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Summary. — Multihadron production by electron-positron colliding
beams has been investigated for total centre-of-mass energies ranging
from 1.2 to 2.4 GeV. The total cross-section, o, = o(ete—— w+r- +
+anything), is of the order of o, =c¢(ete~— u+tp-), with a threshold
near 1 GeV. DPartial cross-sections for the various channels are also
derived. The cross-section of the specific channel ete— — w+r—n+w— exhibits
an energy dependence which is suggestive of a heavier vector meson,
p’ (mg &~ 1.6 GeV, I'y ~ 350 MeV), having the same quantum numbers ag
the p-meson. An upper limit is given for the coupling constant f,
(fo/4m < 18, where fp'=m?,fe/g.ypr). Final states with G+ parity are
found to be much more abundant than those with G~ parity. The average
multiplicity (charged plus- neutral final-state pions) is found to be
between 4 and 5 over all the energy range explored.

(*) Work partly supported by the U.S.A.E.C.
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1. — Introduction.

The development of electron-positron storage rings of total energy in the
GeV region has made possible the direct investigation of processes involving
virtual photons in the deep timelike region. The reactions resulting from the
ete~ collisions proceed in the cne-photon approximation through a state of
well-defined quantum numbers (J¥°=1--) and this selects the possible final
states (1). Elegant and accurate experimental studies of well-established vector
mesons with these quantum numbers (p, w, @) have become possible and have
been carried out in recent years, at Novosibirsk with VEPP 2 (%) and at Orsay
with ACO (3).

Investigations of this type at higher energy are of the greatest interest, not
only because they represent a search for other possible resonances with higher
magsses, but also because of possible linkages with deep electron-proton inelastic
scattering (4), as the asymptotic region is reached (7).

The successful operation of Adone (%), the Frascati 2 x1.5 GeV ete~
storage ring, has made it possible to accomplish a first step along these lines.
As will be seen later on in this article, this has been accomplished through the

(*) For a comprehensive discussion on the physics of high-energy ete~ colliding beams
we refer the reader to a well-known paper by N. CaBisBo and R. Garro: Phys. Rev.,
124, 1577 (1961). For a survey of the experimental results obtained as of Sept. 1971 see
M. ConvExsS1: Daresbury Study Week-End, No. 4 (1971) p. 85. Results dealing specifi-
cally with hadron production in the GeV region have been recently reviewed in lectures
delivered at the International School of ¥ erevan Physical Institute, see M. GRILLI: Frascati
report LNF 71/100 (Dec. 1971). See also: C. BERNARDINI: Proceedings of the Inter-
national Symposium on Hlectron and Photon Interactions at High Energies (Ithaca, 1971).
(2) V. E.BALAKIN, G. I. BUDKER, E. V. PaxaTUSOVA, V. A. SiDOROV, A. N. SKRINSKIJ,
G. M. Tumaixin and A. G. KHABAKHPRASHEV: Phys. Lett., 34 B, 328 (1971).

(3) See, also for previous reference: a) D. BrNaksas, G. Cosme, B. JEAN-MARIE,
8. JULLIAN, F. LAPLANCE, J. LEFRANGO1S, A. D. LIBERMAN, G. PARROUR, J. P. REPELLIN
and G. SAUVAGE: Phys. Lett., 39 B, 289 (1972); b) J. LEFRANQOIS: Proceedings of the
International Symposium on Electron and Photon Interactions at High Energies (Ithaca,
N.Y., 1971), p. 51.

(%) See for ingtance: a) W. K. H. PANoFSKY: Comments on Nuclear and Particle Physics,
4, No. 5 (1970); ) J. J. SakURAI: invited paper at Balaton Symposium on Hadron
Spectroscopy (Sept. 1970), in Acta Phys. Hung., 31, 5 (1972); ¢) S. D. DRELL: rap-
porteur talk at the International Conference on Elementary Particles (Amsterdam, 1971);
d) J. D. BJoRKEN: rapporteur talk at the International Symposium on Hlectron and
Photon Interactions aof High Energy (Ithaca, N.Y., 1971).

(*) This point will be discussed further in Sect. 11.

(®) F.AwmMaN, R. ANDREANI, M. BAssSETTI, M. BERNARDINI, A. CATTONI, V. CHIMENTI,
G. T. Corazza, D. Fasiani, E. FERLENGHI, A. Massarorri, C. PELLEGRINI, M. Pra-
crpi, M. Pucrist, F. 8080, S, Tazzari, F. Tazziornt and G. VigNora: Lett, Nuovo Cimento,
1, 729 (1969).
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study of the multihadron reactions
(1) ete~ —m(hth~) 4 nho,

where m>1, n>0, m +n>2 and h*, h™, h® are assumed to be pions for
reasons explained later. The investigation of the two-body hadronic process
ete”—h*h™ has been performed by our group (um) and the BCF group at
Adone (°). The results on this reaction will be the subject of separate papers (-

Multihadron production was observed at Adone, and independently at
Novosibirsk, early in 1970. It was first reported at the Kiev International
Conference (). These preliminary results have been substantially confirmed
by subsequent experimentation leading to better estimates (°%12) of the
cross-sections for the reactions (1).

(®) a) B. Borara, M. Coxversi, M. Gririi, E. Taroccr, M. Nigro, L. Paoruzi,
P. SprLranTINI, L. TRASATTII, V. VALENTE, R. VisENTIN and G. T. ZorN: Frascati
LNT 71/62 (1971); presented at the International Symposium on Electron and Photon
Interactions at High Energies (Ithaca, N.Y., 1971); b) V. Arres-Borerrr, M. BEer-
NARDINI, D. Borrini, T. Massam, L. Mowari, F. PALMONART and A. ZicHICHT: invited
talk (presented by A. ZicmicHI) in the Proceedings of the International Conference of
E.P.8. on Meson Resonances and Related Electromagnetic Phenomena (Bologna, 1971).
(") a) V. AuLes-BorELLI, M. BERNARDINT, D. Boruini, P. L. Brusing, E. FiorENTINO,
T. Massam, L. Monarl, F. ParMoNARry, F. RimonNpr and A. Zicmicar; CERN pre-
print, Geneva (May 1972); b) G. BARBIELLINI, F. CERADINI, M. CONVERSI, 8. D’AN-
6¢ELO, E. Iarocor, G. Granvori, M. Griiii, M. Nigro, L. Paorvzr, R. SANTONICO, P.
SPILLANTINI, L. TRASATTI, V. VALENTE, R. VisENTIN and G. T. ZORN: in progress.
(*) a) G. BareigLLINI, M. CONVERSI, M. Gririi, A. MuLacerf, M. N1gro, I.. Paoruzr
P. SprrranTini, R. ViseNTIN and G. T. ZorN: Frascati LNF-70/38 (1970); Proceedings
of the XV International Conference on High-Energy Physics (Kiev, 1970), p. 704;
b) B. Barrous, B. Corvzzi, F. FrELICETTI, G. G0GGI, G. MariNI, F. Massa, D. Scan-
NiccHTO, V. SivESTRINI and F. VanNori: Nuove Cimento, 70 A, 615 (1970); ¢) V. E.
Baraxin, G. I. BupxEr, I. B. VasserMAN, O. 8. KoirMaN, L. M. KurpapzE, S. I.
Migaxgv, A. P. OMucHIN, S. I. SEREDNYAKOV, V. A. Siporov, A. N. SKRINSKY, G. M.
TumaixiN, V. F. TurkiN, A. . KHABAKHPASHEV and J. M. SmaroNov: Novosibirsk
Internal Report 62/70 (1970); Proceedings of the XV International Conference on High-
Energy Physics (Kiev, 1970), p. 705; d) R. WiLsoX: Proceedings of the XV International
Conference on High-Energy Physics (Kiev, 1970), p. 219.

(®) @) «pmw group»: invited talk (presented by M. CoxvErsi) in the Proceedings of
the International Oonference of H.P.S. on Meson Resonances and Related Electromagnetic
Phenomena (Bologna, 1971); b) «yy group »: invited talk (presented by G. SALVINI)
in the Proceedings of the International Conference of B.P.8. on Meson Resonances and
Related Electromagnetic Phenomena (Bologna, 1971).

(*) B. Barroii, F. Fericurri, G. MariNt, A. N16RO, H. OGREN, N. SPINELLI, V. SIL-
VESTRINI and F. Vaworr: Phys. Lett., 36 B, 598 (1971).

(**) B. Barrorr, F. FrricerTi, G. MarINI, A. N1GRO, H. OGREN, V. SILVESTRINI and
F. Vaxorr: Frascati LNF-71/91 (1971) (submitted to Phys. Rev.).

(**) C. Bacor, R. BarpinNi-Cerio, G. Capon, C. MENcUcOINI, G. P. Murras, G. PENSO,
A. Reare, G. Savvinig, M. SpineTtI and B. STELLA: Phys. Lett., 38 B, 551 (1972).
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An interesting feature of the results obtained at Adone and reported in detail
in the present article, is the relatively large value of the total cross-section
for multihadron production. Over the centre-of-mass energy interval explored,
1.2<2E <2.4 GeV (where 2H =F -+ E_ is the total energy of the colliding
beams) this cross-section appears to be comparable with, or, at highest energies,
possibly greater than the cross-section oy, for e*e~ annihilation into muon pairs.
We recall that o,,= 21/E?nb (1 nb =10 cm?) if F is expressed in GeV.

Unfortunately, due mostly to the rather large errors associated with the
present data, it is difficult to discern possible structures in the energy depen-
dence of ¢,,,. Nevertheless, for the specific annihilation channel which has only
four charged pions in the final state, our group has observed a broad peak (*?)
in the energy dependence of the production cross-section. The observed be-
haviour of the cross-gsection is consistent with the hypothesis of a p’-meson (%)
of mass m, =~1.6 GeV and width [, =~350 MeV. Such a hypothesis will
be further discussed later in this article, also in the light of other recent ex-
perimental results obtained at SLAC ().

After a description of the experimental apparatus in Sect. 2, the results
of the measurements performed with electrons of known energies in order to
obtain a calibration of the apparatus itself are given in Sect. 3. The subsequent
Sect. 4 describes the scanning and the event selection. Background problems
are discussed in Sect. 5, and Sect. 6 is devoted to a phenomenological classifica-
tion of events. In Sect. 7 the nature of the secondary particles and the reactions
are analysed and in Sect. 8 a Monte Carlo simulation of the experiment is de-
scribed. In view of the possible existence of a p’-meson, a detailed analysis
of the specific reaction ete~—mwtn—mtr— is made in Sect. 9. The results are
presented in Sect. 10 and discussed in Sect. 11, which ends with a summary
list of conclusions.

2. — Experimental apparatus.

The experiment was carried out at one of the four experimental straight
sections of Adone. Measurements were made at values of the beam energy ¥
in the range (0.6 -1.2) GeV. The beams collided head-on in the centre of
the experimental straight section. The collision region was assumed to have
a Gaussian distribution in all directions. Its transverse dimensions were of the

(1®) G. BarBariNO, F. CerapINI, M. ConvErsi, M. Grirri, E. Iaroccr, M. Nigro,
L. Paorvuzi, R. SaNToNico, P. SPILLANTINI, L. TrRASATTI, V. VALENTE, R. VISENTIN
and G. T. ZorN: Lett. Nuovo Cimento, 3, 689 (1972).

(%) A, BramoXN and M. GREco: Lett. Nuovo Cimenio, 3, 693 (1972).

(*) We wish to thank Prof. J. J. SARURAI for communicating to one of us (M.C.) the
preliminary results of the SLAC experiment based on use of a back-scattered lagser pho-
ton beams (see Sect. 11).
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order of 1 mm, while its longitudinal standard deviation was found by us (*%) to
be 6=(20-L1.5)cm at =1 GeV, in agreement with the measurements made
by the machine group (1¢). The quantity 6 increased with energy (%) approxi-
mately as E!. The collision time of the et and e- bunches was ~ 2 ns and
the time between two consecutive collisions was ~ 117 ns. In the beam energy
interval covered during this experiment, the machine luminosity I increased
steeply with the beam energy (). At E=1 GeV/beam L~10% cm—2h-!
right after injection. The mean life of the beams, on the contrary, decreased
with increasing B and it was typically about 10h at B —1 GeV.

The drawings of two projected views of the main apparatus are shown in
Fig. 1. Additional equipment, not shown in Fig. 1, was also installed at the
same straight section: @) a monitoring system (****), which was used to meas-
ure continuously the machine luminosity by means of Bhabha scattering at
small angles, a process which is considered to be correctly described by quantum
electrodynamics since it involves small momentum transfers; b) a device (*9)
suitable to investigate experimentally, by a tagging technique, the reactions

(2) ete~->ete~ - (hadrons, leptons)

which in themselves are of considerable interest (20-22),

The main apparatus was made up of two telescopes located on opposite
sides of the straight section of the machine. From a point at the centre of the
straight section, both telescopes covered nearly } of the total solid angle. Each
telescope was composed of scintillation counters (BAIL),i=0,..., 5), Cerenkov
counters (C,, C,, see Appendix A) optical spark chambers (C,, 0,, €y, C,) and
lead and iron absorbers. Additional counters, A and B, were placed above
and below the vacuum chamber in order to increase the solid angle for the de-

(*) B. Boreia, F. Cerapini, M. CoNVERsI, M. GriLir, A. Muracuik, L. Paoruz,
W. ScaNDALE, P. SPILLANTINI and R. VISENTIN: Phys. Lett., 35 B, 340 (1971).

