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in the K~7l & mass spectrum does not contain 1.865-
GeV/c2 K ~r combinations and its recoil mass spec-
trum does not contain any clear structure. We do not
consider it significant.
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We have measured the production of p + and J vector mesons, through their dimuon

decay modes, by high-energy neutrons on nuclear targets at Fermilab. We determined
theA dependence to beA. '6 ' 3 for p+~, A. 9 ' for J, andA. ' 5 '0 for the contin-
uum of dimuons between the p+ and J masses.

Several recent experiments at Fermilab, the
CERN intersecting storage rings, and Serpukhov
have extended the study of dilepton production in
high-energy hadron-hadron collisions. ' ' These
experiments showed the presence of two strong
resonances above a continuum, one due to the p
+~ and the other due to the A4 Bebveen these two
masses the cross section decreases monotonical-
ly as the mass increases. Because of the rele-
vance of dilepton production to several open ex-
perimental questions, such as the nature of 4 pro-
duction in hadronic collisions, the contribution of
dileptons to single-lepton production, and the pos-
sible existence of the Drell- Yan process' for di-
lepton production, it is important to measure the
features of dilepton production in greater detail
than in previous experiments.

The pr'imary purpose of this experiment was to
measure the A dependence of the total inclusive
cross section for p+, J, and the continuum be-
tween those resonances in neutron-nucleus colli-
sions. The second objective, which is discussed
in a subsequent paper, was to determine the p~
and X& dependence [Xf——(p/p, „)„„, ] of the in-
variant cross section for this process. By mak-
ing measurements on four elements it was possi-
ble to extrapolate the yields to the cross section
for production on a single nucleon. The details
of the beam and the apparatus were reported in a
previous publication. ' The neutron beam was pro-
duced by the interaction of 400-GeV protons,
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FIG. 1. Schematic layout of experimental apparatus.
A. , T, and D are scintillation counters; H, V, @II, and
pV are scintillation counter hodoscopes. P1, P2, P3,
and P4 are multiwire proportional chambers.

rather than 300-GeV protons as in our previously
published work.

We detected muon pairs only after they emerged
from an absorber as shown in Fig. 1. The target
was placed close to the absorber in order to lim-
it the number of muon pairs from meson decays.
During this run the absorber consisted of 144 g/
cm' of Be, a steel-scintillator hadron calorime-
ter of mass 530 g/cm', and an additional 760 g/
cm' of uninstrumented steel. The absorber was
located 78 crn downstream from the target. The
bulk of the data which were used to determine the
A dependence were obtained using Be, Al, Cu,
and Pb targets which were 15 cm long and which
had a mass per unit area of 28.5 g/cm'. They
were segmented in order to obtain equal length
and density. Data were also taken with a solid Pb
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target of 86.5 g/cm' and a solid Cu target of 54
g/cm'.

A neutron interaction in either the target or the
absorber would generate an event trigger if there
were a coincidence between the D counter and
either two IJ counters and one V counter or two V
counters and one H counter. The information on
the event was recorded on tape if either two p.„
counters and one p, ~ counter or two p.~ counters
and one p.~ counter had counts in coincidence
with the event trigger. The A counter was re-
quired to be off. Two or more hits were required
in two of the three planes of proportional cham-
bers P„P„and P4. The target counter T was
not used in the event trigger, although its status
and the status of all other counters were record-
ed with the multiwire-proportional-chamber in-
formation.

Events which had two or more tracks extending
from P, trough P4 were candidates for muon
pairs. The distance of closest approach of the
tracks was required to be less than 2.2 cm. The
interaction point, the midpoint on the line seg-
ment connecting the two tracks at their distance
of closest approach, was required to be within
2.5 cm of the axis of the neutral beam. The event
was classified as a dimuon if three of the four
muon counters which were intercepted by the
tracks had counts.

