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1. INTRODUCTION

The subject of this thesis is an experiment studying inclusive 4>-meson produc-
tion in 100 GeV/c, 120 GeV/c and 200 GeV/c hadron interactions. The experi-
ment was carried out by the ACCMOR collaboration1 in the North Experimental
Area at the Super Proton Synchrotron (SPS) of the European Centre for Nuclear
Research (CERN). It is part of a large experimental program (approved under
experiment number NA11), which concentrated on .the production of charmed
quarks, <|>-mesons and possibly gluonia. Data on the reaction

hadron + Be — <|> + anything

I
' - K* + K-

were collected using both positively and negatively charged unseparated hadron
beams in a running period of 32 days in the period July 18 - September 9,
1982. A total of 8x10B events were registered on magnetic tape, yielding over
600,000 inclusive <J>-mesons.

1 The Amsterdam, Bristol, CERN, Cracow, Munich, Rutherford Collaboration:
R. Bailey i a, E. Belau5, T. Böhringer3b, M. Bosman3, V. Chabaud3, C.
Damerell6, C. Daum1, G. de Rijk1, H. Dijkstra1, S. GNI B C , A. Gillman6, R.
Gilmore2, Z. Hajduk", C. Hardwick l d, W. Hoogland1, B.D. Hyams3, R. Klan-
nerse, U. Kotz3*, G. Liitjens5, G. Lutz5, J . Malos2, W. Manner5, E. Neuge-
bauer5, H. Pa!kasS, M. Pepe6, J. Richardson6, M. Rozanska*, K. Rybicki'V
H.J. Seebrunnersh, U. Stierlin5, R.J. Tapper2, H.G. Tiecke1, M. Turala",
G. Waltermann5, P. Weilhammer3, F. Wickens6, L.W. Wiggers1, A Wylie5' and
T. Zeludziewicz59, 1) NIKHEF-H, Amsterdam, The Netherlands, 2) University
of Bristol, Bristol, U.K, 3) CERN, Geneva, Switzerland, 4) Institute of Nu-
clear Physics, Cracow, Poland, 5) Max Planck Institute fur Physik, Munich,
Fed. Rep. Germany, 6) Rutherford Appieton Laboratory, Chilton, Didcot,
U.K. a) now at CERN, Geneva, Switzerland; b) now at Université de Lau-
sanne, Lausanne, Switzerland; c) now at Apollo Computer S.A., Geneva,
Switzerland; d) now at Culham Laboratory, Abingdon, U.K.; e) now at
DESY, Hamburg, Fed. Rep. Germany; f) visitor from DESY, Hamburg, Fed.
Rep. Germany; g) visitor from the Institute of Nuclear Physics, Cracow, Po-



page 2 Introduction

The apparatus used for the experiment is a single arm open spectrometer. It
consists of two successive large aperture magnets, silicon micro strip detectors
to measure charged particle trajectories between the Be target and the f i rst
magnet, dr i f t chambers to measure the charged particle trajectories between the
two magnets and behind the second magnet and threshold Cherenkov counters to
identify the charged particles. A set of MWPCs behind the second magnet were
used in conjunction with the Cherenkov counters to trigger on low mass K*K~
pairs. The information of the MWPCs and the Cherenkov counters were pro-
cessed on-line by a micro processor system. This second stage trigger system
(FAMP) was the key to the success of the experiment. The Cherenkov counters
limit the observed Feynman x (xp=2p^ /Vs) of the <j>-meson to 0.<Xp(<|>)<0.41.

The physics motivation for collecting a large statistics cjj-meson sample was two
fold [1] :

• Investigation of the inclusive $-meson production mechanism and
• ej>-spectroscopy.

In previous experiments (WA3 and NA11) the ACCMOR collaboration had already
made a systematic study of the inclusive production of 4>-mesons [2] [3] [4] .
The data were successfully interpreted in terms of a parton fusion model in
which in particular the fusion of strange quarks plays an important role. This
model explains naturally the observed enhanced production of strange particles
in conjunction with the t|>-meson as well as the different shapes of the differen-
tial cross sections da/dXp for incident n-mesons, protons and K-mesons. In or-
der to test this parton fusion model in more detail and possibly extract the mo-
mentum distribution functions for strange quarks in the interacting hadrons, a
significant increase in statistics as well as a larger Xp range than previously
accessible (0.<xF<0.2) was called for.

The 4>-meson, a narrow peak near the K*K" threshold, is an excellent tag on
the possible production of unconventional particles because of its hidden
strangeness and its good observeability. For instance, it may originate from
the strong decay of exotic multi-quark or multi-gluon states or the weak decay
of charmed particles. In particular the decay of the F-mespn, which consists of

land; h) now at Fachhochschule Heilbronn, ^ed. Rep. 'Germany; i) now at
Université de Geneve, Geneva, Switzerland.
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a strange and a charmed valence quark, into a <|>-meson and one or more
TT-mesons is a channel which is very well accessible with the ACCMOR spectrom-
eter. In this case the micro strip detectors close to the target are used to iden-
tify the presence of the relatively long lived particle by the observation of a
secondary vertex.

This thesis is organized as follows. The spectrometer will be described in chap-
ter 2. The construction and performance of the MWPCs, which were built espe-
cially for this experiment, are described in chapter 3. Chapters 4 and 5 deal
with the on-line and off-line selection and reconstruction respectively of the
t|>-meson events. The measured transverse momentum, longitudinal momentum and
decay angular distributions of the (|>-meson are presented in chapter 6. The in-
terpretation of the data in terms of the quark fusion model is given in chapter
7. Finally the observation of six F-meson candidates is presented in chapter 8.
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2. THE EXPERIMENTAL SET-UP

2.1 Introduction

The spectrometer set-up of the ACCMOR collaboration is located in the North-
Area of the Super Proton Synchrotron (SPS) at CERN. For the experiment de-
scribed in this thesis the apparatus is used to study inclusive <j>-meson produc-
tion. For this purpose additional "<|>-trigger" hardware is implemented to select
events with a low mass K+K" pair; the main elements are a system of large pla-
nar proportional chambers and a second stage trigger based on the Fast Am-
sterdam Multi Processor (FAMP) system.

The spectrometer was designed to study the production of charmed particles in
hadronic interactions, using a single electron trigger to enhance the charm sig-
nal. An extensive description of the spectrometer used for the charm search ex-
periment can be found in reference [5] .

The selectivity of the single electron trigger turned out to be insufficient. For
this reason silicon micro-strip detectors were developed. With the micro-strip
detectors the position of charged particles can be measured with a high spatial
accuracy. When placed close to the interaction point the detectors enable us to
separate the decay vertex of a relatively long lived charmed particle from the
primary interaction vertex. An extensive description of the detectors is given
in reference [6] .

Those elements of the spectrometer which are exclusively used for the charm
experiment, i.e. the electron calorimeter and associated hardware, are switched
off during the data taking for the inclusive ^-experiment. However, the infor-
mation from the micro-strip detectors is recorded.

In this chapter the basic elements of the spectrometer are discussed briefly. El-
ements which were not present in the set-up described in reference [5] will be
described in more detail than the elements which were already present at that
time.
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2.2 The spectrometer

Table 1 gives a summary of the elements of the spectrometer together with their
parameters. The beam passes through the beam defining counters (B-j, B7, Bo,
B^, BA, BB) and is focussed in the vertical (yz) plane by quadrupole Q|g onto
the Be target at the upstream end of the spectrometer (figure 1).

The silicon micro-strip detectors (MSD) are positioned upstream (BMSD for Beam
MSD) and downstream (VMSD for Vertex MSD) of the target to measure the tra-
jectories of the beam and the secondary particles close to the interaction point
(figure 2).

Two large aperture magnets (MNP, BBC) are used for the momentum analysis of
the charged particles of which the trajectories are measured in 48 dri f t chamber
planes (DC) in between the two magnets and behind the BBC magnet. Three
Cherenkov counters (C i , C2, C3) are used for particle identification (figure 3).

The scintillator hodoscopes MA and MB are matched with C2 and C3, respective-
ly. These elements are used for the <J>-trigger together with a set of proportion-
al chambers (P31, P32 and P33 in figure 3). The proportional chamber informa-
tion is used in the second stage trigger to reconstruct the trajectories of the
K-meson candidates (see chapter 4).

2.3 Beam

Figure 4 shows the lay-out of primary and secondary beams in the North Exper-
imental Area. The three targets T2, T4 and T6 are irradiated with protons ex-
tracted from the SPS. The ACCMOR spectrometer is located at the end of the H6
beam line, an unseparated charged hadron beam which is derived from target
T4. The distance between target T4 and the Be target of the ACCMOR spec-
trometer is 491. m. The beam optics allow both positively and negatively
charged particles in the momentum range between 20 GeV/c and 200 GeV/c to be
steered onto the experiment's target. The momentum resolution of the beam
Ap/p is 0.8°o.

Two differential Cherenkov counters (Cedars) are used for the identification of
the beam particles; this information is available at trigger level. Table 2 gives



Figure 1 :

Enlarged view of the beam area of the spectrometer showing
scintiltator counters B j , E^, Bo, B^, BA and BB, focussing
quadrupole Q,g and the target table.
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Figure 2:

Enlarged view of the target table showing the micro-strip detectors
BMSD and VMSD, the Be target and scintillator counter I. The
inclination of the MSD strips is obtained by rotating the detectors
around the beam axis.
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TARGET MNP33 DC2 BBC C1 DC3A P31 D2 C2 MA P32 DC3B P33 C3 MB DC3C V-CALC2 MA P32

-5 10 15 20 25m

Figure 3: Top view of the spectrometer showing target , magnets (MNP33,

BBC) , d r i f t chambers (DC2, DC3A, DC3B, DC3C), Cherenkovs

( d , C 2 , C ? ) , multi wire proport ional chambers (P31, P32 P33),

scint i l lator hodoscopes (MA, MB), scint i l lator counter (D2) and

photon calorimeter (y-cal)

the fract ion of pions, kaons and (ant i - )protons as measured by the Cedars fo r

the beam conditions which are used in the single <J> experiment.

2.3.1 Beam definition elements

The beam is focussed by quadrupole Q,g onto the Be target of the spectrome-
ter. The horizontal and vertical FWHM2 of the beam spot are 12 mm and 0.3 mm
respectively at the target. The sharp vertical focussing of the beam allows us
to use a target with a small height. This is to reduce the amount of material
(radiation lengths) for photons which leave the target at large angles in the
vertical plane and are seen by the electron calorimeter which is used for the

2 Full Width Half Maximum
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Table 1: Summary of the spectrometer elements.
Dimensions are given in the order x ,y ,z . A right handed coordinate system is
used with the z-axis along the direction of the beam and the y-axis pointing
upward. Wire inclinations are given with respect to the vertical (y-axis).

scintillator counter
B 1
B2

B 3
B 4
slot B4

1

D2

magnets
type
function
volume (tn,m3)
field (Tm)
shown in figure

scintillator hodoscopes
active area (m2)
vertical bins
horizontal bins
shown in figure

micro-strip detectors
number of planes
active area (mm2)
strip inclination
strip pitch (urn)
read-out pitch (|im)
shown in figure

Q18

active
60.x60,

60.x60.

30.x10.

area (mm2)

200.x200.

20.x2.

30.x6.

40.x60.

quadrupole
focus in
z = 2.2E
-

1

B A V

.072

1,12

12,1

1

4

30.

90.

50.

50.

2

beam momentum (GeV/c)
dimension (cm3)
material

y - z

1

, BA2

x.072

BMSD

x2.4
0

ta rget
100,120

2x.1x2

Be

MNP33

dipole

bending
2.4x0.6x

0.902
3

BB.,,BB2

.036x.036

1,12

12,1

1

2

34.x6.

±76.°
20.

20.

2

200

2x.05x2

shown in figure
1

1

1

1

1

2

3

in x-z
1.3

MA

3.16x1
2

12

3,7

BBC

dipole
bending in x-z
1.6x0.5x1.7
2.058

3

MB

.1 4.x1.62

2

8

3,7

VMSD

2 4

36.x9.4 36.x24.
±76.°
20.

60.

2

±76.°

20.

60.,120.

2

Y-calorimeter

300.:

lead.

«150. x40.

scintillator
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density (nucleons/cm2)

radiation lengths

interaction lengths

shown in figure

dri f t chambers

number of planes

active area (m2)

wire inclination

sense wire pitch (mm)

gas composition

shown in figure

proportional chambers

number of planes

active area (m2)

wire inclination

wire pitch (mm)

read-out pitch (mm)

gas composition

shown in figure

Cherenkov hodoscopes

mirror area (m2)

vertical bins

horizontal bins

threshold, gas

shown in figure

2.22573

0.057

0.049

2

DC2

20

3.8x1.4

0°,±18.02°

40.

509Ó ethane,

3

P31

2
1.9x 0.94

±7.125°

1.985

1.985

75% argon,

3

1.64x0.6

2

9

see table 5

3

x102«

DC3A

16

1.88x0.8

0°,±30°

40.

50% argon

3

P32

2

3.8x0.94

±7.125°

1.985

3.969

30.3

1.6

3, 8

DC3B

8

3.56x0.9

0°,±26.874°

40.

3

P33

1

3.8x0.94

0°
2.

8.

DC3C

4

4.48x2.1

0°,±13.454°

40.

3

24.5% isobutane, 0.5% freon

3

c2
3.03x1.1

2

11

3, 7

3

c3
5.5x1.6

2

10

3, 7

charm search experiment. For the inclusive <|>-trigger this is not relevant,

however the sharp focus is maintained so that the beam is completely contained

within the dimensions of the beam micro-strip detectors.

The information of scintillator counters B,, B2,

level to signal the passage of a beam particle.

Bg and B* is used at trigger

To measure the incident beam
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0 20 40 60m
DETAIL OF HALL EHN 1

Figure 4: The lay-out of the primary and secondary beams in the North
Experimental Area at the CERN SPS.

Table 2: Beam composition
for the beam momenta used in the inclusive «^-experiment as measured by the
Cedars.

Charge, momentum (GeV/c) -100 •120 -200 •200

fraction n~
fraction K"
fraction p,p
fraction not identified

0.
0.
0.
0.

922
045
033

0.50
0.032
0.39
0.078

0.90

0.1

0.187
0.031
0.728
0.054
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trajectory four scintillator hodoscopes (BA, BB) are used together with six
silicon micro-strip detectors (BMSDs in figure 2) The position of the beam is
measured with an accuracy of a(horizontal) = 25 \im and o(vertical) = 6 jim at
the Be target.

2.3.2 Beam characteristics

The SPS supplies a secondary beam every 10.8 seconds with a typical beam spill
of 2.4 seconds. To be able to record as many <|>-events per unit time as possi-
ble the beam intensity should be as high as possible. Although the beam can
supply in principle higher intensities, the beam intensity is generally kept at a
level of - 2.10s particles per beam spill for the following reasons:

• A beam intensity of - 2.106 particles per second is considered a safe limit be-
low which aging affects of the dri f t chambers are negligible outside the beam
area.

• The BMSDs have a sensitive time of - 1 |is. The higher the beam intensity,
the larger the probability to record more than one beam particle per event.
The finite two particle resolution decreases the probability to reconstruct the
beam particle which caused the interaction.

Because of dead times, introduced by the various trigger steps and the on-line
computer, the trigger rate does not increase linearly with increasing beam in-
tensity. This is demonstrated in figure 5, which shows the number of triggers
handled by the second stage trigger system as a function of the beam intensity
for a 200 GeV/c beam. The number of triggers per beam spill levels off at a
beam intensity of - 2. 10s particles per beam spill of 2.4 seconds, which is well
below the above mentioned limit for the dri f t chambers. The curve in figure 5
is the prediction based on the dead time of the spectrometer and is discussed in
chapter 4.

Assuming the beam particles to have a Poisson distribution over the spill time,
the probability to record more than one beam particle in the sensitive time of
the MSDs with a beam intensity of 2. 10s particles per beam spill is 55*o.

For the inclusive ^-experiment a maximum beam intensity of - 2.10s particles
per beam spill is chosen. During the off-line analysis 4% of the events are re-
jected because it is impossible to reconstruct the track of the beam particle
which caused the interaction.



The experimental set-up page 13

a
in

E
o
O)n

2800

2400

2000

1600

1200

800

400

6

-

-
*//

y

y

y
/
/
/
/
/
i
t
t

. /
f
i
i
f
;

-i
!

0.5 1.
1

1.5

-*—

2.

« — • *

1 1 1

2.5 3. 3.5 4.

UB (*10~6)

Figure 5: The number of triggers per beam spill processed by the second stage
trigger system as a function of the number of beam particles (UB)
per SPS beam spill. The dashed curve is based on the calculated
dead time of the spectrometer and is discussed in chapter 4.

2.4 Target and micro-strip telescope

Figure 2 shows the lay-out of the target area. The 20 mm long Be target (A =
9.01) yields a 3.0%, 3.4% and 5.0% inelastic interaction rate for incident K", n"
and (anti-) protons respectively [7] . The scintillator counter immediately be-
hind the target (I-counter) is used in the trigger logic to define an inelastic
interaction (see chapter 4).

The I-counter is followed by a system of six silicon micro-strip detectors
(VMSD). A description of the detectors is given in reference [6] . Table 3
gives some characteristics of the detectors.
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To minimize the electronics needed for the read-out of the detectors capacitive
charge division read-out is chosen. The detectors are read-out every 60 fim in
the central region and every 120 jim at the outer regions. The spatial accuracy
of 4.5 (im results in a typical resolution for the determination of the position of
the primary vertex along the direction of the beam of 150 urn.

The resolution deteriorates rapidly if the distance between two nearby tracks
(in the projection normal to the strips) is less than 120 |im. Figure 6 shows
this effect as a function of the track distance. A limitation of the set-up used
in the experiment appears to be the low number of MSD planes giving insuffi-
cient redundancy in some cases in the track reconstruction and thus reducing
the efficiency of the experiment for detecting secondary vertices.
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Figure 6: The two track resolution of the strip detectors as a function of the
distance between two tracks in the projection normal to the strips
of the VMSDs.
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Table 3: Micro strip detector characteristics

thickness
radiation lengths
inefficiency for a minimum

ionizing particle
strip pitch
lengths of strips
sensitive area
number of read-out strips
pitch of read-out strips
spatial accuracy
two particle resolution

(a): central 4.8 mm of a detector
(b): outer parts of a detector

280 urn
3.10"3

< 10'"
20 jim
36 mm
36. x 24. mm2

240
60 jim (a)
4.5 urn (a)
60 (im (a)

120 jim (b)
7.9 urn (b)
120 urn (b)

2.5 Charged particle detection and identification

The measurement of the momentum of the charged particles is performed with a
system of iarge dri f t chambers. The construction and performance of the dr i f t
chambers located immediately downstream of the BBC magnet (DC3A in figure 3)
are described in reference [8] . The features are a good efficiency (98%) and a
0.17 mm resolution for perpendicular tracks. The large number of planes, 20 in
ARM 2, 16 in ARM 3A, 8 in ARM 3B and 4 in ARM 3C is necessary to provide
sufficient redundancy in the reconstruction of high multiplicity events in the
experiment, in particular in view of the left right ambiguity with respect to the
sense wire in each drif t cell.

The mean Ap/p for charged particles is given in table 4 for six different topol-
ogy cases. The momentum of a particle which has only been reconstructed in
one section of the spectrometer, i.e. only in between the two magnets or only
behind the second magnet, is calculated under the assumption that the particle
originates from the primary vertex.
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Table 4: The momentum resolution (Ap/p) of charged particles
which are reconstructed in the micro-strip detectors (VMSD), the dri f t chambers
in between the two magnets (DC2) or the dri f t chambers behind the second
magnet (DC3)

VMSD

no

no

yes

yes

no

yes

reconstructed in
DC2

yes

no

yes

no

yes

yes

DC3

no

yes

no

yes

yes

yes

Ap/p
in °o

0.15
0.13
0.15
0.11
0.10
0.09

fraction of
all tracks

0.136
0.037
0.332
0.039
0.062
0.394

Those charged particles which traverse ARM 3 are subject to identification with
the three threshold Cherenkov hodoscopes Clt C2 and C3. Various gas fillings
are used for the different beam momenta in the inclusive ^-experiment. Table 5
lists the gases and the corresponding momentum thresholds for pions, kaons and
protons. The Cherenkovs are operated at atmospheric pressure.

At trigger level the information of C2 and C3 is used to enhance the number of
events with two kaons in the final state (see chapter 4). The dimensions of the
cells of C2 and C3 are given in figure 7.

2.6 Photon-calorimeter

The detection of photons is done with a lead-scintillator calorimeter [9] at the
downstream end of the spectrometer. It consists of two identical blocks with a
sensitive area of 1.5 x 1.5 ms each (figure 8). Each block consists of 40 lead
plates with a thickness of 4 mm each, sandwiched between 1 mm thick aluminium
sheets.
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Table 5: Threshold and gas fi l l ing of the Cherenkov hodoscopes

Beam charge and

momentum (GeV/c)

-100, -120

-200

+200

Cherenkov

C i

c2

c3

c»
c2

cB

C i

c2

c3

gas

Freon

SF6

N2, He

Freon

N2

N2, He

Freon

N2

N2, He

threshold (GeV/c)

IT

2.8

3.8

6.3

2.3

6.3

12.4

2.6

6.4

12.6

K

9.9

13.4

22.2

8.1

22.4

43.9

9.2

22.6

44.6

P

18.8

25.5

42.2

15.5

42.6

83.4

17.5

43.0

84.7

The electromagnetic shower is detected by scintillator forks, which are placed in

between the lead plates. The forks consist of 20 strips (2m x 20mm x 4mm) and

are arranged in horizontal and in vertical rows to allow the spatial reconstruc-

tion of a shower.

The energy resolution for photons in this experiment is a(E)/E =

0.018+0.19/VE. The spatial accuracy for the shower position is 5 mm. These

values correspond to a resolution in the YY~mass spectrum of a ~ 11 MeV/c2 at

the rr°-mass.

A limitation is the decrease in the reconstruction efficiency with an increase in

multiplicity. This is due to overlapping showers and the ambiguity in the

matching of horizontal with vertical shower projections.
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Figure 7: The dimensions of the fast trigger elements i.e. the mirrors of the
Cherenkov hodoscopes C2 and C3, and the dimensions of the cells
of the scintillator hodoscopes MA and MB.
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Figure 8: Schematic view of Y~ca 'o r ime ter.

2.7 The <|>-trigger elements

The elements which are used on-line to trigger on events which contain at least
two kaon candidates are the two Cherenkovs C2 and C3, the scintillator hodo-
scopes MA and MB and the proportional chambers P31, P32 and P33 (figure 3).
The elements of MA and MB (see figure 7 for the dimensions) match one for one
the elements of C2 and C3 respectively.

Requiring a signal in MA without observing light in the corresponding C2 cell
rejects rr-mesons with a momentum above the n-threshold of C2. In analogy MB
and C3 are used to reject n-mesons with a momentum above the Tr-threshold of
C3.

To improve the on-line selection a micro processor system (FAMP) is used. This
system uses the information of C2, C3, MA, MB and in addition the information
of the 5 proportional chamber planes, P31, P32 and P33, to reconstruct tracks
which are labelled as K-candidates by the Cherenkovs. The proportional cham-
bers were constructed especially for this ^-experiment and will be described in
detail in chapter 3.
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3. THE PROPORTIONAL CHAMBER SYSTEM

3.1 Introduction

A system of large planar proportional chambers has been built in the Mechanical
Workshop of NIKHEF-H, Amsterdam. The chambers were used to provide coor-
dinate data for on-line track reconstruction using the FAMP system. The sys-
tem was used for the f irst time as an effective mass trigger for the high statis-
tics inclusive <j> experiment described in this thesis.

In this chapter the design, construction and performance of the chambers, with
its associated read-out system, are described.

3.2 Design requirements

Our trigger requires the presence of two oppositely charged kaons after the 2
magnets of the spectrometer (figure 3). The signature for a kaon is a signal in
an element of the hodoscope MA or MB and no light in the corresponding mirror
of the Cherenkov counter Cz or C3 respectively.

The sensitivity of the experiment can be increased by an order of magnitude if
the momentum of the two kaons is determined on- line. Therefore we decided to
equip the spectrometer with 5 MWPC-planes. The chambers had an active area of
(3.84x0.94) m2. In the experiment there were two double modules, each with
sense wires of ±7.125° inclination and one single module with vertical (0°)
wires.

The double module proportional chambers P31 and P32 were placed before and
after the C2 Cherenkov counter, P32 being placed immediately behind the MA
array, allowing an easy correlation between the wires hit and the scintillator el-
ements. The single module P33 was placed about 2 m downstream of P32.

The FAMP system used the independent views of the double modules to calculate
the momentum of tracks consistent with the scintillator Cherenkov elements con-
tributing to the trigger. The application of the FAMP to the on-line event selec-
tion is described in chapter 4. Physical tracks would have the same momentum
as calculated from both views. The third chamber provided an extra point on
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the track in an independent projection to remove ghost tracks. Tracks with
momenta outside the kaon momentum windows of the Cherenkovs were rejected.

Monte Carlo simulations showed that the granularity of v..e chambers required to
achieve the desired momentum resolution was 2 mm, 4 mm and 8 mm for P31, P32
and P33 respectively, while keeping the amount of read-out electronics minimal.

The active area of the chambers had to match the size of the mirrors of C2 so
that no acceptance losses would be introduced. An active area of (3.84x0.94)
m2 was chosen. In order to make the construction standardized and allow for
interchangeability of modules, all chambers were made with the same dimensions
and with 2 mm sense wire spacing. The desired granularity was obtained by
OR-ing together 2 and 4 wires for the P32 and P33 modules respectively.

In order to desensitize the beam region four different areas, which could be
held at a reduced cathode voltage, were required on the cathode planes (dead
areas). Several areas were required due to the different energies, divergences
and polarities of the beam and the different positions of the modules along the
beam. Again, in order to standardize construction and allow interchangeability
of modules, these areas had the same dimensions for each chamber.

3.3 Construction

3.3.1 Introduction

The chambers were constructed as a sandwich of several different, rectangular,
vetronite (glass fiber epoxy) frames. For a single module there were two gas
foil frames, two graphite coated mylar cathode frames, a spacer frame, and a
wire (20 (im gold plated tungsten) anode frame. The double module had an extra
wire plane and an extra cathode plane as a common cathode foil for both wire
planes.

