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ABSTRACT

Measurements of single electron production in protonm-proton collisions at the
CERN ISR are presented for five centre-of-mass energies Vs = 23.5, 30.6, 44.8,
52.7, and 62.4 GeV. The invariant cross—sections for single electrons with trans-—
verse momenta of 0.60 to 4.7 GeV/c are given. Measurements of electron-positron
pairs and measurements of charged hadrons produced in association with the single

electrons, are also reported.
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INTRODUCT ION

The direct production of single electrons and electron pairs in proton-proton
interactions has been observed in this experiment performed at the CERN ISR. Some
of the results obtained have already been publishedl:z). In this report, the final

results are given.

At the time preceding the start of this experiment in 1973, direct production
of single electrons had not been observed in hadron collisions3~%). The motivation
for this study was to search for possible new particles which could be produced- at
the very high centre-of-mass energy of up to 62.4 GeV available at the ISR. In
general, these particles may be too short-lived to be observed directly and can
only be identified by detecting their decay products.' In this approach, high-
energy electrons observed at large angles with respect to the collision axis are
selected as a clean signature for the production of these particles. This idea
can be traced to the early 1960's, when proton accelerators with laboratory ener-
giés of up to 30 GeV became available,

The first opportunity to study weak interactions at high energy was provided
by the neutrino beams at the new acceleratorse_s), but it was soon recognized that
the intermediate boson Wt, which mediates the weak interactionsg), might be more
favourably produced in nucleon-nucleon collisions!®)., The signature of the heavy

+
W~ would be given by the two-body decay

wi—>2i+\),
which would create a flux of seemingly direct leptons at large transverse momenta* .
It was thought that the transverse momentum spectrum of single leptons from hadron
collisions would be composed of the unavoidable, but smoothly falling, background
of leptons from the decays of short-lived hadrons, upon which would be superimposed

a peak at lepton transverse momentum

* .
where MW is the mass of the intermediate boson ). This beautiful idea, elegant in
its simplicity and qualitativeness, soon became the stimulus of a large body of

workll), both experimental and theoretical.

An objection was raised to the simple idea, when it was realized'?) that the
interpretation of such experimentsll), particularly those with null results, would
be impossible unless the form factor for the production of the intermediate boson
were known. This form factor could be deduced!3) from the measurement of lepton-
pair production in hadron collisions; but the existence of such lepton pairs would
create additional background in the single lepton spectrum, thus making the detec-
tion of a peak more difficult, if not impossible. This new idea established the
fundamental relationship between single lepton and lepton-pair experiments, and

indicated the importance of doing both types of measurement.

*) Isotropic production or decay assumed.




APPARATUS

The measurement of single electrons and electron pairs was performed using an
apparatus consisting of two spectrometer arms located around 90° on opposite sides

of an ISR intersection region (Fig. 1).

Charged particle trajectories in the spectrometers were determined by wire
spark chamber planes with magnetostrictive read-out (labelled SC in Fig. 1). Two
identical magnets, one for each arm, with gaps of 40 cm vertically by 150 cm hori-
éoﬁtally and bending powers of 0.343 T * m, were used to provide a momentum meas-

urement with standard deviation

Ap _ 2 2
e _\/(o.ozs) + (0.02p)2 ,

where p is the momentum in GeV/c.

Electron identification was achieved by means of threshold gas Cerenkov coun-
ters and electromagnetic shower detectors. In each arm, a gas Cerenkov counter was
located in the magnet gap. The Cerenkov counter, C;, in Arm 1, was filled with
isobutane (CyH10) at atmospheric pressure, and had a pion momentum threshold of
2.8 GeV/c. The Cerenkov counter, 62, in Arm 2, was filled with air at atmospheric
pressure, and had a pion momentum threshold of 5.6 GeV/c. Each Eerenkov counter
was segmented into eight independent cells, to provide some spatial resolution;

and each cell was equipped with pulse-height measuring electronics.

The electromagnetic shower detector in Arm 1 consisted of a 3 radiation length
radiator made up of the lead plates of an optical spark chamber (not triggered in
this experiment), followed by a hodoscope of five lead-scintillation sandwich coun-
ters (SA), of a total thickness of 2.5 radiation lengths, with pulse-height measure-
ment. The mean pulse height of electrons in this hodoscope was linearly propor-
tional to their energy, having a value of six times the minimum ionization at a
laboratory momentum of 1 GeV/c. The r.m.s. energy resolution of the detector was
AE/E = *30%. Behind the SA hodoscope was located a lead plate, 5 radiation lengths

thick, and a hodoscope Hs of five scintillation counters.

The electromagnetic shower detector in Arm 2 consisted of an 0.85 radiation-
length thick iron plate, followed by a hodoscope of 16 scintillation counters Z,
with pulse-height measurement, and then by an array of 119 total absorption lead-
glass Cerenkov counters, arranged in 7 horizontal rows of 17 counters each. Each

2

lead-glass counter had a cross—section of 15 X 15 cm® and a thickness of 35 cm,

corresponding to 14.8 radiation lengths. The r.m.s. energy resolution of this array

was measured to be

AE _ 0.064
—E—— 0.017 + /E »
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where E is the energy of an electron in GeV. A detailed description of the cali-

bration and monitoring of the lead-glass counters has been publishedlq).

Each spectrometer arm also contained scintillation counter hodoscopes. Arm 1
had 4 hodoscopes: H; of 6 counters 0.5 cm thick X 10 cm wide X 10 cm high, Hy of
10 counters 0.5 X 10 x 20 cm®, Hs of 18 counters 1 X 10 X 65 em?® and Hy. Arm 2 had

'3 hodoscopes: H{ of 6 counters 0.5 cm thick X 12,2 cm wide X 12.6 cm high; H) of 4

counters 1.0 x 14 X 45 em® and HY of 15 counters 1,0 x 20 x 80 cm®, Hodoscopes Hj
in Arm 2, were equipped with pulse-height measuring elec-
r

1
1
More detailed descriptions of the

treonics. M he two spectrometers can be found else-
where!5=17),

Four 1 m? scintillation counters, B; to By, not shown on Fig. 1, were also
used., These counters were located downstream of the intersection region, around
the vacuum pipes of Ring 1 and Ring 2. For the experiments reported in this publi-
cation, these counters were used only to provide triggers for test purposes. Eight
additional scintillation counters, collectively denoted as MM, were used to measure
and monitor the luminosity of the colliding proton beams, as described in Gresser's

ThesiSIS).

It should be noted that the centre-of-mass system at the ISR moved away from
Arm 1, and towards Arm 2, with a velocity f = 0.1285. Thus, transverse momenta
measured in Arm 1 were approximately 12.1% below their value in the centre-ofrmass

system, while those measured in Arm 2 were 13.8% above their centre-of-mass value.

THE TRIGGERS

The measurements of single electrons and electron pairs proceeded simultane-—
ously. Two types of trigger were used. For each trigger, all the information from

both spectrometer arms was recorded on magnetic tape: (i) various scalers including

- the integrated luminosity monitor; (ii) all spark chamber information; (iii) sta-

tus bits for all scintillation counters and for each gas Cerenkov celly (iv) the
digitized, integrated pulse heights for each of the H:, Hz, SA, H{ and Z counters,

as well as for each of the lead-glass blocks and each gas Cerenkov cell.

The principal trigger for both measurements was basically a single electron
trigger in Arm 2. This trigger consisted of: (i) a coincidence between the hodos-—
copes H}, H}, H}, indicating that a charged particle had traversed the spectrometer;
(ii) a signal from the gas Cerenkov counter; (iii) an energy deposition in the
lead-glass array exceeding a given threshold in any 2 X 2 block area. The thres-
hold of the lead-glass energy requirement was set to one of three nominal values
(0.95, 1.16, 1.35 GeV) depending on the ISR luminosity, such that the trigger rate
was always less than two per second. It was later determined that these nominal
thresholds gave full efficiency for electrons with c.m.s. transverse momenta above

1.6 GeV/c for the highest threshold and 1.3 GeV/c for the lower thresholds.
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An independent trigger, based on Arm 1, was also used. This trigger consisted
of the coincidence Hj*Hp*H;3.C,*SA*Hs. For approximately half of the data taking,
the scintillators H{+H]-H} from Arm 2 were also required in coincidence. It should
be noted that the counters SA and Hs were put into the trigger without any require-
ment on energy deposition; but they nevertheless introduced a triggering bias be-
cause low-energy electrons could not penetrate through the 10.5 radiation lengths

of lead to give a count in Hs.

The Arm 1 single electron trigger was extremely effective in detecting charged
pions with momenta above the 51 threshold of 2.8 GeV/c. In addition, other trig-
gers, not pertinent to the measurements reported in this publication, were also

used. The results of these experiments are reported elsewhere!®>1%),

ANALYSIS OF THE DATA

The first task of the analysis program was to reconstruct all charged particle
trajectories recorded in the spark chambers. Charged particle tracks were required
to project to the interaction region, defined as *25 cm upstream and downstream of
the central interaction point and *2 cm above and below it. Furthermore, charged
particle tracks were required to set the bits of all scintillation counters through

which their trajectories passed.

The principal backgrounds which could simulate single electron production were
(i) electrons from conversions of high transverse momentum photons in the ISR vacuum
chamber wall or in the H{ hodoscope; (ii) electrons from Dalitz decays of high
transverse momentum T° or n? mesons; and (iii) charged hadrons depositing a large
fraction of their energy (> 70%) in the lead-glass detector in coincidence with a

pulse from the appropriate gas Cerenkov cell.

A selection of single electron events was made by using the following off-line
cuts, which were designed to reduce the backgrounds described above, while at the
same time maintaining good efficiency for single electromns. The track of interest

had to satisfy the following requirements:

i) it had to point to an energy distribution in the lead-glass consistent with

*)

that expected for an electron *;

ii) it had to deposit in the lead-glass array a total energy of greater than

1.45 GeV, which corresponds to about 1.3 GeV in the centre-of-mass;

iii) it had to come from the interaction region, and the bits for all of the scin-
tillators and the gas Cerenkov cell through which the track passed had to be

set;

iv) its pulse height in H{ had to be between 0.5 and 1.5 times minimum ionization
corresponding to a single particle (this greatly suppressed those electrons

due to photon conversions and Dalitz decays);

*) These criteria were obtained from studies made using a 3 x 3 block lead-glass
array in a high-energy electron beam at the CERN Proton Synchrotron.
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v) it had to have a spark in both projections in the first spark chamber, SC1,
located before the H} hodoscope (this requirement essentially eliminated

. . 1
electrons due to conversions in Hi)j

vi) the track momentum as determined by the magnet had to be within *307 of the

energy deposited by the track in the lead-glass array;

vii) its pulse height in the gas Cerenkov cell had to be greater than an empiri-
cally determined threshold, which gave optimum separation between electrons
and charged hadrons., The last two requirements were applied in order to

suppress background due to charged hadrons.

The numbers of events that satisfy all of these cuts are given in Table 1.
Measurements were made at five values of centre-of-mass energy V/s. The integrated

luminosities recorded at each energy are also given.

In addition to the sample of single electron events used to measure the in-
clusive spectrum (Sample E), various subsamples of the data were used to study the

following related processes:

. + = . .
i) e'e pairs observed in the same spectrometer (Sample C),

ii) e e pairs observed in opposite spectrometers (Sample A),

o+

iii) e -charged hadron same-side correlations (Sample C),

I+

iv) e =-charged hadron opposite-side correlations (Sample B).

These subsamples are also given in Table 1. For the analysis of events with more
than one charged particle observed in the final state, an additional requirement
was made that the particle tracks intersect at a vertex within the interaction
region. Also, note that events in which a second track points at the same HY

counter as the principal track will in general fail the B! cut.

Because of the rather loose triggering conditions, apart from the lead-glass
energy threshold, it was also possible to relax and change the off-line cuts, so
as to obtain other useful data samples. In particular, a sample of selected con-
versions was obtained simply by changing the H} pulse height cut to correspond to

two or more charged particles,

Independently of the H} cut, a sample of identified ete” pairs with
m " < 0.100 GeV/c? was obtained from events in which two overlapping tracks were

observed to separate in the magnet (Fig. 2).

Finally, a sample of charged hadrons could be obtained from the tracks that
satisfied all the other cuts except Cerenkov pulse height, and did not pass through

the Cerenkov cell that had caused the trigger.

It should be noted that an additional requirement, applicable to all the data
samples from the Arm 2 trigger, was that all events must have a principal track

with momentum of 1.0 GeV/c or greater.
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All these various data samples, together with a few special test runs, were
used to measure the remaining contributions of background in the sample of single

electron events. In addition, the efficiencies of all the cuts could be determined.

