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Observation of Large-Transverse-Momentum Muons Directly Produced by 300-GeV Protons*
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We have observed muons produced directly in Cu and W targets by 300-GeV incident
protons. We find a yield of muons which is approximately a constant fraction (0.8x 10" %)
of the pion yield for both positive and negative charges and for transverse momenta be-

tween 1.5 and 5.4 GeV/c.

In this Letter we report on the observation of
muons produced directly in nuclear targets by
300-GeV incident protons. Study of muon produc-
tion at high transverse momentum was originally
motivated by the search for the intermediate vec-
tor boson. Early experiments were carried out at
the Argonne zero-gradient synchrotron® and the
Brookhaven alternating-gradient synchrotron®
with negative results. More recently, several
experiments have shown evidence for the direct
production either of single muons®** or of muon
pairs® in nucleon-nucleon collisions. Extensive
theoretical work®’ suggests that collisions of
pointlike constituents of the nucleon would result
in the direct production of muons.

In this experiment, performed at the National
Accelerator Laboratory (NAL), we have used an
apparatus described in a previous publication.®
It consists of a single-arm focusing spectrometer
equipped with two Cherenkov counters and a calo-
rimeter to identify hadrons, and a 15-ft-long steel
filter sampled each 2.5 ft with dE/dx counters to
identify muons. The spectrometer viewed sec-
ondaries produced in a heavy target at an angle
of 77 mrad relative to the incident 300-GeV pro-
ton beam. This angle corresponds to ~90° in the
nucleon-nucleon c.m. system. Direct muons
from the target were separated from muons com-
ing from 7 and K decays in flight with the aid of
two absorbers which could be inserted into the
spectrometer close to the target. The first ab-
sorber was a 23-in.-long W block with its up-
stream face 9.5 in. from the center of the target.
The second absorber was a 42-in.-long Fe block
with its upstream face 42 in, from the target.

We used a 2-in.-long W target, primarily in runs
with negative muons, and a 3-in.-long Cu target
primarily in runs with positive muons.

Data were taken under three conditions: (1) no
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absorber, (2) W absorber inserted only, and

(3) Fe absorber inserted only. Runs were made
at 10-GeV/c intervals between 20 and 70 GeV/c
corresponding to transverse momenta (P,) from
1.5 to 5.4 GeV/c. At 20 and 30 GeV/c, data were
also taken with both absorbers in the beam as a
consistency check. To verify that the muons
were associated with the target, we also took
data with the target removed for the three prin-
cipal conditions at 20, 30, and 40 GeV/c.

For each absorber condition we measured the
ratio of muons detected at the end of our appara-
tus to pions of the same charge detected by the
apparatus when the absorber was absent. Two
counter telescopes which looked at the target at
90° laboratory angle permitted normalization of
different runs. The yield of pions with no ab-
sorber was corrected for nuclear absorption in
the remainder of the apparatus and for decay in
flight.

The hadrons were attenuated by factors of ~200
and ~ 270 with the W and Fe absorbers, respec-
tively. These rather small attenuations resulted
in a significant hadron penetration. These had-
rons were identified by the combination of the
Cherenkov counters and the hadron calorimeter.
Those decaying appeared as muons. Thus the ob-
served muons with absorber in place consisted
of three components: (1) muons produced direct-
ly in the target, (2) muons produced by hadrons
decaying upstream of the absorber, and (3) decay
muons from hadrons which penetrated the ab-
sorber.

For process (3) the ratio of muons to pions®
was directly measured at each momentum and
polarity in runs without the absorbers; the cor-
responding muon yield in the absorber runs is
calculated from the observed penetrating pions.
The remaining muon yield coming from process-
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TABLE I. Reduction of raw data to direct muon yield at the target. Pro-
cesses (1), (2), and (8) are referred to in the text. “Tungsten” and “Iron”
refer to the particular absorber used.

