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1. - INTRODUCTION -

The development of electron-positron storage rings of total e-
nergy in the GeV region has made possible the direct investigation of
processes involving virtual photons in the deep time-like region. The
reactions resulting from the e*e~ collisions proceed in the one-photon
approximation through a state of well defined quantum numbers (JFC=1-")
and this selects the possible final s‘cat’ces(]L . Elegant and accurate experi
mental studies of well-established vector mesons with these quantum num
bers (§ ,@, #) havebecome possible and have been carried out in recent
years, at Novosibirsk with VEPP 2(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 masses, but also because of possible linkages
with deep electron-proton inelastic scattering(4), when the asymptotic
region is reached(*+

The successful operation of "Adone”(S), the Frascati 2x1.5 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 accom
plished through the study of the multihadronic reactions

(1) e e”~> m(hh)ent’
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wherem 2 1, n » 0, m +n» 2 and hl+, 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 (/U:lr) and BCF
group at Adone 6). The results on this reaction will be the subject of se
parate papers(7).

Multi-hadron production was observed at Adone, and indepen-
dently at Novosibirsk, early in 1970. It was first reported at the Kiev
International Conference(8), These preliminary results have been sub-
stantially confirmed by subsequent experimentation leading to better
estimates(9), (10), (6a), (11),(12) ¢ the cross sections for the reactions

(1).

An interesting feature of the results obtained at Adone and re-
ported in detail in the present article, is the relatively large value of
the total cross section for multi-hadron production. Over the center-of-
-mass energy interval explored, 1.2£2E{ 2,4 GeV, (where 2E = E +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, o’/,,, , for ete™ annihilation into muon pairs. We re
call that 0’/"/“' = 21/E2 nb (1 nb = 10-33 cm?) if E is expressed in GeV.

Unfortunately, due mostly to the rather large errors associated
with the present data, it is difficult to decern possible structures in the
energy dependence of ¢ tot . Nevertheless, for the specific annihilation
channel which has only four charged pions in the final state, our group
has observed a broad peak(13~), in the energy dependence of the produc-
tion cross section. The observed behaviour of the cross section is consi
stent with the hypothesis of a e meson({14) of mass mof &= 1.6 GeV
and width i = ~ 350 MeV. t%uch an hypothesis will be further discus
sed later in this article, also in ?ig;ht of other recent experimental re-
sults obtained at SLAC(X), /\

After a description of the experimental apparatus in Sec. 2, the
results of measurements performed with electrons of known energies in
order to obtain a calibration of the apparatus itself are given in Sec. 3.
The subsequent Sec. 4 describes the scanning and the event selection.
Background problems are discussed in Sec. 5, and Sec. 6 is devoted to
a phenomenological classification of the events. In Sec. 7 the nature of
the secondary particles and reactions is analyzed and in Sec. 8 a Monte
-carlo simulation of the experiment is described. In view of the possible
existence of a § ‘' meson, a detailed analysis of the specific reaction
ete"» T 'm-rtm- is made in Sec. 9. Results are presented in Sec. 10

(x) - We wish to thank Professor J ohn J. Sakurai for-communicating to
one of us (M.C.) the preliminary results of the SLAC experiment
based on use of back scattered laser photon beams (see Sec. 11).



and discussed in Sec., 11 which ends with a list of conclusions,

2. - EXPERIMENTAL APPARATUS -

The experiment was carried out at one of the four experimental
straight-sections of Adone. Measurements were taken for values of the
beam energy, E, in the range .6-1.2 GeV. The beams collided head-on
in the center of the experimental straight section. The collision region
was assumed to have a gaussian distribution in all directions. Its tran-
sversal dimensions were of order of 1 mm, while its longitudinal stan-
dard deviation was found by us(‘15) tobed =20+1.5¢cmat E =1 GeV,
in agreement with the measurements by the machine grou«p(16 . The quan
tity § increased with energy 17 approximately as E3/2. The collision
time of the et and e~ bunches was ~ 2 ns and the time between two conse
cutive collisions was~s 117 ns. In the beam energy interval covered du-
ring this experiment, the machine luminosity, L., increased steeply with
beam energy(x). At E =1 GeV/beam L ~ 1033 cm ™2 Hr'l at injection.
The meanlife of the beams, on the contrary,decreased with increasing E
and it was typically about 10 hours at E = 1 GeV.

Drawings of two projected views of the main apparatus are given
in Fig. 2.1, Additional equipment, not Sshown in Fig. 2.1, was also in-
stalled at the same straight-section: (aj%ﬁhonitoring system(lg)(ga), which
was used to measure continuously the machine luminosity by means of
the Bhabha scattering at small angles;a process which is supposed to be
correctly described by quantum electrodynamics since it involves small
momentum transfers; (b) a device(19) to investigate experimentally by a
tagging technique, the reactions

(2) ete” = ef

e” + (hadrons, leptons)

which have received recently considerable interest(20+22)

The main apparatus was made up of two telescopes located on op-
posite sides of the straight section of the machine. From a point at the
center of the straight section, both telescopes covered nearly 1/4 of the
total solid angle. Each telescope was corgposed of scintillation counters
(Ei(Ii), i=0,...,5),Cerenkov counters (CE, CI)’ optical spark chambers
(Cl’ Cz, (33, C4) and lead and iron absorbers. Additional counters, A and
B, were placed above and below the vacuum chamber in order to increa-
se the solid angle for the detection of multiparticle final states. They we
re not requiredhowever, in the formation of the master trigger (eq. (3))

(x) - As shown in ref. 16) the average luminosity changed from 6.1031
to 6.10%2 ¢cm=2 h-! when E increased from 0.7 to 1.2 GeV/beam.
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FIG, 2.1 - Schematic views of the apparatus Cl are thin foil Spark
chambers used for space reconstruction of the events, Cqy, Cg and

C4 are thick plate spark chambers used to observe the development
of electromagnetlc showers and/or the interactions and stop of char
ged particles, C are water Cerenkov, Counters numbered from 0 to
5 are scintillator counters, A and B are scintillation placed above

and below the vacuum chamber to-increase the solid angle for multi
body events, S, the "source", is the crosging region of the bunches,
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for 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. 2.1, togheter with
all relevant information, were recorded on a single 70 mm x 100 mm fra
me.

Fig. 2.2 gives the sequence of thicknesses, in g/cmz‘, of th¢ va-
rious elements present in the telescopes (see, also, Table Al and Ta-
ble A2, in Appendix A).

The first spark chambers, Cq, are thin foil chambers used for
the spatial reconstruction of tracks. Cg and Cg are thick-plate spark
chambers which were essential for the identification of particles by ob-
servation of their behaviour in traversing them (see Sec. 3). The end
spark chambers, Cy, are also thick plate chambers covering ~ 50% of
the solid angle of the tel‘escopes(x), The thickness of the iron absorber

'} I 4
¥ + +

THICKNESS (GR/cm?* Fe)

FIG. 2.2 - Minimum kinetic energy Ty » of a charged pion for a given

penetration in a telescope. Counter 5, not shown, is pla-

ced after 380 g/cm?, i.e. corresponds to Ty ~ 605 MeV.
Thickness of various elements is given in equivalent thick
ness of Iron. -

(x) - The weight of each telescope was in excess of 20 tons and for obviou-
sly practical reasons it was not feasible (nor necessary) to extend
the thick plate end chambers, C4, above the horizontal median plane.
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placed before chamber C4 in each telescope, was adjusted as the beam
energy changed, so that muons from process ete- -71*' +,lb‘ stopped in
these chambers(23), On the contrary, pions from ete~ 1t *r-, or

from multihadronic events, with high probability = undergo nuclear intera-
“ctions in the preceeding absorber and essentially do not reach Cy.

The logic involved in triggering the Op‘tlcal spark chambers was
rather complex, essentially for two reasons, First we wanted to detect
muiltibody events, s1mu1tan'=ous1y vv1th the colhnear events associated
with two-body final states, i,e, ete~, MF ', w *w -, K*K~, Secondly,
the rate of cosmic rays traversing the two telescopes was shghtly in
excess of one per sec, 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 aveid a possible source of back
~_ground for the process ete- > gt 23), put also in order to keep

‘the triggering rate of the film advance at a reasonable value of a few
per minute(+),

The need to select the various types of ete” events. with high ef-
ficiency, combined with the necessity of an efficient rejection of cosmic
raysy forced us to use two different triggers, The first was designed for

the detection of the annihilation events. ete=—» M T~  and the second for
the detection of all other events. The rejection of cosmic rays was ba-

sed 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 pha
se of a signal (RF) from the machine radiofrequency; b) Gorrect time-of-
flights between the two counters 3 and between the two counters 4 of the
two telescopes,two counter pair being traversed simultaneously only by
particles from two-body events('24);r ) absence of a signal from either
of two counters 5. In order to avoid any appreciable loss of ete” events
both conditions a) and b) were imposed with time windows increased by
a substantial factor. More stringent time criteria subsequently were ap
plied, however, during the analysis of the events, as all time-of-flights
- were measured and recorded in digital form on each photograph.