DETERMINATION OF THE BACKGROUNDS
FROM CHARGED HADRONS, PHOTON CONVERSIONS AND DALITZ DECAYS

The backgrounds from charged hadrons, photon conversions, and Dalitz decays,
which survive all of the single electron cuts were measured directly by using data
taken at Vs = 52.7 GeV, for c.m.s. transverse momenta p; > 1.6 GeV/c. These meas-—
urements could be extrapolated to other values of p; and Vs by use of the samples

of selected conversions and charged hadrons described above.

5.1 Charged hadrons

Figure 3 (curve a) shows the number of single electron candidates satisfying
all cuts except the agreement of momentum p, with energy E, as a function of p/E.
In order to study the background from charged hadrons, runs were made without re—
quiring the gas Cerenkov counter. The corresponding distribution s shown in Fig. 3
(curve b). 1In addition, the p/E distribution for pure eiectrons obtained from the

. ‘s + - . . .
sample of identified e e pairs is given (curve ¢).

The distribution of candidates looks very similar to that of the electron
sample, except for a definite tail for p/E > 1.3. This tail is due to a small con-
ﬁamination of hadrons. Fitting curve a to a linear combination of curves b and
c gives a hadron contribution of (18.6 * 1,9)% to the accepted events (all cuts
applied). 1In one subsample of the data given inTable 1, the Cerenkov pulse-height
cut was not used. The hadron background in this sample was determined in a like

manner to be (45 % 4)7.

It was expected that the hadron background would show a charge asymmetry,
because of the possibility that antiprotons could annihilate and thereby deposit
an inordinate amount of energy in the lead-glass. Consequently, the charge asym~
metry of the hadron background was determined. An asymmetry ah = (h+—h—)/(h++h—) =
= -(23.7 * 3.3)% was found for p; > 1.6 GeV/c and a value a, = —(27.4 = 2,6)% for
1.3 < p7 < 1.6 GeV/c.,

h

5.2 Photon conversions

The background of electrons from photon conversions in the wall of the ISR
vacuum chamber was measured by artifically increasing the wall thickness. Under
normal rumning conditions the thickness of the ISR vacuum chamber was equivalent*)
to 0.26 mm of stainless steel. Runs were also taken with a 0.50 mm thick stainless
steel sheet, or a 0.50 mm thick lead sheet together with a 0.5 cm plastic scintil-

lator, inserted between the vacuum chamber and SCI.

*) The true thickness of the vacuum chamber wall was 0.20 mm, but the wall was
corrugated, increasing its effective thickness to 0.26 mm.
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* 3
The yield )ot accepted events is shown in Fig. 4 (curve a) as a function of
the number of radiation lengths of material before SCl. The data are normalized

to the results obtained under normal running conditions. Also shown (curve b),

)

* . .
normalized in the same manner, is the yield ° of photon conversions and Dalitz decays
obtained by changing the H] pulse-height cut so as to get the selected conversion
sample, described above. The ratio of the number of selected conversions to the

number of accepted events was 6.2 for normal rumning conditions.

The very different slopes for these samples clearly demonstrates that only a
small fraction of single electron events originate from photon conversions in the
ISR vacuum chamber. The slope of the best fit line for the accepted events is
proportional to the contribution from this background, which amounts to (8.4 * 3.1)7
of the accepted events. The ratio of the slopes for the two samples is proportional
to the rejection of the H{ cut against electrons from photon conversions, indepen-
dently of the thickness of the ISR vacuum chamber. The inverse of the rejection
factor is found to equal (2.6 * 1.1)%. These results agree well with the predic-

tion of a Monte Carlo calculation, 8.17 and 2.0%, respectively.

Conversions in the H! counter could survive all the cuts if a random spark in
SC1 overlapped the particle trajectory. The contribution from this effect was meas-
ured by randomly sampling an image region about the centre line of the chamber, and

was found to be (0.7 £ 0,2)% of the accepted events,

5.3 Dalitz decay calculation

The rejection for T° and n°® Dalitz decay electrons is expected to be comparable
J y P

® and

to that obtained for electrons from external conversions of photons from 7
n’ > vy decays. Using the Monte Carlo program mentioned above,.the detection ef-
ficiency for an electron from Dalitz decay could be calculated by replacing the
energy spectrum used to generate conversion pairs from the m° and n° decay photons,
with the doubly differential distribution of pair masses and pair decay angles for

Dalitz decay. The distributions used were the following:

i) For photon conversions, the fully screened energy distribution®?) is

O

£y =7l:y2 + (1 - y)? +'—23-y (1 -y)] s

where v is the ratio of the energy of one member of the pair to the total
pair energy. As this formula is not correct for the very asymmetric pairs
which cause the background, the exact energy-sharing distribution for conver-
sions of 1.0 GeV photons was traced from Fig., 38 of Bethe and Ashkin2?) and
used in the Monte Carlo program. Multiple scattering was taken into account
using the formulation of Bethe and Ashkin as given by Sternheimerzo), who em-

phasized the validity of this method for thin converters.

*) Note that the data in Fig. 4 (with dashed error bars) have been corrected for
radiation of the electrons in the material preceding the magnet. These correc-
tions are described later on.




ii) For'Dalitz decaysZI):
1
1 4T 4o 1 X \2
e B -3 )
T d 3rm { X x/
vy m

+ - . . .
where m equals the mass of the e e pair, M is the mass of the 70 or n°, m, is the
mass of an electron, x = m?/M?, X is the minimum value of x (when m = 2 me), and

the maximum value of x is 1.0. The total Dalitz conversion probability is

r 20 M: 7 0
eey [ln ) _ 1.197 for m

r  ~ 3% 727 1.622 for n°

mg

Also, the decay angular distribution of the Dalitz pair in its rest frame is
*n
(} + cos? 6 + = sin? 6]

Zn
@.+ 7;]

where 6 is the polar angle of the Dalitz pair.in its rest frame, with respect to

ool W

the total momentum of the pair.

The result of this calculation was that the detection efficiency (within the
cut H{ < 1.5) for an electron from 7° Dalitz decay was 9.57 compared to 2.8% predic-
ted for an electron from external conversion of a m° decay photon. Also, the de-
tection efficiency for an electron from n’ Dalitz decay was 2,64 times as large as

0

that for 7" Dalitz decay.

The background was computed from these results by using the measured ratio of

selected conversions to accepted events, with some additional corrections for the

"self-vetoing" and Landau tail effects in the H{ cut*). Other information required
was the conversion probability in the ISR vacuum chamber (1.2% per photon), the
value of the n° cross-section at the ISRlS) M°/7® = 0,55 # 0.10), and the branch-
ing ratio for the two-photon decay of the n° (BN*YY = 0.38). The value for n°/n’
was measured for p% > 3 GeV/cy but it was assumed that the n°/m° ratio stays cons-
tant at 0.55 all the way down to p% = 1.6 GeV/c. By this method, the fraction of
the accepted events due to T°

(20.7 £ 2.5)7%.

and n® Dalitz decay background was found to be

An alternative method is to use the Monte Carlo calculation to predict the
ratio of the background from Dalitz decay to that from external conversions. The
predicted ratio of 2.53, together with the measured conversion background of

(8.4 £ 3.1)% gives a Dalitz decay background of (21.3 % 7.8)% of the accepted

*) These corrections are discussed in detail in the section on detection efficiency.
The difference between the raw Monte Carlo result of 2.8%, just given for the de-
tection efficiency (within the cut H{ < 1.5), and the 2.0% given a few paragraphs
previously, illustrates the effect of these corrections.

%,
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events, in excellent agreement. The 7% and n° Dalitz backgrounds can also be ab-

0

solutely computed by assuming that the T° spectrum is given by the charge-averaged

22)

British-Scandinavian fit , and is in excellent agreement with the results given

above.

A summary of the contribution of backgrounds from charged hadroms, photon
conversions, and Dalitz decay, to the sample of single electron events at Vs = 52,7 GeV
and p; > 1.6 GeV/c is given in Table 2. The single electron signal is (51.6 * 4.4)%

of the accepted events.

5.4 Checks on the background determination

It was possible to make several additional checks on the background determina-
tion by using the various data samples in which ete” pairs were observed. The
first check of the background comes from the sample of identified efe” pairs. In
this sample (2.5 * 0.4)%7 of the events are detected as having a single particle in
the H! counter (H{ < 1.5). The prediction of the Monte Carlo calculation for the
fraction of photon conversions and Dalitz decays, with two complete tracks observed

in the detector, which would satisfy the cut H] < 1.5 was 1.95%.

. . . . + - .
A second check comes by looking at the distribution of e e pailrs actually ob-
served in the Arm 2 spectrometer for events satisfying all of the single electron
cuts. 1In order to increase the number of such events, the p; cut for the single

> 1.1 GeV/c (Sample C, Table 1), which in-

electron candidates was reduced to p¥ "
creased the sample of single electron candidates to 2806, The observed e e mass
distribution is given in Table 3. Also given is the distribution of like charged
electron pairs, which are assumed to be background. The condition for identifying
the second particle as an electron was simply that it be counted in the Cerenkov
cell through which it passed. Thus the background is particularly large in the
0.1-0.2 GeV/c? bin because both tracks tended to pass through the same 6; cell,
The data show some indication of background from T° and n° Dalitz decays, which is

consistent with the values previously given.

Recall that the single electron sample does not contain events in which a
second track passes through the same H!{ counter as the principal track, since these
events will fail the H{ < 1.5 cut. For one of the other data samples (Sample 4,
Table 1), a distribution of ete” pairs observed in the Arm 2 spectrometer was ob-
tained, without any H{ cuts. The total number of events in this sample was 16,892
of which 3191 would remain if the H}{ < 1.5 cut were made. It should Be noted that
(45 * 4)7 of these remaining events would be charged hadron background, since the
Cerenkov pulse-height cut was not used for this sample., The distribution of ete”
pair masses is shown in Fig., 5 for the data with and without the H{ < 1.5 cut.

For masses below 80 MeV/c?, the distribution is biased, because the two tracks in
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front of the magnet could fall within the resolution of the spark chambers, so

that only a single track would be observed and the reconstructed e+e_ pair mass
would be artificially small. Apart from this effect, the data show nothing unex-
pected in the e+e_ mass distribution and give efficiencies for the H! cut in agree-
ment with the predictions of the Monte Carlo calculation. It is difficult to learn
anything else from this distribution, because it is severely biased by its large
hadron contamination, so that the computation of pair masses assuming ete” is in-

correct.

5.5 Background computations for all /s and p%

The background of charged hadrons, photon conversions, and Dalitz decays de-
termined directly for the sample of single electron events with Vs = 52.7 GeV and
p; > 1.6 GeV/c could be extrapolated to other values of Vs and p; by using the

samples of charged hadrons and selected conversions.

Recall that the charged hadron sample was selected by relaxing the Cerenkov
pulse-height cut and taking the events with the "wrong C, cell" struck. Approxi-
mately the same number of charged hadron and single electron events (0.96:1) is
observed at all values of p? and Vs. Table 4 gives the'ratio of charged hadron
events to single electron events as a function of p;, for all values of Vs. There
is no marked pT dependence, except perhaps in the highest pT bin. The effect of
the Cerenkov pulse-height cut on the charged hadron sample would be to reduce the

hadron to electron ratio in all bins by a factor of four or more.

The frequency of the various Cerenkov cells being struck is such that the
background from the correct cell being struck at random for a hadron can explain
at most half the observed hadron background for p% > 1.6 GeV/c. This implies that
the rest of the hadron background is not random; but results from a correlated
count in the same Eerenkov cell, such as would be produced by a knock-on electron.
As the knock-on probability is momentum-dependent, while the random background was
observed to be essentially momentum-independent, the p% extrapolation of the ha-
dronic background was calculated for three possibilities: all random, all knock-on,
and the observed situation of roughly half random plus half knock~on. The results
are given in Table 5. These results were parametrized to give the charged hadron
background as a fraction of the accepted events as 0.2885 - 0.1966 PT *(GeV/c), f
all values of Vs, A point—to-point error of 127 of the background was assigned
for the uncertainty of the p% extrapolation and 13% for the possible Vs dependence.
An additional over-all error of 107 of the background results from the uncertainty

of the charged hadron background determination at vs = 52.7 GeV and p* > 1.6 GeV/c.