(*)  « Gruppo Adone » Frascati LNF-70/48 (1970); Frascati LNF-71/7 (1971), presented
at the 1971 National Particle Accelerator Conference, Chicago.

(*") V. Arirs-BoreLri, M. BERNARDINI, D. Borrini, P. L. BRuNiNi, E. FIORENTINO,
T. Massam, L. MoNART, F, PALMONART and A. ZICHICHI: Nuovo Cimento, 7 A, 345 (1972).
(*) As shown in ref. (%¢) the average luminosity changed from 8-103! to 61032 ¢m~2 h-1
when F increased from 0.7 to 1.2 GeV/beam.

(') G. BARBIELLINI, B. Borera, M. CoNverst and R. SANTONICO: Attt Accad. Naz.
Lincei, 44, 233 (1968).

(**) G. BarBIELLINT and 8. Orrro: Frascati LNF-71/17 (1971).

() Bee, also for reference to previous theoretical Papers on the same subject: 8. J.
Bropsky, T. KvosHita and H. TERAZAWA: Phys. Rev. D, 4, 1532 (1971).

(*1) V. E. BaraxiN, A. D. BuxiN, E. V. PaxaTUsova, V. A. Siporov and A. G.
KHABAKHPASKEV: Phys. Lett., 34 B, 663 (1971).

(*) C. Bacor, R. BaLpiNi-Cerio, G. Caron, C. MexcucciNi, (. P. Murras, G. Pexso,
A. REALE, G. SALvINI, M. SPINETTI and B. STELLA: Lett. Nuovo Cimento, 3, 709 (1972).
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tection of multiparticle final states. They were not required, however, in the
formation of the «master coincidence » (defined by eq. (3) below) which trig-
gered the spark chambers and the camera film advance.

The optical system is briefly described in Appendix A. The two orthogonal
views of the chambers, shown in Fig. 1, together with a data box containing
all relevant information listed at the end of this Section, were recorded on a
single 70 mm X100 mm frame.

Figure 2 gives the sequence of thicknesses, in g/cm?, of the various elements
present in the telescopes (see also Table VIII and Table IX in Appendix A).

A(H.0) plastic scintillator
) 4 counters

3
| i
200 ¢ ll‘» L
spark
aL] ; 5 m/

100

o

7 (MeV)

-

0 ' 20 40 ' 80 ' 80 ' 100
thickness (gr/cm2 Fe equivalent)

Fig. 2. — Minimum kinetic energy 7', required by a charged pion to penetrate to a
given depth in a telescope. Counter 5, not shown, was placed after 380 g/ecm?, it
corresponds to T~ 605 MeV. Thicknesses of various elements are given in equi-
valent thicknesses of iron.

The first spark chambers C; are thin-foil chambers used for the spatial re-
construction of tracks. €, and C, are thick-plate spark chambers which were
essential for the identification of particles by observation of their behaviour
in traversing them (see Sect. 3). The end spark chambers C, are also thick-
plate chambers covering ~ 50 %, of the solid angle of the telescopes (*). The
thickness of the iron absorber placed before chamber €, in each telescope was

(*) The weight of each telescope was in excess of 20 ton and for obvious practical
reasons it was not feasible (nor necessary) to extend the thick plate end chambers O,
above the bhorizontal median plane.
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adjusted as the beam energy changed, so that muons from process ete—— wru
are stopped in these chambers (33). On the contrary, pions from ete——> Tt
or from multihadron events, with high probability undergo nuclear interac-
tions in the preceding absorber and essentially do not reach C,.

The logic involved in triggering the optical spark chambers was rather
complex, for two reasons. First we wanted to detect multibody events,
simultaneously with the collinear events associated with two-body final
states, i.e. ete~, ptu~, =ntn-, KK Sccondly, the rate of cosmiec rays
traversing the two telescopes was slightly in excess of one per second, far greater
than that for events produced by the collisions of e* and e~ bunches. A strong
rejection against cosmic rays was therefore needed, not only to avoid a pos-
sible source of background for the process ete—— utu— (33), but also in order
to keep the triggering rate and film advance at a reasonable value of a few
per minute (*).

The need to select the various types of ete~ events with high efficiency,
combined with the necessity of an efficient rejection of cosmic rays, forced us
to use two different triggers. The first was designed for the detection of the
annihilation events ete~— u*u~, and the second for the detection of all the
other events. The rejection of cosmic rays was based on three requirements,
of which only the first was common to both triggers. These requirements
were: a) correct timing, relative to the instant of collision of the e*, e~ bunches,
achieved by exploiting the phase of a signal (r.f.) from the machine radiofre-
quency; b) correct times of flight between the two counters 8 and between
the two counters 4 of the two telescopes, the two counters of each pair being
traversed simultaneously only by particles from two-body events (2%); ¢) ab-
sence of a signal from either of two counters 5. In order to avoid any appre-
ciable loss of ete~ events, both conditions @) and b) were imposed with time
windows increased by a substantial factor. More stringent time criteria sub-
sequently were applied, however, during the analysis of the events, as all times
of flight were measured and recorded in digital form on each photograph.

The trigger logic used to detect the various types of events is explained in
Appendix A. In order to suppress the rate of picture taking, we were forced to
use a high-order coincidence and some amount of absorber between the counters.
This amount was chosen as a compromise between the need to decrease the
machine background and the desire to minimize the loss of multihadron events.

(33) B. Bore1ia, F. Cerapini, M. ConNveRrst, L. PaoLuzi, R. SANTONICO, (. BARBIEL-
LINI, M. GRILLI, P. SPILLANTINT and R. ViseNTIN: Lett. Nuovo Oimento, 3, 115
(1972).

(*) At the occurrence of a trigger coincidence, the electronics was « paralyzed » for
~3 8 to allow full recovery of the IL.T. power supplies (Appendix A). A triggering rate
of more than a few per minute would therefore result in an intolerable loss of events.
(*) @) L. Paorvzt and R. VISENTIN: Nucl. Instr. Meth., 65, 345 (1968); b) B.
D’ErroRRE-Prazzori and R. VISENTIN: Frascati report LNT 69/65 (1969).
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The following 8-fold master coincidence, M, , , was adopted to select multi-
hadron events (*):

3) M-rm,h_ = EOIOE111E212(E3 + 1) (E4 +1,) (Fs + Is) r.f. )

where K, and I, (1=0,1,2,...,5) represent respectively the signals from
the scintillation counters in the external and internal telescopes, as shown in
Fig. 1, and r.f. is the radiofrequency phase signal from the machine as
previously mentioned.

As one can gee from eq. (3), the minimum penetration required for charged
particles to produce the coincidence M, , , is up to counter 2 of one telescope
and up to counter 4 of the opposite telescope. As seen in Fig. 2 the correspond-
ing mimimum kinetic energies for pions are 90 MeV and 185 MeV, respectively.

All spark chambers were triggered and the film was advanced on the occur-
rence not only of the trigger M, , but also of the other trigger M,,,. The latter
trigger was used in selecting muon pairs and is described in Appendix A.

All the counters were so operated that minimum-ionizing particles traversing
any part of the scintillator were recorded by the logic circuitry with an effi-
ciency greater than 999,. The time resolution for the master coincidences was
~10ns (half-width at half-maximum), which is small when compared with
the time between two consecutive collisicns of ete— bunches, i.e. 117 ns.

In addition to the side and top views of all the spark chambers, a data box
also was photographed. The following information was presented in digital
form in the data box:

&) Date and time.
b) Frame number.

¢) Pattern of coincident pulses from counters H,, I,; H;, Is; By, Ia;
B, I,; G, C,; A and B.

d) Time between instant of a bunch-bunch collision and a pulse from
either of counters 1, (called T, _,).

e) Sum of pulse heights in counters I, and I, (called H,), and ¥, and H;,
(called Hp) (2%).

f) Delay times between the two counters H; and I, (called 7,;) and be-
tween the two counters H, and I, (called T,,) (249).

¢) Counting rate of luminosity monitor, integrated from the beginning
of the run until the time of the photograph.

For further details on the apparatus see Appendix A.

(*) This type of trigger was used during most of the measurements when Adone was
operated in the energy interval 1.5 <2E < 2.0 GeV. Other master coincidences which
were used to trigger spark chambers outside this interval are defined in Appendix- A.



602 M. GRILLI, E. IAROCCI, P. SPILLANTINI, V. VALENTE, R. VISENTIN, ETC.

3. — Checks and calibration of the apparatus.

Due to the complexity of the apparatus previously described, it was essential
to test continuously its performance using information registered on scalers,
nixie lamps and multichannel analysers, as well as by making stability checks.
The latter were done daily with cosmic-ray runs while Adone was not opera-
ting. Some of the typical distributions are given below.

In Fig. 3 an example of distributions of the times of flight, T, , , for cosmic
rays and wide-angle Bhabha scattering (WAS events) is shown. Pulse height

150
e~ coincidence width~20ns ———
100+
[
IS
IS
3
£
L
2
5
Q
(3}
50
R <]
I e i
0 100 400

T

(channel)
irf.

Fig. 3. — Distribution of the time of flight 7., between either one of counters 1 and
the radiofrequency phase signal, r.f., for cosmic rays and wide-angle Bhabha scat-
tering events (WAS): ——— ete~ WAS, — —— cosmic rays.

digtributions for counters 2 and 3 were also recorded during both machine
and cosmic-ray runs. Examples of such distributions are given in Fig. 4. Si-
milarly the time-of-flight distributions 7', and T,, were also recorded during
both types of runs. These distributions were used for the interpretation of
collinear events and have been discussed in previous pubblications (1523),

In addition to on-line checks and calibrations, special calibration runs,
already partially described elsewhere (**), were made with electrons from the Fra-
scati 1 GeV electron-synchrotron. The purpose of these runs was to determine
the response of the spark chamber counter telescopes to electrons of various
energies. For these tests spare spark chambers and counters identical to those
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Fig. 4. — Distribution of pulse heights, H,(H,), for cosmic rays and electrons of given
energies: cosmic rays, ——— electrons of 750MeV, — — — electrons of
1050 MeV.

used in Adone were employed to set up one of the two actual telescopes up
to chamber (;. Calibration measurements were performed on it for electron
energies F_ between 50 MeV and 500 MeV. The response of the telescopes to
electrons of energies H, >600 MeV was obtained from WAS events recorded
in the main runs carried out at Adone, so that there was no need for special
calibration meagurements at these higher energies.

The probabilities P, and P, that an electron give a signal, respectively, in
counters 2 and in both counters 2 and 3 of the apparatus, were determined
for each energy value. These probabilities are reported in Fig. 5 as a funection
of the energy F_. A first conclusion resulting from these measurements is that
electrons of energy below (200-+-250) MeV have but a small probability of
triggering the apparatus through the master coincidence, M, , , defined in
Sect. 2.

In order to observe in a statistically significant way the behaviour of the
eleetrons in the shower chambers C, and C;, a total of about 1000 pictures
were taken. The analysis of these photographs was rather detailed since the
criteria derived from it allowed us to distinguish electrons from hadrons in
the observed multiparticle events.

In the analysis of spark-chamber pictures the following definitions were
introduced: a) a group of = non-aligned sparks appearing in more than two



604, M. GRILLI, E. TAROCCI, P. SPILLANTINI, V. VALENTE, R. VISENTIN, ETC.

gaps and within an angle of 15° from the primary electron, was called a shower;
b) n sparks aligned along the primary-electron direction was called a single
track. It should be noted, however, that for » < 3, it was not found possible to
distinguish between a shower and a single track.

1.0 -
098
P ® &
® v
08 e /®
5,° &
/ /
/PR
06 /® ® 3
/ /
/ /
// [:4
04+ @ //
/ /
/ ®
/
o2t i+ )/
// 1
e ®
L & . L L 1
0 200 400
Ee(MeV)

Fig. 5. — The probabilities for an electron to produce a pulse in counter 2, P,, and
in both counters 2 and 3, P,, as a function of electron energy, E,.

Also in this analysis the events were divided into two categories: i) events
with a coincident pulse in counter 2 but none in counter 3, and ii) events with
coincident pulses in both counters 2 and 3. The probabilities for the occurrence
of i) and ii) were indicated previously as P, and P,, respectively.

