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l The OBELIX experiment 

Meson spectroscopy is not an end in itself, it must be rather considered a tool for 
the study of Quantum Chromo Dynamics (QCD) in the non-perturbative sector. 
The mathematical techniques of perturbation theory, so successful in QED, can 
be applied with success to short clistance phenomena (very high energy), where 
QCD ancl QED are similar in manifestations. But we do not yet know how to 
clescribe the long range confinement properties from first principles . This is a 
frustrating aspect of QCD . The clepth of our ignorance can be illustratecl by 
the fact that although it is wiclely accepted that haclrons are either baryons (3q 
objects) or mesons (qq objects), we cannot explain this using QCD. Moreover, an 
unvindicatecl expectation from QCD, is the existence of a new form of matter, 
the glueballs (gg or ggg) an d the hybrids ( qgq) . 

A rather established consensus in the theoretical/phenomenological activity con­
cerns the prediction of the mass region which shoulcl be populated by gluonium 
ancl hybricls states . These mesonic resonances are expectecl in the low mass re­
gion of the hadron spectrum (between 1.0 and 2.5 Ce V/ c2

). Since this region is 
overpopulate by the stanclarcl qq mesons and their radial excitations , and a non­
qq object may have allowed qq quantum numbers , the task of identifying exotic 
states is not simple. 
The strategy developed in the last few years is to use reactions and processes 
which can tag the fiavor content or the quantum numbers of the procluced states 
and then to compare the production properties of a given new state in different 
reactions . 
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OBELIX has focussed its search on the mass region (beiow 1.8 GeV/ c2
) , with the 

aim of comparing different type of reactions, specifically with finai states contain­
ing kaons, taking aiso advantage of the possibiiity to change the distribution of 
the protonium initiai states by varying the target density, and, with the fi beam, 
to have a pure isospin I = l in the initiai state. 

Another important fieid of research of OBELIX is the study of the annihiiation 
dynamics through the measurement of two-body annihiiation frequencies at rest 
and of the annihiiation cross sections in fiight at iow energy. The possibility to 
extract from these data the hadronic branching ratios offers the possibility of a 
direct comparison with the theoreticai predictions on quark dynamics. 

The expioration of the validity of the OZI ruie has suggested to OBELIX a sys­
tematic study of antinucleon annihiiations in the channeis cj;1r± and w1r±, using 
both antiproton and antineutron beams. The dramatic OZI vioiation experi­
mentally observed and the deveiopment of t he ana.lyses in progress will allow to 
check the correctness of the hypothesis of the intrinsic strangeness content of the 
nucleon. 

2 The OBELIX detector 

The OBELIX spectrometer was conceived as a generai purpose, iarge acceptance 
("' 37r ) an d high resoiution detector , aimed to the systematic study of antinucleon 
annihiiation. In fact the apparatus is capabie of detecting all the products, both 
charged and neutrai, following the interaction of antinucleons on nucleons and 
nuclei. 

Nowadays OBELIX has practically been turned into a facility, allowing a wide 
spectrum of different measurements , ranging from the atomic to the particle 
physics, and producing a iarge amount of originai and interesting resuits. This has 
been made possibie thank to the high versatility of the apparatus and, especially, 
to the possibility of changing the probe and/or the target without modifying the 
overall experimentai set-up. 

OBELIX can be regarded as an ensembie of four sub-detectors (whose detaiied 
description can be found in Ref. [l]) arranged between and around the poies of 
the CERN open axial field magnet (OAFM) [2]. Fig. l gives a sketch of the 
detector compiex, characterized by a cylindricai geometry. 

Moving out from the axis of the apparatus one finds at first the target , whose 
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Figure 1: The OBELIX spectrometer: l ) Open Axial Field Magnet ; 2) Spiral Pro­
jection Chamber; 3) Time-Of-Flight System; 4) Jet Drift Chamber; 5) HARGD 
(SM1- SM4: Left , Right , Top and Bottom Modules). 

nature (gaseous Hz , Dz , 3He, 4 He, liquid Hz , Dz , solid, . .. ) depends on the mea­
surement one wishes to perform. A spi·ral projection chamber (SPC), allows the 
the determination of the interaction vertex and for the recognition of the anni­
hilation prongs. In addition it allows the detection of the the X-rays following 
the de-excitation of the pp atom. Then a first layer of 30 thin (l cm) plastic 
scintillators (nicknamed tofino), arranged as the staves of a barrel, provides the 
annihilation times to the OBELIX time-of-flight system (TOF). The outer jet 
drift chamber ( JDC) is devoted to the tracking of parti cles. It allows the mea­
surements of the particle momentum and of their dE j dx and contributes to the 
determination of the interaction vertex and of the topology of the event. The 
JDC consists of two semicylindrical "bicycle-wheel" drift chambers, 1.4 m long, 
radius 0.2-0.8 m , operating at atmospheric pressure with a 50/50 Argonjethan 
mixture. The chambers are equipped with 3444 sense wires arranged in 4° sec­
tors; each wire is instrumented with 8-bit FAD at both ends. 
The JDC is , in turn , surrounded by a second barrel of 90 scintillators (nick­
named tofon e), 4 cm thick. The tofino and tofone segmentation is exploited to 
provide the first level trigger based on the multiplicity of the charged annihila­
tion products , on some selected topologies and, thank to precise time-of-flight 
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measurements, on parti cl e discrimination (in particular between J( an d 7!"). 
Finally the high angular resolution gamma detector (HARGD) surrounds (""' 371"), 
the apparatus . This sampling electromagnetic calorimeter is structured in four in­
dependent modules ( 4.0 x 3.0 x 0.8 m 3 each) consisting of planes of limited streamer 
tubes, interleaved with Pb sheets (rv 10 radiation length in total). HARGD is 
addressed t o the detection of the 1-rays ( mainly from the 7!" 0 decay) an d c an 
provide a second level trigger on neutrals. The whole apparatus is immersed in 
a magnetic field, whose intensity reaches its maximum value of 0.5 T along its 
aXIS . 