The background of photon conversions and Dalitz decays was determined indivi-
dually for each bin of p% and Vs by using the measured number of selected conver-
sions and the predictions of the Monte Carlo calculation for the fraction of exter-

nal conversions, m° Dalitz decays, and n® Dalitz decays, that are detected as single
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electrons. The ratio of the events in the single electron sample to those in the
selected conversion sample is given in Table 6 for all values of p? and Vs. The
values of this ratio, integrated over transverse momenta p; > 1.3 GeV/c at each
c.m.s. energy are also given. The results of the Monte Carlo calculation for the
detection efficiencies could be simply parametrized:

i) for conversions: 4.07% and 3.5% in the two lowest p% bins and 2.8% for

p; > 1.2 GeV/e;

ii) for n° Dalitz:
0.2148 - 0.06933 p% (GeV/c)

for 1.0 < p% < 1.8 GeV/c; and 9.07 for P > 1.8 GeV/c;

0

iii) for n° Dalitz: the efficiency was equal to the T’ Dalitz efficiency plus a

constant 0.156, for all values of p; and /E;

iv) there was no vs dependence, except at Vs = 23.5 GeV where the 7% and n° Dalitz

efficiencies increased by a constant 0.013, for all values of p;.

Note that the background will be quoted as a percentage of accepted events,
but it should be emphasized that the background is determined independently of the

number of accepted events, since only the sample of selected conversions is used.

The background determined at Vs = 52.7 GeV is given in Table 7a. The errors
on the background are statistical. No error is assigned for the Monte Carlo cal-
culation. It was assumed that the n°/m° ratio stays constant at n’/mn% = 0.55 for
all p% > 1.0 GeV/c, and this assumption gives an n° contribution of 34% of the
conversion and Dalitz background at p¥ = 1.1 GeV/c, rising to 38% for p; > 1.6 GeV/c.
However, if the n°/n° ratio is set to zero, the conversion and Dalitz background
is decreased by only 187 at p% = 1.1 GeV/ec and 237 for'p% > 1.6 GeV/c (Table 7b).
This comes about because the background determination, using the measured selected
conversions, depends on the n°/w? ratio only to the extent that the n® and 7°

Dalitz decay branching ratios and detection efficiencies are different.

DETECTION EFFICIENCY

The over-all detection efficiency for electrons that satisfy all the cuts was
determined to be (36 * 4)%, as given in Table 8. The geometrical acceptance of the

detector is not included in the detection efficiency, but is discussed separately.

Since each track was required to set the bits of all the scintillation coun-
ters through which it passed, tracks would be lost if they passed through the small
spaces between the counters in each hodoscope (H], Hj, H}), or if the counters were
inefficient. This effect was measured by taking data with only the counters B; to
By in the trigger, and observing what fraction of the time a counter registered a

hit when a track having a bit set in all the other hodoscopes projected through it.
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The bit requirement was applied in the same way as in the actual data analysis.
The result was an efficiency of 897 for the requirement that a scintillator bit

be set in all three hodoscope planes.

The track-fitting efficiency was computed during the track recomstruction for
all the chambers, except SCl, by using the redundancy of planes in each spark-
chamber array in front of and behind the magnets. Rﬁns with dead planes were dis-
carded. The efficiency of SCl, which was required to have a spark on the track
in both projections, was determined separately by using the sample of charged
hadron events. The measured efficiencies were 0.87 * 0.02 for the SCl requirement,

and 0.982 * 0,004 for a track in the rest of the Arm 2 spectrometer.

The H{ requirement results in the loss of efficiency of single electrons for
two reasons. First of all, events in which a second track passed through the same
H{ counter as the principal track would, in general, fail the H{ < 1.5 cut. This
self-vetoing effect was determined from the measured associated multiplicity
(0.47 £ 0,02) and angular distribution of tracks in front of the magnet, and found
to cause a loss in efficiency of (10 = 2)7. The second effect was from the Landau
tail of the pulse-height spectrum, for a single particle traversing H{. The shape
of the Landau distribution was measured in a test beam at the CERN PS, and scaled
to match the observed single ionization peak in the H{ counter. The efficiency of
the H{ pulse-height requirement, of between 0.5 and 1.5 times the minimum ioniza-

tion, was thus determined to be 0.85 * 0,02.

In principle, the efficiency of the p/E cut for electrons could have been
determined from Fig. 3 simply by measuring what fraction of the pure electron
sample fell within the cut of 0,7 < p/E < 1.3. The shape of the p/E curve for a
pure electron sample is determined primarily by the resolutions of the momentum
and energy measurements; but there is another factor which cannot be ignored.
Electrons can radiate in the material preéeding the magnet, and therefore the meas-
ured momentum will be lower than the true value. For electrons of laboratory mo-
mentum 1 GeV/c or higher, all the Brems-photons will be collected in the energy
cluster in the lead-glass array, so that the measured energy will be correct.
This implies that the p/E curve should show a radiative tail, which is certainly
not evident in Fig. 3*). The radiative tail has been suppressed by the seemingly
innocuous cut of rejecting events in which the principal track had laboratory mo-
mentum of less than 1.0 GeV/c, even if the measured energy was acceptable. With
these complications in mind, the efficiency of the p/E cut for electrons was de-
termined to be 0.867 + 0.02, For the case of perfect resolution, the fraction of

events lost by the cut p/E > 0.7, due to radiation, is trivially computed to be

*) Note that the accepted events within the interval 0.7 £ p/E £ 1.3 do show the

expected radiative shift. The observed average value of p/E is <p/E> =
= 0.986 = 0,003.
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t/Xo % 1ln (1/0.3), which equals 67 for this apparatus. Thus the efficiency of the
cut 0.7 < p/E < 1.3, due to resolution only, was taken to be 0.92 = 0.02. The

correction for radiation is applied later on.

The detection efficiency of the C, Cerenkov counter for electrons was meas-—
ured in place at the ISR by taking a special run with the C, signal removed from
the trigger. The discriminator thresholds for setting the Cerenkov bits had been
adjusted to be fully efficient for a single photoelectron in the photomultipliers.
A sample of identified ee” pairs was selected from this data, in the same way as
with the additional restriction that both electrons in the pair
pass through the same €, cell., The Cerenkov bit efficiency for these events, in
which two electrons pass through a cell, was observed to be (98 + 2)%, from which
the single electron efficiency was deduced to be (86.5 * 8)%, where the errors are

mainly systematic.

The efficiency of the Cerenkov pulse-height cut for electrons was determined
by fits to the p/E shape for single electron candidates with and without this cut.
The efficiency of the Cerenkov pulse height for electrons, given that the ¢ bit
was set, was found to be 0.783 * 0.02. The same result was also obtained by a

calculation using the observed 52 pulse-height spectrum.

For another phase of the experiment, it was also desirable to know the effi-
ciency of the cuts which defined the sample of selected conversions. Recall that
these cuts were identical to the single electron cuts, except that the ! pulse-
height cut was reversed, so as to select events with greater than 1.5 times mini-
mum ionization. Note that the inefficiency of the H{ < 1.5 cut for single elec-
trons and charged hadrons feeds these events into the selected conversion sample
as background. This amounted to 4.07% of the selected conversion sample. Similarly,
the inefficiency of the cut H] 2 1.5 to select all photon conversions and Dalitz
decays provides the background from these processes to the single electron sample.
This has already been discussed in detail in the section on background. Apart
from this, all the efficiencies of the cuts are identical for the two samples,
except for the combined Cerenkov bit and pulse-height requirement which is a fac-
tor of 1.08 = 0.05 more efficient for the selected conversion sample than for the
single electron sample, because the selected conversions have a considerable frac-

tion of events in which an ete™ pair both go into the same C cell.

COMPUTATION OF CROSS-SECTION AND OTHER CORRECTIONS

The inclusive cross-section for single electron production at the five c.m.s.
energies /s = 23,5, 30.6, 44.8, 52.7, and 62.4 GeV was computed using the sample of
single electron events given in Table 1. The integrated luminosities are also

given. Note that at /5 = 52.7 GeV, 62.6% of the integrated luminosity was at high
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thréshold, with full efficiency for c.m.s. transverse momenta p; > 1.6 GeV/c, Thus
the cross—~section for the region 1.3 < p; < 1.6 GeV/c, at Vs = 52.7 GeV/c, could
only be computed from the data taken with low threshold, 37.4% of the integrated

luminosity.

In order to compute the invariant cross-section

d3c ddo

E~"= —— %2
3 * kS d *
dp”  p7 dpp dy d¢
the data were histogrammed in bins of c.m.s. transverse momentum pi and c.m.s, ra-
1
pidity y. It is important to note that the transverse momentum was computed from
the energy, as measured in the lead-glass array, assuming the particles to be elec-

trons.

The geometrical acceptance of the detector had been defined, by a fiducial
cut at the entrance of the magnet, such that it was independent of momentum for
p; > 1.0 GeV/c. The effective c.m.s. solid angle was A% = 0.168 sr, with
AP* = £7.0° and 6% = 90° * 20.0°. The c.m.s. rapidity distribution of all the events
is shown in Fig. 6. The events follow the shape of the acceptance, which implies
that the rapidity distribution of the single electrons*) is flat, out to the ef-
fective edge of the acceptance y = *0.36. The events in each bin were corrected
for the acceptance, and the differential cross-section was averaged over the obser-

ved rapidity interval.

In principle, the data must be corrected point by point for the effects of
resolution of the lead-glass array and radiation of the electrons in the material
preceding the magnet. These effects were computed and are given in Table 9. The
effect of resolution is to increase the number of events in a bin by 47 at low p;
and by 7% at high p¥’ while the effect of radiation is to reduce the number of
events in a bin by 6%, independently of pé and V/s. The background from Compton
scattering in the ISR vacuum chamber is approximately 157 at 1.5 GeV/c and falls
as 1/p¥. The net result of these three small effects is to cancel to a precision

of 1.00 £ 0.01 for all values of p; and Vs.

An additional background to the single electron spectrum arises from the decay
in flight of charged and neutral kaons. The flight path in which K leptonic decays
can be detected as single electrons in this experiment is roughly 30 cm from the
centre of the intersection region. This value, together with data from the
British-Scandinavian (BS) Collaborationzz), on kaon production, has been used to
estimate the contributions of kaon decay to the single electron cross—section.

This contribution amounted to (10.8 * 8.4) x 10~%% cm?/GeV? at p% = 1,35 GeV/c

*) Note that the rapidity distribution of the selected conversion events is also
flat, out to y = %0.36.
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and (4.0 + 3.0) x 107%% cm®/Gev? at p; = 2.5 GeV/c for Vs = 52.7 GeV, and was sub-
tracted point by point. The contribution to the electron spectrum from strange

baryons was less than 17 of the contribution from kaon decay.

The inclusive cross-section computations for single electrons are illustrated
in Table 10. For each value of Vs, the various backgrounds were subtracted bin by
bin from the data with the point—to-point errors given in the table, as previously
discussed. There is an additional error of *10% of the charged hadron background,

which is an over—all normalization uncertainty due to the original measurement of

cross-section of *37, independently of Vs and p?.

RESULTS OF SINGLE ELECTRON MEASUREMENTS (ARM 2)

After background subtraction, transverse momentum distributions were obtained
for e and e separately. The charge asymmetry (e+—e_)/(e++e_) was computed for
the data and found to be equal to 0.009 * 0.057 for the range 1.6 £ p% < 4.7 GeV/ce,
and -0.105 * 0.058 for 1.3 £ p; < 1.6 GeV/c. The single electron and positron
inclusive cross-sections were thus observed to be charge symmetric to the precision
quoted, so that the two distributions were averaged. The resulting charge-averaged
invariant cross-sections are given in Table 11 at each Vs value. In addition to
the statistical errors given, there is an over-all normalization uncértainty of
+57 from the luminosity measurement. Furthermore, a possible systematic error of
+3,0% in the absolute energy calibration results in an over-all, s-independent scale
normalization error of roughly *25%., It should be recalled that additional s-in-
dependent normalization errors are: *3%7 from the background subtraction, *117 from
the detection efficiency, and #1% from the other small corrections. The systematic

errors are summarized in Table 12a,

The charge-averaged invariant cross-—sections for inclusive electromn production
as a function of Vs and p; are plotted in Fig. 7. The electron cross-section is a
steeply falling function of p%, while yields at a given p? are seen to increase
with centre-of-mass energy vs. It is important to stress that the inclusive elec-
tron cross-sections presented here are absolute cross-sections which could be
further analysed in their own right. However, the vs and p% dependences of the
inclusive electron cross-section so strongly resemble those of charged pions that
it is more reasonable to carry out the analysis in terms of the ratio of electrons
to pionms.

