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Abstract

We collect and combine all published data on the vertical atmospheric muon flux and the muon charge ratio for
muon momenta above 10 GeV. At sea level the world average of the momentum spectra agrees with the flux calculated
by Phys. Rev. D 58 (1998) 054001 within 15%. The experimental accuracy varies from 7% at 10 GeV to 13% at 1 TeV.
The ratio of fluxes of positive to negative muons is found to be constant, at a value of 1.268, with relative uncertainties
increasing from approximately 1% at low momenta to about 6% at 300 GeV. © 2002 Elsevier Science B.V. All rights

reserved.

1. Introduction

We collect measured atmospheric muon flux
data and charge ratios as a function of momentum
and compute world averages. Only measurements
at sea level or low altitudes and for (near) vertical
incidence are taken into account. Several data sets
are available for these experimental conditions.
Here, we consider only data with muon momenta
above 10 GeV. At lower momenta geomagnetic
effects and solar influences play a significant role
and make the interpretation of the data more
difficult. A recent compilation of charge ratio data
at low muon momenta can be found in Ref. [1].

*Corresponding author. Present address: RWTH Aachen,
Physics Institute IITA, D-52056 Aachen, Germany.

E-mail address: hebbeker@physik.rwth-aachen.de (T. Heb-
beker).

A precise knowledge of the muon spectrum and
charge ratio allows to constrain the primary flux
and the models of atmospheric showers so that also
the atmospheric neutrino fluxes can be calculated
with a good precision. This is a very important issue,
since the Superkamiokande experiment [2] and
others have seen indications for a disappearance of
atmospheric muon neutrinos. So far this interpre-
tation is based on the angular distribution and on
the ratio of muon neutrino to electron neutrino
fluxes. It is very important to compare also directly
the measured and calculated absolute muon neu-
trino fluxes; until now this was prevented by the
large model uncertainties.

2. Effects relevant for spectrum and charge ratio

The following effects might influence the mea-
surements of the muon flux and the charge ratio.
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It is possible that the published data need to be
corrected accordingly in order to arrive at a mean-
ingful comparison between the various measure-
ments.

2.1. Geomagnetic effects

For near vertical incidence the geomagnetic
cutoff for primary protons is below 10 GeV for all
latitudes at which the cosmic ray measurements
were made [3] (exceptions are discussed below).
Geomagnetic effects can therefore be neglected.

2.2. Solar modulation

Using the parameterization given in Ref. [4],
we estimate that the primary proton flux at 50
GeV (100 GeV) decreases by 3% (1.6%) at maxi-
mum solar activity compared to the minimum. The
mean primary proton momentum resulting in 10
GeV muons at sea level exceeds 100 GeV. Using
the air shower program corsika [5], we found
that about 80% of those protons have a momentum
larger than 50 GeV. This results in an uncertainty
of +1% for the muon flux at a momentum of 10
GeV. Similarly, one can estimate a flux uncertainty
of +£0.5% at 20 GeV and less at higher momenta.
At 10 GeV the charge ratio is expected to change
by about +0.2%. At higher momenta the effect is
even smaller. We do not correct the data for time
dependent solar effects.

2.3. Altitude dependence

Not all experiments measure at sea level. In
order to investigate the dependence of flux and
charge ratio on the altitude we used the air shower
simulation program corsikA and also apply the
empirical formula found by De Pascale et al. [6].

For muon momenta above 10 GeV and alti-
tudes less than about 1000 m the vertical muon
flux as simulated with cOrRSIKA can be parame-
terized by

®(h)
&(h = 0)

where # is the altitude, L = 4900 m + 750 mp/
GeV, and p is muon momentum.

= et +0.003 (1)

The form of the parameterization is similar to
the one used in Ref. [7]. The uncertainty of +0.003
reflects the quality of the CORSIKA parameteriza-
tion (fit to the simulated fluxes).

Example: For h = 1000 m and p = 10 GeV, we
obtain the flux @¢(h) = 1.08 x @(h = 0); this is the
largest correction for the momenta and altitudes
considered here.

Note: Parameterizations of altitude depen-
dences measured at momenta around 1 GeV have
been published by Refs. [7-9]. However, the size of
the momentum dependent term differs for the two
experiments by more than 50% and therefore an
extrapolation to high momenta is not reliable.

The charge ratio is not affected, it changes by
less than 0.005 for # < 1000 m and p > 10 GeV.

We do correct all published fluxes using for-
mula (1).

2.4. Zenith angle dependence

The muon data are normally collected within a
certain cone around the vertical direction, includ-
ing zenith angles up to 6™*. With help of cOrRSIKA
we find that the zenith angle dependence can be
parameterized in the form

do
dcos 0

~ 14 a(p)(l —cosB) (2)

with a momentum dependent coefficient a(p). Ac-
cordingly we estimate the following flux reduction
factors

do do
g(0) = d cos 0 (9)/d cos 0 ©) 3)
plGeV a g(5°)  g(10°)  g(20°)
10 —1.50 0.994 0.978 0.910
30 —1.28 0.995 0.981 0.925
100 —-0.94 0.996 0.986 0.944
300 —0.61 0.998 0.991 0.963

1000 —-0.22  0.999 0.997 0.987

Note: the entries are differential values, they have
not been integrated over 0.

Since not all experiments quote the range of
accepted zenith angles, we cannot correct for this
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effect. We have to keep in mind that this might
cause a bias, especially at low momenta.

2.5. Atmospheric pressureltemperature profile

Previous calculations [10] and measurements
[11] indicate that the relative muon flux variation
A® at ground level is related to the temperature
distribution in the atmosphere via

AP ATy
A% _ 4
o Togr @

@ is the integral flux above a certain muon mo-
mentum threshold py,. Ty is the absolute effective
temperature of the higher atmosphere. « is the
temperature coefficient, which is a function of ze-
nith angle and muon energy. For zenith angles
0~ 0[10,11]:

-1
y [1+70 GeV] (5)
Pth

Simulations using CORSIKA arrive at similar
conclusions. For example, at a threshold of 70
GeV, the formula yields o = 0.5. Since the atmo-
spheric temperature, with a typical value of 220 K,
varies over the year by up to +5 K, this implies a
flux change of +1%.

For muon momenta above 10 GeV, the pres-
sure at ground level is not expected to show a
significant correlation with the flux [10].

Unfortunately, most experiments do not report
the atmospheric temperature, nor do they correct
for this effect. It is even not clear, how to define the
reference value. Therefore, we cannot correct for
atmospheric effects.