Tungsten Iron
Observed muons 795+ 28 62325
Observed pions 13580 4985

Ratio u/m without
absorber

Muons from hadron
penetration of absorber,
process (3)

Muons from processes
(1) and (2)

Absorber loss factor

Corrected muons from
processes (1) and (2)

Pions at target

Muons/pions at target

Effective distance to
target (m)

(2.03+0.10)x 10~ 2

276 +13
276 +13 101+5
519+ 31 522+ 26
0.71+0.04 0.40+0.02
731+60 1305+ 92
4.60%10° 4.62x10°

(1.59+£0.13)x 1074

0.35

(2.83+0.20)x 107 ¢

1.25

Extrapolated p/7
at target

(1.10£0.15)x 107 ¢

es (1) and (2) is then corrected for the loss due
to the absorber insertion (€.g., multiple scatter-
ing). Finally, the direct muon yield is obtained
by linear extrapolation to zero decay path.

In Table I we present the reduction of the raw
data from a typical run at 40 GeV/c. The absor-
ber loss factors, calculated by Monte Carlo tech-
niques, are presented in Table II. These factors
account for the multiple-scattering loss, as well
as the increased yield due to acceptance of small-
er P, when the absorber is in place. The depen-
dence of yield on P, was taken from our previous

tance d+2, where d is the distance between the
target and the upstream end of the absorber and
A is the measured interaction length in the ab-
sorber,

The predicted slope can be obtained from the
rate of hadron decay between the target and the
absorber. It was calculated by numerical inte-
gration as a function of momentum. The yield of
decay muons between the target and absorber de-
pends on both K and 7 decays. Kaons are twice

measurements of hadron production.® We thus I [
assume that the direct muon component has a 40 GeV/e p-
similar dependence on P,, an assumption that 30 |_Copper Target P
can be checked a posteriori. Figure 1 shows the ) /V
corrected results of a typical run along with the 57
predicted slope. The points are plotted at a dis- Z
«+ 20 —
=
TABLE II. Calculated absorber loss factors. : ///
~ v
Momentum 10— ]
(GeV/c) Tungsten Iron
20 0.42+0.03 0.182+0.015 0 | |
30 0.56+0.03 0.300+0.015 0 05 ) 5
40 0.71+0.04 0.40 +0.02 Distance from Target (meters)
50 0.81+0.05 0.47 +£0.02
60 0.87+0.04 0.54 +0.02 FIG. 1. Plot of data reduced in Table I. Dashed
70 1.02+0.04 0.62 +£0.03 curve, linear extrapolation to the target; solid line,

calculated slope.
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FIG. 2. Plot of observed slope and calculated slope
versus reciprocal of the muon momentum. Points, ex-
perimentally measured slopes; solid line, calculated
slope. The slope as a function of 1/P is expected to
be a parabola. The decrease in the K/ ratio towards
low momentum distorts the parabolic shape.

as effective as pions in producing detected muons.
Thus the slope is sensitive to the K/7 ratio at the
target. Figure 2 shows for both charges the pre-
dicted and observed slopes plotted against the in-
verse of the muon momentum,

The agreement between calculated and observed
slopes is a significant verification of the correc-
tions which are quite different in nature for the
two absorbers. The W absorber is more sensi-
tive to the broadening of the acceptance because
of its proximity to the target, but is less sensi-
tive to multiple scattering for the same reason.
The inverse is true for the Fe absorber.

Table III gives the ratio of direct muons to
pions at the target for all conditions. The most
striking aspect of these results is the constancy
of the ratio /7. The constancy for different tar-
get materials is particularly interesting., Ina
separate experiment, to be reported in a sub-
sequent publication, we have found the yield of
pions per interacting proton at 3-GeV/¢ P, to
be 3.5 times larger from a W target than a Be
target. This effect is believed to be due to sec-
ondary scattering in the nucleus. Since the direct
muons follow the same pattern, a strongly inter-
acting, short-lifetime source is suggested for the
muons.

One such source can be the known vector mes-
ons. For example, if p and ¢ were each produced
with the same cross section as 7, we would ex-
pect a ratio (i /m) x10* of 0.68, 0.46, and 0.33 at
P,of 1.5, 3.0, and 4.5 GeV/c, respectively.