The trigger logic used to detect the various types of events is ex
plained 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 ab-
sorber between counters. This amount wag chosen as a compromise be
tween the need to decrease the machine background, and the desire to
minimize the loss of multi-hadron events. The following 8-fold master

(+) - At the occurrence of a trigger coincidence the electronics was
"paralized" for ~ 3 sec to allow full recovery of the H. T. power sup
plies (App. A). A triggering rate of more than a few per minute
would therefore result in an untolerable loss of events.



coincidence, M was used to select multi-hadron even‘cs:(x)

mh?

= -+ .' 5o+
(3) Mmh E I E]IIEZIZ(E3 13) \]34 1) (E +1 ) RF
where E; and I; (i= 0,1,2 ... 5) represent respectively the signals from
the scintillation counters in the external and internal telescopes, as shown
in Fig. 2,1, and RF is the radiofrequency phase signal from the machi
ne as previously mentioned.

As one can see from Eq. (3), the minimum penetration required
for charged particles to produce the coincidence My,p, is up to counter
2 of one telescope and up to counter 4 of the opposite telescopes. As seen
in Fig. 2.2 the corresponding minimum kinetic energies for pions are
90 MeV and 185 MeV, respectively.

All spark chambers were triggered and the film was advanced
on the occurrence not only of the trigger My, but also of the other trig
ger, My . The latter trigger was used in selecting muon pairs and is
described in Appendix A.

All counters were so operated that minimum-ionizing particles
traversing any part of the scintillator were recorded with an efficiency
greater than 99% by the logic circuitry. The time resolution for the ma-
ster coincidences was ~ 10 ns (half-width at half maximum), which is
small when compared with the time between two consecutive collisions
of ete” bunches, i.e. 117 ns.

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

a) date and time;

b) frame number;

c) Battern of coincident pulses from counters Eos IO;E3,I3;E4, 14;E5,I
Cqm, CI A and B.

d) time between instant of a bunch-bunch collision and a pulse of either
of counters 1; T1Rp.

e) sum of pulse heights in counters I, and I3, (called Hy), and E, and Eg,
(called Hy)

) delay tlmes between the two counters Eg and I3, called T35, and be-
tween the two counters E4 and I4L9 called '][‘44,

g) counting rate of luminosity monitor, integrated from the beginning of
the run until the time of the photograph.

59

For further details on the apparatus see Appendix A.

(x) - 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 trigger master coincidences which were used outsi-
de this energy interval are given in Appendix A.



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
registred on scalers, nixie-lamps and multi-channel analyser, and
also by making stability checks, The latter were done daily with co-
gmic ray runs, while Adone was not operating, Some of the typical
distributions are given bellow

In Fig. 3.1 examples of distributions of the time-of-flight T gy,
for cosmic rays and wide angle Bhabha scattering (WAS events) are shown.
Pulse-height distributions for counters 2 and 3 were also recorded du-
ring both machine and cosmic-ray runs. Examples of such distributions
are given in Fig. 3.2. Similarly the time-of flight distributions T45 and
T44 were also recorded during both types of runs, These distributions
- were used for the interpretation of the collinear events and have been
discussed in previous pubbllcatlons(15)(23)

In addition to the on-line checks and calibrationg, special cali-
bration runs, already partially described elsewhere(92 , were made
with electrons from the Frascati 1 GeV Electron-synchrotron. The pur
pose of these runs was to determine the response of spark chamber-coun
ter telescopes to electrons of various energies. For these tests spare
spark chambers and counters identical to those used in Adone were used
to set-up one of the two actual telegcopes up to chamber Cg. Calibration
measurements were performed on it for electron energies, Eq, be-
tween 50 MeV and 500 MeV. The response of the telescopes to electrons
of energies E, » 600 MeV was obtained from WAS events recorded in
the main runs carrled out at Adone, so that there was no need for spe-
¢ial calibration measurements at these higher energies.

The probabilities, Py and Pg, that an electron gave a signal,
respectlvely, in counters 2 and in both counters 2 and 3 of the apparatus,
were determined for each energy value, These probabilities are repor-
ted in Fig. 3.3 as a function of the energy Eg. A first conclusion resul-
ting from these measurements is that electrons of energy below 2004250
MeV have but a small probability of triggering the apparatus through
the master coincidence My, defined in Sec, 2.

In order to observe in a statistically significant way the beha-
viour of the electrons in the shower chambers C9 and Cg, a total of
about 1000 pictures were taken, The analysis of these photographs
was rather detailed since criteria derived from it allowed us to di-
stinguish electrons from hadrons in the observed multi-particle
events,
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In the analysis of spark chamber pictures the following defini-
tiongwere introduced: (a) a group of n non aligned sparks appearing in
more than two gaps and within an angle of 1590 from the primary elec-
tron, is called a shower; (b) n sparks aligned along the primary-elec-
tron direction is called a single track. It should noted, however, that
if n € 3 it was not found to be pos sible to distinguish between a shower
and a single track.

Also ip this analysis events were divided into two categories:
i) events with{coincident pulse in counter 2 but none in counter 3,and
ii) events with coincident pulses in both countery2 and 3. The probabi-
lities for the occurrence of i) and ii) were indicated (Fig. 3.3) previou-
sly as P9 and Pg, 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. 3.4 as a function of electron energy, Eg. About 5% of electrons
in this category at all energies produce single tracks with n2 3 in C,y
The remaining events give rise to showers with n3 3, as defined above.

Category ii). - This category presents fewer difficulties in e-
vent classification than category i) as both spark chambers Cy and Cq
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 Cg and Cg as a function of electron
energy is given in Fig, 3.5. In the same figure the fluctuation in this
number about the average also are indicated by max and min. curves.
On the basis of these results, the minimum number of sparks to be u-
sed in identifying showers was set at four, i.e. n) 4,

The results of an analysis of events of category ii) are presented
in Fig. 3.6. Curve 1 gives the probability thaf anaelectron»produéqa
shower (n 4); curve 2 a single trahk and curve 3 an ambiguous result.
Curve 4 is the sum of curves 1 , 2 and 3 and is the probability Pq
(of Fig. 3.3) that an electron producess signalsin counters 2 -and 3. Thus,
for those events in which counters 2 and 3 are required in the trigger, the
probabilities for incident electron are given in this figure for the dif-
ferent spark configurations at each energy Eo. By using a more restric-
tive definition of a single track, requiring n} 6, a greater certainty in
particle identification is possible. This can be seen in Fig. 3.7, where
the probability that an electron givega pulse in counters 2 and 3 and pro-
ducega single track with n) 6 is presented..

The results discussed in this section furnish the basis for parti-
cle identification throughout this paper.
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of its energy, Ee'
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ber C,.
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represents the probability, Pg, that an electron of energy
E, give a pulse in both counter 2 and 3 (see Fig. 3.3).
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FIG. 3.7 - The probability that an electron of energy E, give a pulse
in counters 2 and 3 and produce in chambers Cy and C3 a
single track, with at least 6 aligned sparks.
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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. Du-
ring the scanning, events were selected by requiring that the associa-
ted tracks appear to come from a common point in the ete~ interac-
tion region. Tracks in the thin-plate spark chambers Cy, when exten-
ded, should come from a common origin within + 0.5 em perpendicular
to the beam and + 1 cm along the beam direction. Furthermore it was
required that the reconstructed vertex of the event coincide, within
+ 1.5 cm, with the beam center in the front view. These limits were
set taking into account the average precision in the spatial reconstruc
tion of the events, and the multiple coulomb scattering of the partlcles
along their paths. Of course some ete~ events may be lost on the appli-
cation of these geometrical criteria. The loss, however, was small,
being ~ 2% for events having three or more charged particles within the
solid angle of the apparatus(x).

Selected events were then classified in the following categories:

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

b) two-track non-collinear events, hereafter called 2C events,if
the collinearity angle between the tracks was > 10° in at least one view;

c) events with more than two charged particles detected by the
apparatus, i.e. 3C, 4C and 5C events.

Two track collinear events (class a)) can be attributed to the fol
lowing processes:

(i) Wide angle e*e” elastic scattering (WAS events). These events
occured at a rate of about 20 per hour, with Adone operating at E = 1 GeV
and L & 1033 cm=-2 hr-1. Theywere readily identified by the electroma-
gnetic shower produced along each track in the spark chambers Cq and /
or Cg. (18), Also, as seen in Fig, 3.2, a large pulse height in counters

(x) - Even though not essential for the analysis of multi-hadronic events,
mention should be made of the fact that for each event selected by
the film scanning the information from the "data box' (see Sec. 2),
as well as supplementary information relevant for the subsequent
analysis, was transferred on computer cards. This supplementary
information included: (1) collinearity condition for two-track events;
(2) number of tracks, converging in a common point in the ete- inter
action region, for multitrack events; (3) behaviour of the detected -
particles in the thick plate spark chambers Cqy and Cg3 (''single track",
"showet'. see Sec. 3); (4) presence of correlated tracks and possi-
ble stops in the end chambers Cy.
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2 and 3 of both telescopes was usually observed. In the present analy-
sis the number of these events was used as a monitor, from which the
absolute cross sections of multihadronic production was then deduced.
These WAS events served also to determine the frequency distributions
of Tg3, Ty and Tqry for ete™ collision events and .thereby to set fidu
cial limits to these three time-of-flights to insure the selection of the
events due to eTe- collisions.