The different chamber frames were constructed out of 2 layers of 3.3 mm vetro-
nite, glued together. This determined the gap between the wires and cathode to
be 6.6 mm. The various frames were assembled together and held in place by M6
bolts, tightened to a torque of 3 kg.m. The alignment of the frames with re-
spect to each other was kept by precision dowels at each corner. A cross-sec-
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tion of a double module is shown in f igure 9. A fu l ly assembled module is shown

in f igure 10.

GASFOIL

Figure 9: Cross-section of a double module(±7.125°). 1, 2: wire frames; 3, 4
and 5: cathode frames; 6: spacer frame; 7, 8: gas foil frame
sandwiched between 0.5 mm steel sheets; 9: distance piece and
precision bolt; 10: neoprene O-ring for gas tightness; 11, 12:
steel gas pipes; 13: steel corner pieces for reinforcement.
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Figure 10; Photograph of a fu l ly assembled module under gas in the NIKHEF-H

mechanical workshop
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After assembly external pointers were attached to the wire planes via 3 dowels

in the upper horizontal span of the chamber, so that alignment in the experi-

ment could be achieved. The chambers were suspended from support beams

which rested on the NA11 rail system.

The wire and cathode frames were prestressed so that no bulky support struc-

tures were required in order to maintain the wire and foil tensions respectively.

This enabled the P32 module to be placed as close as possible to the MA array.

Furthermore the prestressing technique ensured a light construction which made

it possible to service the chambers with 2 people without the need for a crane.

It was decided to use graphite coated mylar foils as cathode planes allowing the

possibility of separate graphite patches for cathode read-out if needed at a later

date. Graphite foils also enable a simple construction of dead areas compared to

those made with wire cathodes. Technically, foils are also cheaper, simpler and

quicker to construct than wire planes. The continuous equipotential surface of

foils results in a higher field at the anode than for wire cathodes at the same

voltage.

In order to prevent gas pressure from distorting the frames too much and hence

reducing the foil and wire tension, the 3 mm vetronite gas foil frame was stiff-

ened by adding sheet steel of thickness 0.5 mm to each side (7,8 in figure 9),

riveting steel "L" profiles (13 in figure 9) to the outside and using steel gas

inlet/outlet pipes (11,12 in figure 9).

The gas foils were made from 50 urn mylar with 15 \xm Al for gas tightness and

water vapour impermeability respectively. The Al foil also screens the anode

wires from high frequency noise.

In the following we discuss the construction and mechanical tolerances in more

detail. In considering the tolerances, we wanted an uniformity of operation over

the active area of the chamber to ±100 V.

3.3.2 Cathode foils and gap separation

The mylar was stretched to a tension of 350 N/m on a large metal frame. The
vetronite frame was prestressed with three bars connected across the shortest

span, tightened to a tension which could create the same deformation of the
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frame as the tension in the mylar [10] (figure 11). The mylar foil was then
placed on top of the vetronite and glued along a 2.5 cm band along the inner
edge of the vetronite with silicon glue. The glue was allowed to set for 24 hours
before the prestress bars were removed and the mylar cut to size.

prestress bars frame
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Figure 11: Prestress bars on the vetronite frame. A, B and C are the
positions where wire tensions were measured to check the
prestressing, the result of which is discussed in section 3.4.1.

When voltage is applied between the anode wires and the cathode foils, the ca-
thode foils are deflected inwards. The deflection dz is given by:

dz = pha /T (3-1)

where T is the tension of the foil, h is half the length of the foil, p is the
pressure on the gas foil given by:
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c 2 . V2

p = (3-2)
8 . to • s2

where c is the capacitance per unit length of the wire, V the high voltage, s
the wire spacing and c0 the dielectric constant for the vacuum.

To keep the voltage variation below l°o requires dz/z accurate within To, i.e. a
dz of about 1/10 mm. From 3-1 and 3-2 this would result in too high a tension
in the mylar. Therefore 2 spacers (garlands and a field restoring wire) were
placed horizontally between the wire and the cathode. This reduces the length h
of displaceable foil by a factor 3, and hence the deflection by a factor 9. With
a tension of 350 N, h = 0.157 m, s = 2 mm and c = 4.23 pF/m,

dz = 4.4 V2 (im

which is 0.11 mm at 5 kV.

For the double modules there is no electrostatic displacement of the common cen-
tral foil.

3.3.3 Garlands and field restoring wire

The garlands were made from 5.75 mm wide, 0.05 mm thick Kapton foil. The foil
was made into a zigzag shape and stretched across the chamber. The garland
was supported on a nylon thread which passed through holes punched in the
garland (see figures 12 and 13). To restore the field which is perturbed by
the garland close to the wires, a field restoring wire (FRW, diameter 0.85 mm)
was attached to this thread with small pieces of silk thread at various places.
The nylon support thread was kept in position by silk thread attaching it to the
chamber frame This technique was first used at CERN by Majewski and Sauli

H1] •
Two garlands were installed for each cathode foil. For each plane the garlands
on opposite sides of the sense wire plane were displaced vertically from each
other by 3 cm to minimize localized inefficiencies.
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__RELD RESTORING WIRE WIRE PLANE

Figure 12: Enlarged view of a garland and an FRW.

3.3.4 Wire frames

The wire frames had one layer of vetronite removed from the two-ply sandwich
at the upper and lower long spans and replaced with printed circuit boards
(PCBs), which had solder pads and printed circuit strips to get the signal to
the external connectors. Two different sets of PCB had to be made for the dif-
ferent angled wire planes.

Twenty microns gold plated tungsten wire was wound at a tension of 50 g and
at a 2 mm pitch on the winding machine of the NIKHEF-H Workshop. The wires
were glued to four transfer frames on the machine.The wires were kept in the
correct position by precision combs. The chamber frames were prestressed in a
similar way to the cathode frames (figure 11), so that after removal of the
prestress bars the wires would remain at the correct tension. The geometry of
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Figure 13: Photograph of a cathode frame showing the FRWs and the dead area
patches (see section 3.3.5).
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the transfer frame could be changed so that different angled wire frames could
be made. These frames also allowed the wires to be precisely lowered onto the
solder pads of the PCB. At this stage of the procedure the wires were accu-
rately aligned to the chamber frame and relative to each other to within 50 Jim
(section 3.3.4.2). The wires were then glued with epoxy to the PCB in between
the solder pads and the sensitive area of the frame. After allowing the glue to
set, the wires were soldered to the pads on the PCB. Further frames were add-
ed until the complete chamber frame was wired. The prestress bars were then
removed and a control of tensions was made (section 3.3.4.1).

To reduce the unbalanced electrostatic tension on the outer wires of the plane,
two guard wires of 50 ^m and 100 (im diameter Cu-Be at tensions of 100 and 200
g respectively were fixed as the last wires at each end.

To provide a test pulse for each sense wire, an insulated wire was glued over
the top of the solder pads at the opposite end of the wires to the printed cir-
cuit strips. A 6 V pulse in this test wire induced a pulse on every sense wire
via capacitative coupling.

3.3.4.1 Wire tensions

For tungsten wires of 20 \im diameter the elastic limit is 65 g. The wire frames
were wound at a tension of 50 g. An array of such wires spaced at 2 mm and of
length 0.94 m is electrostatically unstable. Alternate wires are displaced towards
one or the other of the cathode foils. However, the garland/FRW assembly di-
vides the effective length by 3 and stability is restored. There is a lower limit
for wire tension at which a single loose wire would be displaced towards the ca-
thode but this is about 20 g. The wire tensions were actually controlled to ±10
g using a wire tension measuring device. This device measured the frequency of
vibration of the wire in a magnetic field.

The prestressing method was checked in the following way. We selected three
areas (figure 11); region A, where the prestressers were applied; region B,
which lies in between two prestressers and region C at the edge of the frame.
In this last region we expect the effect of wrong prestressing to be negligiblly
small and this region is used as a check for possible effects not related to the
prestressing. In every region we measured the tension of a group of wires be-
fore and after the prestressers were removed. The differences in tension of
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these wires on a wire by wire basis is shown in figure 14 a, b and c for the
regions A, B and C respectively. The tension of the wires in region C does not
change on average, it shows a distribution around 0 g, with the expected
spread. The wires in the regions A and B have on average lost 2 g of tension,
well within the tolerance. Figure 15 shows the spread in tension of the wires
before (figure 15 a) and after (figure 15 b) the removal of the prestressers. All
wires have a tension which is well within the required tension window of 20-65 g
discussed above.
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Figure 14: The change in wire tension (AT) before and after the removal of
the prestress bars. The tension change of the wires in regions
A, B and C (figure 11) is shown in figure 14 a, b and c
respectively.
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3.3.4.2 Wire positions

It can be shown that a displaced wire in an array of wires has a change in
charge and hence operating voltage of:

dV/V = b.(dz/s)2

and that it induces a change in charge and operating voltage on the neighboring
wire of

dV/V = a.(dx/s)

where a = 0.18; b = 0.22 for chambers built with our gap and wire spacing; s =
2 mm [12] hence we are very sensitive to displacements in the plane of the
frame (x-direction).

Some error in the plane perpendicular to the wire plane (z-direction) occurred
when glueing the wires to the PCB but the precision was estimated to be better
than 0.2 mm; hence dV/V = 0.2% which at 5 kV is equivalent to a change in
voltage of ±10 V.

In principle, the location of the wires in x was accurate within ±5 jim, the pre-
cision of the teeth of the comb on the winding machine. However, some dis-
placement occurred when transferring the wires to the PCB and during glueing.
The displacements were rapidly checked before soldering with a Moire fringe
technique developed at NIKHEF-H [13] . Any wire with a deviation of more than
50 (im was replaced. A histogram of wire displacements is shown in figure 16.
The FWHM is 30 urn. A displacement of 50 \im gives a change in charge of 0.5°o

corresponding to a change in operating voltage of ±25 V at 5 kV.

3.3.5 Dead areas

To prevent large currents the chambers were made insensitive in the beam re-
gion. These so-called dead areas were obtained by constructing graphite patches
on the cathode foils which could be put at a reduced voltage, independent of
the rest of the chamber. The dimensions and shape of the dead areas is shown
in figure 17. Before spraying the foils with graphite, 2 mm wide masking tape
was used to create the dead area patches. The leads to the patches for the
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Figure 15: The wire tension spread before (a) and after (b) the prestress bars
were removed.

dead area control were made by spraying the foil with silver paint (graphite had
too high a resistivity over a narrow path of 2 mm). Some problems were en-
countered with breaks occurring in the silver paint during transport of the
chamber. These breaks had to be resprayed, otherwise breakdowns between
dead and live regions occurred.
In principle we could have dispensed with the silver paint leads for the single
sided foils by threading a wire from the back of the foil through a small hole in
the dead area region and attaching it with conducting araldite.
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Figure 16: Distribution of wire displacements (Ad) from the ideal position, in
the plane of the wire frames, perpendicular to the wires
(x-direction)

3.3.6 Graphite foils and resistivity of graphite

The mylar foils were fixed vertically in a well ventilated enclosure. A spray gun
containing a suspension of graphite in isopropanol was fixed on a movable trol-
ley about 50 cm from the mylar. The foils were then sprayed at three different
heights by moving the spray gun across the foil. After the f irst spraying the
foils were polished with tissue paper. This procedure was repeated once more
and the foils were polished until the uniformity of resistivity at the required
value was obtained. The resistivity of the foil was chosen low enough to ensure
that the voltage drop remained small at the particle rates we were expecting but
high enough to prevent large currents in the case of breakdown.



The Proportional Chamber System page 35

Figure 17: Dead area patches viewed along the the beam direction. The black
lines represent the 2 mm wide separation between the different
areas. These lines were taped off during the spraying of the
foils with graphite and the spraying of the voltage leads to the
dead areas with silver paint.

High voltage was fed from terminals on the outside of the chamber, to the
graphite via aluminium foil. The connection between the foil and graphite was
made with silver paint. Sometimes this connection broke during transport of the
chamber; conducting araldite would have been a better material to use.

The high voltage resistivity between the different dead area patches and be-
tween the dead areas and the main cathode was checked in air to 2 kV before
assembly of the chamber. The total resistance from the voltage input to any
point of the foil surface was kept to less than 100 kQ. On average this gives a
voltage drop of at most 5 V for a current of 100 jiA.
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The above considerations give an overall plateau variation of:

• ±25 V due to error in wire position in x,
• ±10 V due to error in wire position in z,
• -55 V max. due to electrostatic displacement of the cathode foil,
• * 5 V max. due to voltage drops across graphite;

giving a variation of +40/-90 V at 5 kV.

In practice the chambers were operated at 4.5 kV and the maximum current was
about 20 nA during beam spill, hence the overall variation was below the design
value of ilOO V.

To check the gain variation, a Ruthenium(106) source was placed at a fixed dis-
tance from the chamber and the high voltage adjusted until a certain current
was obtained. The source was then moved to other positions on the active area
of the chamber and the voltage adjusted until the same current was obtained. In
this way the voltage change required to keep the same gain was found to be ±70
V.

3.4 High voltage system

Each double module had only one high voltage supply, so that in turning on,
the voltage on either side of the central cathode foil was always equal. The
dead area voltage was derived from a 40 MO divider from the chamber high
voltage supply and was equal to 3/4 of the chamber voltage. One separate sup-
ply was used for the field restoring wire voltage on all planes.

3.5 Gas system

The chambers were operated using Magic Gas consisting of 75% argon, 24.5% iso-
butane and 0.5% freon (Freon 13B1, CF3BR). The gas was mixed in a standard
CERN gas mixing rack from 25% isobutane, and 37.5% of both argon and an ar-
gon / 1% freon mixture. The argon was bubbled through a methylal
({OCH3)aCH2) bath at 0°C. Gas flow rates through the chambers were 15 x/hr
for P31 and P32 and 10 Jt/hr for P33, giving a chamber volume change of once
every 12 hours.
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3.6 Read-Out

The Plessey electronics D16/DR32 system was chosen for the read-out of the

chambers.

Special features of this system are:

• An acoustic wave delay in the DR32 receiver modules, the value of which was

specified before manufacturing. This dispensed with the need for expensive,

bulky cable delay.

• The system is RMH compatible [14] a system which was already in use in the

NA11 experiment.

• The DR32 receiver module contained fast OR ECL outputs for adjacent groups

of four wires read-out. This was used in coincidence with the MA array to

improve the first stage trigger rejection (see section 4.3).

• The D16 preamplifier/discriminator was equipped with two test inputs allowing

odd or even channels to be pulsed independently. For our application an in-

put impedance of 100 Q was chosen.

The D16 cards each containing sixteen channels were mounted in especially con-

structed crates placed below the chambers in the experiment on movable trol-

leys.

The chamber wires were connected to the cards by 70 cm flat cables of 100 Q

impedance, which were screened on one side. Each crate could hold twenty two

modules. Each wire of P31 was read out, where as P32 and P33 had groups of

two and four wires OR'd together respectively, by means of an intermediate

printed circuit board which could be plugged directly onto the chamber PCB.

Oscillation problems were only encountered in the P33 module where four wires

were OR'd together but this was cured by grounding the back plane of the

chamber PCB to the chamber frame, and increasing the threshold voltage for the

pre-amps.

At the back of each crate was a printed circuit board which provided the low

voltage power lines of -5.2 V and ground, a threshold control line and the two

test pulse input lines.
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The threshold of the discriminator was controlled in each crate by a potentiome-
ter connected across the threshold control line and ground. This allowed a vari-
ation of control voltage from 0.8 to 1.4 V corresponding to 540 to 950 \iV of
threshold. Threshold control voltages of 1.1 V for P.31,32 and 1.4 V for P33
were used. Below this, oscillations began to occur. The connection between the
D16 cards and the D32 read-out units was made with 50 m long cables, each
containing 32 twisted pairs.

The D32 modules were housed in RMH crates via which a strobe of 150 ns was
applied. A fast clear pulse could also be sent via the RMH crate. The system
configuration is shown in figure 18; two branches of four and three crates were
used. The "bypass unit" (BU) enabled the FAMP micro processor to access the
data.

3.6.1 Low voltage system

The low voltage on the D16 crates was supplied by switched mode power sup-
plies. Each module could supply 40 amps at 5 V.

PREAMP- DISC'S
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Figure 18: Configuration of the MWPC read-out electronics.
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Each D16 card had a current dissipation of 800 mA. For the complete system

seven modules were required. Two times three in parallel for the 116 cards of

P31 and P32, and one module for the 32 cards of P33. Because of the high cur-

rent drawn by the cards of P31 and P32, 10 mm2 cross-section cables were used

to connect each ± terminal of each module to the crates to prevent too high a

voltage drop in the cables. The voltage was controlled by a sensor connected to

the crates. Each D16 crate was equipped with three fans to cool the cards.

3.7 Performance

The high voltage of chambers P31 and P32 with a threshold control voltage of

1.1V and P33 with a threshold control voltage of 1.4 V were on plateau at 4.45

and 4.5 kV respectively, i.e. the efficiency did not longer improve with in-

creasing voltage. The voltage on the field restoring wire reached plateau at 1.9

kV. With these settings each plane drew about 20 jiA in a beam of 10B/s. Typi-

cal plateau curves for the chambers are shown in figure 19 and for the FRW re-

gions in figure 20. The efficiencies of the chambers were determined using

tracks reconstructed from the packs of drift chambers positioned either side of

the MWPCs in the spectrometer (DC3A, B and C in figure 3). For determining

the FRW efficiency, only tracks within ±6 mm of the FRW were used.

Each chamber had an overall efficiency of 98°O, excluding the dead region. This

gives a combined efficiency of 90°Ó for observing one particle in every of the

five MWPC planes. The residual inefficiency was due to single dead D16 channels

and some remaining inefficiency in the FRW zones. A plot of the FRW zone inef-

ficiency is shown in figure 21 for no FRW voltage and for full FRW voltage. For

beam particles through the centre of the chamber the efficiency was >99.8(J>.

Some problems were encountered during operation. These were due to break-

down between the dead areas and the high voltage areas of the foil where a 1.0

kV potential difference over a 2 mm gap occurred. Usually this was due to gra-

phite dust, fibres and sharp edges. No problems with discharges from wires to

high voltage foil were encountered.

Some cracks in the silver paint leads to the dead areas (section 3.3.5) in MWPC

P32 forced us to reduce the voltage of all four dead areas instead of two. Apart

from the dead areas themselves there is a band of reduced voltage from the

dead areas to the top of the chamber (see figure 17). This band is 10 mm wide.
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Figure 19: The plateau curves of three out of five MWPC planes in the

experiment. The efficiency has been determined by requiring a

track to be seen in the drif t chambers, either side of the MWPC.

The operating voltage for P31 and P32 was 4.45 kV, and for P33

it was 4.5 kV. The solid lines are drawn to guide the eye.

apart from P32 where it is 18 mm for the aforementioned reason. We investigated
the effect of this band on the inefficiency in this area. In figure 22 a we show
the inefficiency profile across the voltage leads where there are two dead areas
at reduced voltage. The inefficiency profile across the voltage leads in case four
dead areas are at reduced voltage is shown in figure 22 b. Also shown is the
profile across a dead area boundary (figure 22 c) .
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Figure 20: The FRW plateau curves for two field restoring wire regions. The
operating voltage was chosen to be 1.9 kV. The solid lines are
drawn to guide the eye.
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Figure 21: Inefficiency of FRW regions in a vertical projection across two field
restoring wires. Applying no voltage (solid line) to the FRWs
shows two peaks displaced by 30 mm, the vertical displacement of
the two garlands on opposite sides of the sense wires. The
dashed line shows the inefficiency of the FRW region when the
FRW voltage is 1.9 kV.
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Figure 22: Inefficiency profiles of the beam killers across HV leads for two
dead areas at reduced voltage a), (inset shows the configuration
of the dead area leads); the inefficiency profile across HV leads
for all four dead areas at reduced voltage b) ; the inefficiency
profile across a dead area boundary c).
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4. THE INCLUSIVE ^-TRIGGER

4.1 Introduction

The aim of this experiment is to perform a high statistics study of the reaction:

h + Be - 4> • X (4-1)

I
' - K* + K-

The beam particle h may be either a IT4, TT", K* or K" meson, a proton or an
anti-proton. X represents any combination of particles consistent with the con-
servation laws. In practice the trigger selects low mass K*K" pairs, hence also
allowing an investigation of other processes which are characterized by a low
mass K*K' pair. A particular case is the inclusive production of the D(1280)
and E(1420) mesons decaying into K*K'n°, or the decay of a charmed particle,
like a D or F-meson, into <|>n. The final state particles are measured by the
spectrometer described in the previous chapters.

For incident n-mesons of 100 GeV/c momentum the total inclusive cross-section
for reaction 4-1 is approximately 300|ib per nucleon. With a beam flux of 10B

particles per second, and a 20 mm long Be target this implies an inclusive
<|>-event rate of 670 events per second. The number of observable <|)-meson
events is about 5% of this due to the 49.3% branching ratio of 4>->K*K" [15] and
the 10% acceptance for observing and identifying both K-mesons. The latter
number includes the geometrical acceptance of the spectrometer, the momentum
window of the Cherenkovs and the loss of kaons due to interaction or decay.
The total inelastic cross-section of 26 mb [7] leads to an interaction rate of
34000 per second. Therefore only one out of about 1000 interactions contains an
observable <(>-meson. As the maximum data recording rate is -100 events per
second, a simple interaction trigger would record only 0.1 <J>-events per second
onto tape. The inclusive low mass K*K" trigger or <j>-trigger, described in this
chapter, enhances the sensitivity by a factor 40.

The inclusive <|>-trigger consists of two stages. The first fast trigger stage can
be subdivided in

• the interaction trigger and
• the <j>-trigger.



page 46 The inclusive tf>-trigger

They are described in section 4.2 and 4.3 respectively. The (^-trigger makes
use of the C2, MA, C3 and MB arrays (see chapter 2). This is illustrated in
figure 23, which shows an enlarged view of these detectors together with the
trajectories of two K-mesons. The second stage trigger, described in section
4.4, uses the Fast Amsterdam Multi Processor system (FAMP) in conjunction with
the proportional chambers P31, P32 and P33 (figure 23), to calculate:

• the momenta of the K-meson candidates and
• the invariant mass of the K*K' pairs.

In section 4.5 finally the losses introduced by the various trigger stages are
discussed.

4.2 Interaction trigger

In order to satisfy the interaction trigger an event has to fulfi l the following
requirements:

a. it is caused by a well defined beam particle hitting the target,

b. no other beam particle is observed within the time interval needed to de-
fine the trigger (20 ns),

c. no beam particle is seen downstream of the target,

d. there are at least two charged particles downstream of the target.

The beam particles satisfying conditions a and b are called Useful Beam (UB).
The UB trigger is defined as (figure 1):

UB = Bi . Bs . B3 • B« . Burst-gate . Pile-up

Where "Burst-gate" is derived from a signal which is synchronized with the
beam extraction from the SPS and gates the beam spill. The Pile-up signal in-
dicates whether another beam particle follows or precedes within 20 ns the beam
particle considered. The coincidence between the beam counters B i , B2 and B3

requires the beam to pass these counters, while the anti-coincidence with B4
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demands the beam to pass through the slot of B«, which matches the dimensions
of the target.

The interaction trigger (INT) is defined by:

INT = UB . D2 . I

The D2 counter is a small scintillator counter which is put at the location of the
beam downstream of the BBC magnet (figure 3). The anti-coincidence of D2 with
UB indicates that the beam particle is not seen in the spectrometer downstream
of the target. The interaction counter I, immediately behind the target (figure
2), is required to have a pulse height corresponding to at least two minimum
ionizing particles in order to fulfil condition d. For negative beam polarity the
INT coincidence is satisfied for 3.3% of the UB rate. For positive beam polarity
this number is 3.8% and 4.1% for the 120 GeV/c and 200 GeV/c beam momenta
respectively. The block diagram of the interaction trigger logic is shown in
figure 24.

There is a finite probability that two or more interactions will occur within a
time interval of 400 ns, which is the maximum drift time of the drift chambers.
To prevent the mixing of events which both have an interaction, these events
are vetoed with a "LATE INT" and a "PREC INT" coincidence which are defined
as:

LATE (PREC) INT = Bi . B2 . B3 . D2 . Burst-gate

These are essentially relaxed interaction triggers. Assuming the beam particles
to be Poisson distributed over the beam spill the fraction of late interactions

as a function of UB is given by

flate

-s.P,a te .UB/b

where s is the sensitive time of the drift chambers, P. .̂ is the probability for
a beam particle to satisfy the LATE INT criterion. UB is the number of inci-
dent particles per beam spill which satisfy the Useful Beam criterion and b is
the length of the beam spill.
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inttrrupu to fast
cl«or logic

Figure 24: The block diagram of the trigger logic. The f i rst stage trigger is
subdivided in the interaction trigger and the <j>-trigger. For the
(|>-trigger the MA.C2 and MB.C2.C3 coincidences represent the
coincidences for all cell combinations for that half of the trigger.
The second stage trigger is subdivided in two slaves and a
supervisor.
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The PREC INT signal is used to set a gate of 400 ns vetoing all interactions
occurring in that period. The LATE INT signal arrives too late to be incorpo-
rated at the interaction trigger level and therefore is introduced via the second
stage trigger. Figure 25 shows the fraction of events which are vetoed by the
LATE INT trigger as a function of UB for a positive 200 GeV/c incident beam.
The curve is obtained with the values : s=400 ns, p | a t e

= ^- 9 ° a n c ' b=2.42 s.

.06 -

"0. 0.5 1 1.5 2. 2.5 3.
UB (*10-6)

3.5

Figure 25: The fraction of events vetoed by the LATE INT condition.

4.3 The <)>-trigger

The first stage ()>-trigger selects events which contain a pair of particles with
the following characteristics:
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• both particles are identified as K-meson candidates by the Cherenkovs C2 and

Cn, and

« they have opposite polarity.

The <}>-trigger makes use of the typical signature of the decay of a <J) meson in

two K-mesons, i.e. the small transverse momentum of each K-meson with respect

to the line of flight of the 4>-meson of at most 127 MeV/c. This ensures that

the two spectrometer magnets will bend the positively charged K-mesons to posi-

tive x and the negatively charged K-mesons to negative x, provided that the

transverse momentum of the (J>-meson itself is not too large. Accordingly the

4>-trigger requires at least one charged K-meson candidate on either side of the

x=0 symmetry plane. This trigger condition defines the first stage (j>-trigger

M.=INT.Z |e f t(MA.C2
+MB.C2.C3)>1.I r i ht(MA.C2

+MB.C2.C3)>1 (4-3)

In this expression MA.C2 represents the condition of a signal in an element of

scintillator hodoscope MA without observing light in the corresponding cell of

C2. This condition is true for K-mesons with a momentum in between the

n-threshold and the K-threshold of Cherenkov C2 (see table 5 for the thresh-

olds of the Cherenkovs), while most rr-mesons with a momentum larger than the

n-threshold of C2 will be rejected. The condition MB.C2.C3 demands a signal

in an element of hodoscope MB with no light in the matching C3 cell and light in

the corresponding cell of C2. This condition is fulfilled for most of the K-me-

sons with a momentum between the K-thresholds of C2 and C3. The multiplicity

on the left side of the x=0 plane (Zi ,.) and the multiplicity on the right side

^r iqht^ s n o u ' d both be larger than zero. The block diagram of the <|>-trigger is

shown in figure 24.

