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ABSTRACT. -

We present the results of an experiment performed at Adone, the Frasca
ti 2x1,5GeV ete™ storage ring, Duringa 1500 hours of running tirme, we have collec
ted a total of 5164 electron-positron elastic scattering events (integrated luminosity
£=3,5x%x1035 cm~2) and 605 non-coplanar events of the type ete —s at+ b+ anything
(effective integrated luminosity £=2,5x103% ¢cm~2), at C.M. energies ranging from
1.41t0 2,4 GeV,

The yield of the elastic scattering events is in good agreement with the pre
dictions of quantum electrodynamics: R = Gexp/ UQED =1,05+0.04(+86, 5% systematic),

The non-coplanar events appear to be of hadronic nature, and are produced
withatotalcross-section as large as 50 —-90 nbarns, The evaluation of the cross-sec
tions for some channels (ete™ ~—s :6"'915: n+x"; ete mmntw gty +neutrals; eve” —s
-3+ 37w -) contributing to these multihadron processes is also given,

I, - INTRODUCTION, -~

We present here the final results of an experiment performed during
the 1970-71 at Adone, the Frascati 2x1.5 GeV ete” storage ring, The experi-
ment was originally designed mainly to search for possible enhancements inthe
vield of particles produced in e¥e” interactions as a function of the total C.M.
energy in the range of energies between 1.4 and 3,0 GeV, which could indica
te the existence of new vector bosons, Events due to ete~ wide angle elastic
scattering (Bhabha events) were collected at the same time, both as a test of
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quantum electrodynamics (QED) in the region of space-like momentum transfers
to the virtual photon upto 2,5 (GeV/c)z and as a monitor reaction for the ha-
dronic channels,

When Adone came into operation, the electron positron annihilation
into hadrons, through the vector mesons 0. ®,®, had already been extensively
studied at Orsay(l) and Novosibirsk(z). As a crude extension of o, @, ¢ dominan
ce model up to 2 GeV or more, the most popular tendency was to expect the pro
duction of hadrons to be very depressed at those relatively high energies,

It is now well known (see the preliminary results of this experiment pu
blished in 1970¢3) and 1971(4) and confirmed by the results from other groups(5’B))
that the cross section for production of many hadrons in ete” interactions turns
out to be surprisingly larger than one would have expected,

These results have stimulated considerable theoretical activity(7).
Among the most attractive theories are the so called "point-like" models tryi-
ng to relate these large values of the cross sections .to. the analogous well known
results on the space-like channel obtained by the SLAC-MIT collaboration(8) stu
dying the deep inelastic scattering of electron on protons. The problem of their
interpretation is still quite open and much more work must be done both experi
mentally and theoretically in this field,

Concerning the results we are presenting in this paper, we would like
to make a final remark, We are aware that even in this final version some fea-
tures of our results are to a certain degree qualitative, In fact our apparatus
(as well as all the other "first generation" apparata operating at Adone) had not
been.designed in order to study the phenomenon which turned out to be the most
important at the Adone energies, namely the production of high multiplicity fi-
nal states, Nevertheless we have thought it important to push the phenomeriologi
cal interpretation as far as possible for two reasons, namely: i) to give the
maximum possible information for the design of new  experimental apparata;
ii) because the orders of magnitude obtained for the cross sections are so lar-
ge thattheyopeniby themselves a new problematic in the study of the structure
of the hadrons and of their electromagnetic current.

I, - THE EXPERIMENTAL APPARATUS. -

The experimental apparatus, shown in Fig, 1, surrounds one of the stra
ight sections of Adone and covers about 0,35 of the total solid angle as seen
from the center of the apparatus(g).

Each of the four identical telescopes Ti consists of:

a) four plastic scintillation counters A;, By, Cy, Dy;

b) two magnetostrictive monogap wire spark chambers SC @i, SC B;, which me-
asure @, the azimuthal direction of the final state particles (z-axis along the
beam direction); ;

c) the following absorbers: 1,3 cm Al between A; and By; 0.7cm Pb between B;
and Ci and between C; and Dy, Signal pulses from the lead-scintillator—sag
dwich counter (Ci+Di) were used for pulse height analysis to discriminate
showering electrons from minimum ionizing particles,

These telescopes T; cover the following angles, .as measured from a
coordinate system centered on the apparatus (z, along the ete~ direction; x, to-
ward the center of the Adone ring):
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FIG. 1 - The experimental apparatus, a) Section orthogonal to
the beam axis: Ai, Bi-' Cis Di are plastic scintillator counters;
Sc ¢4 and Sc. i are magnetostrictive monogap wire chambers;
CR.'s are veto counters against cosmic rays; b) Section (along
HpH') in a plane through the beam direction and orthogonal to
a pair of opposite telescopes.
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T, (60°< 9 <120°, 28% @ < 83°) T, (60%< 9 <120°, 97% @ < 152°)
T, (60°< 8<120°, 208%9<263°) T, (60% 0<120°, 277% @ < 3329)

A thick absorber (22 cm Fe) and a roof of veto counters CR, and CR,
above the apparatus reduce the detected cosmic ray flux by a factor 2 100. On
the other hand the emitted particles we are interested in have only a relati-
vely small probability of emerging from the Fe and thus triggering the anticoin
cidence counters CRq, CRZ: for the electrons this is due to the absorption of
their electromagnetic shower, while for the hadrons this results from being
stopped or nuclearly absorbed,

In a second set of measurements we have added a second roof, con-
sisting of 1.5 cm of Fe and 5 em of iPb;, and two additional counters CR3 and
CR4 (see Fig, 1), During this second set of measurements, CR3 and CR, were
used in anticoincidence, while CRI, CRgy were simply recorded in.association
with each event. From the number of the detected "marked' events (i.e. the
events not vetoed by CB3+CRy4 but in which CR, or/and CR, were triggered)
we where able to measure the anticoincidenece corrections to be applied to the
first set of data (i.e., with CRl +CR, in AC) and obtain as well direct informa
tion on the penetration of the detected particles,

A charged particle in telescope T; is defined by the coincidence 7=
= A;B; (Ci"'Di)- A neutral particle'is then defined as W; F (Ai+ B;) (Ci+Di)° Any
coincidence of two or more charged particles ( ¥;)» each in a different telesco
pe, defines the ''master' coincidence, the CR counters being set in anticoinci
dence, (CR =CR, +CR, in the first set of measurements, while CR =CRg+CRy
in the second set). To give a T; coincidence a particle must thus traverse
24 g/cm2 of ebsorber, corresponding to~1,9X:radiation lengths; to reach
CR,, CR, it must traversel5 X, =203 g/cm2; to be vetoed by CRg, CR, it must
traverse 25,2 X =282 glem?Z,

Consequently, if the particle :is a pion, it must have a minimum kine
tic energy of ~ 75 MeV to'be detected (i, e, to give a T ; coincidence). To be mar
ked {or vetoed) by CR;+CRg the pion must have » 350 MeV, while pions with
more than ~500 MeV are vetoed by CRg4 and CR,4 unless they are absorbed by
nuclear interaction (actually the fraction of particles absorbed is quite large:
e.g. 85% of 400 MeV pions), ‘Onthe other hand practically all the electrons with
less than 1,2 GeV are absorbed before being vetoed by CRB,CR4, ‘while the
fraction of the electrons able to trigger CR;+CRgy strongly depends on the energy,
increasing firom zérdat Ef 500 MeV up to ~ 15% at 1,2 GeV (see next section IV, 3),

When a master trigger occurs a PDP8 computer records:

i) which coincidences 7 j{or ‘/V'i) were ‘involved in the event;

ii) the azimuthal coordinates (i. e, orthogonal to the beam direction) of the
sparks in all the chambers SC o, SC Bi (with the restriction that when the
re is more than one track in the same chamber, only the closest one to
the magnetostrictive pick up is detected(lp));

iii) the pulse height H; in the lead-scintillator sandwich: (Ci+Di) for each tele
scope T_i;

iv) ‘the time separation At between the occurence of the eventanda timing si-
gnal fixed to the zero crossing of the radio frequency (RF) accelerating vol
tage of the storage ring 11).



A1l this information is recorded, event by.event, on a magnetic tape for
a'later analysis on the 1108 Univac computer of the University of Rome.

During the running of the experiment,auxiliary information was accumu
lated with the PDPS8 in a live display (e.g, histograms of uncorrelated pulse height
spectra from Ci+Di for each telescope; the time distribution of the collected events;
the distribution of the sparks in the various chambers, etc.) thus allowing a conti
nuous check of the performance of the whole experimental apparatus,

III, - DATA COLLECTION AND INITIAL REDUCTION. -

The results we present here have been collected between Jan uary-April
1970 and between September 1970 - February 1971.

The effective total running time was ~1500 hours corresponding to a to-
tal integrated luminosity of the machine o = fL dt=3.5 1039 cm~2(12), The runs
were performed at several values of the C.M. energy E,+E_ ranging from 1.4
GeV to 2.4 GeV,

In Tab. I are listed, for each C,M. energy, the running time and the cor
responding raw integrated luminosity, We have also marked with a star the measu-
rements in which counters CR3+CR4 were set in anticoincidence (2nd set of measu
rements, see section II). The other runs were instead performed with CR1+CR2
in anticoincidence (1st set, see section II).

The quoted luminosities were evaluated by measuring with a 'monitor"
apparatus the yield of events from a process of known cross section, namel etee”
scattering at small angles. This Bhabha scattering "monitor" apparatus(13), con
sisting of two symmetrical telescopes covering a range of C.M, angles, 8, between
3.5° and 6° (corresponding to four-momentum transfer to the virtual photon less
than ~ 100 MeV/c), was operated by the "um group' (see ref, (5)) in a contiguous
straight section of Adone, The overall uncertainty in the absolute normalization
of the monitor is estimated to be +5%. In addition by analyzing the relative varia
tions of counting rates in the two .simmetric. telescopes we have evaluated as
+ 7% an additional time dependent uncertainty mainly due to erratic changes in the
Eosition of the beams with respeéct to the monitor apparatus(14 .

