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We explore the low energy neutrinos from stopped cosmic ray muons in the Earth. Based on the
muon intensity at the sea level and the muon energy loss rate, the depth distributions of stopped
muons in the rock and sea water can be derived. Then we estimate the µ− decay and nuclear
capture probabilities in the rock. Finally, we calculate the low energy neutrino fluxes and find
that they depend heavily on the detector depth d. For d = 1000 m, the νe, ν̄e, νµ and ν̄µ fluxes
in the range of 13 MeV ≤ Eν ≤ 53 MeV are averagely 10.8%, 6.3%, 3.7% and 6.2% of the
corresponding atmospheric neutrino fluxes, respectively. The above results will be increased by a
factor of 1.4 if the detector depth d < 30 m. In addition, we find that most neutrinos come from
the region within 200 km and the near horizontal direction, and the ν̄e flux depends on the local
rock and water distributions.
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1. Introduction

Atmospheric neutrinos are a very important neutrino source to study the neutrino oscillation
physics. In 1998, the Super-Kamiokande (Super-K) experiment reported the first evidence of neu-
trino oscillations based on a zenith angle dependent deficit of atmospheric muon neutrinos [1].
Atmospheric neutrinos are produced in the Earth’s atmosphere as a result of cosmic ray interac-
tions and the weak decays of secondary mesons, in particular pions and kaons [2]. At the same
time, a large amount of muons are also produced and some of them can penetrate the rock and
sea water of Earth’s surface to significant depths. These penetrating muons are the important back-
ground source for some underground experiments [3]. It is well known that these muons will finally
stop in the Earth and then produce the low energy neutrinos through decay or nuclear capture [4].
However, these neutrinos are not included in the previous literatures [5, 6, 7]. Here we shall focus
on these neglected neutrinos from stopped muons in the Earth.

Muons are the most numerous charged particles at sea level [8]. After losing energy by ioniza-
tion and radiative processes, the stopped µ+ in the rock and sea water will generate two low energy
neutrinos νe and ν̄µ (Eν ≤ 53 MeV) through µ+ → e+ +νe + ν̄µ . Unlike µ+, the stopped µ− may
undergo either decay or capture by the nucleus [4]. In the nuclear capture case, a stopped µ− can
only produce a neutrino νµ with energy less than the muon mass. These low energy neutrinos will
be the background source in the searches of some relevant physics [9], such as diffuse supernova
relic neutrinos, dark matter annihilation in the Sun and our galaxy, solar neutrino conversion, and
proton decays catalyzed by GUT monopoles in the Sun. So it is necessary for us to investigate the
low energy neutrinos induced by stopped muons in the Earth.

Based on the Ref. [9], here we shall give the neutrino fluxes from stopped cosmic ray muons
in the Earth. In Sec. 2, the stopped µ± distributions in the rock and sea water will be given in terms
of the muon intensity at the sea level and the muon energy loss rate. Sec. 3 is devoted to the ν̄e and
νµ energy spectra from a stopped µ−. Based on the atomic capture and nuclear capture abilities of
10 dominant elements in the upper continental crust, we estimate the µ− decay and nuclear capture
probabilities in the rock and sea water. In Sec. 4, we numerically calculate the low energy neutrino
fluxes according to the stopped µ± distributions and the µ− decay probability, and discuss their
features. Finally, our conclusions will be given in Sec. 5.

2. Distributions of stopped muons

Muons are the most numerous charged particles at sea level [8]. For the energy and angular
distribution of cosmic ray muons at the sea level, we use the following parameterization [10]

I(pµ ,θ) = Iv(ξ ) cos3 θ for pµ > 1GeV , (2.1)

with ξ = pµ cosθ and θ is the zenith angle. The vertical muon intensity is given by

Iv(pµ) = c1 p−(c2+c3 log pµ+c4 log2 pµ+c5 log3 pµ )
µ , (2.2)

where c1 = 0.00253cm−2s−1sr−1GeV−1, c2 = 0.2455, c3 = 1.288, c4 =−0.2555 and c5 = 0.0209.
It is found that Eq. (2.1) is valid for all zenith angles and the muon momentum pµ > 1 GeV
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[10]. For pµ ≤ 1 GeV, the muon energy spectrum is almost flat and the corresponding angular
distribution is steeper than cos2 θ [8]. Therefore we assume

