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Direct production of electrons and muons is observed in 800-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,
&u, y, . . .) produced with large transverse momen-
tum, (iii) intermediate bosons (W', Z', . . .), (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 I 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 (w 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.

TABLE I. Electron yield, normalized to z yield.
1.9 & P& & 4 GeV/c.

7r
0

~0
~p+e +e

p ~epp
ev

w- —7t-oe- v

K~ ~+e p

Hype rons
Signal

(1.8+0.sq'/~'] & 1O-' b

1+0.38rP/n
10-'
10
3 x10
2 x10
3x 10 && (hyperon/w )"
-1x10

We assume in the paper that y's arise from ~0's. If
g production were to equal & production there would
result a 7% increase in the Dalitz subtraction.

b o 0
g /z and hyperon/m refer to the ratio of production

cross sections for these particles.

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 n' DaIitz decays. Both of these can
be subtracted with high precision by the foIIowing
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
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FIG. 1. (a) Comparison of positive and negative direct electrons at 50 and 88 mrad (corresponding to 65 and 93'
in the proton-nucleon c.m. system). (b) Invariant cross sections per nucleon for direct electrons. (c) Direct elec-
tron to m.o ratios.

us to extrapolate back (0.7% of a radiation length
at 83 mrad and 0.9% at 50 mrad, including target
thickness) to zero matter in the secondary beam.
This leaves an electron signal due only to short-
lived sources. The contribution of Dalitz pairs
is also known since they are derived from the
same parent-m' spectrum measured by the slope
of the foil-conversion curve (with a small correc-
tion for the finite mass of the Dalitz pair). Other
background sources, listed in Table I, are negli-
gible.

The residue after subtractions is the direct elec-
tron signal, statistically significant to better than
10 standard deviations. This signaI, at a consis-
tent level of -10 of the n"s, persists in spite
of a large series of critical tests for spurious
sources: collimator -wall conversions, hadron
background, extrapolation nonlinearities, air con-
tamination of the He in the target region, and de-
pendence on the viewing angle.

The extrapolation is done in bins of transverse
momentum for both electrons and positrons. The
charge asymmetries of the directly produced elec-
trons are given in Fig. 1(a). The two charges
have equal yields and are averaged to give the
invariant cross sections in Fig. 1(b). The plotted
errors are statistical only. While overall normal-
ization uncertainties may be as high as 50%, the
ratio of direct electrons to n"s is measured quite
well by comparing the signal with the slope of the
foil-conversion curve in each transverse-momen-
tum bin. The variation in this ratio with P~ is
shown in Fig. 1(c).

The cross sections are seen to fall smoothly
over four decades with no evidence of bumps. It
should be noted that the acceptance is relatively

flat out to I'~- ll GeV jc, the kinematic limit. A
run with 5 cm of lead at 6 m from the target dem-
onstrates experimentally that the source of the
electrons must have a lifetime less than 10 'M
sec, where M is the mass of the parent in GeV/c'.

To detect muons, we add to our apparatus (1)
x and y hodoscopes at 10 m from the target to im-
prove background rejection and (2) a hadron ab-
sorber, 0.9 m of Heavimet on a movable sled.
The face of the absorber can be placed as close
as 32 cm from the center of the target and its
position is varied in order to change the decay-
in-flight path of n's and K's. The absorber sub-
tends at least 35 mrad beyond the actual accep-
tance so that all but an insignificant number of
particles must traverse the entire absorber in
order to be accepted. Two additional absorbers
(2 m of graphite and 0.5 m of polyethylene) are
permanently mounted downstream. These addi-
tional absorbers do not significantly affect the
multiple scattering and together with the Heavi-
met absorber reduce the flux of hadrons travers-
ing our apparatus by a factor of 104. The remain-
ing hadrons (-2 of the particle flux) are identi-
fied with a hadron calorimeter. ~

Extrapolation of the muon yield to zero decay
path for hadron decay results in the "direct-pro-
duction" muon signal. Figure 2(a) shows a sam-
ple of the data plotted as a function of the avail-
able decay path (including the 15+3-cm mean de-
cay path in the Heavimet). A clear signal, equiv-
alent to - 50 cm of m and E decay path, is seen.
The signal corresponds to -10 4 of the pion pro-
duction. Backgrounds, such as long-lived had-
ronic sources, muon leakage around the absorb-
er, and target-out events, are all negligible.
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FIC. 2. (a) Muon yield versus decay path. The slope gives the contributions of pions and kaons (2.0~ P~ 2.6
GeV/c). The corrections are for multiple-scattering effects. (h) Invariant cross section per nucleon for direct
muons near 90' in the c.m. system.

