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1. I N T R O D U C T I O N 



1. I N T R O D U C T I O N 

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 i 

iTp + K0A (1) 
and 

pp + 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 region in a 

large variety of exclusive reaction channels. 

A frequent strong forward peak in the differential cross section distri­

bution and the existence of secondary dips and peaks could be described 

adequately by diffraction phenomena or by the exchange of mesons or 

baryons within the framework of Regge models. Higher energies, in 

general, are accessible in counter experiments for which we give an 

illustrative example in fig. 1-1 for the hypercharge exchange reaction 

(1) at 5 GeV/c (from ref. [WAR73J and [AST75]), the question mark sym­

bolizing the domain of interest of this thesis. 
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Pig. 1-1 : Forward peak and backvard region of the angular distribution 
of-n-p •*• A0A. 

The Regge model was also able to give predictions 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 great surprise, early results from the ISR at CERN In 1973 showed 

that the probability of producing a particle with large transverse 

momentum P7, though quite small, was actually several orders of 

magnitude higher than might have been expected on the basis of a simple 

extrapolation from small angle data. Thus, the fall-off in the 

invariant cross-section of inclusive nO production in p-p collisions 

at « • 52.7 GeV departed from the low transverse momentum exponential 

behaviour to a power law described by 

d30 

dp' P?° 

2 



with m = - (8.2 i .05) and D1, values up to *v S GeV/c (see, e.g., the 

survey of experimental results in ref. (DARBO]). 

This result stimulated fruitful "strong" interactions between theoretical 

developments and further 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 

quark model, developed in the raid-sixties. It had already been success­

ful in describing the spectroscopy of hadrons and their electromagnetic 

properties. In particular,'electroproduction in the deep inelastic 

region led Bjorken (1969) to the formulation of the scaling behaviour 

of the nucléon structure functions, F(x), with respect to the scaling 

variable 

x = , 
Pine 

where k L is the longitudinal parton momentum. Also in 1969, Feynman 

proposed the parton model, according to which a hadron, when viewed in 

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

pointlike constituents (partons). An explicit parton model assumed the 

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

As far as the above-mentioned power law behaviour of the ISR results is 

concerned, what are the predictions which can be made from the quark-

parton model ? 

If one supposes an underlying hard scattering process, as shown schema­

tically in fig. 1-2, then three ingredients [FIE77] are necessary for 

a complete description of the collision process : 

. the parton wave function, assumed to obey Bjorken scaling within 

the colliding hadrons (F), 
da 

. the scattering process describing the binary parton collision —— , 
dt 

and 

. the fragmentation function (G) of the scattered partons, where G is 

assumed to be very similar to F. 

3 



Fief. 1-2 : Hard scattering process. 

If now the par ton-par ton i n t e r a c t i o n i s assumed to be mediated via ex­

change of a photon o r a vector gluon, the i nva r i an t c ross sec t ion for 

hadron production would simply be : 

ÊÎ3 
dp : 1, P 7 U-D 

This is in clear contradiction to the experimental results. 

A remedy was proposed in 1973 by the constituent interchange model (CIM) 

of BLankenbecler, Brodsky & Gunion (see réf. [GUN73]) which predicted 

the correct P 1 dependence *• p^a . This prediction was based on the 

remark that the contribution of subprocesses such as : 

M + q M + q 

where M and q stand for meson and quark partons respectively, might be 

dominant in large P1. hadronic interactions. GLuon exchange was believed 

to be suppressed. 

But the CIM model did not only provide a description of inclusive 

processesi in their original paper, Blankenbeeler et al. gave explicit 

formulae for the.shape of the differential cross section at large angles 

and high energies for a large variety of exclusive hadronic processes. 

Their calculation led to a factorization of the following form : 

32. *, e"n -f(t/s> 
at 

(1-2) 



The consequence of this prediction is twofold t 

1. The shape of da/dt only depends on the value t/s, i.e. asymptotically 

for large s and t, on the c.m.s. scattering angle 6 . 

2. At fixed angle 8 , the differential cross section as a function of s 

should follow a simple power law. 

EXCLUSIVE _REACTIONS_ AT_ £0^ _CMS 

Riso in 1973 and independently from the CIH model Hatveev, Kuradyan S 

Tai/khelidze (see réf. [MAT73]) proposed the following form for the 

differential cross section at 90° c.m.s. which is based on dimensional 

considerations : 

32- (goo ma) „ 8-(N-2) 
dt (1-3) 

where H is the number of quarks inside the hadrons taking part in the 

collision. This Is why eq. (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 [LANT3]. 

**• 15 20 3040 6 0 B O S * I 5 20 30 40 60 80 S*-l5 EO 30 40 60 60 

• (GtìV2) 

Fitf. 1~3 : Teet of power law e ~ 1 0 for pp •*• pp. 
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One of the goals of the WA13 experiment was to compare our results with 

predictions of the kind-of eq. (1-2J and {1-3). The experiment was 

carried out at CEHN in 1978, using the Omega spectrometer at the West 

Hall. Since we took advantage of the RF separated Sl beam line of the 

SPS, relatively high K" and p beam intensities could be achieved and all 

the following reactions could be studied at beam momenta between 3 and 

12 GeV/c s 

Two-prong-reactions(*) 

TT-P -* Tt-P {3 ) 

K - p -*• K"p 

PP "*• PPf K~K+ , H - I i + 

Two-v°-react i o n s 

Ti-P + K 0 A, K 0 E 0 

pp •+ AA, AE0 + c e . 

POLARISATION^ PHENOMENA 

During analysis of the quasi-two-body reactions, which will be studied 

in this thesis, we could take advantage of the analysing power of the 

weak A-decay process in order to look for polarization phenomena. We 

will compare our results 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 reactions (3) was assured mainly by our 

colleagues at the College de France in Paris, and the corresponding 

results are described in detail in the réf. {BIL82J. 
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of helicity amplitudes. It enables one to detect non-leading amplitudes 

in the differential cross sections. The sensitivity of polarization 

phenomena as a function of s and t makes them a severe test for theore­

tical models. 

It is interesting to note results on inclusive A-production in p-p 

interactions at 400 GeV/c from an experiment at Fermilab (HEL7BJ, where 

a considerable negative A-polarization is reported which increases with 

transverse momentum p_, their maximum p^-value is ^ 2.0 GeV/c. The 

authors suggest a gluon bremsstrahlung mechanism to be responsible for 

the polarization and the high P1. of the strange quark in the A-particle. 

COULD _QCD_ RESOLVE _THE_ ^SR _PUZ£LE ? 

A final remark must be made as to recent results from inclusive v° pro­

duction at the ISR. Angelis et al. [ANG78] reported in 1978 the 

behaviour of the invariant cross section for pip values up to 16 GeV/c. 

It turned out that the pj 9 scaling law is unable to describe the data, 

constituting a serious draw-back for the CIM model as far as this P 7 

range is concerned. On the other hand, since lower powers are measured 

(typically pip > one could hope to start sensing the gluon exchange quark-

quark diagrams. This would support the idea that large P 7 hadronic 

processes can be fully understood in the framework of OjCD. Then all 

possible contributions from quark-quark, quark-gluon, and gluon-gluon 

interactions have to be taken into account [cON78]. 

The maximum P1. values in WA13 are i> 2.2 GeV/c. From Heisenberg's 

relation : 

b -P1. = R = .197 GeV/c Fermi <l-4) 

we can deduce that this p^. value 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 diffractive processes and hard scattering processes. 
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We have organised the presentation of this thesis as follows : 

In chapter 2, the reader will be made familiar with the hardware of 

our experiment, that is the Omega spectrometer itself and the labyrinth 

of electronics around it. 

Chapter 3 will look in some detail into important parts of the software 

used for the off-line event reconstruction. Kinematical fits testing 

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

In order to be able to translate the raw angular distributions obtained 

after the kinematical analysis, we need a precise knowledge of the 

geometrical acceptance of the spectrometer and of various normalization 

factors. These calculations are done in chapter 5. 

Results on differential cross sections and polarization data are presen­

ted in chapter 6, and they will be discussed and compared to theoretical 

models and to results from other experiments in chapter 7. Finally we 

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

« * « 

This is a notice for a "busy" reader : One can hurry along the different 

chapters by just reading the summarising Introductory remarks without 

losing the logical sequence of the presentation and settle down more 

quietly at sections of special interest. 

8 



2. E X P E R I M E N T A L C O N F I G U R A T I O N 



2. E X P E R I M E N T A L C O N F I G U R A T I O N 

The heart of the experimental setup for WAl3 was the Omega spectrometer 

situated in the RF separated Sl beam line in the West Ball at CERN. 

Counter experiments run at Omega can take advantage of the powerful 

magnetic field of up to 18 kGauss produced by superconducting coils 

inside a 1.5 m gap and of the geometrical acceptance of virtually 4n. 

In this chapter we shall describe the Sl beam characteristics, the 

experimental setup inside and around the Omega spectrometer including 

a special trigger chamber, and the data acquisition system which was 

designed for multiuser operation. 

2.1 Sl Beam in West Hall 

Protons accelerated to 200 GeV/c at the CERN SPS 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 selected 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 guadrupole 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 period of the experiment. Design values for an 

unseparated beam as given in [PLA76] at a beam momentum p t a h
= ~ -̂2 GeV/c 

and during SPS operation at 10 1 2 ppp (particles per pulse) were, for 

example : 

H -

200 x i o 6 

K" 

2.G x i o 6 

P 

3 x lO 6 

Hence a ratio n~/|J of about 67. 
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How this ratio coula be brought down to values which assured a high 

intensity p-beam with relatively low Tt content shall be presented 

in the next section. 

Two Cerenkov counters t2 and &3 were used for particle identification. 

As an example, we give the operational values for Piat, - - 12 GeV/c : 

£2 

C3 

HT 

1.120 JtV 

2.100 kv 

gas filling 

C02 at 3 atm 

N2 at 1.4 atm 

signature 

TI" and K-

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 definitions: 

n" = C2 • Î3 • B 

K" = 02 • ¢3 • B 

p = ¢2 • C3 • B 

R possibility to reduce the electron content of the beam without affect­

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

line where electrons lost energy due to bremsstrahlung. 

Small inefficiencies of the fi-counters and possible mieidentificatione 

had to be corrected during normalization of the results for each momen­

tum separately. 

10 
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2.2 RF-Separator 

The composition of the Sl beam after the primary target was characterized 

by an abundance, of n" particles. The RP separator was designed to enrich 

the contents of K" and p particles in the beam. Several experiments at 

Omega have taken advantage of this facility (see réf. [GRG78]) since its 

installation in 1977. 

The principle of one of the possible operation modes of the separator is 

shown in fig. 2-2 : Two cavities, each 2.74 m long,' are installed in the 

beam line and operated at a temperature of 1.80K (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 deflectors is adjusted in order to cancel the 

deflection of unwanted particles. A central beam stopper 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 2n, no separation Is possible. For instance, no separation 

is possible between p and n~ at 13.1 GeV/c. Below about 8 GeV/c and at 

high intensity, electrons represent an Important fraction of the beami 

n~/p separation must then be considered in a compromise with minimum 

electron intensity. 

As Is indicated in fig. 2-2 (b) at P l a b = - 11.7 GeV/c, we used a rela­

tive phase PHI =• 151°, which gave the following particle intensities at 

1.9 • 10 1 1 ppp on Tl : 

IT-

570 000 

K" 

250 000 

P 

750 000 

The ratio n"/p of about 0.8 shows that an excellent relative enrichment 

of p in the beam was achieved at this energy. 

12 
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Big. 2-2 : (a) Principle of AP separation. 

(b) Particle intensities as a function of RF phase. 
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2.3 (Änega Spectrometer 

For MAI3, the Omega spectrometer was equipped with spark chamber modules 

inside the magnet gap. Zn a later version (1979), the optical chambers 

and their associated stereoscopic video camera system were replaced by 

multlwire proportional chambers, the spectrometer being called 0.' since 

then. 

Superconducting magnet coils produce inside the 1.5 m gap of fl a relati­

vely homogeneous field of up to 18 kGauss. The average power consumption 

of (1 with all its cryogenics around is roughly 600 kW. For beam ener­

gies below 5 GeV/c, the magnetic field was scaled accordingly for WAl3, 

as listed in the table below t 

Plab (GeV/c) 

3.0 

3.1 

3.2 

3.3 

4.95 

7.B 

11.7 

Current (A) 

2904 

3015 

3102 

3168 

4800 

4800 

4800 

Field {kG) 

11.00 

11.42 

11.75 

12.00 

18.18 

18.18 

18.18 

Table 2-1 : Omega magnetic field. 

The (1 coordinate system will be used throughout the following chapters. 

It has the x-axis along the beam direction, the positive y-axis pointing 

to 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 P, magnet. 

For HAl3 negative incoming beam particles were deflected to the right in 

a horizontal plane, i.e. the (1 was operated with a negative magnetic 

field. 
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R photograph taken in the early days of tl ia reproduced in fig. 2-3 (a). 

One can distinguish the spark chamber modules withdrawn from the magnet 

core. Also visible 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-out for WA13 is shown in fig. 2-3 (b) 

The set of optical chambers is divided into two groups : 

. Geometry I region s 7 optical modules with spark chamber gaps per­

pendicular to the beam direction and thus detecting forward outgoing 

tracks (fig. 2-4 (a)), 

. Geometry II region : with B modules installed to left and right of 

the target (fig. 2-4 (b)). 

A minimum amount of material was used for the construction of the spark 

chambers- Thin layers of aluminum foil (25 pm) as electrode material 

and the supporting structure of a 10 gap Geometry I module correspond to 

a radiation length equivalent of Lr = 35 m. The Geometry II modules had 

only 8 gaps each and a value of Lr • 60 m. 

After event occurrence, the optical chambers are "fired" by switching 

on a high tension pulse of 12 and 13 kV. This happened only if the 

electronics trigger had decided to record this event. 

In comparison to a standard bubble chamber experiment, this technique 

has the advantage of recording only "good" event candidates. On the 

15 
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Fig. 2-4 : (a) lateral view of Geometry I epark chambers. 

(b) Front view of Geometry II spark chambers. 



other hand, the maximum number of events/burst which can be recorded Is 

limited by : 

1. beam intensity, which, in turn, had to be adapted to the memory time of 

spark chambers of about 1.5 usee (possible multi-event recordings), 

2. read-out time of spark chamber information of about 25 msec per 

event. 

The liquid hydrogen target (diameter 4 cm, length 65 cm) was surrounded 

by several scintillators which were part of the trigger system : 

. end cap EC : which vetoed charged particles in the forward direc­

tion, 

. barrel counter BC : a set of 24 scintillator slabs parallel to the 

target for multiplicity trigger information, 

. cylindrical scintillator CYL : which vetoed outgoing charged parti­

cles for 2VO events. 

Sandwiched in between the spark chamber modules more scintillators and 

multiwire proportional chambers (HWPC) were installed (see fig. 2-3 (b)): 

. two sets of MWPC's, one at the exit of the target, the other one 

in the center of ÎÎ, the "chambre à Beusch" CB, 

. 6 scintillator slabs S6 : each about 30 cm large, which were used 

to assure the up-down symmetry of events, 

. a special proportional chamber CC : consisting of 57 radial sensi­

tive sectors. This chamber will be described more precisely in the 

next subsection. 

Although we recorded the drift chamber information during a certain period 

of WA13, we did not exploit it for analysis since typical events at large 

angles had outgoing tracks which normally left the 0 spectrometer before 

they reached the drift chambers, this was the case in particular for 2v0 

triggers. In addition a Y_veto (consisting of a thin lead sheet and plas­

tic scintillator sandwich arrangement) was installed after the 6th spark 

chamber module where many tracks underwent secondary interaction. 

19 



A copper plate-plastic scintillator sandwich device of limited acceptance 

behind fl was used as fi-veto, in order to reduce final state configuration 

like K0An after p-p interaction. 

The incoming beam was defined in its position (Y1Z) at X = - 175 cm and 

angles *,$ by three MWPC Bl1 B2, and B3 constituting 7 planes of parallel 

wires with a 1 ran wire spacing. 

2.3.2 Electronics Trigger 

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

and combined in order to build the final trigger signal. 

In other words, upon consideration of coincidence, anti-coincidence, and 

correct timing of all detector signals, a decision is taken whether to 

fire the spark chambers and record the event on the data acquisition com­

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

The principle is, upon arrival of a beam particle inside Q1 to build up 

the trigger step by step by adding up information 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 : 

. RTl 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,S6) suspect an acceptable event, 

. UFT trigger level (user fast trigger) : final trigger which is 

reached upon beam identification and after decision from the logic 

of the coplanarity chamber. 

20 



TRIGGER LAYOUT 

O Ccal» 

tu F»n In 

UFT 

(Mum U..T e » ) DAC — » -

BEAM 

FINAL TRIGGER 

Fig. 2-5 : WAlZ electvonicß trigger. 
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For WRl3, two types of events were looked for : 

Ju two-prong events, i.e. two body final states and 

2. two-body reactions with 2 VO's, i.e. 4 outgoing charged par­

ticles in the final state. 

So we had in summary the following two electronic triggers : 

"2-prong" « BEAM • EC • (BC =2) • CC-logic • S6 • V6 • n • y 

"2-VO" - BEAM - E C - B C - CYL • CC-logic - S6 • n • T 

The arrival of a beam particle was defined by BEAM = Sl - S2 • S4 - V4~, i.e. 

a coincidence (and anti-coincidence) of signals from scintillators ins­

talled in the beam line before entry into the fi spectrometer. 

A speciality in WA13 was the use of a proportional chamber (CC) with nearly 

radial symmetry which assured the coplanarlty of wanted events. (Cons­

truction and tests of this chamber was one of the contributions of our 

colleagues at the Collège de France in Paris.) Its associated electronics 

supplied a positive decision signal if two opposite sectors (including 

one or two additional nearest neighbours in some configurations) were hit 

by charged particles. The list of all possible configurations of hit 

sectors, modulo a rotation of 2n/57 and 2ir/19 for 2-prong and 2-VO trigger 

respectively, is summarized in the following reference table : 

2CH/2V0 Ser. Nr. 

1 

2 

3 

4 

5 

1 

2 

3 

4 

S 

6 

7 

e 

1st 

1 

1 

1 

1 

1 

3 

3 

3 

3 

6 

3 

3 

3 

2nd 

29 

29 

28 

28 

30 

30 

6 

6 

6 

33 

9 

9 

9 

3rd 

0 

30 

0 

29 

31 

33 

30 

36 

30 

0 

33 

36 

33 

4 th 

0 

0 

0 

0 

0 

0 

0 

0 

33 

0 

0 

0 

36 

Times' 

57 

57 

57 

57 

57 

19 

19 

19 

19 

18 

19 

19 

19 

Table 2-2 : Référence table of coplanarity chamber. 



The first column labels the trigger type (1 for 2-prong, 3 for 2-VO), 

the second one gives the number of the series for a given type, the next 

four columns contain the possible hits, and the last one states how 

often this reference configuration could occur. For the 2-VO trigger, 

3 sectors each vere regrouped into one logical sector. 

A typical configuration of a 2-vO event is sketched in fig. 2-6 (a). 

Possible cross talk between neighbouring sectors was partially included 

in the choice of the above configurations. Fig. 2-6 (b) gives an idea 

of the extent of cross-talk. 

The decision logic electronics was operated according to a timesaving 

look-up procedure based on "hash coding" (or scatter storage technique, 

see réf. (BEL77J) which was designed by F. Bourgeois et al. at CEBM : 

instead of comparing the actual configuration,, say C, with all possible 

configurations stored in a look-up table T (a maximum time of 6 usee 

might have been necessary to do this !) the result, say R, of a simple 

algorithm executed upon C was used in order to read the contents C r at 

the address R in a specially arranged memorized table T r. If the con­

figuration C was equal to the reference Cr, the event was a good candi­

date. If cr = 0, the event had to be rejected. 

Conflicts were possible when the algorithm led to the same result R for 

two configurations C^ and C2. In this case, the table T r contained at 

the location R, the address of the second possible configuration C2-

Depending on the cleverness of the choice of an appropriate algorithm, 

the size of T 1 can be much smaller than the one of table T. 

With the aid of this technique, the maximum decision tine of the copla-

narity logic could be brought down to about 200 nsec. 
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Fig. 2-6 : (a) Typical topology of an event n~p -* X0A with 3 hits in 
the coplanarity chamber CC. 

(b) Crosstalk between sectors of the CC. d is the distance 
between the particle impact and the nearest edge of the 
sector. 



2.4 Data Acquisition System 

If an event oecured in the fl spectrometer and the electronics trigger 

accepted it, a fast signal (UFT) was sent to the data acquisition 

computer (DAC) in order to tell it to start its main job, that is to 

read all event information from the CAMAC crates and write it on to 

the raw data tape. 

In principle, several users could send trigger signals to the DAC. 

During WA13, however, only one further experiment was running with 

lower priority at the same time. Each user had his own small computer 

(PDP 11) for data monitoring and eventual electronics control, its 

own set of counters, and its HIH electronics, i.e. mainly ADC's (analog-

to-digital converter), scalers, and PU's (pattern units containing 

simple 1-0 information). 

A physical event which the DAC had to digest consisted of different 

types of data (fiducial events containing fiducial mark recording were 

simpler) : 

. beam counters, 

. spark chambers, 

. MWPC'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 - 800 mV into 50 Ohm, negative 

logic), and collected and structured in CAMAC crates which were read 

via CAKAC links into the DAC computer (PDP 11/40). The hardware struc­

ture, i.e. the arrangement of the CAMAC crates and their subdivision 

into branches (which may contain certain data or which may themselves 

lead to further crates) gave rise to a special event structure called 

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-

25 



fill components of the data acquisition system communicated with one 

another by sending signals indicating that they were "busy" (and could 

not receive any orders for the moment) or that they were "ready" to 

accept another task. An idea of how the system was composed is given 

in fig. 2-7. 

The following important signals had to be handled : 

USR : "user ready" : a user is normally "ready", and he declares 

himself "not ready" to the system at the' moment he sends a 

UFT trigger. He then remains "not ready" until he has re­

initialized his own electronics (NIH, CRHAC and associated 

user computer PDP-11). ' 

SVR : the system is "ready" when the DAC computer and the plumbicon 

system are "ready", and when a beam signal is present. 

The arrival of signals and the definition of resulting logic signals 

was handled in the MULTIUSERBOX (which controlled multiplexing of data 

arriving from different authorized users) and in THEBIGBOX which coor­

dinated camera operation, plumbicon read-out, and DAC interrupt control, 

i.e. it defined the system ready signal SYR. 

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

1̂ . When the system is ready an authorized user may send a fast trigger 

(UFT, - 800 mV/50 Ohm during 10 ns) . This will make the system 

"busy". 

2. The spark chambers are fired and the plumbicon information is 

collected. This takes about 16-20 ms. All event data is stored 

into a buffer. 

2- The system becomes "ready" (SYR) again when (a) all users are 

ready again, (b) the DAC computer has finished its working cycle, 

and (c] the plumbicon system is ready. 

