64)

ao = ~1/3a, - (7-25)

7.1.4 Comparison with Polarization Data

After the general introduction given in the preceding sections, we can
compare the consequence af CP invariance as expressed in eg. (7-23) with

the results concerning hyperon polarizations.

nTp + KOA/EO

As in the case of hyperon - anti-hyperon production parity conservation
should suppress the x- and z-components of the A polarization. At
Piap = 3. = 3.3 GeV/c, we weasured the following mean values over the

total angular range covered (cf. fig. 6-9)

Pﬂ.x = .02 % .17
P = =-,79 2 .17
Ay

PArz = =06 % .24

Within statistical errors, the theoretical predictions (see eq. (7-23a))

are well satisfied.

pp > hh
Still at pj,y, around 3 GeV/c we obtained the following mean values of

the h and A polarizations :

Pﬁh,y = -.60 * .38

The combination of A and A data is justified by eq. (7-24).
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Results from a wire-chamber experiment [BEC78) performed at the CERN PS
at 6 Gev/c show an A polarization of zero at t' = 0 which is constantly
decreasing with |e'| until Pr=-.78 ¢ .40 at - t' = 0.9 (GeV/c)?. We

find the same tendency in our experiment.

Tp KO0
The mean polarieation was PA v = =,37 + .20 around an average t value
’
of - 1.25 (GeV/¢)}2. So with 8,0 =~ 1/3 a, from eq. (7-25) this corres-
ponds to :
P = 1,11 £ .60
%y

The error in this case is quite important. But this and all other
results are compatible wlth the general condition on polarization

e| €1.

As a comparison, we note the E? polarizastion found at py_, = 3.93 GeV/c

by Loverre et al. [LOVBO] at -t = 1.6 (GeV/c)? : Pro = .80 2 .50.

As was pointed out in section 6.3, the limited statistics in our
experiment d1d not permit to establish the spin correlation coefficients
with sufficiently small errors. On the other hand, the polarization
data in the strong interaction precesses which we studied asre compatibie

with CP invariance.



7.2 Regge Models

At low beam energy and small mementum transfer, many experimental results
are discussed in the framewcrk of Regge models. Angular distributions
L up to |t| ~ 1.5 Ge¥fc are well explained. A paper by Navelet et al.
[NAV?6], for example, covers the range in py,p bétween 3 and 15 GeV/c

for the reaction %”p + KA. Recently, a study of the reaction §p + AA
was published by Saleem et al. [SAL81], who tried to reduce the number
of parameters in the Regge approach while fitting data at pj,, = 6 Gev/c
measured by Becker et al. [BEC78}. In a review article by Collins
[COL71), a generai introduction into the widespread domain of Regge
models éan be found. We want to see to what extend Regge amplitudes

provide a useful description in the case of our experiment.

In Regge models, the interactilon process is characterized by the exchange
of Regge trajectories which are assoclated ©¢ particles that can be
exchanged. A forward peak or backward peak in the angﬂla} distribution
i8 expected if t-channel or u-channei exchange is possible, respectively.
The particie exchanged is detérmined by the quantum numbers of the inter-
acting particles. In table 7-1, we list important quantum numbers of

partlcles involved in reactions which we studied.

a~ K° p A o

spin 8 ¢ 0 1/2 1/2 1/2
isospin 1 1 1/2 i/2 o 1
14 -1 -2 | 172 0 o

Table 7-1 : Quantum numbers involved in Regge models.

Fig. 7-1 illustrates the t-channel exchange of (a) " p + K°A and

(b) Bp + AA.
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p/\A p/k\,\

Fig. 7=1 : Regge exchange in the t—charmel for (a) a"p » K“A
and (b} pp~+EA.

In both reactions, the exchanged object must have the following quantum

numbers :
8 = 0
g = 1
§ = 1
I = 1/2

These requlrements are all satlsfied by the strange meson K and its
excited states K* (892), K** (1430), etc. Thus in both reactious one
expects a4 forward peak in the d.e.s. distribution. Contributions from

the K exchange are believed to be small (cf. e.g. [PLA7L| and [SAL81}).

In table 7-2 we list Regge predictions concerning the existence of
forward and backward peaks for some reactions we are interested in

[coLTL}).
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trajectories predicting
process
forward peak backward peak

- o * *w
Tp + KA X' + K Ea + EB + ZY + 25
np -+ K°2° K* + K** I+ Eg + I+ I
K"p elastic P+ £+p+Ah, exotic

Pp elastic P+ £+p+ Ry exotic

Bp + AA K+ K* + K** exotic

Bp + Io: K+ K* 4+ K** exotic

Table 7-2 : Regge trajectories.

7.2.1 Meson-Baryon Interaction

Using the parametrization ¢f Regge amplitudes according to Navelet et
al. [NAV?6], we shall try to describe our data for z"p + K°A and

n"p + K°EO,

Their analysis is based on Regge poles which agcount for K* (892)
{vector V) and K** (1430] (tensor T) exchange and an additional effec—

tive cut for the non-spin-flip ampiitude.

DIFFERENTIAL CROSS _SECTION

As was pointed out in section 7.1, a non-flip amplitude, A s and a
spin flip amplitude, A, _., are necessary for the calculation of the d.c.s.
(cf. eq. (7-14)).

d

2 2
d_%n 'A++| + I}\+_|
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£ach amplitude is the sum of vector and tensor contributions :

- L 3]
Ay = 2 (KM 4 H(EY)

with 1 = ++, +- for non-fllp snd flip amplitude respectively. HNavelet
et el, used the following parametrization fur the helliclty amplitudes

Hy

Al ok yhiE (p o4 o TA(E)) GRIE) GEnat (7-26)

R R A L L o i

where k 15 e kinematical factor, yY's denote the resliduals, T the signa-
ture (- 1 for vector, + 1 for tensor}, a{t) defines the Regge trajectory,

snd the a's datermine the exponentisl fall-off et small |t| values.