The performances of the different detectors are summarized in Tab . l, and some 
performances of the apparatus on neutral and charged parti cles are shown in fig. 2 

The OBELIX spectrometer has been also equipped with a unique facility for the 
production of ii , exploiting the experience accumulateci in one of the LEAR first 
generation experiments ( PS 178), tha.t validated a pioneering technique to obtain, 
in an efficient way, a n beam [3] . The n are produced via the charge exchange 
reaction f5p ---7 nn on a LH2 target , arranged in the upstream pole of the OAFM. 
A complete clescription of the set-up ancl of the method usecl to reconstruct the 
momentum of e a eh annihilat ing n is reported in Ref. [ 6] . 

3 The OBELIX strategy 

The N N annihilation process is characterizecl by ambiguities on the quantum 
numbers of the initial state from which the annihilation occurs, ancl by a great 
variety of possible multi-particle final states that have to be detected and identi­
fied by the experimental apparatus. 

In annihilations at rest , the partition among the possible 25+1 LJ (JP0 ) quantum 
numbers of the protonium six initia.l states: 

is influenced by the target density. 

In a LH 2 target the Stark-mixing effect works strongly in favour of S-wave anni­
hilation from the 150 and 3 51 states; on the other hancl , in a low clensity gaseous 
H2 target, P-wave annihilation should become the clominant process. 

The idea of providing the OBELIX apparatus with GH2 targets with a selectable 
clensity (just varying the gas pressure from a few bar down to l mbar) ancl with 
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pattern recognition efficiency 95% 
spatial resolution (Jr <p = 500 /lffi 

(Jz = l c1n 

spatial resolut ion (J,.'P = l mm 

for vertex reconstruction (Jz = 5 mrn 
X -rays detection efficiency 90% 
X -rays energy resolution 18% at l. 7 KeV (La) 
(JEI E (pp atom) 10% at 3.0 KeV (L;3 - Loo ) 

7.5% at 5.5 KeV (54 Mn) 
dEidx 34% (FWHM) 

pattern recogni t i o n efficiency 97% 
spatial resolution (7,.</) = 160 /lffi 

(Jz = 1.2 cm (0.8%) 
double hit separation l mm (90% of the hits) 

momentum resolution (JPIP"' 3.2% at 930 Me V l c 
spatial resolut ion (Jx = (JY "'3 mm 
for vertex reconstruction (Jz = 7 mm 
dEidx 22% (FWHM) 

intrinsic resolution of 400 ps (FWHM) 
internallexternal slabs 
precision on the alignment 200 ps (FvVHM) 

in each barrel 
total resolution in the timing l ns (FvVHM) 
of the full array 

IHARGDI solid angle n 1 47'1 "' 7o% 
efficiency (E> 0.15 GeV) > 90% 
energy resolution (JEIE"' 18%lvE 
angular resolution "'5 mrad 
( vertex known) 

Table 1: Performances of the OBELIX spectrometer four sub-detectors . SPC: 
drift chamber vertex detector; JD C: jet drift chamber for particle tracking; TOF: 
inner and outer scint illator barrels for t ime-of-flight measurements; HARGD: 
electromagnetic calorimeter. 
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Figure 2: (a) distribution of the ìì invariant mass selected by a kinematical fit 
to the reaction ]Jp --+ 7!'+7!'- ì ì · The fit to the distributions around the 7!' 0 and ry 
masses (shown in the insets) gives: m(7T0) = 134A1eVjc2

, 0' (7!'0) = 10A1eVjc2 ; 

rn(ry) = 547 A1eVjc2
, O' (TJ) = 15MeVjc2

; (b) pion-kaon separation by means of 
time of flight and (c) of dE/dx from the JDC chamber ; (d) final state particle 
average momentum after kinematical fit selection for t he j5p --+ J(+ J{ - and j5p --+ 
7!'+7!'- reactions, showing two separated peaks at 793 Me V /c and 923 Me V / c and 
a resolution of about 70 Me V /c F\VHM; (e) invariant mass 7!'+7!'-7!'0 from the 
reaction j5p --+ 27l'+27l'-7!'0 , showing the ry and w peaks with a width of r::::::: 15.111 e V/ c2 

s1gma. 
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LH2 target, is a simple and effective way to change the relative weights of the 
initial state quantum numbers of the detected annihilation channels, leaving the 
detector practically in the same conditions. 

Another technique developed by OBELIX is the annihilations in fiight at very 
low ]J incident momentum (S 50 MeV /c). In these conditions annihilation should 
predominantly occur form S-wave state in a statistica! mixture of singlet and 
triplet. Su eh low momenta can be tagged by a simple timing procedure, calibrated 
on the j5 slowing-down process into the target [5]. 

Finally, when using an n beam, the isospin of the np state is fixed to I= l , as for 
the j5n state in deuterium, but without any complication due to the "spectator" 
pro ton. 

These five different experimental arrangements (f5 at rest on liquid, NTP and 
low pressure hydrogen targets, j5 in fiight at low momentum, n in fiight) are at 
present used extensively to collect data on meson spectroscopy and annihilation 
dynamics. 

For what concerns the selection of specific final states, an extended use of spe­
cialized triggers has been made. 

The first level trigger is based on the TOF system and can operate in less than 200 
ns. A t first level , the multiplicity of hits on the inner and outer barrels slabs can be 
fixed , thus choosing the event topology to be selected. The kaons can be roughly 
selected in real time by requiring a TOF larger than a programmable minimal 
value. Simple topological conditions may also be required and activated in the 
inner tof barrel (t o fino) to select particular channels like back-to-back two charged 
prong annihilations ( enrichment factor > l O) , or <P ---t J(+ [(- ( enrichment factor 
>50). 

