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The results of an experiment performed at Adone, the 2&1.5-GeV e+e Frascati storage
ring, are presented. During - 1500 hours of running time a total of 5164 electron-positron
elastic scattering events (integrated luminosity 2 = 3.5X 10 cm ) and 605 noncoplanar events
from the reaction e+e a + b ' + anything (effective integrated luminosity g =2.5&& 10 cm )
have been collected at c.m. energies ranging from 1.4 to 2.4 GeV. Over the energy range ex-
plored (1.4-2.4 GeV), corresponding to an average q ranging from 0.8 to 2.4 (GeV/c), the
yield of wide-angle (60' &0 & 120') electron-positron elastic scattering events is found to be in
good agreement with the predictions of quantum electrodynamics (@ED) (R =O,xp/oQED 1.05
+0.04). The noncoplanar events appear to be of a hadronic nature and are produced with a much
higher cross section than predicted on the basis of p, cu, fIP) dominance at these energies. The
total cross section for the reaction e+e a b'+ anything shows a rapid increase to 90 nb
between 1.0 and 1.5 GeV and falls off slowly to - 50 nb at 2.4 GeV. Cross sections for some of
the channels contributing to this multihadron process (e+e x+n m+x, e+e g+g g+g
+neutrals, e+e 3m+3m. ) have been determined and are reported.

I. INTRODUCTION

We present here the final results of an experi-
ment performed at Adone, the Frascati 2x1.5-
GeV e'e storage ring. The experiment was origi-
nally designed mainly to search for possible en-
hancements in the yield of particles produced in
e'e interactions which could indicate the existence
of new vector bosons. Events due to e'e wide-
angle elastic scattering (Bhabha events) were col-
lected at the same time, both as a test of quantum
electrodynamics (QED) in the region of spa, celike
squared momentum transfers to the virtual photon
up to 2.4 (GeV/c)' and as a monitor reaction for
the hadronic channels.

When Adone came into operation, the electron-
positron annihilation into hadrons, through the vec-
tor mesons p, &u, p, had already been extensively
studied at Orsay' and Novosibirsk. ' As a crude ex-
tension of the p, &u, g dominance model up to 2 GeV
or more, the most popular tendency was to expect
the production of hadrons to be very depressed at
those relatively high energies.

It is now well known (see the preliminary results
of this experiment published in 1970' and 1971' and
confirmed by the results from other groups") that
the cross section for production of many hadrons

in e'e interactions turns out to be surprisingly
larger than one would have expected.

These results have stimulated considerable theo-
retical activity. ' Among the most attractive theo-
ries are the so-called pointlike models trying to re-
late these large values of the cross sections to the
analogous well-known results on the spacelike chan-
nel obtained by the SLAC-NIT collaboration' study-
ing the deep-inelastic scattering of electrons on
protons. The problem of the interpretation of
these storage-ring results is still quite open and
much more work must be done both experimentally
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 quali-
tative. In fact, our apparatus (as well as all the
other first-generation apparatus operating at
Adone) had not been designed in order to study the
phenomenon which turned out to be the most im-
portant at the Adone energies, namely, the pro-
duction of high-multiplicity final states. Neverthe-
less, we have thought it important to push the phe-
nomenological interpretation as far as possible be-
cause multihadronic cross sections of this magni-
tude reveal an important new area of investigation
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in the study of the structure of hadrons and of
their electromagnetic currents.

II. THE EXPERIMENTAL APPARATUS
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FIG. 1. The experimental apparatus. (a) Section
orthogonal to the beam axis: A. ;, B&, C;, D& are plastic
scintillator counters; SC~; and SCP; are magnetostrictive
monogap wire chambers; CR s are veto counters for
cosmic rays. (b) Section (along H, H') in a plane through
the beam direction and orthogonal to a pair of opposite
telescopes.

The experimental apparatus, shown in Fig. 1,
surrounds one of the straight sections of Adone and
covers about 0.35 of the total solid angle as seen
from the center of the apparatus. '

Each of the four identical telescopes T,. consists
of

(a) four plastic scintillation counters A, , B„C,,
D, ;

(b) two magnetostrictive monogap wire spark
chambers SCn, , SCP, , which measure y, the azi-
muthal direction of the final-state particles (z axis
along the beam direction);

(c) the following absorbers: 1.3 cm Al between

A, and B,.; 0.7 cm Pb between B,. and C,. and be-

tween C,. and D, Signal pulses from the lead-
scintillator-sandwich counter (C,. +D,.) were used
for pulse-height analysis to discriminate shower-
ing 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 e'e direction; x,
toward the center of the Adone ring):

T, (60'& 8&120', 28'&p& 83'),

T, (60'& 0&120, 97'&(p &152'),

T, (60 &6&120, 208'&@&263'),

T4 (60 & 8&120', 277'&@&332 ) .

A thick absorber (22 cm Fe) and a roof of veto
counters CPy and CP, above the apparatus reduce
the detected cosmic-ray flux by a factor ~100. On
the other hand the emitted particles we are inter-
ested in have only a relatively small probability of
emerging from the Fe absorber and thus trigger-
ing the anticoincidence counters Cg„CR,; for the
electrons this is due to the absorption of their elec-
tromagnetic showers, while for the hadrons this
results from being stopped or nuclearly absorbed.

In a second set of measurements we have added
a second roof, consisting of 1.5 cm of Fe and 5 cm
of Pb, and two additional counters Cg, and C&4
(see Fig. 1). During this second set of measure-
ments, Cg, and CR4 were used in anticoincidence,
while Cp„CR,were simply recorded in associa-
tion with each event. From the number of the de-
tected marked events (i.e., the events not vetoed
by CR, + CR, but in which CR, or/and CR, were
triggered) we were able to measure the anticoinci-
dence corrections to be applied to the first set of
data (i.e. , with CR, + CR, in anticoincidence) and
obtain as well direct information on the penetra-
tion of the detected particles.

A charged particle in telescope T,. is defined by
the coincidence &,. = A, B,(C, +D, ) A. neutral p. a.rti-
cle is then defined as 51,. =—(X,. +B,)(C, +D, ) Any. . .
coincidence of two or more charged particles (1',),
each in a different telescope, defines the master
coincidence, the Cg counters being set in anticoin-
cidence (CR =CR, +CR, in the first set of measure-
ments, while CR=CR, +CR, in the second set). To
give a 9,. coincidence a particle must thus traverse
24 g/cm' of absorber, corresponding to -1.9X,
radiation lengths; to reach CR„Cg,it must tra-
verse 15X, = 203 g/cm'; to be vetoed by CR„CR,
it must traverse 25.2X, = 282 g/cm'. Consequently,
if the particle is a pion, it must have a minimum
kinetic energy of -75 MeV to be detected (i.e. , to
give a f', coincidence). To b.e marked (or vetoed)
by CP, +CA, the pion must have ~350 MeV, while
pions with more than -500 MeV are vetoed by CR,
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and C&4 unless they are absorbed by nuclear inter-
actions (actually the fraction of particles absorbed
is quite large, e.g. , 85% of 400 MeV pions). On the.
other hand, practically all the electrons with less
than 1.2 GeV are absorbed before being vetoed by
C&3, CR4, while the fraction of the electrons able
to trigger Cp, +Cp, strongly depends on the ener-
gy, increasing from zero at E, -500 MeV up to
-15% at 1.2 GeV (see Sec. IVC).

When a master trigger occurs a PDP8 computer
records the following:

(i) which coincidences K, (or X,) were involved
in the event;

(ii) the azimuthal coordinates (i.e. , orthogonal
to the beam direction) of the sparks in all the cham-
bers SCn, , SCP,. (with the restriction that when
there is more than one track in the same chamber,
only the closest one to the magnetostrictive pickup
is detected");

(iii) the pulse height If, in the le.ad-scintillator
sandwich (C, +D, ) for each telescope T,

(iv) the time separation at between the occur-
rence of the event and a timing signal fixed to the
zero crossing of the radio frequency (rf) acceler-
ating voltage of the storage ring. "

All 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 accumulated with the PDP8 in a,

live display [e.g. , histograms of uncorrelated
pulse-height spectra from (C,. +D, )for each tel. e-
scope; the time distribution of the collected events;
the distribution of the sparks in the v (ious cham-
bers, etc. ] thus allowing a continuous check of the
performance of the whole experimental apparatus.

III. DATA COLLECTION AND

INITIAL REDUCTION

The results we present here had an effective to-
tal running time of -1500 hours corresponding to a
total integrated luminosity of the machine of P
= fLdt= 3.5x10" cm '." The runs were performed
at several values of the c.m. energy E,+F rang-
ing from 1.4 to 2.4 GeV.

In Table I for each c.m. energy the running time
and the corresponding raw integrated luminosity
are listed. We have also marked with an asterisk
the measurements in which counters Cg, +CD'4
were set in anticoincidence (second set of measure-
ments; see Sec. II). The other runs were instead
performed with CR, +Cg, in anticoincidence (first
set of measurements; see Sec. II). The quoted
luminosities were evaluated by measuring with a
monitor apparatus the yield of events from a pro-
cess of known cross section, namely, e'e scatter-

TABLE I. Running times and integrated luminosities.
The rows marked with an asterisk refer to runs in which
counters CR3+ CR4 were set in anticoincidence with the
trigger (second set of measurements, see Sec. II).

c.m. energy
E +E (GeV)

Running time Integrated luminosity
(hours) g (1032 cm 2)

1.40
1.404
1.50
1.504
1.60
1.65
1.70
1.75
1.80
1.85
1.85*
1.90
2,00
2.40
2,40~

Totals

85
135
45

163
62
77
84
96
76

119
87
58

119
78

221

1505

68
113

52
280

114
126
135
135
260
420
134
290
148

1147

3499

ing at small angles. This Bhabha-scattering moni-
tor apparatus, "consisting of two symmetrical
telescopes covering a range of c.m. angles, 8, be-
tween 3.5' and 6' (corresponding to four-momentum
transfer to the virtual photon less than -100
MeV/c), was operated by the pz Group (see Ref. 5)
in a contiguous straight section of Adone. The
over-all uncertainty in the absolute normalization
of the monitor is estimated to be +5%. In addition
by analyzing the relative variations of counting
rates in the two symmetric telescopes we have
evaluated as +7% an additional time-dependent un-
certainty mainly due to erratic changes in the posi-
tion of the beams with respect to the monitor ap-
paratus. "

Qver the total running period of this experiment
we have collected a total of -10' trigger events.
The reasons for this high counting rate are the fol-
lowing. First, we have operated the master coin-
cidence (between the telescopes T, ) with a very
large resolving time ~ (7=40 nsec). This allows
us, on the basis of the analysis of the ~t distribu-
tion of the events, to very accurately define a
posteriori the time interval in which the two
bunches of e' and e collide, and also provides a
very powerful way to evaluate the cosmic-ray con-
tamination to the data. In fact [see Fig. 2(a)] a
typical At distribution as it comes out from the
computer shows a very clear peak [2 nsec, half
width at half maximum (HWHM)] corresponding to
the beam-beam impact, superimposed on a smooth
background due to cosmic rays. Using these dis-
tributions we can define an interval of ~t for
events in-time with the beam-beam interaction.
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drifts in the pulse-height spectrum. As an exam-
ple, in Fig. 2(b) a typical plot of H, vs H, for the
collected events is shown. A cluster correspond-
ing to minimum-ionizing particles (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 values, II,
II, ,„,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
impact (in-time events), excluding in this way the
majority of the cosmic-ray events (out-of-time
events); and in rejecting the low-pulse-height ma-
chine background events by appropriately selecting
the values for each telescope of the low-pulse-
height cut H,

The selection of the events we are interested in,
and the identification of the particles, is m'ade by
observing the time occurrence of the event, the
particle pulse heights, and the coplanarity angle
between the tracks in different telescopes. In the
next section we will discuss those events deter-
mined to be e'e wide-angle elastic scattering. In
Sec. V the multibody hadron events will be dis-
cussed.