I(pµ ,θ) = 0.00389cos3 θ for pµ ≤ 1GeV , (2.3)

in the units of cm−2s−1sr−1GeV−1. In terms of of Eqs. (2.1)-(2.3), the total muon flux for a
horizontal detector can be derived from

Jµ = 2π
∫

I(pµ ,θ)cosθ d cosθ d pµ = 1cm−2 min−1 , (2.4)

which is familiar to experimentalists for horizontal detectors [8]. The muons with pµ > 1GeV
make a 71% contribution to Jµ . With the help of the muon charge ratio in Fig. 6 of Ref. [11],
we calculate the µ+ flux Jµ+ = 0.0093cm−2s−1 and the µ− flux Jµ− = 0.00737cm−2s−1, and the
corresponding muon charge ratio Jµ+/Jµ− = 1.26.

The long-lived muons can penetrate the rock and sea water of the Earth’s surface to significant
depths. The muon range X(pµ) in the standard rock and water may be found in Ref. [12]. Then
one can easily get the stop depth x = X(pµ)cosθ for a muon with the momentum pµ and incidence
zenith angle θ at the sea level. Based on the muon distribution I(pµ ,θ), muon charge ratio [11]
and muon range X(pµ) [12], we calculate the µ± stop rate per unit volume Sµ±(x) in the standard
rock and water. In Fig. 1, the µ± stop rate Sµ±(x) and the charge ratio of stopped muons Sµ+/Sµ−

as a function of stop depth x have been plotted. It is clear that the depth x of most stopped muons
is less than 30 m.
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Figure 1: The muon stop rate per unit volume Sµ± (left) and the charge ratio of stopped muons Sµ+/Sµ−

(right) as a function of stop depth x in the standard rock and water.

3. Neutrino energy spectra from a stopped muon

It is well known that a stopped µ+ will quickly decay into a positron and two neutrinos through
µ+ → e+ +νe + ν̄µ . The νe and ν̄µ energy spectra (normalized to 1) can be written as [13]

fνe =
192
mµ

[(
Eν

mµ

)2 (
1
2
− Eν

mµ

)]
, (3.1)

fν̄µ =
64
mµ

[(
Eν

mµ

)2 (
3
4
− Eν

mµ

)]
, (3.2)
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where mµ is the muon mass and Eν ≤ mµ/2. Unlike µ+, a stopped µ− can not only decay µ−→
e−+ ν̄e + νµ , but also be captured by nucleus and produce a neutrino νµ with Eν < mµ , such as
µ−+16 O →16 N∗+ νµ . In fact, the stopped µ− will be quickly attached to an atom and form a
muonic atom (Atomic capture) [4] when it stops in the rock or sea water. Then it cascades down
to the lowest 1s level in a time-scale of the order of 10−13 s through emitting Auger electrons and
muonic X-rays. In the following time, the bounded µ− in a muonic atom has only two choices, to
decay or to capture on the nucleus (Nuclear capture) [4].

In order to estimate the µ− decay and nuclear capture probabilities, we should firstly consider
the relative abilities of atomic capture for different elements in the rock. Egidy and Hartmann [14]
find a semi-empirical approach and give the average atomic capture probability P(Z) for 65 ele-
ments, normalized to 1 for 16O. For the rock chemical composition, we take the upper continental
crust data from Ref. [15]. Then the mass and number percentages of 10 dominant elements in the
upper continental crust have been calculated and listed in Table 1. Considering the corresponding
atomic capture probability P(Z), we derive the atomic capture percentages of 10 elements as shown
in the fifth column of Table 1. It is worthwhile to stress that the water is a 16O target since µ−p can
easily penetrate nearby 16O atoms [4].

