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Facilities for formation and production of light
mesons are considered and the advantages ol me-
son spectroscopy using p annihilations at LFAR
are discussed. Atomic and nuclear physics effects
in protonium, which provide new tools for meson
spectroscopy in pp annthilations at rest, are il-
lustrated. LEAR results in meson spectroscopy
are rewiewed. The APPLE experiment has made
good statistics measurements of the antiproton
electromagnetic form factor in the timelike re-
gion, which are sensitive, at threshold, to the
atomic and nuclear physics of protonium, and

to the presence of NN resonances and ol vec-

tor mesons radial excitations. The exploitation of

the new tools in pp annihilations at rest has led
to the discovery of the 2¥* resonance A X(1565)
that could be a qq radial excitation or an ex-
otic structure. It has also permitted a new de-
termination of the 0~ quantum numbers of the
E/. resonance, which is a glueball candidate.
The AX has been discovered by ASTERIX and
has been observed recently by the new LEAR
experiments Crystal Barrel and OBELIX. AS-
TERIX has also observed a 27+ 27~ structure at
1500 MeV in five-prong pn annihilations. That
structure was formerly seen in bubble chamber
experiments for which a recent spin-parity data
reanalysis finds JPI® = 0+*0t. The new spec-
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troscopy experiments at LEAR (Crystal Barrel,
OBELIX and JE'TSET) are described. Prospects

of further major developments are discussed.

L. INTRODUCTION

The spectroscopy of light mesons and the
search for exotics, and eventually their spec-
troscopy, have heen among the main physics mo-
tivations for the Low Energy Antiproton Ring
(LEAR)'. In these felds, experiments of the
firsty generation have made original contribu-
tions. They are a top priority in the current
LEAR research programme®, where the largest
investments are being made on the scale of the
facility.

[n Section 2 of this review we discuss the spe-
cific and distinctive advantages of LEAR. in the
study of light mesons and exotics in the con-
text of the numerous facilities where meson spec-
troscopy work is being actively pursued.

In Section 3 first we show the results of the
studies of the atomic and nuclear physics of pro-
tonium, which offer new possibilities of inves-
tigating meson spectroscopy. Subsequently we
consider, in turn, results in the sectors of vec-
tor mesons, scalars, tensors, and pseudoscalars,
where resonances have been observed. Further
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work 1s required to establish their nature, that is
to say whether they are radial excitations, four-
quark states, baryonium, glueball or hybrid.

Section 4 introduces the new spectroscopy cx-
periments at LEAR. Their installation started
after the beginning of the construction of the
Antiproton Collector (AC); they are at differ-
ent stages of completion, but some have already
produced interesting results.

In Section 5 prospects of the developiient of
the study of the spectroscopy of exotics at LEAR
and the context of long-term continuation of that
work are discussed. Conclusions are given in Sec-
tion 6.

In the course of this review, relerence is of-
ten made to contributions in the Proceedings
of the LEAR Workshops3=%. of the Frice Low-
Energy Antiproton School dedicated to meson
spectroscopy’, and of recent International Hadron

Conferences®?.

2. FACILITIES FOR MESON
SPECTROSCOPY AND
THE ROLE OF LEAR

2.1. Ezperimental approaches to lighl meson
speclroscopy

Recent experiments dedicated to (he study
of the spectroscopy of light mesons and to the
search for exotic mesons use different [ormation
and production mechanisms including:

1) For production
a) decays of J /¢ formed in e*e~ colliding beams

(XB, MARK II, MARK IIT at SPEAR.DM2

at DCI, BES at the BEPC Beijing Charm Fac

tory);

b) %5 and 557 interactions in ete™ colliding
‘h(-.-..m- (PLUTO, JADE, TASSO, and CELLO
at PETRAT DELCO., MARK 1, and TPC v
at PEP; XB and ARGUS at DORIS 11);

¢) central production in pp, 7p, and Kp interac-
tions at high energies (AFS at the ISR, OME-
GA at SPS, GAMS at Serpukhov and at the
SPS. MPS at BNL);

d) peripheral production in charge-exchange re-
actions at high energies (LASS at SLAC, MPS
at BNL, BENKEY at KEK, GAMS);

¢) pp annihilations at rest (ASTERIX, Crystal
Barrel, OBELIX at LEAR);

[) pn annihilations of p’s stopped in a gas Do
target (ASTERIX., OBELIX).

i) For formation
pp anunthilations in flight of cooled stored an-
tiprotons colliding with a Ha gas-jet target
with a scan of the p beam momentum (JET-
SET at LEAR).

[n the near and not-too-far-distant future the
lollowing additions will occur:

1) For production

a) decays of @ formed at ete™ colliding beams
(DADNE at LNF and possibly other projects);

b) pp annihilations in flight with extracted beams
(Crystal Barrel, OBELIX);

¢) pp annihilations in flight with a p beam stored
in LEAR and a (eventually polarized) H, gas-
Jet target (JETSET);

d) pn annihilations in flight with a p extracted
beam, a D2 gas target, and measurement of
the spectator proton (OBELIX);

i) For formation
np annihilations with @’s produced by charge
exchange of p's extracted from LEAR (OBELIX).

Most of the detectors quoted above and op-
crating at facilities other than LEAR are illus-
trated in the LBL compilation by Gidal et al.!0,
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which gives references to original descriptions of

the experiments.

2.2. Aspects that make LEAR compelilive

meson spectroscopy

The various production and formation ap-
proaches feature different advantages and limita-
tions. LEAR is competitive in light meson spec-
troscopy because it combines the [ollowing ad-
vantages:

a) For pp production expertmenis wilh p's al rosl
m a gaseous Ha target

ra‘) extremely high annihilation rates (107 (0" s~
in operation, 107 s~ ! feasible),

b) c.m. of the annihilating system at rest in the
laboratory,

c) possibility of using an extremely thin target
container,

d) possibility of selecting sets of initial states of
annihilation that have different. distributions
of orbital angular momentum (S- and P-
wave)

e) possibility of searching for new structures and
probably also for broad states by diflerential
measurements to be performed by varying the
S- and P-wave distributions of the initial states.

B) For pn production ezperiments wilh p's al res!
and a gaseous Dy larget

a) extremely high annihilation rates (10*-105 s~!
in operation, 107 s~! feasible);

b) possibility of determining the energy and mo-
mentum of the annihilating system by measure-
ment of the recoil proton down to very low
momenta (> 50 MeV);

c) possibility of selecting sets of initial states of
the pd atom that have different distributions
of the S- and P-wave orbital angular momen-
tum between the p and the deuteron nuclens:

d) possibility of comparing [ = I pn annihila-
tions with [ = 0 and [ = | pp annihilations to
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scarch for new (eventually also broad) struc-
tures by differential measurements.

3 ) Forpn production erperunents in flight with
a quscous Da targel and an extracted p beam

a) farely high annihilation rates (up to 10* s~1);

b) possibility of determining the energy and mo-
mentum of the annihilating system by measure-
mient of the recoil proton down to very low
momenta;

) possibility of comparing | = | pn annihilations
with [ =0and I =1 pp annihilations to search
for new (eventually also broad) structures by
differential measurements.

0) for pp formation erperiments with a Hy target
and an erlracted p beam’

a) high interaction rates (up to 10* s=1);

b) excellent energy resolution (well suited to dis-
covering new narrow states and to measuring
their widths).

n) for pp formation experiments with a gas-jet
largel and a cooled slorved p beam

a) extremely high interaction rates (up to
107 s=1):

h) excellent encrgy resolution (AE < 1 MeV);

¢) well-defined and small interaction volume.

2.3. Commenls

In what concerns the event rate we can make
the following remarks. Low-energy p beams ex-
tracted continuously from LEAR with intensities
adjustable from some 10 to 10® p’s per second
are a current. routine operation. Up to 107 p’s
per second could eventually become available by
exploiting the full potentiality of the CERN p
source, since the CERN antiproton complex can
produce more than 10'% p’s per day, which can
he transferred to LEAR with high efficiency in
bunches of some 10'° s per transfer. With a H,
target and an extracted beam, rates of up to 107
annihilations per second at rest and of some 10*
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annihilations per second in flight arc thercfore
achievable. With a H gas-jet target intersecting
the beam stored in LEAR, rates of up to 107 in-
teractions per second in (light are attainable!!,
At rest all p’s annihilate and, apart from the
extremely rare annihilations into lepton pairs,
each p annihilation produces light mesons. In
this mode, LEAR therefore provides the hright-
est source in the world for studying light qq and
exotic mesons. For comparison. consider. for in-
stance, that i) the DM2 experiment exploited in
total less than 107 ete~ intcractions with the
DCI machine tuned at the J/v¢ resonance, i) the
MARK III experiment at SPEAR exploited a

comparable number of ete™ interactions. iii) less
than 4 x 10° J /¥s have been formed so far at the
Beijing ete™ Storage Ring (and the peak design
luminosity of 1.7 x 103! ecm~* 5= would pro-
vide some tens of interactions per sccond tuning
the machine on the J/¢ resonance), and iv) the
DA®NE Storage Ring will provide at the initial
luminosity of 1032 cm~2 s=! some hundreds of
interactions per second with the machine tuned
on the ¢ resonance.

Concerning points (a), (3) and (7). the reader

12-16

is referred to previous papers regarding pp

physics at rest and pd/pp physics at low mo-

menta, where we have discussed the experimen-
tal advantages and suggested new physics possi-
bilities related to the combined use of:

i) a low-momentum extracted p heam.

ii) a Hy or Dy gas target surrounded by a pro-
Jection chamber and separated from it by a
very thin window,

iii) an XDC/SPC large-acceptance low-threshold
X-ray detector!” and vertex detector surround-
ding the gas target and capable of detecting
and identifying the L radiative transitions
of the pp and pd atom, and

iv) an SPC/XDC large-acceptance low-threshold
vertex detector!3 capable of identifving spec-

tator protons in pu annihilations in a Da
target, and measuring their momentum
OF range.

Some ol the advantages and ideas behind part
of the possibilities mentioned above!¥=?5 have
been the source of a part of the physics moti-
vations for LEAR!#2021 They have been the
basis of the main physics motivations?®=23 for
the ASTERIX® and OBELIX3® proposals.

ASTERIX has demonstrated experimen-

=3 e existence of what we have called

tally
Augular Momentum Polarization (AMP) in pp
at rest™ namely that the branching ratios of ex-
clusive annihilation channels and of intermediate
resonant. states depend on the ratio between S-
and P-waves in the distribution of atomic states
from which annihilations occur, and that, when
using a gas target, it is possible to change the dis-
tribution of initial states by selecting the annihi-
lation events with a soft X-ray (1-4 keV) in co-
incidence. This point is discussed in Section 3.1.

Differential mmeasurements in pp at rest, by
comparing data with different AMPs, are a new
tool in meson spectroscopy, proposed and advo-
cated by the speaker for a long time. I fear that, if
low-mass states of gluchalls and hybrids are too
large. differential measurements are probably the
only way to assess their existence. Differential
measurcements performed in the ASTERIX ex-
periment have permitted the discovery of a new
meson. the AX(1565) %7, and offer a new way to
constrain the J”C quantum numbers of the E/.
meson™ which was discovered in pp at rest in

3940 and that is a

liquid hydrogen 27 years ago
serious glueball candidate. These items are dis-
cussed in Sections 3.4 and 3.5.

The p form factor in the timelike region has
been measured at LEAR by the APPLE Collabo-

11201 the reaction pp — ete™. At thresh-

ration
old the form factor is sensitive to AMP effects

and Lo the existence of vector mesons coupled
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to pp and decaying into ete™. This point is dis-
cussed in Section 3.2.

The following comments concern iteins (8)
and (7). Production experiments can give access
to states with exotic quantum numbers, which
would be an uncontroversial signature of a glue-
ball or of a hybrid that cannot be mimicked by a
qq state. Formation experiments with pp cannot
form states with exotic quantum numbers. bat.,
unlike experiments with ete™ colliding heanns
(where only 17~ states are formed in ete™ an-
nihilations), 0= %, 1=~ 1t~ 0t [+* 2+
others states with higher orbital excitations caun
be directly formed. This point and its relevance
for charmonium spectroscopy was stressed!? ar
the time of the launching of the p project™ and
of the LEAR proposal®?. It was one of the main
motivations for the proposal of LEAR. in view
of the high resolution attainable in formation ex-
periments with cooled antiproton beams. It was
the reason for extending up to 2 GeV/e¢ the max-
imum storage momentum of the heams circu-
lating inside the ring and was at the source of
the successful jet-target experiments R7041 at the
ISR and E760 at the Fermilab accumulator®. A
jet-target option was suggested*®'" and hecame
an integral in part of the design of LEAR™ "
for formation experiments in order to combine
maximum luminosity and energy resolution. The
JETSET experiment®® concretizes at. [LEAR that
option in the energy region with beam momenta
between 600 and 2000 MeV /c and is introduced
in Section 4.