In analogy to p and A; exchange in elastic scatterlng, Nevelet st al.

sdded an effactive cut term to the non-fllp amplitude :

i
-l
AL [K* AL el 1 7 o19cit) £ _
L {K..} = Kyt {_1& (e 5)%e afc {7-27
These amplitudes require & total of 17 paremeters (!) to describe the
reaction with a X?A finel stete and 4 additional parameters for the
KOE? final state. With the parameters [NAV76] listed in table 7-3, we
aobtained the differential cross sectlion distributions shown in fig.

7-2 for different WAl3 beam moments.

Havelet et @l. fltted the parameters using published data with

-t < 1.5 {Gew/e)? .

S0, except in fig. 7-2 (a), we hava extrapolated the curves toward larger

scattering angles.

The KPE® distributions exhiblt & marked dip eround -t ~ 0.6 (Gev/c)l.
apart from that,there is overall sgreement between K®A and KPE® final

stste d.c.s.



Parametef vector K" tensor K**
alt) 0.375 + 0.678 ¢ 0.322 + 0.678 ¢
N 10.34 11,15
vi, 12.46 12.83
b - 9.862 - 7.114
v 13.53 11.63
age 2,414 1,331
a,_ 1.895 1.895
a.(t) 0.099 + 0,532 t 0.127 + 0.532 ¢

e 1.01 1.44
a® 1.1 0.091

fable 7-3 : Regge amplitude parameters for
" p + KOAED .

What 15, in genaral, the ratio between the d.c¢.s. do/dt {for the K%A
final stats) and de/dt (K°L? final atata) ? '

Since we have saparated thesz two reactlons at low energles, we can

compare them to predictions based on tha 5U{)) lsoscalar factors.

If Yukaws type coupling (that 13, axchange of an octat) la assumed in
meson-baryon intaraction, only a aymmetric coupling, called D, and an
antisymmetric coupling, F, are posalble within exact SU(3) limita.
From tha coupling constants Tyak and gNIK a3 8 function of F and D &ne
obtains [SWA63) the ratio R :

2 2
do(f)  9NIK _ [ (F/D ~1) ) _
dein) ghak A (3 F/D +1) (7-28}

In the forward direction this ratio was found to be % 0.8 at p,, =3 GeV/c
{BOUBO}. Loverre &t al, pointed nut that, in contraat to general belief,

B is not constant In - t [LOVEQ].
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REGE: T p ——K°A

3.-3.3

—— dG1dt (nb!1Gevic)?]

a 1 -1.0
-1 (e cosier

dj

o T g — K°X°

.Yy

3.-3.3

—— 4614l fnb/1GeVic)?]

Fig. 7-2 : Regge model of ref. [NAWE] for the diffurential eross
section of p > K°h (a) and (b) and of wTp + KoE® (el
and (d) as a function of -t and cosl* respectively.
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If we compare the ratlio of the numbers of events with KA final states
and K°I? final states at 3, -3.3 GeV/c and 4.95 GeV/c in the intervai
- .5 < cos8* < .9, we obtain, after correction for siightiy different

acceptance values, an average value for R :

R {3. -3.3 GeV/c) = .75 * .1}

R {4.95% GeV/c) = .90 £ .25

As far as the shape of the d.c.s, is concerned, we plotted the Regge
predictions together with predictions from other models in fig. 7-6,
and fig. 7-7 for different beam momenta. As can be seen from those
figures, our data departs from the Regge behaviour for |t| > 2.-3 (Gev/c)?.

This is due to the exponential term in the Regge amplitudes,

The data points we included in the forward direction from other experi-

ments are well described by this appreoach.

In the parametrization presented above, one couid include an additional
contribution which accounts for the backward peak (L° exchange in the
u-channel) that is roughly 2 orders of magnitude smaller than the forward

peak [AST7S].

The values that are reached by extrapolaring this contribution to
cosé® = 0 would not, however, be able to account for the large angie
data.

Apart from the K°A final state, a backward peak was also found for the

KO% (892} A channel at 9 and 12 GeV/c {FERBij.

POLARIZATION

Based on the definition of eq. (7-15) Navelet et al. find the polari-
zation as a function of momentum transfer as is plotted in fig. 6-10.
Since the polarization is proportional to product terms between the
real (imaginary) part of the non-flip ampiitude and the imaginary (real)
part of the spin £iip amplitude, it vanisﬁea at t = 0 and tends to

return to zero again at large |t| values.
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A final remark has to be added. Twenty-cne parameters are involved 1n
the fit of Regge amplitudes in the approach of Navelet et al. It is

therefore not very appropriate to call it a "theoretical prediction”.

7.2,2 Baryon-Baryon Interaction

Saleem at sl. recently published an interpratation of the d.c.s. and
polerizetion found in Pp + AA at 6 Gev/c [BEC7B} by sssuming the reaction
to he dominated by K* and K*' exchsnge. They use a simple Regge pole
model with phenomenological reaidue functions assuming that each of the
two trsjectorlas is coupled only to cone of the two non-vanishing iladepen-
dent helicity amplitudes,

From the original 6 amplitudes (aece the definition of the d.¢.s. in
eq. (7-12)), only those with AX = 0 and AX = 1 are retained. The com-
bination of amplitudes with tha same halicity £lip A} further reduces
the number of parameters. So the following parametrization is used :

ayn {t)

£, = Yolt) £oit) 8 (7-292)

£ = /o v g st

Rera [, (t) and E, (t} denote the signature factora, Gys(C) and a ew(t)
atand for the Regge trajectories X" and X"", respectively. The residue
functions contain the exponential t-behavliour. The trajectories they

employed are :

aee{t) = 0.485 + 0.6 t
{7-29b)
agax{t) = 0.375 + 0.678 t

With thla parametrization, Saleem et al. fitted the data until -t
A% 1.75 (GeV/c)?. We have used their results to plot in fig. 7-3 the

d.c.s. and the polarization at beam enargies of our experiment.



