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Abstract

The OMEGA spectrometer facility was closed down at the end of 1996. This was a
necessary sacrifice in order to free resources for the construction of the Large Hadron Collider,
which is now so closely associated with CERN's future. On December 10th, a symposium was
organized at CERN to review physics at OMEGA. This report brings together the talks which
were presented on that occasion. It starts with an introduction and a list of all the experiments at
the facility.
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1 INTRODUCTION

M. Jacob and E. Quercigh
CERN, Geneva, Switzerland

1.1 A spectrometer facility

Throughout the sixties and seventies, the collection and analysis of bubble-chamber pictures
was a very important part of particle physics research. Bubble chambers, with large collaborations
analysing the crop of each run, extended the concept of 'facility' from the accelerator side, where
it was already well accepted and much appreciated, to the detector side. It was realized that there
was much to gain from the use of a large facility operated for the benefit of different experiments
and serving a large number of users.

The data-collection power of the facility and the reliability associated with its long-term
operation must however be combined with a satisfactory versatility, in order to satisfy the needs of
different research groups. As the study of hadronic phenomena was making important progress,
the need for combining specific triggers and high collection rates with a good picture of the events
became more pressing.

This was at the origin of the OMEGA facility, which was conceived as an electronic 'bubble
chamber'. It had to offer a large magnetic volume which could be filled with spark chambers and
operated under a variety of triggers, and with a variety of incident beams. This is the form which
it took at the beginning while it was breaking ground by using a powerful superconducting
magnet.

The facility was later upgraded with multi-wire proportional chambers. It included
Cherenkov counters and/or large photon detectors. It has been used with a wide variety of beams
and triggers. First installed on PS beams, it was later used with SPS beams. It is now closed down
as all physics activities in the West Area have come to an end. This is where it has been located
and operated for 25 years.

1.2 Some early history

The genesis of OMEGA can be studied through NP 68-11 of May 1968: 'Proposal for a
large magnet and spark chamber system'. This document was prepared by the OMEGA Project
Working Group which comprised CERN physicists and engineers. Its members were W.F. Baker,
W. Beusch, G. Brautti, B. French, O. Gildemeister, A. Michelini, M. Morpurgo, B. Nellen,
G. Petrucci, P. Preiswerk, E. Quercigh, C. Rubbia, K. Tittel and P. Zanella.

The purpose of building such a spectrometer was to perform with high statistics and good
accuracy experiments with many secondaries. This would significantly improve the detection
power compared with previous experiments using spectrometer magnets and spark chambers, all
of which were limited by a relatively small aperture.



The OMEGA spectrometer was proposed as part of the PS improvement programme which
was agreed at that time. It was to be installed in the new West Experimental Hall.

The design of the OMEGA magnet had to be flexible so that the facility could be adapted to
a large variety of experiments. The fixed mechanical parts — the coils, the horizontal yokes and
the four vertical pillars — were complemented by modular and adjustable vertical yokes.

It was designed for 1.8 T with an inner diameter of 3 m and a free gap between poles of 2 m.
The superconducting magnet which was eventually built for this purpose, was designed by
Mario Morpurgo.

Figures 1.1-1.5 show the magnet and the facility as it was in its first phase of exploitation.

Much effort was put into the spark chambers, the triggering system and the data handling
system. The facility was designed to operate with a wide variety of targets, from liquid hydrogen
to the highest Z material, with the possibility to include polarized targets.

The experimental programme initially foreseen included missing-mass experiments, the
study of baryon exchange processes, that of leptonic hyperon decays, experiments with hyperon
beams and experiments with polarized targets.

In June 1970, a meeting was held at Cosener's House (Rutherford Laboratory) to review the
construction of the OMEGA facility, which was expected to be operating by the spring of 1972,
and to discuss the physics foreseen for it. The proceedings 539.1.074 PHI (Rutherford
Laboratory), edited by R.J.N. Phillips and T.G. Walker, cover this meeting and one held shortly
before at CERN.

The status report on OMEGA was given by A. Michelini. One of us (M.J.) reviewed what
appeared to be interesting physics at OMEGA from the theoretical vantage point which prevailed
at that time. His contribution started with a limerick which we cannot resist quoting:

There is an OMEGA at CERN
With which one wonders what to learn
Cosener's nice setting
Did call for a meeting
And notes for whom it may concern.

1.3 A brief history of OMEGA

The first five years of activity at OMEGA (12 experiments) basically followed what could
be foreseen as interesting at the time of the 1970 meeting. However, physics changes fast and,
over the next 10 years (up to 1986), there was a shift in interest towards more topical and specific
issues. The bulk of the research programme then moved to photoproduction, charm production
and, more generally, QCD motivated studies. Over the next 10 years (up to 1996), the study of
charm production yielded to that of beauty production. This period also saw the emergence of



larger collaborations focusing on glueball searches and on the study of heavy-ion interactions.
The comprehensive list of experiments given in Section 2 illustrates this evolution.

Over 25 years of continuous and sustained activity, the detector system went through many
improvements and the initial PS beams were replaced by SPS beams.

1.4 The organization of the symposium

It was deemed appropriate to have an overall review of physics at the OMEGA facility over
its 25 years of operation: we were very happy that A. Donnachie agreed to give it.
Sandy Donnachie is probably the only theorist who actually took shifts at OMEGA! As a
researcher in theoretical physics, as a committee member and in various managerial capacities, he
has always maintained a keen interest in the OMEGA research programmes and in the many
results obtained with the OMEGA facility. His contribution forms Section 3.

The symposium was an opportunity to reunite the old timers of the project, many of whom
have now retired. It was a pleasure to see so many of them and to have W. Beusch presenting some
personal memories of what it was like to work at OMEGA over so many years of research. For the
benefit of the technicians long associated with the project and who should not be forgotten when
reviewing the successes, to which they contributed so much hard work and enthusiasm, he spoke
in French. His address forms Section 4.

As previously stated, the last 10 years of research have been particularly active, with a
change of style linked to the appearance of significantly larger collaborations. Two main areas of
research, namely the glueball search and the heavy-ion programme, were the subject of special
reviews, brilliantly given by two young researchers. This was meant to emphasize also another
success of OMEGA, namely that it had been a great training ground for physicists who are
turning with success to other areas of particle physics. The review of A. Kirk, with its emphasis on
glueball search, forms Section 5. That of F. Antinori, with emphasis on strangeness-production
studies in heavy-ion collisions, forms Section 6.

The symposium was chaired by L. Foa, Director of Research. It started with a tribute to
J.C. Lassalle, who had died in late November. J.C. Lasalle developed event-reconstruction and
pattern-recognition methods at CERN and implemented them on a long series of OMEGA
experiments. He contributed much in making information tools such as ROMEO (1975),
TRIDENT, ZBOOK, GEANT (1982) and ORION (1992) available to researchers.
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Fig. 1.1: The OMEGA magnet, the masterpiece of Mario Morpurgo.

Fig. 1.2: .Setting up the magnet.

Fig. 1.3: Installing the coils.



Fig. 1.4: Installing a chamber inside the magnet.

Fig. 1.5: OMEGA as it was in its first phase of exploitation.



2 EXPERIMENTS AT THE OMEGA SPECTROMETER

The list of experiments is arranged as follows: experiment number, date of approval, date of
completion (in brackets), purpose of the experiment, and on a separate line the collaborating
institutions.

2.1 The first 5 years (up to 1976): OMEGA at the PS

Over the first 5 years, the OMEGA was mainly used as a 'triggered bubble chamber' for the
study of hadronic interactions (with emphasis on small cross-section topical processes), of hadron
spectroscopy and of production processes. This is much in line with what was initially planned in
1968-1970.

1. S 112-71 (1974) Non-strange meson spectroscopy (1.5-2 GeV)
Birmingham, RHEL, Tel Aviv, Westfield.

2. S 113-71 (1973) Non-strange boson spectroscopy (1.5-2 GeV) with TOF trigger
CERN, Bari, Bonn, Daresbury, Liverpool, Milan.

3. S I 14-71 (1974) Baryon exchange in forward A production
CERN, ETH, Karlsruhe, Freiburg, Saclay.

4. S I 15-71 (1974) Strange baryon-antibaryon pair production
Glasgow, Saclay.

5. S 116-71 (1974) Non-diffractive K* production
CERN, ETH.

6. S I 17-71 (1974) Baryon exchange in quasi two-body reactions
CERN, College de France, Ecole Polytechnique, Orsay.

7. S 133-73 (1974) Kit scattering length
CERN, Haifa, Saclay.

8. S 138-74 (1974 for test) K+p at 14 GeV did not run
Birmingham, Glasgow.

9. S 139-74 (1974) Rare decays of mesons. Inclusive production
Bari, CERN, Daresbury, Glasgow, Liverpool, Milan, Purdue, Vienna.

10. S 145-75 (1975) Search for exotic hadrons
CERN, College de France, Paris, Ecole Polytechnique, Orsay.

11. S 146-75 (1975) Charm search. Test of Zweig rules
CERN OMEGA group.

12. S 148-75 (1975) Study of the KTOT system
CERN, ETH, Aachen, Haifa.

2.2 The next 10 years (1976-86): OMEGA at the SPS; OMEGA'

The study of standard hadronic interactions started to decline, giving way to
photoproduction, charm production and more generally QCD-motivated studies. Many research
groups were clearly faithful to OMEGA, appearing on successive proposals.