In Figure 3 we plot the invariant cross section
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TABLE III. Ratio of directly produced muons to
pions in the proton-nucleus collision. The number of
observed pions emerging from the 0.4-interaction-
length target is multiplied by a factor 1.25 to account
for absorption in the target itself.

p, 104x u/7 (target)

(GeV/c) Positive Negative
1.62 0.66+0.25 (Cu) 0.86+0.20 (W)
2.38 0.72+0.11 (Cuw) 0.67£0.12 (W)
3.15 0.88+0.18 (Be) ces
3.15 0.94+0.16 (Cu) 0.88+0.12 (Cu)
3.15 0.60+0.15 (W) 0.74+0.16 (W)
3.91 0.98+0.23 (Cu) 0.88+0.26 (W)
4.67 0.87+0.30 (Cu) 1.02+0.34 (W)
5.44 0.94 +£0.47 (Cu) 1.20+0.46 (W)

per nucleon for inclusive muon production. Also
plotted is the inclusive pion cross section multi-
plied by 10°* and the inclusive muon cross sec-
tion expected from a model based on parton-anti-
parton annihilation.' It is clear that the yield of
muons is everywhere in excess of the parton-
model prediction.™
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FIG. 3. Plot of the invariant cross section for direct
muon production versus P. Also shown is the pion
cross section multiplied by 10~ and the cross section
predicted by a parton model.
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Urhe yield of muons from the parton-antiparton an-
nihilation process depends critically on the assumed
antiparton distributions in the nucleon. The constraints
on these distributions from inelastic electron and neu-
trino scattering make it unlikely that a parton model
can account for the large observed muon yields.

Anomalous Muon and Hadron Charge Ratios in Secondary Cosmic Rays
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Secondary cosmic-ray muon and hadron fluxes are calculated for particle energies
above 200 GeV using accelerator data on inclusive hadron cross sections and the known
primary flux. The gross differences between the calculated and measured muon and
hadron charge ratios require radical reexamination of conventional views on hadron in-
teractions or the neutron-proton ratio in the primary flux.

It is clearly possible to derive the characteris-
tics of secondary cosmic-ray fluxes knowing the
composition of the primary flux and the details of
hadron-hadron interactions. In the energy region
of 1000 GeV per nucleon, the primary flux inten-
sity can be described by the relation®:?

dN/dE =A(y-1)E"7, (1)

where A=1.5+0.25 cm 2 sec ' sr™!, =2.72
+0.05, and E, the energy per nucleon, is mea-
sured in GeV. Measurements of the charge spec-
trum?® of the primaries at energy extending up to
400 GeV per nucleon indicate that about 89% of
the nucleon flux are protons and 11% neutrons as-
suming that charge-1 particles are protons and
charge-2 particles are a particles. Only hadron-
hadron inclusive cross sections are necessary
for an understanding of inclusive secondary flux-
es; and proton-proton inclusive cross sections
have been measured® up to laboratory energies of
1500 GeV at the CERN intersecting storage ring
(ISR) facility, and meson interactions have been

studied in accelerator experiments at lower en-
ergies. From this knowledge of the primary flux
and the hadron interaction inclusive cross sec-
tions and the use of conventional assumptions
concerning charge independence and factorization
in the hadron-hadron fragmentation region, one
can calculate secondary cosmic-ray fluxes pre-
cisely, in principle, if one neglects correlation
effects or coherent effects in the projectile or
target. Since these effects are not likely to be
large, plausible estimates of these nuclear ef-
fects allow reliable calculations of the secondary
fluxes. Although there is a long history of such
calculations,® and the results presented here dif-
fer from many, but not all, of the previous con-
clusions, only now do we have sufficiently exten-
sive and reliable data on the basic hadron inter-
actions so that complete calculations can be made
which are sufficiently accurate so that differ-
ences between the results of the calculations and
measurements can confidently be ascribed to in-
adequacies in the conventional assumptions used
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