Multiple-scattering effects, the critical correc-
tions in this type of experiment, are evaluated
by Monte Carlo calculations. Since all the ab-
sorbers are always in the path of the accepted
particles, the change in acceptance is due to the
change in lever arm in the multiple scattering
and amounts to less than 30% for P, &2.5 GeV/c.
The effect of the energy loss in the absorbers is
simply to shift the spectrum in I'~ by a well-
knomn amount.

Figure 2(b) shows our preliminary results for
p+ Be - p+ anything. Again, g'/p is consistent
with 1. Although the muon invariant cross sec-
tion is, at present, lower than the electron cross
section, our absolute normalization uncertainty
of 50%%uc could account for the difference.

In seeking to interpret these results, me can
tentatively exclude 8"'s as the parents since these
mould produce a peak and the charged variety
should show a+/- asymmetry. Charmed parti-
cles may also show a charge asymmetry. Only
a double-arm experiment4 can establish whether
we are observing single leptons from the decay
of forward massive virtual photons or the leptonic
decay of high-P~ low-mass particles (e.g. , vector
mesons). Table II lists the standard vector me-
sons and their relative contributions to the direct
lepton signal, with the assumption that the spec-
trum of each vector meson is the same as the ob-
served spectrum of neutral pions. s

An explanation of the lepton flux, consistent
mith the equality of the three pion charge states

TAHI, E II. Direct lepton sources. (P~) -3 GeV/c.

Source N )/N, „o

po l+l

cv l l

qq l+l
Signal

(Drell- Yan)

5x10 6'
3x10 ''
7x10 ''
5x10

-]x]0 4

'A. ssuming N ~ =N „0.

and not violating the K/w ratio, is p'= p'= tu'= y'
-4 times the direct (i.e. , not from vector meson)
~' production. The direct leptons then arise pri-
marily from the y'. The constancy of the ratio
of leptons to pions as a function of I'~ tends to fa-
vor this hypothesis. An overwhelming production
of vector mesons in close hadron collisions, if
confirmed, may have profound implications for
the strong interactions. For reference, we note
that the lepton yields observed here are 1-2 or-
ders of magnitude higher than the predictions of
parton-annihilation models. ' %e are aware of two
other searches for muons" and one for electrons
which give similar results.

Assuming that three events within a resolution
bin (+ 3% for electrons) would have been observed
with a 95%%uo confidence level, we set a limit on the
production of leptons with P, &4.5 GeV/c of o
&10 ' cm'. To make more incisive statements
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on the production of S"s, etc. , one requires
plausible models for production and decay, a com-
modity in rare supply these days. Data on mas-
sive-photon production would be even more use-
ful. 4
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We present results of measurements of then-p total cross section between 30 and 280
GeV/c. The measurements were carried out with a neutron beam by using the standard
transmission technique and a liquid-hydrogen target. A total-absorption calorimeter was
used to determine the neutron energy. Our measurements, which have an accuracy of

1%, indicate a smooth rise of approximately 1.5 mb between 50 and 280 GeV/c. The
oombinedn-p and p-p data above 20 GeV/c are well fitted by the expression o =38.4
+ 0.851 1n(s/95) I

~'47 mb.

In this article we present the results of a se-
ries of measurements of neutron-proton total
cross sections from 30 to 280 GeV/c. The mea-
surements were carried out in a neutron beam
at the Fermi National Accelerator Laboratory.
The standard transmission technique was em-
ployed with a 1.2-m liquid-hydrogen target. A

total-absorption ionization calorimeter was used
to detect the neutrons and measure their energy.

The neutron beam was taken off at an angle of
1 mrad from a beryllium target in the external

proton beam. Most of the data were taken with
an incident proton momentum of 300 GeV/c;
some data were also taken with 200-GeV/c pro-
tons. The beam was defined by a steel collima-
tor 1.58 mm in diameter, placed 198 m from the
production target. Sweeping magnets before and
after the defining collimator removed charged
particles from the beam. Two lead filters, one
5 cm thick ahead of the defining collimator and
the other 1.3 cm thick following the collimator,
removed most of the high-energy y rays. The
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