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The cosmic-ray muon momentum spectrum and charge ratio up to momenta =10 TeV/c have
been measured with high accuracy. The power index of the differential spectrum of parent mesons
at production gradually increases with momentum and becomes 2.84+0.03 in the momentum range
0.8 to 10 TeV/c. The charge ratio is almost constant at a value of 1.27+0.02 from 0.1 to 10 TeV/c.

I. INTRODUCTION II. DESCRIPTION OF THE APPARATUS

Primary cosmic rays incident at the top of the at-
mosphere interact with the nuclei of the air and produce
pions and kaons. These mesons in turn decay into muons
or make nuclear interactions with the air nuclei. The ob-
servation of the cosmic-ray muon spectrum and charge ra-
tio yields important information on the hadron-hadron in-
teraction at energies beyond those attainable at the present
high-energy accelerators, and on the composition of pri-
mary cosmic rays.

The cosmic-ray muon spectrum above 1 TeV has so far
obtained only indirectly using the depth-intensity relation
of cosmic rays' or the muon-produced burst-size spec-
trum. The advantages of using a magnet spectrometer
over the other methods are twofold: it is direct and more
accurate. The direct observation of the muon spectrum in
the past has been restricted to the energy range less than
E&(1 TeV. '

We have constructed a large magnet spectrometer
MUTRON which can measure the muon spectrum and
charge ratio between 0.1 and 15 TeV. The spectrometer is
located at the Institute for Cosmic Ray Research, Univer-
sity of Tokyo (at sea level) and has been operated for two
years. The muon momentum spectrum and the charge ra-
tio have been measured in the zenith-angle range 87' to
90'. In this paper, the detailed results are given; a prelimi-
nary report was published earlier.
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FIG. 1. Schematic view (vertical cross section} of muon spec-
trometer MUTRON. MWPC and WSC represent multiwire
proportional trigger counters and wire spark chambers, respec-
tively (not to scale).

A schematic view of the MUTRON setup is given in
Fig. 1. The magnet spectrometer is composed of two
solid-iron magnets each weighing 400 tons, wire spark
chambers as the track detector, and muon trigger
counters. The trigger counters are located at each side of
the magnet spectrometer. In addition, a calorimeter has
been located between the two magnets to study muon in-
teractions. The total thickness of the iron calorimeter is
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144 cm. The results on interactions induced by the very-
high-energy muon have been reported elsewhere. In the
following subsections, some details of the various counters
are given.

$Q [cm'sr I

A. Trigger counters

The trigger system is composed of four layers of mul-
tiwire proportional counters (MWPC's) and a matrix coin-
cidence system. The adjacent wire distance is 1.2 cm.
Each trigger counter covers an area 460&268 cm, and
two pairs of trigger counters are located in front and at
the back of the spectrometer. Muons with momenta
higher than 90 GeV/c are selected by the M&PC matrix
coincidence system using the 1.2-cm space resolution. The
uninteresting low-energy muons are largely deflected away
by the magnetic field and are rejected by the hardware log-
ic (the matrix coincidence method). The trigger pulse is
created 1.2 ps after the passage of the muons. The overall
efficiency of the trigger counter is measured to be 0.95. In
order to reduce the background trigger due to air showers,
the trigger counters are operated under the following con-
dition: Only the charged particles whose number of asso-
ciated particles is less than 7 at each MWPC tray are
selected.

B. Track detector and data acquisition

The muon position is measured in the x-z projection
plane by eight layers of wire spark chambers with magne-
tostrictive readout, and each layer consists of two gaps. '

Therefore when all spark gaps fire, 16 points of the pro-
jected track location are obtained. Helium gas is circulat-
ed inside the spark chamber, and the efficiency of each
wire spark chamber is measured to be -90%%uo.

The position of fiducial points located on each of the
chambers is measured by an optical method to an accura-
cy of +0.1 mm. Each chamber has two fiducial points at-
tached on the frame of the chamber and one fiducial wire
within the 1-cm spark gap. The distance between fiducial
point and fiducial wire is measured to an accuracy of +0.5
mm. Each fiducial wire has been set as horizontally as
possible.

After the above procedure, a refined correction of the
fiducial wire position has been obtained by software sup-
port, by fitting the actual data of a zero-field run to a
straight line (by the least-squares method). The position
of the fiducial wire is finally adjusted within +0.1 mm for
the four layers of the inside two magnets; for the outer
trays the fiducials are adjusted within +0.3 mm.

