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From the nature of the muon production processes, it can be seen that the ratio of positive to negative
cosmic muons has important information in both ‘‘the atmospheric neutrino problem,’’ and ‘‘the hadronic
interactions.’’ We have carried out an experiment for the measurement of the muon charge ratio in the
cosmic ray flux in momentum range 0:112–0:178 GeV=c. The muon charge ratio is found to be 1:21�
0:01 with a mean zenith angle of 32� � 5�. From the measurements it has been obtained a zenithal angle
distribution of muons as I��� � I�0�cosn� with n � 1:95� 0:13. An asymmetry has been observed in
East-West directions because of the geomagnetic field. Meanwhile, in about the same momentum range,
positive and negative muons have been studied on the basis of Monte Carlo simulations of the extensive
air shower developement (Cosmic Ray Simulations for Kascade), using the Quark Gluon String model
with JETs model as generator.
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I. INTRODUCTION

The primary cosmic rays hitting the top of the Earth’s
atmosphere are almost all protons or heavier atomic nuclei.
These primary cosmic rays highly interact with the Earth’s
atmosphere and produce copious quantities of secondary
particles. The most common secondary particles are bary-
ons and mesons. The atmospheric flux of muons mainly
originate from the decay of charged pions (�0 � 26 ns)
and kaons (�0 � 12 ns) with branching ratios of �100%
and �63:5% respectively. Muons have a much longer
lifetime than pions and kaons. A muon has a mean lifetime
of about �0 � 2:197 �s, so it can reach the Earth before it
decays: �� ! e� � �e� ��e� � �������.

The muon charge ratio, R � ��=��, is important in
giving information about ‘‘the atmospheric neutrino prob-
lem,’’ and about ‘‘the properties of hadronic interactions.’’
The low energy muon flux is an important source of �e, ��e,
��, ���. The ratios �e= ��e and ��= ��� are directly related to
the muon charge ratio. A rough addition of the flavors in
the decay chains lead to the ratio:

 R� �
�� � ���
�e � ��e

� 2: (1)

Super-Kamiokande [1,2] and other experiments find that
the ratio of muon neutrinos to electron neutrinos is signifi-
cantly lower than the theoretical value �2 [3,4]. This
anomaly has been explained in terms of neutrino
oscillations(�� ! ��) [1]. At the low energy range of
muons (� 1 GeV), the muon charge ratio is directly re-
lated to the number of electronic neutrinos and antineutri-
nos by ��=�� � �e= ��e [4], and since neutrinos and
antineutrinos interact with matter in different ways [5],
the muon charge ratio can be important for the response
of neutrino detectors. Therefore for exact analysis of the

experiments related to the ratio R�, a precise knowledge of
the contribution of each neutrino flavor is necessary. On the
other hand, the muon charge ratio provides important
information on the interactions of the primary cosmic
rays with nuclei in the atmosphere. Thus, in addition to
the particle physics aspects, there are further perspectives
of muon charge ratio studies which contribute to a general
knowledge of our environment. Meanwhile, since arrival
directions of cosmic rays are essentially isotropic, the
atmospheric flux of muons originating from the decay of
charged pions and kaons produced by cosmic ray interac-
tions in the atmosphere is nearly isotropic as well.
Nevertheless, at lower muon energies it is influenced by
the magnetic field of the Earth. Thus a detailed under-
standing of the asymmetries of the fluxes of positive and
negative muons is indispensable for reliable calculations of
the atmospheric neutrino flux. The muon charge ratio is a
quantity rather sensitive to the effects of the geomagnetic
field. Most of the previous measurements for obtaining the
muon charge ratio have been carried out using magnetic
deflection to determine the muon charge with simultaneous
determinations of the energy [6–8]. The other experimen-
tal approach is the method of delayed coincidences [9,10].
The magnetic spectrometers are difficult to use for very
low energy muons, due to presence of a large percentage of
electrons in the secondary cosmic rays and different ac-
ceptances for positive and negative particles [11]. To avoid
the difficulties and the systematic errors of magnetic spec-
trometers we use the method of delayed coincidences,
which is based on the different interactions of positive
and negative muons with matter. A cosmic ray telescope
has been constructed for measuring the muon charge ratio
at Sharif University of Technology in Tehran
�35�430N; 51�200E�. We used this method for determina-
tion of muon charge ratio. The elevation of the site is
1200 m above sea level (890 g cm�2). The purpose of the
experiment is investigation of the zenithal and azimuthal*Electronic address: bahmanabadi@sina.sharif.edu
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dependence of the muon charge ratio, and as a conse-
quence the mean muon charge ratio is determined. We
did the experiment with lower data in our previous paper
[12], but in this paper we improved our previous results and
have also used showers simulated by Cosmic Ray
Simulations for Kascade (CORSIKA) to compare the mea-
sured results with simulation.