Category i). The fraction of events of this type that have less than 3
sparks (n < 3) appearing in the spark chamber C,is given in Fig. 6 as a function

0.4
Pt 0\
\8
02+ \\8
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. : B~ - _ ..
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Fig. 6. — The probability for an electron to give a pulse in counter 2 and not in
counter 3 and to produce less than 3 sparks in spark chamber O, as a function of
electron energy, H,.

of electron energy H,. About 59, of the electrons in this category at all
energies produce single tracks with #>3 in C,. The remaining events give rise
to showers with >3, as defined above.
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Category ii). This category presents fewer difficulties in the event clas-
sification than category i) as both spark chambers C, and O, are considered and,
consequently, on the average there are more sparks to be utilized in the analysis.
The average number of sparks in showers produced by electrons in chambers
C, and 0, as a function of electron energy is given in Fig. 7. In the same Figure
the fluctuation in this number about the average also is indicated by maxi-
mum and minimum curves. On the basis of these results, the minimum number
of sparks to be used in identifying showers was set at four, i.6. n>4.
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Fig. 7. — Average number of sparks in showers appearing in chambers ¢, and 0, per
electron of energy ¥, which has produced a pulse in counters 2 and 3. The maximum
and minimum limits also are given.

Fig. 8. — The probabilities that an electron of energy E, produce a pulse in counters 2
and 3 and: 1) produce a shower with at least 4 sparks, 2) produce a single track with
at least 4 aligned sparks and 3) produce an ambiguous grouping of sparks or a number
of sparks less than 4. The curve 4) is the sum of curves 1), 2) and 3) and represents the
probability P, that an electron of energy E, give a pulse in both counters 2) and 3)
(see Fig. 5).

The results of an analysis of events of category ii) are presented in Fig. 8.
Curve 1) gives the probability that an electron produce a shower (n>4),
curve 2) a single track, and curve 3) an ambiguous result. Curve 4) is the sum
of curves 1), 2), and 3) and is the probability P, (of Fig. 5) that an electron pro-
duce signals in counters 2 and 3. Thus, for those events in which counters
2 and 3 are required in the trigger, the probabilities per incident electron are
given in this Figure for the different spark configurations at each energy F.,.
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By using a more restrictive definition for a single track, 4.e. requiring » > 6,
a greater certainty in particle identification is possible. This can be seen in
Fig. 9, where the probability that an electron give a pulse in counters 2 and
3 and produce a single track with % >6 is presented.

P
0.2
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0 200 & 400
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Fig. 9. — The probability that an electron of energy K, give a pulse in counters 2
and 3 and produce in chambers C, and 0, a single track with at least 6 aligned sparks.

The results discussed in this Section furnish the basis for particle identi-
fication throughout this paper.

4. ~ Scanning and event selection.

Scanning for events was carried out on projected images of the film enlarged
to a size corresponding to ~ 0.2 of the actual one. During the scanning, events
were selected by requiring that the associated tracks appear to come from a
common point in the ete~ interaction region. Tracks in the thin-plate spark
chambers C,, when extended, should come from a common origin within
+ 0.5 em perpendicular to the beam and 4+ 1 em along the beam direction.
Furthermore, it was required that the reconstructed vertex of the event coincide,
within + 1.5 em, with the beam centre in the front view. These limits were
set taking into account the average precision in the spatial reconstruction of
the events, and the multiple Coulomb scattering of the particles along their
paths. Of course some ete~ events may have been lost on the application of
these geometrical criteria. The loss, however, wag small, being ~ 29, for
events having three or more charged particles within the solid angle of the
apparatus (*).

(*) Even though it is not essential for the analysis of multihadron events, mention should
be made of the fact that for each event selected in the film scanning, the information
from the « DATA BOX » (see Sect. 2), as well as supplementary information relevant
for the subsequent analysis, was transferred to computer cards. This supplementary
information included: 1) collinearity condition for two-track events 5 2) number of
tracks, converging to a common point in the ete- interaction region, for multitrack
events; 3) behaviour of the detected particles in the thick-plate spark chambers 0,
and U, («single track », « shower »—see Sect. 3); 4) presence of correlated tracks and
possible stops in the end chambers C,.
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Selected events were then classified in the following categories:

@) two-track collinear events if the tracks were collinear within 10° in
both views of the apparatus;

b) two-track noncollinear events, hereafter ca'led 2¢ events, if the col-
linearity angle between the tracks was > 10° in at least one view;

¢) events with more than two charged particles detected by the appa-
ratus, i.e. 30, 4C and 5C events.

Two-track ecollinear events (class a)) can be attributed to the following
processes:

i) Wide-angle efe~ elastic scattering (WAS events). These events oc-
curred at a rate of about 20 per hour, with Adone operating at E = 1 GeV and
L ~10% ecm™2h™'. They were readily identified by the electromagnetic shower
produced along each track in the spark chambers C, andfor C; (¥). Also, as
seen in Fig. 4, a large pulse height in counters 2 and 3 of both telescopes was
usually observed. In the present analysis the number of these events was used
a8 a monitor, from which the absolute cross-sections for multihadron produc-
tion was then deduced. These WAS events served also to determine the fre-
quency distributions of Ty, T4y and T, for ete~ collision events and thereby
to set fiducial limits for these three times of flight to ensure the selection of the
events due to ete~ collisions.

ii) Muon-pair production: ete— — putu~ (2%). These events occurred at a
rate of ~1/h for H =1 GeV and L~ 10% cm—2 h-1.

Some results on the above electromagnetic two-body processes i) and ii)
have been previously published (%-23),

iii) Hadron-pair production. These events were mostly of the type
ete"—>mtn~. We have also observed, however, one unambiguous case of KK~
pair production event, as reported at the Cornell Conference (). The results
on these hadronic two-body processes will be discussed elsewhere (%).

Most of the events belonging to class b) were WAS events which had suf-
fered some radiation loss in the initial state (*). Almost all these events appear
as coplanar with the beam direction, but not collinear (*). Class b) includes,
of course, some multibody final states from ete- interactions, as well as events
produced by the interaction of the circulating beam with the gas in the straight
section of Adone. This background will be discussed in the following Section.

Finally, the multibody events of class ¢) mostly are events in which only

(*) Events with final-state radiation losses are also present in category b), but they
are infrequent, since they require the improbable emission of a hard photon.
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hadrons are produced. The analysis of this category of events is the principal
subject of this paper.

For the selected events belonging to categories b) and ¢) drawings were
made for the two orthogonal views of each event. All details useful for the fur-
ther analysis of these events (e.g. large-angle scattering, stopping points,
nuclear interactions, ete.) were recorded in these drawings.

5. — Background events.

During the operation of Adone the pressure of the residual gas in the va-
cuum chamber was usually about 10~ Torr. Part of the machine background
therefore was due directly to the interactions of the beams with this residual
gas. Additional background events were produced by beam losses and sub-
sequent collisions against the walls of the vacuum chamber. These last-men-
tioned background events could be easily recognized by attempting to recon-
struet their origing from the corresponding pictures. On the contrary, the
former background events could not be distinguished from ete~ events because
the observed beam-gas collisions occur along the beam and thus in the ete—
interaction region as well. The separation between ete~ and spurious events
of the former type, therefore, had to be done on a statistical basis. For this
purpose, special background runs were interspersed between main rumns, at
various beam energies. As shall be seen, the contribution of spurious events is
appreciable only for the events classified as category b) in the previous Section.

The determination of the frequency and types of spurious events was based
mostly on background runs in which the machine was operated with a single
high-current beam (typically (40--60) mA). As a further check, background
runs also were made in which Adone operated with both e+ and e~ beams, but
with the beam trajectories spatially separated by a few mm so as to eliminate
collisions between et and e~ bunches. The events observed in all the back-
ground runs were studied with the aim of setting criteria that hopefully would
improve the signal-to-noise ratio for the multihadron events produced in
ete— collisions.

The normalization between the background runs and the e*-e— colliding
beam runs was based on measurements of small-angle electron (or positron)
scattering on residual gas nuclei. These measurements were made in both
types of runs by using the small-angle scattering luminosity monitor (1), a
drawing of which is shown in Fig. 10. Each of the four telescopes P,G.8, is
made up of two scintillation counters, P,, G,, and a shower counter S,. These
telescopes are located in such a way as to detect electrons scattered at angles
from 3.5° to 6.1°, when measured from the centre of the colliding region. The
shower counter 8, was operated to select high-energy electrons, with energy
comparable to that of the baam, and to reject lower-energy background electrons.
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Fig. 10. — Monitoring set-up for the luminosity measurement. P, G, (i=1,2,3,4)
are scintillation counters; §, are shower counters.

Small-angle electron (or positron)-gas scatterings were detected by the
threefold coincidences T, = P,{,S;, where ¢ =1, 4 for electrons and 7=2,3
for positrons.

The following checks were carried out to make sure that the 7, coincidences
were essentially due to small-angle e~ (or e*) scattering on residual gas nuelei:

i) T, was found to be a linear function of both, circulating current and
residual gas pressure, as expected for events produced by beam-gas
interactions;

ii) with only one e~ circulating beam it was found that T,y> T, a8
expected for small-angle scattering of e~ on nuclei. The reverse
(¢.e. Tyyo>>T,,) was found to be true when only one et beam was
circulating.

Furthermore, when Adone was operated with two colliding beams as in
the main runs, 99.8%, of the counting rates from a single arm of our mon-
itoring system, T';, were found to be due to beam-gas interactions. Therefore
these threefold coincidence rates were used for the normalization between the
main and the background runs.

Background runs were carried out at total energies of 1.5 GeV, 1.9 GeV
and 2.1 GeV. On the basis of the normalization procedure outlined above,
they were equivalent to ~ 40 %, ~ 50 %, and ~ 75 %, respectively, of the cor-
responding colliding beam runs. No multibody events of the types 3C, 4C,
50 were observed at any energy; 20 events instead were observed at a rate
depending upon the required penetration depth of secondary particles in each
telescope. The trigger employed, M, , , (see Sect. 2) implied that at least one
particle penetrated to counter 4. The rate of background events depended
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then on the penetration of the other particle in the opposite telescope as indi-
cated in Table I.

TABLE I. — Background events.

28 (GeV) Number of 2C events
minimum penetra- minimum penetra-
tion to counter 2 tion to counter 3
1.5 5 0
1.9 7 1
2.1 22 9

It is seen from Table I that, in order to reduce substantially the number
of background events, it is convenient to retain only those 2C events in which
both particles penetrate to counters 3. Mention should also be made of the fact
that a rather large fraction, ~ 30 9%, of the background events listed in Table I
contains shower-producing electrons.

Of course, since no background event of the types 30, 40, or 5C was ob-
served, the requirement of penetration to counter 3, adopted in the analysis
of the 2C events, was no longer applied to events with higher visible multi-
plicity.

6. — Phenomenclogical classification of events.

We recall from Sect. 4 that an #nC event is a phenomenological classification
indicating that » charged particles emanated from a point in the ete— interac-
tion region and were detected by the two telescopes of the apparatus. These
events are now to be classified in a more detailed way taking advantage of the
calibration measurements discussed in Sect. 3 and the background measure-
ments reported in the previous Section. This allows the possible contamination
of spurious events to be removed from the multihadron sample.

As a general requirement, all the multibody events had to coincide in space
and in time with the collision of the two et and e~ bunches. More precisely,
it was required, first, that the tracks of any event have their common origin
within a fiducial region coinciding with the interaction region. Moreover the
event had to occur within a fidueial time region around the instant of beam-
beam collision. Both these two fiducial regions were established on the basis
of the two corresponding distributions for WAS events, as outlined in Sect. 4,
point i).

The analysis which follows will be made separately for the 20 events, for
3C events, and for 4C and 5C events.
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6'1. 20-event classificalion. — Based on the results of the previous Sections,
a 20 event is defined as an event with only two charged nonaligned tracks, one
of which penetrated to counter 4 and the other at least to counter 3 in the op-
posite telescope. In addition to the two general requirements specified above,
it was also required that the time interval T, between the pulses in the two
counters 3 be consistent with that obtained for WAS events. Such a consist-
ency is satisfactorily exhibited in the two distributions plotted in Fig. 11.

6

~
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N

arbitrary units

1 1
100 150 200 250 300 350
73 3(a/*b/'tr‘ary units)

Fig. 11. - Distribution of the time of flight 7T,; between the counters HE, and I, for
2C events. The analogous distribution for ete~ WAS events is given for com-
parison (— — —).

In order to accept a 2C event as a candidate for having been produced in
reaction (1), the following ecriteria were adopted during the analysis. One
particle of each 20 event was required:

i) To have penetrated to counter 4.

ii) To have given no indication of shower production in either chamber
O, or C;.

iii) To have at least 6 aligned sparks along its track, which on the average
contained the same number of sparks as the tracks of cosmic-ray
muons. As seen from Fig. 12 this average number is ~11. A track
with these characteristics will be called a «long track» and indi-
cated by T,.
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Fig. 12. — Frequency distribution of aligned sparks in a penetrating non-jnteracting
hadron track (7;), from 2C events.
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iv) The pulse height H, (H,), defined in Sect. 2, should be smaller than
~ 1.5 times the value corresponding to a minimum-ionizing particle.

The pulse height distribution obtained for a sample of 7', tracks is shown in
Fig. 13. One sees from this Figure that most of the T, tracks correspond to
minimum-ionizing particles.

arbitrary units

0 1 L 1
50 100 150 200 250 300
H(arbitrary units)

Fig. 13. — Distribution of pulse heights, H; (H;), for penetrating hadronic tracks in
20 events compared with cosmic-ray and electron distributions: — -— — ecosmic Tays,
—— — electrons (WAS events).