The particle-trajectory position in each of the spark
chambers is measured by a 10-MHz sealer which is started
by the fiducial signal. A maximum of 16 coordinates can
be recorded for each channel. The mean propagation
speed of the magnetostrictive signal is 1.88 ps/cm. The
differences in the magnetostrictive signal speed in the
various chambers have also been taken into account. The
error in track position due to the electronics coming from
the fluctuations in clock frequency and the discrimination
level was measured to be +0.3 mm. "
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FIG. 2. The total and differential zenith-angle geometrical
factors of MUTRON, as a function of muon momentum.
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at each of the four corners of the magnet. ' There, the
field strength deviates by +2.3~o from the standard value.
The field strength of the magnet was measured by a flux
meter resulting in J Bdl =64 kG m.

At muon momenta above p&
——200 GeV/c, the geo-

metrical acceptance is almost independent of momentum
in the zenith-angle range between 87.5 and 90'. The total
acceptance (integrated over all the zenith-angle range) of
the trigger counter is 1360 cm sr and the net acceptance
of the magnet spectrometer is 1060 cm sr. These accep-
tance dependences on momentum and zenith angle are
shown in Fig. 2.

The ratio of the angle of deflection due to the multiple
Coulomb scattering to that due to the magnetic field
(S/N) is 5%, independent of momentum. Up to momenta
-400 GeV/c, the error in momentum is essentially con-
trolled by this, leading to bp/p=0. 05. At higher momen-
ta, spatial resolution errors become more important. The
quadratic sum of Coulomb-scattering and spatial-
resolution errors leads to Ap/p =0.08 at pz ——l TeV/c [at
maximum detectable momentum (p&

——15 TeV/c),

C. Magnet and acceptance

The field of each magnet was measured and the uni-
formity was found to be +1%, except for a 100-cm area

I I
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FIG. 3. Spatial resolution of the spectrometer. The data are
obtained for the muons with p& & 800 GeV/c for runs A and B.
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TABLE I. The properties of the muon spectrometer MUTRON,

Location
Angular acceptance (p„&200 GeV/c)
Mean zenith angle
Net acceptance (SQ) (p„&200 GeV/c)
Field strength

JBdl
S/X ratio (pz ——400 GeV/c)
S/X ratio (pz ——1 TeV/c)
Track-chamber-system resolution
Maximum detectable momentum
Trigger efficiency (p„&200 GeV/c)
Trigger rate

Tokyo (at sea level)
87.0 —90.0'
88.8
1060 rn sr
16 kG
64 kGm
5.0%
8.0%%uo

0.90 mm
15 TeV/c
0.95%
1.05/min

spatial-resolution error equals magnetic deflection by defi-
nition; therefore bp/p = 1 at p&

——15 TeV/c].

D. The maximum momentum detectable
by the spectrometer

The maximum detectable momentum (MDM) is an im-
portant quantity which determines the sensitivity of the
spectrometer. The muon momentum is measured by the
bending due to the I.orentz force inside the spectrometer.
For example, muons with a momentum of 15 TeV are de-
flected 0.256 mrad in the magnets and deviate from a
straight-line path by 2.6 mm at the opposite-side chamber
of the spectrometer.

The MDM is defined as the point where the deflection
angle due to the I.orentz force becomes equal to the qua-
dratic sum of the deflection due to the multiple Coulomb
scattering and inherent chamber resolution.

As shown in Fig. 3, the spatial resolution of the wire-
spark chamber system has the value o.=0.90 mm. In this
spectrometer 0.90-mm resolution corresponds to a MDM
of 15 TeV, when the information from all the 16 spark-
chamber gaps is used.

The properties of our spectrometer are summarized in
Table I.

III. DATA ANALYSIS

In this section we present some details of the data
analysis. The data used in the analysis are listed in Table
II.

Since the efficiency of the spark chamber is 90%%uo,
' not

every position of the muon track of the spark gap is al-
ways registered. For each event the corresponding
momentum resolution which is a function of the number
of spark-gap information available (which corresponds to
the MDM) has been calculated, and only the events with
MDM higher than 11 TeV are used for the present data
analysis. The rate is 59% for run A and 44% for run B.
In Fig. 4, a typical distribution of MDM for a sample of
one run is presented. The difference of the rate between
run A and run 8 comes from the difference of the effi-
ciency of the spark chambers.