The SYR signal is sent to the user (as indicated on fig. 2-5 in the 

lower right corner), Informing him that the next event can be taken and 

stored into the buffer. 
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Since writing «ri event on tape took more time than reading it from the 

CAMAC crates (e.g. to write a 1500 word event needed 1V 45 msec)i the 

maximal number of events recorded per beam burst was about 35 events/ 

burst. 

A number of programs were run on-line on the user computers to accumu­

late histograms of different counters, ADC's or PU's, in order to detect 

possible failures as soon as possible. One of the programs could 

visualize the data of the plurabicons and some of the trigger information 

event by event. A typical'*' example of a 2-VO candidate is given in 

fig. 2-3. 

Aa soon as the first raw data tapes were completed, checking programs 

were run on the CII computer (see fig. 2-7) for control of overall 

performance of the experiment. 

The total number of triggers recorded during the experiment and n*/p 

ratio of the Sl beam at different beam moments is given in table 2-3. 

0RGANI£ATI0N_ 0F_ THE OFF-LINE - ANALYSIS 

The off-line analysis, as described In the next chapter, was done out­

side CERN, namely for 2-prong triggers, mostly in Paris, and for the 

2-VO triggers, mainly in NeuchStel. Since the off-line programs (ROMEO) 

were too large to fit into the small computers (PDP-11, and VAX) availa­

ble in Neuchâtel itself, we were grateful to be welcomed on the CYBER 

732B of the Ecole Polytechnique Fédérale at Lausanne which could 

(*)xo be honest, this is an exceptionally beautiful example without any 

additional accidental beams, old tracks from previous events, spark 

parasites, module failures, secondary particle interactions, track 

losses between modules, and what noti all features that characterized 

most of the 2-VO triggers and made their off-line analysis somehow 

tedious and lengthy... 
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communicate with an underground remote input/output UT200 station in the 

Institut de Physique de l'Université at Neuchâtel, using a PTT line at 

4800 baud. 

Plab 

[GeV/c] 

3.0 

3.1 

3.2 

3.3 

4.95 

7.8 

11.7 

total 

# triggers 

all 

32 600 

54 G00 

79 200 

35 200 

47 700 

365 000 

465 000 

1 079 500 

2-VO 

4 600 

8 800 

9 200 

3 700 

5 200 

35 000 

85 000 

151 500 

beam 

n" : p 

4 : 1 

45 : 1 

3 : 4 

5 : 6 

Table 2-3 : WA13 events on paw data tapes. 
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3 . E V E N T R E C O N S T R U C T I O N 



3. E V E N T R E C O N S T R U C T I O N 

In this chapter, we shall follow events from raw data tapes written 

during the run of Wfil3 along their off-line analysis. 

For the reconstruction of chargea tracks and the fit of their parame­

ters, i.e. inverse momentum 1/P and angles A, + and the search for 

vO-candidates, the ROHEO program (Reconstruction of OHega 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 

Coulomb scattering errors will be important. 

Finally, the procedures, used either within ROMEO or in separate pro­

grams, for the determination and fit of VO's of neutral particles and 

of the main vertex inside the target will be discussed. 

3.1 ROMEO Pattern Recognition 

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

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

steps and of routines special to WA13. 

The main task of the pattern recognition module is to try to recognize 

track segments from the sparks recorded for the two stereoscopic views. 

This comprises : 

. fiducial mark interpolation 

. spark decoding 
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. track following 

. track matching 

. elimination of accidental beans 

. extra track finding. 

3.1.1 Fiducial Marks 

The fiducial mark system consists of 12 bars with 11 flash tubes each 

for the Geometry 1 region and of 8 bars with 5 flesh tubes in Geometry II, 

as shown in fig. 3-1. The bars which are mounted at I=Bl.65 aa, just 

above the spark chambers, are fired between two bursts of the SPS and 

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

If the camera positions and the fiducial bar coordinates are known exact­

ly, ROMEO can determine the position of a spark in the z =0 plane. 

Let Yj^ be the coordinate of the ith fiducial mark belonging to the jth 

bar, furthermore, let M̂ -i be a mean measured value of the fiducial mark 

position, as detected by the plumblcons. Then ROMEO calculates correc­

tion coefficients An,ii = 0..5.for Geometry I and Bj.,k = 0,.3;for Geometry 

II by adjusting a polynomial of order 5 and 3 respectively on the 

measured coordinates : 

I An Hij (Geometry I) (3-1) H j ** L "n nij 
n 

Yij " Ï ^ Mij {Geometry II) 
k 

These two equations resolve two problems at a time ; 

1^. the transformation from the plumbicon coordinate system (measurement 

(H1J)) to the XY-plane coordinates (Yij) and 

2. the correction of distortions in the plumblcons and their associated 

electronics. In fact, as all fiducial marks on one bar are perfectly 

aligned in a straight line, all coefficients in eq. (3-1) except A0, A 1 

and B , B should vanish. 
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If the coordinates of a spark inside an optical module have to be deter-

alned, a linear interpolation between the coefficients of adjacent bars 

is used to calculate the correction coefficients for this individual 

spark. Therefore, it is no surprise that these operations, though very 

simplet require a considerable part of the CPU time of an event. 

3.1.2 Track Finding 

Prom the procedure described above, to each spark two pairs of coordi­

nates (X1Yi)
 a n d (X,Yj) are assigned for view 1 and view 2 respectively, 

the X-value being known from the gap number in which the spark was 

detected. Each gap is viewed by two cameras in order to obtain a 

stereoscopic view of the sparks. The correspondence of view M to camera 

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

Camera H 

0 - 2 - 4 

1 - 3 - 5 

Geometry I 

6 

7 

I I 

View H 

1 

2 

Now ROMEO has to attack the difficult task of deciding which subset of 

sparks may constitute a physical track, fln especially timesaving pro­

cedure was developed at CERN by F. Bourgeois et al. (8OU70]. So-called 

track segments are established separately for the two views. The search 

is done in odd (or even) numbered gaps alone for a start. Thus, stagger­

ing effects can be treated later. 

Controlled by the steering routine FTRACK, tracks are followed from the 

last module in Geometry I towards the target and from the innermost 

modules in Geometry II away from the target (cf. fig. 2-3). Starting 
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trials look for 3 consecutive successful associations in order to open 

a new track bank or, in the case of 2 consecutive failed associations, 

to give up the attempt. A set of sparks can be considered as a track 

segment if there are 3 sparks, and the distance between any two conse­

cutive sparks is not greater than two (double) gaps. In addition, an 

upper limit on the angle of a straight line between two sparks and the 

normal to the spark chamber gaps has to be respected. 

•Oie criteria to accept or reject the association of further sparks 

depends on the predictions and tolerances calculated by the fit of a 

curve on the set of the last found sparks : 4 last for a circle, 3 last 

for a parabola, 2 IaBt for a straight line. 

When the last gap is reached, the track segments are followed backwards 

(subroutine 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 both views. 

Next the segments found are used to search systematically for sparks in 

gaps with the complementary parity. As will be explained in more detail 

in the next subsection, the "staggering", I.e. the displacement of a 

spark in a gap of given parity with respect to the neighbouring sparks 

in gaps with different parity, can be computed as : 

Aï s t - O0 + O1 tana (3-2) 

where O 0 and Oj are constants and tana is 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 

routine TRCOMP. 

After elimination of accidental beam tracks in the routine ACBEAM on 

the basis of momentum estimates 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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finally, some non-matched segments or isolated sparks may be left over 

which could belong to tracks that are strongly curved or which were lost 

while "bridging" between Geometry I and II. The routines XTPIHD and 

XTLINK assure this job of extra track finding. 

All track coordinates written on to the output record are given in 

the z -0 projection of the Omega coordinate system without any correc­

tion for staggering so far. 

3.1.3 Staggering Corrections 

A clearing field (of the order of some 100 V) is applied to the spark 

chamber gaps in such a way that its direction is opposite in neighbouring 

gaps. Hence the Lorent« force will lead to opposite spark displacements 

during the time interval between the passage of an ionising particle and 

the firing of the modules (high tension of 13 kV and 12 kV for Geometry I 

and II respectively). In fig. 3-2, examples of the staggering effect 

are .illustrated for an "old" track, which might belong to the previous 

event, and for a "young" track, normally an accidental beam particle 

which traversed the detector during its memory time. 

" d d " track 

even! Irnch 

young !rack 

* clearing field 

j ^ ~ — = alu foils 

1=-1.5 ^s 

memory lime 1 

[^- tOO ns 

delay lime ) 

Fig, 3-2 : Staggering effect in spark ahambers. 
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Fig. 3-3 : Staggering in Geometry I modules. "ïoung" beam tracks 
produced the peak near zero. 
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Since the negative field of the spectrometer magnet was changed for 

different beam moments during the run of WAl3, we had to determine 

different sets of parameters O0 and Oj for eq. (3-2). This is done 

by setting all staggering values to zero and calculating the difference 

a • Y] - Y 2 " 2 * AYst of two consecutive sparks. An example of the 

distribution of A In spark chamber modules of Geometry I is given in 

fig. 3-3. 

The contribution from "young" accidental beam tracks is clearly visible 

at A = 0.1 cm. The following values are an example for the constants 

in the expression AYgf = O 0 +Oj tana used at 4.95 GeV/c with 18 kG 

magnetic field : 

0 O 

0 I 

Geometry I 

0 . 2 5 

0 . 0 6 

I I 

0 . 3 5 

0 . 0 3 

cm 

cm 

3.2 Romeo Geometry 

This part of ROMEO will establish the track parameters (l/p,A,$) and 

search for VO candidates. 

At this stage, not only the spark chamber information, i.e. the track 

segments found for both stereoscopic views in the pattern recognition 

part, but also the wire chamber data is exploited for the determination 

of the beam momentum and for the rejection of out-of-time tracks. As 

will be described in section 3.3, several experiment-dependent calibra­

tion constants are needed which can only be determined accurately once 

the geometry part has been executed using default values. 
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The flow chart in fig. 3-4 gives an idea of the structure of the ROMBO 

geometry part. 

STftRT 

GMAZN 

main control routine 

DECEVT 

decode P/R information 

TRACKS 

control routine for track 

reconstruction 

BEAM 

beam parameters 

VERTEX 

steering routine for 

VO search 

RGOUT 

output of geometry 

EHD 

GEOME 

tracks in space 

SQUINT 

quintic spline fit 

CIRCUS 

intersection of circles 

EXPOL 

vertex fit 

VMASS 

test neutral particle 

mass 

Fig. 3-4 : Flowchart of FOMEO Geometry. 
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Nov let us look at some Important steps in more detail. 

A. SPACE POINTS 

Prom pattern recognition one has obtained two coordinate pairs : (X,VTj) 

and (X,Y2) for the 2 views. In order to reconstruct the corresponding 

space point (x,y,z), one simply has to resolve the following set of 

linear equations representing the "light rays" (see fig. 3-5) : 

XZ projection : X - Xci + (x -Xcl) * rz 

with rz = ZC/(ZC -z) 

YZ projection t Yi - Ycl + (y-Yci) * rz 

Y2 - Yc2 + (y-Yc2) * rz 

The position of the cameras is denoted (XC,YC,ZC). 

(3-3) 

CAM 2 

© 
iy„.zci 

h\ hJ 

' V p - 2 P 1 

Z 

CAM1 

C+) 
Ad-zc 

y 

Spark 

Fig. $~S : "Light rays" between epark and cameras. 
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fi small correction term has to be Introduced into eq. (3-3) in order to 

account for the glass plate installed on top of the spark chamber modules. 

All calculations are done in the subroutine GBOHE. 

B. Track Parameters 

From ali space points belonging to a track, one can now calculate in a 

first approximation the track parameters (l/po»X0'*o*
 o t t n e f i r s t 

measured point (A,B,C). The momentum p 0 is calculated from the radius 

P0 of a circle which can be adjusted on to the XY-projection of the 

track : 

P0 - Po * cosXo/(.0003 • B2.) (3-4) 

where XQ is the dip angle (p0 in GeV/c, p In cm, B in kGauss). X can 

be calculated by adjusting a straight line on to the ZX-projection : 

C + xtanX0 with tan X0 = tan X0 cos$0 (3-5) 

Finally, the polar angle $ represents the tangent to the circle at the 

first measured point. 

The parameters tl/p0,A0» 0̂.) are used as starting values in a quintic 

spline fit (routine FITPLF). As will be discussed in more detail in 

section 4.3 on error treatment In ROMBO, this fit leads to the final 

track parameters s 

U/p,X,*,A,B). 
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3.3 Calibration For WA13 

The Omega detector consists of different groups of chambers which are 

read for each event trigger : 

. spark chambers of Geometry I 

. spark chambers of Geometry II 

. drift chambers (not used for WAt3) 

. MWPC inside Omega 

. MWPC fot beam. 

During the calibration procedure, one has to find the accurate positions 

of all modules and wire chambers 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 I). For WA13, 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]). 

-In order to adjust the spatial relative position of the spark chamber 

modules themselves, we have analysed tapes which contain recordingsof 

straight wires. 

3.3.1 Straight Wire Data 

It has been found that, in spite of using fiducial mark information, 

ROMEO calculates points in space which may deviate slightly from the 

actual spark positions. 

Our aim is to correct the Y and Z positions of each spark chamber gap 

independently for the Geometry I modules. This means finding the 

correction coefficients which have to be applied before a track fit is 

done in the geometry part of ROMEO. Straight wire data offers a 

solution to this problem. 
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There are 6 wires mounted in Onega just above the spark chamber modules 

of Geometry I. By varying a capacitance, the wires are illuminated with 

different intensities of light from flash tubes. Thus, the plumblcon 

system will detect all different spark intensities (0,1,2...7), and an 

event will be recorded where the straight wires are treated as normal 

tracks in the z =0 plane. 

On reconstruction of these events, ROMEO (in a special version) normally 

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 corrections : compensate the effect that the spark position 

(in Y), detected by the plumblcon system, depends on the spark 

intensity. 

. Distortion corrections : compensate the deviation of the straight 

wire data from straight lines by correcting the Y-position of sparks 

for each Geometry I region (corresponding to a certain wire), for 

each view, and for each gap independently. 

He have checked the influence of corrections from the straight wire data 

analysis for different magnetic field values by applying them to beam 

tracks at various energies. The result on a straight wire Itself is 

illustrated for one example in fig. 3-6. The reconstructed wire has 

become "really straight" after applying full field slewing and distortion 

corrections. 

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

time of WA13, drift effects in the plumblcon electronical (and mechani­

cal) system should be taken into account. Unfortunately, this could 

not be verified 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 recorded 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 calibration J 

. calibration of beam momentum Pi 0 0 

. calibration of Ï and Z positions of bean chambers B1-B3. 

First, the beam momentum, as determined by ROMEO, was compared to the 

value of the EA spectrometer situated far upstream in the Sl beam line. 

It consists of a set of MWPC. Only for a certain number of events 

(abour 50-70%, according to beam momentum) could the value of Pxab D e 

determined since one required non-ambiguous hits in at least 3 planes. 

The resulting distribution defined the default value for the remaining 

events. 

Furthermore, by comparison of the Plab-distribution from the EA spectro­

meter and the one obtained from ROMEO, we detected a slight displacement 

of the first spark chamber module of the Geometry I region in the X 

direction. 

In order to calibrate the position (Ï and Z) 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 (Y,¢) and (Z,X) 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 fit from the other single hits was used, 

and the fitting process was repeated including this new point. 

Typical distributions for the beam momentum P l a b and the angles \,$ 

are shown in fig. 3-7. 

The FHHM value of the beam momentum distribution for P l a b =3.1 GeV/c 

was : 

FWHH (PlaD) " - 1 0 4 GeV/c 

which corresponds to a momentum resolution of : 

AP/P (nom) o 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 A distribution in fig. 3-7 (b) reflects the wire 

spacing of 1 mm of the beam chambers. The angular precision is typi­

cally s 

AX « A$ • -6 inrad. 

Considering the distance between the first beam chamber and the center 

of the target, this corresponds to a possible maximal beam displacement 

of AY s AZ e 1.5 mm. 
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3.3.3 Alignment of Geometry II 

A crucial region of the Omega spectrometer for the detection of 2V0 event 

triggers is the Geometry II spark chamber modules. Consider, for example, 

a K0A or an AA final state, where the relatively slow A particle will 

disintegrate into even slower charged particles which have a good chance 

of travelling, at least partially, through this region. The importance 

of these modules is underlined by the fact that without the Geometry II 

information we would have lost as much as 65% of the 2VO candidates at 

3.1 GeV/c. 

We have checked the positions in the Y and Z directions (measured in the 

Omega coordinate system) by first reconstructing tracks in Geometry I 

modules olone, then extrapolating them into the Geometry n region, and 

finally comparing the spark coordinate predictions with those actually 

found. It was quite a surprise to realize that each of the 8 modules had 

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

The Y positions of the modules, as indicated by the survey measurements 

of Omega, proved to be correct. 

The corrections introduced into ROMEO were checked by looking at the 

track residuals R, and R^ after the quintic spline fit (where 

*y " Yspark * Yfit a n d Rz = zspark ~ zfit1" F r o m fi^' 3" 8 o n e c a n s e e 

that the resulting distributions are well centered. 

As an additional result, we can deduce from fig. 3-8 the spatial reso­

lution of the reconstruction of tracks in ROMEO : 

0Z 
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2 . 2 
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una 
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Fig. 3~8 : Residuals after spline fit in (a) ^-direction and (b) 
Z-direation for Geometry IX and I modules. The widths 
of the distributions indicate the spatial resolutions 
of track measurements. 
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3.4 Error Treatment in ROMEO 

During pattern recognition in ROKEO a weight is assigned 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 systems, i.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 X) calculated during execution of the geometry 

part of ROMEO. 

3.4.1 Spark Errors 

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

ponding error matrices have to be considered IT0W76] : 

. fluctuation errors o f 

. measurement errors o_. 

A. SPARK _FLUCTUATION_ ERROR 

The fluctuation error o f represents a displacement of the spark seen by 

the cameras from the actual position of the track. The approximation in 

ROMEO is to assume that the fluctuation introduces an error in the X 

position of the space point (ïp,Zp>. There is probably also a 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 fluctuation only is : 

WV " I ' <3~61 

0 0 ' 
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The effect of the fluctuation on the measurements Yi and Y2 (view 1 and 

view 2 respectively) is obtained by transforming Ej = Ef(Yp,Zp) to the 

error matrix E 2 = Ef(Yj1Y2) using the general error transformation 

equation 

E 2 = R E 1R' (3-7) 

H Is the derivative matrix (Jacob!) of the transformation TR of the 

variables (Yp,z_) > (Yj(Y2) at a given value X. Rfc is the transpose 

of R : 

OY1 AY1 

HY^ dZ^ 

(3-8) 
dY2 dY2 

dYp" dZp" 

The transformation TR Is given by the equation (3-3) of the light rays 

(see fig. 3-5) : 

Y1 = Yc, + <Yp -Yci) • (Zc/ (Zc-Zp)) 

(3-3) 

Y2 = Y c 2 + (Yp-Y02) * (Zc/ (Zc-Zp)) 

where (Ycl,Zc) and (Yc2,zc) are the positions of camera 1 and 2, respec­

tively. 

Applying eq. (3-7) the fluctuation error matrix, we get : 

;2 SZ 

Ef(Y11Y2) « \ I I] (3-9) 

where S f = af * <zc/(Zc -Z p)). 

It 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 Y1 and Y2 are Oi and O2, respectively. They 

are uncorrelated. The full error matrix E(Y11Y2) is the sum of 

fluctuation and measurement errors : 

E(Y,,Y2) 
of +S 

OS +S 

(3-10) 

Using the inverse of transformation (3-3) (light rays), one can now 

calculate the error matrix E(Yp,Zp) on the space points. The weights 

Wy,Mj1,Wyz used in ROMEO are obtained by inversion of the error matrix ; 

"<VV " 
"y Wyz 

"yz 

= E-1^Zp) (3-11) 

C. ROMEO „VALUES _FOR_ SPARK _ERRORS 

The values for the input errors O],O2 used in ROMEO are different for 

the three categories of tracks : 

paired tracks : FLAG = 1 O1 = .04/Jl 1=1,2 

unpaired tracks : 0 .04 

un-matched tracks ; -1 -04 * (1.+2.»STEP) 

where STEP = interpolation 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 MA13, we have used the values : 

NMINPR = NMINCR = 8 
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The fluctuation error of has two parts : oa = angle independent and 

° D = dependent on the angle $ of the track w.r.t. the normal to the 

spark chamber gap : 

ï£ * •** (3-12) 

The values used In ROMEO are : 

oa = .018 cm 

ob = .170 era. 

From these values one can see that the angle-dependent contribution Ow 

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 n~ 

particle from a A-decay of a K0A final state, the A itself being 

already slow with respect to the K0. This is one of the reasons why 

the reconstruction efficiency for A's is rather poor, as we shall see 

in section A. 

3.4.2 Track Errors After Spline Fit 

A. ERRORS_ 0N_ SPLINE- FIT _PARAMETERS 

For each track, a qulntic spline fit is done in the routine SPHINX in 

order to adjust the following parametrization of the track in the XY 

and XZ projections [WIN74J : 

Y1 = R1 + A2 * X1 + D * YY(X1) 
(3-13) 

Z1 = B1 + B2 * X1 + D * ZZ(X1) 

where Aj,Bj are the positiomand A2,B2 are the directioniof the track 

at X1 = X1. YY(X1) and ZZ(X1) 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 obtains the 5*5 error matrix for the 

variables 

(A, A2 D B1 B2) 

which i s s tored in the t rack bank of the ROMEO output . 

B. TRAMSFORMATION (A1 ,A2 , 0 , B 1 ,B2) — ^ j}l? l} ±*J?1?L 

A convenient way to cha rac t e r i ze a t rack i s t o choose i t s kinematic 

var iab les a t X=X1 of the f i r s t measured poin t : 

U/p \ <fr ï Z) 

The transformation between the two sets of variables mentioned above is 

the following : 

1/p - - D/.000299B (3-14) 

A = arctan(B2/A. + A | ) 

4> • a re tan (A2) 

Y = A1 +B 2 "X1 

Z - B j +B 2 *X] 

The 3x3 error matrix on the reduced set of kinematic variables 

(l/P,A,i) is calculated by applying, once again, the general error 

transformation formula (3-7) with i 5"3 Jacobi matrix. 
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C. "EXTERNAL ERRORS" 

Up to now, the track error matrix was established on the grounds of 

Individual spark errors alone. An alternative approach can be chosen 

once the geometrical track parameters like curvature p (in the XY 

projection plane), dip angle A, polar angle ¢, number of points NPT, 

and track length L are known, A reasonable estimation of the spark 

measurement error o 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] : 

U(F) » 3.5 0//NPT (3-15) 

The errors on l/p,X, and 4> are the same as used in the GRIND program 

[GRI68] and read as follows : 

Ml/p) 

AA 

A* 

Ö 

= 

= 

28 

21 

L 
2 

0 / ( /OFT LZ COS2A) 

0 cosX/{L /NPT) 

sosA * AU/p) 

(3-16) 

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

between i/p and $ : 

= a - L cosA/(2p), L « p (3-17) 

In addition, eq. (3-17) yields the (negative) correlation term between 

the errors on 1/p and $ : 

A(l/p,iJ>) = -.5 L cosA A2(l/p) (3-18) 

whereas the other correlation terms A(l/p,A) and A(A,¢) are vanishing. 
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Fig. 3-9 : Xï-projection of a track. 