IV. REACTION e'e ~e'e

A. Selection of the Events
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FIG. 2. Typical computer outputs for preliminary
analysis. (a) ~t distribution of unselected events (ht is
the time separation between the occurrence of the event
and a reference time fixed with the zero crossing of the
RI' accelerating voltage of the storage ring). (b) Pulse-
height plot H3 vs H& for (g&, g3) unselected events.

Secondly, the pulse-height thresholds. of the dis-
criminators were set much lower than the value
corresponding to minimum-ionizing particles. Al-
though this introduces in the trigger rates a great
amount of machine background, it permits a Pos-
teriori a much more reliable separation of the min-
imum-ionizing particles from the background by al-
lowing us to take into account any long-period

The e'e elastic scattering events are to be
selected among the events which give a coincidence
between opposite telescopes (T, ~ T,) and (T, ~ T,),
and which occur in-time with the beam-beam inter-
action. 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 sand-
wich counter (C,. +D, )without the us.e of our ex-
perimental information on the geometry of each
event.

Let us first examine the pulse-height distribu-
tions. Figure 3(a) shows a typical pulse-height
plot of H, vs H, for (T, T,) events which are in-
time with the beam-beam impact. Two heavily
populated regions are visible in the plot. The low-
pulse-height region, confined between II, . and

H, , contains the minimum-ionizing particles
(mostly cosmic rays). The large-pulse-height
region (H, ~H, , i =1,3) c.ontains events with
both the detected particles producing a detectable
shower. We designate this large-pulse-height re-
gion as the [e, e] region. The in-time events in
this [e, e] region ([e, e] events) are good candi-
dates to be e'e —e'e scattering events. The plot
for out-of-time events, which turn out to be cos-
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FIG. 3. Plot of pulse heights for (T& T3) events. (a)
Events in-time with the beam-beam impact; (b) out-of-
time events.

FIG. 4. Track and time analysis of a sample of [e,e]
events. (a) Aq distribution for in-time events; {b)L dis-
tribution for in-time events; (c) 4q vs L plot for in-time
events; (d) At distribution for all the [e, e] events coming
from the source region.

mic rays, shows only the cluster corresponding to '

minimum ionizing particles, while the [e, 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 cham-
bers allows us to conclude that all but a small frac-
tion of the [e, e] in-time events are e'e elastic
scattering events. The track analysis of in-time
[e, e] events is shown in Figs. 4(a)-4(c). Figure
4(a) shows the noncoplanarity angle by distribu-
tion, where ~q is the angle between the two planes
which contain each of the two tracks and are paral-
lel to the beam axis." The [e, e] events clearly
appear to be coplanar (i.e. , Ly =0), the +3' angu-
lar spread (HWHM) being due to spark-chamber
resolution and multiple scattering in the vacuum
chamber walls (1.2 g/cm' = 0.08VX, of Fe) and in
the telescope absorbers (12.8 g/cm' =0.46X,). In
Fig. 4(b} for the particles constituting the in-time
[e, e] events a histogram is displayed of the dis-

tance L between their tracks and the axis of the
beam. L is positive or negative according to the
relative position of the particle trajectory with re-
spect to the beam line. From this distribution (in
which all four telescopes have been added) it can
be seen that almost all the events appear to origi-
nate within a5 mm (HWHM) of the beam region.
Also in this case multiple scattering and spark-
chamber resolution account for the observed width
[the transverse dimensions of the beam are actual-
ly =(1x1) mm']. This interpretation of the experi-
mental widths of hy and L distributions is con-
firmed in Fig. 4(c). In fact, the clear correlation
observed between ~y and the average distance, L„
of the two tracks from the beam is what one could
expect if all the events originated with ~y =0 in the
(1x1) mm' source region, and the outcoming parti-
cles were scattered before crossing the spark
chambers. Finally, from the ~t distribution of all
the [e, e] events, shown in Fig. 4(d}, we can pre
cisely define the interval of time in which the im-
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pact of the two bunches of e' and e occurred. The
peak of the distribution is as narrow as 3 nsec
[full width at half maximum (FWHM)] and the frac-
tion of events outside of the in-time interval (9
nsec wide) is absolutely negligible.

From the previous considerations we can con-
clude that (apart from small background subtrac-
tions discussed later; see Sec. IV B) the [e, e]
events are two-body events, with charged, shower-
ing particles originating in e'e collisions. Thus
they are e'e elastic scattering events.

A reliable track analysis of the data requires
that all four chambers involved in the event have
correctly fired. Since the efficiency of our mono-

gap spark chambers has been measured to be about
-0.85 (Ref. 16), there is a sizeable fraction (-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, e] events in which all four cham-
bers have fired) that practically all the [e, e] in-
time events that satisfy the above-mentioned pulse-
height requirements are e'e elastic scattering
events. In particular, the presence of noncoplanar
[e, e] events is completely negligible. So for the
evaluation of the Bhabha cross section we can use
all the detected [e, e] events irrespective of spark-
chamber information. In this way, we have con-
siderably higher statistics (while the background
subtractions remain still quite small; see Sec.
IVB below) and more importantly we avoid any
problem connected with the spark-chamber ineffi-
ciencies.

During 1 05 hours of running time, with an inte-
grated luminosity =3.5X10" cm ', we have col-
lected a total of 5164 [e, e] events in the c.m. ener-
gy range 1.4-2.4 GeV. They are listed at each
c.m. energy, E,+F. , in the third column of
Table II.

B. Background Subtractions

There are two different types of background sub-
tractions:

(1) the cosmic-ray background which can be easi-
ly experimentally determined from the number of
out-of-time [e, e] events (appropriately normalized
according to the ratio of the widths of the out-of-
time and in-time intervals) [this subtraction is of
the order of -2% (see the fourth column of Table
II)];

(2) 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 separated beams stored
in the ring. In these background runs during -600

hours we have collected a total of 64 [e, e] events
occurring in the in-time interval. In order to cor-
rectly subtract the contamination from electron-
gas interactions from our data we must deduce the
appropriate normalization factor to be applied to
these background events. The value of this nor-
malization factor was obtained by monitoring the
rate of each single telescope T,. during both the
background and the colliding-beam runs. The sin-
gle telescope rates ~, , after correction for cos-
mic rays, are proportional to the product of the
beam currents and the residual gas density in the
machine. This fact has been checked by simul-
taneous measurements of the single telescope
rates and the single beam-gas bremsstrahlung
rate B. The ratio &,./8 was found to be constant
to within -1% as a function of the beam intensity
and gas pressure over the working range of this ex-
periment. The normalization factor (which is the
same regardless of which telescope T,. is used as a
basis for the normalization) varies, of course, for
each experimental run depending on the relative
running times and the c.m. energies. The beam-
gas contamination is near zero at low energy, but
rises to -8% at 2.4 GeV total c.m. energy The.

average contamination for the full sample of [e, e]
events is -2/0 (see the fifth column of Table II).

After background subtractions are performed,
we are left with a total of 4939 [e, e] elastic scat-
tering events.

C. Corrections to the Data

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

a. Shozvex correction. Since the probability that
an electron produces a detectable shower in the
sandwich counter (C,. +D, ) is not 100/0, we expect
that a small fraction of events e'e - e'e do not
appea, r in the [e, e] region of Fig. 3. To evaluate
the size of this shower correction we have ana-
lyzed the events which fall in the [p,, 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 H, ). We find th. at their L and b,y distribu-
tions [see Figs. 5(a) and 5(b)] are the same as for
the [e, e] events, as we expect if these in-time

[p, e] events are true e'e scattering events. The
only difference is the presence in the ~y distribu-
tion of a long tail toward the large b, y values [see
Fig. 5(c)] due to the occurrence of hadronic nonco-
planar events which will be discussed in more de-
tail in Sec. VB. After appropriate background sub-
tractions are performed, from the number of [g, e]
events we are able to determine the probability,
e„,for an electron to have a pulse height less than

H, , since the probability for an event to appear
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TABLE II. Wide-angle e+e elastic scattering results. The rows marked with an asterisk refer to runs in which the

counters CR 3, CR4 were set in anticoincidence with the trigger (second set of measurements, see Sec. Il). Quoted er-
rors are only statistical.

c.m. ene rgy Integrated Normalized Normalized Corrected e+ e m small-angle

g +E luminosity Collected cosmic-ray beam-gas Bhabha monitor

{GeV) (cm 2) [e, e J events background background events events

R exp
0(e+e e+e ) (q2)

+theory [(GeV/c) }

1.4
1.4+
1.5

1.6
1.65
1.7
1 75
1.8
1.85
1.85*
1.9
2.0
2.4
2.4~

Totals

68x 10+
113x 1032

52x 1p
28p x 103'

77x 10+
114x 1p"
126x 103~

135x 103~

135x 1032

260 x 10+
420 x 10
134x 10+
290 x 1p32

148x 10+
1147x 103~

3499x 10+

212
306
141
738
176
187
259
192
226
417
825
186
328
102
869

5164

3.9 ~1.2
5.3 ~ 1.2
3.6 ~ 1.1

13.6 ~1.9
4.5 + 1.2
3.8+ 1.1
3.8~1.1
4.2 + 1.2
3.1 ~ 1.0
7.7+ 1.6
7.2+1.5
4.2+ 1.2
7.6+ 1.6
3.6*1.1