The M, trigger restricts the momentum range of the K-mesons that will be ac-

cepted. In particular those K-mesons having a momentum larger than the K-

threshold of C3 are not accepted by the trigger. Monte Carlo calculations show

that the location of K-mesons downstream of the BBC magnet is related to the

K-meson's momentum (see figure 26). K-mesons with a momentum below the K-

threshold of C2 populate the positions with large absolute x-values while K-me-

sons with a momentum larger than the C2 K-threshold occupy the positions clos-

er to the beam region. This allows the reduction of the number of cells in the

summation of (4-3) and therefore a reduction of trigger rate, without a signifi-

cant loss of inclusive 4>-events.
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28

24

$ MB.C2.C3
right

C2.C3

KthresholdC3

HhresholdC2

threshold C2

Figure 26: The x-position at MA versus the momentum of K-mesons originating
from a <j>-decay. The dashed area indicates the acceptance of the
(j>-trigger for 100 GeV/c incident momentum.

Table 6 gives the cells which are used in the trigger during the different beam
conditions.

The M, trigger accepts 10% and 18% of the INT triggers for the low momentum
(100,120 GeV/c) and high momentum (200 GeV/c) beams respectively.

Spurious hits in the MA hodoscope which coincide with the INT trigger fake a
K-meson trigger, as do n-mesons not giving light in one of the Cherenkovs ei-
ther because they are below threshold or because of inefficiencies. In 32% of
the events which satisfy the INT trigger at least one MA element gives a hit
while no charged particle is found in the drift chambers. To reduce fake t r ig -
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Table 6: Combinations of MA, MB, C2 and C3 elements

used in the <j>-trigger. The convention used for the numbering of the elements

is shown in figure 7.

Beam

momentum

-100 GeV/c

•120 GeV/c

-200 GeV/c

+200 GeV/c

left half

MA.C2

9 8

10 9

11 10

12 11

21 19

22 20

23 21

24 22

8 7

9 8

10 9

20 18

21 19

22 20

trigger

ME

6

7

8

14
15

16

5

6

13

14

S.C

7

8

9

18

19

20

6

7

17

18

Cell

2 .C 3

7

8

9

17

18

19

6

7

16

17

numbers

right

MA.C2

1 1

2 2

3 3

4 4

13 12

14 13

15 14

16 15

3 3

4 4

5 5

15 14

16 15

17 16

half trigger

MB.C2.C3

1 3 2

2 4 3

3 5 4

9 14 12

10 15 13

11 16 14

3 5 4

4 6 5

11 16 14

12 17 15

gers due to spurious hits each MA element is required to have a coincidence

with a signal from an area of the proportional chamber plane P32,, which is lo-ci
cated immediately downstream of the MA array (figure 23). The areas in P32=

are obtained by OR-ing together several wires. As is shown in figure 27 the

area of an element of MA is less than half the area of the matching P32, region.

For the low momentum beams the reduction in the number of f i rst stage triggers

is 30%. The reduction for the 200 GeV/c beams is only 13o due to the larger

average multiplicity of events and the use of the central elements of MA. Since

the latter reduction is marginal, the MA.P32 coincidence is switched off during

the high momentum beam runs.
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element of MA

Figure 27: The OR-ing of wires of P32_ to match an element of MA.
3

4.4 The second stage trigger

4.4.1 Hardware

The final on-line selection is performed by the second stage <j>-trigger, which is
based on the FAMP micro processor system [16] . The FAMP system calculates
the momenta of the K-meson candidates using the information of the set of five
proportional chamber planes P31 . , P32gk and P33 (figure 23). Besides the pro-
portional chamber hits also the information of the MA.C2 and MB.C2.C3 coinci-
dences is used by the FAMP system. The tracks which are reconstructed by the
micro processor system are required to be correlated with the hodoscope pattern
produced by the first stage trigger.

The FAMP configuration in this experiment uses three units; one supervisor and
two slaves. Each one consists of a FAMP module, two 32 Kbyte memory modules
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and a data buffer. Figure 24 shows a schematic diagram of the micro processor
system. A special module (Bypass Unit in figure 24) gives control over the in-
put data stream either to the FAMP system or to the NORD-100 on-line comput-
er. When the FAMP system has control the purpose built controller and concen-
trator [17] (Controller in figure 24) reads data, reformats it and transfers the
reformatted data to intelligent data buffer modules. The reformatting represents
clusters by their centre of gravity. An output-buffer in the supervisor crate
takes care of the communication with the NORD-100 computer. The FAMP system
and its design philosophy are extensively described elsewhere [16] . A detailed
description of the system as it is used in the experiment described in this the-
sis can be found in [18] .

Each of the two slave processors attempts to reconstruct tracks in one project-
ion of the MWPCs P31 and P32. The supervisor processor combines the informa-
tion to reconstruct spatial tracks and to calculate the mass of K*K' pairs. When
either of the three processors decides that the trigger criteria cannot be ful-
fi l led, an interrupt is given. Subsequently all processors are stopped and the
read-out electronics is cleared by a fast-clear signal. When an event is accept-
ed the NORD-100 computer is triggered to read out all experimental data and
write it onto tape.

4.4.2 Reconstruction

Because of the good homogeneity of the magnetic field of the spectrometer mag-
nets, the momentum of a particle can be determined with a simple algorithm from
its trajectory behind the second magnet, assuming that its origin before the
first magnet (xo,yo) is known. The momentum if given by

p = Co cos9 / (cjUi -c2u2
 + y0 sinG -x0 cos6) ,

where ux and u2 are the coordinates of the trajectory at two different z-posi-
tions behind the BBC magnet, in a projection which makes an angle G with re-
spect to the y-z plane. The quantities c0, Ci and c2 are event independent,
they describe the geometry of the experimental set-up. For a particle originat-
ing in the target placed at the origin (0,0), the contributions of the terms with
Xo and y0 can be neglected since the dimensions of the target are relatively
small. Accordingly, the calculated momentum is the same for two projections
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with oppositely signed 0. Inversely, if the momenta calculated in those
projections are found to be different, it indicates either that a particle is not
coming from the target and can be eliminated or the momenta belong to two dif-
ferent tracks, or a combination of coordinates does not belong to a physical
track.

In our set-up the momenta of the particles are determined from the planes with
+7.125° and -7.125° wire inclinations separately. The data from the +7.125° and
the -7.125° planes are processed by the two slave processors in parallel. A
slave checks whether the MWPC hits are roughly correlated with the hodoscope
pattern which is produced by the first stage trigger. When such a correlation
exists, hits in the P31 and P32 planes are combined which yield a momentum in
the range imposed by the Cherenkov thresholds. If either of the slaves does not
find a track candidate, a veto signal is produced. Subsequently the supervisor
processor scans the two sets of momenta corresponding with the two views for
possible equal values. If such a pair is found the processor searches for a
correlated hit in P33. At this stage a more accurate check is made of the corre-
lation with the MA.C2 or MB.C2.C3 coincidences. For a K+K' pair with an in-
variant mass below 1.05 GeV/c2, the ratio of the K-meson momenta is in the
range 0.5 to 2. When at least two particles with opposite polarity have sur-
vived this cut on the ratio of their momenta, the mass of oppositely charged
pairs is calculated, otherwise the event is rejected. The invariant mass is calcu-
lated using the approximate relation

M2
K K=M2

K(2+p1 /p2+p2 /p1)+ap1p2((x1-b/p1-x2+b/p2)2 +(y2-y1) r)

where xlf ylf p i and x2 , y2 , p2 are the coordinates and momentum values of
the two kaons respectively. The kaon mass is represented by M^, and a and b
are constants. When no K+K" invariant mass (Mr/i/) >s found to be smaller than
1.15 GeV/c2 the event is rejected.

During all processing steps the number of calculations is kept to an absolute
minimum. Instead of calculations extensive use is made of large look-up tables to
minimize the time needed to reconstruct an event. For example the momentum
which is associated with two coordinates is not calculated but looked up in a ta-
ble where momenta are stored for all physically possible coordinate combinations.
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4.4.3 Results

In this section results are presented which are obtained with the FAMP micro
processor system. As an example the information is given on the data with the
100 GeV/c negative beam. The mean multiplicity of tracks in arm 3 of the spec-
trometer is 4.3 of which 31% are correlated with a MA.C2 or MB.C2.C3 signal.
In figure 28 an example is shown of the hit pattern in the MWPCs for a typical
event. In table 7 the fraction of events treated by the slaves and supervisor is
given together with the mean reconstruction time for that class of events. A
large fraction (42%) is rejected in an early stage by the slaves. Only 5% of the
events is eventually accepted, i.e. having at least one K*K" pair with a mass
below 1.15 GeV/c2.

The mean reconstruction time for an accepted event is 750 us, for all events it
is 450 us. The time distributions for the different event categories are shown in
figure 29 In order to get the dead time of the micro processor system 50 \is has
to be added to the mean processing time for resetting and initialization. In f ig-
ure 30 the K*K" invariant mass spectrum is plotted as calculated by the FAMP
and displayed on-line during data taking. The inset in figure 30 shows the
K+K' spectrum as it is reconstructed off-line. In figure 31 the relative differ-
ence between the momentum of a particle as determined by FAMP and the off-
line reconstruction program is shown. The RMS value of the distribution is 3%.
The difference between the invariant mass calculated by FAMP and by the off-
line reconstruction program is shown in figure 32. The RMS value is 5 MeV/c2

while the mass resolution in the off-line analysis is 1.5 MeV/c3.

The second stage trigger accepts about 20% more events than the off-line analy-
sis program does if similar selection criteria are applied. This is mainly due to
ghost tracks found by the FAMP reconstruction program.
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Example of an event accepted by the FAMP system. Indicated are
the hit wires in the proportional chambers and the tracks
reconstructed off-line. The shaded areas in MA represent the
first stage trigger logic. They are associated with track number 2
and 4 and satisfy the MA.C2 condition and MB.Ca.C3 condition
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Table 7: Reconstruction time of FAMP
event categories for the 100 GeV/c incident beam.

fraction
of events

reconstruction
time (us)

at least one slave
does not find a track 429o 260

no K*K' pair with the ratio of their
momenta within the range 0.5 to 2 50% 570

no K*K" mass < 1.15
GeV/c2 accepted

accepted by FAMP

3%

5%

730

750

1600

1400

1200

E 1OOO

.2 800

E 400

2 0 0

all events
slave(s) veto
supervisor stage 1 veto
supervisor stage 2 decides

0.25 0.75 1
Processing t ime

Figure 29: Distribution of reconstruction times of the FAMP for different event
categories. Stage 1 looks for K*K" candidates. Stage 2 represents
the calculation of the invariant mass of the K*K~ pair.
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7000 •

1.05

0.95 1 1.O5 1.1 1.15 1.2 1.25
K*K~ invariant mass (Sev/c1)

Figure 30: K*K" invariant mass distribution as calculated by the FAMP. The
inset shows a K*K' spectrum as reconstructed off-line.

-0.2 O.2

Figure 31: The relative momentum difference (Zkp/p) for the tracks which are
reconstructed by the FAMP system and the off-line reconstruction
program.
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1 0 0 •

-40. -20. 0. 20. 40.
AM (MeV/c')

Figure 32: Mass difference (Am) for K*K" pairs as calculated by the FAMP
system and the off-line analysis program.

4.5 Inefficiencies in the trigger

4.5.1 Introduction

The <j>-trigger does not accept all inclusive <|>-events where the «J> decays via the
K*K" decay channel, as is illustrated in figure 26. Events with a K-momentum
outside the momentum window set by the Cherenkovs C2 and C3 or events where
the K-mesons do not traverse the hodoscope elements which are used in the
trigger are not accepted by the trigger. The losses due to this class of events
will be discussed in chapter 5, where the Monte Carlo program, which is used
to correct for the acceptance of the spectrometer, is described.

In addition events are lost as a result of for instance hardware inefficiencies in
the trigger elements or reconstruction problems in the FAMPs, due to the com-
plexity of an event. These losses will be discussed in this section.
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4.5.2 Efficiency of the <j>-trigger

The first stage 4>-trigger uses the information of the scintillator hodoscopes MA
and MB and of the Cherenkov hodoscopes C2 and C3. To determine the effi-
ciencies of the MA and MB arrays some tapes have been collected at regular in-
tervals during the data taking, which contain events which only have to satisfy
the INT requirement. The efficiency of the elements of MA and MB are deter-
mined using tracks which have been seen in the drift chambers on both sides of
the hodoscopes, and requiring in addition that no other track traverses the
considered element. The mean efficiency per element is 97.% and 98.5% for MA
and MB respectively.

The trigger Cherenkov C3 is not required to give light and consequently the
efficiency is 100 %. Cherenkov C2 is required to give light for K-mesons with a
momentum larger than its K-threshold. The efficiency is strongly momentum de-
pendent and is determined using n-mesons which originate from the decay of the
K°, A and anti-A. This will be discussed in section 5.5.

4.5.3 Efficiency of the second stage trigger

For every tenth tape all events, both accepted and rejected, which are pro-
cessed by the FAMP system are written onto so called display tapes, in order to
determine the efficiency of the second stage trigger system. The efficiency of
the second stage trigger is calculated by comparing the decision taken by the
FAMP system with the result from the off-line reconstruction program. The total
efficiency of the second stage trigger is 70.2±0.5% for the low momentum runs
(100, 120 GeV/c) and 73±2% for the high momentum runs (200 GeV/c). The in-
efficiency is mainly due to the MWPCs, which have an efficiency of 81.7% for
detecting two tracks in all five planes, corresponding to an average efficiency
of 98% per plane (see section 3.7). The FAMP system has an inefficiency of 6 %
for reconstructing an event. This inefficiency can be subdivided into three
classes:

• 2.8% is due to the requirement that the multiplicity difference between the
number of hits in P31 and P32 is less than 10. This cut is imposed to reject,
in an early stage, complex events which are possibly due to secondary inter-
actions in between the two MWPCs.



The inclusive <f>-trigger page 63

• 2.1% is due to the fact that some K-meson candidates are assigned to the
wrong MA or MB element when they traverse the hodoscopes close to the edge
between two elements.

• 1.1% has other reasons, for about half of these events the supervisor proces-
sor can make over 200 combinations between the two views, thus increasing
the probability for reconstructing a non physical track.

The remaining inefficiency is due to the efficiency for the transfer of data to
the FAMP, including cluster encoding of the MWPC data.

The efficiency of the second stage trigger varies with the momentum of the K-
mesons, this is shown in figure 33. The efficiency for events where both the
K-mesons have a momentum close to the n-threshold of C2 is 63% while the effi-
ciency for events with K-momenta in the range of the K-threshold of C2 is 77%.
The momentum dependence of the efficiency is incorporated in the Monte Carlo
program and will be discussed in chapter 5.

momentum Kg (GeV/c)

19 25 31

• 200 Gev/c
incident bcarr

-10CL»1

incident beam momentum Kj (GeV/c)

Figure 33: The efficiency of the second stage trigger.
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Figure 5 shows the number of events per beam spill handled by the second
stage trigger as a function of UB for a 200 GeV/c positive beam. The smooth
curve is given by

eFAMP
= [ T ' b / ( f M . U B ) (4-4)

where is the number of events per beam spill handled by the second
stage trigger, f.. is the fraction of UB events accepted by the first stage t r ig -
ger M,, b is the length of the beam spill and T is the mean time needed to pro-
cess an event which is accepted by the M, trigger. The dead time r is on aver-
age determined by three different event types:

a. events which are vetoed by the LATE INT veto, these events are accepted
by the M. trigger since the LATE INT signal arrives too late.

b. events which are processed by the FAMP processors.

c. events which are accepted by the FAMP processors and are subsequently
read out by the NORD-100 computer.

Hence T can be written as

T = W T l a t e + faccT read )

where f|ate is defined in equation 4-2 and facc is the fraction of events accept-

ed by the FAMP. The times Ti . , TpAMP a r |d T
read a r e *^e * 'm e s needed to

process an event and reinitialize the spectrometer for events of type a, b and c
respectively. The values which have to be substituted in equations 4-4 and 4-5
for the different runs are given in table 8.

The dead time of the spectrometer without the second stage trigger is fully de-
termined by the read-out time (T . - J ) of the electronics. For the 200 GeV/c
incident beam this is 10 ms per event. Substituting 10 ms for T in equation 4-4
with a UB of 2.10s particles per beam spill gives 246 events recorded per beam
spill without the FAMP system. Under the same conditions the second stage
trigger system processes 2447 events. However it introduces an inefficiency of
27%, hence the effective gain in sensitivity obtained by the second stage trigger
is 7.3 .
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Table 8: The times and trigger fractions for the different runs.

f.. The fraction of UB which satisfies the M, tr igger.

f _ The fraction of events handled by FAMP which are accepted.
oCC

Ti A The time needed to reinitialize the spectrometer for an event
which has been vetoed by the LATE INT condition.

TFAMP ^ e m e a n * ' m e neec led by FAMP to process an event and rein-

itialize the spectrometer.

Tr j The time needed to read-out and reinitialize the spectrometer,

b The typical length of an SPS beam spill.

P. . The probability for a beam particle to satisfy the LATE INT

condition.

beam momentum (GeV/c2) -100 +120 -200 +200

facc
Tlate
TFAMP ( ^ s )

Tread ( m s )

b (s)
Plate ™

0.33

5

100

500

9

2.42

18

0.38

5

100

500
9

2.42

10

0.59

4

100
550
10

2.42

10

0.74

3

100

550
10

2.42

10

4.6 The data sample

For the low momentum and the high momentum runs the typical number of events
written to tape per SPS beam spill is 110 and 75 respectively. With a 100% effi-
cient SPS and ACCMOR spectrometer operation this would result in the record-



page 66 The inclusive <|>-trigger

ing of 20 NORD tapes per day. As is shown in table 9, which summarizes the
data taking, the best operation efficiency achieved is 50%, while the operation
efficiency for the 100 GeV/c2 run is down to 30%, mainly due to SPS down time.

Table 9: Summary of the data taking.

beam momentum (GeV/c) -100 +120 -200 +200

number of data tapes
number of events per tape
number of display tapes
number of days data taking

101 66
40000 40000
11 6
19 7

18 17
36000 36000
3 3
3 3
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5. OFF-LINE RECONSTRUCTION AND ACCEPTANCE

5.1 Introduction

In this chapter the off-line analysis is described together with the corrections
which have been applied to the data to account for events which are lost for
observation. Apart from the two kaons the other particles which are detected in
the spectrometer are also reconstructed to allow <J>-spectroscopy and an investi-
gation of the production of particles associated with the 4>-meson. The off-line
analysis is subdivided into five separate steps:

a. the track reconstruction in the drift chambers and momentum calculation of
charged particles,

b. the track reconstruction in the micro-strip detectors, the refitting of the
momentum of charged particles and the determination of the vertex,

c. the reconstruction of neutral strange particles, i.e. K°g, A and anti-A,

d. the identification of charged particles using the Cherenkov hodoscopes C i ,
C2 and C3 and

e. the n° reconstruction using the information from the Y~ c a l ° r im e te r a* the
end of the spectrometer.

Step a of the analysis takes most of the computer time and has been performed
in several institutes in parallel. The +120 GeV/c run (66 tapes) has been pro-
cessed at the Rutherford Laboratory (IBM 360/195), the high momentum runs
(35 tapes) have been processed on the NORD-500 computer of the ACCMOR col-
laboration at CERN and the -100 GeV/c run (101 tapes) has been processed on
the NIKHEF-H CYBER-173 computer and the two CYBER 170-750 computers of
the Stichting Academisch Rekencentrum Amsterdam (SARA). The steps b, c, d
and e have all been performed on the NIKHEF-H and SARA computers.

The track reconstruction procedure of step a is described in section 5.2. The
analysis steps b to e are described in the sections 5.3 to 5.6.
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To determine the acceptance corrections the experiment is :mulated on a com-
puter. This so called Monte Carlo program incorporates a model of the spec-
trometer together with the information on all known losses which depend on the
kinematics of the events. By generating events and tracing the produced parti-
cles through the "spectrometer", the acceptance for every type of event can be
determined. Losses which do not depend on the events kinematics are included
in an overall multiplication factor which is used to calculate the so called nano-
barn equivalent of the experiment.

In the final section of this chapter this nanobarn equivalent, which relates the
measured number of events to the cross section, is given for the various runs
and incident particles.

5.2 Track reconstruction in the dri f t chambers

The track reconstruction in the drif t chambers is performed by the program
ELFPRO, which is developed by the ACCMOR collaboration. As input the pro-
gram needs the drif t chambers parameters, i.e. the positions (in xyz) of the
chambers in the spectrometer, the drif t velocity and the off set time (t^) of the
drift time recording. The z-position of the chambers is measured to a precision
of about 1 mm. The x and y positions, the tp of each sense wire and the dri f t
velocity per plane are obtained from straight tracks which are recorded at reg-
ular intervals during the runs, by switching off the magnetic field of the spec-
trometer magnets. The tracks are reconstructed and the parameters determined
in an iterative procedure [5] .

Figure 34 shows the flow diagram of the standard ELFPRO program. The cali-
bration constants are read once, after which the program loops over the events
on tape. There are essentially four steps:

a. reading and decoding of the input event,

b. reconstruction of tracks in the drift chambers,

c. momentum calculation of the reconstructed tracks and

d. writing the output onto a Data Summary Tape (DST).
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BEGIN

event IOOJJ

*

read and decode input event

pattern recognition in arm 3

guide track search in arm 2 with arm 3 tracks

i

pattern recognition in arm 2
to find remaining tracks

momentum calculation of tracks

1

write output onto tape

Figure 34: Flow diagram of standard ELFPRO.

In the decoding phase a crude reconstruction of the beam track is performed
using the beam hodoscopes BA and BB (figure 1), also the pulse height infor-
mation from the I-counter is used to check the interaction trigger requirement.
Events without a reconstructed beam track or with a beam track which is found
to interact upstream of the target and events with insufficient pulse height in



page 70 Off- l ine reconstruction and acceptance

the l-counter are vetoed. In addition a small number of events is lost because

the decoding fa i ls . Table 10 lists the fract ion of events which are rejected for

the aforementioned reasons.

Table 10: The ELFPRO decoding loss.

The fractions given under entry "beam loss" include both interactions upstream

of the target and events where no beam track is reconstructed.

beam (GeV/c) -100 + 120 -200 +2u0

undecodeable

beam loss

l-counter

0.04
0.17

0.01

0.04
0.11

0.01

0.01
0.13
0.0

0.01
0.12

0.0

The procedure followed for the pattern recognition in the d r i f t chambers con-

sists of three steps:

a. First the program looks for a t rack in a given so called "main v iew" ,

which is the ensemble of all wire chamber planes having the same wire i n -

clination in one section of the spectrometer.

b. If such a t rack has been found a plane is defined perpendicular to the

plane of the main view. All hits in planes which have a di f ferent wire i n -

clination (view) as the main view are projected onto th is orthogonal plane

under the assumption that they can be associated with the main view

t rack . In th is pseudo view a search fo r a track is made, which if found

wil l form a space t rack together wi th the track found in step a.

c. In the t h i r d step a refined t rack search is performed d i rect ly in space. A

tube is constructed around the candidate space t rack found in steps a and

b. All chamber planes in th is section of the spectrometer are now consid-

ered. A least squares f i t gives the parameters of the f inal space t rack .



Off-line reconstruction and acceptance page 71

The above procedure is f irst applied to the drift chambers in arm 3, which is
the section of the spectrometer downstream of the BBC magnet. For the tracks
found in arm 3 the position of the corresponding track segments in arm 2, the
section in between the two spectrometer magnets, is calculated under the as-
sumption that the arm 3 tracks originate from the target. These track segments
are used as candidate space tracks to go immediately to step c of the pattern
recognition procedure in arm 2. With this guided search 40o of the arm 2
tracks is found. The guide procedure reduces considerably the reconstruction
time since steps a and b of the pattern recognition, being the most time con-
suming steps, are bypassed. Having tried all arm 3 tracks to guide the search
in arm 2, the remaining arm 2 tracks are found using the full procedure, i.e.
steps a, b and c. A detailed description of the track finding procedure is giv-
en in reference [19] .

After completion of the pattern recognition in the drift chambers, the track
segments in arm 2 and arm 3 are linked and their momenta are calculated. If
there is only one segment, either in arm 2 or arm 3 of the spectrometer, and it
can be associated with the primary vertex, a momentum is calculated under the
assumption that the particle originates from the target. Finally all information
available at this point, with the exception of the raw drif t chamber information
itself, is written onto tape. In a second step, described in section 5.3, the in-
formation of the micro-strip detectors is used. In table 11 the multiplicity found
in arm 2 and arm 3 of the spectrometer is given for the various runs.

Table 11: The charged track multiplicity
in the three sections of the spectrometer for the various runs. A momentum
track is a particle for which the momentum can be calculated by either linking
the track segments from the various sections of the spectrometer, or using the
primary vertex together with a trajectory from arm 2 or arm 3.

beam (GeV/c)

arm 1
arm 2
arm 3

momentum tracks

-100

6.6

9.0
5.0

8.5

+ 120

7.1

9.9
5.3

9.3

-200

7.7

10.3
7.0

10.1

+200

7.3

10.9
7.0

10.6
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The average processing time amounts to 0.75 seconds on a CYBER 170-750, with
steps a and b of the pattern recognition procedure being responsible for 73°O of
the total ELFPRO processing time. Three methods have been used to reduce the
time spend in these steps:

• restricting the search area in the drift chambers,
• guided search using tracks found in the proportional chambers in arm 3,
• rejection, in an early stage, of events which do not contain a K*K" pair with

a mass in the (j>-mass region.

5.2.1 The restricted track search

In steps a and b of the pattern recognition the program searches for straight
lines among a large number of hits in the drift chambers. For these roads are
defined which are obtained by pairing two hits, starting with the most upstream
and downstream plane of the arm. The program loops over all combinations of
hits, regardless of the physical significance of such a combination.