— dG/db [nb/1GeVic)?)

Fig. 7-3 :

-—3 AA REGRE) pp —> A

2.-2.3
3.-2.3 f
R
7.9 ]
15.8

2. 3. 4.  —L0 2.9 5.0

-t (Gevrola cenl®)
POLARIZATION Ref. SALOL
B =) A
s.af e)
11.9
e.e \_7< A
7.9
5.0 PN
4.93
a 5. a. a 4,
¢ (GeVre)2

Regge model parametrization for the differential cross
seation of Pp + hA ae a function of (a) -t and of {b)
aogb*. The praediated # polarisativn fa also ehoun at
dif ferent beam momenta [SAL81].
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The prediction for the d.c.s. are compared to WALl in fig. 7-il. As in
the case of meson-baryon scattering, the Regge curve falls off rapidly
beyond - t ~ 2 {(Gev/c)?. An lmportant difference, however, can be noted
for the backwarq direction. Since the u-channel in pp + RA is exotic,

no backward peak should exist.

We cannot confirm this prediction from the WA13 results alone. But
experimental data at 1 GeV/c from Jacebs et al. {[JAC7B] shows no increase

in the shape of the angular distribution around cosf* = - 1.

At higher energies, no data in the backward direction is available at

present.

As far as the prediction for the polarization of A and R is concerned,
fig. 7-3 (¢} shows that from Regge amplitudes one expects a polarization
that tends to zero with increasing energy and/or increasing 4-momentum
transfer. The prediction of Saleem et al. agrees only at low energies

with the negative polarization value which we obtaired around 3 GeV/c.

CROSS SECTION_ RATIOS

From SU(3) invariance, as expressed in eq. {7-2B), one can derlve the
ratio between the cross sections of the reactions. {a) Pp + Dp, (b} + A,
{c)+ L% + c.c. and a) -+ IL°, fTwo cases are important according to whether

the F or the D amplitudes are dominant [TANG64].

The predictions normalized to 9 (and 1 respectively) are listed in table
7-4 together with experimental results for total ¢ross sectiom ratios at
varicus beam momenta ((BAD67) at 2.5 GeV/c, (BAL65] at 3.7 GeV/c and
(CHI66) at 7 GeV/c).



r:fi:sd ratios of %ot ratios of d&/dt
predicte
by SU(3) {references) {wa13)
reaction
dominance |  pppg7 BAL6S CHI66 |-.5<z<.9 zno.
Bp + Flo 2.5 3.7 7 3. -3.13 7.8
[Gev/c] [Gev/c]

a) Pp 16 | 16 - 2260 + 98 - - W6
b) AA 9|1 9 .6 9t,9 | '9z1.7 9+1.3 [9¢%3.
c) A + c.c.| 66 |a.6 ¢t .7]|20.623.[8.8¢1.6|8.6¢%1.7 -
ay ILoego *) 1|9 <1. <q. <2, -

*)Experimental limits are derived from I It + c.c. flnal states.

Table 7-4 : Cross section ratios.

The conclusion that can be drawn from table 7-4 is that both the total
cross section ratios from the references and the d.c.s. ratioc at large

angles are in favour of F amplitude dominance.

Taking the elastic scattering (&) lnto account, ancther interasting
result is ohtained. From F amplitude dominance, it follews for the

total cross section ratio :

a

R o r— =
el 5(AN)

1.78

Experimentally one finds Ry = 251 at 3.7 Gev/c ((HER79) and {BALGS])).

On the other hand, at higher energy and large angle at 7.8 GeV/c, we

measured the differential cross section ratle

da
el L 3s5:1.5

aa (hh)

which is much nearer o the F dominance hypothesls.
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7.3 Dimensional Quark Counting Rule

As a flrst theoretical approach to the description of large angle cross
section, we waat to present the quark counting rule derived in 1973 by

Natveev et al. [MAT73] on the grounds of dimensional arguments.

Based on the assumption that the particles a and b lnvelved in an elastic
scattering process a + b + a + b contain n, and ny constituents (which

can ba identifled as quarks) the d.c.a. 1s of the form :

dg 1 2 1 2
ac "5 |<a blT|abs|” = ;'2— |5, Fpen,nplTin, ng>l {(7-30)

= F2 Fic (s,1)

where Fy» Py are the form factors of particies a and b respectively;

|na np> denotes the two particla state constituted by n, and np quarks.

From the normalization of a ¢na particle state ({ Ii>] = n"l), we obtain
the dimension of the function C{a,t) :
-4 +ny, -1

{cts,t)) = "2 *Pp T
Next Matveev et al. formulated the hypothesis of scale invariance ("auto-
modelity hypothesis”) : At large 8,t,u {>> m?)and for fixed t/s all
essential dimensicnal constants are contained in the form factors Fu, F‘b .
Then C(s,t) only depends on the kinematical variables s and t, and undex
change of scale (p+ ip, & + A%2s, ¢t + A%) c(s,t) transforms like a

homogeneous function. Thus

-a{n, +np - 1)

cis,t) + C(AZs,a2t) = ) cis,t)
This equation is matisfled by the ansatz
cts,e) = 8 2a P71 giese)



So from eq. (7-30) one gets

a _ -v-2) _
at - ® £(t/a) (1-31L)

where N = 2(n, +n,) is twica the number of quarka of the incident particles

a and b.