Over the total running period of this experiment we have collected a
totalafwlOGtrigger events, The reasons for this high counting rate are the follo-
wing, First, we have operated the master coincidence (between the telescopes
Ti) with a very large resolving time % (t 240 nsec). This allows us, on the ba
sis of the analysis of the At distribution of the events, to very accurately defi-
ne a posteriori the time interval in which the two bunches of et and e~ collide,
and also provides a very powerfull way to evaluate the cosmic ray (C.R.) con-
tamination to the data, In fact (see Fig, 2(a)) a typical At distribution, as it co
mes out from the computer, shows a very clear peak { 2nsec h.w.h m,) corre
sponding to the beam-beam impact, superimposed on a smooth background due
to cosmic rays, Using these distributions we can define an interval of At for
events in-time with the beam-beam interaction,

Secondly, the pulse height thresholds of the discriminators were set
much lower than the value corresponding to minimum ionizing particles, Although
this introduces in the trigger rates a great amount of machine background, it
permits a posteriori a much more reliable separation of the minimum ionizing
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particles from the background, taking into account any long period drifts in the
pulse height spectrum, As an example, in Fig. 2{b) a typical plot of Hy vs H3 for
the collected events is shown. A cluster corresponding to minimum ionizing par
ticles (mainly cosmic rays) is clearly visible and quite well separated from the
low pulse height background. We can thus define, for each telescope T;, two va
lues, Hi min a0¢Hj max. within which all the minimum ionizing particles are
confined,

The first steps of the analysis thus consist in selecting, run by run and
energy by energy, all the events which occur in time with the beam-beam im-
pact (in time events) excluding in this way the majority of the C.R. events ' (out-
-of-time events); and in rdjecting the low pulse height machine background e-
vents, by appropriately selecting the values for each telescope of the low pulse

height cut H, . .
i, min

The selection of the events we are interested in and the identification
of the particles, is made by obs€érving the time occurrence of the event, the par
ticle pulse heights and the coplanarity angle between the tracks in different te-

TABLE I

Running times and integrated luminosities. The
rows marked with a star refer to runs in which coun
ters CR3+CR4 were set in anticoincidence with the
irigger (2nd set of measurements, see Section 1),

C.M. energy Running time | Integrated luminosity
E,+E_(GeV) | (hours) & (cm~2) '
(1) (2) (3)

1,40 85 68 x 1032

1.40% 135 113

1.50 45 52

1.50% 163 280

1. 60 62 77

'1.65 ki 114

1,70 84 126

1.75 96 135

1,80 76 135

1,85 119 260

1,85% 87 1 420

1.90 58 134

2.00 119 290

2.40 78 148

2. 40% 221 1147
Totals 1505 3499 x 1032
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FIG. 2 - Typical computer outputs for preliminary analysis, a) 4t di-
stribution of unselected events ( At is the time separation between the
occurrence of the event and a reference time fixed with the zero crossing
of the RF accelerating voltage of the storage ring). b) Pulse height plot
Hg vs Hy for (vg - 173) unselected events,
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lescopes, In the next section we will discuss those events determined to be eTe”
wide angle elastic scattering, In section V, the multibady hadron events will
be discussed.

IV. - REACTION ete~-»ete-, -

IV.1.~-Selection of the events.-

The ete” elastic scattering events are to be selected among the events
which give a coincidence between opposite telescopes (TT3) and (TyT,), and
which occur in-time with the beam-beam interaction. As will be shown in this
section, such a selection is possible in our apparatus simply on the basis of the
pulse height analysis in the sandwich counter (C4+Dy), without the use of our ex
perimental information on the geometry of each event.

Let us first examine the ‘pulse height distributions, Fig, 3(a) shows a
typical pulse height plot of Hy vs Hgq for (TTg) events which are in-time with
the beam-beam impact, Two heavy populated region are visible in the plot, The
low pulse height region, confined between Hji,min and Hi, maxs Ccontains the mi-
nimum ionizing particle (mostly cosmic rays)., The large pulse height region
(H; 2 Hi,max' i=1,3) contains events with both the detected particle producing
a detectable shower, We designate this large pulse height region as the [e, e]
region, The in-time events in this [e, e] region ([e, €] events) are good candida

tes to be ete = efe- scattering events, The plot for out-of-time events, which
turn out to be cosmic rays, shows only the cluster corresponding to minimum
ionizing particles while the [e, €] region appears practically empty (see Fig. 3(b)),
This shows that the [e, e] in-time events have only a small contamination from

cosmic rays.

Further the:other information we have from track reconstruction using
‘the wire spark chambers, allows us to conclude that all but a small fraction of
the [e, €] in-time events are ete™ elastic scattering events,

The track analysis of in-time [e, €] events is shown in Figs. 4(a), (b), (c).
Fig. 4(a) shows the non-coplanarity angle A@ distribution, where 4@ is the angle
between the two planes which centain each of the two tracks and are parallel to
the beam axis(15), The [e,¢] events clearly appear to.be coplanar (i, e. A =20),
the +3° angular spread (h.w.h.m.) being due to spark chamber resolution and mul
tiple scattering in the vacuum chamber walls (1.2 'g/cmz =0,0083 Xs of Fe) and
in the telescope absorbers (12,8 g/em? =0, 46 Xo). In Fig. 4(b) for the particles
constituting the in-time fe, e] events a histograrn is displayed of the distance, L,
between their tracks and the axis of the beam. L 1is positive or negative accor-
ding to the relative position-of the particle trajectory with respect to the beam
line, From this figure (in which all the four telescopes have been added) almost
all the events appear to originate within + 5 mm (h,w.h.m.) of the beam region.
Also in this case multiple scattering and spark chamber resolution account
for the observed width (the transverse dimensions ofthe beam are actually
o (1x1) mmz). This interpretation of the .experimental widths of 4¢ and L di-
stributions is confirmed in Fig. 4(c). In fact the clear correlation observed bet
ween Ag and the average distance, T., of the two tracks from the beam, is what
one could expect if all 6fithe events originate with 4@ =0 in the (1 x1) mm?2 sour
ce region, and the outcoming particles are scattered before crossing the spark
chambers. Finally from the At distribution of all the [e, e} events, shown in Figu
re 4(d), we can precisely define the interval of time in which the impact of the

\



Pulse height H3 (channels)
1
~
(1]
LS
1]
L)
.

H3,max|" B ~
40 le,u] -

g region
Hs3, min B
204 B

O 1 Ti i I | ? i ]

¥
0] 20 40 60 80 100
H1Jmln H1,max
Pulse height H; Cchannels)

FIG. 3 - Plot of pulse heights for ('T&' T3) events. a) Events
in-time with the beam-beam impact; b) Out-of-time events,



EVENTS

NUMBER

1
]
o]
Q
o
N
Q
e -
—
1

ces)
wally
00

, Ay (degr
°°

Te o 1 o

-
-20° -108° 0 10" 20"
Atp (degrees )

+ 300 ‘
+200
100
- [T N S A A L
-40 =20 0 20 40 45 50 55 60 65
L (mm) o [t Cchannels)

FIG. 4 - Track and time analysis of a sample of [, €]
events, a)Ag distribution for in-time events; b) L di-
stribution for in-time events;c) Ap versus 1. plot “for
in-time events; d) 4t distribution for all the [e, e] events
coming from the source region.




11.

two bunches of e and e” occurs. The collision peak is as narrow as 3 nsec (f.w,
h.m.) and the fraction of events outside of the in-time interval (9 nsec wide) is
absolutely negligible,

From the previous considerations we can conclude that (apart from
small background subtractions discussed later, see sectionIV,2) the [e, €] events
are two body events, with charged, showering particles originating in efe~ col
lisions: thus they are ete~ elastic scattering events.,

A reliable track analysis of the data requires that all four chambers
involved in the event have correctly fired. Since the effn,lency of our monogap
spark chambers has been measured to be about~0.85 (18) there is a sizeble frac
tion (~ 50%) of [e, e] events which do not have all four chambers firing. However,
we have concluded from the above track analysis of the "4 -chamber''electron
events (i.e, [e, €] events in which all four chambers have fired) that practically
all the [e, e] in-time events that satisfy the mentioned pulse height requirements,
are ete” elastic scattering events. So for the evaluation of the Bhabha cross sec
tion we can use all the detected [g, €]-events irrespective of spark chamber in-
formation. In this way, we have considerably higher statistics (while the back-
ground subtractions remain still quite small, see next section IV.2) and more
importantly we avoid any problem connected with the spark chamber inefficien.
cies,

During 1505 hours. of running time, with an integrated luminosity L=
o 3,5x1035 cni®, we have collected a total of 5164 [e, €] events in the C.M. ener
gy range 1.4 -2.4 GeV, They are listed at eachC.M., E _+E_, in column (3)of
Table II,

IV.2.- Background subtractions.
There are two different types of background subtractions:

a) cosmie rays background which can be easily experimenially deter-
mined from the number of out-of-time [e el events (appropriately normalized
according to the ratio of the widths of the "'out-of-time' and "in-time' inter-

vals), This subtraction is'of the order of ~ 2% (see ¢ column (4) Table 1I);

b) a contamination due to interactions of either beam with the residual
gas in the storage ring, For the purpose of evaluating this contamination we
have performed ''background" runs with only a single beam or with two separa
ted beams. stored.in the ring. In these "background" runs during ~600 hours
we have collected a total of w82 [e, €] events occurring in the in-time interval,
In order to-correctly subtract the contamination from electron-gas interactions
from: our data we must deduce the appropriate normalization factor to be ap-
plied to these background events. The value of this normalization factor was
obtamed by momtormg the rate of each single telescope T; during both the

"background" and the colliding: beam runs, The single telescope rates r 's,
after correction for cosmic rays, are proportional to the product of the beam
currents and the residual gas density in the machine, This factthas been che
cked by intercalibration measurements of the single telescope rates and the
single'beam-gas bremsstrahlung rate B: the ratio 'b'l/B was found to be con-
stant to within~ 1% as a function of the beam intensity andgas pressure, over
the working: range of this: experiment, The normalization factor (which is the
same regardless of which telescope T; is used as a basis for the normaliza-
tion) varies, of course, for each experimental run depending on the relative
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running times and the C. M. energies. The beam-gas contamination is near ze
ro at low energy, but rises to~ 8% at 2,4 GeV C. M. energy, The average con
tamination for the full sample of [e, e] is~2% (see column (5) Table II)

After background subtractions are performed, we are left with a total
of 4939 [e, ¢ elastic scattering events.