2.6. Unfolding of the momentum spectrum

The measured muon spectrum agrees with the
true spectrum only if the momentum resolution is
small compared to the momenta being investi-
gated. Otherwise, the steepness of the spectrum,
which falls off approximately according to

do
e (6)

leads to an asymmetric distortion, an enhancement
of the measured flux at high momenta. Thus, the

measured spectrum needs to be unfolded for ex-
perimental resolution effects. In the most simple
approach—assuming the spectrum is roughly
known—this can be achieved by a simple correc-
tion factor, which has been calculated in Ref.
[12]. The authors assume the spectrum (6) and a
Gaussian error distribution in the variable 1/p
with width ¢,/,. Often the experimental resolution
is given in terms of the ‘Maximum Detectable
Momentum’ pypm, defined as the momentum
value for which the integral over the Gauss dis-
tribution becomes 1/2:

X

1 1 2
p( Mpvow ) 1 Ex)=—— [ e"dt
\/201/[, 2 T Jo

(7)
Thus,
! =0.6745 0y, (8)
PvMpDM

The ratio of the measured and true spectra (6) is
then given by

R (”MDM ) - E(0.4769 pvpm ) 111829 2
P P

PMDM

2
X exp ( —0.2275 %) 9)

Fig. 1. Unfolding correction factor.
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The measured flux must be multiplied by 1/R to
correct for the experimental resolution. Fig. 1
shows the dependence of R on 1/p. For p<
0.3pmpmM, the correction amounts to less than 1%
and can be neglected. However, for higher mo-
menta the correction rises strongly and must be
taken into account.

We have not applied any unfolding correction
but have assumed that the experimenters have
corrected their data for momentum resolution
effects or that they can be neglected. However,
several papers are not very clear on this point.
Therefore, some published spectra might be biased
towards too high flux values at large momenta.

3. Experimental data

Only published results are taken into account.
In Appendix A we summarize the characteristics of
all relevant experiments/publications, in chrono-
logical order. The spectrum and charge ratio data
used in this compilation are listed explicitly in
Appendices B and C.

4. Absolute muon flux

There are two aspects to the measurement of
the absolute muon flux, namely the shape of the
spectrum as a function of energy and the absolute
normalization. Some experiments only measure
the relative muon flux as a function of momentum.
Therefore we will analyze the data in two steps.
Firstly, we check the spectral shape, leaving the
normalization as a free parameter. Secondly, we
determine the absolute normalization of the spec-
trum.

4.1. The shape of the muon spectrum

A whole range of experiments are performed to
measure the muon flux, the measurements used are
listed in Appendix B. We have corrected the data-
sets for altitude, which is a small correction in
most cases. Here and in the following we assume
that the measurement performed in each momen-
tum bin is independent of the other momentum

bins. In order to be able to compare the shape of
the datasets, we first try to ensure that the nor-
malization of each set is similar. For this reason,
we start off by comparing the integrated flux above
10 GeV (or the lower cutoff of the experiment
whichever is higher) to the integrated flux value
using the calculation of Bugaev et al. [13]. This
calculation is in general in good agreement with
the data. The data published in Refs. [14-17] do
not allow for this normalization method. As these
papers are normalized to Rossi [18], we recalculate
this normalization point assuming Bugaev. The
data of Ref. [19] are normalized to the differential
flux at 10 GeV.

Afterwards, we enter into an iterative procedure
in which a reference shape is fitted to the datasets
and new normalizations for each set are found. We
continue this procedure until the normalizations
are constant within 1 permille. The final result is
independent of the Bugaev flux value used as a
starting point. This took only three iterations. The
reference shape is described by formula (10).

H(y) = Hi(y*/2 = 57 /2 + 3y)
+ Hy(=2y*/3+ 3y — 10y/3 + 1)
+H; (Y’ /6 =5 /2 +y/3)
+8:(°/3 =207 + 11y/3 - 2)
y = log, (p/GeV)
F(p) = 10" m2sr s GeV™!

This formula is based upon the theoretical cal-
culation by Bugaev et al. [13]. The fit variables (H,
H,, H;, S>) are chosen such that they have a simple
interpretation: H,, H,, and H; represent the loga-
rithm of the differential flux at 10, 100, and 1000
GeV, S, is related to the exponent of the differen-
tial flux at 100 GeV. The spectral index is approx-
imately —(1 + abs(S,)). The result of this fit to all
datapoints is listed in the second line of Table 2,
and can be compared to the values obtained from
Bugaev, which are listed in the first line. The fit is
not very good, as y?/NDF = 527/231. This is
mostly due to a few datasets, as can be seen in
Table 1.

In Table 1, we separated the data from Rastin
[27] into two sets, as different normalizations are
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Table 1
Normalization and y?/NDF of the datasets
Data set %2 /NDF Prob (2(%)) Final Initial
normalization normalization
Caro 1950 [20] 2.5/4 64 0.64 +0.03 0.74 £ 0.09
Owen 1955 [14] 2.3/2 32 0.804 +0.012 0.829
Pine 1959 [15] 4/11 97 0.75+0.03 0.76
Pak 1961 [16] 4/6 68 0.75£0.03 0.76
Holmes 1961 [17] 43/12 2x 1073 0.793 £ 0.016 0.829
Hayman 1962 [12] 14/14 45 0.722 +0.007 0.746 £ 0.008
Aurela 1967 [21] 1.3/2 52 0.79+0.03 0.79 +£0.03
Appleton 1971 [22] 52123 5x 1072 0.364 £+ 0.003 0.366 £ 0.003
Allkofer 1971 [23] 110/8 4x10718 1.039 + 0.006 1.01 £ 0.01
Bateman 1971 [19] 11/8 20 0.858 +0.008 0.83+0.03
Nandi 1972 [24] 45/14 4 %1073 0.983 + 0.008 1.001 £ 0.008
Ayre 1975 [25] 149/44 2% 1071 0.952 4+ 0.002 0.95+0.02
Green 1979 [26] 3/4 56 0.96 +0.02 0.98 +0.02
Rastin 1984 [27]
10-25 GeV 13/5 2.3 0.981 £ 0.003 0.977 £+ 0.002
>25 GeV 27129 57 0.933 +0.004 0.951 £+ 0.005
De Pascale 1993 [6] 6/5 31 0.781 £ 0.015 0.80 +0.03
Tsuji 1998 [28] 20/13 9.5 0.944 +£0.013 0.972+0.014
Kremer 1994 data [29] 8/6 24 0.810 £ 0.009 0.818 +0.007
Kremer 1997 data [29] 9/6 17 0.818 +0.008 0.821 £ 0.007

The third column shows the probability of getting a »* exceeding the one listed in column 2.

)
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Fig. 2. Muon flux data by Rastin et al. [27] in comparison to
the reference spectrum, after normalization.

used in their paper. The high energy part of the
Rastin data is shown in Fig. 2. Here and in the
following we present all spectra weighted with p*, a

common practice to compensate for the steep fall-
off with momentum. Fig. 2 nicely shows that the
reference shape fits the Rastin data rather well.

When requesting that the probability for getting
a y? exceeding the one obtained should be less than
1%, we have to re-check five datasets; the first four
are shown in Fig. 3. The data of Holmes et al. [17]
clearly show that a simple re-normalization will
not work. The data points do not follow the ref-
erence shape, especially at higher momenta. In
their paper, Holmes et al. apply additional cor-
rections to the highest two data points, indicating
that these are close to the MDM of the detector.
Unfortunately, the value of this maximal momen-
tum is not mentioned.

The Appleton data [22] are scattered a lot
around the curve. With the value of y?/NDF being
only slightly less than 2, this plot suggests that the
errors could be underestimated.

The Allkofer data [23] have a completely dif-
ferent shape. The data rise faster than the reference
shape and plateau at a lower value. This plateau
also seems to be wider than suggested by the ref-
erence distribution.