Assuming ny = 2 and ny = 3 for the quark content in mesons and haryons
respectively, the following predictions at flxed (large) angle for the

strange particle processes which we analyzed ara obtained :

%% (r7p'+ KOA) & 578

2

t/s fiwed, 5 >> 1 (7-32)

X e+ iy~ 710

Though in the WAl3 experiment the conditiomn s >> o' was not entirely
satisfied, we can use the data at 8* = 73° presented in fiz. 6-7 to
draw a straight line through the data points dt 4.95 GeV/c and 7.6 GeV/c
for the reaction 1°p + K°A/2%, From the Blopa, we gat {n = N - 2}):

n = 8.5+ .9

8*=730

In £ig. 6-7 the theoretical result 5~% 1s indicated by the dotted line.

After having discussed predictions for the shape of tha d.c.s. (f(t/s)
in eg. (7-31)), we will try to extrapolate our data ta €% = 90°,

As far as the reaction pp + EA/;D is concerned, due to missing data at

4.95 GeV/c, no comparison can be made with the counting rule based on
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WA13 data alone. On the other hand, no results are available from other

experiments at sufficiently high energies and laige angles so far (1982).

7.4 Constituent Interchange Model

In 1973, Gunion, Brodsky and Blankenbecler proposed a model (GUN73] for
the description of hadronic scattering in the large angle, large momen-
tum transfer region which was based on the central assumption that only
an interaction of an exchange of a single constituent is possible during
the shokt interaction time. Amongst the two basic types of interactions

between hadrons,

a) gluon exchange and

b) constituent interchange,

they discarded the direct elementary interaction (a) between individual
constituents, which, if dominant, would lead to contradiction to experi-
mental observations, like the lack of large corrections to Bjorken
scaling and the striking difference in the angular distribitions of Pp
and pp scattering. 1In addition, thelr model supplies a smooth transi-
tlon from fixed angle behaviour (power law at lardge angles) to conven-—

tional Regye behaviour (exponential fall-off of the forward peak].

7.4.1 Power Law

The scattering amplitude M that Gunion et al. obtained in thedr calcn-
lations for the general process a + b + ¢ + d depends on the asymptotic

behavicur of form factors F :

M = a-F(s) - F(t} - F(u) - I{z) {7-31)

where z = cos8® and I(z) depends on the wave function of particle L and

18 usually slowly varying in z.



The form facters in eg. (7-33) are calculated by describing s composite
particie state in the framework of perturbation theory in the infinite
momentum frame. The results which are obtained for pions and nucleons
are

F (g2~ (-g))7! (monopole) (7-34)

- - ol
F {g?) ~ (- g2) zln[—%—] {dipole)

Hence asymptotically for s »>> o from the last two eguations one cobtains

a power law behaviour ¢f the d.c.s. at 90°

g__ctl (909) "'_lz' |M|2 = g~2(A+C D) gy {7-35)
-]

The exponents A, C, and D correspond tc the power fall-off of the form
factors of particles a, ¢, and 4 respectively. So, for pp elestic

scattering (A =C =D =2) Gunion et al. predict :

dg 12

"y {pp} v s (7-36a}

where the nucleon is considered as a quark - core system.

This resulit is in disagreement with the quark counting rule predictions
af eg. (7-32). In a later paper, Blankenbecler pointed out [BLA74] that
considering the nucleon as a 3 quark state would lead to a s-t0 behaviour

also in the CIM model.

Fer © p interaction (7-35) yieids (A=aC=1, D=2)

LA -8 -
R R {7-36b)
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7.4.2 Angqulsr Distributions

Depanding on tha type of particles involved in the interaction, diffarent

diagrsma contribute to the scattering amplitude.

In the (ut) topology canstituents are interchanged between the incoming
meson {baryon) and tha ocutgoing baryon {meson). If anti-quarks are
present, graphs of tha (st} and (su) topology, whare g constltuent is

exchanged betweszn the two incoming particles, must also be included.

Since quark flavours sra crucial in the disgrams to be canslidered, we
list some important guark gquantum numbers and the guark content of seve-

ral hadrons in table 7-5.

Name Q B 5 .1 I,
u 2/3 1/3 [¢] i/2 1/2
a -1/3 173 | -0 i/2 -1z
] -1i/3 i/3 -1 0 Q
particle | 77 K® K- P A A
= o ——— - -
content da ds 50 uud uds uds

Table 7-5 : Quark quantum numbers and quark content
of some hadrons.

Gunion et al. gave explicit formulas [GUN73) for the angular distributions
of pilon and proton induced miastic procassea. 1In tha chse of kaons, they

agssumed the K-meson form factor to acals with tha pion form factor.

Based on the valence guark content of strange particles, we can extra-
polate their approach to the reactions 7 p + K°A and pp + AA. The onlky
possiple exchangs diagrams are the (st) topologies depicted in fig. 7-4.



a) b)
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Pig. 7~4 : ({8,t) topologies in the CIM modsl for the reaction
{a) v7p + kA and (b) Ep+ A,

—— dO/dt [nb/{Gevic )

Pig. 7-5 : CIM predictione at WA13 beam momenta.
(The absolute normalisation is arbitrary,)
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The same type of CIM interchange diagrams describe the elastic progress
Kp + Kp (similar to flg. 7-4a) and the annihllatlon process fp + bp
(slmilar to flg. 7-4b).

The correspondiri;; amplitudes, as calculated in [GUNT3), lead to the

following expilelt farm for the d.c.s.

dc Co i+z
— {vp+ KM) = — —— {7=-37a)
at 58 (1-z)"

and
do - €1 1
- Fp+ M) =g —= {7-37b)
at Sll) Q1 _Z)S

here z = cosd®. The normalization factor Cp 1s related to the correspon-

ding factor Cei of the elastic process by cg) = 9 [P

Thus at 90 c.m.s5., we have :
do - do - .0
il , 28 - = . _
at (n p elastic) : at {mT7p + K¥A) 9 :1 (7-38)

The second formula in (7-37) is based on s +*u crossing from the pp

elastic scattering d.c.s.

aqg— {pp eiastic) = 5710 41 -2)75 1{x)

The power in {1 —-z)~5 is near to the fit (1l -z}~ 5.2 optained from a £it

to experimental results at 5 GeV/c {see GUNT3).