Pre-ACOL LEAR experiments designed 1o
search for new states in formation at intermedi-
ate and low energies with extracted beams have
not found any. However, the region very near to
threshold, below 300 MeV/c, has not been ex-
plored; the energy scans performed with good
mass resolution have been concentrated only in
two regions, at intermediate momenta around

un

600 and 1200 NMeV /c: there the former claims for
the S meson and the £(2200) were not confirmed
by experiments at LEAR. which were able to
look at two-body final states such as pp, nna, 7w,
and WK. These results are not covered here.
The momenta explored during 1986 are listed in
Rel. 51.

[n the very low momentum region, where jet
target operation may not he practical, the Crys-
tal Barrel and OBELIX will have the possibility
ol doimmg a good job with extracted beams tuned
at lower and lower momenta. Below 100 MeV/c
OBELIN will have the possibility of doing energy
scans. exploiting its 60 cm long gas target and
improvements over the schemes first suggested
for this purpose®®53,

In Section 5 we discuss extensions of the LEAR
programine of meson spectroscopy with p’s in
flight. One extension requires a polarized p beam
and a polarized Il jet target for production and
formation experiments, which could do differen-
tial measurements by varying the total spin to

1415 The second

also identily broad structures
extension is SuperLEAR, which has been dis-
cussed on several occasions® and is not covered
here. These extensions could well coexist with
the use of LEAR: i) to complete the physics pro-
gramme of present experiments at the extracted
beams with upgraded detectors, and ii) for test-
ing LIIC" detectors (with p's stopped in Hy gas
filling their beam pipe) under quasi-realistic con-
ditions in terms of event rates and longitudinal

vertex spread'?.
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3. PHYSICS RESULTS AT LEAR
PF 3.1. annihilation at rest: S- and P-warve
ranching ratios and Angular Monenlum

Polarization

Table 1 summarizes values of the absolute
branching ratios of pp annihilations at rest into
some exclusive final states measured under the
following three different experimental conditions:

i) liquid Ho target3s,
ii) gaseous Hq target at normal conditions of
temperature and pressure (NTD).
iii) gaseous Ho target at NTP and the require-
ment that an X-ray in the energy window
=4 keV was detected in coincidence with the
&mesons observed in the final state.
W TABLE 1: Branching ratios for pp annihila-
tions at rest in liquid target (BRyp). in N'I'P gas
target(BRg), and NTP gas target with 1-1 KeV
t X-rays in coincidence (BRyx). See Refs. 31, 32
J and 55 for refs. to original data.

Branching ratios x 10°

Final state BRp BRg BRx

xtx- 3.33+0.17 430+ 004 46040350
KtK- 1.01 £ 0.05 069£004 031+£005
KsKp, 0.76 + 0.04 036+ 006 007340060
KsKs 0.004 £ 0.004 003£001 00370014

These data show that the hranching ratios of
exclusive final states of pp annihilations at rest
do not have absolute values, but depeud on the
target density and on the requirement of (he
presence of X-rays in coincidence (emitted via ra-
diative transitions in the atomic cascade of pro-
tonium atoms and via internal bremsstrahlung
in protonium annihilations with charged parti-
cles present in the final state). This has caused
no surprise because the changes of experimen-
tal conditions indicated above reflect the varia-
tions of the distribution of S- and P-wave ini-
tial states of protonium from which annihila-

tions take place. Actually, as suggested long ago
by Day. Snow and Sucher®®, the high density
of liquid I targets favours annihilations in S-
wave from levels of protonium with high princi-
pal quantum number n. These nS levels are pop-
ulated from levels with the same n and higher an-
gular imomentum quantum number L, via Stark
mixing. during collisions of the pp atom with
nearby 11y molecules. Tn a NTP Ha-gas target
the frequency of collisions is about three orders of
magnitude lower than in a liquid target. There-
fore the combined action of Stark mixing and
S-wave annihilation in high-n levels is much re-
duced. Low-n P-wave levels of protonium are
then populated by the atomic cascade and a sub-
stantial amount of P-wave annihilations occur,
since the P-wave annihilation rates are compet-
itive with the atomic transition rates in low-n
states. Finally, annihilations in coincidence with
-1 keV NX-rays occur dominantly in P-wave from
one of the four sublevels of the 2P state for two
main reasons: i) in the 1 -4 keV energy window L
X-ray transitions from nD levels to 2P sublevels
of protonium are more intense than the X-ray
cmission by internal bremsstrahlung, and ii) the
annihilation width of the 2P level is 100 times
greater than its radiative width®7.

The scenario of pp annihilations at rest in the
three experimental conditions mentioned above
is qualitatively as follows: dominant S-wave an-
nihilation in liquid-1T4 targets: comparable frac-
tions of S- and P-wave annihilations in NTP
gaseous [l, targets; dominant P-wave annihila-
tion in gaseous targets and 1-4 keV X-rays in
coincidence.

Establishing the exact ratio between S- and P-
wave annihilations in a given experimental condi-
tion is not exciting when the attention is focused
on elementary particle physics; however it is a
necessary Lask in order to determine the distri-

hution of initial states. which, in turn, is an im-
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portant issue in connection with particle physics
topics, such as the p form factor in the time-
like region, CP violation experiments using pp
annihilations at rest as sources of tageed kaons,
and glueball searches. Indeed, speaking in terms
of ratios between S- and P-wave initial states is
already a simplification, since pp aunihilations
at rest take place from the singlet 0=F and the
triplet 17~ nS levels and from the 1+~ singlet
nP and the 0FF 1+ 2% triplet 0P lovels that
are populated by the atomic cascade. The [rac-
tion of S- and P-wave annihilations in liquid and
in a NTP gas Ho target has heen derived by the
ASTERIX Collaboration via the simplification
Just mentioned, by using the data listed i Ta-
ble 1 plus data on the 77" channel in a liquid
target®®, the constraints that the hranching ratio
for the KsKr, channel is zero in pure P-wave and
that the branching ratio for the KsKg cliannel is
zero in pure S-wave y

ﬂ The derivation of the ratios hetween S-

and P-wave annihilations has been made under
tacit assumptions discussed in Rel. 16. A gener-
alization of that discussion is being worked ont ™.
Figure 1 displays the lo band of the measured
absolute branching rati@blotted against the frac-
tion of P-wave annihilation over total S- plus -
wave annihilation for the measurements under
one of the three sets of experimental conditions
explored by i) bubble chambers and counter ex-
periments, and ii) and iii) by ASTERIX. The
value of the abscissa for the 7+ 7~ point. in liquid

H, is controlled by the relative values of the 7" 7°

and w*7~ branching ratios, which have botl
been measured in liquid H4, althongh by differ-
ent experiments. The value for the 7+ 7~ hranch-
ing ratio at 100% P-wave annihilation was ob-
tained from the two values measured i) in gas and
ii) in gas with X-rays in coincidence. and from
the measurement of the relative yields of proto-

nium L X-rays and internal hremsstrahhig.

IFig. 1. Branching ratios (BR) of pp annihilations at rest
into two body channels measured in liquid Hz (BRL), in
NTP Hy gas (BRe ). and with 1-4
dence in NTP I, gas (BRy)

V X-rays in coinci-

The absolute branching ratio for a given ex-
clusive annihilation channel measured in one of
the three above-defined experimental conditions
is the sum ol the absolute branching ratio for
S-wave and that for P-wave annihilation in that
experimental condition. A straight line connects
the two points giving the branching ratios for
pure S- and pure P-wave annihilation, and it
must intercept. the absolute branching ratio val-
ues measured in the three different physical con-
ditions (provided of course that the tacit as-
sumptions mentioned in Ref. 16 are justified to
first. order). The ratio of S- and P-wave anni-
hilations in gas can then he extracted from the
relation

BRliqmrl - nngas
nRg:\s - BRgﬂs+X—ra

_ %Siiquid — %Sgas
- (%Sgas == %Sga.s+x—ray

where %S representg the percentages of S-wave
annihilations.

T'he quantitative information that emerges from
the data and this type of analysis is relevant in
two aspects. First, one learns that the fraction
of annihilations in S-wave is about 10% in liquid
MM it is about 50% in 114 gas; and it is from 80 to
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90% in gas with X-rays in coincidence (this last

value depends on the type of final state hecnuse

each final state is accompanied by its vield of

internal bremsstrahlung). Secondly, one gets the
pure S-wave and pure P-wave absolute hrancli-
ing ratios values for the exclusive channels ex-
amined.

Notice that some bhranching ratios increase
with an increasing percentage of P-wave au-
nihilations, while others decrease. This fontnre
has been observed also in other, more complex.
exclusive annihilation channels with three and
more mesons in the final state and. for a given
exclusive final state, also for the branching ra-
tio for the production of resonances in the in-
termediate state. A recent compilation gives the
branching ratios of annihilations at rest in vari-
ous experimental conditions".

In experiments with a N'TP gas I, target.
the relative contribution of annihilation channels
that occur only from P-wave initial states is en-
hanced by a factor of between 1.6 and .8, and
the relative contribution of annihilation channels
that occur only from S-wave initial states is de-
pressed by a factor of 2.5-5 when 1-4 ke\" X-rays
are required in coincidence.

This feature is at the basis of the idea of differ-
ential measurements in light meson spectroscopy
with pp at rest that has been discussed in detail
in Refs. 14 and 15. Given a final exclusive anni-
hilation channel, one can pick up mesons present
in the final state and proceed with the usual ex-
plorations to see if they originate from the decay
of a resonance (or of another structure present
in the intermediate state). The key point is that
this exploration can and has to he done for the
two different distributions of initial states given
by data in gas without and with the requirement.
of 1-4 keV X-rays in coincidence. In this way two
types of spectra can be obtained, where i) narrow
resonances are visible in both and the variation

ol their production rate can be studied accord-
g 1o the variation of the distribution of angular
momenta ol the initial states, and ii) broad reso-
nances can beidentified by differential compari-
son of these spectra. The great advantage is that
in this dillerential comparison nearly all exper-
imental aspects regarding the final state factor-
ize away: phase space, detector features, accep-
tances and efficiencies; trigger biases; data collec-
Hon time: reconstruction and analysis software:
data sclection cuts. The only remaining differ-
ence is the distribution of initial states and, if
aresonance ina internmiediate state can be pro-
duced only or dominantly from S- or P-wave
mitial ppatomic states, this causes major dif-
ferences i the two sets of plots with different
AMPs. Examples of this comparison for mass
plots, Dalitz plots, and decay angular distribu-
tions are shown in Ref. 16. Annihilation dynam-
ies (whose simplest. manifestation is in selection
rules requiring C or P or | conservation) con-
trols the branching ratios of each JPC IS initial
state of protoniuni into the various exclusive final
states with their intermediate resonant states.
This topic has an intrinsic interest, since at an
unknown future date it should be possible to ob-
tain a computation of the hadronization into the
various possible final states subsequent to the
close encounter in a J'¢ state of the two com-
plex systems p and p. These systems are made
respectively of three quarks with accompanying
gluon ficlds and of three antiquarks with their
accompanying glions; they are bound together
by the long-range Coulomb force and survive the
pp atom formation for several nanoseconds®! 62
during which atomic and molecular transitions
bring them into more and more bound Coulomb
states, until annihilation takes place in some n
JPC state. Several approaches and models, which
are not covered here and originate from the at-
tempt to connect present nuclear physics knowl-
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Fig. 2. Wolinsky diagrams for NN interactions

edge in the sector of Iow-energ_vinnnr:wt ions

to interactions, are used in the tentative 1o
describe NN strong interactions before real anni-
hilation takes place and also--more recently 1o
try to describe annihilation on a microscopic ha-
sis. The task is formidable. Once exccuted com-
pletely,()f)should be possible to compute, for in-
stance, for any chosen JPC state of protoninm.
its probabilities of annihilation into all accessible
final states with their intermediate resonances,
Jjust as it is possible for positronium annihila-
tions. Wolinsky diagrams, shown in Fig. 2 for
very simple final states, give a pictorial idea of
the complexity of the problem.

