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CJPL cavern radius: 6 m 
Muon energy: 1-10000GeV 
Crystal size: 4.5 x 4.5 x 4.5 cm3 

Crystal material: LMO 
Detector: 4 x 9  array 
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DR	
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cosθ such that

cosθ∗ =

√

(cosθ)2+P 2
1 +P2(cosθ)P3 +P4(cosθ)P5

1+P 2
1 +P2+P4

(2)
where P1, P2, P3, P4, and P5 are parameters given in Ta-
ble 1. Equation 2 is indeed a convenient parametrization
of the effect of the Earth curvature.

Table 1. Parameters in Eq. 2 [5].

P1 P2 P3 P4 P5

0.102573 -0.068287 0.958633 0.0407253 0.817285

As shown in Figure 2, due to the seconds reason
stated above, the standard Gaisser’s formula cannot de-
scribe the experimental results well at low energies. We
have modified Equation 1 by adding a term to the E−2.7

µ

factor. When the muon energy increases, this term
becomes negligible and the original functional form of
Gaisser is recovered. To determine the parameters of the
new term, we fit the modified equation with the zenith
angle given in Equation 2 to the world cosmic-ray muon
measurements [6] [7] [8] [9] [10]. The resulting modifica-
tion is Equation (3),

dIµ
dEµ

= 0.14

[

Eµ

GeV

(

1+
3.64GeV

Eµ(cosθ∗)1.29

)]−2.7

×

[

1

1+ 1.1Eµ cosθ∗

115GeV

+
0.054

1+ 1.1Eµ cosθ∗

850GeV

]

(3)

where the parameters 3.64 and 1.29 are obtained from
the fit. The description of Equation 3 is compared to
the measured cosmic-ray muon fluxes in Figure 2. The
modified parametrization matches the experimental re-
sults fairly well for different zenith angles.
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Fig. 2. Comparison of the modified parametriza-
tion to the measured cosmic-ray muon fluxes.The
experimental data are from [6] [7] [8] [9] [10]

To validate the modified parametrization, Equation 3
was used to generate the cosmic-ray muon flux at sea

level which then served as the input to the MUSIC code
[11] for transporting the simulated muons to a specific
depth of standard rock. The predicted muon flux is com-
pared to the experimental data of vertical muon intensity
at different depths of rock overburden in Figure 3, where
the data are taken from Reference [12]. The simulated
results and experimental data agree well.
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Fig. 3. Average vertical muon intensity versus
depth of standard rock. Black points are exper-
imental data from reference [12]. Red solid tri-
angles stand for the simulated results using the
modified parameterization (Equation 3). Green
hollow triangles are the simulated results using
the standard Gaisser’s formula (Equation 1).

3 Conclusion

We have obtained a modified Gaisser’s formula that
extends the range of applicability to all zenith angles and
lower energies. The new parametrization can be used
conveniently and reliably for representing the cosmic-ray
muon distribution at sea level for ground detectors, as
well as for underground experiments after it is coupled
to a software package for transporting the surface muons.
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We provide a comprehensive study of the cosmic-ray muon flux and induced activity as a function of
overburden along with a convenient parametrization of the salient fluxes and differential distributions for a
suite of underground laboratories ranging in depth from !1 to 8 km.w.e.. Particular attention is given to
the muon-induced fast neutron activity for the underground sites and we develop a depth-sensitivity
relation to characterize the effect of such background in experiments searching for WIMP dark matter and
neutrinoless double-beta decay.
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I. INTRODUCTION

Underground laboratories provide the overburden nec-
essary for experiments sensitive to cosmic-ray muons and
their progenies. Muons traversing a detector and its sur-
rounding material that miss an external veto serve as a
background themselves and secondary backgrounds are
induced in the production of fast neutrons and cosmogenic
radioactivity. In this study we have focused on the muon-
induced fast neutron background as a function of depth and
the implications for rare event searches for neutrinoless
double-beta decay and WIMP dark matter. One of our main
goals is to develop a depth-sensitivity relation (DSR) in
terms of the total muon and muon-induced neutron flux and
to put this into the context of existing underground labo-
ratories covering a wide range of overburden.

In Sec. II we review the experimental data available for
differential muon fluxes and provide a definition of depth
in terms of the total muon flux that removes some con-
fusion regarding the equivalent depth of an underground
site situated under a mountain versus one with flat over-
burden. The muon fluxes and differential distributions are
parametrized and used as input in Sec. III to generate, via
FLUKA simulations [1], the production rate for fast neu-
trons. The total neutron flux and salient distributions are
compared with the available experimental data and we
provide some convenient parametrizations that can be
used as input for detector-specific simulations at a given
underground site. We quantify the agreement between
FLUKA simulation and experimental data and provide an
explanation for the discrepancy between neutron flux and
energy spectra as measured in the large volume detector
(LVD). Muon-induced cosmogenic radioactivity is dis-
cussed in terms of depth and the average muon energy in
Sec. IV. In Sec. V we apply our results to a generic study of
germanium-based experiments in search of neutrinoless
double-beta decay and WIMP dark matter and demonstrate
the utility of the DSR in projecting the sensitivity and
depth requirements of such experiments. We conclude
with a summary of the results and an outline of new studies
under way.