13. WA 4-74 (1978) Photoproduction of hadrons
Bonn, CERN, Ecole Polytechnique, Glasgow, Lancaster, Manchester, LAL Orsay, Paris-6,
RAL, Sheffield.

14. WA 8-75 (1977) Meson production in K+p and KTp reactions
Birmingham.

15. WA 12-76 (1977) Beam dump
Birmingham, CERN, Ecole Polytechnique, Munich MPI, Neuchatel.

16. WA 13-76 (1978) p-p at large pt

CERN, Neuchatel, College de France.
17. WA 29-76 (1977) p annihilation at 20 GeV

Liverpool.
18. WA 34-77 (1977) Charm photoproduction

Bologna, CERN, Florence, Genoa, Paris-6, Santander, Valencia.
19. WA 37-76 (1977) Search for charmed particle in p-p collisions

Aachen, CERN, Glasgow, Liverpool.
20. WA 39-77 (1978) Dimuon production

Birmingham, CERN, Ecole Polytechnique.
21. WA 40-77 (1977) Search for narrow resonances in N-N channel

Aachen, Bari, Bonn, CERN, Glasgow, Liverpool, Milan.
22. WA 45-77 (1978) Charm production (with emulsion)

Bologna, CERN, Frascati, Rome.
23. WA 48-78 (1978) Baryonium states in K-p interactions

Glasgow, Birmingham, CERN.

24. WA 49-78 (1979) Baryon exchange in p-p interactions
CERN, Liverpool.

25. WA 55-78 (1979) K-p elastic scattering at 12 GeV
CERN, Neuchatel, College de France.

26. WA 56-78 (1980) N-N states produced through baryon exchange
CERN, Neuchatel, Ecole Polytechnique, College de France.

27. WA 57-79 (1979) High-mass vector mesons
Bonn, CERN, Glasgow, Lancaster, Manchester, Paris-6, RAL, Sheffield.

28. WA 58-79 (1980) Photoproduction of charmed particles (emulsion)
Bologna, CERN, Florence, Genoa, Lebedev, Paris-6, Santander, Valencia.

29. WA 60-79 (1979) Baryonium and Strangeonium production
Bari, Birmingham, CERN, Milan, Paris-6, Pavia.

30. WA 63-80 (1980) Inclusive B-B production
CERN, Saclay.

31. WA 67-80 (1981) Particle search with K+K+KTT in the final state
CERN, Glasgow, Liverpool.

32. WA 69-81(1986) High-energy photoproduction (70-200 GeV)
Bonn, CERN, Erevan, Lancaster, Manchester, RAL, Sheffield.

33. WA 70-81 (1986) Direct photons in hadron collisions
Geneva, Glasgow, Liverpool, Milan, Neuchatel.



34. WA 71-81 (1984) Beauty search
CERN, Genoa, Milan, Lebedev, Paris-6 and -7, Rome, Santander, Valencia.

35. WA 72-81 (1982) Fast protons in 7i-nucleus interactions
CERN, Lisbon, Neuchatel, Paris-6, Warsaw.

36. WA 74-82 (1982) p-p glory scattering
CERN, Lisbon, Neuchatel, Paris-6.

37. WA 76-82 (1986) Inclusive central meson production
Athens, Bari, Birmingham, CERN, College de France, Paris-6.

38. WA 77-82 (1987) Glueball search at high pt

Athens, Bari, Birmingham, CERN, College de France, Paris-6.

2.3 The last 10 years (1986-96)

The study of charm production yielded to that of beauty production, and glueball searches
intensified. A strong heavy-ion programme focusing on strangeness production developed. In the
latter cases collaborations became rather large.

39. WA 82-86 (1989) Charm hadroproduction (impact parameter trigger)
Bologna, CERN, Genoa, Milan, Mons, Lebedev.

40. WA 83-86 (1986) Soft photon production
Athens, Bombay, CERN, Lancaster.

41. WA 84-87 (1991) Production and decay of beauty particles
Brussels, CERN, Imperial College, Pisa, Rome, RAL, Southampton.

42. WA 85-87 (1991) High pt production in nucleus-nucleus collisions
Athens, Bari, Bergen, Birmingham, CERN, Genoa, Madrid, College de France, Trieste.

43. WA 89-88 (1992) Hyperon beam experiment
Bristol, CERN, Genoa, Grenoble, Heidelberg, MPI, Mainz, Lebedev, Rutgers.

44. WA 91-90 (1994) Glueball search
Annecy, Athens, Bari, Belgium IISN, Bergen, Birmingham, CERN, Dubna, KEK, Oslo,
College de France, Serpukhov.

45. WA 92-90 (1993) Beauty production and lifetimes
Bologna, CERN, Dubna, Genoa, Imperial College, Lebedev, Pisa, Rome-I and II,
Southampton.

46. WA 94-91 (1993) Baryon and antibaryon production in S-S collisions
Athens, Bari, Bergen, Birmingham, CERN, Kosice, Legnaro, Madrid, Padova, College de
France, Sepukhov, Strasbourg, Trieste.

47. WA 97-91 (1996) Baryon and antibaryon production in Pb-Pb interactions
Athens, Bari, Bergen, Birmingham, CERN, Genoa, Kosice, Legnaro, Oslo, Padova, College
de France, Prague, Rome, Salerno, Serpukhov, Strasbourg.

48. WA 102-94 (1996) Glueball search
Annecy, Athens, Belgium IISN, Birmingham, CERN, Dubna, Los Alamos, Manchester,
Serpukhov, KEK.

We would like to thank Giuseppe Fidecaro for his great help in the preparation of this
survey of the OMEGA experimental programme.



3 TWENTY-FIVE YEARS OF PHYSICS AT OMEGA

A. Donnachie
Department of Physics and Astronomy, University of Manchester, Manchester Ml3 9PL,
UK

3.1 Introduction

The OMEGA story is one of success — twenty-five years of success.

The initial concept was for an 'electronic bubble chamber' — a large magnetic volume
filled with spark chambers, and with the capability of taking a variety of triggers.

OMEGA remained in this form for some seven years, after which it was upgraded to
OMEGA', equipped with multi-wire proportional chambers. It has proved to be a facility of
remarkable versatility. It has accommodated pion, kaon, proton, antiproton, photon, hyperon and
heavy-ion beams. It has been equipped at different times with three Cherenkovs and three large
photon detectors, and has utilized an incredible range of triggers. The energy range covered has
gone from 6 GeV at the PS to the highest SPS energy possible: 450 GeV.

The first five years of OMEGA were at the PS, the next twenty at the SPS. The scientific
programme divides rather neatly into three parts: the first five years at the PS and then two periods
of about ten years each at the SPS.

For the first five years at the PS, i.e. up to 1976, the physics was that of hadronic
interactions, with the emphasis on small cross-section processes of topical interest, to study
hadron spectroscopy (primarily meson spectroscopy) and production processes (primarily Regge
exchange, both meson and baryon). After the move of OMEGA to the SPS, the next ten years
(1976-86) saw interest move away from the study of standard hadronic interactions towards
photoproduction, charm production, and more generally QCD-motivated studies, although meson
spectroscopy remained an important feature. OMEGA was converted to OMEGA' in 1979. In the
last ten years of OMEGA at the SPS (1986-96), the study of beauty production took over from
that of charm. Meson spectroscopy was concentrated on glueball searches in central production
(double pomeron exchange). A strong heavy-ion programme developed, focusing on strangeness
and baryon-antibaryon production. Altogether forty-nine proposals were approved for OMEGA:
they are listed in Section 2. This number makes it quite impossible for me to do justice to them all,
so I have had to be very selective with those I mention specifically. I hope that my choice of
experiments gives some indication of the range and variety of the OMEGA programme, and of its
r61e in advancing our understanding of particle physics.

3.2 OMEGA at the PS: the first five years (1971-76)

Twelve experiments were approved for OMEGA during this period, which (with two
exceptions: S133 nn scattering length, and S146 charm search) were concerned with light-quark
meson spectroscopy or Regge exchange or both. I have selected two of these for specific mention



which are very typical of the Regge-exchange and meson-spectroscopy experiments of the time.
S112 was the first experiment approved and S139 is a good example of an experiment making full
use of OMEGA and its multiparticle capability.

S112
ID. Dowell et al., Nucl. Phys. B108 (1976) 30

CO production in K~ p —> n+K~n°n at 8 and 12 GeV/c

The neutron was used as the trigger and the 7C° determined by missing mass. The prime
interest was Regge exchange and the experiment covered the momentum-transfer range
0.02 < -t < 0.8 GeV2. The intercept and slope of both the natural parity exchange (p trajectory)
and unnatural parity exchange (b trajectory) were obtained using the co density matrix elements as
the analyser. The results

ocN(f) = (0.33 ± 0.09) + (0.99 ± 0.26)t

a u ( r ) = (-0.06 ±0.13) + (0.91 ± 0.39);

contributed to the conclusion of exchange-degeneracy in the meson sector.

MJ. Corden et al., Nucl. Phys. B137 (1978) 221, Nucl. Phys. B157 (1979) 250

Amplitude analysis of TCTC scattering from 7t~p —> (7t+7t~)n

The analysis was based on the technique of extrapolating to the pion pole to give the cross-
section for 7i+7U~-> K+ri~. The nn mass ranges covered were 0.8 to 2.2 GeV in the first paper and
1.0 to 2.0 GeV in the second. The latter analysis improved on previous solutions, e.g. by not
violating unitarity and by being compatible with data in other channels. Among the states they
found are those we now know as/2(1270), p(1450), /2'(1525) and p3(1690), plus one which is not
readily identifiable in the Particle Data Tables, with mass 1.935 ± 0.013 GeV and / = 4+.

