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Measurements of Ground-Level Muons at Two Geomagnetic Locations
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We report new measurements of the muon spectra and the muon charge ratio at ground level in
the momentum range from200 MeV�c to 120 GeV�c for two different geomagnetic locations. Above
0.9 GeV�c the absolute spectra measured in the two locations are in good agreement and are about 10%
to 15% lower than previous experimental results. At lower momenta the data show latitude dependent
geomagnetic effects. These observations are important for the understanding of the observed neutrino
anomaly.

PACS numbers: 96.40.Tv, 96.40.Kk, 14.60.Pq
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Precise measurements of the muon energy spectrum
charge ratio at sea level over a wide energy range pro
information on the propagation of cosmic rays in the
mosphere. Together with data on the primary cosmic ra
muon measurements can be used as a test to check c
lations of atmospheric cascades and neutrino fluxes
These latter calculations are used to interpret the recen
sults on neutrino oscillation from the Super-Kamiokan
experiment [2]. Furthermore, spectra of muons at l
energies (below a few GeV) measured at different g
magnetic locations are useful to study the effect of Eart
magnetic field on the propagation of the secondary co
ponent in the atmosphere [3].

In the past, the muon spectrum has been extensi
measured, mainly by solid iron magnet spectromet
in which multiple scattering plays an important role
the momentum resolution, particularly at low energi
Only two measurements have been performed using
mass superconducting magnet spectrometers [4,5]. In
paper we report results from measurements at ground
the muon momentum spectrum and charge ratio fr
200 MeV�c to 120 GeV�c measured with the NMSU
WIZARD/CAPRICE magnet spectrometer at two differe
geomagnetic locations. These locations are (i) Lynn La
Manitoba, Canada (56.5± N, 101.0± W), at an altitude of
360 m above sea level, and a nominal vertical geomagn
cutoff of 0.5 GV, and (ii) Fort Sumner, New Mexico
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(34.3± N, 104.1± W), at an altitude of 1270 m and a cuto
of 4.2 GV.

The NMSU-WIZARD/CAPRICE spectrometer was de
signed as a balloon-borne apparatus for cosmic ray s
ies. From top to bottom the instrument [6] included
ring imaging Cherenkov (RICH) detector, a time-of-fligh
(ToF) system, a superconducting magnet spectrom
with a tracking system, and a 7 rad length silicon-tungs
imaging calorimeter. The instruments used in Lynn La
and Fort Sumner differed in the tracking system and
the radiator material for the RICH. The instrument o
erated in Lynn Lake during July 1994 (see [7]), hereaf
called CAPRICE94, used a stack of multiwire proportion
chambers (MWPC), two drift chambers, and a RICH with
solid NaF radiator having a threshold Lorentz factor of 1
[8]. The maximum detectable rigidity (MDR) of this spec
trometer was 175 GV. During the spring 1997 campai
in Fort Sumner, the MWPCs in the CAPRICE94 appara
were replaced by an additional drift chamber providing
MDR of 330 GV, and the RICH used a C4F10 gaseous ra-
diator [9] with a threshold Lorentz factor of 20 (hereaft
called CAPRICE97 [10]).

About 440 000 and 1200 000 events were recorded
Lynn Lake on the 19th–20th of July 1994 and Fort Sum
ner between the 26th of April and the 2nd of May 199
respectively. The precise measurement of the particle
jectory in the tracking system combined with the excelle
© 1999 The American Physical Society 4241
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performance of the other detectors made it possible to
identify muons with negligible background from other
particles in the momentum range 0.2 120 GeV�c. At
ground, muons are the main component of the cosmic
radiation. However, electrons and positrons constitute a
small, but detectable, fraction of the muon component at
low momenta while the protons amount to a few percent
of the muons up to at least 10 GeV�c [11]. Because of
the different RICH thresholds, two different muon selec-
tion criteria were used to analyze the CAPRICE94 and
CAPRICE97 data.