112 T. Hebbeker, C. Timmermans | Astroparticle Physics 18 (2002) 107-127

T o ! 14007 Appieton 1971 " 3

E 7000F Holmes 1961 | 3 [ Appeion ]

» 6000F 3 1200 E

& 50005 2 1000- . :

£ 4000F { 4 sooF H =

"o 30000 4 3¢ 7 600" { ]

5 2000:—!}%;\ 1 400 E

e 10006% . 0 Bl g I

g 2 3 200 2 3

2 10 10 10 10 10 10
p,(GeV) P,(GeV)

§4000-. e 4000 g

[ Allkofer 1971 ] 3750 3

& 35007 1 3500

peo LN e @

o~ i ! 1

e 2000 - 2500

. - 1 2250

E 1500 7 2000

e 000G e T D i

S 2 3 1500 2 3

2 10 10 10 10 10
p,(GeV) p.(GeV)

Fig. 3. Muon flux data by Holmes et al. [17], Appleton et al. [22], Allkofer et al. [23] and Nandi et al. [30] in comparison to the

reference spectrum, after normalization.

The Nandi data [30] rise to a significantly higher
value than predicted by the reference shape. This
and the low value of the third data point create the
large .

The Ayre data [25] fluctuate around the refer-
ence curve, and rise slightly longer. It simply does
not fit very well.

We can compare the data to the fitted shape, as
shown in the top part of Fig. 4. The bottom part
shows the relative difference of these measurements
with the fitted shape. The relative differences
are plotted in eight bins per decade, equidistant
in log(p). This choice of bin width represents a
good compromise taking into account experimen-
tal uncertainties and the rate of change of the p*-
weighted spectrum with momentum. The y?/NDF
values and the average flux values in the units
m2sr's7'GeV™' are shown for each bin in
Table 3.

When ignoring the five datasets mentioned be-
fore, we can compare the remaining data to the
reference curve. We first re-apply the normaliza-
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Fig. 4. All data in comparison to reference spectrum.

tion calculation as outlined before, and listed in
Table 1. The result is shown in Fig. 5. The top part
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Fig. 5. ‘Good’ data in comparison to reference spectrum.

of this plot shows a direct comparison of the good
datasets to the fit, while the bottom part shows the
relative difference between these measurements
and the description. The result of this fit is listed in
the bottom line of Table 2.

Table 3 shows a comparison of the flux mea-
surements, using the good datasets only and using
all data.

Fig. 6 displays the ‘good’ data in comparison to
the fitted function and the reference shape. The 1o
error band shown in the figure can be approxi-
mated by

p
0 =0.003 +0.00010 =— 11
+ GeV (11)

It represents the size of the combined relative
experimental uncertainties as a function of mo-
mentum bin. The absolute normalization uncer-
tainty is not included yet (see below). The shape

Table 2
Results of the fit of the shape of the momentum spectrum
H, H, H, S
Bugaev [13] 0.127 —2.539 —5.86 —2.00
All data fit 0.144 £ 0.002 —2.510 £ 0.002 —5.76 £0.02 —-2.224+0.02
Good data fit 0.133 4+ 0.002 —2.521 +0.004 —5.78 £0.03 —2.114+0.03
Table 3
Average flux in m2sr's ! GeV ™'
p bin plGeV Good set All data
%> /NDF Flux %*/NDF Flux
1 11.5 10/14 (9.85+0.04) x 107! 69/19 (9.99 £0.04) x 107!
2 15.4 6/11 (5.06 +£0.02) x 107! 21/16 (5.09 £0.02) x 107!
3 20.5 9/13 (2.490 £ 0.013) x 107! 31/20 (2.461 £0.010) x 107!
4 27.4 6/16 (1.119 £ 0.006) x 10! 75127 (1.175£0.004) x 107!
5 36.5 13/14 (5.5540.04) x 1072 69/22 (5.5940.03) x 1072
6 48.7 9/15 (2.51 £0.02) x 1072 55/31 (2.477 £ 0.010) x 1072
7 64.9 13/11 (1.096 £ 0.013) x 1072 35/23 (1.096 £ 0.006) x 1072
8 86.6 8/8 (4.594+0.07) x 1073 50/19 (4.7240.03) x 1073
9 115 9/6 (1.89 4 0.04) x 1073 43/12 (1.99 +£0.02) x 1073
10 154 2.3/2 (7.9 +£04) x 10~* 17/9 (8.44 £0.11) x 10*
11 205 0.3/2 (3.33+£0.11) x 10* 8/6 (3.41£0.06) x 107#
12 274 0/0 (1.08+0.18) x 10~* 12/4 (1.334+0.04) x 10~*
13 365 0.3/1 (5.1+04) x 1073 0.4/4 (52240.17) x 1073
14 487 0/0 (1.9340.15) x 1073 1.1/3 (2.0240.10) x 1073
15 866 0/0 (5.94+1.4)x10°°
16 1155 0/0 (2.84+1.7) x 10°° 0/0 (2.8+£1.7) x 10°¢
17 1540 0/0 (924 1.1) x 1077 3/3 (9.2+0.9) x 1077
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Fig. 6. The ratio between the normalized flux data and the
fitted function. The band indicates the uncertainty of the fit.
The dashed curve represents the ratio between the curve from
Bugaev et al. [13] and our fitted curve.

uncertainties at reference momenta of 10, 100, and
1000 GeV are 0.5%, 1.3%, and 10% respectively.

Above 200 GeV the uncertainty rapidly in-
creases, indicating that more measurements are
needed at these momenta.

4.2. The absolute normalization of the muon spec-
trum

In Section 4.1, we fitted a functional shape to all
renormalized datasets. The normalization was
such that the integral flux above 10 GeV corre-
sponds to the calculation by Bugaev. We will now
fit the functional shape obtained in Section 4.1 for
the good data to the measurements of those ex-

Table 5
Average normalization

Table 4
Normalization factor C with respect to the integrated flux as
calculated by Bugaev

Data set 72 /NDF Fitted normaliza-
tion C
Allkofer 1971 [23] 137/8 1.043 £ 0.006
Ayre 1975 [25] 236/44 0.564 £+ 0.002
Bateman 1971 [19] 6/8 0.860 £ 0.008
Green 1979 [26] 2.5/4 0.967 £ 0.023
Tsuji 1998 [28] 17/13 0.949 £0.014
De Pascale 1993 [6] 715 0.788 £0.015
Kremer 1994 data [29] 8/6 0.811 £ 0.009
Kremer 1997 data [29] 8/6 0.819 £ 0.008

periments providing an absolute flux, while leaving
the normalization as a free parameter. Therefore
we fit the function

F(p) = C x 107 m2sr~ 1571 GeV ™! (12)

The result is shown in Table 4. In the following,
we again ignore the datasets which are not de-
scribed by our function (Allkofer, Ayre). The three
remaining data sets with the largest normalization
factors (Bateman, Green and Tsuji) are measure-
ments performed with solid iron magnet spec-
trometers, whereas the other three (Kremer 1994
and 1997 and De Pascale) use the same super-
conducting magnet.

As the data is not in agreement, the final result
will depend strongly on the method of averaging.
We will use two different methods. At first, we
simply take the weighted average of all data. Sec-
ondly we take a weighted average, but adding a
systematic error to all data such that the pull be-
comes 1. The different results are listed in Table 5.