S139
C. Evangelista et al., Nucl. Phys. B178 (1981) 197

A study of the reaction 7t~p —> X~p

Here X~ = K'TI0, n+n~n~, n+n~%~%°, Tz+n+n~n~ii~, K+K+TCTCTC%° . The n° was obtained by

missing mass. This experiment is an excellent early example of the multiparticle capability of
OMEGA. Both Regge-exchange and meson spectroscopy were studied. Results included the
following.
7t~7t°: production of p~ dominated by natural parity exchange (the (0 trajectory), and confirmation
that Jp = 3~ for the p3(1690).
%+n~K~: the a2(1320) (in the prc mode) and the 7t2(1670) (in the/V~ mode) were observed and
their production found to be dominated by natural parity exchange. The lower mass region was
dominated by p;c in \+S0+, which was probably the a!(1260), but suppressed by the trigger.
n~K~n°: the ^(1235) (in the a>7t mode) and the p3(1690) (in the GOT, p~p°, a°27ir and a~2n

Q

modes) were both observed.
X°: the TV(958) and the t|(1295) were both observed in the r|7C+nr mode.

10



3.3 OMEGA at the SPS: the next ten years (1976-86)

Twenty-six experiments were approved for OMEGA during this period, many of which
were still concerned with spectroscopic studies. However, there was a distinct move to the study
of charm production and perturbative QCD. From these I have selected nine, which form four
distinct groups.

- 7/\|/ production: WA12 and WA39.
- Charm photoproduction: WA34, WA45 and WA58.
- Photoproduction: WA4, WA57 and WA69.
- Prompt photons: WA70.

This period also saw the first experiment on central meson production, WA76, which
became an important feature of meson-spectroscopy studies on OMEGA.

WA12, WA39
M.J. Corden et al., Phys. Lett. 68B (1977) 96

Experimental comparison of J/\\r production by ft1, Kr, p* beams at 39.5 GeV/c.

WAI2 was a beam-dump experiment, WA39 used a hydrogen target. Conventional wisdom
is that 7/v|/ production is by gluon-gluon fusion, either to a %c state which decays radiatively to
7A|/ or more directly to 7A|/+gluon. The interest in this experiment, quite apart from being one of
the earliest JlMf experiments at CERN, was that the p-data showed quite conclusively that there is
an important OZI-violating component. The ratio a(p)/a(p) = 0.15 ± 0.08 requires that in
production the Jl\]f couples to the valence quarks of the nucleon. It is necessary to go to a
kinematical region where the gluon density is large compared to the quark density before gluon
fusion becomes the dominant mechanism. In the WAI2 experiment, the peak cross-section was
centred around xp = 0.36, i.e. close to the maximum of the valence-quark structure function of the
proton.

WA34, WA45, WA58
M.I. Adamovich et al., Phys. Lett. 89B (1980) 427

Observation of a charmed neutral meson produced in a high energy photon interaction

M.I. Adamovich et al., Phys. Lett. 99B (1981) 271
Observation of pairs of charmed particles produced by high-energy photons centreline in nuclear

emulsions

M.I. Adamovich et al., Phys. Lett. MOB (1984) 119
Charged charmed-particle lifetime

The technique used was one which had been pioneered in neutrino beams, namely to
observe the charmed particle decay in an emulsion by using external measurement of the decay
products to track back close to the decay point. In the case of the photon beam, OMEGA provided
the means to measure the external tracks. Experiment WA34 observed the production and decay
of a bar D°, which was the first observation and complete measurement in a photon beam. WA45
found six events showing pairs of charmed particles, one of which was associated A+

c D°
production. Finally, WA58 found fourteen events with two charm particles, at least one of which

11



was charged, and three events with a single charged charm particle. This was sufficient to give
measurements of xD± and TA+C. Micrographs of the decays are depicted in Fig. 3.1.
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Fig. 3.1: Micrographs of (a) A+
c D° photoproduction and (b) D~ D° photoproduction in emulsion from WA45.

WA4, WA57, WA69
R.J. Apsimon et al., Z. Phys. C43 (1989) 63

Inclusive photoproduction of single charged particles at high pT

R.J. Apsimon et al., Z. Phys. C46 (1990) 35
Study of the point-like interaction of the photon using energy flows centreline in photo- and

hadro-production

R.J. Apsimon et al., Z. Phys. C50 (1991) 179
Separation of minimum and higher twist in photoproduction of high-pT mesons

These three photoproduction experiments produced a multiplicity of papers. WA4
concentrated on charm production and light-quark vector-meson physics. WA57 was aimed
primarily at vector-meson spectroscopy. WA69 studied high-px processes in photon and hadron
interactions, and by comparing these was able to extract the point-like interaction of the real
photon and confront predictions of perturbative QCD. Vector-meson dominance implies that the
photon is hadron-like, and this can be simulated by the appropriate combination of pion and kaon
data. However, it has in addition a point-like interaction and because of this photons should have a
harder pj single-particle distribution than pions or kaons, and a double-peaked energy flow in the
forward direction. (At sufficiently high energy, e.g. at HERA, this resolves into two jets.) The
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hadron-like component of the photon dominates at low pj, and for p T < 1 GeV the ratio of photon
data to pion/kaon data is flat over a wide range of xF. This allows a 'vector dominance factor' to
be determined and a precise comparison of the meson and photon data to be made. Figure 3.2
shows the pj distributions, the ratio of photon to meson renormalized data, and the difference
between the renormalized data and second-order QCD. Figure 3.3 shows the energy flow
distributions for the photon-induced and renormalized hadron-induced events, and the subtracted
energy-flow data compared to QCD Monte Carlo predictions. WA69 had the distinction of being
the first experiment to make significant use of a Ring Image Cherenkov.
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Fig. 3.2: a) Single particle inclusive cross-sections from WA69 as a function of pT integrated over xF from 0.0 to
1.0. The full circles correspond to photon-beam data and the open circles to the scaled meson-beam data,
b) The ratio of the cross-sections for the photon data to the scaled hadron data as a function of pi
integrated over xF from 0.0 to 0.7. c) The subtracted pr distributions integrated over jcFfrom 0.0 to 0.7,
for pT = 1.6 GeV. The superimposed curves are the result of second order QCD calculations and the
triangular points indicate a QCD Monte Carlo prediction (LUCIFER).
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Fig. 3.3: a) The energy flow distributions from WA69 for photon-beam (black squares) and scaled meson-beam
(open circles) data, for increasing values of £ pjm. b) Subtracted energy flow data compared with a QCD
Monte Carlo prediction (LUCIFER).

WA70
M. Bonesini et al., Z. Phys. C38 (1988) 371

Production of high transverse-momentum photons and neutral pions
in proton-proton interactions at 280 GeV/c

M. Bonesini et al., Z. Phys. C37 (1988) 535

High transverse-momentum prompt-photon production by K~ and 7i+ on protons at 280 GeV/c

E. Bonvin et al., Z. Phys. C41 (1989) 591

Double prompt-photon production at high transverse momentum in n~ on protons at 280 GeV/c

These three publications represent the other major part of the OMEGA QCD physics, and
are complementary to WA69. In the first publication a quantitative comparison was made of the
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prompt-Y cross-section in p-p collisions with second-order QCD and gave good agreement within
systematic errors for pT > 4.25 GeV if a soft gluon structure function was used. At the time of the
experiment, little was known about the details of the gluon structure function and this represented
a significant clarification. The second paper made the same comparison for incident 7C+ and 7t~
beams, and confirmed the soft nature of the gluon structure function of the proton. The pion
structure functions were taken from Drell-Yan (for the quark structure function) and /A|/
production (for the gluon structure function). The comparisons are shown in Figs. 3.4-3.7. The
third publication presented clear evidence for double prompt-photon events with a 6-a signal for
pT > 3.0 GeV. The cross-section was consistent with second-order QCD. Comparing n~ p -» YYX

with n~ p -» Y x allows a determination of as. The value found is in good agreement with the
latest PDG values, as is demonstrated in Fig. 3.8. An interesting feature of this experiment was the
use of a lead liquid-scintillator electromagnetic detector for the photon detection: another first for
OMEGA.

^ 10 r

4.0 • 5 3.0 3 5 t.0 (S
_P, (CV/c)

3 SU 15 6 0
Pr (CcV/c)

Fig. 3.4: a-d) Invariant cross-sections from WA70 for pp - » 7 X for -0.35 <xF< -0.15, -0.15 <xF< 0.15, 0.15 <
xF < 0.45 and -0.35 <xF< 0.45 respectively. The curves are the predictions of perturbative QCD for a
soft gluon structure function (solid line) and a hard gluon structure function (dashed line).