Once a T, track had been observed in one of the two telescopes, the fol-
lowing possibilities were considered for the behaviour of the other particle,
in the thick-plate chambers of the opposite telescope:

@) The particle gave a T, track.

b) The particle produced a single but shorter track (T'y) ending before
counter 4. In this case the presence of at least 4 aligned sparks was
required in order to define its single track behaviour.

¢) The particle produced a well-identified electromagnetic shower as
defined in Sect. 3. This case will be indicated in what follows by S.

d) The particle had a behaviour which did not allow unambiguous clas-
sification in either ecategory I or S. This case will be indicated by X.

The two possibilities a) and b) were combined together to define the sin-
gle-track behaviour indicated, in the following, by 7T = T, or T,.

The numbers of observed events having a T, track in one telescope and either
T, 8, or X behaviour in the opposite telescope, i.c. the numbers with configu-
rations T,/T, T,/S and T,/X, are given in Table IT. The data obtained in back-
ground runs and normalized as explained in Sect. 5 are also reported in the
same Table. The last column of the Table contains the numbers of associated
WAS events.
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TaBLE II. — Observed configurations in 20 events.

28 Type of Number of 2C events Number of

(GeV) measurement T,)T 7,18 T, X WAS events

1.2 ete— 9 0 0 760
background not measured

1.5 ete~ 33 3 2 2419
background 0 0 0

1.9 ete~ 42 4 2 2112
background 0 242 0

2.1 ete- 86 12 7 3415
background 342 714 342

One notes that the configurations 7,/8 and 7,/X ave mainly the result of
beam-gas interactions. Also it is seen that the ratio 8/X iy ~2. Considering
the results of the calibration measurements reported in Fig. 8, one concludes
that the § and X behaviours are very probably due to low-energy electrons.
At the present statistical level of this experiment it seems reasonable to agsume
that all T,/8 and T,/X events are due to beam-gas interactions.

The fraction of the T,/T configurations in which one or both tracks are due
to electrons can be estimated as follows. The two main nonhadronic processes
which might simulate these configurations are:

i) Electron-gas scattering. From the numbers of T[S configurations
and the probabilities that an electron simulate a 7T track, as given in Fig. 7,
we find that out of the 86 events observed at 2K =2.1 GeV (Table II), only
~ 2 events should be due to this background process.

ii) ete~ scattering (WAS) events, with an angle of noncollinearity in
excess of 10°. Only 79 of all WAS events have noncollinearity angles
>10° and with the probability of ~ 0.19% that both electrons would appear
a8 T and T, tracks (Sect. 3), one finds that ~ 0.5 events is the expected contri-
bution to the observed T,/T configurations. Such a contribution will be
neglected.

The above discussion shows that the bulk of the T,/T events cannot be
made up of electrons. Evidence for their hadronic nature will be given in the
subsequent Section in which nuclear interactions in the material of the telescopes
are considered. In the discussion that follows 7,/T events will be called 27
events.

6°2. 3C-event classification. — We recall that the master coincidence, M.,

implied the penetration cf at least one particle up to counter 4 of one telescope,
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and up to counter 2 for a particle in the opposite telescope. Thus every mul-
tibody event contained at least one «long track» T, (Sect. 6'1) and at least
one track reaching counter 2 of the opposite telescope.

A total of 266 3C events were observed in the ete~ collisions at all energies.
However no 30 event was obsgerved during background runs with a single beam
or two noncolliding beams. The great majority of these events, 245, contained
two single tracks, one of which was a 1', track. Twenty of the remaiuning events
had characteristically only one clear single track (usually a T, track) and in
one event three showers were observed. These latter 21 events will not be con-
sidered further in this paper.

It is important to estimate the fraction of 3C events containing electrons
and, therefore, not due to the multihadron reaction (1). This estimate has
been made starting from the seven 7,78 events in which one shower was ob-
served. Using the results of the calibration measurements reported in Fig. 8
and assuming pessimistically that all the observed showers are produced by
100 MeV electrons, we found that the above fraction is only about 19, of the
3C events. This percentage is an over-estimate, since some of the events with
showers may well be due to pien charge exchange. The very small number
of electrons as final-state particles is also consistent with the observations on
pulse height in counters 2 and 3, when only one particle is seen to traverse
them in a telescope. This pulse height distribution results to be very similar
to that for cosmic-ray muons and not for electrons.

The number of 30 events of the type T,TT(= 3T) observed at each total
energy, 2H, is given in Table III.

TasLe III. — Summary of results on evenis with more-than-two charged particles.

2F (GeV) WAS events 3T 4T 5T
1.2 760 3 0 0
1.5 2419 38 14 1
1.65 992 17 8 0
1.9 2164 35 10 1
2.1 6187 122 39 6
2.4 1101 23 13 4

6'3. 40- and 50-event classification. — During the search for multihadron
events no event having more than 5 charged secondaries was observed.

As no 40 or 50 event was observed during the background runs, all the ob-
served ete— events were included in this sample.

In analysing these events, no secondaries were seen to appear as showers.
Considering the results on 3C events and the smaller numbers of 4C and 5C
events, we have taken all the secondaries to be hadrons. The number of the
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events, which have been called 47 and BT, observed at the various total
energies 2F, are given in Table III.

6'4. Auxiliary observations on multiparticle evenis. — Tlectromagnetic
showers produced by photons also were observed in multibody events by their
conversion before or in chambers (, and 0,. These showers were not associated
with charged particles of the event, as specified by the requirement (Sect. 3)
of observing the nonaligned sparks within a 15° cone around each track direc-
tion. In most cases the direction of the photon could only be roughly established
by the observation of the shower produced. As no such shower was observed
among events of the type ete~— ptu~ or from cosmic-ray runs, the photon
conversions observed in multihadron events have been assumed to come from
the decays of neutral pions produced in these events.

In some cases showers also were observed in chambers C,. They presumably
originated in the wall of the vacuum chamber of the machine. These showers
could have been produced by secondary electrons, however we recall that the
number of secondary electrons, particularly in 3C, 4C and 5C events, is very
small (<19 of all tracks in 3C events). Consequently, all the showers ob-
served in chambers C, associated with multiparticle events, were attributed
to photons from =° decay.

Additional information concerning multibody events was given by coun-
ters A4 and B. The pulses from these counters were in fact recorded in the
data box mentioned in Sect. 2 when they occurred in coincidence with the
master trigger M, .

A summary of the numbers of events with associated ¢ and/or coincident
pulses from counters A and/or B is given in Table IV for the different multi-
hadronic events 27, 37, 4T observed at various energies, 2.E.

It was found that in (2--3)9% of the cases, collinear WAS events were
accompanied by spurious signals in either counters A or B. Accordingly,

TABLE I'V. — Bvents with an associated y and|or coincident signals in counters A and B (%)

Total Number Number of events of the type

energy  of WAS o T op1 A4 3T4y  3T+A 4T+, 4T+A
2K (GeV) events or B or B or B
1.2 760 0 0 0 0 0 0

1.5 2419 4 7 8 9 1 0

1.9 2164 15 7 11 12 1 0

2.1 6187 14 22 30 28 2 11

2.4 1101 — — 8 5 3 1

(@) A small fraction of the events reported in this Table contained indeed more than one y andfor
gignals from both counters 4 and B.
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the numbers of events with A or B signals reported in Table IV were corrected
for this small background contamination.

The usefulness of the supplementary information related to the presence
of y andfor 4, B signals in the recorded events, will be made clear in Sect. 10.

7. — The nature of secondary particles and reactions.

The criteria adopted in the selection of events as described in the previous
Section ensured that secondary particles were singly charged and penetrating,
and were improbably electrons. Qualitatively these particles also were seen
to give rise to nuclear interactions and wide-angle scatterings. The effective
experimental interaction length for nuclear interactions was estimated by
determining the fraction of secondary particles from multibody events which
did interact in the telescopes.

In order to compare our results with those from counter experiments on pion-
nucleus interactions, an interaction was defined as the interruption of a track,
without secondary tracks, or with all penetrating secondaries having angular
deviations of more than 25°. Thus, wide-angle scatterings (> 25°) also were
included as interactions. Averaging over the apparatus, the experimental
absorption length in iron for the secondary particles from multiparticle events
was found to be (114 4-12) g/fem® This value is ~ 1.2 times the geometric
interaction length for iron and is in good agreement with experimental values
measured in counter experiments (**), when averaged over the assumed pion
energy spectrum (*).

Moreover for 2T events, where the statistics are sufficiently high to make
a more detailed comparison possible, the distribution of the interactions as a
function of absorber depth is compared with other similar spark chamber
results (*°) in Fig. 14. The latter were obtained with 400, 500 and 600 MeV/c
pions incident on iron-plate spark chambers. The agreement between these
distributions is considered satisfactory also on account of the extended pion
energy spectrum and the slight differences in the criteria followed in identify-
ing interactions.

The above results show that the secondaries of the observed multiparticle
events are mostly hadrons, with nuclear interaction characteristics congistent
with those observed for pions having a kinetic energy of ~ 350 McV. This
conclusion is in line with and reinforces the conclusions of Subsect. 6'1 and 6°2,
that most of the final-state particles in multiparticle events are not elec-
trons. It will be assumed in what follows that all the multihadron events se-

() A summary of these data can be found in H. O¢rEN: Frascati LNF-71/89 (1871).
(*) This speetrum was obtained from the Monte Carlo simulation of the experiment,
which is described in Sect. 8.

(*) J. E. AvcustiN, P. MariN and F. Rumer: Nucl. Instr. Meth., 36, 213 (1965).
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lected according to the criteria discussed in Sect. 6 and reported in the Tables I1,
IIT and IV, contain only pions in their final states. This assumption is supported
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Fig. 14. — Distribution of nuclear interactions in 27T events as a function of absorber
depth. Calibration curves from ref. (2%) are indicated for 3 different pion momenta:
1) Pr==400 MeV/c, 2) P.= 500 MeV, 3) P,= 600 MeV/e.

by the results from pp annihilations, which also have a centre-of-mass energy
of ~2 GeV and which are recorded as having ~ 95 %, of final states with only
pions (*). Further suggestions along these same lines are given by the low
K/ ratio found in high-energy hadronic interactions (28).

Charged-pion production infers of course also the production of neutral
pions. Analysis based on Monte Carlo estimates of the number of converted
gamma-rays for event types 27, 3T and 47, when compared with experiment
(see Table IV) indicates that the average numbers of =® produced is ~ 2 in
each reaction.

Based on these observations, the following reactions have been considered
as the major contributors to the multiparticle events reported here:

(4) Tl ,

(5) TR0,

(6) Rt

(M ete”—{ win—ntono,
(8) Tt onono,

(9) TR,
(10) ELAK N [ |

(*) C.Barray, P. FRANZINI, G LtTyeNs, J. C. SEVERTENS, D. TycHo and D. ZANELLO :
Phys. Rev., 145, 1103 (1966).

(%) See, for instance: E. LILLETHUN: Proceedings of the International Oonference on
Elementary Particles (Lund, 1969), p. 165; M. G. ALBrow, D. P. BARBER, A. BOGAERTS,
B. Bosnsaxovic, J. R. BRooks, A. B. CLEca, F. C. ERNE, C. N.P. Ger, A. D. KANARIS
A. Lacovrt, D. H. LockE, P. G. MureHY, A. RupcE, J. C. SENS and F. VAN DER VEEN:
Phys. Lett., 40 B, 136 (1972).
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The limit of six pions in the final state is a reasonable hypothesis since the
fraction of pp interactions at rest with more than six pions is <109% (*%), and
since, as pointed out previously, the average number of n*’s produced is <2,
even for 47 events. Also the cross-section deduced using a Monte Carlo simu-
lation with the above reactions, results in a falling cross-section with increasing
number of pions in the final state (see Fig. 25 later). Finally, it should be no-
ticed that, if multiplicities higher than a maximum value of 6 were introduced
in the analysis, the information on the reactions involved would become less
significant, for with the same data the results would be less constrained due
to the greater number of channels. Thus ignoring the rather small contribu-
tions from multiplicity states higher than 6 introduces less uncertainties in
the resulting partial cross-sections than including them.

8. — Monte Carlo simulation of the experiment.

A Monte Carlo program was written to simulate the experiment and to caleu-
late the efficiencies for the detection of final states with more than two charged
particles. In these calculations particles were generated according to phase
space and according to the reactions listed in the previous Section. Events
for a particular final state were randomly generated along the beam line, with
a distribution which took into account the finite length of the source. The
secondary charged particles and gammas from the n° decay were then traced
through the vacuum chamber wall and through the spark chambers and coun-
ters of the apparatus.

From these calculations the following information was obtained:

i) the efficiency for the detection of a given final state;

ii) the frequency of detected events with a pulse in counter 4 or B,
due to a charged particle or to a vy from w° decay converted in the
wall of the vacuum chamber;

iji) the frequency of electromagnetic showers produced by neutral pions
associated with detected events.