As the data is in clear disagreement, we follow
the procedure advocated by the particle data
group, and use the value for which a systematic
error is added to all measurements. However, we

Weighted average

Weighted average with systematic error

All data 0.843 £+ 0.004 £ 0.032
Solid iron magnets 0.889 + 0.007 & 0.042
Superconducting magnet 0.812 £ 0.006 + 0.010

0.86 =+ 0.03 (0.0667)
0.92 £ 0.03 (0.0447)
0.811 = 0.006 (0.0045)

Column 2 shows two uncertainties. The first is taken from error propagation, the second is calculated as

VEG -3V x (V- 1)).

The final number in column 3 contains the systematic error that is added to the normalization errors.
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estimate the uncertainty in a conservative way such
that both the superconducting and solid state
magnet measurements fall in the errorband. Thus
we get to our result:

0.86 +0.06

which is a normalization with a relative uncer-
tainty of 7%.

Recently, Tsuji et al. [31] questioned the absolute
normalization of their measurement. When taken
coulomb scattering in the solid iron magnet into
account, the normalization of this measurement
comes closer to the normalization result obtained
with the superconducting magnet experiments. This
has not been taken into account in our final result.

4.3. The muon spectrum
In the preceding sections, we have parameter-

ized the muon spectrum at sea level. We summa-
rize the parameters obtained:

C 0.86 £0.06

H, 0.133 £0.002
H, —2.521 £0.004
H; —5.78 £ 0.03
Sy —2.11+0.03

Our description, as well as the calculation from
Bugaev, and the measurements used for the nor-
malization are shown in Fig. 7. The total error is
composed of the estimated normalization uncer-
tainty of 7% and the shape error in Eq. (11), added
in quadrature.

If we compare our description of the differential
flux to the theoretical description of Bugaev et al.
[13] we get the following:

Momentum

Our Result Bugaev et al.
10 1.17 +0.08 1.34
GeV
100 (2.59 £0.18) x 1073 2.89 x 1073
GeV
1000 (143 4+0.18) x 10°° 1.39 x 10~°
GeV

Average flux in m2sr!'s™' GeV .

)
8
S

3500

3000

2500

2000

1500

Muon Flux * p3 / (m2 srs GeV?

1000 bl

5001+ — —
10 10° 10°

p,(GeV)

Fig. 7. The result on the muon flux. The dotted lines show the
lo error band, whereas the dashed curve is the description by
Bugaev. The points are the data used in the normalization
procedure. The open points stand for experiments using a su-
perconducting magnet, the black points indicate conventional
magnets.

At 10 GeV the measured flux is (87 £ 6)% of the
calculation of Bugaev. However, the measured
shape is slightly less steep, and at momenta above
a few hundred GeV we arrive at flux values which
are close to the predicted ones.

5. Charge ratio

The charge ratio R, is defined as the ratio of
vertical fluxes for positive and negative muons at
sea level.

The measured charge ratios together with the
published uncertainties are listed in Appendix C.
Fig. 8 shows all values as a function of momen-
tum.

In order to study the momentum dependence,
we have grouped all 15 data sets into momentum
bins chosen to be equidistant in log p. We have
combined the different measurements by assuming
that they are uncorrelated. The bin size is relatively
large, since a strong momentum dependence is not
expected.
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Fig. 9. Average charge ratio values.

The result is shown in Fig. 9. The two data
points around 500 GeV and the single measure-
ment above 1 TeV have huge uncertainties (~20%)
and are therefore not included in the figure.

For all eight momentum bins the x> values are
good or at least acceptable; this implies the various
experimental data agree among each other. The
third momentum bin yields the highest charge
ratio. However, this result can not be attributed
to a single ‘outlier’.

To see if there is a momentum dependence we
have performed the following fits to the charge
ratio values shown in Fig. 8 as a function of log p:

(a) f(log p) = R} = const. This gives a good fit
with y2/NDF = 158/142. The resulting charge
ratio of

0 _
RS = 1.270 % 0.003 (13)

is displayed in Fig. 9 as horizontal line.
(b) f(log p) = R, + S, log(p/GeV.) Naturally this
fit is satisfactory, too. The slope comes out as

I _
S! = 0.006 £ 0.011 (14)

which is compatible with zero.

Therefore, the measured charge ratios are con-
sistent with the hypothesis of being momentum
independent in the range 10 GeV < p <300 GeV.

We have looked at the data in more detail and
tried to answer the following questions:

(1) Do the different experiments agree with each
other?
(i1) Is the ‘peak’ at about 30 GeV significant?

The previous statistical analyses and Fig. 8 seem
to imply the answer ‘yes’ to the first question.
However, when separately plotting the two (by far)
most precise data sets (Baxendale 1975 [32] and
Rastin 1984 [33]), one finds the discrepancy dis-
played in Fig. 10. Averaged over all momenta the
mean values

Rﬂ(Baxendale) = 1.2799 £ 0.0042 (15)

0 in) —
R, (Rastin) = 1.2511 4+ 0.0058 (16)

disagree on the 40 level. To reduce the discrepancy
to about 1o we assume—in the spirit of the Particle
Data Group [34]—that for all experiments an ad-
ditional systematic error of +0.015 must be added,
in form of a scale uncertainty common to all
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Fig. 11. Summary of measured charge ratios and a parame-
terization of the central value and the uncertainties.

measurements of one experiment, independent of
momentum. Clearly, this is a crude model!
Including these errors results in the charge ra-
tios displayed in Fig. 11. Note that the values are
quite close to those in Fig. 9, while the error bars
are enlarged. The corresponding numbers are lis-

Table 6

Average charge ratios
log p/GeV p/GeV R,
1.0-1.2 12.6 1.264 £+ 0.009
1.2-1.4 20.0 1.264 £ 0.009
1.4-1.6 31.6 1.283 £0.011
1.6-1.8 50.1 1.265+0.014
1.8-2.0 79.4 1.252+£0.017
2.0-2.2 126 1.269 £+ 0.026
2.2-24 200 1.251 £0.034
2.4-2.6 316 1.350 £ 0.068

ted in Table 6. The momenta are calculated from
the central values of the logarithmic bins.

There is no final answer to question (ii). While
the measurements by Baxendale (and also others,
with larger errors) indicate an increase of the
charge ratio at momenta around 30 GeV, the data
by Rastin do not support this hypothesis. For the
moment the measurements are consistent with the
simple hypothesis of a momentum independent
charge ratio.

We try to summarize the charge ratio mea-
surements and their uncertainty (68% CL) with the
following formula:

R, =1268+ [0.008 +0.0002 % (17)

in the momentum range 10-300 GeV. Fig. 11
shows the corresponding mean value and the error
band. The central value is the mean of all mea-
surements, taking into account the additional
systematic error of 0.015. The momentum depen-
dent error is estimated such that it is roughly of the
same size as the uncertainties of the corresponding
data points in Fig. 11 and Table 6.

Theoretical models of atmospheric showers
must be able to reproduce these data, the calcu-
lated charge ratios should fall into the band given
in Eq. (17) and Fig. 11. Clearly, at high momenta
precise data is still lacking. Momenta above a few
hundred GeV are of particular interest, since a
growing influence of kaons and a resulting increase
of the charge ratio is predicted [35].