In fig. 7-5 we plotted the CIM d.¢.s. for different beam momenta. The
normalization was chosen arbitrarily for this graph. To be complete, we
included the CIM predictlons also at 3 GeV/c, though the hlgh energy
condition s >> m 1s not fulfilled at this energy.



COMPARISON WITH DATA

Results from WAl3 for the reactlon n™p + KOA/I? are shown, together with
data points from other experiments, in flg. 7-6 around 3 GeV/c and 5 GeV¥/c,

and in flg. 7-7 at 7.8 GeV/c. 1-v0 events were included in some cases.

Around 3 GeV/c, the data 1s well accounted for by the Regge model until
cos8” = 0. At 4.95 GeV/c and at 7.8 GeV/c, the CIM model roughly follows
our data polnts, though for cos@* < .5 the CIM curve seems to decrease too
rapldly. Below cos@”* = 0, the CIM predlction obviously Wwisses the appear—
ence of the backward peak.

We have fitted eq. (7-37a) to the data at 4.95 GeV/c and 7.8 GeV/¢ (2-VO
events oply) in the domain cos8” < .75, while the power s™M was not fied.
Fig. 7-8 shows the result for the d.c.s. at 90° ¢.m.s. For the n, we

obtalned :

n=28.61%.9

This result should be compared to the guark counting law prediction of

n = @ in meson-baryon scattering.

If we include data points around 3 GeV/c in the interval |cose*| < .2 -
though the d.c.s. 1s malnly Regge behaved and relatively large - the

result is :
n=8.7+% .4

In some diagrams, we plotted only 1/2 do/dt of the sum of the K°4 and
KOL® final state. He were encouraged to do so since both d.c.s. distri-

butions are very simllar in shape and magnitude (see section 7.2).

If we compare the corresponding elastlc scattering data [BACGl) of WAL3

at 90 c.m.s., we find the ratio :

dg . - 9 (apy -
it {n"p elastic) : It (K9A) 6+ 3
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?=5 : Hﬂls regults at Py.p around 3 GeV/e and 5 GeV/e for
*p + K%/1° compared to Regge model and CIM predictions.
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Fig. 77 : D:.j‘ferentml eross section tneluding 1V0 events at 7.8
GeV/e for n7p + KOA/L®. Foruward data from [FOL?3} and
baskward data from {BRU77}.
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Thls is roughly what we expected from eq. (7-38).

The CIM prediction for the reactlion Pp + AA/EO according to eq. (7-37b)
is added in fig. 7-11 as dotted line. Again we uped data points with

cosB” < .75 to fix the absolute normalization while atlcking to the power

law 8730 | At 7.8 Gev/e, the CIM d.c.s. seems to fall off too rapldly.

Very little data is avallable from other experiments at high energies.

In particular, one would like to verify whether the absence of a backward
peak ln fp + AA (as was predicted from Regge models) can be confirmed.

The data pelnts we included for the backward domain at 3 GeV/c was taken
frdm (Jac78], and we plotted 1/2 ds/dt of the AE' + A final states. Thelir

data smoothly completes our meagurements beyand cosB® = -.4.

In the Pp elastic channel, a emall signal was found in the backward

region by Eide et al. [EID73]

it will be up to future experiments to lnvestligate this domaln more

thoroughly.
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7.5 Massive Quark Model

In contrast to the perturbative QCO approach with ita difficulties
concarning normalization of amplitudes and confinement of quarks, in
1973 Preparats |PRE73 ) propossd the massive guark model (MQM). In a
later psper on structure functions in deep inelastic procasses the

basic ideas of tha MOM model are summarized as followa :

(i) The quark degrees of freedom exist only in finite space-time

domains {bags).

{(1i) In the bag domsins quarks have the same behaviour as low

{effective) mass hadrons {Regge behaviour).

{1ii) Quarks, likz in the quark-parten model, have a point coupling

to electromagnetic and wesk currents.

Irn a recent article Preperata & Soffer applied these principles to
meson-baryon elastic scattering {PREBO). The principle of the MQM
approach 18 first to choose & quark in each of the incoming particles,
and secondly to consider the suhpr&cesaes as a Regge behaved quark-
quark interaction. Contributions from. various diagrams have to be
conaldered. As is ahqwn in fig. 7-9, thera are three meson-exchange
dlsgrams sccording to the meson axchange channels s, t, and u and two
baryon exchange diagrams. Summing over all possible Regge exchange

diagrams yields in the limit of 5 + = :

ds - =L 2 B " -
3t {meson-baryon) 9 log (m2) FHB(B ) {7-39a)
]

where the parameter m; is set to 2 Gev?. The function Fup {6*} deter-

wines the shape of the angular distributioen.



Applying the MOM model to nucleon-nucleon scattering Preparata & Soffer
calculated the d.c.s. [PRETY] at the high energy limit :

ds

1 2 S
Ty {nucleon-nucleon) T log* ( 2) Fuy (8% (7-39b)

)

where mf = 4 Gev? and Fy, (8*%) describes the angular dependence of
the d.c.s.

A comparison of the model of Preparata & Soffer at 0% = 90" with the

dimenslonal counting rule is shown in fig. 7-10.

It follows that in the domain cowvered by WAl3 beam energles there is
no significant difference between the two models as far as the power

law at 90° c.m.s. is concerned.