IV.3.-Corrections to the data.-

Several small corrections must be applied to the above background
subtracted [e, e} events:

a) "Shower correction'’, - Sinde the probability that an electron will
produce a detectable shower in the sandwich counter (Ci+Di) is not 100%, we
expect that a small fraction of events e*e”-» ete™ will not appear in the e, e]
region of Fig, 3. To evaluate the size of this "shower correction' we have
analized the events which fall in the {u, e} regions of Fig, 3 (i.e. the events in
which only one particle gives rise to a shower with a pulse height larger than
Hi,max)- We find that their L and Ap distributions (see Fig. 5(a) and (b)) are
the same as for the [e, €] events as we expect if these in-time [, e] events
are true ete- scattering events, The only difference is the presence in the Ag
distribution of a long tail toward the large Ag values (see Fig. 5(c)) due to the
occurrence of hadronic non-coplanar events we will discuss in more detail inthe
next section V.2, After appropriate background subtractions are performed,
from the number of [, e] events we are able to determine the probability, &y »
for an electron to have a pulse height less than Hi, max- (In fact the probability
for an event to appear ina [,u, €} region is &,(1-¢g, )). This has been done at
each C. M. energy, since the value of g, clearly depends on the energy of the
electron: we found experimentally that it fanges from &, =4,6% at 2.4 GeVC. M.
energy up to &= 12.6% at 1.4 GeV, The experimental values of ¢, and the corre
sponding correction factors Fg=(1- &y )=2 to be applied for this effect to the [e. €]
events, are l:;tsted in columns (2) and (3) of Table III at each C.M. energy E +E _.

b)"'CR veto correction'. - In the first set of measurements (see section 11,
and Table I and II) an ete™ event is lost if one of the electrons passes through
the 22 cm of Iron absorber and produces an anticoincidence pulse in counters CR
and CRy. Inthe second set of measurements with a second roof of absorber and
two additional counters CR3 and CRy placed on the top of the apparatus, as descri
bed in section II (see also Fig, 1), we have directly evaluated. the fraction of ete”
events that were lost due to anticoincidence in CR1 and CR,, This was done by
measuring the fraction, f, of''marked” e%e~ events (i.e. not vetoed by CR, and CRy,
but in which CR; or/and CRy were triggered, see section II), Since the number of
ete™ events vetoed by CR3 and CR, was determined to be negligible, f represents
directly the fraction of events lost in the first set of measurements, and was found
to vary linearly from £=4.2% at E4+ =0.725GeV to =13,3% at E; =1.2 GeV (see Fig. 6).
For the energies covered in the first set of measurements but hot in the second, a
linear linterpolation of f was used, The values of f and the correction factors Fac=
=(1-)"! we have used, are listed in éolumns (4) and (5) of Table III.

c¢) "Multiple scattering cortection', - The geometrical acceptance is
reduced by a small factor due to multiple scattering near the boundary of the
telescopes. We have calculated the correction for these losses to be approxi
mately energy independent and equal to (+2, 512)%.

1

d) "Geometrical misalignement correction', - Due to possible misali-
gnements of the apparatus with respect to the source position, an uncertainty
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is to be assigned to our geometrical acceptance, The corresponding correction
to be applied to measured events is: (+3+3)%.

TABLE III

Shower corrections and anticoincidence corrections, Col, 1, single
beam energy; col, Z’SM’ measured shower inefficiency; col. 3, Fg
shower correction factor; col. 4, f, measured fraction of 'marked"
events; col. 5, F e, anticoincidence correction factor.

"Shower correction' "CR veto correction''

By E Fg £ Fac
(GeV) (%) (%)

(1) (2) (3) (4) (5)
0.7 12.61+.34 | 1.31+.07 1,039+ 0,17
0.725 4.2+.1 1,044+.018
0.75 7.94"_‘.20 1,18+, 06 1.049+.,018
0.8 9.83+.24 | 1.23+,06 1.060+.015
0.825 | 8.33+.17 | 1.19%.05 1.066+.016
0.85 9.83+.20 | 1.23+.05 1.072%.017
0.875 8.71i.22 1.20i,06 1.078t.017
0.9 8.71%.18 | 1.20%.05 1,082+ .020
0.925 | 6.34%.22 | 1.14%.08 8.2+1.7/| 1,089+, 020
0.95 7.15+.15 | 1,16+, 05 1.094 +. 022
1.0 6.74+.15 | 1.15%.05 1.105+, 024
1.20 4.651.17 1.10t.08 13.3+2,86 1,153+,035

e) "Radiative corrections', Cal
culated radiative corrections turn out
to be, in our case, quite negligible
(< 2%).

We summarize the situation on
the corrections as follows:

a) Shower corrections: ranging
from + 31% at 1,4 GeVE_ +E_C.M. energy
to + 10% at 2.4 GeV (experimentally mea
sured);

of marked events (%)

b} CR veto corrections: ranging
from + 3.9% at 1.4 GeV to 15,3% at
2.4 GeV (experimentally measured);

Fraction

¢) Multiple scattering correction:
. T | E— (+2.5+2)% (calculated value);
0.4 0.8 §.2

d) Geometrical misalignements
PRIMARY ELECTRON ENERGY correction: (+3+3)% (calculated value);
FIG. 6 - The fraction of 'marked'fe, €] e) Radiative corrections: negligi
events as a function of the primary ble (£ 2%, calculated value).

electron energy, E_.
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All of the above corrections have been applied to the number of collec -
ted events, after background subtractions have been performed, The corrected
numbers of eTe" Bhabha scattering events are listed in column (8) of Table II,
However the systematic uncertainties which are the same at all the energies
(associated with multiple scattering and geometrical misalighements corrections)
are not included in the quoted errors;. They will be shown in the data display
in Fig. 8 (along with the 5% energy indipendent monitor normalization uncertainty)
as an overall normalization uncertainty arcund the theoretical prediction,

IV.4.-Comparison with t.hrec».ry‘. -

According to QED, the elastic electron-positron scattering is descri-
bed at the lowest order by the graphs shown in Fig. 1.

et et
et et
t \
Ea— q2 \
k2
; P e
e~ e-
SCATTERING ANNIHILATION
‘0IAGRAM OIAGRAM

FIG. 7 - Feynmann diagrams for ete” elastic scattering
at lowest order,

The four-momentum squared of the virtual photon is space-like in the
scattering graph and time-like in the annihilation graph, Inthe C.M, system
they are respectively given by:

o* =+48% sin®0/2 and K= -4 B2,

where ‘E, is the energy of either the electron or the positron and 0 is the scat
tering angle,

The resulting cross-section (Bhabha cross-section) can be written as:

2
r gm 2 :
do .ol e [(w 2 2 2.2 2 z]
(1v.1) (d.Q)Bhabha 3 (EJ' S(q7, k7)) +I{(q", k™) + Alq", k%)

where: me and r, are the mass and the classical radius of the electron;
4 2 .22
S(qz’kzh k +.(g4+k )
q

is the contribution of the scattering graph;
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2 .2 4:+( 2-H{z)z
A(q , k "' = g_q—{l...__
k

is the contribution of the annihilation graph-and

is the interference term between the two graphs.

Of course, the Bhabha formula is only a first order description of the
electron-positron scattering process and we must consider terms from higher
order diagrams, that is

do do o . .
(Iv.2) (d.Q )QED = (d.Q )Bhabha + Radiative corrections.

These radiative corrections can be separated into virtual (internal) and real
(external) photon contributions whose divergent parts cancel. to order a3(17),
These contributions have been calculated for wide angle electron-positron scat-
tering(lg), and for our apparatus result in a small corrections (<€ 2%) due to

the compensation of internal: and external contributions, each of which is in some
cases as large as 10%,

Experimentally we wish to verify whether or not the ete~ elastic scatte

ring is actually described by the point-like elastic scattering cross-section

(do /dQ)gEp: We have therefore consideredthe ratio (Reyp) of the experimen-
tally measured cross-section to the point-like cross section integrated over our
angular acceptance 49 :

(1v.3) R =f49 :ja/jz;exx)dfg
P[40/ ®qep

Of course if the scattering process is actually described by the point-like cross-
-section, this ratio will be 1,

In order to be able to interpret any deviations of Rexp from'1 we will con
sider the most general form (at the 18t order) that can be assumed for a non-point-
-like elastic scattering cross-section consistent with Lorentz and Gauge invariance.
Taking into account that the electron anomalous magnetic moment p, is small
(Hg/me<<e 19)) we can write

2

r’ o m_ .2
do .o (e 2,2 2 2
(3@ Moditied ™8 E+) [.‘G(q NS, k%) +

(IV.4) -

+Re(@(2) XN 1% 1) Hat N2 A 1) ]

where G(q2)=F2(q2)M(q2) is the product of a gossible electron form factor squared
Fz(qz) and a possible modification factor (M(g“)) to the photon propagator. For our
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apparatus centered around 0 =90° the contribution from the scattering term do-
minates that of the interference and annihilation terms. In this case and if we
neglect the radiative correction contmbutlon which has been shown to be-small
in the pomt like case, we find R, xp = 2 <G> . <.|G|2> is the weighted average
of IGI over the experimental apparatus Clearly a test of the validity of QED
(i.e. IGI is therefore equivalent to verify that Rexp’z.-‘l while a measu-
rement of thlS ratio dlfferent from 1 can directly be associated with the average
‘value of the form factor <|G| >.

We cannow rewrite the equation (IV. 3) in terms of the detected wide
angle scattering events, Ngte-, and the monitor events, m (see section I1I), as
follows:

do
. n, ,( (cTZT)QEDdQ
_ Nete- eve M
(IV. 5) R 0= /f dQ = -
AQ d.Q Q»ED m j’ (do ) a0
AQadQ QED

The last step makes use of the determination of the integrated luminosity,ﬁ,
through the measurement of the yield m in the monitor apparatus, M(lgbis,)i.e.

(1V. 6) m=ifM(du/deED aQ

where we have made the hypothesis that ee~ scattering is well described by
QED (point-like) at the small momentum transfers involved in the monitor appa
ratus. Again, in the case of the monitor, radiative corrections to the Bhabha
cross-section have been calculated(20) and are found to be small (=< 2%).