6. Summary and conclusions

We have combined the published data on the
vertical muon spectrum and charge ratio at sea
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level. In this comparison, we have found that the
differential spectrum can be described using a
simple formula. The shape of the momentum
spectrum is well measured at momenta below 100
GeV. Above 200 GeV only a few data points exist,
therefore the uncertainty increases to 13%at 1 TeV.

Several experiments measure the absolute nor-
malization of the spectrum. Our combined result is
compared to the calculation by Bugaev et al. At 10
GeV the measured flux is 87 &+ 6% of the calculated
one.

Also the charge ratio is reported by many ex-
periments. The combined result favors a momen-
tum independent value of the charge ratio of 1.268.
The error on the charge ratio increases rapidly
above 200 GeV due to a lack of precise experi-
mental data in that region.
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Appendix A. Measurements

The following table list the experiments/publi-
cations we considered, in chronological order, to-
gether with the most important parameters.

The fifth column shows the geographical coor-
dinates. We distinguish three magnet types: solid
iron and conventional coil, air gap magnet with
conventional coil and air gap magnet with super-
conducting coil. The period of data taking is indi-
cated by year and month, e.g. 59/11 stands for
November 1959. Some entries are missing since the
corresponding figures are not published. In par-
ticular the zenith angle regime is characterized
frequently only by verbal expressions like ‘near
vertical’.

The following remarks refer to the experiment
numbers in column 1 of the tables. The figures
mentioned are those of the corresponding publi-
cation.

MDM/ Zenith Spec. Ratio

GeV

Period

Detector(s)

Magnet

Altitude/

Author(s), reference  Name Location Coordi-
nates

No

No Yes

< 8°

30

Geiger, flash

50 Air

53°N, 2°W

Manchester

B.G. Owen and J.G.
Wilson, 1949 [37]

D.E. Caro et al.,

1950 [20]

1

tubes

(Great Britain)

Melbourne

Yes

Yes

~50

Counters

Air

38°S, 145°E 50

2

(Australia)

No Yes

< &°

30

Geiger, flash

Air

50

53°N, 2°W

Manchester

B.G. Owen and J.G.
Wilson, 1951 [36]
1. Filosofo et al.,

1954 [38]

3

tubes

(Great Britain)

Yes

No

Counters

Iron

46°N, 12°E 600

Agordo

(Ttaly)

4

Yes No

< 10°

Counters

50 Air

53°N, 2°W

Manchester

B.G. Owen and J.G.

Wilson, 1955 [14]

5

(Great Britain)
Cornell (USA)

Yes

Yes

175

Geiger, cloud ch.

Air

500

42°N,

J. Pine et al., 1959
[15]

6

76°W

Yes Yes

< 10°

53-55

cloud ch., Geiger

Air

53°N, 2°W

Manchester

J.E.R. Holmes et al.,

1961 [17]

7

(Great Britain)
Cornell (USA)

Yes

Yes

175

Geiger, hodosc.

Air

500

42°N,
76°W

W. Pak et al., 1961

[16]

8



10

11

15

16

20

21

22

23

24

25

P.J. Hayman and

A.W. Wolfendale,

1962 [12,39]

0O.C. Allkofer et al.,

1968 [40]

S.R. Baber et al.,
1968 [41,42]
A.M. Aurela and

A.W. Wolfendale,

1967 [21]

1.C. Appleton et al.,

1971 [22]

B.J. Bateman et al.,

1971 [19]

O.C. Allkofer et al.,

1971 [23]

0O.C. Allkofer and
W.D. Dau, 1972 [43]

B.C. Nandi et al.,
1972 [24]

C.A. Ayre et al.,
1975 [25]

J.M. Baxendale
et al., 1975 [32]
P.J. Green et al.,
1979 [26]

B.C. Rastin 1984
[27,33]

M.P. De Pascale
et al., 1993 [6]

S. Tsuji et al., 1998

(28]

J. Kremer et al.,
1999 [29]

J. Kremer et al.,
1999 [29]

AMH

MARS

AMH

MASS

CA-
PRICE
CA-
PRICE

Durham (Great
Britain)

near equator

Nottingham
(Great Britain)
Durham (Great
Britain)

Nottingham
(Great Britain)
College Station
(USA)

Kiel (Germany)

Kiel (and
equator)
Durgapur
(India)
Durham (Great
Britain)
Durham (Great
Britain)
Houston
(USA)
Nottingham
(Great Britain)
Prince Albert
(Canada)
Okayama
(Japan)

Lynn Lake
(Canada)

Fort Sumner
(USA)

54°N, 1°W

29°W, 0°N
22°W, 1°S
53°N, 1°W

S54°N, 1°W

53°N, 1°W

31°N,
96°W
54°N, 11°E

54°N, 11°E

24°N, 87°E

54°N, 1°W

54°N, 1°W

30°N,
95°W
53°N, 1°W

53°N,
106°W
34°N,
134°E
57°N,
101°W
34°N,
104°W

70

52

70

52

80

70

70

70

52

600

360

1270

Air

Air

Iron

Air, iron

Iron
Iron
Iron
Iron
Iron
Iron
Iron
Iron
Iron

Air
(superc.)
Iron

Air
(superc.)

Air

(superc.)

Geiger, flash

tubes

Spark ch.

Geiger

Geiger, flash

Flash tubes

Spark ch., scint.

Spark ch., scint.

Spark ch., scint.

Flash tubes,
Geiger
Scint., flash
tubes
Scint., flash
tubes

Spark ch., scint.

Flash tubes,
scint.

MWPC, scint.,
TOF

Drift, scint.

Prop., drift,
TOF, RICH
Drift, TOF,
RICH

59/11-60/
03

64/06-65/
05
64/06-65/
01

64-68

69/02-70/
02
72/05-73/
01
72/02-72/
12

74/09-78/
05
89/08

92/09-97/
12
94/07

97/04-97/
05

657

360

360

> 1000

985

670

345

3400

118

270

177

390

<9°

0-1°

0-20°

0-20°

Yes

Yes

L2I-L01 (2002) 81 158y g 2pouandossy | subwiounut [ D “40Y2qqoH L

611
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(1) Not used, since data set is a subset of (3) [36].

(2) Spectrum data read off from Fig. 1; charge
ratio taken from (3) [36].

(6) Spectrum normalized to Rossi [18]; data
read off from Figs. 8 and 15.

(7) Spectrum normalized to Rossi.

(8) Spectrum normalized to Rossi; data read off
from Figs. 1 and 3.

(9) The two values at p = 240 GeV are not sta-
tistically independent. We have calculated the arith-
metic mean of the two figures and took the smaller
of the two statistical errors as the uncertainty.

(10) We do not use these data, which were ob-
tained in the equator region, where the geomag-
netic cutoff is large (14 GeV) and may influence the
muon flux.

(11) The spectrum data form a subset of those
published in (13) [22]. Nevertheless we consider it
separately, since the normalization procedures are
slightly different. When calculating world averages
we exclude these data. We do not use the charge
ratio data, since they are included in the superset
published in (13) [22].