At the second level, there exist also the possibility to correlate each internai 
slab to a subset of external slabs in order to increase the efficiency of the pattern 
recognition t1'igger, when triggering on back-to-back configuration. This technical 
facility allows also a momentum selection of the charged products through their 
curvature radius. At this level , it is also possible to trigger on particular shower 
topologies with the HARGD calorimeter, to improve the detection efficiency on 
the channel containing neutrals. 
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4 Meson spectroscopy (spin-parity analyses) 

In this section we present our most recent results on the search of exotic mesons. 
The technique used is the spin-parity analysis of the spectra of the mesons pro­
duced in the N N annihilation. 

4.1 The N N annihilation into three pions 

The experimental investigation in the channel pj5 ---t 1r+1r-1r0 begun in the sixties 
with the hubble chamber experiments that were able to collect statistics of few 
thousands of data from annihilation in liquid hydrogen. 

Generally speaking, the three pions final state is the most simple channel in which 
is possible to produce resonant states; moreover, its branching ratio allows the 
collection of high statistic samples. 

In the hubble chamber data interesting deta.ils of the channel were weakened by 
the low statistics collected and by the strong p production. The experiments 
of the LEAR generation, by measuring with high statistics and also in gaseous 
hydrogen, put in evidence the existence of new resonant sta.tes. 

Up to now OBELIX has analyzed data in the channel pj5 ---t 1r+1r-1r0 at three 
different densities: 5 mbar (120.000 events over the Dalitz-plot ), l Atm (85.000 
events) a.nd 3 Atm (70.000 events) , obtained by reconstructing the 1r

0 with a lC 
kinematical fit. The sub-samples obta.ined with a 3C kinematical fit, using the 
1r0 reconstructed by the calorimeter, are also available with a statistics five times 
lower. 

In Fig. 3 we show the Dalitz-plots ( and their projections) of the NTP and 5 
mbar samples. At first glance the two Dalitz-plots look like very similar; this 
is due to the fact that almost all the resonances can be produced both in S­
wave and in P-wave, so tha.t it is impossible to appreciate by eye the different 
angular momentum modulations of the S-wave and P-wave contributions. To 
obtain samples with a different initia.l pa.rtia.l wave mixture, we collected in 1994 
a large statistics at NTP and in liquid hydrogen, and a significative sa.mple of 
annihilation in fiight at low j5 momentum, where the S-wave, in a statistica! 
mixture, is totally dominant. 

The actual version of the spin-parity program represents the different isobars by 
Breit-Wigner forms and Zemach angular momentum tensors while the 7r7r in-
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teraction in S-wave is parameterized following the Au, Morgan and Pennington 
prescriptions. The fit can adapt the percentage of initial partial waves , relative 
phases , amplitudes, masses and widths of the different resonances. We are em­
ploying also a new version based on the K-matrix formalism. The analysis of t he 
different samples is in progress ; the l C larger samples and the 3C sub-samples, 
obtained with the reconstructed ?T 0 by the calorimeter, are fitted simultaneously . 
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Figure 3: Dalitz plot , 'iT+'iT- and ?T+?T
0 squared invariant masses for the reaction 

pp-+ ?T+?T-?T0 in gas at NT.P (left ) and at a pressure of 5 mbar (right) . 

The preliminary results show a strong deviation of the fit in the p0 region which is 
due probably to the parameterization clerived from the diffusion data. The stucly 
of a new p0 parameterization for the production process by using experimental 
annihilation data is in progress. vVe have verifiecl that t he deviation in the p0 
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region doesn't affect the sensitivity to the other resonances. vVe verified also, 
by Monte Carlo simulations, that the sensitivity of our fit to the 2++ and o++ 
signals is good, because signals of the order of few percent in each partial wave 
are detected unambiguously by the fit program. 

The data require a 2++ !2(1520) (AX) production from the 1 .5'0 , 3 P1 and 3 P2 

initial states . A resonance o++ f 0 (1525) coming from the 1 S0 initial state greatly 
improves the x2 of the fit . 

Concerning the antineutrons, the whole statistics consists of about 22 x 103 n p ---+ 
1r+1r+ 1i - annihilations in flight (Pn < 400Me11/c) selected by a 4C kinematicalfit . 
For an od d number of pions, the selection rules allo w a t this energy the 1 .5'0 , 

3 P1 

and 3 P2 initial states only. The three main structures that can be seen in the 
Dalitz Plot and in its projections, are the p0 (770) , the !2(1270) and an excess 
of events in the region of 7i+7i - invariant mass around 1.5Ge11/c2

. This "AX 
signal" in our spin-parity analysis cannot be explained simply by the presence of 
only one resonance, either the !2(1520) or, alternatively, the new meson j 0 (1500) 
recently proposed [20]. The strength of this signal is of about 10%. 
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Figure 4: Dalitz-plot and 7i+7i- invariant ma.ss for the reaction n p---+ 7i+7i+7i-. 

4.2 The N N annihilation into five pions 

Here we consider the analysis of the spectra of the reaction N N ---+ 57i after 
the w subtraction. This channel is object of studies from long time. Deuterium 
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hubble chamber data, recently reanalyzed [14], showed the existence of a signal 
in the four pion neutral invariant mass in the channel pn -+ 2rr+3rr- , with a spin­
parity assignment jPC = o++ ' I = o, mass and width M = 1386 ± 30 j\1[ e v; c2 

an d r = 310 ± 50 M e V/ c2
. The decay mode was suggested to be p p and O" O" in 

interference, where O" indicates a dipion system in relative S wave. This analysis 
was performed with 1400 events only, and with the assumption of only the 150 

initial state. 