II. DEPTH-INTENSITY RELATION AND
DISTRIBUTIONS FOR COSMIC-RAY MUONS

A. Throughgoing muon intensity

1. Differential muon intensity versus slant depth

The cosmic-ray muon flux in the atmosphere, under-
ground, and underwater has been a subject of study for
more than five decades [2]. Experimental data on the
differential muon intensity (in units of cm"2 s"1 sr"1) are
shown in Fig. 1 as a function of slant depth measured in
units of kilometers of water equivalent (km.w.e.), where
1000 hg=cm2 # 105 g=cm2 $ 1 km:w:e:

Groom et al. proposed a model [3] to fit the experimental
data to a depth-intensity-relation (DIR), appropriate for the
range (1–10 km.w.e.):

I%h& # %I1e%"h=!1& ' I2e%"h=!2&&; (1)
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FIG. 1 (color). Measurements of the differential muon flux as a
function of slant depth from Castagnoli [67], Barrett [68],
Miyake [69], WIPP [4], Soudan [23], Kamioka [12], Boulby
[6], Gran Sasso [8,70], Fréjus [11] and Sudbury [7]. Note that the
measurements for Kamioka [12] and Sudbury [7] are reported as
the number of muons per day. We calculate the effective detector
acceptance for these two measurements in order to obtain the
muon flux. The solid curve is our global fit function described by
Eq. (1).
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where I!h" is the differential muon intensity corresponding
to the slant depth, h.

Using the experimental data in Fig. 1 we determine the
free parameters of Eq. (1) as I1 # !8:60$ 0:53" %
10&6sec&1 cm&2 sr&1, I2 # !0:44$ 0:06" %
10&6sec&1 cm&2 sr&1, !1 # 0:45$ 0:01 km:w:e:, !2 #
0:87$ 0:02 km:w:e: The relative deviation between the
data and our fit is shown in Fig. 2, indicating that the
parametrization reproduces the experimental data reason-
ably well and with an overall accuracy of about 5%.

2. The total muon flux with flat overburden

For an underground laboratory with flat overburden it is
straightforward to calculate the total muon intensity arriv-
ing below the surface at a vertical depth, h0. In the flat-
earth approximation, the throughgoing muon intensity (Ith)
for a specific slant depth, h, in the direction of zenith angle,
", reads

Ith!h; "" # I!h"G!h; ""; (2)

whereG!h;"" # sec!"", h # h0 sec!"", and I!h" is the DIR
expressed in Eq. (1). Equation (1) now becomes

Ith!h;"" # !I1e!&h0 sec!""=!1" ' I2e!&h0 sec!""=!2"" sec!"":
(3)

Integration over the upper hemisphere using Eq. (3) then
provides the total muon intensity for an underground site
with flat overburden positioned at a vertical depth h0.

Using the experimental data for the total muon flux and
knowledge of the vertical depth for a set of underground
sites with flat overburden [Waste Isolation Pilot Plant
(WIPP) [4], Soudan [5], Boulby [6] and Sudbury [7] ] we
can now define a fit function which is similar to the

differential muon intensity function [Eq. (1)]:

I#!h0" # 67:97% 10&6e&h0=0:285 ' 2:071

% 10&6e&h0=0:698; (4)

where h0 is the vertical depth in km.w.e. and I#!h0" is in
units of cm&2 s&1, appropriate in the flat-earth
approximation.

3. The total muon flux in case of mountain overburden

In the case that a laboratory is situated underneath a
mountain, additional information regarding the mountain
shape or elevation map, h!";$", is required to determine
the total muon flux:

Itot #
Z

sin!""d"
Z
d$I!h!";$""G!h;""; (5)

where G!h; "" # sec!"" and Itot is the total muon flux
obtained after integrating over the mountain shape and
using the DIR defined in Eq. (1).

As an example, we have computed the total muon flux at
the Gran Sasso Laboratory using the detailed information
provided by the MACRO Collaboration [8] on the moun-
tain shape and their measurements of the differential muon
flux (see Fig. 1). We find a total muon intensity of (2:58$
0:3" % 10&8 cm&2sec&1, which is consistent within about
20% to that obtained in Refs. [9,10]. If this intensity is now
entered into the left-hand side of Eq. (4), we can now solve
for the equivalent vertical depth relative to a flat over-
burden for the Gran Sasso Laboratory and find it to be
3:1$ 0:2 km:w:e:

This depth should not be confused with the average
depth that would be deduced simply by integrating over
the depth profile of the mountain:

hhi #
Z

sin!""d"
Z
d$h!";$"; (6)

which yields 3.65 km.w.e. A similar approach can be taken
with information available from the Fréjus Collaboration
[11]. We find a total muon intensity of !4:83$ 0:5" %
10&9 cm&2 sec&1 corresponding to an equivalent flat over-
burden of 4:2$ 0:2 km:w:e: and an average depth of
5 km:w:e: Our calculation is consistent with the Fréjus
Collaboration’s result within 12%. We note that the equiva-
lent ‘‘flat-overburden’’ depth defined by the experimental
measure of the total muon flux is (!15–20"% lower than
that often quoted for Gran Sasso and Frejus based on the
average physical depth.