Expressing Reyp as a ratio of wide angle events to monitor events mini-
mizes the sensitivity of our results to the actual value of the finite, energy depen
dent, source length 1 (Ref (9), section II) since the efficiencies of both the monitor
and our experimental apparatus have approximately the same dependence on 1
Additional care must be taken in the evaluation of (IV.5) to symmetrize the QED
cross section in @ and w-0 since our apparatus does not permit charge recognition

The results of the evaluation of Rexp for each measured C.M. energy are
shown in Fig, (8). The statistical errors for each point are shown as bars, while
the systematic, energy dependent, uncertainties due to erratic fluctuations in the
monitor (+7%) are indicated as small rectangles, The systematic uncertainties
due to multiple scattering corrections (+3%), geometrical misalignement (+3%), and
over all monitor normalization (+5%), have been indicated by a.dashed band (+86. 5)
centered about Rgyp=1. Inthe same figurg is also shown the q2 acceptance n(qz)
of the apparatus, weighted on the Bhabha cross-section,

Our data do not indicate.any deviation from <|G{q I > =1 over the range
of g2 explored and they are fitted very well ( 22=10.8 for 10 degrees of freedom)
by an horizontal straight line

R =1.05+0.04 (+86.5% systematic)
exp - -

which is to be compared to the point-like prediction R=1, OO(ZObls).
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<q2:> CGeV/c)z
0.8 1.0 1.2 1.4 1.6 1.8 20 22 2.4
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20 | Rexp =77 /[(dﬂ )azn‘ gzl
aa clos 2
iro <q2s>
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TOTAL C.M. ENERGY, E,+E.(GeV)

FIG. 8 - Wide angle ete™ elastic scattering data compared, as a function of the total
C.M. energy with QED theory, For each experimental point statistical errors are
shown as bars, while systematic uncertainties are indicated as small rectangles,
The dashed band (+6. 5%) about Rexp=1.0 indicates the systematic uncertainties
which are the same at all the energies, The <:12 acceptance of the apparatus weighted
on the Bhabha cross-section is shown in the upper right hand corner,

V.- REACTION ete"—» at+ b+ ANYTHING. -

V.1l.-Selection of the events, -

We will now discuss events from the reaction
+ - + +
(v.1) e e —» a_ +b~+ anything.

+ +
where &= and b~ are any charged particles, The master coincidence which triggers
the apparatus requires the presence of at least two chargedparticles (a—t and bk) de
tected in two different telescopes,

Since reaction {V,1) is not a two body reaction we have restricted ourselves
to the analysis of ''non-coplanar'' events, which are defined as follows:

a) more than two charged particles detected each entering a different te-
lescope, and having a pulse height H,2 H; n,ip;

b) only two charged particles detected but with the restrictions that their
pulse heights (Hi,Hj) (greater than the respective low pulse height cuts H;y mip and
H. min) are not in the region [e, e] of the pulse height'plot (see Fig. 3 for reference);
arqa further their non-coplanarity angle }A¢l (defined inRef. (15), sectionIV.1)is

>139; . .
z ¢) only two charged particles are detected but their pulse heights are in the

[e, €] region of the pulse height plot and the non-coplanrity angleldgl240°,
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Selection criterion c) was chosen in order to exclude from our sample
any contamination from the radiatix;;e" reaction- ete"» ete~ y . However, the num
ber .of the non- coplanar eyents selected with crlterlon c) was ‘,only asmall frac
tion (~ 7%,see-section Vi 2) of. the observed non- coplanar events' :

The evaluation of the non coplanarity angle (A ®) between 2 particles
requires information on the prOJeeted paths of the,pa mC;es and theﬁrefore the po
sitions of the sparks im'both mondgap, magnetost 's..of the two te
lescopes traversed by.the particlés, An event with tﬁis cornplete determination
of track positiops is desﬂgnaf&ed here after a''4-chamber''event on "4-chm''. Since
our monogap spaxrk ‘chambers, have an efficiency of ~85% (see Ref. (1 )., sectlonIV 1),
confining olirselves to:!l45¢hm' events rejects ~50% of allthieevents.” We will see
however, that we can analygze those Pvents 1n w]guch the spark in one of the four
: ) by making ian additional hy

pothesis, 'If‘ ) ‘
ted after that of the "4-chm" events,

For' completeness, we recall (see section II) that we have performed
two different sets of measurements. During the first set the counters' CRy,CR,
were used;as veto counters in the trigger; in the second set of measurements,
counters dR3,CR4 were added and used as veto counters while counters CR,,
CR, were only recorded: -In-order- to-havefanhdmogéneous..set._of data we do not
include in the followmg “analysis "events in“Which a pdrticle ctdsses the 22 cm
Fe and stops in the leadsabsdrbér, between €R{ICR3 and CR3, CRy ("marked"
events), .We. have used the number, of d d "marked'" btain i

ne orthogonal 167 thé Héam et the tr'ack:smof @t least'twe "'hargéd parmcles
are completely determined. That is, by definition in a "4-chm'' event acomple

te reconstruction is possible for atleastiwogharged.particle-trajectopies. (if .other
particles are present in other telescopes their track reconstruction may or

may not be possible), For each of the -recbusticted tragks the minimum di*
stance from the beam axis;{Ly)-andithe.azimuythal .angle( @;). (see Section II) can
be evaluated. Using the azimuthal angles we can select the non-coplanar "4—chm"
events, ]

v ancidmong, these events, those fr m r)e'
+with, the beam: b m,lgnpact n the ana

iLplyg is. presented. Fig, 9a).x
tering .of .events,about. the orig

0(a) "W "’have ‘Prijectéd the pi'cf% f“ 9)(’%;")‘5>o‘ﬁ"’t§1’féiﬁ‘l£{: afit’is‘fi!Thg
re is a clear peak of events coming from the source, A smooth interpolatien un
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FIG. 9 - Plots of L; versus L; for a sample of "4-chamber' non-
coplanar events, a)In-time events; b) Out-of-time events,
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der the peak of the background tails would indicate a background contamination
of roughly 20% to the events coming from the source. However, if we project
on the L. axis these events for whichlL;l= 30 mm . ~(Fig. 10(b))the peak of
the evengs from the source is now superimposed over a somewhat smaller back
ground (interpolated value ~10%)..Aswas the case for the Bhabha events the
source width (~ 7.5 mm) is what one would expect from spark chamber reso-
lution ‘and multiple scattering in the vacuum chamber walls and telescope ab-
sorbers, From the analysis of these type of distributions, we have defined as
in-source events those for which 1L;land|L;l are both< 30 mm.

v
T~
-4
W
>.
u
FIG, 10 - Projections of the
s sample plot in Fig. 9(a). a) All
the events projected on the Ly
5 axis; b) The events for which
g Li < 30 mm, projected on the
> R
3 LJ axis,

LA IL AL NN KLU L I L LN AL L L L N LB B

—50T o T+50 —soT o T+50

Li (mm) Lj (mm)

Fig. 11(a) shows the L. distribution (equivaient to the distribution of
Fig. 10(b)) for all our "4-chm'} non-coplanar, in-time events. The At distribu
tion in Fig. 11(b) for the "4-chm'", non coplanar; in-source events clearly de-
monstrates that practically all the events are in-time with the beam impact.

We have collected in the energy range E . +E_=1,4-2,4 GeV, a total
of 428 "4-chm" non-coplanar events which are in-time with the beam-beam
impact and come from the source region. These events are listed in column
(2) of Table IV and are divided according to their detected configuration: i.e.

two charged tracks detected (2v, following the notations of section lI); two char
ged plus one neutral (27 +X); etc,

From these events we must subtract cosmic ray and machine associa
ted background, Since the machine background will be peaked inthe source re
gion due to beam-gas interactions, a smooth interpolation of the background tails
of the L distribution is not a correct procedure to determine the total background
c¢ontamination of the in-source events.

The cosmic ray contribution to the in-time, in-source, non.coplanar
évents can be calculated at each energy by appropriately normalizing the cor-
responding out-of-time events, The normalization factor was determined from
the ratio of in-time to out-of-time events during machine-off background runs.
The cosmic ray contamination for these''4-chm'events was quite small at all
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energies, the average being ~ 2.5%. The cosmic ray subtraction for each con-
figuration is listed in column (3) of Table IV,

-1 100 +100

NUMBER of EVENTS

LI O I I B
~-S50 0 +50 40 50 60 70

L(mm) At (channels)
FIG. 11 - L and At distributions for all the "4-chm'' non-copla
nar events, a) L., distribution for the in-time events for which
L, €30 mm; b) At distribution for in source (I ), Ileé 30 mm)
events. '

The amount of machine associated background was determined by back-
ground runs with one beam or two separated beams in the storage ring (see Sec
tion IV, 2b). During 600 hours of these runs we collected 43 events which satisfied
the selection criteria for non-coplanar events, After cosmic ray subtraction, wg'
we normalized these events for each energy to our measurement runs, as was
discussed in the case of widée-angle ete” measurements, The average contamina-
tion of the inwsource, in-time events due to these machine associated events was
23 +4%. Practically all of this background was in the 2% event configurations (see
column (4), Table IV), As a function of C.M. energy this contamination was approxi
matly constant and£5% in the energy range 1.4 -1.9 GeV, but increased sharply
to a maximum of ~75% at 2,4 GeV.