OBELIX [15] performed the spin-parity analysis of a sample of 5394 in fiight 
events (momentum between 100 and 300 Me V /c) in the channel np-+ 3rr+2rr-, 
by using the antineutron beam facility of the experiment. This analysis of entirely 
new data confirmed the existence of a signal in the (2rr+2rr-) invariant mass , the 
o++ spin-parity assignment and the (p p - O" O") decay mode. The signal saturates 
completely the channel (no phase space!). The found mass and width values were 
!11 = 1345 ± 12MeVjc2 and r = 398 ± 26!vfeVjc2

. Note the larger width found 
in this new measurement, compared to that of [14] . 

This result definitely ruled out the (2++) quantum numbers for this state, an 
assignment made in previous analyses of this channel [16]. 

The Crystal Barrel Collaboration [18] reported then the observation of the same 
o++ state in the configuration (rr+rr -rr0 rr 0

) at rest in liquid hydrogen in the chan­
nel pp -+ rr+rr- 3rr0 with a statistics of 23220 events . The found mass and width 
values were M = 1374 ± 38!vfeVjc2 and r = 375 ± 61MeVjc2

• 

At this point the common belief is to be in the presence of a new f 0 (1400) -+ 
(p p) , (O" O" ) -+ 4rr meson, named in the las t Review of P artide Properties as 
f 0 (1370). The interpretation of this state is currently matter of discussion. 
Firstly, it could be the known f 0 (1300) meson seen in its 4rr decay mode. Alter­
natively, this state could be a pp molecule bound by one-pion exchange [19] or 
also an exotic state. 

The large width of the f 0 (1370) found in this channel (f ~ 400NI e V/ c2
) greater 

t han the o ne found in the other channels ( r ~ 250M e V/ c2
), seems t o suggest the 

hypothesis of an overlap of this resonance with the exotic candidates f 0 (1500 or 
the h (1525) found in the pp -+ 3rr channel [20] an d never seen in the four pions 
decay mode. In the last year OBELIX has undertaken a systematic study of this 
channel with the aim to investigate this hypothesis . 

N ew data h ave been taken in four different conditions in order to vary the mixing 
of the initial states to resolve the ambiguities in the best fit solutions : a)130 000 
pj5 -+ 2rr+ 2rr - rr 0 events in gas at 3 atm, b) 40 000 pj5 -+ 2rr+ 2rr- rr 0 events 
in liquid Hydrogen, c) 90 000 pj5 -+ 2rr+ 2rr - rr 0 events at very low momentum 
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Fit pbar p ~ 11+11+1i-1T-1i0 
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Figure 5: (a) (11 ±7r0 ), (b) (7r±7r±7r0 ) , (c) (21r+ 21r- ) invariant m asses and (d) angle 
between the two charged pions in the pj5 -+ 21r+ 271" - 1r0 annihilat ion at rest in gas 
(after w subtraction) . The cont inuous line is the fit result . 

(p < 50 Me V/ c) , d) 20 000 pn -+ 37r+ 21r - events in fii ght (Pf5 < 400M e V/ c) wit h 
the antineutron beam . T he collected statistics is more t han 7 times greater t han 
t he sum of t he previously published data. 

Concerning t he antiproton data, in gas an acceptable fit has been obtained wit h 
the overlap of the f 0 (1370) resonance and of a non resonant per state. The mass 
and widt h of the resonance are M = 1335 ± 50 .l\1 e V/ c2 and r = 394 ± 10M e V/ c2

, 

in agreement wit h the previous results of OBELIX and Crystal Barrel. T he agree­
ment between t heory and data, although acceptable (see fig. 5) , is not completely 
satisfactory (x 2 = 1.5): it seems that the ampli tudes used up to now, when ap­
plied to high statistics data, are not completely correct . 
The data in liquid give fits equivalent to those in gas , both starting from init ial 
S states only and using S and P init ial states . We hope to solve this ambiguity 
by analyzing t he data in fiight at very low momentum, where S wave dominates . 

We observed no significant improvements by using an overlap of t he f 0 (1370) 
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and !2(1520) resonances with variable widtho The fit assigns to the 2++ signal a 
weight < 10%, without improving the fito Also the overlap of the f 0 (1370) and 
the f 0 (1500) o++ resonances, clone in terms of Breit-Wigner functions, does not 
improve the fit o However, this overlap requires a reformulation of the amplitude 
in terms of unitary scattering matrices; the work on this point is in progresso 

Concerning the most recent antineutron data ( about 20 o 103 events taken a t 
100-400 Me V /c n incident momentum) , the (7r+7r+7r-7r-) invariant mass, after a 
scan on the n momentum, shows the following feature : the f0 (1370) resonance 
is present in any case and doesn't seem to suffer any partial distortion in the 
different slices chosen for n momentumo The presence of a shoulder towards 
the end of the (7r+7r+7r-7r-) spectrum seems, in any case, rather evident , but the 
difference spectrum doesn 't show a well separated structure for higher n momenta, 
as could be seen in the previous analysis with less statistics [6]0 \tVhether this 
effect has to be attributed to a worsening of the invariant mass resolution for 
high n momenta or to a statistica! fiuctuation is still under studyo 

4 .3 Research of exotic m esons in the E/ t region 

The first evidence for a possible non-qq state carne in 1963, with the discovery 
from the CERN-College de France group of a resonance at 1400 MeVjc2 in the 
f{ i? 7r system [7], which they named the E-mesono It was seen in the annihilation 
at rest pj5 -+ f{± K27r±7r+7r- with a spin-parity analysis favoring o-+ [8]0 The 
decay modes into f{* k and a0 7r were found to be equally strongo 

In more than thirty years, despite the contribution of many experiments, the 
number of resonances in the 1400-1500 Me V region , their quantum numbers and 
decay modes are still controversia!. This situation has been referred to as "the 
E/L puzzle" o The most recent results, in Jj 'ljJ radiative decays [9, 10], claim for 
the presence of three objects : two pseudoscalars and an axial vector. Among 
them, at least two have a high score for not being ordinary qq stateso 

The OBELIX strategy for the search of the E/ L mesons is based on a program 
of high statistics data collection, with dedicated triggers, under different initial 
pj5 angular momentum stateso 