D. EXWlPLE _0F _NUMERICAL__ VALUES 

The following t a b l e 3-1 compares the "ex te rna l " e r r o r s from eq. (3-16) 

with the e r r o r s , as ca lcu la ted in ROHEO for Wftl3 for a p o s i t i v e low 

momentum t rack and a negat ive medium momentum track from an event a t 

3.0 GeV/c beam : (BV 4402 906) 

P 

-251 

(GeV/c) 

-1.632 

(GeV/c) 

NPT 

11 

32 

AU/P) 

AX 

A* 

M1/P,X) 

Ml/P,*> 

Ml/P) 

AX 

Af 

A(1/P,X) 

Ml/P,*) 

external 

errors 

.0247 

.0058 

.0031 

-.7E-4 

.0013 

.0008 

.0005 

-.6E-6 

ROMEO 

errors 

.0964 

.0051 

.0126 

--98E-S 

-.12E-2 

.0025 

.0004 

.0006 

-34E-7 

.27E-6 

[1/GeV/c] 

I rad J 

I rad] 

(= 2%) 

<= 98%) 

(» 1%) 

{- 18%) 

Table Z-I : Track errors. 
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The comparison shows that occasionally the error formulas {3-16) under­

estimate the errors on the track parameters - if we assume that the 

ROMEO errors are reasonably well established. The correlation between 

1/p and X, which is neglected by the "external" errors, is in fact very 

!small. 

Rn 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 is : 

A p / p = 1% 

' ' • I I ' • ' I i 

30 20 10 0 0 100 200 

N - - I t cm ] — 

Fig. 3-10 : BOMEO error calculation on momentum p. 
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3.5 Multiple Scattering Errors 

The charged particles from strange particle decays undergo multiple 

independent Coulomb scatterings while travelling through the detector 

volume. This is also true for the beam particle during its passage 

through liquid hydrogen inside the target. 

Multiple scattering gives an additive contribution to the error matrix 

on the set of variables (A1 A2 D Bi B2) in the ROMEO output. The 

geometrical track pararneterB themselves are not changed. 

A. MULTIPLE_ SCATTERING_ ANGLE 

For small-angle scattering, the projected (plane) distribution is of 

Gaussian form [JAC62]. The dispersion of the plane angle (see fig; 

3-11) is approximately (REV80] : 

Û8 « K • /L/Lr with K = -014/(Pß) (3-19) 

L/Lr is the thickness, In radiation lengths Lr, of the scattering medium. 

For WAl3, this consists mainly o£ the spark chamber volume (Lr = 3500 cm)', 

eventually the coplanarity chamber and S6/V6 (Lr = 40 cm). For the 

beam, the density of the liquid hydrogen is important ; L r = 890 cm. 

Fig. 3-11 : Multiple scattering angle. 
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For the evaluation of the multiple scattering errors w.r.t. the track 

parameters (1/p, A, <>> we used the same formulae as derived in the 

analysis of the beam dump experiment at CERN [ROM80] : 

A2 (1/p) - v 1 . * Aze (3-20) 
3 (LcOs2Ar 

A2A = ~ * U2E 

b COS^A 

The correlation terms A(A,¢) and A(l/p,A) can be neglected, whereas 

the relation between $ and 1/p was already illustrated in fig. 3-9 

and analytically given in eq. (3-17). 

This yields a (negative) covariance term : 

A{l/p,*> - - I * ^ - *A28 (3-21) 
5 L cosJA 

B. FULL_ ERBOR _MATRIX _FOR_ llZPj.*j.*xyizl 

First, the multiple scattering errors on (l/p,A,$) will be transformed 

into those for (1/P,A,$). Then, errors on Y and Z are discussed. 

The transformation between the "geometrical" and the "kinematical" 

variables Is given by (o in cm, Bz in kG, P in GeV/c) : 

cos* * p = const * Bz * p (3-22) 

We use it to calculate the derivative matrix (const = .0002998) : 

- tan A 
P 
1 
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One can see that for tracks with small dip angle X and/or large momen­

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

with the matrix transformation B 

derive the new quantities : 

kin D E 
geom 

Dc (cf. eg. (3-7)), we 

A2UZp) = 

A2X 

A2* 

Ml /p .X) = 

AUZp.*) = 

cosA/(const * B z ) z * A2UZp) + 

i"' 

f-V2e 
D COS*X 

tanX -2 , , P A 2 M / O ) 
P p3tanX 

0 3 S * ft M In ,11 
const • B 

1""1M ^ A 2 X 
I P I 

(3-23) 

One should notice that the influence of variations ABZ of the vertical 

component of the magnetic field are sufficiently small, compared to the 

other errors, so they are dropped/ Rs for the correlation between lZP 

and X, it 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 errors, which Increase along the track, influence 

the determination of the track parameters during the spline fit. Tracks 

which cross an Important amount of material in between the spark chamber 

modules may even have been cut into two segments by the reconstruction 

program due to sufficiently large deviations in space. The track para­

meters in these cases could be improved by combining the track fits on 

the two separate segments. 

Obviously the charged tracks have undergone some multiple Coulomb 

scattering already between the vertex of a VO and the first measured 

space point. 

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

points. In general, however, x is very small w.r.t. Lr-
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Referring to the track parametrization used by Beusch (BEU8LJ the follow­

ing variances and co-variances can be deduced : 

A JiI-L A2Y » K2 T= V (3-24) 
3Lr cos*$ 

A2Z 
3Lr COS

2X 

A(Y,*> = K2 £- -±r 2L- cosX 

, X2 

A(Z1A) = K
2 ~ 

2Lr 

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

C. NUMERICAL „VALUES 

The following table 3-2 gives an idea about the order of magnitude of 

what was derived above. Two charged tracks, a n and an p from .an A 

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

The errors due to multiple scattering on (l/p,X,it) are surprisingly large 

w.r.t. the measurement errors, especially for the second track. This Is 

because it is a rather long track which also passes through the scintilla­

tor SG/V6. The additional errors on Y and Z are negligible in both cases, 

as can be expected for secondary tracks from a VO. 

In the scatter plot of fig. 3-12, the multiple 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 contribution from the spark chamber volume, followed 

by the influence of the coplanarity chamber, and finally the scintillator 

S6. In general, if compared to the fluctuation and measurement errors, 

multiple scattering errors are most important for long tracks. 
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T+ track 

nom. p .251 GeV/c 

flag 0 

NPT 11 

L 80.5 cm 

L/Lr .027 

p-track 

nom. p -1.632 GeV/c 

flag 1 

NPT 32 

L 258.7 cm 

Whx .200 

measurement multiple 

errors scattering 

A(l/p) .0964 .0017 

AX .0051 .0053 

Ä* .0126 .0037 

AY .061 .006 

AZ .260 .006 

A(l/p,X) -.14E-4 

A(l/p,*) -.54E-4 

A(Y,*) --11E-3 .60E-5 

A(Z,X> -.13E-2 .50E-5 

measurement multiple 
errors scattering 

A(l/p) .0025 .0055 

AX .0004 .0022 

A* .0006 .0016 

AY .028 .001 

AZ . 070 .001 

AU/p,X) .34E-7 

AU/P,*) .27E-6 

A(Y,*) --12B-4 .40E-7 

A(Z1X) -.16E-5 .35B-7 

Table 3-2 : Multiple scattering errors. 
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Fig. 3-12 : Relative error on momentum p as a function of track length h 
due to multiple Coulomb scattering. 

Before the above errors can finally be Introduced into the ROMEO track 

bank, we have to transform them into errors w.r.t. to the set of varia­

bles (Al,A2,D,Bl,B2). This procedure uses the inversion of eq. (3-14) 

and, as usual, eq. (3-7). 
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3.6 Vertex Reconstruction 

In the case of a 2-VO trigger, we look for one or two track pairs which 

may constitute a K0, A, or Ä. BOMEO has. very weak rejection criteria 

for VO's, e.g. e+e~ pairs are easily accepted. Hence often different 

track assignments are possible which may lead to different geometry 

blocks in the output record. These ambiguities have to be resolved Later 

on during the kineraatical analysis. 

In section 3.6.1 we describe the way in which a reasonably well esta­

blished vertex is calculated for each VO candidate in the ROMEO subrou­

tine EXPOL [DUF761-

As far as the errors on the vertex coordinates (xv,yv,zv) are concerned 

ROMEO only calculates a 3 *3 error matrix. Obvious correlations with 

the kinematical variables (l/p,A,$} for each track are ignored. 

ft vertex fit using the full 5 x 5 error matrix for each track is done 

with the program VTXFIT [BIL82] described in the following section 

3.6.2. In this case, additional errors due to multiple scattering 

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

3.6.1 ROMEO Vertex Fit 

The method used in EXPOL to find a vertex <xv,yv,zv) is described in 

(DUF76J which in turn uses the general fit procedure as described by 

P. Mühlemann [MÛH70]. 

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

proceeds as follows : 

1) First we choose a starting value xÇ for the x-coordinate of the 

vertex and compute the track Intersections with the plane 

x = const. = x° and the tangents to the tracks at these points. 

That is, we evaluate the constants a,, b, (i = 1,2, ...2n) which 
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represent the tangents to the tracks (cf. the track parametrization 

in eq. 3-13) t 

y » A1X +bj (3-25) 

z » a2X
 + ^ 2 

y i a3x + b 3 

z - a2nx + b 2 n 

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 vertex (x£,y£,zj) - X1 . 

3) Replacing x<J by x v, we compute again intersection coordinates and 

tangents, in other words, new constants a.fb<. 

4) The point of closest approach of the tangents gives the second vertex 

approximation ( X ^ V J . E J ) . 

5) Repeating this iteration process, we usually reach convergence after 

3-5 steps. 

4. MATRIX- METHOD 

To find the point of closest approach of the n tracks, we have to mini­

mize the righthand side of the 2n equations with residuals r|,r2, ...T2n 

al*v + bj - yv - T 1 (3-26) 

BjX^ + b2 - 4 - T2 

*3*v + b3 - yJ - r3 

0Zn11V+ bn " s v " r2n 
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Using matrix notation, we have 

A X1 + B = B 

and we can immediately formulate the weighted least squares condition : 

X2 = Rfc WR = (A X1 +B) t W(A X1 +B) = minimum (3-27) 

which corresponds to : 

,,,2 
~ = 0 or h*- H(A X1 +B) - 0 (3-28) 
dX1 

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

errors on the vertex coordinates : 

W = E"1 

The improved vertex v e c t o r - i s now : 

X1 = - (AfcWA)rl A11WB (3-29) 

and the statistical error on X1 is given by the error matrix 

E(X1) = (Afc WA)"1 (3-30) 

B. £5TARTING_ 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 stereoscopic view sepa­

rately. 
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2. Choose the correct intersection (xv,yv) by checking the correspond­

ing z° values. 

3_. Reject VO candidates for which the sun of the (reversed) momentum 

vectors does not point towards the target. 

After the fit, we obtain a 3 *3 error matrix on the vertex coordinates 

(x^VypZ^). The track parameters (l/p,X,$) are not changed during this 

procedure. 

In order to check whether ROMEO has missed any VO's, a subsequent program 

VZERO**) searched for VO candidates among the so-called extra tracks 

which ROMEO had not assigned to a VO beforehand. 

3.6.2 Vertex Fit With Full Error Matrix 

After the passage of ROMEO, a refined vertex fit can be done with the 

program VTXFIT, taking into account the full 5 x5 error matrix for each 

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

(AJ A2 D B1 B2) ROMEO OUTPUT 

(1/p X $ Y Z) AT FIRST POINT 

(Y Z A B 1/p) PROPAGATED NEAR VERTEX 

The transformation between the first two sets was already given in 

section 3.4.2 (see eq. (3-14)). In the last set, we use the definitions 

A = Py/pz and B = pz/px. Thus, the last two sets of variables transform 

into each other by : 

A = tan* (3-31) 

B = tanX • /l +tan2 

He are grateful to Mr. Baubillier. Paris, for transmitting the 

VZERO 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 x° which is given (as 

a good first estimate) by ROTlEO. For the extrapolation, the tracks are 

parametrized by a helix of the following form : 

X 

Y 

Z 

= 

-
ts 

X 

Y 

Z 

+ 

+ 

+ 

P 

P 
S 

4 

* 

* 

(cosß -

(sinß -

P * (ß 

cosß0) 

sinßQ) 

-B0) ' tan* 

where S is the geometrical sign of the track and ç is given by : 

cosA * P = .000299B * B z * P (3-22) 

and ß = * - ^ ~ (see fig. 3-13) . 

Fig. 3-13 : Helix cavarnetvization. 
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Actually the trac* extrapolation is calculated using the routine RKUTAS 

[WIL74]. For the error determination at the propagated point, the 

helix parametrination formulae and their derivatives are used, applying, 

as usual, the error transformation formula eq. (3-7). 

The 5 variables x^ adjusted by VTXFIT are (l/p,A,$,Y,Z) for each charged 

track. In principle, an iteration scheme is used to minimize the Xz-

value defined by : 

, f m. , f m. 

x2 = <*!-*!>'»J - V (3-33) 

It is usually sufficient to leave the iteration loop after the first 

pass. 

Rs result of the fit a 9*9 covariance matrix is written on to the output 

record for the 9 variables ; 

{X Y Z 1/Pl A1 B] l/p2 A 2 B2) 

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. 

As an example, we give the probability distribution of fig, 3-14 which 

was obtained for VO's belonging to events with at least two VO-candidates 

found by ROMEO. 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 ROMEO and the multiple scattering errors 

are quite good. 
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Fig. Z-Î4 : Probability distribution after the vertex fit of single 
VO'a in 2VO event candidates. 
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3.7 Apex Fit 

Once a first estimate is found for the main vertex <= apex) inside the 

hydrogen target and after correction of the beam momentum for eventual 

energy losses, the fit program described in the preceeding section can 

be applied. 

A'. FIRST _APEX ^ESTIMATE 

Up to now, ROMEO and the subsequent vertex fitting program have established 

one or two VO*s with momentum pvo - P1 +P2, where P1 and p2 are the momenta 

of the corresponding charged tracks. Extrapolating in the direction - p v o 

towards the target yields one (or two) points Pj of closest approach (see 

fig. 3-15) with respect to the target axis at positions Xj, j =1,2. 

Next the beam is extrapolated from the beginning of the target until the 

mean value x = (X1 +x2)/2, using the RKUTAS subroutine. This extrapolated 

point AQ(x, Ybeara.
 z
Dean)) proved to be a good first extiraate for the apex 

position. 

Pig. 3-1S : First apex estimate A0 from tHe pointe of nearest approach 
P1 and P2. 
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If a point PJ of nearest approach lies too far outside the target w.r.t. 

the errors on the x,y,z-coordinates, this VO either does not belong to 

the event or does not represent a neutral particle, and hence the VO is 

dropped. 

B. ENERGY_ L0SS_ CORRECTIONS 

According to the distance which the beam particle travelled through the 

hydrogen target prior to the collision with a proton, a suitable correct­

ion for the energy loss due to electromagnetic interaction must be 

included. From bubble chamber experiments, Garbincius and Hyman [GAR70] 

have found : 

dE/dx = .26 MeV/cra (3-34) 

for p(n") > 200 MeV/c and p(pl > 1300 MeV/c. This value corresponds to 

an average ionization potential for H2 of I = 20 eV. 

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

thus {pH = .071 g/cm3) : 

ÛEmax D 1 9 H e V' c' 

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

7.8 GeV/c respectively. 
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C. ERROR _PROPAGATION_ FOR _V0*8 

The VTXFIT program which we used for the apex fit needs a 5 K 5 error 

matrix on the variables (Y Z A B l/p) for each track, that is the 

neutral VO "tracks" and the beam track. For the neutral tracks, we can 

use the information of the "global1' error matrix on the variables 

(X y Z Aj BJ 1/P1 A2 &2 1/P2) written on to the output record during 

the preceeding fit (cf. section 3.6.2). Using the definition of the 

track tangents A^ = py/px and Bi = p|/px and the vector sum 
-*• • * •*• 

PvO " Pl +P2> together with the n e u t r a l t rack p ro j ec t i ons : 

y -= Y v +A t (x -Xy) 

z = Zv +B1 (x -Xv) 

we can transform the errors for the two charged tracks Into errors for 

the neutral track, using, as usual, the error transformation formula 

eq. (3-7). 

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 VO's for the sample at 3. -3.3 GeV/c. 
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events. 
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4. R E S U L T S F R O M K I N E M A T I C A L 

A N A L Y S I S 



4. R E S U L T S F R O M K I N E M A T I C A L 

A N A L Y S I S 

Up to now, only geometrical Information, i.e. space coordinates of sparks, 

and fitted track parameters (l/p,\,Q) have been used to first reconstruct 

all tracks in space, and then to look for VO candidates. 

If at least one VO was found, a fit of the main vertex inside the target 

was supposed to improve a first estimate calculated from points of nearest 

approach. 

In this chapter, we shall test those results under the assumption of 

representing real physical particles and their interactions. Ambiguities 

will arise at different stages. 

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

topologies : 

(T1) 1 -VO + missing neutral particle HN 

(T2) 2 -VO 

ET3) 2 -VO + missing neutral particle MN 

The topology Tj category contains two-body events where the second 

neutral particle was lost during event detection and data acquisition or 

during off-line analysis (notation, e.g., TT~P •* K°(A) if the A was not 

detected). Examples of category T3 are found when producing excited 

neutral particle states which, in turn, decay into two neutrals where 

only one is detected, as for example in the reaction ir~p •* KPE*0 -*• K°A(n°). 

First, a constrained kinematical fit (1 -C) was run on single VO*s for all 

events using the program KOHEGA (described in the next subsection) in 

order to test the particle hypothesis K0, A, and A. Secondly, all 2V0 

events with 2 successful particle fits were tested under the hypothesis 

of belonging to one of the exclusive reaction final states K0A, AA, or 

K°.K°. 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 ) . 

Finally, a 1 -C fit with KOMEGA was attempted for 2VO candidates with a 

third missing neutral particle y, ir0 or n(n). Successful fits may belong 

to final states like k0£°, AE0 +c.c. (charge conjugate), K*°A, K0A (n), 

etc. 

Results of these kinematical fits will lead to unnormalized raw angular 

distributions. Ke will be able to translate them into final differential 

cross section distributions only after the acceptance of the Omega spec­

trometer and various normalization coefficients have been established. 

4.1 Survey of Overall Analysis 

One can discuss which way of doing the total analysis of an event is the 

best. In fact, after event reconstruction (with ROMEO) mainly two 

different fit procedures for a 2VO event could be suggested : 

1. First exploit all geometrical information available for each VO 

and execute a vertex fit on the track variables (l/p,X,$,Y,z), 

using the VTXFlT program. Then, after fitting the main vertex 

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

2. First pass a physical test on the VO's, i.e. test the hypothesis 

K°F A, À with the KOMEGA program In a 1 -C fit on the track para­

meters (l/p.X,^). Then use these results for a main vertex fit 

and the final test of reaction hypothesis. 

We have tried both ways and comparing the results did not give a clear 

answer, since both possibilities have advantages and'disadvantages : 

the VTXFIT program failed to fit some of the delicate VO candidates, 

like those where one track is badly measured and the error estimates 

are not very realistic because, e.g., it has turned very quickly (slow 

track), or because the extrapolation distance to the vertex was too long 

for the linear approximation to hold during error propagation. The 
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KCHIEGA program disregarded the track and vertex position and easily 

fitted those candidates. 

On the other hand, the VTXFIT program rejected many of the VO"s which 

did not belong to a neutral particle decay and thus reduced the back­

ground signal significantly. 

We have chosen the first possibility for our analysis. The overall 

procedure is summarized In the flowchart of fig. 4-1. 

4.2 Constrained Single Particle Fit 

Testing each VO-candidate under neutral particle hypotheses will not 

give unique results for all VO*s. This may lead to normalization pro­

blems, especially in the case of 1-V0 events. Some ambiguities, 

however, can be resolved by considering their missing mass values and 

their fit probabilities. 

4.2.1 KOMEGA Programs 

The program used at this stage of analysis Is KDMEGA (Kinematics OMEGA) 

which is written under conventions of the HYDRA system [HYD74]. For a 

neutral particle fit, the following results from the analysis, as 

described in chapter 3, are used as input data for KOMEGA : 

. track parameters (l/p,A,$) for the 2 charged tracks belonging to a 

VO candidate, 

. errors (measurement and multiple scattering errors) on the parame­

ters and their correlations, 

. mass assignments. 
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Fig. 4-1 : Survey of off-line analysis aftev event reconstruction. 
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KOMEGA then tries to adjust energy and momentum conservation for a 

chosen neutral particle hypothesis : 

EyO = El + E 2 = *ml *P\ + *mì. + P ! t4"1' 

• + - • - • 

PVO = Pl +P2 

This is a system of 4 independent equations where 3 quantities, however, 
-»• 

are not measured : DyQ or (1/pyg, \\JQ, $ yg). This is why we are dealing 

with a one constraint fit (1 - C ) . In the appendix, a description can be 

found for a general constrained klnematical fit procedure. 

The result of the fit will consist of fitted parameters U/Pv0'*v0'*V0' 

and their covariance matrix used for further analysis. 

In order to check the validity of the fit, one can calculate the "pull" 

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

A™- X f 

pull(xv) = . (4-2) 
/ax* ~aU 

We have presented the pull distributions of the kinematical 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 distributions 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 variables described in chapter 3 has provided 

correct input data for the fit. 
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4.2.2 Neutral Particle Ambiguities 

The EIt procedure of VO's may lead to a successful fit for different mass 

assignments of the two charged tracks. We have investigated how often 

ambiguities between K0, A, and A hypotheses occures. 

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

shows the effective mass squared M§ff (n+n~) versus KjfffpiO for all 2-V0 

candidates at p l a b = 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 K0, whereas only a few K0 particles simulate a A.' The difference in 

contamination is due to different Q-values of K0 and A particles. 

An important question is whether these ambiguities can affect the final 

2-VO sample. Without any attempts to reduce single neutral particle 

ambiguities, we have, e.g., found that for 12 out of 314 2-vO candidates 

at 3. -3.3 GeV/c, both the K0A-and the AK0 assignment was possible, 

representing a 4% ambiguity in the K0A sample. Separation 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-vO events, we have slightly reduced the number of 

ambiguities : If one of two successful assignments had a probability 

P(X2) smaller than 5t, 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 distributions 

found for physical data, we have checked that no neutral particles were 

lost in the KOMEGA fit. 

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

p, b *= 3. -3.3 GeV/c where the n~:p ratio of the beam was about 4:1. 

In order to estimate the possible contamination in the number of success­

ful 1-C fits, we used the 2-VO subsample where an unambiguous K0A final 

state was found from a 4-C kinematical fit (as described latex on). 