A calculation of the d.c¢.s. of the reactlon pp + M within this model
was recently performed by J. Soffer [SOF82]. The prediction for beam
momenta at 12 Ge¥/c and 16 GeV/c are shown in flg. 7-11. This fiqure
summarizes all WRl3 data for thls reaction, some references, and pre-
dications from the Regge and the CIM model. Our data polnts reach
values that are some 3 orders of magnitudes smaller than the d.c.s.
values of other experiments included in fig. 7-l1l. Yet we cannat
decide between the MOM and other models based on our data at 7.8 GeV/c

since the MO® predictions are available only above 10 GeV/c.

Compared to tha CIM model at 12 GeV/c the model of Preparata & Soffer

has a much flatter shape in the d.c.s. distribution.

190



M M’ M M
My ‘
' ' B
{t,u) (u,1)
M ' M’ M
g’ B g'
{s,1) (u,t)

Pig, 7-9 : MQM diagrams for meson-baryon interaction :
{a) meaon exchange and (b) baryon exchanye contributions.
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Fig., 7~10 : Predictions of the quark counting luw und the Mo ewdel of
Preparata & Soffer for the diff. eross soction at W02 ¢.m.s.
for {a) mesgn-baryon and (b) baryon-baryon intvra:tivie.
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Fig, 7-11 :
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Summary of WA13 data for the diff. cross section tn the
reaction pp + Kh + RE° + c.c. References in foruard
direction are from lATH74) and[CHISE). In the backward
region we included % ¢ (Xro + TO) from [JAC781.
Predictions at WA13 heam momenta from Regge and CIM mode Ls,
and at 12 GeV/e, and 16 GeV/e from the model by Preparata
& Soffer are alao shown.
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7.6 Discussion

At the beginning of this chapter we derived general model independent
formulae for the d.c.s. and polarization. Thls was the basis aof
different parametrizations of the reactlon amplitudes in different

madels.

REGGE BEHAVIOUR

We have discussed two Regge models, which consider the Interacting
hadrons as & whole. They are characterized by a large number of
parameters {cf. [NAVT6]). For the AA £inal state the number of helicity
amplitudes was drastically reduced in order to control proliferation of

parameters [SAL8L].

The resulting d.e¢.s. predictions give a smooth transition from the well-
known Regge behaved forward peak to the large angie region. Beyond
-t~ 2 (Gev/c)? exponential terms in Regge ampllitudes cause a rapld fali-

off in the d.c.s. which, at high energles, is Incompatible with cur data.

LARGE _ANGLE_ DATA

An adequate description of high energy and large momentum transfer data
needs assumptions about the inner structure of hadrons. We have adapted
the CIM model describlng elastic reactions to the hypercharge exchange
processes of WAl3. Apart from data at p),;, arcund 3 GeV/¢ the shape of
the d.c.s. 1s gualitatively well described by a power law behaviour.

But the CIM predictions seem to fall off slightly too rapidiy for KCA .
final states (see fig. 7-7) and AA final states (fig. 7-11) at 7.B Gev/c.



As was discussed in section 7.2, Regge models predict a backward peak
in 7"p + KP A /L0 from u-channel exchange of I? trajectories. This ise
clearly confirmed by experiments at various energies (see fig. 7-6 and

7-7}. So the CIM model incorrectly suppresses the backward peak.

As far as the reaction pp -+ EA/Eo is concerned, n¢ backward peak is&
predlicted from Regge models since the u-channel ls exotic {cf. table
7=2). Our own data points and results from references pleotted in fig.
7-11 are gqualitatively in agreement with Regge behaviour at pj., =

3 GeV/c and at low momentum transfer (|t| <2 (Gev/c)?), and they agree
with the power law behavicur of the CIM model at 7.8 GeV/ec and 11.7

Gev/c.

The massive quark medel of Preparata & Soffer predicts a d.c.s. distri-
bution which le much flatter than the CIM predictions, So, especlally

at cosf* below 0., large differences appear between the two models.

As far as polarization phenomena are concerned, Preparata and Soffes
predict strong negative polarizations at large angles in different elas-
tic scattering processes. Calculations including the A polarization in

hypercharge exchange reacticns are under way [SOFB2].

We tried to fit fixed angle d.c.a. data to the power law do/dt ~ a™@,
Using on the one hand, our data points in 7°p -+ K® A /I° at 8* = 73 and,
on the other hand, extrapolating the d.c.s. Accordi.ng to CIM predictions
until 6* = 90°, we obtained values for the exponent n which are compa-
Itib].e both with the qurark counting rule n = B and with the MQM prediction

n = 9,
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POLARIZATION

Strongly negative A- and E-polarlzatlon and positive £®-poiarization
found in WAlJ3 confirm results from a number of other expériments (see
e.g. fig. 6-10): In Regge models the interference terms responsible
for the polarization vanish, in general, with lncreasing s, t, and u.
Using the basic CIM exchange diagrams Matveev further developed the
quark cbunting rule as is described in ref. [MAT79). Assuming 75 -
invariance of the scattering matrix M all helicity f£flip amplitudes
vanish. This is true for meson-baryon and for baryon-baryon prucesses.
Hence from eq. {7-13) and eq. (7-15) it follows chat the polarizatien

is vanishing.