The muon momentum is obtained by using the formula
of Allkofer et al. ': The track is approximated to straight
lines in field-free regions and to parabolas in the two
magnetic-field regions as shown in Fig. 5. The straight
lines and the parabolas are connected smoothly at the
edges of the magnet. ' The momentum is obtained by
minimizing the X value for the fitting, as follows:

I

(V)=g a+bz;+
2

L2 m L —H
Lz; c —x; +—g a+bz; —(L H) z;+—

+g a+bz;+ (2H —L)z, —L 2

4
C —X

2

1 B(V) 3008=0, p= GeV .
2c ~ 10'

Here x; and z; correspond to the vertical and horizontal

coordinates; H/2 and L —H represent the length of each
magnet and the space between the two magnets.

The correct choice of the coordinates that truly corre-
spond to muon trajectory is the most important part for
the data analysis. For every combination of the spark

TABLE II. Summary of the data used in the analysis.

Running period

30 January 1977—30 September 1977
10 May 1978—26 February 1979

Total no.
of events

87 692
109218

High-MOM p
No. of events

51 638 (58.9'Fo)
48462 (44.4%)

Track resolution

0.900 mm
0.908 mm
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FIG. 4. Typical distribution of MDM for a sample run.

coordinates, a 7 test has been made. The events with re-
duced 7 less than 7.3 are regarded as muons. If any
spark chamber shows more than one spark, the spark giv-
ing the least X in the fit is chosen as the coordinate of the
moun. If any coordinate of one combination deviates over

4X[(0.9) +(200/p) ]'~ mm

with p in GeV/c, the 7 is reexamined after rejection of
the coordinate. Here the value (0.9) corresponds to the
inherent resolution of the spectrometer, and (200/p) to
the multiple Coulomb scattering. If several solutions ex-
ist, the combination which gives the higher momentum
resolution has been chosen. When plural solutions yield
the same momentum resolution, the event with smallest g
is selected.

Only those muons with the calculated MDM greater
than 11 TeV/c have been analyzed further (see Fig. 4).
We have checked whether our analysis program has
correctly chosen the true muon track or not by having a
physicist look at a visual display of the event. We have
sampled 1000 trigger events from a typical run and
checked the above selection rules on an event-by-event
basis and confirmed that the above criterion selects the
muon track correctly. No selection failures and no loss of
events by selection rules have been found among the 1000
events so examined.

The muon integral spectrum is presented in Fig. 6. The

X

I I I

10 [ TeV/cl0.1 1

p~

FIG. 6. The muon integral momentum spectrum at sea level
for runs A (0) and 8 ()&) from the raw data. The MDM correc-
tion has not been made.

Multiply the observed

differential spectrum

solid circles and the crosses in the figure correspond to the
runs A and B, respectively. The constants of the align-
ment have been taken to give the finest resolution of the
spectrometer in the respective runs. The agreement be-
tween the two data sets suggest that our system is very re-
liable.

Since our spectrometer does not have a time-of-flight
system, the incoming direction could not be identified for
the low-energy muons deflected in the upwards direction.
However, a muon with energy 1 TeV is bent only by 0.22'
by the magnets, and so the incoming direction can be
determined for almost all high-energy muons.

Since the cosmic-ray muon spectrum at sea level falls
rapidly with momentum as p&

'
dp&, the finite resolution

of the spectrometer and the multiple Coulomb scattering
of muons in the iron cause the low-energy muons to
penetrate into the high-energy bins. We must therefore
correct this effect in order to obtain the real muon spec-
trum from the raw data. The correction factor becomes
significant in the region near the MDM as shown in Fig.
7.

0.8—

Z) Z~

X x,
Xn

Zl Z2

0

FICi. 5. The muon momentum is obtained by approximating
the muon trajectory into separate components comprising
straight lines and two parabolas for the magnetic-field regions.
l, rn, n represent the number of the muon coordinates in each sec-
tion, and H is the total length of the magnetic region.
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FIG. 7. Multiplicative correction factor for MDM and multi-
ple Coulomb-scattering effects.