The invariant mass of the pair was calculated
in two ways. In both calculations the magnitudes
of the momenta were determined from the deflec-
tion of the tracks in the magnet and then correct-
ed for the energy loss in the absorber. The meth-
ods differed in their calculation of the opening an-
gle of the muon pair. In the first method the
mass, M~, was calculated using the opening an-
gle obtained from the directions of the tracks
emerging from the absorber. This calculation
did not depend on whether the dimuon was pro-
duced in the target or the dump. In the second
method the mass, Mc, was calculated by assum-
ing that the interaction point occurred in the tar-
get and exploiting the correlation between the de-
viation in the direction of the muon and the devia-
tion of the muon position from the unscattered
trajectory due to multiple scattering. We calcu-
lated the opening angle 6» as the ratio of the sep-
aration of the tracks at a plane midway through
the absorber to the distance from the midpoint of
the target to this plane. The mass M~ is

Mcm =M p~(2+P, /P2+P2/P, ) +P,P (6, 2) . 22

The error in the mass due to multiple scattering
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FIG. 2. Yield from target of dimuons of momen-
tum & 75 GeV/c, with events from all targets added.
(a) Mass &1.4 GeV/c; (b) mass &1.4 GeV/c . Flux in
(b) =2.5x flux in (a).

in the second calculation was half the error of the
first calculation. If the dimuon was actually pro-
duced in the absorber the second calculation yield-
ed a mass value which was a factor of 2 too small
due to the mistaken assumption that the dimuon
was produced in the target. The value of M~ was
taken to be the dilepton mass.

The difference between these two calculations,
~Mc-Mv~, was very sensitive to the actual pro-
duction point. For that reason it was used to de-
termine whether the event carne from the target
or from the absorber. If Mc & 1.4 GeV/c', then
~Mc —Mv~ was required to be &0.48 GeV/c'. If
Mc&1.4 GeV/c', then ~Mc —Mv~ was required to
be &0.32 GeV/c'. On the basis of our Monte Car-
lo calculation, if M c = 780 MeV (Mc = 3095 MeV)
this procedure excluded 19%%uo (4%%uo) of the events
which came from the target and included 23'%%uo

(&1%) of the events which came from the absorb-
er. In order to reduce the background of events
from the absorber further it was required that
T have a count if M c & 1.4 GeV/c'.

The yield of dimuons with charge zero and to-
tal momentum greater than 75 GeV/c, subject
to the preceding restrictions, is shown in Fig. 2.
If an event had three muons, both zero-charge
combinations were included. The fraction of
events with more than two muons was less than
1'%%uo.

The A dependence of the cross section was de-
termined solely from the yield of dimuons from
each target, normalized to the relative neutron
intensity. In order to arrive at a statistically sig-
nificant sample of events at a given mass, we
have defined four mass regions as follows: p+co,
0.60& M&0.90; C, (continuum), 1.10& M&1.40;
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C, (continuum), 1.40& M&2.6; and &, 2.«M&3.6.
Although the mass spectra are already quite
clean, there remains a small background correc-
tion in the first two mass regions, which is per-
formed as follows.

The first source of background is events pro-
duced in the dump with the T counter on, due to
splashback or secondary production. This was
evaluated using the events with the T counter off,
which provided a nearly pure sample of dimuons
produced in the dump. The invariant mass, M~,
was calculated for these events using the incor-
rect hypothesis that the dimuon originated in the
target. The background was calculated by nor-
malizing the T-off spectrum to be equal to the T-
on spectrum in the region 0.4 to 0.55 GeV/c'
where a clear peak due to p production in the
dump is present. This resulted in a background
subtraction of 10%%uo at the p+ co mass and 10%%uo in
the C, mass region. (No subtraction is made at
higher mass since the. background is measured
to be & 2% using the T-off spectrum. )

Next, we attempted to evaluate the nonresonant
background under the p+ v peak. For this we
used only the T-on events, and fitted the mass
spectrum to a sum of p, ao, and y resonances
and a background. The latter consisted of a con-
tinuum term which decreased linearly as the
mass increased and a term which was due to p
production in the absorber. The fits were insen-
sitive to the relative admixture of p and ~, be-
cause of our mass resolution, but did require a
y contribution to fit the shoulder in the mass

spectrum near 1 GeV/c'. This method gave iden-
tical results, within statistical variations, for
the p+co yield as method 1.