15.1+2.1

0.2 ~0.7
-0.6 + 0.9
0.2 + 0.8

-1.6 + 2.4
1.1~1.2
2.1+1.8
3,2 +2.2
3.7 + 2.3
4.8 + 2.6
2.6+ 2.3
5.6 + 10.0
8.6+3.2

30,2 + 6.0
4.0 + 2.7

69.5+ 17.9

803+ 47

1158+47

234 + 22
242+ 21
350+ 26
251+ 23
299+25

1551+59

231 + 21
389+ 31

1102+ 55

91.2+ 5.3 133.6+22.5 6610 + 123

198.4 x 10~

308.9x 103

64.6x 10~

87.6x 103

89.8 x 103

88.3x 10'
81.3x 103

377.4 x 103

68.3x 10'
128.2x 10

302.2 x 10~

1795.9x 103

0.967 + 0.056

1.P11 + 0.043

1.055*0.098
0.829 + 0.073
1.197 + 0.091
0.894 + 0.083
1.164 + 0.097

1.312 + 0.048

1.126 ~ 0.105
1.025 + 0.082

1.228 + 0.060

0.87

0.95

1.08
1.14
1.21
1.29
1.36

1.44

1.52
1.68

2.42

in a [p,, e] region is 2e„(1—e&). This has been done
at each c.m. energy, since the value of c„clearly
depends on the energy of the electron: We found
experimentally that it ranges from 4.6% at E, = 1.2
GeV up to 12.6% at Z, =0.7 GeV. The experimental
values of e„and the corresponding correction fac-
tors I's = (1 —e„)' to be applied for this effect to
the [e, e] events are listed in the second and third
columns of Table III at each primary electron

energy E, .
b. Cosmic-ray veto correction. In the first set

of measurements (see Sec. II, and Tables I and II)
an e'e event is lost if one of the electrons passes
through the 22 cm of Fe absorber and produces an
anticoincidence pulse in counter CR, or CA', . In
the second set of measurements with a second roof
of absorber and two additional counters Cg, and

CR4 placed on the top of the apparatus, as de-
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FIG. 5. Track analysis of a sample of in-time [p, e] events, (a) L distribution; (b) Ay distribution in the region
around 0'; (c) total ) Ay ( distribution.
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TABLE III. Shower corrections and anticoincidence
corrections. First column: single beam energy, E&,.
second column: measured shower inefficiency, c&,
third column: shower correction factor, I'&, fdbrth
column: measured fraction of marked events, f; fifth
column: anticoincidence correction factor, EAc.

E~
(GeV) +AC

Shower correction Anticoincidence correction
Ep f

(%%uo~ +s %)

0.7
0.725
0.75
0.8
0.825
0.85
0.875
0.9
0.925
0.95
1.0
1.20

7.94 + 0.20
9.83+0.24
8.33 +0.17
9.83+0.20
8.71 + 0.22
8.71+0.18
6.34 ~ 0.22
7.15+ 0.15
6.74 + 0.15
4.65+ 0.17

1.18+ 0.06
1.23 + 0.06
1.19+0.05
1.23+ 0.05
1.20 + 0.06
1.20 + 0.05
1.14+0.08
1.16+ 0.05
1.15+0.05
1.10+0.08

12.61+0.34 1.31+0.07 1,039 + 0.017
4.2 + 0.7 1.044 + 0.018

1.049+ 0.018
1.060 + 0.015
1.066+ 0.016
1.072 + 0.017
1.078 + 0.017
1.082+ 0.020

8.2 + 1.7 1.089+0.020
1.094 + 0.022
1.105+0.024

13.3+2.6 1.153+0.035

4
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FIG. 6. The fraction of marked [e, e] events as a
function of the primary electron energy E~.

scribed in Sec. II (see also Fig. 1), we have di-
rectly evaluated the fraction of e'e events that
were lost due to anticoincidence in CR, or CR, .
This was done by measuring the fraction, f, of
marked e'e events (i.e. , not vetoed by CR, or CR„
but in which CR, or CR, were triggered). Since
the number of e'e events vetoed by CR, or CR4
was determined to be negligible, f represents di-
rectly the fraction of events lost in the first set of
measurements, and was found to vary linearly
from 4.2% at E, = 0.725 GeV to 13.3% at E, = 1.2
GeV (see Fig. 6). For the energies covered in the
first set of measurements but not in the second, a
linear interpolation of f was used. The values of f
and the correction factors F„c= (1 -f) ' we have
used are listed in the fourth and fifth columns of
Table III ~

c. MultiPle-scattering correction. The geomet-
rical acceptance is reduced by a small factor due
to multiple scattering near the boundary of the tele-
scopes. We have calculated the correction for
these losses to be approximately energy-indepen-
dent and equal to (+2.5+ 2)%.

d. Geometrical misalignment correction. Due to
possible misalignments of the apparatus with re-
spect to the source position, an uncertainty has to
be assigned to the geometrical acceptance. The
corresponding correction to be applied to measured
events is (+3+ 3)%.

e. Radiative corrections. Calculated radiative
corrections turn out to be, in our case, negligible
(& 2%)

We summarize the situation on the corrections
as follows:

(a) Shower corrections: ranging from +31% at
1.4 GeV E, +E c.m. energy to +10% at 2.4 GeV
(experimentally measured);

(b) Cosmic-ray veto corrections: ranging from
+3.9% at 1.4 GeV to +15.3% at 2.4 GeV (experi-
mentally measured);

(c) Multiple-scattering correction: (+2.5 a 2)/0
(calculated value);

(d) Geometrical misalignment correction: (+3
+ 3)% (calculated value);

(e) Radiative corrections: negligible (&2%, cal-
culated value).

All the above corrections have been applied to
the number of collected events, after background
subtractions have been performed. The cor-
rected numbers of e'e Bhabha-scattering events
are listed in the sixth column of Table II. How-
ever, those systematic uncertainties which do not
depend on the energy (associated with multiple-
scattering and geometrical misalignments correc-
tions) are not included in the quoted errors. They
will be taken into account in the over-all normali-
zation uncertainty shown in Fig. 8.

D. Comparison with Theory

According to QED, the elastic electron-positron
scattering is described at the lowest order by the
diagrams shown in Fig. 7.

The four-momentum squared of the virtual pho-
ton is spacelike in the scattering diagram and
timelike in the annihilation diagram. In the c.m.
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e+ e+
e+ e+

is the interference term between the two diagrams.
Of course, the Bhabha formula is only a first-or-
der description of the electron-positron scattering
process and we must consider terms from higher-
order diagrams, that is,

5 CA T TER IN G

0 IA GRA M

A N N I H I L A TI ON

0IAGRAM

system they are respectively given by

q' = +4E,' sin'( —,
'

0) and k' = 4E,',—

where E, is the energy of either the electron or
the positron and 0 is the scattering angle.

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

2 2

I
s(q', k') +f(q', k') + A (q', k')],

Bhabha

FIG. 7. Feynman diagrams for e+e elastic scattering
at lowest order.

do' do'
+ radiative corrections.

CfQ QED dQ .Bhabha

(4.2)

These radiative corrections can be separated into
virtual (internal) and real (external) photon contri-
butions whose divergent parts cancel to order n'. "
These contributions have been calculated for wide-
angle electron-positron scattering, " and for our
apparatus result in a small correction ((2%) due
to the compensation of internal and external con-
tributions, each of which can be as large as 10/o.

Experimentally we wish to verify whether or not
the e'e elastic scattering is actually described by
the pointlike elastic scattering cross section (d&x/

dQ)oEn. We have therefore considered the ratio
(ft,„p)of the experimentally measured cross sec-
tion to the pointlike cross section integrated over
our angular acceptance EQ:

(4.1)

where m, and y, are the mass and the classical
radius of the electron,

f (do'/dQ)exp dQ

&exp =

f (do/dQ)opn dQ
(4.3)

k4 + (q2 p k2)2

q4

is the contribution of the scattering diagram,

~(q k)=""""
is the contribution of the annihilation diagram, and

(q )Iq)

Of course, if the scattering process is actually de-
scribed by the pointlike cross section, this ratio
will be unity.

In order to be able to interpret any deviations of

p from unity we wil 1 consider the most general
form (at first order) that can be assumed for a non-
pointlike elastic scattering cross section consistent
with Lorentz and gauge invariance. Since the elec-
tron anomalous magnetic moment g, is small (p,, /
m, «e) (Ref. 19), we can write

E'
)I & IG(q') I' s(q', k')+ ReI G(q') G(k')]I(q', k') + IG(k') I'&(q', k')),

&do r, ' m, 't'
(4.4)

where G(q') =F'(q')M(q') is the product of a possi-
ble electron form factor squared, F'(q'), and a
possible modification factor, M(q'), to the photon
propagator. For our apparatus centered around
g =90' the contribution from the scattering term
dominates that of the interference and annihilation
terms. In-this case, if we also neglect the radia-
tive correction contribution which has been shown
to be small in the pointlike case, we find g,

„

= (IGI'). (IGI') is the weighted average of IGI' over

the experimental apparatus. Clearly a test of the
validity of @ED (i.e. , IGI =1) is therefore equiva-
lent to verifying that p,„p=—1, while a measurement
of this ratio different from unity can directly be as-
sociated with the average value of the form factor
(IGI')

We can now rewrite the equation (4.3) in terms
of the detected wide-angle scattering events, n, +, ,
and the monitor events, m (see Sec. III), as fol-
lows:
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n... /Z

f (do/CD)opo cR

f (2o/QQ) qpn dQ

f (do/did) Qpn dQ
(4.5)

(4.6)

where we have made the hypothesis that e'e scat-
tering is well described by QED (pointlike) at the
small momentum transfers (& 100 MeV/c) involved

in the monitor apparatus. Again, in the case of
the monitor, radiative corrections to the Bhabha

The last step makes use of the determination of
the integrated luminosity, g, through the measure-
ment of the yield m in the monitor apparatus, M
(Ref. 20), i.e. ,

cross section have been calculated" and are found

to be small (&2%).
Expressing g,„~as a ratio of wide-angle events

to monitor events minimizes the sensitivity of our
results to the actual value of the finite, energy-
dependent, source length' l, , since the efficiencies
of both the monitor and our experimental apparatus
have approximately the same dependence on l, . Ad-
ditional care must be taken in the evaluation of
(4.5) to symmetrize the QED cross section in e and
m-g since our apparatus does not permit charge
recognition.