81 



N/.003 GeV Me„2 IpTT- ) [ G e V 2 ] 

Hg. 4-3 : Scatter plot of the squared effective rmaaeo of single 
VO'a found in ZVO candidates at p j ^ around 3 GeV/o 
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particle 

A 

Ä 

K0 

successful 

fit 

1414 

630 

2214 

ambiguous with 

A A K 0 

IS 395 

163 

Table 4-1 : Neutral particle ambiguities. 

Secondly, the »onte Carlo data together with appropriate errors was used 

to check the consistency of the contamination figures with larger statis­

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

^ 21% of the A's (or Ä's) simulate K°'s 

"- 8% of the K0,s simulate A's (or Ä's) 

no ambiguities occur between .A's and A's 

These figures change with the momentum resolution of measured tracks. 

The A/A ambiguities listed above were extremely badly measured candidates 

and hence were assigned to the hypothesis with higher probability. 

Ambiguities between K° and A assignments are shown In fig. 4-4 (a) for 

the same sample of VO's, as in the previous figure. 

Finally, ambiguities between A and y assignments have to be considered. 

Fig. 4-4 (b) shows the 2-dimensional plot of the corresponding effective 

masses, 

As we shall show in the chapter on simulation, we could have evicted 

all Y' S already at this stage by introducing a cut in the decay angle 

distribution (or alternatively in the transverse momentum distribution, 

which is a more convenient choice) without losing many of the A's. But 

since we checked our reaction hypothesis with the missing mass w.r.t. 

the properly reconstructed VO, these ambiguities did not survive until 

the final angular distributions. 
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Fig. 4-4 : (a) Squared effective masses under the A and K0 hypothesis 
for the same VO sample as in fig. 4-3. 

(b) Y hypothesis versus A hypothesis. 
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MASS RESOLUTION IN WA13 

The projections of fig. 4-3 are presented again in fig. 4-5 but with the 

x-axis linear in the effective mass Meff. 

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

spectrometer for our experiment : 

Mef£(K°) = 498 + 3.5 HeV <ra„ = 497.67 HeV) 

Meff(A) = 1116 ± 1.7 MeV Cmn = 1115.60 HeV) 

This agrees with the values mn given by the Particle Data Group [REVSO), 

4.2.3 Missing Mass Spectra of One VO Events 

Since we have already calculated the beam parameters at the interaction 

vertex during the apex fit, we can now calculate the missing mass MH(VO) 

w.r.t. the VO's which successfully fitted a neutral particle hypothesis. 

HM(VO) is defined as follows : 

MH2(V0) = (E 1^-E 7 0)
2 - <|plab-pvol>

: (4-3) 

wher* Elab = ^eam + Etarget = /ffl2 +Plab + 01P • 

Fig. 4-6 shows the missing mass distributions w.r.t. A (a) and w.r.t. 

K°-particles (b) at p l a b = 3. -3.3 GeV/c in the K~ beam. Ambiguities 

are not removed. The contribution which is due to 2-VO events only is 

also shown : events assigned to the K0A reaction channel are given by 

the dotted line, those assigned to the K0E0 channel by the dashed line. 
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Fig. 4-S : Effective mass distributions including all VOïab S GeV/o 
which were assigned to the A and K° sample after the 
KOMEGA fit. The mass resolution of WAlZ can be deduced 
from the widths of the distributions. 
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First one realizes that the peaks from missing A's and missing E°'s 

overlap considerably even at low beam momenta. Next, one can deduce 

that most of the K0's anticipated from the peak in the missing mass 

distribution w.r.t. A will reappear in the 2-VO event sample, whereas 

about half of the A's forseeable from the A/I° peak in the missing mass 

distribution w.r.t. K0 were not reconstructed. Me will have to find 

the reasons for this before normalizing the resulting angular distribu­

tions. 
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Fig. 4-? : Squared missing mass distribution with peeped to Ä at 
Plab avound 3 GeV/a in the p beam. 

To be complete, the missing mass distribution w.r.t. A 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 Ie 

particles. 
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4.3 Final Fit of Reaction Hypotheses 

All 2-VO candidates where both VO's have successfully fitted at least 

one of the neutral particle hypotheses will now be tested under the 

assumption of belonging to a physical reaction channel. 

Ambiguities arising frequently for reactions with a (third) missing 

neutral particle can be resolved in most cases by considering the missing 

mass values and corresponding errors, the probability of the fit, and 

the effective mass values of appropriate particle combinations. 

4.3.1 4-C Fit And 1-C Fit For 2-VO Events 

Once again we employed the KOMEGA program to perform a constrained kine-

matical fit on 2-VO 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. 

All topologies belong either to the category 2-VO (Tl) or to the cate­

gory 2-VO + missing neutral particle MN (T3). The last column in the 

table lists the most important reaction channels tested, p.s. stands 

for the phase space contribution. The hypotheses 1-5 are the most 

important ones as far as the event numbers are concerned. 
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Nr. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

hypotheses 

topology 

ÄA T2 

K°A T2 

K0K0 T2 

ÄA(Y) T3 

K0A(T) T3 

AA (n0) T3 

K0A (n0) T3 

K0A(Fi) T3 

AK0(n) T3 

K0K0(n) T3 

KOMEGA 

fit 

4-C 

«1-C 

4 -C 

1-C 

1-C 

1-C 

1-C 

1-C 

1-C 

1-C 

reaction channels 

(p.s. = phase upucy) 

pp -* AA 

Ti-P -*• K0A 

pp -*• K0K0 

pp - AE0 + L0A 

K"p •*• K 0S 0 

pp + AE0* + c e , p.s. 

Tr"p -*• K0S0*, K°*A, p.s. 

pp -*• A*A, p.s. 

pp •+ AA , p.s. 

B-P •+ K0A*, £n, p.s. 

Table 4-2 : Reaction hypotheses tested by KOMEGA. 

4.3.2 Separation Criteria 

Reactions we are most interested in are those numbered 1 and 2 (topology 

T2) in table 4-2 and the reactions 4 end S (topology T3) with a missing y 

from the shortlived £ particle decaying electromagnetically via t -* Ay-

Ambiguities which were difficult to separate occurred for successful 

missing y and missing n0 assignments. 

An example of possible ambiguous results after the KOMEGA fit is given 

in table 4-3 for 1*12 2-VO candidates at 3. - 3.3 GeV/c. 
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hypotheses 

1 ÂA 

2 K0A 

4 ÄA(Y) 

5 K 0Ah) 

6 AA(ïï°l 

7 K0A(Tr0) 

10 K0K0<n> 

L 

ÄA 

27 

— 

— 

--
--

— 

~ 

2 

K0A 

— 

140 

— 

— 

— 

— 

— 

4 

ÄA(-r) 

5 

— 

37 

— 

— 
__ 

— 

5 

K0A(Y) 

— 

27 

__ 

167 

— 

— 

— 

6 

AA(Tt0) 

— 

— 

6 

— 
15 

— 

~ 

7 

K0A(TT0) 

— 

5 

__ 

43 

~ 

98 

--

10 

K0K0(n) 

— 

__ 

— 

~ 
— 
_-

42 

Table 4-3 : Reaction ambiguities. 

While no cut in probability has been applied so far, we rejected those 

1-C fits where the squared missing mass MM2(tot) w.r.t. the 2-VO's found 

is more than 3 standard deviations away from the predicted squared missing 

neutral particle mass (Y#H 0 ° r n). The definition of MM(tot) is analogous 

to eq. (4-3) ; 

2 
M 2 (tot) = (E l a b-E 2 V 0)2 - (|piab -P2V0I) 

where E2yg
 = aura 0^ t n e t w o neutral particle energies and P2VO

 = s u m 0^ 

the corresponding 3-momenta. 

The widths of these distributions were established from unambiguous events. 

At higher energies, poor statistics did not allow the use of these distri­

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 fitted the annihilation process pp •+ K0K0. 

It is interesting to illustrate the different results in a 2-dimensional 

plot which shows the measured squared missing mass HM2 w.r.t. the first 

VO versus MM2 w.r.t. the second VO. Fig. 4-8 contains results for the 

topologies T2 and T3 in the ir~ beam (2-VO = K0 A) and fig. 4-9 contains 

the same topologies in the p-beam with 2-VO = AA. The dotted line marks 

the allowed domain of different reaction channels. 
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assignments are possible. 
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AAj AZ0, D0A, and M(K°) final state hypotheses at Pi0Jj 
around 3 GeV/a. Ambiguities are included. 
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Nov let us say a few words about how the ambiguities listed above 

were assigned to the different reaction channels.-

TOPOLOGY_ T2_^ EVENTS 

It was not difficult to isolate the exclusive hypothesis of topology T2, 

i.e. K0A and AA final states. Since their kinematical fit is most 

constrained, we accepted all T2 candidates in table 4-3 if their total 

missing mass was compatible with 0. The remaining events belonged to the 

T3 topology 2-V0 + missing neutral MN, where MM is either * or TJ°. 

No ambiguities are possible with missing neutron events. 

The resulting missing mass distributions for events assigned to the channel 

n* P •+ K0A are given in fig. 4-10. 

MISSING MASS I V 0 ) K0A 

- M M 2 I A ) [ G e V 2 ] MM2IK0ItGeV2] 

Fig. 4-lJl ; Squared miasing masa distributions u.r.t. A and K0 in the 
final K0A event sample at p ^ = 3 GeV/c. 



TOPOLOGY T3 EVENTS ' 

The final attribution of ambiguous T3 topologies to one of the possible 

reaction channels was done by deciding upon the following criteria : 

1̂ . Reject the 2-vO + T hypothesis if the effective mass M6Jf(Ay) or 

MgffUy), using fitted quantities, is incompatible with Z0 or E0 

mass respectively. -" 

'2_. Reject the 2-VO + TT° hypothesis if the (measured) squared missing 

mass w.r.t. the first VO lies below the corresponding limits, within 

errors, of the squared effective mass of the second VO and the it0, 

that is, if MH (VO) is incompatible with the phase space distribu­

tion. For example, M2ff(Aîi°) > 1.564 GeV
2 and M2

fr(K°n°) > .401 GeV
2 

within errors. , 

3_. Decide for the remaining ambiguities by selecting the hypothesis 

with higher fit probability P(X2). 

TOP0LOGY_ Tl_ EVENTS 

In order to increase the statistics obtained from topology T2 events 

alone, we included some of the Tl events (1-V0 +MM) when the missing 

mass MM(VO) indicated the correct anticipated mass 1¾ of the missing 

neutral particle. The decision to include a candidate was based on 

the following tests : 

1_. probability P(X2) of geometrical vertex fit, 

2. probability P{X2) of apex fit, 

3_. no ambiguities from neutral particle kineraatical fit, 

±. |HM2(V0) -râ l < one standard deviation om. 

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

tion On, was 0.1 GeV
2, as can be seen from fig. 4-10. 

Some of the accepted 1-V0 events gave' contributions to the angular dis­

tributions in strong forward (and, in same cases, in strong backward) 

direction where the acceptance is not well known. 
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4.3.3 A/E° Ambiguities 

Since we shall later on combine the differential cross section of exclu-
- o - o 

sive final states K0A and A A from topology T2 with K0I and A E , 

respectively from topology T3, the resolution of A/£° ambiguities is 

not important while establishing the angular distributions. However, 

for extracting the polarization data and for comparison with other expe­

riments, it is useful to know both contributions. 

For the K° E final state hypothesis, we have given the probability P(X2) 

distribution in fig. 4-11 (a). The effective mass between the (fitted 

A and y particle for all successful 1-C fits is given in fig. 4-11 (b). 

One clearly obtains a £° peak with some events belonging to the K0A (TI0) 

sample {indicated by the dashed line). The dotted lines delimit the 

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

20-

10 -

1-C fit of K0A ( y ) 

W I J 1 ^„HRWIÒ/I 
0 0.2 0.4 0.6 0.8 1.0 

Fig. J-n : (a) Probability distribution from the one constraint fit 
of the reaction hypothesis v~p •* X0Z0 at 3 GeV/c. 
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HYPOTHESIS K0A I / 
T 

LJ") 
fN 
O 

1.25 1.50 1.75 

— M 2 I A / ) [GeV2J 

Fig. 4-11 (coni.) : (b) Squared effective na.88 betueen A and (fitted) 
Y in the K°\(y) sample at 3 GeV/a. 

Following the separation criteria described in the last subsection yields 

the final sample of K ° E ° . One can check the consistency of the K0A and 

K0S sample by plotting the decay angle distribution of the £ in its 
o 

center of mass system : it should be flat for real K0E events. Pig. 

4-12 shows the result for both the K0 A and the K0E sample if one plots 

the distribution in cosöj-, where 8j- is defined as the angle between the 

measured A momentum and the missing momentum p m w.r.t. the fitted K
0 

momentum, i.e. pffl = P^ajj ~9K0~ For the K° A sample alone, one expects 

a sharp peak at cosSj; = 1.0 (pm = p.). 

The shaded area in fig. 4-12 represents the events of the K° A final 

states alone. As expected, there is a peak at cos6j- = 1.0 followed by 

a tall due to the errors on measured quantities. The K0E sample on the 

other hand, gives a uniformly distributed contribution indicating that 

our separation procedure worked quite well. 
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X ° DECAY ANGLE 

Fig. 4-12 : (a) a.m. decay angle distribution for the Z0 from O 
final states. The shaded area represents A final 
states. 

(b) Definition of Z0 decay angle in the Z° rest frame. 

4.3.4 Events with MiBSing n0 or n 

Finally, some of the successful 1-C KOHEGA fits came from the K0A + MM 

and A A + KN hypothesis, where MN » JI° or n. In both cases, the unavoid­

able background signal imposes the search for a compromise between back­

ground reduction and real event rejection since we cannot, except for 

some special reaction channels, apply cuts in effective mass, as was the 

case for K°£ and AZ 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 states 

which decay into n0 (or n) and the second detected neutral particle. 

Possible candidates are given in table 4-5 (numerical values from [REV80]) 

Some decay modes with important branching ratios are included, though we 

did not analyse them in this experiment. 
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excited state decay 

[HeV] 

K* (89Z) 

K* (1430) 

A* (1520) 

Z* (1385) 

node 

> Kn 

> Kir 

> K*TI 

> Kn 

> En 

> Air 

» Zu 

branching ratio 

[*] 

^ 100 

*»- 49.1 

•v 27.0 

46 1 1 

42 ± 1 

88 ± 2 

12 ± 2 

KJ p) 

1/2(1-) 

1/2(2+) 

0(3/2-) 

1(3/2+) 

decay width 

IMeV] 

50.3± .8 

100. ± 10 

15.5± 1.5 

«v 35 

fafcZa tf-5 ; Excited étrange partiale states-

Fig. 4-13 shows the two effective mass distributions of interest in the 

case of K0 A(Tf0) at 3. -3.3 GeV/c. For the total missing mass MM2 (tot), 

we required |MM2(tot) -Jn(J0I < .014 GeV , where B^0 = .018 GeV
2. Though 

the number of events is rather limited, one can distinguish a contribu­

tion from K°*<892) in the M|ff(K° JI°) distribution and ï*° (1385) in the 

M2ff(Aïï°) distribution. 

HYPOTHESIS K0A I TT 

0.5 1.0 

-M2IKV0I(GeV2] 

2.0 2.5 

M 2 IATT 0 I (GeV 2 ] 

Fig. 4-1S : Effective mass distributions in the K0Ii(K0) sample at 
3 GeV/c for (a) K0 and n0 particles and (b) A and n0 

particles, 'th'rrarke the threshold in both cases. 
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MISSING NEUTRON HYPOTHESIS 

Possible reaction channelB are indicated under hypotheses 8-10 in table 

4-2. At Pi a b
 a 3- -3,3 GeV/c, no significant signal appeared at the 

mass of the A* (1520) particle for the reaction pp -+ AA* + c.c. (hypotheses 

8 and 9). The missing mass distribution w.r.t. the two detected VO's 

for the K0K0(n) hypothesis is given in fig. 4-14 (a), which shows a clear 

neutron signal. We applied a probability cut at P(X2) •> .01 In order to 

reduce the background, 

In a recent analysis at 3.95 GeV/c, Loverre et al. looked for resonance 

production in the K0K0 system [U)VSO]. They found contributions mainly 

from the f(1270) meson with JP = 2*" and from e (1300) with JP = 01*, I = O. 

In fig. 4-14 (b), we have plotted the effective mass spectrum between 

the two K°'s. One is tempted to identify a signal at the mass of the 

f'(1515) meson, which can decay into n°n° and K0K0, but our limited 

statistics does not allow any further precisions. 

From the WAl3 trigger setup, some of the events with missing neutron n 

(or n) should have been suppressed by the n-veto counter. He shall come 

back to this question when calculating the acceptance in chapter 5. 
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K0K0] [ GeV 

K°K°(n) final states at pfafr around 3 GeV/c. 

(a) total missing mass distribution with respect to 2V0t 

Ib) effective mass distribution between the tuo K0's after 
1-C fit . 



4.4 Raw Angular Distributions 

Applying the separation criteria described above, we obtained a certain 

estimate N of the number of events and the statistical error UN for 

each reaction channel. 

The separation became more and more difficult when considering the 

results at higher beam momenta, since the missing mass distributions 

w.r.t. one VO became larger and ambiguities occured more frequently, 

especially between the 2-V0 + (y) and 2-VO + (ir°) hypotheses. 

The following table 4-6 gives a summary of the event numbers retained 

after the analysis of WAl3. The errors given correspond to uncertain­

ties in separation of ambiguous assignments. 

reaction channel 

p p > Aft + AE0 + c.c 

IVO + 2V0 

AA only 

AE0 only 

ff-p > K0ft + Koi;o 

IVO + 2V0 

K0A only 

K0I:0 only 

p p > ftA(it°) 

iTp » K0A(H0) 

Tf" p > K0K0 In) 

event numbers for different p l a b [GeV/cJ 

3. -3.3 

50 

92 

26 ±1 

24 ±4 

237 

455 

138 ± 2 

99 ± 13 

10 ±3 

43± 11 

16 

4.95 

1 

1 

1 

0 

24 

53 

13± 2 

11± 4 

0 

6 12 

6 

7.8 

30 

— 

~ 

--

13 

__ 

— 

— 

— 

— 

— 

11.7 

9 

— 

— 

— 

3 

— 

— 

— 

— 

— 

i 

Table 4-6 .• Event number in final sample. 
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The corresponding unnormalized angular distributions are given for 

p l a b = 3. -3.3 GeV/c in fig. 4-15, for 4.95 GeV/c in fig. 4-16 (a), (b>, 

for 7.8 GeV/c and 11.7 GeV/c in fig. 4-16 {c), (d) and (e), (f), respec­

tively. During data taking at 4.95 GeV/c, unfortunately the p were 

suppressed in the beam, so only one event was found, for AA final state, 

at coso* = . 5 . 

RAW ANGUlAR DISTRIBUTIONS 3 . - 3 . Ì GtV/c 

80-

= 60-

AA • AX** C t . IbI 

— Cos 6 

z 6 

2 

0 

K0A I r 0 I IcI 

JH P 1 
6 

I, 

2 ^ 

0 

AA I f f 0 ) IdI 

IHM1-H?,« I * .014 GeVJ 

JLf! n 
-1 -i 

— Cos 8 

Fig. 4-15 : flaw angular distributions of the final event sample at 

Piai, around 3 GeV/c. 

(a) «"p -• X0A + K0I:0, (a) n~p - X0Afn% and 

(b) pp ->• AA + ll° + c o . , (dì pp - XACTT0,». 
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Fig. 4-16 ; Rau angular distributions of the final event sample at 
different WAlZ beam momenta : 

(a + b) 4.95 GeV/ct 

(a + d) 7.8 GeVZa1 and 

(e + f) 11.7 GeVZe. 
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5. G E O M E T R I C A L A C C E P T A N C E 

A N D N O R M A L I Z A T I O N 



5. G E O M E T R I C A L A C C E P T A N C E 

A N D N O R M A L I Z A T I O N 

It was one of the main features of the WA13 electronics trigger layout 

to suppress scattering in forward and backward direction. The accept­

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

Apart from discussing the Monte Carlo program used for the acceptance 

calculation and comparing physical results with those from simulated 

events, we shall discuss in this chapter what kind of hardware and soft­

ware inefficiencies had to be considered and how the raw angular distri­

butions were normalized. 

S.l Acceptance from Monte Carlo 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, that is by using the Initial random distributions 

with respect to random variables like dip angle, azimuth angle, lifetime, 

apex position, etc., we employed the standard method for high energy 

physics experiments which consists in running relatively straightforward 

but time consuming Monte Carlo simulations. Supposing all input distri­

butions were known analytically, the direct method would provide an 

"exact" final probability distributions, whereas the Monte Carlo method 

is bound to exhaustively consume any computer time allocation in the 

physicist's desperate attempt to reproduce all peculiarities of his 

apparatus and tu reduce the statistical errors to as low a level as 

to suggest exact results. 

i 
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S.1.1 Method 

The principle of the Monte Carlo method consists of choosing randomly an 

initial event configuration for a given c.ro.s. scattering angle Ö , then 

to test whether the simulated trigger arrangement accepts this event, 

and finally to repeat the procedure a certain number of times to obtain 

the acceptance a(z), where z - cos6* and a(z) is the ratio between the 

number of accepted events and the number of generated events. 

So first starting values have to be chosen for a number of random 

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

The probability distributions may represent idealizations of the real 

behaviour of a given variable. 

beam 

apex 

interaction 

VO decay 

random variable x 

P^ab momentum 

X dip angle 

4 azimuth 

x-coordinate 

y-coordinate 

z-coordinate 

coso* scatt. angle 

•yz 

T lifetime 

COsOy0 decay 

$V0 angles 

distribution parameters x, Ux 

normal distribution : 

* " Pnom I °p " l'5 '-

exponential distribution : 

X 0 = absorption length in H2 

normal distribution : 
Oy = 1 cm 

isotropic distribution 

+ 
"~* Pçmn 0 ^ outgoing particles 

exponential distribution : 
T 0 - mean life 

—*• vertex coordinates 

isotropic distribution 
(no polarization ! ) 

—• p* of charged tracks 

Table S-I : Input variables for Monte Carlo. 



The set of chosen values is called a simulated event. It consists of 

a beam track, a main vertex (apex), two VO vertices, and 4 charged 

tracks from the neutral particle decays. 

The next step is 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 pararnetrization and using the RKUTAS 

routine for extrapolation, as described during event reconstruction. 

Thus the creation 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 soon 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. 

f START) 

SIMULATE EVENT 
choose values for all 

random variables 

YES 

SAVE EVENT 
on magnetic tape and 

fill histograms 

(END") 

Fig. 5-1 : Flouahart with principle 3teps in the Monte Carlo program. 
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Some surprises turned up during data taking of HAl3 and even during off­

line analysis concerning the performance of special parts of the detector. 

For example, only after event reconstruction did we realize by inspection 

of the main vertex coordinates inside the target that the liquid hydrogen 

level had not reached its maximum value. This had to be introduced into 

the Monte Carlo program in order to check whether varying the liquid 

hydrogen level changed the shape of the angular distribution of accepted 

events. (Apart from that the normalization constants had to be changed 

accordingly.) 

