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We have studied production of 7¥ with transverse momentum between 2.0 and 4.4 GeV/c
at 65 and 93° in the c.m. system in 300-GeV proton-nucleon collisions, by inserting foils
of various thicknesses intc a secondary beam and measuring the electron and positron
spectra produced by y conversion. The 7° invariant cross sections are given at 93 and 65°.
We also report invariant cross sections for negatively charged hadrons as a function of

transverse momentum.

The discovery of a copious yield of hadrons'’
produced at high transverse momentum provides
a new tool for short-range hadrodynamics. We
have performed a high-luminosity, large-accep-
tance search for “direct” leptons at the Fermi
National Accelerator Laboratory (FNAL), ob-
serving particles produced at wide angles in 300-
GeV proton-nuclear collisions. In the course of
this search,? we measure the spectra of electrons
and positrons produced by y conversion in thin
foils. The conversion-electron spectra allow us
to deduce the 7° spectra under the assumption
that all of the y’s come from 7° decays.! Charged
hadrons are also recorded simultaneously in this
experiment.

The extracted proton beam is transported ~1.6
km to the proton area at FNAL. The last stage
of the transport system forms a parallel beam
which drifts ~700 m before being brought to a
0.4x3-mm? focus. The optics permit stable op-
eration with a 40% targeting efficiency on a Be
target, 0.22 mm wide and 100 mm long. The
small transverse dimension of the target and the
small residual matter between the target and our
apparatus represent <0.9% of a radiation length
for conversion of y’s in the direction of our de-
tector.

Our apparatus is shown schematically in Fig. 1.
A 9-mrad X9-mrad aperture is defined by a tung-
sten-lined steel collimator 8.2 m long, tapered
to minimize wall illumination. The production
angle is measured horizontally with data taken at
50 and 83 mrad, corresponding to 65 and 93° in
the proton-nucleon c.m. system.

In order to work at high luminosity, we choose
to detect particles only after magnetic deflection

in the vertical plane. The “point-source” target
and trajectory in the vertical plane after the mag-
net define the momentum. The horizontal-plane
trajectory is used to verify the target source.
The scintillation hodoscopes (210 elements), see
Fig. 1, have a spatial resolution of 6 mm corre-
sponding to a momentum resolution of 4% at 30
GeV/c. Two magnet settings cover the entire
kinematic range (P, =2 to 11 GeV/c) with good
efficiency and large overlap.

Particle identification is obtained by using two
calorimeters which follow the hodoscopes: a
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FIG. 1. Experimental apparatus for electron and y-
ray study. Hy, M, and H, are horizontal hodoscopes.
V41 and V, have vertical scintillator strips. A set of
diagonal strips near V; is not shown.
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total-absorption lead-glass electromagnetic show-
er detector® to identify electrons, and a steel-
scintillator hadron detector to separate muons
from hadrons.*

The electromagnetic shower detector consists
of 2 radiation lengths of lead followed by an ar-
ray of 45 identical SF-5 lead-glass blocks. Scin-
tillation counters are placed just before and im-
mediately behind the lead. The glass blocks are
arranged in three layers (6, 6, and 15 radiation
lengths, respectively) along the particle trajec-
tory. The hadron calorimeter contains four ad-
ditional scintillation counters for analog informa-
tion and steel which, when added to the lead-
glass, totals 1 kg/cm? of iron equivalent,

An event trigger is generated by a series of
scintillation counters near the hodoscopes and
loss requirements in each hodoscope plane. To
reduce hadrons in the electron-trigger sample,

a large pulse height is required in a scintillation-
counter array (72) placed after the first layer of
lead-glass. In addition, the total energy in the
first two layers of glass is required to pass cer-
tain preset threshold levels. The lowest-thresh-
old triggers are prescaled so that a very large
dynamic range in counting rate is sampled more
uniformly. This trigger technique also serves

to measure the trigger efficiencies for the higher-
threshold events.

Each block of glass and each scintillation show-
er counter has its signal integrated by a 1024
channel analog-to-digital converter.® Calibration
and stability monitoring details are described
elsewhere.® All the event information is passed
to a PDP-15 computer for later analysis. The
resulting electron-energy resolution at 40 GeV
is better than 4% full width at half-maximum with
gain shifts (after corrections) of less than 1% due
to time or entry location.

A typical plot of energy deposited in the glass
(E) divided by the momentum (P) of the particle
(i.e., the fraction of its energy that a particle
leaves in the lead-glass) for all triggers is shown
as distribution @ in Fig. 2. Electrons, which be-
gin to cascade in the lead and leave all their ener-
gy in the glass, appear at E/P =1, while most
hadrons leave only a fraction of their energy and
thus appear at E/P<1. However, because of
charge exchange and other processes, a signifi-
cant number of hadrons (~1 in 2000) leave more
than 90% of their energy in the glass and thus ap-
pear as a background under the electron peak at
E/P>0.9. Hadron rejection is improved by ap-
plying cuts on the longitudinal shower develop-
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FIG. 2. Distribution a: E/P distribution with no cuts;
distribution b: E/P with shower cuts; distribution c:
E/P with shower cuts and with 5-cm Pb which removes
all electrons.

ment in the array and cuts on the signals from
the scintillation counters sandwiching the 2 radia-
tion lengths of lead. These cuts, about 80% ef-
ficient for electrons, result in the E/P distribu-
tion b shown in Fig. 2, where a clear electron
peak is visible.

The cuts, the requirement of showering in the
lead, and the requirement that 0.95<E/P< 1,05
combine to give a hadron rejection of better than
10%. We also study the E/P distributions with 5
cm of lead inserted in the secondary beam pro-
ducing an effectively pure hadron beam (distribu-
tion ¢, Fig. 2). No artificial peak appears in the
cut distribution and the shape agrees with the
background below the electron signal. Subtrac-
tion of this background (less than the signal even
in the worst case) leaves a very clean electron
peak and gives a hadron rejection of better than
10°.