(ii) Muon-pair production: ete~ =/~A'+/LU(23). These events oc-
curred at a rate of ~ 1/hr for E = 1 GeV and L a2 1033 cm~2 hr-1,

Some results on the above e1e<:trome§§§netic two-body processes,
i) and ii), have been previously published(15);(23)

(iii) Hadron-pair production. These events were mostly of the
type ete > TC *r"; we have also observed however, one unambiguous
case of K"K~ pair production event as reported at the Cornell Conferen
celba) Results on these hadronic two-body processes will be discussed
elsewhere(7b),

Most of the events belonging to class b) were WAS events which
had’ suffered some radiation loss in the initial state(X). Almost all the
se events appear as complanar with the beam direction, but not collinear(17).
Class b) includes, of course, some multibody final states from e¥e~ in-
teractions, as well as events produced by the interaction of the circula-
ting beam with the gas in the straight section of Adone. This background
will be discussed in the following section.

Finally, the multi-body events of class c¢) are mostly events in
which only 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 c¢).drawings
were made for the two orthogonal views of each event. All details useful
for the further analysis of these events, (e.g. large-angle scattering,
stopping points, nuclear interactions, etc.), were recorded in these dra
wings,

(x) - Events with final-state radiation losses are also present in catego-
ry b, but they are infrequent, since they require, the improbable
emission of a hard photon.
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5. - BACKGROUND EVENTS, -

Dutring the operation of Adone the pressure of the residual gas
in the vacuum chamber was usually about 10-9 torr. Part of the machi
ne background was therefore due directly to the interactions of the beams
with this residual gas. Additional background events were produced by
beam losses and subsequent collisions against the walls of the vacuum
chamber. These last background events could be easily recognized by
looking at their origin as reconstructed from the corresponding pictu-
res. On the contrary, the former background events could not be distin
guished from ete~ events because the observed beam-gas {collisions oc
cur along the beam and thus in the ete~ 'interaction,re.*gi.on)?Separation bet
ween 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 runs, 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 et and e~ beams, but with beam trajectories spatially separated
by a few mm so as to eliminate collisions between et and e~ bunches.
The events observed in all background runs were studied with the aim
of setting criteria that would hopefully improve the signal-to-noise ra-
tio for the multi-hadronic events produced in ete- collisions.

The normalization between the background runs and the et-e- col
liding beam runs was based on measurements of small angle electron
(or positron) scattering on residual gas nuclei. These measurements
were made in both typesof runs by using the small-angle-scattering lu-
minosity monitory’a drawing of which is shown in Fig. 5.1. Each of the
four telescopes P,iGriSi is made up of two scintillation counters, Pj, Gy,
and a shower counter, ‘S;. These telescopes are located in such a way
as to detect electrons scattered at an angle from 3, 5° to 6,19, as mea
sured from the centre of the colliding region. The shower counter S5;
was operated to select high energy electrons, with energy comparable

to that of the beam, and to reject lower energy background electrons,

" Small angle electron (or positron) gas scatterings were detec-
ted by the threefold coincidence§T; = P;G;S;, wherei = 1, 2 for electrons
and i = 3,4 for positrons. - o

The following checks were carried out to:make it sure that T;

coincidences were fe-sf'sentia;lf].y'iqiuejtozgsmall angle e~ (or et) scattering
o residual gas nuclei: [ R
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i) Ti 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 Tl, 4> T2, 3
as expected for small-angle scattering of €~ on nuclei, The reverse (i,»e,
Ty 3Ty 4) was found to be true when only one e’ beam was circulating.

Furthermore, when Adone was operated with two colliding beams
as in the main runs, (99, 8)% of the counting rates T,, from a single arm
of our monitoring system, were found to be due to beam-gas interactions.

Therefore, these threfold coincidence rates were used, to make the
normalization between main and 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 out-
lined above, they were equivalent to *40%,%50% and¥75%, respectively,
of the corresponding colliding beam runs. No multi-body events of the
types 3C, 4C, 5C, were observed at any energy; 2C events were instead
observed at a rate depending upon the required penetration depth of se-
condary particles in each telescope. The trigger employed (M, see
Sec. 2) implied that at least one particle penetrated to counter 4. The
rate of background events depends then on the penetration of the other
particle, in the opposite telescope, as indicated in Table 5.1.

It is seen from Table 5.1, 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%, of the back-
ground events listed in Table 5. 1 contain shower producing electrons.

Of course, since no background event of the types 3C, 4C, 5C
was observed, the restriction to reach counter 3, adopted in the analy-
sis of the 2C events, was no longer ‘épplied to events with higher vis_i':
ble multiplicity.

TABLE 5,1 - Background events,

Number of 2C Events

2E (GeV) |minimum penetration | minimum penetration |

to counter 2 to counter 3

N =
- o Ul
-3
—
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6. - PHENOMENOLOGICAL CLASSIFICATION OF EVENTS -

We recal from Sec. 4 that an ''nC" event is a phenomenological
classification indicating that n charged particles emanated from a point
in the ete~ interaction region and were detected by the two telescopes
of the apparatus. These events are now to be classified in a more deta-
iled way taking advantage of the calibration measurements discussed in
Sec. 3 and the background measurements reported in the previous sec-
tion. This allows the possible contamination of spurious events to be re
moved from the multihadron sample.

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

The analysis which follows will be made separately for the 2C
events, for 3C events and for 4C and 5C events.

6.1. -~ 2C-Event Classification., -

Based on the results of the previous sections, a 2C event is de-
fined as an event with only two charged non-aligned tracks, one of which
penetrated to counter 4 and the other at least to counter 3 in the opposi
te telescope. In addition to the two general requirements specified above,
it was alsorequired thatthe time interval Tqg between the pulses inthe two
counters 3 should be consistent with that obtained for WAS events. Such a
consistency is exibited in the two distributions plotted in Fig. 6.1,

In order to accept a 2C event as a candidate for having been pro
duced in reaction (1) the following criteria were adopted during the ana
lysis. One particle of each 2C event was required

i) to have penetrated to counter 4;
ii) to have given no indication of shower production in either chamber
Cz or Cg;

iii) to have at least 6 aligned sparks along its track, which on the avera
ge contain the same number of sparks as the tracks of cosmic ray
muons. As seen from Fig. 6,2 this average number is ~ 11. A track
with these characteristics will be called a '"long track' and indicated
by Ty

iv) the pulse height H(Hy), defined in Sec. 2, should be smaller than
~» 1.5 times the value corresponding to a minimum ionizing particle.
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FIG. 6.1 - Distribution of the time of flight between the counters Egq,
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FIG. 6.2 - Frequency distribution of aligried spafks in a penetrating
non-interacting hadronic track (TL), from 2C events,
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The pulse-height distribution obtained for a sample of Ty tracks is
shown in Fig. 6.3, One sees from this flgure that most of the TL '
tracks correspond to minimum ionizing particles.

Once a Ty, track had been observed.in.one of the two telesco- .
pes, the following possibilities were considered for the behaviour of
the other partlcle, in the' thick plate.chambers of the opposfce telesco

pe:
a)The par‘tlcle gave a Ty track, b
b)The particle produced a single but shorter track (T ) endlng before

counter 4. In this case the presence of at least 4 ahgned sparks |
was required in order to deflne its single track behawour ;

These two pOSSlbLlltle were combined together to deflne the
single track behavmur indicated, in the. followmg, by T = TL or Tg.

¢) The particle produced a well identified elecfromagnetlc shower as defmed

in Sec. 3 and is indicated in what follows by S. . '

d) The particle had a behaviour which did not- allovv unamblguous classﬁlca
tion in either category T or S. This ca.;e w111 be indicated by X.

The numbers of observedu ev ents havmg a Ty track in one‘"“tele—
scope and either T, S or X behaviour in the s:ppos1te telescope i.e. 4he
numbers with configurations ’][‘L/T 'I‘L/S and Ty /X, are given in Ta-
ble 6.:1. Data obtained.in background runs and, normallzed as-explained -
in Sec. 5 are also reported.inthe same; table- The. 1ast column of the
Table contains the numbers of associated WAS events :

One notes that the configurations TL/S and T, /X are mamly the
result of beam-gas interactions. Also it is seen ‘that the ratio S/X is ~ 2.
Considering the results of the calibration measuremen’cs reported in Fig.
3.6, one concludes that 5 and X behaviours are very pro'bably due to
low-energy electrons. At the present-statistical level-of this- experlment -
it seems reasonable to assume:that all: TL/E> and TL/X events are due
to beam-gas 1nteract10n O S S T IR

~The- fractlon -of TL/T conflguratlons in- whlch one-or both- tracks e
are due to electrons can be estimated as follows. The two main non -ha-
dronic processes Whlch mlghi simulate: these conflguratlons are: "

i) Electron-gas scattering. From the numbers of T/S conflguraé
tions and the probabilities that an electron simulates-a T track, as gi- |
ven in Fig. 3.5, we find that out of the 83 events observed:at.2E = 2.1
GeV (Table 6.1}, only ~ 2-events should-be due to thls background pro - -
cess,

ii) ete- scattermg ( ,) events; with an angle of non: colhnear1~
ty in excess of 109, Since only: 7% of- all WAS events have non- colllnearl =
ty angles > 100 and with the probability of ~ 0.1% that both electrons
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FIG. 6.3 - Pulse height Hg(I) distribution of penetrating hadronic tracks
in 2C events compared with cosmic ray and electron di-
stributions.