Several attempts have been made to explain the fact that the hyperon
polarization in general increases with increasling transverse momentum
Pp.  This correlation was found, for example, in the polarization of
inclusively produced A-particles in p-p collisions at 300 Gev/c [HEL7B).
Anderson et al. explained cthe A-polarization by a semi-classical model
where a quark-antiquark pair 8s is believed to be created in the colour
field of a spin zero (uwd) - diquark scattered with a certalu transverse

momentum [ ANDIY ],

lo summary, the models we discussed in the precediag secticns z1i have
caertain problems iu describing polarization phenomena. On the other
hand, pularization measurements are a rather delicate experimvutal issue
since precise results require high stacistics experiments. fin the case
of pp interactlons experiments at the antiproton accumuiatlor facilivy
{Ah) at CERN could, at low energies but high p-beam iutensitivs, complete
pelarization data over the full augular range for reactions where Lhe

d.c.s. distributions are already well established.
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8. CONCLUSION




B. CONCLUSION

Out of v 1.1 mic events recorded during the run of the WAl3 experiment

at the Omege spectrometer at CERN we have analyzed some 650 events
corresponding mainly to the hyperchsrge exchange resctions np + KA ,

5~p + K°I® and Pp + M, Pp + AL + c.c. at beam momenta between 3 and 12
GeV/¢c. Especially for the hyperon-antihyperon reaction channel there was
en important lack of large angle deta beyond pyg;, = 3 GeV/c. At 7.8 GeV/c
and 11.7 GeV/c we have measured values of the d.c.s. of the order of
nb/(Gev/c}? which is about 3 orders of magnitude smaller than correspond~
ing data at 3 GeV/c.

Our results concerning the d.c.s. at ]t|-values below 2 (C;e‘il'/c)2 ars well

described by Regge models.

In the large angle domain et higher energies one starts sensing the inner
structure of hadrons. So realistic models should, on the one hand, account
for the parton {or quark) content and the corresponding structure functions
and, on the other hand, they have to propose a c¢lear picture for the sub-
processes in parton-parten interactions. A popular candidete is found in
the constituent interchange model introduced by Blankenbecler et al. which,
in contrast to perturbative QCD, assumes that constituent {quark} inter-
change, rather than gluon exchange, is dominant in hadronic interactions.
uelitatively the CIM predictions describe our d.c.'a. distributions in a

satisfactory manner.

Considering fixed angle d.c.s. as a function of energy, our experimental
results are in agreement with the quark counting rule 5% for meson-

baryon sciattering. The exponent we found in n™p + KA is n = 8.6 ¢t .9 .

A surprisingly large and negative A and K polarization ‘wes messured in
ocur experiment in v p and Pp interactions et various energies. This

represents a clear test for theoretical modela.
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An interesting question remains unsoived concerning the existence or
absence of a backward peak in the angular distribution of Pp amnihilation
into both the Ad and the Bp final state. In this region the acceptance
was suppressed by the WAll trigger iay-out. Recently an experiment was
undertakan at CéRN {SON82] investigating the backward region in geveral
hadronic interactions. So an answer to the above gquestion may scon be

given.

In summary, our results on d.c.s. and polarization have contributed new
large angle data for exciusive hadronic processes with neutral strange
particles in the £inal state. The WAL3 experiment, reaching py values

of about 2 GeV/c, has covered the intermediate range betweéen well-known
Regge behaved laow energy data and "very" large pp experiments {pg up to
16 GeV/c) at the ISR. New experiments at high energies at the CERN Pp
collider and at high intensities at the antiproton accumuiator AA may

soan provide further interesting data in the high pq domain.
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APPENDTIX

A.l Constrained Kinematicai FPit

when testing a neutral particie hypothesis for s VO or a reaction hypo-

thesis for a 2-V0 final state, one has to satisfy energy and momentum

conservation during the fit procedure,

A description of the general fit method based on iinearization of the

constralnt equations and on the use of Lagrange multipliers in the

definition of the chisquare function can be found, for exampie, in ref.

[ BER61]).

The minimization procedure is based on the definition :

X2 = (x -x®tylix ox®) o+ 20 (X)

where X® = vectocr of n, measurements,

X = fitted vector (to be found)},

v = covariance matrix of X® ,
f(X) = ng constraint equations,
.1 = Lagrange multipliers.

For minimization, one requires :

ax?
e k= &, ny
Ixy
and
ax?
2y = A =1, ng

(A-1)

(A-2}

(-3}
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For actual calculations, the constraint functions f(X) are linearized.

Let XY be the vector found at step v. Then :

"m Iy,

= v 2 Y -
£,X) = £, (%) + jzl Ty | e (x, =x¥) (A~4)

Defining a n, =Ny datrix with elements :

af_;\
Fyi =3
Xy

the conditions expressed in eq. (A-2} and (A-3) yield a new estimate :
xex®-vrahe {&-5)
Introducing the definitions

b = £(x¥) - F{x*")x¥ {A-5)
H=rEY) vETeY

Ee=vFhxY)

we get at each step v the new result :

a = H 1 (FxYIX™ + b) (A-7}

X = x™ - Ea

The error matrix on the estimator X is :

<fxbx> = Vv - E W 1EY {A-8)

In practice it is important to choose a reasonable starting vector x°

for the fit procedure. Hormally, this is the measured value X™.



As a convergence criteria, one usually calculatea the variation of the
%2-value and/or the variation of X with respect to the previoua atep.

For exemple

2
<[5X2 (a]lz> = <[E :;—[x;; ﬁn'l] >
X

= fHx) BV £(x) < 1073
and

<(ex2 ) %>

n
—
1
¥ %

E i N

o

.}
'
——

W

st (£ - P0)V(FEY) - Foor )

< 1073 |
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A.2 o Spin Precession

The change of spin direction of a particle with constant magnetic moment

has to be considered prior to calculation of lts polarization.

1. PRECESSION IN c.m. SYSTEM

The most convenient way to evaluate the change of spin is to consider it
in the partlicle rest system, where we know the equation of motion for the

spin E' in a constant magnetic field E' from classical physics :

-+
4 u +
g D uh (A-9)

MR
the solution describes a precessjon with the Larmor frequency w' = g Y H',

#y i5 the nuclear magneton. {Notation: primed and unprimed variables refer
t
to the c.m. and the lab. system respectively, T = ; is the proper time of

the particle.) Choosing ii=C = )1, we get :

L]
w' = %r— =g uyg W {A=10)

To give an example, we get g = - 0,67 (Landé factor) for a A-particle.