It should be stressed that, no matter the dif-
ficulties of computing Wolinsky amplitudes, cx-
periment has already demonstrated two essential
points. The first point is that, insofar as the hasic
diagram of meson spectroscopy one is intercsted
in is as shown in Fig. 3a (in which a q and a g
annihilate into a gluon #!), pp interactions offer
up to three qq annihilations per pp annihilation;
this can be visualized by turning Fig. 3a and

gettingbﬂﬂﬁl’ig. 3b. or—--more prosaic

#1 This gluon can in turn interact with other ghions ane
form glueballs, or interact with near-hy ¢ pairs with

non-zero total colour charge and form hyhrids

\U

Fig. 3. Annihilation of g pair (a) and of pp pair (b),
where up to to three pairs of contituent q and § can

annihilate (')

by considering that in annihilation processes not
dominated by recombination, one qq pair at least
has to annihilate and/or a new qq pair has to be
pulled out of the vacuum. Notice that annihila-
tions at rest, which do not come from pure re-
combination, are at least. those with kaons in the
final state, which amount to more than 5% of the
events in liquid-H4 targets. The second point is
that the pp atomic levels are extremely close on
the mass scale of hadrons. quite differently from
the spacing of charmonium levels. This implies
that the phase space for annihilations from all
the levels of protonium is practically the same,
unlike for charmonium. Moreover we get ‘x’ and
“1/¢" states of protonium by using a gas-H, tar-
get at. NTP and dominantly *y’ states by requir-
ing | -1 keV X-rays in coincidence; we can thus
compare the annihilations from the *J /vy’ states
and from the "\ states, in order to search for
broad new structures, and to have clues in or-
der to assign quantum numbers both to narrow
structures (which are easy to see), and to broad

ones.



10 Ugo Glastaldi / MESON SPECTROSCOPY AT LI

Fig. 4. Data from the LEAR experiment APPLIE ('S 170)
compared to the curve for the antiproton clectromigiet ic

form factor in the timelike region based on \'D\I

3.2. Veclor mesons

Experiment PS170 (APPLE Collaboration™!)
has studied the proton form factor in the timelike
region via the reaction pp — cte~. This reac-
tion was suggested long ago®® and lias heen first
explored, at threshold and near it, with mod-
est statistics by a pre-LEAR experiment with
slow antiprotons®. At ete~ colliding rings the
low momentum transfer region 3.8 < —y? <
5.8 GeV? has been explored via the inverse re-
action ete™ — pp, but the statistics arc again
modest and the experiments cannot measure the
point at threshold since the p stops in the heam
pipe. The preliminary results of PSI170 2 are
shown in Fig. 4. These results are not compat-
ible with the curve based on vector dominance.
whose parameters are adjusted to fit. the accurate
data existing in the spacelike region, and include
known 1=~ p, w, and ¢ radial excitations. Struc-
ture(s) in the 17~ channel strongly coupled to
the pp initial state might be responsible for the
behaviour of the form-factor points. The deter-
mination of the value of the electromagnetic form
factor at zero momentum requires t he knowled ge

of the voral fraction of pp annihilations at rest
thiant oceur i 177 states™. The experiment was
performed with a liguid-11, target. The fraction
ol S-wave annihilations was taken from the AS-
TERIN analysis, and the usual assumption of a
statistical distribution of singlet and triplet S-
wave mitial states was made” . One can appreci-
ate, i this case, the major role that is played by
the complex blend of atomic, nuclear, and par-
ticle physics which controls the protonium cas-
cade. by considering that. il the ete~ branching
ratio hiad been ineasured with a NTP gaseous
[l target. the branching ratio of the ete™ signal
would have been about half that measured by
experiment PSI70. A gas target would be con-
venient to explore with good resolution the form
factor in the timelike domain in the region be-
tween rest and the lowest point in flight mea-
sured by PS170.

A3 Scalar mcsons

The ASTERIX experiment has observed a
structure decaying into 27%27~ in pn anni-
hilations at rest in D, gas in the final state
27x%37~ with recoil protons with momentum
below 200 MeV/c identified via missing mass.
For spectator protons with momentum below
200 MeV /e the structure has its peak at 1500 MeV
and a width of 210 MeV. For recoil protons with
momentun above 200 MeV/c, the structure has
its peak at 1360 MeV and a width of 260 MeV.
No quantum number determination was made®®.
ASTERIX has not observed a prominent state
decaying into 2r+ 27~ in pp annihilations at rest
in the final state 2x+2x~x% A prominent sig-
nal in 2x+27~ had been observed formerly in
five-prong pu annihilations in liquid Ds in the
Pacdua-Pisa data at CERN®" with parameters
A= 110 MeV. T = 90 MeV, JPC = 0++
I = 0 or 2 as well as in the Rome-Syracuse
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data at BNL®® with parameters M = 1477 MeV,
[ =116 MeV, JPC = 2++ [ =0, and prominent
decay channel p°p°. A recent re-analysis®® of
the Padua-Pisa data has established the follow-
ing parameters: [GJP = 0+0+, Af ~ 1.40 GeV'.
' ~ 300 MeV, decay channels p®p° and €"¢°.
25% contribution of the p°p° decay channel, and
zero relative phase between the p°p° and €%¢°
decay amplitudes. The dependence of the mass
shift from the cut on the momentum of the spec-
tator proton observed by ASTERIX has heen
explained™ in terms of rescattering.

3.4. Tensor mesons

The ASTERIX experiment has observed a
new isoscalar structure3”, called AX(1565). with
a mass of 1565 MeV, a width of 170 MeV,
JPC = 9++ 9 = 0*, produced dominantly
from P-wave protonium states and decaying into
7t7~ in the study of the exclusive annihilation
channel pp — #°rt7~ in pp annihilations at
rest in Hy, gas at NTP. The experimental evi-
dence of the new meson, the detailed stucdy of
pp S- and P-wave annihilations into three pi-
ons, and various possible interpretations of the
AX state are discussed in detail in the relevant.
publications37:33:34 of the ASTERIX Collahora-
tion. We should like to underline here the crucial
role of the differential analysis of the data men-
tioned in Section 2 because i) the evidence thal
the observed signal was not due to instrumen-
tal effects, but to physical reasons, came from
the comparison between data in gas and data
in gas with 1-4 keV X-rays in coincidence (see
Fig. 5), and ii) the evidence that the signal oh-
served was not due to effects of interferences of
amplitudes of other channels came from the com-

bined analysis of the full Dalitz plots of both sets
of data33:34,

Fig. 5. #¥ 7~ invariant mass in pp annihilations at rest
into 7+ 7= 7% measured in liquid Hy (a), in NTP H, gas
(b). and with 1-4 keV X-rays in coincidence in NTP Hj
gas (c)

The Crystal Barrel experiment has observed,
in the final state 7%7%7% of pp annihilations
at rest in liquid Ha, a prominent signal called
AX(1520) in the decay mode 797°. The mass is
1520 MeV, the width is 120 MeV, and the an-
gular distributions are consistent with JPC =
2%+ The experiment has not yet shown, in
the 77~ 7% final state, the signal from the
AX(1520) in the #* 7~ decay mode. Furthermore
they observe a prominent peak in the nn decay
mode at a mass of ~ 1560 MeV with a width of
< 200 MeV in the final state 7%nn 71-73,

The OBELIX experiment has observed the AX
in pp annihilations at rest in Hy gas at NTP in
the #* 7~ decay mode. The AX signal is the main
hackground source in data collected with a trig-
ger requiring two prongs coplanar to the beam
axis, which was emploved to collect 7t~ and
K*tK~ final states useful for the absolute cali-
bration of the magnetic spectrometer. If present,
a signal in the K¥ K~ decay channel is lower by
about two orders of magnitude than in the 7t 7~
one. OBELIX has no data yet to look for the
7970 decay channel of the AX.
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Figure 6 shows the signals in the AX cnergy
region observed at LEAR.

In the following some points are discussed con-
cerning the physical interpretation of the AX, in-
vestigations of other decay channels, and matters
regarding production of the AX.

In view of the facts that the 2¥+ nonet is al-
ready full, that the AX has no charged partners,
and that it has not been observed in J/v radia-
tive decays, the AX is a candidate for a o
baryonium state, or a qq4q multiquark state, or
a 2%+ qq radial excitation. This last possibility
is the most economical one and it is compati-
ble with the lower bound for the 2t* continuum
computed in the framework of QCD sum rules™.
if other important decay modes of the AX. he-
sides the #* 7~ and 7%70 ones, are not observed.
The 2** radial excitation hypothesis is not in
agreement with a quark-model expectation for
the mass of the lightest isoscalar radial excita-
tion of the 2** nonet, which is about 200 MeV
higher than the AX mass™.

If the AX is a baryonium or a qqq state.
decay modes with several pions present in the
final state should be dominant and similar to
what happens in the annihilations of protonium
in 2** initial states. Experiments with p at
rest in liquid-D2 targets’®="® gave indications of
structures in the 7%7% and n+7~ decay chan-
nels in the mass region of the AX, but in the
pn annihilation final state 7t 7~ 7~ a resonant.
nature of the signal was not established hy a
study of the phase movement, and whether the
spin was 0 or 2 was not resolved. The signal
in the #*7~7*x~ invariant mass of pn anni-
hilations into five charged pions, obtained at
BNL, has been attributed a branching ratio®
of (3.7 £ 0.3) x 1072. Gray et al.”™ also had a
spike in the #+7~ invariant mass spectrum of
pn annihilations into 7+ 7~ 7, attributed to a
structure with mass centred at 1530 MeV and

with a branching ratio of (2.6 + 0.4) x 10-3.
Comparison of the two branching ratios quoted
above indicates that, if the decays into two and
four charged pions are from the same object—
called ¢ . the decay probability of the ¢ into
tta~xt7™ is 14 times higher than into 7+7~.
The experimental branching ratio for producing
AX decaying into #*7~ in a NTP gas target
in pp annihilations into 777~ 7% with 1-4 keV
N-rays in coincidence is*" (3.7 £ 0.6) x 1073, If
AX and ¢ are the same resonance and interfer-
ence effects are negligible, then one would ex-
pect an experimental branching ratio of about
5.2 x 1077 for decays into 27+27~ of AX pro-
duced in gaseous Ha at NTP with 1-4 keV X-rays
in coincidence. Taking into account the ratio of
about 1/2 of the AX production in gas to that
in gas with X-rays in coincidence in pp annihila-

tions into 7+ 7~ 79

. and the ratio of production of
the exclusive channel 77~ 7% in gas and in gas
with X-rays in coincidence, one would expect a
branching ratio of about 2 x 1072 for 27+ 27~
decays of AX produced in gas in the exclusive
final state 2r+27~ 7% The branching ratio for
the 2r+27~ 70 channel in gas is3%38 19 x 10-2.
Therefore the AX signal should amount to 10%
of all the 27*27~ 70 events in gas. Since the
branching ratio for only four prongs in pp an-
nihilations in gas is%” around 6.5 x 10~2, the AX
— 2x+27~ signal should contribute in the four-
prong invariant-mass spectrum a signal with an
arca ol about 1/3 of that of the peak of the
events with four prongs only (after acceptance
corrections). To summarize, the expected signal
of the AX in the four-prong data is rather large
under the hypothesis that ¢(1480),¢(1530), and
AX(1565) are the same thing. Inspection of the
ASTERIX four-prong invariant mass spectrum
for gas data reveals no peak in the AX mass re-
gion; the shape of the spectrum does not change
visibly for the data in gas with 1-4 keV X-rays in
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Fig. 6. Signals in the AX energy region observed at LF.AIR in pp annihilations at rest. a) AX(1565) in the 7+ 7~ invariant
mass in events pp — 7t 7~ 70 with 1-4 keV X-rays in coincidence in a NTP H, gas target (ASTERIX 37 ). b) AX in the

7+ 7= invariant mass in a NTP H; gas target with a trigger requiring two prongs only and coplanar or quasi coplanar to
the magnetic field direction (OBELIX preliminary data. n.b. the peak at ~ 1860 MeV is due to the annihilation channel

pp — mtr~). c) AX(1520) in the % invariant mass in events pp — 7%7%x% in liquid H, target ( Crystal Barrel’73),

d) Signal in the 77 invariant mass in pp — 7977 events in liquid Ha target ( Crystal Barrel72:73
g 3

coincidence. Under these circumstances the as-
sumptions made recently®!:3? that the AX and
the ¢ are the same thing seem not to he justi-
fied. In any case, a complete differential analysis
of the four-prong ASTERIX data in gas and of
those in gas with X-rays in coincidence is neces-
sary to give an upper limit on the presence of the
AX in the four-prong spectra. This is because the
AX signal would not be narrow, because there is
activity in the mass region where the AX would
contribute, and because it might occur that this
mass region is populated only by AX events in
both types of data. A preliminary glance at. {our-
prong OBELIX data in gas shows that the ratio
between the total amount of events in the AX
energy region and the number of only-four-prong
events seems not to be below the 1/3 houndary
computed above.