TABLE 6.1,

Observed configurations in 2C events

2E 1 Type of Number of 3C events Nlmvil.tfg of
GeV sur. ‘
(GeV) measur Ty/T Ty/S TL/X events
+ .
1.2 - 2 9 .8 760
background not measured
+ )
1.5 eTe 33 3 2 2419
background 0 0 : 0
——
1.9 e e 42 4 2 ‘ 2112
background 0 2+2 0
+- ,
2.1 e'e 86 12 7 3415
background 3+2 T+4 3+2
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would appear as T and Ty, tracks (Section 3), one finds that ~0.5 e-
vent is the expected contribution to the observed Ty,/T configurations,
Such a contribution will be neglected, ‘

The above discussion shows that the bulk of the Ty,/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 follow
Ty,/T events will be called 2T events.

6. 2, - 3C-event classification, -

We recall that the master coincidence M}, implied the penetra
tion of at least one particle up to counter 4 of one telescope, and up to
counter 2 for a particle in the opposite telescope. Thus every multibody
event contained at least one "long track" Ty, (Sec, 6. 1) and at least one
track reaching counter 2 of the opposite telescope,

A total of 266 3C events were observed in ete™ collisions at all
energies, However no 3C event was observed during background runs
with a single beam or two non colliding beams, The great majority of
these events, 245, contained two single tracks, one of which was a Ty,
track., Twenty of the remaining events had characteristically only one
clear single track (usually a Ty, track) and in one event three showers
were observed., These latter 21 events will not be considered further
in this paper,

It is important to estimate the fraction of 3C events containing
electrons and,therefore, not due to the multi-hadronic reaction (1),
This estimate has been made starting from the seven Ty TS events in
which one shower was observed, Using the results of the calibration
measurements reported in Fig, 3, 6 and assuming pessimistically
that all observed showers are produced by 100 MeV electrons we found
that the above fraction is only about 1% of the 3C events, This percen-
tage isYover-estimate, since some of the events with showers may well
be due to pion charge exchange, The very small number of electrons as
final state particle 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 3C events of the type T{ TT (= 3T) observed at
each total energy 2E are given in Table 6, 2,

6. 3. - 4C and 5C event classification, -

During the search for multihadron events no events having more
than 5 charged secondaries were observed,

As no 4C or 5C event was observed during the background runs,
all observed e*e” events were included in this sample,
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In analysing these events, no secondaries were seen to appear
as showers, Considering the results on 3C events and the reduced num
ber of 4C and 5C events, we have taken all secondaries to be hadrons,
The number of the events, w hich have been called 4T and 5T, observed
at the various total energies 2E are given in Table 6, 2,

6. 4. - Auxiliary observations on multi-particles events, -

Electromagnetic showers produced by photons also were obser
ved in multi- body events by their conversion before or in chambers 2
and 3, These showers were not associated with charged particles of the
event, as specified by the requirement (Sec, 3) of observing the non-
-aligned sparks within a 15° cone around each.track direction, In most
cases the direction of the photon cquld only be roughly established by
observation of the shower produced. As no such shower was observed
among events of the type ete” — u*u~ or from cosmic ray runs, the
photon conversions observed in multi-hadron events have been assumed
to originate from decays of neutral pions produced in these events,

In some cases showers also were observed in chambers C1q,
They presumably originated in the wall of the vacuwm 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 smalf (< 1% of all tracks
in 3C events), Consequently, all showers observed in chambers C1
associated with multiparticle events, were atiributed to photons from
7° decay,

Additional information concerning the multibody events was
given by counters A and B, The pulses from these counters were in
fact recorded in the data box mentioned in Sec. 2, when they occur-
red in coincidence with the master trigger My .

A summary of the numbers of events with associated y and/or
pulses from counters A, B is givenin Table 6, 3 for the different
multihadronic events 2T, 3T, ‘4T observed at various energies (2E),

It was found that in 2-:3% of the cases, the collinear VAS
events were accompanied by spurious signals of either counters A,
B, Accordingly, the numbers of events with A or B signals reported
in Table 6, 3 have. been corrected for this small background contami-
nation,

The usefulness of the supplementary information related %o
the presence, in the recorded events, of y andfor A, B signals, will
be made clear in See, .10,
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TABLE 6.2

charged-particle events.
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AN WAS
(GeV) cevents 8T 4T 5T
1.2 760 3 0 0
1.65 992 17 3 0
1.9 2164 35 10 1
2.1 6187 122 39 g
2.4 1101 23 13 4
TABLE 6, 3
Events (x)

associated with a B/ and/or signals in counters A and B

EB:; Number of events of the type
gl 2 | L lflL i
3 Sle Rl e Y8
1.2 760 0 0 0 0 0 0
1, 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

(x) - A small fraction of the events reported in the

Table, contained indeed more than one vy and/or both
signals from counters A, B,
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7. - NATURE OF SECONDARY PARTICLES AND REACTIONS -

The criteria adopted in the selection of events as described in
the previous section assured that secondary particles were singly char
ged and penetrating, and were improbably electrons. Qualitatively the-
se particles also were seen to give rise to nuclear interactions and wi-
de angle scatterings. The effective experimental interaction-length for
nuclear interactions was estimated by determining the fraction of se-
condary particles from multi-body events which did interact in the tele-

scopes,

In order to compare our results with those from counter experi
ments on pion-nucleus interactions, an interaction was defined as a
stop of a track, with or without secondary tracks, when all penetrating
secondaries had angular deviations of more than 25°, Thus, wide an-
gle scatterings (> 25%) also were included as interactions. Averaging
over the apparatus, the experimental absorption length in Iron for the
secondary particles from multlpartlcle events was found to be 114 + 12
g/ cm?2, This value is~ 1. 2 times the geometric interaction length for
Iron and is in good agreemen’c 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 o-
ther similar spark chamber results("G)v, in Fig. 7.1. The latter were
obtained with 450, 500 and 600 MeV/c pions incident on Iron-plate spark
chambers. The agreement between the distributions is considered sa-
tisfactory also on account of the extended energy spectrum and slight
differences in the criteria followed to identify interactions.

The above results show that the secondaries of the multi-parti-
cle events observed are mostly hadrons, with nuclear irteraction charac
teristic consistent with those observed for pions having a kinetic energy
of ~» 350 MeV. This conclusion is in line with and reinforces the conclu-
sions of Sec.'s 6.1 and 6.2, that most of final-state particles in the mul-
tiparticle events are not electrons. It will be assumedin what follows
that all multi-hadronic events selected according the criteria discussed
in Sec. 6, and reported in the Tables 6.1, 6.2 and 6.3, contain ohly
pions in their final states. This assumption is supported by the results
from pp annihilations, which also have a center-of-tass energy of ~ 2
GeV and which recorded ~ 95% of the final states as containing p1ons( ).
Further suggestions along this same line are given by the low K/’ ratio
found in the high energy hadronic. 1ntera.ct10ns 28

(x) - This spectrum*was obtained from ~theM-ontecar1c>. simulation of the
experiment, which is described in Sec. 8.
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FIG. 7.1 - Distribution of nuclear interactions in 2T events as func-
tion of absorber depth. Calibration curves from ref. (26)
are indicated for 3 different pion momenta.

Charged pion production infers of course also the production of
neutral pions. Analysis based on Mont ecarlo estimates of the number
of converted gamma rays for the event types 2T, 3T and 4T indicates,
when compared with experiment (see Table 6. 3) that the average num-
bers of ¢ © produced is ~ 2 in each reaction.

Based on these observations, the following reactions have been
considered as the major contributbrs to the multi-particle events repor
ted here:

{(4) S A (At AY

{5) T Fre-wowo

(6) (B Al A A

(7) ete 3 { 7Tt~ - o
(8) T+~ TLOROT.O
(9) T +T-TLHR-TOoTo
(10) { Trr-nte-ntres

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
< 10%(27), and since, as pointed out previously, the average number
of 7t ®'s produced is§ 2 even for 4T events. Also the cross section de-
duced using a Montecarlo simulation with the above reactions, results
in a falling cross section with increasing number of pions in the final
state (see Fig.10.91later). Finally, it should be noticed that, if multi-
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plicities higher than a maximum value of 6 were introduced in the analy-
sis, the information on the reactions involved would become less signifi
cant on account of the greater number of channels, with the same data.
Thus ignoring the rather small contributions from multiplicity states higher
than 6, introduces less uncertainties in the resulting partial cross sec-
tions than including them.

8. - MONTECARLO SIMULATION OF THE EXPERIMENT -

A Montecarlo program was written to simulate the experiment
and to calculate the efficiencies for detection of final states with more
than two charged particles. In these calculations particles were gene-
rated 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 T¢ © decay were then traced through the vacuum chamber
wall and through the spark chambers and counters of the apparatus.

From these calculations the following information was obtained:

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

ii) frequency of detected events with a pulse in counter A or B,
due to a charged particle or to a ¥ from 1T © decay converted in the wall
of the vacuum chamber;

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

In the calculations of the detection efficiency, the nuclear interac
tions of pions was taken into account by using the results of attenuation
measurements in various materials as reported by different authors(zs).
The attenuation cross section used in the computations in shown in
Fig. 8. 1(x), These cross sections are for pion-nucleus (Fe) collisions in
which a penetrating secondary is scattered at an angle greater than 250.
For materials other than Iron their cross section were scaled by A‘2/3.
No account was taken of small effects such as Tt -/hL decay, or multiple
coulomb scattering.