After cosmic ray and machine background subtractions, the total number
of non-coplanar "4-chm' events is 317 and they are listed by configuration in co-
lumn (5), Table IV,

As a final remark, we note that with the normalization procedures used
for the background subtractions, {within the statistical errors) we can account for
all of the out-of-source events in the tails of the L distribution (see Fig, 11(a)).

vV.1.2, - "s.chamber' events. - Analysis and background subtractions, -

For these events only ome charged particle irajectory is completely
defined by a spark in both chambers of the triggered telescope Ti’ The second
(and possible the third) particle trajectory is not completely determined,sin
ce a spark is missing in one chamber of it's telescope T.. In order to deter
mine the trajectory of this second (third) particle we maf(e the hypothesis that
the event originates at that point of the trajectory, measured in telescope Ti’
whichisclosest to the beam axis, In this way we can determine the azimuthal
angle. ( qJJ-) for the particle trajectories with only one spark.
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The resulting uncertainty in-the determination of 9?5 is quite small
( 09.<2°) for those events physically originating in the source region, On
the o’gher hand some events physically originating outside the source region,
which are due to C.R. and machine background, by this procedure can be ad:
ded to our sample of in-source events. In fact the reconstructed origins of
the'3-chamber' events are closer to the beam axis than the "true' origins,
Therefore this procedure will result only in a larger background contamina
tion to be subtracted from our "3-chamber"” events.
The analysis of the '3-chmd' events can then: procede as for'4-chm"
events, The only difference is that L; vs Lj bidimensional plots cannot be com
piled, However, it is possible to construct the one-dimensional distribution of
events asa function of L;. without any condition on L (which is not measured),
This distribution, which is the equivalent of the one shown in Fig.10(a) for'4-
-chm''events, is given in Fig, 12(a). The “in-source" 3-chm"events are now
defined as those for which {L.1230 mm. By comparing the L distribution of
Fig, ll(a)(-fil—chni"events) with Fig, 12(a), we confirm that this analysis of the
'3_chm' events simply results in a somewhat higher background contamination.
Fig. 12(b),which shows the At distribution for the''3-chm' non-coplanar events
coming from the source,allows us to conclude that most of the additional back
ground is due to cosmic rays,

100 ~+100

NUMBER of EVENTS

LANE T M1 LALLM LML T e
-50 0 +50 40 50 60 70

Ly(mm) 4t (channels)

FIG. 12 - L; and At distributions for all the "3-chm" non-coplanar
events, a)Lidistribution of the measurable track for in-time eventis;
b) At distribution for in-source events.

We have collected a total of 609 '"3-chm'' events which are non-coplanar,
in-time with the beam-beam impact and come from the source. They refer to
several C, M, energies between 1.4 and 2,4 GeV and are listed in column (6)
of Tab, IV according to their detected configurations,

Background subtractions from the "3-chm' events have been performed
in the same way as for the "4-chm' events. Cosmic rays contamination has been
evaluated by selecting and appropriately normalizing the ""3-chm" out-of-time
events, This cosmic rays contamination ranges from 17% at 2,4 GeV to 40% at
1.4 GeV, the average contamination being~25%. The machine background to be
subtracted the "3-chm',in-time, in-source, non-coplanar events has been mea
sured to have the same value within the errors, energy by energy, as for the
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"4-chm' events (average value 28+4%). Cosmic ray and machine background
subtractions, for the "3-chm'' events are listed in coulmns (7). and (8) of Ta-
bleIV

The remaining 288 non—coplanar“B-ch.m"events we are left with after
background subtractions, are listed in column(9 Jof Table 1V according their dif
ferent detected configurations,

V.2.- Nature of the observed particles,-

From the analysis we have discussed in the previous sections and
after we have subtracted the C.R. and machine background,theré remain (see
column(10) of Table IV) with a total of 605(!'3-chm¥'4-chm)) events, which are
non-coplanar, originate in the source region, and are in-time with the beam-
~-beam impact, i,e, they came from the reaction

+ . E 4 :
e e «» a~+b +anything.

In this section we v will . ‘discuss the nature of the produced particles., The
information made available by our apparatus is not sufficient to determine the
nature of each individual detected particle. However some statistical informa
tion can be extracted by the experimental distributions.

First, we have the pulse height information from the sandwich counters
(Ci+Dy). In Figs. 13(a) and (b) pulse height spectra of the charged particles ¢y de-
tected in telescope Ty are shown (within the errors the disiributions in the other
telescopes are the same), The pulse height spectrum of particles associated with
the detected non-coplanar events (Fig, 13(b)) is compared with the spectrum of mi
nimum ionizing particles (C.R.) and high energy electrons from Bhabha scattering
{Fig. 13(a)). The distribution of the non-coplanar events is quite similar to the C.R.,
spectrum although it shows a non-negligible tail towards the larger pulse heights.
However, by compiling the two dimensional plot H; vs H; for the in-time, non-
-coplanar events coming from the source, we have checked that the great ma-
jority of the events (~93%) does not show any correlation between large pulse
heights in the different telescopes. In fact (using the definitions of sectionIV.1,
see Fig. 3 for reference) 61% of the events have their pulse heights (H;, H;) in
the Cu ,p,] region of the pulse height plot, 32% in the [w, e] region and only
~ 7% in the [e, €] region. These percentages correspond to the ~19% large pul-
se height tail in the non-.coplanar event distribution of Fig. 13{k). A large frac
tion of this tail is due to the presence of more than one particle in the same te
lescope, Actually, from the experimental numbers of events with more than two
detected particles (see Tab. IV) we can .estimate this fraction to be ~14%,

Moreover, if the detected particles were pions,the remaining 5% of e-
vents in the tail couldbe easily accounted for due to the following effects: nuclear
interactions in the sandwich counters and the possibility that the detected par
ticles are low energy pions. We conclude that the bulk (> 95%) of the detected
particles are not 'high. energy electrons, and that the pulse height spectrum
is compatible with all of them being pions.

Independent experimental information on the nature of the detected par
ticles is obtained by measuring their penetration through the 22 cm Fe absorber
on top of the apparatus. In Fig. 13@) we have plotted, as a function of the prima
ry electron energy E,,the fraction fj; of the background subtracted non-copla-
nar events in which a particle crosses the 22 em Fe and stops between CRq,
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CR, and CR3.,CR4({'mark~ed”events). In the same figure the fraction of'marked"
Bhabha electrons (see Sect.IV.3) is also plotted. The number of'marked'Bhabha
event decreasesiozero at low energyandwe canthusconclide that electrons with
energy smaller than 500 MeV have a negligible probability ( < 1%) to cross the

Fe absorber and to give a mark. On the other hand, the fraction fy, of'marked"
non-coplanar events does not appear, within the large errors, to have a strong
energy dependence; it's: average value being (16+4)%. To give a feeling for
such a figure, we have calculated as 16% the probability of a ~#400 MeV pion
en‘teringf one of the top telescopes to be marked. Furthermore,we have perfor
med a Montecarlo calculation (see Appendix A) which shows that, at E_=0.7
GeV, no reasonable pion final state: would result in a value of f; greater than
16%. This indicates that at 1,4 GeV C,M. energythe possible contamination of
low energy (<500 MeV) electrons must be very low. Also at the higher ener-
gies the measured values of fyp are consistent with a major part of the detec-
ted particles being pions,
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As will be discussed in section V., 4,the experimental values of fy; will
be used as one of the parameters of cur best fit procedure in order to extract
information on the relative contribution from the possible different production
channels,

Additional information on the nature of the particles associated with the
detected non-coplanar events can be obtained from the distribution of the A@ (non-
-coplanarity} angle,

In Fig, 13(d) theA® distribution of the ''"4-chm" non-coplanar events is
shown (the "'3-chm' non-coplanar events have a similarA@ distribution). It is worth
while to note .that this distribution is not-symmetric ‘with respect to 49 =0, Thisis
only due to our definition of theA® sign, which was chosen (see Ref. (15), Section VI, 1;
in order to be directly -related to the actual geometrical configuration of the event 21

B

For reference we have also plotted in Fig. 13(d) the statistical 4 di-
stribution expected for the reactions ete => & " %°n® and ete > atww tr -
(phase-space Montecarlo calculation, see Appendix A)., The general features of
the experimental A® distribution is quite similar, especially around A®=0, to the
statistical ones, That is, the Ag@ distribution of non-coplanar events is compati-
ble with some admixture of final states produced with a statistical angular di-
stribution., In section V.4 we will discuss this point in a more quantitative
way.

Here we are mainly concerned with the hadronic nature of the detected
particles and we use the 4@ distribution in order to conclude that our sample of
non-coplanar events ‘does not contain a significant contribution from a particular
non hadronic process, namely
(V.2) e'e s eteete.

Actually this is the only plausible process which.could produce low energy non-
-coplanar -electrons, and it is foreseen to occur, at a relatively high rate, through
the diagram shown in Fig, 14,

et e+
¢ P FIG. 14 - Two photon interaction dia-
—_— gram for the reaction eTe"pete-ete,

e~ e~
According to this diagram, the e’ and e~ in the final state are scattered in a.small cone
around the beam direction, while the produced e'” and e'* have a peculiar Ag distribution,
since the do /d(Agp) for this reaction is strongly peaked around A¢=0(4¢ being the non-
scoplanarity angle between &'~ and e't), In Fig, 15(b) we have plotted the cross section
do /d( A ) of our non-coplanar events (|4@|213°). This was obtained as ‘a ratio bet-
ween the experimental distribution of Fig, 13(d) and the geometrical detection ef-
ficiency of our apparatus, sg( Ap), to detect & two track configuration with relative
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non-coplanarity angle A9 . The experimental values of dg /d(4®) appear to be quite
constant, within the errors, proving that the contribution from the reaction ete -
- ete” e e does not extend, with appreciable tails; outside the region]A 914130,
In Fig. 15(a) we have indicated the theoretical cross-section shape for the reac
tion (V.2) calculated according to Baier and Fadin(22), When normalized to giv?a
the maximum 13° peaking possible within our indicated errors; this curve allows
at most a 10% contamination to our sample of non-coplanar events,
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FIGQ. 15 - a) Theoretical shape of do /d(49P ) for the
reaction ete”» ete~ ete”, according to Baier and
Fadin(22); b) de /d(A9P ) calculated from the experi-
mental A® distribution of in-time, in-source non-
-coplanar events,

We can not.only exclude a large contamination (for |4 9 > 139) from the
reaction ete™ e+e'e+e-,, but from similar considerations, we can set an upper
limit of ~ 10% for the total possible contamination from processes with ad® di-
stribution strongly peaked aroundA® =0;i.e. ete™> ete ptp-, ete > efe-
at - (23) etc,

We summarize ‘the conclusions of this section as follows, The detec
ted particles associated with our non-coplanar events originating from the reac
tion ete = aT+ bt + anything are of hadronic nature, ~10% being an upper 1li-
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mit for a possible contamination of electrons, In addition also the contribution
from the reaction ete--» atbT +ete” via two photon annihilation ‘appears to be
very small,

V.3.-Corrections to the data and list of the ewvents from the
reaction ete > at+bX + anything.-

As we have already remarked, the 605 background subtracted non-co
planar events detected by our apparatus (which are listed by configurations in
column (10) of Table 1V) originate from the reaction

+ 4+
(V.1) e+e"—-> a~ + b~ +anything

Several.corrections must now be applied to these experimental data in order to
obtain the total number of events which were produced through the above reaction
(v.1).