. . . . . *
Comparison with the charge—averaged pion cross—-section in the same Py and Vs

22). Interpolation between

22)

ranges is made using the data of the BS Collaboration

the pion data points is carried out using the fit obtained by the BS group
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where the parameters D, b, m and n have been given separately for each Vs value.
The solid 1lines in Fig. 7 are the BS charge-averaged pion cross—sections at each
Vs, multiplied by 10, For each p; and Vs point, the ratio of the charge-averaged
inclusive electron cross-section to the charge-averaged pion cross—sectipn has been
determined and is shown in Fig. 8a. Again, only statistical errors are used. The
data show a sli tendency to increase with pp by an amount (34 = 1437 per
but are also consistent at each vs with being independent of p?, so that an average
was made over pg giving the Vs dependence shown by the closed circles in Fig. 9.

A hypothesis of Vs independence of the ratio of electrons to pions (R) for

p% > 1.3 GeV/c gives

R = (0.93 % 0.05) x 10™"

with x? = 36 for 39 degrees of freedom. A straight line fit gives
R = [(0.27 * 0.22) + (0.0144 + 0.0047)Vs (GeV) | x 10"
with x> = 27 for 38 degrees of freedom, while a Vs dependence of the form

R =[(0.63  0.20) 1n V5 (GeV) - (1.46 = 0.74)] x 107"

has x? = 26 for 38 degrees of freedom. In either case the Vs dependence is at the
3 standard deviation level., Note that the systematic error has not been included
in this analysis, since the variation of the systematic error with vs is estimated??)

to be less than 2%, which would have negligible effect on the above results.

In the preceding analysis, only transverse momenta above 1.3 GeV/c could be
considered. This reflects the trigger threshold that required a deposition of
energy in the lead-glass array. Block-to-block gain variations resulted in a slow
onset of this threshold, such that full efficiency was only achieved for pé > 1.3 GeV/e.
An alternative approach to the absolute cross-section measurement was obtained by
studying the ratio of the single electron spectrum to the selected conversion
spectrum also measured in this experiment. A selected conversion detected in this
apparatus with a p% > 1 GeV/e, cofresponds to a parent m° with only slightly larger
mean momentum (v 500 MeV/c). This is a consequence of the steeply falling spectrum.
Since both the electron and.selected conversion data suffer from the threshold
effect in an identical manner, it was possible by this method to study the p; de-

pendence of the e/m ratio down to p% = 1.0 GeV/c.

A Monte Carlo program, with the shape of the primary spectrum given by the
BS distribution2?) as an input, was used to convert the measured ratios of single
electrons to selected conversions (Table 6) into the ratio of electrons to neutral

pions. This approach has the advantage that normalization differences between the
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two experiments are avoided and that all luminosity errors cancel. Most impor-
tantly, the effect of the possible systematic error in the absolute energy cali-
bration is greatly reduced, resulting in an over-all, s-independent scale norma-
lization error of only *3.0%. Furthermore, all of the efficiency corrections
become ratios so that they cancel exactly, except, obviously, for the H{ efficiency.
Also, as mentioned previously, the Cerenkov counter efficiency is slightly diffe-
rent for the two cases. The result is that the over-all uncertainty from the ef-
ficiency is reduced to #5.7%. The over-all uncertainty from the background is
unchanged for the single electron sample, but an additional over-all fractional
error of t1% is caused by the uncertainty in the selected conversion background.
The combined vs-independent normalization uncertainty of the e/m ratio, from all
of the above contributions is 7.37%, Table 12b.

There is, in principle, an additional error introduced in the calculation of

the m°

spectrum from the selected conversion spectrum, because Ell sources of pho-
tons must be taken into account. For the n’, it was assumed that the ratio of
n°/m® cross-sections remains constant at 0.55 for the values of p; used in this
analysis, although measurements of n° production at the ISR 8) exist only for

pé > 3.0 GeV/c. Since the n° was found to contribute 217 of the selected conver-
sion events, any reduction of the n°/n® ratio from the above value would cause a
proportional decrease in the calculated e/m® ratio. This is opposite to the effect
of the n’ on the background, where setting the n%/m° ratio to zero will cause the
e/m’ ratio to increase by 0.28 x 107" at p% = 1.1, 0.23 x 107" at p% = 1.3, and
0.18 x 107" for p% > 1.6 GeV/c. These two effects thus tend to cancel, so that

the error from the uncertainty of the n’/m’ ratio is not particularly important.
The existence of any sources of single photonszu) with p% > 1.0 GeV/c would have a
disproportionate effect on the comversion spectrum, because the conversions would
be produced as a secondary process in contrast to the tertiary process for 7% and
n’. For instance, a single photon continuum at 10% of the 7% cross-section would
cause the e/n’ ratio, as deduced above, to be 24% too low in the range

1.0 £ p% < 2.0 GeV/c. However, a much more serious effect of these photons would
be their Dalitz decayzq), which would severely change the background computations.

This will be discussed later on.

The charge—averagedratios(e++e_)/2Tr0 plotted as a function of p% for the
various values of Vs are shown in Fig. 8b and Table 13. There is no tendency
for these data to change with p; over the range 1.0 < p; < 3.7 GeV/c, but the
data at each value of Vs appear to be systematically higher than those of Fig. 8a.
The average values of the e/m° ratio at each Vs for p; > 1,3 GeV/c are shown as
the open circles in Fig. 9. On the whole, the e/m’ data agree very well in shape
but are systematicélly higher than the e/'lT-lL data by about (19 + 5)7Z. The hypo-

BS
thesis of Vs independence for the e/n’ data gives

R = (l.14 * 0.06) x 10™%
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with % = 35 for 39 degrees of freedom; while a fit of the form

R =[(0.61 + 0.23) 1n Vs (GeV) - (1.18 % 0.87)] x 10~*

has a x? of 28 for 38 degrees of freedom and gives a Vs dependence of 2.7 standard
deviation significance, in excellent agreement with the other method. It is cau-
tioned that the two methods of estimating the ratio of electrons to plons are not
independent in that, in both cases, the same single electron spectra and pion
spectral shapes are used. Also, the systematic discrepancy between the ratios

obtained via the two methods are well within the stated systematic scale error,

The observations of single~lepton production obtained in this experiment can
be compared with measurements at Serpuhkovzs) and Fermilab?®,27), At Serpukhov
(Vs = 12 GeV), a lepton(muon)~to~pion ratio 2.5 x 10™° was found, while at Fermilab
a ratio of (0.8 to v 1) X 107* was observed at Vs = 24.5 GeV. Many subsequent meas-

urements have also been madeza).

According to the original motivation for doing single lepton experiments, the
presence of such a copious signal at transverse momenta of greater than 1 GeV/c
would have been suggestive of the existence of the intermediate boson, via its
decay mode

+ %
W »-e + v,

The absence of a peak in either the single electron spectrum or the electron-to-
pion ratio could have been rationalized as being due to a dominant decay mode of
three or more bodies. Alternatively, the single-electron signal could be taken

to indicate the production of ete” pairs: either of low mass, produced with trans-
verse momenta of > 1.0 GeV/cj or of high mass, produced essentially at rest in the
¢.m. system, In order to track down these possibilities, and to explore other ones,
various processes related to the single electron production were also measured in

this experiment.

STUDIES OF SINGLE ELECTRON-HADRON CORRELATIONS

Although the Vs and transverse momentum dependence of the single electron
production is quite substantial; it is remarkably similar to that observed for
inclusive production of hadrons. This is suggestive of a fundamental relationship

between the two processes.

Another very striking property of large transverse momentum hadron production
at the ISR is that the two-particle correlation function, expressed as the condi-
tional probability of observing another hadron given that one has been observed,
is considerably larger and has a different vs and transverse momentum dependence
than the fully inclusive hadron cross—section'®). TIf the single electron produc-

tion were fundamentally related to the hadronic process, one would expect that the
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two-particle correlation of an electron and a hadron would also be very similar

to the hadron-hadron correlation. On the other hand, if the single elctron were
produced as the decay product of a heavy particle, like an intermediate boson, etc.,
it would be surprising if the two-particle correlation were the same as for inclu-
sive hadron production., This is particularly relevant to the case of opposite-
side hadron correlations, where there is very little dependence on Vs, but consi-

derable dependence on the transverse momentum of the triggering particlela).

The geometry of the two spectrometer arms made it convenient to consider se-
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in the same spectrometer (Arm 2), and the correlation between a single electron

and a charged particle emitted in opposite spectrometers (Arm 2 and Arm 1, respec-
tively). Since the solid-angle acceptance of the spectrometers was rather small,

it was necessary to reduce the p% cut on the single electron events, so as to obtain
more data. The triggering bias is essentially irrelevant for the correlation studies,
since the correlation function is computed from the ratio of observed electron-
hadron events to observed electron events. Data Sample B, Table 1 was used for
opposite-side correlation studies and data Sample C, Table 1 for same-side studies.
Note that background subtraction was mnot done for the correlation studies, since

the background could not be identified event by event. Thus the correlation func-
tion is given for the whole data sample, signal plus background. In this p% range,
the single electron signal amounts to roughly 357 of the total, and this dilutiom

factor must be taken into account when considering the results.

The data analysis for events with more than one charged track has already
been described. The principal track was identified to be a single electron by all
the cuts previously given. The second track was identified to be a hadron simply
by requiring it not to set the bit of the Cerenkov cell through which it passed;
if it set the bit it was identified as an electron. This produced an unavoidable
bias for same-side correlations, because the .second track could pass through the

same Cerenkov cell as the principal track.

In order to overcome this bias, and any others that might occur, the hadron-
hadron correlation was determined by using the sample of selected conversion events.
Recall that selected conversions correspond to parent 1% of slightly larger

(v 500 MeV/c) average transverse momenta.

The number of charged hadrons, with transverse momenta p; > 0.200 GeV/c, per
steradian per GeV/c associated with large p? electrons, was computed and compared
with the number associated with selected conversions. The data were corrected for
the detection efficiency and geometrical acceptance of the second track. Note that
for the same-side correlation no correction was made for the reduced solid angle

which results from the loss of single electron events when the correlated hadron
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passes through the same H{ counter as the principal track. The same- and opposite-
side correlation functions are shown in Figs. 10 and 11. There is no discernible
difference between the correlations of charged hadrons with hadrons or with single
electrons, except perhaps for the lowest bin of the same~side correlations, which

is particularly subject to the biases mentioned above.

It was also possible to identify the charged hadrons of momentum below 1 GeV/c,
for the opposite-side correlations, by using time-of-flight measurements over the
3 m distance. between the H; and H; hodoscopes in Arm 1. The mass spectrum of the
opposite-side charged hadrons is shown in Fig. 12 for the single electron sample,
and for the combined samples of selected conversions and charged hadrons (wrong
Ez cell). Defining the mass intervals for m, K, and p as shown in the figure,
the number of events were found to be in the ratios of 720:50:53 in association
with hadrons, and 67:4:3 in association with electrons. Thus, with the statistics
given, there is no difference in the particle composition of the charged hadromns

observed opposite to a hadron, or to a single electron.

All of these correlation measurements seem to be consistent with the existence
of a fundamental relationship between single electron production and inclusive
hadron production, at large transverse momenta; i.e. the single electrons do not
seem to be associated with any production dynamics, or the production of any special
particles, different from those causing high transverse momentum hadron production,
However, in Fig, 11, a strong electron-pair signal is indicated in the bin of op-
posite-side transverse momentum 1.0 < p% < 2.0 GeV/e. Also, in two lower binms,

the possibility of a small ete” signal cannot be excluded.

PRODUCTION OF e+e_ PAIRS AND VECTOR MESONS

Before consideration of the high-mass electron positron pairs, observed in
opposite spectrometers in this experiment, an exploration was made of the possibi-
lity that the single electrons could be explained by low mass ete” pairs, or by
the leptonic decays of the vector mesons*), p, w’, and ¢P. One fact tending to
argue against the high mass pairs as an explanation of the single electrons was
that no peak was observed in either the single electron spectrum or the electron-

. . *
to-pion ratio, for transverse momenta > 1.0 GeV/c.
3 pT —_

10.1 Leptonic decays of vector mesons

The electron-to-pion ratio produced by the leptonic decays of the vector mesons,

p, w® and ¢°, near p* = 1.6 GeV/c, can be approximately expressed as
T 4 >

et+e”  1.08 x 1078 00 + 1.90 X 107° 0o + 8.0 x 107° 0 40

o0 G o ¥ 0,40 o + 0.075 09 + 0,01 940 B

3 ) 3 » 2 6
*) This had originally been suggested by Boymond et al. ).
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where the 0 are the cross-sections for the various particles at p; = 1.6 GgV/c.
Note that g0 represents the direct m° cross-section, excluding 7% from the vector
meson decays. The observed 1% cross-section from all sources, 00,119 is given by
the denominator and shows a considerable effect from the m 1% decay of the p .