In figure 35 for a large sample of minimum bias tracks the y-position in arm 3 is
given at two different z-positions. Figure 35 shows that physical tracks populate
a narrow band in this plot. For every view in each arm a plot like the one of
figure 35 is produced. These correlation plots are used as input for the track
finding routines. Only those combinations of hits are used which are allowed
according to these correlation plots.
The effect of this procedure on the detection of V°'s has been demonstrated to
be very small. The reduction in processing time obtained with this method is
21%, while the loss of tracks is less than 0.5°o.

5.2.2 Guided search with MWPC tracks in arm 3

Because of the left right ambiguity with respect to the sense wire in each drif t
cell, earh drift chamber hit provides two coordinates. This leads to a signifi-
cant increase in processing time for the track search in the drift chambers.
The MWPCs (P31, P32 and P33 in figure 3) do not have this problem. A search
for space tracks is therefore made in the five proportional chamber planes, re-
quiring a hit in every plane. Furthermore the MWPC tracks are required to
point at the target in the yz projection.
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Figure 35: The y-positions of particles in arm 3 at two different z-positions are
plotted versus each other. Zj and z2 are the z-positions of the
first and last drift chamber planes of DC3A (figure 3).

These MWPC tracks are used as guide tracks in step c of the pattern
recognition procedure in arm 3. The time gain obtained with this method is 5%.
In addition a 1.6% increase in the number of momentum tracks is observed, indi-
cating that the absence of ghost hits increases the probability to find physical
tracks. With this method 76% of the arm 3 tracks is found, the remaining
tracks are reconstructed following the normal procedure.
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5.2.3 The off-line ^-selection

The second stage trigger accepts events with a K*K' pair with a mass below
1.15 GeV/c2. Besides genuine K+K" events the FAMP system also accepts some
events which do not contain a K*K' pair. This is due to the rather crude track
finding procedure, since only five planes are used to form a track, and the re-
laxed trigger requirements. After the pattern recognition in arm 3 the on-line
trigger requirements are therefore applied. A fraction of 16 % of the events
does not fulfi l these requirements and is rejected. In addition in this off-line
selection the cut on the K*K" invariant mass is reduced from 1.15 GeV/c2 to
1.06 GeV/c2.

In total 53% of the events can be rejected leading to a time gain of 36%. The
combination of the three modifications, i.e. restricted search, guided search
with MWPC tracks and off-line selection, reduces the ELFPRO processing time by

5.2.4 Efficiency of the reconstruction program

In figure 36 the flow diagram of the modified ELFPRO program is given. To en-
sure that no inclusive (|>-events are lost due to the modifications, a comparison
is made between the standard ELFPRO program and the version adapted for the
inclusive <j>-experiment. From the -100 GeV/c run 10,000 events are processed
by both programs. The K*K" mass plot for both programs is shown in figure
37. The dashed and solid curves are the result of the standard ELFPRO and the
modified version respectively. No loss of inclusive <(>-events is observed, in fact
the number of <|>-mesons above background shows a - 2% increase compared to
the standard program.
The efficiency of the modified ELFPRO program for reconstructing (|>-mesons de-
pends solely on the reconstruction efficiency for K-mesons in arm 3 of the spec-
trometer. When the trajectory of a K-meson has been found in arm 3, its mo-
mentum can be calculated using the primary vertex. The momentum resolution
will improve if the track segments in the other arms are found as well (table 4),
but those track segments will not increase the detection efficiency for the
<J>-mesons.

The efficiency for detecting a <J>-meson is thus determined by the track finding
efficiency for K-mesons in arm 3 and is determined as follows:
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BEGIN

read calibration constants

event loop i read and decode input event

track search in MWPC's

guide track search in arm 3 with MWPC tracks

pattern recognition in arm 3 limited by correlation
tables to find remaining tracks

reject
guide track search in arm 2 with arm

pattern recognition
tables to

momentum

write

i
in arm 2 limit*
find remaining

I
calculation of

3 tracks

d by correlation
tracks

tracks

output onto tape

Figure 36: Flow diagram of modified ELFPRO.

• A selection is made of arm 2 tracks segments which should be observed in arm
3 according to the available momentum information. The decay or interaction
of K-mesons in between arm 2 and arm 3 would fake a reconstruction ineffi-
ciency in arm 3. Therefore it is required that the arm 3 track segment, which
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Figure 37: M|^ t|/. of standard and modified ELFPRO. The inset shows the
difference between the two curves.

has been calculated using the arm 2 information, has at least 5 hits in the
f i rst 24 drift chamber planes in arm 3.

• An invariant mass plot is made for all pairs of oppositely charged particles
under the assumption that they are K-mesons.

• A similar mass plot is made for all pairs in which apart from the arm 2 also
the arm 3 segment is seen.

The ratio of the number of <j>-mesons in both mass spectra gives the required ef-
ficiency. It is 92%, 86%, 84% and 92% for the 100 GeV/c, 120 GeV/c, -200 GeV/c
and 200 GeV/c runs respectively.
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5.3 Reconstruction of tracks in the micro-strip detectors

The next step in the analysis of the data is the pattern recognition in the mi-
cro-strip detectors in front of and behind the target. A detailed description of
the reconstruction procedure is given in reference [20] . First the beam track
is reconstructed in the six micro-strip detector planes upstream of the target
(BMSD in figure 2). The two triplets of VMSDs with parallel strip inclination
(figure 2), downstream of the target, alone do not provide sufficient redundan-
cy to unambiguously reconstruct tracks in space. In addition, not all MSD
planes in arm 1, the section between the target and the MNP magnet, cover the
angular acceptance of the spectrometer completely, so a fraction of the tracks
misses the sensitive area of some MSDs, making it necessary to reconstruct
tracks also when not all planes in a triplet give a signal. On the other hand,
compared to track reconstruction with gaseous detectors, we profit from the
nearly 100% efficiency of the detectors.

To obtain space tracks and to overcome the lack of redundancy the reconstruc-
tion is guided by the tracks found in the drift chamber planes. The large dis-
tance between the drift chambers and the MSD set-up leads to an error in the
predicted track coordinates at the MSDs of typically 0.5 mm. This is overcome
by using the slope of the guiding tracks together with a pair of coordinates in
two neighboring MSD planes. The coordinates in the other MSD planes are then
predicted with the typical MSD precision (5 urn in the central area). Only
tracks which have no missing hit in the sensitive area of the six MSD planes are
accepted. Hence, decays after the first MSD plane are not found by this proce-
dure. Using the tracks thus found a vertex is reconstructed. This vertex is
then used for guiding the search for the remaining micro tracks. In table 11 the
track multiplicity found in arm 1 of the spectrometer for the <j>-runs is given.
The track segments in the micro-strip detectors and the primary vertex are
then used to improve the momentum resolution of the tracks. Table 4 lists the
mean Ap/p for the six different topologies.

The vertex is found by a straight forward x2 minimization taking into account
the full error correlation matrix of all tracks found in arm 1 extrapolated to the
vertex. The measurement errors are determined from the difference between
predicted and measured coordinates. The primary vertex is defined as the can-
didate with the highest multiplicity, which includes the beam, and has a x2

probability larger than 0.1%. In 75% of the events this vertex includes all re-
constructed tracks.
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The vertex topology of events may be more complicated because of secondary
vertices close to the interaction point. Uniquely recognizing the whole vertex
topology from geometrical criteria alone is di f f icul t , since for multi-vertex events
there is usually some ambiguity as to which vertex the track must be assigned.
Given that one is looking for specific final states from for instance charm decay,
a vertex recognition procedure has been developed which is successful in spite
of such effects.

This can be illustrated by looking for the K°g decays close to the primary ver-
tex ( T ( K ° S ) =0.8923 x lO"1 0 s [15] ). Figure 38 shows the invariant mass of
TT*77~ combinations for which a track segment exists in the micro-strip detectors.
A small K°o signal is visible over a large background. In order to reduce the

background, it is required that the TT*TT'
this the following criteria are applied:

pair makes a secondary vertex. For

• The vertex determined from the n*n' pair and the primary vertex determined
from the remaining tracks are separated by at least three standard devia-
tions.

• the momentum vector of the TT*TT" pair points to the primary vertex,
• the probability of the TT+TT" vertex is larger than 5% and
• the n-mesons from the K°g decay do not point to the primary vertex.

In f igure 39 the event geometry of a K°e decay candidate is shown for two pro-
jections of the VMSD telescope. Each projection shows one BMSD plane, the
target and three VMSD planes. The horizontal lines indicate the pulse height
per micro-str ip. The coordinates as determined by the program on the basis of
the pulse height information are indicated by an " x " .
In f igure 40 an enlarged view of the vertex region is shown. The invariant mass
of the TT*TT' pair, particles 7 and 8, is 0.499 GeV/c2 and their vertex is sepa-
rated from the primary vertex, which contains particles 1, 2, 3, 4, 5, 6 and 9,
by 12.2 mm. The dashed line is the sum of the momentum vectors of particles 7
and 8, and points to the primary vertex. Figure 40 also shows the same event
viewed along the beam at the position of the primary vertex. The ellipses indi-
cate the one standard deviation error in the xy-plane. The large errors of the
low momentum particles 9 and 10 are probably due to multiple scattering.

Figure 41 shows the TT*TT~ spectrum of those events which satisfy the previously
mentioned criteria. The background under the K°g is almost eliminated. The
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Figure 38: M • . for n-mesons which are observed in the VMSDs.

solid line in figure 42 gives the distance between the primary vertex and the

n*rr vertex for the events in the K°s enhancement (0.488 - 0.508 GeV/c2).

The vertex separation for the events outside this region is scaled down to the

number of background events expected in the K°c mass region, assuming the

background to vary linearly with the mass, and is shown as the dashed line in

figure 42. The distance between the target and the first VMSD plane is short

compared to the mean decay length of K°c mesons {- 0.5 m), hence the distri-

bution of figure 42 is expected to be flat. Figure 42 shows that below 2 mm the

decay and primary vertices can no longer be separated. The distribution falls

off at 30 mm, which is the distance between the downstream edge of the target

and the first VMSD plane. The background (dashed line) is concentrated at

small decay lengths, indicating that there is a gradual reduction in detection

efficiency for smaller decay lengths.
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Figure 39: Event geometry of a K°c decay candidate in the -100 GeV/c data
sample in two projections of the VMSDs. Each projection shows a
BMSD plane, the Be target and three VMSD planes. The
horizontal lines indicate the measured pulse heights, the
coordinates determined from this are indicated by an 'x'.
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Figure 40: Enlarged view of the vertex region of the event shown in figure 39.

The dashed line is the sum of the momentum vectors of particles 7
and 8, whose invariant mass is 0.499 GeV/c2 (a) . The view along
the beam (b) at the position of the primary vertex shows the one
standard deviation errors in the xy plane in the position of the
particles.
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Figure 41: M + - óf the n+rr- combinations which survived the vertex cuts.

5.4 The V° reconstruction

In the previous section the reconstruction is described of the K°c mesons which

decay between the interaction point and the first VMSD plane. The mean life

time of the K° s is 0.8923 x 1O"10 s [15] corresponding to a decay length of

CT=26.75 mm. Consequently most of the K°e mesons will decay after the first

VMSD plane. In order to reconstruct also strange particle decays at larger dis-

tances from the primary vertex other procedures have been developed. In this

section this reconstruction procedure is described which can be applied to K°g,

A and anti-A (T (A) = 2.632 x 10"10 s) using the decay modes:
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Most V° s will decay downstream of the VMSDs with a signsficant fraction inside
the MNP magnet. For the reconstruction of these V°'s a program is developed
which requires that both the decay tracks are at least measured in arm 2 of the
spectrometer. The momenta of the decay particles do not necessarily have to be
known. All combinations of two such tracks with the exception of those which
have been measured in the VMSDs, are considered for the possible reconstruc-
tion of a V ° . The V° hadrons which decay upstream of the VMSDs are not re-



page 84 Off-line reconstruction and acceptance

constructed, since they only contribute a small fraction to the total V° sample

and it takes a relatively large amount of computer time to reconstruct them.

The reconstruction procedure uses the constraints

• that the two decay particles originate from the same secondary vertex and

• that the momentum vector of the V° points to the primary vertex (see [5] for

a detailed description).

A first estimate of the z-position of the decay vertex is given by the intersec-

tion of the pair in the yz-plane, still neglecting the focussing effects of the

MNP magnet. In an iterative procedure the X2 ' s minimized using the V° mass

and the momenta of the decay particles, if not measured, as free parameters.

In about 12% of the cases for which the x2 converges the solution is ambiguous,

i.e. no distinction can be made between K°g, A and anti-A.

In figure 43 the invariant mass spectra of the unique VD candidates are given.

The mass spectra are fitted with a Gaussian superimposed on a second degree

polynomial background to determine the number of V°'s and the average mass.

Table 12 lists the fraction of V°'s in the various runs.

The mass values of the K°g and A are consistent between the various data sam-

ples and are found to be 497.3±0.1 MeV/c2 and 1115.5±0.1 MeV/c2 respectively.

They are in good agreement with the values of the particle data group [15], i.e.

497.67±0.13 MeV/c2 and 1115.60t0.05 MeV/c2, hence confirming the absolute

mass calibration of the experiment.

5.5 The charged particle identification

The charged particles which are measured in arm 3 of the spectrometer may be

identified using the three large multi-cellular Cherenkov counters Clt C2 and

C3. The thresholds of the Cherenkovs C2 and C3 are chosen to optimize the ac-

ceptance for kaons originating from a (|>-decay (see chapter 4). The thresholds

of the Cherenkovs are listed in table 5. The off-line identification uses the

pulse height difference for light produced by particles of different mass for a

given momentum above the Cherenkov threshold. This allows the identification

of particles in the momentum range 3 GeV/c to - 50 GeV/c and 3 GeV/c to - 100

GeV/c for the low and the high momentum runs respectively. Below 3 GeV/c
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Table 12: Number of V°'s found in 1000 events for the various runs.

beam

V°

K°S
A
A

(GeV/c)

IT"

23
14
9

100

P

19
12
16

K"

29
18

6

TT*

28
15
12

120

P

24
23
11

K*

32
15
13

200
TT"

17
10
8

TT*

21
13
11

200

P

20
16
9

K*

22
13
10

none of the particles gives light in the Cherenkovs, while above the upper limit

the pulse height difference for TT, K and proton are negligible.

At trigger level only the distinction between hit and no hit is made, i.e. wheth-

er the light '•eflected by a Cherenkov mirror gives a pulse height in the corre-

sponding photo-multiplier that exceeds a certain discrimination level or is below

that level, i.e. absent. Off-line the trigger particles are again selected on the

basis of the yes/no information of Cherenkovs C2 and C3. Using in addition the

more refined identification with the analogue information of all three Cherenkovs

gives a small gain in the ratio of cf>-signal over background, but reduces the

acceptance and complicates the Monte Carlo simulation of the experiment.

For all non-trigger particles the identification procedure makes use of all infor-

mation available, thus also the pulse height information of the three Cherenkov

counters. The amount of light is calculated which should have been measured

in the three Cherenkov hodoscopes for each possible particle assignment (TT~, K"

or p,p), taking into account the possibility that the Cherenkov light may be

spread over more than one mirror. The difference between the measured and

the expected pulse height of the photo-multiplier tubes gives the probability for

a particle assignment to be the correct one. In order to avoid the complication

that one Cherenkov cell can collect the light from more than one particle, only

those cells are used to which the light of one single particle has contributed.

In order to discriminate between the calculated probabilities, the sum of the

probabilities for the different mass assignments is normalized to one. In this

normalization different weights are attributed to TT, K and protons. Accordingly,
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to account for the rougHly ten times larger average multiplicity, the n-meson

gets a ten times larger weight than the K-meson and proton.

The particle assignment is done on the basis of the following criteria:

7T-meson the n-probability should be larger than the sum of the K and proton

probabilities,

K-meson the «-probability should be larger than 0.2, and larger than one

third of the proton probability,

p,p the proton probability should be larger than 0.2, and larger than

one third of the K-probability.

If none of these criteria is satisfied or more than one applies the mass assign-

ment is considered to be ambiguous n/K, n/p, K/p or n/K/p. Table 13 gives

the statistics of the particle identification for the various runs. The interpreta-

tion of the probabilities is somewhat arbitrary and its validity is checked with

the n-mesons and (anti-) protons which are the decay products of the V°'s dis-

cussed in the previous section.

In table 14 the fractions are listed of n-mesons and protons which are assigned

to the different identification classes. Figure 44 shows the V° mass distribution

for these V°-hadrons of which at least one decay particle is observed in arm 3

of the spectrometer. The dashed lines indicate the mass cuts which are applied

to obtain clean K°s and A samples. Figure 44 shows that both the K°c and A

samples contain « 4% background. Assuming that the particle composition of the

background is similar as the one listed in table 13 , it can be concluded that

the n and proton samples contain 98% n-mesons and 97% protons respectively;

less than 0.5% of the n-mesons is wrongly identified as a K-meson or a proton;

of the protons - 5% is not identified as a proton or an ambiguous K/proton.

In the on-line trigger K-mesons with a momentum larger than the K-threshold of

C2 are required to give a hit in C2. The efficiency for C2 is determined using

the n-mesons from K°s or A decay. The n-mesons are required to be seen in

the drift chambers on both side of Cherenkov C2, and the Cherenkov cell trav-

ersed by the n-meson should not be traversed by another particle in the same

event. In figure 45 the fraction of these n-mesons for which C2 gives a hit is

plotted as a function of the n-meson's momentum. The smooth curve is a pa-
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Table 13: Charged particle identification statistics.

The number of rr~, K~, p and p found in 100 events for the various runs. The

number of particles which also satisfy the trigger conditions is listed under the

K. column. The arm2 column lists the number of particles which is not ob-

served in arm 3, and therefore can not be identified. The question mark col-

umn (?) gives the number of particles in arm 3 for which no distinction between

TT, K and proton is made.

beam

100

120

200

200

GeV/c

TT"

P
K"

TT+

P
K*

TT"

TT +

P
K+

arm2

385

411

366

418

440

416

391

445

466

445

+
TT~

179

160

163

206

182

194

279

270

258

264

p/p

10

22

10

12

25

15

54

48

59

46

K+-

78

61

97

73

60

79

79

89

82

98

TT/P

1

1

1

1

2

2

1

1

2

1

TT/K

3

3

5

3

2

4

5

4

3

4

p/K

126

141

117

130

143

128

129

118

124

118

?

22

20

23

35

32

35

26

36

35

37

Ktrg

214

214

218

216

217

218

225

225

225

228

rameterization of the efficiency. The efficiency for K-mesons as a function of

momentum is obtained by multiplying the momentum (scale figure 45 ) with the

ratio of the K-mass over rr-mass.

5.6 The TT° reconstruction

At the downstream end of the spectrometer a lead/scintillator calorimeter is in-

stalled (see section 2.6). The calibration of the calorimeter has been done with

a beam of 20 GeV/c electrons. A light-pulser is used for a continuous monitor-

ing of the 280 photo-multipliers. The horizontal forks determine the y-position
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Figure 44: with at least one decay particle seen in arm 3.

of a shower and the vertical forks the x-position (see figure 8). In the analysis
of the calorimeter data, first clusters are defined separately in horizontal and
vertical projections. Using the calibration constants for each individual photo-
multiplier the pulse heights are translated into energy. A fit to each lateral en-
ergy distribution is made with an exponential distribution to obtain the energy
contained in a cluster and the cluster position. Clusters which overlap with a
charged particle track, measured in the drift chambers, are not considered for
further analysis. The spatial resolution of the calorimeter, derived from the
charged hadron showers, is 5 mm.

Photons are reconstructed by matching the horizontal and vertical shower pro-
jection. The measured energy in each projection is corrected for the attenuation
of the light in the scintillator forks. A photon candidate is found when the cor-
rected energy in the two projections agree within 3a. When ambiguities occur
the photon with the largest energy is chosen. In order to purify the photon
sample a cut-off energy of 3.0 GeV is taken, below which photons are rejected.
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Table 14: Charged particle identification efficiency.
Listed are the fractions (in %) of 7T-mesons and protons of V° decay per identi-
fication class.

beam
GeV/c

-100
-100

+ 120
-120

-200
-200

+200
+200

V° decay
particle

TT

P

TT

P

TT

P

TT

P

TT

93.3
5.8

90.7
6.3

93.8
5.8

93.3
5.9

P

0.1
17.4

0.1
20.

0.3
57.4

0.3
45.4

K

0.4
1.3

0.4

1.7

0.4

1.1

0.3
2.1

n / p

0.
0.

0.1
0.2

0.1
0.1

0.
0.

TT/K

0.3
0.1

0.4
0.1

0.4
0.1

0.1
0.1

p/K

1.4
75.1

1.8

71.3

1.9
35.0

1.6
46.0

7

4.
0.

6.
0.

3.
0.

4.
0.

4
2

6

3

0
5

4
5

The YY invariant mass spectrum (shown in figure 46) is obtained under the as-
sumption that the photons originate in the primary vertex. The energy resolu-
tion of the calorimeter is determined by comparing the energy measured in the
horizontal and vertical shower projections of these two photon combinations
which originate from a TT° decay. The energy resolution obtained is:

a(E)/E * 0.018 + 0.19/VE ,

and agrees with the fitted width of the TT° (a 0 = 11 MeV/c2). The fitted TT°
mass is used to obtain an absolute energy calibration by requiring the mass to
be identical to the nominal rr° mass. Table 15 lists the number of n°-mesons
found for the various runs.
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Figure 45: Efficiency of the C2 Cherenkov for TT-mesons for the ±200 GeV/c
runs (a) and the -100, +120 GeV/c runs (b ) .



page 92 Off-line reconstruction and acceptance

0.2 0.3 0.4 0.5 0.6 0.7
X f invariant mass (GeV/c2)

0.8

Figure 46: The YY invariant mass distr ibution.

Table 15: Number of TT°'S found in 100 events for the various runs.

beam (GeV/c) -100 •120 -200 +200

9

6

8

10

8

9

12 11
10
8
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5.7 The acceptance corrections

Part of the inclusive 4>-events will be lost for observation due to the non 4TT
geometrical acceptance of the spectrometer, the decay or interaction of K-mesons
and inefficiencies. To correct for these losses a Monte Carlo procedure is used.
The Monte Carlo program generates inclusive 4>~events by drawing random val-
ues from user defined distributions for the parameters defining the <j>-meson
kinematics, i.e. the tf-roeson mass (M , ) , its normalized longitudinal momentum
Xp = (p, / p , ^CM' transverse momentum p j and its decay angles in the

Gottfried-Jackson system cos©,..3 and *Pr-j-"' The trajectories of the decay prod-
ucts in the different sections of the spectrometer are calculated, and the losses
which occur in the real experiment are simulated by the Monte Carlo program.
Only losses which depend on one or more of the aforementioned variables are
incorporated in the Monte Carlo program. Losses which do not depend upon the
event's kinematics or for which the dependence is thought to be small, are tak-
en into account as an inefficiency factor when calculating the nanobarn equiva-
lent of the experiment (section 5.8). The losses which are incorporated in the
Monte Carlo program are listed below in the order in which the program tests
the generated events.

momentum The tr igger requires the particles to have a momentum in be-
tween the TT-threshold of Cz and the K-threshold of C3 . The K-
momentum requirement for the low momentum beams (-100, +120
GeV/c) is 4. < p K < 21. GeV/c, and 7. < pR < 42. GeV/c for the
high momentum beams (+200 GeV/c). The momentum windows are
taken somewhat narrower than the thresholds of Cz and C3 (table
5) to avoid boundary uncertainties.

COS0Q. is the cosG of a K*-meson in the Gottfried-Jackson system and is de-
fined to be cos9G , = ( z . k ) / | k ' | , with z an unit three vector parallel to the
beam, and k the three vector of the K*-meson in the <|> CM system.

>pQj is the polar angle of the K*-meson in the Gottfried-Jackson system and is
defined to be <PQ, = arccos{(xxk ) / | k | } , with x=yxz, y is an unit vector
perpendicular to the plane defined by beam and <j>-meson and k is the pro-
jection of k' onto the xy-plane.
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geometry

ELFPRO

<)>-test

MA.C-

The K-mesons are required to traverse windows defined by the
following elements of the spectrometer: MNP, BBC magnets, P31,
P32 and P33 proportional chambers, the MA array for the MA.C2

kaons and the MB array for the MB.C2 .C3 kaons. MA.C2 kaons
are the kaons with a momentum smaller than the K-thresholds of
C2, and MB.C2 .C3 kaons have a momentum which is larger than
the K-threshold of C2. K-mesons which traverse the D2 counter
or the beam killer patch of one of the MWPCs are also rejected.

The reconstruction of tracks in the dr i f t chambers has been
speeded up by imposing restrictions on the allowed search area
(see section 5.1.1). These restrictions are also imposed on the
Monte Carlo generated K-mesons.

The tr igger requires the ratio of the momenta of the K-meson to
lie in the interval (0.5, 2 . ) . Furthermore the K* and K~ trajecto-
ries in arm 3 of the spectrometer should lie on opposite sides of
the x = 0 plane.

A K-meson with a momentum smaller than the K-threshold of C2 is
required to pass one of the elements of MA which is used in the
tr igger. The elements which contribute to the tr igger in the var i -
ous runs are given in table 6. For these K-mesons the C2 cell is
required to register no hit, so no loss due to an inefficient C2

cell can occur.

MB.C2 .C3 A K-meson with a momentum larger than the K-threshold of C2 is
required to pass one of the elements of MB which is used in the
tr igger (table 6). An inefficiency of the corresponding C3 cell
does not give any loss. The matching C2 cell however should
register the presence of l ight. The efficiency curve for C2 is de-
termined using the rr-meson from VD-decay (section 5.5). The ef-
ficiency curve is extrapolated to the K-meson threshold of C2 by
multiplying the momentum with the ratio between the K- and the
rT-mass (see K-meson scale in f igure 45). MB.C2 .C3 K-mesons for
which the detection efficiency in C2 is smaller than a random
number drawn between 0 and 1 are rejected, unless the C2 cell
happens to give light because another particle, with a momentum
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above its threshold, illuminates the same cell. This last effect is
simulated by mixing the hit pattern of the Cherenkovs from real
events in the Monte Carlo events.

Overlap

Interaction

Decay

MA, MB

FAMP

The hit pattern from real events is also used to simulate the loss
of (|>-events due to an overlap of a particle which does give light
in a Cherenkov, with a K-meson which should not give l ight.
This overlap can occur in C2 for MA.C2 K-meson and in C3 for
MB.C2 .C3 K-meson.

The amount of material which has to be traversed by a K-meson
is calculated. MA.C2 K-mesons have to reach the P33 MWPC and
the MB.C2 .C3 K-mesons are obliged to reach the MB array before
they interact. K-mesons with an interaction probability larger
than a random number between 0 and 1 are rejected.