The assumption of the identity of AX(1565)
and of the signal in 27* 27~ present in pd anni-
hilations is obviously also not supported by the
recent 0% determination of the JP quantum num-
bers of the 2r+ 27~ signal®®.

A further remark on the interpretation of the
AX and of the state 27+27~ in pd is that, if
one of them is a haryonium state, the probability
that it is reached via radiative transitions with
emission of a % of about 200 MeV should be ap-
preciable and related to the probability of being
reached via the pionic transitions that have led to
its observation®. To confirm the baryonium hy-
pothesis it will therefore be crucial to observe the
AX in the reaction pp — 7°27+27~ and in the
reaction pp — v2w+27x~. This last reaction can
he selected with the spectrometers on the floor
at LEAR. Indeed their missing-mass resolution is
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not sufficient to discriminate a v from a 7", how-
ever the v’s of transitions to the AX would have
a much higher momentum than the #"°s ol pionic
transitions to the AX and can be selected with a
cut on the missing momentum. The background
from four-prong events with 27%’s is low and can
be suppressed by a cut on the missing mass. The
background from four-prong events with one 79
feeding through the cut on the missing momen-
tum can be suppressed, by requiring one and ouly
one v to be detected (with energy equal to the
energy missing from the four prongs) and by ap-
plying a cut on the angle between the direction
of the momentum missing to the four-prong and
the direction of the detected .

The AX(1520) gives a beautiful signal in the
m07% decay channel”™ in liquid H,. Instead the
AX signal in the #¥ 7~ decay channel was not
visible in the 7*7~ invariant mass plot from
bubble chamber data®3 and has not yet been
shown in the same plot by the Crystal Barrel
Collaboration. The signal of the AX in the 7+ 7~
channel is hard to detect with a liquid-1l, target.
because the background due to annihilations in
S-wave is too high (in particular that due to the
large pt 7~ and p~ 7% production). The back-
ground from annihilations in S-wave does not
interfere with the signal of the AX from P-wave
annihilations; however it simply covers the AX
signal from the 10% or so P-wave annihilations
at high n of protonium that occurs in liquid.
The fact that the Crystal Barrel sees the AX
so nicely in liquid, where it is produced in such

scarce quantities, underlines the importance of

the new detection techniques, which allow the
reconstruction of exclusive final states with sev-
eral gammas or only neutrals. These techniques
are independent of the new techniques to change
the populations of the nS and nP waves of the
initial state and can be used in conjunction. llad
a good detector for exclusive final states with

only 7”5 present been employed to study pp an-
nihilations at rest before LEAR, the AX could
have heen discovered 15 years ago! Hints of an
AN(1520) signal may indeed have been present
in pre-LEAR data™ ™, ‘The Crystal Barrel data
indicate that the fs is produced dominantly from
[+ initial states of protonium and marginally
from 0™+ S-wave states [that have respectively a
cos”0 + § and a (cos® 0 — 1)? angular distribu-
tion of the two decay pions relative to direction
of motion of the 4], while the AX is produced
from 2*+ 1+% and 0~7F states with comparable
rates. When %7292 annihilation data will have
been collected in gaseous 14, it will be interest-
ing to see what will happen. We can already an-
ticipate that the absolute hranching ratio for the
7/7%7% exclusive final state will increase, since
the total P-wave annihilation will increase from
about 10% to about 50%, and fy and AX produc-
tion from P-states are the dominant component
in the 379 dynamics already in liquid. Data with
X-rays in coincidence will have an even higher
7'x'7" branching ratio since about 90% of the
annihilations will be from P-wave. Comparison
of the three sets of data could give indications
about the possibility of spin polarization in pp
annihilations at rest®®, because it might be that
the relative fraction of 2** and 1** annihila-
tions is not the same for: i) annihilations from
the n = 2 protonium P levels (tagged by the
[, X-rays). i) annihilations {rom all the P levels
populated by the atomic cascade of protonium in
gaseous Ha at NTP, and iii) annihilations from
all the P levels populated by the atomic cascade
ol protonium in liquid Hs. Spin polarization in
pp annihilations at rest is one new piece of infor-
mation we may hope to get from the high-energy

part of the 7970

invariant mass spectrum by in-
specting the variations of the relative yields of
AX and fa. Inspection of what will happen in the

low-energy part of the spectrum, which cannot
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be populated by the decay of 17~ objects (such
as the p0), could give new information about 0++
low-mass states, which are of extreme interest™",

By the way, note that for the study of light
structures decaying into 7’7", other channels ac-
cessible with the Crystal Barrel and OBELIX
appear more convenient, since they do not sul-
fer from combinatorial background: the channel
nn°7% has already been explored by the Crystal
Barrel and the channel 7= 7%7" can he studicd
very well by OBELIX in pn annihilations in a 1.
gas target with slow spectator protons measured
in the SPC vertex detector.

38.5. Pseudoscalar mesons

The ASTERIX experiment has observed again
the E meson in the decay channel K. K*xF in

miss

the exclusive final state K, K*xFx+z=. This
particle 1s a serious candidate to he a pscu-
doscalar glueball state.

The E was discovered at CERN by Armenteros
and co-workers®®, in 1963, in pp annihilations at.
rest, in liquid Ho, in the decay channel K¢kt =¥
in the exclusive final state KsK¥aFx+tx~ with
the Ks decaying into #tm~. The first. mea-
surement of the E featured a bump centred
at 1410 MeV with a width of about 60 MeV
(see Fig. 7). The 80 cm Saclay Bubble Cham-
ber, where the discovery was made, was oper-
ating with a low-energy conventional p heam
in the South Hall of the CERN PS, where the
LEAR complex was installed twenty years later.
The quantum numbers [CJPC = 0+0~+ of the
state, which was labelled E for Europe, were
subsequently established from the analysis ol a

0 The val-

larger data sample of 1.4 x 10° events
ues of mass and width obtained from a Breit

Wigner fit of the peak, obtained by subtracting
the double-charge combination KKr spectrim

from the zero-charge one, were 141545 MeV and

IMig. 7. IFirst observation of the E meson®® in pp at rest
in liquid Fly in 1963, Tnvariant mass of K5 K7 ¥ neutral
combinations (top) and of Ky K¥r* double charge com-
binations (bottom) in pp — Ks KErFx* 1~ events. The
bottom spectrum gives the combinatorial background

present in the top curve

7T+ 12 MeV, respectively; the values obtained
by fitting the experimental spectrum with a
Monte Carlo spectrum accounting for the quan-
tum numbers and decay modes of the E were
1121 £ & MeV and R0 + 15 MeV, respectively.
The branching ratio of the annihilation channel
pp — Extr~ in liquid Ha with E decaying into
KsK*xF was (7.1 £0.7) x 10~*. This branching
ratio was derived from measurements with the
neutral kaon decaying into 7+ 7~ with about 600
events in the peak®35. The E observed in the 80
cm bubble chamber was seen also in the K K= 70
and in the KsKs7® decay channel he events
observed by ASTERIX in the mass fegion of the
I7 show a strong KK threshold effect. The de-
cay Dalitz plot does not permit discrimination
hetween a 0=* E decaying dominantly via agm
and a 1T E decaying dominantly via agw. The
data are not compatible with the hypothesis of
a dominant K*K decay mode of the E.
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) The E has been observed by the ASTERIX

experiment3® using a gaseous [, target at NTP,

where the fraction of P-wave annihilations is

about 50%. However the four-prong data used
for the E study (11.2 x 10° events) were col-
lected with simultaneous use of a multiplicity-
4 trigger and of the trigger (called I-gap trig-
ger) used to enrich the data samples with X-rays
in coincidence®®. The 1-gap trigger had an effi-
ciency of 25% for selecting events with a true
X-ray in the 1-4 keV window. The data sct of
four-prong events collected with the 1-gap trig-
ger active then had a fraction of 61% ol the
events with annihilation from P-wave. The sub-
set of events with an X-ray in coincidence in the
1-4 keV window, ascertained in the off-line anal-
ysis, had instead 86% of the events with annihi-
lation from P-wave (the 14% of events with anni-
hilation from S-wave had a 1-4 keV X-ray from
internal bremsstrahlung in coincidence). [Notice,
in passing, that the two-prong data used by AS-
TERIX for the discovery of the AX comprised
two distinct data sets : one with the 1-gap trigger
active simultaneously with the two-prong trig-
ger, and one with the two-prong trigger alone ]
The KKr invariant mass spectra from all four-
prong events collected with the l-gap trigger and
from four-prong events with a true X-ray in co-
incidence are reproduced in Fig. 8a and 8b.

By using four-prong l-gap trigger events and
after subtraction of background events with a
false missing neutral kaon, ASTERIX has ob-
served the E with a mass 1413 + 8 MeV and
a width of 62 + 16 MeV from a Breit-\igner
fit of the E region of the spectrum obtained by
subtracting the double-charge combination KK =
spectrum from the zero-charge one (see Fig. &¢).
The branching ratio of the annihilation channel
pp — Extx~ with E decaying into K K= ¥ is
(3.0£0.9) x 10~* for the four-prong l-gap data
sample, where there is 61% P-wave annihilation.

e

4

Fig. 9. Production of [ decaying into KsK*r¥F

or into Ky K*xF in pp annihilations at rest into
I\"-/,(l\'irf'r+ 7~ displayed versus the fraction of P-wave
annihilations. The decay channel KsK*rF was mea-
sured in liquid Hy (see Refs. 39.40). The decay channel

K KEfrF was mesured in a NTP gas target

This branching ratio was derived from measure-
ments with the neutral kaon decaying into neu-
trals and sclected by a cut in the missing-mass
spectrum around the peak of the K°. About 500
events are present in the E peak of Fig. 8c. The
small signal present in the ASTERIX spectrum
at 1280 MeM=g rather likely to be due to the D

meson [y

The rediietion in the E production from 7.1 x
10=" to 3.0 x 10~", which appears when com-
paring the branching ratios measured in liquid
and in gas (see Fig. 9) is consistent with the E
being produced only from protonium states in P-
wave. Thus the measurement of the angular dis-
tribution of the two pions recoiling against the
I- (which is flat and compatible with an 1 = 0
relative angular momentum of the two pions),
and the measurement of the angular momentum
I. of the E with respect to the two-pion system
(which is consistent with L = 0) permit one to
establish™® that the JP€ of the E is 0= *. [n order

to come to this conclusion it is essential to make

1285



Ugo Giastaldi / MESON SPECTROSCOPY VT LEAR 17

P S e —

75

_—

i ===
M Lo
o~ jvpfﬂf}’}’%/ 2

~
v

Fig. 8. Observation of the E meson in pp at rest in the NTP gas 13 target of the ASTERIX experiment®®. The figure
shows different (Ko)mi“i"sl\'iw; invariant. mass distributions o pp — (I\'O),,,i“i“sl\'*n;: =+~ annihilations. a) All

events collected with the trigger 4-prongs + I-gap: there are two entries per event: for these events the fraction of S-wave

annihilations is ~ 40%. b) Subset of events of spectrum a) that have a 1-1 keV X-rays in coincidence; for these events the

fraction of S-wave annihilations is ~ 14%. There are two entries per event. ¢) Spectrum a) after remotion of background

events (that give a poor fit to the kinematical hypothesis (K° ),,',;,A_;i",(l\'t r¥ =+ 7= and subtraction of the (l\'o)m;.,-insl(*w*

invariant mass spectrum to remove the combinatorial hackground. The |4 signal gives a prominent peak and a 30 effect

appears at the D (f}) mass. d) This empty frame should contain spectram b) after remotion of background events and

subtraction of the combinatorial background. or the subset of events of spectium ¢) with 1-4 keV X-rays in coincidence.