First, many events with only two detected charged tracks (i. e, the detec-
ted configurations 27 , 27 +N, 27 +2X"), were rejected because of the non-coplanari
ty cut inA®. We recall that the non-coplanarity cut was set at 13° for events se-
lected according to criterion b) of section V.1 (93% of the detected events with two
charged tracks); while |[A#|> 40° was required for the events satisfying the selec-
tion criterion c) (~ 7% of the total). The corresponding correction has been deter-
mined by a smooth interpolation between “13CAP< +13(-40< AP < +40) of the ex-
perimental A® distribution, which, \we have seen, is consistent with a statistical
angular distribution (see section V.2 for reference), The overall A® cut correction
to be applied to the 451 2% detected events was measured to be (+18 +3)%, the
correction to the 80 27 +XN detected events is (+12+2)%; and it is negligible for
the 2% +2X configuration,

Further corrections ‘are due to:lossesduetotheenergy(range)cutsofthe ap
paratus; nuclear interactions (absorption) of the produced particles; particles cros
sing the 22cm Fe absorber and giving andranticeincidence signal pulse in the CR
veto counters; and finally multiple scattering, These corrections depend on the
nature and the energy distribution of the emittedpérticles, i.e. on the particular
physical channel through which the particles are produced, Therefore these ef-
fects have been taken into account in the calculation of the detection efficiency of
the apparatus performed with a Montecarlo program according to each considered
final state., (see Appendix A),

A findl small effect, due to the fact that our monogap spark chambers
are not 100% efficient, has also been.included in the Montecarlo calculation, In
fact it affects essentially the relative distribution of the events between the diffe-
rent detected configurations and thus depends on the actual produced channels, The-
refore the only correction applied directly to the numbers of events, is the A @
cut correction, all the other effects being .taken into account inthe efficiency
calculation, The corrected numbers of events are listed in Table V for each
C.M. energy, according to their different detected configurations. Table V con
tains also, in parenthesis, the raw numbers of-in-time; non-coplanar events co
ming from the source("4-chm“'3-chm' events), In column.(3) of Table V we give
the numbers of wide angle Bhabha scattering events simultaneocusly collected
in our apparatus, They are the sum of'4-chml'and"3-chnl' events (according to the
definition of section V.1) and, after background subtractions, have been correc
ted for all the effects listed in section 1V, 3. Once the validity of QED has been
established;the wide angle Bhabha scattering reaction can be used to determine
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the machine luminosity, This was done using the numbers of column (3) Ta-
ble V., (The effective cross section to detect in our a%»paratus "4-and 3-chm"
Bhabha events was computed by the M, C. program The effective lumino
sities calculated in this way are listed in column (2) of Table V,

The determination of the luminosity from the numbers of wide angle
Bhabha events detected by our. apparatus is particularly convenient in order to
evaluate absolute values of the cross sections for the reactions ete™> at+at
+anything. In fact this procedure minimizes effects due to the unceftainty in
the actual value of the source length(g) and in the spark chamber efficiency,
which are in first approximation the same for the Bhabha and the non-coplanar
events(25),

In conclusion we can summarize the results of Section V.1,V,2 and
V.3 in the following way:

i) a total of 1037 non-coplanar events have been experimentally obser
ved in a set of runs performed at machine energies ranging from E;=0.7 to
E;=1,2 GeV., The number of large angle Bhabha scattering events collected
in"our apparatus, in the same conditions was 3812,corresponding to an effec-
tive integrated luminosity ~ 2, 51035 cm-2;

ii) after cosmic rays and machine background subtractions, 605 of the
detected non-coplanar events appear to originate from ete- interaction accor-
ding to the reactions

-+ %
(v.1) e e e aTH b+ anything,

By applying the experimentally measured correction for the 8¢cut to the non~
~coplanar events, the total number of events origirnated from reaction V.1 which
are detected by our apparatus turns out to be 699;

+ +
iii} in addition to a™ and b™, sometimes additional charged and/or neu
tral particles are observed, demonsirating the existenge of processes with at
least 4 charged and 4 charged plus neutral particles produced;

iv) the produced ‘particles are of hadronic nature with a very small pos
sible contamination of electrons ( £10%). Therefore in the following we will as
sume that all the emitted particles are pions, whichisconsikteht withall of our
experimental information, ‘

V.4,- Analysis of the results, and absolute values of the
cross-sections for the reaction e’ e~ at+bt+ anything. -

The evaluation of cross sections from the experimental data requires
the knowledge of the detection efficiency of our apparatus which, of course, de
pends onthe states actually produced,

The yield (np) of events in each detected configuration D(D=27, 27 +
+W, 2t +2W, 37, etc,) is related to the cross-sections bythe equation

N .

D E P
v [N S o
(v.3) D L 8ZD P .

Np are the total number of events detected in the configuration D; of is the in
tegrated luminosity; 0p is the cross-section to produce a definite channel P
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(for example, Pcould «be:! ete s At o w°, ete-— gt n xtw o, ete.); and
finally ey is the efficiency of our apparatus to detect the configuration D when
the final particles are produced in channel P,

We have plotted in Fig. 16(a), (b).and (c) the experimental values of
the yields for the detected configurations 27, 27+W, 37 which arethemost.sta
tistically significant., We have grouped the data into three energy bins, cen-
tered at 1.51, 182and 2.3 GeV (weighted average). In Fig. 16(d) the total yield
summed over all the detected configurations is also shown for-each ¥ +E_ ener
gy we have investigated.
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Finally in Fig. 17 we show that the energy dependence of the yield is
the same foreach of the detected configurations.

By using equations (V. 3) the prediction of any specific model, which
provides the values of the ar'Ps,, can be easily compared with our np, data, once
the corresponding-detection efficiencies e]-:l; have been calculated;

As an example, we have drawn in the same Fig. 16 the predictions of
some theoretical models(26), using the efficiency values which are listed and
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discussed in the Appendix A, - The agreement is unsatisfactory,sincethetheoretical
predictions are much smaller than the experimental yields, The best prediction,
in terms of: absolute magnitude and enhergy dependence, is that of Bramon and
Greco(ze), based on the existence of a heavy vectér meson (FF=1-,1=1) ", whose
parameters were deduced from the results of the SLAC streamer chamber group

on the reaction y+{ ~»p atmw-ata ‘(27}’. But even inthis case our expérimental

yields are at least a factor of two larger than the prediction,
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FIG. 17 - Energy dependence of the yields, Different configura-
tion yields :are normalized to.the same area.

Conversely, instead of comparing the theoretical to the experimental yields,
we can attempt to solve the set of equations (V. 3) in terms of the unknown cross-
-sections UI'3S. In fact, apart from the statistical significance of some our experimen
tal nambers, we have in principle six different detected configurations (27,27 +J,
27+240, 37, 35 +M, 47); i.e. six different equations (V.3), This would allow to ex-
tract from the data the cross-sections for six: different channels P, once the detec-
tion efficiencies have been calculated.

Let us first make a few comments on the detection efficiencies &, As it
is discussed in Appendix A, for our experimental apparatus the calculated efficien-
cies turn out to be quite insensitive to:the mechanism of production of each chan-
nel {at least in the most reasonable cases we have considered, namely: statisti-
cal and quasi-two body production), They have also quite similar values for an iso
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tropic. and a sinZg production distribution., Therefore the values used in the ana-
lysis will be the ones we have calculated with the statistical model (invariant
phase space (IPS) efficiencies), However, due to the small solid angle of the ap
paratus and the energy cuts on the detected particles, the values of the efficiencies
are quite small, ranging from € 1% to ~10% depending on the produced channel
and the detected configuration, Clearly this means that to obtain cross-sections
we must multiply the observed number of events by a calculated, somewhat mo-
del dependent number, ranging fromw 10 to more than 100 in the different cases,
This results (in our opinion) in a strong limitation inthe quality of the results
which can.be obtained on the cross-sections, with the existing small solid angle
apparata.

Keeping in mind the above considerations, let us return to equations (V. 3).
Although this system of equations is not sufficient to be solved in all the possible
0., s.(whose number is in principle limited only by energy conservation), some u
segll information about the ogds can be extracted, under reasonably weak hypothe
sis, from our data, We have proceeded as follows:

i} we complement the six eqgs, (V.3) with an additional equation using the
total number Ny, of detected "marked'" events (see section V.2 for reference), Nm
is expressed in terms of the ¢ps by the following relation

.

(V. 4) N. = 5 f; el g

M P

P
The efficiencies &p= 3 eg and the fractions of ''marked' events due to the produ
d final stat P
ced final state P, M
ii): we restrict the possible U'PS to the following, six physical chanhnels:

are known from the Montecarlo calculation (see Appendix A);

+.- +
e” = v 7 n°);

02 T - ole

= + - + -
9 ntg 1O sle’e" 5 vt 5279,

04,"_,_ = olete” = 7T Tt ),
- + + - -
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;
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061T+ sg{ete =" watng - x

)
Due to the numerical structure of eqs, (V.3) and (V.4), and to the statisti-
cal uncertainties, there is not an unique determination of all six chosen cross-sec-

tions, However, we have found that if we parametrize the best fit solutions as a
function of
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in all the different energy intervals exploredthere is a class of solutions with
acceptable %2, In fact at all three considered averaged energies there is a clear
separation  between a set of accectable solutions, for which the values of % 2
are clustered together, and the rejected solutions corresponding to higher ;(zvg
lues{28), Moreover it turned out that some particular combinations of the O'PS are
rather well determined: expecially the total gross—section SroT =-02q.6 iﬂ°+
+0 2w +2 70Oy q+t 0 4mtqoto an i‘+2n0+ () Gninand the cross section for to
tally charged produced particles 0@ = Ogm+t Ogm+. In addition, with somewhat
larger uncertainty, -we can also determine 4m+ and O+ separately, as well
a8 Oumt N %4mtgot Yaa tog o

Fig. 18 shows the parametrization of ¢ TOT and e with respect to x,
for each of the three average energies, There were no acceptable solutions for
values of the parameter x23 at 1.51 GeV, and x25at 1.82 and 2.3 GeV C. M.,
energies., For all the class of acceptable solution, the values obtained for 6 poT

and 0 fall in the region, indicated by the dashed bands, with statistical errors
indicated by the white band.