This explains the shape of the apex z-coordinate distribution in fig. 

5-2 which is shown together with the distributions for the x- and y-

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

In addition, the efficiency 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 discuss them in the next section, together 

with the event reconstruction losses. Inefficiencies of scintillators 

(like EC, CYL, and S6) and of the coplanarlty chamber CC were determined 

by comparing the number of actually detected hits with the number of 

predicted hits. 

Thus the efficiencies found for the 6 plastic scintillator slabs S6 

were : 

A 

100 

B 

98.2 

C 

91.4 

D 

89.8 

B 

93.8 

F 

100 m 

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

rates. 
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EFFICItNCY CC 

20 30 
no. ol seclor Ms 

Fig. 5-3 : Efficiencies of sectors of the coplartapity chamber CC. 

Fig. 5-3 shows the efficiency of each of the 57 sectors of the copiano-

rity chamber. The high voltage OT 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 simulated events survived at different levels 

Of the Monte Carlo program, we give the figures for the reaction 

iTp -• 11¾ at 3.1 GeV/c ; 

200 393 100.0 * simulated events at input 

30 116 15.0 % events after veto (EC and CYL) 

B 356 4.2 % events after trigger chamber CC 

5 000 2.5 % accepted events after S6 

yz 

A sample of finally accepted events is shown in the 2-dimensional plot 

of fig. 5-4, where the two axes are cosO* (scattering angle 6*) and 

(angle of the projected momentum of the scattered meson on to the 

yz-plane). In the 1-dimensional $ projection, one can distinguish 

an enhancement each time the K0 flies towards one of the corners of the 
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coplanarity chamber. The second projection demonstrates that events 

with a scattering angle in forward or backward direction 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 . 

N/.08 Cos e 

Fig. 5-4 : Scatter plot of azimuth angle $y 2 - y e i " 3 U 8 scattering angle 
coed* for accepted K0A events. 
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Up to now, events «ere simulated by assuming an isotropic distribution 

in the variable ooa6*. Thus a first approximation of the shape of the 

differential cross section distribution could be calculated using the 

results fro» the klnematical analysis. mils gave a more realistic in­

put for the second Monte Carlo run. It changed appreciably the t 

distribution and gave «ore realistic results for the decay length dis­

tribution of VO's. The acceptance Itself, however, changed very little. 

5.1.2 Besults 

For each of the reaction hypotheses listed in table 4-2 of the preceding 

chapter, we had to calculate the acceptance at each value of the HAl3 

beam momentum. One simplification, however, was introduced at low 

energies : results at 3.1 GeV/c were used to linearly extrapolate to 

3.0, 3.2 and 3.3 GeV/c. Possible errors due to this procedure should 

be smaller than 0.5%. 

nie results for the geometrical acceptance for the reaction n"p -+ K0A 

at different bean sementa and pp •+ AA at 7.8 GeV/c are given in 

fig. 5-5 (a) and fig. 5-5 <b) respectively. Fox comparison, we show 

the acceptance for the corresponding elastic channel IF~P -* i~p at 

4.95 GeV/c (dotted line). 

at the same time, we have plotted in fig. 5-5 (b) the acceptance for 

the K0 K0 and K0AH final state, and for the reaction *"p * K°K°n, all at 

plab " 7 8 0 ^ -

Up to now, branching ratios were disregarded, we will introduce then 

during normalisation. 
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ACÇEPTANCE_ FOR JSVENTS _WITH _MISSING_ £ 

The acceptance for the reac t ion channels iTp •+ K0E0 and p p •» H ° + c e . 

are s l i g h t l y smaller than the corresponding channels where £° i s replaced 

by A. On an average, we found : 

a<£°) = .97 a(A) 

AC£EPTANCE_ FOR _TOPOLOGY __T1 __EVENTS 

For 50 000 simulated 1-V0 events for the reaction ir"p * Kuft , where the 

second VU was supposed to disintegrate outside the detector volume or to 

decay into a non-visible mode, we have found only 6 (4) events where the 

K0 (A respectively) alone had given a positive trigger signal. Hence, 

if aj v and a2v denote the acceptance for events with one or two V°, 

respectively, which disintegrate inside the detector volume, we have 

ThiB means that for virtually all events recorded on tape, the electronics' 

trigger had seen both VO's. In topology Tl events, i.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. 

114 



5.2 Corrections for Reconstruction Inefficiencies 

The geometrical acceptance function ageom<cosfl** calculated by the Monte 

Carlo program did not cover the determination of inefficiencies in the 

spark chamber modules and the optical detection system, which may have 

caused track losses or even event losses. Inefficiencies were probably 

different for Geometry I and Geometry II chambers. 

Furthermore, losses could occur during the off-line analysis, for example 

in ROMEO, or during the different fitting procedures. They depend on 

different parameters : x-coordinate of interaction vertex inside the 

target, scattering angle, decay lengths, staggering, number of detected 

sparks for a track, or number of parasitic sparks in the near neighbour­

hood of tracks. Some tracks, and hence VO's, could be lost if their 

momentum was very small or if they passed in between spark chamber 

modules. 

We have tried to account for all different sources of inefficiencies at 

the same time by an indirect method which compares the properly recons­

tructed events of Topology Tl with those of Topology T2. 

The question is whether one global correction factor ^ v O w i l 1 ** 

sufficient or whether we have to introduce an efficiency e(x) as a 

function of an appropriately chosen variable x. 

Fig. 5-6 suggests an anewer to this question. For a given interval in 

coso*, we have determined the number of events, H1 where at least one 

VO was fitted to the K0 or A hypothesis with a good X2 probability and 

where the missing mass with respect to this VO indicated the second 

neutral particle in the reaction n~p •+ K0A . Then we looked for 2-V0 

candidates in the same sample which fitted this reaction. 

Thus we obtained the event number N2. The ratio î — as a function 
Nl +"2 

of cos6 is shown in fig. 5-6. 
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Cos B 

Fig, 5-g : Ratio between the number of IVO events and the sum of 
IVO + 2VO events (in percent) in the K°h sample at S GeV/c, 

•nils shows clearly that the 2-VO reconstruction inefficiency is strongly 

angle dependent. So we need an additional acceptance function arec(cos8*>. 

The above ratio cannot, however, answer the two following questions : 

U Are detection and reconstruction inefficiencies the same for diffe­

rent kinds of VO'a, i.e. for K0, A, and Ä ? 

2. Which variable do these inefficiencies depend on mainly ? 

The answer to the first question will supply global correction coefficients 

whereas the second answer should give the reason for the angular dependence 

of a 
Ul ree* 

Let us tackle the first part. The total number of interactions rTp -»- K0A 

that occurred inside the spectrometer, N^t. can be written as a sum of 

the number of reconstructed 2-VO events, NKoA, the number of 1-VO events, 

NKo,Aj and N A( Ko), «here the missing A and missing K° respectively are 

indicated by the missing mass with respect to the VO found, and the number 

of lost events, Ni o at* 

*tot ° NK°A + V(A) + NA<K0)
 + "lost (5-l> 
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Using a sample at p. = 3. -3.3 GeV/c and 4.95 GeV/c, we found the 

following figures : 

NK°A 

111 

NK?(A) 

90 

NA{K°) 

16 

Hence the single VO efficiencies are : 

N K0A 
'YP n H 

Â 

K<»A +NA[KO) 

VA 
NKOA+V><A) 

= .67 ± .12 

= .55 ± .07 

(5-2) 

This corresponds to an overall detection and reconstruction efficiency 

for K0A events of 

^K0A .43 ± .09 

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

We found : 

Er = .74 ± .19 
A 

which yields for all final states : 

c - A = . 4 1 ± . 1 2 
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As far as the second question Is concerned, we have already listed a 

number of possible variables at the beginning of this section. From 

the fact that the A particle in a p p •*• Ä A or iTp •+ K0A reaction takes 

away a relatively small amount of momentum, one can understand that the 

decay meson with its still smaller momentum, say p~in, can easily get 

lost, for example, during the track finding part of ROMEO, in addition, 

these vertices will often be situated in the Geometry Il detector 

region. 

So we hypothesized that a correct determination of the reconstruction 

efficiency as a function of the smallest momentum of the outgoing tracks, 

c'pmin'' c o u l d explain the angular dependence of the acceptance function 

a fcosô*). 

The function G(Pn^n) was obtained by comparing the p . distribution in 

the reconstructed 2-vO event sample with the same distribution in the 

simulated event sample after the second Monte Carlo run. The shape of 

E(P01n) was approximated hy a function as is shown in fig. 5-7 (a). 

P min 

100-

50-

0-

[%] 

I I I I 
I I 
I / 
I I 
I I 
I I 
II 11 

! — 

CL 
ree 

100-

50-

0 

[%] 

200 WO 

p. [MeV/c] 
-1 

Cos ff 

Fig. S-? ; (a) 

(b) 

Reconstruction efficiency as a function of the smallest 
momentum, Pn^n, of the decay products, (l'idi line at 
3 GeVZc1 dotted line at higher momenta.) 

Variation of geometrical acceptance due to low momentum 
losses. 

118 



No VO's were reconstructed with PnJn * 50 MeV/c. He supposed the function 

e(Pmin) to be flat for Pn^ > 170 MeV/c at p l a b around 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 COB6*) as is indicated in fig. 5-7 

(b). a (coso*) is calculated as the ratio between the number of simu­

lated events after and before randomly rejecting events according to 

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

increasing and the losses are smaller at 8 and 12 CeV/c. 

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

global correction factor e^vû f o r tiiB r e c o n s t r u c t i o n of 2-V0 events and 

the corresponding single VO reconstruction efficiencies e 0 , e., and er, 

and secondly the correct angular dependence is given by the (normalized) 

distribution a (cosà*). 
ree 

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 effects due to the 

experimental setup. 

He first have to define the conventions used for the coordinate system 

in the rest frame of a hyperon. As 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-axls com­

pletes a right-handed orthogonal coordinate system. Then the polariza­

tion P of the A particle is defined as : 

r ««"«w* <5"3) 

where a. = .642 is the decay asymmetry parameter, Q 0 0 1 = 8 y is the angle 

between the decay proton and the y-axis. 
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The angle Q8, In fig. 5-8 is the decay angle, in the hyperon rest frame. 

During Honte Carlo simulation, we assumed all neutral particles to be 

unpolarized. ThiB vas assured by choosing initial isotropic probability 

distributions for the decay angle O 2 and for the corresponding azimuth 

angle in the xy-pro)ection of the positively charged decay particle. 

The resulting distributions after the Honte Carlo run are given in fig. 

5-9. Por * 870 accepted event« for the reaction n~p -* K°/\ , we plotted 

for both neutral particles the decay angle distributions (cos8z) in 

fig. 5-9 (a), the polarization angle distributions (cosfly) in fig. 5-9 

(b), and finally the resulting polarization values as defined in eq. 

(5-3) as a function of the c.a.s. scattering angle coso* in fig. 5-9 (c), 

Including statistical errors. 

What are the conclusions to be drawn from these results ? All distri­

butions concerning the K° particle are compatible with uniform distri­

butions Indicated by dashed lines. So the geometrical acceptance has 

not affected them. For the A particle, however, the decay angle 

distribution Is heavily distorted. This nay be explained by the fact 

that. If the proton from A decay has a large momentum component in the 

direction of the A momentum in the laboratory frame, then the n~ 

particle aay not be able to reach the coplanarity chamber since its 

Lorente boost Is too small. Thus,these event configurations are bound 

to be lost. 

On the other hand, the polarization angle distribution for A is compa­

tible with a uniform distribution. The polarization itself vanishes. 

Hence, for both K0 and A particles, the geometrical acceptance did not 

introduce any bias for the polarization measurement, as is proven by 

fig. 5-9 (e). 
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Fig. 5-8 : (a) Définition of coordinate eyatem in the a.m.a. of the 
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(b) üyperon decay angles in its rest frame. 
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5.4 Comparison with Physical Results 

One can test whether the Monte Carlo program is a realistic approximation 

of the behaviour of the spectrometer by comparing distributions from 

simulated events with those from physical results. 

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

main vertex for iTp -*- K0A and K 0E 0 events (full line) together with the 

distribution one would expect from the simulated event sample (dotted 

line). Obviously interactions occurring at the end of the target are 

most probably detected. The distribution as a function of $ V 2 the 

azimuth angle of the scattering process in the yz-plane, is shown in 

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

the two curves coincide within statistical errors. 

A test for the validity of the separation of VO ambiguities is given 

in fig. 5-10 (c). Supposing the rest frame decay angle B 2 (see fig. 

5-8 (b)) to be uniformly distributed in the neutral particle decay, then 

the transverse momentum distribution, in the rest frame or laboratory 

frame of the neutral particle, is given analytically by the following 

formula : 

dN Ptrans 
= c o n s t — (5-4) dPtrans /p2 _ p2 

The momentum pcnts of the decay products in the strange particle's rest 

frame is well-known from the masses of the particles involved. 

For a K0 p equals 206 MeV/c, while for a A or Ä it is 100 MeV/c. 
cms 

The distribution is sharply peaked at the kinematic maximum, p , and 
cms 

goes to zero at Ptrans = °- "^^ transverse momentum distribution for 

the "decay tracks" from gammas, however, peaks at zero and drops off 

sharply. This is due to the fact that the photon has 2ero mass and 

requires a recoil proton in order to convert to an electron pair. 
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Hence, contamination from gammas should give an additional peak at 

p t = 0 in the A transverse momentum distribution. 

The dotted line in fig. 5-10 (c) was not obtained directly from eq. (5-4), 

but from the simulated event sample. From this figure, we are confident 

that the Ptrans d i 9 t r i b u t i < > n s behave as expected and that no ambiguities 

between A's and gammas have distorted the final n~p -*- K0A JL° sample. 

MEAN_ LIPE_ OF_ NEUTRAL _PARTICLES 

From simulated events, we can determine the efficiency of VO reconstruc­

tion, eT, as a function of the lifetime T of a neutral particle. 

The veto counters around the target will cancel all VO's which disin­

tegrate within the first few em's from the interaction point. 

VO's with a larger decay length d l a D will more probably be detected. 

The resulting detection efficiency eT is plotted in fig. 5-11 (b) and 

fig. 5-12 (b) for the K0 and A particle respectively at p l a b = 3 GeV/c. 

The lifetime T in the neutral 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 secondly by transform­

ing T into the rest frame with ; 

T - Y • t (5-5) 

where y is the Lorentz factor. 

The distribution of the number of neutral particles as a function of 

was then normalized with the E T distribution. The resulting normalized 

lifetime distribution dn/dt of K0 and A particles is given, on a 

logarithmic scale, in fig. 5-11 (a) and fig. 5-12 (a), respectively. 
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LIFE TIME K 
T r 

eTl%] 

0.2 0.3 0.4 

T [n sec ] 

Fig. S-U : Weighted K0 life time distribution (a) in v~p -» K°h/L° 
events using the efficiency eT (b). 
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LIFE TIME A 

e T [%] 

Fig. S-12 : Weighted A life time distribution (a) for Ä°A/E° final 
states at 3 GeV/a, using the efficiency eT (b). 
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From the slope we deduced the experimental mean lifetimes ; 

T„0 = (.82 t .13) * 10"
10 see 

K 

T, = (2.5 ± 0.5) * 10"10 sec, 

which is in good agreement with tabulated values from [REV80], namely 

T 0 = (.89 ± .002) * 10"
10 sec and T. = (2.63 i .02) » IO*"10 sec. 

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

final event sample and in the deteroination of eT from the Honte Carlo 

simulation. 

5.5 Normalization Factors 

The acceptance curves, together with some normalization factors which 

account for different inefficiencies and the visibility in neutral 

particle decays, will enable the calculation of the differential erosa 

section do/at from the raw angular distributions presented at the end 

of chapter 4. 

We defined dc/dt as follows : 

da AN 1 _ ._ ,. 

At - L - - - PH 2 - Ninc 

AN is the number of events found in the 4-moraentum transfer interval At, 

L the target length (65 cm), A Avogadro's number, M = 2 for hydrogen 

molecules, pH the liquid hydrogen density (.0708 g/cm3), N. the total 

number of Incident particles, ct(t) the total acceptance and f the product 

of various correction factors. 
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The c.in.s. scattering angle 9* is related to the Mandelstam variable t 

by the relation : 

t «= (P1 - P 3 )
2 = 2p*p3Cos9* + mf + ra| - 2E^Bg (5-7) 

t is the 4-momentum transfer between particle 1 and 3 with 4-momentum 

P1 and P3 respectively, if we consider the reaction 1 * 2 - * 3 + 4 . 
- * • * • + • * * * 

P^i P3 and Ej, E3 arc c.ro.s. 3-momenta and energies, TO1, mj the masses 

of particles 1 and 3. 

As we have seen in section 5.2, the acceptance for 2v0 events as a 

function of cos9* contains one part, ctqeomi determined by the Monte 

Carlo program and a second term, a r e cf which accounts for reconstruction 

inefficiencies of ROMEO. So, in eq. (5-6) we used : 

a<fc> a «geon*« * «ree*^- (5'8' 

During the analysis of elastic reactions, a normalization factor 

fel tp â|j) = f 1 • f2 • £3 was determined at each beam momentum value. It 

accounts for [fiIL82] ; 

. losses due to the varying liquid hydrogen level (fi), 

. normalization runs at 3. -3.3 GeV/c (f2), 

. losses due to wrong beam particle identification (f3). 

The resulting factor and its errors is listed in table 5-2 below. 

Furthermore, visibility factors f„ia had
 t o be introduced which account 

for neutral particle decay modes that could not be detected during this 

experiment. So the branching ratios of decays into charged particle 

final states are (64.2 + .05ft for A -+• pn" and (68.61 + .24)r.for 

K0 -+ TT+H-. In addition, 50* of the K0's belong to the long-lived K£ 

which has a much longer mean life,T„o = 580 T„O -
KL Ks 

Another correction is due to losses when outgoing neutral particles 

undergo secondary interactions in the material inside or around the target 

(barrel counter, BC or cylindrical scintillator CYL). This contribution 
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is also dependent on the scattering angle. In analogy to 2-prong 

correction factors, we used a factor f^nt ° 1.20 ± .12 . 

efficiency e -. and Er. as was discussed in section 5.2. So, altogether, 
K" A AA 

Lel Evis Lint (5-9) 

A summary of the factors involved in the normalization of the raw angular 

distributions is given in tables 5-2 and 5-3 for incident n* and p-beam, 

respectively. (At 3. -3.3 GeV/c beam momentum N i n c contains the number of 

incident particles of "normalization runs" only.) 

pUb IGeV/c] 

3 . 0 

3 . 1 

3 .2 

3 . 3 

4.9S 

7 . 8 

11.7 

"ine 1*1°6! 

9.23 

20.46 

41.86 

50.05 

821.15 

3955. 

10209. 

f e l 

.118 t 

.063 1 

.127 1 

.374 1 

2.403 ± 

1.035 1 

2.092 ± 1 

.014 

.007 

.013 

.039 

.137 

.1S9 

.453 

f v l s 

4.54 t .02 

• 

f r e c 

2.08 1 .39 

T 

Table S-S : Normalization fautore for v~ bean. 

P l a b [ C e v / c ) 

3 . 0 

3 . 1 

3 .2 

3 . 3 

4 . 9 5 

7 . 8 

1 1 . 7 

N l n c £ . 1 0 6 ) 

2 . 1 9 

3 . 6 0 

S. 86 

5 . 4 0 

•>• 1 8 . 2 S 

3122 . 

11730 . 

Ui 

. 0 9 7 ± . 0 1 5 

.095 ± .014 

.129 t .017 

. 1 7 7 t .026 

2 . 4 0 3 t . 1 3 7 

1 .015 ± .107 

2 . 5 6 1 t . 753 

c v i B 

2 . 4 2 6 1 . 0 0 4 

' r e e 

2 -43 t . 71 

Table S-3 : normalization factor» for p-beam. 
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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 *v 204 for the K0A 

event sample and *v 29% for the AA final state. 

Errors from the acceptance term in eq. (5-6) are usually rauch smaller, 

**• 4% in the large angle region. So these are small with respect to the 

statistical errors alone. 
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6. D I F F E R E N T I A L C R O S S S E C T I O N 

A N D P O L A R I Z A T I O N 



6 . D I F F E R E N T I A L C R O S S S E C T I O N 

A M D P O L A R I Z A T I O N 

Prom the knowledge of the spectrometer acceptance and the normalization 

factors we can calculate the differential cross sections from the raw 

angular distributions of 2-VO events. Including topology Tl events 

(1-vO) increases considerably the s t a t i s t i c s , but normalization i s only 

possible relative to the 2-VO sample. 

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

precession of the part icle spin in a strong magnetic f ield. 

6.1 Normalized Angular Dis t r ibut ions 

6 .1 .1 K0A and K0E0 F inal S ta t e 

In t h i s s ec t l on t we s h a l l combine the two channels 

n"p > K0A0 ( la) 

and 

**p > K0E0 (lb) 

In order to reduce statistical errors. For the raw angular distributions 

of fig. 4-15, we have already indicated each contribution separately. It 

will become clear when discussing theoretical models that the shapes of 

the two resulting differential cross section distributions are very 

similar. This is due to the similarities of A and £° particle properties. 

Both have strangeness S = - 1, electric charge 0, spin H, and their mass 

difference is small. The A exists only as a neutral particle with isospin 

I = O . The Z°, however, is a member of the isospin triplet Z~, 1°, L+ 

with I = I . 
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In the decay Z0 •* A + y, the momentum of the decay products in the E0's 

rest frame is only 74 MeV/c. So the influence of the missing y in the 

total missing mass distribution (see definition in eq. {4-4)) with 

respect to the two detected VO's is only a broadening of the peak centered 

at zero. "The result for the sum of 2-VO candidates for reaction (la) and 

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

N/.002 GeV 

60 

40 

20 

r—In j 
nJ 

7 T - p — K ° ( A ° / £ ° : 

3-3.3 GeV/c 

h n n r ^ l n 

-.04 -.02 0 .02 .04 

MISSING MASS2 [GeV2] 

Fig. 6-1 : Total missing mass distribution for the A'°AA° scuqile 
at 3 CeV/o. 
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If compared to the K/, final state, the momentum taken away by the y in 

the K 0E 0 final state will introduce a broadening also for the missing 

momentum distributions. In addition, for the x-component (beam direction) 

an asymmetry appears at small positive values. The distributions for all 

three components for the final K0A/E° sample is given in fig. 6-2. 

MISSING MOMENTUM K0A/Z0 3 GeV/c 

LTl 
O 

60 

40 -

20 

0 

o, = .101 GeWc oy = .091 GeV/c 

fi 
0, = .076 MeV/c 

- A L . 
-0.5 0.0 0.5-0.5 0.0 0.5-0.5 0.0 0.5 

P x JGeWc] P m I GeWc] P 1 J G e W c ] 

Fig. 6-2 : Distributions for the three components of the missing 
momentum in v~p ** X°A/z° at 3 GeV/o. 