Y. MURAKI et al.

-7
0 p— I I I I I I I II

S„= I/(Muon Survival Probability)

-8
10

2.0—

-9
10

I U)
QJ

L3

I

Ll)

CU
V)

I

'LJ

10

-11

10

1.0 l

0.1
P

10 TeV/c

FIG. 10. The multiplicative correction factor S„ for muon
survival probability plotted as a function of the sea-level muon
momentum p„. The dashed curve is obtained by solving the dif-
ferential equation by computer.
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it gives rise to the momentum dependence of the muon
trigger. We have estimated this effect by a full Monte
Carlo calculation and compare with present experimental
data. The rate of muon loss slowly increases with the
muon energy as presented in Fig. 9 and it becomes 4%%uo of'

the total events at pz ——1 TeV/c. For the data analysis,
this effect has also been taken account of.

FIG. 8. The muon differential spectrum at sea level.

)& and correspond to the raw and corrected muon differential
spectrum, respectively.

The raw and corrected differential muon spectra are
presented in Fig. 8. The flux values given in Fig. 8 are ab-
solute and not normalized in any way with respect to oth-
er data.

As described in Sec. IIA, the events whose number of
the associated particles is )7 at each MWPC tray are not
selected. Muons passing through the iron magnets associ-
ate knock-on electrons or small showers induced by the
direct-electron-pair process. The direct-electron-pair pro-
duction cross section increases with the muon energy and

IV. MUON SPECTRUM AT PRODUCTION

In order to compare our present spectrum at sea level
with other measurements, ' we transform all data into
the muon spectrum at the point of production. The con-
version to the production spectrum is done following the
standard method. '

First the muon momentum at production is obtained by
correcting the muon energy loss (AF.„) in the atmosphere
from the top to sea level. The energy loss AE& is evaluat-
ed according to Kobayakawa's estimation':

10 ~

10 =

10-

10 .—

I I

(Tev/c)
PIl

FIG. 9. The rate of the muon rejection by the trigger counter
due to the associated particles, as a function of muon momen-
tum. The experimental data points are also given {0).

10—

10 [TeV/c]

P~

FIG. 11. The muon integral spectrum at production after ap-
plying the correction factors.
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FIG. 12. The relation of the obs( rved zenith angle (0) of
muons to the zenith angle at produc1'. ion at the top of the at-
mosphere (0*).

bE„=[(2.5+3.25 X 10 Eq) X 10 &(&*)

+3.15(2.0+8.0X10 Ep)] GeV . (2)

Here E& is in GeV. The first term corresponds to the en-
ergy loss in the atmosphere, and the second term corre-
sponds to the energy loss inside the magnet; X(8*) refers
to the thickness of air expressed in g cm

Since the muon travels a long distance, the correction
for the decay loss should also be considered. The multipli-
cative correction factor Sz to correct for the muon sur-

I

vival probability is presented in Fig. 10. For the low-
momentum muons (less than 200 GeV), the correction fac-
tor is obtained by solving the differential equation by com-
puter. ' The geomagnetic deflection effect should also be
taken into account in this calculation. The dashed curve
of Fig. 10 is obtained by Kamiya, Shibata, and Iida, based
on the above method.

The muon integral number spectrum at production after
applying the above corrections is presented in Fig. 11.
The mean zenith angle of MUTRGN, 0=88.8, corre-
sponds to 0*=84' at the top of the atmosphere:
sin(m —9)/(h +R)=sinO*/R, where R is the radius of the
Earth and h is the production height of the muon as
shown in Fig. 12 (h =32 km).

In order to obtain the energy spectrum of the parent
particles of the muon from the muon spectrum at produc-
tion, we must define the decay constant. The decay con-
stants of pions (B ) and kaons (B») into mesons are de-
fined as 8~=horn„c /~~ and B~——hom~c /~kc:
ho —6.4 km (-100 g/cm ), leading to B =114 GeV, and
Bz ——543 GeV. In the case where pions and kaons travel
horizontally at the top of the atmosphere, the probability
increases that those mesons decay into muons before they
make nuclear interactions. Hence B„and B~ should be
multiplied by secO~ as illustrated in Fig. 12. In other
words, at a deeper zenith angle the decay probability in-
creases according to sec9* for the same energies E and
Ere