For each gamma ray from Jt. © decay, the conversion point along
the direction of motion in the apparatus was randomly selected along an
exponential, measured in conversion lenghts. The asymptotic value of
the conversion length at high energy was used. After conversion, the sho
wer was followed as if it were a single particle, for a depth c:orrespon‘dfﬁg
to the average penetration of a shower of that energy. The penetration as
a function of energy was deduced using the results of the calibration mea-
surements reported in Sec. 2, as well as results by other authors(29),

(x) - Details can be found in ref. (25).
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Dynamic factors for each event were used only in the generation
of three-body final states (TL*t-1°). The factor used was sin § sin2 g(1)
where & is the angle between the ete~ beam direction and the normal to
the production plane, and @ is the angle between the two charged pions
in that plane. ,

The values obtained for the detection efficiencies are in the range
of ~ 1% + 7% and vary with the reaction, detection configuration, and
total energy 2E. These are shown for the most probable configurations
in Fig. 8.2. Low values of the efficiencies are found, essentially becau-
se of the relatively small solid angle of the two telescopes (£2/41 2 0.2)
and because of the losses due'to nuclear or range absorption of the pro-
duced pions.

The errors in the efficiencies are between 10 and 20% for most reac
tions and are principally due to the statistical accuracy in the computa-
tion. (X) For those reactions with lower efficiencies (~ 1%), the error in
creases toa~ 30%.

The sensitivity of the calculated efficiencies to changes in the mean
free path N c has been estimated to be approximately equal, i.e.

Aif/'& = A%c/}/c

As stated before, a statistical production mechanisin was assumed
in all the quoted calculations. The results that would be obtained by assu-

ming different production mechanisms, e.g. ete” = ATTL ~ = arteoe;
ete- =P09%0 = ant + 2 jete” = P O™, ete., will be discussed else
where( 0). a

(x) - For every reaction (4) + (10) about 2 x 104 events were randomly
generated.
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9. - THE REACTION e*e™~» Tt *re"mhw” #ROM ANALYSIS OF 4T
EVENTS. -

From the events classified as 4T, it is possible by the procedu
re discussed below, to determine, the number of those containing only
four charged hadrons. As indicated earlier (Sec. 7), we will assume that
all secondaries are pions. i.e. that'these special 4T events belong to
the reaction ete-~» 1L *1L- mtre-(6): of course 4T events of this type we
re searched for among those which had no associated U‘(Sec 6.4), or
pulses present in counters A or B.

The angles in both views for each track were measured and the
space angles calculated. Using these angles as particle directions, the
four equations resulting from the conservation of four-momenta were sol
ved to obtain the momentum of each particle. The error in the projec-
ted angles was & + 29, due to multiple Coulomb scattering in the vacuum
chamber walls ana_measure:ment errors. This error produces an ave-
rage uncertainty of + 10 MeV/c in the calculated momentum. The solu-.
tion was considered as valid if all momenta were positive and consistent
with the penetration depth of each particle in a telescope.

Although all 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 conta-
mination, events with five and six pions were generated using the Mon-
tecarlo 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 4T events. The fractions of events that
gave a good fit as 2 4-pion event, were 12% for ¢ *- Tt 1O final sta
tes and 18% for Tt Yt -t - 7t§7525 final states. The percentages given
above were found to be essentially independent of the total center of mass
energy, 2E.

The results of this special analysis are given in Table 9.1. The
number of associated WAS events is given (column 2) for each energy at
which events were analyzed. The number of 4T-events with no associa-
ted §” or pulses from counter A or B is called N, (column 3). In column
4 are the numbers of 'reconstructed 4T-event" ?N4T _reconst, ) i.e. e-
vents which were kinematically consistent with the hypothesis of only 4
pions in the final state. The actual numbers of 47 -events, Ny, we-
re obtained by subtracting the background of fake 4y -events due to 57.-
and 6 TC-events from N4T_yeconstr. For the sake of completeness the
numbers of 4T-events with associated ¥ and/or signals from counters
A or B also, are listed in the last column of Table 9. 1.

The cross section for process ete"» 1 tm-mwtre- ‘calculated
from the numbers of N iTC has been previously reported
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TABLE 9.1
28 WAS | N N N N(4T+X) +
(GeV) | 4T 4T-RECONST. 47T N
(4T+A or B)

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 H 4

These results show an enhancement of the cross section aro-
und 2E =~ 1.6 GeV, (see Fig. 10.2), suggesting the possible produc
tion of a § '-meson (Mg =~ 1.6 GeV, [‘ v =~ 350 MeV. The inter
pretation of the results reported in this Se<~t10n will be further dlscus
sed in Sec.s 10 and 11.
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10. - ANALYSIS AND RESULTS -

The objective of this section is to describe the methods used
in obtaining partial cross sections for the reactions.(4) to (10). The in
put data to these calculations are the observed numbers of 2T, 3T,
4T and 5T events, with and without converted photons and pulses in
counters A and B. Also utilized are the efficiencies, as determined in
Section 8, for each reaction to contribute to these observed configura-
tions. -

As mentioned previously (Sec. 5), most the multiparticle events
are observed with little if any background.

{This is particularly true for:3T, 4T and 5T events; however,
for 2T events this was only true when the criteria on track penetration
were used to suppress gas-beam interactions (see Sec. 5). A further
correction to the number of 2T events also was necessary due to seve
ral well known processes, i.e. : ‘ ’

an .. etem — HMTIY, and iy
(12) | ' ete” —» 94‘9“-}‘“*{“’", and e*e'm'-"L'n"

The small number of these events that were detected by our apparatus
was estimated(31) (a total of 16 2T events) and accordingly a correc-
tion applied.

The calculation of the partial reaction cross sections was made
by solving the following system of k equations at each energy, 2E:

(13) Ny = b € ;A‘)‘ -
| A '

where A = 1,2,....7 indicates one of the seven reactions (4) + (10), 1li-
‘sted in Sec. 7; _
K=1,2, ....11 is one of the eleven observed configurations, li-
sted in the first row of Table 10.1 (2T, . +. 5T configurations);
N is the number of events inthe configuration K;
g p 1s the cross section of process A;
E’%A:)‘vis the efficiency for detecting process A in the configuration K;
# is the integrated luminosity.
A standard Monte-Carlo method was applied in solving these e-
quations. Taking into account statistical errors for NK and .§ &A , &
random search for a ){/2 minimum was made over a range for O A from
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0 to 100 nb. X values which did not exceed 1.2 times the number of
equations were considered as valid solutions. The average value and
variance for each ¢, were determined from the distribution of values
satisfying the above )Cz criterion.

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

The discussion which follows attempts to explain the results as
they appear in Table 10.2; where the quoted statistical errors corre-
-gpond to one standard deviation.’

i) When solving equations (13) the measured fractions (3T+%)/3T
and (4T+X )/4T are the ledcllng quantities in separately determ1n1ng the
cross sections 0 (2W*+2 v~ w°) and O(2wT2mw-21°). The accuracy of
such a separation depends on the precision with which the above fractions
and the average T© detection efficiency of our apparatus are known. Con
sequently, at energies where for any reason b’ s were not detected, it
is only possible to give the cross section for the sum of the two processes,
i.e. O getn 2 TETI2w O T (27w 2w 2w0). In these cases a systema
tic error, appearing in the parenthesis, was given. It was taken to cor-
respond to the two extreme possibilities of considering only one of the
two processes to be present at a time.

ii) The cross section ¢ (2 7'2Ww") can be calculated in two sub-
stantially different ways.

1) From the number of events with only four pions, Nytr, as de
duced in Section 9 and given in Table 9.1,

2) By an over-all fit of'all data , i.e. by solving equations (13).
This latter method was applied by golving these equations both, with and
without the equation referring to N 4T

All results obtained by these different methods agree, within the
errors, showing the internal consistence of our data. The results in Ta-
ble 10.2, column 3 (see also Fig. 10.2) are those derived by this me-
thod. At the total energy 2E = 1.2 GeV the error va.lues, appearing in
parenthesis in Table 10.2, give the limits for O (w'w-wrw-) and 074 .,
when one assumes that all observed 3T events or none were produced
by these channels. At 2E = 1.5 GeV the error in o (‘n+T\' w ), appea-
ring in parenthesis, depends on the fit procedure; it neﬂect the fact
that the channel wtm- Y ", whose cross section O (W = #T4r=0)
is at this energy compatible with zero, can be included or not in the cal
culations.
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iii) Many channels produced in the e*e~ interaations are of the
type

ete~ ~u Ty~ +n0w°, withnx 1

and contribute, therefore, to the same 2T + b’ configuration(x). The in
formation which can be derived from the observed 2T +y events is con
sequently insufficient to separate the various contributions. Neverthe-
less the observed fraction (2T +Y% )/2T is small enough to exclude contri-
butions in excess of ~ 30% from channels with n» 3, at any energy. In
evaluating the cross-section 07 9c+n = %:9( wtr- + nn°) these contribu-
tions have not been considered, so that.