4. Definition of depth and total muon flux for
underground sites

The data on the total muon intensity at the various
underground sites is summarized in Table I and Fig. 3.
We use Eq. (4) to calculate the total muon flux for Home-
stake (flat overburden) at the depth 4:3$ 0:2 km:w:e: [13].
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FIG. 2 (color). The relative deviation between the global fit
function and the measured data on the differential muon flux
from Castagnoli [67], Barrett [68], Miyake [69], WIPP [4],
Soudan [23], Kamioka [12], Boulby [6], Gran Sasso [70],
Fréjus [11] and Sudbury [7]. The horizontal lines indicate the
root-mean-square deviation amongst the residuals.
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where I!h" is the differential muon intensity corresponding
to the slant depth, h.

Using the experimental data in Fig. 1 we determine the
free parameters of Eq. (1) as I1 # !8:60$ 0:53" %
10&6sec&1 cm&2 sr&1, I2 # !0:44$ 0:06" %
10&6sec&1 cm&2 sr&1, !1 # 0:45$ 0:01 km:w:e:, !2 #
0:87$ 0:02 km:w:e: The relative deviation between the
data and our fit is shown in Fig. 2, indicating that the
parametrization reproduces the experimental data reason-
ably well and with an overall accuracy of about 5%.

2. The total muon flux with flat overburden

For an underground laboratory with flat overburden it is
straightforward to calculate the total muon intensity arriv-
ing below the surface at a vertical depth, h0. In the flat-
earth approximation, the throughgoing muon intensity (Ith)
for a specific slant depth, h, in the direction of zenith angle,
", reads

Ith!h; "" # I!h"G!h; ""; (2)

whereG!h;"" # sec!"", h # h0 sec!"", and I!h" is the DIR
expressed in Eq. (1). Equation (1) now becomes

Ith!h;"" # !I1e!&h0 sec!""=!1" ' I2e!&h0 sec!""=!2"" sec!"":
(3)

Integration over the upper hemisphere using Eq. (3) then
provides the total muon intensity for an underground site
with flat overburden positioned at a vertical depth h0.

Using the experimental data for the total muon flux and
knowledge of the vertical depth for a set of underground
sites with flat overburden [Waste Isolation Pilot Plant
(WIPP) [4], Soudan [5], Boulby [6] and Sudbury [7] ] we
can now define a fit function which is similar to the

differential muon intensity function [Eq. (1)]:

I#!h0" # 67:97% 10&6e&h0=0:285 ' 2:071

% 10&6e&h0=0:698; (4)

where h0 is the vertical depth in km.w.e. and I#!h0" is in
units of cm&2 s&1, appropriate in the flat-earth
approximation.

3. The total muon flux in case of mountain overburden

In the case that a laboratory is situated underneath a
mountain, additional information regarding the mountain
shape or elevation map, h!";$", is required to determine
the total muon flux:

Itot #
Z

sin!""d"
Z
d$I!h!";$""G!h;""; (5)

where G!h; "" # sec!"" and Itot is the total muon flux
obtained after integrating over the mountain shape and
using the DIR defined in Eq. (1).

As an example, we have computed the total muon flux at
the Gran Sasso Laboratory using the detailed information
provided by the MACRO Collaboration [8] on the moun-
tain shape and their measurements of the differential muon
flux (see Fig. 1). We find a total muon intensity of (2:58$
0:3" % 10&8 cm&2sec&1, which is consistent within about
20% to that obtained in Refs. [9,10]. If this intensity is now
entered into the left-hand side of Eq. (4), we can now solve
for the equivalent vertical depth relative to a flat over-
burden for the Gran Sasso Laboratory and find it to be
3:1$ 0:2 km:w:e:

This depth should not be confused with the average
depth that would be deduced simply by integrating over
the depth profile of the mountain:

hhi #
Z

sin!""d"
Z
d$h!";$"; (6)

which yields 3.65 km.w.e. A similar approach can be taken
with information available from the Fréjus Collaboration
[11]. We find a total muon intensity of !4:83$ 0:5" %
10&9 cm&2 sec&1 corresponding to an equivalent flat over-
burden of 4:2$ 0:2 km:w:e: and an average depth of
5 km:w:e: Our calculation is consistent with the Fréjus
Collaboration’s result within 12%. We note that the equiva-
lent ‘‘flat-overburden’’ depth defined by the experimental
measure of the total muon flux is (!15–20"% lower than
that often quoted for Gran Sasso and Frejus based on the
average physical depth.