Charged K-mesons have a life time of 1.24 x 10~8 s. For the
MA.C2 K-mesons and the MB.C2 .C3 K-mesons the decay probabil-
ity before they reach P33 and MB respectively is calculated. K-
mesons with a decay probability larger than a random number be-
tween 0 and 1. are rejected.

The efficiency of the elements of the MA and MB arrays is deter-
mined with interaction tapes for every element individually (sec-
tion 4.5.2) . If the efficiency of an element is smaller than a ran-
dom number between 0 and 1, the K-meson which traverses this
element is rejected, unless the hit pattern information from the
mixed in real events gives a hi t .

The second stage tr igger efficiency, which incorporates the MWPC
and FAMP efficiencies, is determined using the display tapes
which have been taken at regular intervals during the experiment
(section 4.5.3) .

For the 100 GeV/c and 120 GeV/c incident beam runs the
efficiency of the second stage tr igger is dependent on the momen-
tum of the K-mesons. The efficiency is determined as a function
of the two momenta of the K-mesons and varies from 63% for Ja-
mesons with both their momenta close to the n-threshold of Ca , to
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77% for K'-mesons with both their momenta larger than the
«-threshold of C2 (f igure 33). The efficiency for a combination of
two K-meson momenta is compared with a random number between
0 and 1. The K-meson pair with a second stage tr igger efficiency
smaller than the random number is rejected.

For the 200 GeV/c incident beam runs the efficiency of the
second stage tr igger is taken to be 73%, independent of the mo-
menta of the K-mesons, since the amount of display tapes is in-
sufficient to observe a possible momentum dependence.

The way in which the Monte Carlo program is used to determine the differential
cross sections of the inclusively produced <f>-meson independently will be de-
scribed in chapter 6. To give an impression of the contribution of the various
tests to the acceptance of the experiment, we list the acceptance of the dif fer-
ent tests for the various beam momenta in table 16 for one arbi trary choice of
the distributions of the parameters which define the <|>-meson's kinematics. The
4>-mesons are generated according to the following distr ibutions:

M K + K - Breit-Wigner with M. = 1.0195 GeV/c2 and a full width of 4.2
MeV/c2 in the mass interval 0.995 GeV/c2 to 1.045 GeV/c2.

x F d - | x F | ) 4 , - 1 . < x F < 1.

isotropic

Figure 47 shows the acceptance for the -100 GeV/c run as a function of Xp and
p-p2 for the distribution listed above. The acceptance has two maxima in the Xp
projection, which correspond with the contributions to the tr igger from the two
Cherenkov counters C2 and C3.

5.8 Nanobarn equivalent

The general expression which translates the number of observed events into the
cross section per target particle is:
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Table 16: Acceptance for inclusive <j>->K + K~ events

which are generated according to the distributions given in the text.

beam momentum (GeV/c) 100/120 200

momentum

geometry
ELFPRO
<J)-test

MA.C2

MB.Ca.C3

overlap
interaction
decay
MA, MB efficiency
FAMP efficiency

total acceptance 0.04 0.05

1 NQ N o

a = - = a(1 event)

0.42
0.49
1.

0.99
0.92
0.86
0.73
0.84
0.61
0.96
0.70

0.37
0.74
1.

0.99
0.82
0.83
0.64
0.85
0.73
0.97
0.73

W N t " Nb " A c c A c c

where

NQ Number of observed events.

N, Number of target particles per cm2. The cross section per nu-
cleon depends on the atomic weight of the target, the A-depen-
dence. It is expressed in terms of a power law of the form
CT(A)=Aao"(A=1). A measurement of the A-dependence for inclusive
<|>-meson production using H2 and Be as target materials yielded
a=1.04±0.04 [4] while a measurement using Be and Ta gave
a=0.88±0.02. [21] . Throughout this thesis we will assume a
linear A-dependence (a=1.) to obtain the cross section per nu-
cleon.
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Figure 47: Acceptance for inclusive <f>-events.
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Ni Number of'beam particles which irradiate the target during the

time that the spectrometer is sensitive.

Ace Acceptance.

a ( l event) Cross section for 1 event or the nanobarn equivalent.

W Overall correction factor, includes acceptance fosses which do not
depend on the event's kinematics, and the branching ratio of
<j>-K*K-. Table 17 lists the factors which contribute to W.

Table 17: Contributions to correction factor W.
The ELFPRO inefficiency includes the reconstruction inefficiency and the decod-
ing losses listed in table 10.

Beam (GeV/c)

beam missing target
beam attenuation
beam contamination e,^
interactions outside target
D2 loss
ELFPRO inefficiency
hit in C2 or C3 from

knock on electrons
BR(cj>-K*K-)

W

-100

0.025
0.017
0.002
0.04
0.01
0.28
0.004

0.493

0.35

-120

0.025
0.019
0.002
0.044
0.02
0.28
0.004

0.493

0.35

-200

0.06
0.017
0.002
0.046
0.04
0.28
0.001

0.493

0.33

+200

0.06
0.02
0.002
0.044
0.04
0.20
0.001

0.493

0.36

error

±0.02
±0.001
±0.01
±0.005
±0.01
±0.03
±0.01

±0.01

±0.02

For each beam polarity, momentum and incident particle a sample with stable
running conditions has been selected to determine the nanobarn equivalent.
N. , W and the number of <|>-mesons (N • ) is determined for each of these se-
lected samples. For the total sample the number of ^-mesons is also determined
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(Nx j j . The nanobarn equivalent for a total sample is calculated by multiplying

the nanobarn equivalent of the selected sample with the ratio N . / N t . . Table

18 lists the nanobarn equivalent for the various runs.

Table 18: Nanobarn equivalent for the various incident beams.

beam

GeV/c

100

120

200

200

incident

particle

TT~

P
K-

TT +

P
K*

TT"

T T *

P

K +

N b of
sub sample

5.21.103

5.68.10»
7.77.10e

1.70.109

1.64.109

1.39.108

9.44.10s

7.20.107

8.27.108

4.49.107

Nsub /Ntot

0.234
0.253
0.264

0.186
0.240
0.297

0.396

1.
0.474
1.

nanobarn

equivalent

0.058±0.004
0.60 ±0.04
0.46 ±0.03

0.14 ±0.01
0.19 ±0.02
2.7 ±0.2

0.57 ±0.04

17.3 ±1.2
0.72 ±0.05
27.8 ±1.9
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6. EXPERIMENTAL RESULTS OF INCLUSIVE <|>-PRODUCTION

6.1 Introduction

In this chapter the experimental results of the inclusive ()>-meson production are
presented. The data processing procedures, acceptance corrections and the
calculation of the nanobarn equivalents for the various data samples have been
described in the previous chapter. The data will be confronted with a quark
fusion model in the next chapter.

This chapter is organized as follows. In section 6.2 the observed number of
events is presented as a function of the K*K" invariant mass. The acceptance
corrected differential cross sections da/dpy 2 and da/dxp for c|>-meson produc-
tion are given in sections 6.3 and 6.4 respectively. These results are compared
with data obtained in other experiments. The decay angular distribution of the
4>-meson is expressed in terms of the usual density matrix elements evaluated in
the Gottfried-Jackson system, results are presented in section 6.5. The correla-
tion in the simultaneous inclusive production of <j>-mesons and other particles,
both strange and non-strange, is demonstrated in section 6.6.

6.2 The K*K' invariant mass distributions

Figure 48 a-j shows the K+K~ invariant mass distributions for the ten subsam-
ples of our experiment. The number of ej>-mesons in each of the subsamples is
determined by a f i t to these mass spectra using a simple Breit-Wigner folded
with a Gaussian for the experimental resolution to represent the <J>-mass en-
hancement, superimposed on a second degree polynomial to account for the
background. The data are f i t ted over the mass range 0.995<M|^^-<1.045 GeV/
c2 using 1 MeV/c2 bins. The free parameters in the fits are N. the number of
(|>-mesons, M. the central mass of the 4>-meson , o the experimental mass

resolution at the <j»-mass and the parameters defining the background polynomial.
The width of the <|>-meson (P.) is fixed at the nominal value given by the PDG
[15] i.e. F.=4.2 MeV/c2. The results are listed in table 19 and are shown in
figure 48. In the 100 GeV/c incident TT~ data also f, was left as a free parame-
ter. This f i t yielded I", =4.45+0.06 MeV/c2 and a e x =1.16t0.03 MeV/c2 with a
correlation coefficient of -82%. The value obtained for the (|>-mass is consistent
with the value of 1019.5±0.1 MeV/c2 given by the PDG [15] .
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The results are not very sensitive to the shape of the background. When a
third degree polynomial background is used instead of one of second degree to
parameterize the background N, changes by less than 0.1%. Also a change in
the mass range over which the f i t is performed affects the results by not more
than 1%.

In addition to the K+K" mass spectra obtained in the (^-experiment results are
shown in f igure 48 k and I of data collected with an interaction tr igger using
175 GeV/c incident rr~ and K" beams. These data were taken in order to study
inclusive K*°(890) and K*°(890) production on Be [22] . Inclusive <t>-meson
production is also observed and is presented here for comparison. These data,
which cover the Xp range 0.<Xp<1., are useful to check the absolute calibration
of the cross section in our experiment because a minimum bias tr igger is used.

The analysis of these minimum bias 175 GeV/c <|>-data is performed in analogy
with the K data which is described in reference [22] . The sensitivity for
incident kaons is 40.6±4.5 nb per nucleon per event, and for incident n-mesons
16.2±2.0 nb per nucleon per event. The kaons have been identified using the
pulse height information from the three Cherenkov hodoscopes, requiring the
normalized probability of a kaon to be larger than 10%. The way in which these
probabilities are obtained is described in section 5.5. The identification efficien-
cy is a function of the kaon momentum and is determined experimentally; the
number of K events produced in K" Be interactions is determined once by as-
signing the kaon mass to one partner of a two particle combination, and once
using the Cherenkov identification. The comparison of the number of K -mesons
in the two results gives the kaon identification efficiency as a function of the
kaon momentum. The efficiency of kaon identification is on the average 80%. The
total acceptances for <|>-mesons with Xp>0., including ail the losses except those
related to the <fr-trigger described in section 5.7 , are 50% and 47% for incident
TT" and K' respectively.

6.3 The transverse momentum distributions

Figure 47 shows that the acceptance for <|>-mesons falls of rapidly for increasing
Py2 . To obtain the differential cross section as a function of p-j-2 integrated
over the whole Xp, COS6Q. and <p-~. ranges one should ideally determine the
number of <|>-mesons in small four dimensional volumes spanned by the kinemati-
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Figure 48: The K*K' invariant mass spectra. The incident beam particle and
its momentum (in GeV/c) are given in each plot. Figures k and I
are obtained using a minimum bias trigger.
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Table 19: Parameters resulting from fits to the K+K" spectra.

beam
(GeV/c)

100

120

175

200

200

incident
particle

T T "

P
K"

T T *

P
K*

TT"

K"

TT"

rr*

P
K*

(MeV/c2)

1019.41+0.01
1019.36+0.04
1019.43+0.02

1019.40+0.02
1019.35±0.02
1019.44±0.05

1019.39+0.14
1019.38+0.08

1019.43±0.01

1019.30±0.19
1019.37±0.04
1019.68+0.14

CTexp
(MeV/c2)

1.28±0.02
1.25±O.O6
1.35+0.03

1.30±0.03
1.32+0.04
1.41+0.09

1.54±0.2
1.20±0.2

1.40±0.05

1.84±0.31
1.39+0.06
1.23±0.22

270577+1053
24574 ±343
72191 ±325

121878±717
78524 ±622
9728 +184

5981 +360
6229 ±240

28548 ±339

919 ±64
22095 ±317
995 +51

cal variables, for instance P-r2, x,-, cos9(-;j a n c ' ^GJ' w e ' 9 n * n e «fc""165003 with
the acceptance in that volume and project the data onto P T 2 - Unfortunately the
number of events per four dimensional volume becomes too small to determine the
number of <|>-mesons and the number of background events separately. In order
to determine nevertheless a p-r-2 distribution an educated guess is made of the
da/dfÏQj distribution and the above procedure is applied to two dimensional are-
as in the Xp and P j 2 space.

The decay angular distributions of the cj>-meson appear to have a small COS28Q •
dependence (see section 6.5), with a negligible <p£, dependence. In the accep-
tance calculations the COSQQ. behaviour is represented by dN/dcosög, «
1 .+0. 15COS26Q. and the <PQ. dependence is taken to be isotropic, which is the
average over our data. Fortunately the acceptance as a function of p-j-2 is rath-
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er insensitive to the chosen COS9Q, distr ibution. An isotropic distribution in
cos0£. increases the overall cross section by =1%, and does not change the
shape of the da/dp-]-2 distr ibution.

The number of <J)-mesons in each (xp,p-r-2) interval is obtained by making a f i t
to the K*K" mass spectrum in that interval as described in section 6.2, with the
mass of the <|>-meson fixed to a value of 1019.4 MeV/c2. It was found that the
coefficient of the quadratic term of the polynomial describing the background
does not show a significant variation as a function of py 2 or Xp. This parameter
was fixed at the value obtained by f i t t ing the total K+K" spectrum, to reduce
the number of free parameters to three and hence allow the determination of the
number of <|>-mesons in areas with less statistics.

For p j 2<0.5 (GeV/c)2 the differential cross sections da/dpy 2 are well described
by an exponential

2
do7dpT

2 « e ' a p T (6-1)

A f i t to the exponential distribution is performed with a as a free parameter in
the range 0.<Py2<0.5 (GeV/c)2 . For the four data samples with the largest
statistics a is determined as a function of Xp. The results are shown in f igure
49. The average values of a over the Xp range considered are 3.2±0.1, 3.0±0.1,
3.3±0.1 and 3.2i0.1 for the incident n', K', rr* and p data respectively. These
average slope values are indicated with a dashed line in f igure 49.

A decrease in <Py> for Xp-«0., the so-called seagull effect [23] should show an
increase in a for decreasing Xp. The data shows no significant Xp dependence
of the slope parameter a.

In order to determine the da/dpy 2 distributions integrated over Xp the Xp dis-
tributions are parameterized with:

da/dxp « (1-Xp)n

Integrating over the same Xp interval 0.<Xp<0.45 for all the <t>-meson data in or-
der to obtain the correct relative normalization, the K*K" spectra are f i t ted per
P j s interval. The number of <|>-mesons thus determined are corrected for ac-
ceptance losses using the aforementioned parameterizations of Xp and of the de-
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Figure 49: The slope parameter a obtained from fitting the doVdp-r-2

distributions in 0.<p-j-2<0.5 (GeV/c)2 to the expression e"apT , as

a function of xp for 100 GeV/c incident n",K' and 120 GeV/c

incident n* and p. The dashed lines are the a values averaged

over Xp.

cay angular distributions of the <J>-meson. The sensitivity to the value of n in

the parameterization of the Xp distribution is small. For example when the value

of n=4.0, determined for the 100 GeV/c incident n" data is changed to n=4.4 the

value of a is reduced by 2%.

The da/dp-p2 distributions are given in figures 50 and 51 for low and high mo-

mentum beams respectively. The smooth lines represent the best fits to the data

with the parameterization (6-1). The slope parameters a are listed in table 20

for two different P j 2 ranges. The Xp intervals from which statistically signifi-

cant data are obtained are indicated in table 20. Other inclusive ^-experiments

[2] [4] [24] - [27] have measured comparable values for the slope parameter a.
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The results of table 20 show that for values of pT
2>0.5 (GeV/c)2 the

distributions become flatter indicating that in order to obtain a proper fit to the

data over a large p-p2 range a one parameter f i t may be insufficient.

6.4 The longitudinal momentum distributions

The longitudinal momentum distributions (doVdxp) of the (J>-meson, integrated

over all other kinematics parameters, have been determined by a procedure sim-

ilar to that used in the previous section. The number of <j>-mesons in subseq-

uent Xp intervals has been determined by fitting the respective K*K" invariant

mass distributions. The acceptance for each Xp bin has been calculated by us-

ing the da /dp j 2 parameterization (6-1), with the values of a as determined for

each subsample. The average decay angular distribution is assumed to be given

by d2o7dcos0£jd<f>Qj « 1.+O.15COSZ0QJ, as before.

Here again the sensitivity of the results for a variation in these input parame-

ters is small. An isotropic decay angular distribution has no effect; changing

slope parameter a from ct=3.0 to a=3.2 for the 100 GeV/c incident TT" data does

not affect the shape of the da/dxp distribution but leads to a 3.5% reduction in

the absolute cross section.

The Lorentz invariant differential cross section is given by

1 E* d2a

f(xF ) = - ƒ — d P j
2

17 P*max d xF d?T 2

where E is the energy of the «f>-meson and p its maximum longitudinal mo-

mentum in the overall centre of mass system. As was described in section 5.8,

the absolute cross sections per nucleon have been obtained assuming linear A-

dependence. The results on da/dxp and f(xp) are tabulated in table 21. The

invariant cross sections are also shown in figures 52 and 53. In these figures

also results from other experiments are included.

The errors indicated are statistical only. Typical systematic errors in the deter-

mination of the nanobarn equivalents are estimated to be of the order of 10%.
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Figure 50: Differential cross section da/dp-j-2 for the low momentum incident
beams. The data has been integrated over 0.<Xp<0.45. The solid
lines represent f its to the data over the whole p-p range with
expression (6-1).
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Figure 51: Differential cross section do/dp-j-2 for the high momentum incident
beams. The data has been integrated over 0.<Xp<0.45, apart from
the 175 GeV/c data, which is integrated over 0.<Xp<1. The solid
lines represent fits to the data over the whole p-y range with
expression (6-1).
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Table 20: Slope parameter a
obtained from f i t t ing the da/dp-p2 distributions to expression (6-1) for two dif-
ferent ranges in P j 2 - The Xp interval indicates in which Xp range statistically
significant data is available.

Beam
GeV/c

100

120

200

200

Beam
GeV/c

175

incident
particle

TT"

P

K-

TT +

P
K-

TT"

TT*

P
K*

incident
particle

TT"

K"

x

0

0.

0.

0.

0.

0.

0.

0.

0.

0.

x

0.

0.

p range

03

03

01

01

03

03

02

03

- 0.41
- 0.39
- 0.40

- 0.33
- 0.33
- 0.31

- 0.39

- 0.39

- U.41
- 0.33

- range

- 1.
- 1.

a

0

3

3

2

3

3

3

3

3.

3.

3.

a

0.

4.
3.

(GeV/c)"2

.<PT
2<0.5

.1

.2

9

2
0

1

3

6

2

2

± 0.1
± 0.2
± 0.1

± 0.1
± 0.1
± 0.15

± 0.2

± 0.5
± 0.2
± 0.4

(GeV/c)"2

<P

0

2

T
2<1.0

± 0.3
± 0.2

a

0

2
2

3

2

2

2

2

2

2

3.

a

1.

2.

2.

(GeV/c)"2

.5<pT
2<1.

.8

.9

.0

.8

8

.6

4

2

7

1

± 0.1
± 0.3
± 0.1

± 0.1
± 0.2
± 0.3

i 0.2

± 1.0
± 0.3
± 0.8

(GeV/c)"2

0<pT
2<5.0

2

0

i 0.2
± 0.1

Although the shape of the distributions obtained in different experiments and at
different energies appear to be reasonably consistent, the absolute normalization
shows large discrepancies. In particular the data previously obtained by the
ACCMOR collaboration at 93 GeV/c [2] and 100 GeV/c [4] are systematically
lower by a factor of about two. We have no explanation for th is, despite a care-
ful study of the cross section determination of the different experiments. Note
however that the cross section measured in the minimum bias 175 GeV/c data
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Table 21: Differential cross section da/dxp
and the Lorentz invariant f (xp) per nucleon assuming linear A-dependence.
The errors are statistical only.

beam
GeV/c

100

100

incident
particle

7T'

P

X

0

0

0

0

0

0

0

0

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

p interval

.00

.04

.06

.08

.10

.12

.14

.16

.18

.20

.22

.24

26

28

30

32

34

36

38

03

06

08

10

12

14

16

18

20

22

24

26

- 0.04
- 0.06
- 0.08
- 0.10
- 0.12
- 0.14
- 0.16
- 0.18
- 0.20
- 0.22
- 0.24
- 0.26
- 0.28
- 0.30
- 0.32
- 0.34
- 0.36
- 0.38
- 0.41

- 0.06
- 0.08
- 0.10
- 0.12
- 0.14
- 0.16
- 0.18
- 0.20
- 0.22
- 0.24
- 0.26
- 0.28

da/d>
(lib)

864. ±
784. ±
716. ±
679. ±
630. ±
568. ±
508. ±
466. ±
411. ±
372. ±
357. ±
302. ±
275. ±
250. ±
234. ±
207. ±
159. ±
147. ±
117. ±

1078. ±
937. ±
784. ±
774. ±
578. ±
511. i
452. ±

416. ±

325. ±

316. ±

255. ±

209. ±

88.

44.

33.

29.

26.

24.

2 1 .

19.

17.

16.

15.

13.

11 .

1 1 .

10.

9.

7.

7.

7.

109.

67.

46.

4 1 .

30.

26.

23.

22.

18.

17.

14.

12.

46

43
41

41

40

38

36

35

33

31

32

29

27

26

26

24

19

19

16

59.

54.

47.
49.

39.

36.

34.

33.

27.
28.

24.

2 1 .

f ( x F ;

( l ib)

.7 ±

.9 ±

.6 ±

.3 ±

.3 ±

.5 ±

.5 ±

.5 ±

.2 ±

.9 ±

.4 ±

.0 ±

.8 ±

.7 ±

.3 ±

.4 ±

.7 ±

.1 ±

.0 ±

.7 ±

3 ±

6 ±

5 ±

1 ±

7 ±

4 ±

6 ±

8 ±

7 ±

4 ±

1 ±

)

4 . 8

2.4

1.9

1.8

1 7
1.6

1.5

1.5

1.4

1.3

1.4

1.2

1.2

1.1

1.1

1.1

0.9

0.9

1.0

6.0

3.9

2.8

2.6

2.0

1.9

1.8

1.8

1.6

1.6

1.4

1.2
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' 0.28 - 0.30 167. ± 10. 17.8 ± 1.1
0.30 - 0.32 151. ± 10. 17.0 ± 1.1
0.32 - 0.34 143. ± 9. 16.8 ± 1.1
0.34 - 0.36 95. ± 9. 11.7 ± 1.1
0.36 - 0.39 88. ± 8. 11.6 i 1.0

100 K- 0.03 - 0.06 1011. ± 95. 56.1 ± 5.3
0.06 - 0.08 896. ± 57. 52.0 ± 3.3
0.08 - 0.10 890. ± 47. 54.1 ± 2.8
0.10 - 0.12 893. ± 42. 57.2 ± 2.7
0.12 - 0.14 871. ± 39. 59.0 ± 2.7
0.14 - 0.16 818. ± 36. 58.7 i 2.6
0.16 - 0.18 810. ± 36. 61.7 ± 2.7
0.18 - 0.20 780. ± 34. 63.0 ± 2.8
0.20 - 0.22 797. ± 35. 68.3 t 3.0
0.22 - 0.24 781. ± 34. 70.9 t 3.1
0.24 - 0.26 760. ± 33. 73.0 ± 3.1
0.26 - 0.28 745. ± 32. 75.5 ± 3.2
0.28 - 0.30 740. ± 31. 79.0 ± 3.4
0.30 - 0.32 776. ± 33. 87.1 ± 3.7
0.32 - 0.34 761. ± 32. 89.7 ± 3.8
0.34 - 0.36 700. ± 31. 86.6 i 3.8
0.36 - 0.38 674. ± 31. 87.2 i 4.0
0.38 - 0.40 705. ± 36. 95.4 i 4.9

120 7T* 0.01 - 0.03 909. ± 92. 44.9 i 4.6
0.03 - 0.05 974. ± 54. 49.3 ± 2.8
0.05 - 0.07 899. ± 42. 47.3 ± 2.2
0.07 - 0.09 878. ± 38. 48.5 i 2.1
0.09 - 0.11 769. ± 33. 45.0 ± 1.9
0.11 - 0.13 707. ± 30. 43.9 ± 1.9
0.13 - 0.15 618. ± 26. 40.9 ± 1.7
0.15 - 0.17 522. ± 22. 36.9 ± 1.6
0.17 - 0.19. 497. ± 21. 37.4 ± 1.6
0.19 - 0.21 470. ± 20. 37.7 ± 1.6
0.21 - 0.23 397. ± 17. 34.0 ± 1.5
0.23 - 0.25 369. ± 16. 33.5 ± 1.5
0.25 - 0.27 357. ± 16. 34.3 ± 1.5
0.27 - 0.29 297. ± 14. 30.2 ± 1.4
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0.29 - 0.31

0.31 - 0.33
250. ± 13.
217. ± 14.

26.8 ± 1.4
24.5 ± 1.6

120 0.01
0.04
0.06
0.08 -
0.10 -
0.12 -
0.14 -
0.16 -
0.18 -
0.20 -
0.22 -
0.24 -
0.26 -
0.28 -
0.30 -

- 0.04
- 0.06
- 0.08
- 0.10
- 0.12
- 0.14
- 0.16
- 0.18

- 0.20
- 0.22
- 0.24
- 0.26
- 0.28

0.30
0.33

1332. ± 105.
1096. ± 57.
917. ± 42.
841. i 37.
710. ± 31.
631. i 27.
537. ±

428. ±

322. ±
277. ±
257. ±
203. ±
163. ±
116. ±

24.
19.

384. ± 17.

15.
13.
12.
10.
9.
8.

66.0 ±
56.3 ±
49.3 ±
47.7 i
42.7 ±
40.4 ±
36.7 ±
31.2 ±
29.9 ±
26.6 ±
24.4 ±
24.0 ±
20.1 i
17.1 ±
12.9 ±

5.2
2.9
2.3
2.1
1.9
1.8
1.6
1.4
1.4
1.2
1.1
1.1
1.0
0.9
0.9

120 0.00
0.07
0.09
0.11
0.13
0.15
0.17
0.19
0.21
0.23
0.25
0.27
0.29

- 0.07
- 0.09

- 0.11
- 0.13
- 0.15
- 0.17
- 0.19
- 0.21
- 0.23
- 0.25
- 0.27
- 0.29
- 0.31

962. ± 83.
870. ± 68.
913. ± 60.
831. ± 52.
837. ± 51.
738. ± 47.
789. ± 49.
827 ± 47.
781. ± 43.
814. ± 44.
863. ± 46.
732. ± 43.
755. ± 53.