(13) Spectrum: no absolute flux determination,
only normalization to previous measurements by
other experiments. Charge ratio: a few measure-
ments are given with slightly asymmetric errors;
they have been ‘symmetrized’ by shifting the cen-
tral value to the center of the error interval.

(15) Apparatus under concrete shelter of 868 g/

cm?.
(16) We use only the charge ratio value obtained
at the town of Kiel [23]; for the other measure-
ments, made at muon momenta close to and below
10 GeV in the equator region, the geomagnetic
cutoffis large (14 GeV) and may influence the muon
flux.

(20) Resolution correction is based upon
MDM = 100 GeV; if MDM of 350 GeV is used,
spectrum is flatter and better consistent with (18)
[25]. Points up to 100 GeV are considered reliable.

(21) Spectrum data are normalized to an inte-
gral intensity at 5 GeV. The spectrum provided is
the theoretical spectrum that fits the data best.

(22) Above 50 GeV authors question results due
to resolution.

(24, 25) Same magnet as (22) [6]. The MDM
values are averages over the spectrometer accep-

tance. The spectrum was not deconvoluted since
the effect of the spectrometer resolution on the
measured spectra is smaller than the statistical
errors. Charge ratio and its error were read off
from Fig. 2.

Appendix B. Muon flux data

The following lists contain all spectrum data
for momenta above 10 GeV. The flux is given in
(m 2sr's'GeV™"). Each line contains the mo-
mentum in GeV together with the published value
and uncertainty of the flux. Altitude corrections
have been applied later and are not included in the
figures listed here.

e D.E. Caro et al., 1950 [20]

12.2 (6.46 +0.75) x 107!
16.9 (2.59 +0.26) x 10!
17.8 (2.38 +0.25) x 107!
26.5 (7.4 4+0.9) x 1072
51 (13+£0.2) x 1072

e B.G. Owen and J.G. Wilson, 1955 [14]

10.0 1.09 +0.03
15.0 (436 +£0.11) x 107!
20.0 (2.20 £ 0.06) x 107!

e J. Pine et al., 1959 [15]

11.6 (8.26 +0.99) x 10!
13.7 (5.24 +0.84) x 107!
16.3 (3.05+0.49) x 107!
18.1 (2.79 £0.33) x 107!
19.8 (191 £0.31) x 107!
25.5 (1.16 £ 0.19) x 10!
29.8 (7.68 +0.92) x 1072
354 (4.9540.79) x 1072
46.0 (1.99 +0.32) x 1072
59.1 (9.29 +£1.49) x 1073
83.2 (4.60 +0.87) x 1073
125 (1.34 +£0.33) x 1073
e W. Pak et al., 1961 [16]
12.9 (6.14 £ 0.68) x 107!
15.8 (3.354+0.37) x 107!



19.8
24.1
26.4
37.4
58.9
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(1.89 +0.21) x 10°!
(1.3540.19) x 10°"!
(1.03£0.11) x 10!
(3.77 £ 0.41) x 1072
(1.29 +0.14) x 102

J.E.R. Holmes et al., 1961 [17]

11
13
16
19
23
28
36
49
67
&9
134
271
1160

P.J. Hayman and A.W. Wolfendale, 1962 [12]

10.8
12.4
14.6
17.8
22.6
31.3
423
56.1
72.5
88.1
112
153
244
413
894

A.M. Aurela and A.W. Wolfendale, 1967 [21]

15.1
41.5
82.1

x 107!
x 107!
x 107!
x 107!
x 107!
x 107!
x 1072
x 1072

(7.88 +0.32
(5.90 & 0.30
(3.68 +0.18
(2.33+0.12
(1.67 +0.12
(1.04 +0.07
(5.75 + 0.40
(2.02 4 0.20
(8.65 + 1.30) x 1073
(4.38 +0.70) x 1073
(142 +0.26) x 1073
(2.8 +0.6) x 10~

(4.8 4+2.3) x 107

NN N N AN N

(8.51 +0.26) x 107!
(6.14 £0.17) x 10~
(4.354+0.11) x 10!
(2.5240.07) x 107!
(139 +0.04) x 10!
(5.8540.15) x 102
(2.88 +0.11) x 1072
(1.2240.05) x 1072
(5.75 + 0.46) x 1073
(327 +0.29) x 1073
(136 +0.14) x 1073
(5.18 £0.93) x 10~
(1.14 +0.22) x 10~
(1.98 +0.99) x 10~
(1.84 +1.01) x 10

—_ — — — e N D D

(4.2540.16) x 107!
(3.40 4+ 0.44) x 102
(4.10 +0.35) x 1073

S.R. Baber et al., 1968 [41]

11.60
15.22

(7.77 +0.26) x 107!
(42240.21) x 107!

19.20
24.00
33.5
50.0
81.0
127.0
266.0
810.0

(2.4240.12) x 107!
(139 £ 0.07) x 10~
(5.78 +0.35) x 1072
(1.90 +0.16) x 102
(4.59 4 0.60) x 103
(1.14 +0.18) x 1073
(1.00 +0.24) x 10~
(2.11 £0.55) x 107

I.C. Appleton et al., 1971 [22]

12.84
17.2
243
33
43.4
45.6
48.2
51.0
54.2
57.9
62.0
66.9
72.6
79.3
87.5
97.6
110.3
129.9
149.4
181.5
230.9
316.1
491.5
1000.0

(2.92 +0.04) x 10!
(1.46 +0.02) x 10"
(5.78 40.13) x 102
(2.54 +0.06) x 1072
(1.09 +0.10) x 1072
(1.07 +0.09) x 1072
(9.00 +0.81) x 1073
(6.95 +0.67) x 1073
(6.84 +0.63) x 1073
(5.20 +0.52) x 1073
(4.79 +0.47) x 1073
(2.80 +0.33) x 1073
(2.76 +0.31) x 1073
(2.0240.23) x 1073
(1.57 +0.17) x 1073
(1.17 £ 0.13) x 1073
(6.97 +0.94) x 10-*
(3.00 +0.54) x 10~*
(2.934+0.29) x 10~
(134 +0.24) x 10~
(6.61 +1.41) x 1075
(2.72 £ 0.59) x 105
(7.67 +1.69) x 10
(521 +1.34) x 107

B.J. Bateman et al., 1971 [19]

10.0
13.0
15.0
20.0
27.0
35.0
40.0
46.0
53.0

1.12 40.03
(6.63 +0.13) x 107!
(4.56 +0.09) x 10!
(2.31 £0.05) x 10!
(1.08 +0.03) x 10!
(5.45+0.16) x 102
(3.78 £0.11) x 1072
(2.554+0.13)
( )

1.70 £ 0.08

102

X
x 1072

121
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e O.C. Allkofer et al., 1971 [23]

11.4
14.8
20.5
31.4
52.3
93.0
175.0
329.0
642.0

e B.C. Nandi and M.S. Sinha, 1972 [24]

11.8
14.0
16.4
19.7
24.2
29.6
37.1
46.9
60.0
84.0
118
167
260
467
1109

1.13£0.01

(6.04 +0.08) x 10!
(2.51 £0.03) x 10!
(8.01 +0.13) x 102
(1.89 +0.05) x 1072
(3.38 +0.14) x 1073
(5.19 +£0.37) x 10~
(7.84 +1.12) x 107
(6.40 +1.92) x 10