Elements Mass (%) Number (%) P(Z) AC (%) τµ− (ns) Huff factor Dµ− (%)
O 47.51 62.13 1.00 60.26 1795.4 0.998 81.56
Si 31.13 23.89 0.84 19.46 756 0.992 34.14
Al 8.15 3.91 0.76 2.88 864 0.993 39.05
Fe 3.92 2.27 3.28 7.21 206 0.975 9.14
Ca 2.57 2.07 1.90 3.81 332.7 0.985 14.92
Na 2.43 2.27 1.00 2.21 1204 0.996 54.58
K 2.32 1.28 1.54 1.91 435 0.987 19.54

Mg 1.50 1.99 0.93 1.79 1067.2 0.995 48.33
Ti 0.38 0.17 2.66 0.45 329.3 0.981 14.70
P 0.07 0.02 1.04 0.02 611.2 0.991 27.57

Table 1: The µ− atomic capture (AC) percentages and decay probabilities Dµ− in a muonic atom for 10
dominant elements of the upper continental crust [15]. The corresponding mass and number percentages,
average atomic capture probability P(Z), µ− mean life τµ− and Huff factor Q have also been listed.

The decay rate Λdecay and nuclear capture rate Λcapture of the bounded µ− in a muonic atom
have the following relation [4]

Λtotal = Λcapture +QΛdecay , (3.3)

where Λtotal = 1/τµ− , Λdecay = 1/τµ+ , and Q is the Huff factor [16]. Then the µ− decay probability
can be easily obtained by

Dµ− = Q
Λdecay

Λtotal
= Q

τµ−

τµ+
. (3.4)

With the help of τµ+ = 2196.98 ns [8] and the µ− mean life in Ref. [16], we calculate the µ− de-
cay probabilities Dµ− for 10 dominant elements as listed in the last column of Table 1. Combining
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the atomic capture percentages and the corresponding Dµ− in Table 1, one can find that the aver-
aged decay probability Dµ− = 60.65% and nuclear capture probability Cµ− = 39.35% for negative
muons stopped in the rock. Since the water can be approximated as an 16O target, the µ− decay
and nuclear capture probabilities in the water are Dµ− = 81.56% and Cµ− = 18.44%, respectively.
For the ν̄e and νµ energy spectra, we ignore the differences between the free µ− decay and the
bounded µ− decay [4], and have

fν̄e = fνeDµ− , (3.5)

fνµ = fν̄µ Dµ− + f̃νµCµ− , (3.6)

where f̃νµ is the νµ energy spectrum (normalized to 1) from the µ− nuclear capture. It is found that
f̃νµ is fairly similar to the γ spectrum in the reaction of the π− capture on nucleus [4]. Therefore we
use the γ spectrum from the 16O(π−,γ)16N∗ experimental results [17] and require that the maximal
neutrino energy only reaches 95 MeV for f̃νµ , because the muon mass is 34 MeV less than that of
a pion.

4. Neutrino fluxes from stopped muons

Since the produced neutrinos from stopped muons are isotropic, the neutrino differential fluxes
can be written as

dφνi

dEν
= fνi

∫
Sµ±(x)

2π(R⊕− x)2 sinϑ
4πr2 dϑdx , (4.1)

where R⊕ = 6371 km is the Earth’s radius, and ϑ is the angle between the stopped µ± and detector
point seen from the Earth’s center. The distance between the stopped µ± and detector is given by

r2 = (R⊕− x)2 +(R⊕−d)2−2cosϑ(R⊕− x)(R⊕−d) , (4.2)

where d is the detector depth. In fact, the neutrino oscillation should be considered [18], but it is
beyond the scope of this paper. For a large neutrino detector, different detector parts will receive
notably different neutrino fluxes from stopped muons within r < 100 m. Therefore we take a virtual
spherical detector with a 25 m radius for the following analysis, which will increase about 1% flux
for the d < 30 m case. The integral flux φνi can be obtained from Eq. (4.1). In the left panel of
Fig. 2, we plot the cumulative percentage of φνi as a function of surface distance L = R⊕ϑ for three
typical detector depths in the rock case. Different flavors have almost identical results even in the
water case. It is worthwhile to stress that the stopped muons within the surface distance L = 200 km
contribute 68.7% and 56.1% of φνi for d = 0 m and d = 1000 m, respectively. In addition, one may
easily find that most neutrinos come from the near horizontal direction. Since the recoil electrons
can carry the directional information of incident neutrinos in the elastic scattering of neutrinos on
electrons and νe has the largest cross section, we calculate the zenith angular distribution of νe

integral flux in the rock case, as shown in the right panel of Fig. 2. It is found that the smaller d
case has the narrower peak at the horizontal direction. Note that the underground part of the virtual
spherical detector contributes the cosθ > 0 angular distribution for the depth of detector center
d = 0 m case. ν̄e, νµ and ν̄µ have similar angular distributions even in the water case.
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Figure 2: The cumulative percentage of the neutrino integral flux φνi as a function of surface distance
L = R⊕ϑ (left) and the νe integral flux φνe with Eν < 53 MeV as a function of zenith angle θ (right).