1f we restrict the value of x fio the region 0.2<x<2, then Spor and ¢
are determined as shown in Figs, 19{a) and (b), With the same criteria also O4nt,
and 05, . are determined, with somewhat larger error, as shown in

Figs. 20(a), (b) and (c). The interval of x chosen is conservatively large. In fact
the ratio o, wt, N'/ OS> 4m+ TOT is always >0.2 for any possible isotopic spin con

figuration, thus setting the lower limit for x, On the other hand, a value of x
lar er)than 2 is strongly inconsistent with the results of all the other Adone gro

30 -
ups .

Finally in Fig. 21 we compare our experimental data (i,e. the yields for
each different detected configuration, the fraction of marked events and the Ag
distribution) with the results obtained, using the admixture of final states indica
ted by the best fit procedure, from the invariant phase space (IPS) Montecarlo pro
gram (see Appendix A), The general agreement is quite satisfactory, the only di-
screpant experimental point being the fraction of "marked” events at 1.51 GeV
which we have already discussed in Ref, (28),

V.5.-Conclusions. -

We can summarize the experimental information on the reaction ete™—p
at+ bt + anything as follows:

a) we-have collected 605 events originated from the above reaction, at
C.M. energies between 1.4 and 2.4 GeV, for a total integrated luminosity §, o
~2,.51035cm-2; :

b) on the basis-of pulse height distribution and absorption properties, at
and bt appear to be hadrons, the possible contamination from electrons being de
monstrated to be less than~10%;

c) the total possible contamination from reactions of the type etezset+
+e~ +anything via a two-photon-interaction channel(22,23) jg negligible (<10%) in
the non-coplanarity region investigated ({Ap|213°);

d) the experimental yield appears to be mmuch larger than is predicted
on the basis of the p, w and ¢ dominance at these energies;
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e) the total cross section for reaction ete™ at+bte anything has been
determined. The obtained values, turn out to be surprisingly larger than one
would have expegted, ranging from 50 to 90 nbarns, in the energy interval 1.4
to 2.4 GeV. InFig, 22(c) our results are compared with those of other expe-
riments(al" a, b,c,d). There appears to be rather striking increase of the cross
section between 1 and 1.5 GeV, followed by a slow fall-off consistent with a 1/s
dependence,

f) The cross sections for some particular final states have also been
determined, A summary of all the experimental information from this and the
other experiments(31,2,b,¢c,d) jgq given in Figs, 22 and 23, The energy behaviour
does not appear to be the same in the different channels, A resonant behaviour

could possibly explain the et+e -» atm-ntm - channel as discussed in referen-
ce
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APPENDIX A, - THE MONTECARLO CALCULATION. -

In order to understand the response of our experimental apparatus to
the reactions which were the object of our experimental study (i, e. elastic elec
tron-positron scattering and production of multihadron states) we have performed
a Montecarlo (MC) calculation. This calculation takes into account, in addition to
the geometrical features of the apparatus, also the energy cuts (range), the nuclear
absorption (see Appendix B), the efficiency of the spark chambers, and the effects
of the extended source (see Ref, (9), Section II). For the elastic electron-positron
scattering we have made use of the Bhabha cross-section, For the multihadron
processes several different models have been used. We report in this appendix
the results which are of interest for the interpretation of our data,

First, in Table A.I we list, at three different C.M. energies, the values
of the detection efficiencies which were used for the analysis of our experimental
data, They refer to the processes

+ - + - [o)
€e nw +tnw +mn

Angular and energy distributions have been calculated in the frame of the statisti
cal model (invariant phase space, IPS, distributions). To give a quantitative feeling
of how much the different effects involved affect the values of the efficiencies, we
refer, as a typical example, to the efficiency 494ni to detect 'a two charged confi
guration (27 ) from the reaction e'e ., gt g-g+x", calculated at total C.M. e-
nergy E;+E_=1,8 GeV, Taking into account only the geometry ‘of the apparatus,
for a point-like source & would ben 29%. The effect of the extended source is to
lower g to~14,5%. Including the low energy cut (determined by the amount of ab
sorber before the trigger counters in our telescopes) & becomes 13%, and €=8%
when the upper energy cut (due to the CR veto counters) is taken into account.
Switching-on nuclear interactions brings & to ~ 9%, and finally the spark chamber
inefficiency reduces & to 7%. The relatively small effect of the nuclear interactions
(which appear to produce a net variation of ~ 10% in the value of the efficiency) is
the result of a partial cancellation: in fact while nuclear interactions. increasethe
importance of the absorbers between the trigger counters in the telescopes, atthe
same time they reduce from 40% to ~10% the fraction of events in which a particle,
crossing the iron roof absorber is vetoed by the CR counters, Finally, it is inte-
resting to rkcall (see Section V.3) that we have used the rate of the wide angle
ete” elastic scattering events collected in our apparatus as a luminosity monitor
for the hadronic events., The fact that we have computed the detection efficiency
for ete- pair with the same Montecarlo minimizes the effects on the cross-sec-
tions of uncertainties in the actual values of the source lenght and of the spark ef
ficiencies of the wire chambers,

In Table A.Il we give instead the values of the detection efficiencies for
4 pion final states, calculated with different dynamical models, via quasi two .bo-
dy intermediate states, namely:

n ¥ --0.0 T +
- +  + - - - 1m0 5°
e+e AI" > T T ) -+
T .
\ﬂ - 2 ~a _7F

+ - o St - o
€ee > T ~» T T W
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TABEE A.1

Values of the statistical efficiencies to detect in our apparatus any particiilar
experimental configuration, for several possible produced final states of
pions, at three different values of the total C.M. energy, E++E_. Invariant
phase space distribution of the produced particles was assumed.

Produced EAE_ Efficiency for detection of
final state (GeV) | 2% (2¢+14 | 20+247) 37 3r+1N | 47
(%) | () (%) (%) (%) (%)
. 1.4 2,2 0.1 0.0
7w w0 1.8 1.4 0.5 0.0
2.4 | 0.6 0.2 0.0
1.4 1.1 0.7 0.2
'rr+1r_21ro 1.8 1.0 0.7 0.1
2.4 0.7 0.4 0.1
1.4 0.5 0.4 0.2
vt 3w ® 1.8 0.6 0.5 0.2
2.4 0.6 0.3 0.2
1.4 0.1 0.2 0.1
e 4 n® 1.8 0.2 0.4 0.2
2.4 0.2 0.3 0.2
1.4 8.5 0.9 0.0
URIE LK B 1.8 7.0 0.7 0.0
2.4 4,0 0.4 0.0
N o 1.4 4.0 1.5 0.0 0.4 0.1 0.0
ey 1.8 4,1 1.4 0.0 0.4 0.1 0.0
2.4 3.5 1.0 0.0 0.2 0.1 0.0
1.4 1.6 1.0 0.1 0.1 0.1 0.0
wtwr 2w’ 1.8 2.4 1.1 0.4 0.3 0.1 0.0
2.4 2.0 1.4 0.3 0,2 0.2 0.0
1.4 6.5 0.6 0.0
34 3n 1.8 8.8 1.3 0.1
2.4 7.4 1.1 0.1
1.4 0.1 0.0 0.0
4t 4m” 1.8 6.3 0.7 0.0
2.4 8.3 1.8 0.1
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TABLE A.1L

Values of the efficiencies to detect in our apparatus any particularexpe
rimental configuration from 4 pions final states, produced via a quasi-
-two-body ‘intermediate state,

Produced E++E_ Efficiency for detection of
final state {GeV) 2% 2% +14 2¢ +2W& § 37T 3t+1NM, 47
(%) (%) (%) {%) (%) (%)
(o]
w W 1.4 0.5 0.4 0.1
IR A 1.8 0.4 | 0.2 0.0
2.4 . 0.3 0.2 0.1
+ ¥
AT T 1.4 1.0 0.6 0.2
R 1.8 1.1 0.7 0.1
ntw-2n0 2.4 0.6 | 0,4 0.0
+ o+
AE‘“’ 1.4 0.4 0.3 0.1
¥ 1.8 1.0 0.5 0.1
T e 2n® 2.4 .5 0.4 0.1
+ 7
AI-rr 1.4 8.9 0.9 0.0
4 1.8 7.3 0.6 0.0
N N A i 2.4 3.6 0.4 0.0
+ F
Ag“ 1.4 7.7 0.6 0.0
3 1.8 7.3 0.6 0.1
at et 2.4 4.1 0.5 0.0

The intermediate particles (Al,Az,m) have been assumed to decay isotropical
ly and to be statistically produced. We have checked that a production distii-
bution of the type A+B sin? 0, because of the extension of the source does not
appreciably affect the values of the efficiencies (few % variations), irrespective
of the values chosen for A and B, It can be seen from Table A, Il that the effi-
ciencies for these quasi two body channels do not differ, apart from threshold
effects, from the corresponding statistical efficiencies (Table A.I) by more than
10-20%; the only exception being the case ete” 5 @ @®, whose detection efficien
cy is twice as small -as for the corresponding statistical channel ete —» s @~
w%xC. It is worthwhile fo note that the values of cross-sections obtained from
our experimental data, usingthe efficiencies of either Tables A.I'or A.H, turn
out to be the same within the statistical errors,

In Figs. A.1we show, as a‘function of the C, M, energy, the fraction,
fyr, of events which, according tothe MC calculation, are expected to be "mar
ked". For reféerence, we have also plotted in the same figure the experimen-
tal values of: fM (see Section V. 2).

Finally, in Fig. A.2 the d¢g distributions calculated with the MC program
for several different channels are shown. Fig. A.2(a) refers to E,.+E_=1.5 GeV
while Figs, A,2(b) and (c¢) refer to 1,8 and 2,3 GeV respectively. Apart from the
ete 5 0w © and ete"» @ + -5 O (IPS) channels, which show a peculiar behaviour, the
A distributions of all the other channels can be grouped in the two different typical
distribution shown.in.: Fig, ‘A, 2,
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Montecarlo program for several different processes, compared with
the experimental values,

APPENDIX B. - ABSORPTION AND SECONDARY PARTICLE PRODUCTION
CALCULATION,. -

B.1.- Absorption. -

We wish to calculate the fraction of primary pions that remains in a
beam of pions after passing through a series. of consecutive absorbers, consi-
sting of different materials, Tablé B,I lists the constituenis of one of the te-
lescopes of our experimental apparatus.