Several conclusions can be drawn from the above equation

i) if Opi = Opo =00 = O¢o =0, the observed e/m’ ratio can be expléined by
o, = 2.3 0.0 =1.10 0,973
i1) if Gpi = Upo =00 = 0, then the observed e/m? ratio can be explained by
0¢0 = 1.5 oﬂo;
iii) if G¢0 = 0 and Opi = Opo =00 = 0,05 then the e/n° ratio would be 0.20 X 1074,

which is less than 1/5 of the observed value.

Thus the p and ®w® mesons cannot explain the single electron signals; but the 0
meson could, if produced with the above cross-section. Such copious $° production
. . . . + - . .

could easily be observed via the principal decay mode K’ K . Thus, a special run

was taken in an attempt to detect the ¢’ in this mode.

The trigger for this run was a coincidence Hj*Hz*H; in Arm 1, with the addi-
tional requirement that two or more counters be struck in the hodoscope Hs. Data
were collected for a few hours, corresponding to an integrated luminosity of
1.6 x 10%% cm=2 at Vs = 52.7 GeV, and a mass distribution was obtained for all
oppositely charged pairs observed in the spectrometer, assuming that the particles
were K+K— (Fig. 13a). A cut was also made that required the total momentum of the
KK pair to be 2 1.6 GeV/c. In neither case was a signal observed above back-
ground. Multiple scattering and decay in flight were important considerations,
so that the number of k'K events expected in the apparatus was predicted using a
Monte Carlo calculation, which also assumed a flat rapidity (y) distribution in
the range |y| £ 0.4 and a transverse momentum distribution of the $° identical to
that of the m°. The K'K mass distribution expected for the case 0¢0 = 10 0,0 is

shown in Fig. 13b.
Comparison of Figs. 13a and b leads to the conclusion that

0,0 £ 0.4 o 0 to 807 confidence,

¢
which constraints the possible ¢° contribution to be less than %Y to % of the ob-
served single electron signall). This 1limit was subsequently corroborated, and
improved, at Fermilabzg), where it was concluded that o¢°/0w° < 0.055-0.103 for

2.48 < py < 3.33 GeV/e, at V5 = 23 GeV.

10.2 Same-side e e pairs

. . . + - . . .
The distribution of e e pairs, with the second electron observed in the same
spectrometer as the principal electron, was obtained from the same data sample as

used in the study of same-side electron-hadron correlationms. The second track was
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identified as an electron if it set the bit of the Cerenkov cell through which it
passed, and as a hadron if it did not set the bit. Actually, the mass distribution
of same-side e e pairs has already been given in connection with the determination
of the background to the single electron events (Table 3). Only two e+e_ pairs
were observed with mass m > 0.300 GeV/c?, for a sample of 2806 single electron

candidates (Sample C, Table 1),

Recall that there is an intentional bias in this data, because the two tracks
were required to pass through different Hi counters so that the H{ pulse height cut
could be applied. This is illustrated in Fig. 14 where the probability is shown
for an e'e” pair to satisfy the H{ < 1.5 pulse-height cut, given that one member
of the pair satisfies all the other single-electron cuts with pé > 1.6 GeV/c (solid
curve). Also shown is the acceptance probability when the further restriction is
made that the second track be fully reconstructed in the spectrometer (broken curve).
The effect of the H{ cut at low masses is clearly seen. For masses above 0.300 GeV/c?

the bias produced by the H{ cut is negligible, but the ete” acceptance is poor be-

cause the pair opening angle is larger than the detector aperture.

The r.m,s. mass resolution for same-side e+e_ pairs was approximately constant
at +77 for masses in the range 0.300 < m. S 1.00 GeV/c?. Ninety-five per cent
confidence level upper limits for the production of a particle of a discrete mass m,
at Vs = 52.7 GeV, were obtained by calculating the cross-section for which four
events would have been expected in a 0.100 GeV/c? wide bin centred around the par-
ticle mass. These are given in Table 14, along with the fraction of the observed
single electron yield that would be accounted for by the quoted e+e_ pair cross-

section. Note that the cross-sections given are
do
LY (px >
B g (px 2 1.3) ,

where B is the branching ratio of the particle m to e e pairs; and (dO/dy)(p¥ > 1.3)
means that the invariant cross-section has been integrated over azimuth and over

all transverse momenta p; 2 1.3 GeV/ec. An invariant cross-section of the form

E d30/dp3 = e_3p¥, for p% > 1.3, gave single electron spectra of the correct shape
for all masses considered. For comparison with the cross-sections given in Table 14,

the integral of the charge-averaged BS 22) pion cross-section at Vs = 52.7 GeV is

Ler>1y| , _ =271 x 1072 en?
y (m+m /2)

and the integrated single electron cross-section has been given in Table 11.
It is clear that the upper limits given in Table 14 allow the single electron yield
to be explained by the production of a particle of mass m > 0.800 GeV/c?, which

. + - .
decays into e e pairs. However, the p° and w’ mesons are excluded, because
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their leptonic branching ratios are too small; and the ¢? meson is excluded by the
measurements discussed previously. Also, it is obvious that models, in which a
combination of particles produces the observed single-electron spectrum, can be

concocted so that all the limits given in Table 14 are obeyed.

The upper limits for a mass continuum are essentially identical to those given
for a discrete particle, if the cross-section quoted is the integral of the conti-

nuum over the 0.100 GeV/c? wide bin centred on the stated mass:

m+0.05 Vs/i
do r E d*o
B T (p% 2 1.3 GeV/c) = 27B dm p% dp%
y ./ ./ dm dp°
m—-0.05 1.3

These limits are slightly model-dependent, but only because the acceptance varies
over the width of the bin. The variation of the integrated cross-section limit is

b go mtl,

only 97 for a variation of the mass dependence of the continuum from m~
The limits on the differential cross-section can be obtained by noting that the
effective width of the 0.100 GeV/c? mass bin is 0.065 GeV/c? for an m™' distribu-~
tion and 0.040 GeV/c? for an m '° distribution. It is evident that the most strin-
gent limit on a continuum comes from the lowest mass bin., Thus a steeply falling
continuum is excluded as the source of the single electrons, unless a cut-off is im—
posed for masses below 0.700 GeV/c?. By contrast, a continuum of the form m~!

can satisfy the limit at m = 0,400 GeV/c?, while the contributions at higher masses

add up to account for the entire single electron signalzh).

OPPOSITE-SIDE e'e  PAIRS

The electron pair signal observed in opposite spectrometers has been shown in
Fig. 11. 1In the two lower bins, the upper limits given correspond to the possibi-
lity of one event. The strong signal in the bin.1.0 £ p%l < 2.0 GeV/c (Arm 1) is
due to three e e events observed for a total of 3439 single electron candidates
in Arm 2 with p%z > 1.0 GeV/c. 1In order to obtain more data, the Cerenkov pulse-
height cut in Arm 2 was relaxed; and the data for all values of /E, where both
spectrometer arms had been in operation, were combined., Also, the transverse-
momentum cut in Arm 2 was restored to p¥ > 1.3 GeV/c, so that the lead-glass array
would be fully efficient. This resulted in a sample of 3190 single electron candi-

dates (Sample A, Table 1), for an integrated luminosity of 1.79 X 1035 cm~?

, dis-—
tributed over the four values of c.m.s. energy Vs = 30.6, 44.8, 52.7, and 62.4 GeV,

in the proportions 16%, 27%, 507 and 7%, respectively.

Since both spectrometer arms were used in the analysis of opposite-side elec-
tron pair events, data taken with the independent Arm 1 trigger were combined with
the sample obtained above from the Arm 2 trigger. As mentioned previously, the

Arm 1 trigger also had a threshold bias for electrons; but it provided a big
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advantage for the electron—pair search, because the Arm 2 information could be

obtained without any lead-glass threshold bias.

In order to select electron-pair events, the usual charged track criteria were
used; and all of the single electron cuts, with the exception of the Cerenkov pulse-
height cut, were applied in Arm 2. For Arm 1, the charged particle was required to
give a pulse height in H; of between 0.5 and 1.5 times minimum ionization, corres-
ponding to a single particle; to set the bit of the Cerenkov cell through which
it passed; and to give a pulse in the appropriate SA counter of at least two times
minimum ionization. Also, in order to be in the bias free region of the shower
detectors in each afm, transverse momentum cuts were applied, according to the
trigger. The net effect of all these cuts produced detection efficiencies for
electrons within the geometrical apertures of Arm 1 and Arm 2 of 84 % 4% and
45 * 57, respectively; and the corresponding hadron rejections obtained were
> 3 x 10% and 2.0 x 10*., The values of the angular apertures and momentum cuts

used are given in Table 15.

After all these machinations, a total of 11 electron-pair events was obtained.
It is important to note that in all of these events the two electrons had opposite

+ + .
charges. No e e or e e pairs were found.

Three types of background events could contribute to the eleven e+e_ pairs
observed in the experiment: a single electron candidate in Arm 2 in combination
with either (i) a charged hadron or (ii) a Dalitz decay or photon conversion in
Arm 1, which are misidentified as electrons, and (iii) a real single electron in
Arm 1 in combination with an Arm 2 single electron candidate which is not a real

electron.

All three types of background could be directly determined by using the 3190
single electron candidates obtained with the Arm 2 trigger. 1In twenty-two of these
events, a charged particle having a c.m.s. momentum above 1 GeV/c was: also detected
in Arm 1. These twenty-two particles were identified as thirteen charged hadrons
(no Cy signal, SA signal ignored), and nine electrons*). It is known that the
_charged hadron rejection in Arm 1 is > 3 x 10%, and the rejection against Dalitz
decays and photon conversions is 4.5 x 10, normalized to charged hadrons. Thus
the contributions from backgrounds (i) and (ii) turn out to be < 4.3 X 107°% and

0.3 x 10~% events, respectively.

From the background determination previously given, for the case of no Cerenkov
pulse-height cut, the Arm 2 single electron candidates are known to consist of 317
directly produced electrons, 45% misidentified charged hadrons, and 247 electrons
from photon conversions and Dalitz decays. For Arm 1, it is assumed that the na-

tural particle composition (e/m ratio = 1.2 X 10™*) would be observed, if it were

*) These nine events, to§ether with two other events obtained with the Arm 1 trigger,
comprise the eleven e’e” pairs observed in this experiment,
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not for the Arm 2 trigger. Thus, the contribution from background (iii) becomes

1.1 x 10~? events, resulting in an over-all background contribution of (7.0 * 2.0) x
X 10”3 events to the eleven ete pairs observed in this experiment. It must be
stressed that all types of background would generate an equal number of same-
charge and opposite-charge events, while the observed pairs all have opposite
charges. It can thus be concluded that the eleven ete” pairs are genuine and

correspond to the occurrence of the reaction:
+ - .
p+p>e + e + anything, 9]

The invariant mass of each pair was calculated using the momenta of the par-
ticles as measured in the magnetic spectrometers. The distribution of invariant
masses of the eleven events is shown in Fig, 15 and the events are listed in
Table 16. The e e invariant mass resolution was determined from the known meas-
uring errors on momenta. The resolution function was found to be Gaussian with a

standard deviation of 3.5% over the mass interval from 2.5 to 4.0 GeV/c2.

The geometrical acceptance of the apparatus for reaction (1) as a function

+ - . . . . .
of M(e e ) was estimated by a Monte Carlo calculation. A distribution of the form

d%c __ d% ) 2)
dp 2Wp¥ dp% dy
was assumed for reaction (1), where p; is the transverse momentum and y the rapi-
dity of the ete” pair in the centre-of-mass system. The flat rapidity distribution
of Eq. (2), within acceptance of the apparatus, is suggested by the data (Fig. 16).
The value of the geometrical acceptance depends strongly on (p;) = 2/b, because
events with large p% become non-collinear in azimuth and miss the detector. It
was determined from the observed events that (p;) > 0.67 GeV/c to 85% confidence,
so that the value b = 3 GeV™! was used to compute the acceptance, Finally the
decay angular distribution was taken to be isotropic in the rest system of the

*)

pair ‘.