II. METHOD AND DATA ANALYSIS

When negative and positive muons are stopped in mat-
ter, they have different behaviors. The main idea of the
delayed coincidence method is based on these behaviors.
When a positive muon is stopped in scintillator or any other
material, it always decays. But for negative muons there is
an alternative reaction in the presence of matter. The host
atom captures the negative muon and forms a ‘‘muonic
atom’’ [13]. Since a muon is about 200 times more massive
than an electron, its orbit can be very close to the nucleus
and can often be captured by the nucleus. In fact, the
negative muon interacts with atomic nuclei according to
the reaction �� � p! n� ��. Practically the entire en-
ergy librated in this process is carried off by the neutrino
and no signal will be produced in the detector. As a result
the mean negative muon lifetime becomes 1=��� � �c �

1=�0, where �c is the capture probability and �0 the decay
lifetime for a free muon. The nuclear capture rate is
proportional to Z4 and so becomes significant for suffi-
ciently high Z atoms. Table I shows the mean lifetime and
the decay probability of negative muon in some elements
[14].

Thus, the muon charge ratio can be extracted from the
measured decay curve, which is a superposition of the
different lifetimes of negative muons in scintillator and
the absorber material and decay of positive muons. If there
are no backgrounds, the expected time spectrum is as

 

dN
dt
�

Nt
R� 1

�
R�0

1

�0
exp��t=�0� �

X
j

�j
1

�j

	 exp��t=�j�
�
; (2)

where index 0 stands for positive muons, while the index
j�1; 2; 3; . . .� indicates the negative muons decaying in the

different absorber materials. R � ��=�� represents the
muon charge ratio, Nt is the total number of two muons,
and the parameters �0 and �j include the stopping powers
of different materials, the decay probability for the nega-
tive muons, and the efficiencies to detect the resulting
electron or positron, which are determined by
Monte Carlo simulation. We can split �j in the form of

 �j � SjP
j
decay; (3)

where only Sjs are determined from the simulation and
decay probabilities, Pjdecay, are taken from Table I. In order
to reduce the number of free parameters of the fit, the mean
lifetime and the probability of decay are extracted from
Table I. By fitting Eq. (2) on our experimental data, Nt and
R are obtained.

III. EXPERIMENTAL ARRANGEMENT

The block diagram of electronic apparatus and detectors
is shown in Fig. 1. Three scintillators (100	 14	 1 cm3)
placed on top of each other were used to measure muon
decay. The spacing of the top and bottom scintillators is
283 cm, and that of the middle and bottom scintillators is
10 cm. A 7 cm thick aluminum block was placed between
the middle and bottom scintillators. Its operation is initi-
ated when an incoming muon passes through the top and
middle scintillators. The generated signals from the pho-
tomultiplier tubes viewing the scintillators are amplified in
one stage (	 10) with a fast amplifier (CAEN N412). Then
the signals are connected to an eight-channel fast discrim-

TABLE I. Mean lifetime and decay probability of negative
muons in some elements.