In both experiments, charge one particles moving down-
ward in near vertical direction (the zenith angles were dis-
tributed around a mean value of 9 degrees with a maximum
of 20 degrees) were selected using the time-of-flight and
tracking information. In the CAPRICE94 experiment,
muons were above the RICH threshold in the whole en-
ergy range of interest. They could be separated from elec-
trons up to about 400 MV and from protons up to 5 GV,
above which the Cherenkov angle of protons and muons
overlapped [7]. Hence, in this experiment the RICH muon
selection was used from 0.2 to 5 GV. Electrons were re-
moved by means of the calorimeter information. Above
300 MV muons could be selected with an efficiency close
to 100% and with a negligible electron contamination
[12,13]. Above 3 GV e6 amount to less than 0.1% of the
muon component [11,12] and, consequently, the calorime-
ter muon selection was not used above this rigidity. The
4242
surviving proton contamination above 3 GV was calcu-
lated by scaling the number of observed particles inter-
acting in the calorimeter by the fraction of interacting
protons obtained from data at float where protons domi-
nate (CAPRICE94 was launched on the 8th of August
1994 [7]). This estimated proton background was then
subtracted from the positive muon sample.

In the CAPRICE97 experiment the low refractive in-
dex of the C4F10 radiator (n � 1.001 258) permitted one
to extend the rigidity range of the RICH muon selection.
Muons started to produce Cherenkov photons in the C4F10
gas at 2.1 GV and protons at 18.7 GV while electrons
were above threshold in the whole rigidity range of in-
terest. Hence, muons were selected requiring Cherenkov
light above 2.1 GV and no light below. In this way e6

were rejected up to about 2 GV and protons up to about
20 GV. For larger rigidities the e6 and proton back-
grounds were negligible. Furthermore, the proton compo-
nent was studied up to 20 GeV�c and it was found [14] that
the proton to muon ratio decreases from �9.7 6 0.4�% at
1.1 GeV�c to �0.91 6 0.09�% at 12.3 GeV�c, compatible
with CAPRICE94 and Golden et al. results [11]. Below
2 GV, the time-of-flight information was used. The ToF
had a resolution of about 230 ps which, with a particle tra-
jectory of about 1.2 m, gave a good rejection of protons
against muons for rigidities less than about 1.6 GV. Be-
tween 1.6 and 2.1 GV m1 could not be separated from
protons and no results on m1 are presented in this rigidity
TABLE I. The m2 and m1 fluxes at ground. Columns 3 and 4 give the m1 and m2 fluxes measured by the CAPRICE94 ex-
periment at an atmospheric depth of 1000 g�cm2 while columns 5 and 6 are the fluxes measured by CAPRICE97 at 886 g�cm2.
The errors include both statistical and systematic errors.

Momentum Mean CAPRICE94 CAPRICE97
interval momentum �GeV�c m2 sr s�21 �GeV�c m2 sr s�21

GeV�c GeV�c m1 m2 m1 m2

0.2–0.3 0.25 �1.4 6 0.2� 3 101 �1.1 6 0.1� 3 101 �1.2 6 0.1� 3 101 �1.07 6 0.09� 3 101

0.3–0.4 0.35 �1.68 6 0.08� 3 101 �1.36 6 0.07� 3 101 �1.70 6 0.08� 3 101 �1.52 6 0.07� 3 101

0.40–0.55 0.47 �1.72 6 0.05� 3 101 �1.44 6 0.04� 3 101 �2.03 6 0.06� 3 101 �1.79 6 0.05� 3 101

0.55–0.70 0.62 �1.66 6 0.04� 3 101 �1.35 6 0.03� 3 101 �2.12 6 0.06� 3 101 �1.86 6 0.05� 3 101

0.70–0.85 0.78 �1.56 6 0.04� 3 101 �1.33 6 0.03� 3 101 �2.04 6 0.05� 3 101 �1.76 6 0.05� 3 101

0.85–1.0 0.92 �1.48 6 0.03� 3 101 �1.21 6 0.03� 3 101 �1.92 6 0.05� 3 101 �1.64 6 0.04� 3 101

1.0–1.2 1.1 �1.30 6 0.03� 3 101 �1.10 6 0.03� 3 101 �1.77 6 0.04� 3 101 �1.48 6 0.03� 3 101

1.2–1.4 1.3 �1.20 6 0.03� 3 101 �1.01 6 0.02� 3 101 �1.55 6 0.03� 3 101 �1.28 6 0.03� 3 101