3.4 OMEGA at the SPS: the last ten years (1986-96)

Ten experiments were approved for OMEGA in this final phase. Two physics programmes
are the subject of separate contributions, so I will simply mention them here. The first is a search
for glueballs in central meson production: WA91 and WA102. Central production is expected to
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be gluon rich as at high energy it is dominated by pomeron-pomeron interactions, and the
pomerons are believed to have primarily a gluon content. Current data do appear to indicate
evidence for glueballs. The other topic is that of relativistic heavy-ion collisions with the
emphasis on strange production: WA85, WA94 and WA97. The data show changes in strange-
production ratios compatible with the existence of a quark-gluon plasma, in support of evidence
in other reactions.

c)

Fig. 3.5: a-c) Invariant cross-sections from WA70 for pp -» y X for 4.0 <pj< 4.5 , 4.5 < pT < 5.0 and 5.0 <p-\<
6.0 GeV respectively. The curves are as in Fig. 3.4.
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Fig. 3.6: a, b) Invariant cross-sections from WA70 for if p -» y X and TC+ p -> y X for the three ranges -0.45 < xF

< -0.15, -0.15 <xF< 0.15 and 0.15 < xF< 0.45. The curves are as in Fig. 3.4.
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Of the remaining five experiments, four were concerned with charm and/or beauty
production: WA82, WA84, WA89 and WA92. Data samples are by now sufficiently large to
enable rare decay modes to be studied with some precision.

WA82
M. Adamovich et a l , Phys. Lett. B280 (1992) 163

Measurement of the relative branching fractions of D centreline Cabibbo-suppressed decays

The D° sample was produced with a 340 GeV n~ beam, with two-prong and four-prong
decays. The dominant decays seen are of course the Cabibbo-allowed D° —> K~n+ (1075 events,
of which 441 had RICH identification of the K~) and D° -» K~n~n+n+. The Cabibbo-suppressed
channels observed were K~ K+, n~n+ and TZ~K~TZ+K+. The results are:

B(D° -» KT K+)/B(D° -> K~7i+) 0.107 ± 0.029 ± 0.015

B(D°
B(D°

K"7C+) 0.048 + 0.013 ± 0.008

-TCn+n+) 0.115 + 0.023 ± 0.016

Invariant-mass distributions are shown in Figs. 3.9 and 3.10. From these results, the ratio
B(D° -> K+ K-)/B(D° -> TtV) is 2.23 ±0.81 ± 0.46. If SU(3) flavour symmetry is not broken,
then one expects this ratio to be 0.86, and estimates of symmetry-breaking effects increase this
only to the range 1.0 to 1.4. This disagreement is part of the 'charm decay puzzle' for which many
solutions have been proposed.

no RICH

«(K) > 1 0

:o JWLS^'Si?d^>Ju^^
1.8 19

C«V/c'

Fig. 3.9: K~n+ invariant-mass distributions from WA82 (a) without RICH identification and (b) with RICH
identification for xK > 1.0.
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Fig. 3.10: (a) K~Jt"7t+7i+ invariant-mass distribution and (b) n n n+n+ invariant-mass distribution from WA82. The

latter distribution shows the reflection of the former.

WA84
M. Adamovich et al., Phys. Lett. B305 (1993) 177
Measurement of the relative branching fraction for

D+ -> K~K+K+ and D+
s -> n~n+n+ decays

These decays cannot be described by simple spectator diagrams, but must involve
annihilation sub-processes or final-state rescattering. Furthermore the D+ -> K~K+K+ mode is
doubly Cabibbo-suppressed. The 'standard' decay channels used for comparison were KTK+K+

(939 events) and <jm+ (46 events). The results are:

B(D+
S -> 7C"7C+7C+)/B(D+

5 -> <!>7t+) 0.33 ± 0.10 ± 0.04

B(D+ -> KTK+K+)/B(D+ -» KT7l+7l+) 0.057 ± 0.020 ± 0.007

B(D+ -> KTK+K+)/B(D* -> $K+) 0.49 ± 0.23 ± 0.06

Invariant-mass distributions for these decays are shown in Figs. 3.11 and 3.12.

WA92 (BEATRICE)
M. Adamovich et al., Phys. Lett. B353 (1995) 563

Search for the decay D° -> (J,+JX~

This decay is of interest because flavour-changing neutral currents are forbidden at tree
level in the Standard Model. At the one-loop level the branching fraction is extremely — indeed
too small to be measured — but physics beyond the Standard Model may increase the rate to a
value within the capability of future experiments. No candidate compatible with D° -> \i+\T was
found, setting a new upper limit on B(D° -* (j,+n~) of 7.6 x 10"6 at the 90% confidence level.
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Fig. 3.11:7i 7t+7t+ invariant-mass distribution from WA82 with cuts on proper lifetimes as indicated.
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Fig. 3.12: <t>7t+ invariant-mass distribution from WA82 (a) without RICH identification and (b) with RICH
identification for xK >0.5.

A by-product of the experiment was excellent data on D°(D°) -» K TC* (1406 events). The
signal is shown in Fig. 3.13a and the cross-section for D°(D°), compared with other
measurements, is shown in Fig. 3.13b.
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Fig. 3.13: (a) Kn invariant-mass distribution from WA92. As the K is not identified but rather hypothesized, the
peak from the D°(D°) -> K re* is superimposed on the physical and combinatorial background, (b) The
inclusive D° (D°) cross-section.

WA89
M.I. Adamovich et al., Phys. Lett. B358 (1995) 151

Measurement of the Q.^ lifetime

This experiment made use of the hyperon beam facility at OMEGA, specifically a
340 GeV IT beam. Three independent samples from two different decay modes were used, giving
clean signals for Q.^ decaying into S~K~7C+7t+ and CTK+n~n+ avoiding topological cuts. The
lifetime x = 55*Ji (stat) ^3 (syst) fs makes Q.c the shortest-living weakly decaying particle
observed so far, and confirms the predicted pattern of charmed baryon lifetimes. Invariant-mass
distributions are shown in Figs. 3.14 and 3.15.
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Fig. 3.14: A, a and Q mass distributions of reconstructed strange particles from WA89.
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Fig. 3.15: WA89 mass distributions for the final states: (a) CTn~n+n+, (b) H~ K~7t"V" from carbon, (c) E~ K~7i+jc+

from all targets with a positively RICH identified kaon.

3.5 End-piece

I hope that this small selection of experiments gives some indication of the range and
variety of the OMEGA programme. As I said at the beginning, the story is one of success and the
results I have quoted are ample justification of this.

In preparing this historical survey I was reminded vividly of my many friends in the
OMEGA community, friends with whom I ran shift, or discussed physics or both. The existence
of a well-defined and coherent physics community on OMEGA is one of the reasons for its
success. Equally there is OMEGA itself which has proved to be a powerful and flexible facility,
and the committed, dedicated and superbly capable in-house team without whom none of this
would have been possible.
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4 QUELQUES SOUVENIRS D'OMEGA

W. Beusch

Ma contribution sera très différente des trois autres : sans rigueur scientifique mais
strictement personnelle, ne parlant pas de physique mais de personnes et de détecteurs — et en
français pour être compréhensible aux non-physiciens. Elle sera d'un choix assez arbitraire
puisque basée sur le matériel que j 'ai trouvé chez moi à Satigny; mon bureau au CERN est vide
depuis un bon moment.

Je pourrais commencer avec les anciens Grecs qui ont appelé OMEGA la dernière lettre de
leur alphabet, mais ce n'est pas le vrai début de notre appareil. On a peut-être oublié que ce nom a
été proposé par le regretté Professeur Preiswerk. C'était le sigle de quelque chose comme
"Optimal Magnetic Electronic General Apparatus".

L'histoire d'OMEGA commence à mon avis avec un précurseur : la chambre Wilson. (Cette
chambre existe encore en forme d'aquarium dans le bâtiment central). Dans le personnel qui a
travaillé et à la chambre Wilson et à OMEGA on trouve (en ordre alphabétique) : W. Beusch,
G. Chil, A. Dalluge, G. Marinoni, A. Michelini, M. Morpurgo, R. Pégaitaz et A. Sigrist.
Mario Morpurgo avait construit un excellent aimant, ouvert pour la photographie et d'un champ
assez uniforme. Sur la figure 4.1 on peut voir cette installation. Cette chambre a pris une photo

Fig. 4.1: Vue de l'ensemble chambre Wilson. On distingue la fenêtre de sortie de la chambre au centre, les bobines
de l'aimant couvertes par des tôles et une multitude de tuyaux. Le système était commandé par une
électronique utilisant des tubes et remplissant bon nombre de châssis sur la plate-forme.
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toutes les quatre minutes. Le contenu d'une photo était très riche et a donné beaucoup de travail
aux physiciens et aux "scanning girls". La figure 4.2 représente un tel événement. Leur analyse
occupait les premiers ordinateurs du CERN.

Fig. 4.2: Photo en positif d'un événement pris dans la chambre Wilson. Le point de désintégration d'un kaon
neutre se trouve en bas à proximité de la marque fiduciaire. Les cercles et spirales sont produites par des
électrons sortant de la vitre supérieure qui était légèrement radioactive par son contenu en potassium.