The differential cross section do/dt for the sum of the reaction channels 

n~p -+ K0A and n"p -*• K 0E 0 is given in fig. 6-3 as a function of the c.m.s. 

scattering angle 6*, summarizing all WA13 2-VO data for these Channels. 

Errors are relatively large for cosfl* > .8 where the acceptance becomes 

very small. At large angles and at high beam momenta, we have regrouped 

bins with low contents. Altogether, the values of do/dt cover a range of 

about 4 orders of magnitude. 
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Fig. 6-3 : WAlS insults for the differential arose section in 
n-p -+ X0A/!0 . OnZy 2VO event topology is considered. 

6.1 .2 -AA and AE0 + c . c . Final s t a t e s 

We analyze simultaneously the auto-conjugate reac t ion 

pp — > AA (2a) 

and the conjugate reactions 

pp » AS0 + E0A (2b) 
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Ä S an example, the total missing mass distributions at 7.8 GeV/c for all 

2-VO 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. 
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Fig. 6-4 : Total missing mass distributions from candidates to 
(a) the K°h and (b) the AA final state at 7.8 GeV/c. 

In fig. 6-5 (a), we summarize the differential cross sections for AA, AZ° 

and E0A final states at incident beam momenta around 3 GeV/c, 7.8 GeV/c and 

II.7 GeV/c. In order to illustrate the [tj-range that was covered at 

these energies, we plotted the same data in fig. 6-5 (b) as a function -

of - t* = - (t - t,jjin), where 
^min ^3 the lower klnematlcal limit of the 

4-momentum transfer. 
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Fia. 6-5 : (a) Differential erose section distributions at different 
WA13 beam momenta for the 2VO event sample of the 
pp •+ AA + AE° + o.e. reaction channel. 

138 



pp - * - ÄA + AZ0+ c e . 

TD 

b 

10 

10 

10 

10 

10 

10' 

A h 

tt 

T 1 T ^ • I 

A 3.-3.3 GeV/c 

P 7.8 6eV/c 

O 11.7 GeV/c 

= t -
90,(3.1) ! 90"(7.8I 

J LJ I I L 

0 1 3 4 5 6 7 

- t ' [GeV/c ] 2 

Fig. 6~5 (aont.) ; (b) Differential cross sections as a function of 
momentum transfer - t ' for pp + AA + M0 + c.c. 
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6.1.3 Reactions with Missing i 0 

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

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

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

a missing n0 particle. 

As was pointed out in chapter 4, the reaction if p * K°A{n°) has important 

resonances, such as K*°(892) and ï*°(1385). At p l a b « 3 GeV/c, for 

example, the total cross sections for the final states K*0A and K0E*0 

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

From the effective mass plots M|f£{K
0tr°) and M|ff(At°) in fig. 4-13, we 

estimate contributions from approximately 16 ±5 K*°(B92) and 10 ±3 E*0 

(1385) within the originally reconstructed 92 candidates for the K0A(H0) 

hypothesis (see table 4-3). Some of these candidates were attributed 

to the K0 Z 0 sample. In order to reduce the background signal, we intro­

duced a cut in the total missing mass \m2(K°A ) - .01S| < .014 GeV2 and 

obtained finally 43 events. The normalization procedure resulted in Che 

differential cross section distribution of fig. 6-6. 

Compared to the ifp •»• K 0A reaction, the acceptance for K 0A (nù) final 

states is much smaller. The differential cross sections, however, are 

of the sane order of magnitude around 90° c.ra.s. 
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Fig. ß-S : Differential erotte section of X0A final state with missing 
neutral pion at 3 GeV/a. 

6.2 Differential Cross Sections at Large Angles 

Prom a theoretical point of view, it would be convenient to have results 

at the largest possible P 7 values at each energy, that is at 90° c.m.s. 

scattering angle. For the K0 A/E° final states, though, data points 

from 2-VO events exist only down to costì* » .3 (fl = 730J, as was shown 

in fig. 6-3. An extrapolation-to 90° would require an assumption on the 

shape of the angular distributions. This will be possible once we have 

looked into some theoretical models. At this stage of the analysis, we 

only want to exploit experimental data. 

So in fig. 6-7 we plotted the values of the differential cross section 

at 6* = 73° for the channel n"p -+• K.°A./Z° and p p •+• Ä À + A C 0 + c.c. 

One should note that one of the two references, [JAY77], does not include 

final states where Z0 or E0 particles are present. In addition, in this 

case the beam momentum already approaches the threshold region where the 

total cross section drops off sharply. 
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The straight line tn fig. 6-7 not only guides the eye, but follows the 

suggestion made in the Introduction that the differential cross section 

at fixed angle follows a power law S~n. We shall discuss theoretical 

predictions for n in the next chapter. 
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Fig. G-? : Large angle differential cross section at Q* = 73° from 
WA13 data at 3 GeV/c, 4.95 GeV/c and 7.8 GcV/ct and from 
réf. [LOVBO] at 3.95 GeV/c and [JAÏ77] at 1.85 GuV/o. 
The dashed line indicates 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 A decay for the 

determination of hyperon polarization. 

In the following sections we use the term "inclusive" for events where 

at least one hyperon was reconstructed. "Exclusive", as usual, concerns 

events for which both final state neutral particles are known. 

6.3.1 Definitions 

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

P = (PX,PV,PZ) are defined by 

P. = — <m,> , i = x,y,z (6-1) 

where s is the hyperon spin and m, denotes the spin component with respect 

to the axis i. The definition of the coordinate system associated to 

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

In the case of two particles with spin a, one defines the spin correla­

tions 

Cij = T <ml,i '""2,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) : 

where p is the unit vector parallel to the momentum of the decay proton. 

a^ is the asymmetry parameter in the weak decay process. Employing the 
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moment nethod, one obtains the polarization components 

» , • — <cos6.> 
A.i OA L 0A 

(6-4a) 

An estimate of the error i s given by 

o(P i . — /<cos28,> - <cos9f>
2 

n ,x a, * * 
(6-4b) 

.±J1 
a . 1 N . 

The A polarisation is obtained correspondingly. 

If acceptance effects cause anisotropy in the detection probability as a 

function of COSO1, weights W1(COSe1) have to be introduced accordingly : 

Pa , - — 
"A 'A. 1 

W1(COSO1) COSO1 dcos81 

-r 
I W1(COsO1) UCOsA1 

(6-5) 

For a AA final s ta te we have to consider the joint decay distribution 

-—•~- - = — - — I (6*) (l + a, P, • p + Oj P1 . p_ (6-6) 
dtldfî.dfl- (4w)2 o l A A * p A A 1 P 

H I C i j 0 0 3 0 A 1 I ' " 3 0 A - J 
1.3 

where l„(6*) Ie the measured differential cross section, dCl, and dflr are 
O ft A 

the solid angles in the decay A •* n~p and A -+ pii+ respectively. 

From CP invariance, one obtains [REV80] 

o. - - or - .642 ± .013 
A n 
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Again by integration we get the spin correlations from eq. (6-6) 

Q _ <cos8, , -COSÔT ,> 

H V j A.i A.j 
(6-7a) 

The error estimates are : 

,„ , 3 1 (6-7b) 

Low statistics are a severe handicap as far as spin correlations are 

concerned. Based on our final AA sample, 0(Ĉ ..) » 1.1 . 

PRECESSION 

If a particle carries a magnetic moment associated to its spin, it will 

undergo some precession during its lifetime in the magnetic field. He 

have calculated the corresponding correction in spin orientation (see 

Appendix A.2). The angle Ae between the spin direction before and after 

precession In the hyperon rest frame is essentially determined by 

Ae ̂  g U N H* (6-8) 

where the Lande factor g = - 0.67 for the A particle, Vn is the nuclear 

magneton, H* is the detector magnet field transformed into the hyperon 

rest frame. 

As is shown in fig. 6-8 at PiaD *= 3. -3.3 GeV/c, the correction due to 

precession which we had to apply prior to the calculation of polarization 

angles varies between 0° and 4° with a mean value of about 0.7°. Even 

at Plat, = 7.8 GeV/c the corrections were relatively small (Ue = 1.1 ). 
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Fig. 6-8 : Precession of A particle at Pj^ around Z GeV/a. 

(a) Change of spin direction Ae versus life time t. 
CbJ AE distribution. 
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6.3.2 Results 

A striking result is the strong negative A polarization found in the 

reaction ifp •* K0//!:0 (cf. BELÖ1 ). The angular distribution in 

cos6» , where 8. 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 Pi0W a*"
01111** 3 GeV/c. 

POLARIZATION A 

-0.5 0.0 0.5 1.0 

Cos e 

Fig. 6-9 : Polarization angle distribution for the A partiale in the 
K°\/Z0 event sample at 3 GeV/a. The straight line results 
from a least square fit of the parameter aP. 
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The straight line fitted to the data has a slope of a^P = - .51 t .13, 

with a reduced X2 value of 0.B4, hence the average polarization is 

P1 o -.79 ± .17 

For the K°j» final state events alone we found : 

p. - -1.03 ± .23 
A.y 

A number of collaborations have measured the A polarization in the 

reaction n~p •• K0A • We plot published data from some experiments 

(ABB71 at 3.9 GeV/c, BEU70 at 4.0 GeV/c, BEU75 and AST75 at 5.0 GeV/c) 

in fig. 6-10 («' between 3 and 4 GeV/c and in fig. 6-10 (b) around 5 GeV/c. 

Our data points include the K0/ and K0 E 0 sample. 

Ql 3-1 GeV/C 
, , , j r 

bl 5 GeV/c 

« 

J I L 

4 
-I (IGeV/clM 

TT -P-K 0AZZ' 
T 1 r 

-i [(GeV/c 

Hg. 6-10 : A polarization data from WAlS (a) at 3 GeV/a C \ ref. 
[ABR71] at 3.9 GeV/o and + re/. [BEU?0\ at 4 GeV/c) and 
(b) at 4.9S GeV/a (+ ref. [BEU?S] and f re/. IAGT?S] 
both at S GeV/o). The full line in (a) indicates a 
Regge model prediction \NAV76). 

Both plots are characterized by a A polarization which starts around 0 

in the forward direction, going to negative values at increasing |t| 

values. Our data completes published small-angle data. In the 

file:///NAV76


backward direction (that is, when A's are produced in the forward direc­

tion) the polarization becomes strongly positive before coming back to 

zero at the kinematical limit. 

As a test of the analyzing program, we have determined the K0 "polariza­

tion". It is, in fact, vanishing as is shown in fig. 6-11 (b). This 

figure and all other parts of fig. 6-11 show "inclusive" polarization 

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. 

TC" beam 

r 
1 

ft 

1 

I 
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-1 

TC " beam 
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+ I i 1 

M T.. I 
i . 

I 
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Fig. 6-11 : A polarization at Pi0^ around 3 GeV/o in the n~ beam (a) 
and p beam (c). The "K° polarization" is checked in (b), 
Thé Â polarization ie shown in (d). 
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In order to show the pj-range covered in our data we have plotted in 

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

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

to exclusive data the inclusive hyperon polarization is smaller but 

still negative for pT-values above 0.4 GeV/c. 

Finally, in the exclusive process pp •*• ÄA/E0 at 3. -3.3 GeV/c the 

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

P7. » - .60 1 .38 
AA, y 

0 

-1 

Polarization A inclusive I r * beam! 

x. !J ft 
Ô 

- t [ G e V / c M 

x 3 . - 3 . 3 GeV/c 

O 5 GeV/c 

a 8 GeV/c 

* 12 GeV/c 

Pig. G-IB : "Inclusive" A polarization ae a function of -t for 
different WA13 beam momenta. 
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momentum in 

(a) n"p -+• A + neutrale, 

(b) p"p -• A + neutrals and pp + Ä + neutrale, 

at beam momenta betueen 3 and IB GeV/c. 
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7. T H E O R E T I C A L M O D E L S 



7. T H E O R E T I C A L M O D E L S 

In this chapter, we first want to supply a general framework for the 

description of the experimental results. Then, we shall briefly describe 

the essential features of specific models and compare, as far as possible, 

their predictions with our results. In addition, data from other experi­

ments will be considered in some reactions. 

Since we deal with processes involving half integer spin particles, the 

helicity amplitude formalism represents a convenient way to describe the 

differential cross section and the polarization data. Helicity amplitudes 

were originally introduced by Jacob and Wick [JAC59]. The closely 

related concept of spin density matrices is based on a paper by Durand 

and Sandwelss [DUR641. A general introduction into the field of polari­

zation and an extensive review of the experimental situation can be 

found in a recent report by Bourrely et al. [BOU80]. 

In general, the interpretation of experimental results can be done in a 

model independent or in a model dependent way. In the first case one 

could, for example, test simple parametrizations of the amplitude, as 

was done in ref. [ATH74] for pp -*• AA. The decomposition into partial 

wave amplitudes would be a second example. 

To do this, we need to have an idea about the magnitude and the shape 

of the forward peak of the angular distribution. This region, however, 

was suppressed by the trigger lay-out of -the WA13 experiment. So for 

the discussion of models which typically account for the behaviour at 

low energies and small transverse momentum values, wehave to take into 

account results from other experiments, mostly bubble chamber data. 

Usually, low energy models deal with the "macroscopic" picture of elemen­

tary particles. For example, the analysis of a diffraction pattern can 

give information about the size of particles. In the case of Regge 

models, which we shall discuss later on, one makes the assumption that 

the interaction proceeds via exchange of particles associated to Regge 

"trajectories". Only quantum numbers which characterize the interacting 
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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 to specify too closely the nature of the internal 

constituents or partons of elementary particles. A prediction for the 

energy dependence of the differential cross section at large angles that 

depends only on the number of constituents inside the reacting particles 

was derived by Matveev et al. [MAT73] and is known as the dimensional 

counting rule. 

Another candidate, the constituent interchange model (CIM) assumes baryons 

to contain a constituent-core pair [GUN73]. In other words, the baryon 

is described by a quark that takes part in the interaction and a spectator 

diquark core. It is suggested that no QCD-like hard scattering subprocess 

between constituents occurs. So all contributions to the amplitude are 

easily determined from the quark quantum numbers that can be exchanged. 

The massive quark model (MQM] introduced by Preparata (PKK73J assumes a 

subprocess between quarks which is Regge behaved. The nature of the 

interacting quarks determines all possible exchanges of meson and 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 electromagnetic 

form factor of mesons and baryons as measured in e-p interactions. In 

a second step, one has to define the interaction mechanism between 

constituents. It is here that the most important differences between 

models show up. 
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7.1 Helicity Amplitude Formalism 

Heliclty amplitudes supply a model Independent expression for the diffe­

rential cross section in reactions where spin is involved. Initial and 

final states are defined by their spin density matrices which can be 

expressed in terms of polarization and spin correlation. Symmetry con­

siderations considerably restrict the number of helicity amplitudes and 

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 f(E,0) as a function of energy B and 

cm.s. scattering angle 6, for the process 

a + b > c + d 

are related by 

S-S i'«.« f 

where p a and p are initial and final state c.m.s. momenta. 

Commonly, the Lorentz invariant amplitude 

F(S,t) = Sir /s f(E,6) 

is used. So we get for the d.c.s. 



He use the invariant Mandelstam variables defined by 

s - (P. + PH) (7-3) 

t - (Pa - Pc> 

where P1, i = a,b,c,d are the four-vectors of the interacting particles. 

Expressing the d.c.s. with respect to the variable t, we get 

£ . - i |F(s,tj|
! 

dt 64ns p^ 
17-4) 

At high energies <s >> m), one obtains approximately s = 4 p|, thus 

do 
dt i6ns2 

1 1FIs,t>(2 (7-5) 

Rs far as spin is concerned, the two types of reaction we are interested 

in are 

and 

0 + 1/2 

1/2 + 1/2 

-> 0 + 1/2 

1/2 + 1/2 

(7-6) 

(7-7) 

In this chapter, we shall mainly deal with the more complex second case, 

where each spin state gives a contribution to the d.c.s., according to 

eq. (7-4). So, a priori, we have to determine 16 independent scattering 

amplitudes. 
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HELICITY 

A useful definition of spin states is given by the helicity X of a parti­

cle with spin s. The helicity is defined as the projection of the spin 
-*• - * • 

vector s on to the particle momentum p 

IPI 
{7-8) 

This definition has the following characteristics : 

a) For mass m ^ 0, there are 2s +1 helicity states X = s, s-1, ... , - s . 

If m = 0, like for the photon with s = I1 there are only two values 

X = ± s. 

b) Rotations in space (x,y,z) change the direction of p, but X remaining 

unchanged. Under space reflection X changes sign. 

- » • 

c) When a Lorentz transformation in the direction of p is applied, one 

obtains a state with the same (or opposite) direction but a different 

magnitude of p. If p is not reversed, again X remains unchanged. 

In order to illustrate the definition of helicity, we list the four possi­

ble initial and final spin configurations in reaction (7-7) with obvious 

ket notations : 

initial state final state 

/ 
|++> |++> Ä 

|+-> p . t p |+-> A 

|-> |~> 

Following [JAC59], the probability of the transition from an initial 

helicity state J L to a final state XA, is measured by the helicity 

amplitude defined as 

Vd> W'*' = ~t l <J + ̂  <Äc*d l ^ t E ) l A a V <7"9) 

ei(A-nHd^(6)_ 
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where ^ ' * a " ^ h ' ^
 = ' ~ Ad' J = t o t a* angular momentum, and S = 1 +IT 

The functions di (Q) define rotations and can be found, for example, in 

réf. [JAC59]. 

Thus, we are able to express the d.c.s. in terms of helicity amplitudes 

£ * I lfX X • X X I (7-10) 
dt L ' A

c*d* aAb 

7.1.2 Symmetry Considerations 

Strong interactions are supposed to be invariant under the parity opera­

tion P and charge conjugation C. He 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 

P|*aV = "anb<- D
J ~ Sa~ 5b|-*a- - V 

where na,nb are intrinsic parities. In the case of baryon-antibaryon 

tia ' l b - - 1 -

Considering the properties of the functions d^„(9) in eq. (7-9), we 

obtain the following condition on the helicity amplitudes : 

f i l . i l («.*-•) = nt * (-1>
X_P * fi i ,1 X ^ 1 * 1 

~*c Ad* Aa _ Ab * AcAd,AaAb 
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where nt depends on the intrinsic parities, and equals + 1 for reactions 

of type (7-7). Hence, if parity is conserved, the hellcity amplitudes 

do not change under inversion of all helicities. so for the reaction 

(Y stands for hyperon) : 

Pp > ̂ v 

instead of Initially 16 only 8 amplitudes are independent. 

C H A R G E - CONJUGATION 

This operation transforms a particle a into its antiparticle a, whereas 

helicities are not changed. If the transition matrix T is invariant 

with respect to charge conjugation, one obtains from eq. (7-9) : 

£*d xc» Ab*a = £*c*di Aä xb 

This means for auto-conjugate reactions like pp •* AA and pp •*• Z0Z0 that, 

apart from a sign, exchanging particles a and b does not change the 

corresponding amplitudes. 

For the conjugate reactions pp •* AE0 and pp + Z0A, this implies that the 

amplitudes of the first reaction entirely determine the second one. 

Therefore, It is justified to add, as we have done, both classes of events 

for the d.c.s. calculation s 



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 -•- AA (and I0E0) and only 8 amplitudes for pp •*• Âï° {and 

C0A). 

EE. AA 

Using the notation of Plaut [PLA71] for this reaction, we are left with 

the following non-flip (index 0), single-flip (index 1) and double-flip 

amplitudes (index 2) : 

*o = f++i ++ 

+-> +-

T1 » t + + ) 

f+-

C++J -+ 

+-J ++ 

*•-, -+ 

'++, — 

-f +-} — 

And for the d.c.s., we obtain : 

g * H - |f0|
2 + |£i|2 + 2((£,|2

+ |fj|2) + |f2|
2+ If^l2 (7-12) 

Using the concept of density matrices, as will be described in the follow­

ing subsection, the polarization is given by : 

P = ~ Im ((f0-f2>* f| - tf0+f2J* f3) (7-13) 
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ii"p-*- K0A 

The corresponding result for this reaction is much simpler. We only have 

to consider a non-flip amplitude A N and a spin-flip amplitude Ap. So 

the d.c.s. in terras of these amplitudes reads : 

(7-14) 

For the polarization of the A particle, we use 

P ~ - 2 HD(ANAP) (7-15) 

7.1.3 Spin Density Matrix 

A natural way to define polarization vectors and spin correlations is 

the introduction of the spin density matrix. In any reaction, one 

starts with a knowledge of the density matrix of the initial state, P1, 

and one attempts to measure the density matrix p f of the final state. 

Then p f will contain all relevant dynamical information about the 

reaction. 

So, if T denotes the transition matrix, p f is defined by : 

Pf = 
Tr (R£) 

w i t h R f = Tp T + = k W P 1 JP + (7-16) 

where IF is the matrix containing the heiicity amplitudes f^, k is a 

kinematical factor. In order to point out the relation to the d.c.s., 

using eg. (7-10), we can write : 

do 
— ^ Tr(Rf) * k Tr(IF P 1 IF

+) 
dft 

(7-17) 
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In the case of the reaction pp •* AA, the density matrix Is of the form 

4 * 4 . Since in our experiment beam and target particles are unpolarized, 

the initial state density matrix is simply : 

P 1 - 1/4 t 

The final state density matrix Pf, in general, will have 16 complex 

elements, representing 32 real parameters. They are reduced, due to the 

following properties of the density matrix : 

1̂ . P1J = pV (hermicity) 

2. p., Ì. 0 (positive real diagonal elements) 

2- Tr(p) = 1 (normalization) 

Consequently, 15 parameters have to be determined only, in general. The 

hyperon and anti-hyperon polarization (2x3 components) and the 9 spin 

correlation terms, for example, can provide sufficient information to 

determine pf. From eq. (7-16), which relates the density matrix to 

helicity amplitudes, and fron symmetry considerations discussed in the 

preceding subsection, we already know that under parity conservation, 

only 8 parameters will remain independent. 

A complete orthonormal base for the representation of any 4 x 4 matrix 

is supplied by the 16 matrices Oj* = O 1 xcjj, where O0 - 1, and O1, O2, 

and O3 are the usual Pauli matrices. So we can express p f in the follow­

ing form [DUR64J : 

Pf = 4 ( * + I PA,i°i * l + & *Ä,j * * 0I + Ï CiJ 0I *°j) 
(7-16) 

P. , and P 7 . are the polarization components and C1J the spin correla-
A1L nr] J 

tions between hyperon and anti-hyperon. 