In Fig. 3, we show the neutrino integral fluxes φνi as a function of detector depth d for different
flavors in the rock and water cases. It is clear that φνi depends heavily on the detector depth d. For
φνe , φν̄µ and φνµ , the differences between the rock and water cases are very small. However, the
νµ differential fluxes in the rock and water cases have obvious differences due to different values
of Dµ− and Cµ− in Eq. (3.6). Note that φν̄e in the water case is larger than that in the rock case
because of the larger Dµ− in the water case. Therefore, the ν̄e flux depends on the local rock and
water distributions for a given detector. In addition, an approximation formula to compute the
neutrino fluxes can be found in Ref. [9], which can describe the exact results shown in Fig. 3 with
an error of 2%.
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Figure 3: The neutrino flux φνi as a function of detector depth d for different neutrino flavors.

By use of Eq. (4.1), we calculate the differential neutrino fluxes as shown in the left panel
of Fig. 4. Here Dµ− = 70% (Cµ− = 30%) and a Super-K detector depth d = 1000 m have been
assumed. For comparison, the total atmospheric neutrino fluxes at the Super-K site from the Bartol
[5], Honda [6] and Battistoni [7] groups have also been shown. It is found that the neutrino fluxes
from stopped muons are much less than the atmospheric neutrino fluxes. In the right panel of Fig.
4, we plot the ratios of φνi to the corresponding atmospheric neutrino flux from the Battistoni group
[7] for different flavors. For 13 MeV ≤ Eν ≤ 53 MeV, the νe, ν̄e, νµ and ν̄µ fluxes are averagely
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Figure 4: The differential neutrino fluxes dφνi/dEν (left) and the ratios of dφνi/dEν to the corresponding
atmospheric neutrino flux from Ref. [7] (right) for different flavors and d = 1000 m. In the left panel, the
total atmospheric neutrino fluxes at the Super-K site from the Bartol [5], Honda [6] and Battistoni [7] groups
have also been shown.

10.8%, 6.3%, 3.7% and 6.2% of the corresponding atmospheric neutrino fluxes, respectively. It is
worthwhile to stress that the above results will be increased by a factor of 1.4 if the detector depth
d < 30 m.

5. Conclusions

In conclusion, we have investigated the low energy neutrinos from stopped cosmic ray muons
in the Earth. The µ± stop rates per unit volume Sµ±(x) in the rock and sea water have been
calculated in terms of the muon intensity I(pµ ,θ) at the sea level and the muon range X(pµ).
Based on the atomic capture and nuclear capture abilities of 10 dominant elements in the upper
continental crust, we estimate the µ− decay and nuclear capture probabilities in the rock and sea
water. Then the neutrino energy spectra fνe , fν̄e , fνµ and fν̄µ from a stopped muon are given.
Finally, we present the low energy neutrino fluxes and give simultaneously a good approximation
to calculate them. It is found that most neutrinos come from the surface distance L < 200 km
region and the near horizontal direction. For the integral fluxes φνe , φν̄µ and φνµ , the differences
between the rock and water cases are very small. On the contrary, the φν̄e depends on the local
rock and water distributions because of different µ− decay probabilities. Note that all φνi depend
heavily on the detector depth d. For the Super-K detector depth d = 1000 m, the νe, ν̄e, νµ and ν̄µ

fluxes in the range of 13 MeV ≤ Eν ≤ 53 MeV are averagely 10.8%, 6.3%, 3.7% and 6.2% of the
corresponding atmospheric neutrino fluxes, respectively. The above results will be increased by a
factor of 1.4 if the detector depth d < 30 m. These low energy neutrinos should be considered in
searches of some related topics.
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