Spectrum d) has not been produced, also hecause of the comparatively large statistical errors introduced by the backgound

subtraction. Spectrum d) should feature a strong depression of the signal in the I region, since the S-wave contribution

drops from 40% to 14%, and survival of the signal in the D region. These features are already suggested by spectrum b).

Spectrum d) is missing for a complete and sellconsistent differential analysis of the [ meson data of ASTERIX

the observation that the production of E reduces
with an increasing fraction of P-wave annilila-
tions. This could have been established with the
ASTERIX data alone, if the production branch-
ing ratio of the E had been measured directly
also for the data with protonium X-rays in coin-
cidence and if one would have observed a drop
there. In this last case, the variation of the S-
wave annihilation fraction is from 39% to 1%,
and systematic errors in the sign determination
of the slope of the curve in Fig. 9 would factorize
away. This would have discarded the possibility

\___J

that the decrease of the E production branch-
ing ratio with the increase of the P-wave frac-
tion is due to systematical errors in the branch-
ing ratio measurement. in either or both BC and
ASTERIX measurements. The data sample with
true X-rays in coincidence had about 4 times less
events than the full data sample of four-prong
I-gap events, but a different fraction of P-wave
annihilations. For the subsel of data with true X-
ravs detected in coincidence, the same analysis
as was carried out for the four-prong 1-gap data
was not repeated exactly. If this had been done
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Fig. 10. . signal as seen by the DM2 experiment”!' in
radiative decays J/y — ~yKKr. a) KsK*xF invariam

mass spectrum. b) KT K= 7% invariant mass spectrum

the procedure of differential measurements!*'®
could have been completed and most likely we
could have clearly seen also the D signal in spite
of the moderate statistics.

The signal in the E energy region for struc-
ture(s) with KK decay modes was seen 17 vears
after the first observation by Armenteros et al.
in radiative decays of the J/v by the MARI [[*°
and Crystal Ball®” experiments at SPEAR. and
successively studied in more detail by the NIARK
I11%3:3% and DM2 experiments®®®!' respectively
at SPEAR and at DCI Orsay. The KK7 signal
in the E region observed in radiative J/v decays
was called «. The ¢ turned out to be dominantly
0%, but broader than the E observed in pjp at
rest, and to have a shape (see Fig. 10) that re-
quires at least two components centred at 112()
and 1460 MeV to give acceptable fits. The «(s)/I"
provide a major candidate for a glueball state he-
cause of the following main features
1) ¢ has the highest production rate of all radia-
tive decays of the J /v,

ii) there is no «(s)/E production in v interac-
tions,
iii) there are at least three candidates [m(1295),

t/E(1120), and «(1460)] for two positions avail-
able for the two isoscalar 0771 radial excitations
of qq mesons.

There is evidence for an E/u signal in KK7 de-
cay mades.in reactions with pion beams®?, and
there are several pieces of evidence for 11+ reso-
nances in the /0 mass region®3. For instance, in
central production with #+ and pt beams and in
3% interactions, a clear |1F structure is seen at
L125 MeVoin decay modes KK#%4=9 The cen-
tral production experiments see also very neatly
the D in KK« decay modes at 1285 MeV, which
15 likely to be present in pp annihilations at rest
im P-wave.

The situation in the 07+ sector is very inter-
esting in view of the serious possibility that the
I or the other part of the ¢ signal be a glueball;
llowever. a number of points are not clear and
detailed analyses require much higher statistics
than available, as well as studies of other decay
channels, such as nww. Looking at the experi-
ments that have contributed to the E/¢, one no-
tices that the number of events in the peak was
about 500 in pp experiments at rest (which had
modest detection capabilities for final states with
gammas. but where the angular momentum dis-
tribution of the initial states could be changed
to switch from prominent E to prominent D pro-
duction), whereas it was less than 2000 in MARK
[T and DM2 (which were powerful detectors but
were limited by the relatively low interaction
rates). These detectors are no longer in opera-
tion, now that data analyses emphasize the in-
terest of the physics and the need for larger sta-
tistical samples””. Work in the E/¢ region is in
progress at the Beijing Charm Factory with the
BES detector™ whose design was inspired by the
MARNK I one. More than 3 x 10% ete~ annihi-
lations at the J /¢ energy have been collected so
far.
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At LEAR about 100 E’s per second are pro- / N
duced by stopping 10> p's per second in a [l
target. The Crystal Barrel and OBELIN exper- f&\
iments can gather substantial statistics on [/
3

production and decay from three different distri-
butions of initial states with three different (rac-

" tions of P-wave annihilations. The design perfor- \43
mances of the two detectors are comparable to
or better than those of detectors that have heen S {3
phased out. The two experiments will he able to t \K\
measure the production branching ratios of the I
and its decay branching ratio in KK7, p7x, and 3 "
nnm, and to check for the presence of new stric- FFig. 11. Sidle cut view (top) and front cut view (bottom) \
tures in the E/. region in pp P-wave annihilation. of the Crystal Barrel detector. 1) iron added to the DM1 v &\
First, low or minimum-bias triggers shonld he ”rigi";fl ks BLPEE bsnoge. S) C.Oil'.‘” Sl e ) PN

. det Drift Chamber, 6) MWPC, 7) Liquid H, target
used to establish and compare as safely as pos- K
sible the absolute production branching ratios.
The two experiments then have the possibility N
of activating triggers that can enrich final states 3 -
where K’s or n’s are present, and making high- L
statistics studies of selected excusive final states. N
It will be possible to determine the biases intro- XY
duced by the triggers by comparison with data \t
collected with the less selective triggers. \L_/\\}\
4. SPECTROSCOPY EXPERIMENTS ON §
THE FLOOR
3
-

IMig. 12, View of the Crystal Barrel experiment in the

.1. Production experiments . . .
4 p LEAR experimental hall. The downstream end-cap of the

solenoidal magnet is open and the downstream half of the

The Crystal Barrel®® and OBELIX?3 exper- C'sI barrel has been slid out of the magnet for mainte-
iments have been designed to work in produc- nance and aceess to the JDC
tion with pp annihilations at rest and in fight.
OBELIX has been designed to also study pn advanced stage of the experiment with an up-
annihilations with p’s annihilating at rest and graded version of the detector.
in flight in a Do gaseous target. The CPLFEAR
experiment!®® might contribute with pp annihi- 4.2, The Crystal Barrel
lations at rest. The JETSET"? experiment nmight
contribute with pp annihilations in fMlight i an Fignres 11 and 12 illustrate the Crystal Bar-

rel experiment, which realizes the goal of con-
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structing a complete experiment with a good
detector for neutrals in pp annihilations!?!:102
The successful operation of GAMS!3 and ('rys-
tal Ball'® at other facilities showed the feasi-
bility of a good detector for neutrals. The Crys-
tal Barrel is a large-acceptance spectrometer for
charged particles and ¥’s. A set of two cylindrical
multiwire proportional chambers (MW DP('s) sur-
rounds the liquid-Hs target and provides a trig-
ger on the multiplicity of charged particles. The
JDC is a drift chamber of JET desion!™ wirly
30 azimuthal sectors and 23 sense wires per see-
tor, which are equipped with FADC electronics
with 10 ns sampling time. There are 1380 cae-
sium iodide crystals positioned in a harrel con-
figuration with 60 azimuthal segments closed by
two end-cap sectors. The barrel is segmentced lon-
gitudinally into 16 rings. Each end-cap comprises
five rings, of which the two nearest to the bar-
rel axis have 30 crystals, while the other three
rings have 60 crystals as the barrel. \ conven-
tional 2 MW solenoid provides a uniform 1.5 T
magnetic field inside all the barrel volume. The
JDC measures the momentum of charged parti-

cles and provides K/ separation up to 500

by combined dE/dz and momentum meastro-
ments. The Csl crystals are tapered and 30 cm
long (16X, ) and permit a measurement of the
energy of a y-ray converting in one of the crys-
tals, with og = 25 MeV at 1 GeV. and of (he
centre of gravity (in two dimensions) of the cn-
ergy deposited by the electromagnetic shower,
in the crystals surrounding the one where the
conversion took place, with an angular resolu-
tion ¢ = 1.2°. The JDC is 40 cm long; it has
an external diameter of 51 cm and covers a solid
angle of 93% of 47 (84% of 4x for tracks with
at least 9 hits). The solid angle of the gainma
detector is 97% of 47 (95% of 47 for gamma
detection without leakage of showers in the re-
gions along the beam axis which are not instru-

mented with active elements) ™. The gamma de-
tector permits the reconstruction of events with
63~ detected, as well as the selection and analy-
sisof 7x70 0 7070y, 71, and ww final states,
with all the mesons decaying into 4’s.

A 200 MeV /e p beam has been used for pp
annihilations at rest. With this incoming beam
momentum the energy straggling in the degrader
causes alongitudinal spread of the annihilation
vertices of about 1o in liquid [T, less than
the IDC resolution i the = direction for vertex
reconstruction. In order to have a higher frac-
tion of P-wave annihilation there are plans to
use a gascous-Il, target™ in the Crystal Bar-
rel. A 200 MeV /e p beam may be convenient for
scheduling reasons; however, with a NTP gas-H,
target and a 200 MeV /¢ incoming beam momen-
tum. the annihilation vertices would be spread
longitudinally over more than twice the length
of the vertex detector. Therefore when using the
[1,-gas target, the Crystal Barrel would run at
100 MeV/e incoming beam momentum with a
range strageling of about 12 e¢m, which would
give a distribation ol annihilation points well
contamed inside the JDC.

A miniinuin-bias trigger (incoming p giving a
signal in athin silicon counter betveen the beam
pipe window and the target) and a zero-prong
trigger (incoming p. no signal in the MWPCs and
no hits in the first layers of the JDC) have been
used for data taking. More sophisticated final-
state multiplicity triggers (fast charged multi-
plicity. barrel-cluster multiplicity, total energy,
7 and 1y triggers) are under test.

During 1990, the Crystal Barrel has collected
some nillions of events at rest with the minimum-
bias trigger and more than 107 events with the
all-neutrals trigger. and has done a first run with
annihilations in flight at. 600 MeV/c beam mo-

mentnn.
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Fig. 13. Overall view (top) and side cut view ol the
OBELIX detector in the configuration for meson spec-
troscopy. 1) OAFM magnet, 2) Spiral Projection Cham-
ber and X-ray Drift Chamber SPC/XDC vertex detector,
3) tof hodoscope, 4) AFS JET drift chamber. 5) Tof hao-
doscope, 6) HDSPC, 7) High Angular Resolution Giamma
Detector HARGD

/wwe, £

It is planned that the Crystal Barrel will col-
lect data samples in excess of 107 events for pp
annihilations at rest in liquid and, later on. in a
gas target with the minimum-bias trigger. with
the all-neutrals trigger, and with more special-
ized triggers. The experiment also plans to col-
lect data at rest with a liquid-Da target and to
collect pp annihilation data in flight at 700 and
1900 MeV/c. Pile-up in the Csl crystals limits
the rate of annihilations to a few 10 s='. The
typical data-acquisition rate is 10 Hz. Appropri-
ate beam intensities are then around 10" p’s per
second at rest and 10° p’s per second or more in
flight.