Mean lifetime(ns) Decay probability(%)

Vacuum 2197:03� 0:04 100.00
Carbon 2026:3� 1:5 92.15
Oxygen 1795:4� 2 81.57
Aluminium 864:0� 1 39.05
Silicon 756:0� 1 34.14
Lead 75:4� 1 2.75 FIG. 1 (color online). Schematic view of detector, rotatable

frame, and electronic circuit.
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inator (CAEN N413A) which was operated at a fixed level
of 20 mV. Each channel of the discriminator has two out-
puts; one of them is connected to a logic unit (CAEN
N405) with a gate width of 150 ns. The output of the logic
unit is connected to the start input of a time to amplitude
converter (TAC, ORTEC 566) by a 10 m cable. The
stopped muon in the aluminum or in the bottom scintillator
decays at some later time. The neutrinos from the decay
pass through the scintillator without any effect. The pro-
duced electron (positron) from the decay of the muon
causes another signal in the bottom scintillator. This pulse
through the amplifier and discriminator is sent to the stop
input of the TAC. Finally the output of TAC, which was set
to a full scale of 10 �s, is fed into a multichannel analyzer
(MCA) via an analog to digital converter (ADC) unit. The
time interval (�t) between the start and stop signals is a
measure of the muon lifetime. The length of the cable to
the start input of the TAC is approximately 10 m longer
than the length of the cable to the stop input. In its normal
state, the TAC is ready to accept only a start pulse. It
ignores the stop pulse, and the start pulse starts a timing
run. The delay of the start pulse relative to the stop pulse

corresponding to the 10 m of additional cable assures that
the stop input is no longer activated when the pulse gets to
the start input. The 10 m cable approximately reduces the
time by 50 ns, and when corrected for it does not change
the shape of the time spectrum stored and the mean lifetime
obtained from the slope of the spectrum.

Our cosmic ray telescope is equipped for the measure-
ment of zenith and azimuthal angular dependence of muon
intensities. The calculated geometrical acceptance solid
angle of the telescope is about 26 cm2 sr.

IV. EXPERIMENTAL MEASUREMENTS AND
RESULTS

We measured the decay spectrum of muons for 12
directions towards the North, West, South, and East each
in three zenith angles of 20� � 10�, 40� � 10�, and 60� �
10�. The momentum range of muons is
0:112–0:178 GeV=c. The measurements cover a total pe-
riod of 1152 h. To compare the decay spectrum of different
directions we changed pointing direction of the telescope
while all the rest of the setup (including distances of

FIG. 2. Muon decay spectrum obtained from different directions.
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scintillators, voltages, thresholds, etc.) were kept un-
touched and equal exposure times were used for different
directions. Figure 2 shows the data obtained from different
directions. By fitting the decay curve (Eq. (2)) on the data,
Nt and R are determined. Note that Eq. (2) assumes that we
are able to view the entire muon decay spectrum, whereas
the circuit logic of the present experiment forces us to
blank out the first 30 channels (� 0:3 �s) of the muon
spectrum. The omission of these channels weights slightly
the positive muon component which has the longer life-
time. Thus we have a small systematic error in the use of
Eq. (2). On the other hand, there is another exponential
which is due to the background from random coincidences.
Nevertheless, due to the long lifetime of this exponential,
the background is approximately uniformly distributed in
the time window of 10 �s. Figure 3 shows the data after
background is subtracted. For all spectra the fit regression
is more than 96%.

Figure 4 shows the differential zenith angle distribution
of muons (Nt). The zenith angle distribution can be repre-
sented by I��� � I�0�cosn� with n � 1:95� 0:13.
Azimuthal angular dependence of muons can be seen in
the ��=�� ratio in each zenithal angle. The errors of the

ratio, 1 standard deviation �, has been determined by the
following equation:

 � �
1

N2
�

����������������������������������
N2
�N� � N�N

2
�

q
� �1� R�

�����������
R=Nt

q
(4)

where N� and N� show the number of positive and nega-
tive muons, Nt � N� � N�, and R � N�=N�.

The muon charge ratio at various azimuthal angles is
presented in Fig. 5, in the zenith angles 20� � 10�, 40� �
10�, and 60� � 10�. The error bars show the statistical
errors only. The results show a pronounced East-West
effect in the low energy range, which is consistent with
other previous results [15]. The reduction of the muon
charge ratio in the east direction compared to the west, in
the low energy range is thought to be caused by the
geomagnetic effect. The azimuthal anisotropy, A � �RW �
RE�=�RW � RE� , (with RW and RE being the values of the
muon charge ratio measured in the west and east direction)
is 0.12 in the momentum range 0:112–0:178 GeV=c, with a
mean zenith angle 32� � 5�. So the mean effective slant
depth of the experiment is X ’ 890= cos32� �
1049 g cm�2, which is near the thickness of atmosphere
at sea level.