If Ny is the initial number of pions, then

-x, /2
N =N e 1 1, abs

isthe number of w's remaining after the first absorber; x, is the path length and
A1 aps 18 the absorption length. Clearly the expression for the number (Nt

ot,
of pions remaining after a series ofn absorbers, is

n
-2 X'i/i.»

_ i=1
(B.1) Niot, pr - Vo ©

i, abs

pr

)
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TABLE B.1

List of materials and corresponding thicknesses of one of
the top telescopes (the bottom telescopes end after coun
ter Dj).

Thickness

Material (g/cmz)

Fe (vacuum chamber walls)
Glass (wire chamber SC ai)
Scintillator (counter A;)
Al
Scintillator (counter Bi)
WAl
Glass (wire chamber SC8,)
Pb
Fe
Scintillator (counter C;)
Fe
Pb
- Fe
Scintillator. (counter D;)
Fe
Al
Fe (22 cm)
Cardboard ;
Scintillator (counter C]Rl(CRz))
Cardboard
Fe (1.5cm)
" Pb (5 cm)
Cardboard
Scintillator (counter CR3(CR4))

.

.

.

CO DN M DD 0O DN 00 N e

oy
93]

[
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B.2.- Secondary particle production,-

To begin this calculation of secondary particle production we mustfirst
define oabs(“}, abs) as the cross-section (the absorption length) for the parti-

cle to have any inelastic interaction, independent of the number of secondaries
produced. So we write the: probability (P) to produce a secondary with a certain
minimum energy E,, between x and x+dx inan absorber of thickness T as

=%/
Plx,0)dx = e abs f:-%—“— p(68, Epy)
abs
%/ % abs
where e is the fraction of pions remaining at the point x, dx/}, abs isthe

probability of interaction in dx, and p(8,E, ) is the probability to produce a se-
condary (once a pion has been absorbed) within a specific angle 6 (for istance the
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aperture of the solid angle subtended by a counter placed after the absorber T),
with ‘a certain minimum é¢nergy E,, .(for instance, the minimum energy necessa
ry to emerge from T), Moreover the probability (Pg) that the secondary pions
remain (are not absorbed) after they pass through the remaining (T-x) absorber
is

-(T-x)/3,
PS(X) e abs

So, integrating through the whole absorber we can write for the number N of

sec
secondary particles emerging from the absorber T:

-T/2
_ abs T
(B.2) Nsec = No e . p(Q,Em)
abs

N, is the number of incident pions and p(Q,E;—)— is the average of p‘(Q,Em) over
the whole absorber T,

The total number (Ntot) of pions emerging from the absorber T, will be
then given by:

=T/ T/
abs “abs_ T ————tr
= + = =
Ntot Npr Nsec Noe +Noe 2 P(G,Em)

(B.3)

-T/4
- abs T

abs

We can now proceed with the calculation for n absorbers by noticing that
(for instance) the number of secondaries that are produced in the second absorber
(of thickness X9) and appear after the n_th absorber is

n
- - = i i, abs
N =(N e xl/l 1,.abs)e XZ/LZ,abS_xz ‘j“'(—é—E——-)— (e i=3 )
2,sec o A, Pol¥ ®y m
diy abs
So, summing from all n absorbers, we have
n
n x, p‘i(gi’E m) _ifl Xi/}' i, abs
(B.4) N =N X * e
tot, sec 0 .
i, abs

i=1

By summing Eqs, (B.1):and (B.4), the total number (Ntot) of piens remaining af
ter the set of n absorbers is given by:

n

-2 x. /3

o, 1'%, abs n x, p{0.,E. )
(B.5) N, =N =N e 71 [1+ 3 ——1 Lm ]
i

‘ +
tot ~tot, pr Ntot, sec o . A,
=1 i, abs
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B.3.-Measurements of absorption cross-section and secon-
dary particle production cross-section,-

Experimental determination of O 4phs and Oge. have been measured by

several groups(32‘36). In general, we have made use only of those counter ex
periment data that conform mostly to our experimental set up,

Measurements(Sz’ 33) have determined the absorption cross-section
( 64ps) by fitting the experimental results assuming that:

B.6 o =g + - .
( ) exp diff Uabs Usec

0 oc (the secondary particle production cross-section) was assumed to have

an isotropic angular distribution, and 0 qifr (the elastic scattering cross-section)
was calculated using an optical model. For each of the References (32-36) the
values of 0,p,¢ determined for different elements from the experiments are shown

in Fig. B.1 as a function of the pion kinetic energy, Eg. These values of o
have been divided by ¢

abs
geom AZ/3 #i/mye)2. The graph indicates that within

the errors at each energy the ratio of the absorption to geometrical cross-sec-
tion is the same for all elements. This allows one to write a single energy de-
pendence of o,/ Ogeom for all elements. The energy dependence shows the ef
fect of the (3,3) resonance near Eg=200 MeV, but is almost constant 0 4bs/
/o eom ~0.7) at higher energies (consistently with the usual conventlon o
% 0 geom). We define for further use R(Eg)= 0,5(E )/ Ogeom:

From Refs. (32, 33, 36), the Figs. B. 2(a) and (b) show the energy and A
dependence of g, determined from fits to Oexp- (For the secondary particle
cross-section a form oggge =2 @9 (1-cos8) was assumed, that is a isotropic produc
tion of secondaries), As it can be seen, secondary particle production is quite
small below 200 MeV but rises linearly with pion incident energy. By using the
curves in Fig. B.2(a) and (b) 9 (and therefore Ogec for any solid angledQ{8, ¢))
can be determined.

abs ™

In addition, measurements of the energy distributions of secondarieshas
been carried out by several experi,ments(36). Fig. B.3 shows the results of these
measurements plotted in a useful manner, For each secondary percentage energy
loss (Fg) the fraction of secondaries with an energy loss less than Fg have been
plotted. That is, for any cut on the energy (expressed as a fraction of the incident
pion energy) the graph indicates directly the percentage of the secondaries that
survive this cut. The dashed line in Fig, B.3 is an average used in the calculation.
All of these experimental determinations assume that the total number of pions
emerging from an absorber of thickness T is given by

~T/ A To_ N /
_ abs sec  AJA
(B.7) N, ,=N_e e

where: 9 ee " 2wy (1—cos9);‘/Y’A is the Avogadro's number and A is the atomic weight

of the absorber. By comparing Eq. (B.7) with Eq. (B. 3), we can make the following
identification with our previous notations:

Tg ./V'
—— pO.E_) = —S A
Aabs
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FIG. B.3 - Fraction of secondaries with an energy loss
less than Fg.

Since, by definition, GgeomR(E”F 0 bs that is
A A
A = = R(Eg)= 4 R(Eg;);
geom 0geom‘/v‘A abs A abs
we can rewrite Eq, (B,5) as follows: a0 .
i
- 3 ) R(Eg)
i=1 i, geom
= + =
(B.8) Ntot Nto’c, pr Ntot, sec (Noe ) FC;
with
Fo= 1+ ; i cri,sec:‘/(‘A
C i=1 A

Notice that FC. is a correction factor multiplying the normal absorption term (B. 1)

Ntot, pr’

B.4.- Calculation of corrections, -

From the list of materials given in Table B,I we can first calculate the
absorption corrections Ntot, pr i. e, the first terms of equation B.8, This calcu
lation gives for each of the counters we are interested in (i.e. trigger counters
= AB(C+D); "mark" counters =AB(C+D) (CR1+CR2); anticoincidence counters =
= AB(C+D) (CR3+CR4)):
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n X,
i
Ek ek LR R
N . =(N_e %t Thgeom )=N e ;
pr, Trigger o o
—2.1R(En.) -2.67TR(E )
= . =N e .
Npr, mark No © ’ Npr,AC o

As an example for 400 MeV pions, the fraction of remaining particles at each
final countér plane is:

Trigger counters =80%; ''mark' counters=17%; anticoincidence counters = 11%.

To evaluate the éffect of secondary corrections we must, in--addition,
use the solid angle of each final counter as seen by each absorber and the ran
ge cut for each absorber, The values of F (second term in Eq. (B.8), for seve
ral incident pion energies, are listed in Table B,1I.

TABLE B,II
The values of F (secondary particle production correction) are

listed ‘for different pion kinetic energies.and for the three different
final cbunters we are interested in,

Pion kinetic FC
energy
Eg Trigger "mark" | anticoincidence
. {(MeV) counters |- .counters counters
400 1.047 1,000
500 1.099 1,098 ]
600 1.150 1.5688 1,133
1000 1,413 | 5,159 '3.24
1500 1..573 10,61 8.389
. . n
As can be seen from Eq, (B,8) when FolE,) is equal to exp(+ 3 xi/ )'i, abs)

i=1
all the absorbed pions have produced a secondary that reached the final counter,
Clear]y for energies higher than this "balanced' absorption "energy there is not a
Correction for pion absorption., For our apparatus this ''balanced absorption" e-
nergy point is for each counter respectively:

Trigger counters =~ 800 MeV; "mark" counters 221000 MeV;

anticoincidence counters 22 1500 MeV,

All of the ealculation in Table B,II refer to secondary corrections for a single
track,

The effects of all these corrections onthe detection efficiencies for va-
rious produced final states are discussed in Appendix A,
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phase assumes its synchronous value &,

We .recall that the luminosity I, of a storage ring at one of the interaction
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. 1 Ie'*'l'e"
L= 5 =
kf e 4mxl 1

o Xy

where I, +and Ie_ are the positron and electron beam currents, fo is the

‘revolution frequency of the beams,-and e is the electronic charge, L pro
vides a measurement of the machine intensity, in:the sense that:the rate f
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By definition,4¢ is zero when the two particles go in opposite directions,
Particularly for the multiparticle analysis, we have found it convenient to
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The spark efficiency of the monogap spark chambers depends among the o-
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mension of the source which is comparable to the linear dimensions.of our ap
paratus (see Ref. (9), Section II), the 4 distribution of the particles associated
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