A final source of background came from pion
decays. The number of events which can be at-
tributed to pion decay was approximately equal to
the number of events which have charge 2, if it
was assumed that these events were due entirely
to pion decay. No correction was made for this
background since it was only &%%uo at the p mass.

The relative intensity of the neutral beam was
determined from the counting rate in the D count-
er. The relationship between the counting rate
in D and the neutron Qux was established by com-
paring the counting rate of the hadron calorime-
ter, IJC, and D during a special low-intensity
run. The D rate and the D rate gated by the live
time of the electronics were recorded for each
pulse. The latter was used to normalize the yield
of dimuons.

During the high-intensity running it was neces-
sary to insert a 3.8 x3.8 @30.5-cm' core of tung-
sten into the absorber in front of HC. This re-
duced the counting rate in D per incident neutron
by a factor of 1.66. The relation between the neu-
tron flux and D for this configuration was made
by normalizing the yield of p+~ from the high-
intensity data to the moderate-intensity data for
similar targets.

No correction for electronic dead time was
necessary since the gated D counting rate was
proportional to the neutron flux during the live
time. The yield for Mc& 1.4 GeV/c' was correct-
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FIG. 3. (a) A dependence of yields of p+~ and J.
Straight lines are least-squares fits to the data. Error
bars are statistical only. (b) A dependence of the dilep-
ton yield as a function of mass: cross-section per nu-
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ed for the 5.5% inefficiency of the T counter. This
efficiency was determined from the ratio of the
number of J events from the target which had the
T counter on to all J which came from the target.
In the J mass region the separation of target and
dump is unambiguous.

We have fitted the intensity-normalized dilepton
yields per nucleus for P & 75 GeV/c with the pow-
er law A~. We find values of y of 0.62+ 0.03 for
the p+ co mass region, 0.85+ 0.05 for C„0.85
+0.04 for C„and 0.93+ 0.04 for the J region.
The yields for the p+ ~ and J as functions of A
are shown in Fig. 3(a). Most of the increase in y
occurs in the mass interval between the p and
1.2 GeV/c' as can be seen from Fig. 3(b). The
variation in y for larger masses is consistent
with either a constant value of y near 0.9 or a
slow increase from 0.8 toward 1.0. In the p+ ~
region y depends onP~ as can be seen from Fig.
3(c). This behavior has been observed for other
hadrons by Cronin et a/. ' An examination of the
Z mass region showed that y did not depend onP~.
We note that the dependence of y on p~ is very
similar tq its dependence on mass.

The dependence of y on p ~~
in the p+ ~ mass re-

gion is also shown in Fig. 3(c). y did not depend
on p~~ in the J region to within statistics. Finally,
we note that the A dependence in the continuum
region is three standard deviations away from an
A' behavior, which might be expected if the only
source of dileptons in this mass range were the
Drell- Yan process. '
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We have measured the p~ and p~~ dependence of J production by high-energy neutrons in
comparison with the production of the conventional vector mesons. We also report values
for total inclusive cross sections for resonance and continuum dimuons, and give an up-
per limit for g' production.

Although it has been a year and a half since the
discovery of J''' and of the g'(3684) particles, '
very little is known about the mechanism for their
production by hadrons. The increase of the inclu-
sive cross section for J production by a factor of

100 between -30 and -300 QeV does not have an
experimentally verified explanation. ~ We have
made a measurement of the dynamical dependence
of this inclusive cross section. At the same time
we have measured the same properties of the in-