48.3.±
48.0 ±
53.3 i
51.6 ±
55.4 ±
52.1 ±

59.4 i
66.5 ±
66.7 ±
73.8 ±
83.0 ±
74.4 ±
81.0 ±

4.2
3.8
3.5
3.2
3.3
3.3
3.7
3.8
3.7
4.0
4.4
4.4
5.7

175 0.00 - 0.10
0.10 - 0.20
0.20 - 0.30
0.30 - 0.40
0.40 - 0.50

970. ± 100.
540. ± 40.
260. ± 30.
130. ± 30.
60. ± 20.

42.3 ± 4.4
33.8 t 2.5
23.2 ± 2.7
15.4 ± 3.6
8.9 ± 3.0
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175 0.00 - 0.10
0.10 - 0.20
0.20 - 0.30
0.30 - 0.40
0.40 - 0.50

1590. ± 150.
900. ± 100.
820. ± 80.
650. ± 70.
510. ± 70.

69.3 ± 6.5
56.4 ± 6.3
73.2 t 7.1
77.1 i 8.3
75.9 t 10.4

200 TT 0.03
0.06
0.08
0.10
0.12
0.14
0.16
0.18
0.20
0.22
0.24
0.26
0.28
0.30
0.32
0.34
0.36

- 0.06
- 0.08
- 0.10
- 0.12
- 0.14
- 0.16
- 0.18
- 0.20
- 0.22
- 0.24
- 0.26
- 0.28
- 0.30
- 0.32
- 0.34
- 0.36
- 0.39

837. ± 77.
767. ± 54.
760. ± 50.
684. ± 44.
623. ± 40.
562. i 37.
471. ± 32.
403. ± 28.
391. ± 27.
327. ± 23.
291. ± 21.
246. ± 18.
224. ± 17.
237. ± 17.
185. ± 14.
135. ± 12.
85. ± 10.

34.0 ±
33.8 ±
36.1 ±
35.3 ±
35.0 ±
34.3 ±
31.2 ±
28.8 ±
30.0 ±
27.0 ±
25.6 ±
23.1 ±
22.4 i
25.0 ±
20.7 ±
15.9 ±
10.6 ±

3.1
2.4
2.4
2.3
2.3
2.2
2.1
2.0
2.1
1.9
1.9
1.7
1.7
1.8
1.6
1.4
1.2

200 TT' 0.03 - 0.10
0.10 - 0.14
0.14 - 0.19
0.19 - 0.32

1055.
669.
530.
258.

± 118.
± 77.
± 58.
± 29.

45.6 ± 5.1
36.0 ± 4.2
34.4 ± 3.7
23.1 ± 2.6

200 0.02 - 0.06
0.06 - 0.08
0.08 - 0.10
0.10 - 0.12
0.12 - 0.14
0.14 - 0.16
0.16 - 0.18
0.18 - 0.20
0.20 - 0.22
0.22 - 0.24

1327. ± 117.
1072. ± 76.
1040. ± 68.
846. ± 55.
655. ± 44.
581. ± 39.
438. ± 31 .
343. ± 27.
284. ± 22.
229. ± 19.

53.1 ±
47.2 ±
49.5 ±
43.7 i
36.8 ±
35.5 ±
29.0 ±
24.5 ±
21.8 ±
18.9 ±

4.7
3.3
3.2
2.9
2.4
2.4
2.1
1.9
1.7
1.6
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0.24 - 0.26
0.26 - 0.28
0.28 - 0.30
0.30 - 0.32
0.32 - 0.41

191. t 16.
145. ± 14.
125. ± 12.
102. ± 10.

45. ± 8.

16.8 ± 1.4
13.6 ± 1.3
12.5 ± 1.2
10.8 ± 1.0

5.5 ± 1.0

200 0.03 - 0.11
0.11 - 0.14
0.14 - 0.20
0.20 - 0.25
0.25 - 0.33

1312. ± 140.
1050. ± 117.
741. ± 85.
90G. ± 104.
569. ± 63.

57.7 ± 6.2
57.8 ± 6.4
49.0 ± 5.6
73.5 ± 8.4
56.8 ± 6.2

sample and the cross sections measured by several bubble chamber experiments
[24] [25] [27] are consistent with the data of the present experiment. A possi-
ble source for an error in the absolute normalization of our data could be a mis-
understanding of our second stage trigger. The trigger conditions of the dis-
play tapes, taken to monitor the second stage trigger (see section 4.5.3), are
similar to the conditions used by references [2] and [4] in the Xp range
0.05<Xp<0.2. Table 22 lists the values obtained for the differential cross sec-
tion da/dxp using the display tapes of 100 GeV/c incident n" data. The cross
section obtained from the display tapes is in agreement with the cross section
obtained for out total data (x2/NDF=7.4/7), hence the addition of the second
stage trigger can not be blamed for the discrepancy in the cross sections.

Comparison of the results for the various incident particles confirm the observa-
tion made in previous experiments, i.e. the incident TT~, p and p cross sections
are comparable in size, with the incident p and p distributions falling off some-
what faster with increasing Xp than the incident IT" data. The incident K" in-
variant cross section increases with increasing Xp in the Xp range 0.<Xp<0.5,
and is comparable in size with the incident TT~, p and p cross sections at Xp=0.

Figure 54 shews for this experiment the differential cross section for
<|>-production for the interval 0.1<Xp<0.3 as a function of s, the centre of mass
energy squared. Here the error bars include a systematic error of 10%. Incident
n, p and K are indicated with o, n and A respectively. The cross section for
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Table 22: Differential cross section da/dxp for display tapes

of 100 GeV/c incident n" .

interval number of <j>-mesons

0.05 - 0.W

0.10 - 0.15

0.15 - 0.20

0.20 - 0.25

0.25 - 0.30

0.30 - 0.35

0.35 - 0.40

142 ± 27

401 ± 35

523 ± 48

269 ± 33

245 ± 24

195 ± 26

41 ± 14

622 ±118

560 ± 49

538 ± 49

330 ± 40

278 ± 27

242 ± 32

124 ± 32

incident K-mesons in this Xp region is two times larger than the cross section

for incident n and p, the latter two being comparable in amplitude. The cross

section does not show a significant s-dependence. A ln(s) dependence would

result in a 13% increase of the cross section in the range s=200 GeV2 to s=400

GeV2.

6.5 The decay angular distributions

The decay angular distribution I(cos8,<p) of a spin 1 particle decaying into two

spin 0 particles, i.e. <J>-*K*K", can be written in the general form [28]

I Y
mn

pm n Y i " (G,vp), m,n=-1,0,1

where Y-J are spherical harmonics and p denote the elements of the density

matrix p. Here we will evaluate the distribution in the Gottfried-Jackson sys-

tem, which is defined in section 5.7. In the Gottfried-Jackson system the p

matrix is required to have the form [29]
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Figure 54: The cross section da/dxp per nucleon as a function of s for
0.1<Xp<0.3. Incident TT, p and K are indicated with o, a and A
respectively.

P n

P = (6-2)

where p n and pi _i are real. In terms of the p parameters the decay angular
distribution can be written as

l(cos9GJ,.pG j) = C { p n + (1-3pn)cos2eG j - pa _1sin2eGJcos2^GJ -

(6-3)

where C is a normalization factor. The number of expected events (N.ex' :>) in a

small interval AQ.=(cos9G j '^nj^j ' s related to l(cos6G j,<pG j) by

= Aj(co$eGJ,4)GJ) AC}., l j ( cose G J ^ G J ) (6-4)
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where Aj(cos0Qj,tf>Q •) is the average acceptance in interval AD- and

|.(COS9QJ,IJ)QJ) is the mean value of the decay angular distribution in the same

interval. The p parameters are determined by a x2 minimalization, where x2 is

defined as

Xa = I

(N«P-N,

(6-5)
O":

COS6Qj and 8

where N.° s is the number of observed events in interval AQ- and a- is the

standard deviation in (N j
e x p -N j

o b s ) .

Led by theoretical prejudice the p parameters are determined as a function of

Py, integrated over the Xp range covered by the experiment. For this the data

is split into 5 equidistant p j intervals in the range 0.<Py<1. GeV/c. In every

interval the data are subdivided in 64 AQj intervals, corresponding to 8

. intervals and a f i t is made to the K*K" mass spectra to deter-

mine the number of <j>-mesons. This is illustrated in figure 55, where the 64

K+K" spectra for the 100 GeV/c incident TT" beam with 0.6<pT<0.8 GeV/c are

shown. The smooth lines represent fits to the mass spectra. From this we ob-

tain the number of <}>-mesons (N-° s ' and the number of background events in

the mass range 0.995<MK + K_<1.045 GeV/c2 separately.

In every volume of py and AQ the acceptance is determined with a Monte Carlo

program. Substituting (6-3) and (6-4) in equation (6-5) and minimizing the Xs

by varying the p parameters and the normalization constant C, gives the values

of the p parameters.

Results for the 100 GeV/c incident TT" data are shown in figures for two py in-

tervals which are representative for the general behaviour of the fits are shown

in figures 56 and 57. In figure 56 the COSQQ, distributions are plotted for the

events with 0.<py<0.2 GeV/c as a function of «PQJ- The smooth curve is

I (COS9Q,,>PQJ) fitted to the 64 measuring points. In this f i t both pi _a and

Repio are about equal to 0., while pn is different from 1/3, giving the distri-

bution a 1.+Pcos2eGJ shape, with p=(1-3pn)/pn=0.22 (see equation (6-3)). Fig-

ure 57 shows the <PQ, distributions for the events with 0.6<Py<0.8 GeV/c as a

function of cos0-,. A f i t to these data gives pu=1/3. Both pi _a and Repao

however are different from 0., giving <PQ, dependent distributions. Figure 58
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shows the values of Pn , 'P i _i and Rep10 as a function of p j for the six data

samples where the statistics is sufficiently large over the whole p-r- range to al-

low the described analysis.

12000

0> 4000

T3

0)12000

8 000 -

4OOO -
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Z

I I I I I I I

I I I I I I I
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I I I I

I I I I I I I

i t

I I I I I I I

I I I I I I I
-0.5 0. 0.5 -0.5 0. 0.5 -0.5 0. 0.5 -0.5 O. 0.5

cose6J

Figure 56: dN/dcos8GJ for 100 GeV/c incident n" and 0.<pT<0.2 GeV/c for 8

vp-j intervals. The smooth lines represent the best f i t to the

decay angular distribution I(COS6QJ,IPQ,).

To demonstrate that the observed behaviour of the p matrix elements is indeed

connected with the <}>-meson, the analysis, using the spin 1 density matrix, is

independently performed for the background in the <}>-mass region. For the ac-

ceptance calculations the MK + K - distribution of the background is assumed to be

flat for 0.995<Mî +(^-<1.045 GeV/c2, and the Xp dependence is determined analo-

gous to the Xp dependence of the <|>-mesons. We emphasize that no attempt is

made to determine the spin of the background, we just assume that the non-re-

sonant K*K" pair is in a spin 1 state. The results are shown in figure 58.
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Figure 57: dN/dipGJ for 100 GeV/c incident n' and 0.6<p-j-<0.8 GeV/c for 8
cos9Gj intervals. The smooth lines represent the best f i t to the
decay angular distribution I(COS0Qj,<Pr-j) •

The p parameters lie within a volume of which the surface is given by [30]

det(p) = 0 (6-6)

except for two points. Expression (6-6) gives a surface of degree three in the
P n / Pi _i and Pio space and the allowed volume is the convex domain for which
the determinant is positive limited by this surface which contains the or ig in.
For the 100 GeV/c incident K" and the 120 GeV/c incident p beams the p param-
eter values of the background for 0.8<p-j-<1.0 GeV/c fall far outside their al-
lowed region and are not plotted in f igure 58.

Table 23 lists the measured values of the density matrix elements for the
<l>-mesons. The results presented in f igure 58 indicate a common trend for the
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dependence of the p matrix elements of p-p, irrespective of the incident particle
or momentum. To amplify the observed result we therefore combine all data and
determine the weighted mean. These mean values are also listed in table 23 and
are shown in f igure 59.

A possible COS29Q • dependence of the c|>-meson has been observed by Sixel et
al. [26] in data at 10 and 16 GeV/c integrated over all Xp and p-p. However
the statistical significance is poor an cannot exclude an isotropic COSGQ, d is t r i -
bution. Our data indicates a significant cos20,~ • term in the decay angular dis-
tr ibution at small p-p, which decreases for increasing p-p. This effect has also
been observed for K*+ and K*° production at 32 GeV/c [31] and 70 GeV/c [32]
incident K+.

6.6 Associated production

The study of correlations between the inclusive production of <}>-mesons and oth-
er particles, both strange and non-strange may supply information on the reac-
tion mechanism. In this section data are presented on the joint production of the
tr iggering K*K" pair and TT~, p, p, A, A, K°g, K~ hadrons and a second
(|>-meson or K*K" pair. An absolute number for the joint production cross sec-
tion of a <j>-meson and an additional particle will not be given. The observation
of a possible enhanced simultaneous production of 4>-mesons and other hadrons
will be made through the comparison of <|>-mesons with non-resonant K*K" pairs
in the <|>-mass region.

Let us define F- as the fraction of events with a tr igger K+K" pair with a mass
in mass interval nrij, which contains an additional hadron. Then Fj can be ex-
pressed in the number of (|>-mesons (<|>j) and the number of non-resonant K*K~
pairs (.B-) in mass interval m- in the following way:

f B - B i
(6-7)

where f . and f g are the fractions of <J>-events and non-resonant K*K'-events
respectively, which contain an additional h^dron. In expression (6-7) it is as-
sumed that f , and fr> do not vary with the mass of the K*K" pair over the mass
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Table 23: The p parameters.
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Figure 59: The mean value of the p parameters averaged over all incident
particles and momenta. The dashed line represents pa i=1/3.
Symbols as in f igure 58.

interval 0.99<MK+K-<1.05 GeV/c2. The values of ^ and Bj are obtained from a
f i t to the K*K" invariant mass spectra. Figures 60-65 show the fraction of
events with additional particles (F-) as a function of the invariant mass of the
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trigger K*K" pair. The type of incident particle and of the additional particle

are indicated in each figure. For the additional charged pions F- has been

scaled down by the average number of charged pions per event.

A bias in the selection of for instance the trigger K*K" pair could occur if the

criteria which are applied for this selection are different in the case that an ad-

ditional hadron is present. In order to obtain unbiased samples of trigger K+K"

pairs and of additional particles in some cases the selection of the trigger K*K"

pair makes use of the analog Cherenkov information as described in section 5.5.

The particle assignments are based on the following criteria:

TT~ Pions should be unambiguously identi f ied (see section 5 .5 ) . The

kaons of the t r igger K+K" pair are selected using the analog

Cherenkov information to ensure that they are not mis-identif ied

n-mesons.

TT° A YY invar iant mass in the range 0.125<M <0.145 GeV/c2 . Nor-

mal t r i gger selection for the K +K' pair .

p, p (Ant i - )pro tons should be unambiguously identif ied (see section

5.5) . The kaons of the t r igger HCK" pair are selected using the

analog Cherenkov information to ensure that they are not mis- i -

dent i f ied protons.

A, A Unique A selection (see section 5 .4 ) , with 1.1<MA<1.132 GeV/c2 .

The decay baryon of the A or A should not be present in arm 3

of the spectrometer. Normal t r igger selection for K+K" pairs.

K ° s Unique K ° s selection (see section 5 .4 ) , with 0.484<MKO<0.512

GeV/c2 . Normal t r i gger selection fo r K+K" pairs.

K" Unique K~ identif ication (see section 5 .5 ) . Normal t r i gger selec-

t ion fo r K + K' pai rs . There are always two K*K' combinations

possible, for which only one can originate from a (|>-decay. Only

those K*K' and K" combinations are accepted of which the i nvar i -

ant mass of one K*K" pair is smaller than 1.05 GeV/c2 , and the

invar iant mass of the other pair is larger than 1.05 GeV/c2 .
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(K*K~) The kaons'of the additional (K*K") pair should not be identified

as unambiguous pions. Their invariant mass should lie in the mass

range 0.99<MKK<1.015 GeV/c2 or 1.025<MKK<1.05 GeV/c2. Normal

trigger selection for the trigger K+K~ pair.

<|) The additional <J> is selected analogue to the additional (K*K")

pair, apart from the mass which is required to be in the range

1.015<M.<1.025 GeV/c2.

The fractions f. and fr> for the different types of additional particles considered

are determined by a x2 minimalization, using the data presented in figures 60-65

and expression (6-7). Figure 66 shows ( f j . - fD ) / fn fo r the additional particles

and incident beams considered. Incident TT", p and p beams give a positive cor-

relation between ^-production and K° s , K* and K" production. The associated

production of K* or K" with incident K" is anti correlated or smaller in ampli-

tude. The associated <J> production seems to be independent of the incident par-

ticles and shows a positive correlation. The additional (K*K~) pair with a mass

outside the <(> region is also independent of the incident particle and shows a

negative correlation with the tj>. The associated TT*, TT" and TT° show invariably

a small negative correlation with the 4>. Associated p and p are also anti corre-

lated with the exception of p with 120 GeV/c incident proton and p with TOO

GeV/c incident anti-proton. The 200 GeV/c incident proton sample does not con-

firm the small correlation for associated p production with incident protons. The

A and A baryons show on average no significant deviation from uncorrelated

production, this could be due to the large errors which are a result of small

statistics.

Daum et al. [3] reported the observation of a positive correlation between

'4>-mesons and K°c and K" production in 93 GeV/c incident rr"H2 interactions

with much smaller statistics. They did not observe this correlation with incident

K" . Our data confirms this, and in addition shows that incident K" gives no

<|>-K" correlation and negative c|>-K* correlation. Incident K* gives no <}>-K* cor-

relation and a small negative correlation for $-K~.

The interpretation of the associated production in terms of the quark fusion

model will be presented in the next chapter.
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7. INTERPRETATION OF INCLUSIVE ^-PRODUCTION RESULTS

7.1 Introduction

In 1964 Gell-Mann [33] and Zweig [34] introduced the idea of quark structure of
hadrons. This model has now developed into a theory of strong interactions
called Quantum Chromo Dynamics (QCD). In practice QCD predictions are rp
stricted to processes where the parameter that determines the scale of the pro-
cess (Q2 or M2) is large, thus allowing a perturbative approach. However the
success of the quark parton model in describing the hadronic interactions at low
momentum transfer has led to phenomenological models based on thecquark par-
ton concept to describe such processes as well. A recent review of such models
is given in reference [35] . In this chapter the inclusive <j>-data will be inter-
preted in terms of the quark fusion model [36] [37] which relates the differen-
tial cross section da/dxp of inclusive 4>-meson production to the parton d is t r i -
butions in the interacting hadrons.

The distribution of the momentum of a nucleon over its partons has been param-
eterized by several authors (section 7.3). The parameters are adjusted to give
agreement with the parton distributions measured in deep inelastic scattering
(DIS), Drell-Yan (D-Y) processes and i)J production experiments. In section 7.3
the validity of the parameterizations at low momentum transfer is checked. Those
parameterizations which also give an acceptable description of DIS data at low
momentum transfer will be used as an input to the parton fusion model. In sec-
tion 7.4 the prediction of the parton fusion model is compared with our inclusive
<|>-meson data. The conclusions which can be drawn from this comparison are
presented in section 7.5.

7.2 The parton fusion model

The parton fusion model [36] [37] is an extension of the model f i rs t discussed
by Drell and Yan [38] to describe the production of lepton pairs in hadronic in -
teractions. The model has been developed to explain i|J-meson production. Fig-
ure 67 shows the diagram for the Drell-Yan process.

A quark from one of the interacting hadrons fuses with an anti-quark from the
other hadron to form a virtual photon which couples to a lepton pair. The in-
clusive cross section da /dx r of the lepton pair is thought not to be altered by
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Figure 67: Diagram of the Drell-Yan process

additional interactions between the initial state or final state particles. The

differential cross section is related to the distributions of partons in the initial

hadrons by:

Ana2

9M2
z
q

V
{F 1

q (x 1 ) .F a
q (x a ) • F 1

q (x 1 ) .F a
q (x a )} (7-1)

Here xx and x2 are the fractional momenta of the partons in the initial hadrons

and M is the mass of the produced lepton pair. The sum is over the quark fla-

vours q=u,d,s,c,etc.., Q is the charge of quark q and Fq(x) are the momen-

tum distributions for quarks of flavour q in the initial hadrons. The quark

distribution functions Fq(x) can be determined by measuring the differential

cross section da/dxp of the lepton pair. Such experiments yield quark distribu-

tions of the nucleons which are comparable to the distributions measured in DIS
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experiments. In addition the Drell-Yan mechanism is the only source of
information for the quark distributions in the TT and K-mesons.

In formula (7-1) it is assumed that the structure functions Fq (x) are only a
function of x. This property is called scaling. In practice however, there is a
small Q2 dependence, the exact form of which is given by QCD. These scaling
violations are neglected in our fur ther discussion. Expression (7-1) leads to a
good description of the observed differential cross section in D-Y processes,
however it underestimates the absolute normalization by a factor of about 2,
generally referred to as the K factor.

The determination of the quark distribution in a hadron by using a quark
(Drell-Yan) or a lepton (DIS) as a probe is assumed to be valid only when the
momentum transfer is sufficiently large. Surprisingly enough it is found that the
DIS formalism is already applicable at relatively small values of Q2=1.GeV2.
This led us to the assumption that the parton fusion model may be applied to a
low Q2 process such as inclusive 4>-meson production. The EMC effect is as-
sumed not to influence the structure functions in our x range for a Be target,
in agreement with measurement [39] .

Figure 68 shows the parton fusion diagrams to be considered for <)>-meson pro-
duction. In f igure 68-a two s-quarks combine to produce the hidden strangeness
<}>(ss) meson. The coupling constant (g* 2 /4n) of this process is expected to be
large compared to that for the non strange quark fusion process (f igure 68-b)
(g.2 /4n) reflecting the empirical rule invented by Okubo, Zweig and lizuka [40]
(OZI) that disconnected quark diagrams, like the one in f igure 68-b, are inhib-
ited. The C=-1 <|>-meson cannot be directly produced by the fusion of two
gluons. Only C=+1 s? states are allowed by this process. However such a C=+l
state may radiate off a photon or gluon to produce the (j>-meson. Indeed in in-
clusive qj-meson production it has been observed that a large fraction of the
cross section can be accounted for by the production of C=+l x states and their
subsequent decay into iyv. In order to take such an admixture of gluon diagrams
into account the diagram of f igure 68-c has been included in our expression for
the <|>-meson cross section.

In (7-2) the differential cross section da/dxp for inclusive <|>-meson production
is therefore expressed in terms of the quark distribution functions F. t

q ( x ) ,
where q=u,d,s for the three quark flavours considered and b and t denote the
beam and target hadron, and gluon distributions G. . ( x ) :
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(a)

(b)

(c)

Figure 68: Diagrams for (J>-meson production in the parton fusion model. The
three diagrams which contribute to <t>-meson production are: a)
OZI allowed ss" fusion, o) OZI inhibited light quark fusion and c)
gluon fusion.
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da Vs 4TT2 g . 2

= — . • { — . (Fb
s(xJ.F t

?(x2) + Fb
ï(x1).F t

s(xa)) •

dxr 2E* 3M.2 4TT

F q>

4n a=u,d

(Fb
a(xx).Ft°(xa) + Fb

a(Xl).F t
a(x2))

G

— . (Gb(x1).G t(x2)

4TT

(7-2)

Here Xp is the Feynman x of the <j>-meson, E is the energy of the <J>-meson in

the overall centre of mass system and Xi and x2 are the fractional momenta of

the partons in the beam and target hadrons respectively. The gluon distribution

functions are denoted by Gb Ax). The three coupling constants gA2/4TT, g.2/4ir

and gQZ/4n do not only determine the relative contributions of the OZI allowed

fusion, OZI inhibited fusion and gluon fusion respectively, but also insure the

overall normalization, i.e. the equivalent of the K factor in D-Y processes.

The fractional longitudinal momenta

<|>-meson by the following expressions:

and x2 are related to the of the

Xp - Xj - X2

- 2 M q
2

where s is the total centre of mass energy squared and M. is the mass of the

(|>-meson. The parton mass

zero for the other partons.

(|>-meson. The parton mass M is taken to be 0.5 GeV/c2 for the s-quark and

Apart from the three unknown coupling constants we are left with the parton

distribution functions F.
tions is described in the next section.

and G^ b ( x ) - The choice made for these func-
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7.3 The parton distribution in hadrons

As input for the parton fusion model we need the parton distributions in n',
K", p and p. In the quark model the hadrons contain valence quarks, which
give the hadron its quantum numbers, virtual quark anti-quark pairs continu-
ously created out of the vacuum called sea quarks and gluons. For our purpose
we need the parton distributions at Q2=1 GeV2 in the x range 0.0<x<0.5. The
DIS experiments have accumulated large statistics measurements of quark d is t r i -
bution functions in nucleons (see [41] for a review). Parameterizations which
describe these distributions are discussed in the next section. The distribution
of partons in n~ and K" obtained by the Drell-Yan mechanism and ijj-meson pro-
duction are presented in section 7.3.2.

In the following the structure functions of valence quark a and sea quark b in
hadron h are denoted by V_ (x) and S. (x) respectively. The gluon structure
function in hadron h is denoted by G ( x ) . The valence quarks give the ha-
drons their quantum numbers and their normalization conditions are therefore:

V,,11 (x)/x dx = oJ Vn
n"(x)/x dx = 1

0 - u

X *
0

X1 V-qn+(x)/x dx = X1 VH
n"(x)/x dx = 1

Vu
K*(x)/x dx =

X1 V, K + (x) /x dx = J
0 ** 0

V0
K"(x)/x dx = 1

Vc
K"(x)/x dx = 1

5

I1 V,,p(x)/xdx = J1 Vn
p(x)/x dx =2

0 U Q U
0 U

X *o X* V .p (x) /x dx = J 1
 V-JP(X)/X dx = 1

(7-3-a)

(7-3-b)

(7-3-c)

(7-3-d)

(7-3-e)

(7-3-f)

The above valence quark distributions are the only ones to be considered in n~,
K~, p and p. The normalization of the sea quarks and gluons are obtained from
momentum conservation, i.e.