1.4–1.6 1.5 10.2 6 0.2 8.7 6 0.2 13.9 6 0.3 11.40 6 0.26
1.6–2.1 1.84 9.1 6 0.2 7.3 6 0.1 9.2 6 0.19
2.1–2.94 2.49 6.6 6 0.1 5.20 6 0.09 7.0 6 0.9 5.7 6 0.7

2.94–4.12 3.49 4.12 6 0.07 3.38 6 0.06 4.8 6 0.1 3.86 6 0.08
4.12–5.5 4.78 2.53 6 0.05 1.98 6 0.04 2.94 6 0.06 2.31 6 0.05
5.5–7.0 6.21 1.61 6 0.03 1.25 6 0.03 1.78 6 0.04 1.37 6 0.03
7.0–10.0 8.37 �9.0 6 0.2� 3 1021 �6.9 6 0.1� 3 1021 �10.2 6 0.2� 3 1021 �7.8 6 0.2� 3 1021

10.0–15.5 12.42 �3.89 6 0.08� 3 1021 �3.09 6 0.07� 3 1021 �4.14 6 0.09� 3 1021 �3.20 6 0.07� 3 1021

15.5–23.0 18.85 �1.38 6 0.04� 3 1021 �1.08 6 0.03� 3 1021 �1.54 6 0.04� 3 1021 �1.16 6 0.03� 3 1021

23.0–31.1 26.68 �6.3 6 0.3� 3 1022 �4.6 6 0.2� 3 1022 �6.4 6 0.2� 3 1022 �4.5 6 0.2� 3 1022

31.1–43.6 36.69 �2.8 6 0.1� 3 1022 �1.9 6 0.1� 3 1022 �2.8 6 0.1� 3 1022 �2.03 6 0.08� 3 1022

43.6–61.1 51.47 �9.9 6 0.7� 3 1023 �7.1 6 0.6� 3 1023 �10.2 6 0.5� 3 1023 �7.7 6 0.4� 3 1023

61.1–85.6 72.08 �3.6 6 0.3� 3 1023 �3.0 6 0.3� 3 1023 �4.2 6 0.3� 3 1023 �3.2 6 0.2� 3 1023

85.6–120.0 100.96 �1.4 6 0.2� 3 1023 �1.2 6 0.2� 3 1023 �1.5 6 0.1� 3 1023 �1.1 6 0.1� 3 1023
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interval. Because of the good e6 rejection by the RICH
selection in the low energy range, the calorimeter was not
used to select muons in the CAPRICE97 analysis.

The absolute particle fluxes were calculated from
the number of observed muons taking into account the
geometrical factor, spectrometer live time, and selection
efficiencies. The geometrical factor, determined with
simulation techniques [15], was found to vary with
rigidity. It increased from 145 cm2 sr at 0.25 GV to
180 cm2 sr for m2 at 1 GV and from 139 cm2 sr at
0.25 GV to 180 cm2 sr at 1 GV for m1 in CAPRICE94,
and from 122 cm2 sr at 0.25 GV to 173 cm2 sr at 1 GV
for m2 and from 110 cm2 sr at 0.25 GV to 173 cm2 sr at
1 GV for m1 in CAPRICE97. The geometrical factor was
checked by two other methods and they all agree within
2% above 0.5 GV and within 5% below 0.5 GV [7]. On
the above calculations it was assumed that there is no
variation of the muon intensity over the acceptance angle.
The effect on the geometrical factor due to the intensity
variation was examined using the measured muon spectra
[16] and the observed zenithal distribution in our appa-
ratus in the rigidity range 0.2 to 1.5 GV. We found that
the calculated geometrical factor would be reduced by
about 3%. We have not included this uncertainty in the
estimation of the flux due to the dependence on the energy
of this effect.

The efficiency of each detector was carefully deter-
mined by selecting a sample of muons with the remain-
ing detectors [7,12,14]. The agreements found between
CAPRICE94 results and those from other experiments for
several different particle spectra (e.g., [7] for protons and
helium nuclei) give us confidence in our procedures.