So far, three data sets at three different target densities have been collected from 
November 1993 to October 1994: 6 o 106 events at 5 mbar pressure Hydrogen (P­
wave dominance), 18 o 106 events in liquid Hydrogen (LH2) (S-wave dominance) , 
26 o 106 events in gaseous Hydrogen at NTP (about 50 % Sand P waves)o 
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A comparison of the three data sets indicates a decreasing of the signal from 
LH2 to 5 mbar, consistent with the hypothesis that in pp annihilation at rest the 
pseudoscalar states proceed from the 150 initial state and the production of the 
axial vector appears to be weak. The sample of data at 5 mbar are not statistically 
sufficient for a spin-parity analysis . The data at NTP (taken in October 1994) 
have been almost completely processed and their analysis has started. Fig. 6 
shows the K K 1i invariant mass for the three data sets after the subtraction of 
the combinatoria! background. For the NTP the figure refers to about 80% of 
the overall statistics. 
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Figure 6: K I{ 1i invariant mass from pp -t J(± Tt=F ( K 0 )miss Tt+Tt- events with (a) 
5 mbar, (b) NTP, and (c) LH2 targets . 

At present a spin-parity analysis of the LH2 data is in progress and preliminary 
results are given here. The :fitting procedure is based on the maximization of the 
likelihood function. The sample consists of 3940 events coming from the reaction: 

(1) 

with an estimateci background contribution of about 15%. V/e emphasize that 
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Figure 7: (a) (K1r), (b) (KK) , and (c) (KK1r) invariant mass distributions from 
the reaction pp ~ ](± 7r'f ( K 0 )miss 7r+7r - The broken line superimposed to the 
data is the result of the fit . 

this statistics, which exceeds by almost an order of magnitude previous data on 
this channel has been collected in 15 days of run. 

The in vari an t mass spectrum of the ( ]( k 7r) system, which has 2 entries per event, 
has shown a signal in the mass regio n aro un d 1.4 GeV/ c2

• The data show in 
adclition the presence of a neutral ](* signal ancl of a ]( k threshold enhancement 
which can be iclentifiecl with the a 0 (980) scalar state. 

A spin parity analysis of the final state (1) has been performed in the framework 
of the iso bar m od el, having a.s ingreclients : a) the ](* an d the ( ]( k 1r) resona.nt 
contributions para.meterized with standarcl relativistic Breit-Wigner formulas, b) 
the a0 (980) , parameterizecl with a Flattè function; c) the ( J( 7r) ancl ( 7r7r) S-wave, 
parameterizecl both accorcling to the effective range a.pproximation and to the 
N /D formalism. Two indepenclent programs based on the helicity ancl Zemach 
tensor formalism were usecl ancl found in excellent agreement . 

A goocl description of the fina.l state (1) ca.nnot be a.chieved introducing only 
5-body direct production plus background a.nd the non interfering procluction 
of the ](* ancl a0 resonances. In a.cldi t ion , the data demand the inclusion of a 
(I( k 7r) resonant contribution. For this resona.nce severa.l spin-parity assignments 
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were tested and the conclusion is that a pseudoscalar of mass M ~ 1.41 GeV/ c2 

and width r ~ 60 M eVj c2 , recoiling against a dipion system mostly in S-wave, 
is strongly favoured. The main decay modes of this state are found to be: 

_ { (Iùr )s-wave [( 
o-+ ( K Jùr) -+ ao1r 

K*k 

with a large ( K 1r )s-wave k decay mode. 

The o-+ resonance contribution to the ( K k 1r) mass spectrum is between 45% and 
60%, and the magnitude of the phase space background is correctly reproduced 
(about 15 %). The result of this fit are shown in fig. 7. 

The fit requires the contribution of a second pseudoscalar resonance of higher 
mass (~ 1.47 GeVjc2

) and slightly larger width ( ~ 90 MeVjc2
) , with a dominant 

( J(* k) decay mode. 

The presence of two pseudoscalars under the 77(1440) (following the last notation 
of the Particle Data Group) makes more meaningful the debate on their possible 
exotic nature. Strong arguments in favour of an exotic interpretation of one of 
the two pseudoscalars do exist [11, 12, 13]. 

4.4 The annihilation at rest pp -+ K+ K-1ro 

No detailed investigation of the J(+ K-1ro system has been made before OBELIX, 
apart from a very low statistics sample in liquid hydrogen and an ASTERIX 
analysis of the r/>1r0 channel only [17]. 

In spite of the scarcity of available data, this channel is very important because 
it offers the possibility to observe the J(+ !{- decay mode of the new mesons 
j 0 (1500) and !2(1525) observed at LEAR in their 1r1r , 1717 , and 1717' decay modes 
[21, 20 , 22] (see also sect. 4.1) 

We have obtained for this reaction a preliminary sample of 7218 and 25316 events 
in Hydrogen targets at NTP and at 5mb, respectively, with a 20-25 %background 
percentage coming mainly from the pp-+ 1r+1r-(M N!) reaction. 

These data have been compared with the prediction of a theoretical decay ampli­
tude containing many interfering resonances, parameterized in terms of standard 
relativistic Breit-Wigner functions and covariant spin tensors. 

16 



.,. 
() 

'-... 1.8 
> 
~ 1.6 

~ 1.4 o 
~ 
~ 1.2 ___., 

N 

~ 1 

0.8 

0.6 

0.4 
0.4 0.6 0.8 1 1.2 1.4 1.6 1 .8 

(Exp-BG)/ Ace. M2(Kn°), GeV2
/ c4 

Figure 8: Dalitz-plot of the pp --+ J(+ K-no reaction in a hydrogen target at 5 
mbar pressure. 

Concerning the presence of exotics , the fit was made for two different cases : either 
with the known /~(1525) contribution only or with the / 0 (1500) one. At present, 
both these hypotheses give a good description of the NTP andlow pressure data. 
The analysis of this channel in difficult , and the work is in progress. The statistics 
has been increased significantly with the last data taken in October 1994. 