The results of the evaluation of g,„„foreach mea-
sured c.m. energy are shown in Fig. 8. The sta-
tistical errors for each point are shown as bars,
while the systematic, energy-dependent uncertain-
ties due to erratic fluctuations in the monitor (+'I%)
are indicated as small rectangles. The systematic
uncertainties due to multiple-scattering correc-
tions (+2%), geometrical misalignment (+2%), and

an over-all monitor normalization (+5%) have

&qs~ ( G eV/cg
0.8 1.0 1.2

l

1.4
t

1.6 1.8
1

2.0 2.2
l

2.4
t

0d
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I I I I I I
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8/E/8 'EPElll/Z~. ~gag

1.4 1.8 2.0
I

2.2 2.4
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FIG. 8. Wide-angle e+e 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 R,„z=1.0 indicates those systematic uncertainties which are the same at
all the energies. The q acceptance of the apparatus weighted on the Bhabha cross section is shown in the upper right-
hand corner.
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been indicated by a dashed band (a6.5%) centered
about g,„~=1. Shown in the same figure is the q'
acceptance n(q') of the apparatus, weighted by the
Bhabha cross section.

Our data do not indicate any deviation from
(~G(p') ~') = 1 over the range of p' explored and they
are fitted very well (y' = 10.8 for 10 degrees of
freedom) by a constant value

R,„~=1.05+0.04 (a6.5% systematic)

which must be compared to the pointlike predic-
tion g = 1.00."

V. REACTION e'e ~a~ +b~ +ANYTHING

A. Selection of the Events

We will now discuss events from the reaction

e 'e —a' + 5' + anything, (5.1)

where a' and b' are any charge/ particles. The
master coincidence which triggers the apparatus
requires the presence of at least two charged par-
ticles (a' and 5') detected in two different tele-
scopes.

Since reaction (5.1) is not a two-body reaction,
we haveIrestricted ourselves to the analysis of
noncoplanar events, which are defined as follows:

(a) more than two charged particles detected,
each entering a different telescope, and having a
pulse height II,. ~ H,

(b) only two charged particles detected with the
restrictions that their pulse heights (H, , H&) (great-
er than the respective low-pulse-height cuts II,
and H, ) are not in the region [e, e] of the pulse-
height plot (see Fig. 3 for reference); and further
their noncoplanarity angle ~b,y~ (defined in Ref. 15,
Sec. IVA) is ~13';

(c) only two charged particles detected with
their pulse heights in the [e, e] region of the pulse-
height plot, and a noncoplanarity angle ~b,y~ ~ 40'.

The larger b,y cut of selection criterion (c) was
chosen in order to exclude from our sample of
events any contamination from the radiative reac-
tion e'e —e'e y. However, the number of the non-
coplanar events selected with criterion (c) was only
a small fraction (-I%%uo, see Sec. VB}of the observed
noncoplanar events.

The evaluation of the noncoplanarity angle ~y be-
tween two particles requires information on the
projected paths of the particles and therefore the
positions of the sparks in both monogap magneto-
strictive chambers of the two telescopes traversed
by the particles. An event with this complete de-
termination of track positions is designated here-
after as a 4-chamber event or 4-chm. Since our
monogap spark chambers have an efficiency of
-85% (see Ref. 16), confining ourselves to 4-chm

events rejects -50%%uo of all the events. We will see,
however, that we can analyze those events in which
the spark in one of the four chambers is missing
(3-chamber events, or 3-chm} by making an ap-
propriate hypothesis. The analysis of these 3-chm
events has been performed and is presented after
that of the 4-chm events.

For completeness, we recall (see Sec. II) that we
have performed two different sets of measurements.
During the first set, the counters Cg„CR,were
used as veto counters in the trigger; in the second
set of measurements, counters CB„Cg4 were add-
ed and used as veto counters while counters Cg„
CR, were only recorded. In order to have a homo-
geneous set of data we do not include in the follow-
ing analysis events in which a particle crosses the
22 cm Fe and stops in the lead absorber between
CR„CR,and CR„CR,(marked events). We have
used the number of detected marked events to ob-
tain information on the penetration of the detected
particles.

4-chamber Events: A.nalysis
and Background Subtractions

4-chamber events are defined as those for which
the projections of the tracks on a plane orthogonal
to the beam axis of at least two charged particles
are completely determined. That is, by definition,
in a 4-chm event complete reconstruction is pos-
sible for at least two charged-particle trajectories
(if other particles are present in other telescopes
their track reconstruction may or may not be pos-
sible). For each of the reconstructed tracks the
minimum distance from the beam axis, L, , and
the azimuthal angle, cp,. (see Sec. II), can be evalu-
ated. Using these azimuthal angles we can select
the noncoplanar 4-chm events.

Among these events, those from reaction (5.1)
must occur in-time with the beam-beam impact.
From the analysis of the Bhabha events we have
already determined the in-time interval, at (see
Fig. 4, Sec. IV A). In addition they must originate
in the region of intersection of the electron-posi-
tron bunches (source region) and therefore the dis-
tribution of the distances from the beam axis of the
detected particle tracks has been studied.

In Fig. 9 a two-dimensional sample plot of non-
coplanar events in a plane L, , I, is presented.
Figure 9(a) refers to in-time events, and shows a
clear clustering of events about the origin (the pro-
jection of the beam axis) in addition to a cosmic-
ray and machine background scattered over the en-
tire plane. Figure 9(b) shows the same plot for a
sample of out-of-time events. In this case a clus-
tering near the origin is not present since the out-
of-time events are cosmic rays. In Fig. 10(a) we
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FIG. 9. Plots of L& vs L; for a sample of 4-chm non-
coplanar events. (a) In-time events; (b) out-of-time
events.

have projected the plot of Fig. 9(a) on the L, axis. .

There is a clear peak of events coming from the
source. A smooth interpolation under 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 those events for which IL,. ~

~ 30 mm [Fig. 10(b)],
the peak of the events from the source is now

superimposed over a somewhat smaller background
(interpolated value -10%). As was the case for the
Bhabha events, the source width (-7.5 mm) is what
one would expect from spark-chamber resolution
and multiple scattering in the vacuum-chamber
walls and in the telescope absorbers. From the
analysis of these types of distributions, we have
defined as in-source events those for which IL, f

and ~L,.~
are both ~30 mm. Figure 11(a) shows the

L,. distribution [equivalent to the distribution of

Fig. 10(b)] for all our 4-chm, noncoplanar, in-
time events. The At distribution in Fig. 11(b) for
the 4-chm, noncoplanar, in-source events clearly
demonstrates 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 noncoplanar
events which are in-time with the beam-beam im-
pact and come from the source region. These
events are listed in the second column of Table IV
and are divided according to their detected configu-
ration: i.e. , two charged tracks detected (2K, fol-
lowing the notations of Sec. II); two charged plus
one neutral (2K+X); etc. From these events we
must subtract cosmic-ray and machine associated
background. The cosmic-ray contribution to the
in-time, in-source, noncoplanar events can be cal-
culated at each energy by appropriately normaliz-
ing the corresponding 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 contamina-
tion for these 4-chm events was quite small at all
energies, the average being -2.5%. The cosmic-
ray subtraction for each configuration is listed in
the third column of Table IV.

Since the machine background is peaked in the
source region due to beam-gas interactions, a
smooth interpolation of the background tails of the
L distribution is not a correct procedure to deter-
mine the total background contamination of the in-
source events. The amount of machine associated
background was determined by background runs
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with one beam or two separated beams in the stor-
age ring (see Sec. IVB 2). During 600 hours of
these runs we collected 43 events which satisfied
the selection criteria for noncoplanar events.
After cosmic-ray subtraction, we normalized
these events for each energy to our measurement
runs, as was discussed in the case of wide-angle
e'e measurements. The average contamination
of the in-source, in-time events due to these ma-
chine associated events was (23+4)%. Practically
all of this background was in the 2V' event configu-
ration (see the fourth column, Table IV). As a
function of c.m. energy this contamination was ap-
proximately constant and ~5% in the energy range
1.4-1.9 GeV, but increased sharply to a maximum
of -75% at 2.4 GeV. We note that with the normali-
zation procedures used for the background subtrac-
tions (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)j.

After cosmic-ray and machine background sub-
tractions, the total number of noncoplanar 4-chm
events is 317. They are listed by configuration in
the fifth column, Table IV.

Z. 3-chamber Events: Analysis
and Background Subtractions

For these events only one charged-particle tra-
jectory is completely defined by a spark in both
chambers of the triggered telescope T, The sec-
ond (and possibly the third) particle trajectory is
not completely determined, since a spark is miss-
ing in one chamber of its telescope T&. In order
to determine the trajectory of this second (third)
particle we make the hypothesis that the event
originates at that point of the trajectory, mea-
sured in telescope T, , which is closest to the

beam axis. In this way we can determine the azi-
muthal angle, y, , for the particle trajectories with
only one spark. The resulting uncertainty in the
determination of y. is quite small (5cp,. &2') for
those events physically originating in the source
region. On the other hand some events physically
originating outside the source region, which are
due to cosmic-ray and machine background, by
this procedure can be added to our sample of in-
source events. In fact the reconstructed origins
of the 3-chm events are closer to the beam axis
than the true origins. Therefore the only result of
this procedure is a larger background contamina-
tion to be subtracted from our 3-chm events.

The analysis of the 3-chm events can then pro-
ceed as for 4-chm events. The only difference is
that L, vs L& two-dimensional plots cannot be com-
piled. However, it is possible to construct the
one-dimensional distribution of events as a func-
tion of L, without .any condition on L (which i.s not
measured). This distribution, which is the equiva-
lent 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, ~

~ 30 mm. By comparing the L distribution of
Fig. 11(a) (4-chm events) with Fig. 12(a), we con-
firm that this analysis of the 3-chm events simply
results in a somewhat higher background contami-
nation. Figure 12(b), which shows the b, t distribu-
tion for the 3-chm noncoplanar events coming
from the source, allows us to conclude that most
of the additional background is due to cosmic rays.

We have collected a total of 609 3-chm events
which are noncoplanar, in='1me with the beam-
beam impact, and come from the source. They re-
fer to several c.m. energies between 1.4 and 2.4
GeV and are listed in the sixth column of Table 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-ray contamination has been
evaluated by selecting and appropriately normal-
izing the 3-chm out-of-time events. This cosmic-
ray 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
from the 3-chm, in-time, in-source, noncoplanar
events has been measured to have the same value
within the errors, energy by energy, as for the 4-
chm events [average value (28+4)%j. Cosmic-ray
and machine background subtractions for the 3-
chm events are listed in the seventh and eighth
columns of Table IV.

The 288 noncoplanar 3-chm events remaining
after background subtractions are listed in the
ninth column of Table IV according to their differ-
ent detected configurations.
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B. Nature of the Observed Particles

From the analysis we have discussed in the pre-
vious sections a total of 605 (3-chm+4-chm) events
remain after subtracting cosmic-ray and machine
background (see the tenth column of Table IV).
These noncoplanar events originate in the source
region and are in-time with the beam-beam impact,
i.e. , they come from the reaction

e'e -a' + 5 ' + anything .