Selon l'opinion générale, cette chambre n'avait aucun avenir. C'est pourquoi des chambres
à étincelles ont remplacé en 1963 le corps de la chambre Wilson. Avec cela nous avions le
meilleur spectromètre magnétique du monde, utilisé par ce qui était alors le premier groupe
utilisateur du CERN et connu sous le nom de CERN-ETH (l'Impérial College London y avait
aussi une participation importante). Par certains critères cet instrument battait les chambres à
bulles grâce à des ordres de grandeur en nombre d'événements. Ces événements étaient
photographiés et les films mesurés par les appareils automatiques (par exemple le HPD). Un
exemple d'événement est visible dans la figure 4.3. En 1965 la reconnaissance des traces était
automatisé par P. Zanella, le regretté Jean-Claude Lassalle et d'autres, une première qui, à ma
connaissance, n'a jamais eu lieu pour les "bullistes". Vers la fin des années 60 quelques efforts
étaient entrepris pour se libérer du film, sans succès.
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Fig. 4.3: Événement avec désintégration de deux kaons neutres observé dans le spectromètre CERN-ETH en
1965. Deux vues en stéréo.

Vers la fin des années 60, le CERN avait des moyens pour entreprendre un "improvement
programme" : ISR, BEBC et OMEGA. Notez qu'OMEGA est le seul survivant. La motivation
pour OMEGA consistait à construire un grand spectromètre pour la nouvelle zone alimenté en
faisceaux du PS, dans le Hall West. La proposition finale date du 1er mai 1968. Le groupe de
travail était composé de W.F. Baker, W. Beusch, G. Brautti, G. Cocconi, B. French,
O. Gildemeister, A. Michelini, M. Morpurgo, B. Nellen, G. Petrucci, P. Preiswerk, E. Quercigh,
C. Rubbia, K. Tittel et P. Zanella. Mario Morpurgo s'est immédiatement mis au travail sur
l'aimant supraconducteur, une entreprise qui demandait un grand courage à l'époque et qui a
merveilleusement réussi. Aldo Michelini était, ce qu'on appelle aujourd'hui, le spokesman et
Otto Gildemeister, le coordinateur technique. Il y avait une grande organisation autour de cette
entreprise que j'estime à plus de 50 personnes. Moi-même, j'étais un utilisateur à cette époque et
je me rappelle bien de l'organisation : un service d'électronique, un grand nombre
d'informaticiens, un service aimant 24 heures sur 24, beaucoup de meetings dirigés par un
coordinateur, et tout cela m'a beaucoup impressionné. Sur la longue ligne de faisceau, depuis le
PS, on songeait aussi à installer un séparateur à cavités supraconductrices et H. Lengeler
travaillait patiemment sur ces problèmes dont la solution est à la base des cavités du LEP. La
figure 4.4 montre le complexe OMEGA avec l'aimant, le chariot des chambres à étincelles et le
"dôme" contenant l'optique pour la prise de vues.
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Fig. 4.4: L'installation OMEGA vers la fin du montage (août 1972). A droite de l'aimant le chariot des chambres
à étincelles, sur l'aimant la cabane à toit rond abritant le système optique; la cabane était communément
appelé "chez Alfred".

Cette période, avec les faisceaux du PS, était surtout consacrée à la spectroscopie des
mésons. Si elle n'a pas conduit à des découvertes, la physique était solide et beaucoup de
personnes y ont appris leur métier grâce à ce travail. Deux exemples de traces enregistrés sont
montrés dans les figures 4.5 et 4.6. Comme le nouveau SPS devait envoyer les premiers faisceaux
dans le Hall Ouest, les utilisateurs d'OMEGA réfléchissaient aux améliorations à apporter. Une
des possibilités consistait à remplir le volume de l'aimant par des chambres à "drift". Le drift,
c'est-à-dire la migration des électrons dans le gaz, était perturbée par le champ magnétique et ces
phénomènes étaient soigneusement étudiés sur ordinateur. Comme la reconnaissance de traces ne
concordait déjà pas avec des événements Monte Carlo, cette idée à été abandonnée et réduite à
deux chambres à drift (bras de levier) derrière l'aimant. En 1976 les chambres à fils étaient
considérées comme trop chères et trop inexactes. C'est ainsi que la nouvelle période avec le SPS
démarrait avec des chambres à étincelles et les chambres de bras de levier qui assuraient avec
précision la mesure d'énergie.

En 1977 le projet "OMEGA"' était approuvé. Le développement de chambres à fils "sans
câbles", disposées sur une plate-forme de précision est à la base de la flexibilité qui caractérise ce
spectromètre. La figure 4.7 est une esquisse de ce système. Jean Claude Lassalle s'occupait des
programmes de reconnaissance de traces. Malgré un nombre de points mesurés bien inférieurs à
ceux des chambres à étincelles, on avait une bonne performance avec ce système à géométrie
simple. Pour le début de cet instrument un nouvel enthousiasme s'était répandu parmi les
physiciens : dans les expériences de spectroscopie on a découvert le baryonium ! Le baryonium
devait pourtant disparaître avec les expériences qui devraient le confirmer...
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Fig. 4.5: Un evenement pris par le systeme OMEGA avec chambres a etincelles laterales et vers l'avant ainsi que

des hodoscopes devant et derriere le compteur Cherenkov.

Fig. 4.6: Un eve"nement similaire a celui de la figure 4.5 mais insolite et inexplique". Le lecteur est invite" a trouver
une interpretation de ces deux vues stereo. La figure vient de la collection de P. Sonderegger.
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Fig. 4.7: Vue "d'artiste" d'une partie de la construction d'une chambre à deux plans de fils avec l'électronique ne
dépassant pas l'épaisseur de la chambre. Seuls un câble de puissance et un petit câble multifils relient une
chambre à l'extérieur. Sans multiplexage, quelques milliers de fils seraient nécessaires.

Vers 1982 l'intérêt pour ces expériences à énergie limitée diminue sensiblement. Pour
avoir l'énergie maximale du S PS, OMEGA (15 000 tonnes) déménage au milieu du Hall 180. On
construit de nouvelles baraques pour de nouveaux groupes d'utilisateurs et leur équipement. Cette
phase s'est très bien passée avec la division SB de l'époque ! Quatre expériences étaient prévues
pour le début de cette nouvelle installation et le programme prévoyait un temps de "set-up" pour
chacune d'entre elles. Comme chaque groupe, avec son esprit de compétition, voulait être le
premier, on se bagarrait pas mal pour une place au soleil. Aussi, plusieurs nouveaux détecteurs :
RICH, calorimètre à photons, chambres en papillon, ainsi qu'une nouvelle électronique étaient à
mettre en place. Ceci donnait beaucoup de soucis à l'équipe OMEGA et aux utilisateurs, mais
finalement tout le monde était content de ses résultats.

Cet épisode de "collaboration" me rappelle un aspect important pour le fonctionnement
d'OMEGA : si un groupe utilisateur avait construit un détecteur d'utilité générale, il le rendait
disponible aux autres groupes. C'est ainsi que les expériences devenaient de plus en plus
complexes en utilisant les nouveaux développements comme le RICH (un détecteur qui identifie
les particules dans un grand domaine), les détecteurs en microstrips (en silicium) et autres
spécialités. La figure 4.8 montre un événement du RICH original et 4.9 celui du RICH amélioré
par WA89 et une équipe CERN. Une plus grande complexité a été atteint avec WA89,
l'expérience avec le faisceau de hypérons qui est esquissée par la figure 4.10. Cette expérience
utilisait tout ce qui était disponible à OMEGA, plus beaucoup d'autres détecteurs particuliers à
cette expérience et, naturellement le faisceau construit par P. Grafstrôm. Une de ces dernières
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annees, une equipe OMEGA deja reduite a trois personnes est arrivee a demonter cette experience
et remonter la suivante en dix jours, ce qui etait possible, entre autre, grace au devouement de
1'equipe des grutiers et a l'efficacite de 1'equipe du SPS.

Run: 1806 Date 1-DEC-1988 Burst: 1300

DAQ: 130821 Event: 3 Event/burst: 80
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Fig. 4.8: Les signaux du RICH produit lors de l'experience WA69 en 1988. Le double cercle indique la zone du
faisceau qui est rendu insensible. Les anneaux, produits par la lumiere Cherenkov consistent en peu de
points qui sont ambigus droite-gauche et, en consequence, dessines deux fois. Le traitement des signaux
bruts est du a A. Buys.

Run 7811, Event 2694299, Burst 15283, Ev. in burst 342
Mon May 24 07: 37: 00 1993 Trigger 3 14
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Les signaux du RICH produit lors de 1'experience WA89 en 1993. La detection, sans ambiguite droite-
gauche, est limitee a la zone centrale ou la focalisation est assured par de nouveaux miroirs. Le rapport
signal/bruit s'est beaucoup ame'liore". Les croix indiquent les points d'impact des particules, reconstruit
par le calcul des trajectoires.
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Fig. 4.10: Vue très schématique de l'expérience WA89. Le faisceau négatif qui contient un grand pourcentage de
particules Sigma vient de la gauche en bas. La longueur occupée par les détecteurs est de 36 mètres.

Les bonnes vieilles chambres à fils et à drift étaient toujours dans la partie situées dans le
faisceau. Nous n'avons jamais pu contribuer aux études de vieillissement des chambres à fils, les
nôtres sont encore propres comme à leur naissance en 1977, ce qui est certainement le résultat du
travail soigné de leurs constructeurs. En ce qui concerne leur efficacité et leur résolution
temporelle, elles sont toujours parfaitement adaptées aux expériences à cible fixe avec leurs grand
taux d'interactions à la distribution temporelle aléatoire. C'est seulement ces deux dernières
années qu'une expérience les a boudées en utilisant une nouveauté promis à un bel avenir : les
détecteurs à pixels.