= £ { e =pO + ¢ yerbar = 0 Oe O
onie = T (T TO) + @ (W= nowo)

The numerical, ‘value of 0“2:c+n reported in column 2 of Table 10.2, is
obtained by taking as detection efficiency the average value

7.1 Jetwnn® (nnwn")]
€3 [_g 2T + &

Also in this case, as in the case of U 4c+n considered above,
the limits of the quoted systematic error (appearing in the parenthesis)
correspond to assuming only one of the two reactions present at a time.
Precisely it 1s found that the lower limit correspond to considering on-
ly process ete —» T Ty -nOno,

It should be pointed out that experimental information from the
" XY group'(12), as well as theoretical considerations by various au-
thors(+), suggest that at Adone energies the contribution from the
T ' -1 9 channel to the (2c+n)- cross-section is at most a few nanobarn.
Assuming that G oy 40 ~ (Tt -ToR0) g, therefore, most probably
correct.

(x) - It should be recalled (see Table 6. 3) that the configurations nT +¥
in a few cases involve the presence of more than one detected -
For example, the 2T + ¥ configuration involves two identified ¥
in a fraction of cases which is less than 10%. The statistical signi
ficance of this additinnal information is too poor to be exploited
in the: analys1s ‘and consequently was ignored.

(+) - See, for instance, J. Layésac and F.M. Renard - Liett. Nuovo
Cimento 1, 197 (1971).
Essentlally these considerations are based on the hypothesis
that process ete”—» T 7~ 10 is dominated by the tw or @ tail; an
hypothesis which appears to be valid up to 2E=.1 GeV according to
ACO data(#b),
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The results given in Table 10,2 are also shown in graphical
form in the Fig.s from 10.1 to 10.8. Available data from other Labo-
ratories(3b) (32 and/or from other groups working at Adone(11)(12) al
so have been reported in the figures, with the purpose of extending the
information, in particular towards ].oweryenergies(x). All these results
will be shortly discussed in the next section. We add here that, the sy
stematic errors (given, in our case, in parenthesis in Table 10.2) are
- indicated by open boxes throughout the figures. In the case of our da-
ta the meaning and the method of estimating systematic errors has
been specified above. It should be noticed that these errors do not in
clude the uncertainties in the integrated luminosity, XL , and in the cal
culated efficiencies, & A . A few doubtful events which were disregar
ded in the course of our analysis (see Sec. 6) could also represent an
additional source of error, via Nx. We estimate, however, that errors
such as the above which have been neglected in any case do not exceed
the quoted statistical errors; the latter involving, as mentioned already,
statistical uncertainties in both, & K and Nyi.

It is worthwhile to observe that there is substantial agreement be
tween the results obtained by the various groups working at Adone, as
reported in the previous figures. One noteworthy discrepancy is found
for o, (fig. 10.8) in the region of 2E = 2 GeV, where the 7y -group
value appears to be somewhat lower than the values measured by the
other groups. Slightly lower values are found also, by the same group,
for the 0 9.,,,showed in fig. 10.1, where the points from the Yxy-group
have been computed assuming that n = 1, 2, 3, 4. On the other hand,
as pointed out already, the lower limit of G 9.4, Within the systematic
errors given in Fig. 10.1, corresponds to channel ete- —» T -wORO,
This is the minimum cross-section we can give, wsince any mixture of
states with a number of W O's from 1 to 4 would increase the value of
G 9c+n- Hence there seem to be a systematic difference between the
cross sections measured by the two groups. We do not believe, howe-
ver, that a great significance can be attached, at present, to these ap-
parent discrepancies on account not only of possible neglected systema
tic uncertainties, but also of the differences in the hardwares employed
in the experiments (differencies in angular acceptance, energy cut-offs,
etc. ).

We report in Fig. 10.9 the total cross section, at 2E = 2.1 GeV,
as a function of the total number of final state pions (charged plus neu-
trals). The multiplicity curve has been given explicitely only at this

(x) - Values of the cross section & ,. obtained from a re-analysis
of data previously reported by Barbiellini et al.(33) are also gi-
ven in Fig. 10.7.
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FIG. 10.1 - Energy dependence of cross section
= 11 Fie = Oy g it 0 O
= i w°) + w
0y = T } + o (mHrew O 0y,
The open boxes indicate systematic errors. In our case the
Se errors correspond to assuming only one of the two quo-

ted reactions present at a time. The lower limit correspond
to considering only process ete- = T+ -fogo,
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FIG. 10.2 - Energy dependence of the cross section for process
ete"—> IT *7-ntw-. Also data from other groups(11)(3b)
are reported for completeness. The points of the present
experiment at 2E = 1,2 and 1.5 GeV included a systematic
error (see text) indicated by a open box, as in the case of
the "Boson group'(11) results.
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FIG. 10.5 - Energy dependence of cross section
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Also data from the "Boson group"(ll) are reported for com
parison. The open boxeg indicate systematic errors, as in
the case of Fig. 10.1.
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FIG. 10.7 - Energy dependence of 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 maxi-
mum multiplicity (charged + neutrals) is six. Data from
the "'y group”?1 2) are also reported for comparison. O-.
pen boxes indicate systematic errors.
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FIG. 10.8 - Energy dependence of cross section for process
e*e” = "I + anything

Also data from other groups working with Adone(11)(12) are
shown for comparison. For completeness results from Or-
say(3P) and Novosibirsk(32) are also reported. In each case
open box indicate systematic errors. The dotted curve, re-
presenting the cross section for ete- —» ® +/\4 - (compu-

ted from quantum electrodinamics) is reported for referen-

ce,
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FIG. 10.9 - Total cross section for process ete~ —s wtrn~ + anything

as function of multiplicity (i.e. total number of charged”’
and neutral pions) at 2E = 2.1 GeV,
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energy, where our results are statistically more significant and, moreo
ver, show no indication of a resonant behaviour. The average multipli
city at 2E = 2.1 GeV results to be < nqu>~4.5. Furthermore, it does
not appeat to have any strong energy dependence since <n_p-,‘> has a va
lue between approximately 4 and 5 over the energy range explored

(2E = 1.2 + 2.4 GeV),

Finally, in Fig. 10,10 we report the total cross section for fi-
nal states with a positive or a negative G - parity. One can see that
final states with Gt - parity are much more abundant than those with
G~ - parity, at least around 2E = 1.5 GeV.

80+ o
- K G PARITY FINAL STATES

’ O G PARITY FINAL STATES

1033 cm?

40}

1 » , i P | |
1.0 15 2.0 3f (BeV) 2.5

FIG. 10,10 - Cross sections relative to final states with positive
‘and negative G-parity vs 2E,
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11. - DISCUSSION AND CONCLUSIONS -

An important conclusion coming from the results reported in the
previous section is that the multi-hadron production, i.e. the reaction:

(14) efey mHn™ + anything

occurs, c't OE ¥ 1.2 GeV, with a total cross section, 0 iot comparable to
that forgxinihilation process ete™ —» M o, O"N,_ (Fig. 10.8). The
processes which contribute to reaction (14) seem to have thresholds in
the neighborhood of 1 GeV. Excluding the region at low energy, where
the cross section rises rapidly, the energy dependence of 07,4 appears
to be consistent, within the large errors, with 1/E2; even though a

less rapid energy dependence is also compatible with our results in

the narrow energy interval explored. In the same energy region (2E

¥ 1.5 GeV) the ratio Gyy¢/ Ty is apparently greater than 1, possi-

ble close to 2.

The total cross section, O’tot’ is the sum of many partial cross
sections, which have been evaluated at the various energies explored.
The relative wweight of these cross sectionsdepend on the total energy
2E, as one can see from the figures of the previous section. For 2E

y 1.5 GeV the contributions to Q—‘tot (Fig. 10.8) can be split into two
roughly equal parts; one (09,4, Fig. 10.1) due to processes with only
two charged pions plus neutrals; the other ( 07y, 4, Fig. 10.7) due to pro
vessegs with at least four charged pions in the final state. The formend
contribution, as mentioned already in Section 10, seems to be essen-
tially due to the process

(5) e+e- — “+,"—_“0_Wo

On the other hand, the latter contribution comes from the following
processes

(6) "n'+ v

(7) etews{ ™ Tt n—n©
(9) e w o ©
(10) T W n

of which the first three (6), (7), (9) are responsible for the rise ob-
served in T ot when 2E is greater than ~. 1 GeV,

Among all channels that have been studied, the one involving
only four charged pions, Eq. (6), has a remarkable energy dependence,



46,

since its cross section o (n - wtr ") exibits a broad peak at 2E =

¥ 1.6 GeV (see Fig. 10.2). This behaviour is suggestive of the produc
tion of a vector. ‘meson, 9', of ' mass S M g1 = ~1.6 GeV/C full width
at half maximum 1 = ~v 350 MgV, having the same quantum num-
bers of the ¢ meson (JFC = 1-- and IGr = 1*), Some indication in fa-
vour of the possible existence of the 9 meson can also be found in
the results by Davier et al. (34) on the photoproduction of four pions
by 6 + 18 GeV ¥-rays on protons. Confirming evidence comes out
from a recent Berkeley - SLLAC ex~per-imen‘t(3‘5) on four pions photo-
production in a hydrogen bubble chamber, using linearly polarized mo
nochromatic ¥ rays (9.8 GeV) obtained by back scattering of a laser
beam(36). The decay angular distributions as a function of mass, de-
rived from this last experiment, are indeed what would be expected from
a S: ' vector meson diffractively produced with helicity conservation.