The observed muon fluxes are presented in Table I. The
mean values are obtained following the method described
in [17] using the spectral shape of the Allkofer et al. best
fit [18]. The CAPRICE94 measurements were taken at an
atmospheric depth of 1000 g�cm2 and the CAPRICE97
data at 886 g�cm2. The CAPRICE94 fluxes were extrapo-
lated to CAPRICE97 atmospheric depth by scaling the
fluxes with an exponential attenuation where the attenu-
ation length was derived from the CAPRICE94 ascent
muon data [12,13] (the scaling factor decreases nearly
exponentially from 1.5 at 0.2 GeV�c to less than 1.1 at
7 GeV�c and becomes 1 above 50 GeV�c). This proce-
dure may contribute to the uncertainty of the flux normal-
ization to a maximum of a few percent. The resulting
muon spectra at ground (multiplied by p2, where p is the
momentum in GeV�c) are shown in Figs. 1(a) and 1(b).
Above 1 GeV�c there is an excellent agreement, within
3%, between CAPRICE97 data and the CAPRICE94
data extrapolated to 886 g�cm2. Below 1 GeV�c, the
CAPRICE97 negative and positive muon spectra are
significantly lower than the CAPRICE94 results. The
difference increases with decreasing momentum and this
suggests a latitude dependent geomagnetic effect. Fur-
thermore, the effect on the m1 spectrum is comparatively
stronger than on the m2 which can be clearly seen in the
FIG. 1. The observed flux multiplied by the momentum
squared at ground level (886 g�cm2 residual atmosphere) as
a function of momentum for (a) m2 and (b) m1. The
CAPRICE94 data have been extrapolated to the atmospheric
depth of 886 g�cm2 scaling the fluxes with an exponential
attenuation length which was experimentally determined from
the CAPRICE94 ascent muon data [12,13].

muon charge ratio and this has the advantage of being in-
dependent of the atmospheric extrapolation of the spectra.
Figure 2 shows the charge ratio as a function of momen-
tum obtained with CAPRICE94 and CAPRICE97. An
excellent agreement is found between the measurements
above 1 GeV�c. Below this momentum the CAPRICE97
charge ratio decreases while the CAPRICE94 ratio remains
constant. The mean value of the charge ratio between

FIG. 2. The muon charge ratio as a function of momentum
measured by CAPRICE94 and CAPRICE97. The abscissae of
the CAPRICE94 data points have been slightly displaced.
4243
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FIG. 3. The (m1 1 m2) spectrum at sea level measured
by CAPRICE94 and CAPRICE97, and other experiments
[5,16,19–21]. The lines refer to best fits of experimental data
not shown here. The fluxes are multiplied by p2, where p is
the momentum in GeV�c.

0.2 and 0.55 GeV�c is 1.12 6 0.02 for CAPRICE97 and
1.21 6 0.03 for CAPRICE94.

Figure 3 shows the total muon fluxes (m1 1 m2) mul-
tiplied by p2 extrapolated to sea level together with other
measurements and the best fits of experimental data (all
data extrapolated to sea level). An excellent agreement is
also found with the muon data obtained by the MASS89
experiment [5] which used a similar configuration of the
same superconducting magnet but with different detectors.
The differences with the older measurements, mainly ob-
tained using solid iron magnetic spectrometers, are up to
20%. One should note that a 10% error in momentum im-
plies a 20% error in flux times p2. Some data differ also
in shape [19,22] with our measurements.

It is important to point out the difference in the
intensity of the differential spectrum between our re-
sults and the best fit of the experimental data of All-
kofer et al. [18] which have been frequently used as
reference measurements. For example, our flux values
extrapolated to sea level at 1 GeV�c are 23.7 6 0.3
for CAPRICE94 and 24.0 6 0.3 �m2 sr s GeV�c�21 for
CAPRICE97. This is 14% lower than the value of
27.9 �m2 sr s GeV�c�21 in [18] but in agreement with the
old value of 24 �m2 sr s GeV�c�21 given by Rossi in 1948
[23]. It is worthy to point out that the momentum mea-
surements in the early experiments could have uncertain-
ties due to scattering in the magnet especially at small
momenta.

In conclusion, we have presented two new measure-
ments of the muon spectra and charge ratio over three
decades in momentum taken at ground level at two differ-
ent geomagnetic locations. Above 1 GeV�c the two mea-
4244
sured spectra agree with each other within about 3%. For
momenta below 1 GeV�c our data suggest a geomagnetic
effect both in the spectra and in the charge ratio. The rele-
vance of geomagnetic effects to the neutrino calculations
have been investigated by [24].
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