5 Annihilation dynamics 

An important field strictly connected to the underlying quark dynamics in the 
annihilation process is the determination of t he branching ratios at rest of the 
annihilation channels and the measurement of the annihilation cross sections in 
flight at low energy. In this section we list the most relevant results obtained by 
OBELIX during the last two years on these topics. 
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5.1 Annihilation frequencies 

The measurement of the annihilation frequencies a t rest into two body final states 
and into other particular annihilation channels permits , in principle, the detenni­
nation of the hadronic branching ratio, that is a very important quantity, directly 
comparable with the theoretical models on quark dynamics. 

Unfortunately, despite the large amount of data, at present no purely hadronic 
annihilation branching ratio has been extracted from the measured frequencies. 

As explained a.lso in Sect. 3, the reason is that the annihilation at rest occurs 
from six different non interfering jPC states of protonium, with orbital angular 
momentum L = O or l ( S and P-wave annihilations). The population of these 
state is determined by the electromagnetic cascade of the protonium, and is not 
well known. Hence, the measured annihilation frequencies from a target are the 
product of the ( electromagnetic an d hadronic) probability to annihilate from a 
certain jPC state and of the (purely hadronic) probability to annihilate into the 
observed channel. The separate study of these two effects is very difficult. 

The OBELIX Collaboration is performing systematic measurements of frequen­
cies in different conditions of target density and in flight a t low momenta with the 
aim to disentangle, for some important annihilation channels, the electromagnetic 
effects from the hadronic ones. 

Three goals could be reached with such a systematic job: a) the determination 
of the hyperfine protonium level widths , b) the determination of the hadronic 
branching ratios and c) the removal of the ambiguities of the spin-parity analyses 
due to the ignorance on the distributions of the initial states. 

This ambitious programme requires many measurements and can not be per­
formed by only one experiment. The OBELIX contributions to this field are 
reported in the first part of tab. 2; this study will be improved and completed 
in the next years. The measured frequencies concerns some pp annihilation into 
two stable mesons at two target densities , NTP and 5mbar. This is only a first 
important step in the hadronic branching ratio determination. One can note , for 
example, that the 7!'+7!'- frequency at 5 mbar has the same value of that at NTP, 
in contrast wi t h the J<+ K- frequency, which shows, at 5 mbar , a value different 
from t ha t measured by ASTERIX a t NTP (an d therefore no t reported in the 
table, which concerns the OBELIX results) , which is (6.9 ± 0.4) 10-4 [30]. The 
last datum of this group concerns a measurement in deuterium that permitted, 
for the first time, a model dependent evaluation of the P-wave percentage in the 
annihilation of a j5 on the proton bound in deuterium (18 ± 7%) [29]. 
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TARGET REACTION VALVE REFERENCE 
or BEAM or REMARKS 

NTP pp ---t ?To7To (1.27 ± 1.3) 10 3 [23] 
NTP 1T+7T - ( 4.27 ± 0.23) 10-3 [25] 
NTP !{+ !{- 17T+7T- (0.163 ± 0.011) [29] 
5 mbar 7T+7T - (4.26 ± 0.11) 10-3 [24] 
5 mbar !{+!{- ( 4.6 ± 0.3) 10-4 [24] 
NTP cj;?TO (2.04 ± 0.20) 10-4 to be sub . 
NTP 1]7!"0 (3.4 ± o. 7) 10-4 to be sub. 
NTP 1]1] (2. 7 ±o. 7) 10-4 to be sub . 
NTP pD ---t !{+ !{- 17T+?T - (0.27 ± 0.02) [29] 
in fiight np ---t cj;7T+ l W7T+ (0.110 ± 0.016) [28] 
NTP (slow p) pD ---t cj;7T- lw7T - (0.133 ± 0.026) [27] 
NTP (fast p) cP?T- lw7T- (0 .113 ± 0.030) [27] 
NTP pD ---t 7T-p (1.29 ± 0.09) 10 5 [26 , 25] 

Table 2: Two-body annihilation frequencies measured in various conditions by 
the OBELIX Collaboration 

The study of many other channels is in progress; in particular, we are analyzing 
the reaction pp ---t KsKL , that occurs from the 351 state only. 

5.2 OZI rule violation 

The seconcl group of data of tab. 2 is a ratio of frequencies for the procluction 
of a pion associatecl to the strange ancl non strange isoscalar members of the 
vector mesons nonet. This ratio is purely hadronic, because the frequencies are 
measured in the same experimental conditions, so that the ratio drops out all 
the spurious effects . The value for the antineutron in fiight refers to incident 
momenta < 300M e V l c, whereas that in deuterium is measured by selecting slow 
( < 200J11eVIc) or fast(> 400NfeVIc) spectator protons. A new sample of an­
tineutron data is under analysis , and the statistics collected will allow a reduction 
of the error on the ratio </;?T+ lw?T+ of more than 50%. These data show a strong 
violation of the OZI rule, which predicts for this ratio a value about 40 times 
lower. This result , found also in clifferent channels by other LEAR experiments 
[31] , is perhaps one of the most interesting results of the studies on the anni­
hilation branching ratios , because it gives information on the possible ss quark 
content in the nucleon (see [28] and references therein). 
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To test OZI rule violations in Pontecorvo reactions, OBELIX performed the mea­
surement of the ]Jd -t cfyn channel, with a dedicated " cjy trigger" : a preliminary 
final state selection, on about 1/10 of the overall statistics, is shown in fig. 9 
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Figure 9: (a) J<+ K- invariant mass distribution of the pp-+ J<+ K-n reaction , 
showing a clean cjy peak and (b) J<+ K- momentum distribution, showing two 
enhancements corresponding to cfyrr 0 ancl cfyn final states. 