4.3. OBELIX

Figures 13 and 14 illustrate the OBELIX ap-
paratus. This has been designed?s:105.107.30 44
complete and extend the physics programme
on light-meson spectroscopy, initiated with AS-
TERIX, with a detector superior both for the

4.057_ ‘4/&‘ h

The 0.725 MW mnajw.t friticle s emetale s
Fhe Cem Fe 0/ f'é ¢xsz/‘meM‘t.
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Mg 1 View of the OBELIX experiment in the LEAR
experimental halll The south wing of the Tof is raised
for aceess to the south AFS JET chamber, that in turn
is shifted transversally away from the axis of the expen-
ment for aceess to its front-end electronics. On the right
is visible ane extremity of the south HARGD supermodu-
las, that is shifted downsteam of the experiment in order
to raise the Tol wing. At the two extremities of the AFS
JET chamber are visible the poles of the OAFM magnet.
The return joke of the magnet is two meters below the
visible loor level, The metallic floor covers the garage po-
sition of the bottom HARGD supermodulus, that moves

on air pads

—

identification of the initial states and for identi-
fication, measurement and trigger of final exclu-
sive states, The physics programme of the collab-
oration includes also studies of antinucleon inter-
actions with nucleons and nuclei3®

The OBELIX spectrometer has a large accep-
tance and consists of the open axial field magnet
(OAPFN) plus the AFS JET drift chambers recu-
perated from the AFS experiment!®® at the ISR
and equipped with new electronics, of the cen-
tral detector SPCY, of two concentric hodoscopes
of plastic scintillators called toffino (tof) and Tof-
fone (‘Tol), and of four large moduli of gamma
detectors called HARGD. gThe SPC contains,
along its axis, a gaseous target at NTP sep-
ylar membrane from the

arated by a very thi

— = T

R
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active volume of the vertex detector. so that /.
X-rays of protonium and low-momentun spec-
tator protons are detected with high clficiency.
The vertex detector is a spiral projection chan-
ber (SPC)!7:18:109.110 (gas drift chamber with ra-
dial drift field and axial magnetic field). Nincty
resistive sense wires, equipped on both sides with
10 ns sampling-time 8-bit FADC readout e¢lec-
tronics, and 90 strips, equipped on one side witl
the same electronics as the anode wires. deline
inside the SPC about 107 pixels usable for 1l
X-ray absorption-point and track-point localiza-
tion and for d£/dz measurements. The targcl
has a diameter of 6 cm. The SPC is 60 cm long
and covers a solid angle exceeding 98% of 17
around the centre of the detector. [t measures the
direction of prongs coming [rom the target vol-
ume before they suffer multiple scattering inside
any lumped amount of material. It provides typ-
ically 7 track points and more than 200 d//dr
samples per track reaching the surface of the
strips. It will enable vertex reconstruction within
1 mm3, detection and localization of protonium
L X-rays, K/ separation from 300 MeV/c down
to 50 MeV/c and triggering on L X-rays in the
initial state and on Kg in the final state. The
tof is a barrel of 30 plastic scintillators. | c¢m
thick and 80 cm long, which surrounds the SP(’
and covers a solid angle of about 80% of 17. The
two AFS JET chambers are the drift chambers
of the jet geometry with the largest azimuthal
segmentation ever built: each of them contains
41 azimuthal sectors, 4° wide, with 48 resistive
sense wires per sector, of which 40 are equipped
at each extremity, with 10 ns sampling-time 8-hit
FADC readout electronics.

The active volume of the two AFS JET drift
chambers has 40 cm inner diameter. 160 crm outer
diameter, and 128 cm length. These chambers
measure accurately the momentum of prongs
that have traversed the tof hodoscope. with np

to 10 track points and dE'/dz samples. Best-
performance parameters for a single track reach-
my the cliunber periphery are o, = 2 — 3% at
FGeN/eand o(dFE/de) = 1%, permitting 7/K
separation up to 600 MeV/e. The Tof is a bar-
rel of 90 plastic scintillators, 4 cm thick, 300 cm
lona. and positioned at a diameter of 250 cm.
The tol and Tof arrays permit K/7 identifica-
tion by a time-ol-flight (rlgl-“) technique up to
NOO NN /e and triggering on charged kaons with
momenta above 200 MeV /e, The four HARGD
moduli hiave dimensions of 4 x 3 x 1 m3 each.
They contain 20 layers of lead foils with a to-
tal thickness of 10.\y. that sandwich 26 planes
of 1 em? cross-section larocci tubes read out by
planes of & and y strips, and planes of pads or-
ganized i towers pointing to the centre of the
spectrometer. The HARGD provides 1) a tridi-
mensional picture of each shower, which allows
good + identification and eventually will allow
cheeking its direction: 1) a modest, but useful,
cnergy resolution by hit counting, and iii) a good
three-dimensional localization of a ¥ conversion
point with high segmentation. The minimum dis-
tance of a5 originating in the target and convert-
ing in one module of the calorimeter is 150 c¢m.
This and the | em pitch of the readout strips will
allow an angular resolution on the ¥ direction of
about 3 mrad. The pad towers are foreseen to
enable triggers on the total hit multiplicity and
eventually on the total v multiplicity.

A heam of 105 MeV/c has been used for test
runs with pp and pd annihilations at rest during
August 1990, with all detectors for charged parti-
cles in operation and two HARGD supermoduli
installed. About 10 pp and 5 x 10* pd events
have heen collected with the minimum-bias trig-
ger (incoming antiproton firing a thin scintillator
positioned hetween the heam pipe and the target
windows). Other simple triggers have been used
[or dehngging and calibration purposes (e.g. no
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hits in tof, multiplicity 2 and 4 in the IQ Svs-
tem, two prongs coplanar to the beam or quasi-
coplanar). The electromagnetic calorimeter will
be completed in the first half of 1991 and the full
apparatus and a global reconstruction program
should become operational in the course of that
year.

A 105 MeV /c or lower-momentum p heam is
necessary for production runs at rest to have the
annihilation points distributed around the centre
of the detector with a longitudinal spread of less
than 10 cm. The detector can stand interaction
rates in excess of 105 s~!.

A strategy for data taking of OBELIX for me-
son spectroscopy in production with p’s has heen
discussed extensively!* 5.1 by the author (see.
in particular, pp. 337 and 338 of Ref. 11). The de-
tector is capable of identifying all prongs cmitted
in pp and pd annihilations and of reconstructing
completely and with high resolution final states
with prongs and up to two 7’s (or one 7" and
one 7, or two n’s) decaying into four detected
v’s. These features permit the search for ab-
jects produced in pp or pd annihilations. recoil-
ing against one or two prongs and decaying into
one or more of the following sets of light mesons:
mr, 7K, mn, KK, nn, 7K, wr, wK, wn, o7, o,
rrw, 7wy, nm, 7K, KK. For some of these
sets of decay particles, it is allowed by conserva-
tion rules that they be the daughters of an in-
termediate resonance with exotic quantum num-
bers. The trigger system will permit large data
samples, with Kg, K*, and K~ in the final state,
to be collected. Unique strong points of the ex-
periment are the possibilities of changing the ra-
tio of S- to P-wave initial states of p annihila-
tions at rest, without affecting the measurement
of the final state, and of fully reconstructing pn
annihilations with very low momentum spectator
protons. This permits differential measurciments
where most, if not all, factors aflecting the recon-

struction and the measurement of the final state
can he factorized away and where the difference
in the disteibution ol the initial states may re-
fleet for agiven exclusive final state, in different
productions of the intermediate states. This has
been demonstrated very clearly in the ASTERIX
study of the 7%+ 7~ final state and has led to
the discovery of the AX, which is however not
exceptionally broad and was directly visible in
the datawith X-rays in coincidence. For broader
structures. which might emerge only from the
differential analysis. it will be crucial to have
the stability of the apparatus and of the analy-
sis procedures well under control. The measure-
ment and the monitoring of the stability of the
hranching ratios of simple exclusive channels of
annililation such as 7w, KK. 47, and 272K in
pp annthilations with two and four prongs will
he necessary. The measurement of these branch-
mg ratios and of other channels in gas at a few
target pressures, with and without X-rays in co-
meidence, will permit us to find out if the atomic
caseade of protontum causes spin polarization
via the combined effect of collisions and anni-
hilations in high-n atomic levels®®.

The OBELIX experiinent will also exploit an-
nihilations in flight for meson spectroscopy in or-
derto extend the accessible mass range. For this
purpose, it is advantageous, in production, to run
at the highest external beam momentum avail-
able from LEAR. The drawback is that annihila-
tion can occur from several angular momentum
initial states and the data analysis becomes very
complex. Nevertheless, OBELIX will have the
unigque opportunity of comparing, at the same
total energy, annihilations of pp and pn studied
in the same experimental conditions and with the
spectator p of pn annihilations in pd interactions
measured down to very low momenta. Obviously
the non-interacting part of the beam will have
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to be disposed of well outside and downsteam
of the apparatus.

4.4. Comments

A nice feature of the present generation of

production experiments at LEAR is the pres-
ence of two powerful and complementary detoee-
tors, which can cross-check their results in scv-
eral annihilation channels (collected at the ~ane
target density for annihilations at rest, and
the same beam momentum for annihilations
flight). When we consider that the E and the AN
have branching ratios at the 1073 level and are
among the most solid candidates for exotics: that
the AX could have been discovered even witli-
out LEAR by using a powerful gamma detector:
that the AX has been seen by ASTERIX hecause
of the XDC technique! ™33, allowing a selection
of P-wave annihilations, in the simplest. produe-
tion channel accessible with a magnetic spoec-
trometer; and that the differential-analysis ap-
proach has not been applied systematically cven
by ASTERIX, it is clear that remarkable pos-
sibilities of discovery are present already with
a minimum-bias trigger (where cross-check ix
easy). For any structure appearing in the anal-
ysis of the first, say, 107 minimum-bias events,
it will then be possible to seriously enhance the
statistics in one or more decay channcls, by in-
troducing specialized triggers, where the ('rystal
Barrel and OBELIX have substantially different
performances depending on the annihilation final
state selected.

4.5. Formation experiments

The JETSET experiment is the main one cle-
signed to work in formation at LEAR at mo-
menta above 600 MeV/c. It will study initially
selected annihilation channels without ~'s in (he

i

final state. Nt low momenta, the Crystal Barrel
and OBELIN will be able to contribute valuably
- fornation measurements. The OBELIX exper-
mient will be able to contribute also at very low
momenta (helow 200 MeV/e) by using a gas tar-
get of convenient length and a downstream@ac-
@lulw hefore the beam dump. The studies of
np iteractions, which are part of the OBELIX
proposal. will be able to contribute in formation
to the scareli for 1 = | objects sinee the i beam
abtained by thefp)— nn charge-exchange reac-
tion has a continuous momentum spectrum?!2,
Sinee formation experiments do not give access
fo exotic states with quantum numbers not al-
lowed to qq states, their main interest, in the
framework ol meson spectroscopy, is focused on
the pp — oo reaction, which features only glu-
ons in the intermediate state. This is the main
reaction that will he studied by JETSET, since
a gluehall state coupled to 66 and with quantum
numbers aceessible to pp could give a signal in
the oo partial cross-section resonating with the
beam-momentum variation, with a good signal-

to-hackground ratio.
.60 JETSET

Figures 15 and 16 illustrate the JETSET appa-

ot ”\,.'.()_l 13

The experiment has heen designed
having in view. as the main task, measuring
the pp — 00 — KRTK™K*K~ and the pp —
KsKs — a*a~ 7% 7~ reactions with the same
detector configuration: later on, the programme
could he expanded 1o measuring final states con-
faning ¥'s.

In the following we summarize the main de-
sign figures of the experiment''3. The internal
gas-jel target provides, together with the beam
cirenlating in LEAR and continuously cooled
by stochastic cooling, an interaction volume of

about 10 x 2 x | mm?®. The beam momentum
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Fig. 15. Overall scheme of the JETSIT experinent.
1) Scintillators, 2) Straw chambers trackers, ) Sioconn-
ters for dE/dx, 4) Threshold Cherenkov counters, 7)
RICH, 6) Gamma veto, 7) Forward electromagnetic
calorimeter, 8a) Jet target production, 8b) Jet target sink

Fig. 16. Views of the LEAR ring and of the JETSET ex-
periment. Top: JETSET seen from upstream with the et
target production station on the right. Bottom: JFETSET
seen from downsream with the two halves of the clectra-
magnetic calorimeter opened away from the LEAR hean
pipe. On the top right and bottom left of this picture
are visible two of the four bending magncts of 1.15AI%.
The staight pipe that connects the entrance of these twao

magnets is part of the stochastic cooling system of LLIJAR

can be set at any pre-prepared momentum in
the range 0.6-2.0 GeV/c and permits scanning

(=]

of the mass range 1.96-2.43 GeV. With a tar-

sel density of & x 10" atoms per cm3, a fill of
LEAR with 1 x 10" p's. and a revolution fre-
quency of 3.2 x 105 71 the peak luminosity will
be aronnd 1070 em™% 57! and the beam lifetime
will he about 11 hours. With a beam momen-
tum spread kept at a value of Ap/p = 1073, the
mass resolution AN is better than 1 MeV, i.e.
20 times better than the mass resolution charac-
teristic ol experiments that have so far studied
oo pairs o production with magnetic spectroms-
cters. The possibility exists of continuously vary-
mg the LEAR beam momentum within a small
window during the same fill of the storage ring,
so as to enable small energy scans that exploit
the exceptional mass resolution. The JETSET
program foresees a first exploratory scan in mo-
mentumn steps ol about 100 MeV/ce in order to
make a first. high-statistics exploratory study of
the pp — oo cross-section with high resolution
scans possible around the nominal step values.
The detector surrounds the LEAR beam pipe
and s traversed horizontally by the jet beam
pipe. s barrel part opens vertically, as it em-
Liraces the jet heam pipe as well as the LEAR
one. and its forward part opens sideways. It is
composed of hodoscopes of scintillators for mul-
tiplicity triggering and for fast timing, a central
detector made of thin aluminium straw chambers
for tracking and for triggering on Kg, Si dE/dz
counters for identification and triggering of low-
momentum kaons, threshold Cherenkov counters
foridentification of higher momentum kaons, and
a gamma detector for vetoing events with 4's in
the final state. A fast ring-imaging Cherenkov
(RICH) counter is in construction for better kaon
identification. The forward gamma detector is
segmented in moduli made of lead and scintil-
lating fibres and built with a projection geome-
try pointing at the interaction region, in view of
later applications where 77 and 7 reconstruction

will be required. The interaction rate will be typ-
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ically 10° s™'. The trigger system will he hased
on the prong multiplicity and fast kaon identifi-
cation for the ¢@ channel, and on the variation
of prong multiplicity by 4 for the KgINg channel.