An attempt can be made to evaluate the coup11ng constant of the
presumed 9 ' meson with the photon: (gg X = ems$ n/f 1), by applying
the general ideas of the vec1tor meson dominance rno el. Let us assu-
me that the behaviour of ¢ (w*n"wHy-), as plotted in Fig. 10.2, can
be interpreted in terms of a Breit. Wigner curve. The total cross sec

tionat 2E =mg , 07D peak. for the process ete —» g! ~—» (2all final sta
tes) is then related to the couplmg costant fg by the formula:
f"g, arrol 1

? seal
ot e peak
4 me ',S" 6‘,
where «{ is the fine structure constant.
Varlous assumptions can be made concerning O”gll in order
to estimate £2 '/411 We first note the following inequalities:

o peak 7‘- U_pﬂeak

(16) PR 2

+ - ¥ - . _veak R
(7w ww f)+0'p€ak('ff+ﬂ'*rr°~rf°)

and

‘ + - 4+ - reak
(17) TP e e P 0 ) 1,25 6 PO (R T ),

The first inequality is obvious, while: the second is a consequence of
isospin conservation in the reaction ete s four plons(37
We can then evaluate 2 @ in two different ways:

i) using only the data on the 71r e el TT- channel, which shows
resonant behaviour, and both inequalities (16) and (17) we obtain:

(18) il <.18;
atr T

1i) taking for g~ peak (o ®owr) and o peak(n*rr'rrono) the
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values actually measured< x) at the resonance and using the first inequa-
lity .we-obtain: ‘ T

23 reoently reported by ‘Benal
tlo 72 s/f“.?“ a‘value close to 4" ‘Th’"i s gt
dicted by Bramon and Gr ‘ecoll4. m

meson dommanoe“ EVMD(3(’) Theﬁ'e authors(14) also predict”

51ble con‘tmbutlons from g 9' 1nte1 ference Such ”an 1nterference ngh
be responsfble for the lack of a resonant behaviour in the energy depen
dlence of the measured Ci"(‘n' ™ '(ro 0) (Flg 10 1)

u ’I‘he hypothes1s oE a eg' resonance ylelds a s1mp1e explanatlon
for the relatively large total cross section of multihadron productlon
in the neighbourhood of 1.6 GeV, since the final states ‘TT+TT R~ and
0t % - MO © represent. ~.70%: of 0. tot ~In tth connectmn it dis-wonth=;
while pointing out that the hypothe sis of a <§ resonance, Wlth positive
G- parlty (G*), is also supported by the'results dlsp]ayed in Fig ]
whére,’ ‘around 1.6 GeV “final states Wlth (: ‘-parl‘ty are s’een to be'm ch"
more abundant ‘thcm fmal s‘cates W1lh G par Lty ‘ N

(x) - In inserting the numerical values of the measured cross-sections-
in Eq. 16 there is an implicit agssumption made that the non-resc:
‘.nant background is not greater than the neglected resonant. contr1~
‘butmns Such an: assumptlon is in line with what is expected:from the
.model dlSCUSaSed in ref, (14} and the 9 tail contribution-to the, TWo
.....quoted four pion: c]hannels computed in. ref (41.4d). e
(-I-‘:);;,- In clrawmg any. conc 1usm>n on th1=' matter, a word. of cautlon, is:nee-
.~ ded, however, since the 7T’ ‘ILY “0,.. ;«;channel is: even: less well esta
:ﬁ,iv?,,,bll 1hl€d expemmentally lhan the channel: T\’J“tr Tn'+ The: Ty group
;v‘\.“fat Adone .as. mentioned earlier, find a-somewhat lower; values: for
O ow % 0) thanours. o
(o) - See feotnote at pag.. 48 RISV TE e

(.
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New models of EVMD recently proposed(?’g) chaim the existence
of other resonances besides the ¢ (u)’ and ¢' e.g., as SU3 partners
of g ; and possibly further & U3 nonet), These higher resonances might
be responsible for the large values of @~ ;. observed at the largest e-
nergies attained in our experiment(x). Further measurements are nee-
ded, of course, to establishawhether these new resonances, including
the @', do really exist. Should this be theccase, the physics of eTe"
colliding beams in the GeV region would be clearly characterized by the
se new resonances. On the other hand, if new resonances are not pre-
sent there remains the problem of explaihing a cross ,ectlon Whlch is
possibly a factor 2 larger than the cross section for etes Pt T
A possible explanation can be searched in terms of the well known SLAC
results on deep-inelastic electron-nucleon scattering, where the disco-
very of a scale-invariant behaviour(42) ig. very suggestive of a 'parton
structure of the nucleon(43'). As suggested by various authors 44'), the
connection between colliding beamsand deep inélastic results, and, the-
refore, significant information on the hadron structure, could be obtai-
ned by measuring in e+e colllslons in the asymptotic region the follo-
wing: :

i) the energy dependence of the total cross sectlon for hadron produc-
tion, 07 1ot

ii) the ratio 0 tot/ G'rqx. ; |
iii) the energy dependence of hadron multiplicity(%’).

As an example let us considerer point (ii), where different theo-
retical approaches, 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 1/2 quark fields(46), one obtains G‘tot/cl P = 2/3.

(o) - The separation into final states of opposne G-parity turns out
to be ugeful also for one of the- possible comparisons between ete-
data at 2E ~ 2 GeV and data from nucleon-antinucleon annihila-
tion. Recently a specific model has been’ proposed 0) sor- such a
connection, but unfortunately it predicts a ratio GT over G~ ~gtates
as large. as ~ 35; much larger than the one observed (Fig. 10.10).

(x) - Attempts have also been made(41) to interpret the multihadron pro-
duction observed with Adone within the framework of the "classic"
vector meson dominance model. They do not seem capable, howe-
ver, of explaining the experimental s1tuat1on, ‘without 1ntroducmg
very specific:and somewhat questionable assumptions. =

(+) - A recent discussion.on quark model predictions can be found in H.
Suura, T.F. Walsh and Bing-LinYoung: Desy report 72/21 (May
1972).
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Different values for this ratio are obtained if one introduces elementary
particles constituents, or partons, of spin 0(49). The new quark model
recently proposed by Gell—Mann(47), predicts O—tot/ "'H’* = 2; a value
which is also predicted by Han and Nambu on the basis of a different
quark mode1(48). On the other hand, the EVMD model of Bramon, Etim
and Greco quoted above(39) predicts G,/ 45",,”4. ~1.25. Unfortunately.
at the present stage of this research, the results concerning the abso-
lute value and energy dependence of 0 ,,;, as well as the energy depen
dence of the average multiplicity, cannot discriminate between the dif-
ferent theoretical predictions. This is not only because of the large un
certainties in the e asured quantities, but also because there are at
present no reasons to believe that the asymptotic region is already rea-
ched at Adone energies. (X

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 as-
sumption we have recalculated the cross section for the process (6)
under a quite different hypothesis, Assuming, as an example, that the
final state (1r+'n'"‘n'+'rr') is reached 1;13_r'oggh the intermediate quasi-two-
-body virtual state A11r, (ete- -—>A—11r+—+1r+1r+w’w‘), we find a cross
section which, at all energies, does not exceed that obtained assuming
invariant phase space by more than 20%. So we feel that the assump-
tion 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) Multi-hadron production by ete~ beams colliding at GeV ener
gies, occurs with a total cross section, U‘totl comparable to that of the
annihilation process ete” —s ft +‘u—‘, o , (see Fig. 10.8). In parti-
cular at the highest energies attained (2 + 2.4 GeV), 0, /0% is appa-

.; tot/ Tpp
rently greater than 1, possible close to 2.

2) The energy dependence of Wtot exibits a fast rise near 1 GeV.
For 2E > 1.5 GeV the energy dependence of O 4, is compatible with
1/s (s = 4E2).

(x) - If this were the case, the observed energy dependence of the avera
ge multiplicity (Sec. 10) would not be in agreement with the predic
tions of the particularly simple statistical model proposed by Bjor
keen and Brodsky(45d), i.e. {n )¢ E. -

(+) - An exception is the cross section o (W °¢°) measured at
ACO(Sb)s where the value was derived assuming the -specific pro-
cess ete” —pw Oy O—3 rty =77 O O, This value is given in
Fig. 10.1.
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3) The average multiplicity (charged plus neutral pions) is found
to be between 4 and 5, over the energy range explored’:/ At 2E = 2.1 GeV,
above the g’ region, the average multiplicity <fnn.> = 4.5 (See Fig.
10.9).

4) Final states with positive G-parity (G*) are found to be much
more abundant than G~ final states (see Fig. 10.10).

5) GT final states are made up mostly of four pions (7w~ Of©
and +7r':n' +n-‘), with O (TWYR-TOWO) + o({whr-wtr-) a0 7 ‘o—tot'

6) The energy dependence of o~ (w n-wTr") is suggestive of a
resonance behaviour (see Fig. 10.2). This may be interpreted in terms
of a g’meson of mass mgr ~ 1.6 GeV/c2 and f}t ~ 350 MeV, cou-
pled to the photon with a coupling constant (ga,,g, = em? /ff,n) f_zex/ll <
<18, :

7) The existence of the $ meson would yield a straightforward
explanation for the large cross section around 1.6 GeV. At higher ener
gies other resonance should be invoked, in a resonant model, to explain
the relatively large cross section observed up to the higher total energy
attained in this experiment,
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APPENDIX A -

A more complete and detailed description of the apparatus(BO)iS
given in this Appendix. The dimensions of the counters and the kine-
matic spark chamber C1, that limit the solid angle, are listed in ta-
ble Al. A complete list of dimensions of the absorbers ahd all active
elements is given in table A2 (see also Fig. 2.1).