Je n'ai pas mentionné ici le groupe de l'aimant OMEGA. Ces spécialistes n'occupent pas le
devant de la scène pour la simple raison qu'on ne les remarque guère puisque l'aimant fonctionne
toujours à la perfection. Si l'on regarde de plus près, ceci ne vient pas gratuitement, mais c'est le
fruit d'un travail qui prévoit les difficultés et qui les élimine avant qu'ils n'arrivent.

Ces dernières années on voyait de moins en moins de personnel travaillant pour OMEGA.
Les gens partaient à la retraite ou vers d'autres expériences. Pourtant, les expériences continuaient
à bien marcher et à donner des résultats toujours plus intéressants, comme les deux prochains
orateurs vont vous l'expliquer. Si j'essaie de traiter OMEGA comme un moyen de production, je
peux estimer les résultats de physique des années 1990 supérieurs d'un facteur trois à ceux du
début avec un personnel qui a diminué par un facteur cinq. La "productivité" a donc augmenté
quinze fois ! Ceci est possible grâce à la qualité du personnel qui est resté ainsi que de celui qui
est parti et qui a laissé une base solide.

Si l'on arrête OMEGA aujourd'hui, ce n'est pas parce qu'il est devenu un colosse aux pieds
d'argile ou un empire qui s'écroule à cause de sa grandeur (et de sa bureaucratie). Les raisons de
cet arrêt sont externes à OMEGA. Les personnes qui ont travaillé avec cet instrument peuvent en
être fières. A tous ceux qui sont en retraite ou qui y entrent bientôt je souhaite une retraite
heureuse. Aux plus jeunes, qui vivent probablement des temps plus difficiles que ma génération a
connus, je souhaite bon courage, du succès et de la satisfaction dans leur travail.
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5 HOW OMEGA HELPED TO ESTABLISH THE EXISTENCE OF NON-qq
MESONS

A. Kirk
School of Physics, Birmingham University, Birmingham, UK

Abstract

The non-Abelian nature of QCD suggests that particles that have a gluon constituent, such
as glueballs or hybrids, should exist. This paper describes several non-qq candidates observed by
experiments WA76, WA91 and WAI02 at the CERN OMEGA Spectrometer and discusses the
status and future prospects for this field.

5.1 An introduction to non-qq mesons

WHAT ARE NON-qq MESONS?

Early experiments at the OMEGA spectrometer investigated the quark model which
predicted that only two types of quark configurations were required to account for all strongly
interacting particles: baryons composed of three quarks (qqq) and mesons composed of a quark-
antiquark pair (qq). This description was found to be very successful in grouping the known
particles into multiplets of a given spin parity. With the advent of Quantum ChromoDynamics
(QCD) as the field theory describing strong interactions it was realised that QCD not only
describes how quarks and antiquarks interact by the exchange of gluons but also predicts that the
gluons, which are the quanta of the field, will themselves interact to form mesons. If the object
formed is composed entirely of valence gluons the meson is called a glueball; however if it is
composed of a mixture of valence quarks, antiquarks and gluons (i.e. qqg) it is called a hybrid. In
addition, qqqq states are also predicted.

The prediction of these states is a crucial feature of QCD and the proof of their existence is
one of the missing links of the Standard Model.

MASS CALCULATIONS

Several calculations have been made based on the bag model [1] in an attempt to calculate
the glueball mass spectrum, but the agreement between the different predictions is only fair.
However, most of the models converge in assigning quite low masses to these new states, some of
which should have masses in the 0.5 to 2.0 GeV region [2]. More recently predictions have been
made using lattice gauge theory [3] which show that

m(2++)/m(0++)=1.5

and

m(0++) = 1500-1750 MeV .
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The flux-tube model has been used to calculate the masses of the lowest-lying hybrid states
and recent predictions [4] are that

m{r~, (T+, 1-+, 2-+) » 1900 MeV .

Hence, these non-qq states are predicted to be in the same mass range as the normal qq
nonet members.

HOW TO LOOK FOR GLUONIC STATES

From the preceeding section it can be seen that the non-qq mesons are predicted to occur
right in the middle of the standard qq nonets and hence we need a method of identifying them.
The following have been suggested as possible ways to identify gluonic states.

- To look for 'oddballs': states with J quantum numbers not allowed for normal qq
states, for example J^c = I"1".

- However the lightest non-qq states are predicted to have the same quantum numbers as
qq states. Therefore we need to look for extra states, that is states that have quantum
numbers of already completed nonets and that have masses which are sufficiently low
that they are unlikely to be members of the radially excited nonets and hence cannot be
described as pure qq states.

- If extra states are found then, in order to isolate which is the likely non-qq state, we can
• look for states with unusual branching ratios;
• look for states preferentially produced in gluon-rich processes. These processes are

described in the following section.

WHERE TO LOOK FOR GLUONIC STATES

Figure 5.1 summarizes several dynamical configurations which have been suggested as
possible sources of gluonium and where experiments have been performed.

- Pomeron-Pomeron scattering is shown in Fig. 5.1a. The Pomeron is an object which can
be described as a multi-gluon state, and is thought to be responsible for the large cross-
sections of diffractive reactions. Consequently, Double Pomeron Exchange (DPE) is
considered to be a possible source of glueballs.

- The 7/\j/ decay is believed to be a highly glue-rich channel, either via the hadronic decay
shown in Fig. 5.1b or via the radiative decay shown in Fig. 5.1c.

- Fig. 5.Id shows proton-antiproton annihilation; the annihilation region of quarks and
antiquarks is a source of gluons where glueballs and hybrids could be produced.

- Special hadronic reactions, an example of which is shown in Fig. 5.1e where the §§
system is thought to be produced via an intermediate state containing gluons. Reactions
of this kind which have disconnected quark lines are said to be OZI violating [5].

The first reaction is the one studied by experiments WA76, WA91 and WAI02 at the
OMEGA spectrometer. In this paper the non-qq candidates observed in these experiments will be
discussed and the current status of non-qq mesons will be presented.
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a) b)

d)

Mesons

e)

Fig. 5.1: Gluon-rich channels. Dynamical configurations that have been used to study light-hadron spectroscopy in
a search for glueball states.

5.2 The OMEGA central production experiments

5.2.1 Introduction

Experiments WA76, WA91 and WA102 are designed to study exclusive final states formed
in the reaction

pp p f (X°)ps

where the subscripts f and s indicate the fastest and slowest particles in the laboratory,
respectively, and X° represents the central system that is presumed to be produced by double-
exchange processes. At high centre-of-mass energies these double-exchange processes are
believed to be dominated by DPE, where the Pomeron is thought to have a large gluonic content,
leading to the conclusion that Pomeron-Pomeron scattering could be a source of gluonic states
[6].

The experiments have been performed at incident-beam momenta of 85, 300 and
450 GeV/c, corresponding to centre-of-mass energies of -Js = 12.7, 23.8 and 28 GeV.

5.2.2 Layout of the OMEGA spectrometer

The layout of the 1994 run of WA91 is shown in Fig. 5.2. The positively charged HI beam
in the West Area was incident on a 60-cm-long hydrogen target. A set of ten 20-|im-pitch
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microstrip detectors were used to perform an accurate measurement of the incident beam's
trajectory. The outgoing fast track, which had a momentum in the range 300 to 450 GeV/c, was
measured by two sets of four microstrip detectors placed 8 and 12 m downstream from the target.
The standard OMEGA MWPCs and Drift Chambers were used to measure the medium-
momentum tracks (~ 1 to 40 GeV/c) leaving the interaction region, with particle identification
coming from two threshold Cherenkov counters Cl and C2. Photon detection was provided by the
GAMS-4000 and OLGA lead-glass calorimeters.

OMEGA LAYOUT FOR WA91 (1994 RUN)

-HH

" t
SJ.C(R)

FD

C1 C2

Ifc-

BEAM

V. Unti 21/4/1994

Fig. 5.2: Layout of the OMEGA spectrometer for WA91.

The trigger was designed to enhance double-exchange processes with respect to single-
exchange and elastic processes. Details of the trigger conditions, the data processing and event
selection have been given in previous publications [7].

5.3 Non-qq candidates

5.3.1 The E//7 (1420) observed in the K^Kn channel

The Eft (1420) has been observed in the reaction pp -» pf(KsK±7t:p)ps [8]. Figure 5.3
shows the KsK*;!:* effective mass spectrum where clear signals of the/i (1285) and E/ft (1420)
can be seen. The/j (1285) is the undisputed light-quark member of the 1++ nonet.
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A spin-parity analysis of the K J J K 1 ^ system using Zemach tensors shows that the
(1420) decays predominantly to K* (892) K and has / G = 1++. The observation of the
(1420) in the K^K^ 0 channel shows that its C-parity is positive and hence its quantum

numbers are determined to be / = 0,7PC = 1++.

Originally, the Wf\ (1420) was thought to be the ss isoscalar member of the ground-state
1++ nonet, the other members being the ax (1260) triplet, the Kj (1270) and the / ! (1285).
However, it is not seen in K~ incident experiments where ss objects should be preferentially
produced. Instead, in the reaction [9]

a state is observed with a mass of 1527 ± 5 MeV and a width of 106 ± 14 MeV, called the
DVft (1530). A partial wave analysis shows that it has J90 = 1++ and that it decays to K*K. It has
been suggested that this state is a better candidate for the ss member of the 1++ nonet; if so, then
the Eft (1420) is left as an extra state.