The same data sample shows also the production of A 0 with high momenta, which 
can only be relatecl t o the Pontecorvo-like channels p D -t A 0 !{0

, A 0 !{*0
• 

5.3 Low energy jip annihilation cross section 

During the initial stage of the experiment we verifiecl that the measurement of 
the pp annihilation cross section at very low momenta was feasible [5]. A set of 
new values of the cross section at 170, 104, 66, 59 , 55 , 51 and 41 MeV /c has now 
been obtainecl and a publication is in preparation. Moreover, a new data sample 
has been recently recorded with a new technique, that allows the measurement 
of the cross section t o be performed below 35 Me V/ c. 

The capability of OBELIX to efficiently use beams of very low momentum, cou­
pled to the large acceptance ofthe spectrometer, provicles the possibility to study 
the partial annihilation cross section for different exclusive channels. Information 
about the behaviour of these cross sections could be a formidable input for dif­
ferent annihilation models based on meson exchange or quark clynamics . At low 
energy,in fact , the waves contributing to the annihilation process are few , and the 
comparison between data ancl theory is more clirect. In this domain , practically 
no other experimental data are available un der 400 Me V/ c. 
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6 Nuclear and Atomic physics 

The Collaboration performed also some measurements in fields different from me­
son spectroscopy and annihilation dynamics . The topics chosen have the common 
characteristic to be of primary importance in the respective areas of nuclear and 
atomic physics and to require a very short time for the data taking. 

6 .1 Nuclear physics 

The last measured rate of tab . 2 is a precise measurement of the "prototype" 
Pontecorvo reaction pD --7 1r - p, in which the annihilation involves both nucleons 
of deuterium. This rate is sensible to the presence of 6-quark bags in nuclei, and 
its precise measurement is of importance to fix the parameters of many theoreti­
cal models dealing with the quark degrees of freedom in nuclear matter. 
Along the above lines, a data sample concerning p annihilation at rest on 4 H e 
nuclei was collected in 1993. Events having the features expected for the anni­
hilation involving more than one nucleon have been identified both in 27r+27r ­
and in 21r - 1r+ channels. The production rate for these events is of the order of 
5 x 10- 3 [32] 

Two sets of data have been taken in 1990 and 1994 concerning the annihilation 
cross section of antineutrons on nuclei. 
The first set (1990) includes ,....., 20000 events of antineutron annihilation on C, Al, 
Cu, Sn and Pb, at three different momenta (180 , 240, 281 Me V/ c). The results 
are free from the Coulomb distortion, and show a scaling law of the annihilation 
cross section with the baryon number to the power 2/3 for all the 3 momenta [33]. 
The second set of data (1994) has been taken in a "parasitic mode", i.e. with the 
nuclear target put few centimeters downstream the reaction LH2 target : in such 
a way the antineutrons non interacting with hydrogen are used as available beam 
for the nuclei. The nuclear targets were the same as in 1990, with in addition 
a silver target. The range of momenta was extended up to 400 MeV jc. The 
amount of data is of the order of 6 millions, the analysis is at the beginning. 

6.2 Ato1nic physics 

To test the feasibility of the low pressure target technique, few dedicated runs 
have been devoted to the measurement of cascade protonium times and widths at 
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8.2, 4.1, 2.1 mbar pressures. Decreasing the pressure, cascade times of 110 ± 10, 
145 ± 15, 210 ± 25 ns and widths of 45 ± 5, 82 ± 9, 125 ± 9 ns have been measured 
[34]. After this result, spectroscopy data at a pressure of about 5 mb ha ve been 
collected in many channels. 

Prcjeetile ~ 

•oJ •o2 •o' 
er"'"'"".,...-........ ......,"""'"--.-.-,......,.~-......... ......,,;-, 

H e 

Equìvolenl Antiproton Energy (keV) 

Figure 10: p stopping-power best fitting function for He (solid line) and upper­
and lower-limiting behaviours down t o 0.5 kEV ( dashed li ne); the dotted line is 
the proton stopping power [35]; •: Golser and Semrad data [36]; /::,.: 11- in He; 
dot-dashed and dashed lines below 0.5 keV are, respectively, an acceptable and 
an unacceptable behaviour for p stopping power. 

With the above technique used to measure protonium cascade times, data on 
the delayed annihilation of p stopped in a 4 H e gas ha ve been also collected. 
The behaviour of the delay time ( ~ 3f.Ls) with the pressure and the presence of 
contaminants has been reported [37]. 

The simultaneous measurement of the vertex spatial coordinates and of the an­
nihilation times of ps annihilating a t rest in a H 2 an d 4 H e target a t very low 
pressure, allowed for the first time the measurement of the p stopping power at 
energies below 1.1 Me V. The Barkas effect , i.e. , a difference in the stopping power 
for antiprotons and protons of the same energy in the same materia! , shows up 
clearly in either of the gases. Moreover, below ~ 0.5 keV there is indirect ev­
idence for an increase of the antiproton stopping power. This "nuclear" effect , 
i.e. , energy losses in quasi-molecular interaction, shows up in fair agreement with 
theoretical predictions. [38, 39]. 
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7 Future plans and requests 

To achieve our experimental program on meson spectroscopy and annihilation 
dynamics we have to complete the statistics on the channels under study for all 
the different target and beam experimental conclitions exploited up to now (see 
Sect.3) 
In addition, we intend to make some new measurements of particularly interesting 
reactions , that are well within the possibility of the apparatus. 
In the following , we list all these items, together with the beam requests for 1996 
ancl beyoncl. 

• lVI es o n spectroscopy studi es a t rest 
'vVe intencl to complete our statistics on pp annihilation at low incident 
momenta and at low pressure. 
One of the main topic will be the investigation of the two kaon and of the 
rpr bo un d states , in the regim1 of the a0 ( 980) u p t o l. 6 GeV/ c2

, through 
the reactions: 

pp---+ Klùr, 

with two charged kaons , a neutral K missing or decaying into Ks ---+ 7r+7r-, 

ancl with the rt meson decaying into ìì or into 7r+7r-7r0 . 