In this section we will discuss the nature of these
produced particles. The information made avail-
able by our apparatus is not sufficient to determine
the nature of each individual detected particle; how-
ever, some statistical information can be extracted
from the experimental distributions.

First, let us consider the pulse-height informa-
tion from the sandwich counters (C,. +D, ) In .F.igs.
13(a) and 13(b) pulse-height spectra of the charged
particles F, detected in telescope Py are shown
(the distributions in the other telescopes are the
same within the errors). The pulse-height spec-
trum of particles associated with the detected non-
coplanar events [Fig. 13(b)] is compared with the
spectrum of minimum-ionizing particles (cosmic-
ray) and high-energy electrons from Bhabha scat-
tering [Fig. 13(a)]. The distribution of the nonco-
planar events is quite similar to the cosmic-ray
spectrum although it shows a nonnegligible tail to-
wards the larger pulse heights. However, by com-
piling the two-dimensional plot H,. vs II, for the in-
time, noncoplanar events coming from the source,
we have checked that the great majority of the
events (-93%) do not show any correlation between
large pulse heights in the different telescopes. In
fact (using the definitions of Sec. IVA, see Fig. 3
for references) 61%%uo of the events have their pulse
heights (K„K,.) in the [p,, p] region of the pulse-
height plot, 32/o in the [g, e] region, and only -7% in
the [e, e] region These pe. rcentages correspond to
the -19% large pulse-height tail in the noncoplanar
events distribution of Fig. 13(b). A large fraction
of this tail is due to the presence of more than one
particle in the same telescope. Actually, from
the experimental numbers of events with more than
two detected particles (see Table IV), we estimate
that -14% of our events have two particles in the
same telescope. Moreover, if the detected parti-
cles were pions, the remaining 5% of events in the
tail could be easily accounted for due to the follow-
ing effects: nuclear interactions in the sandwich
counters and greater ionization by low-energy
pions. We conclude that the bulk (&95%%ue) of the de-
tected particles are not high-energy electrons,
and that the pulse-height spectrum is compatible
with all of them being pions.
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FIG. 12. L; and At distributions for all the 3-chm
noncoplanar events. (a) L& distribution of the measurable
track for in-time events; (b) 4t distribution for in-source
events.

Independent experimental information on the na-
ture of the detected particles is obtained by mea-
suring their penetration through the 22-cm Fe ab-
sorber on top of the apparatus. In Fig. 13(c) we

have plotted, as a function of the primary electron
energy E„the fraction f„ofthe background sub-
tracted noncoplanar events in which a particle
crosses the 22-cm Fe and stops between Cpy C&2
and CR„CR,(marked events). In the same figure
the fraction of marked Bhabha electrons (see Sec.
IVC) is also plotted. The number of marked
Bhabha events decreases to zero at low energy
and we can thus conclude that electrons with ener-
gy smaller than 500 MeV have a negligible prob-
ability (&1%) to cross the Fe absorber and to give
a mark. On the other hand, the fraction f„of
marked noncoplanar events does not appear, with-
in the large errors, to have a strong energy de-
pendence, its average value being (16+4)%. To
give a feeling for such a figure, we have calcu-
lated as 16% the probability of a -400 MeV pion
entering one of the top telescopes to be marked.
Furthermore, we have performed a Monte Carlo
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 indi-
cates that at 1.4 GeV c.m. energy the possible con-
tamination of low-energy (&500 MeV) electrons
must be very low. Also at the higher energies the
measured values off„areconsistent with a major
part of the detected particles being pions. As will
be discussed in Sec. VD, the experimental values
of f„will be used as one of the parameters of our
best-fit procedure in order to extract information
on the relative contribution from the possible dif-
ferent production channels.

Additional information on the nature of the parti-
cles associated with the detected noncoplanar
events can be obtained from the distribution of the
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FIG. 13. (a) Cosmic-ray and Bhabha electrons pulse-
height spectra in telescope T1, (b) pulse-height distri-
bution of in-time, in-source, noncoplanar events in
telescope T1, (c) fraction, fz, of marked noncoplanar
and Bhabha events; (d) bp distribution of the two charged
track, 2V', background-subtracted, 4-chm noncoplanar
events compared with an IPS Monte Carlo calculation
for two possible pion final states.

Ay (noncoplanarity) angle. In Fig. 13(d) the Ay
distribution of the 4-chm noncoplanar events in the
2V' configuration (the statistically most significant)
is shown. The 3-chm noncoplanar events have a
similar Ay distribution. It is worthwhile to note
that this distribution is not symmetric with re-
spect to ~y =0. This is only due to our definition
of the b, q& sign, which was chosen (see Ref. 15) in

order to be directly related to the actual geometri-
cal configuration of the event. " For reference we

have also plotted in Fig. 13(d) the statistical Ay
distribution expected for the reaction e'e —m'm m'm'

and e'e - m'v n'w (phase-space Monte Carlo cal-
culation, see Appendix A). The general features of
the experimental ~y distribution are quite similar
to the statistical ones, especially around ~y =0.
That is, the ~y distribution of noncoplanar events
is compatible with some admixture of final states
produced with a statistical angular distribution.
In Sec. VD we will discuss this point in a more
quantitative wa.y.

We now will use the ~qr distribution in order to
conclude that our sa,mple of noncoplanar events
does not contain a significant contribution from a
particular nonhadronic process, namely,
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Actually this is the only plausible process which
could produce low-energy noncoplanar electrons,
and it is foreseen to occur, at a relatively high
rate, through the diagram shown in Fig. 14. Ac-
cording 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 ~y distribution, since the cross
section do/d(ay) for this reaction is strongly
peaked around b,y =0 (aqr being the noncoplanarity
angle between e' and e") In Fi.g. 15(b) we have
plotted the cross section dv/d(ay) of our nonco-
planar events (~b.cp~~13'). This was obtained as a
ratio between the experimental distribution of Fig.
13(d) and the geometrical detection efficiency of
our apparatus, e, (scp), to detect a two-track con-
figuration with relative noncoplanarity angle ~y.
The experimental values of do/d(by) appear to be
quite constant, within the errors, proving that the
contribution from the reaction e'e -e'e e'e does
not extend, with appreciable tails, outside the re-
gion ~by~&13'. In Fig. 15(a) we have drawn the
theoretical cross-section shape for the reaction
(5.2) calculated according to Baier and Fadin. "
When normalized to give the maximum 13' peaking
possible within our indicated errors, this curve
allows at most a 10'%%uo contamination to our sample
of noncoplanar events.

We cannot only exclude a large contamination
(for ~by~ ~ 13') from the reaction e'e -e'e e'e,
but from similar considerations, we can set an
upper limit of -10/o for the total possible contami-
nation from processes with a ~y distribution
strongly peaked around ~@=0; i.e. , e'e -e'e e'e,
e'e -e'e w'tr (Ref. 25), e'e -e'e g'p, etc.

We summarize the conclusions of this section as
follows. The detected particles associated with
our noncoplanar events originating from the reac-
tion e'e - a'+ b'+anything are of hadronic na-
ture, -10% being an upper limit for a possible con-

4L

a JEHV 1F

1P o 15

I I I I I I I I I I J I I

60o 4po 2po po 2po 4po 6po

(degrees)

FIG. 15. (a) Theoretical shape of the differential cross
section do/d(EfI(}) for the reaction e+e e+e e+ e
according to Baier and Fadin (Ref. 24); (b) do/d(Ay) cal-
culated from the experimental 4y distribution of the two
charged-track, 21', in-time, in-source noncoplanar
events.

C. Data Corrections and Experimental Result

Several corrections must now be applied to the
experimental data in order to obtain the total num-
ber of events which originate from the reaction
e'e -a'+ 5'+anything. First, many events with
only two detected charged tracks (i.e. , the detected
configurations 2K, 27+X, 27+25() were rejected
because of the noncoplanarity cut in ~y. We re-
call that the noncoplanarity cut was set at 13 for
events selected according to criterion (b) of Sec.
VA (93/o of the detected events with two charged
tracks), while ~ay{ & 40' was required for the
events satisfying the selection criterion (c) (-7%%up

of the total). The corresponding correction has
been determined by a smooth interpolation between
-13'& b,y &+13' (-40 & b,y &+40') of the experi-
mental ~y distribution, which, we have seen, is

tamination of electrons. In particular the contribu-
tion from the reaction e'e -a'b'+e'e via two-
photon annihilation appears to be very small.
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List of background-subtracted, in-time, in-source noncoplanar events according to their detected
configur-

ationn, at the various energies, after the Zap cut correction has been applied. The raw numbers of collected events are
given in parentheses (no events with four charged detected tracks have been found).

Total c.m.
energy

(GeV)

Effective
integrated
luminosity

(cm 2)

Corrected
Bhabha
events 2V' events

Noncoplanar events
2V +X 2V +2K 3V'+ g
events events M' events events

Total
none oplanar

events

1.4

1.5

1.6

1.65

1.7

1.75

1.8

1.85

1.9

2.0

2.4

119'10»

231

67

76

130

83

115

514

122

257

751

472 +33

720 + 34

166+17

170+ 17

261+ 21

152 + 16

189+ 18

770+ 36

166+ 17

293+ 25

453+ 23

(55)
40.6+ 9.4

(100)
90.7+ 12.1

(32)
26.5 + 7.0

(44)
28.2+ 8.6

(59)
42.9 + 9.7

(46)
33.1+8.5

(68)
50.1 + 10.5

(110)
84.9+16.4

(45)
24.5 + 8.8

(145)
90.4 + 17.9

(142)
22.6 + 24.6

(8)
6.4+ 3.5

(15)
11.1 +4.8

(4)
2.3 ~ 2.4

(7)
6.4+ 3.1

(7)
4.1+3.3

(4)
1.8+2.8

(4)
1.0+ 2.6

(23)
25.9+ 6.5

(3)
2.1+ 2.3

(7)
5.8 + 3.7

(26)
21.9+ 6.3

(0)
0.0+ 1.1

(1)
1.Q + 1.2

(0)
0.0 + 1.1

(2)
2.0 + 1.5

(1)
0.3 + 1.1

(0)
Q.p + 1.1

(0)
—0.3+ 1.1

(2)
-2,0 + 1.5

(2)
2.0 + 1.7

(0)
0.0 + 1.1

(3)
3.9+ 2.5

(6)
5.4+ 2.5
(12)

11.1+3.8
(6)
5.3 + 2.5
(2)
1.7+ 1.5
(1)
0.0+1.2
(4)
3.4 + 2.1
(2)
2.0 + 1.5
(10)

10.6+4.2
(3)
3,3+2.0
(5)
5,8+ 2,7
(13)