FIG. 3. Data after background is subtracted.
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A second experiment was carried out with the same
telescope for muons arriving from the vertical direction.
A 60 cm thick concrete block was placed above the top
scintillator. This thickness of concrete is equivalent to
about 150 g cm�2. Our experiment has been done at
1200 m above sea level (Xv � 890 g cm�2). Thus the total
matter above our telescope is 890� 150 � 1040 g cm�2,
which is again near the thickness of atmosphere at sea
level. The decay spectrum of muons obtained from this
experiment is shown in Fig. 6 (a: the raw data, b: The data
after subtracting background). More than 4	 105 muons
were accumulated by this experiment. From the measure-
ments, we obtained R � 1:21� 0:01.

The muon charge ratio results in the momentum range
up to 10 GeV=c from the various experiments at sea level
have been compiled in Fig. 7 [16–39], and our result has
been shown with light circle.

V. MONTE CARLO SIMULATION OF THE MUON
FLUX

Atmospheric muons mainly originate from the interac-
tion of particles in extensive air shower (EAS) events.
These secondary muons are produced in the atmosphere
by primary particles like gamma, proton, or heavier nuclei.
But muon production of primary gamma photons with
respect to primary nuclei, which are mostly protons, is
very small. So we only investigated the primary nucleons
and especially protons in our simulations. Cosmic ray
muons observed with detectors placed at the ground level
originate from the decay of mesons produced by interac-
tions of high energy cosmic ray primaries with air nuclei,

mainly due to the decay of charged pions and kaons. Pions
and kaons have both decay and interaction in the atmo-
sphere. Decay or interaction dominates depending on
whether � � mc2h�

c� or E is larger [40] where m, c and �
are meson mass, the speed of light, and mean lifetime,
respectivley, h� � 6:4 km, and E is energy of meson. In
the limit that E
 �, interaction can be neglected [40]. The
value � for pion and kaon is 115 GeV and 850 GeV,
respectively. So for low energies the limit is valid, and
interaction can be neglected. In the EASs there are a large
number of interactions of the following kinds which pro-
duce muons:

FIG. 5. The azimuthal angular dependence of the muon charge
ratio for different zenith angles, compared with CORSIKA
predictions (lines).

FIG. 4. The zenith angular dependence of muons. The smooth
curve represents N � N�cosn� with n � 1:95.
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 ACR � AAir ! ��; �0; k�; other hadrons (5)

 �� ! �� � ��� ���� � 100% �0 � 26 ns (6)

 k� ! �� � ��� ���� � 63:5% �0 � 12 ns (7)

Usually the produced muons in the EASs do not multiply,
but only lose their energy slowly by ionization as they
traverse in the atmosphere. The muon content of a shower
increases up to a maximum and then attenuates very
slowly. This is quite different from the electron component
which attenuates relatively rapidly after maximum. So for
the production of 0:112–0:178 GeV=c muons the lowest
energy of primary particles is about a few GeVs or
10 GeVs. Therefore the study of the muon component of
the EASs in the investigation is very important, especially
for higher energy primaries. Since our experiment has been
setup at the ALBORZ observatory located in Tehran,
Iran,�35�430N; 51�200E� at 1200 m a.s.l corresponding to
an average vertical atmospheric depth of 890 g cm�2, the

EASs were simulated utilizing the CORSIKA package [41]
for investigation of the muon component. CORSIKA sim-
ulates EASs initiated by photons, protons, nuclei, or any
other particle. Different hadronic interaction models are
available in CORSIKA. Present results have been obtained
by coupling the QGSJET- model (qgsjet01.f package) [42],
for hadronic interactions above Elab > 80 GeV, and
GHEISHA (Gamma Hadron Electron Interaction SHower
code) [43] for interactions below this energy. The values of
geomagnetic field components for Tehran (Bx �
28:06 �T, Bz � 38:37 �T) were obtained from the U.S.
Geomagnetic Data Center [44]. The values of geomagnetic
field are constant and independent of zenith and azimuthal
angle of the muon. To illustrate this point we consider the
relation between vertical altitude of atmosphere, h	, and
distance up the trajectory, l, is (for l=R� 
 1) (Fig. 8)

FIG. 8. A schematic of the Earth and atmosphere for showing
the angles and notations used in the text.