To this end, a large statistics on 2 and 4 prong channels with cleclicatecl 
trigger is necessary. 

'vVe plan also to collect high statistics data on pn annihilation by filling 
the target with cleuterium. Very slow spectator proton stopping in the gas 
of the SPC vertex detector (Pf5 < 50./VI ev /c) can be iclentifiecl t o obtain a 
sample of annihilations on a quasi-free neutron more significant than that 
obtainecl in the past with hubble chambers (Pf5 < 150M ev /c). 

Concerning the E/ t region, within the large fraction of all the chargecl 
mocles one can efficiently select the six-prong final state: 

pp---+ (K~K±1r~) 7r+7r-

with the K~ selectecl from its 7r+7r- decay products. The cletection of this 
reaction by a 5C kinematical fit provides additional ancl more precise infor­
mation on the nature of the decay E/ t ---+ K i? 1r 
Another interesting six-prong channel, which allows an experimental cleter­
mination of the C (and G) parity of the E/t , is: 

pp---+ (K~K~1r0 ) 1r+1r-

with K~ ---+ 7r+7r-. 

An adclitional interest comes from the possibility to study the channel 

pp ---+ ( T/7T"7r )7r7r 
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with the 77 observed in its ( n+n-n°) mode. Preliminary indications on 
the presence of E j L in this reaction comes from the analysis of a reduced 
data sample (1.2 · 106 events) collected in li qui d Hydrogen during the May 
94 data taking. These data should allow a coupled channel analysis of 
E/ L --+ ( K k 1r) together with E j L --+ ( 7]7r7r). 

Finally, we intend to increment the present 4-prong sample of about 4000 
K k 1r events taken with a liquid Hydrogen target to study the final states: 

- F± 'f FÙ + -pp --+ 11 1T limi ss 1T 1T 

pp--+ J(± J<=f7r07r+7r-

All the above final states have to be analyzed at least at two target densi­
ties , to disentangle the contribution of initial angular momentum states to 
the production of exotics. 
To achieve this goal a 18 week data taking at 100 Me V /c in gaseous Hy­
drogen target and a 6 week data taking in liquid Hydrogen target at 200 
Me V j c are necessary. 

• M eson Spectroscopy studies in fiight. 
To explore the existence of a third resonance in the E j L region , with the 
quantum numbers of an axial vector, one way is to increase the annihilation 
yield of the initial pp in P-wave state. However, from the analysis of a data 
sample taken in gaseous hydrogen a t 5 m bar pressure, the rate of the ( K k 1r) 
events was found to be much lower than in liquid hydrogen. A possibility 
is that at rest this state is less produced for some dynamical reasons. 
Another approach is to go to in flight annihilations. Indeed , in this case 
one simultaneously enriches the P-wave initial states, while overcoming the 
centrifugai barrier present in the S-wave initial state between an axial vector 
E j L and the recoiling dipion with relative orbital angular momentum L = l. 
This argument is confirmed by the old bubble chamber data in flight. Vve 
plan to extend our E j L studies in annihilations in flight (momentum of 
700 Me V / c) in liquid Hydrogen target , with both 4-prong and 6-prong 
multiplicity trigger , in order to explore centrifugai or dynamica.l effects in 
the production of axial vectors. 

Furthermore, a sample of in flight antineutron data is necessary to complete 
our statistics on the np annihilations. 

W e foresee a 3 week data taking with a 400 Mev j c momentum beam and 
a 5 week data taking with a 700 Me V /c momentum beam to fulfill this 
program. 

• Branching ratios at rest 
In principle, to extract hadronic branching ratios starting from the mea­
sured rates , extensive measurements are necessary at four different densi­
ties. This is a unique opportunity, and it depends in first instance on the 
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quality ofthe work of measuring density dependent frequencies and angular 
distributions of simple annihilation channels at different target conditions. 
To complete this task , for the channels accessible to OBELIX, we require 
107 events at four densities taken with the minimum bias trigger (incident 
p). W e plan also to collect statistics with dedicated trigger to select charged 
and neutrals final particles. The time request is of 4 weeks at 100 MeV /c 
an d of 2 weeks a t 200 Me V/ c. 

• Pontecorvo reactions 
The study of the Pontecorvo reaction 

which, in the conventional framework , implies a double meson absorption, 
allows in principle to discriminate between rescattering and direct annihi­
lation on 6-quarks bag models (predictions are different by two order of 
magnitude). 
To achieve for this reaction an upper limi t of 10-9

, one week of data taking 
at 100 Me V /c is necessary. 

• Low energy N N cross sections 
vVe have the intention to perform a detailed scanning of the pp cross sec­
tion below 180 Me V /c. The OBELIX experiment is the only capable to 
reach such low values of incident momentum and no measurement but the 
OBELIX ones are available at present. 
These results are extremely useful for the investigation of the possible pres­
ence of resonant states near threshold and to fix the scattering lengths of 
the interaction. 
The time request is of one week at 100 Me V /c and of one week at 200 
MeV j c. 

• Atomic physics 
To complete our stuclies on the j5 stopping power and on antiprotonic stom 
metastable states, one week at 100 Mev /c is necessary. 

In conclusion, our total beam request for 1996 and beyond is the following: 

• 25 weeks with antiproton momentum of 100 Me V /c; 

• 9 weeks with antiproton momentum of 200 Me V /c; 

• 3 weeks with antiproton momentum of 400 Me V /c; 

• 5 weeks with antiproton momentum of 700 Me V /c; 
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This beam request ( 42 weeks) requires that the LEAR activity continues beyond 
1996. We think that this effort will be compensateci by new results on exotic 
mesons and annihilation dynamics, which will be a benchmark for our knowledge 
of non-perturbative QCD. 
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