4. Definition of depth and total muon flux for
underground sites

The data on the total muon intensity at the various
underground sites is summarized in Table I and Fig. 3.
We use Eq. (4) to calculate the total muon flux for Home-
stake (flat overburden) at the depth 4:3$ 0:2 km:w:e: [13].
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FIG. 2 (color). The relative deviation between the global fit
function and the measured data on the differential muon flux
from Castagnoli [67], Barrett [68], Miyake [69], WIPP [4],
Soudan [23], Kamioka [12], Boulby [6], Gran Sasso [70],
Fréjus [11] and Sudbury [7]. The horizontal lines indicate the
root-mean-square deviation amongst the residuals.
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where I!h" is the differential muon intensity corresponding
to the slant depth, h.

Using the experimental data in Fig. 1 we determine the
free parameters of Eq. (1) as I1 # !8:60$ 0:53" %
10&6sec&1 cm&2 sr&1, I2 # !0:44$ 0:06" %
10&6sec&1 cm&2 sr&1, !1 # 0:45$ 0:01 km:w:e:, !2 #
0:87$ 0:02 km:w:e: The relative deviation between the
data and our fit is shown in Fig. 2, indicating that the
parametrization reproduces the experimental data reason-
ably well and with an overall accuracy of about 5%.

2. The total muon flux with flat overburden

For an underground laboratory with flat overburden it is
straightforward to calculate the total muon intensity arriv-
ing below the surface at a vertical depth, h0. In the flat-
earth approximation, the throughgoing muon intensity (Ith)
for a specific slant depth, h, in the direction of zenith angle,
", reads

Ith!h; "" # I!h"G!h; ""; (2)

whereG!h;"" # sec!"", h # h0 sec!"", and I!h" is the DIR
expressed in Eq. (1). Equation (1) now becomes

Ith!h;"" # !I1e!&h0 sec!""=!1" ' I2e!&h0 sec!""=!2"" sec!"":
(3)

Integration over the upper hemisphere using Eq. (3) then
provides the total muon intensity for an underground site
with flat overburden positioned at a vertical depth h0.

Using the experimental data for the total muon flux and
knowledge of the vertical depth for a set of underground
sites with flat overburden [Waste Isolation Pilot Plant
(WIPP) [4], Soudan [5], Boulby [6] and Sudbury [7] ] we
can now define a fit function which is similar to the

differential muon intensity function [Eq. (1)]:

I#!h0" # 67:97% 10&6e&h0=0:285 ' 2:071

% 10&6e&h0=0:698; (4)

where h0 is the vertical depth in km.w.e. and I#!h0" is in
units of cm&2 s&1, appropriate in the flat-earth
approximation.

3. The total muon flux in case of mountain overburden

In the case that a laboratory is situated underneath a
mountain, additional information regarding the mountain
shape or elevation map, h!";$", is required to determine
the total muon flux:

Itot #
Z

sin!""d"
Z
d$I!h!";$""G!h;""; (5)

where G!h; "" # sec!"" and Itot is the total muon flux
obtained after integrating over the mountain shape and
using the DIR defined in Eq. (1).

As an example, we have computed the total muon flux at
the Gran Sasso Laboratory using the detailed information
provided by the MACRO Collaboration [8] on the moun-
tain shape and their measurements of the differential muon
flux (see Fig. 1). We find a total muon intensity of (2:58$
0:3" % 10&8 cm&2sec&1, which is consistent within about
20% to that obtained in Refs. [9,10]. If this intensity is now
entered into the left-hand side of Eq. (4), we can now solve
for the equivalent vertical depth relative to a flat over-
burden for the Gran Sasso Laboratory and find it to be
3:1$ 0:2 km:w:e:

This depth should not be confused with the average
depth that would be deduced simply by integrating over
the depth profile of the mountain:

hhi #
Z

sin!""d"
Z
d$h!";$"; (6)

which yields 3.65 km.w.e. A similar approach can be taken
with information available from the Fréjus Collaboration
[11]. We find a total muon intensity of !4:83$ 0:5" %
10&9 cm&2 sec&1 corresponding to an equivalent flat over-
burden of 4:2$ 0:2 km:w:e: and an average depth of
5 km:w:e: Our calculation is consistent with the Fréjus
Collaboration’s result within 12%. We note that the equiva-
lent ‘‘flat-overburden’’ depth defined by the experimental
measure of the total muon flux is (!15–20"% lower than
that often quoted for Gran Sasso and Frejus based on the
average physical depth.

4. Definition of depth and total muon flux for
underground sites

The data on the total muon intensity at the various
underground sites is summarized in Table I and Fig. 3.
We use Eq. (4) to calculate the total muon flux for Home-
stake (flat overburden) at the depth 4:3$ 0:2 km:w:e: [13].
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FIG. 2 (color). The relative deviation between the global fit
function and the measured data on the differential muon flux
from Castagnoli [67], Barrett [68], Miyake [69], WIPP [4],
Soudan [23], Kamioka [12], Boulby [6], Gran Sasso [70],
Fréjus [11] and Sudbury [7]. The horizontal lines indicate the
root-mean-square deviation amongst the residuals.
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where I!h" is the differential muon intensity corresponding
to the slant depth, h.