(9.43 £ 0.15) x 10!
6.38+0.14) x 107!
4.214+0.09) x 107!
2.72 £0.06) x 107!
1.41 £0.04) x 107!
1.01 £0.03) x 107!
5.40+0.17) x 1072
2.99 +0.13) x 102

x 1072

x 1073

x 1073

x 107*

x 107*

x 1073

x 1076

5.58£0.28
2.04£0.17
6.09 £0.61
1.96 £0.25
2.69 + 0.67
1.03+0.36

(
(
(
(
(
(
(
(1.45 £0.07
(
(
(
(
(
(

M — — — — — — — T

e C.A. Ayre et al., 1975 [25]

21.3 (2.096 4+ 0.029) x 107!
22.1 (1.909 4 0.027) x 10!
23.1 (1.708 4 0.024) x 10!
24.1 (1.574 +0.022) x 107!
25.1 (1.432 40.020) x 107!
26.3 (1.224 +0.017) x 10!
277 (1.067 +0.015) x 10!
29.3 (9.130 +0.128) x 102
31.0 (7.968 +0.112) x 102
33.1 (6.947 +0.097) x 102
35.3 (5.704 4 0.080) x 1072
38.3 (4.547 +0.068) x 1072
40.8 (4.208 + 0.046) x 1072
417 (3.663 £ 0.055) x 1072
42.8 (3.420 4+ 0.041) x 102
44.8 (2.962 4 0.036) x 102
458 (2.797 4+ 0.042) x 102
47.1 (2.628 £ 0.032) x 102

49.3 (2.217 £0.027) x 1072
50.7 (2.086 + 0.033) x 102
52.1 (2.014 £0.024) x 102
55.2 (1.646 +0.021) x 1072
57.0 (1.525 £0.024) x 1072
58.9 (1.434 £0.019) x 1072
63.0 (1.123 £0.015) x 1072
65.3 (1.023 £0.017) x 1072
67.9 (9.216 £0.129) x 103
73.7 (7.084 £ 0.099) x 1073
76.6 (6.585+£0.118) x 1073
80.0 (5.753 £0.081) x 103
88.3 (4.149 £ 0.062) x 103
93.0 (3.616 £0.072) x 103
98.3 (3.252 4+ 0.052) x 10~°
112.0 (2.037 4 0.035) x 10~*
118.0 (1.842 £0.042) x 1073
128.0 (1.454 +£0.026) x 103
145.0 (9.603 £0.192) x 10~*
160.0 (7.459 +0.201) x 10~*
177.0 (5.352 £0.123) x 10~*
214.0 (2.893 +0.078) x 10~*
236.0 (2.171 £0.083) x 10~*
274.0 (1.260 £ 0.044) x 10~*
358.0 (5.328 +£0.250) x 10°°
367.0 (4.843 +0.349) x 1073
442.0 (2.764 £0.221) x 1073
P.J. Green et al., 1979 [26]

12.18 (8.33+£0.30) x 10!
19.20 (2.96 £0.12) x 107!
31.40 (8.14 +0.50) x 1072
52.40 (1.77 £ 0.16) x 102
87.10 (4.79 +£0.78) x 1073
249.90 (3.95+0.53) x 10~*

B.C. Rastin, 1984 [33]

29.30
30.32

9.34£0.2) x 102
8.5+0.2) x 102

10.69 1.156 £ 0.008
1194  (9.05+0.06) x 10~!
13.58 (6.72 +0.04) x 10!
15.81 (4.70 +0.03) x 10!
19.05 (2.97 £0.02) x 10!
2414 (1.63+0.01) x 10°!
28.35 (1.03 +£0.02) x 10!

(

(
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3142 (7.8402) x 102
3260 (7.14£02) x 102
3388  (6340.1)x 102
3527 (5.840.1)x 102
3679  (5.14£0.1) x 1072
3844  (4440.1)x 102
4025  (3.91+0.09) x 102
4225  (3.44+0.08) x 102
4447  (3.03+0.07) x 102
46.94  (2.62+0.06) x 1072
49.71 (2.23 +0.06) x 102
5284  (1.8740.05) x 102
5640  (1.56 4 0.04) x 102
6049  (1.2540.03) x 102
6523  (1.0440.03) x 102
7080 (7.6 4+0.2) x 1073
7742 (6340.2) x 1073
8543  (4.4+0. 1) x 1073
9534  (3240.1)x 1073
107.88  (2.1240.08) x 10-3
12427 (1.42+0.05) x 1073
146.62  (8.8£0.4) x 104
178.85 (48i02) x 1074
22936 (2.24+0.1) x 104
319.72  (7.540.5) x 1075
52582 (1440.1) x 107
1288.74  (5.9+0.8) x 1077

M.P. De Pascale et al., 1993 [6]

Positive Muons:

10.19 (5.983 £0.233) x 107!
14.42 (2.523 4 0.144) x 107!
20.36 (1.246 £0.071) x 10!
28.80 (4.709 £0.414) x 1072
40.64 (1.430 £0.162) x 1072
70.16 (5.176 £0.554) x 103
Negative Muons:

10.19 (5.025 £0.216) x 10!
14.42 (2.124 £0.132) x 107!
20.36 (8.653 £0.580) x 1072
28.80 (3.788 £ 0.375) x 1072
40.64 (1.389 £0.158) x 1072
70.16 (2.423 £0.383) x 10°?

S. Tsuji et al., 1998 [28]

12.1 (8.37+0.17) x 107!
17.2 (3.75 £ 0.12) x 10!

22.3
27.3
34.3
27.3
34.3
44.5
54.6
64.6
74.7
84.7
94.7
119.8
171.2
222.0

J. Kremer et al.,

x 107!
x 107!
x 1072
x 107!
x 1072
x 1072
x 1072
x 1073
x 1073
x 1073
x 1073
x 1073
x 1074
x 1074

(2.04 +0.09
(1.17 +0.07
(6.12+0.37
(1.17 +£0.07
(6.12+0.37
(3.214+0.28
(1.39 +0.20
(8.68 + 1.64
(8.07 +1.68
(3.73+£ 1.18
(1.69 +0.85
(1.00 4 0.32
(2.84 +2.01
(3.59 +2.54

—_— — N N N N e e

Positive Muons:

12.42
18.85
26.68
36.69
51.47
72.08
100.96

(3.89 +0.08) x 10"
(1.38 +0.04) x 10°"!
(6.34+0.3) x 1072
(2.8+0.1) x 102
(9.940.7) x 1073
( ) x 107
) x 1073

3.6+023
(14402

Negative Muons:

12.42
18.85
26.68
36.69
51.47
72.08
100.96

J. Kremer et al.,

(3.09 £ 0.07) x 10!
(1.08 £ 0.03) x 10~
(4.6 +0.2) x 102

(1.940.1) x 102
(7.140.6) x 1073
(3.04£0.3) x 103
( ) X

1.2+0.2) x 1073

Positive Muons:

12.42
18.85
26.68
36.69
51.47
72.08
100.96

(4.14 +0.09) x 10"
(1.54 +0.04) x 10!
(6.44+0.2) x 1072
(2.840.1) x 1072
(10.24+0.5) x 1073
(4.24+0.3) x 1073
(1.540.1) x 1073

Negative Muons:

12.42
18.85
26.68

(3.20 +0.07) x 10!
(1.16 0.03) x 10~
(4.54+0.2) x 102

1999 [29] 1994 data

1999 [29] 1997 data
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36.69 (2.03 +0.08) x 1072 e P.J. Hayman and A.W. Wolfendale, 1962 [39]
51.47 (7.7+£0.4) x 1073
7208 (32+02)x 107 }2"5‘ };ig - gggg
100.96 (1.1£0.1) x 1073 : : )
35.0 1.268 +0.051
77.0 1.37+0.16
. ) 120.0 1.454+0.23
Appendix C. Charge ratio data 2400 151 + 0.38

The following lists contain all charge ratio data
for momenta above 10 GeV. Each line contains the

momentum in GeV together with the published * L.C. Appleton et al., 1971 [22]

value and uncertainty of the charge ratio. 12.7 1.312 4 0.039
17.2 1.263 + 0.038
e D.E. Caro et al., 1950 [20] 28.3 1.306 +0.044
50.0 1.285 £ 0.085
330 156402 81.0 1.165+0.14
127.0 1.266 + 0.20
e B.G. Owen et al., 1951 [36] 288.0 1.105£0.25
11.5 1.229 4+ 0.036 e O.C. Allkofer and W.D. Dau, 1972 [43]
11.4 1.22 £0.10

¢ 1. Filosofo et al., 1954 [38§] « B.C. Nandi et al., 1972 [30]

21.0 1.232 4+ 0.016 108 1263 + 0.030
15.2 1.268 + 0.040
e J. Pine et al., 1959 [15] 19.7 1.293 £0.057
26.6 1.290 + 0.050
19.6 1.303 4 0.031 37.1 1.209 + 0.079
2.8 1.29+0.10 46.9 1.257 +0.104
34.8 1.222 +0.052 60.0 1.23540.114
48.6 1.15+£0.12 84.0 1.430 +0.172
142.0 1.363 +0.188
e J.E.R. Holmes et al., 1961 [17] 260.0 1.364 £ 0.383
566.0 1.259 + 0.460
6.7 1.39 +£0.08
11.0 1.35+0.08 e J.M. Baxendale et al., 1975 [32]
18.0 1.29 + 0.08
36.0 1294014 11.5 1.259 + 0.029
98.0 1024014 11.9 1.269 + 0.029
12.3 1.229 +0.028
e W. Pak et al., 1961 [16] 12.8 1.37140.031
13.3 1.219 +0.027
13.1 1.252 4 0.029 13.9 1.261 +0.027
18.1 1.237 4 0.064 14.5 1.292+0.028
25.3 1.262 4 0.050 15.3 1.291 +0.027

49.3 1.137 £ 0.093 16.1 1.299 £+ 0.027



17.0
18.2
19.5
21.2
22.7
24.1
25.2
26.3
27.8
29.3
31.5
33.1
353
36.8
39.6
43.2
45.2
47.1
493
50.7
52.1
54.9
58.2
63.0
65.3
68.1
73.7
76.6
80.4
88.3
93.0
98.3
112.0
118.0
128.0
145.0
160.0
177.0
214.0
236.0
274.0
358.0

T. Hebbeker, C. Timmermans | Astroparticle Physics 18 (2002) 107-127

1.256 +0.026
1.319 +0.028
1.279 £0.027
1.283 £ 0.021
1.300 £ 0.018
1.293 +£0.035
1.301 £ 0.022
1.289 £0.036
1.285£0.028
1.286 £+ 0.036
1.325 £0.023
1.324 £ 0.037
1.300 £ 0.038
1.262 £ 0.028
1.304 £ 0.019
1.283 £0.019
1.258 +£0.024
1.222 +0.029
1.265 £ 0.031
1.358 £ 0.043
1.361 +£0.034
1.250 +0.022
1.271 £0.025
1.223 £0.033
1.312 £ 0.046
1.272 £0.025
1.286 £+ 0.037
1.323 £0.049
1.235£0.028
1.215+£0.038
1.238 £+ 0.050
1.245 £ 0.039
1.243 +0.044
1.270 £ 0.058
1.287 £0.047
1.268 £ 0.052
1.250 4 0.068
1.221 +£0.056
1.298 +0.071
1.327 £0.101
1.316 £ 0.093
1.586 £+ 0.154

B.C. Rastin, 1984 [33]

10.69
11.94

1.239 £ 0.016
1.247 £ 0.016

13.58
15.81
19.05
24.14
28.35
29.30
30.32
31.42
32.60
33.88
35.27
36.79
38.44
40.25
42.25
44.47
46.94
49.71
52.84
56.40
60.49
65.23
70.80
77.42
85.43
95.34
107.88
124.27
146.62
178.85
229.36
319.72
525.82
1288.74

M.P. De Pascale et al., 1993 [6]

19.89
55.87

J. Kremer et al., 1999 [29] 1994 data

12.42
18.85
26.68

1.251 £ 0.016
1.285 £ 0.016
1.263 £ 0.016
1.233 £ 0.016
1.267 £ 0.053
1.166 £ 0.050
1.182 £ 0.051
1.250 £+ 0.054
1.325£0.058
1.253 £0.055
1.277 £ 0.057
1.238 £ 0.056
1.252 £ 0.059
1.206 £ 0.057
1.277 £+ 0.060
1.291 £+ 0.062
1.388 £+ 0.069
1.289 4+ 0.064
1.160 £ 0.059
1.273 £ 0.067
1.240 £ 0.067
1.310 £ 0.073
1.157 £ 0.066
1.203 +£0.071
1.256 £ 0.080
1.207 £ 0.082
1.320 £ 0.096
1.194 +0.091
1.235£0.101
1.161 £0.104
1.234 £0.127
1.30 £0.16

1.32£0.22

1.14 £0.29

1.292 £ 0.075
1.409 +£0.173

1.257 £0.038
1.269 £ 0.055
1.372 +0.086
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36.69 1.466 +0.110
51.47 1.384 +0.144
72.08 1.212 +£0.169
100.96 1.235 £ 0.233

e J. Kremer et al., 1999 [29] 1997 data

12.42 1.291 £0.027
18.85 1.335£0.038
26.68 1.427 £ 0.058
36.69 1.383 £+ 0.068
51.47 1.320 £ 0.090
72.08 1.337 +£0.120
100.96 1.337 £0.169

Appendix D

Correlation matrix for the fit of the spectrum
shape (all data)

H; H, H, S,
H; 1.000 —-0.151 -0.325 0.717
H, —0.151 1.000 0.231 —-0.473
H, —-0.325 0.231 1.000 —0.762
S5 0.717 —-0.473 —-0.762 1.000

Correlation matrix for the fit of the spectrum
shape (good data)

H; H, H, S,
H; 1.000 —0.038 —0.238 0.608
H, —0.038  1.000 0.285 —0.537
H, —0.238  0.285 1.000 —0.758
S> 0.608 —0.537 —0.758 1.000
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