Thug

@' = - 3.26 B* —HE_ (yu §n KkGauss) .
kGauss

The magnitude and the direction of 1 {c.m.5.) for a glven magnetic field

-
H (lab) foliow from the Lorentz transformation for electromagnetic fields

(see e.g. [JAC62])

By =8y (a-11)

By = v(H, - Exﬁ)




H” and HJ.. (cf. fig. A-1) dencte the components parallel and transverse to
2 =1/2

N
the directlon of motion B of the particle. (8=, y=(i-%31 ).
[+

In this case E =0.

Fig, A-1 : Magnetie field and pariicle momentum in c.m. and lab system.

Finally, we give the transformation law for the particle spin Iln a more
general approach to describe the Lorentz transformation of spin E and
magnetic field ﬁ from the lab to the c.m. system, followed by the
precession motion in the c.m.s. and, if this is wanted, the inverse
transformations can be glven by introducing 4-vectors for the particie
velocity V = (13,7) and the particle spin 5 = (;,SQ) and a 4-tensor for
the electromagnetic field. Then, the Lorentz transform for 5 reads
[HAGE3]

2
S = (3,5, = (5 +8 ?YH B .5, y<B -8 (A-12}
-+
5= (5,0) in the rest frame.

To get the inverse formule for eq. {A-il) and (aA-12), one only has to

interchange all primed and unprimed quantities and replace 3 by - E.

+ +
Thus it follows that 5' = E for vt = 0, ag S 1_§ from parity conservation.

Equation (A-12) alsc gives the direction of the particle spin in the lab
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system after considering a precession motion in the c.m.s. with the

corresponding chenge of spiln direction Ac .

2. EXPLICIT CALCULATION OF THE PRECESSION MOTION

As shown in fig. A-~1l, we choose a magnetle field B {lab) in the z-dlrection
of a Cartesian coordinate system. The angles ¢ and A determine the
direction of motion of the A-particle with momentum Pp- From equation

-+ +
(h=11}, we obtain the angle ay between H and H' :

oy = A - arctan(l'tanl]
Y

and
#' = (u? sin?x + y?n? cos2n 1?2
where
Ep
Y=
Bp
spln at T = 0
+ +
5' = §
Instead of using the ¢.m.s. coordinates {x',y',2'), we regard, for

+

convenlence, the tlme development of the spln 5' in a coordinate system
-+

(x*,y*,z%), where the z*-axis is parallel to B' and the x"-axis lies

-+ -+
in the H', 8-plane.

A rotation Ry around the z'-axis with angle ¢ and a subseguent rotation
Ry arcund the new y'-axlg with angle aytransforms (x',y',z')-coordinates

into {x*,y*,z*)-coordinates :

x* = x* cosd cosa, + y' sing cosay + 2' slnuy, (A-13)

y* = - x'sind + y' cosd
z* = - x'cosy sina, - y' sing sinay + z' cosuy

' . - + -+
( Example :  §" = RyaRy;» §' =Ry oR;* 5 for 1 =0, §* = (S:.s;,s:)].
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Thus the spin precession around the z*-sxis is simply given by the follow-
ging equations (cf. £ig. A-2}.

Sp(1) = 05 coslu't + 8) {A-14)
s;('r) = g, sinfu't + 6}

+ +
Sz(T) = Sz(T =0)

where tand = S;lT =0)/S;(T =0Q).

Ae is defined as the sngle between the spin vector S*(r =0), before pre-

-+
cession, and the vector §*(r} after precession.

Fig. A-2 : Precession in e.m.e.

The new spin vector in the (x',y',z'} c.m.s. is given by the inverse

formula of (A-13)

- -»
§'(1y = Ryl oR3! S* (1)
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3. EXAMPLE

As an example, we plotted in fig. A-3 the dependence of the change in
apin direction 8e as a function of the angles A and ¢ (see fig. A-1)
which define the direction of motlon of the A particle in the laboratery

frame.

A PRECESSION H=18 kG
p="5 GeV/c
d=1m

Pig, A-3 : &Spir precesaion of 5 GeV/e A partieles. &c 18 the change
in apin directiom.



A.3 WAl3 Elastic Reactions

This is a summary of the results for 2-prong data {BEL81) of WAl3.
Table A-1 lists the fitted parameters of the d.c.s. parametrization :

do _ . [_S_]‘“
at. F{cos8™} 5o

Events uscd
reaction ¥(0) « 10?3 n x2 |'-|c1,| Pheosn [|eoss*] « .5
Itf > Itlgen)
5 Ref,
1. pp * Bp 2.5 7.2 .8 .2 4.2 8 208
. 12 70 this exp.
. 5-19
1'. pp* pp 38 000 9.9+ 3| 19 {6 mooents) Raf.
2. 87p +Xp .58 7.3 % .7]3.3 5 Ref.
6.2 - Rel.
12 14 this exp.
20 2 Ref.
2°, kip 4+ KYp .51 7.1 0| 9 3 Ref.
12 15 thlis exp.
20 2 Ref.
2, fp » kxt 178 10.2 ¢ 3, 3.6 5 Ref.
a 2
12 i this exp.
3. vp+rp 1.8 B.1 ¢t .3]5.4 3.2 5 112
8 276 this exp.
9.15 Ref,
12 10 this exp.
20 ]
Ref.
Ery ‘ ¢
3, w'p e atp 2.65% 1.9+ .3|L.9 3.2 5 l nof.
10
12 22 this exp.
t 20 Ret.,
B . 5 ] Ref.
- = + -
3. pp# ] .24 T.41 .9 .8 1.2 fz lsl Im‘- exp.

Tablo A.1 ¢ Results from WAIJ glaptia raactions.
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