In the calculations of the detection efficiency, the nuclear interactions of
pions were taken into account by using the results of attenuation measurements
in various materials as reported by different authors (25). The attenuation
cross-section used in the computations is shown in Fig. 15 (*). These cross-
sections are for pion-nucleus (Fe) collisions in which a penetrating secondary
is scattered at an angle greater than 25°. For materials other than iron their

(") Details can be found in ref. (23),
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Fig. 15. - Nuclear-attenuation cross-section in iron as a function of the pion kinetic
energy, T'r. These results were used in the Monte Carlo simulation of the experiment.

cross-sections were scaled by 4!, No account was taken of small effects such
as m-u decay or multiple Coulomb scattering.

For each gamma-ray from the n° decay, the conversion point along the di-
rection of motion in the apparatus was randomly selected along an exponential,
measured in conversion lengths. The asymptotic value of the conversion length
at high energy was used. After conversion, the shower was followed as if it
were a single particle, for a depth corresponding to the average penetration
of a shower of that energy. The penetration as a function of energy was de-
duced using the results of the calibration measurements reported in Sect. 2,
as well as results by other authors (29).

Dynamic factors for each event were used only in the generation of three-
body final states (w+n—n®). The factor nsed was sin2 @ sin? 6 (*) where 0 is the
angle between the ete~ beam direction and the normal to the production plane,
and O is the angle between the two charged pions in that plane.

The values obtained for the detection efficiencies are in the range of
~(1+17)% and vary with the reaction, detection configuration, and total
energy 2F. These are shown for the most probable configurations in Fig. 16.
Low values of the efficiencies are found essentially because of the relatively
small solid angle of the two telescopes (£2/47w ~ 0.2) and because of the losses
due to nuclear or range absorption of the produced pions.

The errors in the efficiencies are between 10 and 209, for most reactions
and are due principally to the statistical accuracy in the computation (*). For

(*) R. RKasigawa: Journ. Phys. Soc., 18, 1365 (1963); H. Tmom: Phys. Rev., 136,
B 447 (1964); Z. S. StrRUGALSKI: JINR Dubua report E 13-5152 (1970).
(*) For every reaction (4)-(10) about 2-10* events were randomly generated.
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Fig. 16. — Efficiencies in various configurations for detection of processes with differ-
ent final states, vs. 2E. The efficiencies have been computed taking into account only

invariant phase space. The values at 2K =1.2GeV are for a different triggering

condition.

those reactions with lower efficiencies (~19%) the error increases to ~ 30 %.
The sensitivity of the calculated efficiencies, &, to changes in the mean
free path A, has been estimated to be approximately equal, i.e.

Asfe =~ AL JA, .

As stated before, a statistical production mechanism was assumed in
all quoted calculations. The results that would be obtained by assuming

Ly
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different production mechanisms, ¢.g. ete=— A¥n*— 2nt 4-27—; ete—— plet—
—>2nt + 27 ete~—>pontn, ete., will be discussed elsewhere (%).

9. — The reaction ete-— ntn-r+n~ from analysis of 47 evenis.

From the events classified as 47, it is possible by the procedure discussed
below, to determine the number of those containing only four charged hadrons.
As indicated earlier (Sect. 7), we will assume that all secondaries are pions,
i.e. that these special 47 events belong to the reaction

(6) ete~ — wtm—mrn— .

Of course 4T events of this type were searched for among those which had
no associated y (Sect. 6'4), or pulses present in counters 4 or B.

The angles in both views for each track were measured and the space angles
caleulated. With these angles as particle directions, the four equations resulting
from the conservation of four-momentum were solved to obtain the momentum
of each particle. The error in the projected angles was ~ - 20, due to multiple
Coulomb scattering in the vacuum chamber walls and measurement errors.
This error produces an average uncertainty of - 10 MeV/c in the calculated
momentum. The solution was considered as valid if all the momenta were
positive and consistent with the observed penetration depth of each particle
in a telescope.

Although all the 4-pion events were identified by the above method, events
with five or more pions, of which only four were detected by the apparatus,
could give a background contribution to reaction (6) by simulating 4-pion
events. In order to determine this background contamination, events with five
and six pions were generated by means of the Monte Carlo program described in
the previous Section. Those that gave an allowed trigger and only four charged
particles in the telescopes, were analysed in the same way as 47T events. The
fractions of events that gave a good fit as a 4-pion event were 129, for
mrrnteon final states and 18 9 for Tc+'rc-"r:+7c*w:’bn°; final states. The percentages
given above were found to be essentially independent of the total centre-of-
mags energy 2H.

The results of this special analysis are given in Table V. The number of
associated WAS events is given (column 2) for each emergy at which events
were analysed. The number of 47T events with no associated p or pulses in
counter 4 or B is called N,, (column 3). In column 4 are given the numbers of

(3%) F. CerapiNi, M. ConvERsi, S. D’ANGELO, K. EXSTRAND, M. GrILLI, E. IaroCOI,
M. Nigro, L. PaoLuzi, R. SANTONICO, P. SPILLANTINT, V. VALENTE and R. VISENTIN:
Internal report LNF 72-90 (to be published).
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TaBLE V. — Number of 4T events.

2E (GeV) WAS Nyr Nyrgpconst Nan NuriptNar s sorn
1.2 760 0 0 0 0
1.5 2419 12 11 11 1
1.65 992 8 6 6 0
1.9 2164 8 5 5 1
2.1 6187 13 9 6 13
2.4 1101 5 2 1 4

«reconstructed 47 events » (N, ....1)5 4-¢. events which were kinematically con-
sistent with the hypothesis of only 4 pions in the final state. The actual numbers
of 4m events, N, , were obtained by subtracting the background of fake 4n
events due to 5w and 6w events from N, .. For the sake of completeness
the numbers of 41" events with associated ¢ and/or signals from counters A
or B, also are listed in the last column of Table V.

The cross-section for process (6) was calculated from the numbers N,n
and the results were previously reported (13),

These results show an enhancement of the cross-section around 28 —
==~1.6 GeV (see Fig. 18), suggesting the possible production of a p’-meson
(M, =~1.6 GeV, I', =~350 MeV). The interpretation of the results re-
ported in this Section will be further discussed in Sect. 10 and 11.

16. — Analysis and results.

The objective of this Section is to describe the methods used in obtaining
partial cross-sections for the reactions (4) through (10). The input data to these
calculations are the observed numbers of 27T, 3T, 4T and 5T events, with and
without converted photons and pulses in counters A and B. Also wutilized
are the efficiencies, as determined in Sect. 8, for each reaction to contribute
to these observed configurations.

As mentioned previously (Sect. §), most multiparticle events are ob-
served with little if any background. This is particularly true for 37, 47T
and 5T events, however for 27 events this was true only when the criteria on
track penetration were used to suppress gas-beam interactions (see Sect. 5).
A further correction to the number of 27 events also was necessary due to
several well-known processes, i.e.

(11) ete” — urp~y  and Wty ,

(12) ete~—eteutu~ and ete~mwim-.
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The small number of these events that was detected by our apparatus was

estimatcd (*1) to be 16 2T events and accordingly a correction was applied.
The calculation of the partial-reaction cross-sections was made by solving

the following system of k equations at each energy 2.H:

(13) N, =230

K 47

[N

where

A =1,2,..., 7 indicates one of the seven reactions {4)-(10) listed in Sect. 7;

K =1,2,..,11 is one of the eleven observed configurations listed in the first
row of Table VI (27, ..., 5T configurations);

TaBLE VI. - Summary of the numbers of observed events of each type.

2E & Number of events in the following configurations (%)

(GeV) (10¥% em=2) o 2T+ 2744 3T 37+
(total) or B (total)

1.2 5.07 9 0 0 3 0

1.5 23.8 33 4 7 38 8

1.65 19.5 — — —_ 17 —

1.9 43.5 42 15 7 35 11

2.1 163.0 83 (?) 14 () 22 (v) 122 30

2.4 49.7 — — — 23 8

2K Z Number of events in the following configurations (+)

(GeV) (107 om=%) G 47 ATy 4T+ 4 N, 5T
or B (total) or B

1.2 5.07 0 0 0 0 0 0

1.5 23.8 9 14 1 0 11 1

1.65 19.5 — 8 — — 6 0

1.9 43.5 12 10 1 0 5 1

2.1 163.0 28 39 2 11 6 €

2.4 49.7 5 13 3 1 1 4

(@) Some events are missing because of insufficient background measurements or reduced shower detection
efficiency of the spark chambers which occurred during some of the runs.
(b) The integrated luminosity corresponding to these categories of events was % = 90.10% em™2,

{®1) G. BARBARINO, }'. CERADINT, M. Grirrr, E. Iarocor, M. Nigro. L. Paoruzr, R. SaN-

TONICO, P. SpiLranwini, I.. Trasarri, V. VALENTE, R. VisenTIN and G. T. ZORN:
Frascati-LNF-72/42 (1972).
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N, is the number of events in the configuration K;

o, 18 the cross-section for process 4;

¢® iy the efficiency for detecting process A in the configuration K;

& is the integrated luminosity.

A standard Monte Carlo method was applied in solving these equations.
Taking into account statistical errors for N, and &, a random search for a
x* minimum was made over a range for o, from 0 to 100 nb. 4* values which
did not exceed 1.2 times the number of equations were congidered as valid
solutions. The average value and variance for each ¢, were determined from
the distribution of values satisfying the above 2 criterion.

In principle it is possible to solve these equations at each energy and, in
general, this was done. However, due to the lack of some information at certain
energies, this was not always possible.

The discussion which follows attempts to explain the results as they appear
in Table VII, where the quoted statistical errors correspond to one standard
deviation.

i) When solving eqs. (13), the measured fractions (3T + )3T and
(4T + y)/4T are the leading quantities in separately determining the cross-
sections ¢(2nt2n-n®) and ¢(2n*+2772n°). The accuracy of such a separation
depends on the precision with which the above fractions and the average 7o
detection efficiency of our apparatus are known. Consequently, at energies
where for any reason y’s were not detected, it is only possible to give the cross-
section for the sum of the two processes, i.e. 0,,,,= 6(2n2n—n%) L ¢(2n+27—270).
In these cases the systematic error, appearing in parenthesis, was given. It
was taken to correspond to the two extreme possibilities of considering only
one of the two processes to be present at a time.

ii) The cross-section ¢(2n*2n~) can be calculated in two substantially
different ways:

1) From the number of events with only four pions, N,., as deduced
in Sect. 9 and given in Table V.

2) By an over-all fit of all data, ¢.¢. by solving eqs. (13). This latter
method was applied by solving these equations both with and without
the equation referring to N,..

All the results obtained by these different methods agree, within the errors,
showing the internal consistency of our data. The results in Table VII, column 3
(see also Fig. 18) are those derived by this method. At a total energy 2H =
=1.2 GeV, the error values, appearing in parentheses in Table VII, give the
limits for o(wtn—ntn~) and 04, When one assumes that all observed 37' events
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TaBLE VII. — Summary of the cross-sections, given in nanobarns.

2E (GeV)  0ypin o(mtnont) o(mtr-wte-r) o(mtrtwte—noro)
1.2 (30-:2) +15 (3 +3 )+3

1.4

1.5 (30 +-4) £11 (18 + 3 )43 6 +7 16-+8

1.65 23 +11

1.77

1.9 (224-8)+ 4 5 4+ 2 5 43 743

2.0

2.1 (25-1-6)+ 3 1.54 1.0 9.5--3.0 342

2.4 <4 1077 344

2F (GeV) o4, ottt onte-) Osae Oiop

1.2 ( 54+5)+6 <1 (84 2)+ 6 (38--4)4-16
1.4 314-15

1.5 2247 3 43 434 9 (7134+4)F 9
1.65 (184+4)+9 <3 (414 4)+10

1.77 24410

1.9 1143 3.54+1.5 194 3 (444-4)+ 4
2.0 21411

2.1 1243 3.5+1.0 164 3 (45+9+ 3
2.4 1314 4 42 16+ 4

The definitions used in this Table are as follows:
O2¢4n = O(wHn—n®) + o(win—nne) ,
C4¢ = O(ete™—> at least 4 charged =),
Ogptn = O(ntn—mwrn—n°) + o(@tn—ntn—nono),
Oyt = o(wtn~ + anything) .

Where two errors are reported, the first, in parenthesis, is the systematic error and the second is
the statistical error.

or none were produced by these channels. At 2F = 1.5 GeV the error in
o(mtn-wtn~), appearing in parentheses, depends on the fit procedure; it re-
fleets the fact that the channel wtn—mtr—n®, whose cross-section o(mtrm—m+m—mo)
at this energy is compatible with zero, can be included or not in the calculations.

iii) Many channels produced in the ete~ interactions are of the type

ete— —mwtg— L pmo with n>1,
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and contribute, therefore, to the same 2T + y configuration (*). The information
which can be derived from the observed 271 + y events is consequently insuf-
ficient to separate the varicus contributions. Nevertheless the observed frac-
tion (27 + y)/2T is small enough to exclude contributions in excess of ~ 309,
from channels with #>3, at any energy. In evaluating the cross-section
Ogorn = 2, O\t~ +mn®) these contributions have not been considered, so that

Oyppn = O(MIERO) + g(mTT—ROR0) .
The numerical value of o,,,, reported in column 2 of Table VII is obtained by
using as detection efficiency the average value

£ = HE™ + 7T,

Also in this case, as in the case of o,,,, considered above, the limits in the
quoted systematic error (appearing in parentheses) correspond to assuming that
only one of the two reactions is present at a time. Precisely it is found that
the lower limit corresponds to considering only the process ete— —mwn—mono,

It should be pointed out that experimental information from the « Y
group » (**), as well as theoretical considerations by various authors *"), sug-
gest that at Adone energics the contribution from the w+m—n channel to the
(2¢ +m) cross-section is at most a few mnanobarn. Assuming that Cpin™
~ o(mrr-rn?) is, therefore, most probably correct.