X1 (Vh + S h + GhGh) dx = (7-4)

where V and S represent the summations over all valence quarks and all sea
quarks respectively.
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7.3.1 The parton distribution in protons

Several authors [42] - [46] have given a parameterization for the parton distri-
bution functions, which are a function of x and Q2, in nucleons. The parame-
ters are determined by comparing the distributions to experimental results. Most
authors do only give distributions for Q2>Qo2. The parameterizations make use
of different data sets and use different lower limits on Q2 (=Qo2). The parame-
terizations considered, the data sets used and the values of Q0

2 are shortly
discussed below.

The Buras-Gaemers (BG) [42] parameterization is obtained for Q0
2=1.8 GeV2 and

uses ep SLAC data [47] and jip Fermilab data [48] to fit the structure function
parameters.

Gliick-Hoffmann-Reya (GHR) [43] use Q0
2=4 GeV2. These authors have cal-

culated the parameters of their distributions with incident v [49] [50] and inci-
dent electron data [51] [52] .

Also Duke-Owens (DO) [44] use Q0
2=4 GeV2. These authors use two differ-

ent data sets resulting in two different sets of distribution functions. For both
sets DIS results [51] [53] [54] have been used together with results from high
mass di-muon production [55] . For set I also the x distribution of hadronically
produced ly-mesons [56] has been used to increase the sensitivity of the fit to
the gluon distribution. Set II has been obtained without the use of these
ip-meson data. The difference in the two sets is mainly in the gluon distribution
which is harder for set II than for set I.

The distributions proposed by Eichten-Hincliff-Lane-Quigg (EHLQ) [45] are
meant as a tool to explore the high Q2 (Qo2=5 GeV2) region. The EHLQ parame-
terization however has been tuned to reproduce the CDHS data [53] also at rel-
atively low Qa and may therefore also be valid in our Q2 region. Two sets are
presented which differ mainly in the gluon distribution function, at low Q2 the
gluon distribution of set 1 is softer than the gluon distribution of set 2.

The last parameterization considered is the simple model by Mahapatra [46] .
This model does not limit its Q2 dependence by a lower limit on Q2. The pa-
rameters of the model are obtained from fits to SLAC-MIT [51] and CHIO [52]
data.

To compare the various parameterizations we show the parton distribution func-
tions of the models at their lowest Q2 = Q0

2 value in figure 69. For the model of
Mahapatra we have taken Q2=1 GeV2. Figure 69 shows V,,p, V.P, 2S,,P+2S . p .
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2S p and Gp for the various models. The largest discrepancies between the
models are for the s-quark and gluon distributions.

In the low Q2 region (Q2<5 GeV2) the contribution of the quarks which are
heavier than the s-quark is negligible, and these distributions are assumed to
be zero. The s-quark distribution cannot be determined unambiguously by DIS
experiments and consequently the various quark distr ibution parameterizations
differ mainly in the s-quark distr ibut ion. In addition the shape of the gluon
distribution cannot be measured directly by DIS experiments. The method ex-
plored to extract the gluon distribution is the use of the Q2 development of the
sea quark distributions, which is related to the gluon distribution development.

We assume that we may extend these distributions down to Q2=1 GeV2. To
check this assumption we have compared5 the prediction of the models, at Q2=1
GeV2 and in the x range of our experiment 0.0<x<0.5, with available data from
two neutrino experiments, Abramowicz et al. (CDHS collaboration) [53] and Al-
lasia et al. (WA25 experiment) [57] . The results of this comparison are tabu-
lated in table 24. To allow for a systematic uncertainty in the absolute normali-
zation we multiplied the data with a constant (N) , and minimized the x2 with N
as a free parameter. Apart from DO II all parameterizations show a reasonable
X2 for all Q2 values. The normalization constant N does not only fluctuate be-
tween the different parameterizations, but also shows that the WA25 data gives
systematically larger F2 and xF3 values than the CDHS data does. Figure 70
shows the data of WA25 together with the parameterization of Gliick-Hoffmann-
Reya (GHR), for which the comparison gives the smallest x2 value.

7.3.2 The parton distribution in n" and K~

The distribution of the valence quarks in n-mesons is taken from Badier et al.
[58] who have determined V J17 at Q2=25 GeVs, assuming that the distribution
of u and d valence quarks in the rr-meson is equal. The distribution is parame-
terized with

= 0.571 X 0 4 1 ( 1 - x ) 0 9 5 (7-5)

5 courtesy of S. de Jong
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o 0.

Figure 69: Structure functions of the proton as parameterized by BG (1), GHR
(2), DO set I (3) , DO set II (4), EHLQ set 1 (5) and EHLQ set 2
(6) for Q2=Qo2. Mahapatra (7) is evaluated at Q2=1 GeV2. The
functions are indicated in each f igure.
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Table 24: Comparison of 'the nucleon models with data
from two neutrino experiments, CDHS [53] and WA25 [57] . The x region of the
data which is used to calculate the x2 ' s 0.0<x<0.5. Also shown are the Q0

2

values of the parameterizations. ND is the number of F2 and xF3 data points
used for the x2 calculation. N is a normalization constant which is obtained by
minimizing the x2-

model

Qo2

N(WA25)

N(CDHS)

data

WA25

sum

data

CDHS

sum

ND

11

12
14
37

ND

5
6
8
10
11
12
12
14
78

Q

1.

3.
6.

Q

1.
1.
1.
2.
2.
3.
4.
5.

2

5
.0
0

2

13
42
79
25
84
57
50
66

BG

1.8
1.22

1.31

X2

15
34
29
78

X2

12
6
4
16
31
12
21
32
134

GHR

4.0
1.04

1.22

X2

18
19
28
65

X2

23
16
11
17
25
9
10
20
130

DO I

4.0
1.23

1.26

X2

18
32
39
89

X2

27
21
15
21
30
12
14
24
164

DO II

4.0
1.31

1.35

X2

29
36
49
114

X2

41
41
32
42
39
18
24
38
274

EHLQ1

5.0
0.87

1.09

X2

22
29
33
84

X2

20
13
8
14
35
16
15
23
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EKLQ2

5.0
0.92

1.14

X2

20
26
32
78

X2

17
11
6
11

32
15
13
21
128

Mahapatra

-

1.05

1.16

X2

20
32
23
75

X2

6
2
3
11
27
8
13
16
86

The Q2 dependence of the structure function as measured by Badier at al.
small and we will assume the distribution to be valid at Q2=1 GeV2.

i s
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Figure 70: The WA25 data compared with GHR. The Q2 values of the data are
indicated in each figure.
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The sea structure function of the n-mesons as measured by Badier et al. will
not be adopted by us to evaluate the differential cross section of <|>-meson pro-
duction for the following reasons:

• The x n region covered by Badier at a l . , i.e. xTT>0.2, is dominated by va-
lence-valence annihilation, introducing large errors in the sea-quark distr ibu-
tion evaluation.

• According to the parton fusion model the <(>-meson cross section is sensitive to
the s-quark distribution in the incident hadrons, while the sea quark d is t r i -
bution as measured in di-muon production via the Drell-Yan process will be
dominated by light quark anti-quark annihilation.

We will leave the shape of the sea quark distribution in the n-meson as a free
parameter, to be determined by the inclusive 4>-meson data. To limit the number
of free parameters, the sea in the n-meson is assumed to be symmetric in u,d
and s-quarks and will be parameterized with

As has been shown in section 7.3.1 the present data on the parton distributions
in nucleons do not allow an unambiguous determination of the gluon distribution
functions. For this reason the choice for the gluon distribution in the n-meson
is somewhat arbi t rary. Moreover in our experiment the transition of the C=+1 gg
system into the C=-1 <{>-meson will fur ther obscure the picture. The gluon dis-
tr ibution in n-mesons has been measured [59] [60] using hadronic ty-meson pro-
duction in Tr~p interactions, and folding in the known branching ratios of X^VY-
The two experiments agree within errors on the shape of the gluon distribution
and we will use the distribution obtained by Badier et al [59] :

G n " (x ) = 1.69 ( 1 - x ) 2 - 3 8 (7-7)

in which 50% of the rr-meson momentum is carried by the gluons. The normali-
zation of the sea quark distribution in the rr-meson (expression (7-6) is thus
constrained by the momentum sum rule given in expression (7-4).

The valence u-quark distribution in the K-meson is obtained from the measure-
ment of the ratio Vu-K ( x ) / V n

n (x) [61] using Drell-Yan data with incident n
and K, this gives
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V ü
K "(x) /V ü

T I "(x) « ( 1 - x ) ° - T 8 (7-8)

leading, using expression (7-5), to the following distribution for the valence up
quark in the K-meson:

V n
K " ( x ) = V u

K + ( x ) = 0.576 x 0 ' 4 1 ( 1 - x ) 1 ' 1 3

The distribution of strange valence quarks in the K-meson will be parameterized
with:

V c
K " ( x ) = V_ K * (x ) = x a (1-x)P / B(a,p-1) (7-9)

where B is Euler's beta function which ensures the correct normalization given
by expression (7-3-d). The parameters will be determined by our data.

The shape of the sea quark distribution in the K-meson is assumed to be the
same as in the TT-meson (7-6):

The gluon distribution in the K-meson has been determined by Badier at al.
[59] in the same way as in the 7T-meson. A good f i t to the data was obtained if

K Tr

it was assumed that G is identical to G , i.e.

G K " (x ) = G n " (x ) = 1.69 ( 1 - x ) 2 - 3 8 (7-11)

Of the K-meson's momentum 50% and 15.6% is carried by the gluons and the va-
lence up quark respectively. The way in which the residual 34.4% of the momen-
tum is distributed over the valence s quark and the sea quarks is left as a free
parameter to be determined by the inclusive «J>-meson data.
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7.4 Confrontation of model and measurement

7.4.1 Associated production

According to the fusion model discussed in section 7.2, <j>-meson production can
proceed via three distinct processes, OZI allowed fusion of strange quarks, OZI
inhibited fusion of light quarks and gluon fusion. In the OZI allowed fusion
(see f igure 68-a) a strange quark from the beam particle fuses with a strange
quark from the target proton to from a <J>-meson.

If the beam particle is a TT~, p or p the strange quark can only originate from
an ss pair in the sea. Consequently when one strange quark is removed to form
a c(>-meson, the other strange quark is left behind. The final state interactions,
which rearrange the quantum numbers in the final state, can dress the strange
quarks, which are left behind in the beam and target fragmentation regions, to
form for instance K-mesons or A-baryons.

In section 6.6 the correlation between the c()-meson and additional particles has
been presented. We do indeed observe an increase in the number of additional
K~ and K°-mesons for reactions where a cf>-meson is produced. We do not ob-
serve however a similar increase in the production of A-baryons.

With an incident K-meson the c|>-meson production in the OZI allowed quark f u -
sion diagram can proceed either with a strange quark from the K-meson sea or
with a strange valence quark. The fact that the Xp distribution for <t>-mesons
which are produced with incident K-mesons is much harder than that with inci-
dent n-mesons or protons (see figures 52 and I does indeed confirm that the
valence s-quark of the incident K-meson is used to produce the <|>-meson. As-
suming that <J>-mesons produced with incident K* and K" carry the strange va-
lence quark of the incident K-meson, one would expect for these interactions no
associated production of K" and K* respectively. Still for incident K" and K*
some associated production of K", K° and K*, K° respectively can sti l l be
present due to the sea of the target proton where an s and an ï -qua rk respec-
tively are left behind. The suppression of the joint production of strange par-
ticles and (j>-mesons for incident K-mesons (section 6.6) is indeed observed.
Figure 66 shows a negative correlation for K*(K~)-mesons produced together
with 4>~n>6sons j n a n incident K'(K+ ) beam.
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7.4.2 The decay angular d is t r ibut ion

In a parton fusion model the mass of the fusing partons (M ^ can be related to

the decay angular d istr ibut ion at p-j-=O. GeV/c by [62]

1-3p13L l-4hAq
2/M^2

= (7-12)

Pu 1+4M 2 /M . 2

where M. is the mass of the <|>-meson. In the evaluation of expression (7-12) the

other two independent elements of the density matrix (pi _i and Repio) are zero

at p-p=0. The values of M obtained from the pn values given in table 23 are

tabulated in table 25.

Table 25: The values of the mass of the fusing partons (M )

obtained from the decay angular distribution of the <J>-meson at 0.0<p-p0<0.2

GeV/c.

beam incident p n M

GeV/c particle GeV/c2

0.31U0.003 0.41010.007

0.31010.005 0.40510.012

0.30110.005 0.365t0.013

0.308t0.006 0.39610.015

0.31310.008 0.41810.019

0.28510.010 0.29 i0.03

100
100
120
120
200
200

TT

K
rr

P
TT

P

The mass value obtained is an average over the masses of the partons in the

three diagrams (see figure 68) which contribute to <|>-meson production. The

average mass of the fusing partons is -390 MeV/c2, suggesting that the OZI al-

lowed fusion of strange quarks plays an important role in the production pro-

cess, irrespective of the incident particle.
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The parton fusion model does not prescribe how the value of the density matrix
elements varies as a function of p-p. We may compare however the observed p-p
dependance, with that of the hyperon polarization [63] observed in inclusive
hadronic production of hyperons.

An attempt has been made to explain the hyperon polarization using a simple
quark model [64] . In this model it is assumes that the s-quark is polarized by
some unknown mechanism and that the A and I * hyperons, resulting from the
fusion of a di-quark with the s-quark, are therefore also polarized. This model
explains that the polarization of the I*-hyperon must have the opposite sign of
the A-polarization, but the predicted magnitude of J.* polarization is too small.
The measured magnitudes of I * polarization and A-polarization are about equal.

An explanation for hyperon and vector meson polarization has been proposed in
the framework of the Lund model [65] . In this picture qq pairs are produced
in a colour field which is stretched between partons which are moving apart.
Massless qq pairs can be produced in a single point and be pulled apart by the
colour field. However, for massive qq pairs, like an sf pair, the quarks are
produced some distance apart, giving rise to an orbital angular momentum L.
In order to conserve the initial angular momentum, a polarization of the quarks
results in the direction opposite to L. The hadron which eventually contains
this s-quark, will therefore also be polarized in the direction of the s-quark
polarization.

In order to explain the polarization for interactions with incident K-mesons an-
other mechanism is required. Here the polarization of the s-quark is due to the
fact that colour field between the valence quarks of the initial K-meson is bend.
For both mechanisms, i.e. the s-quark is an initial quark or it is produced in
the colour field, the polarization is of comparable magnitude and increases with
increasing p-p.

7.4.3 The longitudinal momentum distribution

The evaluation of the longitudinal momentum distribution in our model is given
by expression (7-2). The structure functions of the interacting hadrons dis-
cussed in section 7.3 are used with the following free parameters:
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• the coupling constants 'for OZI allowed [9*2/4TT), OZI inhibited (gi2/4ir) and

gluon fusion (gG
z/4rT),

• the shape of the sea quark distribution in n and K-mesons, y in expressions

(7-6) and (7-10),

• the fraction of the K-meson momentum carried by the K-meson sea quarks,

which is determined by A in expression (7-10) and

• the shape of the valence s-quark in the K-meson, a in expression (7-9). The

value of p in expression (7-9) is determined using the momentum sum rule,

i.e. p=a(1/R-1)-1 where R=1- ƒ \ v ,K+6SK+GK)dx.

Introducing a larger number of free parameters, for instance by allowing the

strange component in the rr-meson sea to be determined separately by our data,

would mean that some parameters are no longer determined independently by the

fit to our longitudinal momentum distributions. The motivation for our choice of

free parameters is the following. The parameters which influence the OZI al-

lowed ss~ fusion and which are difficult to probe by D-Y experiments are left

free, i.e. the strange quark components in n and K-mesons. Distributions which

are not well known, but only contribute to the OZI inhibited light quark fusion,

as for instance the light quark sea in TT and K-mesons, are not allowed to vary

independently.

We will only use the inclusive <|>-meson data from ir"p, pp and K"p interactions

at 100 GeV/c and u*p, pp and K+p interactions at 120 GeV/c incident momentum

to determine the free parameters listed above. The use of the 200 GeV/c inci-

dent TT~, TT*, p and K* data gives only a small contribution to the statistical

significance of the cross sections, but would introduce extra free parameters to

allow for different systematics. In the comparison of the data samples for inci-

dent TT"(TT*), p(p) and K"(K+) at a given beam momentum the systematic error

should almost completely cancel. However the relative error in the normalization

of the 100 GeV/c and 120 GeV/c data samples could be of the order of 10%. To

eliminate a possible effect of a systematic shift in the cross sections we intro-

duce an extra free parameter (N), which allows for a different normalization for

the 100 GeV/c and 120 GeV/c data samples.

The free parameters are determined by a x2 minimalization, where x2 is given

by:
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(m.h(x)-c.h(x))2

c2 = z
h=TT"

I Z (7-13)

h=TT + , P ,K * i O - j h ( x ) 2

where m- (x) and c- (x) represent the measured and calculated do/dxp values

respectively, a- is the error on m- and N is the parameter which allows for a

different normalization of the 100 GeV/c and 120 GeV/c data samples.

A simultaneous fit to the pp and pp data samples determines the coupling con-

stants and the normalization N. These distributions do not depend on other free

parameters. Table 26 lists the results obtained for this fit for the various

structure function parameterizations described in section 7.3.1.

Only the Buras-Gaemers parameterization is unable to describe the data satisfac-

torily. The gluon distribution proposed by BG is so steep that it excludes a

possible contribution of gluon-gluon fusion to <|>-meson production. To describe

the data at higher Xp values BG need a significant OZI inhibited contribution,

which results in a difference in the pBe and pBe cross sections (N=1.22), which

is much larger than the expected systematic uncertainty.

Another extreme is the result of the Mahapatra parameterization, which explains

the <|>-meson production process mainly by gluon-gluon fusion. The sea and

gluon distributions of the proton proposed by Mahapatra are similar in shape

and consequently the correlation coefficients for the coupling constants are close

to one.

The coupling constant which governs the OZI allowed quark fusion of the f i t to

GHR is large as a result of the very small s-quark distribution in the proton.

The seven parameterizations all differ in the relative contributions of the OZI

allowed, OZI inhibited and gluon fusion diagrams despite the fact that they all

give a satisfactory description of the DIS data, except perhaps for DO I I . This

is a reflection of the fact that the distributions which are relevant for <|>-meson

production, i.e. s i fusion and maybe gluon-gluon fusion, are not well measured

in DIS experiments.
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Table 26: The coupling constants gA2 /4n, g,2/4n and g,~2/4TT
determined in the f i t to da, /dxp in pBe and pBe interactions. The normalization
constant N is defined in expression (7-13). The parton distribution functions
used are described in section 7.3.1. A , I and G are the contributions (in %>)
to the inclusive <}>-meson cross section for 0.0<Xp<0.5 by the OZI allowed, OZI
inhibited and gluon fusion diagrams respectively for incident hadron h. The fits
are performed with 32 data points.

9AV4rr
g|2/4rr

gGV4ir
N

A / I / G p

A / I / G p

X2

9AV4rr
g,2/4n

9GV4n
N

A / I / G p

A / I / G p

X2

BG

.51 ±.03

.0138+.0003

.0 ±.0001
1.22±0.03
66/34/ 0
47/53/ 0
66.3

EHLQ1

1.2 ±.4
.74 ±.3
.14 ±.04
1.05±0.06
29/14/57
23/25/51
34.1

GHR

3.95 ±.18
.004 ±.002
.0015±.0007
0.97±0.05
72/11/17
65/18/17
34.5

EHLQ2

1.8 ±.3
.9 ±.3
.09 ±.05
1.08+0.06
56/18/26
46/31/23
35.3

DO 1

.25 ±.04

.006 ±.002

.0019±.0005
1.02±0.04
44/13/42
38/22/40
35.0

Mahapatra

.0 ±.01

.45 ±.09

.50 ±.02
0.98±0.03
0/ 6/94
0/12/88

33.1

DO II

.25 ±.01

.0 ±.002

.005 ±.001
0.9U0.04
54/ 0/46
50/ 0/50
35.3

Table 27 lists the results of the simultaneous f i t to the 100 GeV/c and 120 GeV/
c data over all incident particles. The BG parameterization, having already a
bad x2 f ° r the incident p and p data, must allow some gluon-gl ;on fusion to
describe the combined data, hence the description of the incident p and p data
becomes even worse and the total x2 ' s father large.

GHR is penalized for the small strange quark component in the proton sea.
This parameterization must reduce g . 2 / 4 i r to describe the incident TT" and K~
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Table 27: g A
2 / 4n , g,2/4fr, g G

2 /4n , N, y, a and A k

determined in the f i t to d a v d x p in n^Be, K"Be, pBe and pBe interactions. The
normalization constant N is defined in expression (7-13), y is defined in (7-6)
and (7-10), a in (7-9) and A in (7-10). The parton distribution functions used
are described in section 7.3. A , I and G are the contributions (in %) to the
inclusive <J>-meson cross section for 0.0<Xp<0.5 by the OZI allowed, OZI inhibited
and gluon fusion diagrams respectively for incident hadron h. The fits are per-
formed with 98 data points.

gA
2/4TT

g|2/4rr
9GV4n
N

Y

a

A K

A/ I /G n *
A / I / G p

A/ I /G K *
A / I / G n "
A/l/G*5

A / I / G K "

X2

BG

.17 ±.02

.0149±.0003

.0010±.0001
1.11±0.01
5.4 ±0.4
1.5 ±0.2
.020±0.006
30/26/43
21/36/43
66/ 5/29
27/32/42
15/55/31
66/ 9/24
283.6

EHLQ1

GHR

.75 ±.03

.0060±.0009

.0037±.0003
1.07±0.02
3.0 ±0.2
O.87±0.05
0. ±0.0006
44/13/43
19/23/58
70/ 2/28
42/15/43
15/32/53
72/ 4/24
619.9

EHLQ2

DO 1

.30 ±.02

.007 ±.001

.0015±.0003

1.03±0.02

3.2 ±0.2

0.62±0.06

.001±0.009

59/13/29
52/15/33
80/ 2/19
56/15/29
44/25/31
80/ 4/16
132.4

Mahapatra

DO II

.233 ±.008

.0047+.0007

.0029±.0003
1.02±0.01
3.2 ±0.2
0.6U0.03
0. ±0.008
57/10/33
57/13/30
77/ 2/21
55/12/33
49/20/30
79/ 3/18
135.3

9A
2 /4n

g,2/4n
g G V4n
N

Y

a

AK

A/ I /G n +

A/ I /G p

A/ I /G K <

A/ I /G n "

.45 ±.02

.46 ±.08

.202 ±.009
1.02±0.02
3.2 ±0.2
1.30±0.09
0. ±0.002
33/ 8/59
11/ 8/80
61/ 1/38
32/ 9/59

.53 ±.02

.41 ±.08

.25 ±.01
1.03±0.01

2.7 ±0.2
1.03±0.07
0. ±0.0004
39/ 7/54
17/ 9/75
65/ 1/34
37/ 8/54

.145 ±.005

.59 ±.05

.406 ±.006
1.03±0.01
41. ±7.
3.5 ±0.3
0. ±0.008
2/ 6/92

12/ 8/80
40/ 1/59
2/ 7/91
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A / I / G p

A / I / G K "
Y 2

9/16/75
65/ 2/32
137.1

14/16/70
68/ 2/30
168.4

10/16/74
46/ 3/51

135.2

data. As a result the incident p and p data contribute 500 to the total x2 °f
620.

Both sets of DO give an acceptable x2 for the simultaneous f i t over all inci-
dent beam particles. For both sets the (j>-meson is mainly produced by ss f u -
sion, of the remaining cross section light quark anti-quark fusion contributes
10-15% for incident rr",p and p and ±5% for incident K". The strange sea dis-

3 2+0 2
tribution in the rr-meson, i.e. (1-x) ' " ' , is much flatter than the distr ibu-
tion of light sea quarks determined in a Drell-Yan experiment [58] where
( 1 - x ) 8 ' 4 ± 2 - 5 was found.

The EHLQ parameterizations give fits which attr ibute most of the <f>-meson
production with incident n",p and p to gluon-gluon fusion. With incident
«"-mesons the cj)-mesons are for 60-70% produced with the valence s-quark of
the incident K-mesons. The OZI inhibited fusion is responsible for less than 10%
of the 4>-meson cross section, apart for incident p, where 16% of the cross sec-
tion is due to light quark fusion. The strange sea distribution in the n-meson
is consistent with the distribution as derived from the DO parameterization.

Mahapatra ascribes most of the cross section to gluon-gluon fusion, which
makes the f i t insensitive to the strange sea quark distributions in TT-mesons and
kaons.

Figure 71 shows the inclusive cj>-meson cross section with the parton fusion mod-
el f i t based on the DO set I parameterization of the proton constituents (ful l
l ine). The dashed, dash-dotted and dotted curves indicate the contributions
from the OZI allowed, OZI inhibited and gluon fusion diagrams respectively.