12.7+ 4.1

(1)
0.6+ 1.1

(1)
0.6+ 1.5

(0)
0.0 ~1.1

(2)
2.0+ 1.5

(0)
0.0 + 1.3

(0)
0.0+1.2

(0)
—0.3+1.3

(2)
2.7 6 2.3

(0)
0.0 + 1.2

(0)
-0.7+ 1.5

(2)
1.7 +2.0

(70)
53.0 + 10.4
(128)

114.5+ 13.7
(42)

34.6+ 7.9
(57)

40.3+ 9.5
(65)

47.3+ 10.5
(54)

38.3 + 9.3
(74)

52.5+ 11.0
(146)

122.1+ 18.6
(53)

31.9+ 9.5
(157)

101.3+ 18.5
(184)

62.8 + 25.9

Totals 2465' 10+ 3812 + 83
(846)

534.5+ 43.7
{108)

89.3+13.6
(11) (64)

6.9+4.0 61.3+ 9.1
(8)

6.6+ 5.0
(1037)

698.6 + 47.1

consistent with a statistical angular distribution
(see Sec. VB for reference). The over-all by cut
correction to be applied to the 451 2~ detected
events was measured to be (+18+ 3)%; the correc-
tion to the 80 2V'+X detected events is (+12+4)%,
and it is negligible for the 2f'+2M configuration.
Further corrections result from: losses due to
the energy (range) cuts of the apparatus; nuclear
interactions (absorption) of the produced particles;
particles crossing the 22-cm Fe absorber and giv-
ing an anticoincidence signal pulse in the cosmic-
ray veto counters; and, finally, multiple sca,tter-
ing. These corrections depend on the nature and

the energy distribution of the emitted particles,
i.e., on the particular physical channel through
which the particles are produced. Therefore,
these effects have been taken into account in the
calculation of the detection efficiency of the ap-
paratus performed with a, Monte Carlo program
according to each considered final state (see Ap-
pendix A).

Finally, the effect of the inefficiency of our
monogap spark chambers has been included in the
Monte Carlo calculation since also this correction
depends on the actual final states produced.

The corrected numbers of events are listed in
Table V for each c.m. energy, according to their
different detected configurations. The only cor-
rection applied directly to the numbers of events
is thus the ~y cut correction, all the other effects
being taken into account in the efficiency calcula-
tion. Table V contains also, in pa, renthesis, the
raw numbers of in-time, noncoplanar events com-
ing from the source (4-chm+3-chm events). In
the third column of Table V we give the numbers
of wide-angle Bhabha-scattering events simultane-
ously collected in our apparatus. These are the
sum of 4-chm and 3-chm events (according to the
definition of Sec. VA) and, after background sub-
tractions, have been corrected for all the effects
listed in Sec. IV C. Once the validity of @ED has
been established, the wide-angle Bhabha-scatter-
ing reaction can be used to determine the machine
luminosity. This was done using the numbers of
the third column of Table V. The effective cross
section to detect in our apparatus 4- and 3-chm
Bhabha events was computed by the Monte Carlo
program. " The effective luminosities calculated
in this way are listed in the second column of Ta-
ble V. The determination of the luminosity from
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the numbers of wide-angle Bhabha events detected
by our apparatus is particularly convenient in or-
der to evaluate absolute values of the cross sec-
tions for the reactions e'e -a'+ a'+anything. In
fact, this procedure minimizes effects due to the
uncertainty in the actual value of the source length
and in the spark-chamber efficiency, which are in
first approximation the same for the Bhabha and
the noncoplanar events. "

In conclusion, the total number of events origi-
nating from the reaction e'e -a' + b' + anything
detected by our apparatus with an integrated lumi-
nosity -2.5X10"cm ' turns out to be 699. Since
we have demonstrated that the produced particles
are hadrons (the possible contamination of elec-
trons being &10%) in the following we will assume
that they are pions, which is consistent with all
our experimental information. Pf course, we can-
not exclude the possibility of kaon final states,
especially at the higher center-of-mass energies.

D. Analysis of the Results and Absolute Values

of the Cross Sections for the Reaction
e+e ~a +b +Anything

The evaluation of cross sections from the ex-
perimental data requires the knowledge of the de-
tection efficiency of our apparatus, which, of
course, depends on the states actually produced.

The yield (n~) of events in each detected config-
uration D (D =29', 29'+X, 2K+2K, 3&, 3K+g, 4W)

is related to the cross sections by the equation

NDSD=—= CDO'~. (5.3)

ND is the total number of events detected in the
configuration D; 2 is the integrated luminosity;
0~ is the cross section to produce a definite chan-
nel P {for example, P could be e"e - m'm no,
e'e -w'm v'n, etc.); and finally cD" is the ef-
ficiency of our apparatus to detect the configura-
tion D when the final particles are produced in
channel p.

We have plotted in Figs. 16(a)-16(c) the experi-
mental values of the yields for the statistically
most significant detected configurations, i.e., 2V,
29 +g, and 3V'. We have grouped the data into
three energy bins, centered at 1.51, 1.82, and
2.3 GeV (weighted average). In Fig. 16(d) the tot-
al yield summed over all the detected configura-
tions is also shown for each c.m. energy we have
investigated. Finally in Fig. 17 we show that the
energy dependence of the yield is the same for
each of the detected configurations.

By using Eqs. (5.3) the prediction of any specific
model, which provides the values of the 0~'s, can
be easily compared with our nD data, once the
corresponding detection efficiencies c D have been
calculated. As an example, we have drawn in Fig.
16 the predictions of some theoretical models, " '
using the efficiency values which are listed and
discussed in Appendix A. The predictions of
Layssac and Renard" result from a conventional
one-photon approximation and assume vector-
meson dominance of the electromagnetic interac-
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Q
4 —1.0

I I I i I I I I I I I I I I I I I I

1.0 2.0 2.5

TOTAL C.fA. ENERGY, E++ E (GeVQ

FIG. 17. Energy dependence of the yields. Different
configuration yields are normalized to the same area.
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tions to calculate multipion production from the
high-energy tails of the p, &u, and P mesons. The
main contributions come from Ap, A2m, ~n, and

pp production. Vaughn and Polito" have calculated
the cross sections for the production of four
charged pions through A,n, A,m production. In both
cases the predictions are much smaller than the
experimental yields. The best prediction, in
terms of absolute magnitude and energy depen-
dence, is that of Bramon and Greco, "based on
the existence of a heavy vector meson p' (j~ = 1,
I =1) whose parameters were deduced from the re-
sults of the SLAC streamer-chamber group on the
reaction y+ p-p7t'n w'n ." But even in this case
our experimental yields are at least a factor of 2

larger than the predictions.
Conversely, instead of. comparing the theoretical

to the experimental yields, we can attempt to solve
the set of Eqs. (5.3) in terms of the unknown cross
sections OP, once the detection efficiencies have
been calculated. Let us first make a few comments
on the detection efficiencies eD. As is discussed
in Appendix A, for our experimental apparatus the
calculated efficiencies are quite insensitive to the
dynamics of the reaction, at least in the most rea-
sonable cases we have considered, namely, statis-
tical and quasi-two-body production (for any angu-
lar distribution of the type A. + Bsin'8). Therefore,
the efficiencies used in the analysis are the ones
calculated with the statistical model [invariant-
phase-space (IPS) efficienciesj. Due to the small
solid angle of the apparatus and the energy cuts on
the detected particles, the values of the efficien-
cies are quite small, ranging from less than 1%%uo

to -10%%uo depending on the final state produced and
the detected configuration. In our opinion this
limits the quality of the results which can be ob-
tained for the cross sections with all the existing
small-solid-angle apparatus.

We can now proceed in the quantitative evalua-
tion of the cross sections oP. We have six differ-
ent detected configurations and therefore six equa-
tions (5.3). To these six equations we can add the
following expression for the yield, N„,of de-
tected marked events (see Sec. V B for reference):

terms of all the possible unknown g~'s (whose num-
ber is limited only by energy conservation).
Nevertheless some useful information can be ex-
tracted, under reasonably weak hypotheses, from
our data. We have proceeded in the analysis as
follows.

First we have restricted the possible oP's to the
following six physical channels:

g,„,wo=g(e'e -w'w w'),

o„,,„,=g(e'e -w'w 2w'),

g„,=g(e'e -w'w w'w ),
g, o ——g(e'e -w'w w'ww), ''
g,„„o——g(e'e -w'w w'w 2w ),
o,, =o(e'e -w'w w'w w'w ).

Numerical solutions of the equations in terms of
the above unknown oP's have been tried. As is to
be expected if one considers the values of the ef-
ficiencies (see Table VI, Appendix A), not all of
the OP's can be well determined. In particular, the
yields are practically independent of the ratios

g(e'e -w'w w'

g(e'e -w'w 2w')

and

8 =
g(e'e -w'w w'w 2w')

'

In addition, since the detection efficiencies for the
reactions e'e -m'm m and e+e -m'7t 2n are
quite small, our counting rates are also not very
sensitive to the magnitude of g(e'e -w'w w') and
o'(e'e -w'w 2w').

Therefore, we have found it convenient to ex-
press our results in terms of the following inde-
pendent combinations of the oP's:

~tot = ~2m~mo+ ~2~~2~0+ ~4~~

47t & mO 4n ~2' o eft »
0 C

= ~4m ~ + 06~ »

N~= Q f~&
P

(5.4)
0'2. +~o+ ~2~~2.ox=

~4~ & + ~4~~ ~0+ ~4~~2~o+ oem~

The efficiencies e~ = Qo eg and the fractions of
marked events due to the produced final-state
P, fg, are known from the Monte Carlo calcula-
tion (see Appendix A). In principle, this would al-
low us to extract from the data the cross sections
for seven different channels I'. However, only
five of the seven equations are actua1ly statistical-
ly significant. Moreover, the system of equations,
(5.3) and (5.4), cannot be completely solved in

0'2 y O

0'2r ~2ro

4„Z~0

~4~ ~2~O

and we have solved the system of Eqs. (5.3) and



ELECTRON-POSITRON INTERACTIONS AT HIGH ENERGIES 2393

TABLE VI. values of the statistical efficiencies of our apparatus for each detected configuration, for several possi-
produced final states of pions, at three different values of the total c.m. energy, 8++8 . Invariant phase-space dis-

tribution of the produced particles was assumed.

p roduced
final state

E++Z
(GeV)

2W

Fo)

M'+1%
Po)

Efficiency for detection of
2g +2+ 3g

(Vo) (%%uo)

r'7r 2''

~+~-4~0

m+g x+x 2m'