In the 7° experiment, we take data with foils of
2, 4, and 6% of a radiation length inserted in the
secondary beam upstream of the magnets to mea-
sure the spectra of electrons and positrons pro-
duced by y conversions. A plot of the electron
yield as a function of thickness is shown in Fig.
3(a). The uncorrected points are from the raw
data. Corrections are then applied to take ac-
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FIG. 3. (a) Yield of electrons versus foil thickness. (b) Invariant cross section for conversion electrons. The
errors shown are statistical only. (c¢) Invariant cross sections near 90°: a, 7°’s (this experiment); b, CCR modi-
fied fit; ¢, 2~ this experiment (1"=7n"+K™ +p); d, (¥ +77)/2 (Ref. 6).

count of the energy loss due to bremsstrahlung
by the electrons as they pass through the foils.
The slope of the resulting line gives the number
of electrons from y conversions per 1% radia-
tion length.

This slope is determined as a function of trans-
verse momentum at both 50 and 83 mrad to ob-
tain the spectra shown in Fig, 3(b), where the in-
variant cross section for electrons from y-ray
conversions in 1% radiation length is plotted.
These data are taken on a Be target, and are
normalized to a cross section per nucleon by di-
viding by 9, the ratio A(Be)/A(H).® Data are tak-
en at different magnet currents which make dif-
ferent sections of our spectrometer sensitive to
the same transverse momentum. The yields are
in excellent agreement, providing a sensitive
check of our understanding of the acceptance of
our detector. The data are averaged over polari-
ty since, as expected for electrons from conver-
sions, there is no difference observed between
electrons and positrons.

Figure 3(c) shows an invariant cross section
for 7° production at 90° which would give rise to
the electron data of Fig. 3(b). Systematic uncer-
tainties in the absolute normalizations are be-
lieved to be smaller than 30%. A potentially
larger error in the 7° cross section could come
from other sources of y’s. For instance, if the
7° is produced with the same cross section as
the 7° its decay mode into two »’s would mean
we have overestimated the 7° cross section by
about 35%.

We have at the same time measured charged-
hadron spectra with a trigger that complemented
the electron trigger and also used the informa-
tion from the hadron calorimeter to reject muons

and backgrounds.

The resulting P, distribution for negative had-
rons (expected to be about 80% 7~ )" is given in
Fig. 3(c). Also shown is a fit to the 7° spectrum
of the CERN-Columbia University—Rockefeller
University collaboration (CCR)! modified to fit
smoothly at moderate P,,

d®c 15 mb 2P
a° =W exp(-13x,), x, =—JS—£ s (1)

and the average of the charged-pion spectra mea-
sured at FNAL by the University of Chicago-
Princeton University group reduced from p-Be

to p-N collisions by using the same factor of A.°

The 7° data at 90° are in excellent agreement
with the modified CCR fit. Furthermore, the in-
variant cross sections at 65 and 93° are very
similar, indicating that any angle dependence be-
yond that given in Eq. (1) is not large.

Finally, charged-hadron spectra have a slope
indistinquishable from that of the 7°., These data
also agree very well with the FNAL work of
Cronin et al. for x,<0.5.7
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Direct production of electrons and muons is observed in 300-GeV p-Be collisions. The
yields are much higher than predicted from current models. Data are consistent with

charge symmetry and universality.

We describe here the observation of high~trans-
verse-momentum electrons and muons produced
directly in proton-beryllium collisions at 300
GeV.'! The primary motivation for this measure-
ment is the search for the parents of “direct”
leptons.? Candidates for the parents include (i)
virtual massive photons, (ii) vector mesons (p,
w,®,...) produced with large transverse momen-
tum, (iii) intermediate bosons (W*, 2°,...), (iv)
charmed particles, and (v) heavy leptons.

Electron detection has the virtue of high resolu-
tion in energy and angle. This is important in
maintaining sensitivity to “bumps” which would be
generated by the two-body decay of one of the
above parents with discrete mass M produced with
small transverse momentum. A peak would ap-
pear in the lepton transverse-momentum spec-
trum at a value of P, =M /2. Muon detection has
the complementary advantage of having back-
grounds (7 and K decay) which are lower by a fac-
tor of ~4,

The electron experiment is performed with the
apparatus already described.®* A magnetic mo-
mentum analysis followed by shower detection in
a lead-glass spectrometer provides hadron rejec-
tion of a factor of ~10°, Efficiencies for electron
detection are determined by studying the effect of
cuts on an electron-enriched sample of events.
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A ready source of calibration electrons is ob-
tained by inserting a 1-radiation-length convert-
er into the intense y flux from the target.

Two important backgrounds are the y conver-
sion in the minimum of material in the secondary
beam and the #° Dalitz decays. Both of these can
be subtracted with high precision by the following
method. A series of foils of known thicknesses
are inserted into the secondary beam and the elec-
tron yield is plotted as a function of foil thickness
[Fig. 3(a) of the previous Letter]. This permits

TABLE I. Electron yield, normalized to 7° yield.2
1.9<P,<4 GeV/c.

[1.6+0.87° /2% x10=4P

0 + . a
nf TYTe ve

1+0,3877 /70
BT —evv 1078
T—ev 1077
K™ —1%"7 3x10"8
K "~ 17 2x107°
Hyperons 3x10"¢x (hyperon/x% P
Signal ~1x10"4

2We assume in the paper that v’s arise from 7%’s. If
7" production were to equal 7° production there would
result a 7% increase in the Dalitz subtraction.

b0 /29 and hyperon/z9 refer to the ratio of production
cross sections for these particles.