Using the experimental data in Fig. 1 we determine the
free parameters of Eq. (1) as I1 # !8:60$ 0:53" %
10&6sec&1 cm&2 sr&1, I2 # !0:44$ 0:06" %
10&6sec&1 cm&2 sr&1, !1 # 0:45$ 0:01 km:w:e:, !2 #
0:87$ 0:02 km:w:e: The relative deviation between the
data and our fit is shown in Fig. 2, indicating that the
parametrization reproduces the experimental data reason-
ably well and with an overall accuracy of about 5%.

2. The total muon flux with flat overburden

For an underground laboratory with flat overburden it is
straightforward to calculate the total muon intensity arriv-
ing below the surface at a vertical depth, h0. In the flat-
earth approximation, the throughgoing muon intensity (Ith)
for a specific slant depth, h, in the direction of zenith angle,
", reads

Ith!h; "" # I!h"G!h; ""; (2)

whereG!h;"" # sec!"", h # h0 sec!"", and I!h" is the DIR
expressed in Eq. (1). Equation (1) now becomes

Ith!h;"" # !I1e!&h0 sec!""=!1" ' I2e!&h0 sec!""=!2"" sec!"":
(3)

Integration over the upper hemisphere using Eq. (3) then
provides the total muon intensity for an underground site
with flat overburden positioned at a vertical depth h0.

Using the experimental data for the total muon flux and
knowledge of the vertical depth for a set of underground
sites with flat overburden [Waste Isolation Pilot Plant
(WIPP) [4], Soudan [5], Boulby [6] and Sudbury [7] ] we
can now define a fit function which is similar to the

differential muon intensity function [Eq. (1)]:

I#!h0" # 67:97% 10&6e&h0=0:285 ' 2:071

% 10&6e&h0=0:698; (4)

where h0 is the vertical depth in km.w.e. and I#!h0" is in
units of cm&2 s&1, appropriate in the flat-earth
approximation.

3. The total muon flux in case of mountain overburden

In the case that a laboratory is situated underneath a
mountain, additional information regarding the mountain
shape or elevation map, h!";$", is required to determine
the total muon flux:

Itot #
Z

sin!""d"
Z
d$I!h!";$""G!h;""; (5)

where G!h; "" # sec!"" and Itot is the total muon flux
obtained after integrating over the mountain shape and
using the DIR defined in Eq. (1).

As an example, we have computed the total muon flux at
the Gran Sasso Laboratory using the detailed information
provided by the MACRO Collaboration [8] on the moun-
tain shape and their measurements of the differential muon
flux (see Fig. 1). We find a total muon intensity of (2:58$
0:3" % 10&8 cm&2sec&1, which is consistent within about
20% to that obtained in Refs. [9,10]. If this intensity is now
entered into the left-hand side of Eq. (4), we can now solve
for the equivalent vertical depth relative to a flat over-
burden for the Gran Sasso Laboratory and find it to be
3:1$ 0:2 km:w:e:

This depth should not be confused with the average
depth that would be deduced simply by integrating over
the depth profile of the mountain:

hhi #
Z

sin!""d"
Z
d$h!";$"; (6)

which yields 3.65 km.w.e. A similar approach can be taken
with information available from the Fréjus Collaboration
[11]. We find a total muon intensity of !4:83$ 0:5" %
10&9 cm&2 sec&1 corresponding to an equivalent flat over-
burden of 4:2$ 0:2 km:w:e: and an average depth of
5 km:w:e: Our calculation is consistent with the Fréjus
Collaboration’s result within 12%. We note that the equiva-
lent ‘‘flat-overburden’’ depth defined by the experimental
measure of the total muon flux is (!15–20"% lower than
that often quoted for Gran Sasso and Frejus based on the
average physical depth.

4. Definition of depth and total muon flux for
underground sites

The data on the total muon intensity at the various
underground sites is summarized in Table I and Fig. 3.
We use Eq. (4) to calculate the total muon flux for Home-
stake (flat overburden) at the depth 4:3$ 0:2 km:w:e: [13].
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where I!h" is the differential muon intensity corresponding
to the slant depth, h.

Using the experimental data in Fig. 1 we determine the
free parameters of Eq. (1) as I1 # !8:60$ 0:53" %
10&6sec&1 cm&2 sr&1, I2 # !0:44$ 0:06" %
10&6sec&1 cm&2 sr&1, !1 # 0:45$ 0:01 km:w:e:, !2 #
0:87$ 0:02 km:w:e: The relative deviation between the
data and our fit is shown in Fig. 2, indicating that the
parametrization reproduces the experimental data reason-
ably well and with an overall accuracy of about 5%.