Further information comes from experiments studying yy collisions [10] where a state is
observed in the K s K 1 ^ mass spectrum having a mass and width consistent with the Eft (1420).
This state is only seen when one of the two y's is off mass shell and not when both are real which,
via Yangs theorem [11], indicates a spin-1 state. A spin-parity test [12] shows that it is consistent
with having 7PC = 1++.

The YY* width for the Eft (1420) meson is found to be

r = 4 ± l ± l k e V

but the YY* width has been calculated to be 0.1 keV assuming the E to be a ss state [13]. This
therefore suggests that the E/ft (1420) has a large light-quark content. However theft (1285) is
the undisputed light-quark member of the ground-state 1++ nonet, so that if the E/ft (1420) is a qq
state it would have to be a member of an excited nonet. According to the GI model [14] the
lowest-mass excited 1++ state should have a mass of 1820 MeV/c2.
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Therefore it would appear that the Eft (1420) cannot be explained as a conventional qq
state. As a 1++ state its mass is too low to be a glueball or hybrid state, and a possible explanation
is that it is a four-quark [15] or K*K molecule [16].

5.3.2 The 6/fj (1720) observed in the K+K" and K§K§ channels

The Q/fj (1720) was observed, for the first time in hadron collisions, by the WA76
experiment in the K+K~ and K5KJ3 decay modes [17]. Figure 5.4 shows the centrally produced
K+K~ mass spectrum which contains several resonance structures; in particular, the 0 (1020) and
the /2' (1525) are clearly seen. A structure can also be seen in the 1.7 GeV region, called the
(1720).

o

q
0

en
c

300 -

200 -

LJ 100 -

0
1.5

Mass (K+K~) GeV
Fig. 5.4: The K+K effective mass spectrum.

The Q/fj (1720) is also observed in the KgKg channel which shows that it must have J p c =
(even)++. However, both the Z1*0 = 0++ and 2++ nonets are full. In order to try to distinguish
between 0++ and 2++ the K+K" angular distributions have been studied in the Gottfried-Jackson
frame [17]. A fit to the f{ (1525) and the Q/fj (1720) regions using density matrix elements shows
that the two regions are dominated by D-wave [67 ± 6% for the f{ (1525) region and 80 ± 4% for
the Q/fj (1720) region]. Therefore it is likely that the Q/fj (1720) has / c = 2++.

The only other place the Q/fj (1720) has been observed is in radiative 7A|/ decay [18] which
is believed to be a gluon-rich process. Also, despite its dominant KK decay mode it is not
observed in K~p reactions [19] nor in yy collisions, where the f2 (1270) and /2'(1525) are
produced [20].

Therefore, the fact that there is an extra state which has only been observed in reactions
which are believed to be gluon rich has led to the Q/fj (1720) being considered to be a very good
glueball candidate.

5.3.3 Thef0 (1500) andf2 (1930) observed in the n+K~K+iz~ channel

The WA76 collaboration reported the observation of two previously unobserved mesons in
the K+n~n+n~ final state at 300 GeV/c [21]. Figure 5.5 shows the n+n~n+TZ~ effective mass
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spectrum; a clear peak is seen at 1.28 GeV which is due to the/i (1285). There is also evidence for
structures around 1.45 and 1.9 GeV. The cross-section for the centrally produced/j (1285)
decreases with energy [21]. In contrast, no clear evidence was seen for the states at 1.45 and
1.9 GeV in the 85 GeV/c data of the same experiment. This increase in signal-to-background ratio
with increased incident energy [21] is consistent with the formation of these states via a double
Pomeron exchange mechanism, which as mentioned above is predicted to be a source of gluonic
states [6]. The analysis of the structure at 1.45 GeV shows that it has fiiJ90) = 0+(0++) and it has
been identified with the/0 (1500) [22] as a good candidate for being the lightest glueball [23]. The
structure at 1.9 GeV has /G(JPC) = 0+(2++) and lies on the Pomeron trajectory.
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Fig. 5.5: The n*n~%+ri~ effective mass spectrum with fit. a) Total spectrum and b) low t.

5.3.4 Summary of the non-qq mesons observed at OMEGA

Experiments WA76, WA91 and WAI02 have performed a dedicated search for non-qq
mesons in central production and several candidates have been observed:

Efi(1420), e///1720),/0(1500) and/2(1930).

None of these states can easily be classified in qq nonets.

5.4 Gluonium '95

Following the studies performed at OMEGA, at LEAR, in 7/cp decay and elsewhere, the
Gluonium '95 workshop was held in Corsica from 30th June to 4th July 1995. It was organized by
Jean-Pierre Stroot and Geoff West and sponsored by the 'Mouvement de la Corse du
XXIeSiecle'. The aim of this workshop was to bring together experimentalists and theorists
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currently active in the field to discuss the question, where do we stand in the search for non-qq
mesons?

The outcome of the workshop was unanimous agreement that there are definitely too many
'gold-plated' states for the qq nonet scheme. Hence we can definitely say that there is evidence
for non-qq mesons.

The remaining task was to identify the gluonic constituents of these mesons and hence
identify the glueballs.

5.5 A Glueball-qq filter in central production?

As was discussed above the remaining puzzle to be solved is the isolation of the glueballs.
In order to do this it would be nice to be able to use a glueball-qq filter. In this section the
possibility of such a filter in central production will be discussed.

The central production experiments try to isolate a sample of events enriched in DPE.
However, even in the case of pure DPE the exchanged particles still have to couple to a final-state
meson. The coupling of the two exchanged particles can either be by gluon exchange or quark
exchange. Assuming the Pomeron is a colour-singlet gluonic system, if a gluon is exchanged then
a gluonic state is produced, whereas if a quark is exchanged then a qq state is produced (see
Figs. 5.6a and b respectively). It has been suggested recently by Close and Kirk [24] that for small
differences in transverse momentum between the two exchanged particles an enhancement in the
production of glueballs relative to qq states may occur. The difference in the transverse-
momentum vectors (dPj) is defined to be

where Pyi, Pzi are the v and z components of the momentum of the ith exchanged particle in the pp
centre-of-mass system.

Fig. 5.6: Schematic diagrams of the coupling of the exchange particles into the final-state meson for a) gluon
exchange and b) quark exchange.
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Figures 5.7a and b show the effect of the dPT cut on the K+K mass spectrum. As can be
seen, the f{(!525) is produced dominantly at high dPT, whereas the fj (1710) is produced
dominantly at low dPT.

In the n+n~n+n~ mass spectrum a dramatic effect is observed, see Figs. 5.7c and d. The
fl (1285) signal has virtually disappeared at low dPT whereas the/0 (1500) and/2 (1930) signals
remain.

In summary, the undisputed qq states are observed to be suppressed at small dPT, but the
glueball candidates/0 (1500),//(1710), and/2(1930) survive.
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dPT < 0.2 GeV and d) dPr > 0.5 GeV.

5.6 Conclusions

Quantum ChromoDynamics (QCD) not only describes how quarks and antiquarks interact
to form the standard qq mesons but also predicts the existence of glueballs, hybrids and
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four-quark states. These states are being searched for using several different production
mechanisms, one of which is Double Pomeron Exchange (DPE).

OMEGA has played an essential role in the establishment of non-qq mesons and has
isolated several states in its own right.

Preliminary results show that there is the possibility of a glueball-qq filter mechanism in
central production and we can only hope that the data collected before the shutdown of OMEGA
will allow us to answer the question, where are the glueballs?
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6 THE HEAVY-ION PHYSICS PROGRAMME AT THE CERN OMEGA
SPECTROMETER

Federico Antinori
INFNPadova, Italy

Abstract

In recent years, a series of experiments at the CERN OMEGA spectrometer (WA85, WA94,
WA97) have studied the production of strange particles (kaons, A, S", Q~ and their antiparticles)
in nucleus-nucleus and proton-nucleus reactions. I summarize the results of WA85 and WA94
and the current status of the WA97 analysis: the production of strange particles is enhanced when
going from proton-nucleus to nucleus-nucleus collisions, and the effect is larger for particles of
higher strangeness content, as expected in the case of quark-gluon plasma formation. I illustrate
the plans for a continuation of this line of research after the closing of the OMEGA spectrometer.

6.1 Introduction

A large part of the activity at the OMEGA spectrometer in recent years was devoted to
heavy-ion physics. Like the glueball search programme described by Andrew Kirk in the previous
contribution, the heavy-ion programme explores the 'soft frontier' of strong interaction, by testing
predictions coming from the non-perturbative sector of Quantum ChromoDynamics (QCD).

Lattice QCD predicts that when the energy density of a system of hadrons exceeds a critical
value of the order of a few GeV/fm3, the system should undergo a phase transition from standard
hadronic matter to a Quark-Gluon Plasma (QGP). In the new phase quarks and gluons are no
longer bound into colourless hadrons (deconfinement) and quark masses revert from the
constituent value they have inside hadrons to the current value they have in the Lagrangian
(partial restoration of chiral symmetry).

By colliding two heavy nuclei at high energy we create an extended strongly interacting
system, with an energy density in the range where the QGP phase transition is expected to take
place. The study of such a system is of fundamental interest for the understanding of the
properties of the QCD vacuum, which are thought to be responsible for the phenomenon of colour
confinement. It is also relevant to other fields such as Cosmology and Astrophysics.