4m+ 4x

1.4
1.8
2.4

1.4
1.8
2.4

1.4
1.8
2.4

1 4
1.8
2.4

1.4
1.8
2.4

1.4
1.8
2 4

1.4
1.8
2.4

1.4
1,8
2.4

1.4
1.8
2.4

2. 2

1.4
0.6

1.1
1.0
0.7

0.5
0.6
0.6

p.1
p.2
0.2

8.5
7.0
4.0

4.p
4.1
3.5
1,6
2.4
2.0

6.5
8.8
7.4

0.1
6.3
8.3

0.7
0.5
0,2

0.7
0.7
0.4
0.4
0.5
0.3
0.2
0.4
0.3

1,5
1.4
1.0
1.0
1.7
1.4

0.0
0.0
0.0
0.2
0.1
0.1
p.2
0.2
0.2

0.1
0.2
0.2

0.0
0.0
0.0
0.1
0.4
0.3

0.9
0.7
0.4

0 4
p 4
0.2

0.1
0.3
0.2

0.6
1.3
1.1
0.0
0.7
1.8

0.1
p, l
0.1
0.1
0.1
0.2

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.1
0.1
0.0
0.0
0.1

(5.4) with x, y, and z as free parameters. For
each value of x, we find that o„„oc,and o4, ~

are rather well determined while they are not af-
fected very much by the values assigned to the pa-
rameters y and z (on which the equations are
practically independent). As an example, we show
in Fig. 18 the values of o„,and oc, as a function
of x for the three averaged energies 1.51 GeV,
1.82 GeV, and 2.30 GeV. The dashed bands indi-
cate, for each value of x, the range of solutions
obtained by varying y and z from zero to infinity.
The white bands represent the statistical uncer-
tainty. No acceptable solutions were found for
values of x ~ 3 at 1.51 GeV, and x ~ 5 at 1.82
and 2.30 Gey"

If we restrict the value of x to the region 0.2
x- 2 the ofot oc and o4 ~ are determined as

shown in Figs. 19(a), 19(b), and 20(a). Moreover,
from o„„oc,and o4„&we can extract o6„and,

with larger errors, o„,„asshown in Pigs.
20(b) and 20(c). The interval of x chosen is con-
servatively large. In fact, the ratio ~„,„/v 4... ,
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 larger than two is
strongly inconsistent with the results of all the
other Adone groups. '~

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 ay distribution) with the results obtained, us-
ing the admixture of final states indicated by the
best-fit procedure, from the IPS Monte Carlo pro-
gram (see Appendix A). The general agreement
is quite satisfactory, the only discrepant experi-
mental point being the fraction of marked events
at 1.51 GeV which we have already discussed in
Ref. 32.
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FIG. 20. Reactions e+e a + b + anything. Values
of the cross sections are given for 0.2 ~ x ~ 2. For each
point the dashed rectangles indicate the range of values
obtained varying y and z from zero to infinity, while
the statistical errors are shown as bars. (a) Cross
section to produce four charged pions (r«~, (b) cross
section to produce four cha.rged pions plus neutrals,
0«~ ~, (c) cross section to produce six charged pions,
~6'&
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FIG. 21. Comparison of the experimental data on the
reactions e+e a + b + anything with the results of the
fit (shown as curves and dashed bands in the figure). (a)
Yield of two charged detected tracks events; (b) yield
of two charged plus one neutral detected tracks events;
(c) yield of three charged detected tracks events; (d)
total yield (all the detected configurations); (e) fraction
of marked events; (f) Ay distribution of two charged
track events (4-chm events).

APPKNDIX A: THE MONTE CARLO

CALCULATION

In order to understand the response of our exper-
imental apparatus to the reactions which were the
object of our experimental study (i.e. , elastic elec-
tron-positron scattering and production of multi-
hadron states), a Monte Carlo calculation has been
performed. This calculation takes into account,
in addition to the geometrical features of the appa-
ratus, 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, Sec. II). It also takes into ac-
count the possibility of a misidentification of the
tracks due to the presence of more than one parti-
cle in a chamber since we can identify only one
track per chamber. For the elastic electron-posi-
tron scattering we have made use of the Bhabha
cross section. For the multihadron processes
several different models have been used. We re-
port in this appendix the results which are of inter-
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est for the interpretation of our data.
First, in Table VI we list at three different c.m.

energies the values of the detection efficiencies
which were used for the analysis of our experimen-
tal data. They refer to the processes

e'e -nm'+nm +mr'.

Angular and energy distributions have been calcu-
lated in the frame of the statistical model (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 e', ~ to detect a two-charged config-
uration (2&) from the reaction e' e - v' v v' w,
calculated at total c.m. energy E,+E =1.8 GeV.

FIG. 22. Summary of the experimental determination
of the cross sections for reactions e+e -a ' + b ' + any-
thing. Our results are compared with the data from
ACO (Ref. 35), Novosibirsk (Ref. 36), the Adone yy Group
(Ref. 37), and the Adone pn Group (Ref. 38). Systematic
uncertainties are indicated as rectangles. (a) Cross
section to produce four charged pions, (T4 ~, (b) cross
section to produce four charged pions plus neutrals,
(T«~ z, (c) total cross section (T«, ,

FIG. 23. Summary of the experimental determinations
of the cross sections for reactions e+e —a +b + any-
thing. Our results are compared with the data from ACO
(Ref. 35), the Adone yy Group (Ref. 37), and the Adone
@7' Group (Ref. 38). Systematic uncertainties are indi-
cated as rectangles. (a) Cross section to produce six
charged pions o«~, (b) cross sections to produce at
least four charged pions (plus possible neutrals),
(T47I k

~ t t (c) cross sections to produce two charged pions
plus neutrals (T2~ 4

In this case the geometrical efficiency, for a point-
like interaction region, is -29%, and it is reduced
to -14.5/0 when one takes into account the effective
length of the source (see Ref. 9). Including the
low-energy cut (determined by the amount of ab-
sorber before the trigger counters) further re-
duces e to 13%%u~, while the upper-energy cut lowers
it to 8%%u~. The effect of switching on nuclear inter-
actions is to raise e to -9'%%uq. Including the spark
chamber inefficiencies gives the effective detection
efficiency quoted in Table VI, i.e. , c =7'. The rel-
atively 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 par-
tial cancellation: in fact, while turning on nuclear
interactions increases losses in the absorbers be-
fore the trigger counters, at the same time it re-
duces from 40% to -10% the fraction of events in
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TABLE VD. Values of the efficiencies of our apparatus for each particular detected configuration
from four-pion final states, produced via a quasi-two-body intermediate state.

Produced
final state

E++ 8
(GeV)

Efficiency for detection of
2% 21 +1+ 2% +2 3%' 3% +1@
Po) (%) (%) (%) Po)

2n'0

A'~' —~+ ~-2~'
2

Ap 7T 7r+7r 7r+7T

1.4
1.8
2.4

1.4
1.8
2.4

1.4
1.8
2.4

1.4
1.8
2.4

1.4
1.8
2.4

0.5
0.4
0.3

1,0
1.1
0,6

0 4
1.0
0.5

8.9
7.3
3.6

7.7
7.3
4.1

0.4
0.2
0.2

0.6
0.7
0.4
0.3
0.5
0.4

0.1
0.0
0.1

0.2
0.1
0.0

0.1
0.1
0.1

0.9
0.6
0 4

0.6
0.6
0.5

0.0
0.0
0.0

0.0
0.1
0.0

which a particle crossing the iron roof absorber is
vetoed by the cosmic-ray counters.

Finally, it is interesting to recall (see Sec. VC)
that we have used the rate of the wide-angle e'e
elastic scattering events collected in our apparatus
as a luminosity monitor for the hadronic events.
The fact that we have computed the detection effi-
ciency for e'e pair with the same Monte Carlo
distribution minimizes the effects on the cross
sections of uncertainties in the actual values of the
source length and of the spark-chambers efficien-
cies.

In Table VG we give for comparison the values
of the detection efficiencies for 4-pion final states,
calculated with different dynamical models, via
quasi-two-body intermediate states, namely,

+-00
7T 7T 7T 7T

e A~7T ~7r 7T 7T 7T

7T 7T++ - 0 0

A27T ~ + +
7r 7T 7r 7r

e'e - co7T -7T'7T 7T 7T

The intermediate particles (A„A„~)have been

0)

C —60

4 gt:~a+ Ã-2x

~+~2+' (/PS)

0
~+' (I PS )

0
~ ~
Q

C

4

MK —+X K 2K

6~ ~ (IeS)
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FIG. 24. Fraction of marked events, f~, calculated with the Monte Carlo program for several different processes,
compared with the experimental values for the reactions e+e -a + 5 + anything.
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100--
(0) E++ E = 1.5 GeV

TABLE VIII. List of materials and corresponding
thicknesses, t, of one of the top telescopes (the bottom
telescopes end after counter D~).

50-- Material
Thickness, t

(g/cm~)

100--

50--

250--

200--

150--

100--

50--

I ( I I I l

E +E = 1.8 GeV

I I I I I

' 2'++ 2~ CIPS3
f

~~'+ 2~' ( IPSE
A]x—te
Ape —+x

(c)

E++E = 2,3GeV

2~ +~' (lpga

CO R ~%+X

I
'I

I

I
I

l
I

l
I
I 'I

I \

I
I

/
/!~

I ( I I I I I I I I [

Fe (vacuum chamber walls)
Glass (wire chamber SCe;)
Scintillator (counter A;)
Al
Scintillator (counter B;)
Al
Glass (wire chamber SCP;)
Pb
Fe
Scintillator (counter C;)
Fe
Ib
Fe
Scintillator (counter D&)

Fe
Al
Fe (22 cm)
Scintillator [counter CR& (CR2)]
Fe (1.5 cm)
Pb (5 cm)
Scintillator I counter CR3 (CR4)]

1.2
1.1
2.0
5.2
1.4
1.7
1.1
8.0
1.6
2.8
1.6
8.0
1.6
2.8
1.6
2.4

158.0
3.2

19.0
56.7
2.7

I &

f
) I f I I

f
I I

—90 0 +90
dy gdegreesg

FIG. 25. Ay distribution for the configuration 2V',

calculated with the Monte Carlo program for several
different processes. (a) E+ +E =1.5 QeV; (b) E++E
=1.8 QeV; (c) E++E =2.3 GeV.

assumed to decay isotropically and to be statistic-
ally produced. We have checked that a production
distribution of the type A+B sin'9, because of the
extension of the source, does not appreciably affect
the values of the efficiencies (few percent varia-
tions), irrespective of the values chosen for A and

B. It can be seen from Table 7II that the efficien-
cies for these quasi-two-body channels do not dif-
fer, apart from threshold effects, from the corre-
sponding statistical efficiencies (Table VI) by more
than 10-20%; the only exception being the case
e'e - arm', whose detection efficiency is twice as
small as for the corresponding statistical channel
e'e —m'w m'w'. It is worthwhile to note that the
values of cross sections obtained from our experi-
mental data, using the efficiencies of either Tables
VI or VII, turn out to be the same within the statis-
tical errors.