In later stages of the experiment the use of a
polarized jet target is also foreseen. The JET-

SET experiment is in an advanced stage of coni-

pletion and test runs with the joint operation of

LEAR, the jet target, and most parts of the de-
tector have been carried out during 1990 with
p’s and p’s circulating in LEAR at several henn
momenta. A luminosity of ~ 3 x 102" has heen
achieved at momenta p > 1000 MeV /c.

5. PROSPECTS

On the experimental side the main lines of de-
velopment and expansion for meson spectroscopy
with p’s at CERN are represented by i) upgrad-
ing of the detectors that are presently on the

floor, ii) extension, if possible, of the control of

the discrete quantum numbers of the initial state
necessary for differential measurement. and
iii) extension of the energy range accessiblo.

5.1. Upgrading of delectors

For all the detectors on the floor, upgradings
are envisaged explicitly in the proposals (polar-
ized jet target, segmentation of the barrel gainina
detector in JETSET), or are in the course of re-
alization (optical fibres in the Crystal Barrel!'?,
in order to get a fast annihilation timing signal
when using a gaseous target at rest, where the
time spread of the atomic cascade of protonium
measured®2 by OBELIX is about 4 ns). or arc
realized and in the course of optimization (the
introduction of the strips equipped with FAN('
electronics in the SPC of OBELIX has improved
the resolution in the beam direction by one or-

der ol magnitude over the design value!®?), or
are cimbedded in the general design of the ap-
paratus when not explicitly foreseen (magnet for
momentum analysis in JI'TSET, space between
the AFS JET chambers and the Tof array for z
chiambers and a Cherenkov array in OBELIX).
.0 Diflerential measurements via spin

polarization?

In iy view, il means could be found to inves-
tigate and compare spin-triplet and spin-singlet
pp annihilations with differential measurements,
this would represent the major qualitative boost
ol physies possibilities at LIZAR. The relative
merits of differential measurements using spin
polarization, angular-momentum polarization, and
isospin polarization have been discussed by the

14.15,111

author elsewhere . Annihilation with spin-

polarized pp initial states requires a polarized

Jet target and a polarized stored p beam. The

technique for producing polarized jet targets is
established "5 The difficult new part is the p
beam polarization. T'wo groups are trying differ-
ent techniques for that purpose. One group aims
At obtaining spin polarization via a multipass
Stern Gerlach effect™ "™ "T'he second group
aims al filtering out one polarization state via
interactions of cooled stored p’s with a polarized
high-density internal gas-Ha target''?. The stud-
ies of beam polarization are being made respec-
tively at the low-energy storage ring [UCF at In-
dinna and at. the TSR at [eidelberg. Should they
prove the viability of one or the other method,
then this should be tried with p's at LEAR.
The timpact in meson spectroscopy of differential
measurements with spin polarization of pp would
be dramatic, both in production and in forma-
tion measurcments, and it would also be im-
portant to extend differential measurements at
cnergies higher than those accessible at LEAR.
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Consider, for instance, that in charmoniuin spec-
troscopy, when switching to initial singlet stares,
J/¢ and x states would be completely suppressed
for 100% polarization. Remarkably, the groups
that are actively pursuing the work on develop-
ing polarized p beams are driven by the physices
motivation of using polarized p’s i order to
study polarization effects in elastic scattering,
charge exchange, and total cross-sections. These
last topics have been given low priority at the
Cogne meeting?; nevertheless, a working tcech-
nique for polarizing stored p's would be a sn-
perb spin-off of this research motivated by NN
reaction dynamics. This would be an example of
the usefulness of having a composite user popiu-
lation at the LEAR facility. ‘This could he sinu-
lar to the evolution of the use of the techniques
that were necessary for studyving NN interac-
tions via protonium spectroscopy'?”. which have
developed®:!*! and permitted the meson spec-
troscopy work described in Section 4 and will
plausibly allow the uncovery of new hroad states
in pp annihilations at rest.

In Ref. 111 we stated that spin polarization
cannot be achieved in pp at rest. This may he
partially wrong and we are at present. consider-
ing ways to measure whether the comhination of
atomic collisions and annthilation widths (which
might be different for same n, same [, different
JPC atomic levels) could cause the ratios between
the populations of low n (e.g. n = 2), same [..
different JPC levels to vary as a function ol the
target density. According to the extent that this
would occur, spin polarization for annihilation in
P-wave would become available; its efTects should
be taken into account and corrected for in the
analysis of differential measurement, and migln
eventually be directly exploited.
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A Ertcuscon of the LEAR energy range

The LEAR machine was designed with a collider-
mode option so as to enable access to the char-
tonm states. The maximum design luminos-
iy ol 107" =2 571 and the bunch length ex-
cecding 1 m are not competitive nowadays for
charmoniuim spectroscopy. The possibility of us-
ing the collider mode at lower luminosities, say
10°> em™ s=' " hut with shorter bunch length
[or meson spectroscopy in production was con-
stdered at the Tignes Workshop of 1985, in the
context of the presentations of OQBELIX'7 and
the Crvstal Barrel'™2 However, this option is not
competitive with production experiments at the
SPS and elsewhere. Moreover, it is also not con-
venient in the context of the ongoing programme,
where the straight section of LEAR is occupied
by JETSET. whose programme features unique
possibilities in terms of energy resolution, which
require heam time to be exploited fully.

Varions versions of a new ring called Super-
LEAR have been snggested and discussed on sev-
eral occasions™ to extend the energy regime for
meson: spectroscopy up to the charmonium re-
gion and beyond, and for other physics topics.
Spectroscopy at SuperLIEAR energies is beyond

the scope of this review.

a4 LEAR for LIIC

The LEAR beam will be very useful for testing
Large Hadron Collider (LHC) detectors viewing
the interaction vertex (vertex detectors, track-
ing chambers, pre-shower detectors and crystal
detectors) by using pp annihilations at rest in
IT2 gas in the centre of the detector!® because of
several concurrent factors:

high rates of interactions tunable from 10 to
10" <=1,
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— absolutely isotropic distribution of the annihi-
lation products probing all parts of the detector
uniformly,

— fixed-target operation mode (easiness of ac-
cess, several test stations possible),

— several calibration reactions available (c.o. 7+ 7~

1% K¥K-, KgKg, KsKp, KK

Cr, 27727, ) for testing spatial resolution. ver-

tex reconstruction, secondary vertex reconstric-
tion, vy energy resolution, trigger svstcis. i

data-acquisition systems,
4

— rare calibration reactions available (c.0. 5~ . ¢t

ptu~) for testing trigger systems.

6. CONCLUSIONS

LEAR was proposed in 1977, approved in
1980, started operation in 1983 with the Antipro-
ton Accumulator (AA) p source, and in 1987 the
Antiproton Collider was added to the AA.

In a survey of LEAR physics given in 1987
at the PANIC Conference®!, we gave the follow-
ing assessment of the results obtained up to that
time:

‘From the results listed it emerges that most
of the new experimental features anticipated and
hoped for at the time of the proposal ol LI1AR
are verified experimentally: access to P- and S-
wave annihilation in pp at rest in a [l5-gas tar-
get, access to the low-momentum unexplored en-
ergy region below 400
lution for formation and threshold experiments.

, extremely high reso-

Exciting results are still missing in the ficld of
exotics and meson spectroscopy, and pre-1IA R
baryonium candidates (which indeed had weak
statistical significance) have not. been confirnicd
However, the analysis of experiments capable of
identifying clearly exclusive final states of annihi-
lation at rest and in flight is generally not vet at
the level of mastering fully the behaviour of de-

teetars and ol the associated reconstruction pro-
srins. and the regions iminediately above and
below the 2y, threshold have not yet been ex-
plored cvensin inclusive channels. In the sector
of NN interactions and meson spectroscopy the
completion of the analysis of the large data sets
colleeted by production and formation experi-
ments can lead to a solid experimental input for
the phenomenology of dynamics of strong inter-
actions. to establish decay channels not yet mea-
sured ol known mesons and possibly to identify
new structures.”

n the siimne survey we drew the following con-
clisions: “Fhe analysis of pre-ACOL experiments
s entering the phase of producing stable results.
lmportant ones have cierged and exciting ones
may bein the pipeline... The physics to come
from LEAR may be commensurate to the unique
opportunities offered by p’s at low energies and
by the CERN environment.’

In the following years LEAR indeed began to
produce exciting results in the field of meson
spectroscopy and is now instrumented with a
new generation of spectrometers, which are ini-
tinting operations. which have performances for
the measurement of final states of annihilation by
far snperior to the ones that have heen phased
out. and which have a chance of approaching the
high-quality standards of the machine.

The possibility of studying P-wave annihila-
tions with little S-wave contamination permits
the production and easy identification of high-
spin mesons such as the f, and the AX, which
arc not produced or are scarcely produced in S-
wave annihilations.

In pp annihilations at rest, it is possible to
change the distribution of the angular-momentum
quantum numbers of the initial states. This al-
lows one to study annihilation dynamics and,
more important, i) to constrain the quantum
numbers of not too broad structures by study-
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ing, in differential measurements, the variation of

their production branching ratios, and ii) hope-
fully to identify broad structures otherwise un-
noticeable in mass spectra (this might be the
case for the ground-state scalar gluchall). This
feature, together with the extremely large event
rate at rest i1s at present the most competitive
one of LEAR in light-meson spectroscopy.

A new meson, the AX(1565), has been discov-
ered and studied in pp annihilations at rest. It is
produced in P-wave annihilations, mainly from
11+ initial states, and copiously in a Il-gas tar-
get at NTP; it has been observed in its 77~ de-
cay channelpgby the ASTERIX experimnent firsl.
and then by OBELIX(in the #¥ 7~ =" final \IAID
The ASTERIX experiment has determined the
following characteristics of the AX(1565): 1 =
0+,JPC = 24+ M = 1565 MeV. [ = 70 MoV
The Crystal Barrel experiment has observed and

studied, in the 7%7%x0 final state of pp annihila-
tions at rest in liquid Ha, a very clear structure
AX(1520) in the decay mode 77" with most
likely JP€ = 2** and a width [ = 120 Me\',
Moreover, the Crystal Barrel experiment oh-
serves in the final state 7%7n a prominent iy
signal centred at 1560 MeV with a widlh less
than 200 MeV. Whether the three states scen in
the 7t7~, 7°2° and nn decay channcls. or two
of them, are the same or not is a matter to he
assessed.

The AX mass region is full of structures seen
at LEAR and in pd pre-LEAR experiments with
bubble chambers in different decay channels. ‘The
mass differences reach 100 MeV for reported
mass accuracies of 10 MeV or better, and the J©C
quantum numbers are in some cases different.
The assumption that all these structures seen in
pp and in pd are the manifestations of a single
resonance is not justified at present. [lowever,
these structures have the characteristics of au-
thentic signals and not of spurious effects. and

do ot need artificial confirmation. Instead, it is
necessiry to have several decay channels mea-
surcd e the same conditions by the same appa-
rata to sce if one or more structures are present.