TABLE Al

Counters and spark chamber limiting the solid angle

Element ai(cm) b {(cm) d (cm)
Counter 0 + 30 +13.5 14
Spark Chamber C1 + 37 + 30 24
Counter 1 + 36.5 + 30 30
Counter 2 + 40 + 40 45
Counter 3 + 50 + 50 64
Counter 4 + 60 + 60 82

a = horizontal half width

vertical half height
distance from center of the straight section,

joF ey
1

It must be mentioned that heavy shielding of concrete and lead
(~ 40 r.1.) has been placed around the telescopes in the horizontal pla
ne, where the beam losses are mostly confined. To obtain a further re
duction of the trigger rate due to machine background, it was also ne-
cessary to have 1 radiation length of lead before counters Iy, E{ and
the same amount in front of counters I‘z, E2. This last material was ac
tually made up of two water Cerenkov counters .CI’ Cw. These counters
were not used in the trigger, but their ocutputs were displayed in the
"DATA Box' (see Sec. 2 and Fig. Al) to be used in the analysis. They
were effective in selecting K meson pairs from TV = pairs, because the
K meson velocity.is below the threshold for Cerenkov light for Adone
energies up to 2E = 1.5 GeV,

The presence in the trigger of counters 0, always was required
in various combinations, and they helped especially in reducing cosmic
ray background for collinear muonsfza).

In fact each set of counters I and E consists of three horizontal
slab of scintillators, each one with their photomultiplier so that, with
the appropriate electronic logic described below, in the case of selection
of muon pair, it was possible to narrow down the bounds of the central
region surrounding the actual source. All counters, except I, EO, 14,
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TABLE A2 - Thickness of elements of the telescope ’
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E4, had phototubes placed on apposite edges of the scintillator (e.g. IoR,
Ior» Eagrs Egr,, etc.) and they were put in coincidences between them-
selves before entering into the rest of logic circuits. By this arrange-
ment, the efficiency for detecting charged particles in the light pipes was
pratically reduced to zero, while the overall efficiency of the scintillator
was always ns 99%. Such improvenent was very helpful, not only to re-
duce background, but especially to define the active region of the coun-
ter itself, |

Counters E.3, 13, E‘4, 14 were employed also to measure the ti
me delay between the opposite pairs, as explained in Sec. 2, and in this
case the output pulses from the two side of the scintillator were .used
individually in order to minimize the effect of the large dimensions of
these counter(z‘l),

This time information was elaborated by fast circuits, in order
to be used in the formation of the master trigger. Its description follows
(see block diagram fig. A2). The opposite sides of counters 13, Eg and
14, E4 (e.g. ISL’ EBR) were fed to four time to amplitude converters
(TAC), acting as START and STOP pulses; the gate pulse was provided
in each case by the suitable coincidence (i.e. El¢I1+E2:12.E3+13) for
the timing between the counters 3 and similarly for counters 4,

The outputs of the two time-to-amplitude converters for each op
posite pair of counters was linearly mixed and fed to a fast window di-
scriminator. Thus the simultaneous crossing of the counters by colli-
near particles produced in ete- collision, gave a pulse, the average ampli
tude of which was in the middle of the limits imposed by the single channel
discriminator. The same pulse, without any shaping, was also converted
_in digital form and displayed on the DATA BOX for further analysis (see
fig. 6.1).

Since cosmic rays cross the counters of each pair with a time
delay equal to their distance divided by the speed of light (~ 9 nsec for
counters 3 and ~ 12 ns for counters 4), they will produce in the time
of flight spectrum two peaks, in the valley between them being located
the '"good events'. This method, as explained in Sec. 2, cannot be em-
ployed in selecting other processes than i pair annihilation
since it requires particles penetrating until counters 4 on both telescope.
Therefore an alternative trigger employed the veto signal provided by
any of the counters Eg, 15, 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
contribution given by cosmic rays. A fast coincidence was formed with
the phase signal of the accelerating radiofrequency RF and the counters
Ey, I‘l' The resolution in the prompt coincidence was of 20 ns. To impro
ve the discriminating power -of this device, it was used a time to ampli-
tude converter (TAC), the START of which was given by the mixed signals
from counters Eq, I1 and the STOP was provided again by the RF. The



55,

DAY MONTH HOUR  MIN

{no bunch| -
Pattern Luminosity
HE T33
H, | Taa
Tire | Photogramme N.

Pattern: (coded in octal number)
1" digit: bit 0: M,
IMmhx

an

B - O P =2
m
(4]

rd

P

E
I

*n

|

4“1

ﬁg
C,

: A
o 0 B "DATA BOX"

FI1G. A.2 - Logic block diagram of fast electrohics employed in the ex
periment. -



56.

analog output was digitized and displayed on the DATA BOX. The ultima
te resolution (see fig. 3.1) 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.

Finally, the different kind of triggers, formed using alternative
logics, were logically mixed in a OR circuit to prodice the Master trig
ger'to all apparatus. The two sets of triggers were: a

Al M., = 2. . A . ‘R

(A1) wp =Dy 123 4 Mg - My - RF

A2 ' ‘
(A2) M h = Q) 12 (EgH,) - (B +1, )-(E5415 'RE
where '

-1,..... , 4 stand for twofold coincidences E - Il‘ e s Byely,

D, stands for the "OR" of the three coincidences formed by pairs of
0 counters opposite to respect to the source line (i.e. D, = (Ioo" Ego) +
+(Ig1"Egp) + (Ig2- Egp))
Qe stands for the two fold coincidence btween any opposite pair of
counters 0 (i.e. Qg = (EgotEg1+Eyg) * (Igo+lo1+14o))
Ma(M ) stands for the result of the fast elaboratlon of time delay be-

tween counters 3 (4).

I

Because of the machine background at~highér energies, the trig-
ger (A2) was modified in order to maintain the rate to about 1/min. At
machine energies greater than 2E = 2 GeV the trigger (A2) was then repla
ced by:

' e e

(A3) = Qr1'2'3°(Ey#1,)" (EgHs) RF

rnh

Instead, at machine energies lower than 2E = 1,5 GeV, it was possible
to reduce the energy threshold for a particle in order to produce a trig
ger, by avoiding the request of counters 4. This fact was especially im-
portant for K meson, since their range was less than the amount of ma-
terial before counter 4. The trigger replating trigger (A2) was then:

(A4) Mmh = QO'1'2~‘ (E3‘+13,) (E +I )

Of course, in the computation of integrated cross sections and efficien
cies, any variation inthe trigger mode was accounted for. Electronpairs -
were able to produce both kind of triggers Mpp. and My}, thus providing

a very convenient mean of testing the performance of the apparatus bycross
checks, in most cases, of the efficiencies of individual counters,

The Master trigger was acting the general gate to open the linear
integrators giving the charges collected during 80 ns from E9tEg (Hg)
and from I5+l3 (Hp). The analog output was displayed on the DATA BOX
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and a second output was used with a multichannel pulse height analyzer
to perform occasional tests during data taking and with cosmic rays.
The same utility was provided for the analog output Tqg3, Tyq and T¢pps
so that the stability of all 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 coun
ters (see Sec. 2}, was opened at the occurrence of a Master trigger, its
binary content was coded in octal form and displayed on the "DATA BOX".

Most of the electronic equipment was installed in the machine
hall, at a distance 6f a few meters from the center of the straight sec
tion. During Adone operation, however, no access was permitted over
this region, for reasons of radiation safety. Hence, all checks of the
correct operation of the apparatus and related electronics had to be ma-
de in the control-hall provided for this purpose, at a distance of some
20 meters. The triggering conditions of the electronics installed in the
machine hall could be changed by remote~switching operation, so as
to allow one to realize promptly the triggering conditions appropriate
for specific test$(for example,cosmic rays measurements).

All the relevant information contained in the DATA BOX, was al
so reproduced in the control-hall by means of nixie-lamps, which repe—é
ted the same numbers appearing in the photograph. A set of scalers giv
ing numbers of events, time interval, and additional useful information
was also installed in the control-hall, The content of these scalers was
authomatically printed on paper at regular intervals of 20 minutes,

The HT of the phototube power supplies was automatically redu-
ced to about 1, 2 KV whenever the magnetic field of Adone was below a
fixed value depending on the machine energy, Therefore during the in-
jection of electrons or positrons in the ring, no damage would result
from very intense bursts of particles on the photomultipliers,

On account of the authomatic controls mentioned above, no con-
tinuous presence of physicists or operators was required during the
ordinary runs,

The optical system used to bring the two orthoponal views of the
apparatus onto the same photographic camera, consisted of a set of pla
ne mirrors placed at V459, some of which of very unusual length (~ 4
m). A single picture frame of 70 mm x 100 mm (Sec, 2), contained the
two stereoviews with all the information given in digital form by the
DATA BOX, The demagnification factos was 1/50, The camera, located
at 18 m from the center of the apparatus, was usually loaded with a
Ferrania P30 film roll of 120 m, lasting on the average about 10 hours,
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