The observed muon momentum spectrum N(E„,O) can
be expressed by the following equation':

r

N(E, g)dE„=&S„E r r r 'B„..ecg*/(E„+B sec8*)+ —r»r 'RsB»secB*/(E„+Bkse«)
P & P P 7T 8'~ P 7T

(3)

where A is the normalization constant, , Rz is the K~p+ v
branching ratio, and r and rz refer to the average values
of E&/E and E&/Ez in the decays of pions and kaons,
respectively. Equation (3) is the first term of the solution
of the differential equation which des;(".ribes the propaga-
tion of cosmic rays in the atmosphere. Here we have as-
sumed that charged pion and kaon spectra can be ex-
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FIG. 13. The power index y of parent mesons. The parent
charged pion and kaon spectra have; been assumed to be a simple

power law E ". The horizontal limit of the box represents the
energy region where P fitting has been done, while the vertical
limit shows the statistical error limit. Recent DEIS data are also
plotted.

I

pressed by a simple power law E r(E» 9 with an iden-
tical exponent.

The K/m ratio is assumed to be 0.15 according to the
value of CERN Intersecting Storage Rings (ISR} data. '

Correct treatment of the large phase-space volume for the
kaon in Eq. (3) in relation to that of the pion requires a
multiplication factor of 2.4 for the second term of Eq. (3).

The values of y resulting from the fit to Eq. (3) of dif-
ferential momentum spectrum of muons at production are
presented in Fig. 13 together with other data. ' It is in-
teresting to note that the parent meson power index y
gradually increases with energy, and it goes to 2.84+0.3
between E& ——0.8 and 10 TeV (reduced X2=0.43). The
physical implication of this result is given in Sec. V.

The charge ratio obtained in this experiment is present-
ed in Fig. 14. The charge ratio has an almost constant
value of 1.27+0.02 from 0.1 to 4 TeV. The points mea-
sured by the Utah group using an indirect method are also
plotted together with new data of DEIS, ' whose MDM is
half that of MUTRON. The data point at 7.2 TeV plotted
in Fig. 13 has been obtained after MDM correction. The
physical implication of the p+/p ratio will be discussed
in Sec. V.

In closing this section we give the absolute value of the
muon spectrum at 1 TeV, which is obtained as follows:
The trigger rate (1.05/min) is divided by the trigger effi-
ciency (0.95) and SQ(1360 em~sr), and multiplied by the
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FIG. 14. The muon charge ratio obtained in the present ex-

periment (0) plotted as a function of muon momentum at sea
level together with recent DEIS data (O. Utah points (0) are
measured by an indirect method. The MDM of MUTRON and
DEIS are 15 and 7 TeV/c, respectively.

percentage of muons within the total events (0.669), and
the rate of muons with energy greater than 1 TeV within
the total muon rate (1.69+0.06)X10 . The trigger rate
(1.05/min) has been already taken account of the live time
of the spectrometer system (95%).

The integral muon intensity at E& ) 1 TeV at a mean
zenith angle of 88.8' is (1.53+0.15)X10 cm s 'sr
The differential intensity at Ez ——1.15 TeV is obtained by
multiplying by (8.17+0.28) X 10 (the rate of muons with
E& between 1 and 1.259 TeV) instead of
(1.69+0.06) X 10 and dividing by dE„=259 GeV.
The result turns out to be (2.86+0.10)
X 10 ' cm s ' sr ' (GeV/c) '. This integral and dif-
ferential intensities at sea level coincide well with the cal-
culation by Murakami et al. , within the experimental er-
rors, for y~ ~ 2.85 and 0=89'. The calculation has
been based on a Feynman-scaling model and a mixed pri-
mary composition (p/a=26+3/nucleon), and takes ac-
count of the rising total cross section. However, the
pp ry index 2.85 is —0.10 higher than the value of the
extrapolated primary spectrum (y~„. ,~=2.75), obtained
by Ryan et al. , which fits well with the other muon
spectrum for rather-low-energy observations (E„&1

TeV)

V. RESULTS AND DISCUSSION

Let us compare the y value obtained by MUTRON with
the previous measurements. The y value in the lower-
momentum range 200 &pz & 1000 GeV/c (2.56+0.016)
coincides well with other measurements. Our results on

y (2.84+0.03) for the momentum range 1—10 TeV/c are
also in agreement, within the stated errors, with the previ-
ous results obtained by the horizontal muon emulsion
chamber in the momentum range 1—5 TeV/c (2.76+0.12)
and in the horizontal-air-shower experiment (2.76+0.20)
in the momentum range 2—200 TeV/c. However, the er-
rors in the present results are far smaller than in the re-
sults mentioned above. In addition, the DEIS group has
also obtained the muon spectrum in the range 0.1 &p& & 7
TeV/c. ' ' ' Their experimental value also confirms our
result that the y value increases with the energies. It be-
comes 2.74+0.03 in the momentum range 0.8—3.2 TeV/c.