2. The total muon flux with flat overburden

For an underground laboratory with flat overburden it is
straightforward to calculate the total muon intensity arriv-
ing below the surface at a vertical depth, h0. In the flat-
earth approximation, the throughgoing muon intensity (Ith)
for a specific slant depth, h, in the direction of zenith angle,
", reads

Ith!h; "" # I!h"G!h; ""; (2)

whereG!h;"" # sec!"", h # h0 sec!"", and I!h" is the DIR
expressed in Eq. (1). Equation (1) now becomes

Ith!h;"" # !I1e!&h0 sec!""=!1" ' I2e!&h0 sec!""=!2"" sec!"":
(3)

Integration over the upper hemisphere using Eq. (3) then
provides the total muon intensity for an underground site
with flat overburden positioned at a vertical depth h0.

Using the experimental data for the total muon flux and
knowledge of the vertical depth for a set of underground
sites with flat overburden [Waste Isolation Pilot Plant
(WIPP) [4], Soudan [5], Boulby [6] and Sudbury [7] ] we
can now define a fit function which is similar to the

differential muon intensity function [Eq. (1)]:

I#!h0" # 67:97% 10&6e&h0=0:285 ' 2:071

% 10&6e&h0=0:698; (4)

where h0 is the vertical depth in km.w.e. and I#!h0" is in
units of cm&2 s&1, appropriate in the flat-earth
approximation.

3. The total muon flux in case of mountain overburden

In the case that a laboratory is situated underneath a
mountain, additional information regarding the mountain
shape or elevation map, h!";$", is required to determine
the total muon flux:

Itot #
Z

sin!""d"
Z
d$I!h!";$""G!h;""; (5)

where G!h; "" # sec!"" and Itot is the total muon flux
obtained after integrating over the mountain shape and
using the DIR defined in Eq. (1).

As an example, we have computed the total muon flux at
the Gran Sasso Laboratory using the detailed information
provided by the MACRO Collaboration [8] on the moun-
tain shape and their measurements of the differential muon
flux (see Fig. 1). We find a total muon intensity of (2:58$
0:3" % 10&8 cm&2sec&1, which is consistent within about
20% to that obtained in Refs. [9,10]. If this intensity is now
entered into the left-hand side of Eq. (4), we can now solve
for the equivalent vertical depth relative to a flat over-
burden for the Gran Sasso Laboratory and find it to be
3:1$ 0:2 km:w:e:

This depth should not be confused with the average
depth that would be deduced simply by integrating over
the depth profile of the mountain:

hhi #
Z

sin!""d"
Z
d$h!";$"; (6)

which yields 3.65 km.w.e. A similar approach can be taken
with information available from the Fréjus Collaboration
[11]. We find a total muon intensity of !4:83$ 0:5" %
10&9 cm&2 sec&1 corresponding to an equivalent flat over-
burden of 4:2$ 0:2 km:w:e: and an average depth of
5 km:w:e: Our calculation is consistent with the Fréjus
Collaboration’s result within 12%. We note that the equiva-
lent ‘‘flat-overburden’’ depth defined by the experimental
measure of the total muon flux is (!15–20"% lower than
that often quoted for Gran Sasso and Frejus based on the
average physical depth.

4. Definition of depth and total muon flux for
underground sites

The data on the total muon intensity at the various
underground sites is summarized in Table I and Fig. 3.
We use Eq. (4) to calculate the total muon flux for Home-
stake (flat overburden) at the depth 4:3$ 0:2 km:w:e: [13].
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where I!h" is the differential muon intensity corresponding
to the slant depth, h.

Using the experimental data in Fig. 1 we determine the
free parameters of Eq. (1) as I1 # !8:60$ 0:53" %
10&6sec&1 cm&2 sr&1, I2 # !0:44$ 0:06" %
10&6sec&1 cm&2 sr&1, !1 # 0:45$ 0:01 km:w:e:, !2 #
0:87$ 0:02 km:w:e: The relative deviation between the
data and our fit is shown in Fig. 2, indicating that the
parametrization reproduces the experimental data reason-
ably well and with an overall accuracy of about 5%.

2. The total muon flux with flat overburden

For an underground laboratory with flat overburden it is
straightforward to calculate the total muon intensity arriv-
ing below the surface at a vertical depth, h0. In the flat-
earth approximation, the throughgoing muon intensity (Ith)
for a specific slant depth, h, in the direction of zenith angle,
", reads

Ith!h; "" # I!h"G!h; ""; (2)

whereG!h;"" # sec!"", h # h0 sec!"", and I!h" is the DIR
expressed in Eq. (1). Equation (1) now becomes

Ith!h;"" # !I1e!&h0 sec!""=!1" ' I2e!&h0 sec!""=!2"" sec!"":
(3)

Integration over the upper hemisphere using Eq. (3) then
provides the total muon intensity for an underground site
with flat overburden positioned at a vertical depth h0.

Using the experimental data for the total muon flux and
knowledge of the vertical depth for a set of underground
sites with flat overburden [Waste Isolation Pilot Plant
(WIPP) [4], Soudan [5], Boulby [6] and Sudbury [7] ] we
can now define a fit function which is similar to the

differential muon intensity function [Eq. (1)]:

I#!h0" # 67:97% 10&6e&h0=0:285 ' 2:071

% 10&6e&h0=0:698; (4)

where h0 is the vertical depth in km.w.e. and I#!h0" is in
units of cm&2 s&1, appropriate in the flat-earth
approximation.