FIG. 7. Compilation of some selected measurements on the
muon charge ratio in the momentum range up to 10 GeV=c [16–
39]. Open circle shows our measurement.

FIG. 6. Raw spectrum of muon decay (a), and subtracted background (b) in vertical direction along with a concrete block above the
top scintillator.
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 h	 ’ l cos��
1

2

l2

R�
sin2�: (8)

For � � 60� the second term in (8) can be neglected. So to
use the sine rule, �
 is obtained

 

sin�

l
�

sin�
R� � h	

: (9)

Using l � hv= cos�, � � 60�, hv ’ 20 km, and R� �
6400 km, the value �
 is 0.3�. With this value �
, we
calculated the relative variation of geomagnetic field com-
ponents in Tehran. To assume the geomagnetic field as a
dipole we obtain j �Bx

Bx
j � 0:003 and j �Bz

Bz
j � 0:007. These

errors are relatively small, and so the uniform field is a
good assumption. The range of energy for primary parti-
cles was selected from 5 GeV to 5 PeV, with differential
flux given by dN=dE / E�2:7. These simulations were
carried out for different directions, with zenith angle in
bins 0–10�, 10� –20�, . . ., and 60� –70�; and in each 10�

zenith angle interval all azimuth angles. Since the greatest
contribution of the produced muons is from protons and
alpha particles, we simulated only these two kinds of
particles and then weighted to their measured composi-
tions. We assumed an isotropic distribution for the incom-
ing particles at the top of the atmosphere. We selected
muons with momentum values between 0:1 GeV=c to
0:5 GeV=c in these simulations, which is near the momen-
tum range of our experiment. In Fig. 5 the CORSIKA
predictions of the muon change ratio have been compared
with the experimental data. A distinguished East-West
asymmetry effect, with an anisotropy value A � 0:27, is
also seen from the simulation results.

One can recognize that for measurements with small
zenith angles, the simulations generate values consistently
smaller than the measured results for low energy (less than
1 GeV) muons. The smaller simulated value of the charge
ratio at very low energies is associated with peculiarities of
the interaction models.

The results of the CORSIKA simulations in this mo-
mentum range give a mean value of 1.02 for muon charge
ratio with a mean zenith angle of �30�.

VI. CONCLUDING REMARKS

A cosmic ray detector has been installed at Sharif
University of Technology in Tehran for the study of the
muon charge ratio. By applying the method of delayed
coincidences, we determined the charge ratio of cosmic ray
muon in momentum range 0:112–0:178 Gev=c. In this
experiment we used aluminum for an efficient separation
of the two types of muons. Our measurements indicate a
muon charge ratio value of 1:21� 0:01 with a mean zenith
angle of 32� � 5�. An East-West asymmetry effect is
observed at low energy, which is due to the geomagnetic
field. The East-West asymmetry effect can be shown by the
quantity A � �RW � RE�=�RW � RE� which has been
found to be 0.12 in the momentum range
0:112–0:178 GeV=c. We have also found that the zenith
angle of the arrival direction of muons obeys a cosn� law
with n � 1:95� 0:13 in this momentum range.

The simulation results with CORSIKA confirm the East-
West asymmetry effect found in the muon charge ratio
measurements with an anisotropy value of A � 0:27. For
vertical measurement the CORSIKA simulation gives
smaller results than the measurements. This smallness of
the charge ratio at very low energies could be associated
with peculiarities of the interaction models. This study
opens a field of interest in view of improving different
interaction models, e.g., CHEISHA, which is dedicated
for the low energy regions, and needs careful theoretical
and experimental investigations. Muon charge ratio spec-
troscopy has an interesting information potential for sev-
eral problems: about hadronic interactions and about the
ratio of electron- antineutrinos to electron- neutrinos in the
atmospheric flux. The analysis of the simulation results
leads to R � 1:02 in momentum range 0:1–0:5 GeV=c
with a mean zenith angle of �30�.
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