Our result obtained by the direct method, however,

gives a larger vatue of y (2.84+0.03) than that obtained
by the depth-intensity measurement: the vertical muon
spectrum can be expressed by the simple power exponent

y (2.66+0.05) in the wide momentum range 0.2—40
TeV/c. ' In other words, the vertical muon spectrum in
the momentum range 1—40 TeV/c can be expressed by the
lower value of y, while the horizontal muon spectrum
gradually becomes steeper at —1 TeV/c.

Since we have published a preliminary result
(2.87+0.06), the difference between the horizontal mea-
surement and the vertical observation' is a riddle of
cosmic-ray muon physics. . ' However the correct treat-
ment of the direct production process of the rnuons from
the charmed baryon di(ffractively produced is made by
Halzen and Elbert, Gaisser, and Stanev. They have ob-
tained a result that the muon intensity due to the direct
production process becomes of the same intensity as the
muons coming from the normal m, X decay at p&-10
TeV/c for the vertic31 muons and for the horizontal
muons it becomes the same for p„=70 TeV/c. This is the
reason why our horizontal muon spectrum has a higher y
value than the one for the vertical muons.

Recently the differential hadron-production cross sec-
tion at E~,b-155 TeV has been obtained by the CERN
proton-antiproton co11Iider experiments. ' It is known
that Feynman scaling is weakly violated in the central re-
gion. However in the very forward region
(x~—2p' '/~s & 0. I ), Feynman scaling does work
within the experimental errors of 10/o in comparison with
the cross sections obtained at ISR (2 TeV) and CERN SPS
pp collider (155 TeV)„ In other words, even if Feynman
scaling is violated, the charged-hadron production cross
section at SPS pp collider energy is only 10% less than
that of ISR energies. This gives rise to an increase of the
y value 0.05 for the muon spectrum in the rnornentum
range 0.5—10 TeV/c. Therefore the high y value 2.84 ob-
tained by the present experiment cannot be attributed
completely to the violation of Feynman scaling. This is
the reason why we eissert that the primary cosmic-ray flux
becomes gradually steeper in the region Ep '

y 10 TeV.
Finally, we mentiion the calculations on the cosmic-ray

muon charge ratio p, +/p . Frazer et al. ' and Yekutieli
have tried to reproduce the observed muon charge ratio
using arguments based on the Feynman-scaling model.
However, the calculation leads to 1.57+0.10 and is incom-
patible with our observed value 1.27+0.02.

Taking into account the normal primary compositions,
a charge-ratio calculation was recently made. The result
indicates that the p+/p ratio gradually increases from
1.25 to 1.40 in the momentum range 100 GeV—10 TeV.
However the present result indicates a constant charge ra-
tio in the momentum range 1—10 TeV. In the recent ISR
experiments, the negative-pion intensity produced by a-a
collisions has been obtained. Using the ISR results, we
have tried to reproduce the experimental result on the
basis of the formulation of Frazer et al. and the normal
composition of heavy primaries. The value goes down to
1.35, however, still -0.05 higher than the experimental
value. This difference could be explained by introducing
an assumption that in the horizontal muon flux at p„—10
TeV/c, —10% direct produced muon is included within
the muons coming from the normal m-p decay. The
—10% mixture of the dir'ect muons is expected by the cal-
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culations of Halzen and Elbert et al. This assumption
does not contradict with the previous measurement of the
zenith-angle distribution of muons for the momentum less
than a few TeV/c. More detailed calculation is neces-
sary, taking account of the charmed-baryon and &-

flavored-baryon production processes at the very forward
region.

We therefore conclude that our experimental result is
consistent with the Feynman-scaling model in the very
forward region, and the primary cosmic-ray flux, which

contributes to muon production, gradually becomes
steeper at 10 TeV.
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