The results given in Table VII are also shown in graphical form in
Fig. 17-24. Available data from other laboratories (3»32) and/or from other
groups working at Adone (*“**) also have been reported in the Figures

(*) It should be recalled (see Table IV) that the configurations nT +y in a few
cases involve the presence of more than one detected y. For example, the 27+
configuration involves two identified y in a fraction of cases which is less than 10 %-
The statistical significance of this additional information is too poor to be exploited
in the analysis and consequently was ignored.

(**) Essentially these considerations are based on the hypothesis that the process
ete” - win-n? is dominated by the w or ¢ tail. (See, for instance, J. LoYssac and F. M.
Ruwarp: Lett. Nuovo Cimento, 1, 197 (1971).) This hypothesis appears to be valid up
to 2H =1 GeV according to the ACO data (3%).

() V. E. BALAKIN, G. I. BUDKER, I. B. VassErMax, 0. 8. Korrwan, L. M. KurRDADZE,
8. I. MisaNEv, A. P. ONvcHIN, 8. I. SEREDNYAKOV, V. A. S1p0ROV, A. N. SKRINSKY,
G. M. TomamgixN, V. F. TUrckiN, A, G. KuaBaRPAsuEv and J. M. SHATUNOV:
Proceedings of the International Symposium on Electron and Photon Interactions at High
Energy (Ithaca, N. Y., 1971), p. 65. The results reported in Fig. 24 come from a re-
analysis of data coilected by the quoted group, assuming an equal contribution from
the processes ete~— niw-ntw-and wr-w®x®. These results have been presented by
V. A. Siporov: at the Informal Meeting on Hlectromagnetic Interactions, Frascati,
May 1972.
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Fig. 17. — Energy dependence of the cross-section oy, = o(x+tm—n0) + ¢(m+n-nox0).
The open boxes indicate systematic errors. In our case these errors correspond to
assuming only one of the two quoted reactions present at a time. The lower limit
corresponds to eonsidering only the process ete-—w+m-nn¥: w present experiment,
o yy group (*?), a Orsay (%) (only w+m—non0).

thus improving the information and extending it towards lower energies (*).
All these results will be shortly discussed in the next Section. We note
here that the systematic errors (given, in our case, in parentheses in
Table VII) are indicated by open boxes throughout the Figures. In the case
of our data the meaning and the method of estimating systematic errors has
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Fig. 18. Fig. 19.

Fig. 18. — Energy dependence of the cross-section for the process ete—— mw+m—mtm-,
Also data from other groups (3%:11) are reported for completeness. The points of the
present experiment at 20 =1.2 and 1.5 GeV include a systematic error indicated by
an open box, as in the case of the « boson group » () results: = present experiment,
B boson group (*), a ACO-Orsay (®).

Fig. 19. — o(r*n—n+trw-n®) vs. the total energy 2E.

(*) Values of the cross-section 04, Obtained from a re-analysis of data previously
reported by BARBIELLINI et al. () are also given in Fig. 23.
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been specified above. It should be noticed that these errors do not include
the uncertainties in the integrated luminosity & and in the calculated efficiencies

&g, A few doubtful events which were disregarded in the course of our analysis
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Fig. 20. — o(mm-w+rndn®) vs. the total energy;2B.
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Fig. 21. — Energy dependence of the cross-section ¢,,,,=o(n*m-r+n—n®) + ¢(ntr-ntr-rino)
Also data from the «boson group» (1) are shown for comparison. The open boxes
indicate systematic errors as in the case of Fig. 17: = present experiment, B boson
group (1).
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Fig. 22. - o(mtn-min-nitn-) vs

. the total energy 2F: u present experiment, B boson
group (1),
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(see Sect. 6) could also represent an additional source of error via N,. We
estimate, however, that errors such as those which have been mneglected do
not exceed in any case the quoted statistical errors, the latter involving, as
mentioned already, statistical uncertainties in both & and N,.

60 120
r i
o =]
40+ g 80 \\
@ \
L 's L Nt H
e R 1L
3 ~
20 i[ b (A > ~ é I-—E H
IEEE:
0 i 1 1 ‘é 0 1 1 2!

10 15 20 25 10 15
2E(GeV) 2E(GeV)

TFig. 23. Pig. 24.

0

Fig. 23. — Energy dependence of the cross-section for processes in which at least four
charged pions are produced, with or without neutral pions. It is assumed in our
analysis that the maximum multiplicity (charged-+neutrals) is six. Data from the
«yy group » (*%) also are reported for comparison. Open boxes indicate systematic errors:
m present experiment, P present experiment ref. (33), o yy group (*?).

Fig. 24. — Energy dependence of the cross-section for the process e*e~— n+n—-anything.
Also data from other groups working with Adone (1-12) are shown for comparison.
For completeness results from Orsay () and Novosibirsk (32) are also reported. In each
case open boxes indicate systematic errors. The dashed curve, representing the cross-
section for ete—— p*u~ (computed from quantum electrodynamics), is shown for
reference. = present experiment, B boson group (1), o yy group (*?), x Novosibirsk,
A Orsay.

It is worth-while noting in the previous Figures that there is substan-
tial agreement between the results obtained by the various groups work-
ing at Adone. One noteworthy discrepancy is found for o,, (Fig. 24) in
the region of 2H = 2 GeV, where the yy-group value appears to be some-
what lower than the values measured by the other groups. Slightly lower
values are found also, by the same group, for the 0,.,., a8 shown in
Fig. 17, where the points from the +vy-group have been computed with
n=1, 2,3, 4. On the other hand, as pointed out already, the lower limit for

(3%) G. BarBrerrini, M. Coxversi, M. Grirri, M. N1¢ro, L. PaoLuzi, P. SPILLANTINI,
V. VALENTE, R. VISENTIN and G. T. ZorN: Hadron production by e+e~ colliding beams
in the GeV region, presented at the Informal Meeting on Storage Rings Physics
(Frascati, 1970), unpublished.

2.5
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Ozciny Within the systematic errors given in Fig. 17, corresponds to the channel
ete” —>mrr-ntn®, This is the minimum cross-section we can give, since any
mixture of states with a number of ©%’s from 1 to 4 would increagse the value of
02.n: Hence there seems to be a systematic difference between the cross-sections
measured by the two groups. We do not believe, however, that great signi-

30

20

(10 % em?)

0 L | L 1 1

multiplicity (no. of pions in the final state)

Fig. 25. — The total cross-section for the process ete~—>ntw-4anything as function
of multiplicity (i.e. total number of charged and neutral pions) at 2FH = 2.1 GeV.

ficance can be attached, at present, to these apparent discrepancies not only
because of possible neglected systematic uncertainties, but also because of
the differences in the hardware employed in the experiments which produce
differences in angular acceptance, energy cut-offs, ete.

In Fig. 25 we report the total cross-section at 2H = 2.1 GeV as a function

80
60 - / \\
Sl / \6*
$ / \
Tg (A / \%
5 N
b L / \}
I~
6~ _|—
- - }
0 1|0 1.5 2%0 25
2E(GeV)

Fig. 26. — Cross-sections for final states with positive and negative G parity vs. 2E:
x G*-parity final states, o G—-parity final states.
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of the total number of final-state pions (charged plus neutrals). The multi-
plicity curve has been given explicitly only at this energy, where our results
are statistically more significant and, moreover, show no indication of a resonant
behaviour. The average multiplicity observed at 2FH = 2.1 GeV is My ~4.5.
Furthermore, it does not appear to have any strong energy dependence since
{m» has a value between approximately 4 and 5 over the whole energy range
explored (2F = (1.2-2.4) GeV).

Finally, in Fig. 26 we report the total cross-section for final states with
a positive or a negative ¢ parity. One can see that final states with G+ parity
are much more abundant than those with G~ parity, at least around
2H =1.5 GeV.

11. - Discussion and conclusions.

An important conclusion coming from the results reported in the previous
Section is that multihadron production, 4.¢. the reaction

(14) ete~— wtn— 4 anything,

occurs at 25 >1.2 GeV, with a total cross-section 0, COmparable to that for
the annihilation process ete~— ptu-, Oy (Fig. 24). The processes which con-
tribute to reaction (14) seem to have thresholds in the neighbourhood of 1 GeV.
Excluding the region below 1.5 GeV, where the cross-section rises rapidly,
the energy-dependence of Oy, appears to be consistent, within the large
errors, with a 1/H-dependence; even though a less rapid energy-depend-
ence is also compatible with our results in the narrow energy interval ex-
plored. In this same energy region (2H > 1.5 GeV) the ratio Oiot/Opy 15 aD-
parently greater than 1, possibly close to 2.

The total cross-section o, is the sum of many partial cross-sections, which
have been evaluated at the various energies explored. The relative weight
of these cross-sections depends on the total energy 2H, as one can see from the
Figures of the previous Section. For 2H> 1.5 GeV the contributions to Oyt
(Fig. 24) can be split into two roughly equal parts; one due to processes
with only two charged pions plus neutrals (Caotn, Fig. 17); the other due to
Processes with at least four charged pions in the final state (0,4, Fig. 23). The
former contribution, as mentioned already in Sect. 10, seems essentially to be
due to the process:

) ete” > nono,

On the other hand, the latter contribution comes from the following ' pro-
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cesses:

(6) Tttt

(7) TR,
ete —

(9) et TN,

(10) Tt rtn,

of which the first three (6), (7) and (9) are responsible for the rise observed in
o, When 2K is greater than ~1 GeV.

Of all of the channels that have been studied, the one involving only four
charged pions, eq. (6), has the most striking energy-dependence. Its cross-
section g(mtm-ntn—) exhibits a broad peak at 2H~1.6 GeV (see Fig. 18). This
behaviour is suggestive of the production of a vector meson p', of mass m, =
=~1.6 GeV/e?, full width at half-maximum I, ==~350 MeV, having the
same quantum numbers as the p-meson (J*°=1"" and I¢=1%). Some in-
dication in favour of the possible existence of the p’-meson can also be found
in the results by DAVIER et al. (**) on the photoproduction of four pions by
(6=-18) GeV vy-rays on protons. Confirming evidence comes from a recent
Berkeley-SLAC experiment (3) on four-pion photoproduction in a hydrogen
bubble chamber, using linearly polarized monochrematic 9.3 GeV y-rays ob-
tained by the back scattering of a laser beam (*). The decay angular distribu-
tions as a function of mass, derived from thislast experiment, are indeed what
would be expected from a o’ vector meson diffractively produced with helicity
conservation.

An attempt can be made to evaluate the coupling constant of the presumed
e'-meson with the photon (g, = emy/[f,), by applying the general ideas of
the vector-meson-dominance model. Let us assume that the behaviour of
o(mtn—ntn—), a8 plotted in Fig. 18 can be interpreted in terms of a Breit-Wigner
curve. The total cross-section at 2H =mg,, o, for the process ete~—p'—

e'? all ?
all final states) is then related to the coupling constant f2, by the formula
o' PY
for 4ot 1

(15) 22—

L
da mg Ly oty

where o« is the fine-structure constant.

(3%) M. DAVIER, I. DERADO, D. C. FRIiES, F. F. Liv, R. Z. MozLEY, A. C. ODIAN, J. PARK,
W. P. SwansoN, F. ViLra and D. Yount: SLAC preprint (June 30, 1971), presented
at the International Symposium on Electron and Photon Interactions at High Energies
(Ithaeca, N.Y., 1971).

(%) G. SMapja, H. H. Bingaam, W. B. FrerteEr, W. J. PopoLsxy, M. 8. RABIN,
A. H. RoSENFELD, G. P. YosT, J. Barram, G. B. CHADWICK, Y. EISENBERG, E. K0GAN,
K. C. MorFE1T, P. SEYBOTH, I. O. SKILLICORN, H. SP1TZER and G. WoLF: work presented
at the Experimental Meson Spectroscopy Oonference, April, 28-29. Philadelphia, Pa., 1972.
(*%) F. R. ARUTYUNYAN and V. A. TUMANYAN; Phys. Leit., 4, 177 (1963); R. H. Mir.-
BURN: Phys. Rev. Leit., 10, 75 (1963).
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Various assumptions can be made concerning o™ in order to estimate
fo/4m. We first note the following inequalities:

(16) O > 0P () 4 ot nono)
and
(17 (ot T) + o (o mont) > 1,250 (mh )

The first inequality is obvious, while the second is a congequence of isospin
conservation in the reaction ete~— four pions (37).
We can then evaluate for in two different ways:

i) using only the data on the wtr—mtw~ channel and both inequalities
(16) and (17) we obtain

2
(18) Jer <18;

i) taking for ¢™*(ntm-mtn-) and o**(mtm-m'n) the values actually
measured (*) at the resonance and using the first inequality we obtain

2
(19) i"—'<10f4.