The ratio of the strange valence quark distribution in the K-meson over the up
valence quark distribution in the K-meson has been determined by Arestov et
al. [27] by measuring the da/dxp for <J> and p production in K"p interactions
for Xp>0.4. For this x p region the sea and gluon contributions to the (j> and p
cross sections are negligible and the ration of the cj> and p cross sections is

Figure 72 shows the data of Arestov et al. normal-K~ Kproportional to V / V -
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Figure 71: The parton fusion model compared with <j>-meson do7dxp. The
incident particles are indicated in each figure. The full line is the
fit of the parton fusion model to the data with the DO I
parameterization for the proton. The dashed, dash-dotted and
dotted curves indicate the contribution of OZI allowed, OZI
inhibited and gluon fusion respectively.
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ized to the ratio V K K (full line) as determined by the fits of the seven
parameterizations to our inclusive <j>-meson data. The dashed curves indicate the
one standard deviation of the ratio. BG, EHLQ 1 and Mahapatra are inconsistent
with the data of Arestov et al. The parameterizations which give a good f i t to
our inclusive (|>-data and also describe the data of Arestov et al. are DO I and
EHLQ 2. The corresponding strange valence quark distributions in the K-mesons
are

DO I: V s
K ( x ) = 0.7 x 0 - 6 2 (1 -x ) 0 " 2

EHLQ 2: V £
K ( x ) = 2.1 x 1 > 0 3 ( 1 - x ) 0 9 8

The f i ts with both DO I and EHLQ 2 assign nearly all of the kaon's momentum,
which is not carried by the gluons (50%) or the valence u-quark (16%), to the
valence s-quark. The f i ts are insensitive to the sea of the kaon due to the rel-
atively large errors for incident kaons at small Xp values. The parameteriza-
tions of DO I and EHLQ 2 result in distributions for the strange sea quarks in
the TT-meson which is rather flat compared to the light quark sea distribution as
determined by Badier et al. [58]

DO I: , " " ( x ) = 0.7 ( 1 - x ) 3 ' 2

5, 5»

EHLQ 2: Se - n ~ ( x ) = 0.10 ( 1 - x )
S f S

2.7

7.5 Conclusions

The increased production of strange particles in events where a 4>-meson is pro-
duced indicates the important contribution to 4>~imeson production of the OZI al-
lowed s5 fusion. The observed decrease of joint <j>K* production and joint <j>K~
production with incident K" and K* respectively confirms this picture, and
furthermore indicates that the c(>-meson is preferably produced with the strange
valence quark of the incident K-meson. The fact that the Xp distribution of
<J>-mesons produced with incident kaons is much harder than the corresponding
distributions for incident rr-mesons or protons does indeed confirm that the va-
lence s-quark of the K-meson is carried by the <|>-meson. The average mass of
the partons which fuse to form the <j>-meson is determined to be 390 MeV/c2,
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Figure 72: The ratio V /V measured by Arestov et al. [27] compared with

the ratio of the valence quark distributions in the kaon as

determined from the inclusive <|>-data. The parameterization which

is used for the proton structure functions is indicated in each

figure.
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using the decay angular' distributions. The large mass of the fusing partons

again favours the OZI allowed fusion of s¥ pairs, irrespective of the incident

hadron. Given the uncertainties in the parton distributions in the interacting

hadrons our fusion model is able to give a satisfactory description of the shapes

of the longitudinal momentum distributions of inclusive <{>-meson production in

hadronic interactions. Not all the parameterizations of the nucleon structure

functions which have been used can give a simultaneous description of the in-
K K

elusive <|>-meson data and the ratio Vg /V , despite the large number of free

parameters. Duke-Owens I and Eichten-Hincliff-Lane-Quigg 2 give the best si-

multaneous description of both DIS, inclusive <j>-meson data and the 4> over p

cross section. These models result in comparable distributions for the strange

sea quarks in the TT-meson and for the strange valence quark in the kaon. The

contributions to the (J>-meson cross section of the OZI allowed, OZI inhibited and

gluon fusion as given by these models are in agreement with the observed asso-

ciated production of strange particles and the average mass of the fusing par-

tons. These models also give a non-zero gluon-gluon fusion contribution to the

<|>-meson cross section. Assuming that the parton fusion model is the correct de-

scription of c)>-meson production, the strange components of the n-mesons and

kaons can be extracted. The distributions found for the strange quarks are

much harder than the corresponding light quark distributions.
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8'. CHARMED F-MESON SEARCH

8.1 Introduction

With four quarks (d ,u ,s ,c) the standard qq picture of mesons predicts, apart
from strange and charmed mesons, mesons that carry both strangeness and
charm. Figure 73 shows the pseudo scalar meson hexadecimet, in a coordinate
system spanned by the th i rd component of isospin (x-ax is) , hypercharge (y-
axis) and charm quantum number (z-axis). The F~-mesons are located at the
13=0, Y=±1 and c=±1 coordinates. Since the mass of the F-meson is smaller than
the sum of the masses of the charmed D-meson and the strange K-meson, the F
cannot decay strongly via the KD decay channel. It therefore will decay through
the weak interaction. The preferred (Cabibbo allowed) weak decay proceeds by
the transformation of a c-quark into an s-quark by emission of a virtual W, as
is shown in f igure 74. According to this diagram the final state will contain an
ss-pair and therefore favours decay modes including a <|>-meson or a KK-pair.
In the diagram of f igure 74 the strange particle remains a spectator. It is as-
sumed to be the dominant decay mechanism. According to this spectator model
the lifetime of the F-meson should be comparable to that of the D-mesons and
the A , i.e. of the order of 5x10~13s. It is found that the lifetimes of D° and
D" deviate from the predictions of the spectator model [66] . Other decay
mechanisms, like W exchange between the two valence quarks of the D°, play a
role which makes T ( F ) = T ( D ° ) < T ( D ± ) .

So far several experiments have reported the observation of F-meson candidates.
The observations can roughly be subdivided in three groups on the basis of the
measured mass of the F-meson:

a. A large group of experiments reported F-masses in the region around 2020
MeV/c2, using e*e" collisions [67] and incident v [68] incident y [69] and
incident hadron [70] beams to produce F-mesons.

b. Two experiments have reported the observation of an enhancement in the
4>n* invariant mass spectrum at 2145±10 MeV/c2 [71] and 2100+20 MeV/c2

[24] in K*p interactions.

c. More recently an enhancement corresponding to 5.5 standard deviations at
1970±5 MeV/c2 in the cj>n invariant mass spectrum has been reported by
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(cü)

Fl(cs)

Figure 73: Pseudo scalar meson hexadecimet, which is defined by the th i rd
component of isospin ( l 3 ) , the hypercharge (Y) and charm (c) .

w

Figure 74: Diagram for the decay of an F*-meson.
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the CLEO experiment [72] and has been confirmed by other e*e"
experiments [73] . The ACCMOR collaboration has reported the observa-
tion of three long lived particles with a mass of 1975±4 MeV/c2 [74] .
The MSDs were used to observe the decay vertex of the F-meson.

It is now generally accepted that the interpretation of the data of the f i rs t two
categories in terms of F-meson production is erroneous. The F-meson mass is
now firmly established as 1.97 GeV/c2.

In this chapter we present the results of a search for F-mesons via their (j>n~ or
K*K~IT~ decay channel using our inclusive <|>-trigger data. In thu next section
the (|>n invariant mass spectra are presented. These results are compared with
the results reported in K*p interactions (point b) . In section 8.3 the MSD in-
formation is used to select events which have a KKTT vertex which is separated
from the interaction vertex, thus selecting long lived particles.

8.2 The <JJTT invariant mass

Figure 75 shows the $n~ invariant mass spectra for 100 GeV/c incident TT~ (a)
and K" (b ) . The <|>-mesons have been selected using the mass cut
1 .OKM|,,|,.<1.03 GeV/c2. All particles which are not identified as a kaon or a
proton are considered to be rr-mesons. No enhancement with a statistical signif-
icance larger than three standard deviations is observed in the F-meson mass
range, 1.8<M. <2.2 GeV/c2. The experimental resolution for a <J>rr combination in
the F-mass region is =10 MeV/c2. Also in the other data samples of our experi-
ment (not shown) the <J>TT" invariant mass spectra do not show evidence for an
enhancement. Figure 76 shows the three standard deviations upper limit for
BRp_. a(K'p— F"+X) as a function of the <i>n invariant mass for several assump-
tions concerning the longitudinal momentum distribution of the F-meson. The
transverse momentum distribution is assumed to be e ^T .

The experiments mentioned under b in section 8.1 reported the observation of a
peak at M<j)TT=2145±10 MeV/c2 corresponding to BR f :_< j )7T.a(K*p-"F*>>+X)=n±3 jib
[71] at 32 GeV/c incident momentum, and M=2100+20 MeV/c2 corresponding to
BR F _ ( j ) I T .a (K + p-"F*" + X) | x >Q 2=20 \ib [24] at 70 GeV/c incident momentum. The
absence of a signal in the <Jm" spectra of these experiments was interpreted as
indicating that the observed state is produced with the valence s-quark of the
incident K*, implying a hard longitudinal momentum distr ibution.



page 166 Charmed F-meson search
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1.2 1.6 2. 2.4

pit1 invariant mass (Gev/c2)

Figure 75: The 4>TT~ invariant mass for 100 GeV/c incident n" (a) and K" (b) .
The full line and the dashed line are the <}>TT* and <|»7~ spectra
respectively.
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Figure 76: Three standard deviation upper limits for BRp_. .a(K"p—F"X) as a
function of the <$m~ invariant mass for 100 GeV/c incident K".
The acceptance is calculated using a production cross section for
F-mesons ap«(1-Xp) n .e~ pT , where n=0,2,4,6.

On the basis of the reported cross sections for the enhancements at 2145 MeV/c2

and 2100 MeV/c2 we expect to observe in our <J>rr" invariant mass spectrum for
incident K" a signal of at least ten standard deviations. If the observed en-
hancements are indeed charmed particles, the production cross section is ex-
pected to increase significantly from 32 GeV/c to 100 GeV/c incident momentum
and consequently the absence of a signal in our data gives an even more s t r in -
gent upper limit for the cross section at 32 GeV/c incident momentum.



page 168 Charmed F-meson search

8.3 F-meson search using'MSD information

The micro-strip detectors (MSDs, see sections 2.4 and 5.3) provide high accu-
racy information on the position of particles close to the interaction point, thus
allowing the recognition of a particle which travels some distance before it de-
cays. The F-meson has presumably a mean life in the order of or somewhat
smaller than the mean life of the D°, T D O = 4 . 4 X 1 0 - 1 3 S [15] . The MSD informa-
tion is used to select events which have a KKn vertex which is separated from
the interaction (primary) vertex.

The particles are identified with the three Cherenkov counters as described in
section 5.5. Particles which are not identified as protons or kaons are consid-
ered to be TT-mesons. Particles which have an ambiguous kaon/proton solution
are accepted as kaon candidates, while any ambiguous kaon/pion solution is re-
jected as a kaon candidate. The consequence of accepting kaon/proton ambigu-
ous particles is that the KKn spectrum can contain some background from
A f-baryons decaying into Kpn.

Since the analysis of the information provided by the MSDs is rather time con-
suming, we restrict ourselves to the events which contain a K*K~n~-mass in the
interval 1.8<Mi^ <2.1 GeV/c2. This interval is chosen such that it contains the
masses of previously reported F-candidates as well as the mass of the charmed
D-mesons, for which the observation of the Cabibbo forbidden decay into KKn
has been reported by us previously [74] . Applying the KKn mass cut leaves
2.42x108 events, integrated over all data samples which have been taken with
the <|>-trigger.

The background events which are found while looking for long lived particles
arise mainly from errors in the track reconstruction, secondary interactions and
charm events where one or more decay particles remain undetected and a wrong
track combination has been selected to form a secondary vertex. Low momentum
tracks are often not precisely reconstructed due to multiple scattering, there-
fore we require the decay tracks to have a momentum of at least 3 GeV/c. The
reconstruction and error assignment of the MSD tracks is discussed in section
5.3. To select events with secondary vertices the following cuts have been ap-
plied to the data:

• The events where all tracks are compatible with one vertex are rejected.
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• The KKrr vertex should'have a probability of >10% that the tracks originate in
one point. The primary vertex is the highest probability vertex which con-
tains the beam and the sum momentum vector of the KKn system. The primary
vertex should have a probability of >0.1%.

• The KKrr momentum sum vector should originate from the primary vertex with
a probability >1.%.

• The KKTT vertex and the primary vertex should be separated by at least three
standard deviations. The minimum allowed separation is 2.mm.

• The two kaons and the rr-meson should miss the primary vertex, by at least
l a for the closest and at least 3a for the other tracks.

The largest reduction in the number of events is obtained by the last two re-
quirements, which reduce the data by a factor =10000. Finally we are left with
29 events, the characteristics of which are tabulated in table 28. Figures 77
and 78 show the event geometry of two F-meson candidates (events 22 and 27 in
table 28) in the 100 GeV/c and 120 GeV/c data samples respectively. Of these
29 events 8 events originate from the data with 200 GeV/c incident momentum, 5
from -200 GeV/c and 3 from +200 GeV/c. They have been reported previously
[74] . Of the other 21 events 6 events are found in the +120 GeV/c data and
15 in the -100 GeV/c data samples. Table 28 lists both the measured lifetimes
and the lifetimes corrected for the applied cuts. The corrected lifetime is ob-
tained by subtracting from the measured lifetime the minimum acceptable lifetime,
which is calculated by keeping all parameters of the event fixed but reducing
the decay path until the event is rejected by the selection criteria. The possible
systematic errors which are introduced have been investigated using 54 D~° de-
cays, which we observe in a data sample using a tr igger on single electrons to
enhance the charm content [75] . Systematic errors are found to be negligiblly
small.

The events are rubricated as D, F and A if their invariant mass is within 2a
cof the nominal D(1869), F(1971) or A (2282) masses respectively.

c
Events which

are incompatible with any know charmed particle, are denoted by an X. The
possibility that particles which are connected to the vertex escape detection is
disregarded. Figure 79 shows the ideogram of the 29 events. The figure has
been obtained by adding the Gaussian distributions of all events around their
observed mass. Indicated are the observed masses and their one standard devi-
ation errors. Differences in mass resolution arise from the event topology, in
particular whether the n-meson has been detected in both spectrometer arms or
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in arm 2 only, and from the momenta of the decay particles. The events cluster
at the D-mass (1869 MeV/c) and the F-meson mass reported by CLEO [72] 1970
MeV/c2.

For some events the particle identification is ambiguous between the kaon and
proton interpretation. For those events where the particle identification gives a
non-zero probability for the proton interpretation the K*prr~ or pK"n* mass is
given in table 28. Figure 80 shows the pKn-mass versus the KKn-mass. The
dashed lines indicate the D and F-masses (vertical lines) and the A -mass (hor-
izontal line). This figure shows that at most 2 F-meson candidates are ambigu-
ous with a A interpretation,

c

For four out of the six F-meson candidates evidence has been found for an ad-
ditional strange particle in the event. The six F-meson candidates have a mass
of 1975±2 MeV/c2. Their mean life, corrected for the cuts and the maximum ob-
servable lifetime is

+ •3 c:
T = S 7
TF D -1.8

The mass of the nine events which we interpret as the Cabibbo forbidden decay
of D-mesons is 1871 ±2 MeV/c2. This decay mode of the charged D-meson has
first been observed by the ACCMOR collaboration. Their mean life, again cor-
rected for the cuts and the maximum observable lifetime, is

r • = 11 2 + 5 - 9
rD" "" ' -3 .3

The average corrected lifetime of the events denoted by X in table 28 is
3.3x10'13s. The F-lifetime compares well with our earlier result based on 3 F-
candidates [74] . The lifetime measured for the D~-meson is in good agreement
with the present world average for the lifetime of charged D-meson [76] .
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Table 28: Characteristics' of the 29 charm candidates.
Listed are the KKn mass and the lifetime (T) of the events assuming the KKTT

decay mode. The Kprr mass is given for those events where the particle gives a
non-zero probability for the proton interpretation. The events are rubricated
as D, F and A if their invariant mass is within 2c of the nominal D(1869),

F(1971) or A f2282) masses respectively. The lifetime corrected for the selection
c

criteria is given in column T . The presence of an additional strange particle is
c

indicated.
event

-200 GeV/c

1 D*
2 D*
3 F*
4 F"/Ac-
5 FVA -

+200 GeV/c

6 D+

7 X+

8 DVA •c

-100 GeV/c

data

data

data

MKKTT
(MeV/c2)

1869± 7
1874±15
1970± 5
1969± 6
1955±12

1861±32
1830± 5
1838±16

M
P K n

(MeV/c2)

2215± 6
2326±14
2423± 5
2289± 5
2288±11

2285+17

extra
strange

NO
YES
YES
YES
YES

NO
NO
NO

T (s)

x10"13

25.5±0.
28.0±0.
4.8 ±0.
6.0 ±0.
3.0 ±0.

2.5 ±0.
2.5 ±0.
10.9±1.

3
3
3
4
5

5
6
2

T c ( S )

x10"13

22.9±0.
26.3±0.
2.8 ±0.
0.9 ±0.
0.4 ±0.

0.5 ±0.
0.2 ±0.
5.0 ±1.

3
3
3
4
5

5
6
2

9
10
11
12
13
14
15
16
17
18
19

A c"
D-
D-
D+

X*
X*

x-
D-

F*

D-
D"/A -

1831±12
1854+17
1870± 4
1872±10
1922±19
2008± 5
1845i12
1875± 6
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Figure 77: Geometry of event 22, an F-meson candidate in the TOO GeV/c data.
Shown is one projection of the VMSDs (a) and an enlarged view
of the vertex region (b) . The horizontal lines indicate the
measured pulse heights in the MSD str ips. The dashed line is the
sum momentum vector of particles 4,5 and 6. The charge and
momenta of the particles are indicated.
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Figure 78: Geometry of event 27, an F-meson candidate in the 120 GeV/c data.
Shown is one projection of the VMSDs (a) and an enlarged view
of the vertex region (b ) . The horizontal lines indicate the
measured pulse heights in the MSD str ips. The dashed line is the
sum momentum vector of particles 7,8 and 9. The charge and
momenta of the particles are indicated.
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Figure 79: Ideogram as a function of the KKTT invariant mass for the 29 events
which survived the lifetime cuts.
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Figure 80: The KKTT mass versus the Kpn mass for those events where the
particle identification is ambiguous between proton and kaon. The
dashed lines indicate the D, F and A_ masses.
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Summary

This thesis describes an experiment studying the inclusive reaction

hadron + Be — <(> + anything

I - K*

in TOO GeV/c, 120 GeV/c and 200 GeV/c hadron interactions. A total of 8x10B

events were recorded using both positively and negatively charged unseparated
hadron beams supplied by the CERN SPS. The experiment made use of an in-
telligent on-line event selection system based on micro-processors (FAMPs) in
conjunction with a system of large MWPCs to increase the number of <|>-events
recorded per unit time. In 32 days of data taking over 600,000 <j>-mesons were
recorded onto magnetic tape. The physics motivation for collecting a large sta-
tistics sample of inclusive 4>-mesons was the investigation of the inclusive
(|>-meson production mechanism and <j»-spect ros copy.

The ACCMOR spectrometer, which was used to detect the final state particles,
is described in chapter 2. The system of large planar MWPCs have been buil t
especially for the inclusive ^-experiment. In chapter 3 the design, construction
and performance are described in detail.

The success of the experiment depended on the performance of the on-line t r i g -
ger, the purpose of which was to allow the recording of as many <|>-events as
possible in the time allocated. The on-line t r igger consists of three steps, which
are described in chapter 4. The f i rs t two steps select events with at least two
oppositely charged kaon candidates in the final state using two Cherenkov hodo-
scopes in conjunction with scintillator hodoscopes. In the final step of the on-
line event selection the information from the MWPCs has been used to calculate
the momenta of the kaon candidates and make a positive identification using the
Cherenkov information. This step makes use of three micro-processors (FAMPs)
which calculate the K*K' invariant mass.

Chapter 5 describes the off-l ine reconstruction of events together with the cor-
rections which have to be applied to the data to account for events which are
lost for observation. Apart from the two kaons the other particles which are de-
tected in the spectrometer are also reconstructed to allow <J>-spectroscopy and an
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investigation into the joint production of particles and <|>-mesons. The acceptance

for <J>-events is calculated by simulating the experiment on a computer. Chapter

5 also lists the sensitivity of the experiment which is expressed in the so-called

nanobarn equivalent.

The K*K" invariant mass spectra and the differential cross sections da/dp-p2

and dc/dxp are given in chapter 6. The decay angular distributions of the

4>-meson are expressed in the elements of the density matrix. In section 6.6 the

possible enhanced cross section for the joint production of <{>-mesons and addi-

tional particles is determined by comparing this production with the joint pro-

duction of non resonant K*K" pairs and additional particles. The data show

that there is a clear increase in the production of extra strange particles with

the <f>-meson for incident n-mesons and protons, while for incident

K"(K*)-mesons the joint production of <|>-mesons and K*(K")-mesons is sup-

pressed.

The interpretation of the data in terms of a parton fusion model is presented in

chapter 7. The results found for the associated production of strange particles

and <|>-mesons is very well understood in this model, as well as the average mass

of the fusing partons, which is determined to be 390 MeV/c2 using the decay

angular distribution of the <J>-meson. The shapes of the differential cross sec-

tions do/dxp for incident n-mesons, protons and K-mesons can he very well re-

produced by the model when the unknown quark distributions in the interacting

hadrons are adjusted to our <)>-data. The fusion model ascribes a significant part

of the cross section for Xp<0.5 to the fusion of strange quarks, which is in

agreement with the observed associated production of strange particles and

4>-mesons. The model also gives a non-zero gluon gluon fusion contribution to

the (j>-meson cross section. Assuming this fusion model to be the correct de-

scription of c|>-meson production, the strange quark components of TT-mesons and

kaons can be extracted. The distributions found for the strange quarks are

much harder than the corresponding light quark distributions.

In chapter 8 the observation of six F-mesons decaying into K*K"TT" is present-

ed. The F-mesons are detected using the micro-strip detectors close to the tar-

get to observe the decay vertex of the relatively long lived charmed particles.

The mean lifetime obtained for the F-meson is
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In addition nine events are observed which f i t the decay D~—K*K'TT~. This Ca-
bibbo forbidden decay of the charged D-meson has f i rs t been observed by the
ACCMOR collaboration.
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Samenvatting

In deze dissertatie wordt een beschrijving gegeven van onderzoek naar de in-
clusieve reactie

hadron + Be — <}> + iets
I
' - K* + K-

in hadron-wisselwerkingen bij 100 GeV/c, 120 GeV/c en 200 GeV/c. In totaal
zijn 8x10B gebeurtenissen geregistreed met zowel positief als negatief geladen
gemengde hadronenbundèls, die door het CERN SPS zijn geleverd. Het experi-
ment heeft gebruik gemaakt van een intelligent systeem voor het on-line selec-
teren van gebeurtenissen, gebaseerd op micro-processoren (FAMP's), in combi-
natie met een systeem van grote MWPC's om het geregistreerde aantal
<|>-gebeurtenissen per tijdseenheid te laten toenemen. In 32 experimenteerdagen
zijn meer dan 600.000 4>-mesonen op magnetische band vastgelegd. Het verza-
melen van een grote hoeveelheid inclusieve <j)-mesonen is natuurkundig interes-
sant voor het onderzoek naar het produktie-mechanisme van <j>-mesonen en
4>-spectroscopie.

In hoofdstuk 2 wordt de ACCMOR-speetrometer beschreven, die gebruikt is voor
het waarnemen van de reactie-produkten. Het systeem van grote vlakke MWPC's
is speciaal voor het inclusieve (^-experiment gebouwd. In hoofdstuk 3 zijn het
ontwerp, de bouw en de werking ervan gedetailleerd beschreven.

Het succes van het experiment hing af van het functioneren van het on-line se-
lectie-mechanisme. Het doel van dit mechanisme is het registreren van zoveel
mogelijk ^-gebeurtenissen in de toegewezen t i jd . Het mechanisme kan onderver-
deeld worden in drie fasen, die beschreven worden in hoofdstuk 4. De eerste
twee fasen selecteren gebeurtenissen met ten minste twee tegengesteld geladen
kaon-kandidaten als reactie-produkten, met behulp van twee Cherenkov-hodos-
copen in combinatie met scintillator-hodoscopen. De laatste fase van het on-line
selecteren gebruikt de informatie van de MWPC's om de impuls van de kaon-kan-
didaten te berekenen en met behulp van de Cherenkov-informatie de kaonen po-
sitief te identificeren. In deze fase is gebruik gemaakt van drie micro-processo-
ren (FAMP's) die de invariante massa van K*K"-paren berekenen.
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Hoofdstuk 5 behandelt de off-line-reconstructie van gebeurtenissen, te zamen
met de correcties die op de gegevens toegepast moeten worden. Deze zijn nood-
zakelijk om gebeurtenissen die voor waarneming verloren zijn gegaan, in reken-
ing te brengen. Afgezien van de twee kaonen zijn ook de andere deeltjes die in
de spectrometer zijn waargenomen gereconstrueerd, om <J>-spectroscopie en on-
derzoek naar gezamenlijke produktie van deeltjes en <b-mesonen toe te staan. De
correcties die op de <j>-gegevens toegepast moesten worden, zijn berekend door
middel van het simuleren van het experiment op een computer. Hoofdstuk 5 be-
vat ook de gegevens over de gevoeligheid van het experiment, die uitgedrukt
wordt in het zogenoemde nanobarn-equivalent.

De invariante massa verdeling van K*K'-paren en de differentiële werkzame
doorsnedes da/dp-p2 en da/dxp worden gegeven in hoofdstuk 6. De vervals-
hoekverdelingen van de <)>-mesonen zijn uitgedrukt in de elementen van de
dichtheidsmatrix. In sectie 6.6 is de mogelijke toename van de werkzame door-
snede van de gezamenlijke produktie van c|>-nr)esohen en bijkomende deeltjes be-
paald door middel van het vergelijken van deze produktie met de gezamenlijke
produktie van niet resonante K*K"-paren en bijkomende deeltjes. De gegevens
laten zien dat er een duidelijke toename is in de produktie van extra vreemde
deeltjes en het (|>-meson met inkomende n-mesonen en protonen, terwijl voor in -
komende K"(K*)-mesonen de gezamenlijke produktie van <}>-mesonen en
K*(K')-mesonen onderdrukt is.

De interpretatie van de gegevens in termen van een parton-fusie-model wordt
gegeven in hoofdstuk 7. Het resultaat dat gevonden is voor de geassocieerde
produktie van vreemde deeltjes en 4>-mesonen wordt goed verklaard door dit
model. Ook verklaart het model de gemiddelde massa van de fuserende partonen.
De massa is door middel van de vervalshoekverdeling van het <|>-meson bepaald
op 390 MeV/c2. De vormen van de differentiële werkzame doorsnedes da/dxp
voor inkomende TT-mesonen, protonen en K-mesonen kunnen goed door het model
gereproduceerd worden wanneer de niet bekende quark-verdelingen in de wis-
selwerkende hadronen aangepast worden aan de <j>-gegevens. Het fusie model
schri jft een belangrijk deel van de werkzame doorsnede voor Xp<0.5 toe aan de
fusie van vreemde quarks, wat in overeenstemming is met de waargenomen geas-
socieerde produktie van vreemde deeltjes en <t>-mesonen. Het model geeft ook een
niet verwaarloosbare bijdrage aan de <|>-meson werkzame doorsnede van gluon-
gluon-fusie. Als we aannemen dat dit fusiemodel de juiste beschrijving is van
<(>-produktie, dan kan de vreemde quark component van n-mesonen en kaonen uit
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de gegevens bepaald wdrden. De verdelingen die voor de vreemde quarks
gevonden worden zijn veel harder dan de overeenkomstige lichte quark verdelin-
gen .

In hoofdstuk 8 wordt de waarneming gepresenteerd van zes F-mesonen met een
verval in K*K"TT~. De F-mesonen zijn gevonden met behulp van de micro-strip-
detectoren dicht bij het doelwit voor het waarnemen van het vervalspunt van de
relatief lang levende toverdeeltjes. De gemiddelde levensduur die voor de F-me-
sonen is verkregen is

Bovendien zijn negen gebeurtenissen waargenomen die compatibel zijn met het
verval D~— K*K~rr~. Dit Cabibbo verboden verval van het geladen D-meson is
voor het eerst waargenomen door de ACCMOR-groep.
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