The shape of the apparatus acceptance versus M(e+é') is shown in Fig. 15 for
both the Arm 1 and Arm 2 triggers. The Arm 2 trigger was active for the full lu-
minosity of the experiment and the Arm 1 trigger for 90% of the luminosity. Hence,
the absence of events observed between 2.20 and 2.90 GeV/c? strongly suggests that
the nine events clustered around M(e+e_) = 3,1 GeV/c? in Fig. 15 result from the
reaction

p + p > J(3.1) + anything,

L—+e+ +e ) =

*) Decay angular distributions of the form sin? 6 or 1 + cos? 8 would change the
acceptance by a factor of 1.13 and 0.93, respectively.
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where J(3.1) is the narrow particle discovered at BNL 30) and SPEAR 31) while this
experiment was in progress. These nine events have a mean mass of 3.075 = 0.037 GeV/c?
and a standard deviation of 0.11 GeV/c?. No firm conclusion can be reached on the
origin of the two events at higher invariant mass values, although they are consis-—
tent, within the mass resolution, with the ete” decay of the ¥/ (3.7) particlesz).

Another interesting fact is that no events are observed for masses M- 2 4,0 Gev/c?.

Using the acceptance calculations discussed above, it is possible to obtain
an estimate of the cross-section for reaction (3) at ISR energies. In this experi-
ment, reaction (3) is only observed in the J rapidity interval between -0.32 and

+0.32. The cross-section result is expressed in the form

do

%= . - + ' -33 2
ee ¥ Fyly=0 (p + p > J + anything) (7.5 £ 2,5) x 10 cm

B
averaged over this interval, where Bee is the branching ratio for the decay mode

+ = * .
J(3.1) > e'e . It should be noted that a change from (p;) = 0.67 to higher values
in the acceptance calculation would cause the above cross—section to increase.

(See Table 17.)

The value of the cross-section for reaction (3) can be compared with that ob-
tained by BNL—MIT 30,33) by converting their measurements to the form given above.
Note that BNL-MIT °3) observe a value of (p;) = 0.79 GeV/c. Our computations give
the result that the BNL-MIT data at vs = 7.5 GeV can be expressed in the form
B, X dOJ/dy y=0 = 1.23 x 107%** cm?, which is two orders of magnitude lower than
the corresponding value observed at ISR energies. A comparison with the CHCIF 3k)
measurement is more difficult, since the experiments were done in disjoint regiomns
of rapidity,

The CHCIF results were converted to differential cross-sections in their va-—
riable*) X by using their quoted x dependence, exp (-10 x). The cross-sections
were then transformed to be differential in rapidity y, by using the Jacobian
do/dy = x do/dx. As shown in Fig. 17, the two experiments are in good agreement.
Also note that the p% distribution quoted by CHCIF corresponds to (p%) = 0,707,
If the rapidity distribution of Fig. 17 is taken seriously, then the differential
cross—section Bee x dO/dyly=0 given above can be cgnverted into the total cross-
section, Bee X O or? for reaction (3) by multiplying by a factor of 1.6,

35)

Subsequent experiments are all in good agreement with the above results.

*) Note that this is not the Feynman x, but is the ratio of the outgoing momentum
of the J(3.1) to the momentum of the incident neutron in the laboratory system,
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In comparison to the single electron spectrum observed in this experiment,
the electron pair yield is rather small. No electron pairs were observed, other
than those in the region of the narrow resonances®°~32), The acceptance calcula-
tion discussed above can be used to predict absolutely the spectrum of single elec-
trons due to the production and decay of the J(3.1), as measured in this experiment.
An additional assumption used is that Eq. (2) is flat in rapidity for y < 0.8*).

The result is shown in Fig. 18 along with the observed single electron spectrum
at Vs = 52,7 GeV. TFor the two values (p;) = 1.5 and 2.0 GeV/c, the transverse
momentum distributions are in disagreement with the observed single electron data.
The other two values of (p;) =1 and 0.67 GeV/c give shapes in agreement with the
single electron data for pé > 1.5 GeV/cy but the magnitude of the cross-section is
too small by a factor of three to six. Furthermore, the predicted drop in the

cross-section, for p; < 1.5 GeV/c, is not observed.

Limits on the cross-section of any particles, produced with similar dynamics
to the J(3.1) and which undergo two-body decays to e'e or eiv, can be obtained
approximately from Fig. 18 by sliding the (p%) = 1 GeV/c curve until its peak is
at the appropriate transverse momentum and it fits the single electron data above
the peak. The limits thus obtained are given in Fig. 19a. Another limit on the
‘production of electron pairs with mass Mee > 4.0 GeV/c? is obtained from the fact
that no e e pairs of such high mass were observed in this experiment. This implies
a 95% confidence upper limit of 1/3 the J(3.1) cross~section (Table 17) for the
integral of all electron pair production from mass Mee of 4.0 to 50.8 GeV/c? at
c.m.s. energy Vs = 52.7 GeV. Similarly, a limit on lower mass ee pairs can be
obtained from Fig. 11, which showed no evidence for ete” pair production with
p%z > 1.0 GeV/c in Arm 2 and p¥1 < 1.0 GeV/ec in Arm 1. The acceptance can be cal-
culated with the same model used for the J(3.1), but in this case the threshold
bias in Arm 2 must be taken into account. The threshold bias was determined by
reconstructing the ° spectrum from the selected conversion events and comparing

22), with resulting efficiencies

this spectrum to the charge-averaged BS pion fit
of 387 at p; = 1,05 to 857 at pg = 1,25, The upper limits are shown in Fig. 19b

and correspond to the cross-section for which three events would have been observed
for a discrete particle of mass M, Note that all the limits for B d6/dy for opposite-
side e'e” pairs are integrals over all transverse momenta, in contrast to the same-
side e+e_ pair limits (Table 14) which are integrals for transverse momenta

p; > 1.3 GeV/c.

*) Note that a rapidity distribution as illustrated in Fig. 17 would cause fewer
single leptons to be produced.
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SINGLE ELECTRON MEASUREMENTS IN ARM 1

The absence of any drop in either the single electron cross-section, or the
e/m ratio as p? is reduced all the way down to 1.0 GeV/c, invites speculation as
to what might happen at lower values of transverse momenta. The single electrons
might continue to follow the pion shape as it changes from the relatively flat
distribution observed at high transverse momenta to the e_6p% dependence charac-
teristic of transverse momenta below 1.0 GeV/c. Alternatively, the single electron
inclusive cross-section might rise faster than the pion cross-section; or the single
electron cross-section might retain the flatter slope characteristic of high trans-
verse momentum hadrons, at the lower values of transverse momenta, which would imply
a continued rise in the inclusive electron cross-section as p% is reduced, but a
drop in the e/m ratio. Another possibility is that the inclusive cross-section

itself would drop, as in the case of production via a two-body decay.

Since the boundless creativity of the human imagination is often chastened
by some good experimental data, it was decided to push the measurements of the
single electron spectrum to as low a transverse momentum as possible by using

data obtained with the independent Arm 1 trigger.

The Arm 1 trigger for single electrons consisted of the coincidence
H1°H2'H3.61°SA-H5, as previously described (see Fig. 1). The purpose of Hs was
to eliminate triggers from low-energy electroms, but it also introduced a trigger-
ing bias for high transverse momentum electrons. This bias was measured as des-

cribed below.

The analysis for single electrons in Arm 1 closely paralleled that for Arm 2:
i) tracks were required to set the bits corresponding to the appropriate C counter
cell and scintillation counters traversed; ii) the pulse heights in the H; and H»
hodoscopes were required to be less than 1.3 and 1.5 times minimum ionizationm,
respectively, corresponding to a single particle. (This greatly suppressed elec—
trons from photon conversions and Dalitz decays); iii) no tfack was accepted un-
less it included a spark in either SCl or SC2, located between H; and the ISR
vacuum chamber (this requirement essentially eliminated electrons from photon
conversions in the scintillation counter H;); iv) the pulse amplitude in the SA
counter, in units of the minimum ionization, was divided by 6.0 p, an empirically
determined value for an electron of laboratory momentum p. This normalized SA
amplitude was required to be within the limits 0.4 and 1.4; v) the pulse height
in the appropriate gas Eerenkov counter cell had to be greater than an empirically
determined threshold, which gave optimum separation between electrons and charged
hadrons. Requirements (iv) and (v) greatly reduced background due to charged

hadrons.
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The effects of the Hs triggering bias and of all but one of the cuts were measured
by subsidiary runs, in particular an inclusive trigger Hi*Hp*H;. Also, as in the
Arm 2 analysis, samples of charged hadrons (wrong Cerenkov cell) and selected con-
versions (H; cut reversed, H, cut ignored, so as to select two or more particles)
were obtained. In addition, a sample of identified pions with momentum greater
than 2.8 GeV/c was available, since the Cerenkov threshold was rather low and no

energy-deposition threshold had been required in the trigger for SA or Hs.

The. track reconstruction efficiency for the Arm 1 spectrometer was determined
to be 0.96. The combined efficiency of the H; and H, cuts for single particles
was measured with the sample of identified pioms, and found to be equal to
0.73 = 0.03; the efficiency of the H; cut alone was found to be 0.86. The effi-
ciency of the Uerenkov pulse-height requirement for electroms, including the effi-
ciency for setting the Cerenkov bit, was determined by using the Cerenkov pulse-
height spectrum measured for identified pions of momentum between 3.7 and 5.7 GeV/c.
The corresponding electron spectrum was obtained by normalizing the pion spectrum
by the ratio [1 - (po/p)zj, where pgy is the Cerenkov threshold momentum and p is
the particle momentum for pions or electrons. The result was an efficiency for

electrons of 0.53 * 0.04.

The background of charged hadrons inthe sample of accepted events satisfying
all the cuts was determined by comparing the distributions of normalized SA coun-
ter amplitudes as measured for hadrons (wrong C cell), Fig. 20a, and for electrons
(selected conversion), Fig. 20b, with that for the accepted events, Fig. 21. The
resulting hadron background was 10 * 2% for p% > 1.0 GeV/c and 7 £17 for p% <'1.0 GeV/ec.
The efficiency of the normalized SA cut for electrons was determined from the
effect of the cut on the selected conversion sample. This efficiency was momentum-
dependent, varying from 0.69 at p% = 0.65 GeV/c to 0.82 at p% = 0,95 GeV/c to OT94
at p; = 1.50 GeV/c.

The Hs triggering bias was measured by determining what fraction of conversions
identified from the inclusive trigger also satisfied the Hs requirement. The bias
was found to be transverse momentum dependent with a value of 0.49 * 0.02 at
p? = 0,65 GeV/c, improving to 0.74 = 0.02 at 1.05 GeV/c. The over-all electron
detection efficiency due to all the cuts was 13 % 17 at p; = 0.65 GeV/c, 25 % 27
at p% = 1.05 GeV/e, and 36 * 27 at pé = 1,95 GeV/c.

The only effect that was not measured was the background in the accepted events
due to electrons from photon conversions and Dalitz decays. This effect was moni-
tored continuously by the selected conversions, i.e. events that satisfied all the
cuts except for the single ionization requirement in H;, with Hy ignored. Two pro-
cesses could feed conversions into the single electron sample. The first was elec—
tronic inefficiency, or failure of both H; and Hp to record twice the minimum ioni-

zation pulse height. This was easily determined from the number of cases in which
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H; gave single ionization and H, double, or vice-versa, and found to be 1.357.
The second process was geometrical, in which only one electron from a conversion
or Dalitz pair hit the H; and H, counters and the other electron missed the coun-
ters. The same Monte Carlo program which had been thoroughly checked for Arm 2
was used to predict this effect for Arm 1. Also, in order to keep the analysis
as similar as possible for the two arms, only the H; cut was used to determine
this background. The result of the Monte Carlo calculation was that the detection
efficiency (within the cut H; < 1.3) for an electron from external conversion of
a photon was 10% independent of p; compared to 387 at p$ = 0.65 GeV/c and 247 at
p% = 1.5 GeV/c for an electron from 1’ Dalitz decay. The detection efficiencies
for an electron from n° Dalitz decay were 51% at p% = 0.65 GeV/c and 417 at

p% = 1.5 GeV/c.

The background was computed from these numbers by using the measured ratio of
the selected conversions to the sample of events satisfying all the single electron
cuts, except that H, was ignored. For the case n’/m° = 0, the background from
conversions and Dalitz decays amounted to 51% of the accepted events (all cuts)
for p§ < 1.0 GeV/c and 407 for p% > 1.0 GeV/c. For the .case n®/m® = 0.55, the
background increases slightly to 58% of the accepted events (all cuts) for

p’T“ < 1.0 GeV/c and 457 for p; > 1.0 GeV/c.