3. The total muon flux in case of mountain overburden

In the case that a laboratory is situated underneath a
mountain, additional information regarding the mountain
shape or elevation map, h!";$", is required to determine
the total muon flux:

Itot #
Z

sin!""d"
Z
d$I!h!";$""G!h;""; (5)

where G!h; "" # sec!"" and Itot is the total muon flux
obtained after integrating over the mountain shape and
using the DIR defined in Eq. (1).

As an example, we have computed the total muon flux at
the Gran Sasso Laboratory using the detailed information
provided by the MACRO Collaboration [8] on the moun-
tain shape and their measurements of the differential muon
flux (see Fig. 1). We find a total muon intensity of (2:58$
0:3" % 10&8 cm&2sec&1, which is consistent within about
20% to that obtained in Refs. [9,10]. If this intensity is now
entered into the left-hand side of Eq. (4), we can now solve
for the equivalent vertical depth relative to a flat over-
burden for the Gran Sasso Laboratory and find it to be
3:1$ 0:2 km:w:e:

This depth should not be confused with the average
depth that would be deduced simply by integrating over
the depth profile of the mountain:

hhi #
Z

sin!""d"
Z
d$h!";$"; (6)

which yields 3.65 km.w.e. A similar approach can be taken
with information available from the Fréjus Collaboration
[11]. We find a total muon intensity of !4:83$ 0:5" %
10&9 cm&2 sec&1 corresponding to an equivalent flat over-
burden of 4:2$ 0:2 km:w:e: and an average depth of
5 km:w:e: Our calculation is consistent with the Fréjus
Collaboration’s result within 12%. We note that the equiva-
lent ‘‘flat-overburden’’ depth defined by the experimental
measure of the total muon flux is (!15–20"% lower than
that often quoted for Gran Sasso and Frejus based on the
average physical depth.

4. Definition of depth and total muon flux for
underground sites

The data on the total muon intensity at the various
underground sites is summarized in Table I and Fig. 3.
We use Eq. (4) to calculate the total muon flux for Home-
stake (flat overburden) at the depth 4:3$ 0:2 km:w:e: [13].
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where I!h" is the differential muon intensity corresponding
to the slant depth, h.

Using the experimental data in Fig. 1 we determine the
free parameters of Eq. (1) as I1 # !8:60$ 0:53" %
10&6sec&1 cm&2 sr&1, I2 # !0:44$ 0:06" %
10&6sec&1 cm&2 sr&1, !1 # 0:45$ 0:01 km:w:e:, !2 #
0:87$ 0:02 km:w:e: The relative deviation between the
data and our fit is shown in Fig. 2, indicating that the
parametrization reproduces the experimental data reason-
ably well and with an overall accuracy of about 5%.

2. The total muon flux with flat overburden

For an underground laboratory with flat overburden it is
straightforward to calculate the total muon intensity arriv-
ing below the surface at a vertical depth, h0. In the flat-
earth approximation, the throughgoing muon intensity (Ith)
for a specific slant depth, h, in the direction of zenith angle,
", reads

Ith!h; "" # I!h"G!h; ""; (2)

whereG!h;"" # sec!"", h # h0 sec!"", and I!h" is the DIR
expressed in Eq. (1). Equation (1) now becomes

Ith!h;"" # !I1e!&h0 sec!""=!1" ' I2e!&h0 sec!""=!2"" sec!"":
(3)

Integration over the upper hemisphere using Eq. (3) then
provides the total muon intensity for an underground site
with flat overburden positioned at a vertical depth h0.

Using the experimental data for the total muon flux and
knowledge of the vertical depth for a set of underground
sites with flat overburden [Waste Isolation Pilot Plant
(WIPP) [4], Soudan [5], Boulby [6] and Sudbury [7] ] we
can now define a fit function which is similar to the

differential muon intensity function [Eq. (1)]:

I#!h0" # 67:97% 10&6e&h0=0:285 ' 2:071

% 10&6e&h0=0:698; (4)

where h0 is the vertical depth in km.w.e. and I#!h0" is in
units of cm&2 s&1, appropriate in the flat-earth
approximation.

3. The total muon flux in case of mountain overburden

In the case that a laboratory is situated underneath a
mountain, additional information regarding the mountain
shape or elevation map, h!";$", is required to determine
the total muon flux:

Itot #
Z

sin!""d"
Z
d$I!h!";$""G!h;""; (5)

where G!h; "" # sec!"" and Itot is the total muon flux
obtained after integrating over the mountain shape and
using the DIR defined in Eq. (1).