Assuming f2/4z~10 and taking the value of foldm = 2.54 4 0.23 recently
reported by BENAKSAS et al. (*%), one obtains for the ratio forlfe & value close
to 4. This agrees with the value recently predicted by BrAMoON and GRECO (*4)
in their model (3°) of « extended vector-meson-dominance », EVMD (%°). These

(*") C. H. LLEWELLYN SMITH and A. PaIs: Report Number C00-3505-21.

(") 1In inserting the numerical values for the measured cross-sections in eq. (16) there
is an implicit assumption made that the nonresonant background is not greater than
the neglected resonant contributions. Such an assumption is in line with what is expected
from the model discussed in ref. (14) and the p tail contribution to the two quoted four-
pion channels, as computed in ref. (384),

() Bee, for example: a) G. KRAMER, J. L. UrRETsKY and F. T. WALSH: Phys. Rev.,
3, 719 (1971); b) J. Lavyssac and F. M. ReNARD: Lett. Nuovo Cimento, 1, 197 (1971);
¢) A. M. ArTuxov and I. B. KarirLovica: Novosibirsk internal report 36/71; d) J. Layxs-
sacand F. M. RENARD: Montepellier preprint PM/71/2 (1971); ) G- Kramek: &lectron-
positron interactions, in Lectures Delivered at 1972 OBRN School, Grado, 1972.

(®*) A. BramonN and M. Grrco: Lett. Nuovo Oimento, 1, 739 (1971); and TFrasecati
LNF-72/20 (to be published in Nuovo Cimenio).

(%) See also: a) J. J. Sakural and D. SCHILDKNECKT: Phys. Lett., 40 B, 121 (1972);
b) A. BrawoN, E. Erim and M. GrReECo: Frascati LNF-72/45 (to be published);
¢) T. KoBavasnr: preprint of Department of Physics, Tokyo University of Education,
Tokyo (1972).
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authors (*) also predict (p'->wtn—ntn)/(p'—>mtn—non®)~1. This is in agree-
ment with our results, as can be seen by comparing at 28 = My ~1.6 GeV
o(mtr-nrnT) and o(mrnomon®) (which is essentially equal to o4, of Fig. 17, as
discussed in Sect. 10) (7).

It should be pointed out that a direct comparison between these two cross-
sections cannot be made except at the o’ peak, due to possible contributions
from pp’ interference. Such an interference might be responsible for the lack
of a resonant behaviour in the energy dependence of the measured o(mtm—romn?)
(see Fig. 17).

The hypothesis of a p’ resonance yields a simple explanation for the relatively
large total cross-section of multihadron production in the neighbourhood of
1.6 GeV, since the final states mtr—m+n— and wtrn—no%® represent ~ 70 %, of Ot
In this connection it is worth-while pointing out that the hypothesis of a e’
resonance, with positive @ parity (GF), is also supported by the results displayed
in Fig. 26, where, around 1.6 GeV, final states with G parity are seen to be
tmuch more abundant than final states with G~ parity (™).

New models of EVMD recently proposed (4) claim the existence of other
resonances besides the p’ (o and ¢, e.g., as SU; partners of the p’; and possibly
further SU, nonets). These higher resonances might be responsible for the large
values of o,,, observed at the highest energies attained in our experiment (***).
Further measurements are needed, of course, to establish whether these new
resonances, including the o', do really exist. Should this be the case, the physics
of ete~ colliding beams in the GeV region would be clearly characterized by these
new resonances. On the other hand, if new resonances are not present, there
remains the problem of explaining a cross-section which is possibly a factor
of 2 larger than the cross-section for ete—— utp-. A possible explanation can
be searched for in terms of the well-known SLAC results on deep inelastic elec-
tron-nucleon scattering, where the discovery of a scale-invariant behaviour (4)

(*) In drawing any conclusion on this matter, a word of caution is needed, however,
since the w+n—non® channel is even less well established experimentally than the channel
wtn-mwtn=, The yy group at Adone, as mentioned earlier, find a somewhat lower value
for o(m+rn—n%x®) than ours.

(**) The separation into final states of opposite @ parity turns out to be useful also for
one of the possible comparisons between ete— data at 2H~2 GeV and data from
nucleon-antinucleon annihilation. Recently a specific model has been proposed (41)
for such a connection, but unfortunately it predicts a ratio G over G~ states as large
a8 ~ 35; much larger than the one observed (Fig. 26).

(*1) E. Peraquier and F. M. RENARD: Nucl. Phys., 39 B, 547 (1972).

(***) Attempts have also been made (3%) to interpret the multihadron production observed
with Adone within the framework of the «classical » vector-meson-dominance mcdel.
They do not seem capable, however, of explaining the experimental situation, without
introducing very specific and somewhat guestionable assumptions.

(**) E.D. Broom, D. H. Cowarp, H. DESTAEBLER, J. DREES, . MiLLER, L. W. Mo, R.
E.TAYLOR, M. BREIDENBACH, J. I. FRIEDMANN, &. H. HARTMANN and H. W. KENDALL:
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is very suggestive of a parton structure of the nucleon (%), As suggested by
various authors (%), the connection between colliding beams and deep inelastic
results, and therefore significant information on the hadron structure, could
be obtained by measuring the following in ete~ collisions in the asymptotic
region:

i) the energy dependence of the total cross-section for hadron produc-

tion o,,;

ii) the ratio o,,/0,,;
iii) the energy dependence of hadron multiplicity ().

As an example let us consider point ii), where different theoretical ap-
proaches, based on the general concepts of the light-cone and of the quark
models have been developed (*). Using the approach based on fundamental
free spin-1 quark fields (%), one obtains Oy01/0yy = % Different values for this
ratio are obtained if one introduces elementary-particle constituents, or par-
tons of spin 0 (). The new quark model recently proposed by GELL-MANN (%)
predicts o,,/0,, =2, a value which is also predicted by HAN and NAMBU on
the basis of a different quark model (*°). On the other hand, the EVMD model
of BrAMON, ETmM and GRECO quoted above (4) prediets o,,/o,, ~1.25. Un-
fortunately, at the present stage of this research, the results concerning the

Phys. Bev. Lett., 23, 930 (1969); M. BREIDENBACH, J. I. FRIEDMANN, H. W. KENDALT,
Y. D. Broom, D. H. Cowarp, H. DE STAEBLER, J. DREES, J. W. Mo and R. E. TAYLOR:
Phys. Rev. Lett., 23, 935 (1969). See also, the rapporteur talk at Cornell Conference (1971)
by H. W. KENDALL: Proceedings of the International Symposium on Electron and Photon
Interactions at High Energies (Ithaca, N. Y., 1971), p. 248.

(**) R. PEYNMAN: Phys. Rev. Leil., 23, 1415 (1969).

(**) See, for example, a) 8. D. DRELL: rapporteur’s talk to the Amsterdam International
Oonference on Hlementary Porticles (Amsterdam, 1971); b) R. GaTro: Hvolution of
Particle Physics (New York, London, 1970), p. 138; ¢) B. L. I[orrs and V. A. Kruozs:
Yerevan internal report EFI-TF-11 (1970); d) R. Garro and G. PREPARATA: Nucl.
Phys., 47 B, 313 (1972).

(**) On this specific point see, for instance: @) J. BJorRKEN and S. BrRopSKY: Phys.
Eev. D, 1, 1416 (1970); b) G. Artarerrr and L. Marant: Internal Report IS8 72/8
(Istituto Superiore di Sanits, Roma) (1972); ¢) E. Ermm and Y. Srivastava: Fraseati
LNF-72/30 (1972) (submitted for publication to Phys. Leit.); d) G-. PREPARATA: Pro-
ceedings of the Topical Conference on Conformal Invariance (Frascati, 1972); e) R. W.
GrIFFITH: Report Bonn University, PT 2-111 (1972). We wish to thank Drs. E. E1im
and Y. Srivastava for interesting discussions on this subject.

(*) A recent discussion on quark model predictions can be found in H. Suura, T. F.
WaLsH and BiNe-LiN YoUNG: Desy report 72/21 (May 1972).

(**) See, for example, J. BJORKEN: Phys. Rev., 148, 1467 (1966); V. Grisov, B. L.
Torre and I. Ya. PoMERANCHUK: Phys. Lett., 24 B, 554 (1967).

(*) N. CaBiBBO, G. Parist and M. Tmsta: Lelt. Nuovo Cimento, 4, 35 (1970).

(4% M. GELL-MANN: Schladming Lectures, 1972,

(#) M. Hax and Y. NamBU: Phys. Rev., 139, 1006 (1965).
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absolute value and the energy-dependence of o,,, as well as the energy depen-
dence of the average multiplicity, cannot diseriminate between the different
theoretical predictions. This is not only because of the large uncertainties in
the measured quantities, but also because there is at present no reason to
believe that the asymptotic region has been already reached at Adone en-
ergies (*).

In closing the present discussion, we wish to recall that all cross-sections
have been calculated assuming invariant phase space only (**). As an indication
of the insensitivity of the results to this assumption we have recalculated the
cross-section for the process (6) under a quite different hypothesis. Assuming,
a8 an example, that the final state (win—r*w~) is reached through the intermediate
quasi-two-body virtual state Aw, (ete~— AT —nitwtr—n-), we find a cross-
section which, at all energies, does not exceed that obtained assuming invariant
phase space by more than 209%. So we feel that the assumption of invariant
phase space adopted throughout our analysis, should not affect the general
conclusions reached in the previous discussion.

The principal results of this experiment may be summarized as follows:

1) Multihadron production by ete~ beams colliding at GeV energies
occurs with a total cross-section o,, comparable to that of the annihilation
process ete~—utu~, o, (see Fig. 24). In particular at the highest energies
attained ((2-+2.4) GeV) o,,,/0,, is apparently greater than 1, possibly close to 2.

2) The energy-dependence of o,, exibhits a fast rise near 1 GeV. For
28 >1.5 GeV the energy-dependence of o,, is compatible with 1/s (s = 4E?).

3) The average pion multiplicity (charged plus neuntral) is found to be
between 4 and 5, over the energy range explored. At 2H = 2.1 GeV, above
the p’ region, the average multiplicity is {n,»~4.5 (see Fig. 25).

4) Final states with positive G parity (G+) are found to be much more
abundant than G~ final states (see Fig. 26).

5) G"finalstates are made up mostly of four pions (wtr—n'n®and wHr-rmin-),

with o(ntn—n'n?®) - o(mtn—ntn=)=0.7 o,,.

6) The energy-dependence of o{wtm—rntwn~) iy suggestive of a resonance
behaviour (see Fig. 18). This may be interpreted in terms of a p’-meson of mass
my~1.6 GeV/e* and I, ~350 MeV, coupled to the photon with a coupling
constant g., = em?[f;,, where f5,/4m<18.

(*) If this were the case, the observed energy-dependence of the average multiplicity
(Sect. 10) would not be in agreement with the predictions of the particularly simple
statistical model proposed by BJorRkKEN and BRODSKY (#39), i.6. {n;> < H.

(**) An exception is the cross-section o(ntm—no=?) measured at ACO (3%), where the
value was derived assuming the specific process e*e— w'n®-» mwtn-non® This value
is given in Fig. 17.
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7) The existence of the ¢’-meson would yield a straighforward explanation
for the large cross-section around 1.6 GeV. At higher energies other resonances
could be invoked, in a resonant model, to explain the relatively large cross-
section observed up to the highest total energy attained in this experiment.

ok ok
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APPENDIX A

A more complete and detailed description of the apparatus is given in this
Appendix (*). The dimensions of the counters and the kinematic spark
chamber (,, that limit the solid angle, are listed in Table VIII. A complete
list of the dimensions of the absorbers and all active elements is given in
Table IX (see also Fig. 1).

It should be mentioned that heavy shielding of concrete and lead (~ 40 r.l.)
was placed around the telescopes in the horizontal plane, to which the beam
losses are mostly confined. To obtain a further reduction of the trigger rate
due to machine background, it was also necessary to have 1 radiation length
of lead before counters I,, F, and the same amount in front of counters I,,H,.

(**) For other details we refer the reader to a seminar delivered by one of us (M.C.)
at the Erice International School of Subnuclear Physics, in Elementary Processes ot
High Energy (New York, 1971), p. 547.
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TaBLe VIII. — Qounters and spark chamber limiting the solid angle.