In Fig. 24 we show as a function of the c.m. en-
ergy the fraction, f„,of events which, according
to the Monte Carlo calculation, are expected to be

APPENDIX B: ABSORPTION AND SECONDARY-

PARTICLE PRODUCTION

1. Absorption and Secondary-Particle Production

We wish to calculate the fraction of an incident
pion beam which enters a downstream counter after
traversing a series of consecutive absorbers at an
angle P with respect to the absorber surfaces.
Table VIII lists the constituents of one of the tele-
scopes of our experimental apparatus, and their
thickness t;.

First, considering the absorption of the primary
beam, if Pfp is the initial number of pions, then

N, p, =N, exp[ —x,/(X, ,b, (E„)),„] (Bl)

is the number of pions remaining after the first

marked. For reference, we have also plotted in
the same figure the experimental values of f~ (see
Sec. VB).

Finally, in Fig. 25 the b q distributions calcu-
lated with the Monte Carlo program for several
different channels are shown. Figure 25(a) refers
to E,+E =1.5 GeV while Figs. 25(b) and 25(c)
refer to 1.8 and 2.3 QeV, respectively. Apart
from the e'e - ~w' and e"e -v'w v' (IPS channels,
which show a peculiar behavior, the Ay distribu-
tions of all the other channels can be grouped in
the two different typical distribution shown in Fig.
25.
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absorber. x, is the path length (x, =t,/cosg) and

X, ,b, (E, ,) is the absorption length for the pion to
have any inelastic interaction, independent of
the number of secondary particles produced.
A, ,b,(E, , ) is a. function of the pion energy and

(X, ,b, (E, ,)),„

is the average value over the absorb
er x, . As we will see, A,b, (E,) is approximately
constant above -300 MeV, so we will not write the
energy dependence explicitly in the remaining ex-
pressions of this section. Clearly, the expression
for the number (N„, ,) of pions remaining after a
series of n absorbers is

n

N„, , = N0.exp-
i, abs

(B2)

where e '"'is the fraction of pions remaining at
the point x, dx/A, b, is the probability of interaction
in dx, and P(E„E) is the probability to produce
a secondary (once a primary pion has been ab-

To begin the calculation of secondary-particle
production, we write, for a given absorber of
thickness T, the probability for a primary pion
entering the absorber to produce a secondary be-
tween x and dx (with an energy, E„,, greater than

E, into a solid angle EQ) as

P(x)dx=e "I ."a &(E E )
dx

N„,=N, (e ~"aba) (p(E„E)f(X)),„.
abs

(B3)

N0 is the number of incident pions and

(p(E„E)f(x))„is the average of p(E„E)f(x)
over the whole absorber T.

%e can now proceed with the calculation for n
absorbers by noticing that, for instance, the num-
ber of secondaries that are produced by primary
pions in the second absorber of thickness x, and
appear after the nth absorber is

sorbed) within a solid angle b,Q (for instance, the
solid angle subtended by a downstream counter
placed after the absorber T), with a certain mini-
mum energy E (for instance, the minimum energy
necessary to emerge from T). Moreover, the
probability that the secondary pions remain (are
not absorbed) after they pass through the remain-
ing (T- x) absorber is

1 e-(&-a)l &Qba aalu a)adQ =f ( )
(& a)/~aba

~EA

where the angular average has been taken into ac-
count by the function f(x). So, integrating through
the whole absorber, we can write for the number
(N, ) of secondary particles entering a downstream
counter after traversing an absorber of thickness
T

= (N e "1~ l, aba)(e "a~ a aba) (p (E,E )f ) „eXp
2, abs i, abs

We have not considered additional pion production by the secondaries themselves since the secondaries
have only a small fraction of the incident energy and the secondary production cross section is shown to be
very small below 300 MeV Isee Fig 27(a)]. . So, summing the secondaries from all n absorbers, we have

" x;(P;(E.,;, E .;)f;).,
t, abs
J i, absA.

(B4)

By summing Eqs. (B2) and (B4), the total number (N„,) of pions entering a downstream counter after tra-
versing a set of n absorbers is given by

N =N +N =N ex — ' 1J ''"" "" ' ' '")tot tat apr tpt, seC 0
i= 1 i abs i= i, abs

(B5)

2. Measurements of Absorption Cross Section and

Secondary- Particle Production Cross Section

The absorption cross section (v,b,) and secondary-
particle cross section (o ) have been experimen-
tally determined by several groups. "" In gener-
al, we have made use only of those counter experi-
ment data that conform mostly to our experimental
set up. "Good geometry" measurements '~ permit
a determination of o,b, and Os by fitting the solid-

angle dependence of the experimental results, as-
suming that

&aap(&Q) = &~iaaf(&Q) + &aba —Oaaa (&Q) . (B6)

do„,/dQ was assumed to be isotropically distribu-
ted, and o~, (EQ) (the elastic scattering cross sec-
tion) was calculated using an optical model.

For each of the references (39-43) the values of
o,„,determined for different elements from the
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FIG. 26. Ratio R(E~) =erg)3/Ogeom as a function of the pion kinetic energy E~.

experiments are shown in Fig. 26 as a function of
the pion kinetic energy, E„.These values of cr,b,

have been divided by o ~, = 11A21'(5/m, c)'. The
graph indicates that within the errors at each
energy the ratio of the absorption to geometrical
cross section is the same for all elements. his
allows one to write a single energy dependence of
IT,b, /vg„ for all elements. The energy dependence
shows the effect of the (3, 3) resonance near E,
= 200 MeV, but is almost constant (o,b,/os„-0.7)
at higher energies [consistent with the usual con-
vention IT,b, =(—', )ITs„].We define for further use
A(Z„)=O,b, (Z, )/Os..

From Refs. 39, 40, and 43, the Figs. 27(a) and

27(b) show the energy and atomic weight (A) depen-
dence of o„,(LQ) determined from fits to ITc»(AQ).
For the secondary-particle cross section a form
da„,=gdQ was assumed, that is, an isotropic pro-
duction of secondaries. As can be seen, secon-
dary-particle production is quite small below 200
MeV but rises linearly with incident pion energy.
By using the curves in Figs. 27(a) and 27(b) TI [and
therefore IT, (b,Q) j can be determined for any type
of absorber and any pion energy. In addition, mea-
surements of the energy distributions of second-
aries has been carried out in several experiments. '
Figure 28 shows the results of these measurements
plotted in a useful manner. For any fraction,
E/E„ofthe incident pion energy (E,) the graph
indicates directly the probability that the secondary
energy is greater than E. The dashed line in Fig.
28 is an average used in the calculation.

All of these experimental determinations assume
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FIG. 27. Cross sections for secondary-particle pro-
duction. (a) q as a function of the incident pion kinetic
energy for a carbon target; (b) q as a function of the
atomic weight, A, for an incident pion kinetic energy
E~ =970 MeV.
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that the total number of pions emerging from an
absorber of thickness T (after the diffractive scat-
tering component is subtracted) is given by

N„,=N,e rI '"' '"(exp[T(o (b, Q)),„X„/A)),

where (LI„,(AQ)),„=(qhQ), „(theaverage being per-
formed over the whole absorber), XA is Avoga-
dro's number, and A is the atomic weight of the
absorber. Using our previous notation, and sum-
ming the equations (Bl) (for x, = T) and (BS), we
write

Ntot=Npr+Ns~

=Ne~~ ,'"'~1+ (p(Z„Z )I),„).
abs

(Bs)

Ntot = Ntot, pr+ Ntot, s~

exp — ' & Zm, a„Fc,
~i, geomj=l

IGNA TEN KO r REF. 4 3

Then by comparing Eq. (BV) with Eq. (B8) we can
make the following identification:

T
( ( ) )

T(V (AQ)) XA
P m r rn av

abs

Since, by definition, oz„R(Z,) =o,b, , that is,
=A. ,b,R(E„),we can finally rewrite Eq. (B5) as

follows:

with

x;(v;„,(AQ}),„SI„
i=1

Notice that F~ is a correction factor multiplying
the normal absorption term [Eq. (B2)] N„,v,

3. Calculation of Corrections

We will now calculate the absorption and second-
ary-particle production corrections for a pion
entering normally the series of absorbers consti-
tuting our telescopes ((=0, i.e., in the above ex-
pression [Eq. (B9}]x; = t,}.

From the list of materials given in Table VIII
we can first calculate the absorption corrections
N„,~„i.e., the first terms of Eq. (B9). This cal-
culation gives for each of the counter systems we
are interested in [i.e., trigger counters =AB(C+D);
mark counters = AB(C + D)(CR, + CR,); anticoinci-
dence counters = AB(C+ D)(CR, + CR4)]:

I n

N„, ,(trigger) = N, exp —g ' R(E,)
j, geom

=N e 0'27~m
0

N...„(mark)= N, e "s's ~&

N„,~, (anticoincidence) =N, e 2'6's+~

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

trigger counters =82% .

mark counters = 21%,

anticoincidence counters = 15% .
1.0

Q

0.5—
C)

Q

0 LEAO

To evaluate the effect of secondary corrections
we must in addition use the average solid angle of
each final counter as seen by each absorber and
the range cut on the produced secondaries of each
absorber. The values of Fo [second term in Eq.
(B9}]for several incident pion energies are listed
in Table IX. As can be seen from Eq. (B9), when
the primary pion energy is such that F~ is equal to

TABLE IX. The values of I'z (secondary-particle
production correction) are listed at several pion kinetic
energies for the three counter systems of interest.

0, 5 1.0

Pion kinetic
energy

Em

(MeV)

&c
Trigger Mark
counters counters

Anticoincidence
counters

F RA C TI AOL NPION E ERNGV E/E~

FIG. 28. The probability, P(E„,&E), that the energy
of a secondary, E, (produced by a primary pion of
energy Em) is greater than E, as a function of the
fractional energy E/E„.

400
500
600

1000
1500

1.047
1.099
1.150
1.413
1.573

1.000
1.098
1.588
5.159

10.61

1.133
3.24
8.389
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all the absorbed pions have produced a secondary
that reached the final counter. Clearly for ener-
gies higher than this balanced absorption energy
there is not a correction for pion absorption. For
each counter system of our apparatus this balanced
absorption energy point is:

trigger counters = 800 MeV,

mark counters = 1000 MeV,

anticoincidence counters = 1500 MeV .

All of the values listed in Table IX refer to second-
ary-particle production corrections for a single
pion.

The effects of all these absorption and secondary-
particle production corrections on the values of
the detection efficiencies for various produced
final states are discussed in Appendix A.
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