As an example, we have computed the total muon flux at
the Gran Sasso Laboratory using the detailed information
provided by the MACRO Collaboration [8] on the moun-
tain shape and their measurements of the differential muon
flux (see Fig. 1). We find a total muon intensity of (2:58$
0:3" % 10&8 cm&2sec&1, which is consistent within about
20% to that obtained in Refs. [9,10]. If this intensity is now
entered into the left-hand side of Eq. (4), we can now solve
for the equivalent vertical depth relative to a flat over-
burden for the Gran Sasso Laboratory and find it to be
3:1$ 0:2 km:w:e:

This depth should not be confused with the average
depth that would be deduced simply by integrating over
the depth profile of the mountain:

hhi #
Z

sin!""d"
Z
d$h!";$"; (6)

which yields 3.65 km.w.e. A similar approach can be taken
with information available from the Fréjus Collaboration
[11]. We find a total muon intensity of !4:83$ 0:5" %
10&9 cm&2 sec&1 corresponding to an equivalent flat over-
burden of 4:2$ 0:2 km:w:e: and an average depth of
5 km:w:e: Our calculation is consistent with the Fréjus
Collaboration’s result within 12%. We note that the equiva-
lent ‘‘flat-overburden’’ depth defined by the experimental
measure of the total muon flux is (!15–20"% lower than
that often quoted for Gran Sasso and Frejus based on the
average physical depth.

4. Definition of depth and total muon flux for
underground sites

The data on the total muon intensity at the various
underground sites is summarized in Table I and Fig. 3.
We use Eq. (4) to calculate the total muon flux for Home-
stake (flat overburden) at the depth 4:3$ 0:2 km:w:e: [13].
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We provide a comprehensive study of the cosmic-ray muon flux and induced activity as a function of
overburden along with a convenient parametrization of the salient fluxes and differential distributions for a
suite of underground laboratories ranging in depth from !1 to 8 km.w.e.. Particular attention is given to
the muon-induced fast neutron activity for the underground sites and we develop a depth-sensitivity
relation to characterize the effect of such background in experiments searching for WIMP dark matter and
neutrinoless double-beta decay.
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I. INTRODUCTION

Underground laboratories provide the overburden nec-
essary for experiments sensitive to cosmic-ray muons and
their progenies. Muons traversing a detector and its sur-
rounding material that miss an external veto serve as a
background themselves and secondary backgrounds are
induced in the production of fast neutrons and cosmogenic
radioactivity. In this study we have focused on the muon-
induced fast neutron background as a function of depth and
the implications for rare event searches for neutrinoless
double-beta decay and WIMP dark matter. One of our main
goals is to develop a depth-sensitivity relation (DSR) in
terms of the total muon and muon-induced neutron flux and
to put this into the context of existing underground labo-
ratories covering a wide range of overburden.

In Sec. II we review the experimental data available for
differential muon fluxes and provide a definition of depth
in terms of the total muon flux that removes some con-
fusion regarding the equivalent depth of an underground
site situated under a mountain versus one with flat over-
burden. The muon fluxes and differential distributions are
parametrized and used as input in Sec. III to generate, via
FLUKA simulations [1], the production rate for fast neu-
trons. The total neutron flux and salient distributions are
compared with the available experimental data and we
provide some convenient parametrizations that can be
used as input for detector-specific simulations at a given
underground site. We quantify the agreement between
FLUKA simulation and experimental data and provide an
explanation for the discrepancy between neutron flux and
energy spectra as measured in the large volume detector
(LVD). Muon-induced cosmogenic radioactivity is dis-
cussed in terms of depth and the average muon energy in
Sec. IV. In Sec. V we apply our results to a generic study of
germanium-based experiments in search of neutrinoless
double-beta decay and WIMP dark matter and demonstrate
the utility of the DSR in projecting the sensitivity and
depth requirements of such experiments. We conclude
with a summary of the results and an outline of new studies
under way.

II. DEPTH-INTENSITY RELATION AND
DISTRIBUTIONS FOR COSMIC-RAY MUONS

A. Throughgoing muon intensity

1. Differential muon intensity versus slant depth

The cosmic-ray muon flux in the atmosphere, under-
ground, and underwater has been a subject of study for
more than five decades [2]. Experimental data on the
differential muon intensity (in units of cm"2 s"1 sr"1) are
shown in Fig. 1 as a function of slant depth measured in
units of kilometers of water equivalent (km.w.e.), where
1000 hg=cm2 # 105 g=cm2 $ 1 km:w:e:

Groom et al. proposed a model [3] to fit the experimental
data to a depth-intensity-relation (DIR), appropriate for the
range (1–10 km.w.e.):

I%h& # %I1e%"h=!1& ' I2e%"h=!2&&; (1)
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FIG. 1 (color). Measurements of the differential muon flux as a
function of slant depth from Castagnoli [67], Barrett [68],
Miyake [69], WIPP [4], Soudan [23], Kamioka [12], Boulby
[6], Gran Sasso [8,70], Fréjus [11] and Sudbury [7]. Note that the
measurements for Kamioka [12] and Sudbury [7] are reported as
the number of muons per day. We calculate the effective detector
acceptance for these two measurements in order to obtain the
muon flux. The solid curve is our global fit function described by
Eq. (1).
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