6.2 Strangeness as a QGP signal

Strangeness is expected to be a good probe in the search for the QGP phase transition. In
standard hadronic collisions, the production of strange particles is known to be suppressed due to
the large values of the production thresholds, by roughly a factor 0.3 for each unit of strangeness.
In contrast, in the deconfined phase one expects abundant production of ss pairs by gluon-gluon
fusion, since the value of the current mass of the strange quark is of the order of the critical
temperature (~ 150 MeV). This is expected to lead, after rehadronization, to an enhancement in
the abundances of the various species of strange particles with respect to those found in standard
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hadronic collisions. The effect should be more pronounced for particles of higher strangeness
content [1].

In principle, secondary interactions in the large hadronic fireball created in the nucleus-
nucleus collision might also produce a strange-particle enhancement, even in the absence of an
initial QGP phase. However, especially for multi-strange antibaryons, these processes are
estimated to be too slow (with characteristic time-scales of the order of 100 fm/c) to be of
importance on the collision time-scale (a few fm/c) [2].

6.3 WA85 and WA94

WA85 (1987-1990) and WA94 (1991-1993) were the first two heavy-ion experiments
performed at the OMEGA spectrometer. Both made use of the 200 GeV/c per nucleon SPS
sulphur beam, and were based on a system of 'butterfly' Multi-Wire Proportional Chambers
(MWPC) for tracking. These were standard OMEGA chambers modified in such a way as to be
sensitive only to a few particles emitted at central rapidity and p± > 1 GeV/c out of the several
hundred produced in the collisions.

WA85 [3] observed an enhancement in the production of strange particles when going from
p-W to S-W collisions. As shown in Fig. 6.1, the yields of different species of strange particles
(normalized to the yield of negatively charged particles, known to be mostly pions) increase when
going from p-W to S-W collisions, by a factor between 1 and 2 for \s\ = 1 particles and by a factor
between 2 and 3 for \s\ = 2 particles.
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Fig. 6.1: WA85 data on the enhancement of strange particles (normalized to the yield of negative particles) in S-W
relative to p-W collisions.
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WA94 [4] obtained similar results in the comparison of strangeness production in p-S and
S-S collisions. The comparison of WA85 and WA94 data on the H/A and S/A ratios with available
pp data from the AFS [5] experiment is shown in Fig. 6.2.
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Fig. 6.2: Compilation of AFS, WA94 and WA85 data on H/A ratios.

6.4 Status of the WA97 analysis

The advent of the Pb beams at CERN allows this study to be extended to the really heavy
Pb-Pb system. In order to cope with the increased track density, the butterfly chambers were
replaced by a silicon telescope made of Si microstrip detectors with a pitch of 50 (im and of Si
pixel detectors with a pixel size of 75 |xm x 500 \im, developed in a collaboration between WA97
and the CERN Microelectronics group [6]. With seven 5 x 5 cm planes of pixel detectors, the
telescope acts as a Pixel Tracking Chamber (PTC) with about 0.5 x 106 detecting elements for
precise coordinate measurements.

WA97 has collected K and A (Id = 1), S (Id = 2) and Q. (Id = 3) samples from both p-Pb and
Pb-Pb collisions, so that the study can now be extended to the full \s\ = 1, 2, 3 range. The analysis
of WA97 data is in progress. Preliminary results, which are summarized later in this section,
indicate that Q. production is in turn significantly enhanced relative to S production when going
from p-Pb to Pb-Pb collisions [7], confirming for \s\ = 3 particles the trend observed already in
WA85 and WA94 for Id = 1, 2.

The experimental set-up, shown schematically in Fig. 6.3, is described in detail in Ref. [8].
Multiplicity detectors located near the Pb target provide a centrality trigger selecting about 30%
of the Pb-Pb cross-section. In addition, they provide detailed information allowing off-line study
of how particle ratios depend on the event multiplicity. The reconstruction of tracks is done in the
compact part of the PTC where the silicon planes are closely packed over a distance of 30 cm. The
momentum resolution of fast tracks is improved using the lever-arm detectors which consist of
additional pixel and microstrip planes and of three MWPCs with a pad cathode read-out.
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Fig. 6.3: WA97 set-up in the OMEGA magnet.

To illustrate visually the capability of the PTC to cope with high-multiplicity events,
Fig. 6.4 shows a reconstructed Pb-Pb event recorded in the absence of magnetic field. The event
contains 153 reconstructed tracks, corresponding to an occupancy of about 0.2% of the 72 000
channels provided by each pixel-detector plane.

Fig. 6.4: WA97 no-field event with 153 reconstructed tracks in the pixel tracking chamber.
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The geometrical acceptance of the apparatus covers the region of central rapidity (2.5 < yL <
3.4) and medium transverse momentum (pj_ > 0.5 GeV/c) and is the same for particles and
antiparticles.

The results summarized here are based on the analysis of two data samples collected by
WA97 during the 1995 run with different experimental conditions:

- 120 x 106 p-Pb events taken with the PTC placed 90 cm from the target and under the
trigger requirement of having at least two charged particles in the PTC.

- 20 x 106 Pb-Pb events1 taken with the PTC 60 cm from the target. The average number
of reconstructed tracks in the PTC was ~ 20.

The QT and ST hyperons (and the corresponding antihyperons) are identified by
reconstructing their two-step decays containing only charged particles in the final state, i.e.

E~ -» ATC", £T -»AK" (A -» pnT).

Figure 6.5 shows the uncorrected S~ + E+ and Q~ + Q+ signals for the p-Pb and Pb-Pb data
samples.
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Fig. 6.5: Uncorrected E and £2 signals in p-Pb and Pb-Pb data.

I. This sample represents a fraction of the total statistics of about 100 X 106 triggers. Analysis of the remaining
data is in progress.

47



At the present stage of analysis, the relative normalization between the p-Pb and Pb-Pb
samples has not yet been determined. Therefore one can only compare the observed QJE ratios.

The geometrical arrangement was different for the p-Pb and Pb-Pb data-taking. The
integrated acceptance for the QJE ratio was higher by ~ 10% for the Pb-Pb sample. One assumes
the reconstruction efficiencies for S and Q to be the same (for a given data sample) and therefore
to cancel in the QJE ratio. This assumption is based on the fact that both particles have the same
decay topology and the track reconstruction efficiency depends only weakly on its momentum.
Preliminary calculations performed for the limited Pb-Pb data sample are consistent with this
assumption.

Figure 6.5 shows a striking difference between QJE ratios in the p-Pb and the Pb-Pb
samples. If the QJE production ratio were to be the same in p-Pb as in Pb-Pb collisions, one
would expect an Q signal in the p-Pb sample significantly stronger than the one observed. A
preliminary estimate of the 5~ and Q~ production cross-sections in p-Pb and Pb-Pb reactions
indicates a significantly enhanced QT production in Pb-Pb collisions. Taking into account the
integrated geometrical acceptance and assuming the same reconstruction efficiency for S and Q
we obtain

Pb-Pb „ 3

p-Pb

A calculation using Poisson statistics indicates that the above ratio is greater than 2 at the
95% confidence level. Full acceptance and efficiency corrections are being calculated, and will
allow the QJE ratios to be measured separately in p-Pb and Pb-Pb.

6.5 Outlook: NA57 and Alice

The progressive enhancement in the production of hyperons with increasing strangeness
content suggests a large initial strangeness density, as expected for a system in the QGP phase.
Recent studies of hadron abundancies in nucleus-nucleus collisions [9] indicate that the
temperatures and baryon densities reached are close to where the phase boundary between
hadronic matter and QGP is expected to be.

In other words, it is conceivable that we are indeed on the QGP side of the boundary, and
that this is the origin of the strangeness enhancement pattern observed. In order to further
investigate this matter, a new experiment has recently been proposed and approved (NA57) by a
collaboration which includes most of the WA97 institutes. The purpose of NA57 is to extend the
physics scope of WA97 by comparing the production of strange and multi-strange particles in
nucleus-nucleus collisions at the present (160-A GeV/c) and at a lower beam momentum (~ 40-A
GeV/c). Assuming that at 160-A GeV/c we are close to the phase boundary, a significant drop in
the QJE ratio towards the value it has in proton-induced reactions going from 160-A GeV/c to
40-A GeV/c would suggest that at 40-A GeV/c we have moved away from the phase boundary.
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The set-up of NA57 will consist of a silicon telescope similar to the one of WA97, installed
inside the Goliath magnet on the H4 beam line at the SPS. The detector development activity
started at OMEGA will also continue: there are plans to improve the NA57 apparatus by
employing prototypes of the Si microstrip and Si pixel detectors under development for use in the
ALICE heavy-ion experiment at the CERN Large Hadron Collider (LHC). These detectors will
provide ALICE with the necessary secondary vertex detection capability for the measurement of
charm (and strangeness) production in Pb-Pb collisions at LHC energy.

6.6 Conclusion

The heavy-ion physics programme at the OMEGA spectrometer has established a pattern of

enhancement in the production of strange particles of the kind expected from QGP formation.

This result calls for further investigation: the programme does not end with the closing of the

OMEGA spectrometer, and will continue in the North Area.

Si pixel technology has reached maturity through its first application at OMEGA in WA97.
This technique is ideal for secondary vertex detection in high track density environments, and
therefore for the study of non-light flavour production in nucleus-nucleus collisions.

A beautiful physics instrument retires, but it leaves as its legacy a promising line of research

from here, through NA57, into the LHC era.
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