How can the observables defined in eq. (7-18) 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 
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subsequent hyperon decays governed by the matrices : 

ftsi + fip o -p k = A1A (7-19) 

where A and A are the s-wave and p-wave amplitudes in the weak hyperon 
2 2 + 

decay process normalized to |A j + |A | = (4n)_1, a = (Q]1O21O3), and 

p is the momentum of the decay nucléon. Eq. (7-19) détermines the decay 

distribution in the hyperon rest frame ( p = p /lp|) : 

5¾ * Tr K Hk Pf,k> 
where MjJ Mk = - p < 1 + a j t a • p) (7 -20 ) 

and p f k = - ( 1 + P k - a ) 

where dQk is the solid angle in the hyperon rest frame and a k is the 

asymmetry parameter in the weak decay : 

2Re A5Ap 

«k = T~r2 [-½ "-2D 
UJ* + UJ 

So for the whole process we have T = M1 M; M and we can write the dlffe-
A A1 

rential cross section in the case of p^ = — 1 [DUR64] : 

3 

j n __ . . = Tr(Mt M-M+- MT • 7 M+M) (7-22) 
ail d f l , d i l - A A A A 4 

A A 

I 0 ( A ) — ^ - Il + a . P - p + a-r P T - p _ 
0 ( 4 I T ) Z A A p A A p 

i i / ' i ^ i ' ^ ' a a 
A 

In order to extract the polarization and the spin correlations, one can 

employ the moment method [PIL67] and one obtains the results that were 

already introduced in section 6.3 while presenting the polarization data. 

Since p£ and IF .are related by p f = y IF IF
+/Tr(Rf) (7-16) , the condi­

tions imposed on the helicity amplitudes by invariance arguments will 
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yield certain characteristics for the parameters used in the representa­

tion for p f . 

AUTO CONJUGATE REACTIONS 

For the reactions pp •*• AA and pp -*• E 0S 0 parity conservation P yields 8 

conditions : 

P . p «. 0 
A,x A,z 

P 1 = P T = 0 
A1X A,z 

cxy n Cy* ~ S 2
 = Csy = ° 

(7-23BÌ 

This well-known result !»piles that under parity conservation, the 

polarization is normal to the production plane. 

Charge conjugation C introduces in addition : 

p B p- = p 
A.y A,y y 

(7-23b) 

The c o r r e l a t i o n s C ^ , i - x ,y , z may be non-vanishing. In add i t i on , CP 

invariance y ie lds : a , • - 0 7 . 

CONJUGATE _REACT£ONS 

For the react ion pp -+ AE0 and E0A we have, aj^art from eq. (7-2Ja) , the 

condi t ions ! 

PÄ,y " PA,y a n d p Ê°,y " V , y 

C112(AE0) - Czxil°h) and C2x(AZ0) = CxJ8[^A) 

C11(AE0) - C1 1(E0A)1 i - x,y,z 

(7-24) 
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Finally, during E 0 decay into Ay, one finds [DUR64) : 

o £ 0 = - 1/3 a A (7-25) 

7.1.4 Comparison with Polarization Data 

After the general introduction given in the preceding sections, we can 

compare the consequence of CP invariance as expressed in eq. (7-23) with 

the results concerning hyperon polarizations. 

i~p -*• K°fl/i:0 

fis in the case of hyperon - anti-hyperon production parity conservation 

should suppress the x- and z-components of the A polarization. At 

Plab = 3. -3.3 Gev/c, we measured the following mean values over the 

total angular range covered (cf. fig. 6-9) : 

PA 

PA 

PA 

X 

y 

Z 

= 

Q 

= 

. 0 2 

- . 7 9 

- . 06 

± 

± 

t 

. 1 7 

. 1 7 

.24 

Within statistical errors, the theoretical predictions (see eq. (7-23a)) 

are well satisfied. 

pp -» AA 

Still at Piaij around 3 GeV/c we obtained the following mean values of 

the A and A polarizations : 

P T . 
AA .Y 

- . 6 0 t .38 

The combination of Â and A data is justified by eq. (7-24). 

164 



Results from a wire-chamber experiment [BEC78] performed at the CERH PS 

at 6 GeV/c show an Ä polarization of zero at f = 0 which is constantly 

decreasing with Jt*| until P- = -.78 ± .AO at - t' = 0.9 (GeV/c)2. We 

find the same tendency in our experiment. 

v-p •*• K°E Q 

The mean polarization was P, = -.37 t .20 around an average t value 

A,y 

of - 1.25 {GeV/c)a. So with a 0 = - 1/3 a from eq. (7-25) this corres­

ponds to : 

Ps°,y = 1,U * '6° 

The error in this case is quite important. But this and all other 

results are compatible with the general condition on polarization 

|p| < 1 . 

As a comparison, we note the E° polarization found at P|ab = 3.95 GeV/c 

by Loverre et al. [LOV80] at - t = 1.6 (GeV/c)2 : P^0 = .80 ± .50 . 

As was pointed out in section 6.3, the limited statistics in our 

experiment did 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 are compatible 

with CP invariance. 
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7.2 Regge Models 

At low beam energy and small momentum transfer, many experimental results 

are discussed in the framework of Regge models. Angular distributions 

up to |t| *u 1.5 GeV/c are well explained. A paper by Navelet et al. 

[NAV76], for example, covers the range in P j 3 ^ between 3 and IS GeV/c 

for the reaction n~p -»• K0 A . Recently, a study of the reaction pp •+ AA 

was published by Saleera et al. [SALSI], who tried to reduce the number 

of parameters in the Regge approach while fitting data at pjab = 6 GeV/c 

measured by Becker et al. [BEC78]. In a review article by Collins 

[C0L71), a general introduction into the widespread domain of Regge 

models can be found. He want to see to what extend Regge amplitudes 

provide a useful description in the case of our experiment. 

In Regge models, the interaction process is characterized by the exchange 

of Regge trajectories which are associated to particles that can be 

exchanged. A forward peak or backward peak in the angular distribution 

is expected if t-channel or u-channel exchange is possible, respectively. 

The particle exchanged is determined by the quantum numbers of the inter­

acting particles. In table 7-1, we list important quantum numbers of 

particles involved in reactions which we studied. 

spin s 

isospin I 

1S 

7I~ 

0 

1 

- L 

K0 

0 

1/2 

-1/2 

P 

1/2 

1/2 

1/2 

A 

1/2 

0 

0 

I0 

1/2 

1 

0 

Table ?-l : Quantum numbers involved in Regge modela. 

Pig. 7-1 illustrates the t-channel exchange of (a) ir~p •*• K0A and 

(b) pp-* AA. 
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* * * * 

Fig. 7-1 : Regge exaìtange in the t-channel for (a) n"p •» 
and (b) pp-*lA. 

K°h 

In both reactions, the exchanged object must have the following quantum 

numbers : 

B 

Q 

S 

I 

= o 
1 

1 

- 1/2 

These requirements are all satisfied by the strange meson K and its 

excited states K* (892), K** (1430), etc. Thus in both reactions one 

expects a forward peak in the d.c.s. distribution. Contributions from 

the K exchange are believed to be small (cf. e.g. (PLA71J and [SALBl]) 

In table 7-2 we list Regge predictions concerning the existence of 

forward and backward peaks for some reactions we are interested in 

[COL711. 
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process 

• _p + K0A 

p-p -> K°i° 

K~p elastic 

pp elastic 

PP •*• AA 

PP •*• Z0E 

trajectories predicting 

forward peak backward peak 

K* + K " 

K* + K " 

P + f + p + A 2 

P + f + p + A 2 

K + K* + K** 

K + K* + K** 

Ea + H * h + E6 
11O + 1B + 1T + E6 

exotic 

exotic 

exotic 

exotic 

Table 7-2 ; Regge trajectories. 

7 .2 .1 Meson-Baryon I n t e r a c t i o n 

Using the parametr iza t ion of Regge amplitudes according to Navelet e t 

a l . [NAV76], we s h a l l t r y to descr ibe our data for r~p -+ K0A and 

U-P •+ K0E0. 

Their ana lys i s i s based on Regge poles which account for K* (892) 

(vector V) and K** (1430) (tensor T) exchange and an add i t i ona l effec­

t i v e cut for the non- sp in - f l i p amplitude. 

DIFFERENTIAL CROSS _SECTI0N 

As was pointed out in sec t ion 7 . 1 , a non - f l i p ampli tude, A , . , and a 

spin f l i p ampli tude, ft
+_« a *e necessary for the c a l c u l a t i o n of the d . c . s . 

(cf. eq. (7-14)) . 

Ë2. 
d t IA+-T 
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Each amplitude la the sum of vector and tensor contributions •. 

A 1 = JÌ (HJ(K*) + H1(K**)! 

with i = ++, +- for non-flip and flip amplitude respectively. Navelet 

et al. used the following parametrization for the helicity amplitudes 

H 1 i 

BJ; £ - k YJi
E (T + e" l M < t J ) Sa(t> ea++fc (7-26) 

HJ: Z - k tt Y*:E(T + e" i1,ait)) Sa(t» e8+"1 

where k is a kinematical factor, Tf's denote the residuals, T the signa­

ture (- 1 for vector, + 1 for tensor), alti defines the Regge trajectory, 

and the a's determine the exponential fall-off at small |t| values. 

In analogy to p and A2 exchange in elastic scattering, Navelet et al. 

added an effective cut tern to the non-flip amplitude : 

"&,{£] -«TÌi't"!-1!!""1*« ac(t) eact ( 7_ 2 7 } 

These amplitudes require a total of 17 parameters (!) to describe the 

reaction with a K0A final state and 4 additional parameters for the 

K°E° final state. With the parameters [HAV76J listed in table 7-3, we 

obtained the differential cross section distributions shown in fig. 

7-2 for different HAl3 beam momenta. 

Navelet et al. fitted the parameters using published data with 

- t < 1.5 (GeV/c)2 . 

So1 except in fig. 7-2 (a), we have extrapolated the curves toward larger 

scattering angles. 

The K 0E 0 distributions exhibit a marked dip around - t ^ O.b (GeV/c)2'. 

Apart from that,there is overall agreement between K0ZI and K 0E 0 final 

state d.c.s. 
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Parameter 

a{ t ) 

yU 
ih 
YÎ-
TÎ-
a++ 
a + -

a c ( t ) 

Yc 

a c 

vector K* 

0.375 + 0.678 t 

10.34 

12.46 

- 9.B62 

13.53 

2.414 

1.895 

0.099 + 0.532 t 

1.01 

1.134 

tensor K** 

0.322 + 0.678 t 

11.IS 

12.83 

- 7.114 

11.63 

1.331 

1.895 

0.127 + 0.532 t 

1.44 

0.091 

fable 7-3 : Regge amplitude parameters for 
ir*p •• K°h/la , 

What is, in general, the ratio between the d.c.s. do/dt (for the K0A 

final state) and do/dt (K0E0 final state) ? 

Since we have separated these two reactions at low energies, we can 

compare them to predictions based on the SU(3) isoscalar factors. 

If Yukawa type coupling (that is, exchange of an octet) Is assumed in 

meson-baryon interaction, only a symmetric coupling, called D, and an 

antisymmetric coupling, F, are possible within exact SU(3) limits. 

From the coupling constants g„,„ and g„_„ as a function of P and D one 
NnK NLK 

obtains [SWA63] the ratio R : 

R B **SÌL gNEK (^ (F/D-l) | 2 

B do(A) g2AK T 3 (3 P/D+l) j " Mi 

In the forward direction this ratio was found to be ̂  0.8 at p âi, =3 GeV/c 

(BOU80]. Loverre et al. pointed out that, in contrast to general belief, 

R is not constant in - t [LOV80]. 
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-î.a 

-T cwc» 

t.e 

Hg. 7-2 : Regge model of ref. \NAV?6\ for the diffa venti al cross 
section of iTp •* A0A (a) and (b) and of v'p -*• K0I0 (a) 
and (d) as a function of -t and eosG* respectively. 
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If we compare the ratio of the numbers of events with K0A final states 

and K 0Z 0 final states at 3. -3.3 GeV/c and 4.95 GeV/c in the interval 

- .5 < cosS* < .9, we obtain, after correction for slightly different 

acceptance values, an average value for R : 

R (3. -3.3 GeV/c) = .75 ± .11 

R (4.95 GeV/c) = .90 ± .25 

As far as the shape of the d.cs. 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 approach. 

In the parametrization presented above, one could include an additional 

contribution which accounts for the backward peak (E0 exchange in the 

u-channel) that is roughly 2 orders of magnitude smaller than the forward 

peak [AST75J. 

The values that are reached by extrapolaring this contribution to 

cosò* = 0 would not, however, be abLe to account for the large angle 

data. 

Apart from the K0A final state, a backward peak was also found for the 

K0*(892)A channel ot 9 and 12 GeV/c [PERBl]. 

POLARISATION 

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 amplitude and the imaginary (real) 

part of the spin flip amplitude, it vanishes 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-one parameters are involved in 

the fit of Regge anplitudes 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 et al. recently published an interpretation of the d.c.s. and 

polarization found in pp + AA at 6 GeV/c [BEC7B] by assuming the reaction 

to be dominated by K* and K** exchange. They use a simple Regge pole 

model with phenoraenological residue functions assuming that each of the 

two trajectories is coupled only to one of the two non-vanishing indepen­

dent helicity amplitudes. 

From the original 6 amplitudes (see the definition of the d.c.s. in 

eq. (7-12)), only those with AX = 0 and AX = 1 are retained. The com­

bination of amplitudes with the same helicity flip AX further reduces 

the number of parameters. So the following parametrization is used : 

f0
 e To*« ^0(t) S

QK#<t) (7-29a) 

I 1 - Z ^ T 1 I t ) ï,(t| SQK-{t) 

Here C0(t> and d (t) denote the signature factors, aK*(t) and aK*.(t) 

stand for the Regge trajectories K* and K**, respectively. The residue 

functions contain the exponential t-behaviour. The trajectories they 

employed are : 

aK*{t) = 0.485 + 0.6 t 
(7-29b) 

aK**(t) = 0.375 + 0.67B t 

With this parametrization, Saleem et al. fitted the data until -t 

^ 1.75 (GeV/c)2. We have used their results to plot in fig. 7-3 the 

d.c.3. and the polarization at beam energies of our experiment. 
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10J 

10« 

<0 
L pp — > AA 

\ \ \ 3--3-3 

\v\ 4wSS 

WA T.9 

\v\ u , a 

NESSEi 

1 

PP — > AA 

3 . -3 .3 

b) 

4.» / il 

/ 7 . 9 / I 

I r 
1. a. a. A. - i - a 

- t (CaWe)Z 

a.0 t . 0 

PCUKXZRTIGN R»f. S U l 

i .a 

e.8 

PP —> 

i t . e 

C^S9 

c) 

a. 2 . 3. 

(GBV^B)Z 

f t g . 7-3 : Regge model pararne irisation for the differential QTOBB 
section of pp •* AA as a function of (a) -t and of (b) 
008&*. The pveâiated h polarization is also shown at 
different beam momenta [SALSI], 
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The prediction for the d.c.s. are compared to WA13 in fig. 7-11. As in 

the case of meson-baryon scattering, the Regge curve falls off rapidly 

beyond - t ^ 2 (GeV/c)2. An important difference, however, can be noted 

for the backward direction. Since the u-channel in pp •+ AA is exotic, 

no backward peak should exist. 

We cannot confirm this prediction from the WA13 results alone. But 

experimental data at 3 GeV/c from Jacobs et al. 1JAC7B) shows no increase 

in the shape of the angular distribution around cos8* = - 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 A is concerned, 

fig. 7-3 (cï 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 obtained around 3 GeV/c. 

Ç ROSS _SECTION_ RATIOS 

From SU(3) invariance, as expressed in eq. (7-2B), one can derive the 

ratio between the cross sections of the reactions (a) pp + pp, (b) -+ AA, 

<c)»Ä£° + c e . and (d) -+ EE0. Two cases are important according to whether 

the F or the D amplitudes are dominant (TAN64]. 

The predictions normalized to 9 (and 1 respectively) are listed in table 

7-4 together with experimental results for total cross section ratios at 

various beam momenta ([BAD67] at 2.5 GeV/c, [BAL65] at 3.7 GeV/c and 

[CHI66J at 7 GeV/c). 
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reaction 

PP + 

a) pp 

b) AA 

c) AE0 + c e . 

d) C0I:0 *' 

ratios 
predicted 
by SU(3) 

domin 

F 

16 

9 

6 

1 

ance 

D 

16 

1 

6 

9 

ratios of G 
tot 

(references) 

BAD67 BAL65 CHI66 

2.5 3.7 7 

[GeV/c] 

9 1.6 

4.6 ±..7 

< 1. 

2260 ± 98 

9 ± .9 

10.6 ± 3. 

< 4. 

9 ± 1.7 

8.8 ± 1.6 

< 2. 

ratios of dS/dt 

(WA13) 

-.5< z< .9 z-v 0. 

3. -3.3 7.8 

[GeV/c] 

9 ± 1.3 

8.6 ± 1.7 

30 ± 6 

9 ± 3. 

*) Experimental limits are derived from E-E + c.c. final states. 

Table 7-4 : Ci-ose 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. ratio at large 

angles are in favour of F amplitude dominance. 

Taking the elastic scattering (a) into account, another interesting 

result is obtained. From F amplitude dominance, it follows for the 

total cross section ratio : 

Jel 
el 0(AA) 

1.78 

Experimentally one finds Rel s 251 at 3.7 GeV/c ((HER79) and (BAL65J). 

On the other hand, at higher energy and large angle at 7.8 GeV/c, we 

measured the differential cross section ratio 

da, 

da (AA) 
T. 3.5 t 1.5 

which is much nearer to the F dominance hypothesis. 
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7.3 Dimensional Quark Counting Rule 

As a f i r s t theoretical approach to the description of large angle cross 

section, we want to present the quark counting rule derived in 1973 by 

Hatveev et a l . [MAT73] on the grounds of dimensional arguments. 

Based on the assumption that the part icles a and b involved in an elast ic 

scattering process a + b •+ a + b contain na and nb constituents (which 

can be identified as quarks) the d.c.B. i s of the form : 

% - ^ - |<ab|T|ab>|2 = ^ k F b < n h n J T | n a n b H 2 (7-30) 

- ?l *b c (s,t) 

where F8, F b are the form factors of particles a and b respectively} 

!"nib* denotes the two particle state constituted by n a and nD quarks. 

From the normalization of a one particle state U|l>] = m - 1 ) . we obtain 

the dimension of the function C(s,t) : 

Next Matveev et al. formulated the hypothesis of scale invariance ("auto-

modelity hypothesis") : At large s,t,u (>> ma)and for fixed t/s all 

essential dimensional constants are contained in the form factors Fa, Ffa . 

Then C(s,t) only depends on the kinematical variables s and t, and under 

change of scale (p •+ Ap, s -»• X2S, t + Aat) C(s,t) transforms like a 

homogeneous function. Thus 

C(s,t) - C(X2S,A2t) - \-"lna+nt>-l) C(S,t) 

This equation is satisfied by the ansatz 

C(s,t) = a - 2 ( n - + n b _ l ) *(t/s) 
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So from eq. (7-30) one gets 

3° -(N-2) f(t/s) 
at 

(7-31) 

where N = 2(na +nb) is twice the number of quarks of the incident particles 

a and b. 

Assuming na = 2 and nb = 3 Cor the quark content in mesons and baryons 

respectively, the following predictions at fixed (large) angle for the 

strange particle processes which we analyzed are obtained : 

— • (JT-P'+ K 0A) ^ s" 

g (PP * AA) ̂  s-10 

t/s fixed, s » m* (7-32) 

Though in the WAl3 experiment the condition a » m was not entirely 

satisfied, we can use the data at 6* = 73° presented in fig. 6-7 to 

draw a straight line through the data points at 4.95 GeV/c and 7.8 GeV/c 

for the reaction u'p -+• K°A/E°. From the slope, we get (n n H _ 2): 

n„* fl*=73° * 8.5 ± .9 

in fig. 6-7 the theoretical result S-8 is indicated by the dotted line 

After having discussed predictions for the shape of the d.c.s. (f(t/s) 

in eq. (7-31)), we will try to extrapolate our data to 9* = 90°. 

As far as the reaction pp -*• AA/E° is concerned, due to missing data at 

4.9S 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 large angles so far (19S2). 

7.4 Constituent Interchange Model 

In 1973, Gunion, Brodsky and Blankenbecler proposed a model (GUN73] for 

the description of hadronlc 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 short 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 distribuions of pp 

and pp scattering. In addition, their model supplies a smooth transi­

tion from fixed angle behaviour (power law at large angles) to conven­

tional Regge behaviour (exponential fall-off of the forward peak). 

7.4.1 Power Law 

The scattering amplitude M that Gunion et al. obtained in their calcu­

lations for the general process a + b •*• c + d depends on the asymptotic 

behaviour of form factors F : 

M = s -F(s) • F (t) • F(u) • I (z) (7-33) 

where z - cosfl* and I(z) depends on the wave function of particle b and 

is usually slowly varying in z. 
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The form factors in eq. (7-33) are calculated by describing a composite 

particle state in the framework of perturbation theory in the infinite 

momentum frame. The results which are obtained for pions and nucléons 

are 

F (q2i A, (-q 2)' 1 (monopole) (7-34) 

*2\ <v. I- n Z 
-2. f-o* HN F (q^) *> (-qz) i n[—J J <dlP°le> 

Hence asymptotically for s >> m from the last two equations one obtains 

a power law behaviour of the d.c.s. at 90° : 

T- (90°) ^ A r IMI 2 - 8-2(A +C +D) I{0) (7_35) 
dt s' 

The exponents A, C1 and D correspond to the power fall-off of the form 

factors of particles a, c, and d respectively. So, for pp elastic 

scattering (A=C=D =2) Gunion et al. predict : 

~ (pp) * s - 1 2 (7-36a) 
at 

where the nucléon is considered as a quark - core system. 

This result is in disagreement with the quark counting rule predictions 

of eq. (7-32). In a later paper, Blankenbecler pointed out [BLA74J that 

considering the nucléon as a 3 quark state would lead to a s""*0 behaviour 

also in the CIM model. 

For u"p interaction (7-35) yields (A=C-I, D-2) i 

~ OTp) * s"8 (7-36b) 

dt 

180 



7.4.2 Angular Distributions 

Depending on the type of particles involved in the interaction, different 

diagrams contribute to the scattering amplitude. 

In the (ut) topology constituents are interchanged between the incoming 

meson (baryon) and the outgoing baryon (meson). If anti-quarks are 

present, graphs of the (st) and (su) topology, where a constituent is 

exchanged between the two incoming particles, must also be included. 

Since quark flavours are crucial in the diagrams to be considered, we 

list some important quark quantum numbers and the quark content of seve-, 

ral hadrons in table 7-5. 

Name 

U 

d 

s 

particle 

content 

Q 

2/3 

-1/3 

-1/3 

n~ 

dû 

B 

1/3 

1/3 

1/3 

K0 

ds 

K" 

sü 

S 

0 

0 

-1 

.1 

1/2 

1/2 

0 

P 

uud 

A 

uds 

1S 

1/2 

- 1/2 

0 

E0 

uds 

Table 7-S : Quark quantum numbers and quark content 
of Borne hadrone. 

Gunion et al. gave explicit formulae (GUN73) for the angular distributions 

of pion and proton induced elastic processes. In the case of kaons, they 

assumed the K-meson form factor to scale with the pion form factor. 

Based on the valence quark content of étrange particles, we can extra­

polate their approach to the reactions ir~p -*• K0A and pp •+• AA. The only 

possible exchange diagrams are the (st) topologies depicted in fig. 7-4. 
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Fia. 7-4 ; (8,t) topologies in the CIM model for the reaction 
(a) B-p •* A0A and (b) pp + ÂA. 