.ot us go back to the AX seen in 7w, which is
acdiflerent state from the ,(1525), and assume
with caution that AX(1565) and AX(1520) are
the siune object. The fraction of P-wave anni-
hilation i liquid Ha is less than 10%, and the
AN which turns out to be produced mainly in
P-wave annihilations, is seen in the 7979 decay
mode only because the 370 final state turns out
to be nearly background-free. The fraction of P-
wave annihilations rises to about 50% in gas at
NP and to abont Y0% in annihilations in gas
At NP with X-rays in coincidence. This makes
the AN the dominant source of signal for the ==
channel in the mass range above 1500 MeV in
pp annthilations at rest into three pions in low-
density targets.

The physies interpretation of the AX is open,
since the two isoscalar partners of the 2+ nonet
are well established. Since the AX has not been
seen in radiative J /¢ decays, the glueball hy-
pothesis is not favoured. but it is not possible
with the available experimental information to
tell whether the AX is a radial excitation of a
2+ soscalar or a qqqq four-quark state or a
haryvonitm (pp state strongly bound by attrac-
tive nuclear forces).

If the AX is a qq meson. it may have one pre-
ferred dominant decay channel, and its isoscalar
partner should probably be found somewhere
near to the pp threshold.

If the AX is a qqqq state or a baryonium it
must have other and more frequent decay chan-
nels than the 7w ones.

Il the AN s a baryoniuni, the reaction pp — ¥
+ AX should be observed.

Il the AX is a glueball it might happen that
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the ratio of the decay probabilities of AN iuto
7070 and 7+ 7~ no longer be 1/27.

The following experimental questions tliere-
fore require answers from the Crystal Barrel and
OBELIX experiments:

i) What is the value of the product of prodie-
tion branching ratio times decay branchine ratio
BR(pp — 7%AX)BR(AX — 2% in a liquid
target?

ii) What is BR(pp — 7"AX)-BR(AX — x+77)
in a liquid target?

iii) What is BR(pp — m?AX)-BR(AN — #"7")
in a gas target?

iv) What is BR(pp — 7°AX)-BR(AN— ='7")
in a gas target with X-rays in coincidence”

v) The ratios BR(AX — 7%7%)/BR(AN — 7+ 7~
measured in liquid, in gas, and in gas with X-ravs
in coincidence are equal?

vi) Same questions as (i)-(iv) for the K+ K-,
KsKs and nn decay channels in 7KK and 7%yp
annihilations.

vil) Same questions as (i)—(iv) for reactions pp —
vAX, AX — 2.

viii) Are there other decay modes of the AN,
and with which branching ratio? And. the same
questions as (i)-(iv) for reactions pp — AN,
AX — 27t 2m—.

—

ix) Is there a KK state in the reaction pd —

Pspect ™~ KT K~ at rest?

x) Is there an enhancement of the ratio of the
partial cross-sections of the two-body annihila-
tion channels K¥K=, KsKs, 7tr=, x%7% jusi
above threshold?

The OBELIX experiment can and should study
better the state observed at 1500 MeV in il hy
ASTERIX and search in deuterium for the AN.
This can be done by selecting low-momentum re-
coil protons measured in the SPC central detee-

tor and measuring pn annihilations into 7~ 7+ 7.

=77, and 7~nn (which can be equally well

measured since the annihilation vertex and the
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[~ conversion points can be reconstructed ac-

curately). and imto T KYK~, 7~ KsKsg, and

RY 2E A
Concerning the 1//, the situation is more and
morcnteresting. A crncial feature shown by the
NBodatais that the signal in the E/¢ energy
region 1x the most intense of all signals in the
telisive single-ganmna spectrum of J/y radia-
tive decays. This is strong support for the glue-
ball hvpothesis. Moreover, the shape of the E/.
signal of the most recent. MARK 11 and DM2
dataindicates that the 1400-1460 MeV mass re-
gion contains more than one single 0=+ object.
The ASTERIX experiment has given a confirma-
tion of the 0=% interpretation of the E discov-
ered by Armenteros and co-workers, with a new
method that exploits the possibility of chang-
g the angular-momentum distribution of the
mitial state. by requiring protonium X-rays in
coincidence and by applying, although only in
part. the method of differential analysis. It is
clearly very important. to better understand the
I/ signal. The statistics of MARK [11 and DM2
are insufficient for complete partial-wave analy-
AL LEAR, the Crystal Barrel and OBELIX
will be able to collect large statistical data sam-
ples investigating the KK and the prr decay
channels. Tt will be uecessary first to collect data
simniples with low trigger bias, which permit mea-
suring in more than one decay channel, and in
the siune detector, the absolute production times
decay branching ratios for two different distri-
butions of initial-state quantum numbers (liquid
and gas targets for the Cirystal Barrel, gas tar-

get and gas target + X-ray in coincidence for

OBELIX). In data with X-rays in coincidelmg,_-——w
the DETTICh is at the TimTt of being believable\me9°

i the ASTERIX data in gas, should rise up and
the 12 be depressed by one order of magnitude
with respect to data in liquid Hy. Subsequently,

cach experiment will be able to enhance seriously
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the statistics in decay channels where selective
and efficient triggers will be available. The Crys-
tal Barrel experiment will be able to trigger on
charged, 7% and n multiplicities. The OBELIN
experiment will be able to trigger on charged
multiphcities, on charged kaons. and on Kq's de-
caying into #¥ 7. If the E (or one ol the signals
in the E/¢ region) is really a glueball, then the
0%+ glueball state should lie at a lower mass and
should be found. Since it has not heen observed
in radiative J /¥ decays, it may he rather broad.
and then the differential measurements that are
feasible with pp at rest will he crucial in order
to identify the glueball ground state.

cility is now instrumented with

are the main instruments for studying mesons
produced in pp and pd annihilations, while JF71-
SET is the main detector for formation measure-
ments in the mass range 2000-2400 MeV .
Major developments have also been made or
are in progress in order to better preparc or iden-
tify the initial state of annihilation:
1) For pp annihilation at rest. OBELIX lhas a
new version of an SPC to be used as a vertex de-
tector and X-ray drift chamber for protoninm X-
rays, which improves by one order ol magnitude
the granularity and the spatial resolution in the
beam direction over the ASTERIX XDC/SP(.
which permitted the observation of the A X state.
ii) In order to select I = 1 initial states, pn anni-
hilations must be studied in pd interactions with
full kinematical reconstruction of annihilation fi-
nal states and a selection of events with low-
momentum recoil protons. The hardware devel-
opments implemented successfully in the SPC of
OBELIX and the software ones in progress aim
at meas.uring accurately slow spectator protons
down to below 100 MeV/c (by range and/or mo-
mentum combined with dE£/dz measurements).
iii) The use of the jet-gas target allows a very

P The Crystal Barrel and OBELIN

good cnergy resolution of the initial state of pp
annihilations in flight, which reflects in an ex-
tremely high energy resolution for formation ex-
perinents.

W) Fxperiments are in progress at TSR and In-
dizna 10 assess the possibility of polarizing a p
stored heam. If this turns out to be successful
and o p beam can also be polarized, it will be
possible to prepare spin singlet and spin triplet
itial states of pp annihilation. This develop-
ment s very challenging, but if it works it will
be possible then to perform differential measure-
ments acting on the spin of the initial state,
and this would represent a major acdvance for
teson spectroscopy with antiprotons. This ad-
vanee would be superior to the one achieved with
the XDC rechnique hecanse dilferential measure-
ments would become feasible in production with
high rates at all energies. This would permit
both access to and identification of ggg glueballs,
which can have exotic quantum numbers.

We can anticipate a very productive future
for light-meson spectroscopy with the new detec-
tars at present on the floor. Some 107 minimum-
hias events al rest, at two or three target den-
sities, are necessary for determining the branch-
ing ratios of all exclusive annihilation channels
that can be fully reconstructed, for establishing
the product of production times decay branch-
ing ratios for all accessible intermediate states
with a production hranching ratio in excess of
10~ and for establishing their dependence on
the distribution of initial states (which changes
by varying the target density and by requiring
X-rays of protonium in coincidence). Extrapo-
[ating from what occurred in ASTERIX, and
considering that BRax > 1073, it is very likely
that new states will emerge already from these
data. Data samples of some 107 events should
then be collected with more selective triggers

that will accept events containing K or 7 in

of e\ QM‘V\?L'\[4£°‘0~\ f-'onﬁzz yfaf&j
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the final state, and with and without the re-
quirement of the presence of an X-ray in co-
incidence, independently of the request for the
final state. The efficiency, the rejection power,
and the biases of each trigger can he studicd
by flagging the trigger in data collected with
minimum-bias or low-bias triggers. Since (yvpi-
cally the experiments can write () events per
second or more on cassette, the data-taking time
for a high-statistics run is hetween one week and
one month. For triggers with rejection power al
the level of 10 and elficiencies at the level of 14
for a structure produced in pN annihilations at
rest, some 10° events will be present in the signal.
For narrow structures this will enable quantun-
number determination via spin-parity analysis
and differential-production analysis. For lrond
structures this will enable their observation by
differential analysis.

An ambitious programme requires a comnn-
nity motivated to exploit and improve its instru-

ments. At LEAR there are three main lines of

extension represented by: i) upgrading of the de-
tectors that are presently on the floor. ii) ex-
tension of the control of the discrete quantum
numbers of the initial state, which permits dif-
ferential measurement, and iit) extension of the
accessible energy range.

Operation of LEAR at the lowest. reliable no-
mentum is most advantageous for experiments at
rest. Extension of the LEAR operation to higher
energies is possible in the collider-beam mode,
but not competitive, in terms of luminosity and
length of the interaction region, with jel tar-
get operation at a dedicated p ring with cnergy
higher than LEAR.

Soon pp collider operation at the CERN SPS
will stop for physics runs. LEAR will then be
the only user of the p source. LEAR operation
will be possible at high intensities all the vear
round, and will be continued on the medinm and

long ternn, provided the physics interest is strong
cnongh 1o justify the operation costs in the con-
text ol an acute need for resources for the com-
pletion of the LEP 200 upgrading and for the
construction of the LI, The facts reported in
the preceding sections demonstrate that the re-
sults-and the unique possibilities in light-meson
spectroscopy at LEAR alone call for a long-term
contination of the work with the new detec-
tors installed on the floor and with the new ex-
perimental approaches whose effectiveness has
heen demonstrated. but not yet systematically
exploited. "T'his work should be done not only
with the aim of finding exotics but also of re-
ally studying their spectroscopy. The issue is a
fundamental one on qualitative grounds, namely
a clear-cut demonstration of the direct coupling
of gluons that would be proved unambiguously
by the demonstration of the existence of glue-
hall and/or hybrid states with quantum numbers
not accessible to q systems. (This would com-
plerient the recent. beautiful results on multijet
production and angular distributions at LEP and
at the pp colliders). The issue is also a quan-
titative one on the long term as calculations of
gluehall states on fundamental grounds are likely
to become precise hefore those of the spectrum
of light qq mesons. When a quantitative agree-
ment. between an experimental candidate and a
computed one will be reached, it will be crucial
to have the facility active to be able to check
states predicted by the theory and not yet ob-
served. The differential measurements that are
possible only at LEAR with high statistics of-
fer the perspective of observing exotics also if
they are rather broad. This permits having a
long-term strategy of measurements and analy-
sis. The failure of all Lentatives of observing pro-
tontum K N-rays in liquid targets and of demon-
strating the existence of baryonium via inclusive
measurements has illustrated negatively the im-
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portance of having ambitious long-term expori-
mental strategies, whilst the observations of 1l
AX at LEAR have demonstrated the same thing
positively.

Critical attention and more active contribu-
tions from theorists working in particle physies
would be an asset for the comununity ol LIIAR
interested in meson spectroscopy. This could he
rewarding in view of the unique experimental
possibilities in this field.

Every accelerator at a certain stage ol its his-
tory becomes useful also as a test [acility. LIAR
is a decelerator. Amusingly, it can offer a superh
test facility for LHC detector components facing
the interaction vertex. Conversely, the detector
technology that has to be developed for the 111",
used at LEAR, will enable glueballs to he shown
on line on Saturday mornings guided tones a

CERN.
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