In the region of lower p?, the background to the single electron spectrum from
the decay in flight of charged and neutral kaons takes on increasing importance.
This was calculated, as for Arm 2, and the contribution of K decay to the charge-
averaged single electron cross-section was found to equal 1.7 X 1073 cm?/GevV? at
p% = 0,65 GeV/c, 1.3 x 107%? cm?/GeV? at p; = 0,95 GeV/c, and 2.5 x 1073% cm?/GeV?
at pé = 1.5 GeV/c. The background from Compton scattering in the ISR vacuum cham-
ber is also more severe at the lower values of p%, amounting to 7 x 10732 cm?/GeV?
at p; = 0.65 GeV/c and 7.5 X 107%% cm®/GeV? at p% = 0.95 GeV/c, for the charge-

averaged single electron cross-section,

The single electron data were binned in transverse momenta and averaged for
the two values of Vs = 44,8 and 52.7 GeV. The background was subtracted, and the
data corrected for efficiency, bin by bin. The geometrical acceptance of the

Arm 1 spectrometer was AQ* = 0,068 sr.

The charge-averaged invariant cross-section of single electrons (e++e—)/2,
obtained for integrated luminosities of 1.13 x 10%° cm™2 at Vs = 52.7 GeV and
8.15 x 10%* em™2 at Vs = 44.8 GeV and averaged for the two values of Vs, are shown
in Fig. 22. Some points from the Arm 2 electron analysis are shown for comparison
and are in good agreement. The solid line is the British—Scandinavian fitzz) for
(ﬂ++ﬂ_)/2, multiplied by 10™*. It is evident that as p% is reduced into the range
0.60 < p% S 1.0 GeV/c, the single electron spectrum continues to follow the pion

shape.
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The charge—averaged ratios (e++e_)/(ﬂ++ﬂ_), are shown in Fig. 23 averaged
for the two values of Vs = 52.7 and 44,8 GeV. For the range 0.6 < p; < 2.0 GeV/e
the data are from Arm 1, and for 1.3 < p; < 4.7 GeV/c from Arm 2. The charge-
averaged pion cross—sections have been taken from the British-Scandinavian £it22?)
for both arms, so as to be consistgnt. Only statistical errors are shown, since
the systematic errors are different for the two data sets. The data are in reason-
able agreement and appear to indicate a tendency for the e/m ratio to stay constant
or decrease as p; is decreased. Clearly no sharp decrease of the single electron

cross-section is observed down to p; = 0.6 GeV/c. Unfortunately, the large back-

ground of 7° and n° Dalitz and K-leptonic decays is a serious experimental problem

8)

, . . 2 .
at low values of p;. These results are in agreement with other experiments in

the same range of p;.

The fact that the e/7 ratio is observed to change only very slightly over a
p; range corresponding to a cross—section variation of five orders of magnitude
is quite remarkable and is again suggestive of a fundamental relationship between
single electron production and inclusive pion production in proton-proton colli-

sions.

SUMMARY AND CONCLUSIONS

From the measurements made in this experiment, we arrive at the following

conclusions:

i) A copious single electron yield is observed in proton-proton collisions at

a level of about 10™"% of the pion cross-section for 0.6 < p% £ 4.7 GeV/e.

ii) The transverse momentum and Vs dependence of the single electron cross-section

is remarkably similar to that observed for hadrons,

iii) For values of pé 2 1.3 GeV/ec, a statistically significant dependence of the
e/m ratio (R) is observed, which can be parametrized by
R =[(0.63 £ 0.20) 1nvs (GeV) - (1.46 = 0.74)] x 10™* over the range
Vs = 23.5 to 62.4 GeV.

. + - . . P
iv) The e and e are produced with equal cross-sections to within the measurement
error, The asymmetry (e+—e_)/(e++e—) was found to equal -0.105 = 0,058 for

1.3 < pk < 1.6 GeV/c and 0.009 ¥ 0.057 for 1.6 < py < 4.7 GeV/ec.

v) The rapidity (y) distribution of the single electrons is consistent with being

flat out to the edge of the detector acceptance, y = +0.36.

vi) Within the solid angles of the two spectrometers of this experiment the two-
body correlations of electrons and charged hadrons are similar to those ob-
served for hadron-hadron correlations. Also, the hadrons produced, in asso-
ciation, opposite to high transverse momentum electrons are similar in

composition to those hadrons associated with high—pT hadron production.




- 32 -

. . + - . . .
vii) The cross-section for e e pair production from the reaction

p+p->J(3.1) + anything
4 -
L—-+ ee
is observed at ISR energies and measured to be equal to
do

J

—— = + -33 2 %N =
Bee * dy |y=0 (7.5 £ 2,5) x 10 em® for (pk) 0.67 GeV/c.

Also the average transverse momentum for J(3.1) production is constrained

to be within the limits 0.67 < (p%) 21.5 GeV/e.

viii) The contribution of the production and decay of the J(3.1) is found to be
between 1/3 to 1/6 of the observed single electron spectrum for p; > 1.5 GeV/c,

and much below the observed single electron yield for Pr < 1.5 GeV/e.

ix) No electron pairs are observed in this experiment except for the region of
the narrow resonances J(3.1) and¥’(3.7). A 95% confidence level upper limit
of 1/3 the J(3.1) cross-section is obtained for the integral of all electron

pair production from mass M(e+e_) of 4.0 to 50.8 GeV/cz, at Vs = 52,7 GeV,

x) No evidence for the production of low mass eTe” pairs in the range
0.400 < m . < 1.00 GeV/c? is observed in this experiment. However, the 95%
confidence level upper limits obtained for low mass pair production allow the
single electron yield to be explained by a particle of mass m > 0,800 GeV/c?
which decays to ete” pairs, with the exception that the p° and w’ mesons are
excluded because their leptonic branching ratios are too small., Also, the
limits allow the single electron yield to be explained by a low mass e'e

continuum?*) falling as 1/m.

. . . + - .
x1) The production of the ¢° meson via the K K decay mode is not observed, so
that an upper limit of 4 to % can be placed on the contribution of the $° to

the single electron yield.

Thus, the origin of the single electrons is undetermined and, as such, repre-

sents a challenge to both experimentalists and theorists.
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Table 1

23.5

Vs (GeV) 30.6 44,8 52.7 62.4 Description
Low | Total
thresh. roees
Luminosity summary
Integrated
Luninosity 0.29 2.98 4.69 3.28 8.77 1.27
(1035 em™?)
Accepted events - single electron cuts
Sample E 3 40 107 70 190 34 e, p% > 1.6
4 31 76 75 213 36 e, ph > 1.6
11 125 302 244 583 ©) 93 e, pk > 1.3
9 81 228 217 515 ¢) | 85 e*, pi > 1.3
Other data samples
Sample A - 386 761 ¥ - 1887 157 ) Pk > 1.3
No Cerenkov pulse—
height cut
Sample B - - 1272 - 2167 & | - py > 1.0
c) c) %
Sample C - - 995 - 1811 Py > 1.1

Sample in italics is used for single

a) 81.47 of full luminosity.

b) 497 of full luminosity.

c) Sample includes data with a threshold bias.

electron cross—-section.
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Table 2

Summary of contribution of backgrounds

from charged hadrons, photon conversions

and Dalitz decays to the sample of
single electron events (all cuts) at
Vs = 52,7 GeV and p% 2 1.6 GeV/c

Background

Contribution in 7%
of accepted events

Charged hadrons 18.6 + 1,9
Y-ray conversions 9.1 %

Dalitz decays 20.7 + 2.5
TOTAL 48.4 £ 4.4

Observed e'e  mass distribution in the Arm 2 spectrometer for the
sample of 2806 events (Table 1, Sample C) with all single electron
cuts except that p; > 1.1 GeV/e .

Table 3

The distribution of like charged
electron pairs, asSumed to be background is also given.

Relative yield of selected hadron events.
defined as the ratio of selected hadron events to single electron

mee(GeV/cz) 0.001-0.10 | 0,10-0.20 | 0.20-0.30 0.30-0.60 > 0.600
+ -
e e pairs 12 4 5 1 1
+ + - -
es oree 0 5 0 0 0
pairs
Table 4

The relative yield is

events in a given p; bin, integrated over all values of Vs.

p% interval

1.3-1.4

1.4-1.5

1.6-1.7

1.9-2.3

2.3-2.7

2.7-3.2

Relative
yield

0.89 + 0,07

0.96 + 0,08

0.94 = 0,08

1.07

£ 0.12

0.65 £ 0.15

0.48 £ 0.18
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Table 5

p; extrapolation of hadron background

Background in % of accepted events
p% range (GeV/c) 1.3-1.4 1.6-1.7 2.3-2.7
All random 18.6 18.6 18.6
Equal knock-on
and random 14.3 16.9 20.9
All knock-on 10.0 15.2 23.2
Average 14.3 + 3,0116.,9 £ 1.2 }120.9 £ 1.6

Table 6

Ratio of single electron events to selected conversions in each p? bin

for each value of Vs.
grated for Py

*

Also shown is the value of this ratio, inte-
> 1,3 at each Vs.

Vs

p (GeV) 23,5 30.6 4.8 52.7 62.4

(GeV/c)
1.0-1.1 0.05 £ 0.02 | 0,11 # 0.01 |o0.14 *o0.01 |0.12 % o0.,01 |0.15 % 0,02
1.1-1.2 0.08 + 0.02 | 0.11 + 0.01 |0.13 + 0.01 |0.12 * 0,01 |0.12 # 0.02
1.2-1.3 0.11 + 0.04 | 0.10 % 0.01 | 0.15 +0.01 |0.13 % 0.01 |0.14 # 0,02
1.3-1.4 0.18 + 0.03 | 0.12 * 0.02 | 0.14 * 0.01 |0.14 #* 0.01 |0.14 #* 0,02
1.4-1.5 0.08 £ 0.06 | 0.14 * 0.02 | 0.14 £ 0.02 | 0.15 * 0.01 |0.16 * 0,03
1.5-1.6 0.05 + 0.05 | 0.14 * 0.03 | 0.14 % 0.02 | 0.16 * 0.02 |0.12 * 0.04
1.6-1.7 0.11 + 0.11 | 0.13 * 0.03 | 0.11 + 0,02 | 0.17 * 0.02 |0.14 * 0.04
1.7-1.9 0.50 + 0.20 | 0.17 * 0.03 | 0.15 * 0.02 | 0.14 * 0,02 |0.15 * 0.05
1.9-2.3 0.40 + 0.30 | 0.14 * 0.04 | 0.16 * 0.03 | 0.16 * 0.02 |0.17 * 0,05
2.3-2.7 0.32 +0.1 |0.21 % 0.06 |0.26 * 0,07 |0.17 % 0.09
2,7-3.2 0.18 *+0.14 | 0.56 + 0.3 |0.53 +0.2 [0.30 # 0.4
3,2-4.7 0.30 % 0.2 |0.31 # 0.2

Integrated

For gh > 1.3 | 0+16 % 004 | 0.136 £ 0.009 0.147 + 0.007 | 0.154 + 0.005 | 0.147 % 0.014
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" Table 7

Photon conversion and Dalitz decay background at
Vs = 52.7 for various values of p;

py (GeV/c) 1.0-1.1 | .1.3-1.4 1.6-1.7 2.3-2.7

Background as %
of accepted events

55,3 £ 4.7 138,5£2,9|28.1 % 3.5]16.8 % 4.9

Background as 7%
of accepted events
if no/m% =0

45,6 £ 3,9 130.7 £+ 2,3|21.8 £2.7]|12.8 * 3.7

Table 8

Detection efficiency for single electrons

Cut applied

Efficiency for electrons

Scintillator bits
(3 planes)

Track fitting with requir-
ement of spark in SC 1

H{ requirement:
-self-vetoing

-Landau tail

0.7 < p/E < 1.3
(Resolution only)

Cerenkov bit efficiency

Cerenkov pulse-height cut
; puls g .
given that bit is set

0.890

4+

o
O
N
i+

0,02

i+

0.87 £ 0,08

0.78 + 0,02

TOTAL

+

0.36 = 0,04
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Table 9

Uncorrected data to

be multiplied by the factor given in the table.