Element a {(cm) b (em) d (em)
Counter 0 + 30 + 13.5 14
Spark chamber O, + 37 -+ 30 24
Counter 1 - 36.5 + 30 30
Counter 2 -+ 40 440 45
Counter 3 -+ 50 -+ 50 64
Counter 4 + 60 + 60 82
a= horizontal half width,
b = vertical half height,
d = distance from centre of the straight section.
TaBLE IX. — Thickness of elements of the telescope.
Ma- mm g/oem? Rad. Inter.
terial (Fe eq) length length
Vacuum chamber: window Fe 0.2 0.2 0.01 0.001
body Fe 6 4.7
Counter 0 CH 10 1.5 0.02 0.015
Spark chamber C, Al 1.8 0.5 0.02 0.006
Absorber Pb 5 4.3 0.98 0.032
Counter 1 CH 10 1.5 0.02 0.015
Absorber Pb 5 4.3 0.98 0.032
Cerenkov counter Al 10 3.0 0.11 0.029
CH 10 1.5 0.02 0.015
H,0 60 8.8 0.17 0.074
Counter 2 CH 20 3.0 0.05 0.030
Spark chamber O, Te 19.5 15.2 1.13 0.128
Counter 3 CH 20 3.0 0.05 0.030
Spark chamber O, Fe 34 26.5 1.95 0.224
Al 32 10.0 0.36 0.094
Counter 4 CH 20 3.0 0.05 0.030
Absorber (} of AQ) Fe 140 110 8.0 0.92
Absorber Fe 90 70 5.15 0.59
Absorber (shaped) Fe 140 (max) 110 8.0 0.92
Counter 5 CH 20 3.0 0.05 0.030
Spark ehamber O, (only one) Al 15 4.5 0.16 0.043
Fe 37.5 33.7 2.31 0.29
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This last material was actually made up of two water Gerenkov counters G,, O e
These counters were not used in the trigger, but their outputs were displayed
in the « DATA BOX » and later were used in the analysis (see Seet. 2 and
Fig. 27). They were effective in selecting K-mesoo pairs from 7 pairs, because
the K-meson velocity is below the threshold for producing Cerenkov light
for Adone energies up to 2F = 1.5 GeV.

day month hour minute
no bunch
Counter Luminosity
information
HE vy 33
H, T,,
T, photograph no.

Counter information octal (coded number)
1st digit: bit 0: M,,
bit 1: M,
bit 2: D,
2nd digit: bit 0: H,
bit 1: I,
bit 2: E,
3rd digit: bit 0: I,
bit 1: E;
bit 2: I
4th digit: bit 0: C,
bit 1:
bit 2: 4
5th digit: bit 0: B
DATA BOX

Fig. 27. — Information contained in the DATA BOX appeared in the photograph of
the two views of the spark chambers.
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The presence in the trigger of counters 0 always was required. These
counters helped especially in reducing cosmic-ray background for collinear
muons (2). Hach set of counters I, and K, consisted of three horizontal slabs
of scintillators, each one with a photomultiplier tube. Thus, with an appropriate
electronic logic described below, in the case of selection of muon pairs, it was
possible to narrow down the bounds of the central region surrounding the actual
source. All counters, exeept I,, B, I,, B, had phototubes placed on opposite
sides of the scintillator (e.g. Iy, Lo, Hopy Hsy, ete.) and they were put in coin-
cidences between each other before entering into the rest of the logic. By
this arrangement, the efficiency for detecting charged particles in the light
pipes was reduced pratically to zero, while the overall efficiency of the scintil-
lator was always ~999%,. This improvement was very helpful, not only to
reduce background, but especially to define the active region of the counter
itself.

The counters ;, I3, H,, I, were employed also to measure the time delay
between the opposite pairs, as explained in Sect. 2, and in this case the output
pulses from the two sides of the scintillator were used individually in order to
minimize the effect of the large dimensions of these counters (24).

This time information was processed by fast circuits, in order to be used
in the formation of the master trigger. A block diagram is shown in Fig. 28
and a description follows. Pulses from opposite sides of counters I,, B, and
1, B, (6.9 Lsy, Hsp, 1.y, B,;) were fed to four time-to-amplitude converters
(TAC), as START and STOP pulses; the gate pulse was provided in each
case by the suitable coincidence (i.e. H,-I,-E, I, - H,-I,) for the timing be-
tween counters 3 and similarly for counters 4.

The outputs of the two time-to-amplitude converters for each opposite
pair of counters were linearly mixed and fed to a fast window discriminator.
Thus the simultaneous crossing of the counters by collinear particles produced
in e+e~ collisiony gave a pulse, the average amplitude of which was midway
between the limits imposed by the single-channel discriminator. The same
pulse, without any shaping was also converted to digital form and displayed
on the DATA BOX for later analysis (see Fig. 11).

Since cosmic rays crossed the counters of each pair with a time delay equal
to the distance between them divided by the speed of light (~ 9 ns for counters
3 and ~12 ns for counters 4), they will produce two peaks in the time-of-
flight spectrum, in the valley between them being located the « good events ».
This method, as explained in Sect. 2, cannot be employed in selecting pro-
cesses other than p pair annihilation since it requires particles penetrating
until counters 4 in both telescopes. Therefore an alternative trigger em-
ployed the veto signal provided by any of the counters X;, I, located in the
upper half of the apparatus. The reduction factor in this case was of ~1/40.

A third method, common to both triggers, was used to reduce the contri-
bution from cosmic rays. A fast coincidence was formed with the phase
signal of the accelerating radiofrequency r.f. and the counters #, and I,. The
resolution in the prompt coincidence was 20 ns. To improve the discriminating
power of this device, we used a time-to-amplitude converter (TAC), the
START of which was given by the mixed signals from counters #, aud I, and
the STOP was provided again by r.f. The analog output was digitized and
displayed in the DATA BOX. The ultimate resolution (see Fig. 3) was then
4 ns (FWHM), due essentially to the dimensions of counters 1, since the time
overlap between the two ete~ bunches is about 2 ns.
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Finally, the different triggers, formed using alternative logics, were
logically mixed in an OR circuit to produce the general master trigger. The
two sets of triggers were

(A.1) M,, =Dy1-2-3-4- M, M, ..,
(A-2) Mm.h. = Q0'1'2'(E3 +Ia)'(E4+ 14)'(37)5 +Is)'r-f~7

1,..., 4 stand for twofold coincidences H, I, ..., B, 1,;

D, stands for the « OR » of the three coincidences formed by opposite
pairs of 0 counters (i.e. Dy = (Lyy" Hoy) -+ (Lo Hoy) + (Loo* Ho));

@, stands for the twofold coincidence between any opposite pair of
counters 0 (i.e. @, = (Hy, -+ By -+ Eyp)* (Log + Lox + L)) 5

M, (M,) stands for the requirement of no time delay between coun-
ters 3 (4).

Because of the machine background at higher energies, the trigger (A.2)
was modified in order to maintain the trigger rate of about 1/min. At machine
energies greater than 2H = 2 GeV the trigger (A.2) was then replaced by

(A.3) My =00 123 (B, + 1) (Hs —|—T5)'1‘.f.

At machine energies lower than 2F = 1.5 GeV, it was possible to reduce
the energy threshold for a particle to produce a trigger, by excluding coun-
ters 4 from the trigger. This fact was especially important for K-mesons,
since their range was less than the amount of material before counter 4. The
trigger replacing trigger (A.2) was then

(A.4) Mon =@ 12 (B + L) (Bs + I) r.L.

Of course, in the computation of the integrated cross-sections and efficiencies,
the different trigger modes were taken into account. Electron pairs were able
to produce both kinds of triggers M,, and M, , thus providing a very con-
venient means of testing the performance of the apparatus by cross cheecks
on the efficiencies of individual counters.

The master trigger was activating the general gate to open the linear inte-
grators giving the charges collected during 80 ns from E, 4 Hy(H,) and from
I, + I,(H,). The analog output was displayed in the DATA BOX and a
second output was used with a multichannel pulse height analyser to perform
occasional tests during data taking and with cosmic rays. The same use also
was made of the analog output from Ty, Ty, and T, ,, so that the stability
of the whole apparatus was under constant control.

A parallel input register (BINARY CODED MEMORY in the block diagram),
capable of storing the fast pulses coming from individual counters (see Sect. 2),
was opened on the occurrence of a master trigger. Its binary content was coded
in octal form and displayed in the « DATA BOX»,
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Most of the electronic equipment was installed in the machine hall, at a
distance of a few meters from the center of the straight section. During Adone
operation, however, no access was permitted into this area, for reasons of
radiation safety. Hence, all the checks on the correct operation of the apparatus
and related electronies had to be made in the control hail provided for thig
purpose at a distance of some 20 m. The triggering conditions of the electronics
installed in the machine hall could be changed by remote-switching operation,
so as to allow one to promptly realize the triggering conditions required for
a specific test.

All the relevant information contained in the DATA BOX, was also repro-
duced in the control hall by means of nixie lamps, which repeated the same
numbers appearing in the photograph. A set of sealers giving event num-
ber, time interval, and additional useful information also was installed in the
control hall. The content of these scalers was automatically printed on paper
at regular intervals of 20 min.

The high voltage of the phototube power supplies was automatically
reduced to about 1.2 kV whenever the magnetic field of Adone was below &
fixed value depending on the machine energy. Therefore during the injection
of electrons or positrons into the ring, no damage would result from very
intense bursts of particles on the photomultipliers.

On account of the automatic controls mentioned above, continuous pre-
sence of physicists or operators was not required during ordinary runs.

The optical system used to bring the two orthogonal views of the apparatus
onto the same photographic camera consisted of a set of plane mirrors placed
at ~45° some of which of very unusual length (~4m). A single frame
picture of 70 mm x100 mm (Sect. 2), contained the two stereoviews along
with the information given in digital form by the DATA BOX. The dema-
gnification factor was 1/50. The camera, located at 18 m from the centre
of the apparatus, was usually loaded with a Ferrania P30 film roll of 120 m,
lasting on the average about 10 h.

® RIASSUNTO

La produzione multipla adronica da collisioni ete~ & stata studiata nell’intervallo di
energia totale nel centro di massa da 1.2 a 2.4 GeV. La sezione d’urto totale & confron-
tabile con quella del processo e*e—— u+u—. 1 processi che contribuiscono alla produ-
zione multipla adronica sembrano innescarsi ad energie totali intorno ad 1 GeV.
Sono state ricavate le sezioni d’urto per la produzione di questi diversi processi. I.’an-
damento con ’energia della sezione d’urto del canale ete—— mtm—rmtm— suggerisce 1’esi-
stenza di un nuovo mesone vettoriale p’ (mg~ 1.6 GeV, I'y~ 350MeV), dotato degli
stessi numeri quantici del p. B stato stimato un limite superiore per la costante di
accoppiamento f, (fo/dm <18, ove for= mi: ‘e/gye'). Gli stati finali con G paritd posi-
tiva sono prodotti con maggiore abbondanza di quelli con G parith negativa. La
molteplicitd media totale (pioni carichi e neutri) & compresa fra 4 e 5 gu tutto I’inter-
vallo di energia esplorato.
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Muoroanponnoe poxaeHne B e*e~ COYIAPEHHX NPH BLICOKHX JHEPradx.

Pesrome (*). ~— BEIIO mCCIIEOBAaHO MHOrOAMPOHHOE POXKICHYUE HA BCTPEUHBIX HIIEKTPOH-
TO3UTPOHHBIX IIyYKax IS 3Hepruif B cucTeMe HeHTpa Macc oT 1.2 mo 2.4 I'sB. Tlommoe
TONEPEIHOE CCYCHNE, ooy — o(ete™ — ntr~4-4r0-mrbo), MMeeT MOPIIOK Opp = g(ete
—ptp), ¢ noporom BGam3u 1 I'sB. Taxike BLIBOAATCA HapPILHAJILHBIC HOMCPSIHbIC COICHHS
A pa3nu4HBIX KaHanos. IlomepeyHoe cedenme Iuis XaHana ete™ — wm—nte - 06HApYXH-
BACT JHCPIETHYCCKYIO 3dBHCHMOCTB, KOTOpas HAeT BO3MOIKHOCTH IMPEHNONOXHTL CYIIe-
CTBOBaHHE OONee TSKETOIO BEKTOPHOLO MeE30HA o' (mg ~ 1.6 ToB, I'y ~ 350 MaB),
HMMEIOMIETO Te JKe KBAHTOBHIE YMCHA, YTO H o Me30H. IIpuBOmUTCA BepXH@H Hpeme Alis
KOHCTAHTBL CBM3H [y (fyr[4n <<18, THe fo= mg-e/gyp'). OOHapykeHO, YTO KOHECYHBIS
COCTOAHES ¢ GH-YETHOCTBIO OKA3bIBAKOTCA MHOTO 6OJiee PacpOCTPAHCHHBIMY, YeM KOHE-
9HBIC COCTOSHUSA ¢ G-4eTHOCTHI0. IlOJy4eHO, 4TO CpemHsst MHOKECTBEHHOCTD (3apsKeH-
HBEIC IUIFOC HEHTPANLHBIC IMHOHEI B KOHEYHBIX COCTOSHHAX) 3aKNIOUYEHA MeXny 4 u 5 BO
BCell MCCIIeMOBaHHON OGIACTH 3HEpIHit.

(*) Ilepesedeno pedaryueii.

M. GRILLI, et al.
1 Febbraio 1973
Il Nuovo Cimenio
Serie 11, Vol. 13 A, pag. 593-644
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