CIM 

Pip- ?-S ; CIM predictions at WAlZ beam momenta. 
(The absolute normalization is arbitrary.) 



The same type of ciM interchange diagrams describe the elastic progress 

K-P -•• K~p (similar to fig. 7-4a) and the annihilation process pp -*• pp 

(similar to fig. 7-4b). 

The corresponding amplitudes, as calculated in [GUN73], lead to the 

following explicit form for the d.c.s. J 

and 

do , _ „.. co 1 + z 
— d p f K0AI - — 
dt 

— (PP + AA) 

S 8 (1-z)' 

,.1 0 (1-2) 

(7-37a) 

(7-37b) 

here z » cosO . Tlie normalization factor c 0 is related to the correspon­

ding factor c e l of the elastic process by ce^ = 9 C 0 . 

Thus at 90 c.ra.s., we have : 

Zr <"~P elastic) ; — <iTp •»• K0A) = 9 : 1 
dt dt 

(7-38) 

The second formula in (7-37) is based on s+-*u crossing from the pp 

elastic scattering d.c.s. 

~- (pp elastic) = s"10 (1 - Z ) - 5 I(z) 
dt 

The power in (1 -z) 5 is near to the fit (1 -z) 5*2 obtained from a fit 

to experimental results at 5 GeV/c {see GUN73). 

In fig. 7-5 we plotted the CIM d.c.s. for different beam momenta. The 

normalization was chosen arbitrarily for this graph. To be complete, we 

included the CIM predictions also at 3 GeV/c, though the high energy 

condition s >> m is not fulfilled at this energy. 
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COMPARISON WITH DATA 

Results from WA13 for the reaction ir~p •*• K0A/!0 are shown, together with 

data points from other experiments, in fig. 7-6 around 3 GeV/c and 5 GeV/c, 

and in fig. 7-7 at 7.8 GeV/c. 1-vO events were included in some cases. 

Around 3 GeV/c, the data is well accounted for by the Regge model until 

cos6* = 0. fit 4.95 GeV/c and at 7.B GeV/c, the CIH model roughly follows 

our data points, though for cos8* < .5 the CIM curve seems to decrease too 

rapidly. Below cosS* = 0, the CIM prediction obviously misses the appear-

enee of the backward peak. 

We have fitted eq. (7-37a) to the data at 4.95 GeV/c and 7.8 GeV/c (2-V0 

events only) in the domain cos6 < .75, while the power s~n was not fixed. 

Fig. 7-8 shows the result for the d.c.s. at 90° c.m.s. For the n, we 

obtained : 

n = 8.6 ± .9 

This result should be compared to the quark counting law prediction of 

n = 8 in meson-baryon scattering. 

If we include data points around 3 Gev/c in the interval |cosO*| < .2 -

though the d.c.s. is mainly Regge behaved and relatively large - the 

result is i 

n = 8.7 ± .4 

In some diagrams, we plotted only 1/2 do/dt of the sum of the K0A and 

K 0E 0 final state. We were encouraged to do so since both d.c.s. distri­

butions are very similar in shape and magnitude (see section 7.2). 

If we compare the corresponding elastic scattering data [BAC81J of WRi3 

at 90 c.m.s., we find the ratio : 

da . _ . . . do da da 
— <îTp e l a s t i c ) : — (K0M = 8 ± 3 
d t d t 
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FiQ- 7~6 • *M*3 resulta at P100 around 3 CeV/o and S GeV/c for 
* p * K°K/L° compared to Regge model and CIM predictions. 
The references included at 6 GeV/c are from IWAF?3] and 
IAST75). 
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Fig. ?-? : Differential cross section including IVO events at 7.8 
GeV/a for n"p -* K°h/l°. Forward data from [FOL73) and 
baokuard data from {BRU7?\. 
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This is roughly what we expected from eq. (7-38). 

The CIM prediction for the reaction pp •*• ÂA/E0 according to eq. (7-37b) 

is added in fig. 7-11 as dotted line. Again we used data points with 

cosG* < .75 to fix the absolute normalization while sticking to the power 

law s~10 . At 7.8 Gev/c, the CIM d.c.s. seems to fall off too rapidly. 

Very little data is available from other experiments at high energies. 

In particular, one would like to verify whether the absence of a backward 

peak in pp -+ AA (as was predicted from Regge models) can be confirmed. 

The data points we included for the backward domain at 3 GeV/c was taken 

from (JAC78], and we plotted 1/2 ds/dt of the AZ*+ rfi final states. Their 

data smoothly completes our measurements beyond cos6 •= -.4. 

In the pp elastic channel, a small signal was found in the backward 

region by Eide et al. [EID73] 

It will be up to future experiments to investigate this domain more 

thoroughly. 
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7.5 Massive Quark Model 

In contrast to the perturbative QCD approach with its difficulties 

concerning normalization of amplitudes and confinement of quarks, in 

197 3 Preparata [PRE73] proposed the massive quark model (MQM). In a 

later paper on structure functions in deep inelastic processes the 

basic ideas of the HQH model are summarized as follows : 

(i) The quark degrees of freedom exist only in finite space-time 

domains (bags). 

(ii) In the bag domains quarks have the same behaviour as low 

(effective) mass hadrons (Regge behaviour). 

(iii) Quarks, like in the quark-parton model, have a point coupling 

to electromagnetic and weak currents. 

In a recent article Preparata & Soffer applied these principles to 

meson-baryon elastic scattering [PRESO]. The principle of the HQM 

approach is first to choose a quark in each of the incoming particles, 

and secondly to consider the subprocesses as a Regge behaved quark-

quark interaction. Contributions from various diagrams have to be 

considered. As is shown in fig. 7-9, there are three meson-exchange 

diagrams according to the meson exchange channels s, t, and u and two 

baryon exchange diagrams. Summing over all possible Regge exchange 

diagrams yields in the limit of s -*• « ; 

~ (meson-baryon) = - \ log2 (—) Ff18(O*) (7-39a) 
d t sa m2 

o 

where the parameter m2 is set to 2 G«V . The function F ^ (9*) deter­

mines the shape of the angular distribution. 
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Applying the MQM model to nucléon-nucléon scattering Preparata S Soffer 

calculated the d.c.s. (PRE79[ at the high energy limit : 

—- (nucleon-nucleon) * -—- log2 (—J F N N IQ') (7-39b) 
dt sll m2 

1 

where m2 = 4 GeV2 and F ™ (0*) describes the angular dependence of 

the d.c.s. 

A comparison of the model of Preparata & Soffer at 6* = 90 with the 

dimensional counting rule is shown in fig. 7-10. 

It follows that in the domain covered by HAl3 beam energies 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 reaction pp -*- AA within this model 

was recently performed by J. Soffer [SOF82]. The prediction for beam 

momenta at 12 GeV/c and 16 GeV/c are shown in fig. 7-11. This figure 

summarizes all WA13 data for this reaction, some references, and pre­

dications from the Regge and the CIM model. Our data points reach 

values that are some 3 orders of magnitudes smaller than the d.c.s. 

values of other experiments included in fig. 7-11. Yet we cannot 

decide between the MQM and other models based on our data at 7.S GeV/c 

since the MQM predictions are available only above 10 GeV/c. 

Compared to the CIM model at 12 GeV/c the model of Preparata & Soffer 

has a much flatter shape in the d.c.s. distribution. 
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TAT 
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b) 

Ft-j. 7-3 : MQM diagrams for meeon-baryon interaction : 
(a) meson exchange and (b) bavyon exchange contributions. 

a) MESON - BARYON b l BARYON - BARYON 

e.g. pp — PP 
pp — AA 
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20 , 100 

Fi(j. 7^10 : PrediotionB of the quark counting law and the H^J model of 
Preparata S Soffer for the diff. erosa acut ion ut JlP v.m.: 
for (a) meeon-baryon and (b) baryon-baryon inLvm-jbions. 
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Fig. 7-11 : Surmary of WA13 data for the diff. oroBB section in the 
reaction pp -+ IÏA *• Ä£° + c.c. References in forward 
direction are from IAXM74Ì andlCHI66Ì. In the backüard 
region we included ^ %f rÄE° + C0A; from [JAC78]. 
Predictions at WA13 beam momenta from Regge and CIM models, 
and at 12 GeV/c, and IC GeV/c from the model by Preparata 
& Soffer are also 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. This was the basis of 

different parametrizatione of the reaction amplitudes in different 

models. 

Ü E 2 G £ _B£HAVIOtJR 

We have discussed two Regge models, which consider the interacting 

hadrons as a whole. They are characterized by a large number of 

parameters (cf. [NAV76]). For the AA final state the number of helicity 

amplitudes was drastically reduced in order to control proliferation of 

parameters [SALSl]. 

The resulting d.c.s. predictions give a smooth transition from the well-

known Regge behaved forward peak to the large angle region. Beyond 

-t 1V 2 (GeV/c)2 exponential terms in Regge amplitudes cause a rapid fall-

off in the d.c.s. which, at high energies, is incompatible with our data. 

y ^ E _ A U G ^ E _ 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 describing elastic reactions to the hypercharge exchange 

processes of WA13. Apart from data at P^a^ around 3 GeV/c the shape of 

the d.c.s. is qualitatively well described by a power law behaviour. 

But the ClM predictions seem to fall off slightly too rapidly for K0A. 

final states (see fig. 7-7) and AA final states (fig. 7-11) at 7.B GeV/c. 
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As was discussed in section 7.2, Regge models predict a backward peak 

in it~p •+• K 0AZE 0 from u-channel exchange of E0 trajectories. This is 

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 -+ AA/£° is concerned, no backward peak is 

predicted from Regge models since the u-channel is exotic (cf. table 

7-2). Our own data points and results from references plotted in fig. 

7-11 are qualitatively in agreement with Regge behaviour at P 3̂J, • 

3 GeV/c and at low momentum transfer (|t| <2 (GeV/c)2), and they agree 

with the power law behaviour of the CIH model at 7.8 GeV/c and 11.7 

GeV/c. 

The massive quark model of Preparata & Soffer predicts a d.c.s. distri­

bution which is much flatter than the CIM predictions. So, especially 

at coso* below 0., large differences appear between the two models. 

As far as polarization phenomena are concerned. Preparata and Soffer 

predict strong negative polarizations at large angles in different elas­

tic scattering processes. Calculations including the A polarization in 

hypercharge exchange reactions are under way[SOF82]. 

QUARK _c£uüTiN5 _ L £ W 

We tried to fit fixed angle d.c.s. data to the power law do/dt ^ s~n. 

Using on the one hand, our data points in n""p -+ K0 A /£° at 6* = 73 and, 

on the other hand, extrapolating the d.c.s. According to CIM predictions 

until 6* = 90°, we obtained values for the exponent n which are compa­

tible both with the quark counting rule n = 8 and with the MQM prediction 

n = 9. 
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POLARIZATION 

Strongly negative A- and Â-polarization and positive Z°-polarization 

found in WAlJ confirm results from a number of other experiments (see 

e.g. fig. 6-10). In Regge models the interference terms responsible 

for the polarization vanish, in generali with increasing s, t, and u. 

Using the basic CIM exchange diagrams Matveev further developed the 

quark counting rule as is described in réf. (MAT79). Assuming -ys -

invariance of the scattering matrix M all helicity flip amplitudes 

vanish. This is true for raeson-baryon and for baryon-baryon processes. 

Hence from eg. [7-13) and eq. (7-15) it follows that the polarization 

is vanishing. 

Several attempts have been made to explain the fact that the hyperon 

polarization in general increases with increasing transverse momentum 

P7. This correlation was found, for example, in the polarization of 

inclusively produced A-particles in p-p collisions at 300 Gev/c {HBL78J. 

Anderson et al. explained the A-polarization by a semi-classical model 

whet« a quark-antiquark pair Ss is believed to be created in the colour 

field of a spin zero (irì) - dlquark scattered with a certain transverse 

momentum [AND79], 

In summary, the models we discussed in the preceding sections all have 

certain problems in describing polarization phenomena. On Llio other 

hand, polarization measurements are a rather delicate experJinuuLdl issue 

since ptecise results require high statistics Experiments, in the case 

of pp interactions experiments at the antiproton accumulai or fjciliiy 

(AA) at CKRN could, at low energies but high p-beam intensities, complete 

polarization data over the full angular range for reactions wheio the 

d.c.s. distributions are already well established. 
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8. C O N C L U S I O N 

Out of 1V 1.1 mio events recorded during the run of the WA13 experiment 

at the Omega spectrometer at CERN we have analyzed some 650 events 

corresponding mainly to the hypercharge exchange reactions Ti~p •*• K0A , 

u"p -*• K0JJ0 and pp -*• AA, pp -»• AZ0 + c.c. at beam momenta between 3 and 12 

GeV/c. Especially for the hyperon-antlhyperon reaction channel there was 

an important lack of large angle data beyond Pi3J3 = 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)2 which is about 3 orders or magnitude smaller than correspond­

ing data at 3 GeV/c. 

Our results concerning the d.c.s. at |t|-values below 2 (GeV/c) are well 

described by Regge models. 

In the large angle domain at 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 clear picture for the sub-

processes in parton-parton interactions. A popular candidate is found in 

the constituent interchange model introduced by Blankenbecler et al. which, 

in contrast to perturbative OCD, assumes that constituent (quark) inter­

change, rather than gluon exchange, is dominant in hadronic interactions. 

Qualitatively the CZM predictions describe our d.c.s. 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 s~e for meson-

baryon scattering. The exponent we found in tr"p •+ K0A is n = 8.6 ± .9 . 

A surprisingly large and negative A and A polarization was measured in 

our experiment in n~p and pp interactions at various energies. This 

represents a clear test for theoretical models. 

196 



An interesting question remains unsolved concerning the existence or 

absence of a backward peak in the angular distribution of pp annihilation 

into both the AA and the pp final state. In this region the acceptance 

was suppressed by the WA13 trigger lay-out. Recently an experiment was 

undertaken at CERN 1SON82] investigating the backward region in several 

hadronic interactions. So an answer to the above question may soon be 

given. 

In summary, our results on d.c.s. and polarization have contributed new 

large angle data for exclusive hadronic processes with neutral strange 

particles in the final state. The WA13 experiment, reaching P 7 values 

of about 2 GeV/c, has covered the intermediate range between well-known 

Regge behaved low energy data and "very" large p̂ . experiments (P7 up to 

16 GeV/c) at the ISR. New experiments at high energies at the CERM pp 

collider and at high intensities at the antiproton accumulator AA may 

soon provide further interesting data in the high p̂ , domain. 
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A P P E N D I X 

A . l Cons t ra ined Kinemat ica l F i t 

When testing a neutral part icle hypothesis for a VO or a reaction hypo­

thesis for a 2-VO final s ta te , one has to satisfy energy and momentum 

conservation during the f i t procedure. 

A description of the general f i t method based on linearization of the 

constraint equations and on the use of Lagrange multipliers in the 

definition of the chisquare function can be found, for example, in ref. 

(BER61]. 

The minimization procedure is based on the definition : 

,+w-1 X^ = (X-X 1 0I +V -MX-X 1 1 1) + 2*f(X) (A-I) 

where X = vector of n m measurements, 

X = fitted vector (to be found) 

V = covariance matrix of X m , 

f(X) = n c constraint equations, 

a = Lagrange multipliers. 

For minimization, one requires 

ax2 

3 x^ 
k - i, !»„ (A-2) 

and 



For actual calculations, the constraint functions f(X) are linearized. 

Let Xv be the vector found at step v. Then : 

IA-4) 

Defining a n x rL matrix with elements : 

FÄi Sx1 

the conditions expressed in eq. (A-2) and (A-3> yield a new estimate ; 

X «= X m - V F+(X^Ja (A-5) 

Introducing the definitions : 

b = f(xu) - F(xv)Xx 

H = F(XV) V F+(XU> 

E <= V F+(Xy) 

(A-6) 

we get at each step v the new result : 

a = H-1(F(Xv)xra + b) 

X = X m - Ea 

(A-7) 

The e r ro r matrix on the es t imator X i s : 

<6x5x> = V - E H - 1E+ (A-8) 

In practice it is important to choose a reasonable starting vector Xe 

for the fit procedure. Normally, this is the measured value xra. 
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As a convergence criteria, one usually calculates the variation of the 

X2-value and/or the variation of X with respect to the previous step. 

For exemple 

and 

:l6X*(«lj
2>-<[j|Si«ax)

2» 

:(«.»)«,. <(jfi-5„k) 

f+«) H"1 f(X) < 10"3 

3X2 *2 

= a+(f(XV) - F(X))V(F(XV) - F(X)) 

< 10~3 . 
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A.2 A Spin Precession 

The change of spin direction of a particle with constant magnetic moment 

has to be considered prior to calculation of its polarization. 

1. PRECESSION IN c m . SYSTEM 

The most convenient way to evaluate the change of spin is to consider it 

in the particle rest system, where we know the equation of motion for the 

spin S' in a constant magnetic field H" from classical physics : 

dS' "N •*, •*. (A-9) 

11K 
the solution describes a precession with the Larmor frequency w" = g — H' 

Mf( is the nuclear magneton. (Notation: primed and unprimed variables refer 

to the c m . and the lab. system respectively, T n — is the proper time of 

the particle.) Choosing H = C = 1, we get : 

d$' Vjttt' (A-IO) 

To give an example, we get g = - 0,67 (Lande factor) for a A-particle. 

Thus 

U* « - 3.26 H" 
WHz-

kGauss 
<H" in kGauss). 

The magnitude and the direction of H' (c.m.s.) for a given magnetic field 

H (lab) follow from the Lorentz transformation for electromagnetic fields 

(see e.g. [JAC62]) : 

H// = H// 

8 I " T(8J. " ̂  *EJ 

(A-Il) 
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H,, and H, (cf. fig. A-I) denote the components parallel and transverse to 

* rit V v2 ~ l / \ 
the direction of motion 0 of the particle. [p = — , Y = ( I f J J-

In this case E = 0 . 

Fig, A-I : Magnetic field and particle momentum in a.m. and lab system. 

Finally, we give the transformation law for the particle spin in a more 

general approach to describe the Lorentz transformation of spin S and 
- * • 

magnetic field H from the lab to the cm. system, followed by the 

precession motion in the cm.a. and, if this is wanted, the inverse 

transformations can be given by introducing 4-vectors for the particle 

velocity V = (YP»Y) and the particle spin S = (5,Si4) and a 4-tensor for 

the electromagnetic field. Then, the Lorentz transform for S reads 

[HAG63] : 

s - (s,s,,) = (s* +e -1^- <p .s'> , y<& -s'» 

S = (S1O) in the rest frame. 

(R-12) 

To get the inverse formule for eq. (A-Il) and (A-12), one only has to 

interchange all primed and unprimed quantities and replace ß by - ß. 

-+ -+ -* -t-

Thus it follows that S' - S for T = O , as S]1B from parity conservation. 
Equation (A-12) also 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 change of spin direction Ae . 

2. EXPLICIT CALCULATION OF THE PRECESSION HOTIOM 

AB shown in fig. A-I, we choose a magnetic field El (lab) in the z-direction 

of a Cartesian coordinate system. The angles <fr and X determine the 

direction of motion of the A-particle with momentum pft. From equation 

(A-Il), we obtain the angle a„ between H and H' : 

aH = X - arctanf— tanX) 

and 

where 

H' = (H2 sin2\ + Y?«Z COs 2X) 1 / Z 

spin at T = O 

Instead of using the c.m.s. coordinates (x',y',z'), we regard, for 

convenience, the time development of the spin S' in a coordinate system 

(x*,y*,z*), where the z*-axis is parallel to H' and the x*-axis lies 

in the H', fi-piane. 

•A rotation Rj around the z'-axis with angle $ and a subsequent rotation 

R2 around the new y*-axls with angle a H transforms (x',y',z')^coordinates 

into (x*,y*,z*)-coordinates : 

x* = x' cos$ cosa,, + y' sintfi cosa^ + z1 sina(1 (A-13) 

y* » - x'sin$ + y' cos$ 

z* » - x'cosi} s ina„ - y ' sin$ s ina„ + z ' cosa.. 

( Example ; S* = R2 oRj- S' = R2 OR1- S for T - 0, S* - ( s ' jS ' .S*} ) 
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Thus the spin precession around the z*-axis is simply given by the follow-

ging equations (cf. fig. A-2). 

S* (T) 

S j (T) 

S* (T) 

= 

= 

= 

°0 

0 O 

s ; 

cos (m 

s i n ( u 

(T =0) 

T 

T 

+ 

+ 

6) 

*) 

(A-14) 

where tanö « Sy(T = 0 ) / S * ( T =0). 

AE is defined as the angle between the spin vector S (T =0), before pre-

cession, and the vector S (T) after precession. 

Fip. A-2 : Precession in o.m.e. 

The new spin vector in the (x',y',z') c.m.s. is given by the inverse 

formula of (ft-13) : 

1,- "K 2-
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3. EXAMPLE 

As an example, we plotted in fig. A-3 the dependence of the change In 

BpIn direction Ae as a function of the angles X and $ (eee fig. A-I) 

which define the direction of motion of the A particle in the laboratory 

frame. 

A PRECESSION H = 18 kG 

p = 5 GeV/c 

d = 1m 

Fig. AS : Spin precession of S GeV/o A particlea. Ae t s the change 
in spin direction. 
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A.3 WAl3 E l a s t i c Reac t ions 

This i s a summary of the results for 2-prong data [BELSl] of WA13. 

Table A-I l i s t s the fi t ted parameters of the d .c .s . parametrieation : 

£ -«—•> • [$ 

reaction 

1. pp - Pp 

1•. pp * pp 

2. K"p •» K'p 

2'. K*p •* K*p 

2-. pp - K-K+ 

3. i-p + »-p 

3-. .•p-.'p 

3-. pp - . V 

F(Ol - Id71 

2.5 

18 000 

.59 

.53 

170 

3.6 

2.6S 

.24 

« 

7.Hi -B 

9.9 t .3 

7.3 t .7 

7.1 ± 1. 

10.2 i 3. 

B.l ± .3 

7.9 t .3 

1 
7.4 ± .9 

X* 

.2 

19 

1.3 

9 

3.6 

5.4 

1.9 

. .8 

Ma* 

4.2 

3.2 

3.2 

3.2 

rbc» 

5 
S 
12 

S-19 
(6 noocnta) 

5 
6.2 
13 
IO 

S 
12 
20 

5 

e 
12 

S 

e 
9.7S 
li 
20 
30 

5 
10 
li 
10 

5 

e 
12 

Evento used 

[|costt*| < .5 

208 
70 

14 
2 

15 
I 

2 

< 1 

112 
276 

10 

4 

II 

e 

Rei. 

this exp. 

Ref. 

Ref. 
Ref. 

ttllB CKp. 
Ref. 

Raf. 
this exp. 

Raf. 

Ref. 

this cxp. 

this cxp. 

Rsf. 
this exp. 

Ref. 

Ref. 

UIIB exp. 

ReF. 

Ref. 

jthia «*P-

Tahla A.1 : Recuite from VAI3 elaotie raaatione. 
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