Correction used for all Vs and p%

1.00 = 0,01,

p; (GeV/c)

1.3-1.4

2.3-2.7

preceding magnet

Radiation in material

1.064 + 0,007

1.064 + 0,007

Spectrum shift from

Inclusive cross-section computation at Vs = 52,7 GeV.

energy resolution 0.962 + 0.01 }0.93 £ 0,01

Compton background 0.98 0.99

TOTAL 1,003 0.98
Table 10

Note

that the integrated luminosities for p% > 1.6 GeV/c and
p; < 1.6 GeV/c are different, as explained in the text.

py (GeV/c) 1.3-1.4 1.6-1.7 2.3-2.7
Accepted events 66 122 39
Selected conversion
events 471 719 151
Conversion and Dalitz
background (events) 25.4 £ 1.9 34,3 £ 4.3 6.5 * 1.9
Charge hadron background
(% of accepted events) (14.3 £ 2.5) | (16.9 = 3.0)|(20.9 % 3.7)
Single electron signal
(events) 31.2 + 8.0 67.1 * 10.1 | 24.3 + 5.3
Raw cross—section :
(10=3* cm?) 103.3 + 24,5 | 31.8 £ 4.8 1.98 £ 0.43
KT (107%* cm?) 7.8 1.30 0.028
K® (1073%% cm?) 3.0 0.54 - 0.012
Corrected cross-section
(1073* cm?) 92,5 + 25,9 | 30.0 £ 5.0 1.94 * 0.43
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Table 12

Systematic errors in over-all normalization

a) 1Inclusive electron measurement

Luminosity * 5%
Energy scale error (*3%) 257
Charged hadron background + 3%
Detection efficiency *117
Other small corrections = 1%
TOTAL +287%
b) Electron/neutral pion ratio

Energy scale error (t3%) * 37
Background (accepted events) t 3%
Background (selected conversions) + 17
Relative detection efficiency + 5,7%
Other small corrections t 1%
TOTAL * 7.3%

Table 13

The charge-averaged ratio E(e++e_)/2ﬂ°] x 10"

as a function of Vs and p%

Vs
P (GeV) 23.5 30,6 44.8 52.7 62.4
(GeV/e)

1.0-1.1 | -0.72 + 0.41|0.62 * 0.25] 1.39 + 0,28 ] 0.94 + 0,29 | 1.65 % 0.52
1.1-1.2 | -0.03 + 0.35| 0.60 £ 0.21] 1.05 + 0.24 | 0.88 + 0.25 | 0.85 * 0.44
1.2-1.3 0.53 + 0.62] 0.48 + 0.19| 1.51 + 0.22 | 1.18 + 0.24 | 1.32 * 0.41
1.3-1.4 1.54 + 0.44 | 0.79 + 0.32] 1.26 + 0.21 | 1.33 # 0.22 | 1.29 + 0.39
1.4-1,5 0.09 + 0.70] 0.98 + 0.28| 1.14 + 0.32 | 1.37 + 0.20 | 1.48 + 0.50
1.5-1.6 | -0.22 + 0.52|0.91 £ 0.37| 1.08 + 0.30 | 1.47 + 0.32 | 0.78 * 0.60
1.6-1.7 0.41 + 1.06| 0.75 « 0.34 | 0.63 + 0.28 | 1.56 + 0.31 | 1.05 * 0.57
1.7-1.9 4,47 + 2.03] 1.17 + 0.32| 1.16 + 0.27 | 1.09 + 0.28 | 1.15 * 0.67
1.9-2.3 2.7 + 2.4 | 0.68 + 0.35| 1.10 £ 0.34 | 1.15 % 0.24 | 1.18 + 0.58
2.3-2.7 - 1.72 + 0.66| 1.27 + 0.51 | 1.82 + 0.64 | 0.80 * 0.79
2.7-3.2 - 0.58 £ 0.69 | 3.98 + 2,37 | 3.88 + 1.64 | 1.50 = 3.00
3.2-4.7 - - 1.22 + 1.02 | 1.34 % 1.07 -
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Table 14

95% confidence level upper limits for a particle
of mass m, or a mass continuum, which decays to

ete™ with branching ratio B, at Vs = 52.7 GeV/c.
For a discrete particle the cross-section quoted

is the integral of the invariant cross-section
over azimuth and over all transverse momenta

p¥ > 1.3 Gev/ec.

For a continuum, the integral

i§ also taken over the 0.100 GeV/c? mass bin

centred on the quoted mass,

Also given is the

fraction of the observed single electron cross-
section that would be caused by the quoted ete™
pair cross-section.

Mass B g%—(p% > 1.3 GeV/e) Fraction of Fingle
(GeV/c?) (em?) electron signal

0.400 5.54 x 10733 0.064

0.500 8.37 x 10733 0.104

0.600 1.64 x 10732 - 0.178

0.700 3.45 x 10732 0.512

0.800 1.08 x 1073! 1.61

0.900 1.77 x 1078! 2.73

1.000 2.65 x 1073! 4,45

Table 15

Angular apertures and kinematic cuts in the
centre-of-mass system, for the two triggers
used in the search for opposite-side ete”

pairs

) Spectro- x % % %
Trigger | meter S o) AQ pp cut
arm (degrees) | (degrees) | (sr) | (GeV/c)
Arm 1 1 90 * 13.3 0 £ 4,710,075 > 1.0
2 90 £ 22,5}1180 « 7,2] 0,192 > 1.0
Arm 2 1 90 = 13.3 0% 4,91]0.078 > 1.0
2 90 + 22,5180 = 7.2 0.192 > 1.3
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Table 16

. . + - .
Kinematical parameters for the observed e e pairs

Vs M(e+e_) p,’; vy
(GeV) (GeV/c?) | (GeV/c)

44,8 2.93 0.88 -0.165
52.7 2.99 0.78 -0.033

2.7 .00 0.20 0,239
44,8 3.02 0.33 0.191
44,8 3.07 0.72 -0.007
52.7 3.07 0.30 0.157
30.5 3.12 0.32 0.318
44,8 3.18 0.33 0.095
52.7 3.29 1.43 -0.001
52.7 3.46 1.18 0.195
52.7 3.79 0.36 0.121

Table 17

Differential cross—section for the reaction
p +p > J(3.1) + anything
— e+e_

for various values of assumed (p’,'I“)

(PF) Bie * 3—3 §=0 (p + p > J + anything)
(GeV/e) (cm?)

0.67 (7.5 £ 2.5) x 107%°

1.0 (1.2 + 0.4) x 10732

1.5 (2.1 % 0.7) x 107%*

2.0 (3.2 £ 1.1) x 107°?




_46_

Figure captions

Fig. 1
Fig. 2

Fig. 3

Fig. 4

Fig., 5

Fig. 6

Fig. 7

Fig. 8

Plan view of apparatus.
. PR + - . . .
Example of an identified e e pair event, which opens up in the magnet.

The number of events with all cuts applied, except momentum-energy
agreement, plotted as a function of the ratio of the momentum p to

the energy E deposited in the lead-glass array. Curve a corresponds
to all accepted events; curve b to charged hadrons without the Cerenkov
counter bit requirement and curve c corresponds to a pure sample of
electrons. Curves b and c are normalized so that their sum gives

the best fit to curve a.

Curve a 1is the yield of accepted events plotted as a function of the
number of radiation lengths t of material before the first spark
chamber. The data are normalized to the results obtained under normal
running conditions. Also shown, curve b, plotted in the same manner,
is the total yield when photon conversions and Dalitz decays are se-
lected. The data points with dashed error bars have been corrected

for radiation in the material preceeding the magnet.

. . . + - . .
Distribution of e e pairs observed in the Arm 2 spectrometer for the
event sample with no H{ cut andno ¢ pulse-height cut. Also shown is

the event distribution when the H{S 1.5 cut is applied.

Centre-of-mass system rapidity distribution of single electron events.

The shape of the geometrical acceptance is also shown.

The charge-averaged invariant cross-section for electron production,
plotted as a function of the centre-of-mass momentum p; for five values
of ¥s. The curve represents a fit of the charge-averaged pion data

of the BS Collaborationzz), and has been multiplied by 107",

a) The ratio of the charge-averaged invariant electron cross-section

to the BS fit22),

b) The ratio of electrons to neutral pioms plotted as a function of
p; for four values of Vs. The pion data were obtained from the
selected conversion spectrum measured in this experiment, as ex-

plained in the text.
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The ratio of the invariant cross—sections of electrons to pions of

p; > 1.3 GeV/c plotted as a function of c.m.s. energy Vs. The pion
data were obtained from the work of the Bristish-Scandinavian Colla-
borationzz) (solid points) and from the spectrum of selected comver-
sions measured in this experiment (open points). The two curves shown

are fits to the solid points,

The number of charged hadrons, per steradian, per GeV/c, observed in
association with either a single electron event or selected conversionm,
of transverse momentum p¥ > 1.1 GeV/c, in the same-side spectrometer.

T
No correction has been made for the bias introduced by the H{ cut.

The number of particles, per GeV/c, per steradian, observed in asso-
ciation with either a single electron event or selected conversion of
transverse momentum p; > 1.0 GeV/e, in the opposite spectrometer,

A charged particle track is identified as a hadron if it fails to

set the C bit of the Cerenkov cell through which it passed; otherwise

it is called an electron.

Mass spectrum of hadrons observed in the spectrometer opposite to
a) a selected conversion or charged hadron;

b) a single electron.

a) Mass spectrum of all oppositely charged pairs observed in the special
. . + -
run, assuming that the particles are K K . The shaded data are cut

for total momentum py+ - 2 1.6 GeV/ec.

. . . + - . . .
b) Distribution of K' K pairs with predicted total momentum > 1.6 GeV/c,
if 040 = 10 O 0, the ¢° rapidity distribution is flat for rapidity
|y| £ 0.4 and the transverse momentum distribution of ¢° and m are

identical.

Acceptance probability for an ete” pair of mass m to satisfy the

H{ < 1.5 pulse-height cut, given that one member of the pair satisfies
all the other single electron cuts with p% > 1.6 GeV/c (solid curve).
The broken curve is the acceptance probability with the further res-
triction that the second track be fully reconstructed in the spectro-
meter. Assumptions used for these curves were that the particle of
mass m be produced with a transverse momentum distribution given by
the CCR fit*) and decay to an ete” pair with isotropic rest—frame
angular distribution. A 1 + cos? é* angular distribution increases

the acceptances at low masses by at most a factor of 1.5.




Fig. 15

Fig. 16

Fig. 17

Fig. 18

Fig. 19

Fig. 20

Fig., 21

Fig. 22
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. . . . + - .
Invariant mass distribution for the observed e e pairs. The curves
. + -
represent the shapes of the acceptance, as a function of the e e

invariant mass value, for the Arm 1 and Arm 2 triggers, respectively.

¢ g . . . + - .
Rapidity distribution of the observed e e pairs. The curve represents
the shape of the apparatus acceptance, which is the same for both

triggers.

A plot of the value of Bee dOJ/dy at y = 0 measured in this experimentz)
compared with the measurements done by CHCIF %) and transformed by
us to be differential in rapidity. The dashed line is an artist's

conception of the rapidity dependence of J(3.1) production.

The spectrum of single electrons predicted due to the production and
decay of the J(3.1) for four assumed values of (p%). The J(3.1)
cross~section corresponding to these values of (p;) are given in

Table 17. Also shown is the charge-averaged invariant cross-section
for single electron production at Vs = 52.7 GeV from Table 11. The
three lowest points come from the e/m® data, and have been renormalized

80 as to agree with the other data for p% > 1.3 GeV/c.

.. + - + . .
a) Upper limits of e e or e Vv production at y = 0 from single electron

spectrum,

b) 95%Z confidence level upper limits for eTe” production at y = 0O

. -, + - .
from opposite side e e pairs,

The distribution of normalized SA counter amplitude as measured for
a) hadrons (wrong T cell);

b) electrons (identified conversions).

The normalized SA amplitude is defined as the pulse amplitude in the
SA counter, in units of the minimum ionization, divided by 6.0 p, an
empirically determined value for electrons of laboratory momentum p

(GeV/c).

The distribution of normalized SA counter amplitude for accepted events
which satisfy all other cuts. The hadron background has been cal-

culated using the curve of Fig. 20.

The charge-averaged spectrum of single electrons (e++e_)/2, averaged for
Vs = 52.7 GeV and /s = 44.8 GeV. The triangles are from the Arm 1
analysis and the circles are from the Arm 2 analysis. The solid

line is the British-Scandinavian fit22) for (W++W_)/2, times 10'".
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Fig. 23 : The charge-averaged ratios (e++e-_)/(11++7r-), averaged for
Vs = 52.7 GeV, and Vs = 44.8 GeV. The data for the range
0.6 < P < 2.0GeV/c are fromArm1l and for 1.3 £ P% < 4,5 GeV/e

from Arm 2.
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